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French Introduction

Les signaux TV sont transmis de maniére analogigne.modulation, soit analogique
ou digitale, de ces signaux leur permet de podecddage notamment des pixels, de la
couleur et du son. La présente these se placeldaglre la réception de signaux transmis
par voie terrestre et par cable, ce qui représentspectre fréquentiel s’étalant de 42 a
1002MHz par canaux d’'une largeur de 6 a 8MHz skd@tandard utilisé.

La réception des signaux TV est constituée de dtapes. D'abord la réception du
signal RF, qui nécessite 'amplification du sigedlle filtrage d’'un canal désiré parmi tous
ceux regus. Cette étape doit limiter au maximundisgradations supplémentaires du signal.
Cela signifie que cette étape doit étre realiséx awn faible bruit pour pouvoir recevoir des
signaux de faible puissance, et une forte linéaitdr étre capable de recevoir le canal désirés
malgré la présence d’interféreurs forts. Ces contra de dynamique se retrouvent sur chacun
des blocs qui constituent le récepteur TV. Son e8tedonc de fournir le canal désiré le plus
propre possible pour réaliser la démodulation, egti la seconde étape, dans de bonnes
conditions. Toute dégradation du signal peut eataffener a des erreurs de démodulation,
comme un pixel affiché dans une mauvaise couleutéran de télévision par exemple.

Aujourd’hui, l'architecture des récepteurs TV eshstituée d’'un amplificateur faible
bruit (LNA) suivi d’'un mélangeur pour pouvoir fifir le canal désiré a plus basse fréquence.
Cela permet de filtrer le canal de maniére plusipeg Cependant, un filtrage RF est aussi
nécessaire pour assurer la qualité de la récepgtimtéger le mixeur et réaliser un premier
filtrage du spectre recu. Pour relacher ses caonésien termes de dynamique, le filtre RF
peut étre placé entre le LNA et le mélangeur, powue le LNA soit assez performant. En
plus de bonnes performances en bruit et en lidgdset filtre RF doit étre accordable en
fréquence pour pouvoir étre centré sur le canat@@artout dans la bande 42 — 1002MHz. I
doit également étre sélectif pour réaliser un peerilitrage des signaux non-désirés forts qui
peuvent dégrader la qualité de la réception.

Ces signaux peuvent étre de trois natures difféserit s’agit d’abord de rejeter les
fréquences d’harmoniques impaires. En effet, leamgdur utilise un oscillateur local a signal
carré et provoque la conversion a basse frequeesdarmoniques impaires du spectre RF
recu. D’autre part, les canaux adjacents au castés doivent étre atténués des le début de
la chaine de réception pour assurer la compaéitalec les standards internationaux comme
'ATSC A/74. Enfin, les signaux non-TV situés ddasbande 42 — 1002MHz doivent aussi
étre rejetés. On peut citer comme exemple les sigh#& ou TETRA.

Habituellement, des résonateurs LC assurent suiltge RF. Pour ce faire, ils
utilisent des varactors ou des bancs de capaci®®mparalléle d’inductance. Cependant,
atteindre le bas de la bande VHF a 42MHz nécesatifisation de valeurs d’inductance
d’environ 100nH. Alors, l'intégration de ces indaigtes sur silicium s’avere compliquée. De
plus, les inductances en composants discrets égréds sur silicium sont soumises a des
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couplages électromagnétiques qui peuvent dégradsr plerformances requises. Ces
inductances limitent aujourd’hui I'intégration ttgalu récepteur TV sur silicium.

C’est pourquoi I'étude se concentre sur un filtraggguement actif, ne comportant
pas d’inductance. Il s’agit d’étudier les perforroes de ce type de circuit ainsi que leurs
limitations et les opportunités technologiques pelivent se présenter. Cela nous a mené a
poser la problématique suivante :

Limitations et Opportunités des Circuits Actifs pola Réalisation d’'un Filtrage RF Haute
Performance et Accordable en Fréquence pour les &#eurs TV



|. Introduction to TV tuners and to RF Filtering

.1 TV Signals Transmission

I.1.a Video Signal Transmissions

I.1.a.i Image Generation

A TV screen consists in several thousands of pixadsociated together on a
rectangular panel. Each pixel is made of three gbatittive cells, each covered by a
different colored filter: a red, a green and a btune. Using the additive colors principle,
depicted on Figure 1, the screen is able to displeglored picture. This coding of colors may
rely, for instance, on three colors. This is cal@B coding, for Red-Green-Blue.

Figure 1. dditive colors principle

I.1.a.ii Transmission of a TV Signal — Example of Analog Modulation

As it may be seen on Figure 2, to transmit a TWaigthe RGB coding of the picture
is multiplexed with sound, synchronization signafsl teletext pieces of information. This
complete TV signal is then modulated, in ordereéabapted to the transmission medium, and
emitted through electromagnetic waves or cable.

RGB coding N /A
S
Sound—__ | T -7
Multiplexing | ——=| Modulation — Emission S >
Sync. — R
N T
Teletext / Y, ¢

Figure 2. From picture coding to signal emission

[.1.b Modulation

Modulation is the principle of a signal transmissids explained in [l.1], modulation
is required in both wired and wireless system. éajeoaxial cables shielding is better at high
frequencies whereas for wireless communications, dize of the antenna should be a
significant fraction of the wavelength to realizewficient gain. Depending on the nature of
the source signal,e. whether it is analog or digital, the modulatiordifferent but it usually
consists in a high-frequency carrier modulatedneyuseful signal.



I.1.b.i Analog modulations

Most common analog modulations are AM, PM and RMich respectively stand for
amplitude, phase and frequency modulation. Assurairiggh frequency sign&(t) of the
form

S(t) = At) codat + (1)), (1.1)
amplitude modulation actually consists in repladi{t) by the original signal
At) = AL+ M codwpt)). (1.2)

Time and frequency representations of AM modulatiare depicted in Figure 3:

| :

L I J
0 50 100 150 200 250
time (ns)

Figure 3. Time representation of an AM modulation

S

Phase and frequency modulations consist in madglaespectively the phas@(t)
and a in  S(t) shown in Equation (I.1). The time representatibram FM modulation is
illustrated in Figure 4. It is worth noticing théte PM modulation of a sine wave, which is
the particular case observed in Figure 4, gives#me results as the FM modulation.

A AL D
|
|

|

0.4

I
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\

Al
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0 20 40 60 80 . 100 120 140 160 180 200
time (ns)

Figure 4. Time representations of an FM modulation
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I.1.b.ii Digital modulations

In digital systems, the carrier is modulated byigital baseband signal. Modulations
similar to the analog ones are possible, modulatiegamplitude (ASK for Amplitude Shift
Keying), the phase (PSK for Phase Shift Keying)her frequency (FSK for Frequency Shift
Keying). Time representations of such modulatiaesgiven in Figure 5.

i1l | AL

Figure 5. ASK (a), FSK (b) and PSK (c) modulations

In many applications, the binary data stream isdéi by sets of two (or more) bits
and is modulated using a single carrier. As saifl.kj, this is possible because sine and
cosine are orthogonal functions so each set of lit® has a single representation in this
space. Such modulation is called IQ modulation,ntd & standing for In-phase and
Quadrature-phase.

The major advantage of IQ modulation is that synraté becomes half the bit rate.
Hence, the required bandwidth is divided by twoiclvhmakes it a very popular solution.

As it may be seen in Figure 6, assuming X andeértan simultaneous bits forming a
set andw. is the carrier frequency, the out(t)is then:

S(t) = X codat) +Y sin(w,t)). (1.3)
X >< |
4@ cos(a)ct)

2

~—1X
Y Q

Figure 6. I-Q modulation

Output

Nowadays, most used 1Q modulations are QAM andQRE\M actually consist in
coding the signal with different amplitudes: fostance, +A and —A for each | and Q path.
Such coding is called 4QAM. PSK uses phase to toglsignal, as depicted in Figure 7 for
example.
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f f f } —»Time
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3 5 3

11 00 01 10 ° Data

Figure 7. Time representations of I, Q and outputignals using a 4PSK modulation

More complex modulations using more bits per symhm also used, such as
256QAM or even 1024QAM. It is also possible to esebine both modulation types in a
16APSK modulation.

These modulations can be described in a Quadrphase versus In-phase graph, as
illustrated in Figure 8. These graphs are catleastellations

8 PSK 16 QAM 64 QAM
L d ] ] - L * " 9 0 & 9 b
] . * % 9 0 & 9 b
L] e | = ™ * & & 10 & & @
- - — — e
- - - . - * " 9 0 & 9 b
- ] * % 9 0 & 9 b
T . s I = . * & & 10 & & @

Figure 8. 8PSK (a) , 16QAM (b) and 64QAM (c) constiations

I.1.b.iii Analog and Digital Standards

For compatibility and interoperability reasons, dlV transmissions depend on
standards. These standards aim at specifying howtr@ksmissions take place, and in
particular they define operating frequencies, clearrandwidths, allowed emission power
levels, modulation types, picture formats... Enditsggnals are based on either an analog or a
digital modulation.

Analog signals mainly use three different standakisSC, PAL andSECAM. These
standards, used since the beginning of color TWstrassions, are less and less broadcasted
since the quality of the reception is strongly tedito the reception power level.

The past ten years have seen the progressive emwergf digital TV. One of its
advantages is that the quality of the receptiamisrelated to the power level: it only requires
a threshold power level to operate in good condgticAbove the threshold power level, the
quality of the reception felt by the end-user beesnmdependent of the received power. This
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makes the covering of a large territory easier @33 expensive. Indeed, single frequency
networks (known as SFNs) become possible due toalility to treat echoes of digital
modulations.

Furthermore, up to eight single definition prograo@ be packed in a single TV
channel with the MPEG-2 norm, where only one angoggram was emitted before. This
evolution drastically reduced channels broadcastimgjs. Digital standards are also able to
handle more advanced compression formats like MBRE@hich allow the use of high-
definition picture and sound formats.

There are four main digital standards across thedwas it may be seen in Figure 9
for terrestrial signalsATSC for Northern AmericaJSDB for Brazil and JapanpMB for
China and finallyDVB for Europe, Australia, India and Russia.

H DVB/T

EATSC

@ I1SDB-T

HE DMB-T/H

E Assessing multiple standards

Figure 9. Used digital Standard According to Countres

In France for instance, the analog switch-off hasaaly taken place: only digital TV
is broadcasted. However, it has not yet taken pgaeeywhere in the world. The coexistence
of analog and digital standards will still last foore than a decade in some countries. Hence,
this has to be taken into account when designiagthreceiver.

I.1.c Satellite, Cable & Terrestrial spectra

I.1.c.i TV Transmission Modes

Broadcasted TV signals can be transmitted by ttiféerent means, corresponding to
three different reception modes: cable, satelhig @rrestrial.

Some TV transmissions take place ustablenetworks

Satellite transmissions actually consist in transmitting Thé electromagnetic waves
by a satellite between the emitting and the reoegtiarabolas, as illustrated in Figure 10.
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Figure 10. Satellite TV transmissions

Terrestrial transmissions correspond to TV signals emittedh whie help of several
antennas located everywhere in a country. To pigkthese electromagnetic waves, an
antenna has to be located on the roof of the house.

Figure 11. Terrestrial TV transmissions

All these TV signals have their own specificitieglehave to be studied, to specify as
accurately as possible the TV receiver requiremedtdy cable and terrestrial signals are
considered in the following. Satellite receptioresmot enter the scope of study of the present
PhD thesis because of their different constraints.

I.1.c.ii Cable spectrum

The cable spectrum is fully loaded and coversuesagies from 45 to 1002MHz, with
channel bandwidths between 6 and 8 MHz accorditiggstandard.

It is worth adding that both digital and analognsiy coexist. However, the cable

operator determines a power at which all channedst@nsmitted. Thus, all channels are
received with almost the same power level, as shmwhigure 12 [1.2].

Power
QAM QAM QAM QAM

Figure 12. Cable TV Spectrum

Frequency
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I.1.c.iii Terrestrial spectrum

First of all, the terrestrial spectrum is dividedo several TV sub-bands, as depicted in
Figure 13. These TV sub-bands have to coexist mith-TV bands, like the CBthe FM
bands (88-108MHz), TETRRor GSM. These signals act as interferers which may degrad
the quality of the reception and have to be filtevat by the TV tuner.

Power

TV band | TV band i TELR TV bands IV & V

FM Radio
DVB-T
T DVB-T Frgquency
44MHz 68MHz  88-108MHz 174MHz 230MHz 470MHz 1002MHz

Figure 13. Terrestrial TV Spectrum

As said previously, in the countries where the agawitch-off has not yet taken
place, digital and analog signals still coexisgufe 14 illustrates the TV spectrum received in
Caen before the analog switch-off. Signals frone¢hantennas are received simultaneously:
Caen, Le Havre and Mont-Pincon. Since the recepoader depends on the distance between
the emitting and the receiving antennas, a weaketesignal received from a far-away
antenna can coexist with a strong unwanted interfemitted very close to the reception
antenna. Hence, the TV tuner should be able tolbasignals having power differences
which can go up to 57dB accordingAd SC A/74equirements [I.3].

90

O Analog - Mont-Pingon

80 O Analog - Caen

O Analog -Le Havre

B Digital - Mont-Pingon
7 W Digital - Caen

[ Digital - Le Havre 7 —

~
=1

T
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[0
o
I

I~
S
I

Power Level (dBpv)

w
=1
|

]
=1
|

[
=]
|

=]
!

22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70
Channel

Figure 14. Terrestrial TV spectrum in Caen (beforeanalog switch-off)

! CB, standing foCell Broadcastis a mobile radio standard used for the deliwrgnessages to multiple users
in a specified geographical area.
2 FM, standing foFrequency Modulationis a broadcast technology used by radio stations.

3 TETRA, standing foTerrestrial TRuncked Radids a mobile radio standard designed for use haegoment
agencies or emergency services.

* GSM, standing fo65lobal System for Mobile Communicatipissa standard used for cellular networks.
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The transmission of the signal through severalgatn also be a drawback. Indeed,
before being received with a single antenna, teragssignals are subject to multipath
propagation and also to echoes, especially in naturaireas. Degradation and delay of the
signal due to these phenomena may cause intereesydratween one transmitted symbol and
its subsequent symbols, thus degrading their codetection. This phenomenon is called
intersymbol interferenceqISIl) and may strongly degrade the reception @f signal. To
reduce the impacts of ISI, more complex modulatitvea those previously described are
used, such as multiple carriers (COFDM) or modaleti which eliminate spectral
redundancies (8VSB).

I.1.d General Description of a TV Receiver

The receiver is an essential piece in a televisBomposed of a tuner and a
demodulator, it allows the conversion of the Revaion transmission into audio and video
signals, which can further be processed to prodooed and to display colored pictures. This
is illustrated in Figure 15. Hence, people are &bleelect a TV channel.

SOUND
- =~ )
4 Coded TV Signal FEEmpLn e T Decoding of the audio
\ S ) signal and selection ] ;
ource Y ST R and video signals
~ ~ -
PICTURE

TUNER DEMODULATOR
Figure 15. TV reception chain

In more details, the RF television signal is fresteived and processed by the tuner, to
select one channel within the spectrum. This femd-part of the receiver has to transmit the
cleanest possible signal to the input of the deraddy without introducing degradation nor
interferences with other channels. Indeed, digiogtior degradation of the wanted TV signal
may result in demodulation errors leading to wrpngel colors on the TV screen.

That is why very high performances are requiredttiertuner. It has to deal with the
received broadband RF signal. As explained in ndetails further, the signal has then to be
downconverted from RF frequencies to lower frequesicand finally, the tuner has to filter
the wanted channel, so that only one is transmitiede demodulator. Besides, all these steps
have to be performed with as little degradatiothefsignal as possible.

From this, three main characteristics of the TVetucan be highlighted. It has to be:
- sensitive in order to be able to receive even weak wantgthss;
- selective so that unwanted interferers are strongly regecte
- accurate to return the exact emitted signal.
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I.1.e Broadband Reception Systems

Figure 16 describes the frequency ranges of temkstignals and of other radio
communications such as UMT,SGSM or WLAN’. Their differences make the receiver
systems associated to each to be sorted into mnhhaeecategories.

GSM UMTS WLAN

DCS
TV reception
| |

10 100 1000 10000
RF frequency (MHz)

Figure 16. Coexistence of standards in the off-agpectrum

uwB

I.1.e.i Narrowband Systems

Narrowband refers to a situation in radio commations where the bandwidth of the
message does not significantly exceed the chancatsrence bandwidth. It is a common
misconception that narrowband refers to a chaniétiwoccupies only a "small" amount of
space on the radio spectrum. GSM or UMTS receiwans be quoted as examples of
narrowband systems.

I.1.e.ii Wideband Systems

In communications, wideband is a relative termdus® describe a wide range of
frequencies in a spectrum. A system is typicallpgatbed as wideband if the message
bandwidth significantly exceeds the channel's et bandwidth. This is the case of UWB
receivers.

I.1.e.iii Broadband Systems

Broadband in telecommunications is a term whidhreeto a signaling method which
includes or handles a relatively wide range of dietries which may be divided into channels
or frequency bins. The terrestrial TV spectrum agsefrom 45 to 862MHz, therefore
covering nearly 5 frequency octaves, and channedspy a bandwidth varying between 6
and 8MHz. These signals can be qualified as braatiba

Being able to receive any channel within the bbaedl terrestrial or cable spectrum
with high performances is the challenge that T\etsrhave to face. To answer this challenge,
the architecture of the tuner is optimized andjtscifications are very tight.

® UMTS, standing forUniversal Mobile Telecommunications Systdma third generation mobile cellular
technology for networks based on the GSM standard

® WLAN, standing forWireless Local Area Netwarklinks two or more devices by a wireless means tiie
IEEE 802.11 standard, also called Wi-Fi.
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[.2 TV Receivers Architecture & Specifications

.2.a TV Tuner Architecture

As said before and as in most receivers, the signiist amplified by a LNA before
being mixed, as shown in Figure 17. The mixing stagtually consists in multiplying two
signals. Let’s consider the RF signal and the L@i¢v stands for Local Oscillator) one,
assuming that both are sine wave signals, mixedl lmear system:

codapet)coda ot) = % (cod(ehe — o )t) + cod(cke + o ). (1.4)

Hence, the RF signal is actually translated to lofneguency by the LO signal. Two
new frequencies then come out:
- Wy — W, called IF frequency, which is the useful frequenc

- Wk t W, , called image frequency which has to be rejected.

Depending on the value of the intermediate frequdii€) fir =frefLo, receivers are
called IF, low-IF or even ZIF (which stands for @dF) when the signal is directly converted
to baseband.

Mixer
fre LNA fre fre - fro
fre * fro
LO

Figure 17. RF receiver front-end simplified architeture

As it may be seen on Figure 18, once the signadiwerted to IF, the wanted channel
is filtered. It is a very selective and sharp fils® that only this channel remains among the
entire received spectrum. Then, an analog-to-digaversion of the channel is performed
by an ADC in order to provide the signal to be ddoiated.

Mixer
% | Todigital
» "‘ /_\ ADC demodulator

Channel
LO filtering

Figure 18. TV receiver architecture

One might wonder why this tuner architecture isessary. Indeed, a simpler concept
would be designed with an analog-to-digital coree(ADC) much closer to the antenna.
However, such an ADC would require very high sanmgpliate and resolution to be designed,
since two billion samples per second are needgftfi.convert up to 1GHz. Though this type
of architecture is emerging to handle cable TV aigrl.4], the presence of very high power
differences between channels still prevents fromgui for terrestrial applications.
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[.2.b TV Tuner High Performance Specifications

I.2.b.i Low noise

As explained in APPENDIX A, noise is a random fletion of energy which can be
found in all electronic circuits. In the case of RR receiver, a high noise level results in an
undesirable signal that masks or degrades the lusghal, as illustrated on Figure 19 by a
noisy sine wave.

15

0.5

-0.5

15 I I i 1 i i i i
0 10 20 30 40 50 60 70 80

time (ns)
Figure 19. Noise added to a sine signal

A noisy reception chain makes the wanted signaldggaded. Hence, it becomes more
difficult to finally demodulate in good conditiormd the number of errors may increase. To
decrease demodulation errors, noise has to bevasdopossible compared to the wanted
signal. This is expressed by a signal-to-noise rg8NR) that should be high enough at the
input of the demodulator. This is one of the speations for the TV tuner. On Figure 20 are
shown two 16QAM constellations drawn for two difat SNR. It clearly shows that noise
random fluctuations on the desired signal can teatkecision errors on bit values.
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Figure 20. 16QAM constellations for two different SIR
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Figure 21 illustrates the uncoded BER, which stafodt Bit Error Rate, versus the
EJ/No, which is the energy of a symbol Bormalized to the noise powep,Nn the case of a
16 QAM modulation. Assuming that the symbol and shenpling periods are equaly/&,
then corresponds to the SNR.

The required BER depends on the communicatioresystiowever, this figure shows
that BER strongly depends on the SNR. To reackrbitr rates of 10 or 10°, SNR of 18 to
20dB are needed. Besides, it is worth pointingtbat a 1dB variation at these SNRs leads to
a factor 10 variation on the BER. Hence, noisevsrg critical issue in our applications.

1,E-01 -
1,6-02 -

1,E-03 -

BER

1,E-04 -

1,E-05 -

1,E_O6 I I I I I I I I I 1
10 11 12 13 14 15 16 17 18 19 20

ES/NU (dB)
Figure 21. BER versus ENg in case of a 16QAM modulation

As explained inAPPENDIX A, the noise factor (or the noise figutig)a way to
measure the degradation of the SNR by a systemeketits input and its outpupplying
Friis’ formula to a receiver system made of a LNA of g&ima and of noise factdf ya, and
considering the noise factor of the rest of theingr chainF,.g;, it can be written that:

Freo—1
I:receiver = F + rest . (|5)
LNA GLNA

Thus, the receiver noise factor is strongly depehde the noise and the gain of the
first stage LNA. To get a very loW.eceives it IS required to have a high gain with a verwlo
noise factor, and this stage is performed by an LYWAenF ya is low whileG na is high, the
noise constraints over the rest of the receivemghigescribed by the noise facteks, can be
relaxed.
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I.2.b.ii High linearity

Although components such as amplifiers are consttlas linear elements for small
signals, they actually have non-linear characiesastWhen dealing with large signals,
distortion phenomena like compression or intermatioth occur and may strongly degrade
the wanted signal. The theory about distortions itsdffects are discussed more extensively
in APPENDIX B. Figure 22 shows the degradation ofiece wave due to second order
distortion (a) and to third and fifth order distort (b).

S(y

- ) { i | | h 15 i i i | | i
08 10 20 30, 40 50 60 70 80 5 10 20 30 40 50 60 70 80
time (ns) time (ns)

Figure 22. Second order (a) and Third and Fifth or@r (b) distortion of a sine wave

References [I.5 and 1.6], written I8harles Rhodeshighlight how crucial the linearity
of the TV receivers is. It demonstrates that nealllynterferences are due to third order non-
linearity of the receiver when overloaded. Indetd receiver is then subject to multiple
distortion products which may fall in the desirdthonel, as described in Figure 23. Thus,
like noise, intermodulation products falling cangkand degrade the wanted signal.

To describe the degradation of the signal by nasevell as non-linearities, a factor
similar to the SNR is often used. It is called SNHBanding forSignal to Noise plus
Interference Ratio

—— Wanted signa

ower Interferers
Ny

&
fwanted Frequency
Figure 23. Intermodulation products interfering with a desired signal
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I.2.b.iii Specifications of the Tuner

To increase the above defined SNIR at the demantuiaput, the TV tuner aims at
handling large signal swings while being as lineaal as low noise as possible. This linearity
versus noise trade-off is calletynamic rangein the following. The specifications of the
tuner are presented in Table 1. As said, to be tmedable and terrestrial signals, it has to
cover the 42 — 1002 MHz band.

Specifications are set so that NF has to be kelpinn6.5dB for the entire tuner. In
terms of linearity, 1IP3 of 11dBm is targeted, whicorresponds to 120dBuV on (5
impedance often used for TV context.

Table 1. Tuner Specification Requirements

Frequency Range (MHZz) 45 - 1002

NF (dB) 6.5

[IP3 (dBm) 11

1IP2 (dBm) 31
Maximum input Power (dBm) As large as possible
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.3 RF Filter Specifications

[.3.a TV Tuner Bloc Specifications

The required specifications on the tuner involveesal requirements over each bloc
constituting the TV tuner. First, let's consideirent-end composed of a LNA and a mixer, to
better understand the roles of each.

Mixer
fre LNA fre fre - fio

frr + fio

LO

Figure 24. Front-end part of the TV tuner

I.3.a.i Constraints on the LNA

As explained previously, the broadband LNA is tksemstial stage to lower the tuner
noise figure. This LNA has to be very low noise atsdgain has to be large. It also has to
ensure a good impedance matching to the antennhasahere is almost no loss of power
between the antenna and the tuner. This is speaifith return loss that should be lower than
8dB.

To increase the second-order linearity of the tunes worth using differential mode
over the entire tuner chain. However the use abatfend balun for the single to differential
conversion shows two major drawbacks. Indeed, anbabnsists of inductances which are
both sensitive to the electromagnetic environmet difficult to integrate. That is why the
architecture makes use of a front-end single-ttedkhtial LNA.

I.3.a.ii Constraints on the Mixer

In the case of TV tuners, a squared LO signale$epred to handle mixing (see Figure
25) since abrupt switching characteristics enabldéotver noise. However, the frequency
spectrum of such a signal is made off many nonigiedg odd harmonics as depicted on
Figure 26:

cos(a)Lot) + cos(Sa)Lot) + cos(Sa)Lot) +... (1.6)
The mixing of the RF signal and the squared LOddad

codaretfcodaot) + cod3uot) + codSawot) +. (1.7)
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Vio(t)

Time
N

N

Figure 25. LO time evolution

Power

[ T T Frequency

fLO 3fLO 5fLO 7fLO gfLO

Figure 26. LO frequency spectrum

Developing previous expression:

co(cke  wio )t) + cod(whe % 3awio )t) + cod(whe £ 50 )t)+ ... (1.8)

As said, the IF frequency is defined as:

We = Wk ~Wo (1.9)

Now, the RF signal is not only made of the wanteanmel, but it is also composed of
other RF unwanted signals that may be locatedatda@iowing relations are verified:

W = Wgez ~ 3 (1.10)
W = U ~ O o (1.11)
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This leads to the downconversion of odd harmorocK-f as it is depicted in Figure
27.

PSDkr (f)

9xFLo RF freq

i

ZIF freq

Figure 27. Downconversion of LO harmonics to IF

Therefore, a certain harmonic rejection level igureed so that the wanted signal is
not corrupted by these harmonics.

[.3.b Roles of RF Selectivity

At first sight, a LNA and a mixer are sufficient get the reception functionality.
Nevertheless, in case of TV receivers, the architechas to be optimized in order to reach
the required high RF performances. In particulafF, $tlectivity is essential to relax the
constraints on the LNA and on the mixer. Moreovkis RF filtering is a strong asset to be
able to keep the tuner performances in the preseharong interferers, when handling
terrestrial TV signals.

Within the tuner, the RF filter can be located bestw the LNA and the mixer, if the
LNA presents high enough performances, as illustirat Figure 28. As said previously, it has
to befrequency tunableso as to be centered on the wanted channel. ditteat frequency of
the filter has to be tunable over the 45-1002MHzdyan order to be used both for cable and
terrestrial receivers.

Mixer
_____ To digital
Pi ? /_\ ADC | demodulator
Channel
RF Filtering LO filtering

Figure 28. TV tuner architecture
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As said before, when mixing the RF signal with th@ frequency, the harmonic
frequencies of the LO are also downconverted toHEnce, a certain rejection of these
harmonics is required. To relax the constraintg dhre mixer stagehe RF filter rejects all
harmonic frequenciesby a certain amout. It allows the relaxation af #onstraints on the
harmonic-rejection mixer located after the filter.

Even though a low-pass filter would be enough feateharmonics, thédandpass
character of the filter has two main assets. Fastandpass filter is able pootect the mixer
from strong unwanted interferersindeed, in case of the reception of a weak wasiglal,
the RF filter has to reject all unwanted signaldigé as possible, on both sides of the central
frequency. For this matter, the RF filter would @abveen even more efficient if it was
connected directly at the antenna, also protedtiegLNA. However, the frequency tuning
while keeping a good matching to the antenna agpdiffrcult. Besides, from Friis’ formula,
it would require a very low noise filtering, whichhard to achieve.

