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Abstract

This work presents the study of the design of the RF frontfenchonolithic
receivers, which are compliant with the wireless LAN staddeaat5 GHz,
and the modifications needed for dual-band extension t@ thHz band.
In particular, the implementation in BICMOS technologies lveen consid-
ered, since these are well suited for the large-scale fatfwit of low-cost
system-on-chip.

An important dimension of the receiver design is the chofdh@archi-
tecture of the RF front-end. Among the alternatives suitédt monolithic
integration, the low-IF receiver is chosen. The main issuategrating this
architecture comes from the tight requirements for the sgtryrof the |
and Q signals, necessary to provide sufficient rejectioh®irage signal.
Several fabricated prototypes are presented, and deratsgtat sufficient
image-rejection can be achieved with monolithic impleragons att GHz
and2 GHz.

The design of low-noise amplifiers, microwave mixers andy/plohse
filters is studied in detail. Several design examples arergfer individual
building blocks suitable for monolithic integration.

The cascode amplifier is best suited for pre-amplificatiolow-power re-
ceivers. The approach chosen for input and output matcHisgah a cell is
described extensively. Several variants are presenteldding a technique
for broadband tuning of the output matching and dual-bardnesxons of
input and output matching networks.

In describing downconversion-mixer design, the focus isctive mixers,
both singly- and doubly-balanced. Due to the low substratedactivity,
passive mixers are less attractive in silicon-based tdobies, because it
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Xii Abstract

is very difficult to limit their conversion losses: the diféace in conversion
gain between active and passive mixers is often iRthe 30dB range. The
design of several low-power monolithic active mixers issareted. In ad-
dition, one example of passive mixer is given, since thegebeauseful for
the second downconversion step of double-downconversioeivers and
reconfigurable front-ends derived from those.

The choices made for the various building blocks and archites are
validated experimentally by presenting several integrd®& front-ends.
Two low-IF receivers meet the specifications for 6 GHz, and a dual-band
version allows operation also 2 GHz. All the circuits operate with very
low power consumption.

The work presented demonstrates that monolithic low-IEikers can
be implemented with the available BICMOS technologies ahpetitive
power levels. State-of-the-art performances have beameeavith several
of the fabricated circuits.



Sommario

Questo lavoro presenta lo studio del progetto @eht-end a radio-
frequenza di ricevitori monolitici, conformi agli standaper le wireless
LAN a 5GHz, e le modifiche richieste per le estensi@hial-bandalla
banda a2GHz. In particolare,e stata considerata la realizzazione con
tecnologie BICMOS, per@queste si adattano bene alla fabbricazione su
larga scala dsystem-on-chip basso costo.

Un aspetto importante del progetto di un ricevitoge la scelta
dell'architettura deffront-end a radio-frequenza. Tra le varie alternative
adatte alla integrazione monolitiéa stato scelto il ricevitordow-IF. I
problema principale nell'integrazione di questa architet deriva dalle
stringenti esigenze di simmetria dei segnali | e Q, necesgar fornire
sufficiente reiezione del segnale immagine. Si presentamniopvototipi
fabbricati, e questo dimostra che una sufficiente reiezibinemagine pw
essere ottenuta con realizzazioni monolitictigGdlz e 2 GHz.

Il progetto di amplificatori a basso rumonajxer a microonde e filtri
polifasee studiato in dettaglio. Si presentano vari esempi di ptogur i
singoli componenti adatti all'integrazione monolitica.

L'amplificatore cascodeg il piu adatto per la pre-amplificazione in rice-
vitori a basso consumo di potenza. L'approccio scelto pmddttamento
dell'ingresso e dell'uscita di questo componeatdescritto per esteso. Si
presentano diverse varianti, compresa una tecnica pentiensizazione a
larga banda dell’adattamento di uscita, ed estensloal-bandper le reti
di adattamento di ingresso e uscita.

Nel descrivere il progetto dmixer per ricezione, I'attenzion& rivolta
ai mixer attivi, sia a singolo che a doppio bilanciamento. A caus#adel
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Xiv Sommario

bassa conduttivit di substrato, mixer passivi sono meno promettenti in
tecnologie su silicio, peréhrisulta molto pil difficile limitare le perdite di
conversione: la differenza in termini di guadagno di cosi®re tramixer
attivi e passivie spesso nell’ordine déib —30dB. Si presenta il progetto
di diversi mixer monolitici attivi a basso consumo di potenza. Inoltre, si
descrive un esempio dnixer passivo, peroh questi possono essere impie-
gati nella seconda fase di ricezione dei ricevittizuble-downconversiome
nelle architetture riconfigurabili derivabili da questi.

Al fine di validare sperimentalmente le scelte fatte per ediv com-
ponenti del ricevitore e la sua architettura, si presentatatterizzazione
di diversi front-end integrati a radio frequenza. Due ricevitddw-IF
soddisfano le specifiche pér6 GHz, e una versionelual-bandestende
I'utilizzo anche a2.4GHz. Tutti i circuiti, per il loro funzionamento,
richiedono potenze di alimentazione molto basse.

Il lavoro presentato dimostra che ricevitdow-IF monolitici possono
essere fabbricati con le tecnologie BICMOS disponibili boriadi potenza
competitivi. Prestazioni allo stato dell'arte sono staggiunte con vari
circuiti fabbricati.



Chapter 1

Introduction

The growing demand of wireless connectivity has motivatedindustry to
evolve beyond voice-based cellular networks. This isfiedtby the large
availability of services for GPRS/UMTS handsets, and thalner of2 GHz
public access-points and devices for wireless local areanks (WLANS).
Recently-defined standards for WLANs operating in the6 GHz band
seek to provide substantially higher data rates to suppieraad occasion-
ally replace, wired networks.

The IEEE 802.11b standard for tBet GHz band is the first that actu-
ally enjoyed a noteworthy penetration in the consumer ntaitewever, it
suffers of two major problems: the relatively poor spectfiiciency and
the over-crowding of its allocated band. The first problers been solved
with the definition of the backward-compatible 802.11g dtar, which in-
troduces the OFDM modulation 2(GHz, and the latter with the use of the
5—6GHz band in 802.11a. This provides far more channels, and battidwi
with little interference from other devices. As the prolddon of wireless-
enabled devices and users continues, the multi-channahtatye ob GHz
systems ove?2 GHz counterparts grows in importance.

Although the use of higher frequencies is convenient, ibisiplicated by
the large diffusion oR GHz infrastructures: initially,5 GHz-only devices
would be unattractive on the consumer market, due to the ddeccess
points. A dual-band approach combines the benefits of thiahilday of

large additional spectrum, with the ease of covering diffémarket seg-
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2 Introduction

ments with a single product. In addition, compatibility kvdifferent bands
and standards allows to exploit spectral diversity andeiase the efficiency
in channel use: for example, the traffic not especially simasio latency
issues, such as web browsing or low-volume data transfeiheaouted via
the busier2.4 GHz, while streaming traffic, such as voice-over-IP or high-
definition TV (HDTV), can benefit from the low-interferens€:Hz bands.

The huge potential market for wireless applications andcgsvfeeds
the competition among manufacturers and leads to the needeohigher
integration levels, lower production cost and power constion. As
a consequence, the integration level increases towardgesthip radio
transceivers, which ease large-scale production and esdumsts. At the
same time, the development of BICMOS technologies, whidvige fast
HBTs on sub-micron CMOS, makes possible the integration afigtithic
radios in a technology better suited for large-scale anddost fabrication
than the 1ll-V competitors.

A typical wireless device contains a number of transistorthe order
of millions, but only a small fraction operates in the RF rarmyd the rest
performs low-frequency base-band analog- or digital&igmocessing. In
terms of number of devices, the baseband section is morelerrian the
RF front-end, but the latter is still the design bottlenetthe entire system.
This is due to several reasons:

¢ RF design is a multidisciplinary field. The design of RF sys$
demands a good understanding of many areas that are notiydirec
related to IC design: communication theory for the choicenof-
ulation, RF system-level design for the transceiver aechiire, IC
design for the individual building blocks, microwave electics and
electromagnetic-field theory for the interaction betwe@rahd pack-
age. The need for a higher integration level demands inciglss
moreconcurrent engineering

* RF circuits must process analog signals at high frequenttylarge
dynamic range. Trade-offs involve noise, power consumptinear-
ity, gain and operating frequency. While digital circuitsbét from
advances in IC technology, RF circuits do not as much: usimgiae
advanced technology, the redesign of digital circuits foeration at
higher frequencies can be trivial, but this does not holé for RF



analog circuits. In addition, RF circuits often require qmmnents,
e.g. inductors, that are difficult to integrate on chip.

« CAD environments for analysis and synthesis of RFICs hayeaved,
but still force the designer to rely on experience and iniefficsim-
ulation techniques to predict the performance of builditarks and
complete systems.

For those reasons, an important aspect of the receiverrdésithe
choice of the system architecture for the RF front-end. &adimmuni-
cation is mainly dominated by the superheterodyne receMénough it is
the most sensitive and selective, the monolithic integrais difficult, as it
requires high-quality filters at radio and intermediateyfrencies. The in-
tensive research of the past decade has rediscoveredeatahits, such as
direct conversion and low-IF, whose inventions date backéecsixties.

The target devices for WLAN connections are in nearly all sgggtable
and battery operated. This includes laptops, but also mqifibnes and
palm-tops, since multimedia-streaming services make WLAfdetive also
for handsets. In order to extend the battery lifetime, tliricdion of power
consumption is always an important design goal for the edaat part of
the system. The circuits and building blocks operating engblected archi-
tecture must be designed for low power consumption, by alyefelecting
topology, operating point and interstage impedance levels

This scenario motivated the work presented in this theshEchwis a
contribution to the research on the integrationsef 6 GHz transceivers,
and their multi-band extensions, in silicon-based teabgiek.



4 Introduction

1.1 Organization of the Thesis

The material in this thesis is organized as follows:

Chapter 2 summarizes the main features of the WLAN standauvitls,
particular emphasis on the requirements for the RF frodtafrthe
receiver.

Chapter 3, after a brief introduction to BICMOS technologgsumes the
main features of the two commercially available IBM BiCMO§& R
technologies, the IBM BiCMOS 6HP and IBM BiCMOS 7HP , used
for the fabrication of the circuits presented in the reshefthesis.

Chapter 4 reviews the receiver architectures suitable famatithic inte-
gration, and discusses their advantages and disadvantages

Chapter 5, in the first part, describes the design methogi@dgpted for
the design of the low-noise amplifiers (LNAs), and the aliikres
that have been considered for the input and output matctetgank
of common-emitter and cascode amplifiers. In the second et
design and implementation of some prototype is presenbgether
with measurement results.

Chapter 6 describes and discusses the principle exploitetbst RF mix-
ers, active and passive. The chapter presents the desigrtharat-
terization of several mixers tailored for WLAN integratedewers.

Chapter 7 summarizes the properties of the RC passive padgpfilters,
their use with symmetrical signals for image rejection,degenerate
case of two-phase system for quadrature generation, andeign
guidelines.

Chapter 8 presents the integration of several receiver &i-gnds: the
circuits described in the previous chapters are employddiepower
monolithic implementations of front-ends operating éHz and2 GHz,
complying with WLAN specifications.



Chapter 2

Wireless LAN Standards

In 1985 the Federal Communication Commission (FCC) of thisddrStates
authorized the use of the Industrial, Scientific and Medisi1) frequency
bands. The availability of these ISM bands accelerated ¢heldpment of
WLANS, because vendors no longer needed to apply and payxérdes to
operate their products.

In 1987 the IEEE 802.11 Working Group began elaborating enfreless
LAN Medium Access Control (MAC) and Physical Layer (PHY) sifiea-
tions. The final draft was ratified in 1997. In 1999 the IEEE .80X%tandard
was officially revised: the IEEE ratified two wireless netkiog communi-
cation standards, named 802.11a (for operati@r3z) [4,5] and 802.11b
(at2.4 GHz) [6].

Later, other standards have been ratified: in order to erhte2.4 GHz
technology, in 2001 the IEEE proposed the 802.11g standdrdhje band
allocation in thes GHz band was improved in 2003 with the 802.11h [8].
Meanwhile, other organizations, mostly in Europe and Jagdafined and
ratified other standards, such as the ETSI HiPeRLAN/1-2E8F¢pe) and
the MMAC HiSWANa (Japan). However, the market is largely diwated
by products compliant with the IEEE standards.

This chapter summarizes the main features of the menticaedards,
with particular emphasis on the requirements for the RFtfend of the
receiver.



6 Wireless LAN Standards

2.1 IEEE 802.11a

Although the IEEE 802.11b (82.4) products have succegstlitfused in
the WLAN market, the resulting interference within théd GHz ISM band
is a major issue. These problems motivated the definitionstduiadard in a
less crowded band: the IEEE 802.11a standard, which uséstHe band,
was approved in the same year as the 802.11b.

The IEEE 802.11a standard specifies operation od@0a1Hz alloca-
tion of spectrum, making use of the three Unlicensed Natitmfarma-
tion Infrastructure (U-NII) bands, all00 MHz wide, from 5.15GHz to
5.35GHz and from5.725 GHz to 5.825 GHz. The bottom100 MHz do-
main is restricted to a maximum power output6fn W, the nextt 00 MHz
to 250mW, and the topl00 MHz to a maximum ofl W. This last domain
is intended to support mostly outdoor communications.

The 300MHz aggregate spectrum for 802.11a nearly quadruples the
band available for 802.11b/g. This is enhanced by the rldiddferent
occupancy rates of the two allocations, as the 802.11b rspedtas be-
come increasingly crowded by various wireless technolgiach as cord-
less telephones and Bluetooth, but also suffers interéer&om microwave
ovens.

The 802.11a exploits the Orthogonal Frequency Divisiontigigxing
(OFDM) modulation, which helps compensating the higheoordattenu-
ation of 5 GHz signals with respect t@.4 GHz, and supports higher data
rates at the same time. OFDM subdivides a carrier into skired&idu-
ally modulated orthogonal subcarriers, transmitted irajhet In 802.11a,
each carrier i20 MHz wide and subdivided ih2 subchannels, each about
300kHz wide. Four of those channels are used for error correctidme T
subcarrier at the center of the channel, is not used, in aodease the im-
plementation of direct conversion receivers (§4.2).

The standard accommodates a variety of data rates, addp&ngodula-
tion in use to the propagation conditions. At the lowest data, binary
phase-shift keying (BPSK) encodeég5kbit /s per subchannel, resulting

in a6 Mbit/s data rate. Using quadrature phase-shift keying (QPSK), the
data rate doubles 50kbit/s per subchannel, yielding B2 Mbit/s data
rate. With 16-level quadrature amplitude modulation (18M), the rate
increases t@4 Mbit/s. All devices compliant with the 802.11a must sup-
port at least those three data rates, but the standard atltess beyond
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24 Mbit/s: using a 64-QAM permits an increase idMbit/s. Multiple
channels can also be combined to provide data rates in the seder as
wired Ethernet.

2.1.1 RF Receiver Specifications

Band The standard allocat&®0MHz in three non-contiguous00 MHz
bands. In many open-literature examples it is chosen toramg the lower
200 MHz [10-15], from5.15GHz to 5.35 GHz or the upperl00 MHz [16,
17], from5.725 GHz to 5.825 GHz. However, full compliance with the stan-
dard requires the input bandwidth to sgah5 — 5.825 GHz.

Gain The typical gain from the antenna to the input of the anatlg-t
digital converter is around00dB, in order to amplify the microvolt input
signal to a level that can be digitalized by a low-cost lowpo ADC. Of
this gain, typically25 —30dB is contributed by the LNA-mixer combina-
tion [13-16, 18-21].

Sensitivity and Noise Figure The most stringent requirements are set in
the 54 Mbit/s mode. In this case the sensitivity level4€65dBm, and a
SNR 0f20.5dB [22] has to be guaranteed at the ADC output in order to
meet the specified packet error rate10%). Under this assumption, the
noise figure would be

NF =—65dBm — [—173.8dBm + 10log(20MHz)] — 20.5dB=15.3dB
(2.1)

Due to the very high SNR requirement, even at the minimumaditgvel,
interference plays a significant role. Fo5@ns delay spread radio channel,
the SNR requirement grows to approximatetdB [22], leading to a NF
of about10dB. However, the standard specification is independent fram th
characteristics of the available channel, because it regeixplicitly a NF
of 10dB with 5dB of implementation margin.

Linearity For a10% packet error rate, the 802.11a specifies a maximum
input signal of—30dBm. Converting this requirement into precisejl&nd
P, 45 is nontrivial. As a conservative rule of thumb, the;R of the receiver
should be4dB above the maximum input signal power level that must be
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Table 2.1: Transmit power levels and frequency bands in United Statds a
Europe for the IEEE 802.11h standard.

Frequency band{Hz) | USA | EU
5.15—-5.25 40mW | 200mW
5.25—-5.35 200mW | 200mW

5.470—5.725 === 1w
5.725—5.825 800mW ===

received successfully [14]. Based on this approximatioa target Pqg for
an 802.11a-compliant receiver4226 dBm.

Image Rejection Ratio (IRR) The standard explicitly specifies adjacent-
channel rejection (ACR) and alternate-adjacent-chargjettion (AACR)
for all possible data rates. The more stringent requiresnaet given for the
lowest data rate6(Mbit /s): ACR is 16dB and AACR32dB. This implies
that the receiver must provide a IRR of at |e33tB, if the frequency plan
of the receiver makes the image frequency fall onto the radteradjacent
channel.

2.2 I|EEE 802.11h

The 802.11h specification is an addition to the 802.11 fawifilgtandards,
intended to resolve interference issues introduced by $keofi802.11a in
some locations, particularly with military radar systenm&l anedical de-
vices. The 802.11h is a spectrum-managed 802.11a, whidlessks also
the requirements of the European regulatory bodies. By mefadynamic
channel selection (DCS) and transmit power control (TP€)d#vices op-
erating in thes GHz band will avoid interference with techniques similar to
those implemented in HiPeERLANZ2 (82.3).

From the point of view of the RF receiver requirements, thly aig-
nificant change affects the frequency band allocation askstit power,
resumed in Table 2.1. With respect to 802.11a, an @dtaVHz band is
allocated for use in Europe in the gap left by the US regutatio
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2.3 ETSI HiPeRLAN, HiPeRLAN2

The ETSIHigh PeformanceRadio L ocal AccessNetwork (HiPeRLAN)
is a wireless LAN standard ratified by the European Teleconications
Standards Institute (ETSI), with adherents in Europe aodgeized by the
European Commission. It operates in theé5 —5.35 GHz band, dividing
the spectrum allocation i2d MHz-wide channels. Each channel nominally
provides a maximum data ratef Mbit /s, using Gaussian Minimum shift
keying (GMSK). In addition, a low-bit-rate mode uses fregeyeshift key-
ing (FSK) to providel.5 Mbit/s. In the latter mode, HiPeRLAN terminals
can tolerate with ease large delay spreads in indoor enwieots.

HiPeRLAN2 is an evolutionary step beyond HiPeRLAN. It ofesain
the same three bands specified for IEEE 802.11h in Europk,tiagtsame
power levels, as resumed in Table 2.1. In addition, HiPeRRAIdecifies
the use of OFDM for the high-data-rate mode ¥Ibit/s) and is, for this
reason, close to IEEE 802.11a/h standards.

2.3.1 RF Receiver Specifications

Band The 5.15—5.35GHz frequency range is allocated for both stan-
dards and thé.470 — 5.725 GHz for the HiPeRLANZ2 only: the RF front-
end must span the 15 —5.725 GHz range.

Gain Under the same assumptions valid for the 802.11a, the RFpgain
vided by the LNA-mixer combination is abo25 —30dB.

Sensitivity and Noise Figure At the highest data rate, the receiver must
exhibit a—70dBm sensitivity over a channel bandwidth 24 MHz. As-
suming a SNR o12dB [14], the noise figure can be estimated as follows:

NF=—70dBm — [—173.8dBm + 10log(24MHz)] — 12dB = 18.0dB
(2.2)

Linearity The standard specifies a maximum input signal-@6 dBm.
Asin 82.1.1 for 802.11a, this sets the,B to —21 dBm.
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Image Rejection Ratio (IRR) The standard specifies the power ratio of
desired signal and non-adjacent channel at a RBitbr rate ofl 0 %, which
makes nontrivial the derivation of a IRR specification fag fRF front-end.
Since HiPeRLAN2 uses the same modulation as 802.11a foighe$t data
rate with a much lower SNR, the sa®@dB IRR was set as target.

2.4 |EEE 802.11 and 802.11b

The IEEE 802.11 standard specifies two radio transmissibamnses for
wireless networking in the.4 —2.4835 GHz ISM band, with data rates up
to 2Mbit/s based on frequency hopping spread spectrum (FHSS) and di-
rect sequence spread spectrum (DSSS) in a radio channgbmb@pately
22 MHz.

The 802.11b extended the DSSS transmission scheme: emgplthg
same signal bandwidth, it adopted the complementary cogiak¢éCCK),
and enabled operation &t Mbit /s and11Mbit/s. The 802.11a ai GHz
does not use DSSS, but OFDM: the different physical layersesit dif-
ficult to implement a low-cost dual-band transceiver capaiblcomplying
with both 802.11a and 802.11b standards. This problem, Yenieas been
solved with the ratification of the 802.11g standard, whisesXOFDM mod-
ulation at2.4 GHz.

2.4.1 RF Receiver Specifications

Band The frequency allocation is simpler than that of th&@Hz stan-
dards: the 802.11b uses the — 2.4835 GHz ISM frequency range.

Gain Under the same assumptions valid for the 802.11a, the RFpgain
vided by the LNA-mixer combination is abo®s — 30dB.

Sensitivity and Noise Figure The 11 Mbit/s operation mode is the most
demanding for the receiver of the 802.11b terminal. At thexiimam
frame error rate o8 %, the adopted modulation scheme requires an SNR
of 9.5—11.5dB, where the extr&dB can be added to take into account

1protocol DataUnit
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the effect of the multi-path channel and finite accuracy ef itansmitted
signal [22]. Since the channel bandwidtli2isMHz and the specified sensi-
tivity is —76 dBm, the noise figure can be calculated as follows:

NF=—76dBm — [—173.8dBm + 10log(22MHz)] — 11.5dB = 12.9dB
(2.3)

Linearity The standard does not specify an intermodulation test:ithe |
earity requirement of the receiver can only be expresseering of R gg.
The standard specifies an adjacent channel rejectidf @B when the de-
sired channel is at 74 dBm.

