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Abstract

Analog filters are an essential function block in analog circuit design. They are embedded
in analog-to-digital converters to eliminate the effect of aliasing and in digital-to-analog
converters to remove higher frequency components. This work presents analog filters for
radio frequency frontends, another task for filters. Two applications of radio frequency
front-ends are targeted, one for a transmit path in a software defined radio and another
for a receiving chain of a direct conversion DVB-H receiver. The filters are designed in
65nm CMOS technology to operate in a system on chip, where many digital function
blocks are implemented as well. Design limits of new technologies are considered and
solved.

The first filter structure is an element of the transmit path in a software defined radio
system. The transmit path uses a current-steering DAC and a current-mode mixer.
A voltage-mode filter would need a current-to-voltage and a voltage-to-current trans-
formation. In order to save power dissipation and chip area, current-mode filters are
investigated. Three different current-mode 3"%-order Butterworth low-pass filters are
presented with a switchable -3dB cut-off frequency. The overall filters are based on
cross-coupled current mirror integrators and first-order low-pass filters. The first differ-
ential filter is implemented by using one fully differential current-mode integrator and
two first-order low-pass filters. Experimental results show -3dB cut-off frequencies of
1.12MHz and 4.46 MHz at a power consumption of 12.36 mW at 1.2V supply voltage.
The filter gain is -0.93dB and the 3"®-order input intercept point is 1.8 mA,. The fil-
ter has a dynamic range of 77.2dB and a figure of merit of 2115 at the -3dB cut-off
frequency of 1.12 MHz. The second filter is a fully differential current-mode filter real-
ized with current-mode integrators only. The -3dB cut-off frequencies are 1 MHz and
4 MHz and the gain is 0.9dB. The filter consumes 12mW at a supply voltage of 1.2 V.
At 1 MHz the dynamic range results in 77.3dB and the figure of merit is 2258.9. The
third current-mode filter is a low-voltage design which uses the strategy of capacitance
multiplication. The filter -3 dB cut-off frequencies are 1 MHz and 4 MHz and the filter
gain is 4dB. The power consumption is 9.6 mW at only 1V supply voltage. At the
frequency setting of 1 MHz the 3"%-order input intercept point is 1.7 mA,, the dynamic
range is 73.8dB, and the figure of merit is 3873. Capacitor saving techniques lead to
an enlargement of the effective capacitance up to 30% at constant area needed for the
capacitors. All filters are successfully implemented and experimentally verified. In a
comparison to the state-of-the-art of current-mode filters good values for the figure of



merit and dynamic range are achieved, despite of the new technology.

The second filter implementation is used in a receiving path of a direct conversion DVB-
H receiver. The direct conversion receiver contains a passive mixer, whose output signal
is amplified and filtered with a 1%*-order Butterworth operational amplifier RC low-pass
filter. Therefore three different multi-stage feed-forward operational amplifiers with a
large gain-bandwidth product for operational amplifier RC low-pass filters are intro-
duced. The first operational amplifier is a four-stage feed-forward design and has a gain
of 58 dB, a gain-bandwidth product of 1 GHz, and the phase margin is 62° at a load
of 2 x 5pF in parallel to 10k(2. The power consumption is 11.4mW at 1.2V supply
voltage and the figure of merit is 1052 MH—”’F The first-order low-pass filter using this
operational amplifier is implemented Wlth a tunable -3dB cut-off frequency range from
3.5 MHz to 4.5 MHz. The filter has a DC gain of 38 dB, a dynamic range of 57.2dB and a
figure of merit of 143945. The second operational amplifier is a four-stage multiple feed-
forward operational amplifier with a DC gain of 68 dB and a gain-bandwidth product of
1 GHz. The phase margin is 60° and the power consumption is 11.5 mW at a load of 2
x 4pF in parallel to 10k). The figure of merit is 833 2= pF The first-order low-pass
filter made with this operational amplifier has a DC gam of 40dB and a -3dB cut-off
frequency of 4 MHz. The dynamic range is 62.7dB and the figure of merit is 54744.
The third operational amplifier is a three-stage feed-forward design. A peculiarity of
this operational amplifier is the supply voltage of 2.5V in a 65nm CMOS technology.
A higher supply voltage is needed for a higher output signal swing and lower distortion
and intermodulation products. Cascoding prevents the transistors from over-voltage
breakdown. The power consumption is 14.6 mW and the DC gain is 89dB. The gain-
bandwidth product is 1.1 GHz. Driving a load of 2 x 1 pF the operational amplifier has a
phase margin of 53.3° and a figure of merit of 367 2= pF The high-voltage operational
amplifier in 1%!-order low-pass configuration is 1nserted in a mixer filter combination.
The mixer filter combination has an overall gain of 24dB and a base-band bandwidth
of 4MHz. The mixer and the filter are supplied with 2.5V and have a current con-
sumption of 12.7mA. A 3"%-order input intercept point of +10dBm and a noise figure of
16.1dB is achieved. The operational amplifiers were successfully implemented in 65 nm
CMOS. Due to the limited supply voltage multi-stage designs were investigated. The
comparison to the state-of-the-art of operational amplifiers shows good results despite
the limiting CMOS technology. High gain-bandwidth products could be achieved. The
realized 1%%-order Butterworth operational amplifier RC low-pass filters have only mod-
erate performance, using a standard figure of merit, due to the desired filter-order and
distortion specifications. The high-voltage passive mixer filter combination, where the
high-voltage operational amplifier is used, shows a good linearity, represented by the
very good 3"%-order input intercept point.
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Kurztassung

Analoge Filter sind wichtige Funktionsbausteine in der analogen Schaltungstechnik. Sie
sind Bestandteil von Analog-Digital Konvertern, um Aliasing Effekte zu verringern,
und von Digital-Analog Konvertern, um héhere Spektralanteile im Frequenzband zu
dampfen. Diese Arbeit prisentiert analoge Filter fiir Sende- und Empfangsteile zur
drahtlosen Informationsiibertragung, eine andere wichtige Anwendung von Filtern. Es
werden zwei Anwendungsfille von Funk Front-Ends behandelt. Die erste Filterapplika-
tion ist in einem Sendepfad eines Software Defined Radio Systems integriert, die andere
ist Bestandteil eines Empfangspfads eines DVB-H Empfangers. Die Filter sind in 65 nm
CMOS implementiert, um sie in einer System on Chip Lésung einzusetzen, in der viele
digitale Funktionsblocke ebenfalls enthalten sind.

Die erste Filterstruktur ist ein Element in einem Sendepfad in einem Software Defined
Radio System. Im Empfangspfad wird ein current-steering DAC und ein current-mode
Mischer verwendet. Voltage-mode Filter wiirden eine Strom-Spannungskonversion und
eine Spannungs-Stromkonversion bendtigen. Um Verlustleistung und Chipflache zu mi-
nimieren werden current-mode Filter untersucht. Drei verschiedene current-mode But-
terworth Tiefpassfilter 3. Ordnung mit einer umschaltbaren -3 dB Grenzfrequenz werden
priasentiert. Die Filter basieren auf kreuzgekoppelten Integratoren und Tiefpassfiltern 1.
Ordnung aus Stromspiegeln. Der erste differentielle Filter besteht aus einem volldiffer-
entiellen current-mode Integrator und zwei Tiefpassfilter 1. Ordnung. Messergebnisse
zeigen -3 dB Grenzfrequenzen von 1.12 MHz und 4.46 MHz bei einem Leistungsverbrauch
von 12.36 mW und einer Versorgungsspannung von 1.2V. Die Filterverstarkung ist -
0.93dB und der Input Intercept Point der 3. Ordnung liegt bei 1.8 mA,. Der Filter
hat einen Dynamikbereich von 77.2dB und einen Giitefaktor von 2115 bei der Gren-
zfrequenz von 1.12 MHz. Der zweite Filter ist ein volldifferenzieller current-mode Filter,
der nur mittels current-mode Integratoren realisiert ist. Die -3dB Grenzfrequenzen sind
1MHz und 4 MHz und die Filterverstarkung betragt 0.9dB. Der Leistungsverbrauch
betragt 12mW bei einer Versorgungsspannung von 1.2V. Bei der Grenzfrequenz von
1 MHz zeigt der Filter einen Dynamikbereich von 77.3dB und einen Giitefaktor von
2258.9. Der dritte current-mode Filter ist ein Design mit niedriger Versorgungsspan-
nung, der zusitzlich eine Strategie zur Kapazititsmultiplikation beinhaltet. Die -3dB
Grenzfrequenzen sind wiederum 1 MHz und 4 MHz und die Filterverstirkung betrigt
4dB. Der Leistungsverbrauch ist 9.6 mW bei einer Versorgungsspannung von 1V. Der
Filter hat bei der Bandbreite von 1 MHz einen Input Intercept Point der 3. Ordnung von
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1.7mA,, einen Dynamikbereich von 73.8dB und einen Giitefaktor von 3873. Strategien
zum FEinsparen von Kapazititen erreichen eine Vergroberung der effektiven Kapazitit
bis zu 30% bei konstanter Chipfliche. Alle Filter wurden erfolgreich implementiert und
experimentell getestet. In einem Vergleich zu dem State-of-the-Art von current-mode
Filtern werden, trotz des Einsatzes von Nanometer CMOS Technologien, gute Werte fiir
Giitefaktoren und Dynamikbereich erzielt.

Die zweite Filtertopologie ist Bestandteil eines direct conversion DVB-H Empfingers.
Der Empfinger besteht aus einem passiven Mischer, dessen Ausgangssignal mittels Oper-
ationsverstiarker RC Butterworth Tiefpassfilter 1. Ordnung verstirkt und gefiltert wird.
Dafiir werden drei verschiedene mehrstufige vorwartsgekoppelte Operationsverstirker
mit hohem Verstarkungsbandbreiteprodukt fiir den Einsatz in Operationsverstarker RC
Butterworth Tiefpassfiltern 1. Ordnung vorgestellt. Der erste Operationsverstirker
besteht aus vier Stufen inklusive Vorwartskopplung und hat eine Verstirkung von 58 dB,
ein Verstirkungsbandbreiteprodukt von 1 GHz und eine Phasenreserve von 62° bei einer
Last von 2 x 5pF parallel zu 10 k(). Der Leistungsverbrauch ist 11.4 mW bei einer Ver-
sorgungsspannung von 1.2V und der Giitefaktor ist 1052 &‘:”F. Der mit diesem Op-
erationsverstirker implementierte Tiefpassfilter 1. Ordnung ist mit einer abstimmbaren
-3dB Grenzfrequenz realisiert. Der Frequenzbereich reicht von 3.5 MHz bis 4.5 MHz.
Der Filter hat eine Verstirkung von 38 dB, einen Dynamikbereich von 57.2dB und einen
Giitefaktor von 143945. Der zweite Operationsverstirker besitzt vier Stufen und eine
mehrfache Vorwirtskopplung. Dadurch wird eine Verstirkung von 68 dB und ein Ver-
starkungsbandbreiteprodukt von 1 GHz erreicht. Die Phasenreserve betrégt 60° und der
Leistungsverbrauch 11.5mW bei einer Last von 2 x 4 pF parallel zu 10 k(2. Der Giitefak-
tor betrigt 833 MI:L Z”F . Der Tiefpassfilter 1. Ordnung mit diesem Operationsverstéirker
hat eine Verstirkung von 40 dB und eine -3 dB Grenzfrequenz von 4 MHz. Der Dynamik-
bereich ist 62.7dB und der Giitefaktor betragt 54744. Der dritte Operationsverstirker
besteht aus drei Stufen und einer Vorwértskopplung. Die Besonderheit an diesem Op-
erationsverstirker ist die Versorgungsspannung von 2.5V in 65 nm CMOS Technologie.
Eine erhdhte Versorgungsspannung ist notwendig um einen groferen Ausgangssignalhub
und weniger Verzerrungen und Intermodulationen zu erhalten. Kaskoden verhindern die
Zerstorung der einzelnen Transistoren durch Uberspannung. Der Leistungsverbrauch ist
14.6 mW und die Verstarkung ist 89 dB. Das Verstarkungsbandbreiteprodukt ist 1.1 GHz
bei einer Last von 2 x 1pF. Der Operationsverstirker hat eine Phasenreserve von 53.3°
und einen Giitefaktor von 367 %. Der Operationsverstirker ist als Tiefpass 1. Ord-
nung eingesetzt in einer Mischer-Filter Kombination. Diese hat als Ganzes eine Ver-
starkung von 24dB und eine Bandbreite im Basisband von 4 MHz. Mischer und Filter
sind mit 2.5V versorgt und bendtigen 12.7mA Strom. Die Mischer-Filter Kombination
erreicht einen Input Intercept Point der 3. Ordnung von +10dBm und eine Rauschzahl
von 16.1dB. Die Operationsverstirker wurden erfolgreich in 65 nm CMOS implemen-
tiert. Aufgrund der niedrigen Versorgungsspannung, die den Einsatz von Kaskoden
erschwert, wurden mehrstufige Schaltungen untersucht. Ein Vergleich zum State-of-the-
Art zeigt gute Eigenschaften der Operationsverstarker, trotz der Einschrankungen durch
die 65 nm CMOS Technologie. Die implementierten Butterworth Tiefpasse 1. Ordnung
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haben nur méafige Giitefaktoren aufgrund des spezifizierten Tiefpasses 1. Ordnung und
der Verzerrungsanforderungen. Die passive Mischer-Filter Kombination fiir eine Ver-
sorgungsspannung von 2.5V, in der der Hochvolt-Operationsverstirker eingesetzt wird,
erreicht eine gute Linearitit, die durch den hohen Input Intercept Point der 3. Ordnung
repriasentiert wird.
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Chapter 1

Introduction

Analog circuits have still a right to exist in a society that is shaped by the digital
revolution. The digital advance is driven by various trends of market and economy
|[CSB92|. High-performance multimedia systems allow a colorful and high-resolution
presentation of digital contents while simultaneously navigating and interacting with
this medium. In telecommunication and high-speed communication systems the data
volume and speed is rising rapidly while the receiving terminals have to process the
incoming data stream in time. Computer systems become faster in terms of higher clock
speed and contain a huge amount of data storage in order to provide enough performance,
which is necessary to execute the growing number of resource intensive application in a
convenient time.

These few examples give an impression on the progress in digital CMOS design. The
development of low-power CMOS technologies is mainly forced by power dissipation,
manufacturing costs, and speed performance [GGHI7|. During the last decades these
requirements are mostly obtained by the technological progress of scaling of the device
feature sizes to the nanometer domain. Scaling has a significant impact on the density
of digital circuits [Fot99]. A larger number of transistors per chip-area increase the
functionality and lower the fabrication costs. Another benefit of shrinking structure sizes
is the reduction of the parasitic transistor capacitances. Smaller parasitic capacitances
cause thus lower dynamic power dissipation in digital logic. The shortest available
channel length ensures the maximum performance [San98]. However scaling induces
undesirable and challenging effects as well [Vit90]. Short channel MOSFET transistors
suffer from the so-called short channel effects. These are, among other things, velocity
saturation, hot electrons, and impact ionization. The breakdown of the transistors is
another issue. The scaling of the minimum feature sizes require the lowering of the
supply voltage due to the rising electrical fields inside the transistor. A high electrical
field, which is inversely proportional to the distance, can destroy the transistor. The
lowering of the supply voltage has a power saving effect in digital logic. Power saving
in digital applications provokes lower costs for cooling and longer battery life-time for



handheld devices. Summarizing, the ongoing downscaling of digital CMOS technology
pushes the development stimulus in economy and science.

Unfortunately, the world where digital systems operate has an analog manner and, thus,
interfaces between analog and digital blocks have to be created. An interfacing block
may be an analog-digital or a digital-analog converter, an amplifier, an I/O buffer, an
analog filter, or a radio frequency (rf) front-end for a communication channel. From
an economical point of view it is favorable to integrate all analog and digital system
blocks into a mixed-signal system on one chip. Although the analog part is not the
essential core of such a mixed-signal system, it has a great impact on the overall system
performance. The process of scaling affects the performance of the MOS transistors in
analog circuitry severely [GDO05|. Nevertheless analog system design in digital CMOS
is a good possibility for low precision analog processing considering some limitations.
One of the major challenges is the low supply voltage, which is limiting the maximum
signal swing. The increasing 1/f noise at small structure sizes worsens this challenge.
Errors due to device mismatch are inversely proportional to the device sizes as well
[Bul00]. Additional gate leakage due to reduced gate oxide thickness has a considerable
magnitude [ANvLT05]|. The downscaling of CMOS transistors has some advantages for
analog circuits, of course [HBHK95|. For example, the transit frequency of the transistors
is rising due to the smaller parasitic capacitances, comparable to digital logic design.

For the purpose of a power and cost saving device, system on chip solutions are desirable.
In this work analog continuous-time filters for radio frequency front-ends are presented as
an element in a system on chip. Analog continuous-time filters are sometimes preferable
in contrast to switched-capacitor filters or digital filters because of the possibility for
high-frequency operation and low power dissipation [Tsi94]|. Many passive discrete-
component filter structures are known, which use the inductor as an important element
[Tsi01]. Integrated inductors are difficult to realize due to the bad quality factor and
large chip area. Inductors can be substituted by the use of active analog continuous-time
filters, which use an active element, resistors, and capacitors. Active elements may be
operational amplifiers or transconductance amplifiers. Integrated analog filter design in
nanometer CMOS faces many technological restrictions, for example the limited dynamic
range and matching [CMRB95]. The low signal swing, caused by the low supply voltage
and the constant noise level, decreases the dynamic range of analog filters at a constant
current dissipation. Additionally varying device parameters due to mismatch cause a
non-constant frequency response. The use of an active tuning system may correct those
errors.

This work considers above mentioned issues and is structured as follows. Chapter 2 deals
with the characteristics of Butterworth filters. The used nanometer CMOS technology
is described in chapter 3. During the last years a variety of active continuous-time
filters were presented in literature. Chapter 4 discusses current-mode filters for software
defined radio applications and chapter 5 presents operational amplifier filters for digital
video broadcast - handheld terminals.



Chapter 2

Butterworth Filters

A filter is a general term. It is used to separate desired parts from unwanted parts of
an original set. In an electrical point of view filters have a variety of duties. Filters are
used to cut a particular range of the frequency spectrum of an electrical quantity out of
the overall frequency spectrum to retrieve the interesting information out of the plenty
of information channels and noise. They can be used as equalizers or matched filter
in transmission channels in order to compensate distortions caused by the transmission
channel itself. Filters can also be employed for smoothing purposes at the output of
digital-to-analog converters [Lam79|. This chapter deals with the characterization of
filters, it gives an overview of some analog filters and describes the Butterworth-filter
approach in more detail.

2.1 Filter Classification

Due to the diversity of filters many classifications of electronic filters are possible. Some
are described in a short overview [DSF99).

2.1.1 Analog - and Digital Filters

Electronic filters are distinguished in analog and digital filters. Analog filters have a
long tradition in analog circuit design and communication systems and can be grouped
in electric and electronic filters, sampled data filters, and electromechanic filters. Electric
and electronic filters are realized by using resistors (R), capacitors (C), inductors (L),
and active elements like operational amplifiers or g,,-cells. Analog filters process analog
continuous-time input signals in real-time and transform it according to the filter transfer
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Figure 2.1: Classification of filters - overview

function. Examples for analog electric/electronic continuous-time filters are LCR-filters,
g, C-filters, or operational amplifier-RC filters.

Sampled data filters sample the input signal by using a Sample-and-Hold stage on the
input before processing the signal. The input signal is quantized at discrete time steps
but the signal remains analog. Because of the sampling of the input signal these filters are
discontinuous in time. However, sampled data filters belong to the group of analog filters.
The switched-capacitor filter is a well known member of the sampled data filters.

Electromechanic filters convert the electrical signal into a mechanical (acoustic) wave
which propagates over a ceramic or a crystal and then finally convert it back to the
electrical domain. The combination of two electro-acoustic transformers and the signal
delay on the crystal perform the filtering operation. Well known representatives of
electromechanic filters are surface acoustic wave filters (SAW filter) or bulk acoustic
wave filters (BAW filter).

Digital filters emerged since the development of computers and grew rapidly. Digital
filters can be realized in hardware or software. They are characterized by sampled,
time discrete input- and output signals. Sampled and time-discrete signals represent
periodical series of discrete pulses, which represent the signal waveform. The sampled
discrete pulses are discrete values due to the finite resolution of the digital number
representation. Examples for digital filters are the finite impulse response filter (FIR)
and infinite impulse response filter (IIR). Figure 2.1 shows an overview of the filter
classification scheme.

2.1.2 Active - and Passive Filters

A passive filter is defined formally in the following way:
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Figure 2.2: Amplitude-frequency response

A filter is passive, if the total energy supplied to the filter is nonnegative at
any instant of time.

All other filters than passive filters are active filters.

A more common characterization of a passive filter is defined regarding the used elements.
A filter is classified as passive, if only passive elements are applied. The basic passive
elements are resistors (R), capacitors (C), and inductors (L). If any other active elements
are used, such as transistors or amplifiers, a filter is an active filter.

2.1.3 Lumped - and Distributed Filters

Lumped filters or lumped networks are circuits whose elements (e.g.: R, C, L) are
concentrated within their physical devices. The electrical and physical properties of
the devices are defined at their terminals and the component connections are small
compared to the wavelength of the highest signal frequencies, which are applied to the
filter. Distributed filters are networks where the physical dimensions of the elements are
in the same range of the signal wavelengths.