The second asset of a bandpass RF filtering isefleetion of adjacent channelsThis
is a crucial feature to meet international normshsasATSC A/74or theNordig Unified
These norms require a certain adjacent channedstie@)s from the front-end part of the
tuner, called protection ratios. These may be sadrigure 29, which summarizes the wanted
protection ratios according to various standard [I7 and 1.8Jas a function of the position
of the unwanted channel. An RF selectivity stadewa reaching these adjacent channels
rejection specifications.

60

o LTI T

LR 4

2 40

2

2 '

e

c 30

2

S —=—ATSCA/74 (2010)

s 20

& —==Nordig Unified v2.2.1
10 ARIBB21v4.6
O T T T T T T T T T 1

-20 -6 -12 -8 -4 0 4 8 12 16 20

N (position of unwanted channel)

Figure 29. Protection ratios for different standards
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These adjacent channel rejection requirements wam lgecome more stringent in the
coming years. Indeed, with the analog switch-aféqtiency bands formerly occupied by
analog TV become free. They are callghite spacesThese frequency allocations may be
used in the future for various purposes such aseheireless LAN for instance. Thus, their
emitting power and frequencies could become a probif TV tuners are not selective
enough.

Furthermore, the LTE, standing for Long Term Ewolo, which is the most recent
GSM/UMTS norm, is looking for emitting within the08-900MHz range. Since mobile
communications require high emitting powers, thiayntause interference from mobile
service base stations and handsets overloadingehsitive TV tuner front end circuitry,
preventing existing viewers from seeing a picture]

Such a filter has also to laecurately centere@dn 6 to 8 MHz large channels. That is
to say that frequency calibration has to be takdn account when designing the filter,
through a way of correcting the central frequentyt ideviates from the wanted one.
Moreover, the frequency tuning range has to beddwviinfrequency stepsvhich are 6MHz
maximum in order to be able to center the filteratinthe different channels, as depicted in
Figure 30.

Power

/ Wanted 1 Wanted 2
Frequency
AN

—
6 MHz

N

Figure 30. Maximum frequency step of the filter

This RF filtering is dirst step of selectivitylt does not aim at selecting sharply only
one channel with high RF performances. This shaiferihg is performed after
downconversion to IF, to take advantage of worlahdower frequencies. However, the RF
filtering has other assets which are essentiaté&zh the high performances required by the
TV tuner.

[.3.c Selectivity Specifications

Selectivity specifications are summarized in TablAs said, both high selectivity and
broadband tunability are required. Specificatiomsanljacent channels rejection are set on
most critical points (N+5 and N+6 frodTSC A/74 Thus, it enables to get a shape for the
filtering which rejects all other adjacent chanr&léficiently. Note that, in the following, H3
and H5 respectively stand for the third order drelfifth order harmonic frequencies.
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Table 2. Selectivity Specifications

Filter Tuning Range (MHz) 45 - 1002
H3 & H5 rejection (dB) 25 for both
N+5 & N6 rejection (dB) 5&6
Non-TV bands rejection (dB) 15
Power rejection on the whole spectrum (dB) 10
[.3.d Abacus

Several abacuses can be drawn from the above isp#oifis, as illustrated in Figure
31 and Figure 32. It is worth noticing that, at léquencies, adjacent channels are rejected
more than specified when reaching the specification terms of harmonic frequencies
filtering. This latter constraint is thus the maisfficult one to achieve. On the contrary, at
high frequencies, harmonics get more far-away ftbenwanted signal. However, adjacent
channels are still located atBland N6 become more difficult to filter out since it regesra
high selectivity.

Adjacent channel
_rJ |—|_ interferers

40MHz o 3, 5f0 1002 MHz
Figure 31. Low frequency abacus

Power

40 MHz fo 1002 MHz
Figure 32. High frequency abacus
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Above 870MHz, there are no more terrestrial chasmgel adjacent channels rejection
specifications can be relaxed. However, a highcseley is still required to face any
interferer like the GSM frequencies.

285 MHz 870 MHz
H3 | N+5 / N+6 | 10 dB power

| | f,

Figure 33. Hardest rejections to reach accordingatthe central frequency

I.3.e RF Performances Specifications

As said, RF specifications on the entire tuneoive RF specifications on each bloc
constituting its architecture. Targets on noise andlinearity are summarized ifiable 3.
Input-referred intercept points were specified & gd of the filter gain. However, a gain
close to unity is targeted.

Table 3. RF Performances Specifications

NF (dB) 10
[IP3 (dBm) 11
1IP2 (dBm) 31
Gain (dB) ~0
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[.4  Technological Trend of RF Selectivity

I.4.a RF filtering integration history

Since the beginning of TV, TV tuners have knownesaltechnological evolutions.
Up to the years 2000, they were referredcas tuners [I.10] Indeed, they were made of
active components as well as hundreds of passiegrnat components, mounted together on
a board [I.11]. The whole was encapsulated insideetal shield enclosure, the can, in order
to protect the tuner from the electromagnetic Bgbdesent in the environment. Furthermore,
these can tuners had an architecture making ussewéral bandpass filtering stages,
associated to a very selective Surface Acoustic AM@AW) filter located in the IF path.
These features strongly immunize can tuners frdrkidls of interferers and provide a very
important adjacent filtering before the LNA. Asustrated in Figure 34, RF filtering was
handled by means of several air coils, manuallgdyim parallel of high voltage varicaps.

Y

Figure 34. Can tuner (a) and its RF filtering (b)

In 2007 first silicon tunerswere designed, like the NXP TDA 18271 (see Fi@be

As explained in [I.10], the development lag of Tohers behind all other TV developments
highlights that silicon tuners have difficult chalges to overcome. This major technological
step allowed the emergence of new functionalities applications. Indeed, a silicon tuner has
become multi-standard while can tuners were aintedciving only one single standard. In
addition, silicon tuners show higher integratioowér power consumption, better thermal
behaviour and better reliability. The emergencenaftiple tuners integrated on a same chip
also allows digital video recording or picture-ircfpre applications. [1.12]

Silicon tuners integrate almost all TV tuner funas on silicon. However, RF filtering

was still handled by discrete inductors in parabtééldiscrete varactors. The whole was
integrated within a package as it may be seenguargi35 [1.13].

Si

1N =

: PE ¢ Package
ey =
Figure 35. NXP TDA18271 (a) and its RF filtering (b
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Newest silicon tuners generationbke NXP TDA 18272 (Figure 36) and 18273, use
switched capacitors banks which enable a higheygh still partial, on-chip integration of
the RF filtering.

Si

Figure 36. NXP TDA18272 (a) and its RF filtering (b

I.4.b Opportunities & Limitations of active circuit S

Today, silicon tuners like the one shown on FigdBeare integrated in a can, further
integrated on a TV board. Comparable to the matalosure of can tuners, this shielding
protects the TV tuner from electromagnetic perttidos coming from other components or
from the environment itself. Indeed, the inductofRF filters are mounted on a board and
these coils act as antennas which catch electrostiagsignals. Electromagnetic coupling
may degrade the performances of the RF selectaitgt,so the performances of the tuner.

In the coming years, the technological trend isntmunt TV tuners directly on the TV
board, among thousands of other components. Hewdbput shielding blocking all
electromagnetic perturbations, the TV tuner haddoas less sensitive as possible to its
environment. This is the first reason of studyihg bpportunities and the limitations of a
fully-active, inductorless, RF selectivity.

Furthermore, discrete inductors currently used skome other drawbacks like the
spread on their values. Hence, a fully-active sotutvould lead to a very flexible solution
with no external components and being immune totelmagnetic couplings, leading to a
next generation of TV tuners.

In addition, studying fully-active filters will lehto the study of its technological
aspects. Indeed, is CMOS or BICMOS better to reaizch a filter? In case of a CMOS filter,
is there a technological node below which the rfiliecomes less selective? Moreover, is it

possible to take advantage of the smaferC.« product of advanced-node MOS switches?
There are many questions that need to be answacedgming about fully-active filtering.
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[.5 Answering the Problematic of the PhD Thesis

Taking into account all the various issues thatewgreviously described, it has been
decided that this PhD thesis will address the ¥alhg innovative problematic:

Limitations & Opportunities of Active Circuits fothe Realization of a High
Performance Frequency Tunable RF Selectivity for TMiners

In the present manuscript, Chapter Il describesctadlenges and the state-of-the-art
of RF filtering, first considering passive LC filteg solutions before dealing with active
solutions. From the literature analysis, Gm-C fdtappear as the most appropriate solution
and are studied more deeply in Chapter Ill. Gmi@rfisimulations are described therein.
Chapter IV deals with another active solution, ai¢kafilter, which is based on a voltage
amplifier. This allows a promising enhancement lo¢ tdynamic range, which has been
confirmed by measurements on a test-chip. The pedoces of Gm-C and Rauch filters are
then compared in Chapter V. Chapter VI concludes mmoposes some perspectives to this
work.
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lI. Challenges of RF Selectivity

Following chapter is dedicated to the challengefkBfselectivity. It objective is to
find which filter topology best fulfills the spe@fl requirements of TV receivers. It also
provides a comparison of the performances of daiffefilter topologies and structures that
may be found in the literature. Their opportunita®l limitations from a technological point
of view will also be assessed.

[I.L1 Comparison of the Possible Topologies

[I.1.a Possible Topologies

There are several ways to fit the previously déscdriabacus and this chapter aims at
determining which one suits the best to fulfil tequired specifications. From a mathematical
point of view, it consists in finding transfer fuimmn parameters (order and coefficients)
which allow achieving the desired selectivity regments as well as an easy frequency
tuning.

Equation (1.1) shows a transfer function in Lagladgomain of orderma>{n, m},

wherem corresponds to the number of poledi¢$) andn to its number of zerosy, andj are
called coefficients of this transfer function.

a.s"+..+as +a,s°

H(s) =
B.s" +..+Bs +[5,s°

(I1.1)

It is worth pointing out that a high order transfenctionk; means a high number of
reactive elementk to implement the circuit sinck, = k,. For high order filters, frequency

and selectivity tuning may become difficult to hendince several components values would
have to be tuned. That is why a low order is prefikr

In this chapter 1.1, several topologies of filten® assessed in order to find which one
suits the best to fulfil the required specificason

[I.1.b Low-pass Topologies

II.1.b.i General Principle

A first order RC low-pass filter [Il.1] actually ogists in a resistor associated to a
capacitor as depicted in Figure 37. Another fingteo low-pass filter can also be obtained
using an inductor and a resistor, which is knowraaskRL low-pass filter. For both, high
frequencies are cut by the reactive element.
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Vin Vout

C

Figure 37. First order RC low-pass filter

As only one reactive element is present, thisfissaorder filter. The transfer function
of this RC circuit in Laplace domain is given by:

1
Hipe () =——,
ol 14+ S (1.2)
271
wheref; is the cut-off frequency
1
f =—— 1.3
¢ 2nRC -3)

For an RL low-pass filter, the transfer functionsithe same form. The difference
relies in the cut-off frequency definition whichp#nds on L and R in this case. To obtain a
frequency tunable filter, the cut-off frequency hHasbe made adaptable by modifying the
value of the elements of the circuit.

It is worth noticing that, for a first order low-gmfilter, the transfer functlomj,z— at

f.. Hence, if the filter is centered so tHat fuantea thenadjacent channels located at lower
frequencies are less rejected than the desirednehahhis property is true for all low-pass
filters. Figure 38 depicts a first order low-pastef when tuning its cut-off frequency. Figure
39 illustrates its adjacent channels and its harcsaejections.

0\
\
f. iIncrease

100 | \

Gain (dB)

-20

- 1
250 200 400

600 800 1060 1200
Frequency(MHz)

Figure 38. Cut-off frequency tunability of a first order low-pass filter
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Figure 39. H3 and N+5 rejections of a first orderdw-pass filter

OO

A higher order low-pass filter can be obtained éasing the number of poles in the
transfer function by the addition of reactive elesean the circuitFigure 40 presents second
order low-pass filters built either cascading tw@ Rrst order filters or combining an
inductor to a capacitor.

Vi Vout Vi Vout
_ Y Y 'M
- A A - L
R1 RZ

F@ure 40. Second order_RC and LC low-pass filters

The transfer function of a second order filtethiert given by the formulas:
oy ()= —a =1
e (S_ p1)(s_ pz) 1+/813+/8252 ,
o being a constant. Such filter allows getting @&z slope in order to reject harmonics more
strongly as depicted in Figure 41 and Figure 42.

(I.4)

For second order (and more) filters, different fogees may be used, as illustrated in
Figure 43, corresponding to different sets of doedhts 4s in the transfer function [I1.2].
These topologies, known as Chebychev, elliptic ottddworth filters, enable to get a flatter
passband or a steeper slope (see Figure 43). fEpedtions are plotted in Figure 44. Though
elliptic filters show higher rejections, it is whrtadding that this kind of filter uses one
reactive element more than the other two filterisiclv creates a transmission zero (notch).

For instance, the normalized transfer functiora glecond order Butterworth low-pass
filter is given by:
1

H suterwort2 (8) = ——F———- 1.5
Butt hz() 1+\/§S+Sz ( )
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Figure 41. Impact of the Low-pass Filters TransfeiFunction Order
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Figure 42. H3 and N+5 rejections according to therder
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Figure 43. Second order Low-pass Filters Topologies
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Figure 44. H3 and N+5 rejections according to theecond order topology

Il.1.b.ii Assessment of the Topology

The major advantage of low-pass filters is theititgizo reject harmonic frequencies.
For a given filter, the rejection of harmonic fregqaies remains constant while tuning the cut-
off frequency, as it may be observed in Figure 42.

However, as it may also be seen in Figure 42, &iret second order filters do not
reach the desired 20dB H3 and H5 rejection. A tbider is then required, meaning at least
three reactive elements. Tuning the cut-off freqyey tuning the reactive elements values
while keeping a constant set of coefficient in thensfer function may become difficult as
well.

This graph in Figure 42 also highlights the poojae€ent channels rejection of low-
pass filters, especially when reaching high fregiem less than 1dB rejection of the N+5 at
500MHz., even for third order topologies Furthereaadjacent channels located below the
cut-off frequency are amplified by up to 3dB.
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II.1.c Bandpass Topologies

Il.1.c.i Low-Pass to Bandpass Transformation

Regardless of the order, a bandpass filter [B&l} be obtained from a low-pass filter
by means of the following transformation:

s +af
SBW,
whereBW,, is the -3dB bandwidth
BW, =w, -, (1.7)
expressed in pulsation, aag isthe resonant pulsation:
W) = ww,, (11.8)

In these formulas¢ and ap are pulsations which enable to build the bandfities
characterizing its passband and stopbands.

The low-pass to band-pass transform consists ilacig inductors in the circuit by a
series combination of inductor and capacitor, aagacitors by a parallel combination of
inductor and capacitor [I1.3], as it may be seefigure 45.

—YYN S YN I

Figure 45. Low-pass to Bandpass Transformation

Hence, the transfer function of a second order passl filter in Laplace domain has
the following form [l1.1]:

H e (8) = —— .
1+Q(S_%] (1.9)
W, S

This filter presents a resonance at a frequendigdoeentral frequency determined by the
reactive elements of the circuit:

1
f, = : .10
° 2m/LC (11-10)
Q is a term calledjuality factor, studied in more details later on, given by thenfala:
— fO
Q_Bwf (11.11)
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Figure 46 illustrates the transfer function gaimsus frequency for given parameters.
As expected, the transfer function presents a besslpharacteristic.

0

Q=20
0 f.= 1GHz

IRV

/ I

From the RC and the LR first low-pass filters, tmain second order bandpass filters
are derived. First one, derived from the RC lowspds a parallel resonator made of an
inductorL with its series losseRs, in parallel of a capacitd€, as shown in Figure 47. The
equivalent admittance of such a circuit is miniratlthe resonance frequency. Hence, the
output voltage gets higher at the resonant frequdhis called avoltage resonance

Gain (dB)

500 1000 2000 2500 3000

1500
frequency (MHz)

Figure 46. Bandpass Filter Transfer Function

Il c
Figure 47. RLC resonator with parallel capacitor

Derived from an LR low-pass, the circuit depictedrigure 48 is composed of a series
resonator. Indeed, the resonance is reached wieeagtinvalent impedance is minimal. The

resonance happens when the output voltage getsnalinend so, when the current get
maximal. This is called eurrent resonance

e
V

Figure 48. Series LC resonator assuming series loss

Il.1.c.ii Quality Factor

From the formula of Q previously given, it may Heserved that the higher the Q, the
more selective the filter. Indeed, if a non-losdyerf is assumed, such as an ideal LC
resonator, this leads to an infinite Q-factor, megm zero bandwidth.
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The quality factoQ, of a non-ideal inductor can also be defined as:
— wOL

Q. = R’ (11.12)

with Rs being the series losses of this inductor.
By means of a series to parallel transformatiorg tircuit can be converted into a

parallel resonator. Then, a parallel to L and GstasceR, appears which is computed as
follows:

R, = (QZ+DR, (11.13)

This leads to the following circuit:
L
Y

AW
||

e
Figure 49. RLC parallel circuit

R

Let’s compute the quality factor of this circuit:

R
Q = w"L- (11.14)

Replacing with previous equations, we get:

_(@Q+DR
Q oL (11.15)
Now,
Q :QL+Qi=QL with Q, >>1 (11.16)

If it is considered that the Q-factor of the indurds above 10, then the latter equation
can be obtained. It demonstrates how crucial tbisise high-Q inductors since the quality
factor of the filter is directly the one of the uncdor.

Il.1.c.iii Difference Between BPF and a Combination of HPF and LPF

The combination of a first low-pass filter withiest order high-pass filter also creates
a second order bandpass filtering. A high-passstearfunction may be obtained from a low-
pass one by means of the following transformatlb8][

5, Lrer (1.17)
Q

<=

Consideringe as cut-off frequency, this leads to:
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S

Hipr (S) =
1+ > (11.18)

2

This corresponds to inverting capacitors and ingohgan the circuit (see
Figure 50), and to modify their value accordinghe transformation.

YY" —> |

J— —>

Figure 50. Low-pass to High-pass Transformation

Combining low-pass (witlwy as cut-off frequency) and high-pass topologieteatls
to the following bandpass filter transfer function:

Hger (8) = H (o (8)-H e () = > pat
1+{1+1j+ S (11.19)
a).l. 0)2 a)la)Z
Assuming
Q= y 4% and w, = w,w, , (11.20)
W+ w,
this gives:
Hope (8) = ——————.

1+ jQ(S_%j (I.21)

W, S

Thus, Q is maximum whem=ap» and this givesQ :%. The combination of a

low-pass and a high-pass filter gives a bandpéss, fibut this filter has a selectivity limited to

%. Figure 67, shown further, underlines that sudbcseity is not enough to reach the RF

selectivity specifications.

Il.1.c.iv Assessment of the Topology

The main advantage of the bandpass filter topolsgys ability to reach a smaller
bandwidth than a combination of a low-pass and gh-pass filters. Based on only two
reactive components for a second order filter selectivity can be adjusted to whatever -3dB
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bandwidth, tuning the quality factor of the filtdhis kind of filter is very attractive for both
adjacent channels and harmonic frequencies rejectio

Higher order bandpass filters enable to reach higijections, as depicted in Figure
51 and Figure 52, at the cost of the use of maetinee elements.
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Figure 52. H3 and N+5 rejections according to therder

In case of high order bandpass filters, some pdati@ssociations of transfer function
coefficients can be achieved [Il.2]. Such filtermai at getting the flatter passband
(Butterworthtopologies) or the steeper roll-off allowing sonpple in the passband or in the
stopband Chebychev type | or lfilters). Some filters present an equalized rippiethe
passband and in the stopband and also have testfastinsitions. These filters are known as
elliptic. A comparison between these filters is perfornmeBligure 53 and Figure 54.
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Figure 54. H3 and N+5 rejections according to théourth order topology

Despite a higher selectivity than second order passl these filters are constituted
with four or more reactive elements, leading to @arencomplex circuit. In particular, the
frequency tuning requires keeping the sets of aefft of the transfer function constant, as
said for low-pass high order filters. As explaingéd, minimize the number of reactive
elements in the circuit, a second order bandpé#es i preferred to higher order bandpass
filters.

Furthermore, Figure 55 depicts the use of a se@yddr bandpass filters tuned in
frequency at constant Q-factor or at a constant-BWj the achieved rejections are in line
with the order of magnitude of the required speations.
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filter

[1.1.d Double Notch Topologies

Another possible topology has been studied, cangish two cascaded notch filters
creating a selective bandwidth as illustrated iguFe 58. Once again, the transfer function of

a single notch filter can be obtained from the loass transfer function by means of the
following transformation:

sBW,,
S - PEpER (11.22)
b

whereBW,, is the filter stopband bandwidth.

This leads to the following transfer function ofdauble notch, considering their
quality factor:

s* +af s+t
wf+ﬂ+sz w§+ﬂ+sz (11.23)

1 2

H DNF (S) =

The low-pass to notch transformation [I1.&rresponds to the transformation of the
passive elements of the circuit given in Figure 56:
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Figure 56. Low-pass to Notch Transformation

Hence, a possible implementation of such a filsegiven in Figure 57. Figure 58
shows that, although it can reject close adjackangels, this solution requires a low pass
filtering of harmonic frequencies as well as a highss filter for the rejection of low
frequency interferers.

Y Y\

Vin Vout

Figure 57. Double Notch Filter schematic
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II.1.e Comparison of the Topologies

The previously studied topologies are comparedabld 4. The table summarizes the
different advantages and drawbacks of each solution

Table 4. Comparison of the Topologies

Topology Advantages Drawbacks

Low-pass Harmonics rejection for order>3 Adjacent channejsation abové;

Selectivity depends on Q
Bandpass Harmonics rejection for order>2
Adjacent channel rejection for order»2

Adjacent channel rejection

. Harmonics rejection
Frequency tuning

Double notch

From this, the bandpass filtering can be considasethe most appropriate solution
since it is able to attenuate both harmonics afacadt channels. The Q-factor also appears
as a strong advantage in order to reject intedeireia controlled way. Moreover, a second
order bandpass filter is sufficient to reach thec#jrations given in introduction, while
higher order filters are required for the low-paBBis enables the minimization of reactive
components.

That is why the second order bandpass topologybkas chosen to handle the RF
selectivity.
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1.2 Passive LC Second Order Bandpass Filtering

[I.2.a Frequency Tunability

As explained before, cable and terrestrial TV baraser a range from 45MHz up to
1002MHz. Givenfy formula, some relations and orders of magnitudeLf@and C can be
deduced. It has to be kept in mind that usual natiegl capacitances in microelectronics vary
between 10fF and 100pF. According to the technglowjuctors may be integrated on silicon
as well. However, above some tens of nano-Henrggiral inductor becomes too large and
so very costly in terms of silicon on-chip spacenEk, it is not efficient to integrate 50nH or
more, which are values needed to reach the bottdhedV bands in VHF low.

To achieve a frequency sweep of the central frecpby steps smaller than a channel
width of 6MHz as explained in introduction, the waleither of the inductance or of the
capacitance, or even both of them, has to be cldagrgelually.

Technically, it is not optimum to switch inductorsideed, parallel switching of
inductors, as described in Figure 59.a, requires évgher inductance values since N parallel

L
inductances L are equivalent to a value of indUIHaOfN. The addition of inductors in

series, depicted in Figure 59.b, is efficient imre of inductance values. However, a large
difference of quality factor happens betwegnyandLmyin. Lmin IS made of a small inductance
value in series with several switcheg, R series, whileLnax is constituted of a large
inductance value with no swité®, in series.

|_rYW\_\_|

Figure 59. a) parallel inductors switching, b) segs inductors switching

Capacitance values can be tuned by different m@dmestwo most popular techniques
are the varactor (Figure 60.a) and the capacitok &igure 61.a). The varactor, which
actually is a reverse-biased varicap diode witholiage \,, has a capacitancey @Qvhich
depends on the voltage bias, as it may be seeigume60.b.

AN Cd/\

Cq

Vp

> Vo
Figure 60. a) Varactor symbol, b) C(V) curve of a aractor
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The capacitors bank is made of several capacitopaiallel that can be switched-on,
as illustrated in Figure 61, so that a capacitas@dded to the initial capacitance. This is a
very efficient way of synthesizing a tunable catmwe since the switchable capacitance can
have a same quality factor (tuned by the & the switches).

C'(otal
N

( ( ¢

Figure 61. a) Capacitors banks, b) Capacitance eudlon of a capacitors bank

Figure 62 shows the value of the central frequegiggn in Equation (I11.10) when
varying the capacitance value. This graph is pdiotbe different inductance values.

It is interesting to notice the great dependencydbr small C values and large L
values. Hence, it means that the filtgris very sensitive to capacitance values. Since
capacitances are small, such a filter may be diffio centre accurately at a given frequency.
It may also be very sensitive to capacitive paiasitMoreover, it requires very large
capacitances to reach low frequencies.

Hence, this graph underlines the L versus C valuade-off and highlights the
difficulty of having a single LC filter for the whe 45-1002MHz band.

1200
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1000 \ \ ——5nH
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800 \
T
= 600
) \\ \ \\_\____
400 \
\ \____\‘_\
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P “———_____—__
\_\“:—\__—__
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C(pF)

Figure 62. Central frequency versus C for various Lvalues
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A possible solution is to split the whole TV bamdo several sub-bands. Each sub-
band may use a different inductor and then switgbacitors to sweep the entire frequency
range. One can imagine the use of 100nH in VHF InH in the mid-band and 1nH for the
UHF bands.

In particular, this is very interesting in termssilicon area for the low-end of the TV
band. Indeed, capacitors get smaller when incrgabi@ inductance value while keeping the
central frequency constant. Furthermore, for amiwveluctor value, the tuning range of the
filter is proportional to the ratio between the aguroots of the capacitances:

f / C
max 1] max .24
fmin Cmin l ( )

Using several inductors is a good way of keepingacdances ratios acceptable for
integration. Nevertheless, this method requirestiae! pins on the chip packaging.

[1.2.b Selectivity Tunability

Positioning the central frequency of the filterose step. A second one consists in
getting the desired selectivitiye. the desired Q-factor. In the following a paraRelC circuit
is considered, with a 10nH inductor and a vari@algacitance.

It has been previously explained that, in an L&ifjlthe bandwidth and the Q-factor
are determined by either series or parallel losisegeneral, series loss& come from the
inductor, often implemented by a long resistivaapivire. Capacitors mainly bring parallel
lossesR,, due to a small current flowing through the noealdinsulator. This results in an
equivalent RLC circuit, depicted in Figure 63.

Y
N
7

Figure 63. Equivalent RLC circuit

Furthermore, the LC filter presents different bebaxr depending on the major
contributor betweerR, and R.. To be able to compare these two contributors, sérées
resistancdy; is transformed into an equivalent parallel resistd; as follows:

R, =R (L+Q?), (11.25)

where Q is the quality factor of the resonant dtrcu

Hence, the circuit is saiB,-limited if R,<Rs;, since parallel losses from the capacitor
are dominant. On the contrary,Rf>R/, the circuit is saiRs-limited and series losses from
the inductor are considered as the major sourteseés of the filter.
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As it may be seen in Figure 64, Bglimited filter will give a constant gain frequency
sweep when tuning the capacitance. One can alsoentbiat the Q-factor decreases with
frequency. Indeed, the quality factor of the patadircuit is then defined as:

C
Q, =R, m (11.26)

while higher frequencies are reached with smalgacitances.

However, most of the time, LC resonators Rréimited because of the poor Q-factors
of discrete or of on-chip inductors. Such a fijpeesents a constant bandwidth when sweeping
the frequency with the capacitance. The qualitydiacf this resonant circuit is given by:

_ 1L
Qs = R, \/; (1.27)

Then, the bandwidth becomes independent from thiadwcapacitance:
fo

1 [C_ R
BW=—=——_ R |—=—2_ 11.28
Q. 2m/Lc VL 2 (11:28)

Another particularity of thiRslimited circuit is that gain strongly increasestiwi
frequency, due to the increase of the Q-factoiljadrated in Figure 64.

