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ABSTRACT

The dissertation thesis is aiming at examining the most common methods
adopted by analog circuits' designers in order to achieve low voltage (LV) low
power (LP) configurations. The capability of LV LP operation could be
achieved either by developed technologies or by design techniques. The thesis is
concentrating upon design techniques, especially the non—conventional ones
which are bulk-driven (BD), floating—gate (FG), quasi—floating—gate (QFG),
bulk—driven floating—gate (BD-FG) and bulk—driven quasi—floating—gate (BD—
QFG) techniques. The thesis also looks at ways of implementing structures of
well-known and modern active elements operating in voltage-, current-, and
mixed-mode such as operational transconductance amplifier (OTA), second
generation current conveyor (CCII), fully—differential second generation current
conveyor (FB-CCII), fully—balanced differential difference amplifier (FB—
DDA), voltage differencing transconductance amplifier (VDTA), current—
controlled current differencing buffered amplifier (CC-CDBA) and current
feedback operational amplifier (CFOA). In order to confirm the functionality
and behavior of these configurations and elements, they have been utilized in
application examples such as diode—less rectifier and inductance simulations, as
well as low—pass, band—pass and universal filters. All active elements and
application examples have been verified by PSpice simulator using the 0.18 um
TSMC CMOS parameters. Sufficient numbers of simulated plots are included in
this thesis to illustrate the precise and strong behavior of structures.
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ABSTRAKT

Disertacni prace je zamétfena na vyzkum nejbéznéjSich metod, které se vyuzivaji
pii navrhu analogovych obvodii s vyuziti nizkonapétovych (LV) a
nizkoptikonovych (LP) struktur. Tyto LV LP obvody mohou byt vytvofeny diky
vyspélym technologiim nebo také vyuzitim pokrocCilych technik névrhu.
Disertaéni prace se zabyva praveé pokrocilymi technikami navrhu, predev§im pak
nekonvenénimi. Mezi tyto techniky patii vyuziti prvkl s fizenym substratem
(bulk-driven - BD), s plovoucim hradlem (floating-gate - FG), s kvazi
plovoucim hradlem (quasi-floating-gate - QFG), s fizenym substratem s
plovoucim hradlem (bulk-driven floating-gate - BD-FG) a s fizenym substratem
s kvazi plovoucim hradlem (quasi-floating-gate - BD-QFG). Prace je také
orientovana na mozné zpusoby implementace znamych a modernich aktivnich
prvki pracujicich v napétovém, proudovém nebo mix-modu. Mezi tyto prvky
1ze zaClenit zesilovace typu OTA (operational transconductance amplifier), CCII
(second generation current conveyor), FB-CCII (fully-differential second
generation current conveyor), FB-DDA (fully-balanced differential difference
amplifier), VDTA (voltage differencing transconductance amplifier), CC-CDBA
(current-controlled current differencing buffered amplifier) a CFOA (current
feedback operational amplifier). Za G¢elem potvrzeni funk¢nosti a chovani vyse
zminénych struktur a prvki byly vytvoreny ptiklady aplikaci, které simuluji
usmérnovaci a induktan¢ni vlastnosti diody, dale pak filtry dolni propusti,
pasmové propusti a také univerzalni filtry. VSechny aktivni prvky a piiklady
aplikaci byly ovéfeny pomoci PSpice simulaci s vyuZitim parametrli technologie
0,18 pum TSMC CMOS. Pro ilustraci ptfesného a uc¢inného chovani struktur je v

disertacni praci zahrnuto velké mnoZstvi simulac¢nich vysledk.
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1. INTRODUCTION