This translates to a;Rg of about—30dBm [22, 23F.

Image Rejection Ratio (IRR) The standard specifies a test for the adja-
cent channel rejection, having25 MHz separation from the wanted chan-
nel frequency. The adjacent channel rejection shall beleguzetter than
35dB, with a frame error rate no worse thanl0~—2 using11Mbit/s CCK
modulation.

2.5 |EEE802.119g

The 802.11g standard is backward compatible with the 8@2.atd op-
erates in the same spectrum. The main improvement lies imtdula-
tions used: thd,2 5.5 and 11Mbit/s data rates are achieved using the
same modulation techniques, allowing compliance with fderostandard;
OFDM is used to reach th®t Mbit/s. This affects the SNR ratio and the
noise figure, which has to be roughly the same required forl8@2for the
highest data rate. The other specifications for the RF feowlt-are as for
802.11b.

2Actually [22] sets the Pyp to —26dB, taking into account & dB safety margin.
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Table 2.2: Summary of the specifications for the RF front-end of a multi-
standard, multi-band receiver.

[ 802.11blg | 802.11a/h, HiPeRLAN2

Band | 2.4—2.4835GHz 5.15—5.825 GHz
Gain 25—30dB 25—30dB
NF 10dB 10dB
PiaB —30dBm —21dBm
IRR 35dB 32dB
In-band emission < —47dBm < —47dBm

2.6 Multi-Band, Multi-Standard Receiver RF Front-
End

Although some of the modulations used and the MAC strategedifferent
for the 802.11a and 802.11b standards, this has littletaffethe RF front-
end, as the channel bandwidth allocated to each user is s a0 MHz
and the power levels at the antenna are similar. Itis passildefine a set of
specifications for the RF front-end of a receiver, which ctiespwith all the
main standards. Table 2.2 resumes the specification forfgeRormance
of the receiver in the two bands of interest.



Chapter 3

BICMOS RF Technologies

The great majority of today’s global semiconductor markel@its the semi-
conductor silicon (Si) to realize a host for integrated @it This domi-
nance relies on a number of practical advantages that Siveaghe other
semiconductors:

» Sican be grown in large and almost defect-free single alysyield-
ing many low-cost ICs per wafer

 Si can be controllably doped with both n- and p-type impesiin a
large density range

« silicon dioxide (SiQ) is a high-quality dielectric and can be easily
grown on Si, for use in isolation and passivation

« Si has excellent mechanical strength, facilitating haagdand fabri-
cation

* Siis an abundant and easily purified material

From an electronic point of view, Si is not an ideal semicandu the
carrier mobility for both electrons and holes is rather land Si can be
regarded as a slow semiconductor. Many of the IlI-V compaosemicon-
ductors (e.g. GaAs and InP) enjoy higher mobility and saittmavelocities.
This results in a large performance advantage for I1l-V tetbgies. The
main issues related to the IlI-V compounds are associatédtiae practical

13
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problems in making highly integrated low-cost ICs: thereaggrown oxide
available, wafers are smaller with much higher defect dierssand less re-
sistent mechanically. This results in lower integratiorels, lower yield and
higher cost. For those reasons, Si ICs are better suitecktbigfin-volume
fabrication of low-cost microprocessors and memories. RFraicrowave
applications, which operate at definitely higher frequesgciare typically
more demanding in terms of device performances, and thespautrin-
sic speed of Si devices becomes problematic. In additienStrsubstrate,
which plays a more important role at higher frequencies bamseof par-
asitic coupling, is much more lossy than that of IlI-V compds. This
results in larger signal attenuation and substrate-naigpling.

The use of SiGe alloys to bandgap-engineer Si devices makes-p
ble to improve the performance of Si transistors to a levelpetitive with
I1I-V devices for RF and microwave applications, while prerdng most
of the yield, cost and manufacturing advantages of convealiSi fabrica-
tion [24]. The first functional SiGe heterojunction bipoteansistor (HBT)
was demonstrated by the IBM Research Division in 1987 [2ba2@ the
interest of the community was directed to the technologyd8Qi by the
demonstration of a SiGe HBT with a cut-off frequencyr6fGHz [27]. At
that time, this was about twice the performance of stattefart Si bipolar
transistors (BJT).

The BICMOS technology, which achieved its first manufactgrualifica-
tion in 1996 [28], integrates the high-performance SiGe Hth a CMOS
technology, and is compatible with the associated CMOSqa®i devices,
metallizations and interconnects, ASIC design systemeidms$ of device
performance, the availability of fast HBT fills the gap withV technolo-
gies; at the same time, the compatibility with standard CM@&esses
allows to exploit all the advantages of large-scale intégmnaof systems and
high-volume production in large wafers.

Passive components The development of BICMOS technologies has been
focused largely on the integration of high-performanceeSHBT in a base
CMOS technology. In general, passive devices can be dezgliopm exist-

ing process steps used for transistors: resistors can imefbfrom CMOS
FET source-drain implants; MOS capacitors from the oxidigilicon of
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the FET gate; inductors using the last-metal option of ticarielogy. The
need for high-quality passive devices in RF applications mmativated a
change in the direction of passive-component developnnetiite last sev-
eral years: in RF technologies, passive devices utilizege® steps not used
before by digital-IC manufactures, allowing higher penfiances. Exam-
ples are the thick analog metal used as last metal optionidgbr®@ induc-
tors, TaN resistors integrated in the back-end-of-line @REmetallization
for low parasitic capacitance and tolerance, high-capacé nitride metal-
insulator-metal (MIM) capacitors.

IBM RF technologies This chapter summarizes the main features of the
two commercially available IBM BIiCMOS RF technologies, M Bi-
CMOS 6HP [29] and IBM BIiCMOS 7HP [30], used for the fabricatio
of the circuits presented in the following chapters. Botthtelogies are
the result of a process flow built on a preexisting CMOS preaeith the
addition of several extra steps, which allow the integratb bipolar SiGe
devices and analog elements tailored for analog and RFcapipins.

3.1 IBM BICMOS 6HP

The IBM BIiCMOS 6HP technology is a process which integrat¢s@Hz-
f+ SiGe HBT with a2.5V, 0.25 um CMOS base. To improve the RF passive
components, the process has thick dielectric and thickiasal level.

Figure 3.1 shows a SEM picture of the cross section of a singe-
contact HBT. It is possible to identify the emitter, base antlector tung-
sten contacts to the aluminum wiring. At the sides of the akevihe6 um
deep-trench isolation is visible. The deep trenches are tseughout the
technology to isolate bipolar transistors, n-wells, is®lsensitive circuits
from noisy circuits, and lower the parasitic capacitanceadsive compo-
nents.



 SiGelBéise T 2
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Figure 3.1: A SEM picture of a SiGe npn HBT of the IBM BiCMOS 6HP technolofyis transistor has a
minimum0.30 pm-wide emitter and deep trench isolation.
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Transistors Two types of HBTs are available: standard highand high
breakdown. Table 3.1 resumes their electrical charatiteyis

IBM BIiCMOS 6HP supports two nFETSs, optimized fa V and3.3V op-
eration. Table 3.2 resumes the FET electrical charadtsjstomparing the
typical values from the parent CMOS technology with typicalues ob-
tained on BICMOS [29]. The additional steps introduced far fabrication
of HBT and analog components have little effect on the cpawading stan-
dard CMOS, ensuring compatibility of designs.

Capacitors The technology provides both silicon-based MOS capacitors
and MIM capacitors. The MOS capacitors provide capacityypet-area

of 3.1fF/um?, but they are silicon based and exhibit a voltage dependent
characteristic. The MIM capacitors are essentially vataglependent and
provide a capacity per unit-area 0f7 fF/um? with SiO, dielectric and
L.5fF /um? with nitride dielectric. The process allows the fabricatiof
two-layer stacked MIM capacitors, for area saving.

Varactor The varactor diode uses the base and collector regions of the
high-f; npn HBT as a p-n diode. The diode is used in the reverse biased
mode as a variable capacitor. The varactor has a capacitynitearea of
1.225fF /um? when biased a1V, and2.175fF /um? at2.5 V.

Inductors  On-chip spiral inductors can be implemented by means of a
4 um-thick analog metal (AM). If all the six metal layers are fglated, the
total dielectric stack i40.15 um thick: this is achieved by means of a last
dielectric growth of3 um and reduces substrate losses due to eddy currents
and capacitive coupling, with respect to the standard CMfggss.

A minor improvement of the Q can be obtained by placing a plityps pat-
terned ground shield below the spiral. This prevents céipaaoupling to

the lossy substrate and, simultaneously, suppresses ad@yts. Another
advantage is that the shielding greatly reduces the cayplimoise from

the substrate to the inductor. Figure 3.2(a) shows a phapbgof a spiral
inductor with the polysilicon patterned shield: the paligsin is split in four
guarters with slits (not all visible due to photograph raesioh) in each to
reduce eddy currents.

Alternatively, as shown in Figure 3.2(b), the substratewethe inductor
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Table 3.1: Characteristics of the HBTs available in the IBM BiCMOS 6HP
technology [28, 29].

| High f; | High BV

3 100 80
Peakf; 47GHz | 27GHz
PeaKf ax 65GHz | 55GHz

fr at30uA (min. area) | 19GHz -
I at peakf; (min. area)| 0.5mA -
BVero 3.3V 5.0V
BVego 10.5V 14.0V

can be filled with a grid of thé um-deep trench: this increases the resistiv-
ity of the substrate, reducing its effects, and avoids thesimsed capacity to
ground introduced by the polysilicon shield.

At 5 GHz, the quality factor of & nH spiral inductor over deep-trench grid
is aboutl6, and18 over polysilicon shield.

Resistors The technology allows the fabrication of four type of resist
two p-doped polysilicon resistors and two diffusion remist

Polysilicon resistors are often preferred over siliconistess, because of
their low voltage and temperature sensitivity, and theiroltage-independent
capacitance to the underlying ground plane. The polysili@sistor can
be placed over n+ substrate wells, for noise shielding, er deep-trench
grids, for capacitance reduction.

If a low value of sheet resistance is required, the silicdfusiion resistor
are a better choice, due to the tighter tolerance. TableB18rsmrize the
characteristics of the resistors available in IBM BICMOSF6H



Table 3.2: Electrical characteristics of the FETs available in the IBBICMOS 6HP technology. The table

compares typical values from the parent CMOS technologly tyjtical values obtained on corresponding Bi-
CMOS [28, 29].

Parameter]  Unit nFET pFET Thick ox. nNFET Thick ox. pFET
CMOS | BiICMOS | CMOS | BiCMOS | CMOS | BiCMOS | CMOS | BiCMOS
Gatet,, nm 6.1 6.1 6.1 6.1 8.2 8.2 8.05 8.06
Min. L Drawn wm 0.240 0.240 0.240 0.240

0.400 0.400 0.340 0.340
Effective pm 0.172 0.172 0.163 0.173

0.260 0.260 0.265 0.265
Vrtin A% 0.500 0.503 | —0.488 | —0.490 | 0.525 0.536 | —0.525 | —0.539
Ip sar MiN. | pA/um | 630 642 310 305 580 568 285 278
Gm.sat | US/pm | 300 300 200 200

fr | GHz 35 35 20 20

fmae | GHz 22 22 22 22
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Table3.3: Resistors available in the IBM BICMOS 6HP technology [28,29

Device | Resistance Tolerance

p—polysilicon | 3.6kQ/0 | +25%
p+ polysilicon | 210Q/0 | +20%
Sip+ 100Q/0 | £10%
Sin+ 63Q/0 | +10%

(@) (b)

Figure 3.2: Photographs of integrated spiral inductors. The qualitgtéa
can be improved by means of a polysilicon patterned shidldra deep-
trench grid (b).



3.2 1BM BiCMOS 7HP 21

Table 3.4: Characteristics of the HBTs available in the IBM BIiCMOS 7HP
technology [28, 30].

| Highf, | HighBV

3 500 350
Peakf; 120 GHz 27GHz
PeaKfax 100 GHz 57GHz
Cet 9.5fF/um? | 8.5fF/um?
Ceb 4.6fF/um? | 2.8fF/pum?
BVero 1.8V 495V
BVego 6.4V 125V

3.2 IBM BICMOS 7HP

The IBM BiCMOS 7HP technology is a process integratirt) GHz- f;
SiGe HBTs on al.8V, 180nm CMOS technology. It uses low-resistance
copper wiring at the first four metal levels and aluminum feo additional
thick levels, added to enable high-Q inductors and trarsiondines. The
process provides deep-trench isolation and high qualisgiga devices in
the same fashion as IBM BiCMOS 6HP .

Transistors Two type of HBT are available, optimized for high and
high beak-down voltage. Both devices are fabricated witieldusubcollec-
tor and self-aligned emitter. Table 3.4 resumes their eéattcharacteris-
tics.

The FETs compare well with those of the base-CMOS technobipwing
ASIC-library compatibility [30]. In addition to the thinxide FET, a thicker
oxide CMOS is also offered far.5V and3.3V applications. The electrical
characteristic of the FETs are summarized in Table 3.5.

Passive devices A full suite of passive devices is also supported in the
technology.

Various diffusion resistors and polysilicon resistors sreluded, without
additional process masks. As optional devices for additiorasks, a high-
value polysilicon resistor and a low parasitic TaN resisi@m be included.
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Table 3.5: CMOS specifications, common to IB&0 nm technology family,
including IBM BiCMOS 7HP [28, 30].

Standard Thick oxide
nFET pFET nFET pFET
Linin | 0.18 um  0.18 um | 0.4pum 0.4 um
Less 0.11um 0.14pum | 0.29um  0.29 pm
V, 043V —0.38V | 0.64V  —-0.67V
D sat | 600mA  260mA | 550mA  235mA
Tox 3.5nm 7nm

Table 3.6: Resistors available in the IBM BIiCMOS 7HP technology [28,30

Device

| Resistance Tolerance

p—polysilicon | 1.6kQ/0 | +25%
p+ polysilicon | 260Q/0 | +15%
Sip+ 105Q/0 | +15%
Sin+ 72Q/0 | +10%
Sin+subcoll. | 8.1Q/0 | £15%
TaN on M1 142Q/0 | £10%

Table 3.6 summarizes the resistor characteristics.

Both MOS (1.0fF/um?+15%) and MIM (2.5fF/um?+15%) capacitors
are integrated. The nitride dielectric is used for MIM capas, allowing
a higher capacitance per area and alleviating reliabibitycerns associated
with the use of thin oxide dielectrics. Varactors are alddaas collector-
base junctions and MOS diodes.

Inductors are built using the top thick aluminum metalliaat that is sepa-
rated from the substrate by ovdyum of dielectric stack, for a typical five-
metal-level run. The quality factor of B6nH spiral inductor over deep-
trench grid is about6 at5GHz. The polysilicon patterned shield versions
can be fabricated as for IBM BICMOS 6HP, but no models arelalvks.



Chapter 4

Receiver Architectures

Most of the commonly used receiver architectures are bas¢ideoconven-
tional superheterodyne receiver. This receiver, in itsdiad version, is typ-
ically not suitable for monolithic integration, becausegitjuires expensive
and non-integrable RF and IF filters. All the other architees of interest
can be described as degenerated or enhanced variants afpiaehatero-
dyne. For this reason the superheterodyne receiver idghkedcribed. The
rest of this chapter reviews the receiver architecturdalsiai for integration,
and discusses their advantages and disadvantages.

4.1 Superheterodyne Receiver

The operation of the superheterodyne receiver is basedeoidd¢a of con-
verting all the input RF channels to the same fixed lower maatiate fre-
quency frr, in order to ease the design of the following stages, i.e. the
channel selection filter and the high-gain IF amplifiers uFég4.1 shows the
architecture of the receiver. The RF signal feeds the aatand is filtered
by a pre-selection filter (antenna filter), whose purposkdstippression of
all the out-of-band signals. The signal is then amplified lbgvanoise am-
plifier and multiplied by a sine wave of frequengy,. This translates the
desired input channel to a determined intermediate freguéf). The IF
signal is then processed by a demodulator, whose chastitteriiepend on
the operation frequency and type of modulation. For WLAN &gaions,

23
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[ LNA IR Filter Ch Filter
% «> Demod.

X X X
~= ~= ~
Preselection IF ampl.
Filter
LO

Figure 4.1: Block diagram of a superheterodyne receiver.

which make use of I-Q digital modulations, a second multgtiion with a
fixed frequency is required, in order to generate the | andr@poments and
further lower the frequency before digitalization [31].

By effect of the first multiplication, both the RF signals far1 = fro +
frrandfrr o= fro — frr are converted to the same intermediate frequency
frr. While one of the two is the desired signal, the other, catieabe (sig-
nal) is unwanted and must be suppressed. This suppressionadsrped by
the image-reject (IR) filter and, depending on the frequgsiayp, the pre-
selection filter, both shown in Figure 4.1 after and befoeeltNA.

The received frequency is tuned by setting the LO frequeimcgrder to
downconvert the desired channel to the fixed IF, where mogteo€hannel
selectivity and amplification takes place. IF blocks do rexahtuning.

The choice of IF is crucial. On one hand it is desirable to Kéegs low as
possible, in order to simplify the design of channel filted &iigh gain stages
of the IF amplifier; on the other hand a low IF requires a higlgfrency se-
lectivity in the image-reject filter. This particular makbe standard super-
heterodyne receiver hardly suitable for monolithic ingggm: the required
high-quality IF and image-reject filters cannot be integdaih modern mi-
croelectronic technologies. This architecture is usedyibrid solutions,
where all parts of the receiver are monolithically integdhtexcluding an
external passive high-Q image-reject filter.

Besides the need for discrete external components, anmotger drawback
of the superheterodyne receiver is that the off-chip IRfittas low input
impedance. This requires high drive capabilities for thecpding LNA,
leading to more severe trade-offs between gain and powsipditon in the
amplifier.
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4.2 Direct-Conversion Receiver

The direct-conversion receiver can be described as a degiemeof the su-
perheterodyne receiver: the problem of image rejectiofirésimvented by
setting the IF to zerg and the frequency conversion is performed by setting
the LO sine wave at the same received RF frequéndhe RF signal is
downconverted directly to baseband.

Figure 4.2 shows the block diagram of a direct conversiorivec. After
preselection and low-noise amplification, the center feeqy of the RF
channel is downconverted to baseband. This conversiondhasage fre-
guency, thus no image rejection is needed with this arditec However
the lower-side band of the spectrum is folded on the upperasidi, in order
to properly receive the desired channel, a vector I-Q deitatidu is neces-
sary. Mixing with a single sinusoid would result in irreviie corruption
of the transmitted information.

The IF filter and high gain amplifier do not need anymore to bedba
pass blocks, but can be replaced with low-pass filters andblaasl am-
plifiers, more suitable for monolithic integration. Funthmore, the absence
of the bulky off-chip IR filter removes the LNA requirementdadve a low-
impedance load. The low-frequency spectrum of the dowrebes signal
allows direct digitalization, so the remaining demodwatsteps can be per-
formed by the digital-signal processing (DSP) unit.

Besides all the advantages coming from block simplificatidwe direct-
conversion receiver suffers of a number of problems thahates serious
in a heterodyne receiver or other of its variations.

DC offset The DC offsets arise from self-mixing phenomena of the LO
signal or in-band large interferer. These unwanted offedtiges can cor-
rupt the desired signal and/or saturate the stages foltpttia mixers. The
isolation between the LO and RF port of the mixers is not merfespe-
cially in monolithic implementation of the receiver, and mitk amount of
feedthrough exists. The LO leakage signal at the RF portxednvith the
original LO and produces a DC component at the IF port. A sinmeffect
occurs if a large interferer in the passband of the RF preSetefilter leaks
from the RF port to the LO port of the mixer. Those leakagedcihrise

1For this reason, the direct conversion receiver is ofteledalero-IF receiver.
2For this reason, the direct conversion receiver is ofteledalomodyne receiver.
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from capacitive and substrate coupling, can be reduced laynsef layout
techniques, but cannot be entirely eliminated.

A method to eliminate the effect of the offsets is the use ofd®@pling in
the signal path. Many of the spectral efficient modulatidresces currently
in use exhibit significant power at DC, and such signals ameipted by AC-
coupling. However, the OFDM modulation, which subdividesain car-
rier in several subcarriers, is very well suited to DC eliatian: the OFDM
schemes in use for IEEE802.11a/g (82.1) (82.5) and HiPeRLA§R.3)
make no use of the center-frequency subchannel, thus eliimgnthe DC
component of the baseband signal.

1/f noise If FETs are used for baseband stages, the signal has to dbal wi
the 1/f noise introduced by FET.

LO leakage In addition to introducing the DC offset, the leakage of the
LO signal to the RF port can reach the antenna, and radiatgn there
creates interference for other receivers using the sant: Gédre use of dif-
ferential LOs can reduce the coupling to the antenna [18. tbtal in-band
spurious radiation that can be tolerated during operasaset by interna-
tional regulations: in the WLAN bandg,4 —2.5 GHz and5 — 6 GHz, the
maximal emission must be smaller thad7 dBm.

I/Q mismatch For most currently used modulation schemes, a direct con-
version receiver must incorporate quadrature downcoiorerd his is typ-
ically done by shifting the LO signal b§0°, as shown in Figure 4.2. The
errors in the nominad0° phase-shift and the amplitude mismatch between
the I and Q signals corrupt the downconverted signal cdasitel, increas-

ing the bit error rate. For examplep& phase imbalance degrades the SNR
by about1dB [18]: this level of accuracy can be reached with integrated
circuits, but requires careful layouting.

Even-order distortion Even-order distortions in the LNA or the RF stage
of active mixers result in near-DC components of the sigmhé&n the ampli-
fier is fed with two signals close in frequency. In fact, an LE#hibiting a
non-linear response such@g) =a; -x(t) + as -2%(t) + ..., when fed with
an inputz(t) = Ay - coswit+ Az - coswot, Will show at the output a com-
ponent proportional tew; A1 A cos(wy —ws)t. This component is near DC
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Figure 4.2: Block diagram of a direct conversion receiver.