. 10nH with no Rs, Rp=500 Ohms 10nH with 1 Ohms Rs, Rp infinite
20

wa 10
AvA

-20

o S o -10
) - \\\ =
< ~ T =
® -30 T S 20
= — o
] — 3
o, i %0

"Relimited circuit
Constant BW =20 MHz

R,-limited circuit
Constant gain

A
3

&
3

-600

Il
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frequency (MHz) frequency (MHz)
Figure 64.Ry-limited (a) and Re-limited LC filter when sweeping the capacitance

The large gain increase of &glimited filter can be handled by the decreasehef t
current | flowing through the resonator, by meaha ceduced input transconductargze as
shown in Figure 65. This compensates for the garease but this will also result in a filter
with lower noise performances. Dividing the whalaihg range in sub-bands is another good
solution to limit the gain increase to a certairoant.

Vin

Figure 65. Current-fed resonating circuit
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[I.2.c Second Order Bandpass Filter for TV Tuners S  pecifications

Assuming a second order bandpass filter topoldggy specifications previously set on
the RF selectivity stage can be converted in teshfdter bandwidth and Q-factor. Figure 66
depicts these two parameters as a function ofiltee ¢entral frequency.

30 60
——Q
25 A + 50
=== B\ /
20 A + 40
5
o 15 | + 30 =
=
m
10 A + 20
5 r 10
0 T T T T T 0
0 200 400 600 800 1000 1200
fy (MHz)

Figure 66. Q and BW versus central frequency fromecifications

Hence, at low frequencies where harmonic rejectiares dominant, it means a
constant-Q rejection to reach the minimal rejectidrH3. Aadjacent channels become the
most stringent specification to fulfil. Then, a stemt-BW rejection is required to reach the
minimal rejection of the adjacent channels.

Figure 67 describes the N+5 channel and the thardhbnic rejection versus the filter
central frequency, for various Q-factors. This figghighlights how selective a filter should be
to reject adjacent channels as high as specified.
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Figure 67. N+5 (a) and % harmonic (b) rejection versus the filter central fequency for various Q-factors
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I1.2.d Passive LC Filters from the Literature

It has previously been demonstrated that for owliegtion, the most interesting
passive LC filters are second order bandpassdijl®metimes cascaded to obtain a higher
order filter. As explained, they are mostly basadagoarallel LC resonator, often referred as
an LC tank. According to the inductor nature, pap=m be sorted into two main categories:

- Discrete inductor based filters

- On-chip inductor based filters

The performances of several passive LC filterssaramarized in a table that may be
found in APPENDIX C. Among them, the most receng @ih4] describes two cascaded first
order passive LC filters, as shown in Figure 6@uFe 68 also describes how frequency and
gain tuning is realized. The two LC tanks are feciurrent by transconductances having a
built-in first order low-pass filter which allowsdher harmonic frequencies rejections. The
130MHz to 1GHz band is divided into two sub-banidse higher inductance value is realized
by means of an off-chip inductor while parasitiductances from PCB traces and bonding
wires realize a small inductance value, as depictédgure 69.

This filter exhibits in band 18dB NF and 20dBm [JR& a Q-factor of 5 as it may be
seen in Figure 70. The strong asset of this fitehe harmonic rejection which is higher than
36dB over the whole tuning range.

C1 L2 R2 C2
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Figure 68. Cascade of two second order bandpasdéil
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Figure 70. Filter frequency response

-55 -



1I.3 Towards a Fair Figure-of-Merit

[I.3.a Required Parameters to Handle a Fair Compari son

To be able to compare the performances of the wastructures of RF filters (passive
LC, Gyrator-C, Gm-C, n-path filters or else) thaayrbe found in the literature, a common
reference figure is needed. This figure, calledrggof-merit (FOM), should take into account
all parameters related to the specifications dsetisn introduction, which are:

- RF dynamic rangdinearity andnoise

- Frequency tuning range

- Selectivity:quality factor, harmonics and adjacent channels rejections;
- Maximum working frequency

Some other aspects might as well be taken into umtcosuch as theprocess
variations thegain at the central frequency or even #reaoccupied by the circuit.

[1.3.b Study of the Figures-of-Merit Found inthe L iterature

Let's have a look at some FOMs found in the literat In [11.5], K. Kwon et al a
FOM for linear and low-noise low-pass filters iepented. Their FOM is the following:

OIP3.f . TRN
(F _1) Pdc
where F is the noise factd?yd/N is the power consumption per pole arfdis the frequency

tuning range.

FOM =

(11.29)

The quality factor of the filter, for a band-passan important parameter to consider
and is not taken into account in this FOM. Althougb high power consumption would be an
issue, it is not a primary specification since Bwhpt a portable application. Input parameters
would also be preferred because of their indeperalefthe filter gain.

Another FOM is introduced in [II.6]. After havingedcribed a passive band-pass filter,
F. Dulger et al. have introduced the following figtof-merit, which is taken in dB:

N.SFDRf,.
FOM,, :P—OQ (11.30)
dc

where P4/N is still the power consumption by pol8FDRis the Spurious Free Dynamic
Range.

However, this FOM does not take into account thegudency tunability. There is

reference neither to linearity nor to noise in thigire, which makes this FOM not suitable
for the previously described purposes.
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Another paper [II.7] provides a FOM but here agam mention is made about
linearity or noise:

FOM = Iog( fF(;Nj (11.31)

dc

This FOM is plotted versus;ﬂ.

min

[1.3.c Proposed Figure-of-Merit

To be sure to use a suitable figure-of-merit, & ®M is introduced, taking into
account all the parameters that have been mentjpmestbusly.

IIP 3-NF

FOM =10 © Q.o fruTR (1.32)

moy* " max*

max

f
whereTR= T is the tuning range.

min

This FOM can also be normalized to the power conion.
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1.4  Active Filtering Solutions

From the literature, it comes out that Gyrator-Gd &8@m-C are the most used
techniques to handle fully active RF filtering. &nthey are continuous-time filters with no
discretisation of the signal, they are well matcf@dcurrent NXP tuner architectures. This
chapter aims at describing their principle and stege-of-the-art of these techniques. Other
solutions, which are emerging techniques, are stulditer in this manuscript.

II.4.a Gyrator-C Filtering

Il.4.a.i Gyrator General Principle

The gyrator is the most popular structure to hamrditve RF bandpass filtering. Its
principle consists isynthesizing an inductive behaviodoy means of two transconductors in
the configuration depicted in Figure 71.

Iin

'\
> +

Vin Im1

| c

A !
-

Figure 71. Gyrator configuration

Vout

To find the equivalent impedance of this load tfat®ps of computation give:

gml in = jca‘vout (|||33)

Iin = gmzvout (”I34)

From these two equations, one gets:

V. .
Z, =—'”=JM{ ¢ j (111.35)
Iin gmlgmz

Hence, the input impedan&, of this load shows an inductive behaviour, with an
effective inductancées given by:

Leff =

C
O Im2

(111.36)
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A parallel self resonating circuit is then obtalrensidering a parallel capacitog ©
the gyrator. This leads to a resonant frequencgrghy:

_ |91 mo
2 cc, (11.37)

A filter using a gyrator as a resonant elementalded in the literature a Gyrator-C
filter.

Figure 72 depicts a fourth order high-pass filfEine equivalent gyrator-C filter is
obtained transforming the inductors of the ciranid gyrators.

Vo || 1 Vou
| |
Vin || B || B Vout
| |
—~ —
Im1 Im1
- L j L
T=m R =T b
Im2. - Imz. -

Figure 72. Synthesi; of a filter using gyrators

I1.4.a.ii Impact of Real Elements
Though previous transconductances were considesedeal, imperfections appear

when implementing the design. It can be eithemgiti capacitance (for instance g of a
MOS realizing theyy) or a non-infinite output resistance. This leam$hie schematic shown
in Figure 73, wheré&, takes into account the real model of the transgotashce as well as

the internal node capacitance of the gyrator.
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Iin
) +\‘ Vout
Vin g

Cs
+ R —
Jo2 \\ J—

Figure 73. Gyrator with real transconductances

The electrical analysis of the circuit leads to:

_ Iin - gmzvout

Vi gL+ Cw (11.38)
and
out =%- (111.39)
By combining the last two equations, one gets thevalent admittance:
Y, == . + (g * 14C)
Vi Bu g, (111.40)

gngml gngml

This admittance formula is similar to the one oparallel resonant RLC filter, as
depicted in Figure 74. By identification, its difémt parameters can be determined:
inductance, parallel and series resistance anctitapee.

Yin N
4

Co

Is

1

Figure 74. Parallel equivalent circuit
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This gives the following values for the equival&®iiC parameters:

(L . G
" g (I1.41)
Co=C (111.42)
{ oo 1
* g0, (11.43)
(r, = Ju (111.44)
gmlgmz

The resonant frequency and the quality factotlzea given by these formulas:

-
— gmlng

w, = |2mm2 111.45
*"\ cg, (1l45)

Q= 1 9m9mC,
Y01 C,

N

(111.46)

It is worth noticing is that transconductors imgetfons create a self-resonant
frequency of the gyrator. It means that the gyrator be used in two ways:

- as a resonant circuit with a central frequency rdateed by the transconductor
imperfections; or
- as an inductor if the working frequency is lowearitthe gyrator resonant frequency.

I1.4.a.iii Single-Ended Structures

A commonly used single-ended Gyrator-C structurdepicted in Figure 75, where
the transconductanceg: andgn; are realized by means of a common source and amoom
drain MOS transistors. Furthermore, two currentsesli; andl; bias the whole circuit.

-t 8

LT

Figure 75. Single-ended gyrator structure
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The equivalent impedance of a parallel RLC ciraah be computed. Neglecting
drain-source capacitances at first order, one gets:

( (O
L. =
=G (I11.47)
__ Yn 111.48)
R =—J% (
{ OraIme
C,=Cy (1.49)
R =1 (111.50)
p
\ Y02

This structure resonates with the following pararset

g
gmlgmz
Wy = |——~ .51
""\ ¢, (1-51)
gm C S
Q= -2 (I11.52)
L ngCgsl
From these formulas, it comes out that &hd M parameters are subject to a
compromise. Indeed, to obtain a sufficiently higlsanant frequency and to ensure a high

quality factor,gm2 is required to be high whilgn; is kept at a relatively low value. However,
in [11.8], a noise analysis is performed and dent@iss that noise voltage is proportional

gm2

gml
chapter.

A

to . The trade-offs and the optimizations of the gyraire discussed more deeply in next

A similar structure is described in the literatuteactually relies on the same principle
but uses a common source MOS transistor assodiataccommon gate one, as depicted in
Figure 76. This solution aims at obtaining diffdréarmulas forR, andRs of the equivalent
model, which may be useful to reach another trdflehtdeed, the formulas are then given
by:

1 (111.53)
" Om
R = Jua (111.54)
gmlgmz
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Figure 76. Another single-ended gyrator structure

A possible improvement of the initial structure sists in using a cascode stage in
order to increase Moutput resistance, as it may be seen on Figurba&&d oiR.M. Weng et
al. publication [11.9]. This results in a reduced seriresistance. The three current sources
enable a larggn, tuning and an independent tuning betweggnandgms since only 1 goes
through My whereas (Hl3) goes through M Parameters then become less intricate than

before.

- ] W

X

Ziy Y
7 I 1
l2

Figure_77. Improved cascoded G_yrator-C

Its RLC equivalent values become:

| = C
B« P
_ 901903
Rs = _ JUIJIUs
< O 9m29ms
C,=Cy
Rp :i
\ Y02
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In the literature, negative impedance circuits (8)iGire often added tdj, to
circumvent low quality factors issues. Indeed, gatie resistance compensates for the
parallel resistance of the overall equivalent RIi€Cuwt, leading to an enhanced quality factor.
The NIC usually intrinsically adds a capacitancehe parallel RLC circuit as well, which
results in a lowered self-resonant frequency ofGlgeator-C structure.

On Figure 78C,ic andR,; are the capacitance and the negative impedanatedrby
the NIC. Another capacitdCyn. can be used in parallel to tune the central fraquewhich
gives the following formulas.

=L
1

Rnic [ Cnic

Figure 78. Gyrator-C a_nd NIC

1
= [11.59
a)o LeffC ( )

C:Cp+Cnic+C (|“60)

tune

.

This gives the following filter quality factor:

R R. C

p ' “nic
= .61
R, +R,. VL ( )

The cancellation of the parallel equivalent resiséaleads to a pure LC circuit with a
ideally infinite Q-factor. The negative impedandecuit can make the structure oscillate if
Rnic cancels exactly foR,. However, a partial cancellation B, and an accurate control of
Ruic value may lead to very high Q-factdR,¢Rnic close to zero). In the literature, quality
factors superior to 100 and up to 2000 have beétighed [I1.10 to 11.14]. Though it may be
very attractive for VCOs, stability can then becomeritical issue when dealing with an RF
filter.

In the literature, self resonant frequencies ofdBy-C circuits goes from 400MHz up

to 2.5GHz and are mainly used for GSM applicatioftee main issue of these structures is
the poor linearity versus noise trade-off. [IP3-8Bm downto -30dBm are reported while,
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when given, reported noise figures are also vegh {see APPENDIX Cyince high Q-
factors are often targeted. This results in poopRiFformances.

I1.4.a.iv Differential Structures

Differential transconductors are mainly based offedintial pairs as illustrated in
Figure 79.

N\

Y lout- louts

s

«Q

I,

O

Figure 79. Differential Pair Transconductor

These differential transconductors enable to craateuble gyrator, as it may be seen
in Figure 80, which is equivalent to a floating urtor, one per path in differential.

\ c. \
+ + + +
Im1 gm3
- - - -
/ /
/ /
- Im2 - - Ima -
+ + + +
\ \

Figure 80. Double Gyrator
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[1.4.b Gm-C filtering

Gm-C and OTA-C filtering are both based on a simfanciple which consists in
synthesizing a transfer functiorby means of integrators built with Gm-cells or OTAs
said, Gyrator-C filters consist in emulating anuative behaviour.

1.4.b.i From Integrators to Transfer Function Synthesis

In the literature, it has been shown [II.15 and@].that all continuous time filters can
be decomposed into an association of integratohgis,T combining a few Gm-cell and
capacitors, several different filters can be ol#dinFor instance, a possible way is to
transform the circuit in an equivalent LC ladded &n replace inductors by gyrators.

A way to create an integrator is to associate aad#p to the transconductance.
Indeed, the computation of the transfer functios déwa integrator form:

\Y/

out _— gm

V. _jC—a)' (1n.e2)

Assuming the transconductor non-infinite outputistasicery, this leads to a lossy
integrator as depicted on Figure 81, having thiedohg transfer function.

1€

Figure 81. Lossy Integrator

Vout - ger
V, 1+ j,Cw

n

(111.63)

Hence, the basic cell of these integrators, anaf €ém-C filters, is the Gm-cell. Itis a
transconductance amplifier which is able to conegrtinput voltage into an output current
with a given gaingm,, called transconductance. The literature deals fdath OTAs and Gm-
cells when describing integrators. However, an OTwich stands for Operational
Transconductance Amplifier, is regarded as an ¢ipei amplifier whose output impedance
is very low. As mentioned in [II.15], OTAs transcluttance value is almost irrelevant as
long as its voltage gain is high. On the contrarggm-cell is a more general term, referring to
a voltage-controlled current-source having a wetednined transconductance value. That is
why the term “OTA-C” filters will be avoided in tHellowing.
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In all publications dedicated to Gm-C or OTA-Qdik, the basic idea is first to design
a transconductor. For our application, we havessmeaiate a few of these transconductors in a
way that the transfer function of the circuit cepends to the desired type of filter. A large
number of the second order bandpass topologiegiaea in [l11.17] in a complete study by
R.L. Geiger and E. Sanchez-Sinencio.

11.4.b.ii Gm-C Filters in the Literature

One way to synthesize a given transfer functiao ind its LC equivalent circuit and
then to replace inductors by gyrators and residigr$/Gm cells. In this case, Gyrator-C and
Gm-C filters are equivalent. This is especially tase for simple transfer function. For more
complex transfer function, this synthesis method mat be optimal in terms of number of
components.

Figure 82 depicts an LC elliptic third order lowsgdilter circuit above its equivalent
in a Gm-C structure [11.2]. It may be seen that itihductor has been replaced by a differential
double gyrator made of four Gm cells.

(a)

- < 1 - [ LPF,,
LPF,, © » . 5 0 LPF
LPF,, o H—+ : o LPF,,,

N

Figure 82. Elliptic 3rd order low-pass filters

Reference [II.7], written byR.G. Carvajal et alis one example of a Gm-C tunable
filter which is based on a very linear Gm-cell aretiure, shown on Figure 83. The structure
is quite complex with both common-mode feed-forwart feed-back to ensure a high
linearity.

Once this transconductor is designed, severasseciated as depicted in Figure 84 to
synthesize a second-order bandpass filter. Thdugtstructure can be used over a very wide
frequency range, from 300kHz to 32MHz, the compiegrf the transconductor limits the use
at higher frequencies. It exhibits a good lineaf&yBm 1IP3) but no information about noise
is given. Figure 84 shows that the transconductafdke Gm-cells is tunable, by means of
Viuning Hence, the frequency tunability of the filterashieved by, tuning.
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Figure 84. Implementation of the filter
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II.4.c Second Order Bandpass Filters

There are several different ways to synthesize @rek order bandpass transfer
function with Gm-cells. Two first topologies aresdiissed before presenting the one that will
be more detailed later.

I1.4.c.i The different possible topologies
In Figure 85 is depicted a first filter [I.17]. €Hilter transfer function is given by:

H (CL)) - Vout - Jg m3C1a‘
Omm2 * jg m3C1w_Cchw2

V,

n

(111.64)

+ Cy Om2 ® - Vout
T —/l C2 gm3 o

Figure 85. Constant-bandwidth and constant-gain frquency tunable bandpass filter

This leads to the following parameters, assungiig= gm2= gm.

Om
w, = (111.65)
°Jcgc,
o [C (111.66)
Oms \ G,
Thus,
BW = I (111.67)
CZ

Thus central frequency tunability is achieved, hgrC; or g, values, while keeping a
constant bandwidth. However, this structure neadsune both transconductances and
capacitances. That is why it has not been stud@e eeply in the following.
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Now let’s consider a second structure [I.17], dégal on Figure 86:

R V

Rg{
—l

— Vin

Figure 86. Constaﬁt—Q frequency tunable bandpassifer

In this structure, assuming@: = gm2 = gm leads to the following quality factor, the
central frequency being the same as before.

1 |[c,
=2 (11.68)
gm3R Cl

Q:

A constant-Q move is achievable thankgtotuning or keepingc; = C,. However,
the 1/R dependency of) makes this structure noisy but also being strorgglipject to
temperature and process variation whereas a roboptementation is required for
industrialization.

I1.4.c.ii Study of a Gm-C Bandpass Filter for TV Tuners

Now let's describe more accurately a Gm-C bandfi#iss designed for TV tuners
[11.18, 11.19 and I1.20].Y. Sun et ahave proposed a second order bandpass filtertectie,
also called biguad in the following, which is theascaded to obtain a higher order filtering.

The second order Gm-C filter, the basic biquathésdifferential structure depicted in
Figure 87. This is the architecture which is choaed implemented in next chapter. It was
chosen to tune only capacitors so as to keep dartigs, value which is linearized.
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Figure 87. Biquad Schematic

The Gme-cells of this filter are based on a diffét@ pair designed in 130nm CMOS
with a common-mode feedback, as illustrated in FEgB. A constant gm value is obtained
and linearized by dynamic source degeneration. tNegeesistance have also been added on
Om1 andgmz to enhance the quality factor. Thanks to threthe$e Gm-cells, the biquad can be
obtained. Cascading four biquads allows the creaifan eighth order bandpass filter.

Figure 88. Reported Gm-cell

In [11.18], two filters have been realized, based this Gm-cell. The first filter
operates from 48 MHz to 287 MHz and is an eightteobandpass filter. It is used to reject
harmonic frequencies. The second filter is a seavddr bandpass filter which operates from
287 MHz till 860 MHz. This second filter is mainlged to reject adjacent channels.

Reference [11.19] describes the use of a singleidgbetween 50 and 300MHz. The

great asset of this structure is the reported pe@@ssumption of 7.6mW due to a 1.2V supply
voltage. In terms of dynamic range, an 1IP3 of 5di8ma NF of 20dB is reported.
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Reference [11.20] is based on the same architecsréhe latter filter. However, the
two transconductances of the gyrator are tunaliles Jecond degree of tunability allows the
enhancement of the tuning range. Frequencies fréro 480 MHz are now covered at the
cost of reduced linearity and higher noise.

I1.4.c.iii Performances Comparison of Gm-C Filters

Many RF bandpass filters, making use of single M@&sistors as transconductors,
were previously reported [I1.8, 11.21]. Operating the GHz range, they can reach very high
Q-factors for a very low power consumption, buthasgignal distortion and noise. In parallel,
the possibility to use an active selectivity for RBnt-ends under certain conditions on the
LNA (2dB NF and gain limited to 10dB) was shown[ih22]. The literature also reports on
more complex Gm-C filters, used at lower frequendi@0-300MHz), which achieve both
interesting RF performances and large tuning rdfidgd. However such filter, with a low-
pass structure, does not have an influence on emjachannels rejection. Finally, as
previously described, it has been reported a Gnaut@pass filter for TV tuners that reaches a
good dynamic range while being very low power Pl.1IThe performances of these RF filters
are summarized in Table 5.

Table 5. Gm-C & Gyrator-C RF Filters
Ref. [.8] | [1.21] | [1.22] [11.5] [11.19] Units

Type BPF BPF BPF LPF BPF -
Mode single single differential differential | differential -
Freqg. | 400-1050) 500-1300 1900-3800, 50-300 50-300 MHz

Q 21080 60 40 6 -
NF 8.5 18 14 20 dB
IP3 -15 -26 16 4 dBm
Power 51 274 10.8 72 7.6 mw
Supply 5 1.8 1.8 1.2 V
Techno 350 350 180 180 130 nm

[I.4.d Rm-C Filtering

Rn based filters are very similar to the Gm-cellsdobenes. As explained previously,
a Gm-cell converts a voltage into a current witbeatain gaing, whereas a trans-resistance
amplifier converts a current into a voltage witlcextain resistive gaimRy,, called “trans-
resistance”.

A capacitors associated to this trans-resistanoelifier creates a derivator, as
depicted in Figure 89, which is essential to sysittee a filter transfer function. Indeed, this
leads to a derivative behaviour since:

Y/

ﬁ= R.Cw. (111.69)

in
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Figure 89. Derivator using an Rm amplifier

Rm-C filters are rarely used above 10MHz becatiskeir frequency limitation. Only
two publications were classified in APPENDIX C. [h.23] Y. Cheng et abresent an
interesting structure, which consists in a CMOSented-based Rm-C amplifier that is
connected to a capacitor in order to form an Rmedd. A Q-enhancement circuit is added
which also helps to adjust the filter operatinggtrency and gain. The entire circuit is
illustrated in Figure 90.

The Rm amplifier is realized with a CMOS inverntath feedback and current-source
load. The Q-enhancement is realized thanks to ativegresistance which generates a higher
gain, resulting in a higher Q-factor: the highes tain, the higher the extra-gain given by the
positive feedback.

Ven @ =
‘f’“_ﬂ‘ﬂ ow/
2 R I
MPFI —_r— =y

VCP o 1

vlfH- H%‘F EMrﬁ

T

Figure 90. Reported Rm-C filter
As far as the performances are concerned, thistate is tunable between 41 and
178MHz with 20 dB gain. It also achieves a noigpife of 15 dB and an 1IP3 of -5 dBm.
Further details are given in APPENDIX C.
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[I.5 Literature Survey

Several papers dealing with active filtering, adl\as passive LC filtering, are sorted
in tables iINAPPENDIX C. These tables summarize the performafmesd in the papers.
From these tables, some statistics can also bendraw

Figure 91 depicts the part of CMOS and BiCMOS bd#tts in the literature. As it
may be seen, more than 90% of them are designé@sS.

BCMOS
BBICMOS

Figure 91. CMOS vs BiCMOS filters

Figure 92 shows which CMOS technology node is usedesign the filter. 0.35um
and 0.18um nodes are the most used. It is worthingtthat even for the analog design of an
RF filter, the technological trend goes towards enadvanced nodes like 90nm CMOS and
even 65nm CMOS as it will be described later on.

—
=]
|

Number of Papers

=] == %] [+ f -9 on (=] =J o w
I 1 1 1 1 1 1 1 1 1

0,8 0,6 05 035 025 018 013 0,09

CMOS technology node (um)
Figure 92. CMOS filter technology node
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Figure 93 depicts the RF performances of somadilteund in the literature. It does
not take into account their quality factor becausey few papers mention IIP3, NF and Q at
the same time. However, this graph shows how ahngilhg the wanted RF performances are
compared to already published filters.

20 +
|
16 mGm-C
# Gyrator-C n
12 + A Target
)
Lt
T
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- *
4 €
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0 5 10 15 20

IP3 (dBm)

Figure 93. NF versus 1IP3 found in the literature
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1.6 Technological Opportunities and Limitations

A fully active structure relies on the technologichoice of the transistors, but it also
relies on the available passive components inlilesen technology.

[I.6.a Integrated Passive Components

11.6.a.i Inductors

On-chip inductors are mainly realized as spiralsetinance the inductive effect.
However, the planar spiral geometry is far frormigesolenoidal anthe inductance does not
scale linearlywith the number of turns. Hence, on-chip inductoiten require large silicon
space.

The quality factor of such an inductor is limiteg $eries loss due to the resistivity of
the metal layer used for the spiral. Thick copsets can be used to reduce the resistivity
and to increase the inductor quality factor. Ndwaldgss this may require additional masks, so
the cost of the final chip is increased. Furtheenalespite copper metal line, on-chip
inductorsquality factors stay relatively low. This parametealso strongly dependent on the
silicon area. Indeed, the larger the inductor atlea,higher the quality factor, but the larger
the capacitive parasitics which lower the self resd frequency.

11.6.a.ii Capacitors
Having a look to the capacitance formula, given by

c= %S , (111.70)
it is worth noticing that it strongly depends o thsulator thicknesgy, and on the surfacg
To decrease the capacitance area, the insulattin#ss has to be decreased. According to the
various materials constituting the capacitance$feréint types can be used. A MOS
capacitance (Metal-Oxide-Semiconductor) allowsuke of high density capacitances due to
a high permittivity coefficient oxide layer, madé BaQOs for instance. However, they are
strongly non-linear and they require a bias. Usidditional lithography masks, MIM (Metal-
Insulator-Metal) capacitors may be used. Becausy thse a very thin insulator, MIM
capacitances are able to achieve high capacitaaleess and also show a high density
(between 2 and 6fF/pth

I1.6.a.iii Resistors

Resistors can be made with various materials dewpto the wanted resistance value.
Very reliable models are required, especially inmt of parasitic and also of process and
temperature variations, in order to achieve veaplstand robust designs.

11.6.b Transistors

One major opportunity of fully active, thereforartsistor based, filtering is the ability
to take advantage of technology scalingigher density of integration and smaller
consumption thanks tolawer supply voltagare well known advantages. A more advanced
technology node allows using matwgital gatesin a same area in order to improve the analog
RF performances by means of calibration.
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A second advantage of advanced BICMOS or CMOS nad#sat switches show a
lower Ryn.Cor constant as described in Figure 94 using BSIM4 models.s Thilows
obtaining capacitors banks with smaller non-linparasitic capacitances for a given on-
switch resistance. It is then possible to obtapac#ors with high quality factors, resulting in
higher RF performances.
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Figure 94. R,..C. constant for different technology nodes
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However, advanced CMOS transistors are less aldenfaify. Indeed, as depicted in

Figure 95, the?—m ratio for a givenvrv decreases with the technology.
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Figure 95. g,/Id for different technology nodes
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Furthermore, in order to realize a transconductitlhout negative resistance, a large
drain-source resistance is needed so as to gejhatf@nsconductor voltage gain. Figure 96



depicts thisRys resistance versus the drain current. As it mayobed in the literature, the
smaller the gate length L, the smaller the draurs® resistance since:
LU
R =7 of (11.72)
d
whereU, is a factor depending on channel-length modulation
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Figure 96. Drain-source resistance versus drain coent

As far as intrinsic noise and linearity of CMOSHhwgologies are concerned, it is very
difficult to compare one to another. Indeed, itosgly depends on the modeling and its
accuracy. Comparing technologies from differeninfiiers may lead to misinterpretations.

An important point in comparing technologies igithability to support high supply
voltages by means of thick oxide transistors. StheeRF filter should be able to handle the
LNA output swing, a high enough supply voltageaguired. Indeed a 1.2V supply in 65nm
CMOS would not be sufficient to handle a large gwmthout distortions. Minimum gate
lengths and supply voltages of the various stutkelinologies are summarized in Table 6.