In the last decade, with the continuous scaling in the feature size of the transistors,
nominal supply voltage of CMOS integrated circuits has been dramatically decreased due to
the strongly emerging consumer market for portable devices that needed to be light weighted
and hence operate for a long period of time with a small battery. When a MOS transistor size
is scaled down, the thickness of the gate oxide is reduced. As a MOS transistor has a thinner
gate oxide, in order to prevent the transistor from a breakdown due to higher electrical field
across the gate oxide, and to ensure its reliability, the supply voltage needs to be reduced
[1-5]. Therefore, low—voltage (LV) low—power (LP) analog circuits have received significant
attention and have become increasingly important in the electronic industry. Recent advances
in LV LP circuit design made it possible to conceive electronic systems that could be worn by
people, monitor physiological parameters, and even provide some kind of treatment [6]. The
primary application targets of these circuits are low power Systems—on—Chips (SOCs). That
covers markets such as: Mobile Internet Services (Smartphones, Tablets, Netbooks), Cellular
Telecom, Home and Mobile Multimedia, etc. SOCs are circuits composed of analog and
digital components co—existing on a single chip. The idea of SOC came up originally from
universal fact that the outside world is mostly analog in nature and that the bandwidth of a
signal can become a magnitude higher if the signal is processed in analog circuits. Thus, it
became inevitable to introduce analog signal processing. However, when switched to low
supply voltage, digital circuits do not suffer lower performance, but the circuit performances
of analog circuits, such as gain, dynamic range, speed, bandwidth, linearity, etc. are strongly
affected by reduced supply voltage [7]. In addition, chip area reduces the cost of advanced
multi—function SOC design. Moreover, LP SOCs need to combine demanding dynamic
performance with low power consumption. Therefore, there is urgent need to develop new
design techniques for analog circuits at 1-V supply which consume levels of power in the
nanowatt range. However, the advances in VLSI technology, circuit design, and product
market are actually interrelated. In the past decade, CMOS technology has played a major role
in the rapid advancement and the increased integration of VLSI systems. CMOS devices
feature high input impedance, extremely low offset switches, high packing density, low
switching power consumption, and thus can be easily scaled. The minimum feature size of a
MOS transistor has been scaled down to around 90 nm. Consequently, more circuit
components in a single chip can then be integrated, so the circuit area and thus its cost will be
reduced. In addition, smaller geometry usually lowers the parasitic capacitance, which leads
to higher operating speed.

However, system portability usually requires battery supply and therefore
weight/energy storage considerations. For the time being, battery technologies do not
proportionally evolve with the speed of the applications demand. Therefore the challenge is to
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reduce the power consumption of the circuits. In any case, average power, Payg, consumed by
these circuit, consists of the sum of two components, static and dynamic power:

2
I:)avg = Fstatic + denamic:VDD IIeakage+CVDD f ) (1.1)

where Vpp is power supply voltage, lieakage 1S Sub—threshold leakage current of MOS
transistor, C represents the total capacitance of a system, and f denotes the frequency at which
a circuit operates. Among the most important factors of CMOS VLSI processes is the
threshold voltage of the MOS devices V. However, since a MOST’s sub—threshold leakage
current, lieakage, 1S €Xponentially dependent upon the threshold voltage, V has not been able to
decline as quickly as Vpp does in each new process generation because of concerns over
increasing Payg through Psgaiic. Therefore, for instance, for five standard IBM bulk CMOS
processes, the ratio of V1/Vpp has increased noticeably — from V/Vpp = 0.5 V/25V =0.2 to
Vi/Vpp = 0.29 V/1 V = 0.29 — between IBM’s 0.25 um and 65 nm nodes [8-12]. As one
would expect, this trend shall continue on until the end of bulk CMOS scaling, at which point,
Vpp and V1/Vpp are predicted to reach 0.70 V and 0.355, respectively [13]. Another example
in order to show how disproportionately V and Vpp have fallen in recent years is shown in
Fig. 1.1 where the two parameters are plotted for six standard TSMC bulk CMOS processes
[14].
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Fig. 1.1. A plot of the recent trends seen in V and Vpp, for standard TSMC bulk CMOS processes.

On the other hand, the new trend of the design of modern implantable or portable
biomedical devices is toward miniaturization and portability for long—term monitoring.
Crucial parameters for these healthcare electronics are low power consumption and low
supply voltage, and that makes biomedical applications another major target of low—power
analog circuits. Biomedical signals can be classified into bioelectric, bioacoustic,
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bioimpedance, biomechanical, biochemical and biomagnetic signals [15]. All these signals
have very low amplitude in the range of microvolts to millivolts. For example, EEG signals
(Electroencephalography signals), which are bioelectric signals, are varying between 5 and
100 microvolts [16]. Other bioelectric signals such as ECG (Electrocardiography), EMG
(Electromyography), ERG (Electroretinography) and ENG (Electronystagmography) have
about the same value of amplitude. Bioelectric signals (AKA Biosignals) are recorded as
potentials, voltages, and electrical field strengths generated by nerves and muscles. Due to
their low—level amplitude, integrated circuits are essential to be designed for the amplification
of the weak signals before any further signal processing can be performed to make them
compatible with devices such as displays, recorders, or A/D converters for computerized
equipment. Amplifiers, adequately, have to measure these signals, satisfying very specific
requirements. They have to provide amplification responsive to physiological signal, rejecting
superimposed noise and interference signals, and guaranteeing protection from damages
through voltage and current surges for both patient and electronic equipment. Amplifiers
featuring these specifications are what we call biopotential amplifiers. In fact, amplifying
such low voltages is very challenging. Fig. 1.2 shows an overview of the most commonly
measured biopotentials, and specifies the normal ranges for amplitude and bandwidth [17].
To maintain a reasonable signal to noise ratio while minimizing energy consumption to
maximize the useful life of the implant, the designer needs to use special circuit techniques
and make difficult design compromises. | will address this issue in more detail later.
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Fig. 1.2. Amplitudes and spectral ranges of some important biosignals.