2.2 Analog Filter Types

Filters divide the frequency spectrum in different bands and, hence, shape the transfer
characteristic of the filter. Stop-bands denominate frequency ranges which block accor-
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dant signal fractions from the signal applied at the input. In contrast to this, pass-bands
are frequency ranges, which forward the in-band residing input signal frequency fractions
to the output. The allocation of the stop-bands and pass-bands specifies the type of the
filter. Feasible filter types are the low-pass filter, the high-pass filter, the band-pass
filter, the band-stop filter, the all-pass filter and or the equalization filter [Bah96|.

2.2.1 Low-Pass Filter

An ideal low-pass filter exhibits a pass-band from dc, i.e. 0 %l, to the cut-off frequency
w. whereas the signal is amplified by a gain of Ap. The stop-band starts directly at
w. and reaches up to infinity with a signal gain of zero. Figure 2.2(a) shows an ideal
low-pass filter. In reality filter transfer functions can only approximate the ideal filter
transfer characteristics. Figure 2.2(b) shows a general low-pass specification including
an example of a filter transfer function (dashed line). The pass-band reaches from dc
to the cut-off frequency w. with a gain of A,. In reality filters are not able to switch
between pass-band and stop-band abruptly and, hence, the stop-band starts at ws > w,
at a gain of A;. The span from w, to wy is called transmission-band. The width of the
transmission-band ws — w, indicates the selectivity of the filter.

2.2.2 High-Pass Filter

An ideal high-pass filter is depicted in figure 2.3(a). All signal frequencies in the stop-
band are blocked. The stop-band ranges from dc to the cut-off frequency w.. All
frequencies greater than w, pass the filter at a gain of A,. A specification of a feasible
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high-pass filter in reality is shown in 2.3(b). The stop-band extends from zero to ws, the
pass-band from w, to infinity and the transition-band is located between w, and w..

2.2.3 Band-Pass Filter

A band-pass filter, as depicted in figure 2.4, forwards a specified bundle of wavelengths
from w.; to we having a gain of Ap. The two stop-bands Stop-band! and Stop-band2
cover frequencies from zero to w,; and wso to infinity, respectively. The gain of the two
stop-bands is denoted by A,. An exemplary frequency response is plotted in figure 2.4
(dashed line).

2.2.4 Band-Stop Filter

In contrast to the band-pass filter, a band-stop filter or notch filter eliminates a frequency
band from w, to wg. The rejected band resides between the two pass-bands Pass-
bandl and Pass-band2, which are located between zero and w, and ws and infinity,
respectively. Figure 2.5 depicts an example of a band-stop filter specification, A, and
A, are the corresponding gains for the stop-band and the pass-bands.
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2.2.5 All-Pass Filter

All-pass filters forward all wavelengths from zero to infinity equally without any ampli-
tude attenuation. The characteristic filter property concerns the phase response. The
propagation delay of the signal depends on the frequency. All-pass filters are mainly
used for phase error correction of transmission channels.

2.2.6 Equalization Filter

Equalization filters or equalizers are used for the correction of an uneven frequency re-
sponse characteristic for smoothing purposes of signals or systems. The transfer function
is different from the above considered and is often only usable for one special case of
distorted signal.

2.3 Filter Approximation

A physical realization of an ideal filter transfer function is impossible. Hence, a frequency
scheme is given, which is dependent on many system parameters and trade-offs. Within
this frequency scheme the real filter transfer function has to be located. Important selec-
tion criteria are for example a fast transmission from the pass-band to the stop-band or a
minimum of filter distortion. The closer the ideal filter transfer function is approximated,
the greater is the effort regarding number of elements, power consumption or costs. De-



—
g — Filterordern =1
—_ = =Filterordern =2
_‘é_“ — Filterordern=3
E g = . Filterordern=4
; ==-Filterordern=5
-g ——Filterordern=6
E g = =Filterordern=7
0 — Filterordern =8
E = - Filterordern=9
o~ = =-Filterorder n = 10
) N
o X—

1.0E-03 1.0E-02 1.0E-01 1.0E+00 1.0E+01  1.0E402  1.0E+03
Angular velocity w [rad./sec.]
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pending on the latitudes various approximations for the ideal filter transfer functions
are realizable. Important and popular approximation functions are Butterworth ap-
proximations, which are explained in more detail, Chebyshev and inverse Chebyshev
approximations, elliptic or Cauer approximations, and Bessel approximations.

2.3.1 Butterworth Filter

The Butterworth filter was first described by Stephen Butterworth and is nowadays
popular and often used. The Butterworth filter approximation is demonstrated on the
normalized low-pass Butterworth filter. High-pass, band-pass, and band-stop filters can
be realized by using the appropriate transformation [Lam79].

The normalized Butterworth function of N**-order is given by

5 1

|H(jw)|” = T2

(2.1)

In equation 2.1 w denotes the angular velocity and N = 1,2,... the filter-order. The



magnitude response |H(jw)| of a first-order to a 10"-order normalized Butterworth
low-pass is visualized in figure 2.6. A rising filter order (N — o00) results in a better
approximation to the ideal low-pass filter (see figure 2.2(a)). The pass-band and the stop-
band coincide longer with the ideal transfer function, simultaneously the transition-band
becomes narrower. To comply with the filter specifications an appropriate filter-order N
of the Butterworth low-pass filter is necessary.

The Butterworth low-pass filter has some important characteristics:

e The magnitude function of a Butterworth low-pass filter is monotonically decreas-
ing for w > 0 and the maximum of |H (jw)| is at w = 0.

e A N*'_order Butterworth low-pass filter has a maximally flat magnitude function.
The maximal flatness of a Butterworth low-pass filter is defined by

d®|H (jw)|

= V=1 ... 2n—1. 2.2
oy 0 n (2:2)

w=0

The first 2n-1 derivations of |H (jw)| of an N*'-order Butterworth filter at w = 0
are equal to zero.

e A Butterworth filter shows an overshoot in the step response in the time domain,
which worsens at rising filter-order N.

The phase characteristics of a Butterworth low-pass filter is given by

O (w) = arg[H (jw)]. (2.3)

Each pole adds -90° phase lag. The phase responses of Butterworth low-pass filters from
the order N = 1 to 10 is depicted in figure 2.7.

The distribution of the poles and zeros in the s-plane are characteristic for filters and
can also be used for filter identification. A normalized Butterworth low-pass filter has
its poles in the left half plane on the circumference of the unity circle with the centre in
the point of origin of the s-plane. The poles are spread equidistant over the half circle
in the left half s-plane. The location of the poles s, of H(s) in the left half plane can be
calculated by

 (2k+N—1)7
Sk:0k+jwk:ej 2N
2k+ N —1 2k+ N —1
= COS(—Z—NW) +jsin(+2—N7r), k=1...N. (2.4)
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Figure 2.7: Phase characteristics of normalized Butterworth low-pass filters of first-order

to 10*-order

In equation 2.4 N is the filter order of the Butterworth filter and k is the number of
poles. In case of an even filter order no real pole is existent, an odd filter order has
exactly one real pole.

2.3.2 Chebyshev or Equiripple Filters

Chebyshev filters offer a frequency response that approximates the ideal low-pass filter
more precisely than a Butterworth filter. The transfer function has only poles and lack of
any finite zeros. The pass-band of a Chebyshev filter exhibits a pass-band ripple, which
ranges between two constant values. The ripple amplitude can be adjusted freely. The
ripple amplitude is direct proportional to the filter slope in the transition-band (filter
selectivity) and the overshoot of the step response in the time domain. The greater
the pass-band ripple, the higher the filter selectivity and the overshoot. The number
of ripples depends on the order N of the filter. For frequencies greater than the cut-
off frequency the filter has a monotonically decreasing magnitude function similar to
Butterworth filters.
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2.3.3 Inverse Chebyshev Filter

The inverse Chebyshev filter has complementary properties of the Chebyshev filter con-
cerning the magnitude response. In the pass-band the magnitude function is mono-
tonically decreasing for w > 0 and the equiripple appears in the stop-band. The filter
selectivity is not so high as in Chebyshev filters. The zeros in the filter transfer function
bring an additional realization effort.

2.3.4 Elliptic or Cauer Filter

Elliptic filters have an equal ripple in the pass- and in the stop-band. Therefore elliptic
filter is also called double Chebyshev filter. The two ripples are individually adjustable.
The transition between pass-band and stop-band show a high filter selectivity. The sharp
filter edge is realized by a transfer function using a balanced combination of poles and
zeros. The magnitude function of an elliptic filter is the best approximation of the ideal
low-pass filter compared to Butterworth and Chebyshev filters.

2.3.5 Bessel Filter

In contrast to Butterworth or Chebyshev filters, which approximate the magnitude func-
tion of an ideal low-pass filter, the Bessel Filter approximates the phase response. Hence,
the Bessel filter is also called maximally flat group delay filter. In the pass-band the
Bessel filter has a distortion free transmission and keeps the group delay constant. The
constant group delay in the pass-band results in a step response, which shows no over-
shoot. The filter selectivity is not as good as in Butterworth filter structures. The filter
order N is the only parameter to adjust a normalized Bessel filter. The value of N de-
fines the phase and the magnitude response. The higher the filter order, the larger the
frequency range with constant group delay and the higher the filter selectivity.
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Chapter 3

CMQOS Technology

3.1 System on Chip (SoC)

Over the last decades electronic devices arise everywhere in our society. These devices
combine many standards, applications, and features and are met in low-cost high-volume
markets very often. Portability is of particular importance as well. Hence there is the
need to develop small-sized, energy saving, and competitive systems in order to improve
the sales volume.

System on Chip (SoC) is a strategy which combines all parts that are relevant for the
system operation, on one chip. Hardly any other parts are necessary for a correct system
functionality. A SoC is an overall system with a high level of integration, but it cannot
be seen as a simple composition of existing digital, analog, and mixed-signal circuit
components. The integration into a SoC implicates innovative approaches in order to
find a system design tradeoff, which concerns cost-efficiency, dimensions, and power
consumption [RHOA4|.

A major cost impact is the used process technology [Dia04]. A system on chip design
always aims to use the cheapest process technology, which is currently deep sub-micron
and nanometer CMOS technology. Moreover the digital part of a SoC is the major part,
analog circuits have a small but important supporting role. Several interfaces of the
SoC have an analog manner, such as input/output ports, analog-to-digital converters,
digital-to-analog converters, and radio frequency (rf) front-ends. Although additional
process steps for improvements in analog circuit design are available, these process steps
are expensive and hence penalize the overall product. In SoC designs standard digital
CMOS is commonly used.
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3.1.1 Scaling in Digital CMOS Technology - a Retrospection

The CMOS technology underlies a persistent evolution to smaller structure sizes, which is
also called scaling. Historically, the common practice of scaling is known as constant field
scaling [Fot99]. This strategy keeps the electrical field in the channel of the MOSFET
constant while simultaneously reducing the physical dimensions. The channel length L,
channel width W, and oxide thickness tox are reduced by the factor SF. This results
in a MOSFET area divided by SF? and the parasitic capacitances are divided by SF.
The supply voltage and the threshold voltage are graduated by the factor SF to keep
the constraint of a constant electrical field. The channel doping is increased by SF.
This scaling technique is efficient for improving performance and reducing chip area.
Nevertheless technology scaling brings some difficulties.

Scaling Supply - and Threshold Voltages The dynamic power consumption in dig-
ital circuits is caused by currents during the switching operations and by charging of
the load capacitances. Hence, the dynamic power consumption is directly depending on
the supply voltage, since a low supply voltage allows a saving in dynamic power con-
sumption [CSB92|. At constant field scaling the lowering of the supply voltage involves
the reduction of the threshold voltage. A low threshold voltage raises the static power
consumption, when the transistor is turned off due to leakage currents. The threshold
voltage level is adjusted by taking care of the maximal acceptable level of the off-state
power consumption.

Gate Oxide Thickness A small gate oxide thickness enhances the transistor perfor-
mance and in constant field scaling the thickness is also reduced according to SF. How-
ever, the extent of the gate oxides is only a few atom layers where quantum-mechanical
effects have to be considered [HH08|. The gate leakage currents raise exponentially at
decreasing toy and the tunnel currents can cause a damage of the gate oxide.

Short Channel Transistors Short channels are desirable for fast transistor switching
operations, due to the shorter time for the current from source to drain. However, there
are some disadvantages:

e High sub-threshold currents occur in off-state transistors. Even at Uggs < Vg
a current is flowing from source to drain. The currents are generated by punch-
through and drain induced barrier lowering (DIBL) |[HHOS|.

e Surface scattering cause a reduction of the mobility of the electrons [Hau96|.

e The velocity saturation lowers the mobility of the carriers of transistors in satura-
tion [PKHOI1].

14



e High electric fields in the pinch-off region cause the generation of electron-hole
pairs due to impact ionization. The electrons migrate to the drain, the holes move
to the substrate in the form of a parasitic substrate current. The body potential
is raised and the threshold voltage is lowered due to the body effect again causing
a rising of the channel current [WP97].

e Hot electrons appear at the existence of high electric fields. High energy elec-
trons migrate into the gate oxide and charge the gate oxide and degrade transistor
performance and lifetime [Nin00].

Channel Doping The short channel effects can be extenuated by increasing the channel
doping, but cause other transistor influences. Important factors are the slower carrier
mobility and band-to-band tunneling [HHO08|.

3.1.2 Scaling in Digital CMOS Technology - Today

The scaling strategy in deep-submicron and nanometer technologies is different to con-
stant field scaling due to many limitations and parasitic effects. The improvement of
the transistor performance relies basically on the gate-length, the gate-oxide thickness,
and the source-drain junction scaling [CCCT08]. Scaling of these parameters are mainly
driven by power optimization, performance maximization, and device reliability.

Power optimization Reducing the power supply voltage is an effective method to
reduce the power dissipation, because subthreshold currents and gate leakage are depen-
dent on the supply voltage [CCCT08|. However, there is a limit of scaling the supply
voltage, which is the threshold voltage (Vry) of the transistors. A low Vppy leads to
increasing subthreshold currents and increases the static power dissipation. In order to
limit the overall power consumption the threshold voltage is not scaled by SF, it remains
larger. For transistor speed issues a sufficient gate overdrive voltage should exist. There-
fore the supply voltage is not scaled by SF. For power and performance optimization
multi threshold voltage transistors are used. According to the requirements, thin -, reg-
ular -, or thick gate oxide transistors are available, at the drawback of needing additional
masks for chip processing. The threshold voltage depends on the operating temperature
as well. The power dissipation and the thermal emission are of great interest because
of the temperature dependent threshold voltage and the raising number of transistors
per chip. Counteractions are cooling, dynamic frequency scaling, voltage-island design
technique or adaption of the threshold voltage by the back-gate bias [Iwa06].
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Performance maximization The progress in transistor speed has slowed down during
the downscaling of CMOS technology. Main reasons are the short-channel effects and
some parasitic elements, which do not scale. In digital circuits the performance increases
by lowering the capacitance and increasing the transistor saturation currents. At first the
saturation current was increased by scaling the oxide thickness and the threshold voltage.
As this was not possible anymore due to leaking currents the saturation current was
increased by strained silicon techniques, channel oriented design, or silicon on insulator.
This improves the performance of the MOSFET without scaling the gate oxide thickness
[TCG™05]. High-k dielectric gates with metal gates may resume the scaling of the gate
insulator thickness. Another important factor for transistor speed is the capacitance.
Scaling reduces the gate capacitance and the overlap capacitance. However, the gate-to-
contact capacitance and the fringing capacitance, which do not scale, will have a major
impact on the total capacitance [CCCT08].

Device reliability Scaling, in particular scaling of the gate dielectric, affects the relia-
bility of the transistors. Important reliability stress effects are [LYWMO09]

e gate insulator time-dependent breakdown, due to insulator trapped charge during
high-field stress,

e hot carrier injection, because of high electric fields,

e negative bias temperature instability in PMOS devices, due to interface traps from
high gate voltage and high temperature, and

e clectromigration, due to defects in conductive materials.

In order to maintain low failure rates at an increasing chip complexity new chip materials
have to be evaluated and the design rules have to be adapted [McP07].

3.1.3 Challenges of Scaling with Respect to Analog Circuits

Besides the major digital part, analog circuits are necessary in SoC applications. The
effects of scaling affect analog circuits severely. An outline of challenges and benefits is
given.

Transistor Speed and Gain Major effect of scaling in digital circuits is the improve-
ment of speed and packing density. Analog circuits benefit from the increasing speed as
well. Parasitic capacitances are reduced and the gate resistance is increased due to the
gate length scaling and layout optimizations. The transit frequency of the transistors (fr)
and the maximum oscillation frequency increase with ongoing scaling. The transistor
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speed and the transistor intrinsic gain are in direct competition. High speed transistors
lead to a low output resistance and in a low intrinsic gain. Both can be improved by
increasing Vg or decreasing Ugg to operate in moderate inversion. However, moderate
inversion is accompanied with a drop of f and oscillation frequency [MJR104].

Supply Voltage and Signal Headroom Digital circuits benefit from a small supply
voltage and have a reduced power consumption and increased logic speed. In analog cir-
cuits a reduced supply voltage leads to a small signal range and a limited signal headroom
and may cause a larger layout area. Newer technologies may induce an increased power
consumption [MJR'04]. At a constant power consumption the performance deteriorates
when newer technologies are used because of their lower supply voltage [ANvVLT05]. By
lowering the supply voltage of analog circuits the power dissipation has to be increased
to keep a constant circuit performance. The increase of power becomes more relevant
as the supply voltage is in the range of the threshold voltage V. Low Vg devices
are sometimes available for analog circuits but cannot be used in the digital domain due
to the subthreshold currents. The limited signal range and signal headroom demand
accurate analog designs and a good noise performance to maintain the signal-to-noise
ratio (SNR) and dynamic range.

Low-Frequency Noise Flicker noise or 1/f noise is generated by the fluctuation of
the total number of carriers and the fluctuation of the mobility of the carriers in the
transistor channel [LKC*06]. Tt attains increasing observance in analog design due to the
shrinking feature sizes in CMOS technology. 1/f noise increases inversely proportional
to the gate area and has a considerable amount in deep submicron CMOS technology.
A common expression of the 1/f-noise density is given in [San06]:

_ KF, df
2:—_
dv L2, | (3.1)

In 3.1 KFF is a parameter, nearly independent of the technology. W is the gate width
and L represents the gate length. Cpx is the specific gate oxide capacitance. It is
notable, that almost all technology effects are included in C% .

Matching Matching is an important criterion in analog circuits, especially in differ-
ential structures. The matching of Vg, g, , saturation current (Iys), and the device
matching is mainly dependent on the precision of the manufacturing process. In deep
submicron technologies additional factors become significant. Voltage matching, which
is usually described by the difference of Vg of two identical transistors, becomes less
sensitive to the device dimensions, when technology scales [LYWMO09]. Matching can be
improved by increasing the device dimensions.
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Figure 3.1: Cross-sections of MOSFET transistors in 65 nm triple-well process

Gate Leakage Current The gate leakage current is mainly limited by digital consider-
ations, such as static power consumption. In nanometer CMOS technology gate leakage
currents have to be considered in analog circuit design. The gate leakage current depends
on the oxide thickness, the gate-source voltage Ugg, the gate-drain voltage (Ugp), and
the gate area [LYWMO09|. The gate leakage current affects the input bias currents, the
gate leakage mismatch and the shot noise due to the gate current. In order to minimize
the gate leakage high-K dielectrics for the gate insulator are developed [MJRT04].

Linearity Distortion in analog circuits in nanometer CMOS technology are mainly
caused by the increased influence of the series resistance and velocity saturation. By
scaling the CMOS technology, i.e. due to reduced supply voltage, the voltage headroom
decreases and in analog bias conditions scaling worsens the linearity [vLTH"00].

3.2 65nm CMOS Technology

65 nm bulk CMOS technology is developed for logic, SRAM, mixed-signal, and mixed-
voltage I/O applications as well as for embedded DRAM applications. Besides the 65 nm
CMOS base process, there exists a 65 nm low-power (LP) CMOS process. The 65nm
low-power process has an approximately 100mV higher threshold voltage than the base
process and hence a lower off-state leakage current. Both options have three different
oxide thicknesses to support several supply voltages from 1.2V to 3.3V [LSE104].

In the following circuits only the 65 nm CMOS low-power technology is used, thus only
important characteristics of the low-power CMOS are highlighted. The 65nm CMOS
technology is a triple well process on a p-substrate. The PMOS transistor is located
in an isolated N-well and the NMOS transistor is placed in an insulated P-well, which
is itself embedded in a deep N-well. Cross-sections of the transistors are depicted in
figures 3.1(a) and 3.1(b). Active devices are separated by a shallow trench isolation
(STT). Stress engineered devices are offered and the stress is caused by the location and

18



Opening for wirebond

Polyimide
I T |
Oxée “Metal LB Nitride
Metal M1_4B
|| Viavo_4B
Metal M1_2B
Via VO_2B
Metal M4
Via V3
Metal M3
Via V2
Metal M2
Via V1
Salicide Metal M1 Contact Spacer

-

STI

p+ nt
P-well
Polysilicon  Gate oxide N-well
P-substrate <

Figure 3.2: Cross section of the 65 nm low-power CMOS process

the dimension of the STI. Mechanical stress increases the carrier mobility in p-channel
MOSFETs and deteriorates the carrier mobility in n-channel MOSFETs [MJC04].