IF ampl.

(e

ADC [

e

©

(e

ADC [

%
%

when the two tones are close in frequency, and reaches thertfopthe
mixer via the RF-to-IF feedthrough, present in mixers duthtbasymme-
tries in the LO differential switches. This near DC compdrearrupts the
downconverted signal in direct conversion receivers.

One common solution to this problem is the use of fully defeial struc-
tures in the signal path. This reduces the second-ordeartigsis to those
arising from asymmetries in the differential pairs.

Despite all these problems, direct-conversion receivezsrafull pro-
duction for many wireless applications, such as GSM, pageds\WLAN.
In many of these receivers, in order to handle the problemsciated with
static and dynamic offsets, DSP algorithms are used. Hawthese tech-
nigues add a significant amount of complexity and do not setkier prob-
lems, such as the 1/f noise or the sensitivity to even-ordgodion.

4.3 Image-Rejecting Receivers

The image-reject receivers are variants of the supertaitesy based on the
use of image-reject mixers. In practice, the mixer and IR(fith Figure 4.1
are replaced with one single block, i.e. an image-rejeatiirger. Two ex-
amples, based on the Hartley [32] and Weaver [33] topologiesgiven in
Figure 4.3. In both the cases, it can be shown that the spefctine signals
at the input of the adders contain the desired signal withstrae polar-
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Figure4.3: Block diagram of two image-reject mixers: Hartley [32] (a)ch
Weaver [33] (b) architectures.

ity and the image with opposite polarity [34]. Thus, in theaticase, the
summed output is free from the image.

The main issue in those architectures is the imperfect imgjgetion result-
ing from gain and phase mismatches in the two signal pathsex@mple,
in the Hartley receiver, an amplitude mismatchodfdB and a phase mis-
match of3° result in an IRR of30dB [35]. From this point of view, the
Weaver architecture is less demanding, since the rejeiiachieved by
combining LO and RF signals which are both in quadrature wapglied
to the second pair of mixers. It is prooven in [36] that in sacbase the
image rejection depends only on the second order of quadrataccuracy
in the LO and RF signal. A quadrature inaccuracy g, in both RF and
LO signals, leads to an image rejection rati®0fiB.

The advantage of this class of receivers is the suppress$ithe dR filter,
whose required quality factor is too high for monolithicagtation. More-
over, the intermediate frequency can be chosen sufficiémtiyto integrate
the channel filter and perform most of the demodulation indigial do-
main.

4.3.1 Low-IF Receiver

The low-IF receiver is a variant of the superheterodyne,reviige IR filter
and mixer are replaced by an image-reject mixer. This makssilple the
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use of an intermediate frequency in the low-frequency ramgkexploit all
the advantages of the heterodyne downconversion, whilieliagosome of
the crucial issues of the homodyne receivers (§4.2). Thedguency is
typically chosen beetween one and two times the channelWidtid
Practical implementations may differ significantly, degiag on the IR
mixer architecture chosen. If the Hartley IR mixer is chggben the90°
phase shift and the IF-signal combination can be provided pglyphase
filter, as described in 87 and demonstrated in §8.

Low-IF receivers are suitable for monolithic integrati@amd are often an
alternative to direct conversion receivers. The two aedhitres have some
typical issues in common, and behave differently with respeothers.

DC offset Setting the IF frequency to one or two times the channel band-
width, the low-IF receiver can easily filter the DC offsetsrhgans of on-
chip AC coupling. Monolithic capacitors can be used, sifeelE blocks
have typically high input impedance.

1/f noise In CMOS implementations of the IF blocks, the 1/f noise figure
does not degrade the SNR.

LO leakage The low-IF receiver suffers of LO-leakage problems to the
same extent as DiCon receivers.

I/Q mismatch The low-IF receiver bases its operation on the IR mixers.
Those needs very accurate quadrature to provide sufficreade rejection.
The requirements are typically tighter than those for DiGexeivers.

Even-order distortion The low-IF receivers are less sensitive to the near-
DC components generated by the even-order distortiongiREhgain path.

In fact, the IF can be set in a band above those interfereisrdduced sen-
sitivity to those distortions allows the use of single-ethdicuits in the RF
front-end of the receiver.

In comparison with the DiCon receivers, the requirementdda-IF
receivers are more demanding only for the 1/Q mismatch. Rerdther
aspects, the requirements are the same, or more relaxed.
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The receivers presented in 88 demonstrate that the I/Q guadrmprecision
necessary for WLAN can be achieved in monolithic impleméonat

4.3.2 Wide-Band IF Receiver with Double Downconver-
sion

A special kind of image-reject receiver is the wide-band éEeiver with
double downconversion, which can be obtained from a supsndayne re-
ceiver, replacing IR filter and mixer with a Weaver IR mixerheTarchi-
tecture of the resulting receiver is shown in Figure 4.4.eAfireselection
filtering and amplification, all potential RF channels ar@adpature-mixed
and downconverted to a broad IF band. A second quadratudegmejects
the image of the first downconversion. The image of the secmwveh-
conversion is filtered by the low-pass filter before the nsxef possible
in the available technology and frequency plan. Alterredyivthe second
downconversion can be a direct conversion to baseband. cherstic in
Figure 4.4 has four mixers and two adders, in order to makie bahd Q
signals available at the DSP input. The IR mixer in Figurgh).8owncon-
verts only the | signal.

The channel selection, as in the DiCon receiver, can be peeid at base
band, allowing the possibility of a programmable integdatbannel select
filter for multi-standard applications. However, the widlerd IF receiver
has some advantages over the homodyne counterpart; sareeismo LO
operating at the same frequency of the incoming RF signaptbblems as-
sociated with the time-varying DC offset and LO leakage air@nrized. If
the second downconversion translated the channel to badethee second
LO is at the same frequency as the desired first IF: the DCtaféseilting
form self mixing can lead to the same problems of DiCon remsiv To
avoid this, the second downconversion can be done to a lowslikg the
same techniques described in §4.3.1.

4.4 Dual-Band Variants

The presented receiver architectures operate in a singk, lb@eaning that
all the blocks involved in the RF front-end are tuned to theteefrequency
of the band of interest and the input bandwidth is set by therrator quality
factors.
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In order to extend the operation of a receiver to more tharband, there are
two possible strategies. Using the same static architedturboth bands,
the building blocks can be implemented for operation in ipldtbands.
Alternatively, the system architecture can be reconfiguaed the opera-
tion in different bands requires some of the building blotkshange their
function at a system level. The following paragraph introekithe system
architectures considered in this work for dual-band remrsivusing those
two strategies.

4.4.1 Dual-Band Low-IF Receiver

A standard low-IF architecture can be used for dual-bandatiom, if the
building blocks are all designed accordingly. An examplgii®n in §8.2:
a dual-band LNA (85.5.4) feds the RF signal to a pair of broadbactive
mixers (86.2); dual-band quadrature generation and IFasiggombination
are both preformed by means of polyphase filters (87.3).

The main drawback of this approach is that the LO signal néz@sveep
over a very broad frequency range or, alternatively, to gxeer two non-
contiguous bands.

4.4.2 Reconfigurable Low-IF/Wide-Band-IF Receiver

A dual-band receiver can be implemented by modifying thaitecture in
Figure 4.4, and by reconfiguring the system for hi- and loggfrency oper-
ation.

Many microwave mixers are based on switches driven by the ig© s
nal: this makes them inherently capable of operating in mixehrough
mode (86.4.1). Exploiting this feature, a wide-band IF nemecan be
modified to work as a single-downconversion or double dowmemsion-
receiver, depending on the operation state of the seconerrarray. If the
mixers are irthroughmode, the low-frequency band can be downconverted
to a low-IF with a single downconversion step. If the secorixemarray is
in mixer mode, then the high-frequency band can be downctet/éo the
same IF with a double-quadrature downconversion. Thisrequdual-band
LNA (85.5.4), broadband singly-balanced mixers (86.2)tfar first down-
conversion, reconfigurable mixers for the second downasive (86.4.1)
and single-band quadrature generation (87.3). All thesekislare suitable
for monolithic integration, as demonstrated in the followchapters.



Chapter 5

Low-Noise Amplifiers

As shown in chapter 4 the LNA is the first block of the receivent end.
While terminating the antenna filter with a standaéd?, it has to amplify
the signal adding a minimum of noise.

The first part of this chapter describes the design altereathat have been
considered for the input and output matching network of cammmitter
and cascode amplifiers. In the second part, the design arldrimeptation
of several prototypes are presented, together with measunteresults.

5.1 Input Design

The design of the input matching network of an LNA has to megesal
different constraints. It must offer 8 () impedance to the antenna filter,
but simultaneously affects significantly gain and noiségrerance of the
whole amplifier.

Figure 5.1 shows the three most used configurations in dperature
examples. The topology in Figure 5.1(a) uses the emittelcohamon-base
stage as input termination: the input impedande'is,, and the bias current
can be set to meet th® Q2 requirement. A simplified analysis of this topol-
ogy [37] shows that the minimum achievable noise figure fpolar tran-
sistors is about dB and in the2 — 3dB range for modern CMOS processes.
These values are well above the minimum noise figurg,NFachievable
with common emitter configurations in the available BiICMG$Hhnolo-

33
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Figure 5.1: Schematics of the LNA input matching topologies: (&),
termination, (b) shunt-shunt feedback, (c) inductive degation. Inductive
degeneration is the prevalent method used for integratepliéiers.

gies (83). Moreover the topology does not allow the use diriepies for
simultaneous noise and power matching: when a g#ifd matching is
necessary, the noise figure would suffer further degradatio

Figure 5.1(b) shows another topology, which uses a residéiedback to
realize a broadband input matching. This type of matchirigtrnsically
broadband and highly linear, but it has the drawback of maggiia high
power consumption to achieve gain in the rangé@+ 15dB, as specified
in 84 for WLAN applications. The few open-literature exang[88-40]
of this kind of amplifiers exhibit power consumptioh® to 50 times larger
than those presented in 85.5. This is mostly due to the fatttiis topol-
ogy is not suited for LC-tuning techniques, which can redtiee power
consumption in narrow bands.

The third alternative, which is the one chosen in all the glesipresented
in this chapter, is shown in Figure 5.1(c) and employs an étide emit-
ter degeneration to introduce a real term in the input impeéealn order
to suppress the remaining reactive term, tuning becomessaary, mak-
ing this topology narrow-band. This is not a severe limitatior the target
WLAN applications.

The common-emitter amplifier with emitter degenerationhis most
used topology for integrated LNAs, since it offers the besisa perfor-
mance among the presented topologies. This is possible asrtplifier can
be simultaneously noise and power matched, by properlysthgdhe two
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inductors, transistor size and bias. As it will be shown in48bthe same
topology can be easily modified for the use in dual-band appitins.

5.1.1 Inductive Emitter Degeneration for Simultaneous In-
put Noise and Power Matching

For any given transistor, it exists an impedadtg;, =1/Y,,., such that the
amplifier noise figure can be expressed as

Ry
NF:NFmZ-n+G—|YS—Yopt|2, (5.1)
S
where

Ys signal-source admittance presented to the amplifier,
Yopt optimum noise admittance that results in minimum noise égur
NF,.;, minimum noise figure of transistor,
Ry equivalent noise resistance of transistor,
Gs real part of signal-source admittance

are all parameters dependent on the available technoldgy ph ampli-
fier is noise matched if its signal-source impedancg,js. The aim of this
paragraph is to show that, with the topology shown in Figulgd), it is
possible to makeZ,,: ~ Z, =502, thus achieving simultaneous noise and
power matching on an impedance suitable to terminate coniah@ntenna
filters [42].
As shown in [43], the minimum noise figure and the optimum eaigrrent
density are practically independent of emitter length.uFégs.2 shows the
simulation of the minimum noise figure of a dual-base-car#&T in IBM
BiCMOS 6HP technology, as function of collector currépt and emitter
length. For emitter lengths abo@® um it is apparent that the minimum
noise figure is very little affected by the chosen values ¢ lsollector cur-
rent and emitter length. This allows to setindependentiygs@onsumption
and emitter size to meet other requirements.

The emitter degenerated input stage benefits from an imypqataperty:
as shown in Figure 5.3 the degenerating inductance affeetsnximum
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Figure 5.2: Simulation at5.5 GHz of the minimum noise figure of a dual-
base-contact HBT in .25 um BICMOS technology, as function of collec-
tor currentl.. and emitter length.

available gain, but the real part &f,,; and the minimum noise figure are
nearly independent of the chosen valud.gf. This gives a useful degree of
freedom in the design, since it allows to maitg}),; by setting the transistor
size only. Figure 5.4 shows the dependencggf and the complex conju-
gate of the input impedance on the emitter size: the HBT sinébe chosen
to setR,,; =50€).
According to [43], for both bipolar and field effect transist it should al-
ways be

Kopt =X}, (5.2)

wm)

as shown again in Figure 5.4 this does not hold exactly troghi® HBT
transistors in the available technologies. However, the talues are rea-
sonably close, and this property can still be exploited.

After setting the emitter size to matéty,,;, the analysis of the circuit in Fig-
ure 5.1(c) with a simplified model allows to express the inpytedance
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Figure 5.3: Simulation at5.5 GHz of the real part ofZ,,,, the maximum
stable gain and the minimum noise figure as function of themegting
inductancel .

seen at the base of the degenerated HBT as
Zin=9" Lt jwly—j—
in = o~ w - .
C. ETJWwLE—] wC.
Itis apparent that a proper choicelof can match the real part {4, =502,

while the reactive component will be compensated with thiesé 5 induc-
tance. Choosing

(5.3)

Co, . 7
Lp=-""7Zy=""2 (5.4)
9m Wt
1
Lp=—e— L (5.5)

ensures power matching and, due to the approximated eqy&tR), simul-
taneous noise matching to thig =502 source. Those choices do not affect
the value ofR,,;.

Figure 5.5 shows/;,, and Z,,; as function of possible values éfz: appar-
ent are the negligible dependencefj,, on this parameter, the possibility
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Figure 5.4: Simulation at5.5 GHz of real and imaginary part oZ,,., and
conjugate of input reactance of a dual-base-contact HBD.i#5um Bi-
CMOS technology, as function of the emitter length,,; and X, are not
identical, as stated in [43], but values are close enoughxgplait this fea-
ture.

of matchingR;,, to 5012, the corresponding close valuesXf,; and.X},.
With the design approach depicted above, all the paramefdise emit-
ter degenerated input stage are determined. The simulasedt of those
choices is shown in Figure 5.6: the ideal power matching rtered at
5.5GHz and, at the same time, the noise figure reaches its minimum.
Summarizing, the parameters of the emitter-degenerafed #stage in Fig-
ure 5.1(c) can be determined as follows:

* set emitter length to matcR,,,; to 502, see Figure 5.4

e setLg, i.e. the inductive emitter degeneration, to maith to 502,
see Figure 5.5 and equation (5.3)

* set series inductof. g to match simultaneousl¥;, and X*

optr S€E
Figure 5.4 and equation (5.5)
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Figure5.5: Simulation ofZ;,, and Z,,; at5.5 GHz as function of the emitter
inductor L. Transistor dimension is already set to mégj,. =50(2.
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Figure 5.6: Simulation oflS11|, NF and N F,,,;,, of the inductive degener-

ated input stage designed as depicted in §5.1.1. Power aisé meatching
are achieved at the same frequency.
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5.2 Amplifier Gain Cell: Common Emitter and
Cascode

The common-emitter amplifier shown in Figure 5.1(c) can beaiy
matched to the load using one of the techniques describe8.81 8T his
choice typically leads to practical issues in designingitipt matching
as described in 85.1.1. In fact, due to the very poor colfetctdase
isolation of typical HBTSs, the input and output matchingwatks cannot
be designed independently and influence each other in a egiigible
way. If the available circuit simulator (CAD) is powerful @ngh to allow
this approach, then the output of the amplifier can be loadédits own
complex conjugate impedance, i.e. the input design can bepleted
assuminghe output already ideally matched [42]. Alternativelyg thesign
can be completed by successive iterations of input and buguesigns
or re-tuning: practical experience shows that the solutionverges to
acceptable values in few iterations.

Gain and bandwidth of the resulting amplifier depend sigaifity
on the real part of the output impedance of the transistaralise of the
effect described in 85.3. The bipolar cascode amplifier ha©wput
impedances times larger than a common emitter with the same current
consumption [44], thus allows to achieve higher gains irrovaer bands.
Moreover it offers a better output-to-input isolation, shsimplifying the
design of the matching networks and improving the LO-to-B&khge of
the receiver front-end. If needed, the large output impeédaf cascode
amplifiers can be reduced by means of a shunt resistor, im todeet gain
and bandwidth to the values specified.

A further possibility would have been the use of cascadedncom
emitter stages. This solution has been discarded, bedaesetond stage
would have required inductive or resistive emitter degati@n in order to
meet the linearity specification, leading to larger cirdadtprint or power
consumption respectively.

5.3 Output Design

The output matching network is the part of the circuit resole of feed-
ing the amplified signal into the following stage. Althoudiistpart of the
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amplifier does not affect significantly its noise performanit determines
gain, bandwidth and output impedance which, in turn, retstihe set of
loads that can be properly driven.

5.3.1 Power Matching versus Voltage Matching

Power matching a load to a signal source means maximizingoher
transfer from the source to the load. Extending this ideiage matching
can be intended as maximization of voltage-signal ampifudim source to
load.

In microwave design, being of paramount importance the fis&osmis-
sion lines between different blocks of a system, most of theuits must
match in power the low resistive loads achievable with tngigsion lines,
with 502 being a standard.

In RFIC design, however, on-chip dimensions are so smdll #van at fre-
quencies in the lowaHz range, building blocks of a system might not need
to be connected by transmission lines: a careful layouhdadtiows the use
of interconnects of lengths that are not a significant foactf the wave-
length. In those cases, the signal can be handled, ideallypléage- or
current-only. Typical analog-electronic practice, mpsilie to intrinsic fea-
tures of common transistors, has favored voltage-modaitstd=or similar
reasons, i.e. the features of active RF mixers (§6) and pakfilters (87),
voltage matching is an alternative to power matching in sofitee systems
presented in §8.

5.3.2 Power Matching Alternatives

When designing the output power-matching network, both dimptopolo-

gies that have been considered can be modelled as a transtamce, in
parallel with a resistor and a capacitor. This is always @ejptable approx-
imation in a relatively narrow band and for small input silgnaigure 5.7
shows the simple network that will be used to describe thechirag net-

works considered and their properties. The values repoefed to a cas-
code amplifier in IBM BiCMOS 7HP technology, input noise armver

matched by means of ideal components.
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Figure 5.8 shows four topologies that can be used to matcantimdifier
modelled in Figure 5.7 to an impedanZg. Figure 5.9 and Table 5.1 show
the simulation of power gain and output matching achievalile the four
topologies, using ideal components and aiming at undetliegmain fea-
tures of each choice.

The plain LC matching in Figure 5.8(a) can match capacibigput am-
plifiers to real impedances, but might suffer of some linmitas if cascode
gain cells are used. In fact, those always have a large reabfodne output
impedance, which sets the quality factor of the resonatoeledively high
values. This has the desirable effect of allowing highen ggith respect
to single stage common-emitter versions, but at the samesttghtens the
relative bandwidth. Another drawback of the LC matchindnet it requires
high shunt inductances with respect to other alternatives.

The topology in Figure 5.8(b) is a possible solution for rhiig cascode
amplifiers over a larger bandwidth. A shunt resisirhas been added, in
order to lower the resonator quality factor. This simultaungy lowers the
gain and broaden the bandwidth. Due to the same effect, tiner loutput
impedance of common emitter amplifiers typically resultiimer gain and
larger bandwidth, when compared with cascode amplifiersebiavith the
same collector current and having the same transcondécté&rom a de-
sign point of view, the interesting property of this topotdg that the value
of the shunt resistance can be chosen in order to meet thevimihdpecifi-
cation. A positive side effect is the reduction of shunt ictdimce needed for
the matching; this results in a smaller spiral inductor aincudt footprint.
Another way to reduce the large shunt inductance neededhathC match-
ing is shown in Figure 5.8(c): a shunt capacitor is added malfs to the
inductor, and values are determined to provide the saméareaecat center
frequency. This approach allows to preserve the peak gaiithé drawback
is the increase of quality factor and corresponding redaatif bandwidth.
Values reported in Table 5.1 shows an emphasized examgie éftquency
response changes introduced by the shunt capacitor, buhegalistic due
to the absence of losses in all the reactive components @&ndetly high
quality factor of the resulting resonator. In practicalegshe inductance
reduction will be possible, but the bandwidth will be larger

An example of this is given by the matching topology showniguFe 5.8(d),
where a shunt resistor is added to lower the quality factdrrasults in a
wider bandwidth.
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Figure 5.7: The simplest model of the output of a common-emitter or cas-
code amplifier. Values reported in figure are those used infollewing
examples, corresponding to a noise and power matched casco@i-
CMOST7HP technology.
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Figure 5.8: Topologies for output power matching of low-noise ampkfier
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Figure5.9: Power gain|Ss; | and output return lossSs,| of the four match-
ing topologies in Figure 5.8, when used to match the simgldigput model

in Figure 5.7. Design values are compared in Table 5.1.

Table 5.1: Design values and simulated band widths for the four output
matching network in Figure 5.8.

| L | & | & | R, | Suband]| Sz band
@] ssnt | — [0 | — | 432MHz | 324MHy
() | 5.17uH | — | 50fF | 1.5k0 || 1.67GHz | 530MHz
(© || 600pH | 1.3pF | 50fF | — | 30MHz | 14MHz
(d) || 600pH | 1.3pF | 50fF | 1.5k || 180MHz | 70MHz
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Figure 5.10: Effect of the output matching tuning ¢8k;| and|Sa2|. The
shunt capacity sweeps from0{F to 7pF.