Table 6. CMOS technologies comparison

CMOS technology
Name C14 C13 C90 C65 C45
Provider NXP Jazz TSMC TSMC TSMC

oxide type | thin | thick | thin | thick| thin [ thick | thin | thick | thin| thick
L min (LM) 0,16 | 0,322 0,12 0,36 | 0.1 | 0.28 0,06 0,28 0,04 0,27

Supply (V) |18 |36 | 1,2| 33| 12 25| 12 25 11 25

A4
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1.7 Conclusion

As a conclusion, this chapter has demonstratedthigasecond order bandpass filter
topology best fulfils the requirements of TV tunehsdeed, its efficient central frequency
tuning and the possibility to determine accuratgther a -3dB bandwidth or a filter quality
factor make it a very attractive topology.

Studying the literature allows comparing the perfances of various structures. It
comes out that Gm-C filters are able to work inTheoperating frequencies while achieving
interesting RF performances and tuning range. énfdtlowing, this type of filter will be
studied more deeply and designed with a high dyoaamge focus, in order to determine in a
guantitative way which performances are reachalifle this type of filter and what are the
limitations to this structure.
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llIl.  Gm-C Filtering
[ll.I'  Theoretical Study

[ll.1.a Structure of the Gm-C Bandpass Filter

As mentioned in previous chapter, the followinglyitdifferential Gm-C bandpass
filter is considered for its analogy with a curréadl parallel LC resonator [lIl.1]. Indeed, it is
composed of an input transconduatgg, which converts input voltage into an output caotre
and sets the voltage gain of the filter. This cortben flows through variable capacit@gs
and a gyrator synthesizing an inductance, maden$tonductorgm; andgn,, and capacitors
C,, as depicted in Figure 97.

2Cb_,1 2C, |2 E
Vi \ 7 \ /] \ Vout
n + + +E + _ + _ H ou
Im3 IiTLg Im1 Im2
- - S— -+ - s
Vin / 2C, I'nLg / e / Vout
_£: a_£
/] /

H H

Figure 97. Proposed Differential Gm-C Filter

Considering transconductors imperfections, the «#pa parasitics of all
transconductors can be incorporated into ei@esr C, to simplify the model. However, each
Gm-cell also has a non-infinite output impedane till be calledr in the following. It will
be considered, for gm; and the samrg,) in common forgm, andgms to simplify computations.
Its RLC equivalent can be deduced and gives thevislg schematic illustrated in Figure 98.

+Vout
rs/2
+Vin \ Cb
_— + + L " 1\~
gm3 eff 0 7._
-Vin /
re/2

~Vout

Figure 98. Equivalent RLC resonator

-83 -



a

As discussed in the previous chapter, in Figureitd8,assumed thak.s =

mlgmz
1
andry = ——.
rOgmlgmz
A first computation step gives:
1 1 .
waVin =Vou| —+————+ |C,w .1
Oma t[ro Lo, ICy ] (H.1)
Hence, the filter transfer function can be deduced
. \Y/ ma(JLeg + 1y
H(J“’):\/w:r s (L e ) -
n 7S+1+j£)(|—eﬁ +rsr0Cb)_a‘)2Lefbe ( . )
0 0
Such a filter resonates at a central frequency
f = (11.3)
with a quality-factor set to
CcC i+g g
B ahlrpz T (111.4)

=r
Q=1 C.+C,

It is worth noticing that tunable capacito@s correspond to an equivalent tunable
inductorLes While passive inductor — varying capacitor resonkeads to a central frequency

proportional td/~/C , here it is possible to tune bdtks andC provided thatC, andC,, are
proportional.f, then becomes proportionalldC . This is a very interesting property for a
tunable filter since it results in a larger tunnagge for a same capacitance ratio:

f C

max max . (|“5)

fmin Cmin

That is why in the following, it is assuméz] = C, = C. Moreover, when only tuning

Cy, it leads to a filter gain increasing with freqagnbecause Q increases as well, whereas
tuning both capacitors makes the gain remain cahsta

This structure also permits to achieve a constafeQuency sweep because Q then
becomes constant, independent from C since:

r / 1
Q:EO r_2+gmlgm2 ' (|“6)
0

As previously mentioned, this allows rejecting hanic frequencies in a constant way.
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[1l.1.b Linearity Considerations

The fully-differential equivalent topology of thigircuit is considered. This
configuration allows neglecting second order distoras a first approximation. Furthermore,
for each transconductor,{z the output differential curreid,; is given by:

Iout,i = gmiVin + g;"\/"? (|“7)

The transfer function of the schematic can be cdethusince the type of solution
expected is:

Vout = aVin +18vi:’ (|“8)

Thesea andf coefficients can then be obtained. The differémtigrent in the gyrator
linL gives the following relation:

3
r n n n
IinL = gmz(m (gmlvinL + gmlvir?L )j + gmz( (gmlvinL + gmlvir?L )j (|||9)

0
1+ jr,C,w
Limiting to the third order terms, Equation (lll.Bgcomes:
It Iz O o)
I' - mlIm2'0 V + ml' 0 + " ml' 0 '3 , |||.10
inL 1+ jrocaw inL {gmz 1+ jrocaw gmz(l_'_ erC C()J }/IHL ( )

Keeping first and third order terms, the currenthaf gyrator can be written as:

- gmlgmzro ‘ + g::qlro V-3
1+ jrocaa) inL gm2 1+ jrocaw inL? (”lll)

inL

Now, assuming

Vout =Vint » (111.12)

this results in

m2 out out

1 " 3 .
ngVin + g:;]gvlr? - Iim_ _'_VoUt l+ JrOCba)z gmlngrO VOUI +[g gmer + g" ( gmer j }3 +V l+ JrOCba)
w

ry 1+ jr,C,w "1+ jr,C,w 1+ jr,C, I
(1.13)
Since the solution is of the type:
Vout = avin + er? (|”14)
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Replacing:

1+ jr,C,w 1+ jr,C,w 1+ jr,C,

gm3\/in + 9:13\/“? :M(dvin +N:)+(gm2ﬂ + gng(gm—lroa)JBJ(dvln +ﬁvir?)3 + (dvln +ﬁvir?)

Thus, this leads to:

ng _
gmlgmzro + 1+ JrOwa
1+ jr,C.w o

a =

which corresponds to thgain of thefilter transfer function.

The second equation gives:

n 3 .
9:13 :,8 gmlgmzro +(gm2 gmlro + g:;z( gmlro w] JO,S +ﬂ1+ JrOwa

1+ jr,C,w 1+ jrC,w 1+ jr,C,

Hence,
3
" gr'l'ﬂro +q" gmer 3
-— .~V . Mhi v a
gm3 {gmz 1+ jrocaa) ng(l_l_ erCaCUj }

IB - gmlngrO + 1+ erwa
1+ jr,Cw o

This finally gives:

o

m2

1+ jr,C,w ry "1+ jr,C,w 1+ jr,C,

H 3 n
g"{ Jm19m2lo +1+ Jrocbwj _{g Omifo +q" ( Omilo

3
3
a)j ngS

. 4
gmlngrO + 1+ JrOwa
1+ jr,C,w Iy

which corresponds to thkird order non-linear term

1+ jr,Cow
r0
(1.15)
(1.16)
(11.17)
(111.18)
(1.19)

Determining by design the achievable 1IP3 of ahsconductors leads to the various

Omis, thanks to the formula:

gn. — g ..10||P3.

wlh

[ anda can thus be computed and this gives the achieViit8eof the filter.
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Assuming an ideal input transconductor Gm3, itasgible to plot an abacus of the
linearity of the filter versus the linearity of Gmidr various Gm1 linearity levels. Gm1 and
Gm2 have been set to a common same value for tte pl

fO= 200 MHz, cip3 gm1 = 21 dBm, FilterGain=0dB

20

—_
w [=)
T T

IIP3 filter (dBm)

10k

1% 5 10 5 ) 20 25 30 35 40 45
0ip3 gm2 (dBm)

Figure 99. Filter Linearity versus Gm linearity

5mS and 20dBm transconductors, study at 200MHz
T

Filter 11P3 (dBm)

Q-factor
Figure 100. Filter Linearity versus Q-factor

Figure 99 and Figure 100 show that linearity isimsically strongly degraded by the
gyrator. For instance, if both transconductors ha0dBm OIP3, filter linearity will reach
10dBm IIP3 for a filter Q-factor of 5. And the highhthe Q-factor, the stronger this
degradation.
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Indeed, this phenomenon is due to a peaking voNggengat the internal node of the
gyrator, which depends am,; voltage gain. Increasing leads to an increase of the voltage
gain ofgm; and so the peaking. This finally reduces the litgaf the filter sincegm, has then
to handle a strongly amplified signal.

Linearity performances depend on gain distributigign,. Indeed, one can enhance
linearity amplifying more ommz and less ogm1, for agmi.gm2 product kept constant, in order
to decreas@nm: voltage gain for a giverny value. However, according to Friis formula, this
results in higher noise, which is also critical sSnch a structure. Thugmi=gm2 in the
following.

The peaking transfer function can be computed hisdyives the following equation:

. V eakin r2
H,(jo)=—20= - ImImslo - (I11.21)
V’ 1+ gmlngrO + JrO(Ca + Cb)w_ r.O aJZCaCb

n

Based on the latter equation, Figure 101 illusgdhat amplifying more ogy,, would
lead to a lower peaking voltage at the internalendichough linearity is enhanced, as it may
be observed in Figure 102, noise is thus degrddeéed, amplifying less on the first stage
means being more subject to noise for the sigmas(Formula in APPENDIX A).

2 R e e pTTTTTTITTTT T

N ., ., ——

——peaking
———filter gain

-
@
]

-
o

Peaking / Filter Gain (dB)
=

-
N

i

1
g, (MmS)
Figure 101. Voltage Peaking at the Gyrator InternalNode
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gm1.gm2=100e-682, Ca=Cb=16pF, f0=1OOMHz, Filter Gain = 0dB, Q=6

IP3 filter (dBm)

_ 1 1 1 1 1 1 |

22 4 6 8 10 12 14 16
gm2 (mS)

Figure 102. Linearity of the filter versus gm2

Based on Figure 99 and the specifications of Mdéuher RF filter stage, Gm-cells are
chosen with linearity levelsigher than 20dBm OIP3and amoderate voltage gain (around
22dB) so as to get a moderate filter quality factdt allows avoiding the linearity
degradation due to the voltage peaking at the gyraternal node. This is illustrated on
Figure 99 where the 10dBm linearity of the filterreached for 20dBm transconductors and a
Q-factor of 5.

I11.1.c Noise Considerations

From the RLC equivalent circuit, depicted in FigQ& it can be demonstrated that the
output noise power d§ is proportional to ®[lI1.2]. Indeed, the equivalent admittan¥g, at
the output of the transconductor Gm3 is:

. ( wjg
: : : 1+ )] —+ ] —
v = Ja'Leff+rs+r0+JaCbr0(Ja’Leff+rs) w,Q Wy
. roljadlys +1.) jad , +r, (I11.22)

p
1+-2
r

S

For ar= ay, Yeqbecomes inversely proportional to Q:

=
1 r, (111.23)
qu(a)— a’o)—am-
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e
U/

9ms3
] Yeq

Figure 103. Output noise power computation

Therefore, the total output noise power of thiswiris given by

— i€
Yo,

where €2 is Gm3 noise power, as it may be seen in Figur@ Hence, noise strongly

increases as soon as Q increases. On Figure lldsigated the output noise power of the
filter versus frequency for different Q factorsgiéiie 105 clearly underlines the relation
between output noise power and Q.

%10

, (I11.24)

fo

—c-17],
—a-28
—Q-42
——Q-54
——Q-B7

Q=78 -

Qutput noise (\/Z/Hz)

400 500 600

o - L -= =
o 100 200

) 300
F:(equemcy (MHz)

Figure 104. Output noise power versus frequency falifferent filter Q factors

"
x10
15

=)
n

Output noise at central frequency (\/Z/Hz)

e

o 50 100 180 200 250 300
Squared Q-factor

Figure 105. Output noise power versus &
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Furthermore, a Gm-C circuit is not a passive RIfCudt since its elements are active
and so presents higher noise than passive devibesexplains why the noise of each Gm-
cell constituting the filter has to be lowered ascimas possible.

For these reasons, it has been chosen to usedarate Qof a few units so as to
optimize the trade-off linearity versus noise. Theice also involves working on Gm-cells to
lower their noise.

I11.1.d Focus on VHF Bands

Previous linearity and noise studies have highéidghthe high Q-factor dependency of
the performances. While in UHF a more demandingcsigity is required to reject adjacent
channels, signal would undergo strong distortiod degradation. However, for the VHF
range, Q-factor of 4 can be interesting for harroefiitering since they all are rejected above
20dB, as it may be seen in Figure 106. In additmjacent channels located at N+5 and N+6
are rejected on both sides of the filter centradjfrency. At the low end of the TV band, these
channels are rejected by more than 14dB. Hencesttliy is focused on VHF bands where
moderate Q-factors, like a Q of 4, offer an inténgstrade-off in terms of RF performances
versus selectivity.

Furthermore, inductors used in VHF cannot be irtegh whereas on-chip spirals can
help the integration of the UHF filtering. Thatvidly the study has been focused first on the
VHF bands.

30~

20~

Rejection (dB)
T

Figure 106. Filter Rejections for Q=4
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[1l.1.e Introduction to Transconductors Optimizatio ns

As discussed previously, the dynamic range of ther fis directly related to the
dynamic range of its inner transconductors. Heradethree transconductors have to be
optimized. This section studies the Gm-cells litmatas to find an optimal trade-off in terms
of linearity and noise. This study has to be peniedl to reach the specifications both in terms
of frequency tuning range and of selectivity.

To optimize the Gm-cell bloc, it is considered mglified Gm-cell with an active
load, regulated by a common-mode feedback (CMHAB3R]) as described in Figure 107. The
bias of the differential pair ensures tigat = gm2 andgms= gms. Hence, the transconductance
Om Of this Gm-cell is given by:

gm = gml = gmz - (|“25)
T
| CMFB |
9m3 | | m4
T; Ty
Vout- e ) Q—Vout+

Figure 107. Differential transconductor

As detailed in APPENDIX D, the transconductamgeof such a differential pair is
given by:

gm==ﬁ@%s—Vm)=67Jf——j, (111.26)

with Ves Vi being the input voltage on eithey ar T,, and with
,8=,uCOX%. (n.27)
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In terms of noise, the Flicker noise which exHslat 1f dependency is neglected as a
first order approximation since TV bands are lodabove 45MHz. Hence, transconductor
input-referred noise power is proportional tg.1fl11.4]:

Differential
pair

T Vout

Figure 108. Input referred noise power

39w  39m Om Om
A being a constant terrk being the Boltzman constant andhe temperature.

This means that the higher the transconductaggg Yalues, the lower the noise of
the Gm-cell. However, they suffer from non-linegrias shown in Figure 109. Indeed this
figure describes thg, versus the input voltage for a same current andws transistor sizes
which increase the transconductance. From thishgitajs clear that high transconductances
have to be improved using linearization techniques.

0,012
e \N=50um
0,01 + e \N/=100pm
W=150pm
' ——W=250um
s 0,006 -
&
0,004 -
0,002 A
0 .

05 04 03 02 01 0 01 02 03 04 05
Vin (V)

Figure 109. Transconductance non-linearity at consint current, varying the W/L ratio

Furthermore, the choice of high transconductanakies means the use of high
Om

capacitances to be able to reach the low end offthdands sincé, = , as shown in

Figure 110. In an advanced CMOS technology, laagacitors integration are not suitable
for an optimum die area.
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Transconductance value versus maximum capacitance to get fU=40MHz
20 T T T T T T T

a0 50 60 70 80
C (pF)

Figure 110. g, value versus C values to reach the low end of tA&/ band

Hence, the choice of the transconductance vglue particularly critical. The use of
low gn values means a high filter noise. On the contridwgy,use of a too highy, would result
in the use of larger capacitors to reach 45MHz iana poor linearity. To limitCyax to less
than 50pF, gn specification is limited to 13mS. That is why weesify that the
transconductance value should be as high as possiln the limit of 13mSand fulfil the
20dBm linearity levepreviously discussed.

Furthermore, the voltage gagi.ro has to be high enough to reach the desired filter
quality factor. Ifrg is too low, most of the output current flows thgbut and not through the
capacitance, degrading the functionality of théefil Indeed, it has been shown previously
that for Gm-cells withry as output resistance angiggm=0gm, the quality factor is given by

the formula:
|1, >
== |+ : [11.29
Q 21/%2 O ( )

Hence, this gives the requiregivalue:

J(@Qf -1 (111.30)

O

0
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Table 7 summarizes the specifications set on tegd®f the transconductors.

Table 7. Specifications of the Transconductor Desig

Parameter Value Trade-off
Om On<13mS Noise vs linearity
Om-lo 22.5dB Q vs linearity & noise
Chax <50 pF Silicon area vs frequency tuning range
[1P3 > 20 dBm Om Value vs noise
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[1.2 Transconductors Linearization Techniques

To handle this tight dynamic range, it is cleartttransconductors need to be very
linear while being as low noise as possible.

[1l.2.a Introduction to linearization techniques

The literature reports many different techniqueslitearize transconductorgy,.
Among them:

- Transistor current increaseind reduce W/L to keep gm constant

- Active or passive feedbacKike the well known source/emitter degenerations.
Dynamic source degeneration enters in this category

- Unbalanced differential pairs

- Derivative superposition

Other linearization techniques are also reportedthi@ literature likefeedforward
predistortion which is often used for power amplifiers and atjueonsist in distorting the
input signal before the amplifier so that it is theerse of the amplifier non-linearity [I11.5],
or second order intermodulation injectiofill.6] which requires two mixing stages. However
these techniques are not discussed in the follawiingir complexity does not make them
attractive solutions to handle the required trandaator high dynamic range.

[1.2.b  Transistor Current Increase Technique

Increasing current in a differential pair, reducthg W/L of its transistors land T to
keep its g, at a certain value, helps to improve linearity.

Indeed, in [APPENDIX D], it is demonstrated that o MOS differential pair, the
linearity Vips is a function of the input voltaifes —V; :

Vs = \E(VGS ~V;). (I11.31)

Now, this can also give, as a function of the drirrentl:
I
IP3=4 g—d. (111.32)
34,

Hence, the third order intercept point is increlagéen current is increased while
keeping the transconductance constant.

However, the risk is to have a very high curren&ismall transistor and to overcome
the design manual limitations. The transistor magntlact as a fuse. Besides, the linearity
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1dif (A)

levels reached with this technique are still p@sr,it may be observed in Table 8, and very
high currents are needed to reach lgglvalues.

0,0015 0,004

0,001 -
0,003
0,0005

0,002 4

gm_diff (AV)

-0,0005 -

0,001
-0,001

-0,0015 ; T T T T ; ; T T 0 T T T . . T T T ;
05 04 -03 02 01 0 o1 02 03 04 05 05 -04 03 02 01 0 01 02 03 04 05
Vin (V) Vin (V)

Figure 111. Linearization of the transconductance ¥ current increase

[11.2.c Active and Passive Source Degeneration Tech  nique

The principle of active and passive source deggioer (or emitter when dealing with
BiCMOS technologies) is to use an active or a pasdevice, connected to the source of the
MOS transistor to linearize the transconductande.da this configuration, illustrated in
Figure 112, the impedan@g.gacts as a local feedback.

Iout

g

Vin
Zdeg

Figure 112. Source degeneration

Using feedback theory, the equivalent transcondeetaf this stage can be computed.
It gives:
Om

Om _deg —m- (n.33)

Hence, forgm.Z4eg>>1, it can be approximated to

1
gm_degzz_' (|||34)

deg
which is very interesting since the transconduataren then be set by a single impedance.
Resistors are usually used but they increase if@ssdemonstrated in APPENDIX D). Indeed,
the noise power is proportional Hye; That is why inductances are preferred. Feedbacks
making use of transistors are used as well.
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[11.2.d Dynamic Source Degeneration Technique

In [I11.1] and [lll.7], the dynamic source degengoa technique, which is an active
source degeneration, is described. The schemathisofinearization technique is depicted in
Figure 113. The red-circled transistors act as vedeint resistors which linearize the
differential pair.

Iout' Iout+
Vin+ | Vin-
I

or

Figure 113. Schematic of the dy_namic source degemion technique

Figure 205 shows the linearization of the transcetahce for various transistor sizes.
The degeneration consists in reducingdhesalue in order to be more linear. Hence, though
very high linearity level can be reach for sn@llvalues, the method is not appropriate for
10mS or more transconductances values.

Moreover, since this technique is an active deggiwer of the MOS differential pair,
noise is increased as described for the resisti@SMommon-source circuit.

8 W=15um
7 W=20pm
6 s M, W=254m
& 5 e S ——— W=30pm
E W=35
5 | // \ i
: 11/ W\
1 /1l W\
| S W\
-500 -400 -300 -200 -100 O 100 200 300 400 500

Vin (mV)
Figure 114. Transconductance linearization by dynain source degeneration
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Lgire (MA)

[11.2.e Unbalanced Differential Pairs Technique

Reference [lIl.8] reports the use of unbalancederkhtial pairs, as illustrated in
Figure 115, in order to linearize the resultingns@onductance. This method is known as
multi- tanh for BICMOS technologies and may also be used @MOS technologies.

Iout' Iout+
k.W/L WI/L
VinL’_H IEV/L k_W/gl H_‘iVin_
Q1 Q3 Q4 Q2

Pre D

Figure 115. Unbalanc;ad CMOS diﬁere&ial pairs

For a well-choselk factor, the resulting current of the two paratldferential pair is
highly linear. Figure 116 shows that the resultipgis linear on a wider range than Q1-Q2
and Q3-Q4 differential pairs. However, the figgl is smaller than the sum of all individual

Om.

50 4

40 A

30

20 4

EMy;er (MS)

10 -

-02 -0,15 -0,1 -0,05 0 0,05 0,1 0,15 0,2 -0,2 -0,15 -0,1 -0,05 0 0,05 0,1 0,15 0,2
Vin (V) Vin (V)

Figure 116. Linearization of the transconductance Y unbalanced differential pairs

Furthermore, it is also possible to add severd¢ihtial pairs in order to enhance the
linearization range. This method is described lind] for BICMOS technologies
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[11.2.f FDA//PDA technique

Reference [l111.10] introduces the Multiple Gatedaisistors (MGTR) technique. It
makes use of a fully-differential amplifier (FDA) parallel of a pseudo-differential amplifier
(PDA), as shown in Figure 117.

L Inut' IDU1+ J’

Bias Bias

&

Figure 117. FDA // PDA Gm-cell design

The output differential currem,qfrom a MOS FDA is a function of the bias currént
and of the differential input voltadg,q, as demonstrated in APPENDIX D:

4l
—2-EZ, (D.35)

1
| ==
md 2 ﬂEmd ,B

where 5 = 1C_, VTV :

Developing this expression with a Taylor seriesaifhe third order leads to:

g = OBy = VE g (D.36)
with a and ybeing constant terms. Thus, the current from th& RBs a negative third order
term.

Due to the bias in the sub-threshold region, thHe&emintial output currentnhg of a
MOS PDA is given by:

Emd

A andv being two constant terms.

Developing up to the third order gives:

| ,=aE_, +bE’, (D.38)
Indeed, since the study is carried out in diffeemhode, second order terms are neglected.
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Idiff (mA)
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|

o=, e o
N L Tt o Tl -

Hence, the combination of the exponential curremhfthe PDA, which has a positive

third order term, with the current from the FDA miagnd to a cancellation of the third order
terms under specific conditions. The output curgdrthe transconductor is then linearized, as
it may be observed in Figure 118.

The drain currenly of a MOS biased in weak inversion and in the saitom region is
given by:

Ves—™Vin

|, =2/J% U (D.39)
whereVg4 —V,,is the input voltage andr the thermal voltage.

This equation highlights a strong dependency of dieent versus the gate-source
voltage. The biasing of the PDA should then be vargurate. The presence gfin the
equation also underlines the importance of the Véitlo on the current. Thus, the impact of
process and mismatch variations will have to bdistumore accurately later.

However, power consumption remains the same silmesa no current is added by
the PDA stage, biased in the sub-threshold regitwe. resulting transconductance of these
two parallel pairs is equal to the FDA one butsitlinear on a wider range, as depicted in
Figure 118. Hence, noise and gain stay unchanged.

In the example below, the FDA MOS size is 16pum/@ra8minimal gate length is not
used to limit Flicker noise, while the PDA MOS si@e50um/0.28um. The corresponding
currents are 1mA for the FDA while the PDA drawsuati6pA. Thanks to this technique it is
possible to get a high,go minimize noise and to optimize linearity. Cumt®and g of both
amplifiers and of the sum are plotted on Figure.118

—FDA
—PDA

i i

05 -04 03 02 010 0 01 02 03 04 05
Vin (V)

g 25 —FDA
= 24 —PDA
E
g 151 FDA/PDA
(=7} 1 4
05

-05 -04 03 -02 01 0O 01 02 03 04 05
Vin (V)

Figure 118. Transconductance linearization by MGTR
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However, Figure 119 shows that this high lineaetel is reached on a linearity peak
for the PDA bias. As soon as the PDA bias driftsrfrits original value, the 1IP3 of the Gm-
cell is drastically reduced.

24

)

il NN

\
/

11P3 (dBm)
o

co

N

o

0,3 0,32 0,34 0,36 0,38 0,4
PDA bias (V)

Figure 119. Transconductance linearization by MGTR

[11.2.g Transconductance Linearization Techniqgues C  omparison

Table 8 summarizes the linearity performances obthi using the different
linearization techniques, as well as the advantage$ drawbacks of each. To make
guantitative comparisons, performances are sindilatelOOMHz. The Gm-cells are studied
with a capacitive load (C(see Figure 120) which depends on ghevalue to keep the same
I ratio.

C

- — Vout

CL

Figure 120. Gm-cell test bench

The Gm-cell DC voltage gain is set close to 22.2dBexplained further. Hence, all
Om o and C parameters are equal or comparable. Furthermor&0@VHz, it should be
underlined that the Gm-cell voltage gain is clas@dB.
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Table 8. Comparison of the transconductance lineaziation techniques

. [IP3 and Noi
Technique 3 and Noise Advantages Drawbacks
Performances
Current 3dBm for 3.6mS . : Power consumption
Increase Difficult to obtain higher g, Simple technique Low linearity
Source . : Linearity versus
. Simple technique :
Degeneration noise trade-off

Dynamic Source

Linearity versus

. High linearit :
Degeneration 21dBm for 2.5mS g y noise trade-off
9.7 10" V4/Hz
Unbalanced o :
Differential 7dBm for 10.7mS Linearity versus Power consumption
. 9.6 10" V¥/Hz noise trade-off Noise increase
Pairs
Very high linearity
MGTR 21dsm for 10mS Power consumption| Linearity peak

6.5 10*® V¥/Hz

Noise

The MGTR technique shows the best performancesveMer, the linearity presents a
peak versus the PDA bias that may be very sharp véall be discussed later on. Hence, the
sensitivity to this bias will have to be taken irocount when linearizing Gm-cells by this

means.

In the following, second order Gm-C filters usinbet best two linearization
techniques, dynamic source degeneration and MGTIRyevdesigned and compared.
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[11.3 Filter Implementations and Simulations

I11.3.a Generalities

lll.3.a.i Focus on the circuit

The proposed RF filters have been designed WBMC 65nm CMOSprocess, based
on BSIM4 models, using thick oxide MOS under a 2saNply in order to increase the input
voltage swing. To allow the cascade of several @its,cinput and output DC voltage of the
Gm-cell are set to a common value. For this purposeach Gm-cell, a common mode
feedback is added for the control of the activallbas. The complete schematic of the filter
is recalled in Figure 121.

+Vin \ 7— \ 7— \ 'Vout
+ + + - + -
Oms Im1 Om2
- - - + - +
Vi / ZC_ / 2C_ / +Vou
7& 7£

Figur_e 121. Proposed DifferentiaI_Gm-C Filter

As far as the frequency tunability is concernetijt&apacitors bank$iave been used,
as described in Figure 122. It is composed of anroapacitoCsx and of secondary capacitors
that are switched in order to increase the oveegilhcitance.