The nominal supply voltage in the 65nm low-power CMOS process is 1.2V and the
maximum supply voltage is at 1.32V. The cross-section of the 65 nm CMOS process
technology is shown in figure 3.2. It should be noted that the aspect ratios are not dis-
played correctly. The process uses a P-substrate, wherein N-wells and triple P-wells are
embedded. Inside the wells are the appropriate n+ and p+ diffusion regions [TBET03].
The gate oxide isolates the polysilicon from the transistor channels, which is the gate
conducting material. The spacers ensure the isolation between gate and source/drain
areas. Self-aligned silicide, also called salicide, forms the interconnect between the semi-
conductor and metal layers. The contacts connect the salicide to the metal layer 1 (M1).
Metal M1 to M4 are 1x thin metal layers, which are connected by the vias V1 to V3.
Via VO_ 2B connects 1x thin metal M4 to thick metal (2x) M1 2B. And finally Via
V0 4B contacts the last copper metal layer M1 4B, which is a 4x thick metal layer.
In total there exist 6 copper metal layers. The last metal layer LB is used for wiring
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Figure 3.4: NMOS output conductance gpg at varied gate length L

and wirebond. Metal LB is an aluminum wire level and is connected to M1 4B by
the via VV. For wirebond the oxide and nitride film is opened as well as the polyimide
passivation layer [BABT04].
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Transistor characteristics The progress of scaling is noticeable in several transistor
parameters and properties. Figure 3.3 shows the output characteristics of an NMOS
transistor with varied gate length L in the 65 nm CMOS technology. The transistor
width W is 5 um and the gate source voltage Ugg of 600 mV is applied. The Early voltage
declines with decreasing gate length L and is in a range of a few volts. At the gate length
of 60 nm the Early voltage is only about 0.31 V. At a constant transistor width the drain
current should increase at smaller gate lengths. In figure 3.3 it is different because of
the threshold-voltage roll-off [JXC*09|. The threshold-voltage roll-off is caused by the
short-channel effect and the fringing-field effect and results in a rising threshold-voltage
at decreasing gate lengths. Figure 3.4 depicts the output conductance gpg against the
drain source voltage Upg which is decreasing with increasing gate lengths.

The transconductance g,, of an NMOS transistor with the gate width of 5 um is shown
in figure 3.5. Upg is 1.2 V. g,, is decreasing with larger lengths L as well as gpgs.

Figure 3.6 depicts the output characteristics of a PMOS transistor with various gate
lengths and 5 pm gate width. The gate-source voltage is fixed at -600 mV. The threshold-
voltage roll-off takes effect as well, but is not so obvious. The Early voltage of a PMOS
minimum gate-length transistor is in the same range as of an NMOS transistor which
is a few volts. The 60 nm PMOS transistor has an Early voltage of only about 0.26V.
Figure 3.7 shows the output conductance gpg.

Figure 3.8 shows the transconductance of PMOS transistors while gate lengths L. are
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1.2 V. Again a larger L improves the transconductance g,,.
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Chapter 4

Current-Mode Filters

4.1 Current-Mode Technique

The application of current-mode signal processing has received remarkable attention and
is investigated thoroughly. A strict separation of voltage-mode and current-mode cir-
cuits is not possible due to the inherent interrelation of voltage and current. A common
classification of voltage-mode circuits is that system relevant signal quantities are rep-
resented by voltages. This is in contrast to current-mode circuits, where the important
signal quantities are represented by currents |Gil68|.

Mixed-signal design in digital low-power nanometer CMOS technology implicates a re-
duction of the supply voltage and the threshold voltage. In order to keep the static
power consumption of digital circuits within limits, the threshold voltage is not scaled
by the same factor as the supply voltage (cf. chapter 3). Concerning these limits there
are some challenges in voltage-mode circuits. The low supply voltage makes it difficult
to design voltage-mode circuits having high linearity and wide dynamic range [AlI91].
As a consequence of the small supply voltage, voltage-mode circuits suffer increasingly
of a small signal headroom and a small effective gate-source voltage (Vgs-Vr) [YuaO6b.
It is more difficult to achieve high linearity and wide dynamic range circuits. In addition
voltage-mode circuits limit signal bandwidth at the existence of high impedance nodes
and have low output impedances.

Current-mode circuits gain in importance and offer some advantages over voltage-mode
counterparts. Signal quantities are represented by currents, which are not limited by the
supply voltage. A wide dynamic range and a good linearity are achievable due to the
supply voltage independent signal processing. They have potentially a higher bandwidth
due to low impedance nodes [TLC89] and stray-inductance effects show less impact on
circuit performance. Low input impedances are important for high bandwidth applica-
tions. Current-mode circuits have potentially a high slew-rate and are less sensitive to
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power and ground fluctuations [YuaO6b).

Signal processing in current-mode circuits is easy as well. Basic mathematical operations,
like addition, subtraction, and multiplication by a constant are straight-forward realized
[RS89].

The profound investigations in current-mode circuits deliver a huge amount of current-
mode applications [Yua06a]. Important developments are optical communications, mag-
netic recording systems, high-speed bus transceivers, analog-to-digital converters, high-
frequency filters, and signal processing. These applications use basic building blocks
like current conveyors, current feedback operational amplifiers, sampled data current
circuits, or dynamic current mirrors.

4.2 Filter Characterization

Several parameters exist to evaluate the quality and performance of filters. In the
following important and applied indicators are presented.

Power consumption P:  The power consumption reflects the consumed energy of the
filter.

Filter order N:  The filter order is related to the width of the transition band. The
higher the filter order, the smaller is the transition band, and the greater the effort in
filter design is.

-3dB cut-off frequency f.:  The -3dB cut-off frequency resides where the signal
power at the filter output is the half of the signal power in the pass-band.

Noise:  The minimum signal level, that a filter can handle, is dependent on the noise
of the filter. The integrated in-band noise is denoted by vy s for voltage noise and
for current noise.

lnoise

1dB compression point:  The 1dB compression point is the power level, at which
the output power level is 1dB below the ideal output power level (cp. fig. 4.1).
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Total harmonic distortions (THD):  The total harmonic distortions are given at a
single frequency excitation as the sum of the powers of the harmonic power components
(P, to Py, k=2 ... 00) to the power of the signal at the fundamental frequency (4.1).
The harmonics occur at an integer multiple of the fundamental frequency.

. b
THD = 22 P (4.1)
Py

At a dominant harmonic x the x"*-order harmonics are specified and denoted as HD,.
HD, is defined by the ratio of the power of the x! harmonic to the power of the funda-
mental frequency [HS03b|. The THD can also be calculated by

THD = (4.2)

Intermodulation distortion:  The excitation of a nonlinear system with two signals
with the frequencies f; and fy cause intermodulation products. The frequencies of the
modulation products can be derived by

Afi £ Bfs, (4.3)

where the sum of A and B is the order of the intermodulation. The 3"%order intermodu-
lations (IM3) are commonly used and are defined by the output power at the frequencies
2f1 + fg and 2f2 + fl.

Third-order intercept point (IP3):  The third-order intercept point is a theoretical
point, where the signal amplitudes of the fundamental frequencies f; and fy are equal
to the intermodulation products of these signals at the frequencies 2f;-f; and 2f,-f;. A
graphical illustration of the IP3 is given in figure 4.1 [RP03]. The input power at the
third-order intercept point is called input third-order intercept point (IIP3), the output
power is called output third-order intercept point (OIP3).

Dynamic range (DR): The dynamic range is defined by the minimum signal level
caused by noise and the maximum signal level that introduces a certain amount of THD.
Typically the signal amplitude is used which causes a THD of 1% (equal to -40dB THD)
and is called a1975p. The dynamic range is defined as
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A2
DR = ‘%rHD (4.4)
2- noz’se2

noise. denotes the integrated in-band noise. A graphical illustration of the DR is also
given in figure 4.1. The DR is the difference (in logarithmic scale) of the fundamental
signal at 1%THD and the minimal detectable signal of a system.

Figure of merit (FOM):  The minimal power P,,;, per pole, that is needed to achieve
a sufficient signal-to-noise ratio S/N, is dependent on the thermal noise power and the
bandwidth f of a passive filter and is denoted as

Pyin = 8kgT - f. - S/N. (4.5)

kg is the Boltzmann’s constant and 7' is the temperature. The figure of merit (FOM gyye;.)
is used as a benchmark for analog filters and is defined by the ratio of the power con-
sumption of the examined filter to the minimum power P,,;,:

P P

FOM’ieT: = .
Filter = p o~ 8kgT - f.- N-DR

(4.6)
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In eqn. (4.6) P is the power consumption of the observed filter, kg denotes Boltzmann’s
constant, T is the temperature, f. is the -3dB cut-off frequency, N is the number of
poles, and DR is the dynamic range [TMGO02].

4.3 Motivation

Radio communication is an important and fast growing domain in information and
communication technologies and electronic industries. Nowadays, an electronic device,
such as a mobile phone or a portable computer, combines several wireless communication
standards. The idea to concentrate all communication standards on one chip is called
Software Defined Radio (SDR). A software defined radio is able to reconfigure the radio
interface by downloading any new wireless standard. Another definition is that a SDR
is reconfigurable at any level in the radio protocol stack by software [Tut99]. A SDR
system is able to change an existing standard or even new standards can be downloaded.
A possible SDR solution is depicted in figure 4.2 [SDR10]. The signal is received by
an antenna, filtered by an input filter and amplified by a low-noise amplifier. The
mixer converts the signal directly into the base-band and the filter selects the desired
bandwidth before the analog-digital converter samples the signal and hands it over to
the processor.
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The transmission of a signal starts at the digital-analog converter, fed with data by
the processor. A filter shapes the analog signal from the DAC and the mixer does the
up-conversion into the rf-band. A power amplifier drives the antenna, again filtering
is necessary. The reconfiguration and adaption to different standards is done by the
processor unit via monitoring and controlling networks. Filter bandwidths or corner
frequencies, oscillator frequencies and LNA or PA gain are programmable and set by
the processor. These monitoring and controlling networks are the core of a SDR, system
[RDB*09].

The proposed current-mode filter is an element of the transmit path of a SDR system.
The areas of application in wireless systems are Bluetooth and Wideband Code Division
Multiple Access (WCDMA) applications. The details of the transmit path are depicted
in fig. 4.3. The target design uses a current-steering DAC and a current-mode mixer.
The use of a conventional voltage-mode filter necessitates two signal transformations.
Before the filter the voltage-mode signal has to be transferred into a current-mode signal
and after the filter the voltage-mode signal has to be transferred into the current-mode
domain again. The major targets of the current-mode filter design are saving of silicon
area and power consumption. This is accomplished by the savings of the two transfor-
mation blocks and the low-voltage operation that is applicable for deep sub-micron and
nanometer CMOS technology.

The supply voltage of nanometer CMOS technology is low, which results in a limited
dynamic range in voltage-mode filters. It will be investigated, to what extent current-
mode techniques impact the dynamic range of filters at low supply voltages. The power
consumption of the filter impacts the dynamic range as well. Due to the fact that
in a current-mode filter the signal quantities are represented by currents, the current
consumption is proportional to the signal swings and the necessary bias conditions to
avoid distortions. However, a tradeoff between dynamic range and power consumption
is required.
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Figure 4.4: Continuous-time current-mode differential integrator [ZLA93]

4.4 State-of-the-Art

Analog filters are essential blocks in analog circuit design, hence there exist many filter
publications. In the following the state-of-the-art is given with the focus on current-mode
low-pass filters. The publications are sorted chronologically.

A continuous-time current-mode integrator is described in [LZAL91| for high-frequency
low-power filters, which are used in video signal processing applications and magnetic
disk-drive read channels. The current-mode integrator is designed in 2 ym standard digi-
tal CMOS technology and is applied in a fifth-order leapfrog all-pole low-pass filter. The
filter cut-off frequency is tunable over a wide range from 25 MHz to 50 MHz by changing
the bias currents and thus changing the transconductances of the applied integrators. At
a -3dB cut-off frequency of 30 MHz the filter dissipates 24 mW at a 5V supply voltage.
The total harmonic distortions are given at a cut-off frequency of 30 MHz and an input
signal of 1 MHz. A THD of -55dB is caused by an input signal amplitude of 50 mA,,.

A fifth-order continuous-time current-mode low-pass filter based on current-mode g,,-C
integrators, which are suitable for the design of low-voltage high-frequency filters, is
presented in [LZAL93|. The low-pass filter has a tunable -3 dB cut-off frequency from
24 to 42MHz. At a -3dB cut-off frequency of 40 MHz an input signal amplitude of
30 A causes 1% total intermodulation distortion. Together with a total integrated rms
(root mean square) noise of 7.4nA,,,; over 40 MHz a DR of 69dB is obtained. The
filter is designed in 2 um standard digital CMOS technology and has a power dissipation
of 25.5mW at a supply voltage of 5V. The active chip area of the low-pass filter is
0.28 mm?.

A third-order Chebyshev low-pass filter for video signal processing and magnetic disk-
drive read-channel systems is described in [ZLLA93]. In the filter continuous-time current-
mode integrators as depicted in fig 4.4 are applied. The low-pass filter is designed in
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1.2 um CMOS technology and requires 3000 um? active area per pole. It has a supply

voltage of 3V while consuming 6 mW power per pole. The -3dB cut-off frequency is
125 MHz. The filter produces 1 % THD at an input signal current of 300 pA, and a total
rms input referred noise over a bandwidth of 100 MHz of 182nA,.,,,. This results in an
DR of 62dB.

A sixth-order Bessel low-pass filter in standard 2 yum CMOS technology, which occupies
0.77mm? active area is demonstrated in [SS96]. The tunable -3dB cut-off frequency
ranges from 7.5 to 13.5 MHz. The filter consumes 4 mW at a supply voltage of 3.3 V.
The over 12 MHz integrated output noise results in 714 nA,,,,. 1% THD is reached at an
output signal amplitude of 440 A, and the DR calculates to 52 dB. The power supply
rejection ratio PSRR at VSS and VDD is 24 dB. The sixth-order Bessel low-pass filter
is based on the basic integrator shown in figure 4.5.

A fifth-order Chebyshev low-pass filter is introduced in [ZA96]. The filter has a power
consumption of 75 W /pole at a supply voltage of 1.5V. The -3dB cut-off frequency
is tunable from 300kHz to 1 MHz. The DR is 67dB and the total integrated in-band
noise is 3.53nA,,,s at a -3dB cut-off frequency of 525kHz. The PSRR is at minimum
40dB and the common mode rejection ratio (CMRR) is 70dB within the pass-band.
The Chebyshev filter is designed and fabricated in 1.2 um n-well CMOS process and
requires 0.1 mm? chip area per pole.

A low-voltage current-mode integrator using voltage companding is applied in a fourth-
order Chebyshev low-pass filter [PFE96|. The integrator is only composed of MOSFET
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transistors and lacks of any functional capacitors, and hence fits for integration in digital
CMOS technology very well. The cut-off frequency can be tuned from 20 Hz to 20 kHz.
The filter consumes 1.16 W per pole at a -3 dB cut-off frequency of 5kHz. The dynamic
range is 55 dB. Unfortunately the used detailed CMOS process is not mentioned.

A 3V analog CMOS current-mode continuous-time filter with a negative resistance load
is proposed in [HY96]. The designed third-order Butterworth low-pass filter has a -3dB
cut-off frequency of 50 MHz, a power consumption of 2.4 mW per pole at a 3V supply
voltage. The filter occupies 1 mm? in a 1.5 um n-well standard CMOS technology.

A 5t_order elliptic current-mode low-pass filter with a g,,-C topology is presented in
|[KKH98|. The filter has a cut-off frequency of 50 MHz and it has a power consumption
of 91mW at a 3.3V supply voltage. A low distortion level is achieved by scaling for
minimum distortion and dynamic biasing for linearization. The current-mode filter is
designed in 0.5 um CMOS and has a core size of 0.56 mm?. A 15MHz input current
signal of 500 A, causes 55 dBc THD and the DR results in 60 dB.

An eighth-order continuous-time current-mode Butterworth low-pass filter is introduced
in [DLO1|. The filter is realized with simple current amplifiers and cascade connection
of current-mode Sallen-Key biquads. The tuning range covers 237 to 326 MHz with
programmable capacitor arrays for frequency tuning, the nominal -3 dB cut-off frequency
is 250 MHz. The power consumption of the filter is 24 mW and the supply voltage is
1V. The THD is -53.5dB at an input signal of 300 mV,,,, however the voltage to current
conversion is done by a not specified resistance. The Butterworth filter is designed and
simulated in 0.25 um CMOS technology, the estimated active chip area is 2.46 mm?.

A low-voltage digitally programmable second-order current-mode low-pass filter which
applies a digitally programmable current-mode integrator is presented in [Ham03|. The
filter with a -3dB cut-off frequency of about 80 MHz is integrated in 0.8 um CMOS
technology and needs a supply voltage of 3V.

A fifth-order Butterworth low-pass filter by applying a current-mode integrator for low-
frequency continuous-time filters is demonstrated in [YHCHO3|. The -3dB cut-off fre-
quency is tunable from 160 Hz to 5.6 kHz. The filter consumes approximately 20 mW at
a supply voltage of 5V. The filter is designed and fabricated in an AMI 1.2 um n-well
CMOS process and occupies an active area of 0.08 mm? per pole.

A current-mode square-root domain filter with a novel current-mode geometric-mean and
current squarer circuit is presented in [KKR03|. The filter is used in current controlled
oscillators and low-power low-voltage current-mode video frequency filters. The circuit
is designed in 0.35 um AMS CMOS technology, has a supply voltage of 3V and a -3dB
cut-off frequency range from 1 MHz to 5 MHz. The THD is in the worst case -43dB for
an input amplitude equal to the dc bias current.
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Figure 4.6: Current-mode third-order single-ended Butterworth low-pass g,,-C filter
[HCLS06]

A digitally programmable analog current-mode filter for VHF /UHF applications is intro-
duced in [OCAO06]. The third-order current-mode Butterworth low-pass filter is tunable
from 42 to 215 MHz and has a supply voltage of 2V at a power consumption of 3.73 mW
per pole. A differential input signal of 120 uA causes 1% THD and the total rms in-
put referred noise is 197 nA, ;. A DR of 53dB is achieved. The filter is designed and
fabricated in 0.35 um n-well CMOS technology and occupies 0.025 mm? active area.

A current-mode third-order LC Butterworth low-pass filter using g,,-C techniques is
realized in [HCLS06]. An outline of the filter structure is depicted in figure 4.6. The
low-pass filter has a -3 dB cut-off frequency of 200 MHz and dissipates 16.77 mW power
at a supply voltage of 1.8 V. A 200 MHz input signal of 0.4mA causes total harmonic
distortions of -46.5dB. The filter is implemented in the TSMC 0.18 yum 1P6M process
and the core area occupies 0.0303 mm?.

A third-order current-input/output Butterworth low-pass filter for software-radio appli-
cations is presented in |[KZ07|. The filter is fabricated in 65nm CMOS technology and
occupies an active chip area of 0.092mm?2. The supply voltage is 1.2V and the power
consumption is 6.8 mA. The filter has two -3 dB cut-off frequencies which are 0.98 MHz
and 4.06 MHz. The filter attenuates the signal slightly by 3.5dB. The total integrated
output noise is 29nA,,,s and 54nA,,,s for 0.98 MHz and 4.06 MHz, respectively. The
dynamic range at a bandwidth of 0.98 MHz is 72.5dB and at a bandwidth of 4.06 MHz
it is 66.6 dB.

Another current-mode filter for software-radio applications is presented in [KYZ08|. The
3re-order Butterworth filter consumes 6.3 mW at a supply voltage of 1.2 V. The filter is
switchable between the -3dB cut-off frequencies of 0.95 MHz and 3.75 MHz and reaches
a dynamic range of 56.7dB and 52.6 dB, respectively. An IIP3 of 2.13 mA is achieved in
both frequency domains. The switchable filter is designed in 65nm CMOS technology
and needs 0.54 mm? active chip area.

A fifth-order low-pass continuous-time filter for low-voltage applications is introduced
in [DBDO08|. The filter has a cut-off frequency of 10 MHz and a power consumption of
5mW at a supply voltage of 3V. A DR greater than 50 dB is reached at an input signal
of 20 A and the PSRR is slightly larger than 50dB. The filter is simulated in 1 pum
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CMOS technology.

A fifth-order low-voltage CMOS current-mode low-pass filter is presented in [LPO08|. The
filter is designed in 0.35 um BiCMOS process and has a power consumption of 21.1 uW

at a supply voltage of 1.5 V. The -3 dB cut-off frequency is 482 kHz and the input referred
noise at 10kHz is 4 pA/+v/Hz. The dynamic range is 40.6 dB.

4.5 Realization of Current-Mode Filters

4.5.1 A 3"-Qrder Current-Mode Continuous-Time Low-Pass
Filter Using a Chip Area Saving Strategy

A 3"%-order current-mode continuous-time Butterworth low-pass filter is realized [UZ09a].
The aimed -3 dB cut-off frequencies are 1.1 MHz and 4.4 MHz observing the target spec-
ifications. Due to the relatively low cut-off frequencies big capacitors for the filter poles
are needed. In order to save expensive chip area a capacitor saving strategy is devel-
oped. A test chip of the current-mode filter is designed and fabricated in 65 nm CMOS
technology and its behavior is characterized.