Frequency tuning

The matching topologies in Figure 5.8(c)-(d) are attractrecause of the
lower inductance required, but cannot be easily used: theecé&equency
has a strong dependance on the shunt capacitor value. Tppiczss tol-
erances of:25% on MIM capacitors can significantly shift the gain of the
amplifier. This feature can be exploited replacing capadtpowith a var-
actor, and offering the possibility of tuning the amplifienter frequency.
Figure 5.10 shows the effect of the capacity variation indingplified case
in exam: the capacity af’; varies from150fF to 7pF and the correspond-
ing peaks ofSy; and .Sy, sweep from2 GHz to 12GHz, covering a very
broad band. This output matching technique is particulsuiyed for appli-
cations with broad allocated bands, but narrow single-bseds, such as
the20 MHz channel of the WLAN standards at- 6 GHz.
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5.3.3 \oltage Matching Alternatives

The idea behind voltage matching is that it is not necessamyptimize
power transfer from the LNA to the following mixers, but in st@f the
cases it is sufficient to handle the signal as voltage andmiagithe signal
voltage amplitude at the mixer RF port. This is particuldrlye with nFET
active mixers, presented in 86.2. In that case, the inpuedapce can be
modelled as the shunt of a large resistor and a capacitooutitxcessive
approximation: typical values are, e.g., in th@ and tenths-opF ranges
for IBM BIiCMOS 6HP technology. The load of the amplifier candsim-
ple shunt inductor, which resonates with the mixer inputacéty at center
frequency: the voltage transfer function will depend ontytioe real part of
the interface impedances.

Modifications to this main topology are possible, in quiteitar ways as
depicted in Figure 5.8: a shunt resistor lowers the quadittdr and the
peak gain, while broadening the bandwidth; an extra shyrdator allows
the use of smaller inductors, but tightens the bandwidthinmiof the center
frequency is possible by adding a shunt varactor.

5.4 Dual-Band Matching

Some of the ideas presented in 85.1 and 85.3 can be extendetfid
band operation. This section presents the topologies asigrdeechniques
exploited for dual-band LNAs and receivers presented if.8and §8.2.1.
As in previous sections, the cascode amplifier is assumee thd basic
gain cell: input and output can be designed independently.

Section 85.4.1 presents two alternatives for the input hiagc and sec-
tion 85.4.2 two for output matching.

5.4.1 Input

Depending on system-level specifications, it can be coewtrior a dual-
band receiver to have a single input port or two, one for eaaidb It is

apparent that this choice affects directly the design ofripat stage of the
LNA, as first stage of the receiver.

Having one input port per band allows the use of independeahaa filters:
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the unwanted band can be filtered quite easily, but the nuwibexternal

components increases.

Multi-band antenna filters are commercially available, aad be used to
reduce the system complexity: in this case it is necessangemne single
input port for both the input bands, and the suppression @futhwanted

band must be handled on-chip, leading unavoidably to wagetion ra-

tios.

This section presents two topologies suitable for the tvgesand employed
for receivers in §8.

Switched input

The schematic in Figure 5.11 shows a modification of the emitt
degenerated input matching, presented in §5.1.1, whidwalto receive
multiple-inputs and feed them to a single output port, thfoa shared
common-base stage. The example in Figure 5.11 has two indepgin-
puts for a dual-band receiver.

The emitter current of3 flows completely inT; or T3, according to the
selection of a control voltage, which sets the position &f ltias switch.
When active, both the inputs are power and noise matcheda®aource.
The two parts do not influence each other up to frequenciesndizmt on
the technology in use: the off branch introduces only pttasapacities at
the collector of the active input transistor, and those rbastegligible with
respect to the emitter impedancelfat the highest frequency of interest.
This input matching topology has been used for the receivesemted
in §8.2.1.

Dual-band input matching

The minimum noise figuréV F,,,;,, of HBTs increases monotonically with
frequency [43]. In a dual-band amplifier, a small noise misimaan be
tolerated for the lower band, since the NF does not have toibenuam in
order to be sufficient for the system requirements. Expigithis, it is pos-
sible to merge two single-band emitter-degenerated injagtes into one,
by replacing the series base inductors with the impedanoersiasz, in
Figure 5.12.

With this topology, the transistor size and emitter degatien are deter-
mined to achieve noise matching in the highest band; themwheseries
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Figure 5.11: Schematic of the switched dual-band LNA input.

Figure 5.12: A topology suitable for dual band power matching, which
allows noise matching in one of the two bands and sub-opt@dbrmance
in the second.
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Figure 5.13: Simulation of the reactance of tliial-bandbase inductance
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Figure 5.14: Simulation of.S11|, NF and N F,,;,,, of the inductive degen-
erated dual-band input stage.
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inductors necessary for power matching can be determiwbig\ang noise
matching only in the highest band. The two inductors arethffit, and can
be replaced witt¥;,: Figure 5.13 shows the simulation of the reactancg;of
compared with those corresponding to the simple seriextadaes needed
for single band matching. It is apparent tiatcan replace different induc-
tors in two narrow bands: in this example the bands are cethte2.45 GHz
and5.5 GHz. Figure 5.14 shows the dual-band matching: power matching
is achieved in both the bands, while the noise figure is optimide upper
band only. The values in the lower band remain acceptabétaiihe better
noise behavior of the transistor at lower frequencies. Tripsit topology
has been used for the amplifier presented in 85.5.4.

5.4.2 Output

As described in 84.4.1 and 84.4.2, the broadband frequersppnse of the
downconversion mixers (86) makes possible sharing the domiersion

stage of a receiver for two or more bands. With this architegtit is nec-

essary to employ dual-band LNAs having one single output poorder to

avoid the use of series switches in the RF-signal path.

This section presents the solutions chosen for singlevodtage and power
matching.

Dual-band load resonator

The topology shown in Figure 5.15 is suitable for dual-baoitage match-
ing, because it can resonate with the shunt capacity at the of the RF
port of mixers. Figure 5.16 shows a simulation of the maglatof the series
impedance of the load;,.4, which is proportional to the voltage gain for a
cascode or a common-emitter amplifier. In this example, #hees of com-
ponents are chosen to provide gain in 25 GHz and5.5 GHz bands. The
two resistorsR; and R, can be used to set gain and bandwidth in the two
bands: for simplicity the graph in Figure 5.16 was plotted®g = R> = R,
but the values of the two resistors have effects on each dfdhd indepen-
dently.

This active load has been used for the LNA of the receiverquries! in §8.2.1.
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Figure 5.15: Dual-band shunt resonator for voltage matching of the LNA.
The shunt capacito€,,;,, accounts for the mixers, and is part of the res-

onator.
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Figure 5.16: Simulation of the frequency behavior of the dual-band load
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used for on-chip voltage matching.
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Switched power matching

The power matching equivalent of the load in Figure 5.15 dmdt be
found. This is due to complexity of the problem. In fact, agie match-
ing imposes only one inequality on the magnitude of the dLitppedance,
while power matching imposes two equalities on real and insay part of
the output impedance.

If the receiver is designed for the downconversion of onedbana time,
then the circuit in Figure 5.17 is a possible solution: twoe LC power-
matching networks, one for each input band, are connectedtéaface, and
only one branch is biased at a time. The unbiased branch hasttle influ-
ence on the active part, so the two matching can be desigdedendently.
Figure 5.18 shows the simulation of the achieva®e and.Ss, for the two
bands.

The off network loads the active side with a series LC resamathich res-
onates at a frequency close to that of the power matchinglgsggned for.
As a result the off network introduces a notch in g transfer function
of the wanted band. This behavior can be exploited to inerdesrejection
of the unwanted band, which would be amplified by the LNA inecasin-
gle input port is chosen for the receiver. In Figure 5.18 #jeation of the
2.45GHz is about30dB, and10 — 15dB for the 5.5 GHz.

This matching network has been used for the dual-band LNAented
in 85.5.4.
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bias

Figure 5.17: The dual-band power-matching network. The switch drives
the bias current to one branch at a time.

30

20t

IS, | [dB]

_10,

_20 1
0 4 5
Frequency [GHz]

Figure 5.18: Simulation of output return losis2,| and power gain Sa; |
for the two operating mode of the power matching network.
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5.5 Experimental Results

This paragraph presents the design and characterizatitredfNAs that
have been fabricated as test structure for the validatiothefideas pre-
sented above, and the available device models.

Several other LNAs have been designed to be used in integrateivers
presented in 88, but their output matching networks do nowadirect50 €2
characterization.

5.5.1 Single-Stage Common Emitter

The simplest topology that allows to employ the input matghinetwork
described in 85.1.1 is the single-stage common emitter iierplwhich
matches the input stage directly to the output.

Figure 5.19 shows the simplified schematic of an amplifierhi§ kind,
that was designed and fabricated in IBM BiCMOS 6HP technplothe
emitter-degenerated input stage is directly power mattbeml50€2 load
by means of an LC transformer. Input and output matching oet\ave
been designed simultaneously, because of the poor inputtput isolation
of the common-emitter amplifier. As mentioned in §5.2, this ©e done
in few re-design iterations of each matching network, witikeamplifier is
loaded by an estimated input impedance of the followingestag

Table 5.2 resumes the design values referring to the scieim&tgure 5.19.
All the components shown are integrated on cHipis a dual base-contact
HBT,; L; are octagonal spiral inductors over deep trench gridj or poly-
silicon patterned shield(;); C1 is a MIM capacitor over deep-trench grid.
Figure 5.20 shows a photograph of the common-emitter LNAalTarea
shown measure&97 mm?, while active area i6.38 mm?.

The circuit has been characterized on wafer. Figure 5.2d4stite mea-
sured and simulated input and out0t2 return losses$S1;| and|Ss22| at
a bias current o2mA from a power supply ofi V. Figure 5.22 shows
power gainS,; and noise figure for the same operating pointigand ilP;
are—8.7dBm and—1.5dBm respectively. The measured performances are
summarized in Table 5.3.
The measured results match the simulations in terms of érgyubehavior.
However power gain and noise figure suffer of some degradafitis is
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Figure 5.19: Schematic of the common emitter LNA. Bias network is not
shown; all components are integrated.

Table 5.2: Design values for the common-emitter LNA.

T | 2 x 27um x 320nm
Ly 0.8nH

Lo 0.9nH

Ls 2.2nH

Ch 530fF

Vee 1V

I.. 2mA
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Figure5.20: Photograph of the common emitter LNA. Area shown measures

1040 um x 930 um, total active area i€).38 mm?.

due to the losses in the metal connection among deviceshvainé&not in-
cluded in simulations, arising from the series resistaridceemetal strips
and the coupling of those to the substrate. The same parhsiters the
quality factor of the input and output resonators, whichultssin slightly
larger measured bandwidths.

This amplifier exhibits a noise figure sufficient for WLAN apgations, and
has a good gain-to-power-consumption ratio, which maka#triactive for
low-power applications. However, the power gain is not sigfit for sys-
tems which make use of active downconversion mixers, becafuhe very
high noise figure they typically exhibit. The low gain, as kekped in 85.3.2,
is mostly due to the low quality factor of the output resonaset by the
common-emitter output impedance. This is confirmed as wethk rela-
tively large bandwidth of the output matching.

At a system level, a solution to the lack of gain of this kindamfplifier
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Figure5.22: Measurement and simulation [&, | and NF for the common-
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Table 5.3: Measurement results for the common emitter amplifier.

S11<—10dB | 4.9—8.9GHz

Sop<—10dB | 5.1—6.5GHz
S21.maz | 6.1dB @5.1GHz

So; 3dB-band |  3.9—6.9GHz

NF 2.8dB
P14B —8.7dBm
P, —1.5dBm

Vee 1V

I. 2mA

could be the use of a second common-emitter stage. Thisehoplies the
use of at least one more inductor and higher power consump#ovalid
alternative is the use of a common-base amplifier for thergbstage, i.e. a
cascode amplifier.

5.5.2 Power Matched Cascode

The use of a cascode amplifier as gain cell of the LNA for irdegt re-
ceivers is a quite common choice in tkElz bands [13-18, 23, 45—49].
This is apparent to such an extent that is rather difficultrid,fin open lit-
erature, examples of different approaches [10, 50, 51 iBhinostly due to
the possibility of achieving a higher gain for the same auromnsumption
of a common emitter, because of the effect described inldet86.3.2. In
fact, the output resistance of the cascodetisnes larger than that of a com-
mon emitter biased with the same DC current. As a consequéreegain
peak is higher and its bandwidth narrower, but often sufficfer WLAN
applications. If not, a shunt resistor can be added to the loa

Another positive feature of this gain cell is the higher autitfp-input isola-
tion, important to control the unwanted LO-to-RF leakagkioh for direct
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Figure5.23: Schematic of the cascode LNA. The bias network is not shown.

Table 5.4: Design values for the cascode LNA.

T | 2x29.3um x 320nm
Ty | 2x50um x 320nm
Ly 422pH
Lo 1.46nH
Ls 2.77nH
Ch 123.2fF
Ly 2.44nH
Cs 578.5fF
Vee 2V
Viias 1.6V
1. 2mA
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conversion and low-IF receivers might fall in-band and catre suppressed
by the antenna filter. However, experiments on silicon hénsve that the
isolation of a common emitter amplifier is close to that of sotale, because
in both cases the substrate coupling can be dominant ovetetiee-to-
device path. The circuit presented in this section, and ¢inencon emitter
in 85.5.1 exhibit similar values df.

Apart from the narrower bandwidth, the main drawback of ggircascode
gain cell is the higher bias voltage needed for its operatiom current con-
sumption is usually the same as a single-stage common erhiitehe volt-
age headroom needed for the common-base stage of a cascodglity
the same as for a common emitter. Therefore, the total veitegded for
a cascode has to be increased according to the requirenfetfits mput
common-emitter stage, which depends on the technology.véhesmall
voltage gain of the cascode first stage, however, allowsas ibiat a min-
imum voltage, without sacrificing the amplifier overall laréy. Typically,
amplifiers in IBM BiCMOS 6HP and IBM BiCMOS 7HP technologies r
quire a0.6 — 0.8V increase of the voltage supply.

Figure 5.23 shows a simplified schematic of a cascode anmptiie
signed and fabricated in IBM BiCMOS 6HP technology. Thisuit has
been conceived as test structure for the receiver preseng&dl.1 and [52]:
due to the system requirements the amplifier has to driv@®#& load, and
an LC transformer t60 2 has been added for ease of characterization. Spe-
cial attention has been paid in order to avoid the effectdisfadditional
transformer on gain, linearity and bandwidth of the amplifi€herefore,
the results presented in this paragraph are direct measuatsran a0¢
environment, but are expected to be very close to what wosilchéasured
at the innerl00<2 node.

Table 5.4 resumes the design values referring to the scieim&tgure 5.23.
All the components shown are integrated on cHip:andT; are dual-base
contact HBTs;L; are octagonal spiral inductors over deep trench gfid (
and L3) or polysilicon patterned shield.¢ and L,); C; andC, are MIM
capacitors over deep-trench grid.

Figure 5.24 shows a photograph of the cascode amplifier: dota shown
measured.22mm?, while active area i9.26mm? for the LNA output-
matched tal 00 (2, excluding the LC matching ta0 2.

The circuit has been characterized on wafer, using RF wafer probes.



5.5 Experimental Results 61

I
ICascode!

r '|-_—:.—_—I_ e |

Figure 5.24: Photograph of the cascode LNA. Area shown measures
1323 umx 923 um, total active area for the amplifier output-matched to
1009 is 0.26 mm?.

All the results shown are direct measurements of the amplifiduding the
test LC matching fron100£2 to 502. For both small and large signal tests,
simulations have shown that the additional matching ndtwloes not af-
fect the performance of the amplifier on180€2 load. The circuit have
been biased witRmA from a2V power supply. Figure 5.25 shows input
and output return loss. The simulation || and|S,;| are included, in
order to account of a slight mismatch with the input impedaneasure-
ments. Figure 5.26 shows power gain and noise figuggg Rnd ilP; are
—16.2dBm and —8.2dBm respectively. The measured performances are
summarized in Table 5.5.

As for the amplifier in 85.5.1, the performance of this LNAffeated by
the losses of the metal connections among devices, whictotae entirely
taken into account in simulation. This results in lower poga&in and noise
figure higher than predicted in the design phase.

The input stage of this amplifier was designed according éoptiocedure
described in 85.1.1. The effect of actual device parasstiifts the optimal
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Figure 5.26: Measurement and simulation (8| and NF for the cascode
LNA.
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Table 5.5: Measurement results for the cascode amplifier.

S11<—10dB 5.3—9.1GHz

S99 <—10dB 5.0—5.9GHz
521 maz | 12.3dB @ 5.3GHz

S21 3dB-band 4.3—6.1GHz
NF | 2.9dB @5.9GHz

P1aB —16.2dBm
iIP3 —8.2dBm
Vee 2V
I 2mA

band for both power and noise matching significantly. Sonmbkade effects,
as can be seen in Figure 5.25, could already be foreseen atuéagon
stage, when the parasitics of the spiral inductors are declu The actual
effect of parasitics and device-to-device coupling is ¢arthat expected.
In both the cases, the measured input return loss and noige fige still
sufficient for covering the three U-NII bands and provide-aneplification
in an integrated receiver. This has been demonstrated-atileg this LNA
in a low-IF receiver, as described in 88.1.1 and [52].

5.5.3 Tunable Cascode

In order to validate the tunable output matching describegbi3.2, a power
matched tunable cascode amplifier was designed and faicatBM Bi-
CMOS 7HP technology [1]. The advantages of using a cascoqhifan
are reported and discussed in §5.5.2.

Although the tuning capabilities of this output matchingwark might al-
low very broadband tuning ranges, this would require the afsgeveral
varactor in parallel, possibly connected with switchest &@mple, in or-
der to achieve an equivalent bandwidth as shown in Figui& e varactor
would have to sweep frotb0£F to 7pF. In this particular case, in order to
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Figure 5.27: Schematic of the fabricated tunable low-noise amplifieasBi
network is not shown.

keep the circuit complexity to a minimum, the amplifier wasideed tar-
geting only thes — 6 GHz band, sufficient to cover all the three U-NII bands
of the WLAN standards.

Figure 5.27 shows a simplified schematic of the fabricatezliti The
input matching network was designed as described in §hlitla capaci-
tor C1 is used to avoid resizing the transistfr. this allows to match the
real part of the noise impedance, without increasing théteniength and
reducing the series base resistance. The output matchingnkewas de-
signed as in 85.3.2. The shunt capacitor is replaced withractar; the
capacity-control network consist of a large resistty,, a large capacitor
C and a control voltage sourdé,,,.. For ease of characterization, both
input and output are power matchedss2, but the same concept for the
output matching can be easily adapted to the higher impedawels typi-
cal of on-chip circuits.

Table 5.6 reports in detail the design values for the amplifil the com-
ponents are integrated on the same cHhip:and7; are dual-base contact
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Table 5.6: Design values for the cascode tunable LNA in IBM BICMOS 7HP
technology.

Tech.| IBM BiCMOS 7HP

Ty | 2 x6.08um x 200nm
Ty | 2 x6.08um x 200nm
Ly 257pH
Lo 2.41nH
Ls 546 pH
Crune 356fF —1.04pF
Cy 193fF
Co 419fF
Vee ’AY%
Viias 1.6V
Iee 3mA

HBTs; C; andCy are MIM capacitors over deep-trench grid;,,,. is an
nMOS varactor;L; are octagonal spiral inductors over deep trench grid.
Polysilicon shields have not been used for the integratéddtors, because
models were not available for this technology at the timeatifrication.
Figure 5.28 shows a photograph of the amplifier: total aremvehmea-
suresl.08 mm?, while active area i.3mm?.

This circuit has been characterized on wafer, usio§ probes. Bi-
ased with a collector current 8fmA, it showed similar performances for
V.. ranging from1.5V to 2.4 V. Results presented here are those observed
for V.. =2V. Figure 5.29 shows the effect 6., variations on gain and
output matching. The capacity value is controlled gy — V., Which
sweeps from-0.4V to 0.3V. The tuning capability allows to extend the
—10dB bandwidth of Sy, from 700MHz to 1.4GHz, and to sweep the
peak gain ofl3.2dB over al.1GHz band. Due to the good isolation of
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Figure 5.28: Chip photograph of the tunable LNA. Area shown measures
1.18mm x0.92mm

the cascode gain cell, input matching and noise figure arsigoificantly
affected by output matching variations. Figure 5.30 shdwsmeasured S-
parameters and NF, as function of frequency, atifhg. corresponding to
the best value ofSs3|. In the usable band, the NF is smaller tladdB.
Figure 5.31 presents an example of linearity tests perfdromethe LNA at
5.5 GHz: in this case, Pyp is —20.5dBm and ilR; is —9dBm at the corre-
sponding optimuni/,,,,. value. Extrapolations of ilfat other frequencies
have confirmed that it is independent@f,,,. variations, within measure-
ment uncertainty.

The measurement results are summarized in Table 5.7. Teefsgrpances
are sufficient to meet the specifications for an RF front-esrdiant with
the main WLAN standard in th6 GHz band (82.1), [52]. In particular,
the flat frequency response of the gain can significantly avg@ithe noise
performance of the whole receiver, or ease the use of naitieat active
mixers (86).
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Figure 5.30: Optimum S-parameters and noise figure of the tunable LNA:
for each frequenc¥;..... is set for bestSs,| value.
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Table 5.7: Summary of experimental results for the tunable LNA.

Technology 120 GHz-f; BICMOS
|51 maz 13.2dB
1521 | maz=E 0.1dB 5.1—-6.2GHz
|S11]<—10dB 4.6 —6.0GHz
|Sa2| <—10dB 5.0—6.4GHz
NF 2.3dB
P14 —20.5dBm
iIPs —9dBm
Vee 2V
I.. 3mA
Vee = Viune —0.4+0.3V
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Figure 5.32: Schematic of the power-matched dual-band cascode amplifier

5.5.4 Dual-Band LNA

The amplifier presented in this section is a dual-band LNAjgteed using
the input and output power-matching topologies presemt&®i4.

Figure 5.32 shows the schematic of the circuit. The inpyesta dual-band
power matched to 802 signal source, optimized for simultaneous noise
matching in the upper band. On the output side, a switche&poatching

is used: assuming that the two bands are not received at the Sme,
the switch on the bias network directs the signal currerfstor 75, each

of which is matched to one of the input bands by means of a sirh@l
network. The design values of the schematic in Figure 5.83ammarized

in Table 5.8.