For all capacitors banks, P1 is connected to Gis-celtput. This node is biased to
1.8V whereas the second port P2 is connected to.GND

P1

Cq Cz

R4 R4

Cﬂx__ VYV | | Vdd_switch VVV | | Vdd_switch

2 2

P2

Figure 122. Capacitor banks design
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Using this structure and considering the modelsitiated in Figure 123 for the
switches, when the switch is ONgMs minimal so as to minimiz&,, Indeed, the MOS
transistor is then in the triode region.

When the switch is OFF, the drain is set to a lpugtential ig_swicht0 Minimize the
non-linearity of the drain-bulk capacitance, alatied C, when dealing with switches.

GND

2.8V —
ONZI }7 —_ Ron
GND

2.8V
OFEI }@'D — Cor
GND

Figure 123. Model for the switches

Table 22 describes the values taken for the capamt of the capacitor bankxGs
3pF. The frequency step at high frequency is aguidwy means of small capacitancest&
C,4 in order to ensure to be centered on every channel

Table 9. Description of the capacitor bank

Bit number Ciix C: (073 Cs Cy Cs GCs C Cs

Capacitance (pF) 3 0.2 0.4 0.8 1.6 3.2 6.4 126 25

111.3.a.ii Current Source

Currents feeding the Gm-cells are provided by adgap and a series of current
mirrors [l1l.1], as depicted in Figure 124.

A

Bandga
9ap n.Ves/ R

Figure 124. Current source generation
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l11.3.a.iii Design of the Filters

Two filters have been designed, using high-perforeaGm-cells. In the previous
study, two Gm-cells show interesting assdtdter 1 is based on a dynamic source
degeneration Gm-cellThis simple technique exhibits an interestingléraff noise versus
linearity. Filter 2 is based on the MGTR techniqudhis technique demonstrates the best
performances. These two filters are studied ifdhewing and then compared.

[11.3.b Gm-cells with Dynamic Source Degeneration

l11.3.b.i Gm-cell Design

Figure 125 depicts the design of the Gm-cell. Asl&red, circled in red on the figure
is the dynamic source degeneration of the transaodwhich is ensured here by the use of
NMOS transistors Jto Ts.

T3 | T | Ty

Vout- —_—  r— VOUt+

CMFB

Vin+

Figure 125. Gm-cell design
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The dimensioning of the transistors is given in [€ab0. Current consumption is
1.7mA per Gm-cell and 500u A for the CMFB.

Table 10. Gm-cell dimensioning

Transistor WI/L (um/pm)
T,-T, 70/0.5
T5 to T8 25/0.5

The resultinggy, is 2.5mS. Here it has been chosen to use a sni@tesconductance
than presented in Table 8 in order to reach theifspe 20dBm 1IP3.This is highlighted in
Table 11.

Table 11. Transconductance choice

gm (MS) IIP3 (dBm)
2.5 21
9 16

This leads to the following DC gain and transcondnce versus frequency, illustrated
in Figure 126.

30 12
o
S 20 10
£ N\
8 10 X 8
E‘L 5
£ 0 s ° E
[a) / —
= £
— -10 il
= N - =
(]
£ -20 ot ) 2
G] g

30 e \ 0

1,E+05 1,E+06 1,E+07 1,E+08 1,E+09 1,E+10

Central Frequency (MHz)

Figure 126. Gm-cell DC gain and transconductance
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l11.3.b.ii Simulated Filter Performances
This filter covers the range 45 — 385MHz. It prasch mean Q factor of 3.5 for a gain
between 10 and 12dB as it may be seen in Figure 127

15 5
10 ~ 7\ AN 4
) AN .
:E- J -
c 5 N 3 o
IS WAV
E 0 l N 2 O
. /1/\y( /><;»/' \\\\\\‘
-5 N N — 1
/A N T
-10 ‘ \ 0
0 100 200 300 400 500 600

Frequency (MHz)
Figure 127. Filter Gain and Q-factor for various cetral frequencies

In-band linearity is depicted in Figure 128. IIk&slbetween 2 and -4dBm for a 18dB
noise figure.

15 20
10 19
5 c N 18
z =
LL
a0 17 =
_-——-_______-—-
5 16
-10 15
0 100 200 300 400 500

Central Frequency (MHz)
Figure 128. Filter RF performances versus centralréquency

This latter graph demonstrates that the linearftyhe transconductors is not high
enough to ensure a high linearity for the filteresiRles, Figure 205 underlines a certain
sensitivity to process and mismatch variations. déerthis has to be compared with the
second linearization technique.
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I11.3.c Gm-cells with MGTR

lll.3.c.i Filter Design
This Gm-cell, as it may be seen in Figure 129,rdrdi.5mA from the 2.5V supply.

-
Tsj | | ﬁ4
I L
Vet CMFB
Vout- D —— > — Vout+
—AMA————AA—
Bias Bias

Vb1 | TO

Figure 129. Gm-cell design

The dimensioning of the Gm-cell is described ibl€al2. T drains 4 mA in the Gm-
cell while 500pA is used for the common-mode fee®&MFB). PDA bias is set further to
optimize the linearity of the Gm-cell.

Table 12. Gm-cell dimensioning

Transistor WI/L (um/pm)
T,-T, 32/0.28
Ts—Ty 100/0.28
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Figure 130 confirms the transconductance of the d@thwhich is 10mS at the
working frequency. Its voltage gain is typical dbasy integrator. DC voltage gain is 22.5dB.

Gain then decreases with frequency due to the tagaload.

Gm-cell voltage gain (dB)

O .. 12
L
20 —-ﬁ_\( ___________ 10

10 G T S 8

0 6—

£

/ \ Y]
-10 / \ 4
-20 —// \ 2
-30 0
1,E+05 1,E+06 1,E+07 1,E+08 1,E+09 1,E+10

FreguencHHz!

Figure 130. Gm-cell DC gain and transconductance

Figure 131 shows the loaded Gm-cell variations fametion of the voltage bias of the
pseudo-differential pair. Switching-off the PDA, wh corresponds to a PDA bias of 0V, the
Gm-cell IIP3 is 9dBm. Disconnecting the PDA leadsa comparable value (9.4dBm).
However, on a peak of linearity close to 350mV, #pecified 20dBm are reached. This
technique is then able to enhance the Gm-cellfityeay up to 12dB.

Gm-cell IP3 (dBm)

25

")
o

[
2]

[
o

9]

/ .
/ S
e
0,2 0,25 0,3 0,35 0,45
PDA Bias (V)

Figure 131. Gm-cell linearity versus PDA bias
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Furthermore, the high sensitivity to process andgnmaitch issues of the MGTR
technique is illustrated in Figure 132. This figulepicts the Monte-Carlo simulation results
of the Gm-cell IIP3. It appears that the mean vadu#9.8dBm, which is the targeted value.
However, the standard deviation describes a higpedsion for 100 runs, sinae=1.5dBm.
The dispersion and the sensitivity to PDA bias afreGm-cell will result in a very sensitive
filter. Robustness already appears as a limitiagas

25.0¢

5.0

0.0
14.0 16.0 20.0 22.0 24.0 26.0

Figure 132. Monte-Carlo Simulations of the Gm-celllP3 for 100 runs

lll.3.c.ii Filter Performances

The tuning range of Filterl covers the full 45 &8O¥Hz band. A constant Q-factor of
4 is depicted in Figure 133 and guarantees a minimamonic rejection. Figure 134
represents the evolution of the central frequenessws the capacitance provided by the
capacitor banks.

10 6
% 0 \/\ 1/ N / \ 4
) \/ N s
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Figure 133. Filter Gain and Q-factor for various cetral frequencies
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Figure 134. Central frequency variation versus capeitance values

The simulated NF on %D source impedance is 16.3dB for 6dB voltage gaime T
input-referred IP3 is depicted in Figure 136 andveh a high linearity above 8dBm up to
450MHz.
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Figure 135. Filter RF performances versus centralréquency
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Figure 136. Filter in-band IIP3 versus central frequency

This latter graph represents the input-referred ®P3he Gm-C filter in two cases:
using ideal capacitors associated to ideal resistoodeling the switchR,, or using the
previously discussed capacitors banks, implemebyetheans of MOS capacitances. It may
be observed that around 2dB are lost when implangettie capacitors banks.

It is worth adding that at low frequencies the dgydiactor of the filter using ideal
capacitances, and so its gain, decreases. Thernmapted filter has been optimized, through
the size of the switches, to obtain a constant dpfa Hence, this explains the linearity
difference at 40MHz.

Table 13 summarizes the performances under praessnismatch variations. For
these simulations, an ideal voltage source for RPIBA has been considered. Very few
variations on these parameters are observed.

Table 13. Process and Mismatch Variations

Mean value Sigma Units
Central frequency 134.1 2.1 MHz
Bandwidth 36.4 0.7 MHz
Q-factor 3.7 0.1 -
Gain 6 0.35 dB
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Figure 137 illustrates the 1IP3 of the filter vessihe variation of the PDA bias, set to
350mV. It can be observed that linearity is strgrdggraded as soon as the bias shifts from
its initial value. Indeed, a 5dBm degradation isicenl for a 5% variation. Hence, the filter
requires a very accurate voltage reference. Thisitbéty is the major drawback of the
MGTR based Gm-C filter.

10

N\

N\

/ ™~

11P3 (dBm)

\
/

-10 -5 0 5 10
PDA bias variation (%)
Figure 137. 1IP3 versus PDA bias variation at 135Mi

Table 1dillustrates the sensitivity to process and mismashes of the filter linearity.
Indeed, different models have been used in coifsérs, nominal and fast). In nominal, filter
[IP3 is 9.9dBm whereas it is below 5dBm in the skovd fast corners.

Table 14. Linearity Process and Mismatch Variations

Corner model Filter IP3 @ 130MHz (dBm)
Slow-slow 4.9
Nominal 9.9
Fast-fast 4.5
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1.4 Comparison of the filters

[1l.4.a Comparison of the Performances

Table 33 summarizes the performances obtained thigh different filter and a
compares them with [111.1].

Table 15. Performances Comparison
Filter [111.1] Filter 1 Filter 2 Units
Linearization tech. DSD* DSD* MGTR -
Tuning range 50 - 300 45 - 385 45 - 450 MHz
Q factor 6 3.5 3.7 -
Gain 6 10 6 dB
NF 20 18 16.3 dB
[1P3 2106 -4t02 81to 10 dBm
conzavr\r/gtion 7.6 16.5 30 mw
Supply 1.2 2.5 2.5 V
CMOS Technology 130 65 65 nm

*DSD stands for Dynamic Source Degeneration

Filter 1 and Filter 2 present a larger tuning ratigan the filter reported in [IIl.1]. The
high-end of the band is different between Filtearid Filter 2 due to a difference in tgg
value. Filter 1 uses a 2.5mS transconductance abeFdter 2 uses a 10m&., This
difference is also visible on the NF value, whishhigher when using smallgp, despite a
higher filter gain.

As already mentioned, the linearity of Filter Ini® high enough to compete with the
other two filters. Besides, the filter gain is 4d&ger, which would involve tighter
constraints on the LNA stage. Compared to referdfitd], Filter 2 presents a higher
dynamic range due both to its lower selectivity amdkts particular linearization technique.
This dynamic range is obtained at the cost of ddrigpower consumption, which also
enables a larger input voltage swing (2.5V supply).

Compared to reference [lll.1], Filters 1 and 2 &ngy is smaller. A first possible
explanation is that here, simulations have beefopeed with 1IMHz spaced tones whereas
measure in [lll.1] used 10MHz spaced ones. In #tted case, the third order intermodulation
products may be partially filtered out, which filyaincreases the intercept point value.
Furthermore, in the present case, NF is lower. Hety means of the use of higher
transconductances than in [lll.1], the trade-afielrity versus noise is a bit shifted towards
lower noise.
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I11.4.b Filter Limitations

In the following, Filter 2 has been simulated ah@r frequencies in order to quantify
the degradation of the performances when increasimgy tuning range of the filter.
Performances are summarized in Table 16.

Table 16. Filter 2 frequency limitations

Frequency Band (MHZz) Performances

40 — 240
Gain = 6dB
Q=4

[IP3 =7 to 12.5dBm
NF = 16dB
30mwW

240 - 470

Gain = 7-8dB
Q=45
lIP3 = 1dBm at 650MHz
470 — 750 NF = 17dB
30mw
Poor adjacent channels rejection

Gain = 8.5dB
Q=56
[IP3 =-0.5dBm at 1GHz
30mwW
Poor adjacent channels rejection

This table has been established using the same ZX@snSconductances. Higher
frequencies are reached using a smaller fixed d@pae. It comes out that Q increases with
frequency, which explains the origin of the NF gese. This increase of the Q-factor is due
to the higher Q-factor of the fixed capacitance pamed to the Q of the other capacitances
due to theR,, of the switch. At 650MHz and up to 1GHz, IIP3 $atlown to 0dBm for a Q-
factor which increases up to 6 and a NF of 17dB.

Linearity strongly decreases with frequency. Indeesing smaller capacitances to
reach higher frequencies of operation makesGheof the switches being relatively more
important and this degrades the filter linearity.

Hence, the dynamic range is considerably decre&sathermore, a Q-factor of 6 in
UHF is very poor in terms of adjacent channelsctega since N+5 channels are rejected by
only 1dB.
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1.5 Conclusion

Once the Gm-C second order bandpass filter topcdoigpted, a theoretical study has
been carried out. From this study, it has been dsinated that linearity, noise and the filter
Q-factor are strongly related. In order to optimthe dynamic range of the Gm-C filter, a
moderate Q has been chosen. A second choice isl lmse¢he use of Gm-cells of high
transconductances to decrease the noise as muchossble. However, these high
transconductances have to be linearized so thgtdhe be associated together to obtain a
highly linear Gm-C filter.

Different linearization techniques are proposedthe literature. They have been
assessed in this chapter. Two of them have beahtasgesign filters. These two filters are
based on Gm-cells linearized by means of dynamicceodegeneration and by multiple gated
transistors. It comes out that the first filter gpts a too limited linearity versus noise trade-
off. The second filter exhibits a high dynamic rargver a more than three octaves tuning
range. However, it exhibits a high sensitivity togess and voltage variations.

Despite its interesting performances in terms ghasnic range and of power
consumption, the gyrator appears to be the mairceamf degradation and of distortion of the
signal within the Gm-C filter. Furthermore, thidwmn exhibits strong process and mismatch
dependencies. The sensitivity and the lack of rotass of the MGTR technique lead us to
take the decision not to tape out the filter agreut, but to carry on investigations on other
high performance filtering solutions. That is why aperational amplifier based filter is
analyzed in Chapter IV.
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V. Rauch Filtering

IV.1 Sallen-Key versus Rauch Filters

IV.1l.aTowards an Operational Amplifier Based Filte r

To circumvent the limitations of the Gm-C filtexgperational amplifier based filters
have been studied. Indeed it has been demonstitzed>m-C filters are limited by strong
degradation and distortions of the RF signal dudnéogyrator. The idea behind using an OA
based topology is to take advantage of both a logp gain and a certain filtering of the
signal at the input node\of the active component, due to the RC networks ©hillustrated
in Figure 138. The final purpose is to obtain ahtydinear filter not compromising the noise.

RC Network 2

<

RC Network 1

Vou’(

High Voltage Gain

Figure 138. Principle of an OA based filter

Furthermore, to reduce the number of active andipagomponents in the circuit, it
has been chosen to study a second order bandptess[i/.1]. As discussed in the
introduction, a second order bandpass filter allogehing the required specification on the
RF filter stage.

Previous literature considers two main types obadmrder RC bandpass filters using
a single wideband amplifielSallen-Key filters and Rauch filters. Rauch filters are also
referred asnultiple feedbacktructures [IV.2].

Following filters are studied with two capacitoet £0 a common valug, as shown in

Figure 139, Figure 140 and Figure 142. This sirgdiitomputations and shows interesting
properties for a frequency tunable filter as itl\wé detailed later.
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IV.1.b Sallen-Key Filters

The Sallen-Key second order bandpass filter isrdeestt in the literature [IV.2]. The
schematic is depicted in Figure 139, where K isvibieage gain of the voltage amplifier.

NN/
C Rs
R1
Vin 474r/ TKO>——
— P Vout
=
C R2§

Figure 139. S_allen—Key ban_dpass_filter schematic

The transfer function of this structure is given by
JCaKR,
R R
- i 2 '
1+ iCw 1 (2+1 K+1j+ (jCw)
1(1+1]Rz R R11(1+1j
RZ Rl R3 R3 Rl RZ

Thus, the resonant frequency is defined by

OZ;L_iﬁahaJ (V.2)
2IC\R,\R, R,

Ho(j@) = (IvV.1)

and the quality factor of this bandpass filter is:

AEn
_VRR R (IV.3)

T1-K 1 2 °
+—+—
RS Rl RZ

Q

Filter gain at the resonant frequency is given by:

Gain= K )

1-K 1,2 (IV.4)
SRy
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Thus, an equation linking Q a@hin can be deduced:

L B e
Q= " Rs(Rl+R2j.Ga|n. (IvV.5)

From the transfer function formula, a stabilitysue comes out. Indeed, the
denominator should only have roots with negativa parts, so thgCwterm of this second
order polynomial has to be negative as well. Téegls to the condition:

K<(é+éjR3 +1. (IV.6)

2

If the voltage gain K of the amplifier does notfilliithis condition, the filter is
unstable.

IV.1.c Rauch Filters

IV.1.c.i Negative feedback Rauch filter

In the literature, the “Rauch” filter is always dabed in a negative feedback
configuration [IV.2], as depicted in Figure 140, evld K is the voltage gain of the voltage
amplifier.

Vin

Figure 140. Negativg feedback Rauch bamdpass filtechematic

The transfer function of the filter can be compuytgtich gives:

jCaKR,

R (1+ K)(é +1j

R,

He-(jo) = (IV.7)

. 2
1+ jCw 1 (2“ K.t +1j+(JC‘”)
H(l*lj R, R R 1(1+1j
R3 Ri RZ R3 Ri RZ
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The quality factor of such a circuit is given b tiormula:

v K)Vi[é 1 j , (IV.8)

R,
JIFK, 11
R,

Q= 1,
R, R

Major drawback of this structure is that it reqsigevery high gain K to reach useable
Q-factors. This limits the use of this topologyRf frequencies. Figure 141 highlights, for a
certain combination of passive components=RQ, R,=10Q and R=500Q), that gain K
should be higher than 100, meaning a 40dB voltage, o obtain a quality factor of 2.5 or
more. Such a high gain-bandwidth product (GBW) aieplbecomes very difficult to design.

Due to a very poor selectivity versus gain trad&-ahis structure has not been studied
further.

1 1 1 1 |
0 100 200 K 300 400 500

Figure 141. Q-factor of the negative feedback Raucfilter versus gain K

-122 -



IV.1.c.ii Proposed positive feedback Rauch filter

The positive feedback Rauch filter is proposed, sehechematic is depicted in Figure
142, where K is the voltage gain of the voltage ldep It shows different trade-offs in
terms of selectivity versus K and passive companemiues than its negative feedback
counterpart.

C
= 3k
v P
_ I\/\/\/ 2zl Tk |
Vin C - Vout
R

Figure 142. Positive feedback Rauch ban_dpass filteschematic

Hence, the filter transfer functidfik(j«) can be computed as:

jCAK|R,
1 1
R1(1‘|K|)(R1+Rj
He. (jo) = . K 12 . T (IV.9)
1+ jCw 2 T
1-IKI(1+1] R, R R 1(1+1]
RS Rl R2 RS Rl R2
Such a filter resonates at a central frequencyrahted by the passive components of
the circuit
=t | 1fL1,1) (IV.10)
2IC\R,\ R, R,

The resonant frequency is similar to the Sallen-Kgplogy. However, in the present

case, the quality factor is:
Ny
- 3 2/ (IV.11)

The filter gain at the central frequency is given b
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N

Gain= Ik
Rl(Z K] L1 +1j (IV.12)
RS Rl RZ
Hence, a relation between Q a@din can be established as follows:
1-|K
Q :M i(i +ij.Gain (|V.13)
Kl VR (R R,

As the Sallen-Key filter, the positive feedback Bladilter transfer function indicates
a stability issue. Nevertheless, the condition igrendifficult to fulfil since it requires a
minimal value for K in order to keep a stable stumoe. Indeed, one gets:

(IV.14)

IV.1.dComparison of the Sallen-Key and Rauch filters

Table 17 summarizes the expressions of the vofjageand of the quality factor of
the previously studied filters.

Table 17. Sum-up of the various filters parameters

Structure Gain Q-factor Stability
Sall Gain= < R [1(1 1.2
allen = .
-k, 1,2 Q=— £+J.Galn K<(+]R3+1
Key Ri(Re +R1+R2J KVR (R R, R R,
1(1 1
Negative Not computed (1+K) [R RJ
feedback | Too low selectivity to be Q= S Always stable
Rauch used at RF frequencies JrK 1 1
R3 Rl RZ
Positive | gain= K| 1-IK
feedback R i LS O O Q=R1(K)JF§[1+F§J.Gain K>R3[+R}]—1
Rauch R, R R, K| s\R R R

As already highlighted, the negative feedback “Ruis not attractive for our
purposes due to its poor selectivity. In the foilogy only Sallen-Key and positive feedback
Rauch will be compared. Moreover, for both Rauct Sallen-Key topologies, it has been
noticed that a quality factor of a few units isabed for K values so that K<10. This is very
attractive since it means using amplifiers with lempentable GBW.

In the following, Rauch filter actually refers tioet positive feedback structure
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For both Rauch and Sallen-Key filters, it is wonttticing that Q is independent from
C. Hence, while K remains constant, Q also staystemon. This enables to get a constant Q-
factor frequency sweep, that is to say a constammhbnics rejection.

As may be seen in Equation (IV.18y RC filtersthe filter central frequency { is
proportional to 1/C while a passive LC circuit, made of an inductord am variable

capacitance, resonates at a central frequency piropal to 1/4/C . This is an interesting
property for a frequency-tunable filter since thegluency tuning range is then enhanced:

fmax Cmax IV 15

min min

For these two structures, it is also noticeablsatpthaigain is required to realize the
selectivity Now, it has to be kept in mind that the RF filielocated after a high gain LNA.
Thus, considering Friis formula, the filter ampddiion has to be as limited as possible to take
advantage of the low NF of the LNA, since the NRhaf receiver is required to be very low
(about 4dB nowadays). This is also explained in.3]V The structure offering the best
selectivity versus gain trade-off is looked for.

From formulas in Table 17, trials have been pertanto find this best trade-off.
Usual values used for the Sallen-Key filter RieR3=2R,. Thus,

. K
Gaing, =—— V.16
T (IV.16)
and
1
st—ﬁ (IV.17)
Combining both equations leads to:
Gai
QSK:]-G% (IV.18)

As far as the Rauch filter is concerned, it is liguased whenR;=2R, andR;=3R;.
Hence, one gets:

Gain, = V.19
®11-2K (V-19)
So,
_ 11Gaing V.20
3+2Gaing (Iv.20)
Thus, one can replace K in the following last etprat
31 -K)
= V.21
Qr 11- 2K ( )

Qsk and @ versus the filter gain (Gaip and Gaip) are plotted together in Figure
143. It can be noticed that Rauch filters are nsetective for a same filter amplification.
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Figure 143. Q-factor versus filter gain for Rauch ad Sallen-Key filters

20

Furthermore, a particular drawback of the Sallery-Kandpass filter has to be pointed
out. Indeed, a very high sensitivity of the Q-fadim component variations may be observed,
making this structure unusable under industriald@mons. Table 18 illustrates that a 10%
variation on a resistor involves more than 100%iatimn of the Q-factor. This is also
reported in [IV.4]. The Rauch filter is less sevsitto passive component variation as it may

be observed in Table 19.

Table 18. Sensitivity to passive components of tfgallen-Key filter

Ri(Q) | R2(Q) C (pF) K fo (MHz)
40 80 50 2,9 79,6
40 80 50 2,9 77,3
40 80 50 2,9 75,5

Table 19. Sensitivity to passive components of thauch filter

R1(Q) | R2(Q) C (pF) K fo (MHz)
50 25 50 10 67,1
50 25 50 10 63,7
50 25 50 10 60,7
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The high sensitivity to passive components spread lintlie use of the Sallen-Key
bandpass filter in an industrial environment. Theuéh structure allows a decrease in the
sensitivity to passive components, as it will ddtder on.

Besides, botliRauch and Sallen-Key filters present a stabilitgig The Sallen-Key
stability condition is much more attractive sintanentions that K should be lower than a
certain value Kan sk The Rauch filter stability condition is KxK» r Hence, the drop of the
gain K with frequency prevents from using thisdiijftunless a solution is found to circumvent
this issue.

Table 20 summarizes the different advantages amallgrcks of each bandpass filter.

Table 20. Comparison Sallen-Key versus Rauch filtsr

Structure Advantages Drawbacks

1/C frequency tuning Gain vs Q trade-off

Sallen Key K<10 Sensibility to passives
Unstable if K>Kgan_sk
1/C frequency tuning
Rauch Gain vs Q trade-off Unstable if K<Kap

K<10

In the following, an original stabilization technig of the Rauch filter is introduced,
which allows using the previously described prapseriof the filter. Indeed, this method
consists in replacing the voltage gain K by a norerting amplifier. At the central frequency
of the filter, both structures are equivalent. Heeare this new configuration changes the
behaviour of the gain at high frequency and fultile stability condition.

Next section of this chapter describes optimizatiand design of the structure. This
study is carried out assuming that the filter abkt. Stabilization of the filter is described in
the same section, after the dimensioning of therfil
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IV.2 Dimensioning the Rauch Filter

IV.2.aChoice of the Components Values

IV.2.a.i Selectivity

From Figure 143, it may be noticed thatj@ality factor of 3 can be reached for a
10dB gain filter. It allows harmonic frequencies to be rejectednbgrly 20dB (see Figure
144) and it enables to take advantage of someti@jecf adjacent channels on both sides of
the filter central frequency, especially at the Jemd of the VHF band. Indeed, a 15dB
rejection of the N+6 is obtained at 40MHz. Howewrch selectivity does not allow reaching
the UHF range since it requires larger Q for a sadjacent selectivity.

As explained, a more selective filter would leachigher filter amplification. To take
advantage of the Friis formula, it has been chdedimit filter gain to 10dB. Relaxing the
constraints on the filter amplification by increagithe gain on the RF filter would involve
more stringent constraints on the LNA noise vegain trade-off.

25 T T T |

A L L i

—
w

-
(=]

Rejection (dB)

0 50 160 150 200 250
Central frequency (MHz)

Figure 144. Harmonics and adjacent channels rejeais for Q=3

IV.2.a.ii Noise Optimization

To keep noise as low as possible, all impedanckeeydave been decreased. Indeed,
since a Q-factor of 3 for a 10dB gain have beentkete is very little margin on the choice of
K. The combination R2R, and R=3Ry, which is often used in the literature, is thet .
A change in this combination results in an increzfgte overall noise of the filter.

However, since the central frequency is proporiioiwd/ RC, the use of large
capacitances is required to reach the low-endeMHF band located at 45MHz. The circuit
being fully-differential, it requires a large onipharea to realize all capacitors. Values have
been summarized in Table 21.
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Furthermore, it should also be taken care of tpatiimpedance of the filter, callef),

in the following. A limit of 15-2@ has been set, which is already very low and vakda
high driving capability from the LNA.

IV.2.a.iii Chosen Trade-off
Table 21 summarizes the dimensioning of the Railtelh Eomponents.

Table 21. Passive Components Values
Component R1 R2 R3 K C

Value 50Q 25Q | 150Q 10 from 12 to 84pF

IV.2.a.iv Capacitors Implementation

To enable frequency tuning, capacitors C are imphaed by means of capacitors
banks. MOS transistors used for the switches gupl®a with Vddic=2.8V

P1

Crix VY | | Vdd_switch ey | | Vdd_switch

‘_W\'__W }—“N;—vz

2

Figure 145. Capacitors banks design

For all capacitors banks, P1 is connected to @Rd R. This node is set to
VDD/2=1.65V. R is either connected to the output, which DC vdt&gclose to 1.3V, or to
the inverting input of the OA, stuck at GND.

As for the Gm-C filtering, this capacitor bank mntposed of a main capacitor, which
value is 12pF. Then, switch-controlled capacitoraynie added in parallel to this main
capacitor. There are 8 switchable capacitors,istaftom 280fF for the smallest one, up to
36pF for the largest one. From one bit to the o0&, the capacitance is doubled as shown in
Table 22. To keep a constant capacitance Q-faM@$S switches have sizes which also
double. The smallest one is 5um/0.25um.
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Table 22. Description of the capacitor bank

Bit number

0

1

2

3

4

0.28

0.56

1.12

2.24

4.48

8.96

17.92

35.