The thesis is organized as follows: in section 2, a state—of—the—art of conventional and
non—conventional techniques and structures, as well as developed technologies, which could
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be

implemented to obtain LV LP circuits is done. In section 3, circuits, in addition to

application examples for them to prove their functionality, are designed using LV LP
techniques. Finally, the main conclusions of this thesis are presented in section 4.
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2. STATE OF THE ART

Low-voltage low—power capability could be achieved either by developed

technologies or by design techniques [1]. Since developed technologies are out of the scope of
this thesis they will be mentioned briefly. The main technologies used for LV LP IC design

are:

CMOS technology [2]: is a MOS technology integrates both N—channel and P—channel
transistors on the same chip. If the substrate of the circuit is P—doped, the N-channel
transistors sit directly on the substrate, whereas the P—channel devices need a well
(tube). The technology is termed N-well technology. For an N-type substrate the
arrangement is complementary: the P—channel transistors are made in the substrate
and the N—channel transistors sit inside the P—well (Fig. 2.1 [3]). CMOS technology is
used in the fabrication of conventional microchips, since it is less expensive than
BiCMOS and SOI technologies and offers high performance, high density and low-
power dissipation.

Sub B S D

Fig. 2.1. Simplified cross section of an NMOST (P-well CMOS technology).

BiCMOS technology [4, 5]: this technology integrates BJT and CMQOS transistor in a
single integrated circuit, thus combines the advantages of both. A number of
advantages can be achieved using this advanced semiconductor technology such as:
improving speed over purely bipolar technology, lowering power dissipation over
purely CMOS technology, improving current drive over CMOS and packing density
over bipolar, and obtaining high input impedance, low output impedance, high gain,
low noise, high analog performance, flexible I/Os for high performance, latch-up
immunity, smaller IC size and of more reliable IC. However, BICMOS technology
requires extra fabrication steps, the matter which makes the technology not cost—
effective.

SOI (Silicon On Insulator) technology [6-10]: in this technology a layer of silicon
dioxide is implanted below the surface by oxidation of Si or by oxygen implantation
into Si. This implanted silicon dioxide is called buried oxide (BOX) and helps
reducing parasitic capacitances, and as a result improves the performance of the
device. SOI can be divided into two categories, fully depleted FD and partially
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depleted PD, the main differences are summarized in Tab. 2.1. Fig. 2.2 shows a
starting wafer of FD-SOI.

Tab. 2.1. PD-SOI vs. FD-SOI.

PD-SOI FD-SOI
The channel is doped. The channel is often undoped or slightly doped.
The top silicon is 50 to 90 nm thick. The top silicon is 5 to 20 nm thick.

The insulating BOX layer is typically 100 The insulating BOX layer may be ultra—thin: 5 to 50
to 200 nm thick. nm.

/Top silicon film

Burried oxide
(BOX)

Base or hande wafer

Fig. 2.2. FD-SOI starting wafer.

SOI technology has many advantages such as capacitance reduction, reduced short
channel effects, lower device threshold, lower supply voltage, soft error rate effects, ideal
device isolation, smaller layout area, high switching speed and lower—power consumption.
However, fabrication of this technology is more expensive featuring also higher self-heating
because of poor thermal conductivity of the insulator.

e Multi—gate transistors [11-14]: amongst the different types of SOI devices proposed,
one clearly stands out: the multi—gate field—effect transistor (multi-gate FET). A
multi—gate transistor is a MOST which incorporates more than one gate into a single
device. This device has a general “wire—like” shape with a gate electrode that controls
the flow of current between source and drain. Multi—gate FETs are commonly referred
to as “multi(ple)—gate transistors”, ‘“‘wrapped—gate transistors”, ‘“double—gate
transistors”, “FinFETs”, “tri(ple)—gate transistors”, “Gate—all-Around transistors”, etc.
The distinguishing characteristic of the FInNFET is that the conducting channel is
wrapped by a thin silicon "fin", which forms the body of the device. The thickness of
the fin (measured in the direction from source to drain) determines the effective
channel length of the device. Fig. 2.3 shows a double—gate FInFET device. A multi—
gate device employing independent gate electrodes is sometimes called a Multiple
Independent Gate Field Effect Transistor (MIGFET). The International Technology
Roadmap for Semiconductors (ITRS) recognizes the importance of these devices and

calls them “Advanced non—classical CMOS devices”.
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Fig. 2.3. Double—gate FinFET.

On the other hand, low-voltage design techniques are divided into two categories:
conventional and non—conventional. All LV design techniques will be discussed in the next
sub—section including principle of operation, small signal models of non-—conventional
techniques and main advantages and disadvantages of each technique.