The circuit was fabricated in the IBM BiCMOS 6HP technology, a
1323 um x 1185 um chip, shown in Figure 5.33. Active area(ist4 mm?.
The chip includes an LC transformer, not shown in the schieptatmatch
the50¢2 output impedance tb0 €2, since the amplifier was designed to drive
a pair of low-input-impedance Micromixers (86.3.2). Theuks shown
here have been de-embedded from the effects of this adapter.
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Table 5.8: Design values for the dual-band cascode LNA in IBM Bi-
CMOS 6HP technology.

Ty | 2 x29.3um x 320nm
Ly 406 pH
Ls 2.25nH
Ly 1.46nH
Cy 1.93fF
Ty | 2 x29.3um x 320nm
Loy 5.31nH
Cs 605 fF
Ts | 2x29.3um x 320nm
Ls 3.06nH
Cs 176 {F
Vee 24V
Vbias 1.8V
I.. 2mA
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Figure 5.33: Chip photograph of the dual-band LNA. Area shown measures
1.323mmx1.185 mm

Figure 5.34 shows the measured input return |6ss| and NF of the dual-
band amplifier. Due to the good isolation of the cascode dimplihe posi-
tion of the bias switch, which selects thel5 GHz band (L) or thes.5 GHz
band (C), has little effect on the input matching. The noigerg is affected
more, because of the change in power gain introduced by Hregehof bias.
The input port offers a good matching to the source in the tamdls of in-
terest, confirming the validity of the matching topologygeeted in 85.4.1.
Figure 5.35 shows the output matching and power gain. Tleetefff the
bias switching is much larger, in particular on the powengahe measured
results for the output matching and power gain differ sigatfitly from the
simulations. This is probably due to inaccuracies in maodgethe collector
capacity of the transistor in theff branch, which loads the other signifi-
cantly. Besides the poor performance, the gain reshapiaggarent in the
comparison of the two operating modes.
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Figure 5.34: Measured input return losis;1| and N F for the two operat-
ing modes of the dual-band amplifier.
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5.6 Summary

In this chapter, the design of low-noise amplifiers for wass LAN appli-
cations has been studied. Several solutions are presemtesteiver front-
ends operating d@t— 6 GHz and dual-band extensions, for operation also at
2.4GHz.

The design strategies adopted for input and output matatfisgngle-
stage common-emitter and cascode amplifier are descrilbederitter de-
generation is argued to be the most convenient input majdbpology for
the target application. The choice for the output matchiegethds on the
system requirements: the design strategy presented ahoths/oltage and
power matching to the following mixers. The prototypes prded in 85.5
are all power matched, since this enables the RF charaatierizExamples
of voltage matched LNAs are given in 88 as part of larger discu

In the design of the integrated front-end (88), the cascanfdigura-
tion has always been preferred over the common-emittes iShmotivated
by the higher output impedance of the cascode, which fordaheescurrent
consumption offers higher gain. The higher voltage reguisscompati-
ble with the system requirements, as the active mixers wooldbe able to
operate at the same lower voltage of common emitter amglifidnother
advantage of cascode amplifiers is the higher input-totdugplation. At a
system level, for Si-based implementation, the increaseldtion is nearly
nullified by the substrate coupling. However, the isolaimatill an advan-
tage, since it reduces the interaction between the inpdteatput-matching
networks, simplifying their design. This is experimentaihown in §5.5.3,
where the changes in the output matching do not affect the ingpedance.

The possibility of improving and extend the presented taphes are
explored as well. A tunable output matching is presented expdoited
to enlarge the usable bandwidth. Dual-band versions apopseal for input
and output matching, covering several possible configumatf the receiver:
single or multiple input port, voltage or power output manch






Chapter 6

Downconversion Mixers

All the receiver architectures presented in 84 are variairttse superhetero-
dyne receiver and use one or more mixers to perform the freyuans-

lation of the input signals. Since a linear and time-invarisystem cannot
produce outputs with spectral components not present dhg, mixers

must be either non-linear or time-varying elements in otdesrovide the

necessary frequency translation.

Virtually any non-linear device or circuit can be used aseamibut some
non-linear circuits are better suited for the realizatiémmixers in mono-

lithic and RF systems. The first paragraph of this chaptecries the

principle exploited in a large majority of RF mixers, actaed passive. The
rest of the chapter presents the design and characterizdtigveral mixers
suitable for WLAN integrated receivers.

6.1 Principle of Operation

All the mixers presented in this chapter are based on the paimgple of
operation described in this paragraph and representee ibldick diagram
in Figure 6.1.

An input RF signal is amplified and fed into a switch, which ceats it
alternatively to an inverting and a non-inverting bufferheTswitching is
driven by the LO signal and the IF signal is the combinatiothef output
of the two buffers. This operation is equivalent to multipty the RF input

75
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Figure 6.1: Basic elements of an ideal switching mixer.

signal for a zero-average square wave, having the samedfmtyoof the
LO signal. The Fourier-series expansion of such a wave is

+oo
4 -1 2
ht)=— ; ;%) Csin[(2n+1)7 frot] == -sin(2r frot) +..., (6.1)
which results in a conversion gain

G.=2.4 (6.2)
™

for the mixer in Figure 6.1. Therefore, even assuming thaisthitching is
ideal, the maximum achievable conversion g&inis smaller than the RF
gain A. As it will be shown in the rest of this chapter, the unidgatif the
switch will affect the conversion gain, specially when lo® lpowers are
used, while the linearity will mostly depend on the implenagion of the
RF amplification.

In practical cases, the RF amplifier and the switch are nolemented sep-
arately. In particular, for active mixers, the amplifiemscascode configura-
tion, and the switch is implemented simply by replicating tommon base
stage and driving the amplified signal alternatively to ohevo symmetric
loads. On the other hand, for passive mixers, there is no RFstiege and
the switch is implemented by one or ma@d FETs or diodes.

6.1.1 Cascode Amplifier and Active Mixers

Monolithic mixers are often based on the use of a currentennaider core
which is a differential pair voltage-driven by the LO signdlhe RF input
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Vin,2 = Vin

Figure 6.2: Schematic and simplified analysis of a cascode amplifier (a)
and a singly-balanced mixer (b). The singly-balanced mirkerits gain
and linearity from the corresponding cascode amplifier.

section provides amplification; it operates in voltagestorent (transcon-
ductance) mode and delivers the current signal to the cdre.nfixer core
acts as part of the cascode for the RF input cell: for thisaeathe design
of the most common active mixers can be based on the desifpe abtre-
sponding cascode amplifier, which shares with the mixer mapbfeatures,
such as gain and linearity.

Conversion gain

The schematic and simplified analysis of a cascode amplifigttze corre-
sponding singly-balanced mixer are shown in Figure 6.2:sa@de ampli-
fier operating at the RF frequency is transformed in a mixerdpjicating
its common base stage and passive load. The operatingerdgpicted
in Figure 6.1 is implemented by superimposing a differéht@ signal on
the bias of the common-base transist@s and 7, . As shown in Fig-
ure 6.2(a), the input impedance of the common-base transssapproxi-
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matelyZ;,, » =1/g.n.2, and depends directly on the base bias voltegeg, .
In Figure 6.2(b), this bias is modified with the superimposif the differ-
ential LO signal, which indirectly changes the base impedarof the two
transistorsTs". If the LO signal is large enough to ensure that

1 1
—_ <<=, (6.3)
g’rin,2 935,,2

then the RF current-mode signal is alternatively redirttdeone of the two
symmetric loads.

With these considerations, together with the equationsigirg 6.2, the
mixer conversion gain can be determined. Equation (6.33¢sg#& clear
guideline in finding the minimum amplitude of the LO signal.

Linearity

Although the mixer-core switching is large-signal drivemdantrinsically
non-linear, the linearity of the mixer conversion gain isstiyp dependant
on effects similar to those limiting the linearity of a cadeamplifier, such
as RF cell non-linearity and signal clipping in some partef tircuit. If the
condition in equation (6.3) is satisfied with ideal commiatat the conver-
sion gain defined in equation (6.2) is a linear function of Riegain, and
inherits its linearity features.

For this reason, in designing active mixers, it is usefulrtieestigate the
linearity of HBT cascode amplifiers and its variants, suctihasnductively-
degenerated cascode and the BICMOS cascode, which refiiaggsmmon-
emitter stage with a common-source FET amplifier. The stdidyeolinear-
ity behavior of a mixer, based on the equivalent cascode ifiempbrings
an important practical advantage: the large-signal sitimraf the gain of
an amplifier is a single-frequency simulation, while for aeriit involves
the beat frequency,o — frr and all its harmonics up to the RF and LO
frequencies. This does not make a difference for harmoalardze simu-
lations, but for time-domain-based simulations it can oedilhe simulation
time by orders of magnitude.

Figure 6.3 shows simulation results as example of this spomedence of
behavior for an emitter degenerated HBT cascode and the enixavalent:
the input referred Py is the same for both the circuits, while the gains
are related according to equation (6.2). The simulatedit&r@re those of
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Figure 6.3: Comparison of conversion gain and input referregyR for
a cascode amplifier and the corresponding singly-balanceemmas func-
tion of the emitter degeneration. RF is5 GHz for both circuits and IF
is 100 MHz for the mixer.

Figure 6.2, with the addition of an inductive emitter degatien and a real
load Ry, =1k; the RF frequency i$.5 GHz for both circuits, and the IF
frequency isl00 MHz for the mixer, driven by &.15V LO signal.

The results in Figure 6.3 also show the effectiveness ofdtiek degener-
ation as linearization technique: for a given DC power comstion, con-

version gain can be traded for linearity by increasing thgederating in-
ductance. A non-degenerated FET, being more linear, istamative to

the degenerated HBT as first stage of the cascode amplifisraltbws to

achieve similar performances, avoiding the use of largadtide degenera-
tion, and saving chip area. Examples are in §8.1.2 and §8.2.

Noise

The time variance and frequency translation in mixers makificult to
calculate accurately the noise figure. However, qualigationsiderations
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can help to draw some design guideline. In a mixer, the nasecses of
interest lie in the RF stages, before downconversion, arldagr.O and IF
stage after downconversion.

In order to minimize the noise of the RF stage, it is useful ¢és@ and
power match the RF transconductance, following the prawedascribed
in 85.1.1 for the input stage of LNAs. This reduces the noiseatributed
by the RF transconductance and, at the same time, providgsency se-
lectivity at the RF port. In this way, the thermal noise att@gfrequencies,
which would be downconverted by the the LO harmonics, aectefl and
do not contribute to the noise at the IF frequency [2,53,B&hmple of this
approach are given in §6.2.3 and §6.3.1.

Other noise sources are related to the switching pair: th#errarea of the
switching HBTs has to be selected carefully in order to oftinthe noise
performance. Imperfect switching leads both transistérthe pair to be
simultaneously on for a non-negligible fraction of the LQripd. During
this time both transistors see a low impedarwed (g.,,,) to ground; acting
as common-emitter stages, amplify the thermal noise of th&se resis-
tance and inject their collector shot noise to the outputis Ticreases the
mixer noise figure [34]. For this reason, small and fast isdoss are de-
sirable. On the other hand, very small transistors haveehnighries base
resistances, and the corresponding thermal noise, amgiifighe IF output,
is larger. This trade-off requires a careful choice of theicesize. For the
designs presented in this chapter the compromise was foushrulation
of the noise behavior.

6.2 Singly-Balanced Active Mixers

Based on the idea depicted in Figure 6.2, three variantangfysbalanced
mixers have been design and fabricated. In order to meeinarity spec-
ification of the RF front-end, the mixers in §6.2.1 and §6&xgloit modi-

fications of the RF transconductance, i.e. inductive degeios of an HBT
and non-degenerated nFET. The mixer in §6.2.3 is based orddication

of the mixer core, which allows to share one RF transcondgetdetween
the two matched mixer of a receiver.
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Figure 6.4: Schematic of the HBT singly-balanced mixer. Bias network is
not shown.

6.2.1 HBT RF Transconductance

In systems like those described in §4 and 88, the intrinsesaliity of a non-
degenerated HBT mixer is not sufficient to handle the inmnaiifed to the
RF port by the LNA at the receiver compression point: for anALWith
15dB of gain, the mixer receives at the RF port upt6dBm if matched
to 5042, equivalent to-13dBV on a large input impedance.

The graph in Figure 6.3 shows the effect of inductive degaiaar on gain
and linearity of a singly-balanced mixer: the emitter deggation can be de-
termined to meet the linearity specification of the systeimengas the gain
can be adjusted with the collector current of the RF trandaotance.

The circuit presented in this paragraph has been desigribdhig approach
as downconversion stage of the low-IF receiver in §88.1.1 [&2fl Fig-
ure 6.4 shows the schematic of the circuit. A common-emiBiT T
is strongly degenerated with a large spiral indudter the resulting input
impedance has a small reactive component, compensatedngllecapac-
itor C1, which eases the design and characterization of the prewtage
(LNA). The resulting input impedance &)0€2. The load is the shunt of
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Table 6.1: Design values for the schematic in Figure 6.4.

71 | 2x 15um x 320nm
T3 | 2x 10pm x 320nm
Ly 3nH
Ch 990 fF
Ry 1k
C; 1.5pF
Vee 3V
I 2.3mA

a resistor and a capacitor: the resistors determine theagalrthe quies-
cent voltage the mixer core collectors, in order to allowfisight voltage
headroom at the input compression point; the capacitongresp the large
LO-to-IF feedtrough and has no effect at the IF frequencies.

Table 6.1 reports the design values for the circuit in Figude chosen for
fabrication in IBM BIiCMOS 6HP technology. Figure 6.5 showdedail of

the chip where two mixers are implemented, as part of a recefhe pair
of mixers occupie$.185mm? of active area.

An independent test structure for this mixer was not falbeidabut an esti-
mation of its performances can be extrapolated by compan$the mea-
surements of the LNA (85.5.2) and the complete receiverl(8R. The re-
sults of this indirect characterization are reported inl@#h2.

6.2.2 nFET RF Transconductance

As an alternative to the inductive degeneration, the liteaf a singly-
balanced active mixer can be improved implementing the Rigstonduc-
tance with a FET. This allows to save active area, becauseumee de-
generation is needed. The main drawback of this approacles@mm the
difficulties in matching the RF port t80 2, direct consequence of the lack
of inductive degeneration. For this reason, this kind ofenis particularly
suitable for single-chip systems, as those presented hZ8page 132)
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Figure 6.5: Photograph of two HBT singly-balanced mixers, integrated i
a low-IF receiver front-end (88.1.1), [52]. The two mixet®g/n occupy a
chip area 0f430 pm x 430 pwm.

Table 6.2: Summary of extrapolated performance of the HBT singly-
balanced mixer in Figure 6.4. RF 83 GHz and IF40 MHz.

Conv. Gain 127 dB
PiaB —6.7 dBm
iiP; | —0.2 dBm
LO amplitude| ~0.15 V

Active area| 0.185 mm?
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and 88.2.1 (page 142), where power matching to real impesaiscnot
necessary. On the other hand, the characterization of trestigres in a
50€ test environment becomes difficult.

The circuit presented in this paragraph has been desigriefhbricated as
test structure, with the purpose of verifying the perforoemof this kind of
mixer when employed in lager systems.

Figure 6.6 shows the schematic of the test chip. Transigtars, together
with the resistive load®; ¢, constitute the singly-balanced active mixer. In-
ductor L; and capacito’; resonates with the input capacity of the nFET
at5.5GHz. This allows to test the voltage matching used on-chip fer th
receivers in 88.1.2 and §8.2.1, and simplifies the estimaiiche voltage
conversion gain. In fact, at resonance, the input impedahtee RF port

is dominated by the real part of the nFET input impedancechvts in the
order of2 — 3k€2.

No tuning was implemented at the LO port, because this wanii the
LO band available for testing. A precise control of the LO éitade is not
necessary in measuring the main RF figures of merit.

The first column of Table 6.3 resumes the design values foBt@MOS
singly-balanced mixer. A photograph of the fabricated ¢hip Figure 6.7:
the total area measur@823 umx 923 um, but the active area of the mixer,
without RF input resonator, is only.12mm?, making this solution attrac-
tive for compact systems.

For characterization, the chip was mounted on a microstgpldoard. The
differential LO signal was generated by means of a microwspaid, and
the results presented have been de-embedded from itsaitemuThe IF
signal was sensed single-ended, with the second IF porirteted by the
same50 €2 impedance of the cable, in order to ensure a symmetric differ
tial load. The results in Figure 6.8 and 6.9 have been caeict represent
the behavior with differential output.

Due to the absence of resonant matching at the LO and IF penixer ex-
hibits a similar behavior over a broad range of IF frequesidi@m near DC

to 1 GHz. The results presented here have been measured forf=FGitlz

and IF500 MHz. Figure 6.8 shows the measurement of voltage conversion
gain and ilR as function of the LO amplitude. The conversion gain reaches
its peak already at relatively small LO amplitudes, and hamall depen-
dance on it.

Figure 6.9 presents an example of extrapolation,gfzPand ilP; . A simi-

lar behavior has been observed for a broad range of LO aneédfaéncies,
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Figure 6.6: Schematic of the BICMOS singly-balanced mixer. Bias ndétwor
in not shown.

Table 6.3: Design values for the schematic in Figure 6.6 and the modified
version used for the receiver in §8.1.2.

test chip §8.1.2

Ty | 20x 5um x 240nm | 20 x 11.5um x 240nm
To3 | 2x 15um x 320nm 2 x 10pm x 320nm

)

L 1.36nH —

Cy 390 fF —

Zis 7509 85092 1.46 pF
Ve 3V 2.4V

I 3.2mA 2mA
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Figure 6.7: Photograph of the test chip for a BICMOS singly-balanced
mixer. Area shown measuré823 um x 923 um; active area is).12mm?,
including two large LO coupling capacitors.

when the RF band corresponds to the input resonator freguenc

A comparison with the simulated performance of the mixeréspnted in
Figure 6.8 and Figure 6.9. The behavior of the mixer is ptedievith ac-

ceptable accuracy, being the deviation for gain and litgarithe order of

3—4dB.

The linearity of this test structure would not be sufficiemtiieet the spec-
ifications for the receiver in §8.1.2: the circuit has beetesigned, using
the same topology, but resizing the FET transconductanbe.va&lues for
the modified mixer used for the BICMOS low-IF receiver aretia second
column of Table 6.3. Since the circuits in §8.1.2 does nawatb measure
the LNA and mixer separately, only the performance of thelete circuit

can presented.
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6.2.3 Image-Rejecting Merged LNA and Mixer

Table 2.2 resumes the main specifications for an RF fronteamdpliant
with the main5GHz standards. Promising results achieved at lower fre-
guencies [53] suggest that the RF front-end might not neeépplification
to meet the noise-figure requirements. Such a simplificaifdhe receiver
architecture would bring benefits in terms of power-constimnand linear-
ity.

This paragraph presents design and implementation of ageingjecting
mixer, which fulfills the given specifications for the whold-Rront-end.
The circuit is an evolution of simpler singly-balanced eetmixers [34]. In
order to achieve image rejection and/or IF | and Q signale, rvixers are
necessary with the standard system architectures andrigutidbcks: this
requires two independent RF transconductances. Howéestwb RF cur-
rent signals fed into the switching pairs must be equal, hisdnhakes pos-
sible to use a single transconductance. If this transcdaduoe is designed
for optimun RF noise behavior, the topology, mostly usedsrlifferential
version, is referred to aserged LNA and mixgb3, 55].

The schematic in Figure 6.10 shows the detail of the cir¢ud@onsists of

* one common-emitter HBT transconductarie which is noise and
power matched t602 by means of two inductor§; — L, and one
capacitorCy;

« two switching paird, — T, driven by | and Q differential LO signals;

» resistive IF loads?;; in parallel with capacitors’; ¢, which suppress
LO feed-through;

« one LO polyphase filter for the generation of quadraturéedihtial
LO;

 one IF polyphase filter to provide image rejection.

The RF transconductance was designed by applying the samrlecations
that usually lead the design of low-noise amplifiers (85T)is requires a
good estimation of the load at the collector’Bf, because it affects sig-
nificantly the input impedance. The input matching netwodswlesigned
assuming that the four transistfs — 7 are biased at the same DC operat-
ing point, and share the same bias current. Even if thistgituaoes not
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Figure 6.11: Photograph of the merged LNA and mixer. Area shown mea-
suresl.33mmx 1.12mm, total active area i%).34 mm?.

occur in normal circuit operation, simulations have shohat the average
impedance seen by the collector’@f is approximated with sufficient pre-
cision.

As described in §6.1.1, the emitter area of the switching bIBds to be se-
lected carefully in order to optimize the noise performarfear this design
the compromise was found by simulation of the noise behavior

The resistive loadst; ; determine the conversion gain, which is limited by
linearity constrains. The resistance is chosen to lea&Eguit output volt-
age headroom at the compression point. The shunt capacitptswer the
load-impedance at LO frequencies and suppress the largeé®through
at the IF output, which could easily saturate the followingges and the
mixer itself.

The LO polyphase filter is used for quadrature signal geiwerain order
to broaden its bandwidth and allow the down-conversion efth 6 GHz
band, this filter has been designed as a cascade of two stgesder to
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Figure 6.12: Voltage conversion gain, image rejection ratio andsilBRs
function of the LO amplitude.

simplify the interface t60 2 RF measurement instrumentation, the impedance
level has been kept low, leading to a voltage attenuatiomofied dB. The

IF polyphase filter is used to provide image rejection oveRthMHz chan-

nel bandwidth of the maih — 6 GHz WLAN standards. Center frequency

is set a40 MHz. The impedance level is higher than the IF mixer output
to avoid voltage signal losses. Both polyphase filters haenliesigned as
resumed in 87 (page 117).

The circuit consume3mA from a2.4V supply.

Experimental results

The circuit was fabricated with the commercial IBM BICMOSR idrocess,

on a0.34mm? active area, as shown in Figure 6.11. Total chip area mea-
suresl.33mmx 1.12mm [2].

For characterization the chip was mounted and bonded on rastiip test
substrate. Differential LO and IF signals have been geedratd combined

by means of microwave hybrids and results de-embedded fiemdttenu-
ations.