Capacitance (pF)

These 8 control bits together create a control bgtde, calledtune between 0 and
255. Figure 146 shows the evolution of the cerftejuency according to Dtune.

250

200 -

150 +

100 +

Central frequency (MHz)

50 -

128 160 192 224 256
Dtune

Figure 146. Central frequency of the filter versudDtune
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IV.2.bInnovative Implementation of Gain K

IV.2.b.i Open-loop Gain and Stability

As explained, the positive feedback Rauch filtemnstable for small amplifier gain K
values 0<K<Kp At high frequencies, due to a finite gain-bandWwidroduct, the drop of the
gain K leads to the system instability, as maydmnsan Figure 147. Hence, no selectivity can
be achieved.

The use of a non-inverting amplifier, as descriled=igure 148, prevents K from
entering this unstable area (as seen in Figure 147)

K
Proposed non-inverting
amplifier implementation
K with infinite GBW
Kq =]
stah Unstable zone
t >
0 fa Frequency
I b———
Figure 147. Frequency evolution of the open-loop gaK
— K - | OA _
Aljo)
+

=

Figure 148. Proposed non-inverting amplifier implenentation of gain K

The expression of K,
A(ja)\Z, +Z
k(joy =22 )
A(Jw)zo _(Zo +Zf )
shows that the sign of K changes. However it happdmen K becomes very highe. when
the filter transfer function (see Equation (IV.98domes independent from K.

(IV.22)
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Nevertheless, gain K can take the value -1. Atpbisit, the transfer function is:
RZ

R+R,’

H(K=-1)= (IV.23)

which leads to a filter gain rise that may be obséron Figure 149. In these condition,
peaking reaches -9.5dB. This rise can be rejecieldr in frequency increasing the OA gain-
bandwidth product, as it may be observed in Fign@

20
10 A
0 .
%40 -
=
& 20 1
30 A
40 T T U
1,E+06 1,E+07 1,E+08 1,E+09 1,E+10
Frequency (Hz)
Figure 149. Filter peaking gain
8
7 4
T 6-
e 5
g 4
3
=
v 2
I
= 1-
3 o0
m T T T T T T
0 1 2 3 4 5 6 7

OA GBW (GHz)
Figure 150. Peak frequency versus OA GBW

Zo andZ; have to be high enough so that the output cuottite OA flows through
the RC network of the Rauch filter and not in then4nverting feedback. Indeed, the
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resulting gain K, constituted of the OZ; andZ;, have to remain stable all over the frequency
tuning range of the filter.

Given the expression of K,
Aja)lz, +2,) 1
ANjz, -z, +z,) z, _ 1
Zy+Z, Ajo)
it also appears th#t(ja) have to be as high as possible to ensure a stahie of K.

K(jo) =

(IV.24)

Besides, the use of capacitances instead of resigtomplemen¥, andZ; enables to
increase the impedances and to optimize noise #irageare lossless elements. As it may be
observed in Table 23, NF of the filter is loweredrhore than 1dB compared to equivalent
resistor values. Capacitances are computed usingdiance:

1

C,=——,
3 (IV.25)

knowing that simulations are runfatLOOMHz.

Table 23. Noise Figure of the Filter according tolte nature ofZ, and Z;

Nature of Z, and Z NF at 100MHz (dB) Component Values
Resistors 15.8 Ro=150Q, R=800Q
Capacitors 14.7 Co=10.5pF ,C=2pF

IV.2.b.ii Stability Margins

Stability has been checked by an open-loop studsiecaout with Middlebrooks
method [IV.5]. It consists in opening the two lodpsa switch which is ON only to set DC
biasing in the circuit, as depicted in Figure 151.

Cs
_|.
ON only for D
oA
-
1 - Port| |Port
GND GND

Figure 151. Open-loop Study Test-Bench
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Loop gainLG and phasé&P can be computed with the following formulas [I\..6]

S21 B S12
LG =20l V.26
Og(l_ (811-822 _821-812)_2-812 ( )
and
LP = phas{ Su S
1- (Su-szz - 821-812)_ 2-812

(IV.27)

In the following, gain and phase margins (respetyivcM and PM) are then deduced
from these two expressions [IV.7] since:

GM =|0dB~- LG p__q] (IV.28)
and
PM =|-180+ LP,_5_gug| - (IV.29)

To ensure the stability of the system, an open-ktoply has been carried out, taking
into account parasitics effects. Large margins hbgen taken in nominal case, so that
stability margins stay acceptable in worst casésvidz, -20°C, 3V supply and process
dispersion). These margins, specified in Table 2de crucial to ensure a robust
industrialization.

Table 24. Stability margins specifications

Filter Specifications Nominal case Worst case Unit
PM 50 40 deg
GM 15 10 dB

IV.2.b.iii Operational Amplifier Specifications

Table 25 summarizes the specifications set on thel€ign. As said, GBW has to be
as high as possible to ensure that the transfetitmsecond peaking takes place at very high
frequency. A specification of 4GHz has been set.

Furthermore, an OA voltage gain higher than 30dEdiired so that gain K remains
stable all over the frequency tuning range, aastlbeen observed previously.

The output impedancg, is very important as well since it degrades therfiquality
factor when non zero. The specification on thisapeter has been set t0 Q.5
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Table 25. Sum-up of the OA specifications

OA Specifications Value Unit
Gain at operating 30 4B
frequency
ZOUt 25 Q
GBW 4 GHz
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IV.3 Choice of the Technology and Design of the Rau  ch Filter

IV.3.aOperational Amplifier Design in 65nm CMOS

IV.3.a.i Possible OA Designs and Performances

To design the specified operational amplifier ussn@5nm CMOS technology, a two
stage topology has been chosen. It consists iffexetitial pair (h-T,) with an active load
(Ts-T4) to create high gain, and an output followeg) (fb provide low output impedance, as
illustrated in Figure 152.

al I

|
Vin+ E Vin- | | Vout
T4 T }g C.
;| Vv I

bias V mirror ||_'|'0 bias | T
6
R |

Figure 15é. Schematic of the OA in CMOS

The use of 5mA in the differential pair with 250/ n28um T and T gives
On=22.5mS. This poor transconductance leads to aelimOA voltage gain of 15dB as
depicted in Figure 153. Cascode topologies allaweiasing the voltage gain but not reaching
the specifications, as illustrated in Figure 153.
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Figure 153. OA voltage gain versus frequency in CMO

IV.3.a.ii Impact on Filter Performances
Table 26 summarizes the performances of the Raltiehdesigned in 65nm CMOS,
using the initial topology of the OA design.

Table 26. 65nm CMOS Rauch Filter Performances

Rauch Filter Units
fo Tuning Range 45 — 240 MHz
Q-factor 3 -
Filter Gain at f, 10 dB
NF 17.5 dB
In-band 11P3 3t02 dBm
Supply 2.5 \Y;
Consumption 117 mw
Technology 65nm CMOS -

This table underlines that the performances of sufilier are strongly limited by the
poor OA gain.
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IV.3.a.iii Interests of a BICMOS Technology

A BICMOS technology is able to offer a higher tremsductance in the differential
pair stage for a same current, as well as a hidtag® gain, due to a highep/ than in
CMOS technologies. Hence, it may be possible tainkihe required 30dB voltage gain using
a simple OA topology.

Another interest in using NXP BiCMOS technologyieslin the possibility to use
MIM (Metal-Insulator-Metal) capacitors. These capars, which use metal levels 5 and 6
separated by a highmnaterial, exhibit several advantages such aslaQifactor and a good
linearity. This is very interesting to obtain higbality capacitors banks which do not degrade
or limit the linearity of the filter. Indeed, thesem TSMC CMOS technology available at
NXP only allows the use of MOS capacitors charaotelr by a very high density of
integration but also a higher sensitivity to biad @rocess variations.

IV.3.bOperational Amplifier Design in 0.25um BiCMO S

IV.3.b.i Initial Design

OA design in BICMOS is also based on a two stagpelbgy, as depicted in Figure
154. As said, a high gain-bandwidth product is nexgl) as well as a high linearity level.
Current in the differential pair is set to SmA. Fbe initial OA design, the follower is built by
means of a single transistor.

It is worth adding that for decoupling, only ong;Capacitor connected to;.\Vis
required since £located in the feedback, also acts as a decagupéipacitor for V..

VDD
1

e

|
Vins \l CldlC | | Vou

. R .
bias . Ip I T bias | I
Vmirror | |ﬁ |

| 5mA

Cip | = _ =
VDD

Figur-e 154. Initial schematic of the OA in BICMOS
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Filtering in the mirror, by means of an RC low-pé&#sr, has also been performed to
prevent bandgap noise amplification. Componentsegsmhbre =4pF and R=30kQ so that
f=1.3MHz.

The output follower is required to be very lineadao present a very low output
resistance, to keep a good filter Q-factor. Indeglden the output resistance increases, the
quality factor of the filter decreases. That is vgoyver consumption is needed.

Figure 155 shows the OIP3 of the filter versus @Rofver current at 40MHz with a
Q-factor of 3. This study has been performed usimgutput follower being a single bipolar
transistor in common-collector configuration with MOS current source. This graph
demonstrates that lower current consumption thraheghfollower directly results in lower
linearity. Since the Rauch filter takes advantafya bigh linearity level, it has been chosen a
12mA current in this stage. Note that Figure 15% whktted with a differential pair fed by
3mA, and not 5mA as in the final schematic.

30

25 -

OIP3 (dBm)
N RN N
o [8)] o

a1
!

o

5 7.5 10 12,5 15

OpAmp follower current (mA)
Figure 155. Linearity of the Filter versus followercurrent |

IV.3.b.ii Analysis of the Follower Stage
To enhance linearity, a feedback loop has beendatidthe single transistor follower,
as depicted in Figure 156.

As detailed in APPENDIX D, this feedback loop ireses the small signal current

flowing through the loadR_ by a factor(£,+1). This allows reducing the distortions of the
emitter-follower, enhancing the linearity of thiage.
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Current mirror

Differential
pair output

T7 -

Figure 156. Feedback loop on the follower to increse linearity

Figure 157 shows that linearity is enhanced by 3d& when implementing the
feedback loop on the follower.

20 -

—+—with loop
—+—withoutloop

Filter IP3 (dBm)
(98]

0 T T T T 1
0 50 100 150 200 250
Frequency (MHz)

Figure 157. Enhancement of the linearity of the fier by a feedback loop on the follower stage
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However, this feedback makes the filter becomealohst Indeed, the loop introduces
a new pole in system transfer function. Thus, & 8Base shift appears in closed loop
operation, making the phase going below the ctitit80° phase and the phase margin being
negative. To ensure stability, a zero is introduicganeans of capacitorsgys Which is put in
parallel of the collector-base junction.

Figure 158 shows the results of a PZ analysiseptasents poles and zeros in the
complex plane. This is a parametric analysis wigh,{as parameter. Whenygg:is small, the
real part of a pole is positive proving that thecait is unstable. When gg, increases, the
real part of the pole becomes negative, reachiagitba where the circuit is stable.

Hence, there is a minimal value foks: so that the circuit becomes stable, and the
higher Gips the higher the stability margins. Howevers,6: decreases the operational
amplifier gain at high frequencies. As explainedowaer amplifier gain directly means lower
linearity, thus showing a trade-off between stapiliersus linearity.

Pole-Zero Analysis

+ Pole="0:Cstab="5f" # Pole="1:Cstab=15.811f" ¢ Pole="2:Cstab=50f"; Pole="3:Cstab=158.11f", ¢ Pole="4:Cstab=500f"; + Pole="5:Cstab=15811p";
Pole="6:Cstab="5p";

4.0000004

/

T

2.0000002

Imag (E9)
=3
1

/
BRa=s

\
-2.0000002

-4.0000004 *1 X

0
Real (E3)

Figure 158. Location of the poles and zeros of theauch filter transfer function when Cgp; Varies

IV.3.b.iii Enhancement of the Stability Margins

From the schematic simulations of the stabilityginas, it appears that phase and gain
margins are below the specifications. That is wisgeond capacitor,2has been added to
increase these phase and gain margins, as it magdre in Figure 159. This capacitor is
placed between the emitters of the differentiat pad the ground.
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Figure 159. Final operational amplifier schematic

Figure 160 illustrates the gain and the phase ®fQA without Gip2 and then with
Cstab=5pF. This capacitor introduces a zero in the feaninction of the OA. This allows
increasing the phase when OA gain is close to @il increasing the phase margin to -180°
[IV.7]. Csap2value is tuned so as to obtain sufficient gain pin@lse margins.

Table 27 has been built using schematic simulatmisdescribes the enhancement of
the stability margins, especially for PVT worsteag-20°C and 3V supply as it may be seen
later on), reaches +18° of phase margin and +6dgaof margin. This is very important to
ensure the reliability of the circuit in an indugkrenvironment.

GM and PM are 3dB and 8° above the specificationetsure the robustness
specifications when taking into account process amsimatch dispersion as well as the
parasitics.

However, the major drawback of this solution is degradation of the common-mode
rejection. Indeed, at high frequency of operatitwe, circuit progressively becomes pseudo-
differential. Measures of the common-mode rejectiame been carried out. The filter rejects
the common-mode by 13dB at 68MHz and by 11dB aiMI8®. These values correlate with
simulations.
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Figure 160. OA Gain and phase versus frequency wheémplementing Cstab2

OA phase (deg)

Table 27. Stability margins enhancement by means @2 (nominal process, -20°C, 3V

supply)

Stability simulations PM (deg) GM (dB)
Specification 40 10
Without C g2 30.5 7.2

With C stan 48.7 131
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IV.3.b.iv OA Performances

As it may be seen in Figure 161, the OA maximunm ¢ai38.3dB. Gain is higher than
30dB in up to nearly 200MHz. The gain-bandwidthduret of the OA is 3.75GHz due to a
high transconductance. Indeggd=82.5mS. Furthermore,sGh, guarantees sufficient stability
margins at the cost of a decrease of the GBW.

As far asZ,, is concerned, the current flowing through the autjpllower ensures
getting the required 2(b.

40 -

30 -

(=]
o
|

OA gain (dB)
o

o
|

-10

-20 i i i

1,E+07 1,E+08 1,E+09 1,E+10
Frequency (MHz)

Figure 161. OA gain versus frequency
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IV.3.clmplemented Filter and Test Bench

IV.3.c.i Implemented Filter

Implemented filter uses a differential configurati@s illustrated in Figure 162. Thus,
the two R are assembled in a two times\Rlue single resistance.

To avoid a buffer stage having a very large outfadoupling capacitor, R50Q uses
the impedance of the input signals generator. Bimsplifies the design and part of the
measurement setup.

Vin-

%_ l\ Vout+
C ~|/
| |
ol ''a
§ 2R2 :::
Co__ | | Cr
ol e
N | C _
Ny I/ Vout

Ri k

Rs

vl |

@)

Figure 162. On-chip implemented differential filter

IV.3.c.ii Simulation Test Bench

The simulation test bench uses a @Qfort, so R=50Q per path realizing R It also
includes a model of the wire bondings (1nH in sevieth 200nR) for the package modelling.
A 5nF decoupling capacitor and ESD diodes (from plaels) are added to achieve the
schematic shown in Figure 163.
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Figure 163. Main test bench

IV.3.dFilter Layout

IV.3.d.i Capacitors banks

Figure 164 shows the layout of the capacitors lmatlk On the left, in M5-M6, is the
main capacitor. Switched capacitors are put nenw another and share a node (the M6 rail
on the top). For instance, last capacitor is mddew equal capacitors put in parallel.

The circuitry to connect these capacitors, ressséord MOS, appears below. On top,
in green M3, appear the 8 bits to control the bloc.
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ﬂ,
i

S

R
Mmﬁ
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Figure 164. Layout of one capacitor bank

IV.3.d.ii Operational Amplifier
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Figure 165 depicts the layout of the OA cell. On t&ft are two vertical transistors
which make the differential pair. The third largertical transistor is the output follower.
On the top are all PMOS transistors creating nsrdiMOS of the current sources are

located at the bottom of the layout cell.

Mirrors

Figure 165. Layout of one OA cell

IV.3.d.iii Filter top view

Assembling all the previous blocks gives fhir_top cell, illustrated in Figure 166.
A symmetrical structure is kept between the twdpabupply rails are added to feed the filter
with VDD and GND. The 8 bits to control switcheg anade accessible to be able to easily

connect them to the digital part of the chip.

The filter itself is 640um x 520um, not takingdrdccount the voltage and current
references. The DC bias current is 47mA under 333ply.

Figure 166. Layout of the entire Rauch differentialfilter
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IV.3.eFilter Chip
Figure 167 depicts the die microphotograph of thal ichip. The different blocks can
be recognized quite easily.

? ot =
AR = R R
In+ Al = “Reference Out+
Capacitors J’- : L1
banks o TR )
% AUIEHAH A P Out-
In- ) l

B

Figure 167. Rauch filter chip photograph

IV.3.f Post-layout Robustness Simulations
Following performances are the results of simutatiafter extraction of the parasitic
due to the layout of the filter.

IV.3.f.i Final Extraction Performances

Figure 168, Figure 169 and Figure 170 describeP¥& variations of the filter Q-
factor, gain and noise figure. From these graphs, @n notice the strong influence of the
temperature since, as an example, Q varies (at HaQKtom 2.5 for 120°C to 3.5 for -20°C.
This is a consequence of designing an RC basedtsteu Indeed, resistors show strong

temperature variations.

As far as the supply voltage dependency is condeé&0% variation of the nominal
value show limited effects on these parameterspdestrating the robustness of the design.

Nominal process, 3v3 supply Nominal process, 65°C
5 : 5
-20°C
45 | e 45 | -3V
- ——33V
4 A o 4
_ +120 C —a—-3,6V
o
‘g3,5 | / §‘5 i
& /‘l‘/ g
g 3 — L . %3 A
—
2v5 | ‘-\.__’—-' 2,5 |
2 2 ‘ ‘ ‘ ‘
0 50 100 150 200 250 0 50 100 150 200 250
Frequency (MHz) Frequency (MHz)

Figure 168. PVT variations of the filter Q-factor
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large amount of memory use to be run. The two imddanes (see APPENDIX B) need to be
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Figure 169. PVT variations of the filter gain
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Figure 170. PVT variations of the filter NF

250

As far as linearity is concerned, simulations watktracted parasitic require a very

more and more spaced when frequency increasestediast the computation time, but this
also results in approximations. That is why lingasimulations were only run under nominal
conditions (65°C, nominal process, 3.3V supplyit asay be seen in Figure 171.

20 25
\ - NF extracted
18 4+ N + 20
—||P3 extracted
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Figure 171. NF and IIP3 versud, under nominal conditions
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IV.3.f.ii Post-layout Stability Simulations

As explained, to ensure the reliability of theefilfrom an industrial point of view, it is
important to keep sufficient gain and phase margirem Figure 172 and Figure 173, it
comes out that the worst case for the stabilityplkeap when temperature is -20°C and supply
is 3V.

Nominal process, 3,3V supply Nominal process, 85°C
80 75
70
65 -
__ 60 1 .
£ 50| -20°C £ 3V
55 -
0°C -=—33V
40 A
-=120°C ——3,6V
30 T T T . 45 ; T T .
0 50 100 150 200 250 0 50 100 150 200 250
Frequency (MHz) Frequency (MHz)
Figure 172. PVT variations of the Phase Margin
Nominal process, 3,3V supply Nominal process, 65°C
25 25

20 1 M 20 A —
o -
3 % /
_20°C =1 3V
15 515 1
0°C -3 3V
—=120°C ——3,6v
10 T T T T 10 . T T T
0 50 100 150 200 250 0 50 100 150 200 250
Frequency (MHz) Frequency (MHz)

Figure 173. PVT variations of the Gain Margin

Table 28 describes the mean value pu and the sthmdsiationo, obtained by100
runs of Monte Carlo simulations at 100MHz centraljiency, under 65°C and 3.3V supply.
Considering a 8 deviation, one gets PM>52° and GM>17dB, which essihe stability of
the system.

Table 28. Monte Carlo Simulations (65°C, 3.3V suppl process and mismatch)

100 runs mean value standard deviation Unit
PM 57.8 1.8 deg
GM 18.8 0.5 dB
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IV.4 Rauch Filter Performances: Measurements versus

IV.4.aMeasurements Bench

To measure the test chip IC of the Rauch filteg, ftillowing setup has been used, as it
may be seen in Figure 174. Hybrids ensure theesitogtlifferential conversion of the signal.

RF Generator Hybrid IC Hybrid

Simulations

Figure 174. Filter gain versus frequency

IV.4.bMeasurements Results

The frequency response of the filter is measuredifégrent central frequencies as
illustrated in Figure 175. The tuning range of fiter covers frequencies from 45 up to

240MHz.
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Frequency (MHz)

Figure 175. Filter gain versus frequency
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As specified, a mean Q-factor of 3 for a 10dB \gdtgain is shown on Figure 176.
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Figure 176. Q and maximum gain versus central fregency

NF on 5@ source impedance;Rs 15dB, and in-band 1IP3 stays above 9dBm, as
shown on Figure 177. Measurements are in line thighexpected dynamic range. This filter,
using 3.3V, allows a -5.5dBm maximum input powerb® supported without degrading
performances (Figure 178). Hence, the filter iseabl keep its high RF performances even
when handling a large signal swing from the LNApuut
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18 4 IIP3 extracted - 20
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T16 - 115
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Z
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Figure 177. NF and IIP3 versus central frequency
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Figure 178. IIP3 versus input power R,

In-band linearity has been measured using two twitsn the bandwidth of the filter.
Hence, the intermodulation products are not filepet. In addition, measurements with out-
of-band tones swept in the spectrum have been rpegfb as shown on Figure 179. Out-of
band IIP3 exhibits linearity performances that hagen correlated with in-band 1IP3 and the
filter selectivity. This enables the quantificatiohthe strong interferers impact on linearity
and it also shows that the active part of therfitees not limit linearity.

40
—e—out-of-band IIP3
In-band IIP3 + filter rejection
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Figure 179. Out-of-band linearity compared with inband linearity when taking into account the filter
rejection, for f,=68MHz and for f,=147MHz

- 153 -



As described in introduction, the Rauch filter doits a peaking in the GHz range.
This peaking has been measured and can be obserizeglire 180. This peaking takes place
at 2.47GHz and takes the value -9.5dB. The valu®.6dB corresponds to the value of the
transfer function for gain K = -1. This takes treue -9.5dB.

R,

H(K =-1) = AR (IV.30)

However, this peaking was expected at higher #aqies, close to 4GHz according to
Figure 150. This shift towards lower frequenciesdadainly due to capacitive parasitic.

10

Filter Gain (dB)

-20 .
1,E+07 1,E+08 1,E+09 1,E+10

Frequency (Hz)
Figure 180. Filter peaking at 2.47 GHz (-9.5dB)
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IV.4.cPerformances Sum-up

The filter ensures the high RF performances reduice a silicon TV tuner, while
keeping a large input voltage swing for the proposelectivity, by power consumption
increase.

Table 29. Sum-up of the Rauch filter performances

Rauch Filter Units
fo Tuning Range 45 - 240 MHz
Q-factor 3 -
Filter Gain at fg 10 dB
NF 15 dB
In-band IIP3 19to 9 dBm
Max. Input Power -5.5 dBm
Supply 3.3 \Y
Consumption 155 mw
Technology BiCMOS 0.25um -
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IV.5 Frequency Limitations

As said, the Rauch filter has originally been destyto be tunable between 45 and
240MHz. The use of this filter at higher operatfrgguencies results in using the OA with a
reduced voltage gain. Indeed, due to its finite GBWe gain of the OA decreases with
frequency [IV.7].

Furthermore, dower OA gain leads to a higher K and so to a Qeiaenhancement
since

Aje)z,+2,)

K= AjZ,-(Z,+2,)

(V.31)

Indeed, the fixed capacitor decrease to 6pF irc#pacitors banks so that the central
frequency increases as well leads to a Q fact@ af 450MHz, and to a gain of 15dB. Q is
enhanced due to a lower OA gain. Moreover, dudiw gmaller voltage gain, the input RF
signal is more subject to distortions from the O/is is why 1IP3 strongly decreases as
frequency increases. At 450MHz, in this configwmfillP3 falls down to -3dBm.

One possibility to counter the change in the vadfik is to implement a tunable
capacitorC; (or Co) in order to keefK constant. This partially fights the drop of the O&irg
and gives the results described in Table 30 wheBsrblP3 (for 10dB gain) are obtained at
450MHz for a 3.5 Q factor value.

Last point preventing us from using the Rauch stmgcat higher frequencies is the
trade-off selectivity versus filter gainAs explained in introduction, a more demanding
selectivity is required in UHF in order to rejecljacent channels in a sufficient way. This is
only possible increasing the gain of the filter. wéwer, this solution would require
amplifying less on the front-end LNA and it woulesult in challenging noise constraints on
this LNA as well [IV.3].

- 156 -



Table 30. Frequency Limitations of the Rauch Filter

Frequency Band

40 - 240 MHz

240 - 470 MHz

470 - 750 MHz

750 - 1000 MHz

Rauch BiCMOS 0.25um
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V.6 Conclusion

As explained, major limitation of Gm-C circuits tise strong degradation of the RF
signal through the gyrator. That is why RC struesunave been investigated. Their ability to
handle large signal swings and their principle,edasn a high voltage gain operational
amplifier, make them attractive solutions to haralldgh dynamic range RF selectivity.

A theoretical study leads us to a Rauch topologyiciv uses an innovative positive
feedback to ensure stability. Optimizations havenbearried out to obtain the highest
dynamic range while keeping a Q-factor of 3.

Hence, a low noise and highly linear RF tunabledpass filter has been designed in
BiICMOS 0.25um. It provides the specified Q-factér3oover the 45-240MHz band, with
[IP3 above 9dBm and a NF of 15dB. The high RF peréoces of the filter implementation,
with 155mW power consumption, give the perspectwethe full integration of the RF
selectivity function in a silicon TV tuner over neothan two octaves of the VHF band.
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V. A Perspective for Future Developments

V.1 N-path Filtering Principle

N-path filtering is a method, already describedha sixties and in the eighties [V.1
and V.2], which uses the lack of reverse isolatdrpassive mixers to perform impedance
transforms. A revival of interest for this techmégwccurs in 2010-2011 and exhibits
promising results for the full integration of REdring.

To explain the principle of N-path filtering, lettonsider sswitched capacitotow-
pass filter, whose cut-off frequency is calfgsdd Such filter consists in sampling the signal at
a given sampling frequendy Figure 181 depicts its amplitude response A Aliasing atf,
suggests using a low pass filter to create a basdpae. However, Nyquist theorem prevents
sampled-data filters from processing input signabsge frequency is higher than half the
sampling frequency.

Ascie

Frequency

rd

r?,'/g f, 3f/2 of,

Figure 181. Amplitude response of an SC low-pasdtér

It is then only possible to use the bandpass ctersiic when the Nyquist range,
depicted in red on Figure 181 and on Figure 183arge enough. Hence, the number of
samples per period has to be increased. This isilpesintroducing additional paths, as
illustrated in Figure 182 for a 4-path configuratidN similar time invariant lowpass networks
and 2N mixer driven by time/phase shifted versiofslock p(t) andq(t). This architecture
allows transferring a lowpass characteristic to andpass with the center frequency
determined by the mixing frequency.

SINE
Vin p(t-T/4) “ q(t-1/4) Vout
p( §W4) “ q(t-27/4)
p(t-31/4) “ q(t-3174)

Figure 182. 4-path structure
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A 4-path filter, for instance, consists in four gigel identical filter cells which are
cyclically sampled with a clock frequency. A bangipéilter centered at the clock frequerigy
can then be used. Hence, frequency tuning meamgytthre sampling frequency.

AspaTH

: : Frequency
£,/2 f, 3f,/2 % ’

Figure 183. Amplitude response of a 4-path filter

As explained in [V.3] and depicted in Figure 184raxers are realized by means of
switches driven by multiphase clocks. Low pas®fdtare simply implemented with an RC
network. Since a resistor is a memory-less elenitecn be shared by all paths and shifted in
front of them. Furthermore, the first set of swéshcan also implement the function of the
second set of switches, if,)is tapped between the resistor and the switclsedipatrated in
Figure 184.b and detailed in [V.3].