The block diagram of the low-pass filter is depicted in figure 4.7. The filter has a
differential topology. It has 3 basic building blocks, whereas the first two blocks, a 15'-
order current-mode low-pass filter and a current-mode integrator represent a 2"%-order
low-pass filter. The last block is another 15-order current-mode low-pass filter to obtain
an overall 3"%-order current-mode low-pass filter.

Current-mode integrator Integrators are essential parts in active filter design and
their characteristics contribute to the filter performance and quality directly. In current-
mode circuits current-mode integrators are of importance. Figure 4.8 shows the imple-
mented fully differential current-mode integrator, which is an innovative modification of
[SS96]. Figure 4.8(a) represents the detailed schematics of the current-mode integrator,
the equivalent circuit is depicted in figure 4.8(b).

The integrator is assembled of two cross coupled current mirrors. The cross coupling is
done between the transistors M, and My, as well as My, and Ms,. The cross coupling
effects a high differential gain and a low common-mode gain. The unity-gain frequency is
switchable between two frequencies, hence switchable capacitors (Ci,, C1p, Coq, Cop) are
implemented. The overall filter has relatively low -3 dB cut-off frequencies of 1.1 MHz
and 4.4 MHz which need large integrating capacitors. Hence, the capacitors are an
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Figure 4.7: Block diagram of the 3"%-order current-mode Butterworth low-pass filter us-

ing a chip area saving strategy

important factor of integrated filters and need large chip area. The innovation is the
adding of the resistors Ry, and Ry, to save chip area by keeping the characteristics of
the integrator circuit. The transfer function of the modified integrator is derived in the
following.

For the formation of the mathematical model figure 4.8(b) is used. The connections of
Iy, and I, are used for feedback purposes (compare to figure 4.7) and are not important
for the integrator functionality. Hence, the input currents Iy, and I, are supposed to
be 0. For the calculations the switches for the frequency selection are open and only the
capacitances Cg, and Cg, are active. The input currents 7, and i,, are given by

. UGS1a9m2a UGS1b
lp = UGS1bm1b T~ ~ T gDS2aUGS1b + 55— 71— (4-7)
1 -+ SRlaCZa Rlb + sC.
2b
and
. UGS169m2b UGS1a
lp = UGS1a9mla + T + gpsauUasia + ————F— (4-8)

+ .
1 -+ SRleQb Rla + ﬁ

An integrator behavior is realizable due to equal circuit elements: M;, = My, = Ms,
— Mayy; Msq — Msy; Rig — Riy — Ri; Cig — Cip — Ch; Coq — Oy — Cy. The bias
currents Igiq, Ipp, Ipoe, and Ipo, are equal as well as Igs, and Ig3,. By using these
element parameters, solutions for uggi, and ugg, can be found which are inserted in
the equations for the output currents

_ 9m3UGsip

_ 4.9
1+ Ry Cys Ups3gpss ( )

lin =
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Figure 4.8: Current-mode integrator with capacitance saving strategy

and

Im3UGS1a

) = ——————— — . 4.10
11p 1+ R,Chs UpS39dDs3 ( )

Finally the transfer function of the current-mode integrator by using (4.10) and (4.9)
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results in

ilp B iln 9m3
Hi(s) = —— = . 4.11
1) p —n gps2 + (Ri(gm1 + gps2) + 1)Cas ( )

The innovation of the modification is clearly visible in (4.11). In the denominator a
supplementary element R; appears in addition to C; and the transconductance of M;
and M3, which manage the unity-gain frequency of the integrator. By increasing the
resistor Ry, a huge amount of chip area can be saved. Naturally the resistor increases
the noise level of the integrator, hence a trade-off between noise and chip area has to be
made. Low unity-gain frequencies can be realized by increasing the transconductance of
My as well. A high transconductance is realized by raising the transistor bias current,
which deteriorates the power consumption of the integrator. Summarized the resistor
Ry in the current-mode integrator enables to save chip area and power dissipation at the
expense of a higher noise level.

First-order current-mode low-pass filter The first-order low-pass filter is shown in
figure 4.9(a), which consists of two current mirrors due to the differential structure of
the overall low-pass filter. The dominant pole is defined by the combination of Rs,,
Csq, and Oy, as well as Ry, ('3, and Cyy,. The split and switchable capacitors C's,, Cy,,
Csp, and Cly, are implemented to obtain two different -3dB cut-off frequencies of the
1t-order low-pass filter. A differential design of the entire 3"%-order low-pass filter needs
the equality of upper and the lower half: My, = My, Ms, = Ms,, Mg, = Mgy, C3q =
Csy — O3, Ciq = Cyy — Cy, Roq — Roy — R, Ipaa — Ipay, Ipsa — sy, and Ige, — Les.
The transfer function of the 1¥-order current-mode low-pass filter is

A— 1
Hip(s) = - — = .
LP( ) le — U1n G4(R2 + ﬁ) + 1

(4.12)

It is assumed, that only the capacitor Cy is active.

Two outputs are needed for the connections to the following block and the feedback (ig, /p
and is,/p). Since a single current output cannot be used for both purposes due to the
Kirchhoff’s circuit laws, two output transistors of the current mirror are used. Therefore
additional bias currents are necessary and increase the overall current consumption.

3"%-order current-mode Butterworth low-pass filter The current-mode integrator
and the current-mode 1%t-order low-pass filter in negative feedback generates a 2"%-order
low-pass filter. The 2"-order low-pass filter has two outputs (compare to figure 4.7):
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Figure 4.9: First-order current-mode low-pass filter

I, and Iy, for feedback purposes and Is,, and I3, is connected to the following 1%'-order
low-pass filter. The transfer function results in

Hppy = (4.13)

as?+ s+
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The coefficients «, 3, and ~ are denoted as

cy,C
@ = ——"(Rogms + 1)(R1(gm1 + gpsa) + 1), (4.14)
Im39ma
C. C

B = _2(R1 (gm1 + gps2) +1) + 19Ds?2 (Ragma + 1), (4.15)

9m3 Im39ma

and
y=1+222 (4.16)
m3

Due to the non-ideal manner of the current-mode integrator and the open-loop gain,
is finite (lossy integrator). A limited open-loop gain may deteriorate the entire filter
performance severely. To estimate the impact of the non-ideal integrator on the fil-
ter performance the quality factors (Q) of the 2"¢-order low-pass filter using a lossy
integrator is compared to the ideal 2"%-order low-pass filter

1
14 ST+ 277y

Hideal(s) (417)

7 denotes the time constant of the ideal integrator and 75 the time constant of the ideal
1%t-order low-pass filter. The transfer function of a 2"®-order low-pass filter is calculated
by using the lossy integrator transfer function

Ao

Hlossy<5) = m

(4.18)

7' is the time constant of the lossy integrator. The transfer function of the 2"%-order
low-pass filter by using (4.18) and a 1%*-order low-pass filter with the time constant 75
results in

Ao
C 1+ Ag + s(mh + AgT) + AgT'Ths?

H(s)

(4.19)

The quality factor of the ideal 2"%-order low-pass filter in (4.17) results in
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(a) Layout plot (b) Chip photograph

Figure 4.10: 65nm CMOS 3"4-order Butterworth low-pass filter [UZ09a

Q= \/? (4.20)

In the 3"%order Butterworth low-pass filter the embedded 2"¢-order low-pass filter has
a Q of 1 and induces

T =Ts. (4.21)

The application of the lossy integrator in the 2"%-order low-pass filter (eqn. (4.19)) under
the assumption of (4.21) leads to a quality factor Qess, of

Ao
088y — . 4.22
Quowsy =\ T (1.22)
The open-loop gain Aq of the lossy integrator is
Ay = Im3 (4.23)

dDs2

as given in (4.11). Observing (4.23), an open-loop gain of at least 10 is reasonable. The
resulting Q is then at least 0.953 instead of 1 which means the relative deviation of Q
is at most of -4.7%. The lossy integrator does not deteriorate the filter performance
significantly.
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The required 3"%-order low-pass Butterworth filter is realized by connecting another
15%-order low-pass filter as presented in figure 4.9. The resulting transfer function is

Hrpiier(s) = Hrpa(s) - Hpp(s) (4.24)

by inserting (4.13) and (4.12).

400

300 =

200 -
100 pd
0 pd
100 /

-200

lou: [MA]

-300 -
//
-400

-500 -400 -300 -200 -100 0 100 200 300 400 500
Iin [lJ'A]

Figure 4.11: Chip area saving 3"%-order low-pass filter - differential DC characteristics

Experimental results  The described 3"%-order Butterworth low-pass filter is designed
and fabricated in 65nm low-power CMOS technology [UZ09a, UZ07a| as described in
chapter 3. Figure 4.10(a) shows the layout of the filter and figure 4.10(b) depicts the
chip photograph, which is not illustrative due to the planarization and passivation layers.
The filter has two pins for VSS, one for VDD, two for the differential input, two for the
differential output, and one pin is used to switch between the two cut-off frequencies. The
filter occupies 350 um x 220 um active area and including the pads 500 ym x 360 pm.
The filter is powered with 1.2V supply voltage and consumes 10.3mA, which refers to
12.36 mW, at either cut-off frequency. The frequency dominating elements are C; =
74pF, Cy = 20.6 pF, Ry = 13.5k2, C3 = 4pF, Cy = 11pF, Ry = 11k, C5 = 4pF, Cq
= 22pF, and R3 = 7k(). For the resulting cut-off frequencies the parasitic gate-source
capacitances and the capacitances from the switches have to be considered.

The differential DC measurement is depicted in figure 4.11. The low-pass filter shows a

good linearity between an input current of -360 uA and +360 uA and an offset of about
-20 pA.
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Figure 4.12: Chip area saving 3"%-order low-pass filter - frequency response

The AC characteristics is shown in figure 4.12. The amplitude response as shown in
figure 4.12(a) exhibits the two cut-off frequencies (f.) of 1.12 MHz and 4.46 MHz. The
DC gain is -0.93dB. The phase response is shown in figure 4.12(b).

The distortions are determined by single-tone and two-tone measurements. In the single-
tone measurement the amplitude of the input current is varied at a frequency f,,. at
100 kHz at a filter bandwidth of 1.12 MHz. The applied frequency f;,,. is 400 kHz at the
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Figure 4.14: Chip area saving 3"%-order low-pass filter - spectral noise current density

filter bandwidth of 4.46 MHz. Table 4.1 shows the 3"%-order harmonic distortions (HD3)
in dBc¢ (decibels relative to the carrier) against the input amplitude current.

The total harmonic distortions are measured with a frequency of 100 kHz and 400 kHz
at the -3 dB cut-off frequencies of 1.12 MHz and 4.46 MHz, respectively. The results are
shown in table 4.2.
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Table 4.1: Chip area saving 3"%-order low-pass filter - measured HD3

A~

I; f.=1.12MHz | f. = 4.46 M Hz
Signal frequency | fione = 100kHz | f;,,. = 400 kHz
150 pA -55.6 dBc -61.4dBc
200 pA -58.1dBc -62.4dBc
250 uA -54.2dBc -51.1dBc
300 A -44.1dBc -42.3dBc

Table 4.2: Chip area saving 3"%-order low-pass filter - measured THD1%

fe Irip1
1.12MHz | 340 A,
4.46 MHz | 330 nA,

A two-tone measurement is used for a further distortion and intermodulation character-
ization. The filter is tested in both cut-off frequency settings. At f. of 1.12 MHz two
sinusoidal signals of 600 kHz and 700 kHz are applied and at f. of 4.46 MHz two sinusoidal
signals of 3.0 MHz and 3.2 MHz. In both -3dB cut-off frequency configurations an input
amplitude of 180 pA, of one input signal caused an IM3 of -40 dBec. Figure 4.13 depicts
the two-tone measurement at a filter -3dB cut-off frequency of 4.46 MHz. The input
current of 180 A, at -40dBc corresponds to a 3"-order input intercept point (ITP3) of
1.8mA,,.

The noise measurement is shown in figure 4.14 for both -3 dB cut-off frequency settings.
The current noise spectral density has a dominant contribution of the 1/f noise, which
goes approximately up to 200kHz. The spectral output-current noise density in the
pass-band is about 31.16 pA //TIz.

The analyses of the rating and performance is done by the criterions in chapter 4.2. At a
-3dB cut-off frequency of 1.12 MHz the DR is 77.2dB and the FOM g4, is 2115. At the
other bandwidth of 4.46 MHz the DR is 70.9dB and the FOM g, is 2304. A summary
of the achieved filter performance is given in table 4.3 [UZ09a, UZ07a).
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Table 4.3: Chip area saving 3"%-order low-pass filter - performance summary

Technology
Chip area
Supply voltage
Power consumption
DC gain
-3dB cut-off frequency
[ @ THD1%
I1P3
DR
FOMFiiter

65 nm CMOS
0.077mm?
1.2V
12.36 mW
-0.93dB
1.12MHz 4.46 MHz
340 pA, 330 pnA,
1.8mA,
77.2dB 70.9dB
2115 2304
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Figure 4.15: Block diagram of the chip area saving 3"%-order low-pass filter with virtual

ground regulation

4.5.2 A Chip Area Saving 3"%-Order Current-Mode
Continuous-Time Low-Pass Filter with Virtual Ground

Regulation

A 3"order current-mode continuous-time Butterworth low-pass filter is realized by ob-
serving the same specifications as in section 4.5. The aimed -3 dB cut-off frequencies are
again 1.1 MHz and 4.4 MHz. The benefit of the chip area saving strategy is exploited
and additional cascode transistors of the active load transistors are used [UZ08c, UZ08b].
Furthermore a fully differential filter topology is designed and a virtual ground regula-
tion on the filter input is realized. The virtual ground regulation is used for lowering the
input impedance. The 3"%-order current-mode low-pass filter is made of three integrator
stages, as depicted in the simplified block diagram in figure 4.15. The frequency behav-
ior of the 3"%-order low-pass filter is realized by appropriate feedback of the integrators
which is shown analytically in the following.

The basic functional block of the filter is the integrator which is defined by the transfer
function

Hp(s) = %, (4.25)

where Ag is the gain of the integrator. The integrator in negative feedback results in a
first-order low-pass filter:

(4.26)
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The second-order low-pass is realized by the first-order low-pass filter in series with
another integrator and its gain of By. Both blocks are again in negative feedback and
generate the transfer function

1
HLP2(S) =

. 4.27
mSQ + BLOS + 1 ( )

The 3"%-order low-pass filter is realized by a further integrator in feedback as in (4.26)
(gain: Cp) connected to the outputs of the second-order low-pass filter. The transfer
function is

AyByCy
(AgBy + Ags + s2)(Co + s)°

HFilter(S) = (428)

Cascoded current-mode integrator with virtual ground regulation The central
component of this filter is the current-mode integrator. Current-mode integrators are
presented in [ZA96, SS96]. They define the transit frequency of the integrators by the
integrating capacitance and the transconductances of the transistors. The proposed
cascoded current-mode integrator has an additional parameter to adjust the transit
frequency. The schematics and the simplified equivalent circuit is depicted in figures
4.16(a) and 4.16(b), respectively [UZ08c|. The integrator consists of two cross-coupled
cascoded current mirrors, which are made of the transistors My, to Mg, and My, to Mgp,.
The cascodes are used for a better integrator accuracy. The load transistors are not
cascoded, due to the limited signal headroom. For a sufficient output impedance, load
transistors with large gate lengths are implemented. The output is mirrored twice, one
is used for feedback purposes and the other is fed into the subsequent block. Due to
the need of two outputs of the current mirror the current-consumption of the filter is
increased.

The fully differential integrator functionality is realized considering some requirements.
Miq, M1y, My,, and My, are equal in their dimensions and tagged with M;. The cascode
transistors Moy, Moy, Ms,, Msp, Mg,, Mgy, M114, and My, are equal. The load transistors
Msq, Map, Mga, Mgy, Mga, Mgy, M19,, and Myo, are equal as well. The output current
mirroring transistors M;, and My, as well as Mo, and Mg, are equal. Due to the
symmetric integrator structure the resistors Ry, and Ry, are equal and denoted as R.
The capacitors Cy, and Cy, and accordingly C,, and Csy, are equal. For the following
calculations they are subsumed as C. The dominant pole of the first integrator in 15'-
order low-pass filter configuration is given by R; = 20k{2 C; = 4.4pF, and Cy = 1.2 pF.
The transit frequency of the second integrator is defined by Ry = 20k, C; = 4.8 pF,
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Figure 4.16: Cascoded chip area saving current-mode integrator with virtual ground

and Cy = 1.3 pF. The last 15%-order low-pass filter is defined by R; = 20k}, C; = 4.4 pF,
and Cy, = 1.2 pF.

The transfer function of the integrator is calculated with respect to figure 4.16(b) and
evaluates to
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Figure 4.17: Virtual ground regulator - schematics

11a — 11b Im7
H = E—_— ) 4.29
I(S) ’ia — ’ib (1 + gmlR)Cs ( )

Equation (4.25) clarifies the influence of the additional resistor R. Usually the capaci-
tance C and the transconductance g,,; are adjusted to set the transit frequency of the
integrator. The extra resistor provides an additional parameter for the transit frequency.
Low transit frequencies can be accomplished by big capacitors, at the cost of large chip
area, or by the increase of the transconductance g,,;, which is not power efficient. In-
creasing the resistor R is an easy way to realize low transit frequencies. Adverse is
the noise of the additional resistor, thus a trade-off has to be found to meet the target
specifications.

A high output impedance is realized by a large L of the load transistors. The cascode
transistors are used for integrator accuracy enhancement. For the system balance the
cascode transistors are also inserted in the branches of the current mirrors.

The transit frequency is switchable. Two frequency ranges are achieved by switched
capacitors (Cyq, Cip, Caq, Cop). The switches are realized as NMOS transistors.

The first integrator of the 3"%-order low-pass filter has a virtual ground regulation. The
schematics of the virtual ground regulator is depicted in figure 4.17. It contains an
NMOS differential pair (My and M;) with active PMOS (M, and M;) load. Biasing
is done by transistor M; and the bias voltage Vpgi. R;, decouples the set point of the
virtual ground voltage from the regulation and C,,, is the compensation capacitor
for the differential pair. The virtual ground regulation stabilizes the input voltage and
reduces the input resistance. Only the first block at the input is equipped with a virtual
ground regulation. The others have the input nodes directly connected to the gates of
M, and My,. Apart from that the other blocks are identical to the first block.
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(a) Layout plot (b) Chip photograph

Figure 4.18: Cascoded chip area saving 3"%-order current-mode Butterworth low-pass

filter with virtual ground regulation [UZ08c|

6.0E-04

4.0E-04

2.0E-04 //
P

0.0E+00

-2.0E-04

Output current [A]

-4.0E-04 —

-6.0E-04
-6.0E-04  -4.0E-04 -2.0E-04  0.0E+00 2.0E-04 4.0E-04 6.0E-04

Input current [A]

Figure 4.19: Cascoded chip area saving current-mode 3"%-order low-pass filter with vir-

tual ground regulation - differential DC characteristics

Experimental results  The 3"%-order Butterworth low-pass filter is designed and fab-
ricated in 65nm LP CMOS technology. The layout plot and the chip photograph is
depicted in figure 4.18(a) and 4.18(b), respectively. The active area of the filter is
215 pm x 221 pm and the chip area including the pads is 470 um x 340 pm. The eight
pads are assigned as VSS, VDD, cut-off frequency selection, virtual ground voltage Vy ¢,
two differential inputs, and two differential outputs.

The current consumption of the entire filter is 10 mA at a supply voltage of 1.2V, which

corresponds to a power consumption of 12mW. The virtual ground regulation sets the
voltage on the input nodes to 700 mV. The differential DC measurement is shown in
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Table 4.4: Cascoded chip area saving current-mode 3"%-order low-pass filter with virtual

ground regulation - measured HD3

I; f,=1MHz | f.=4MHz
Signal frequency | f;o,e — 100kHz | f;,,. — 400kHz
100 A -56 dBc -55dBc
200 pA -49.5dBc -50 dBc
300 A -41.8dBc -40.5dBc
400 pA -35dBc -33.5dBc

figure 4.19 and shows good linearity from -360 pA to 340 pA input current. The filter
shows an offset of 20 pA.

The measured frequency response of the cascoded chip area saving 3"%-order current-
mode Butterworth low-pass filter is shown in figure 4.20. Figure 4.20(a) depicts two
-3 dB cut-off frequencies of 1 MHz and 4 MHz, depending on the settings of the switches.
The gain in the pass band is about 0.9dB. The phase response is depicted in figure
4.20(Db)

Harmonic distortions are measured in a single tone measurement. The input current
is varied at a frequency f;,,. of 100kHz at a filter bandwidth of 1 MHz and at a fre-
quency frone of 400kHz at the filter bandwidth of 4 MHz. Measured 3"%-order harmonic
distortions (HD3) are presented in table 4.4.

THD1% is measured at the same input signal frequencies. Results are given in table
4.5.