92

Downconversion Mixers

46 -3
43} 1-4
!
Y
3. 40t : 1-5
@ 1
ox ‘ .
£ 37¢ X 1-6 £
% RS ,! %
O D - —_—
. T ™
234 i 1-7 o
3] HAS
§ 312 —Gain 178
- _|IP3
285 .- IRR meas. 179
o IRR sim.
25 T T L L L L L I -10
1.5 2 25 3 3. 5.5 6 6.5

5 4 45 5
Frequency (RF) [GHZ]

Figure 6.13: Voltage conversion gain, image rejection ratio andiilBs
function of the RF frequency. IF is fixed @4 MHz, the LO frequency is
adjusted accordingly.

40 12
— 30K TTTeeevao_. 110
o R T P
k=) T S
£ S R e
© L Seo ! i
8 R 8
5 o T
[ s}
E 10f. 6 B
5 z
[ e
g 0 14
8
o - - -Signal
>

-10f |—Image 12

‘‘‘‘‘ NF meas
NF sim
_20 L L L L L 0
10 20 30 40 50 60 70

Frequency (IF) [MHz]

Figure6.14: Noise figure and voltage conversion gain for signal and image
as a function of the IF frequency for U-NIl band@aB GHz.



6.2 Singly-Balanced Active Mixers 93

20 ——28
e
of g
| o
— I S
> | c
8 -2 . 26 %
[0} ! c
E -40f ! 1259
2 B
>3 |
o -—60r 124 ©
uw | g
'y ¢ 1st : o
-80r . ® ® 3rd I 123 >
d —— Gain (meas.) }
= =-Gain (sim.) I
_100 1 1 L | 22
-40 -30 -20 -10 0

RF input power [dBm]

Figure 6.15: ilP3 and P, 4g extrapolation for U-NII band a5.3 GHz.

The graph in Figure 6.12 shows the behavior, at nominal bjas-gmA,
V..=2.4V), of voltage conversion gain, iffand IRR as function of the LO
voltage swing for a test RF frequency®©8 GHz, corresponding to the cen-
ter of the second U-NII band, and an IF4fMHz. A similar behavior has
been observed over the whdle- 6 GHz RF range. The mixer performance
improves at larger LO driving voltage: gain and linearityusate at a rela-
tively small LO amplitude, while IRR increases monotoriigalith higher
values. This can be explained as follows: since the IRR dipen I-Q am-
plitude and phase balance, a higher LO voltage amplitudesithe mixing
pairs into deeper saturation and compensates the pos€dariplitude un-
balances. Depending on the target application and recaieiitecture, the
LO voltage amplitude can be set according to the IRR requérem The
5—6GHz IEEE WLAN standards require an IRR 82dB (82.1): for this
reason the rest of the characterization has been perforintieel @orrespond-
ing LO amplitude 00.35V.

Also the simulation of the voltage conversion gain as fuorcof the LO
voltage amplitude is presented in Figure 6.12: both the exaon gain and
dependance on LO signal are predicted with good accuracy.
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Figure 6.16: Simulated and measured matchingstix for the RF port of
the merged LNA and mixer.

Table 6.4: Summary of experimental results for the merged LNA and mixer

RF band (10dB) | 3.8—6.9 GHz

Conv. Gain 27 dB
IRR 32 dB
NF 7 dB

P1aB —15.5 dBm

iIP3 —5.2  dBm

LO amplitude 035 V
In-band emission <—49.1 dBm

Supply 24V
Bias current 3 mA

Active area 0.31 mm?
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Figure 6.13 shows the mixer frequency response for an o dfHz at the
chosen LO amplitude: the highest values of IRR are achieuédfdhe tar-
get band. This can be explained by inaccuracy in modelliagthall capac-
itors of the LO polyphase filter and their parasitics. Stik iRR achieved
on the5 — 6 GHz band is sufficient for WLAN applications. For compari-
son, the simulation of the frequency behavior of IRR is shown

Figure 6.14 shows the signal- and image-frequency voltageersion gain
versus IF, together with the corresponding noise figurehitjeest NF value
in the 30 —50MHz band is7dB. The NF measurement is compared with
the corresponding simulation: the frequency dependanatsntiee expec-
tation, whereas the actual value is ab®dB higher. This can be explained
by considerations similar to those in 85.5.1 and §5.5.2tierltNAs, but
also by the difficulties in modelling accurately the noiserokers (86.1.1).
Figure 6.15 shows il extrapolation and ;5 measurement. The input
matching as a function of the frequency represented is inrEig.16.

Table 6.4 resumes the measured results: input matchingeizion gain,
linearity, noise figure and isolation meet the specificatifor the imple-
mentation of a RF WLAN front-end without preamplification.

Conclusion

The circuit performances and, in particular, the low noigeré allow the
use of this mixer as RF front-end of receiviers complianbviifiEE WLAN
standards & GHz without a preamplifier.

A remarkable feature of the presented circuit is the higlvemion-gain to
power-consumption ratio: Figure 6.17 compares this wotk &iselection
of high-performance receivers and mixers. The presefitgdPp ¢ ratio is
the highest reported for this kind of circuit at any frequeras well as the
highest reported for the—6 GHz band. In comparison to the traditional
LNA-mixer cascade, this approach is attractive, in paléictor low-power
applications.

6.3 Doubly-Balanced Active Mixers

To prevent the LO signal from reaching the IF output port, tsiogly-
balanced mixers can be combined in a doubly-balanced mikiee clas-
sic Gilbert switching-quad topology, shown in Figure 6.1®18.25 with



96 Downconversion Mixers

z [61]
5,
g
£
Q4 .[58] ’Thiswork
—‘O
D.D
£ 3t
3 et
g [54]
G 2f 1]
b .[56] [13]
S o 62 52—~ [57]
(53 10 16
o 1601 [ ].0 o8
% 1 2 3 4 5 6 7

Frequency [GHz]

Figure 6.17: Comparison of recently published receiver and mixer perfor
mances. Different topologies are compared: merged LNA amdmidia-
monds), cascade LNA-mixer (circles) and active mixersa(sg).

transistorsls_g, exploits the fact that the gain of a common-emitter voltage
amplifier is inverting, while the gain of a common-base cuotr@mplifier

is not: the two-single balanced mixers are connected inliphfar the RF
signal and in antiparallel for the LO signal. Therefore thedynal compo-
nents sum in-phase at the IF output, and the LO componentgiiplaase.
This paragraph presents the design and characterizatitwoofariants of
doubly-balanced active mixers.

6.3.1 Gilbert Mixer

The circuit presented in this paragraph is the combinatienGilbert switch-
ing quad and a noise- and power-matched HBT differential pduich acts
as RF transconductance [63].

The mixer schematic is shown in Figure 6.18. The active gatiecircuit
consists of a transconductance [&ir— 7>, noise and power matched by
means of inductorg, — L»; a mixing quadl’; —T§; resistive loads?; ¢. A
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Figure 6.18: Schematic of the Gilbert mixer. A simplified bias network is
shown; the circuit is operated with 23V voltage supply, provided with
two contact pads for test purposes.

resistive bias network, not entirely shown in the schemadigether with a
FET current mirror, were chosen in order to allow simultarssoontrol of
the current operating point of all the active devices [54].

The differential RF input is fed into the circuit through thases of the
transconductance pair. In order to reduce the noise catitsibof this cir-
cuit block, the transistors and the matching network hawenlukesigned for
simultaneous noise and power matching@s?, as described in 85.1.1.
Since the mixing quad has also a significant impact on theativierixer
noise figure, for this circuit, quad transistors where sétai the transcon-
ductance transistor size: as described in §6.1.1, the siltection improves
the switching time, but is limited by the effects of parashiase resistance
on the noise figure.
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Figure 6.19: Photograph of the Gilbert mixer. Area shown mea-
sures988 mm x 900 mm; active area is).53 mm?.

The IF load resistors where determined to provide the higiega while al-
lowing, at the compression point, sufficient voltage headrdor the signal
at the IF port.

Both IF and LO ports are not power matched to any specific irapeel. For
the LO port, a power match is not necessary, because at thithpccircuit
behavior is mainly voltage-driven, and this class of cigus often inte-
grated with on-chip low-impedance buffers. For the IF pampower match
would be quite impractical, because the IF frequency iscglpi below a
few hundreds ofMHz and the IF receiver blocks can be easily designed to
offer a high input impedance.

In order to allow an unloaded characterization of the ctrzua 502 mea-
surement environment, two large resistors, not shown inrgi¢.18, have
been integrated in series to the IF port.
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Figure 6.20: Voltage conversion gain and i}Rsersus LO voltage amplitude.
IF is at 500 MHz.

Experimental results

The circuit was fabricated with the IBM BiCMOS 6HP technolpgn a

760 pmx 700 um active area, as shown in the photograph in Figure 6.19. In
order to prevent magnetic coupling, the inductors are plex/iwith a guard
distance of60 um. Further experiences with this technology have shown
that this precaution is very conservative.

For its characterization, the chip has been mounted on aostigy test
board. The presented measured results have been de-erdifesitethe
effects of the power dividers and combiners, as well as ttegiated large
resistors in series to the IF port.

As mentioned above, the LO and IF ports do not have any frexyugepen-
dent matching. The circuit has been tested for the IF r&iige500 MHz

and shows, as expected, variations of at mes2dB in its main figures of
merit.

The measured input RF reflection coefficient is well belew) dB over the
whole 5 — 6 GHz target band. Figure 6.20 shows an example of the behav-
ior of voltage conversion gain and §Rs a function of the LO voltage. The
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Figure 6.24: Isolation of the LO signal at the IF and RF ports.

performed on a chip mounted on a microstrip test board.

The test was
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Table 6.5: Summary of experimental results for the Gilbert mixer.

RF band 5—6GHz
LO frequency | up to6.5GHz
LO amplitude 0.15V

S11 509 <—10dB

Conv. Gain 23 —-25dB
NFpsh 9—12dB
PiiB —12dBm
iP3 —4dBm
LO - RF isolation >33dB
Supply 3V
Bias current 4mA
Active area 0.53 mm?

measurement was performed at an RF center frequeney 6fHz; similar

results have been observedat GHz and5.9 GHz. For this circuit and its
application, the range M>=0.15+0.20V was judged as optimum and the
rest of the characterization has been performed at this 1€).I1€igure 6.21
shows the conversion gain with a fixed IF frequencyp©@MHz, as a func-
tion of the RF frequency. Figure 6.22 shows the measuredldside band
noise figure. For an IF df0 — 60 MHz, the NF is belov.5dB. Figure 6.23
shows the results of two-tone and large-signal tests: ttragdated ilR is
about—4dBm and the Pgp is around—12dBm. Figure 6.24 shows the
isolation of the LO signal at the IF and RF port in the 6 GHz band.

In addition, Figures 6.20, 6.21, 6.22, 6.23 present an el@owfpcom-
parison between measurements and simulations. The deaitaddels al-
low the prediction of the voltage conversion gain with-a2 dB uncertainty.
For other mixers presented in this paragraph the gap edam&5 — 6dB,
possibly due to process tolerances on transconductanceesistbrs. Ac-
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ceptable accuracy is possible also in simulating thggPand LO signal
amplitude. The measured noise is always higher than sieuildtis is due
to the many noise sources that are not taken into accournimaion, such
as the losses in the metal connection and their interactitimtihae substrate.

Conclusion

Table 6.5 resumes the main experimental results for thee@ithixer. For

5GHz WLANS, isolation and noise figure require the use of this mirer
combination with a LNA, but the good overall performance caax signif-

icantly the noise figure and preamplification required to intlee standard
specifications presented in §4.

6.3.2 Micromixer

The Micromixer is a variant of the standard Gilbert cell [64jhich ex-
tends the linear range replacing the RF differential pathwaibisymmetric
class-AB topology. This allows to avoid the use of inducteitter degen-
eration.

Figure 6.25 shows a schematic of the circuit: the mixer coerthé same
used for the Gilbert mixer and the important differencesrithe RF input
transconductance. Transisfyis a common-base amplifier, which delivers
its non-inverted current-signal to the pdiy_4. Transistorl; is a common-
emitter amplifier, which delivers its inverted currentrsdjto the paifls_g.
Since the two stages have similar gains, the transigtarsconvert a single-
ended input voltage to a differential current.

This input stage is much more linear than a differential pased with the
same current. Transist@ can handle a large positive excursion of the in-
put voltage. Similarly, transistdf, can handle a large negative excursion.
The difference of those two non-linear currents providegrarsetric dif-
ferential transfer characteristic, which is linear andeipendent of the bias
current. The large signal behavior of the pair can be satisifg for many
application. The avoidance of inductive degeneration rmdkis topology
attractive in monolithic implementations.

The inputimpedance is dominated by the low input impedahtreeacommon-
base stagd’, which depends directly on the the inverse of the bias cur-
rent. As a result, the input impedance is almost real anduéegy inde-
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Figure 6.25: Schematic of the Micromixer. A simplified bias network is

shown. The circuit is operated with3a3V voltage supply, provided with
two contact pads for test purposes.

Table 6.6: Design values for the Micromixer.

T 9 | 20x 10um x 320nm
Ry 60092
Vee 3.3V
1. 2.1mA

7 ~190Q
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Figure 6.26: Photograph of the test chip for the Micromixer. The size of
the chip is1249 um x 923 um; the active area occupied by the two matched
Micromixers is0.048 mm?.

pendent from low-frequencies up to the limits given by pidi@sapaci-
tances. This allows a broadband power matching for the RE por very
large RF-signal excursions, the incremental input impedairops to low
values. This is due to the fact that for large negative RFaggthe emit-
ter impedance of transistar, lowers, while for positive signals the diode-
connected transistdf; dominates similarly. As a consequence, this input
stage does not show gain compression, but rather expansiie imain-
carrier output at high input-signal levels. This effectwawer, is not due to

a reduction of the third order harmonic component. In fdgg mixer typi-
cally exhibits ilR; in the same range as the other active-mixer alternatives.
The bias current affects the linearity and the gain, and aamnset indepen-
dently to match the RF port: if the voltage headroom at thed ig deter-
mined by the system specifications, then the current musti@esording to
the transconductance needed in the RF stage, in order taprsufficient
conversion gain. This is often a serious drawback for theonixer: since
the current depends on other constraints, the input immedeen be rather
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Figure6.27: Voltage conversion gain and i}Rrersus LO voltage amplitude.
IF is at40 MHz and RF test signals are fed at C barid{GHz) and L band
(2.45GHz).

low for monolithic systems. For example, in the reconfigleabceiver pre-
sented in 84.4.2, the required gain for the mixer is2hie 30dB range and
forces the RF input impedance downltx? for each of the two mixers.
Another significant drawback of this topology is the largashioltage needed
for its operation: if the forward bias @fn (or base-emittérjunctions in the
available technology i¥7,,, then the collector of transistdrk has to be bi-
ased aRVy,, or slightly below that. This is by}, higher than the bias
voltage of the corresponding node in a Gilbert mixer and nnilsrr single-
ended versions. In IBM BiCMOS 6HP technolods., is about0.8 V: for
this reason the circuit presented in this paragraph had biased a8.3V,
which is higher than the typical bias of other active mixedsileiting similar
performances (e.@.4V is used for the mixer presented in §6.2).

Experimental results

The mixer in the schematic in Figure 6.25 was fabricated ttiéhIBM Bi-
CMOS 6HP technology. Figure 6.26 shows a photograph of the aihere
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two matched micromixers have been integrated as test steutdr a re-
ceiver of the type presented in §4.4.2. The chip measd@%um x 923 pm,
and the active area occupied by the two matched micromigér848 mm?,
including a large capacitor necessary for a proper biaseoRih stage.

As mentioned above, the mixer does not have any resonanhim@tat the
input RF port. Similarly to other mixers presented in thigjgter, no match-
ing is present at the other ports. This makes the mixer imtigreroadband.
For this reason, the LO amplitude required for operation t®ated on two
bands of interest, as shown in Figure 6.27: RF frequenci2daGHz (la-
belled L in the graph) and.5 GHz (labelled C) are both downconverted
to 40MHz. It is apparent that the mixer can be operated at very low LO
amplitudes, and exhibits similar performances in both band

The frequency behavior can be further investigated withgitagh in Fig-
ure 6.28: the RF frequency is swept at a constant LO amplitfidel 5V
and downconverted té0 MHz. The conversion gain is reduced at higher
frequencies, because of the effect of the capacitances dt@hport, but
the circuit provides sufficient gain and linearity up to thaximum test fre-
quency of6.5 GHz.

The graph in Figure 6.29 gives an example of the two-tone anggbisignal
tests performed: il extrapolation is performed with a test RF frequency
of 5.5 GHz, whereas the large signal conversion gains fargPextrapola-
tion correspond t@.45 GHz and5.5 GHz RF input signals.

An important advantage of the micromixer is that it is a dgtilanced
mixer with single-ended RF input: it suppresses both LORand LO-to-
RF feed-throughs. Figure 6.30 presents the on-wafer memsunts of the
two isolations. The most critical of the two is the LO-to-bgcause the LO
signal can be amplified by the mixer-quad transistor, whiattea common-
emitter amplifiers. The measured isolation is sufficiemt¢sithe input LO
signal is always around few hundredsmo¥.

Conclusion

Table 6.7 resumes the experimental results. This mixer &as esigned as
first downconversion stage of the reconfigurable systenrithestin §4.4.2.
Although the low input impedance is difficult to drive with BNA, the mea-
sured results confirm that this topology can provide the ssamy broadband
frequency response, conversion gain and linearity, wiffickent suppres-
sion of the unwanted LO feed-trough at the IF port.
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Figure 6.28: Voltage conversion gain and ijPas function of the RF fre-
guency. IF is fixed at0 MHz, while an LO 0f0.15V sweeps frequency.

Table 6.7: Summary of experimental results for the Micromixer.

RF band >1.5—-6.5GHz
LO amplitude 0.15V
Conv.Gain 22—-26dB
Piap >0dBm
iIP3 0dBm
LO - RF isolation >45dB
LO - IF isolation >15dB
Supply 3.3V
Bias current 2.1mA
Active area 0.048 mm?
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6.4 Passive Mixers

An alternative approach for the implementation of the naxuminciple de-
picted in Figure 6.1 in integrated circuit technologieshe tise of actual
switches. In many microwave applications, specially fayudgh frequen-
cies, the switches can be implemented with diodes, whichpcavide the
fastest switching performance. The diodes act as changiessitches, al-
ternating the polarity of a differential RF signal on the ¢tladl, while driven
by a very large LO signal. The LO signal must significantlyesed the ap-
plied RF signal, as it can de-bias the diodes. This leadsrtol&sye currents
flowing from the LO driver into the diodes, which are drivetoireep for-
ward bias.

In modern realizations of passive ring mixers, each diodebsareplaced
by a FET. This has as major advantage the reduction of LO muneeded
to drive the switches.

6.4.1 FET Ring Mixer

An array of four FET ring mixers was designed and fabricatetBM Bi-
CMOS 6HP technology, as part of a larger system presentegl.in® The
simple system architecture allows to de-embed the mixerdrifds of merit
from the measurements, and they are presented in this pptagr

Figure 6.31 shows the schematic of one of the mixers: four RETcon-
nected in a ring configuration and are controlled as switdngen by a LO
differential voltage at their gates. The differential RBrsl is redirected
to the IF load with the polarity alternated at the LO frequenthe gate
DC voItageVbjE is controlled independently. This allows to reconfigure the
circuit asthroughconnection from RF to IF without frequency translation
and negligible attenuation. This can be useful, as in thélolaad reconfig-
urable receiver presented in §4.4.2.

Figure 6.32 shows a detail of a chip where four FET-ring nsame imple-
mented. Each mixer occupi&s’ -10~2 mm? of active area.

Figure 6.33 shows the behavior of conversion gain and lityeas function

of the LO voltage amplitude at the test frequende® GHz for RF input
and40MHz for IF. The conversion gain reaches usable values only at LO
amplitudes much larger than in active mixers presented évipus para-
graphs of this chapter, including those with lossy polyHfdters at the LO
port.
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Figure 6.31: Schematic of the doubly-balanced FET-ring passive mixer.
Gate size i90 x5 pmx240nm.

Figure 6.32: Photograph of the passive FET ring mixer, integrated with
three polyphase filters for test purposes. The four mixeosvahoccupy a
chip area of180 pm x 170 wm.
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Figure 6.33: Voltage conversion gain and i}Rrersus LO voltage amplitude.
IF is at40MHz and RF at2.75 GHz.
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Figure 6.35: Input-referred third-order intercept point extrapolaticand
large signal conversion gain. IF €0 MHz and RF2.75 GHz

The performance of this type of mixer depends on the gate @& bypical
choice in CMOS implementation¥y+0) is to set the quiescent voltage of
all the four gates to half of the FET threshold voltdge as this allows to
maximize the conversion gain.

This FET ring mixer does not have any resonant matching goits. This
allows the mixer to operate in a broad frequency range, addces the
area needed for circuit fabrication. The measured frequessponse of this
mixer is shown in Figure 6.34 at a fixed LO amplitud®aV. For frequen-
cies up tod GHz the mixer behavior does not show a significant frequency
dependance. At higher frequencies the response could rinvéstigated,
because limited by the low-pass response of the IF outpge stdegrated
on the same chip, as presented in §8.1.3.

An example of the linearity behavior of the mixer is given iiglre 6.35,
where iIR and R 4 are extrapolated for an RF signalzat5 GHz and an
IF of 40MHz.

The conversion loss of passive this mixer makes it unpralcis first down-
conversion stage in RF front-ends: several active topekgan offer gain
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up to 30dB higher at lower LO amplitudes. The main advantage of the
FET-ring mixer is its good linearity, which makes it partatly attractive

as second mixing stage in double-downconversion recef{8r§5, 66]. In
this case, sufficient RF gain can already be provided by an BNéa pair

of active mixers, and the conversion loss of passive mixeroimes less
critical for the system.

6.5 Summary

In this chapter, the design of downconversion mixers fadrated receivers
has been presented. The mixers presented are divided & ¢htegories:
active singly-balanced, active doubly-balanced and passil mixers base
their operation on the same principle, which is shortly desdl.

The design strategy adopted for the design of active misatsscribed,
underlining the correspondence between cascode ampéfieractive mix-
ers.