Vout
~
Vlr‘l R> _]_ Vout Vin J_
T — o Te
i — =—
Ry & —— L
L ~
R = L

Figure 184. Switched-RC 4-path filter (a) and theimplified version (b)

The filter bandwidth is determined by a basebawdpass filter. Indeed, due to the
lack of reverse isolation, the passive mixer comt&d by the switches frequency-translates
the baseband impedance to RF. Therefore, very stuabff frequencies can be achieved
and, by up-conversion at the sampling frequencgater a highly selective bandpass filter
whose central frequency is controlled by the cliveluency.

In the following, simulations are run in a 4-patinfiguration to describe and quantify
the impact of all parameters.
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V.2 4-path Filter Simulations

V.2.a 4-path Filter Architecture
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Figure 185. Simulated 4-path filter

wo LT T
e | L
phi 180° B

phi 270° _‘ _‘

Figure 186. Non-overlapped 25% duty-cycle clocks

This 4-path filter architecture presented in Fggil85 uses a non-overlapped 25%
duty-cycle clock depicted in Figure 186. It alsmoas the even harmonics of the switching
frequency due to anti-phase switching of the défifigial input. To simplify, it has been chosen
to perform first simulation trials with a 4-path £H)) architecture. With an N-phase high-Q
BPF, the closest folding frequency is shifted te1)fl harmonic, which can be pushed to high
frequency by using a large N value. However, “altifio folding frequencies are moved to
higher frequencies, the input impedance seen fioenRF side is equal to the baseband
impedance shifted to the LO frequency and all efadd harmonics, along with scaling
factors that resemble sincfunction with respect to the harmonic number” [V.4
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V.2.b Selectivity and Main Parameters

For first simulations, switches size is 100/0.06 aapacitors are 66pF, as described in
[V.5]. Clock frequencyfqk is 250MHz and the differential output signal, whiekhibits a
quality factor of 5, is plotted versus frequencyigure 187.
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Frequency (Hz)
Figure 187. Output signal versus frequency withfi=250MHz

As expected, the closest folding appears at 3x250MHz and higher frequency
foldings are located at odd multiples of the cléekuency.

Maximum rejection is 19dB for a -3dB gain at thatcal frequency. In the literature,
it is demonstrated that maximum rejection is limitgy theR,, switch resistance which has to
be very small with respect to source resistancearyer switch size than 100/0.06 can then
be used to enhance maximum rejection as it maybkereed in Figure 188. However, this
means larger parasitic capacitors, which affectttimng range and clock leakage, and also
require more clock power to drive the switches [V.5

O _
T |
T n ==100/0.06 switch
5 ——200/0.06 switch
o
Y 15 | =—=300/0.06 switch
o
- i
g 20 A\ i e
T
g 25 -
£ M-——/\-—_&_
0 .30 - A SR .
-35
0,E+00 1,E+09 2,E+09 3,E+09

Frequency (Hz)
Figure 188. Enhancement of the maximum rejection mucing the R,, of the switches
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The frequency tunability is ensured tuning thecklrequency. This may be observed
in Figure 189.
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Figure 189. Frequency tuning of the 4-path filter

As far as selectivity is concerned, the bandwidtthe filter is adjusted tuning the RC
constant of the baseband low-pass filter. The hlighe RC constant, the smaller the
bandwidth. Figure 190 depicts the output signahimiatd for various C values between 10 and
100pF.

0 -
-%- 5 | = (C=10pF
S —C=40pF
re]
3
210 4 ——C=70pF
p= 1
9 \_:CZlOOpF
(1]
5 -15
c
8 \\
Q
&£ -20 -
-25
0,E+00 1,E+09 2,E+09 3,E+09

Frequency (Hz)
Figure 190. Selectivity tuning of the 4-path filter

Another important parameter to analyze is the dytje of the clock, which is 25% in
the nominal case. Trials have been performed tatfydhe effect of a 20% and a 30% duty
cycle clock. Simulation results are plotted in Feya91.
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In reference [V.5] is presented the computationhef equivalent input impedance of
the N-path filter. Hence, from the formula it i®at that when the duty cycle is smaller than
1/N, all switches are OFF periodically for somediend the output signal of the filter then
simply tracks the input signal. It results in sraalhsertion loss at the central frequency of the
filter. Indeed, -2dB gain is obtained for 20% daygle against -3.5dB for 25% duty cycle.

A duty cycle higher than 1/N results in undesiréarge sharing since two switches
can be ON at the same time. The shape of the itetally destructed due to large insertion
loss (-13dB in Figure 191).
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o c ;
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o AL
215 -
c
o
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Frequency (Hz)
Figure 191. Impact of the duty cylce

V.2.c RF Performances

As explained in [V.5], most output noise power ieedo thermal noise of the source
and switch resistances. Moreover, noise foldingsfaround the harmonics ff have to be
taken into account. Noise figure values below 5dBraported, where noise is mainly caused
by the noise folding of noise coming from the seuresistance [V.5].

As far as linearity is concerned, it is determineg the switch sizes and the
implemented capacitors. That is why very high Intgdevels and 1dB compression points
are reported in the literature (see Table 31).

Reference [V.6] details the impact of diverse infeion sources which may degrade
the performances of an N-path filter. These impidas have four main sources:

- LO phase noisgwhich causes reciprocal down-conversion to onotfoje desired
signal;

- Second order non-linearity of the switches in prese of mismatchwhich can
fold an amplitude modulated blocker to on top & tlesired signal;

- Quadrature inaccuracy of the duty cyglevhich involves an image folding to on
top of the desired signal,

- Thermal noise of the switchessince harmonics down-conversion increases
thermal noise contribution.
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V.3 State-of-the-Art

V.3.a 4-path Filtering State-of-the-Art

References [V.3 and V.5] report measurement resdiligery high RF performances
using the structure in Figure 185, with NF belovB5alith IIP3 higher than 14dBm, for a Q
factor between 3 and 29. However, due to aliasmgximum rejection is limited to 15dB.
The results in this paper are summarized in Tabldt3s worth highlighting that an external
balun is used for the single to differential corsien. In this table, the maximum rejection is
defined by the difference between the gainfat and the gain between two folding

frequencies.
Table 31. Sum-up of 4-path filter performances

[V.5] Units
fo Tuning Range 100 — 1000 MHz
Q-factor 3 to 29(BW=35MHz) -
Filter Gain at fg -2 dB
Maximum rejection 15 dB
NF 3to5 dB
In-band 11P3 14 to 21 dBm
Pids 2 dBm
Consumption 21016 mw
Active area 0.07 mnf
Technology 65nm CMOS -

V.3.b An Innovative Fully-integrated Architecture

As explained in these papers, “most integratedivere nowadays areeroor low-IF
(Figure 192.a), and benefit from a simple structamd a high level of integration asage
rejectionis not a major concern, amthannel selectioms performed by low-frequency low-
pass filters”. However, these filters consist of R€works which do not scale with the
technology. Besides “constraints such as 1/f noisgecond order non-linearity demand large
device sizes for the IF blocks, exacerbating thaabdlity issue” [V.7]. Asuperheterodyne
architecture does not experience these issues isinses IF but it requires external filters for
image rejection and channel selection, as illustrat Figure 192.b.

To circumvent the scalability issue of zero or Ifwarchitectures and to achieve the
same level of integration, references [V.6] and7[\propose an architecture with a high IF
(110MHz), similar to a superheterodyne receivererglimage and blockers are progressively
filtered throughout the receiver chain by meandrefuency-translatedilters derived from
the original N-path filtering concept. This maydigserved in Figure 192.c.
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Figure 192. Zero-IF architecture (a), Conventionaheterodyne receiver (b) and reported heterodyne
receiver architecture (c) [V.7]

The performances of this Rx chain are presentdélinte 32.

Table 32. Sum-up of RF front-end performances witta high-Q 4-path RF filter

[V.7] Units
Tuning Range 1.8t0 2 GHz
IF frequency 110 MHz
Maximum gain 55 dB
NF at max gain 2.8 dB
In-band IIP3 at max gain -8.5 dBm
N+6 rejection with RF filter ON 47 dB
Current Consumption 13.5 mA
Active area 0.76 mnf
Technology 65nm CMOS -
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V.4 Conclusion

In this chapter, it has been demonstrated thattN-id#ering exhibits promising assets
in order to handle the RF selectivity of TV tunérbese assets are high RF performances (NF
below 5dB and I1IP3 above 14dBm are reported) oveerg wide frequency tuning range,
such as a decade (100-1000MHz). Despite a limiwdhbanic frequencies rejection, small
bandwidth can be achieved keeping excellent RFopeences. This harmonics rejection can
also be enhanced using a higher N factor or usatggibswitches. Hence, CMOS technology
scaling is possible.

In the literature, new RF front-end architectures @roposed to take full advantage of
the assets of N-path filtering [V.8 and V.9]. Thesehitectures without LNA, where the N-
path filter is directly connected to the antennegspnt promising results with very high
linearity (>11dBm IIP3) and interesting NF (<6.5dB)hat is why N-path filtering is a
promising perspective to the present work on REriig.
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VI. Conclusion

Context of the PhD thesis

This PhD thesis work took place in the TV receptidomain. Indeed, NXP
Semiconductors currently designs TV tuners foredéht standards such as analog TV, digital
TV or cable TV. These spectra cover a wide frequeange from 45MHz to 1002MHz, with
channel widths of 6 to 8MHz according to the stadda

To obtain a high quality reception, the TV tunes @ handle the RF off-air or cable
signal. The role of the tuner is to amplify andsilect the desired channel among all the
received ones. This has to be performed with #e liegradation and distortion as possible.
Indeed, the wanted channel is then transmittetidademodulator and the cleaner the signal,
the fewer the demodulation errors. That is why Té tuner should present high RF
performances. In particular, it is required to be Inoise, to be able to manage weak wanted
signals, and highly linear, to be able to managenst interferers which may degrade the
quality of the reception.

Within the tuner architecture, an RF filter isdéed between the front-end low noise
amplifier and the mixer. This RF filter realize® tfirst selectivity step of the tuner. It allows
rejecting harmonic frequencies due to the downcmiwe of the RF signal at LO odd
harmonic frequencies when mixing. Furthermore, Risfilter also allows the rejection of
adjacent channels for the international standanthpti@nce (Nordig or ATSC A/74 for
instance). It also enables to reject non-TV sigtikésthe FM bands (88-108MHz) which act
as interferers. Specifications have been set osethigferent rejections as well as on the
tuning range of the filter, in order to quantifyetrequirements.

Currently the RF filters of NXP tuners are realizey means of LC resonators with
several off-chip inductors. Due to the technolobitend which aims at integrating the whole
tuner on-chip (the so callddlly-integrated silicon tungr alternative integrated solutions, and
in particular active topologies, are looked for.nde, the impact and the opportunities of
technology on fully-active solution have to be difeed. Besides, a primary focus is set on
low-VHF bands since the inductances at this freque(~100nH) prevent from any
integration on-chip. From these issues, the proatenof the present PhD thesis has been
determined and set to:

Limitations & Opportunities of Active Circuits fothe Realization of a High
Performance Frequency Tunable RF Selectivity for TMiners
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RF selectivity challenges

In this thesis, several topologies have been ssde3he purpose is to find which one
best suits the abacus created with the rejectipasifications of the RF filter. It comes out
that the second order bandpass topology is the bhesttually needs few components which
make it an attractive structure for easy tunabilkjoreover, it is also possible to tune the
quality factor Q of such a filter. Q describes #atectivity of the filter and is defined as the
ratio of the central frequency by the -3dB bandtidthe higher the quality factor, the more
selective the filter.

Once the topology chosen, the literature has lassessed to find most appropriate
solutions. First, LC passive filters have first bestudied as a comparison basis to active
solution studied further. A figure-of-merit hasa@lseen introduced to handle fair comparisons
with current state-of-the-art. As far as fully-aetistructures are concerned, the literature
mainly considers Gyrator-C and Gm-C filters. Gyr&fofilters consist in emulating an
inductive behaviour at RF frequencies by a gyrathlowing the replacement of inductors by
active counterparts. Gm-C filters actually consissynthesizing a transfer function by means
of integrators, and so of Gm-cells. For simple toges such as the second order bandpass,
these two kinds of filter may lead to the samecstme.

Gm-C filters

The studied Gm-C filter structure is based on radayy with a parallel LC resonator
where the inductor is replaced by a gyrator. Tunthg gyrator value and tuning the
capacitance in parallel, a large tuning range isiobd compared to a passive LC filter. The
theoretical study of noise and linearity limitatsoleads to the choice of a moderate quality
factor since as soon as Q increases, RF perforrmmareestrongly degraded. This study also
demonstrates that high RF performances are requoineall Gm-cells. It has been chosen to
use large transconductance values (2.5 and 10m@)i@r to decrease the overall noise of the
filter. However, such transconductances have tolibearized to reach the linearity
specification set on the Gm-cell.

Several transconductor linearization techniguesfthe literature have been assessed.
Only two of them exhibit an interesting linearitgrgus noise trade-off: the Dynamic Source
Degeneration (DSD) which is also used in the liteafor a TV reception RF filter [VI.1],
and Multiple Gated Transistors (MGTR) which show thost promising results at the Gm-
cell level. Gm-C filters based on Gm-cells desigmegith these linearization techniques have
been simulated in 65nm CMOS technology. Table 38rsarizes the obtained performances
compared to literature results. The filter with M&&based Gm-cells presents the best
performances. For 6dB gain and a Q-factor closg ibexhibits an IlIP3 above 8dBm up to
450MHz, with a 16dB NF. However, this structure egs to be very sensitive to bias as well
as process and mismatch variations, where a raohstion is required for our applications.
That is why no test-chip has been realized baseadismarchitecture.
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Table 33. Performances Comparison
Filter [VI.1] Filter 1 Filter 2 Units
Linearization tech. DSD* DSD* MGTR -
Tuning range 50 - 300 45 - 385 45 - 450 MHz
Q factor 6 3.5 3.7 -
Gain 6 10 6 dB
NF 20 18 16.3 dB
[1P3 2106 -4t02 81to 10 dBm
conzavr\r/l(:)rtion 76 165 30 mw
Supply 1.2 2.5 2.5 V
CMOS Technology 130 65 65 nm

From the Gm-C filters design, it comes out thatain limitation of the performance
is the gyrator. Indeed, the RF signal undergoesngtrdistortion and degradation when
flowing through the active inductor. It has als@beassessed the ability of the Gm-C filter to
be used at higher frequencies. However, lineasitgtiongly degraded as soon as frequency
increases. This is due to the use of smaller cepams in the capacitors banks ensuring the
frequency tuning. Indeed, the switch capacitanaeslmearity of the switches becomes non
negligible compared to the classically capacitan€esthermore, a selectivity of 4 in UHF
only rejects adjacent channels by 1dB or less. ¢ghdn Q is demanded but enhancing the
quality factor would result in higher NF.

Rauch filters

To overcome Gm-C limitations due to the signal flogv through the gyrator,
operational amplifier (OA) based filters are inwgated. The purpose is to take advantage of
both a high loop gain and a filter response intoedluby to the RC network. Hence, we are
aiming at designing a highly linear filter whiletrmmpromising noise at the same time.

However, RC filters are more selective at high gAimong the structures found in the
literature, the positive feedback Rauch topologgspnts the highest selectivity for a given
gain. It also presents limited sensitivity to passcomponents, making it a more robust
solution. It has been chosen to limit the filteingeo 10dB, which corresponds to a quality
factor of 3 when optimizing the dimensioning of tRauch filter. Indeed, if the gain on the
RF filter stage is too high, this would result iery high noise constraints on the LNA.
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The positive feedback Rauch filter is unstable uradeertain condition. An innovative
solution has been proposed to stabilize the fillrsed on a non-inverting operational
amplifier, which prevents from fulfilling this ingbility condition. Specifications on the
operational amplifier have then been set to obth&n best performances and choose the
technology. The choice of the technology turns.25Qm BiCMOS instead of 65nm CMOS
due to the higher OA voltage gain. Stability masgimve then been taken to ensure the
robustness of the circuit. It has then be real@ed test-chip and measured in a laboratory.

Measurements show a perfect agreement with thd-lgpgsut simulations. As
specified, a quality factor of 3 is obtained fordBOgain. As summarized in Table 34, NF is
15dB whereas IIP3 is higher than 9dB up to 240MHR3 is 19dBm at 45MHz, which
demonstrates the highly linear characteristic & fitter. The tuning range is limited to
240MHz due to the drop of the gain of the OA whisfnongly degrades the linearity
performances of the filter. Moreover, a Q of 3 @ghler frequencies would reject by less than
1dB the adjacent channels.

Table 34. Sum-up of the Rauch filter performances

Rauch Filter Units
fo Tuning Range 45 - 240 MHz
Q-factor 3 -
Filter Gain at fg 10 dB
NF 15 dB
In-band IIP3 19to 9 dBm
Max. Input Power -5.5 dBm
Supply 3.3 V
Consumption 155 mw
Technology BiCMOS 0.25um -
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Comparison of the Proposed Filters

As said, a figure-of-merit has been proposed inittreduction to compare RF filters
results with state-of-the art literature ones. TH@M is defined as:

IIP3—-NF

FOM1=10 © Qo frmTR (VI.1)
where TRis the frequency tuning range.

It can also take into account the power consumRigyof the filter.

1IP 3-NF

10 © Qo Frac TR
PDC

FOM2=

(V1.2)

Table 35 summarizes the performances obtainedth&lGm-C and the Rauch filter.

These two filters are compared to the most sigaificpaper dealing with a fully active
frequency tunable bandpass filter for TV tuners. IV

Table 35. Performances Comparison
[VI.1] Gm-C Filter 2 | Rauch Filter Units
Topology Gm-C (DSD) Gm-C (MGTR) Rauch -
IP3 4 9 14 dBm
NF 20 16 15 dB
Qmoy 6 3.7 3 ;
fmax 300 450 240 MHz
TR = fmax/Tmin 6 10 6 -
Power consumption 7.6 30 155 mw
Technology 130nm CMOS 65nm CMOS 0.25um BiCMQS -
Supply 1.2 2.5 3.3 Vv
Measures / Simu. Measurements Simulations Measurements -
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It is worth highlighting thaFOMZ1 is the highest for the Rauch filter. Compared® t
literature, the Gm-C filter designed with the MGT&hnique also shows a high FOML1.
Hence, this means that the Rauch filter exhibieslibst RF performances versus selectivity
trade-off all over the frequency tuning range.

When taking into account the power consumption,pgfaposed Gm-C filters shows
the best figure. However, process issues when mmaing this solution on silicon may
strongly degrade the measured results. Referenté&][®ihd the Rauch filter then present
comparable FOM2 results. The Rauch filter is optedi in terms of noise and linearity
whereas the filter in [VI.1] is optimized for lowoper consumption. Besides, it has been
chosen a 3.3V supply for the Rauch to enhancenihé power of the filter while keeping the
specified performances. With a 1.2V supply, thpuinpower is then reduced.

Future improvements of the Gm-C would consist inkiveg on the Gme-cell linearity
versus noise trade-off. Perspectives on the Railteh mainly concern the improvement of
the operational amplifier design in order to inseethe bandwidth above 30dB voltage gain.

Conclusion and Perspectives

Two fully active frequency tunable bandpass filthkewe been simulated, and one of
them measured. The results presented all alondPtiidsthesis open the perspective of the full
integration of the silicon TV tuner over at leds first two octaves of the VHF band, leading
to the emergence of the first fully-integratedcsii TV tuner.

An encouraging perspective for future developmestthe study of N-path filters
which exhibit a wide tuning range for high RF penfi@ances and high selectivity. However,
these topologies may require the modification ef fifont-end architecture of the tuner to be
used. This may involve important changes on theipations of each block constituting the
front-end architecture to finally allow reachinggeted tuner NF and harmonic rejection for
instance.

Reference
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French Conclusion

Apres avoir introduit le contexte de cette thessiaijue les spécifications requises en
matiere de filtrage RF pour un récepteur TV, ddfées topologies répondant a ces
spécifications ont été étudiées dans une secontie.fdobjectif a été de trouver laquelle
répond le mieux aux besoins de réjections définimmeroduction. Il apparait que la structure
passe bande du second ordre est la meilleurerdgjléert un minimum d’éléments, ce qui la
rend intéressante pour I'accord en fréquence. Ds, [l est possible de régler le facteur de
gualité Q du résonateur utilisé pour le filtraged€grit la sélectivité du filtre et correspond au
rapport de la frequence centrale par la bande pissa-3dB. Plus le facteur de qualité est
grand, plus le filtre est sélectif.

Une fois la topologie choisie, une étude de l&ditture a été menée pour trouver la
solution la plus appropriée pour la réaliser. Diahdes filtres LC passifs ont été étudiés
comme base de comparaison pour les filtres adfifee figure de mérite a également été
proposé pour réaliser des comparaisons justeslasa@sultats de I'état de I'art. En ce qui
concerne les structures purement actives, la dittée décrit principalement les filtres
Gyrator-C et Gm-C. Les filtres Gyrator-C consistemt fait a émuler un comportement
inductif aux fréquences RF grace a un gyrateuiirsi @e rendre possible le remplacement
d’'inductance par un remplagcant purement actif. fileses Gm-C consistent eux a synthétiser
une fonction de transfert par I'intermédiaire dégtateurs, et donc de cellules Gm. Pour des
topologies relativement simples comme un passeebdndsecond ordre, ces deux sortes de
filtres peuvent mener a une méme structure.

La structure du filtre Gm-C est basée sur une gmalavec un résonateur parallele LC
ou I'inductance est simplement remplacée par uatgyr. En réglant la valeur du gyrateur et
la capacité qui lui est associée en parallele lange plage d’accord en fréquence est obtenue
en comparaison d'un filtre LC classique. L'étudédhque des limitations de ce filtres en
termes de bruit et de linéarité ont mené au chuir thctor de qualité modéré car des que Q
augmente, les performances RF sont fortement dégsadCette étude montre aussi que de
bonnes performances RF sont requises sur lesexl&in. Il a alors été choisi d'utiliser des
valeurs de transconductance de 2.5 et 10mS poumnuim le bruit de filtre résultant.
Cependant, de telles transconductances ont besétre dinéarisées pour atteindre les
spécifications requises sur les cellules Gm.

Différentes méthodes de linéarisation proposées thaitittérature ont été évaluées.
Seules deux présentent un compromis linéarité i intéressant. Ces deux méthodes ont été
utilisées pour simuler des filtres en CMOS 65nmskaonde méthode de linéarisation mene
aux meilleurs résultats sur le filtre. Les simwat montrent des résultats encourageants.
Pour un facteur de qualité de 4 sur la bande 434#&0) le NF est de 16dB et 'lIP3 est
supérieur a 8dBm. Cependant cette structure s’atréee sensible a la polarisation ainsi
gu'aux variations de procédés, alors qu’'une salutiobuste est recherchée pour nos
applications. C’est pourquoi aucune puce n'a ebsee.

A partir des designs de filtres Gm-C, il apparaié da principale source de limitation
des performances est le gyrateur. En effet, leasigubit de fortes distorsions et dégradations

BN

dans cette structure. L'utilisation a plus hautejdiences de ces filtres a également été
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étudiée. Il s'avere que la linéarité est fortendgradée dés que la fréquence augmente. Cela
est d0 a l'utilisation de plus faibles capacitéasikes bancs de capacités permettant I'accord
en fréquences. En effet, les capacités non-linealess commutateurs deviennent alors de
moins en moins négligeables en comparaison degdacta utile. De plus, un facteur de
gualité de 4 en UHF ne permet la réjection deswamdjacent que d’1dB maximum. Enfin,
une sélectivité plus importante est requise en Wtdks cela ménerait a 'augmentation du NF
du filtre.

Pour dépasser les limitations des filtres Gm-C d@duesignal passant dans le gyrateur,
des structures a amplificateurs opérationnels @ningestiguées. L’objectif est de profiter du
fort gain de boucle et d'un certain filtrage, graune réseau RC, au noeud qui correspond a
'entrée du composant actif. Ainsi on a recherchiesigner un filtre fortement linéaire tout
en ne compromettant pas le bruit.

Cependant les filtres RC sont plus sélectifs adarm. Parmi les structures proposées
par la littérature, la topologie de Rauch en réttioa positive présente la meilleure sélectivité
pour un gain donné. Sa sensibilité a la valeur d@aposants passifs est aussi réduite
comparée a d’autres structures. Par ailleursgtéachoisi de limiter a 10dB le gain du filtre,
ce qui correspond a un facteur de qualité de 3pgimisant le dimensionnement du filtre de
Rauch. En effet, si le gain du filtre RF était tiogportant, cela résulterait en de trés fortes
contraintes de bruit sur 'amplificateur faible hrsitué en amont.

Le filtre de Rauch est stable a condition d’avair gain d’amplificateur de tension
supérieur a une valeur critique. Cette structuestndonc a priori pas utilisable ainsi car avec
un produit gain — bande passante finie, cette ¢immdn’est plus réalisée. Cependant, une
solution originale a été proposée dans ce manubasée sur un amplificateur non-inverseur
pour réaliser le gain en tension. Cette solutiowante empéche le gain en tension ainsi créé
de tomber dans la zone d’instabilité. Le filtreta énplémenté en BICMOS 0.25um, car le
CMOS 65nm ne permet pas d'obtenir un gain d’angatiur opérationnel assez élevé. Des
marges de stabilité ont par ailleurs été prises pesurer la robustesse du circuit. Le test-chip
a ensuite été mesuré au laboratoire.

Les mesures montrent un accord parfait avec lesilatirons post-layout. Comme
spécifié, on obtient un facteur de qualité de 3rdddB de gain sur la bande 45 — 240MHz.
Le NF du filtre est de 15dB alors que I'llIP3 estngris entre 19 et 9dBm. La bande d’accord
est limitée a 240MHz car la chute de gain de l'afigpteur opérationnel implique une forte
dégradation de la linéarité pour des fréquences plavées. Comme pour le Gm-C, la
sélectivité a plus haute fréquence est trop limgéer envisager I'élargissement de la bande
d’accord.

Ainsi, deux types de filtres ont été proposés pmhtenir une intégration totale de la
fonction de filtrage RF d'un récepteur TV. Les fésis obtenus permettent d’envisager
l'intégration totale du récepteur TV sur siliciumr iu moins les deux premiéres octaves.
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APPENDIX A

A.1 Available Power and Available Gain

In order to define correctly the noise generatg@ Isystem, the available power of a
certain signal and the available power gain ofsiystem under study [A.1 and A.2].

A.l.a Available Input and Output Powers
Available Input Signal

Rs
W,

Figure 193. Available Input Signal

The available input signal powgris the power thatvould be extracted from a signal
source by a load conjugately matched to the oudptite source. Figure 193 depicts how this
available input signal power can be defined, bymse# the formula:

_ B
S-4RS

S only depends on the characteristics of the souincparticular, it is independent of
the impedance of the actual loRd For a loadR_# R,, the delivered power is less than the

available power but the available power is §ill

(A.1)

Available Output Signal

— WA
Wk,

Network | Ro |Eo

Figure 194. Available Output Signal
The available output signal powgs is the power thatvould be extracted by a load
conjugately matched to the output of the netwolgufe 194 illustrates how the available
output signal power can be defined, using the féamu

_E
SR, (A-2)
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It is worth noticing thas, only depends on the characteristics of the netvaoik its
signal source, and of the impedance match at pstirin particularS, is independent of the
load of the network.

A.1.b Available Gain

The available power gain is defined [A.1] by thdldwing formula, which is
applicable to both active and passive devices:

== (A.3)

It is worth noticing thatG is independent of impedance match at the outpuitis
dependent on impedance match at the input. As @&ecqomence, the available gain is
maximum when the source is matched to the input.
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A.2 The Various Origins of Noise

A.2.a Origins of Noise
There are three main origins of noise in electreystems [A.3].

Thermal noisecomes from the thermal Brownian motion of elecsroor any other
charged patrticles, in an electrical component éikesistor for instance. This kind of noise is
proportional to the absolute temperature. Inde@testhere would be no motion at the
absolute zero temperature, this would mean thenabsaf noise.

Thermal noise power are given by the following fatas:

V? = 4KTRE (A.4)
i2 = 4kT% B (A.5)

where, k is the Boltzmann constant, the absolute temperature given in Kelvin, B the
effective noise bandwidth and R the resistancé®iaterial irQ.