Table 4.5: Cascoded chip area saving current-mode 3"%-order low-pass filter with virtual

ground regulation - measured THD1%

fe ‘ Iripiv
1MHz | 322 uA,
4MHz | 322 uA,

In the two-tone measurement two sinusoidal input signals are applied and the amplitude
is increased until an IM3 of -40dB is reached. At the -3dB cut-off frequency of 1 MHz
the test signals are at 600 kHz and 700 kHz. An input amplitude of 154.5 uA of both
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Figure 4.20: Cascoded chip area saving current-mode 3"?-order low-pass filter with vir-

tual ground regulation - frequency response

input signals causes an IM3 of -40 dB, which corresponds to an IIP3 of 1.54mA,,. At the
-3dB cut-off frequency of 4 MHz the test signals are at 2.4 MHz and 2.5 MHz. An input
amplitude of 154.5 uA of both input signals causes an IM3 of -40 dB, which corresponds
to an IIP3 of 1.54mA,, as well. The two-tone measurement at the 4 MHz -3dB cut-off
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Figure 4.21: Cascoded chip area saving current-mode 3"%-order low-pass filter with vir-

tual ground regulation - two-tone measurement
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Figure 4.22: Cascoded chip area saving current-mode 3"%-order low-pass filter with vir-

tual ground regulation - noise measurement

frequency setting is given in figure 4.21.

The noise measurement is depicted in figure 4.22. The spectral output noise density in
the pass-band is 31.6 pA/v/Hz.
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The 3"%-order Butterworth low-pass filter reaches at a -3dB cut-off frequency of 1 MHz
a DR of 77.3dB and a FOM g, of 2258.9. At the -3dB cut-off frequency of 4 MHz
the DR is 71.3dB and the FOMpgjjer is 2238.3. A summarized overview of the filter
performance is given in table 4.6 [UZ08c, UZ08b].

Table 4.6: Cascoded chip area saving current-mode 3"%-order low-pass filter with virtual

ground regulation - performance summary

Technology 65 nm CMOS
Chip area 0.0475mm?
Supply voltage 1.2V
Power consumption 12 mW
DC gain 0.9dB
-3dB cut-off frequency | 1TMHz 4 MHz
[ @ THD1% 322 uA,
11P3 1.54mA,
DR 77.3dB 71.3dB
FOM pizer 2258.9  2238.3
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Figure 4.23: Block diagram of the 3"%-Order Current-Mode Low-Pass Filter Using Ca-

pacitance Multiplication

4.5.3 A 3"-Order Low-Voltage Current-Mode Continuous-Time
Low-Pass Filter Using Capacitance Multiplication and

Virtual Ground Regulation

A 3"%-order current-mode Butterworth low-pass filter using capacitance multiplication
and a virtual ground regulation on the input is realized. The block diagram is depicted
in figure 4.23. The first block is a first-order current-mode low-pass filter including a
virtual ground regulation and using a capacitance multiplication technique. The second
block is a cascoded current-mode integrator. The third block is a first-order current-
mode low-pass filter using again the capacitance multiplication technique, but without
virtual ground regulation.

1%-order current-mode low-pass filter using capacitance multiplication and virtual
ground regulation The capacitance multiplication technique is important and effective
to save expensive chip area [UZ08a|. The schematics and the equivalent circuit is shown
in figure 4.24(a) and 4.24(b), respectively.

For a 1%t-order low-pass filter functionality the transistors have to be designed as follow-
ing. My, = My, and is denoted as M;. M3, = M3, and is denoted as Mz. My, = My, =
My; Mg, = Mg, = Mg; M7, = M7, =M7; Mg, = Mg, = Mgy. The cascode transistors My,
Moy, M5, M5y, Mg,, and Mg, are equal. Long gate lengths of the load transistors are
inserted due to a larger output resistance. The symmetry requires the equality of Ry,
= Ry = Ry, C1p = Cyp = C4, and Cy, = Cg, = Cy. The switches to change the cut-off
frequencies are assumed to be open and only C, is active. By using this denomination
the transfer function of the 1¥%-order low-pass filter results in
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In equation (4.30) the factor (; is called the capacitance multiplication factor and is
defined as

G=—Im (4.31)

Im1 — Gma '

A 1%%-order low-pass filter behavior needs the condition of the transconductances g4 <
gm1- (4.30) points out that an increase of the capacitance multiplication factor ¢; shifts
the cut-off frequency to lower frequencies. The capacitance multiplication factor can be
raised by increasing the transconductance g,,4. The proposed 15-order low-pass filter
has a (; of 3. The new development results in an enlargement of the effective capacitance
of 30%. However, the saving of chip area is at the cost of the dynamic range. Due to the
current-transmission ratio the current in M4, M5, and Mg is smaller than in My, Ms, and
M;s. The gain of the 1%¢-order low-pass filter can be adjusted by the transconductance
gm7- The multiplication factor (; can be increased by approaching g,,4 to g,,1. However,
process tolerances have to be considered and g,,4 < g,,1 has to be assured. Therefore a
(1 of 3 is used.

Cascoded current-mode integrator The second block of the 3"¥-order current-mode
low-pass filter, the integrator, is shown in figure 4.25. The transfer function is given

by

9b — 124 135 — 134 9gm10
Hy(s) = 2220 30" "8 4.32
I( ) 11 — 110 11 — 110 (1 + 9m1032)043 ( )

under the following assumptions: The transistors Mg, = Migp = Mi3, = M3, = Miga
= Mgy = Mig, = Mig, are equal and denoted as Mjy. The load transistors are equal:
Mlga = M12b = M15a = M15b = Mlga = Mle = Mgla = M21b- The cascode transistors
are equal: Mlla — Mllb — M14a — M14b — M17a — M17b — MQOa — Mg()b. The cascodes
provide a better integrator accuracy. The resistors Ry, and Rg, are equal and denoted
as Ry, the capacitors Cs, and Cs;, are equal and denoted as Cs. The capacitors Cy, and
Cyp are equal and denoted as C4. The switch is assumed to be open and the effective
capacitance is C4. The output is mirrored twice because of the current-mode signal
which increases the current consumption of the filter.

By combining (4.30) and (4.32) the 2"4-order low-pass filter results in

gm?.gmlOCl
Ds?2+ Es+ F°

Hppy = (4.33)
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Figure 4.25: Cascoded current-mode integrator without virtual ground regulation

The coefficients D, E, and F' represent:

D= CQC4<1(ngm1 + 1)(1 -+ gmloRQ), (434)
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(a) Layout plot (b) Chip photograph

Figure 4.26: Low-voltage 3"%-order current-mode Butterworth low-pass filter using ca-

pacitance multiplication [UZ08a|
FE = (]_ + gml()RQ)Cngl; and (435)

F = Clgm7gm10~ (436)

The final 3"%-order current-mode Butterworth low-pass filter is realized with another
1%t-order current-mode low-pass filter using capacitance multiplication as introduced
in figure 4.24. The only difference is the omitted virtual ground regulation. With a
consecutive numbering of the circuit devices the 3"%-order Butterworth low-pass filter
results in

gm?28
_ gm7gm10<1 . CQM
Ds2+ FEs+ F gQOG(Rg—l-gm%)S—f‘].

HFilter(S> (437)

Measurement results The 3"%-order Butterworth low-pass filter is designed and fab-
ricated in 65nm LP CMOS technology. The active area of the filter is 215 yum x 215 pm
and the chip size including the pads is 510 um x 360 um. The layout plot is shown in
figure 4.26(a) and the chip photograph is depicted in 4.26(b). The chip pins are VSS,
VDD, cut-off frequency select, virtual ground voltage Vi, two differential inputs, and
two differential outputs.

The supply voltage of the 3"%-order current-mode Butterworth low-pass filter is only 1V

for power saving reasons at a current consumption of 9.6 mA. This results in a power
consumption of 9.6 mW. The differential DC characteristics at a virtual ground voltage
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Figure 4.27: Current-mode 3"%-order low-pass filter using capacitance multiplication -
differential DC characteristics

Table 4.7: Current-mode 3"%-order low-pass filter using capacitance multiplication - mea-
sured THD1%

fc ‘ fTHDl%@vVG — 04\/ ‘ jTHDl%@VVG — 05V ‘ jTHDl%@VVG — 06V
1 MHz 272 A, 277 A, 277 uA,
4 MHz 272 pA, 277 pA, 268 1A,

of 500 mV is shown in figure 4.27. The input-output current relation is linear at an input

range from -480 pA to 480 pA. The offset at the output is about -50 uA at 0V input
voltage.

The frequency response in figure 4.28 shows the Butterworth low-pass filter character-
istics at a virtual ground voltage of 500 mV. The -3 dB cut-off frequencies of 1 MHz and
4 MHz are digitally switchable. The -3 dB cut-off frequencies are determined at the input
voltages of 400 mV, 500 mV, and 600 mV. In both frequency settings the deviation of the
-3dB cut-off frequencies was lower than 1%. The filter has a gain of 4dB at all three
virtual ground voltages at the input node.

Single-tone measurements were performed to show the in-band distortions. The results
are given in table 4.8 for the two -3 dB cut-off frequencies of 1 MHz and 4 MHz and for
the input node voltages of 400mV, 500 mV, and 600 mV.
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Figure 4.28: Current-mode 3"%-order low-pass filter using capacitance multiplication -

frequency response

The THD1% is measured at all three virtual ground voltages. The test signal frequency
at the -3 dB cut-off frequency of 1 MHz and 4 MHz was 100 kHz and 400 kHz, respectively.
The input amplitudes which lead to 1% THD are listed in table 4.7.
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Two-tone measurements were performed in order to identify the 3"%-order intermod-
ulations. The frequencies of the two sinusoidal input signals at 1 MHz -3dB cut-off
frequency were 500kHz and 600 kHz. The amplitude of both input signals are raised
until a IM3 of -40dB is reached. The resulting amplitudes of both input signals at dif-
ferent virtual ground voltages and the corresponding IIP3 are denoted in table 4.9. The
frequencies of the input signals at f. = 4 MHz were 2.4 MHz and 2.5 MHz. The results
are given in table 4.9 as well.

The spectral output noise current density at a virtual ground voltage of Vy¢ = 500 mV
is depicted in figure 4.29. The average spectral output noise density in the pass-

Table 4.8: Current-mode 3"%-order low-pass filter using capacitance multiplication - mea-

sured HD3 for different virtual ground voltages

I; f,=1MHz | f.= 4MHz
Signal frequency | f;o,e = 100kHz | f;,,. = 400 kHz
Vva 400 mV

100 A -55.8dBc -57.5dBc
150 A -54dBc -50.8 dBc
200 A -50dBc -48.1dBc
250 nA -44.8 dBc -42.6 dBc
300 A -39dBc -36.8dBc
Vva 500 mV

100 A -52.5dBc -52.4dBc
150 pA -54.5dBc -51.6dBc
200 A -49.2 dBc -49.2dBc
250 uA -45.5 dBc -43.7dBc
300 A -38.5dBc -37.8dBc
Vvea 600 mV

100 A -58 dBc -52.6dBc
150 pA -54dBc -53.8dBc
200 pA -48.9dBc -50.9dBc
250 pA -45.4dBc -43.5dBc
300 A -39.8 dBc -38.8dBc
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Figure 4.29: Current-mode 3"%-order low-pass filter using capacitance multiplication -

noise measurement

Table 4.9: Current-mode 3"%-order low-pass filter using capacitance multiplication - in-
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termodulation measurements

f. = 1 MHz f. = 4 MHz

Signal frequencies | f;one1 = 500kHz | fi0,.0 = 2.4 MHz

fione2 = 600kHz | {1000 = 2.5 MHz
Vva 400 mV
ILin 164 A, 154 uA,,
11P3 1.6 mA, 1.5mA,
Vva 500 mV
Lin 168 A, 159 uA,
I1P3 1.7mA, 1.6mA,
Vva 600 mV
I, 168 A, 145 A,
I1P3 1.7mA, 1.5mA,




band is 40 pA/vHz which corresponds to an input referred average noise density of

25 pA/v/Hz.

The presented low-voltage current-mode 3"%-order Butterworth low-pass filter using ca-
pacitance multiplication has a DR of 73.8dB and a FOM g;., of 3873 at the -3 dB cut-off
frequency of f. = 1 MHz. At f. = 4 MHz the DR is 67.8dB and the FOM ;. results in
4034. A performance summary of the filter is printed in table 4.10 [UZ08a].

Table 4.10: Current-mode 3"%-order low-pass filter using capacitance multiplication - per-

formance summary

Technology 65nm CMOS
Chip area 0.0462mm?
Supply voltage 1.0V
Power consumption 9.6 mW
DC gain 4dB
-3dB cut-off frequency | 1.0 MHz 4.0 MHz
[ @ THD1% 377 uA,,
I1P3 1.7mA, 1.6mA,
DR 73.8dB  67.8dB
FOM piger 3873 4034
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Figure 4.30: Figure of merit of current-mode filters - state-of-the-art

4.6 Comparison to the State-of-the-Art

For the comparison to the state-of-the-art table 4.11 lists the most important key data
of various current-mode filters which are mentioned in the state-of-the-art (chapter 4.4).
Unfortunately only a small number of publications of current-mode filters in deep-sub-
micron and nanometer CMOS are available, hence older micrometer and sub-micrometer
technologies are involved in the comparison as well. Voltage-mode counterparts are omit-
ted in the comparison due to their inherently different structure and performance. For
example, current-mode circuits need sufficient bias currents to guarantee a good distor-
tion behavior. In general, circuits in deep-sub-micron and nanometer CMOS technologies
have a higher power consumption at the same performance compared to circuits in mi-
cron and submicron technologies as explained in chapter 3. The effect of 1/f noise in
deep-sub-micron and nanometer CMOS technology is considerable; especially in filters
with low cut-off frequencies the noise has a significant impact on the filter performance.
The figure of merit tries to combine significant filter characteristics to show the filter
performance. Generally, a fair and comprehensive comparison by just one figure of merit
is difficult. The figure of merit, as given in (4.6), is printed against the supply voltage
in figure 4.30, if calculable. It should be kept in mind, lower values of FOM gy, are
better.

Simulation results of a 5"*-order leapfrog all-pole low-pass filter are presented in [LZAL91].
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The filter is designed in 2 um CMOS and has a 5V supply voltage. Not any numbers
of noise or dynamic range are given, hence a FOM g, cannot be calculated. A good
FOM piter is reached in [LZAL93| (2 pm CMOS) and [ZLA93] (1.2 pm CMOS) due to
the extensive use of cascoding in the current amplifier of the filter at a high supply
voltage (5V and 3V). A moderate FOM gy, and DR is reached in [SS96| even in 2 ym
CMOS at a 3.3V supply voltage and a power consumption of 4 mW. An ultra low-power
current-mode filter is presented in [ZA96], which reaches a good FOMgjye.. The sup-
ply voltage is 1.5V and the power consumption is 375 uW at a -3dB cut-off frequency
of 525kHz. Only simulations are presented in [PFE96] and reach a good FOM pjer,
although the used technology is not mentioned. The 4"-order Chebyshev low-pass fil-
ter consumes only 1.16 uW at a bandwidth of 5kHz. Simulation results for a 3"¢-order
Butterworth filter at 3V supply voltage and 7.2 mW power dissipation are presented in
[HY96]. No FOM gy, is available due to missing noise, distortion, and DR figures. The
power consumption in [KKH98| is extremely high at a supply voltage of 3.3V because
of the high bias currents. These are needed for a low distortion filter design. How-
ever, the high power consumption (18.8 mW per pole) leads to a moderate FOM gy
in 0.5 um CMOS. Results in [DL0O1] and [HamO03| are achieved only by simulations in
0.25 um CMOS and 0.8 um CMOS, respectively. Distortions and noise performance are
missing, hence a FOM pier cannot be calculated. Measurement results of a 5"-order
Butterworth filter in 1.2 yum CMOS at 5V supply voltage are presented in [YHCHO3|.
Anyhow no FOM gy, is available due to missing THD1% and noise figures. A current-
mode square-root domain filter in 0.35 um CMOS is presented in [KR03]. Not even
the power consumption is reported, hence no FOMpg;;,., is available. A more recent
technology is used in [OCA06]. At a supply voltage of 2V and power consumption of
3.73mW per pole only a decent DR of 53dB and a moderate FOM gy, is reached. A
filter in 0.18 um technology is presented in [HCLS06]. The filter consumes 16.77 mW
at 1.8V supply voltage. Unfortunately THD1% or the DR is missing, a FOM pyjse, is
not available. 65 nm CMOS technology is used in [KZ07, KYZ08]. A good FOM gy, is
achieved in [KZ07| at a supply voltage of 1.2V, which is well comparable to this work.
Only a moderate FOM gy, is reached in [KYZ08| due to the moderate dynamic range.
A 5™-order low-pass filter is presented in [DBDO08]. Simulations in 1 um CMOS with
a power consumption of 5mW show a moderate FOM gjjse, and DR with a high supply
voltage. |LLP08] is the only representative of a current-mode filter in a 0.35 pm BiCMOS
technology at a supply voltage of 1.5 V. It is an ultra low-power design (21.1 uW) with a
low -3 dB cut-off frequency at the cost of a high DR, hence the FOM gy, is moderate.

|UZ09a, UZ08b, UZ08a| are own designs in low-power 65 nm CMOS technology and all
presented results are measurements. The nanometer CMOS technology issues are solved
and these designs reach good DR and FOM gy, figures. Using capacitance saving tech-
niques and capacitance multiplication for current-mode integrators up to 30% capacitor
area could be saved. Despite the system specified low cut-off frequencies the 1/f noise
does not deteriorate the integrated noise too much. [UZ08b, UZ08a| are realized with
virtual ground regulations. This is at the cost of chip area and current consumption,
which affects the FOM gy, negatively as well.
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Chapter 5

Operational Amplifier RC Low-Pass
Filter

5.1 Motivation

Handheld terminals, such as mobile phones, mobile computers, or personal digital as-
sistants (PDA) increase their functionalities for marketing reasons. In order to boost
the sales figures the scope of operation ranges from various sensors, like GPS and sev-
eral interfaces, like Bluetooth and WLAN, to entertainment, like internet or gaming.
Television (TV) is an important fraction in entertainment industries, hence television is
offered for handheld mobile terminals. Nearly every device, like a mobile phone, a music
player, or even a camera has a suitable display and can be used for the information
transport. Entertainment and news are a constant companion all-around and at any
time for a huge mass of customers.

Watching television on mobile phones, mobile television, is already available via the uni-
versal mobile telecommunication system (UMTS). UMTS was designed to join existing
digital cellular systems together with future terrestrial and satellite communication ser-
vices. UMTS covers voice services, messaging, fax, data communication, video stream-
ing, local area networks, teleshopping, and information distribution. UMTS increases
the density of mobile devices and allows a large amount of UMTS terminals in parallel
use. For video streaming applications UMTS has some inherent structural weaknesses.
These are poor data rates and its unicast oriented data transmission. Unicast data trans-
mission is defined as a point-to-point connection with an exclusive information transfer
between one transmitter and one receiver. However, unicast communication is pretty
inefficient and expensive, if many receiving terminals demand the identical data stream
like in television. Every video stream is transferred separately and stresses the service
environment [Rap96].
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Figure 5.1: Direct conversion receiver - architectural overview

A broadcast network is more efficient for serving information to numerous customers
compared to an unicast network. An existent and widely spread TV broadcast service
is digital video broadcasting - terrestrial (DVB-T). The physical radio transmission of
DVB-T is performed by orthogonal frequency division multiplex (OFDM) multi carrier
modulation. It allows high-speed point-to-multipoint connections with the possibility
to receive the broadcast service with portable devices. TV is available at a speed range
that reaches from pedestrians to fast moving cars. DVB-T is used in many countries
and hence, it has a huge geographical coverage.

The existent standard of DVB-T together with its suitability for fast moving television
receivers caused the development of the standard for digital video broadcast - handheld
(DVB-H). DVB-H is compatible to DVB-T to a large extent. Hence there is no need to
establish a new and expensive broadcast network, the existing can be employed. DVB-H
is optimized for mobile multimedia devices which result in some challenges:

e They have no external power supply and are battery supplied, are light weighted
and pocket size. The limited power consumption is important for long operating
time.

e The broadcast service provides audio and video streaming in adequate quality.
Sufficient data rates are necessary.

e Mobility is a fundamental factor for handheld devices. Television reception should
be possible indoor and outdoor at a speed from walking to driving. The antenna
of the mobile system has limited dimensions and cannot be adjusted to the sender
while moving. Multiple antennas are impossible due to space restrictions. Occur-
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ring transmission errors have to be corrected and a time slicing technique for the
transmission is used. Positive side effects of the time slicing are battery power
saving and a soft handover between two adjacent transmission cells.

e Due to the re-use of the existing DVB-T broadcast network the DVB-H transmis-
sion should not interfere with DVB-T channels noticeable [KMO07].

In near future the DVB-H will be substituted by Long Term Evolution (LTE). LTE is
a new and simplified data centric (all IP) core network featuring collapsed architecture
and improved redundancy [Mot07|. Important points of an LTE system are:

e high data rates up to 100 Mbps downlink and 50 Mbps uplink,
e scalable bandwidth from 1.25 MHz to 20 MHz,

e good throughput and spectrum efficiency,

e short package latency,

e operating at mobile speed up to 350 km/h in special cases,

e reduced costs, and

e interworking and handover with existing systems [Bes08].