Active mixers are suitable for single-downconversion nithic receivers,
both zero- and low-IF. The main advantage over passivenaltees is the
capability of providing RF gain. The intrinsic conversiars$ of passive
mixers, typically worse thafidB in silicon technologies, makes them un-
suited to follow directly the LNAs presented in §5. In fattistwould result
in a total RF conversion gain of only—7dB. The use of active mixers
allows to meet the conversion gain requirements present8a.i

The main advantage of doubly-balanced active mixers owesithgly-
balanced ones is the rejection of the LO signal at the IF pogome partic-
ular cases, e.g. the double-downconversion receiverd.(§4the rejection
of the large LO signal cannot be achieved by means of intedreapaci-
tors. In the degenerated case of downconversion to basdlyamegans of
two multiplications by the same LO signal [13], the first Iigrsal falls at
the same LO frequency used for the first downconversion, apdration
by filtering would be impossible. Two versions of doublydrated active
mixers are presented, both based on the Gilbert mixer guzalfifst offers
a differential power- and noise-matched RF input, for na@ipémization,
whereas the latter, known as Micromixer, employs a bysimmelass-AB
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topology, which meets linearity requirements without iohus.

In simpler single-downconversion receivers, such as zand-low-IF,
the LO signal at the IF port can be rejected with integratguhc#ors. In
this case, the singly-balanced mixers allow to achieve @ingesconversion
gain and linearity, consuming half of the bias current, froractically the
same voltage supply. For this reason, singly balanced miixave always
been preferred in the integrated low-IF receivers preseint€8. Three ex-
amples of singly-balanced mixers are presented: two aligries for the
receiver front-ends presented in §8.1.1 and §8.1.2, onesiguded to meet
the receiver front-end specification without pre-amplifima.

Passive mixers offer higher linearity, combined with muotveér con-
version gains. The combination of these two features makestytpe of
mixer suitable for the second downconversion of double+dmwaversion
architectures, such as the wideband-IF (84.3.2). In faet,combination
of LNA and first downconversion mixers can provigiédB of gain, which
make possible to tolerate the conversion loss and, on thex btnd, tight-
ens significantly the linearity requirements. A passive Hia@ mixer is
presented, designed to be used in combination with the Mioer in the
system architecture presented in §4.4.2.






Chapter 7

Polyphase Filters

A polyphase signal is a set of N voltages (or currents) of #meesfrequency.
Such voltages may be represented as vectors in the comple (dhasors).
In a symmetrical polyphase signal the vectors are equal ignihede and
spaced equally in phase. If, for example, a four-phase isysteonsidered
which has voltages of, +;V, -V, —;V applied to its four input terminals,
then the input signal can be called symmetrical and of pesgiequence.

This chapter summarizes the properties of the classic R€veagoly-
phase filters, their use with symmetrical signals for imagjeation, the de-
generate case of two-phase system for quadrature gemgiatit the design
guidelines.

Polyphase filters are important building blocks of the mahi receivers

described in chapter 8. In fact, both the low-IF and direcivession ar-

chitectures described in chapter 4 need quadrature LOIsjgaad those
are preferably generated on-chip. The low-IF architeateeds also appro-
priate combination of the IF quadrature signals, in ordgurtavide image

rejection.

Polyphase filters are networks able to provide both the roeet functions

and are suitable for low-cost monolithic integration, & thassive RC topol-
ogy is chosen.

117



118 Polyphase Filters

7.1 Principle of Operation

The amplitude attenuation and phase shift of a signal oukaqy f3 45 =
1/27 RC fed into a low- or high-pass filter are indicated respecyivelFig-
ure 7.1(a) and Figure 7.1(b): at the cut-off frequency the filters have
equal amplitude response, but the phase is shifted4df and+45°. This
results in a totab0° phase difference, which could be, in principle, ex-
ploited for the generation of quadrature signals. In fassuaing perfect
match of the two resistors and capacitors, the phase shiftiependent of
the frequency. On the other hand, the amplitude is the saiyebtne3 dB
frequency, which can vary largely due to process toleranths issues on
the amplitude can be partly solved using two limiting amel#i this can
make the band larger and the sensitivity to tolerances nedazed.

The RC passive polyphase filter [67] can be described as catidin of
singles stage RC low- and high-pass filters, and offers anraitive to the
use of limiting amplifiers for quadrature generation. Fegidrl(c) shows the
schematic of a single stage filter. Each of the four input, wihe remain-
ing three are grounded, is connected to a low-pass and golaighRC filter.
When a signal is fed to each of the input, it results ift46° phase shift
to the corresponding output, according to the schematibeo€bnnections.
Since the circuit is linear, the response of each output eaddscribed as
the sum of the responses of each individual input, appliediggting the
others. If a symmetric polyphase signal of frequerigys is applied to the
four input nodes, the amplitude of the four inputs is the saand only the
phase needs to be considered to describe the filter respdhgeis done
in Table 7.1 for three typical polyphase signals: diffeif@ntounterclock-
wise (positive) quadrature (2), differential clockwise@ative) quadrature
(3), degenerated two-phase (1). It is apparent that the Bineetwork can
generate quadrature differential signals from a singlesphdifferential sig-
nal (1) and reject the image of quadrature IF signals (2)-(3)

7.2 Input and Output Impedance

The input impedance of each of the four input nodes is, ingpla, a func-
tion of the signal-source and load impedance. However,naisguthem
ideal, the impedance seen into each of the four input nodée ishunt of
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Figure 7.1: An RC polyphase filter can be described as combination of RC
high- and low-pass single-stage filters: (a) amplitude ahdg® response at
cut-off frequency of a RC low-pass, (b) of a high-pass anth@&schematic
of a single stage polyphase filter.

Table 7.1: Input and output phases for three typical uses of a polyphase
filter: (1) quadrature signal generation from a single-pbatdifferential in-
put; (2) pass-transfer of a pair of differential signals inunterclockwise
quadrature (signal); (3) reject-transfer of a pair of difémtial signals in
clockwise quadrature (image).

input m output

1) @] 1) (2) (3)
Lvoipa | — | T | 1 Lvowtn | \BS=L | SO SeS
Lo | — | — | — LVoutz | D,/ == | NO\ | NS\
LVinz | — | | ! Lvouts | \O=T | S0 | S8
Lvipa | — | = | & ||| Lvouta | NOL=— | NO\ | \O\
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| |
— | —

growing impedance

Figure7.2: Cascade of stages in a polyphase filter. Tapering the impslan
in a multi-stage filter results in lower attenuation of thented signal.

the impedances seen into a low- and a high-pass RC filter.

Similarly, the output impedance of each of the four outputis the shunt
of a resistor R and a capacitor C.

Those considerations are important when designing cadcawdti-stage

polyphase filters: Figure 7.2 shows the typical connectfaascaded multi-
stage filters. In order to achieve good voltage transfer fstage to stage it
is sufficient to rise the value of the resistor. In the same, treyimpedance
level has to be lowered to drive properly the filter load [36].

7.3 Bandwidth

An ideal polyphase filter provides the phase combinatiori@bie 7.1 only

at thel/27RC frequency. Away from this frequency the image rejection
is weaker and the quadrature generation degrades. For Itie remsons,
quadrature generation is limited on a relatively narrowchan

If the filter has to operate over a wide band, then severabstagcascade
must be used, as shown in Figure 7.2.

Figure 7.3 shows the effects of a cascade of stages on theaquiedgen-
eration as a function of frequency. As figure of merit for theality of the
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Figure 7.3: Frequency response of multi-stage polyphase filters foadxo
and multi-band quadrature generation. The behavior of amaldsingle
stage is compared with two dual-stage filters and one thtages In all
of the cases, the first stage only is fed as in Table 7.1, co(djnn

quadrature, the achievable image rejection ratio was chasdined as

4

IRRZ ATATAZD (7.1)
where AA and A® are the amplitude and phase deviation from perfect
quadrature. The filter is employed as shown in Table 7.1 anl(1), i.e. the
input signal is single-phase differential and the two défgial quadrature
OULPULS ar@r =voyt,1 — Vout,3 8NAVQ =Voyt,2 — Vout,4. 1he bandwidth of
the filter depends on the specifications on the tolerableiaudpland phase
mismatch, and will correspond to a particular value of adhiide IRR. Re-
gardless the precise value required, it is apparent fromavisispection of
Figure 7.3 that the band of a single stage polyphase filtatiimsically nar-
row. Cascading two polyphase filters with the sati&®C constants, case
(a) in Figure 7.3, can lead to a significant improvement. Therftan be
optimized by placing thé/RC' constants, according to the minimum rejec-
tion required at center band. In both cases the quadratutehing peaks
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Figure 7.4: Frequency response to the image frequency of multi-stalye po
phase filters. The behavior of an ideal single stage is cosgparith two
dual-stage filters and one three-stage.

correspond exactly to the frequencigs=1/27R;C;. This characteristic
can be exploited also for generating quadrature in discoatis frequency
intervals, as could be needed in multi-band applicationgurgé 7.3 shows
an example of three-stage filter, for the band2.45 GHz and from5 GHz
to 6 GHz. An example of the use of a similar filter for multi-band reess
is given in §8.2.

Cascading stages allows such bandwidth enhancement ald® dfR side
of the receiver, when using the polyphase filter for the coratidn of the
| and Q signals, in order to provide image rejection. Figukeshows the
image-frequency response of four filters, ranging from anthtee stages.
In this simulation, the input of the filter is always a quadratdifferential
signal as in Table 7.1, column (3), and the impedance levatigased us-
ing resistorsk,; = {1k, 3k, 9kQ}. This choice is necessary in order to
minimize the voltage-signal loss for the positive quad®{wanted signal),
which is not attenuated by the filter. The number of stagesparsition
of the notches can be determined according to the IF bankveiddl the
required image-rejection ratio.
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Figure 7.5: Photograph of one stage of the polyphase filter used for LO
quadrature generation for the receiver in §8.1.1. Area shaweasures
140 pm x 80 pm.

7.4 Process Tolerances and Layout Considera-
tions

Polyphase filters are sensitive to process tolerances ae#igtors and ca-
pacitors employed: mismatch in the transfer function ohdaranch of the
polyphase filter means that the phasors representing thgeisignal will no
longer cancel exactly. The use of components with largasarérea [68] is
a possible technique to minimize the variance of adjacerthim resistors
and capacitors. While this can be easily done with resisitdesads to large
capacitances. Unfortunately, the range of usable valueapcitance and
resistance is limited by other constrains, mostly relatethe interaction
among stages and with the other blocks of a system (87.2).stategy
adopted for the filters in 88 is different: the values of cédjoas and re-
sistors are chosen to optimize the voltage transfer betwgstem blocks,
and the layout of each stage has been designed using a chebgiymlogy,
with minimum distances between components of the same Kigdire 7.5
shows the photograph of one stage of a polyphase filter usepiémlrature
generation in the receiver presented in §8.1.1. Althoughctlcuit makes
use of very small-area devices, it has proven to provide igac sufficient
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for the IRR 0f32dB requested by the— 6 GHz WLAN standards.

An other important effect related to the process toleraigdkat the RC
time constant may vary from run to run By25%. Apparently, this cannot
be compensated by any layout technique: the filter must igrtezsto null
over the bandwidth of one channel witt25% added as margin.

7.5 Summary

In this chapter the operating principle and design of pasRi€ polyphase
filters have been presented.

A simple representation is used to explain the quadrataregtion and
image-rejection capabilities of this type of network. Savsimulations are
used to describe the frequency behavior of the filter witlpeesto these
two main functions. These results lead to practical desigdadines. In
addition, the issues related to process tolerances ar@eoed, and a layout
strategy is proposed. This is validated by all the filters leygd in the low-
IF front-ends presented in §8.



Chapter 8

Monolithic Integrated
Receivers

This chapter presents the integration of several receifeiréht-ends. The
circuits described in the previous chapters are employddfiepower mono-
lithic implementations of front-ends operating&iHz and2 GHz, comply-
ing with WLAN specifications.

Two low-IF receivers meet the specifications for 6 GHz, and a dual-band
version allow operation also at4 GHz. All the circuits operate with very
low power consumptions.

The results achieved validate experimentally the choicadenfor building
blocks and architectures.

8.1 Single-Band Receivers

This first section of the chapter presents three single-lamdF receivers.
The first two are for thé GHz band and the second is designed for an RF
band centered & 75 GHz. This receiver was intended as second downcon-
version stage of the more complex dual-band system in §4.4.2

125
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Figure 8.1: Block diagram of the architecture of the implemented HBT-low
IF receiver.

8.1.1 HBT Low-IF Receiver

This paragraph presents a low-IF receiver [3,52] built bjbming a power
matched cascode amplifier (85.5.2), two inductively degsed singly-
balanced mixers (86.2.1) and two polyphase filters for LOdgaiaire gen-
eration and image rejection (§7). The system architectutieel same as de-
scribed in §4.3.1, completed with an IF buffer (line drivef)ich simplifies
the characterization in 82 environment. Figure 8.1 shows the system-
level schematic of the circuit, fabricated in IBM BiCMOS 6k#ehnology.
For the LNA, a cascode was chosen due to its better outpuptat-iso-
lation and higher output impedance, which yields highendai a power
consumption similar to the single-stage common emittee fite-amplifier
was designed to provide abautdB of power gain and a NF &f.6 dB, with

a current consumption &fmA from a2V supply. Direct on-wafer mea-
surements of a test structure fabricated for this LNA arsgmeed in §5.5.2
(page 58).

The topology chosen for the mixers is the active single+ixadd mixer, de-
scribed in §86.2.1, and shown in Figure 6.4 (page 81). Thelesiagded
topology was preferred over the differential (86.3), besgai provides the
same conversion gain for half the current consumption. Th& rdraw-
back is the lack of isolation from the LO to the IF port: theglalLO signal
could saturate the following stage, but can be easily filtdrg means of
non-critical capacitors, shown in Figure 6.4G@g.

The mixer core consists of a pair of matched HBTs, whose hie®iat de-
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Figure 8.2. Chip photograph of the HBT low-IF receiver. Area
shown is2.14mmx1.32mm; total active area, including the IF buffer,
is 1.05 mm?

termines the dynamic range of the whole mixer. In fact, fayJvew-power
implementations, the transistors &nd T; limit the linearity of this circuit
well before T;. Transistor T has to be inductively degenerated in order to
reduce its transconductance and not to overdrive the moser. cThis does
not necessarily imply a reduction of voltage gain, becaosedignal and
bias currents allow the use of larger IF load impedances;hwyield a high
voltage conversion gain. As a consequence of the degemwerdtie real
part of the RF input impedance falls in the range of few hudsliegf Ohms.
Under this condition, the capacitor C is sufficient to prevgbwer match-
ing from the LNA output to the mixer input. The circuit was dg®ed to
provide14dB of voltage conversion gain,Rg of —4dBm, with a current
consumption oR2.5mA from a3V supply.

Both IF and LO polyphase filters were designed with a cascédde/@
stages, exploiting the frequency behavior described i.§br the IF filter,
two stages are necessary to achieve sufficient IRR ove2théHz of IF
bandwidth. In order to reduce signal voltage loss, the t@si®s increase
toward the output [36]: from the mixer output impedance t® ti buffer
input, each stage drives a higher impedance. The two stéges bO filter
are identical and ensure amplitude and phase balance ofittrajure sig-
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Figure 8.3: Signal and image conversion gain for the downconverted sec-
ond U-NII band, and corresponding noise figure, as a functibit-

nals over the GHz LO tuning band.

Experimental results

The circuit was fabricated with the IBM BiCMOS 6HP technolpgn a
1.05mm? active area, as show in the photograph in Figure 8.2. Total ar
measuref.14mm x 1.32 mm.

For characterization, the chip was mounted on a microstgptioard. The
LO differential signal has been generated by means 04 microwave
hybrid, IF differential output was converted to single ethdising a power
combiner. The presented results have been de-embeddedheczifect of
the chip test environment and the integrated IF buffer, Wianas character-
ized independently.

Table 8.1 summarizes the measured performance of the ypetower the
three U-NII bands; DC power consumptionlimW, and LO power is set
to 2dBm. Figure 8.3 shows the measurement results of conversion gai
IRR and NF of the down-converted intermediate band. FigutsBows the
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Figure 8.4: Gain compression and iPfor the downconversion of the sec-
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Table 8.1: Summary of measured results for the HBT low-IF receiver.

U-Nllband | [GHZ] || 5.15-5.25 | 5.25-5.35 | 5.725-5.875

Conv. Gain| [dB] 25 25 22.5
IRR | [dB] 33 35 36.5
NF | [dB] 8.2 8.9 10.2
Pigg | [dBm] —-19.1 —19 —18

iIP; | [dBm] —12.2 —12.5 —11.25

Si1 [dB] <=9 <-10 <—14
LOtoRF | [dB] —64 —62 —57
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large-signal gain (P35 ) and an ilB extrapolation for the same band.
Conversion gain, linearity, IRR and LO-to-RF isolation rrisethe WLAN
specifications fob GHz. The value of $; in the lower band is higher than
expected, but still acceptable. The NF is abodB higher with respect to
simulations; in particular, in the upper band, N®i8dB higher than spec-
ified for IEEE802.11a. This value still falls within thelB implementation
margin given by the standard definition (82.1) [4, 5].

Conclusion

The measured results meet the specifications for the maiCtvand stan-
dards, with the exception of the NF in the upper U-NII bandicklis higher
than requested, but still within an allowed implementatitargin. Table 8.2
compares this work with the main C-band receivers publisirefb2], this
circuit has been presented as the first low-IF implementagported with
sufficient IRR values over all the three U-NII bands withoteenal com-
ponents. In the comparison of the power consumption it has taken into
account that many works include an on chip LO generationctineent con-
sumption of a local oscillator and a buffer suitable for tttidp is estimated
to be about OmA.



Table 8.2: Silicon C-band receiver state of the art, as published in [52

Process | Architecture | Bands | Gain [dB] | NF [dB] | iIP3 [dBm] | Current/\Voltage | IRR [dB] | Year | Ref.
Si Bipolar Low-IF (75 MHz) 1-2-3 17 5.1 -4.5 23mA/2.2V Off chip | 2000 [69]
25 GHz (LO and guad)

BiCMOS Superhet., two| 1-2 18 7 (DSB) -17 18mA/3V — 2000 [10]
22GHz external filters

CMOS DiCon (but IF 1-2 18 3 (DSB) -11.3 38mA/3V — 2000 [11]
0.25 pm @ 10 MHz) (LO and quad)

Si Bipolar Superhet. with 1-2-3 14 6.9 -5.8 10mA/1.8V 36 2000 [50]
47GHz external filter (LO and buff.)

CMOS Low-IF or Di- 2 12 5.2 (~DSB) -2 3.6mA/2.5V(?) 12 2000 [12]
0.24 pm Con (passive mix.)

CMOS 2x Superhet. 1-2 43 6.4 -15 11.6mA/2.5V 62 2001 [13]
0.25 um (no ext. filters)

CMOS Low-IF 1-2 26 7.2 -18 32.7mA/1.8V 50 2002 [14]
0.25 um (Weaver) (LO and quad.)

Si Bipolar Superhet. sev- ~1 24 3.2 -13 18mA/3V 35 2003 [15]
46 GHz eral ext. comp. (LO and quad.)

BiCMOS DiCon 3 26.5 5.2 -17.4 23mA/2.7V — 2003 [16]
45 GH

BICMOS6HA DiCon 3 20.2 7.1 (DSB) -3 31.2mA/3.75V — 2003 [17]
47GH

BICMOS6HA Low-IF 1-2(-3) | 25(22.5) 8.9 (10.2) -12 7TmA/3V 33 — This work
47GH
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Figure 8.5: Chip photograph of the BICMOS low-IF receiver. Area shown
measures.916mmx1.146mm; the active area occupied by the circuit
is 0.48 mm?.

8.1.2 BICMOS Low-IF Receiver

In order to further improve the power consumption and redlbe@umber of
on-chip inductors, a second receiver based on the samersgsthitecture
of Figure 8.1 has been designed and fabricated. Targetingnmam power
consumption, this second receiver comply with the IEEEBDZ.standard
only: this relaxes byt dB the gain-compression requirements with respect
to the HiPerLAN2 standard (82.3), and allows to save curirettte active
mixers.

As shown in 86.2.2, for a given bias current in the RF trandootance, the
linearity performance of the singly-balanced mixer canrbproved by im-
plementing the transconductance with an nFET, which reguio inductive
degeneration to accommodate the signal amplified by the TN result-
ing input impedance of the RF port of this mixer is more suftadsoltage
matching with the LNA output port: the LNA load is a shunt imtior, which
resonates &t.5 GHz with the input capacities of the two mixers. The band-
width of this resonator is determined by a shunt resistoilesribed in

in 85.3.2 for the power-matching equivalent. The input stabthe cascode
LNA was designed for simultaneous noise and power matctarg50 2
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Table 8.3: Summary of measured results for the BICMOS low-IF receiver.

U-NIlband | [GHz] || 5.15-5.25 | 5.25-5.35 | 5.725-5.875

Conv. Gain| [dB] 314 31.4 28.7
IRR | [dB] 38.3 33.0 32.7

NF | [dB] 7.9 8.2 10.0

Prag | [dBm] —24.1 —23.8 —21.6

iIP3 | [dBm] —15.0 —14.1 —12.5

|S11] | [dB] —23 —24 —21

source (85.1.1). This pre-amplifier was designed to prostuteutl5dB of
voltage gain on a high-impedance tuned load, a NE4dB, with a current
consumption o2 mA from the2.4V system supply.

The two BiICMOS mixers were designed to reach compressionltme-
ously with three main linearity limits on the correspondBiCMOS cas-
code amplifier (§6.1.1): when the HBT common-base amplifi¢ed with
its maximum current signal, the common-source nFET reseive max-
imum voltage input, and the output peak-to-peak voltagéatHBT col-
lector uses the full headroom. With this design strategyiaa burrent of
only 2mA is sufficient to providel8dB of conversion gain and linearity.
The IF load is the shunt of a resistor and a capacitor, whiokiges a suf-
ficient reduction of the LO feedtrough. Details on the desiglues of the
mixers are given in Table 6.3 (page 85).

The system is completed by two two-stage polyphase filters@genera-
tion and image suppression, similar to those in §8.1.1.