Shot noiseoriginates from the corpuscular nature of the gyeransport. The finite
number of charged patrticles, electrons for exampleates a quantized random current flow
which can be described by a Poisson distributibrtah be demonstrated that it gives the
following shot noise power:

i2=2q! B (A.6)

Flicker noise is a low-frequency phenomenon, also called “l/seb It is due to
conductivity variations of the material where tharrent flows, like the presence of
contaminants and of defects in the crystal strectof the semiconductor material. The
equivalent noise power is given by:

iZ:Kl_

F=K-5B (A.7)

K being a constanty andf being coefficients.

A.2.b Available Input and Output Noise Powers

Input noiseN, is defined as the thermal noise generated ingbistance of the signal

source. The available noise power from a resisttien:
2

N, =" —KkTB (A.8)
4R

The available output noise can also be definednaldbe referred adlo in the following.
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A.3 Signal-to-Noise Ratio

These different types of noise together create ekdraund noise power. This
unwanted noise can degrade or mask a desired sibmatharacterize this degradation, the
Signal to Noise Ratio, calle8NRin the following, is defined [A.4]. Taken at theput, the
SNR, is defined as the ratio between the available adigrower S at the inputand the
available input noisa|;:

SNR, =2 (A.9)

Taken at the outpuENR is defined as the ratio of the available outpuw@ds, by
the available output noigd,, which includes amplified input noise.

SNR,, = Ni (A.10)

Hence, signal quality is characterized by the fioaitput SNR. A lowSNRy:
corresponds to a signal strongly corrupted by noise
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A.4 Noise Factor and Noise Figure

The noise factor is defined [A.1] as the ratiolsd SNR at the input and of the SNR at

the output:
F=S/N _No _ N, _GKkpB+ N,
S /N, GN GKTB GkIB

whereNR is the noise added by the receiver.

(A.11)

It is worth highlighting that, for the definitiorf the noise factony, is expressed as:
N, =kT,B (A.12)
whereTy is a standard temperature which value is 290°K.

In electronics NF, which stands for Noise Figusealso used. It has the following

formula:

NF =10log(F) (A.13)
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A.5 Friis’ Formula

In case of multistage systems, as it may be seéigure 195, the total noise factor
can be computed as a function of the noise fa¢toasmd the gain&; of each bloc, provided
that the chain of quadripoles is conjugately matchieall interfaces. This equation is known
as the Friis’ formula [A.1].

Fi, G4 F2, G> Fs, Gz —

Rs

Es

Figure 195. Multistage System

I:total = I:l + F2 _l+ F3 _1+ F4 _l +
G GG, GGG,

(A.14)

The Friis’ formula underlines how critical for s@i the first stage of a receiver chain
is. Indeed, to lower the total noise factor of thain, the most efficient solution is to increase
the gain and to lower the noise factor of the ftsige.
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A.6 Noise Measurements

To measure the NF of the filter, the popWafactor methods used [A.5 and A.6]. It
consists in using an ENR (Excess Noise Ratio) godrcthe present case, a noise diode has
been used. It actually is a Zener diode under & BI§ voltage (28V). According to the
working frequency, the ENR of such a diode is stmdcnd can be found in a table.

The diode is directly connected to the input of fitter as shown in Figure 1. The
output of the filter is then connected to the speuntanalyzer.

Noise N /_\ Spectrum
i Anal
diode Filter nalyzer

Figure 196. NF Measurement

The noise source is successively turned on andbgffturning on and off the DC
voltage. The change in the output noise power terssmeasured with help of the spectrum
analyzer.

The formula to calculate the noise figure is gitgn

ENR

10 10
NF =10log (3( (A.15)

10%° —1

in which ENRis given in a table and is the difference between the output noise power
density when the noise source is on and off.

The major advantage of this technique is that isro@asure a wide range a NF in a
simple way. It is also able to measure it at aegdiency regardless of the device under test
gain. However, when measuring very high NF, erouid be large.
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APPENDIX B

B.1 General Considerations
B.1.a “Single-tone” input signal

Though classical electronic components such asifenplare considered as linear
elements for small signals, they have non-lineandfer characteristics. On Figure 197 are
shown the theoretical transfer characteristic ofaeplifier as well as its simulated one. It
consists in a linear zone between two saturatetibpsr Let’s consider

X(t) = X cos@t) = X cosg (B.1)

For |X| < X, the response to a sinusoidal input remains sidassince the transfer

characteristic is linear. In the frequency domairsingle frequency tone in both input and
output is then obtained.

Idiff (mA)
o .
o [6)] - (8)]

o
)

'
-
L

1,5 T T T T T : T T T
05 -04 -03 -02 -01 0 0,1 0,2 0,3 0,4 0,5
Vin (V)

Figure 197. Theoretical and simulated saturated gaiof an amplifier

Now, if |X|> X, the input signal will be subject to saturatiorttie amplifier. The

output signal will no longer be sinusoidal since #ine edges are cut. Thus discontinuities
will lead to harmonics in the frequency domain.sTphenomenon is calletistortion.
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To estimate the influence of the distortion orystem, let's expand, for small signal,
the non-linear response with a Taylor series:

y =k, + KX+ K,x* + kx3 +... (B.2)
Introducing the previously defined input signal, we get:

y =Y, +Y,cosp+Y,cosRey) +Y, cos@y) (B.3)
With:
YO:kO+%k2X2+... (B.4)
1, 2

Y2 :Ekzx +... (BS)

3, 3
Y, =k, X +Zk3x +... (B.6)

_1 o
Y3_Zk3x +... (B.7)

If the system were perfectly linear and without offset, dalywould remain among all
kis, since this factor corresponds to the gain of the system.

For a non-linear system, the amplitude of the fundamefitas changed with the
addition of a cubic term. Thug, can be either smaller or larger than that obtained with a
linear system. It is referred as an expansive characteristic kghnand to a compressive
characteristic wherks<0. Figure 198 shows how compression points are deduced, which
correspond to a 1dB deviation of the non-linear characteristic with reispibet linear one.

Non-linear characteristic

Y1 (Iog) ks> 0
N

Linear characteristic

Non-linear characteristic
ks<0

X—‘ldB

ik 5 X (log)

Figure 198. Expansion and compression point at 1dB
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B.1.b “Duo-tone” input signal

Now, still considering a non-linear system witte fholynomial characteristic defined
as:

y =k, + KX+ K,x* + kx® +... (B.8)
Assuming the case of a signal composetivof sinusoidal waves
X(t) = X, cosgt) + X, cosg,t) = X, cosg,) + X, CoSE,) . (B.9)
The output signal is obtained combining these last twateans. Let's have a look at
the result term by term. The linear term is given by:
k,x =k, X, cosg,) +k, X, cosg,) . (B.10)
Then, the amplitudes of the sinusoidal waves are merely multipji¢ide gain k
k,x2 = k,[X, cos@) + X, cos@)]’ (B.11)

kX2 = k,| X2 cog (@) +2X, X, cos@) cos@) + X2 co ()] (B.12)

Thus,

2 2 2 2
2 _ k2;<1 + kz;(Z + K, X cos@a) +|(2%COSQ¢§)+|(2X1X2[COS% +@)+cos@ —@)] (B.13)

\ J N - -
Y ~"" —

Second order intermodulation
products
These different terms are plotted versus frequency in Figure 199.

k,x

It is worth noticing that a constant term is present at DC. Téreralso second order
harmonic frequencies, but what is interesting to highlight ¢ gresence of second order
intermodulation products. Indeed, the output signal contaiasqual amplitude components
for which the frequencies are the sum and the difference of the irgouteficy. They are
calledsecond order intermodulation produc({&Vi2).
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Now, let's have a look to the cubic term.

k,x® = k,[X, cos@) + X, cos@)]* (B.14)

kx® = ksle cos (@) +3X/ X, cog(@)cos@) +3X, X2 cos@ o (@) + X3 co§((aZ)J (B.15)

Thus,
3 3
k3X3 3k X, X2+x— COS@)+K x X, +X_ COS(@) fundamental
2 2 2 2
X7 3X d .
L cosBy) +—>-2cosBp) 3" harmonics
» (B.16)
3k, X
—[cosecq +@) +cosey - )]
3 order IM products
3k X, X

XXy [cosee, + @) +cosee - @)]

These different terms are also plotted versus #equin Figure 199.

This latter equation clearly shows that third ordeon-linearity produces a
fundamental component as well as third order harenfbequencies. Moreover, we can notice
the presence dhird order intermodulation productat 2f; + f, 2f, + 1, 2f; - f, and2f, — f.

Whenf; andf, are close, the components at frequengies f, and2f, — f; can be
particularly bothersome because they are very ¢hogatial frequencies.

Figure 199 illustrates the spectrum which is comeposf second and third order
intermodulation products and also of harmonic fesgies.

amplitude
N

frequency

7

DC fg-fq 2f1-f2 f1 f2 2f2-f1 f1+f2

Figure 199. Output spectrum of a two-tone input sigal transformed by a non-linear system
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B.1.c Intercept Point Definition

Now let’s consider the case whete= X, = Vi,. The average input powe, and its
corresponding level are given by [B.1]:

P V2
L, =10log —"— | =10log| ——"— .
n g(mej g(anJmWJ (B.17)

Given the gain G of the system, the output level of the ligear is equal to:

GP
L., =10lo =10lo =L +G,. .

Now, given that:

— Vozut 2R|n — (klvln )2 - k12 E (Blg)

R VPV R

The amplitude of the third order intermodulatioroguct leads to the following

average output power:
3 2
e AA
b _(4 * '”j (B.20)

out3 — 2 RL

Doing some calculations, one can obtain:

3

2

[4kv3j
=10log ~— 72 |=3L_+K ., B.21
g 2R_.ImW no e (B.21)

outS

Kgs being a constant term.

Loutr @andLoutz @s a function ot, are plotted on Figure 200. Because of compression
and higher-order IM products, the intercept polRB] between the two curves is theoretical.
However, the fictive intercept point can be progecbn the abscissa (giving the input IP3
calledllP3) or on the ordinates (leading to the output IPBdaDIP3).
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I—out1 I—out3
(dBm)
N

OIP3

I—out1 Lout3 . |_in
wps  (dBm)

Figure 200. Third order intercept points definitions

The second order intercept point (IP2) can bendefin the same manner, with a slope
equals to 2. [IP2 and OIP2 are the equivalent®3 knd OIP3.
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B.1.d Example

Let's consider a differential pair made with bipoteansistors as depicted in Figure
201.

A\ 4

Vin+

oy

Figure 201. Differential pair

The output voltage is then given by :

V.
V,,. = RI, tanh —— B.22
: {ZUT] (B.22)
Developing this expression leads to:
Vin V”?
Vo =RI [ =0 (B.23)
U, 240;
Hence,
k —& B.24
e (B.24)
k —_& B.25
Thus, one gets:
k
lIP3= RiLY =4U, (B.26)
3 3
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B.2 RF Filter Linearity Measurements

In the following, it is assumed that the RF filtes a unity gain. If it were not the
case, intercept point values would have to be ctedeby the gain of the filter. This chapter
aims at presenting how linearity has been measuaréx laboratory [B.2].

B.2.a In-band IIP3 measurement

To measure the in-band input referred third ordégrcept point, two closely-spaced
tones are applied within the bandwidth of the filtAs explained, these two tones create
intermodulation products. IIP3 can then be relatetthe difference between the wanted signal
level and the intermodulation products levels ®/ftiilowing equation:

IMR
”PS = : + I:)in _2tones (827)
wherePin_owonesiS the power level of the two applied tones.
Power
N
AN
/7
Frequency

Figure 202. Measurement of the in-bandIlMn3
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B.2.b Out-of-band IIP3 measurement

To measure the out-of-band input referred thirdeoridtercept point, two tones are
applied at high frequencies; &nd %), close to one another. The RF filter is centradioe
wanted signal atufneq The two far-away tones transfer some modulatmrihe wanted
signal, which will result in two tones close {#eqand on each side of it. As before, the 1IP3
can be related to the difference between the wasitgl level and the modulated tone.

AX 4 +6

”P 3 = m;d + I:)in_unwanted (828)
wherePin_unwantediS the power level of the two applied tones.
Power
N
AN N
1 Modulatlo transfer, -*

T e \

7
fwanted Frequency

Figure 203. Measurement of the out-of-bandlin3
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B.2.c lIP2 measurement

To measure the input referred second order inpéngeint, two tones are applied at
low (f;) and high () frequencies. The RF filter is centred faphes and the tones frequencies
are chosen so that the intermodulation productx{f) is very close to the wanted signal. A
quite low power level of the wanted signal is choseorder to allow a good measurement of
the second order intermodulation ratio IMKEepicted on Figure 204, which is the level
difference between the level of the intermodulatmoduct and the level of the wanted
channel. The IMR level is related to the two interferer tones IsyeNhich have to be
specified.

There is a direct relation between IMéhd [IP2:

“P2 = IMRZ + I:)in_wanted’ (829)
wherePinputtonelS the input tone power level.

Power
N
/N /N
N\
V4
f4 fo-f1 fwanted f, Frequency

Figure 204. Measurement of IMR
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APPENDIX C

The following tables sum up the main charactesst€ tunable filters found in the
literature. They have been sorted chronologicaily @eferences are given further.

Note that in the column nature of the filter, thercmyms FD stands for “fully-
differential”, SS for “single to single” and PD fguseudo-differential”.

If a case is left blank in the table, no descripliedication is given in the paper.
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C.1 Gyrator-C filtering

year |Ref. f0 (MHz) BW (MHz) Q gain (dB) Order |I1IP3 (dBm) | NF (dB) |techno node (um) | conso (mW) | nature |supplyV |realization
2000 | [C.1] | 625-1680 ~33 35 -30 55 CMOS 0,5 24,3 SS simu
2000 | [C.1] | 625 -1680 12 - 300 314 2 -31 55 CMOS 0,5 24,3 SS simu
2000 | [C.2] | 720-1030 ~31 20 2 -30 CMOS 0,35 12 FD 2 simu
2002 | [C.3] | 2400 - 2600 | 20 -200 ~ 36 4 6,2 47 CMOS 0,35 1 FD 2 simu
2002 | [C.3] | 2400 - 2600 | 20 - 200 ~70 6 -8,75 48 CMOS 0,35 1 FD 2 simu
2003 | [C.4] | 400-1100 2-80 -15 2 -15 32 CMOS 0,35 FD chip
2004 | [C.5] | 400-1100 2-80 -15 2 -15 32 CMOS 0,35 FD chip
2005 | [C.6] | 1600 - 2450 12-80 | 30-200 4 -4 CMOS 0,25 51 FD 1,8 simu
2005 | [C.7] | 1800 - 2450 12-80 | 30-200 4 -4 CMOS 0,25

2005 | [C.8] | 400-2400 | 20-300 | 50-125 40 4 CMOS 0,25 4,5 SS 25 simu
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year Ref. f0 (MHz) BW (MHz) Q gain (dB) Order |I1IP3 (dBm) | NF (dB) |techno node (um) |conso (mW) | nature |supplyV |realization

2006 | [C.9] | 500 - 1300 11,5 ~60 1 2 -26 8,5 CMOS 0,35 274 SS 5 simu
2006 [[C.10]| 880 -3720 2 CMOS 0,18 26 simu
2006 |[[C.11]| 700 - 2000 ~ 65 22 - 53 20 2 6 BiCMOS 0,25 81 FD 2,7 simu
2007 |[C.12]| 2000 - 2900 ~80 2 CMOS 0,18 4 SS 15

2008 |[[C.13]| 600 - 2400 6 - 2000 2 CMOS 0,18 1 FD 1,8 simu
2008 |[[C.14]| 600 - 2400 6 - 2000 2 CMOS 0,18 1 FD 1,8 simu
2008 |[C.15]| 880 - 1100 ~20 2 17 BiCMOS simu
2008 |[C.16]| 1920 - 3820 ~ 60 6 2 18 CMOS 0,18 10,8 1,8 chip
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C.2 Gm-C Filtering

year | Ref. f0 (MHz) BW (MHz) Q gain (dB) | Order | 1IP3 (dBm) NF (dB) | techno node (um) | conso (mW) | nature | supplyV | realization
1999 | [C.17] 559 - 970 1,2-400 15,7 -12,4 6 CMOS 0,5 52,5 SS simu
1999 | [C.18] 10- 100 BiCMOS 0,29

2000 | [C.19] 35-70 0,2 150 6 -10 17 CMOS 120 2,5 chip
2000 | [C.20] | 400 - 2300 250 5 -20 -12 15 BiCMOS 65 FD 5 chip
2001 | [C.21] 54 -74 60 4 -9,25 CMOS 0,35 chip
2001 | [C.22] 6-15 50 CMOS 0,8 14 chip
2001 | [C.23] 0,05-2,1 0,6 3 CMOS 0,8 1,73 FD 1,8 chip
2002 | [C.24] 80 - 200 4 CMOS 0,35 chip
2003 | [C.25] 15-12 6 7,2 CMOS 0,18 15 FD 1,8 Chip
2004 | [C.26] 0,3-32 4-500 8 CMOS 0,8 2 Chip
2005 | [C.27] 1-100 13,5 6 2 17,0 CMOS 0,09 13,5

2005 | [C.28] 42 - 215 3 CMOS 0,35 3,8 PD 2 simu
2005 | [C.29] 10-126 6 0 2 CMOS 0,18 52 1,8 simu
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year | Ref. f0 (MHz) BW (MHz) Q gain (dB) | Order | IIP3 (dBm) | NF (dB) | techno node (um) | conso (mW) | nature | supplyV | realization
2005 | [C.30] 15-50 5 CMOS 0,25 3,3 simu
2008 | [C.31] 287 - 860 15 10 8 7 30 CMOS 0,13 8,6 FD simu
2008 | [C.31] 48 - 287 11 10 2 7 30 CMOS 0,13 8,6 FD simu
2009 | [C.32] 50 - 300 0 3 16,9 14 CMOS 0,18 72 FD 1,8 chip
2010 | [C.33] 70 - 280 0 CMOS 0,13 21 FD 15 chip
2010 | [C.34] 50 - 300 8-50 6 2 5 20 CMOS 0,13 7,6 FD 1,2 chip
2011 | [C.35] 48 - 780 15-60 3-13 8 -5 24 CMOS 0,13 36 FD 1,2 chip
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C.3 Rm-C filtering

year
Ref. f0 (MHz) BW (MHz) | Q gain (dB) |Order |I1IP3 (dBm) |NF(dB) |techno |node (um) |conso(mW) |nature |supplyV |realization

1995 |[C.36]| 124 -218,7 ~25 CMOS 9,44 FD 2,5

2001 |[C.37]| 41-178 20 2 -5 15 CMOS 0,5 14 FD 2 chip
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C.4 LC filtering with passive components

= Ref. f0 (MHz) BW (MHz) | Q gain (dB) | Order |I1IP3 (dBm) | NF (dB) techno node (um) | conso (mMW) | nature | supply V realization | inductor
1999 | [C.38] 895 - 995 ~25 2 59 CMOS 0,6 9,3 SS 2,7 chip
2002 | [C.39] 700 -1200 2 BiCMOS 0,8 9 2
2003 | [C.40] | 1940 - 2210 ~ 53,8 ~40 2 CMOS 0,35 5 13 chip spiral
2004 | [C.41] 980 - 1090 5-180 16 2 13 CMOS 0,35 15,5 SS chip spiral
2005 | [C.42] | 2100 - 3500 ~ 148 1 15 CMOS 0,18 12,7 1,8 simu

NXP
2007 | Hybrid+ 42 - 870 2 10 8 BiCMOS discrete
2010 | [C.43]
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APPENDIX D

D.1 MOS Differential Pair
The following study is based on computations thay ime found in [D.1] and [D.2].

D.1.a Transfer Characteristic
Let’s consider the MOS differential pair depictedHigure 205. It is also assumed that

M; and M are in the strong inversion regime and in satonatnode.
Y |1 |2 \4

TE—{ K |

md=E1-E2

7T\ T\

oF

Figure 205. Simplified Transconductor

Assuming that

W
B = 1C,, m (D.1)
and the samg for M; and M, currents{ and } are given by:

1
Iy ZEIB(El —E. -V, )2 (D.2)

1
o B(E, -E, -V, ) (D.3)

Hence,

\/_— > B(E,-E, -V,) (D.4)

It is also considered the dlfferentlal currgpt defined as follows:
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I _|0+Imd
d1
2
I _IO_Imd
d2
2

Given that the differential input voltage is

E,.=E -E,,

md

Jio- i =€ f
_|2

|1-|2 _Z( 0

this gives:

Now, let's consider

(\/E_ |2)2=|1+|2_2\/I\/E:|0

Combining last three equations, one gets:

2
(Emd 1,3} =l - Ig_lrid

Then,

Developing this expression leads to:

d _E2
ﬂEm [,,
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(D.8)

(D.9)

(D.10)

(D.11)

(D.12)

(D.13)

(D.14)

(D.15)



Hence, for small signals, the transconductancebeaapproximated to:
O = BlVes =Vin) (D.16)

D.1.b Linearity Computation

Normalizing the latter equation to the effectiveéegeoltage, defined as
E E

X - md = md ,
LO Ves =V (D.17)
B
one gets
I 2
ma oy XD (D.18)
lo 4
for|X| < J2.

Hence, developing up to the third order, this leads

3
y=X _X?, (D.19)
Thus, it gives:
3
ZX{ - —% (D.20)
To computdIP3, it is needed:
3
IM3:%:3—2X2. (D.21)
1
Given that
— Vin
IP3= 3 (D.22)
one obtains:
IIP3= 4@(\/GS -V, ) (D.23)
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D.2 MOS Degenerated Common-Source Circuit

Figure 206 depicts the schematic of a degeneraté&® NMansistor. The equivalent
transconductance of this stage is given by [D.1]:

Om = 1 If Zgegis large enough (D.24)
1 Zdeg |
1+ Z,eq| 9 +T

0

gmeq =

I n?out
Vn?in
M) | g
N\ | m
Vin
Zdeg

Figure 206. Degenerated MOS transistor

The equivalent input noise power of such a ciraah be computed. First let's
compute the output noise current, which is:

—_ gmvn
n,out 1+ gmzdeg (D25)
Now, assuming only thermal noise, one can obtain :
— 2
Vnﬁn = 4kT§(l+ ngdeg) (D26)

Hence, noise increasesggincreases.
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D.3 Linearity Enhancement of an Emitter-Follower

D.3.a Initial Linearity
Let’s consider the emitter follower illustratedrigure 207.

Figure 207. Emitter Follower Schematic

Assuming that collector and emitter currents argagéghe current flowing through the
loadR_ can be approximated i@ Hence [D.2]:

ie = (D27)

Then, considering a biasing currénthe output can be computed by:

| +i
Vo Vo =V, +V,, —U; In( I ej (D.28)
Computing, this leads to:
I + out
RL
Vout +Vout =Vin +Vin _UT ln | (D29)
Thus
Y I
Vour ¥ Vour =Vin +Vin ~Us |n(1+ Rou; j-l-UT In(l_sj (D.30)
L

Now, DC biasing leads to
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I
Vout :Vin +UT ln(l_sj’ (D‘?’l)

which simplifies equation (D.30).

Since the term—>%is close to 0, it is possible to develop Equatidn3q) with a
L
Taylor series, which gives:

2 3 3
Vin — Vout + U T VOUt - 1 VOUt + } VOUt + 0 VOUt (D ] 32)
RI 2\RI) 3R R, |

Hence
U 1 U 1 U
Vio =| 1+ = Vo == 75 Vou 5 7= v Vou D.33
oyl o
This expression is of the form
Vin = aVout + bv§ut + Cvgut (D34)
and we are looking for a solution of the type
Vou = AV,, + BV +Cv; (D.35)
to compute the IIP3 of the emitter-follower stage.
This leads to:
v, =a(Ay, + B2 +C2 )+ b(Av, + BV +C2 ] +c(Ay, +Bv2 +Cy ] (D.36)

Limiting to third order terms, we obtain:
v, =aAv, +(@B+bA’ 2 +(aC+cA M3 (D.37)

Identifying the two sides of this equation givesyatem:

aA=1 (D.38)
aC+cA®=0 (D.39)
Hence
A:E: 1 = RLI
a 1+ U, U;+R]I (D.40)
R
and
4
C U R 1 U-R I
C=-—=- i 3 L =- L i (D.41)
a®  3RI)(U; +RI U, +R 1)
This leads to:
R.I U.RI 3

V. +BV2 -

Vou = in in Vin D42
TRy U +RIT (D.42)
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Now

ip3= 22 (D.43)
3|c

U, +RI)

And so

IP3=2 (D.44)

T

D.3.b Enhancement by Means of a Feedback Loop

Let’s consider the emitter follower illustrated kigure 208, which is constituted of a
feedback loop by means of transister T

(B+1)ie I

|

Figure 208. Emitter Follower with Feedback Loop Scamatic

Assuming that collector and emitter currents angagéghe current flowing through the
loadR_ can be approximated i@ Hence:

.V
(B+1)i, =2 (D.45)
RL
It is also assumed that biasing current flows nyaimtough © and T,.
Then, considering a biasing currénthe output can be computed by:
| +i
I ej (D.46)

S

Vout +Vout :Vin +Vin _UT ln(
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Computing, this leads to:

I + Vout

(B+1)R,
|

S

Vout +Vout :Vin +Vin _UT ln (D47)

The method used to find the 1IP3 of the emittdiofeer leads to the linearity with the
feedback loop with almost the same computations:

IIP3:2\/(UT +(€+1)RL' y (D.48)

Comparing equation (D.44) and (D.48), it has bemnahstrated that [IP3 is enhanced
by the current gaig of transistor T.
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Résumeé :

La présente thése étudie les limitations et leodppités résultant de l'utilisation de
circuits purement actifs comme alternative auxuiiscpassifs classiques pour la réalisation
d’'un filtrage RF pour récepteur TV. Ce filtrage B&it étre accordable en fréquence, sélectif
et a hautes performances en termes de bruit ébékmité. Apres étude de I'état de 'art, deux
structures de filtres ont été étudiées plus enld@hsimulées, sur une topologie passe bande
du second ordre qui est celle qui répond le miewmos spécifications. Les filtres Gm-C
proposeés ont des performances intéressantes muaiéds car le gyrateur dégrade le signal
RF. Un filtre de Rauch est proposé par ailleursdedout de créer un filtre hautement linéaire
pour augmenter la dynamique. Une rétroaction oaigippermet l'utilisation de ce filtre avec
un bon compromis sélectivité — amplification, aigae de trés bonnes performances RF. Ce
filtre a été réalisé sur silicium et mesuré en tabwre, menant a une tres bonne corrélation
des résultats. Enfin, les deux structures proposée®té comparées a I'état de l'art de la
littérature grace a une figure de mérite. Une paatpe intéressante a ce travail est également
introduite a travers les filtreNl-path qui fournissent des résultats encourageants qais
nécessitent un remaniement de I'architecture deptéar TV.

Mots clés : Filtre actif, Filtre Gm-C, Filtre de &&h, Filtre accordable en fréquence, Linéarisatien
Transconducteurs, CMOS 65nm, BICMOS 0,25um, Réuepfev.

Limitations & Opportunities of Active Circuits for the Realization of a High
Performance Frequency Tunable RF Selectivity for TVTuners

Abstract :

The present manuscript studies the limitations thedopportunities resulting in using
fully-active circuits as an alternative to clastigassive solutions for the realization of an RF
filtering for TV tuners. This RF filtering has toebfrequency tunable, selective and high
performances in terms of noise and linearity. Aftiee study of the state-of-the-art, two
structures of filter are studied in details anddated on a second order bandpass topology
which best fulfills the required specifications.oposed Gm-C filters have interesting
performances but are limited by the gyrator whkhe main source of degradation of the RF
signal in this structure. A Rauch filter is als@posed with the purpose of designing a highly
linear filter to increase the dynamic range. Argmial feedback allows using this filter with a
good selectivity — gain trade-off, as well as higk performances. This filter has been
integrated on silicon and measured in laboratoggding to perfect agreement with
simulations. Proposed Gm-C and Rauch structurex@mgared to state-of-the-art results
from the literature by means of an innovative feyof-merit. An interesting perspective to
this work is proposed though the study of N-paltiers which exhibit encouraging results but
may require important changes in the TV tuner aechire to be used at full potential.

Keywords : Active filter, Gm-C filter, Rauch filterFrequency Tunable filter, Transconductor
linearization, 65nm CMQOS, 0.25um BiCMOS, TV tuners.