The ambition of the work is the implementation of a first-order low-pass filter in the
receiver chain of a DVB-H receiver. The overall receiver structure is a direct conversion
receiver. The architectural overview is depicted in figure 5.1. An antenna receives
the rf-signal and the low-noise amplifier boosts the signal before it is split into an in-
phase (I) and a quadrature (Q) component. The mixers convert the signals directly into
the base-band. The base-band signals are filtered by low-pass filters and the analog-to-
digital converters convert the selected channel into the digital domain. Direct conversion
receiver architectures are preferable to superheterodyne receiver architectures, especially
for highly integrated and low-power systems [Abi95].

The industry partner wished to see the improvement of a new operational amplifier in
the DVB-H receiver in comparison to their prior work. Target is the implementation
of the low-pass filter as a first-order operational amplifier RC low-pass filter, which
converts the current-mode output signal of the passive mixer into a voltage-mode signal.
Furthermore the filter amplifies the signal with 40 dB and selects the channel bandwidth
of 4 MHz. For the signal conversion and amplification a first-order operational amplifier
RC low-pass filter is chosen. The use of a 2"%-order low-pass filter should be avoided
because it would result in a lower in-band signal-to-noise ratio. Operational amplifiers
are investigated that fulfill gain bandwidth product, open-loop gain, noise, and linearity
specifications for a robust and cheap receiver, that do not deteriorate the in-band phase
and group delay in the DVB-H receiver.
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5.2 Operational Amplifiers - An Overview

The idea of the concept of operational amplifiers (opamp) was firstly mentioned by Tel-
legen and called "ideal amplifier" in 1954. In 1964, Widlar created the first integrated
operational amplifier. They were often used in analog calculations for mathematical
operations like addition or integration. Until today operational amplifiers are very im-
portant in analog circuits and often used in various applications [ITF04].

Ideal operational amplifiers can be seen as voltage controlled voltage sources. The basic
operational amplifier offers three pins: two differential inputs v;, and v; and one single
ended output v,,;. The input impedance is infinity, thus no input current is flowing into
the input nodes v and v;, . The output impedance is zero and the output voltage v,
is defined by the differential input voltage (v;, — v; ) and the open-loop gain Ag:

Vour = (Vi — v ) Ap. (5.1)

The differential open-loop gain is infinite over a frequency range from DC to infinity.
The common-mode rejection is infinite, i.e. the common-mode gain is zero. The use
of operational amplifiers in open-loop configurations is not reasonable. Due to the high
open-loop gain the output of the opamp is always in saturation. A feedback circuit
enables a well defined circuit behavior. The output is mainly defined by the feedback.
The ideal operational amplifier is often used for circuit analysis. The result is a good
approximation for the practical operational amplifier, however, practical operational
amplifiers have non idealities [TS02].

Real operational amplifiers do not exhibit an ideal behavior. Important non-idealities
are summarized shortly [GHLMO1|. Input bias currents flow into bipolar operational
amplifier inputs and cause voltage drops in the feedback network. At MOS input stages
the input bias currents are in general very small. In nanometer CMOS technologies
tunneling currents result in increasing input bias currents. The input offset current is
the difference between the input bias currents and is caused due to mismatch. The
input offset voltage is the differential input voltage, which drives the output to zero and
is also caused by mismatch. The common-mode input range is the range of the input
DC voltage level at which all transistors in the input stage are in their active region.
The common-mode rejection ratio describes the effect of a common-mode input signal to
the output. The influence of variations in the power supply at the operational amplifier
output is described by the power supply rejection ratio.

The input resistance can usually be neglected in feedback configuration due to the high
voltage gain of the operational amplifier. In MOS input stages the input resistance is
near infinity. Transistor properties of nanometer CMOS like tunneling currents, however,
reduce the input resistance. The output resistance is caused by the output stage of the
operational amplifier. The output resistance has a negligible influence on the closed-loop
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performance, provided that the output resistance in combinations with the load keeps
the operational amplifier stable.

The frequency response of a real operational amplifier declines towards high frequency
due to the internal parasitic nodes. To ensure closed-loop stability compensation capaci-
tances are implemented. A large gain is an elementary property of operational amplifiers,
which is demanding in nanometer CMOS technologies. An intrinsic gain of a transistor
close to 10 and an Early voltage of about 0.3V lead to limitations of the operational
amplifier gain.

5.3 Characterization of Operational Amplifiers

The used performance and quality parameters of operational amplifiers additional to
section 4.2 are shortly described.

Load capacitance The load capacitance (Cp) is an important factor in operational
amplifier circuits. Cy, affects the power consumption and the bandwidth of an operational
amplifier.

Gain-bandwidth product The gain-bandwidth product (GBW) is the product of
the low-frequency gain and the bandwidth. The GBW is a very important criterion in
amplifier design. In operational amplifier design the GBW is determined as the frequency
at which the gain of the opamp is unity.

DC gain  The DC gain or low-frequency gain is the open-loop gain of the operational
amplifier. It should be high in order to sustain the approximation with an ideal opamp.

Phase margin A operational amplifier is usually operated in negative feedback. A
phase lag of 180° turns the negative feedback into positive feedback and oscillations are
the possible consequence. Oscillations occur at a positive feedback if the gain of the
opamp is greater than 1. The phase margin (PM) is the difference of the phase lag at
unity gain (GBW) and the critical 180°. A PM greater than 90° guarantees no peaking,
a PM converging to 0° causes peaking, and a negative PM results in oscillation.
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Power supply rejection ratio  The power supply rejection ratio (PSRR) describes

the influence of a power supply ripple on the output of the operational amplifier. The

PSRR is defined as ratio of the noise in the supply rails to the resulting signal at the

output. PSRRy pp is the power supply rejection ratio for the positive power supply and

PSRRy s is the power supply rejection ratio for the negative power supply:
Adm Adm

PSRRVDD = A and PSRRVSS = A SS.
VDD \%

(5.2)

Agm denotes the differential gain, Ay pp is the small-signal gain from the positive power
supply to the output and Ay gg is the small-signal gain from the negative supply to the
output.

Common-mode rejection ratio The common-mode rejection ratio (CMRR) deter-
mines the influence of a common-mode input signal on the output. The CMRR is defined
by the ratio of the differential gain to the common-mode gain:

Adm

CMRR = .

. (5.3)

Agm is the differential gain and A, is the common-mode gain.

Figure of merit A simple but often used figure of merit of operational amplifiers is
defined as

GBW[MH:z] - C[pF]

ITmA] '
The GBW is inserted in MHz, the load capacitance C; in pF and I is the current
consumption of the operational amplifier in mA [San06].

FOMopamp = (5.4)

5.4 Challenges for Operational Amplifier Design in
Nanometer CMQOS

Operational amplifier design in nanometer CMOS technology has notable constraints.
The most important ones are shortly discussed.

Two-stage operational amplifiers are very common in micrometer and submicrometer
technologies. In nanometer CMOS technologies it is difficult to achieve sufficient gain
with a common two-stage design. The small channel length entails a low gain per
transistor. Hence, the gain per stage is limited and more gain stages are needed to
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provide sufficient gain. An often used gain enhancement technique is the use of cascode
transistors. Cascoding needs sufficient supply voltage for a good performance. At a
low supply voltage cascodes reduce the output swing and deteriorate the operational
amplifier performance. Beside cascoding other gain enlargement techniques such as gain
boosting or bootstrapping do not work properly at low supply voltages [SZ03].

Cascading is a technique that lines up the gain stages in series. The comparison of a
cascoded and a cascaded amplifier results in equal gain under the assumption that the
amount of cascode transistors and cascaded transistors are equal [San06|. However, the
current consumption in the cascade is higher due to additional bias currents. A great
advantage of cascaded amplifiers is the possibility of rail-to-rail output.

The GBW of a cascoded stage, which is a single-stage amplifier, is dependent on the
driven load capacitance on the output. A cascaded stage is a two-stage amplifier and
an additional capacitor for compensation is needed. The compensation capacitance
is an additional load to Cp, hence more current is needed to drive the entire output
capacitance and the overall power consumption is increased [San06].

5.5 State-of-the-Art of Operational Amplifiers

The publications of the state-of-the-art of operational amplifiers are sorted chronologi-
cally.

A low-voltage class AB operational amplifier for a sample and hold circuit is presented
in [VGS01]. The opamp is supplied with 1.5V and needs 4.5 uA which corresponds to
a power consumption of 6.75 uW. The opamp has a gain of 106 dB, a GBW of 1 MHz,
and a phase margin of 47° at a load of 5 pF. The power supply rejection ratio over VDD
at DC PSRRypp is 105dB and the PSRRygg is 115dB. The operational amplifier is
designed in AMS 0.8 um CMOS technology and has an input referred noise spectral
density of 95nA/vHz at f — 1kHz.

A fully differential operational amplifier in 0.13 um CMOS is introduced in [MPHS02|.
The current consumption is 3.1 mA at a supply voltage of 1.5V. A GBW of 3.2 GHz at
a PM of 44° and a gain of 50dB is achieved. The CMRR is 118 dB.

A high-speed two-stage feed-forward operational amplifier for an opamp RC filter is
published in [HWO02]. The GBW is 2.6 GHz at a moderate phase margin of 35° and a
load capacitance of 300fF. The operational amplifier has a gain of 50dB at a supply
voltage of 1.8V and a current consumption of 4 mA. The opamp is designed in 0.18 um
CMOS technology.
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A three-stage fully differential operational amplifier in 0.12 pm digital CMOS is described
in [SDZ03|. The supply voltage ranges from £0.3V to £0.6 V. The opamp has a gain
of 86 dB at a supply voltage of £0.6 V and a current consumption of 1.8 mA. The GBW
is 46 MHz and the PM is 66° at a capacitive load of 10 pF. The fabricated chip has an
active area of 155 x 50 um?.

A medium-speed operational amplifier with a gain of 86 dB, a GBW of 392 MHz, and a
phase margin of 73° at a Cy, of 2pF is presented in [SKF04|. The operational amplifier
consumes 12mW at 1.8 V single power supply. The opamp is designed in a TSMC P-well
0.18 um standard digital CMOS technology.

A high-speed fully differential operational amplifier with a two-signal-path topology is
published in [SZ04|. The opamp has a GBW at 1.5 GHz and a phase margin of 45° at
a load of 3.2 pF twice. The gain is 40.4 dB and the slew-rate is 5000 V/us. The opamp
needs 100 x 120 um? active area in a 120nm digital CMOS technology. It consumes
9.16 mA at 1.2V supply voltage.

A fully differential six-stage opamp containing three signal paths in 0.12 ym digital
CMOS technology is described in [SDZ04|. A differential gain of 120dB at a supply
voltage of 1.2V and a power consumption of 27.5mW is realized. At a C; of 3.5pF
twice the opamp has a GBW of 866 MHz and a PM of 36°. The slew-rate is 890V /us
and an active area of 0.0236 mm? is used.

A low-cost fully differential operational amplifier using a self-biased cascode output
stage and a cross-coupled input stage is presented in [CCO05|. The opamp is fabricated
in 0.35 pum CMOS technology using 84 ym x 67 ym silicon area. The opamp has 60dB
DC gain and at a load of 100 pF a slew-rate of 3V /us, a GBW of 7.8 MHz, and a PM
of 67°. The opamp pulls 0.666 mA at a supply voltage of 3.3 V.

A low-noise operational amplifier with current driving bulk technology in 0.25 pm CMOS
technology with an active area of 0.01053 mm? is introduced in [LMYY05]. The opamp
needs 0.94mA at a 2.5V supply and has a DC gain of 76dB. Driving a 5pF load
capacitance the opamp has a GBW of 280.5 MHz and a PM of 48°.

Single-, two-, and three-stage operational amplifiers in 0.18 pum CMOS technology at a
supply voltage of 1.8V are compared in [HS05]. The single-stage opamp needs 35 mA to
drive a 8.6 pF load capacitance twice at a GBW of 2.4 GHz and has a DC gain of 66 dB.
The two-stage design has a DC gain of 27.1dB and pulls 40 mA to drive a load of twice
7.4pF at a GBW of 4.8 GHz. The three-stage opamp has a DC gain of 111dB and a
GBW of 1.27GHz at a current consumption of 45 mA.

Two low-voltage class-AB operational amplifiers based on dynamic threshold voltage

MOS transistors are published in [AFS06]. Both are designed in 0.18 um CMOS, have
a supply voltage of 1V and are loaded with a 5pF capacitor. The first operational
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amplifier has a DC gain of 50.1dB, a GBW of 26.2 MHz, and a CMRR of 78dB at a
power consumption of 550 uW. The second opamp is designed for biomedical applications
with a power dissipation of 40 uW. It has a DC gain of 53dB and a GBW of 1.3 MHz.

A CMOS Miller operational amplifier with a 1/f noise reduction technique is presented
in [KLSKO06|. Tt is implemented in 0.13 yum CMOS technology and occupies 0.09 mm?
active area. The chip draws 1.2mA at a 1.5V supply and has a GBW of 10 MHz and a
DC gain of 63.2 dB.

A fully differential three-stage operational amplifier with rail-to-rail input common-mode
range in 120 nm CMOS is proposed in [YZ06]. The open-loop gain is 73dB and the GBW
is 4.4MHz at a 5pF load capacitance. The PM is 70° and the power consumption is
1.8mW at 1.5V supply. The PSRRypp is 51.1dB and the PSRRy g5 is 54.8 dB and the
CMRR is 57.3dB. The chip area is 0.01 mm?.

A 0.35 yum CMOS operational amplifier, which is suitable for low-voltage environments
is introduced in [CTPDO07|. It has rail-to-rail input and output voltage ranges. Driving
a 17pF capacitive load the opamp has a GBW of 8.1 MHz and a gain of 76.2dB. The
power dissipation is 385 uW, the CMRR is 70.5dB at DC, the PSRRypp is 45dB, and
the PSRRygg is 40.5dB. The active area is 0.0532 mm?.

A cascoded operational amplifier with high gain in 0.35 um CMOS technology is pre-
sented in [LKO07]. An open-loop gain of 93dB at a supply voltage of 3V is achieved and
the current consumption is 16.2mA. The opamp has a phase margin of 61° at a GBW of
135 MHz and drives a load capacitor of 7pF. The power supply rejection ratio for VSS
is 58 dB and for VDD it is 68 dB. The CMRR is 40dB.

A fully differential opamp with constant large- and small-signal behavior rail-to-rail
input stage is introduced in [YZ07]. The operational amplifier has a GBW of 135 MHz
at a 15 pF load capacitance and 51° PM. The open-loop gain is 76.3 dB and the slew-rate
for the rising and the falling edge is about 105V /us. The chip has a power consumption
of 17.25mW at a voltage supply of £0.75V and needs a chip area of 0.0097 mm? in
0.12 um CMOS technology.

A fully differential folded cascode opamp and a fully telescopic opamp for a 40 MS/s
12-bit pipelined ADC are compared in [DNDRO8|. Both are designed in 0.35 yum CMOS
technology and are supplied with 3.3 V. The telescopic opamp has a DC gain of 86.4dB
and a slew-rate of 832V /us at a current consumption of 4.8 mA. A GBW of 570 MHz
and a PM of 85.6° at a C, of 1.4 pF are reached. The folded cascode opamp has a gain
of 85.9dB, a slew-rate of 472V /us and needs 4.8 mA. It is loaded with C;, = 1.4 pF and
has a GBW of 350 MHz and a PM of 56°.

A low-voltage operational amplifier using a four-stage frequency compensation scheme
is developed in [YKZ08b|. The opamp has a voltage supply of 1V and has a power
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dissipation of 1.4 mW. The open-loop gain is 108 dB and the GBW is 40.2 MHz at a PM
of 62° driving a 500 pF load. The active area in 0.12 um CMOS is 0.017 mm?.

A fully differential rail-to-rail input/output with a current-mode common-mode feed-
back circuit for small-signal behavior control is presented in [YKZ08a]. The operational
amplifier is designed in 65nm CMOS technology and needs 0.014mm?2. The open-loop
gain is 100dB, the GBW is 40 MHz, and the phase margin is 64° at a load of 15pF.
The supply voltage is £0.5V and the power consumption is 0.72 mW. The operational
amplifier has a PSRR at 10 Hz of 65dB and a CMRR at 10 Hz of 74 dB. The input noise
at 100 kHz is 186 nV /v/H 2.

A rail-to-rail constant-g,, CMOS operational amplifier in 0.6 yum CMOS is described in
[WRZWO09]. An open-loop gain of 113.6dB, a GBW of 11.9 MHz, and a PM of 53° is
achieved at a supply voltage of 3V.

A two-stage Miller operational amplifier is compared to a folded cascode opamp in 90 nm
CMOS in [dCARGT09]. The two-stage Miller opamp has a DC gain of 52.4dB, a GBW
of 1014 MHz, a PM of 47.4°, and a slew-rate of 697.5V /us. The folded cascode opamp
has a DC gain of 65.7dB and a GBW of 539.4 MHz at a PM of 7.721°. The DC gain
amounts to 103.2dB.

A low-power, high-gain, fully differential ultra-wide bandwidth operational amplifier is
presented in [GB10]. It is supplied with 1.8 V and has a current consumption of 13.9mA
to obtain a DC gain of 65 dB. The GBW is 2.3 GHz at a PM of 58° and 2 pF load. The
CMRR, the PSRRypp, and the PSRRy g5 are 96 dB, 62dB, and 62.5dB, respectively.
The slew-rate is larger than 450V /us. The opamp is implemented in 0.18 um CMOS
technology and has an active area of 200 um x 200 pm.

A pseudo differential two-stage operational transconductance amplifier in 0.18 ym CMOS
technology is published in [SWKH10]. The amplifier has a DC gain of 72.8dB and pulls
a current of 0.154mA at a supply voltage of 0.7V. A GBW of 0.97 MHz at a PM of 70°
is achieved.

5.6 State-of-the-Art of Voltage-Mode Filters

The publications of the state-of-the-art of voltage-mode filters are sorted chronologi-
cally.

A 350 MHz opamp RC filter using the operational amplifier as presented in section 5.5

is implemented in [HWO02]. The 5"-order elliptic filter has a tuning range of the -3dB
cut-off frequency from 40 MHz to 350 MHz and a gain of 0dB. The filter has a power
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dissipation of 25.2mW at a supply voltage of 1.8 V. The third-order in-band intercept
point is -13dBV,,,,s and the average noise in the pass-band is 24nV/v/Hz.

A 3"order Butterworth low-pass g,,-C filter is published in [YE03]. It is part of a
transceiver designed for wireless sensor networks. The filter can handle a supply voltage
range from 1.2V to 1.8 V. The nominal -3dB cut-off frequency is 50 kHz, however the
tuning range of the cut-off frequency is between 13kHz and 80 kHz, depending on the
supply voltage. At the nominal bandwidth of 50kHz at the supply voltage of 1.5V
the dynamic range at THD1% is 75dB and the power consumption is 240 yW. The
PSRRypp is 30dB and the CMRR is 47dB. The filter is realized in 0.18 yum TSMC
CMOS technology and has an active area of 0.113mm?.

A complete base-band chain for WLAN using optimized g, stages for linearity and
low-voltage operation is presented in [ECBS05]. The 6-order elliptic low-pass g,,-C
filter is supplied with 1.4 V and has a power consumption of 13.5 mW. The variable gain
amplifiers provide a gain range between 13.5 and 67.5dB. The -3dB cut-off frequency
is switchable between 1, 10, and 100 MHz. The minimum input referred noise density is
190V /v/Hz. The filter is designed in 90nm CMOS technology and has 0.55 mm? active
area.

A 4% order continuous-time reconfigurable Bessel low-pass filter structure for UMTS /-
WLAN is introduced in [DGBO06|. The filter is implemented in 0.13 um CMOS tech-
nology and occupies 0.9mm?. In the UMTS mode the filter has a cut-off frequency of
2.11 MHz and a DC gain of 4dB. The input-referred integrated noise of 36 Vs results
in a DR of 81dB. The filter has a supply voltage of 1.2V and a power consumption of
3.4mW. In the WLAN mode the filter has a -3dB cut-off frequency of 11 MHz and a DC
gain of 4dB. The DR at -40dB THD is 81 dB and the input referred noise is 36 @V 5.
The filter in WLAN mode needs 11.8 mA at a supply voltage of 1.2V.

Two baseband blocks consisting of a digital-to-analog converter and a low-pass filter for
WLAN/UMTS and WLAN/Bluetooth are presented in [GVMT06]. Both are realized
in 0.13 um CMOS and have a supply voltage of 1.2V. All filters are 4""-order Bessel
low-pass filters. The WLAN mode filter of the first device has a -3dB cut-off frequency
of 11 MHz, a power consumption of 5.6 mW, and a DR of 55dB. The UMTS mode of
the first device has a bandwidth of 2.5 MHz, a power consumption of 3mW, and a DR
of 58 dB. The core area of the first device combining DAC and filter is 0.8 mm?. The
WLAN mode of the second device has a similar performance as the WLAN mode of the
first device. The Bluetooth mode of the second device has a -3dB cut-off frequency of
1 MHz, a power consumption of 3mW, and a DR of 58.2dB. The second device has a
core area of 0.7 mm?.

A 10 MHz 4"*-order Bessel low-pass filter using composite source-followers is published

in [DCBO06]. The use of positive feedback enables complex poles with a single branch
for a single-branch biquadratic cell. The filter consumes 2.28 mA at a supply voltage
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of 1.8 V. The DC gain is -3.5dB and the DR is 79dB at a HD3 of -40dB. The filter is
implemented in 0.18 um CMOS technology and has an active area of 0.26 mm?.