This version of the receiver does not include an on-chip lffelou

Experimental results

The receiver was implemented with the IBM BiCMOS 6HP tecbgglon
a1.916mmx1.146mm chip: a photograph of the circuit is in Figure 8.5.
The total active area 348 mm?2.

As for the other receiver presented, this chip was mountea @icrostrip
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Figure 8.6: Voltage conversion gain, image rejection ratio andsil#s func-
tion of the LO amplitude.

test board for characterization orb@S2 single-ended environment. Differ-
ential LO signal and single ended IF signal where generayeahdans of
microwave hybrids, and the results presented here havedeeembedded
from the effects of the test embodiment.

Figure 8.6 and Figure 8.7 show the behavior, at nominal lwag fi .. =6 mA,
V..=2.4V), of voltage conversion gain, )P, IRR and NF as a function of
the LO voltage for a test RF frequency ©f3 GHz, corresponding to the
center of the second U-NII band, and for an IF46f/MHz. Based on this
test, and on similar results observed at the other two U-HHds, an LO
amplitude of0.2'V has been chosen for the rest of characterization.

Itis interesting to notice the behavior of the NF: at very lo@ amplitudes,
e.g. below50—70mV, the noise figure is high due to the low conversion
gain; for LO amplitudes above.1V the conversion gain is sufficient and
the NF improves significantly at larger LO levels. This canirexperimen-
tally the qualitative considerations reported in 86.1tloa& LO amplitudes
the switching is imperfect, leading to both transistorshef pair simultane-
ously on for a non-negligible fraction of the LO period, ahiktincreases
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Figure 8.7: Noise figure of the BICMOS receiver vs. LO amplitudes.

the mixer noise figure [34]. This effect is significant: it Badeads to an
increase of NF of severalB, and it can be predicted with good accuracy
employing the the available device models.

Figure 8.8 and Figure 8.9 display in detail the frequencpoase of the
receiver: an RF signal is swept in frequency and downcoesén a fixed
40MHz IF. The IRR is well centered on thie— 6 GHz target RF band; the
conversion gain peaks at a lower frequency, with respedt@csimulated
values. This is due to some inaccuracy in the LNA load maadgllas in-
directly confirmed by the behavior of the noise figure, whiehahes its
minimum exactly at the frequency of the conversion-gainkpestill both
gain and noise figure meet the specifications for the IEEH8@2standard.
Figure 8.10 shows a detail of the voltage conversion gaisugett for sig-
nal and image frequencies, together with the correspormiigg figure and
its simulation. In Figure 8.11 the two-tone and large-sigests allow the
direct extrapolation of ilRand R 4g for the5.3 GHz U-NII band.

Finally, Table 8.3 resumes the performances of the recéivéne three
bands of interest for the IEEE802.11a standard. Besidesiderlined
problems of the LNA load, which leads unavoidably to a larly&; the
receiver meets the specifications given in §2.1.
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Conclusion

The circuit presented in this paragraph is a second impléatien of the
architecture in Figure 8.1: the use of non-degenerated r#SERF transcon-
ductance in the active mixers allows to reduce the circaitgant. In com-
parison with the first version (88.1.1), it has to be takeo adcount that the
linearity specifications arédB higher in that case: this explains the lower
current consumption, which is not directly related to theenitopology.
Besides the reduced linearity, this circuit representsngsrovement with
respect to the first version in terms of active area, poweswamption and
overall RF performance.

8.1.3 Double Quadrature Low-IF Receiver

The second downconversion stage of the reconfigurablevexodéscribed
in 84.4.2 has been fabricated as a test structure. As pahnedatger sys-
tem, following a pair of matched Micromixers, its functiato perform the
second downconversion of tle5 —3 GHz when the5 — 6 GHz band is re-

ceived, or act as a through for the ban@adt GHz. In the high-frequency
mode, the sub-system is a double-quadrature receiverjd6use it com-
bines RF and LO signals which are both already in quadrafline. main

advantage of this downconversion architecture is that rtegge rejection
depends only on the second-order components of the queeliaiccuracy
in the LO and RF signals, as the first-order errors are, igeaincelled by
the recombination at IF [36, 70].

The architecture of the test chip is shown in Figure 8.12.oftsist of
three polyphase filters, four passive mixers (84.4.2) amdiEnadders. The
single-stage LO and RFfilters generate quadrature sighat®at2.75 GHz.
The IF filter is the same used for the other low-IF receiverthisf chapter,
and provides image rejection in tBé — 50 MHz band.

The two differential IF adders have been implemented usiagdpology in
Figure 8.13: the two input differential signals are congéitio current-mode
signals by means of two differential pairs, which act asdcamductance.
The current signals add linearly on the load resistors. @abder provides
the same voltage gain as the corresponding single-indeteéliftial pair. For
the purpose of this test, the performance of the adder isfriaterest and
the gain has been kept low: therefore, the adder does ndtthimiinearity
of the whole system and allows indirect measurements ofrikaliity of the
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Figure 8.12: Block diagram of the architecture of the implemented double
quadrature low-IF receiver.

FET ring mixers, presented in 86.4.1. The nFET differergaits are com-

monly the first stage of the IF circuits that follow the RF fr@nd and, as
shown here, they are suited for adding or subtracting difféal IF signals.

The circuit was fabricated with IBM BIiCMOS 6HP technologg, 1323 pm

x 923 um area, shown in Figure 6.32 (page 111). For characterizatien
chip was mounted on a microstrip test board; differentigihals have been
generated by means of microwave hybrids and the resulteess have
been de-embedded from their effects.

Figure 8.14 shows the frequency response of the receivex fied IF
frequency o0 MHz. The absence of resonant structures in the RF and LO
port allow the conversion gain and jfo be almost frequency independent
in a large band. The gain observed is entirely due to the geltain of
the IF adders. The adders set the upper limit of the operditezuency
as well: the values of gain drop at abe&Hz, because of the frequency
response of the differential pair, as measured directlyniiasing the mix-
ers inthroughmode. As shown by the simulation, the IRR is set@tB
by design, centered at75 GHz: the measured IRR values are higher than
the specified32dB (82) on a relative bandwidth larger than that of single-
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Figure 8.13: Schematic of the IF differential adders used for the double
quadrature receiver.
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Figure 8.14: Conversion gain, image rejection ratio and yBf the double
quadrature receiver for a RF input swept in frequency and mmynverted
to a fixedd0 MHz IF.
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Figure 8.15: Signal and image conversion gain of the double quadrature
receiver as function of IF frequency: the RF input bands aatered at
2.75GHz (signal) and at2.83 GHz (image).

quadrature receivers, shown in Figure 8.8 and Figure 8.1%s i§ due to
the mentioned robustness of the double-quadrature actinigeon quadra-
ture imperfections.

Figure 8.15 shows a detail of the IF signals downconvertehfthe bands
centered a.75 GHz (signal, measured and simulated) an?.88 GHz (im-
age).

An extrapolation of iR and R 45 is shown in Figure 6.35 (page 113).

8.2 Dual-Band Receivers

The2.45 GHz industrial scientific medical (ISM) band is presently thestno
used for wireless LAN applications, as a large number of s&peints are
already installed and accessible. The migration téthé GHz unlicensed-
national-information-infrastructure (U-NIl) bands issilable, because it
would allow higher data rates, but it will necessarily résub coexistence.
This makes multi-band and multi-standard devices moradive.
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The issues of the design of such devices are often addregsetegrating
several independent sets of RF front-ends [71, 72]. Howeane of the
blocks needed are inherently broadband and this featurbecarploited to
reduce the overall number of components, dice area and 20st3]. An
example of this approach is given in §8.2.1.

An alternative architecture exploits the reconfigurapitif switching mix-
ers, as summarized in 84.4.2. Such a receiver could be ingpitd inte-
grating the dual-band LNA in 85.5.4, the active mixers in38B.and the
reconfigurable double-quadrature receiver in 88.1.3.

8.2.1 Single Downconversion Low-IF Dual-Band Receiver

This paragraph presents the low-power implementation darahitecture
which makes use of the broadband frequency response of/diatdnced
active mixers (86.2.2) and multi-stage polyphase filters g low-1F multi-
band receivers [3, 74].

Figure 8.16 shows the block diagram of the receiver. It gigsif a dual-
input LNA and an image-rejecting mixer, which is in turn ctinded of
a pair of matched mixers and two polyphase filters. The LNA twas
inputs: the one in use must be selected with an external aovtitage.
The amplified signal is fed through a switchless connectimthé mixer
pair and downconverted to4 MHz IF. The LO polyphase filter generates
quadrature signals needed for both input bands, and imgggtion over the
30— 50MHz band is provided by the IF polyphase filter.

Fig. 8.17 shows the schematic of the HBT cascode dual-band. Oke
two-input switched stage is designed as described in §5aad. the load is
a dual-band shunt resonator (85.4.2). The emitter currfefif lows com-
pletely inTy or T3, according to the position of the switch. When active, the
two inputs are power and noise matched &0 & source. The collector load
of T3 is designed to provide, together with the mixer input catessia high
impedance at both input bands, thus allowing a switchleseedion to the
following stage. The shunt resistdi; lowers the resonator quality factor
to fulfill the bandwidth specifications. The LNA provide8dB and18dB

of voltage gain for th€ GHz and5 GHz band respectively, with.6 dB and
2.1dB noise figures, at current consumption2dfmA and3.9mA from a
2.4V power supply.

The matched mixers are the same BiCMOS active singly-bathnsed for
the receiver in 88.1.2. The RF transconductance is impléuemith a non-
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Figure 8.16: Block diagram of the architecture of the dual-band low-IF
receiver.
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Figure 8.17: Schematic of the dual-band LNA.
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degenerated common source nFET, whose input capacityatesonith the
LNA load in the two operating bands, in order to offer a higlpadance to
the preamplifier. The mixer core is an HBT differential paiivdn by the
differential LO voltage; the LO port is not matched to anytjgatar fre-
guency, allowing the exploited broadband operating raife. IF load is a
resistor in parallel with a capacitor. The resistor setctheversion gain, the
capacitor reduces the IF output bandwidth and the LO feemlith. Each
mixer was designed to providé& dB of voltage conversion gain with a cur-
rent consumption o2 mA from the2.4V power supply.

The LO polyphase filter is the cascade of three passive R@stag or-
der to provide amplitude balance and phase quadrature fardperation
modes, the first stage has its cut-off frequency in2kEz band, and the
last two in the5 GHz band: the frequency response of the series of the three
stages can offer sufficient amplitude and phase balancetimdgerating
bands (87.3). The IF polyphase filter is the cascade of twgestan order
to achieve IRR over the0 MHz bandwidth required for the main WLAN
standards.

Experimental results

The circuit was fabricated in the IBM BIiCMOS 6HP technology.pho-
tograph of the circuit, implemented ord&3mm? active area, is shown in
Figure 8.18. Total chip area measute® mm x 1.29 mm.

Figure 8.19 shows the measured frequency behavior of csipvegain,
image-rejection ratio and iffor a swept RF and a fixed IF @) MHz: the
circuit is operated in low-frequency mode for frequencipsaB.4 GHz, in
high-frequency mode otherwise. Both conversion gain arirl $Row dual-
band response: the two conversion gain peaks are due to thed@so-
nance of the LNA load, and the IRR values are the result of tlelcature
LO signals generated on chip by the LO polyphase filter. Theparison
of the measured conversion gain with the simulation showas flor both
operation modes, the gain peaks are slightly out of band@merlthan ex-
pected.

Figure 8.20 shows the frequency behavior, measured andatedy of the
input matching for the two input ports in the correspondipgrating mode.
Figure 8.21 and Figure 8.22 show in greater detail the measemt results
for the2.45 GHz band: in Figure 8.21 NF, signal and image conversion gain,
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Figure 8.18: Chip microphotograph of the dual-band image-reject reeeiv
Area shown measurds79mm x 1.29 mm.

Table 8.4: Summary of measured results for the dual-band low-IF rexeiv

RFband| [GHZ] || 245 | 52 | 53 5.775
Conv. Gain| [dB] 33.4 27.0 26.5 24.5
IRR | [dB] 43.3 31.9 36.7 30.8
NF | [dB] 4.1 8.6 8.6 10.1
Piag | [dBm] | —260 | —190 | —193 | —16.7
ilP; | [dBm] || —166 | —11.6 | —11.0 | —-9.3
Su | [dB] || <=175 | <=18.0 | <=16.0 | <—18.0
LO | [dBm] || 0.8 2.5 2.4 2.4
LO to RF | [dB] 62.8 63.5 67.4 54.4
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Figure8.19: Conversion gain, image rejection ratio and i Bf the receiver.
The circuit is operated in mode "low” below.4 GHz and mode "high”
above that. LO power levels ae8dBm and2.4 dBm respectiviey.
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Figure 8.20: Input matching of the two RF ports.
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and in Figure 8.22 By and ilR; extrapolation are shown.

Table 8.4 summarizes the measured performances of theypetover the
2GHz ISM band and the threeGHz U-NII bands. Power consumption is
14.9mW for the low frequency mode and.7mW for the high frequency
mode. Performances are satisfactory in2kk&Hz mode, but suffer of some
degradation of NF in thé GHz mode. This is partly due to an inaccuracy
in the LNA double-band load modelling, which peaks>&tHz instead of
5.5 GHz as simulated, and test-board inductive parasitics on thengt con-
nections, which are more critical in the high-frequencyragien.

The IRR measurements in the high-frequency range are pisoafiécted by
test board parasitics as well. These result in unwantedliogugnd worsen
the observed results. The values shown in Fig. 8.19 and Babllean be
considered as worst-case estimations.

Conclusion

The BIiCMOS low-power dual-band RF front-end shows multidbdunc-
tionalities, confirming the validity of the chosen architee. The measured
performances are close to the specifications for the RF&ndtof receivers
compliant with IEEE WLAN standards atGHz [23] and5 GHz [52]. With-
out external components and very low DC power, this chip idesa good
basis for the realization of WLAN low-cost receivers for dbaind opera-
tion.
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8.3 Summary

This chapter presented fabrication and characterizatfoseweral mono-
lithic receiver RF front-ends. The design of those circwitss based on
the considerations and results described in all the previbapters.

Two single-band low-IF receivers are presented in §8.1d §$1.2,
both integrating a cascode LNA with two singly-balanced enixand two
polyphase filters. The front-ends meet the specificationthfsb GHz stan-
dards. The two circuits show similar performances, but theMBOS ver-
sion, which uses non-degenerated nFETSs as transcondedtaribe active
mixers, employs less integrated inductors, thus allowisigaificant reduc-
tion of chip area. Power and voltage matching are used atFmiker port
of, respectively, the HBT and BiCMOS versions. As antiogohin 85.3.1,
this choice does not lead to a significant difference in teoimRF perfor-
mance of the monolithic front-end.

A dual-band receiver extends the idea used for the singte-B&CMOS
version. A dual-band load for the LNA is used in combinatiathvibroad-
band singly-balanced mixers and a dual-band LO polyphase filvithout
external components, this front-end meets the specifitafiar IEEE wire-
less LAN standards at in tieGHz and5 GHz bands. The front-end oper-
ates in the same DC-power range as the single-ended veraimhschieve
similar performances in the high-frequency operation.

Those circuits demonstrate that sufficient IRR can be aeHdiaithout
external components &tGHz, even in more complex dual-band architec-
tures.

In addition, a double-downconversion low-IF receiver wabricated.
This circuit can serve as reconfiguralllewnconversion-throughktage of
the front-end described in §4.4.2. The operation frequevery selected to
allow receiving thes GHz band with two successive multiplication by the
same LO signal. The circuit exhibit a large IRR relative baiuth, resulting
from the good tolerance of double-quadrature receivers$ fand Q-signal
asymmetries.






Chapter 9

Conclusion

A study of the design of the RF front-ends for receivers caamphwith the
WLAN standards has been presented in this thesis. As mativat&1,
the focus is on low-power monolithic BICMOS implementasponompliant
with the IEEE standards &t 6 GHz, and dual-band extensions2a GHz.

The characteristics of the main standards ratified in botiudare re-
viewed in 82. For each standard, the specifications for th&&tf-end are
derived, since typically those are not explicit in the sgsievel specifica-
tions. The resulting requirements for the RF front-endymesd in Table 2.2,
have been used as target for the design of the receivers anuoutliling
blocks.

An overview of receiver architectures is given in 84. Sinte $uper-
heterodyne receiver is not suitable for integration, theaathges and dis-
advantages of two alternatives, direct-conversion andlfoweceiver, are
discussed. It is underlined that the two architectures atk buitable for
monolithic integration, similar in many aspects, and shseeral issues.
The main difficulty in integrating low-IF receivers comesrir the tight re-
quirements for the symmetry of | and Q signals, necessaryaaqe suffi-
cient rejection of the image signal. The circuits in §6.88,1.1, §8.1.2 and
88.2.1 demonstrates that sufficient IRR can be achieved-&tGHz. With
respect to other aspects, low-IF receivers are less sengitisome of the
typical problems affecting DiCon receivers. For exampbe, lower sensi-
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tivity to second-order distortions simplify the use of dexgnded building
blocks. Concerning the design of individual building bleak the system,
the differences between the two architectures are mingirae all the ma-
jor issues need to be handled at a system level.

The study of the design of the receiver, including prototygierica-
tion and characterization, has been conducted using twanesoial RF
BiCMOS technologies from IBM, and the corresponding desigs. The
main features of those two technologies are summarized.in 83

The design approach for the low-noise amplifier is descriieg5.
Several possibilities are presented and discussed forrthmifeer topol-
ogy and the matching of input and output ports. The cascodéguoa-
tion is argued as most convenient for monolithic low-povessivers, since,
for a given current consumption, it provides higher gaimtkeagle stage
common-emitter amplifiers. For the input matching, a degigicedure is
described in detail, which allows simultaneous noise anggpanatching
to real impedances, such as %@ of commercial antenna filters. Sev-
eral possibilities are presented for the output matchimguting a tunable
power matching, which allows to extend the usable bandwatithe ampli-
fier. In addition, several modifications of the presentedciniag schemes
are presented, in order to allow dual-band operation iredfit configura-
tions, such as single or double input ports, voltage or panagching to the
following stage.

Downconversion mixers are presented in 86. The focus is treauix-
ers, since passive mixers usually suffer of strong converaitenuations in
silicon-based implementations. This makes them unsugdidsh downcon-
version stage of simple receiver front-ends. The designoggih chosen for
active mixers is described, and several design examplagivae. Exploit-
ing the advanced performance offered by the IBM BiCMOS 7HiPitel-
ogy, and combining the design approaches described in18ard §6.1.1
a merged LNA and mixer demonstrates that the RF front-endWLAN
receiver compliant with the IEEE802.11a/h standards caswme as little
power asr mW.

Polyphase filters have been used extensively for LO quadrgenera-
tion and recombination of the | and Q IF signals. The opegatirinciples
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of these networks are summarized in 87, together with thetadadesign
approach.

The monolithic RF front-ends are presented in §8. In thiptdrathe
choices made for the various building blocks and architestare validated
experimentally. Two low-IF receivers meet the specifiaaitor5 — 6 GHz,
and a dual-band version allow operation als@.dtGHz. All the circuits
operate with very low power consumptions. In additior? GHz receiver
is presented as second downconversion stage of a recotligui@al-band
receiver.

The work presented demonstrates that monolithic low-IEivers can
be implemented with the available BICMOS technologies ahpetitive
power levels. State-of-the-art performances have beamegavith several
of the fabricated circuits:

» the merged LNA and mixer in 86.2.3 [2] offers a remarkablghhi
gain-to-power-consumption ratio and, at the same time seave as
RF front-end of & GHz receiver without preamplification

« the receiver in §8.1.1 has been presented as the first nttaoddiw-IF
receiver covering all the three U-NII bandss&Hz [52]; it compares
favorably also with similar implementations in narrowenta

* the receiver in §88.1.2 further reduces the power consumpf the
latter, employing nFETSs for the RF transconductance ovactixers,
and relaxing the linearity specification

« the dual-band receiver in §8.2.1 [74] demonstrates thil a/min-
imum increase of power consumption, the receiver operat@mbe
extended to a second band

9.1 Outlook

The circuits presented are examples of monolithic recémeat-ends in Bi-
CMOS technologies. The first step in completing this work lddue the
integration of an adequate VCO on the same chip as the pessé&oint-
ends.
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From a more general point of view, the need for a high levelntd-i
gration motivates the design effort for monolithic implentations of much
larger systems. The entire transceiver, i.e. receivanstratter and digital
circuitry, can be fabricated on the same chip. In some cdsesto the large
losses of silicon substrates and low breakdown voltageaifable devices,
only the power amplifier is realized on a separate chip. Heweit has
been recently demonstrated [75] that switched-mode pometifers are a
highly efficient solution for the integration of power anfigrs in compact
silicon chips att GHz, and are able to deliver power at levels close to the
maximum allowed in the wireless LAN bands (Table 2.1). Thign im-
portant result, as it shows that a complete WLAN system-dp-can be
integrated in BICMOS technologies. In this context, theeant switch,
which directs the input and output signals to the LNA or the B4 critical
component to integrate. A distributed switch is one of thesitde solutions,
compatible with the available technologies [76].

Another major issue that arises from the integration of apete sys-
tem on a single chip is the interaction of the RF front-endhhie noisy dig-
ital circuits. This is particularly troublesome on a siliceubstrate, due to
its limited isolation capabilities. The mixed-signal tecdtogies, including
the IBM BiCMOS 6HP and IBM BiCMOS 7HP , offer means to improve
the poor isolation of silicon substrates. Deep trench besrcan be used
to increase the resistance between critical points, ortgtbscontact rings
around particularly sensitive devices, in order to groumal ioise carriers
travelling on the substrate. These effects are, howeveeraely difficult to
simulate or predict, and require experimental investoyeti

Several possibilities can be explored for improvementiéndual-band
version of the receiver. For example, the size of the cimmgisented in §8.2.1
can be reduced modifying the input and output matching oftteé_NA. At
the input, a dual-band matching (85.4.1) can be used to sa¥énductor
and significantly reduce the size of th&Hz series inductor. At the output,

a tunable voltage matching (85.3.2) can be designed to togdiroadband
range2.4 — 6 GHz; this requires an array of varactors, but allows to use only
one small inductor.
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