A 4% order active g,,-RC Butterworth filter for a WLAN receiver with high-linearity
performance, operating at very low supply voltage, is presented in [MDGBO07|. The filter
has a gain of 0dB and a -3dB cut-off frequency of 11.3 MHz. It has a supply voltage of
550mV and a power dissipation of 3.5mW. The in-band IIP3 is 8 dBm and the DR is
60dB at a THD of -40dB. The filter is implemented in 0.13 um CMOS technology and
the core area is 0.45 mm?.

A 4™ order wideband low-power band-pass filter for wireless receivers is published in
[MDAT09]. It is a cascade of two active opamp RC cells. The pass-band of the filter
ranges from 300 kHz to 8 MHz and the gain is 30.6 dB. The filter is supplied with 1.2V
and has a power dissipation of 1.3 mW. The IIP3 is -10dBm and the DR is 52dB. The
filter is designed in 65 nm CMOS technology.

A wide tuning-range 3"%-order g,,-C Butterworth filter for Bluetooth, cdma2000, Wide-
band CDMA, and WLAN is introduced in [LHI09]. The filter has a tuning range from
500kHz to 20 MHz to cover all specified cut-off frequencies. Depending on the tuned
bandwidth the filter consumes 4.1 mW to 11.1mW at a supply voltage of 1.2V. The
filter is implemented in TSMC 0.18 um and occupies less than 0.23 mm?.

A second-order Butterworth low-pass g,,-C filter for baseband communication in mobile
radio receivers is introduced in [FM10]. The filter is designed in 0.18 yum CMOS tech-
nology and has a supply voltage of 1.8 V. The power consumption is 384 uW. The filter
has a gain of 38 dB and a cut-off frequency of 24 MHz.

5.7 Realization of Operational Amplifiers and

Operational Amplifier Filters

5.7.1 A Four-Stage Feed-Forward Operational Amplifier

A four-stage operational amplifier is realized and characterized [USSZ09]. Due to low
intrinsic transistor gain and the limited supply voltage, four stages are necessary to ob-
tain sufficient gain. For high-speed purposes a feed-forward path fastens the operational
amplifier. A block diagram is depicted in figure 5.2 for a further clarification of the
internal opamp structure.

The fully differential operational amplifier is organized in an input stage A, a high-gain
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Figure 5.2: Four-stage feed-forward operational amplifier - block diagram

stage branch, consisting of the stages A and A3, and a summing and class AB output
stage A4. The feed-forward branch is realized from the input stage directly to the output
stage. A detailed circuit schematic is depicted in 5.3. The biasing networks are omitted
due to simplicity.

The input stage A; contains an NMOS differential pair biased by Ms,. For high-speed
reasons the input transistors M;, and My, have minimal gate length and thus cause a
high level of 1/f noise. To reduce the noise contribution large W input transistors are
used. The load of the differential pair are the PMOS transistors My,, Ms,, Mg, and
My,. These load transistors are split to ease a fast common mode regulation. 80% of the
load (Mg, and My, ) is biased constantly by Vpo,. The remaining part (My, and Ms,) is
used for the common-mode regulation. The effect is a reduced gain in the common-mode
feedback loop but the speed is increased due to the smaller parasitic load capacitance.
The operational amplifier is realized with a separate common-mode feedback (CMFB)
regulation for each gain stage. The common-mode level is detected by the resistors Ry,
and Ry,. The common-mode regulator is another differential pair. The resistor R,
is used for ac decoupling. The FET-diode M3, keeps a fundamental current through
Mjg, if the load transistors shut off and bring a faster regulation. The capacitor Cs,
adds a dominant pole to the regulation and is used for high-frequency compensation of
the common-mode feedback loop. For high frequencies the CMFB level is set by the
capacitors Cy, and Cy,.

The two cascaded differential amplifiers A; and Az form the high-gain amplifiers. Aj
contains an NMOS differential pair with similar structure to the input amplifier. Mg,
and My, ensure a fundamental current even if the input transistors My, and My, shut
off. In this way the delay at turn on of the load transistors My, and Msy, is reduced and
ringing of the CFMB is minimized. The currents drawn from Mg, and My, are of the
extent of approximately one tenth of the bias current through Mjz,. A3 contains a PMOS
differential pair and a PMOS differential pair for the CMFB. The PMOS stage provides
an output voltage range of vz, and vs, that is optimal for the output stage.
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Figure 5.4: Four-stage feed-forward operational amplifier - DC characteristics

The output stage is a class AB amplifier with weak AB behavior. The common-mode
output voltages of A; and Aj are set to ensure the AB characteristics. Besides the
amplification, the output stage merges the feed-forward signal directly from A; and the
high-gain signal directly from A3. The CMFB uses a PMOS differential pair and the
output common-mode voltage is controlled by the transistors Myy; and Mgy.

The compensation is done by a modified nested Miller compensation. The Miller net-
work consists of the resistors Res to Reg and the capacitors Cos to Ceg [PP02]. The
modification is the separate compensation of the high-gain branch by the elements R¢q,
RCQ, CCb and CCQ.

Simulation results The operational amplifier is designed in 65 nm CMOS technology
and consumes 11.4mW power at a supply voltage of 1.2V. The driven load is 5pF in
parallel to 10k(2 at each output.

The DC characteristics of the opamp is depicted in figure 5.4. The output common-mode
level is set to 600 mV. A good linearity in an input voltage range of £ 1 mV is reached.

The frequency response is shown in figure 5.5. Figure 5.5(a) exhibits a GBW of 1 GHz
and a gain of 58 dB. The phase response in figure 5.5(b) shows a phase margin of 62° at
a load of 5 pF in parallel to 10k(2 at each output pin.
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Figure 5.5: Four-stage feed-forward operational amplifier - frequency response

The input referred spectral noise density is depicted in figure 5.6. The very dominant
1/f noise goes up to about 100 kHz. The input referred spectral noise density at 10 kHz
is about 15.4nV/v/Hz and 5.7nV/vHz at 1 MHz.
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density

The four-stage feed-forward operational amplifier reaches a FOMopqm, of 1052 %.

A performance summary is given in table 5.1 [USSZ09].

Table 5.1: Four-stage feed-forward operational amplifier - performance summary

Technology 65nm CMOS

Supply voltage 1.2V
Power consumption 11.4 mW
DC gain 58dB
GBW 1 GHz
Load 2 x 5pF|[10k2
PM 62°
FOM 1052 MHzpl

87



RlLPF |
CSArray Bltl
in, | —
C4Array B|t2
C3IAIrray E-I-t3
in, " Bit|
2Array
—} —T ¢
RZLPF R C1IAIrray
4LPF I
(a) Filter design (b) Capacitor array

Figure 5.7: First-order opamp RC filter - schematics

5.7.2 A First-Order Operational Amplifier RC Low-Pass Filter
Using the Four-Stage Feed-Forward Operational
Amplifier

The introduced four-stage feed-forward operational amplifier was not fabricated sepa-
rately but is used in a first-order opamp RC low-pass filter as depicted in figure 5.7. The
gain of the filter is set by

R R
_fwrpr g Tarer (5.5)
1LPF 2LPF
The -3dB cut-off frequency is given by
[ (5.6)
P 2rCirprRarpr 7 '

or similar for Ci7pr and Rsrpp. The capacitors Cippr and Coppr are tunable in order
to compensate for process variations. The capacitance tuning network is depicted in
figure 5.7(b). The tuning network is a 4-bit controlled capacitor array, hence the cut-off
frequency can be varied in 2* = 16 steps. The capacitor values are 1.3fF, 1.3fF, 700 {F,
400 fF, and 200fF for ClArraya CQArray’ CSArTay7 C4Array; C5Arraya respectively. RleF
and Roppr are 1002, which represents the equivalent mixer output resistance. Rappr
and R4LPF are 10 kQ.
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Figure 5.8: First-order opamp RC filter - chip photo

Table 5.2: First-order opamp RC Filter - 3"%-order harmonic distortions

Output amplitude V,, HD3
2.0V, -45.0 dBc
2.1V, -48.9dBc
22V, -41.8 dBc

Measurement results The first-order operational amplifier RC filter is designed and
fabricated in 65 nm CMOS technology. A chip photo is shown in figure 5.8. The circuit
structures are hidden by the planarization and passivation layers as well as metal fill.
The chip is supplied with 1.2V via the pins VDD and VSS, the inputs and outputs
are in,, in, and out,, out,, respectively. The pins Bitl to Bit4 are used for tuning of
the -3dB cut-off frequency. The chip occupies 0.104 mm? active area and 0.254mm?
including the pads.

The DC filter characteristics are shown in figure 5.9. The low-pass filter has an almost
linear output range of £ 1.1V and a 10 mV offset. The filter is loaded with approximately
1.5 pF including the pads in parallel to 4.7k(2 on each output pin. The load represents
the expected load of the following ADC.

The AC characteristics are presented in figure 5.10. The filter gain is 38dB which
deviates from the adjusted 40dB due to parasitic elements in the switches and the
non-ideal operational amplifier. The tuning range spans from 3.5 MHz to 4.5 MHz.

For the distortion measurements the -3 dB cut-off frequency is set to 4 MHz. For single
tone distortion measurements the input signal frequency is 100 kHz, hence HD3 and
HD5 are in-band. The 3"%-order harmonic distortions at given input signals are given in
table 5.2.
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Figure 5.10: First-order opamp RC filter - AC characteristics, tuning range

The total harmonic distortions are estimated by using HD3 and HD5 (compare to (4.2)).
An output signal swing of 2.15V causes THD;¢.
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Table 5.3: First-order opamp RC low-pass filter - performance summary

Technology 65nm CMOS
Supply voltage 1.2V
Current consumption 8.34mA
DC gain 38dB
3dB cut-off frequency 3.5 -4.5MHz
Load 2 x 1.5pF|[4.7kQ
DR 57.2dB
FOM giger 143945

The 3"%-order intermodulation products are measured in-band as well. The applied
frequency of the input signals are 1 MHz and 1.1 MHz. The input amplitude of 15.5mV
of both input signals causes an IM3 of -40 dB.

The performance of the first-order opamp RC filter is rated with the dynamic range
and the figure of merit. Using the simulated integrated noise from 0 to 4 MHz, a DR of
57.2dB and a FOM g4, of 143945 is reached. A summary of the filter performance is
given in table 5.3 [UZ10].
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Figure 5.11: Four-stage multiple feed-forward operational amplifier - block diagram

5.7.3 A Four-Stage Multiple Feed-Forward Operational
Amplifier

A fully differential four-stage operational amplifier with multiple feed-forward is designed
in 65 nm CMOS [UZ09b|. Four stages are used to realize sufficient gain and two feed-
forward branches enlarge the GBW of the operational amplifier. A block diagram is
depicted in figure 5.11.

The four stages and two feed-forward branches are organized as following. After the
input stage A; the amplified signal is split to all three remaining stages Ay, Az, and Ay.
The high-gain stages A, and Aj are used for high DC gain, the feed-forward is used to
keep the phase lag small. The output stage A, is a class AB amplifier and superposes
the feed-forward signal from the input stage and the signal from the high-gain stage.

Figure 5.12 depicts a detailed schematic of the operational amplifier. The biasing net-
works are not shown. The input stage contains an NMOS differential pair. The input
transistors Mi,, Ms,, M3,, and My, are common centroid to improve matching in the
input stage. The current source of the differential pair is split into two parts. The first,
Ms, is constantly biased, the latter, Mg,, is used for the common-mode regulation. The
loads of the input stage are the resistors Rz, and Ry,. The input referred noise is signif-
icantly reduced compared to active PMOS loads, however the gain of the input stage is
reduced. The common-mode regulator contains a PMOS differential pair. The common-
mode level is detected by the resistors Rj, and Ry,, the target common-mode level is
set by Vine. The loop-control is closed via Mg,, which is a part of the current-source,
hence the common-mode control loop is faster.

The high-gain stages are two cascaded differential amplifiers (A and As). The first high-

gain stage A, uses an NMOS input pair (My, and My,) for signal amplification. The
amplifier is constantly biased by the current source Ms,. The load transistors are split.
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Figure 5.13: Four-stage multiple feed-forward operational amplifier - DC characteristics

My, and My, are constantly biased. Mgy, and Mg, are for the common-mode regulation.
The amplifier in the common-mode regulation contains an NMOS differential pair, the
common-mode level is derived by Ry, and Rg,. The reference input is V.. As, the
second high-gain stage contains an NMOS differential pair as well and has two inputs.
M. and Ms. are connected at the output of the input stage, hence they act as a feed-
forward in the high-gain stages and has some speed benefits. M5, and Mg, are driven by
the output of the first high-gain stage A,. The use of M5, and Mg, brings an additional
signal amplification in the high-gain branch. Ms. is the fixed part of the bias of A3 and
My, is used for the common-mode regulation.

The output stage A, is a class AB amplifier, realized by proper common-mode voltage
setting of the previous stages A; and As. The output stage amplifies and adds up the
feed-forward signal of A; and the high-gain signal of A3. The common-mode regulation
is done over the two stages A3 and A,. The common-mode level is tapped between R4
and Ryg and is controlled by the part of the current source My, in As.

The overall operational amplifier is compensated with a nested Miller compensation

[PP02]. The compensation network includes R¢y to Rey and Cey to Coy. The high-gain
stages are compensated by their own by Res, Reg, Cos, and Ceg.

Simulation results  The operational amplifier is designed in 65 nm low-power CMOS
technology and uses a supply voltage of 1.2 V. The current consumption is 9.6 mA and a
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Figure 5.14: Four-stage multiple feed-forward operational amplifier - spectral input re-

ferred noise density

capacitive load of 4 pF in parallel to 10 k€2 on each of the differential outputs is driven.

The open-loop DC characteristics are depicted in figure 5.13. The common-mode level
at the output is 600 mV and a good linearity is achieved at an input range of +0.5mV.

The input referred spectral noise density is shown in figure 5.14. At 1kHz the input-
referred spectral noise density is 31nV/vHz and at 1 MHz 1.73nV /v Hz.

The frequency response is depicted in figure 5.15. The amplitude response in figure
5.15(a) exhibits a DC gain of 68 dB and a gain bandwidth product of 1 GHz. The phase
response in figure 5.15(b) shows a phase margin of 60°, which is equivalent to a phase
lag of 120°.

The power supply rejection ratio at DC is PSRRyqq = 77.4dB and PSRRypp =
77.7dB at VSS and VDD, respectively. The operational amplifier has a figure of merit

of 833 MI=2E A performance summary is given in table 5.4 [UZ09b].
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Figure 5.15: Four-stage multiple feed-forward operational amplifier - frequency response
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Table 5.4: Four-stage multiple feed-forward operational amplifier - performance sum-

mary

Technology
Supply voltage
Current consumption
DC gain
GBW
Load
PM
FOMopamp

65 nm CMOS
1.2V
9.6 mA
68 dB
1 GHz
2 x 4pF|[10kQ

60°

MHz-pF
833 Mzl
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Figure 5.16: First-order opamp RC filter using the four-stage multiple feed-forward

opamp - schematics

5.7.4 A First-Order Operational Amplifier RC Low-Pass Filter
Using the Four-Stage Multiple Feed-Forward Operational
Amplifier

The four-stage multiple feed-forward operational amplifier is used in an first-order opamp
RC filter as depicted in figure 5.16. The gain and the -3 dB cut-off frequency is set like in
(5.5) and (5.6). Ryppr and Roppr correspond to the equivalent mixer output resistances
and are 100€2. R3ppr and Ryppr define the gain of the filter and are 5k(). The filter
capacitances Cirpr and Cyppp are 8 pF.

Simulation results The filter was not fabricated because of a lack of chip area. The
first-order opamp RC filter is supplied with 1.2V and has a power consumption of
11.5mW. The load of the filter is 4 pF in parallel of 10 k(2. The differential DC charac-
teristics are shown in figure 5.17. The common-mode level is 600 mV and the graph is
linear in an input voltage range of £11mV.

The input referred spectral noise density is shown in figure 5.18. The input referred
spectral noise density at 10kHz is 100V /vHz and at 1 MHz 2.5nV /v/Hz. The average
integrated noise density from 500 Hz to 4 MHz is 2.94nV /v/Hz.

The AC characteristics are shown in figure 5.19. The amplitude response in figure 5.19(a)
shows a filter DC gain of 40dB and a -3dB cut-off frequency of 4 MHz. The phase
response is depicted in figure 5.19(b). The distortion measurement is performed with
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tional amplifier - spectral input referred noise density

a sinusoidal input signal of 100 kHz. The THD of -40dB of the output signal occurs
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Figure 5.19: Four-stage multiple feed-forward operational amplifier - differential fre-

quency response

at a differential input signal amplitude of 11.48 mV,. The in-band intermodulations
are determined by using two-tones at 1 MHz and 1.2 MHz. A differential input signal
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Table 5.5: First-order opamp RC low-pass filter using the 4-stage multiple feed-forward

opamp - performance summary

Technology 65nm CMOS

Supply voltage 1.2V

Power consumption 11.5 mW
DC gain 40dB
3dB cut-off frequency 4 MHz

Load 2 x 1.5pF||5kQ

DR 62.7dB

FOM piger 54744

amplitude of 7.2 mV,, causes IM3 of -40 dB. The filter has a DR of 62.7dB and a FOM gy,
of 54744. A performance summary is given in table 5.5.
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5.7.5 Three-Stage High-Voltage Operational Amplifier in 65 nm
CMOS at 2.5V Supply Voltage

An operational amplifier is implemented in 65nm CMOS technology, which is appro-
priate for a 2.5V supply voltage, although the nominal supply voltage of the digital
CMOS process is only 1.2 V. The higher supply voltage enables a higher output voltage
swing and, hence, avoids clipping at large input signals. Furthermore higher drain-source
voltages of the transistors can be provided due to the high supply voltage. Thus lower
distortions and intermodulation products occur [HS03a|. Applying a supply voltage out-
side specification is a challenging issue. Nanometer CMOS transistors with their thin
gate oxide are vulnerable to high electrical fields. Hence, Vgg and Vpg must remain
within the specified limits. Exceeding these limits leads to reliability problems up to
immediate electrical damage. To avoid those breakdowns, additional transistors are in-
serted between the supply rails. They ensure a proper voltage dividing and additionally
they operate as cascodes which enhance speed and gain [PP04, SS99|.

The schematic of the operational amplifier is shown in figure 5.20. The opamp is or-
ganized in three stages, the input stage, the high-gain stage, and the output stage. A
feed-forward from the input-stage to the output stage is implemented as well. The input
stage is realized with two differential pairs. The load of the NMOS differential pair is
substituted by the PMOS differential pair. The NMOS current source is split into two
parts, My, having a fixed bias, and Ms,, which is used for the common-mode feedback.
The current source is cascoded with Ms,. Mgy, and Mg, are used for proper voltage
division. The common-mode regulation is realized with a cascoded PMOS differential
pair. The actual value of the common-mode voltage is determined by R;, and Ry,, and
C1q and Cy,. The set point is Vi,e. The common-mode regulation is closed by Ma,.

The high-gain stage uses a PMOS differential pair (Mg, and My,). The current source
is again split into a fixed part (Mg,) and a variable part (Mz,) for a fast common-mode
regulation. The current source is cascoded by My, and the load transistors My, and My,
are constantly biased.

The output stage is simultaneously the summing stage for the high-gain branch and
the feed-forward branch. The feed-forward signal is amplified and added to the output
signal by the transistors M5, and Mg.. The high-gain signal is amplified and added to the
output signal by M;. and My.. M3, and My, are cascode transistors and M;. and Mg, are
current sources. The common-mode feedback is realized with an NMOS differential pair.
The regulation is closed by the current source transistor My, of the high-gain stage.

The compensation is done by nested Miller compensation [PP02|. The compensation
network is R¢o1, Reg, and Ceoyp to Cey.
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Figure 5.21: Three-stage high-voltage operational amplifier - DC characteristics
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Figure 5.22: Three-stage high-voltage operational amplifier - input referred spectral noise

density

Simulation results The operational amplifier has a supply voltage of 2.5V and a
current consumption of 5.85mA. The opamp drives a load of 1pF at each output pin.
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Figure 5.23: Three-stage high-voltage operational amplifier - frequency response

The DC characteristics are depicted in figure 5.21. The output range is between 0.1V
and 2.4 V. The common-mode output voltage is 1.25 V.
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The input referred spectral noise density is depicted in figure 5.22. At 100 kHz the input
referred noise density is 1.97nV/v/Hz and at 10 MHz 2.12nV/v/Hz. The average input
referred integrated noise density is 1.71nV/ VHz between the integration limits of 500 Hz
and 4 MHz.

The AC characteristics are given in figure 5.23. The amplitude response in figure 5.23(a)
shows a DC gain of 89 dB and a gain-bandwidth product of 1.1 GHz. The phase response
in figure 5.23(b) has a PM of 53.3°. The PSRRy;/qq is 107dB and PSRRy/ypy is 108 dB.
The operational amplifier has a FOMopgm, of 376 MHzpE

—==. The performance summary
is given in table 5.6.

Table 5.6: Three-stage high-voltage operational amplifier - performance summary

Technology 65 nm CMOS
Supply voltage 25V
Current consumption 5.85mA
DC gain 89dB
GBW 1.1 GHz
Load 2 x 1pF
PM 53.3°
FOMopamp 376 Mzpl
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Figure 5.24: Mixer filter combination

5.7.6 Mixer and Filter Combination Using the Three-Stage
High-Voltage Operational Amplifier

The high-voltage operational amplifier is inserted in a mixer-filter combination of a
direct conversion receiver architecture [UDK™10]. The mixer and the filter is depicted
in figure 5.24. The mixer is a four transistor switching network including a g,,-cell for
signal amplification, working in the 2.5V domain as well. The passive mixer is used
because of the lower 1/f noise especially in narrow band channels. Passive mixers have
no inherent 1/f noise [Hoo94] and additional bias networks are not necessary. A better
power efficiency can be achieved. The g,,-cell and the passive mixer was provided by
Infineon. The mixer operation principle is described in [PJZM09|. The mixer-filter
operates in the UHF (ultra high frequency) band in the frequency range from 470 MHz
to 862 MHz, which is divided in 48 channels.

Simulation results  The first-order low-pass filter is realized by using the equivalent
output resistance R, of the passive mixer. The filter transfer function is

RFilter 1
H ilter — . 5.7
Fatt Ryriz 1+ sRpinerCritter (5.7)

Crier denotes the filter capacitance and is 23 pF. Rpjye. is the filter resistor with a
value of 2k(). The mixer output resistance is 100€). Cpgiper and Ry, are set for a
mixer-filter gain of 24 dB and a -3dB cut-off frequency of 4 MHz. The clock frequency
fro is set to 666 MHz. 666 MHz is the carrier frequency of the 45" DVB-T channel
which is in the middle of the UHF band. The average integrated input referred noise
density, integrated from 500 Hz to 4 MHz, results in 2.96 nV/\/E. The noise figure NF is
16.1 dB. The mixer-filter combination consumes 12.7mA at a supply voltage of 2.5 V.
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Table 5.7: Performance summary

Technology 65nm CMOS
Supply voltage 2.5V
Frequency 666 MHz
Bandwidth (base-band) 4 MHz
Gain 24dB
NF 16.1dB
Average integrated noise density | 2.96 nV/ VHz
I1P3 +10dBm
Current consumption 12.7mA

The out-of-band I1P3 is determined by applying two sinusoidal signals of 668 MHz and
663 MHz, hence the IM3 is at 2 MHz in the pass-band. The 1dB compression point is
determined by a input signal of 668 MHz, 2 MHz in the pass-band as well and results
in 0dBm. The 3"%-order input intercept point of +10dBm is achieved. A performance
summary of the mixer-filter combination is given in table 5.7 [UDK'10].

Comparison of the mixer-filter combination The comparison to similar mixer filter
combinations is difficult, because only complete analog front-ends are mostly published.
A mixer-filter architecture in 0.13 um CMOS for a ultra-wide band receiver is presented
in [LXHHO8]. The front-end has an in-phase and a quadrature-phase branch, which
consists of one g,,-cell, two mixers, and two transimpedance amplifiers. The -3dB cut-
off frequency is 250 MHz at a clock frequency range from 3.1 to 4.7 GHz. The minimum
noise figure is 3.3dB and the I1P3 is -14dBm. A direct comparison is difficult, due to
different specifications in bandwidth and rf frequency range.
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5.8 Comparison to State-of-the-Art of Operational
Amplifiers

A comparison to the state-of-the-art of operational amplifiers is given in table 5.8. The
publications are sorted chronologically. It needs to be kept in mind, that regarding (5.4)
higher values of FOMqpqm, are better.

The operational amplifier in [VGSO01] is simulated in 0.8 um CMOS and has a gain of
106dB. A good FOMopam,p of 1111 Mﬁ:”F is reached due to the ultra low-power design
(6.75 uW). The opamp has only a moderate GBW of 1 MHz at a PM of 47° and 5 pF load
capacitance. An operational amplifier in 0.13 um CMOS with 50dB gain and 3.2 MHz
GBW is realized in [MPHS02]. Simulation results without any Cj, are given, hence no
FOMopamp is available. A high-speed opamp (0.18 pum CMOS) with a GBW of 2.6 GHz
is presented in [HW02]. Only a moderate FOMopam, of 367% is achieved due to

the small load capacitance and 4 mA current consumption at 1.8V supply.

The opamp in [SDZ03| can drive a large C; of 10pF at 1.2V supply voltage and
1.8mA power consumption. The GBW of 46 MHz (PM = 66°) allows only a moder-
ate FOMopgmp of 256 %. A medium-speed opamp in 0.18 um CMOS is realized in
|SKF04]. Despite the use of cascodes a power of 12mW is needed to drive a 2pF load
(post layout simulations). The PM (73°) is high, however only a moderate FOMopump
(118 %) is achieved. A high-speed opamp with a GBW of 1.5 GHz is published
in [SZ04] in 120nm CMOS technology. The gain is only 40dB but the FOMopam, of
1048 % is good, 9.16 mA at 1.2V supply is needed to drive a load of 3.2 pF twice.
The high-gain opamp (120dB) in 120 nm CMOS technology, presented in [SDZ04], con-
sumes much power (27.5mW). The GBW is high (886 MHz) at a load of 3.5 pF twice
and a PM of 36° but the FOMopamp of 265 % is only moderate.

A 0.35 pum CMOS technology is used in [CCO05]. Cascoding, which is only possible with
sufficient supply voltage allows a low power consumption and a huge load capacitance of
100 pF. A current consumption of 0.666 mA at 3.3V supply voltage and a low GBW of
7.8 MHz (PM = 67°) results in a good FOM o, (1171 22 - Ap excellent FOMopamp
of 1492 MI=ZPE ig achieved in [LMYY05], although the GBW (280.5 MHz) is only mid-
range (PM = 48°). The current consumption is low (0.94mA) due to a folded cascode
structure at 2.5V supply voltage (C = 5 pF). Three operational amplifiers in 0.18 CMOS
technology (supply voltage 1.8 V) are compared in [HS05]. The first one has a GBW of
2.4GHz (Cp, = 8.6 pF), a gain of 66 dB, a current consumption of 35 mA, and a medium
FOMopamyp of 560 %. The second opamp has a GBW of 4.8 GHz (C, =2 x 7.4pF), a
DC gain of only 27.1 dB, and needs 40 mA. Despite of the enormous power consumption a
good FOMppam, (1776 %) is reached. The remaining high-gain opamp with 111 dB
DC gain and a current consumption of 45mA (GBW = 1.27 GHz) has no given load
capacitance, hence no FOMgqm, is available. Two ultra low-power opamps at only 1V
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supply voltage (0.18 um CMOS) are presented in [AFS06]. Both reach only moderate
FOMopamyp of 238 % (Cr, = 5pF, GBW = 26.2 MHz, 0.55 mA current consumption)
and 162 ]w;l—:pF (Cp = bpF, GBW = 1.3MHz, 0.04 mA current consumption). No Cy,
is given in the low-power opamp design (1.8 mW, 0.13 um CMOS, GBW = 10 MHz)
in [KLSKO06], hence no FOMopamp is calculable. A three-stage operational amplifier in
120nm CMOS is proposed in [YZ06] with 73dB DC gain, 4.4 MHz GBW, and 1.2mA
current consumption at 1.5 V. A Cy, of 5 pF leads to a poor FOMopam,p of 18.3 MHZAPF A
low-power 0.35 um CMOS opamp at only 1V supply voltage is presented in [CTPDO07|. A
GBW of 8.1 MHz and a power dissipation of 385 uW together with the load capacitance
of 17pF results in a medium FOMopamp of 385 %. An opamp in 0.35 um CMOS
technology at 3V is presented in [LKO7]. Despite of the cascoded circuitry the power
consumption is high (48 mW), the GBW is 135 MHz, and the FOMqpgm, of 58 2EZ2E g
poor.

A 135MHz GBW opamp at C;, of 15pF in 0.12 um CMOS is introduced in [YZ07].
A DC gain of 76.3dB, a current consumption of 11.5mA at 1.5V supply lead to a
medium FOMoq,qm, of 176 MUz pF. Two opamps in 0.35 um CMOS with a high GBW
(570 MHz and 350 MHz) are pubhshed in [DNDRO§|. The high power consumption
(both: 15.84mW) and the low load capacitance (both: 1.4 pF) disallow a good FOMopamyp
(166 2228 and 102 ME22E) A Jow voltage (1V) operational amplifier in 0.12 ym
CMOS with a power dissipation of 1.4mW is presented in [YKZ08b|. A GBW of
40.2MHz (PM = 62°), a Cp of 500pF, and a DC gain of 108dB allow an excellent
FOMopamyp of 14357 %. An operational amplifier in 65 nm CMOS is presented in
[YKZ08a| with an open-loop gain of 100dB, a GBW of 40 MHz (PM = 64°) and a
load of 15 pF. A power consumption of 0.72mW at 1V supply voltage results in a good
FOMopamp of 833 2EZ2E A high-gain opamp is introduced in [WRZWO09] in 0.6 ym
technology. A GBW of 11.9 MHz and a PM of 53° are achieved. No C'; and no power
consumption are reported. Two operational amplifiers in 90 nm CMOS with a high
GBW (1.014 GHz and 539.4 MHz) are realized in [dCdRG109]. The PM (7.7°) of the
second opamp is extremely small. No further information is provided. A high GBW
operational amplifier (2.3 GHz) in 0.18 um CMOS is introduced in [GB10] and reaches
a moderate FOMopqm,p of 331 % due to the small load capacitance (2pF) and the
high power consumption (13.9mA at 1.8V supply voltage). A low-power (107 xW) and
low supply voltage (0.7V) opamp with a GBW of 0.97 MHz is presented in [SWKH10],
but [SWKH10] does not provide the Cy, for a FOMopqmyp calculation. Unfortunately only
a few operational amplifier designs in nanometer CMOS technology were available at
this time.

The operational amplifiers presented in the work at hand [USSZ09, UZ09b, UDK™10]
are implemented in 65nm CMOS technology. A low supply voltage (1.2V) and high
threshold voltages of the transistors disallow the application of cascodes. There is the
tendency of high power consumption at high operational amplifier gain and high GBW
at the same time. A high GBW of 1 GHz and a high load capacitance enable a good
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FOMopamp (1052 % and 833 ]W;—ZM). The opamp at 2.5V is optimized for a large
output signal swing and uses extensive cascoding. A high gain of 89 dB is realized. The
output stage of the opamp is optimized for an on-chip design, hence only small load
capacitances are taken into account. A small C;, and the high power consumption result
in a moderate FOMopamyp of 367 %.

111



o[qerrear jou *

— e 86 ady 19 | ZHINGET | dPE6 | MWOSE | A€ wrl cgo | [L037T]
—aerr €8¢ | OIWTIAALT | .09< | ZHINT'S | dPg9L | M7csg AT wrl cg) | [L0adLo]
—aer €81 ddg 0L | ZHNFVF | dpeL MUST | A¢T | wigro | [90zAl
e e JRU [ ZHINOT | dPOT'E9 | MWST | ACT | wigro | [903MST]
e o1 | ovorllade | yew | zgNET qp e¢ M7 0F AT w10 | [90SAV]
—aemr 8€C | uMoTllade | yeu | ZHINZ9Z | APTOS | MY 0SS AT wrl QT | [90SAV]
e e JRU L ZHD LT | dpITl MITS | AST | uwigro | [cosH]
—derr OLLT A4 Lx7 yeu | ZHH8Y | dPTLS MWEL AST | wrigro | [sosH]
Fazii 096 Ad9's JeU | ZHDPE | gP99 | MWE6T | AST | wrisTo | [c0SH]
—degiy 6T adg oSV | ZHING08G | dP9L | Mwees | A | wicgo | [s0XANT]
—der TLTT Ad o1 L9 | ZHINS'L | €dP09 Mz | Age | wriceo | [g0DD]
—qerr G9C Adgexg 9¢ | ZHIN99S | dP0Zl | Mweiz | AT | wizgro | [rozasl
—derrr STOT Adzexg GF | ZHOCT | dPYOv | MWee 0l | AT | wigro | [vozs]
—aer ST1 adg £l | ZHING6E | dP9s MWZT | AST | wigro | [p04MS]
Jaew 992 | UY0eLllAdoT | .99 | ZHINOF ap9s | MW9Tz | AT | wigro | [gozas]
e L9€ | ONTlddeoxz | 58 | ZHDIT qp 0¢ MWzl | AST | wigro | [eomH]
e e JFP | zHNTE | dP0S | MWEF | ACT | wiero | [z0SHAN]
—dey TTTT adg oLV | ZHINT apoor | M7eL9 | ACT wrig') | [TOSDA]
}11R-91[}-JO-99R)G
uonydwins | 98e)oA | ASo[0UYIT,
I ((OX | peoT Wd | MaD urer) | -U0» Mo | Arddng | SOWD | momeI)

s1ampdure Teuoryerado Jo 11e-91)-Jo-99e)S o1} 0} uosLreduio)) :g'¢ a[qe],

112



o[qe[reae jou " |

Jae 928 Ad X7 £€C | ZHDTT ap6s | MWEITT | AST wugyg | [or431an|
Jazie €68 | O0Tadyxg | 09 | ZHOT qp89 | MWZSTT | ATT wugy | [q60ZN]
—aer €G0T | UNoTlladexg | g9 | ZHOT apss | MWFIT | AT wucy | [602SSN]
suotyeorqnd um()
e R 0L | ZHINLEO | dP8TL | MT2T | ALO | wigro | [0THMMS]
—der 168 ddg 8¢ | ZHDET {p 29 Mweg | AST | wrdgro | orgpl
S e oL | ZHINF'6EC | dP99°C9 e e wus | [604+0UPOP]
e R JFLV | ZHOVIOT | dPLECS a R wu s | [60+DUPOP]
jeu jeu 9¢ | ZHING'IT | dPLSETT e A€ wrf 90 | [60MZUM]
—aerr €68 ddgr JF9 | ZHWOF | dPO00T | MWEL0 | Al wugy | [eg0Z3MAl
—dey LGETT Ad00g 09 | ZHINGOF | dPSOT | MWPT AT wigro | [480z3A]
Tz O0T AdyT 9¢ | ZHINOSE | dP6'¢8 | MWPSCT | Age | wicgo | [80MaNd]
Tz 99T AdyT 9GS | ZHINOLG | dPP'98 | MWPSer | Age | wicgo | [80MaNd]
Jazir 9L1 dder oIC | ZHINGET | dP€9L | MWGLT | ACT | wigro | [L0zAl
uonpduwins | a8e)[oA | AS0[0UTP]T,
MION O peor] Nd | MgD urer) | -uod wmod | Aiddng | SOND | uonei)

smofrdure [euoryerodo Jo 1Ie-oy)-Jo-01els o) 04 uosuredwo)) :8°¢ d[qrR],

113



Legend:
@®...own work
[UZ10] @
10° E
F oCh. 5.5.5
x[GVM'06]
5 ¥[GVM06]
EE 10" E X[MDA 09]
o | [MDGBO7] x Hwo2]
o - x[YEO3]
10°
. | [DGBOS],
107 [DGBO6]
X
- [DCBO6]
101 T R T N T T T AT T T N T N T T N N M

0.5 1 1.5 2 2.5 3
Supply voltage [V]

Figure 5.25: Comparison to the state-of-the-art - voltage-mode filters

5.9 Comparison to State-of-the-Art of Voltage-Mode
Filters

A comparison to the state-of-the-art of voltage mode filters is given in table 5.9. The
publications are sorted chronologically. It needs to keep in mind, that regarding (4.6)
lower values of FOM gy, are better. A plot of the FOM g8 against the supply voltage
is depicted in figure 5.25.

The presented opamp in [HWO02] is used in a 40 MHz to 350 MHz opamp RC filter.
The 5"-order elliptic low-pass filter has a power dissipation of 25.2mW at 1.8V supply
voltage. At the -3dB cut-off frequency of 350 MHz the DR is moderate (52 dB) and the
FOM gyjger is medium (2742). A low-power Butterworth filter at 1.5V in 0.18 yum TSMC
CMOS is introduced in [YEO03|. The -3 dB cut-off frequency is tunable from 13 to 80 kHz.
At 50kHz a good DR of 75dB is reached, but the low -3 dB cut-off frequency results in
a medium FOM gy, of 1527. A 90 nm CMOS elliptic low-pass filter design is published
in [ECBS05|, which has a cut-off frequency of 1, 10, and 100 MHz. The gain is variable
from 13.5 to 67.5dB. No distortion and noise performance are reported, hence no DR
and FOM gy, is available. A filter for UMTS and WLAN with -3 dB cut-off frequencies
of 2.11 MHz and 11 MHz is realized in [DGB06]. Both filters in 0.13 pm CMOS at 1.2V
have a good DR of 81 dB and a good FOM gy, of 97 and 77, respectively. Three filters
for the application in WLAN, UMTS, and Bluetooth in 0.13 um CMOS are presented
in [GVM™T06]. Hence the -3dB cut-off frequencies are 11 MHz, 2.5 MHz, and 1 MHz,
respectively. The filters at 1.2V supply voltage achieve a medium DR from 55dB to
58.2dB. The FOM gjjse-s are moderate from 12146 to 34258. The given active area is big,
but includes the area for the DAC. A 4-order Bessel filter is realized in [DCB06]. In
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0.18 um CMOS at 1.8V the filter consumes 2.28 mA and has a bandwidth of 10 MHz. A
very good DR of 79dB and a very good FOM gy, of only 39 is achieved. A low-voltage
active g,,-RC Butterworth filter in 0.13 um CMOS is realized in [MDGBO07|. At a supply
voltage of 550 mV and a -3 dB cut-off frequency of 11.3 MHz a medium DR of 60dB and
a medium FOM gy, of 2270 are achieved. A cascade of two opamp RC cells in 65 nm
CMOS forms a 4""-order wideband filter in [MDAT09|. The filter has a gain of 32dB, a
moderate DR of 52dB, and a moderate FOM g, of 7934 at a -3dB cut-off frequency
of 7.8 MHz. The multiple standard 3"¥-order Butterworth filter in [LHI0O9| has a tuning
range from 500 kHz to 20 MHz. The power consumption depends on the filter bandwidth
and the supply voltage is only 1.2V in 0.18 pum CMOS technology. The distortions are
missing in [LHI09], hence no DR and FOM gy, are available. A 2"¥-order Butterworth
filter with low power consumption of only 384.44 uW is introduced in [FM10]. The
filter gain is 38 dB and the -3 dB cut-off frequency is 24 MHz. The noise as well as the
distortions are not reported. DR and FOM gy, cannot be determined.

The 65nm CMOS filters designed in this work (J[UZ10] and Sec. 5.7.4) have only a
moderate FOM ;.. despite of the medium DR of 57.2dB and 62dB. A main reason
is the system inherent filter-order and the filter gain in combination with distortions.
The receiver front-end is designed to have a passive mixer and a following 1%-order
Butterworth operational amplifier RC low-pass filter. The opamp RC filter does the
output signal conversion from the passive mixer, the first signal amplification, and the
bandwidth selection of the DVB-H channel. A 1%!-order Butterworth low-pass filter is
used instead of a higher-order filter in order to save power dissipation in the overall
direct conversion receiver. The high filter gain in conjunction with the filter order is
reason why the filter design comes off badly. The target -3dB cut-off frequency of the
filter is 4 MHz and the gain is 38 dB or 40 dB. Any modulation products appear in the
4 MHz channel bandwidth and disturb the desired in-band signal. Low distortions and
intermodulations are achievable by a large GBW and a sufficient gain of the opamp.
These constraints lead to a complex and power consuming opamp that deteriorates the
FOMFpiter of the 1%%-order Butterworth operational amplifier RC low-pass filter.
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Chapter 6

Conclusion

This thesis examines analog filter design in digital nanometer CMOS technology. Major
drive developing analog circuits in digital CMOS technology is the idea of system on
chip. In a system on chip all important parts of a system are integrated onto one chip.
Although the main parts of such a system on chip are digital function blocks, some
blocks remain analog like DAC, ADC, and rf-frontends. Hence, analog design is still
necessary in a digital optimized CMOS technology.

Two different filter structures are introduced for different applications. The first is a
current-mode filter for a transmit path in a software defined radio system. The filters
are based on cross-coupled current-mode integrators and low-pass filters. Three 379-
order current-mode Butterworth filters are designed with the focus on chip-area saving
techniques. A capacitance multiplication strategy for fully differential current-mode
low-pass filters is developed and an enlargement of 30% of the effective capacitance is
achieved. In a comparison to the state-of-the-art it is shown, that the three filter designs
are competitive to existing current-mode filters in literature.

The second filter design is part of a receiving path of DVB-H devices. It is a 1%-
order operational amplifier RC low-pass filter having a gain of 40dB. Three different
multi-stage operational amplifiers with feed-forward are presented. High gain-bandwidth
products are achieved at a respectable load capacitance. The comparison to the state-
of-the-art gives good figures of merit of the presented operational amplifiers despite of
limiting factors in nanometer CMOS technology. The first-order Butterworth low-pass
filters in the DVB-H receiver are built using the introduced operational amplifiers. The
resulting filter performance is moderate because of the power consuming high gain-
bandwidth product operational amplifiers. They are needed to reduce the distortions
and intermodulations in the filter base-band. A mixer-filter combination is also presented
by using the last operational amplifier. The characteristic of the design is the supply
voltage of 2.5V in 65nm CMOS technology, which is essential for low non-linearities.
The operational amplifier uses cascoding to ensure the voltage limits of the transistors.
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