2.1. SURVEY OF LOW-VOLTAGE DESIGN TECHNIQUES

Among the most important factors of CMOS VLSI processes is the threshold voltage
of the MOS devices V1. However, since a MOST’s sub—threshold leakage current, licakage, 1S
exponentially dependent upon the threshold voltage, V has not been able to decline as
quickly as the power supply voltage Vpp does in each new process generation because of
concerns over increasing Payg through Psaiic. Another factor prevents the threshold voltage
from being scaled down by the same ratio is that devices with higher threshold voltage value
have higher noise margin and smaller leakages. In order to overcome this restriction many
techniques have been introduced in the literature based on CMOS technology. By utilizing
these techniques, the threshold voltage is decreased or —in some cases— even removed.

2.1.1 Conventional low—voltage techniques

The most widely used conventional techniques for low-voltage low—power analog
circuits design are:

1) Circuits with rail-to—rail operating range.
2) MOS transistors operating in weak inversion region.
3) Level shifter technique.

4) MOS transistors in self—cascode structure.
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2.1.1.1 Circuits with rail-to—rail operating range

Usually, gate—source voltage prevents the input stage from reaching the positive
and/or negative supply voltages within the range of a threshold voltage; the value of this
threshold voltage varies depending on semiconductor manufacturing process. This becomes a
serious issue when the supply voltage is as low as 1 V or less in battery—powered systems or
in low—power applications. A solution to this problem includes designing an input stage with
a rail-to—rail common—mode input-voltage range allowing input common—mode signals to
vary from negative to positive supply rails by the use of complementary differential pairs
operated in parallel as shown in Fig. 2.4. [15, 16].

Rs RO R
! !

Fig. 2.4. Rail-to—rail input common—mode stage.

gm, the sum
1/ of gmnand
Zmp
Range 1 Range|3 Range 2
mn gmp
| |
—Vss Input common-mode voltage Vop

Fig. 2.5. Transconductance variations versus input common-mode voltage.
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Three common—mode input voltage ranges can be distinguished as shown in Fig. 2.5:

1) In the range from the negative supply voltage Vss to Vss + V1 only the PMOS pair M,
M2 is operating.

2) In the range from the positive supply voltage Vpp to Vpp — V1 only the NMOS pair M3,
M4 is operating.

3) In the intermediate range both pairs are operating.

When the common-mode voltage moves from one range into another, the
transconductance of the input stage changes by a factor of two. Because of this, the total
transconductance is not constant across the input common—mode range. This is an undesired
phenomenon because it not only results in non—constant gain and variable unity—gain
frequency but also degrades the common—mode rejection ratio (CMRR) and causes the slew
rate to vary. This prevents frequency compensation from being optimal since the bandwidth is
proportional to that transconductance. Moreover, transient distortion occurs when fast
changes in the common-mode voltage abruptly saturate and restore the tail-current sources.

A number of techniques have been proposed to achieve constant g, [17-32]. A simple
technique could be adopted to reduce the variations in the small-signal response of rail-to—
rail input stage consists in shifting the common—mode response of one input pair so the curves
of gmp and gmn shown in Fig. 2.5 overlap [33, 34]. With this approach, provided that the two
differential pairs are perfectly matched, variations in the total amplifier transconductance can
only arise in the common transition region of the two pairs, and are much lower with respect
to the traditional composite rail-to—rail input stages [33]. Authors in [33], inspiring from [30]
and [31], achieved adequate common-mode response shifting by connecting two floating and
constant voltage sources Vs between the input signals and the gate terminals of one of the
input pairs as shown in Fig. 2.6.

In Fig. 2.6, an appropriate positive value of Vg shifts the takeover region of the PMOS
input pair, as seen by the signal inputs Vi, and Vin, to a Vicm Voltage range closer to the
negative supply voltage. In [33, 34], authors also presented a technique in order to further
decrease the total amplifier transconductance deviations, which mainly arise in the
overlapping takeover regions, and named this technique as common-mode response shaping.
According to their approach, the floating voltage sources have a variable value, which is a
function of the input common—mode voltage [i.e., Vs = f (Vicm)]. Resulting variations in the
small-signal transconductances versus input common-mode voltage is illustrated in Fig. 2.7.
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MBN o-|£—_|
L1

MBP o-|m

VSS o,

Vin2

Fig. 2.6. Adding a floating voltage source at the inputs of the differential pair to implement common-—

gm, the sum of gmn and gmp

mode response shaping.

1 100%

Y 1 s00%
K
L

-Vss

Input common—mode voltage

Fig. 2.7. Transconductance variations vs. input common-mode stage in Fig. 2.6.

Advantages

Obtaining an acceptable SNR (signal-to—noise ratio) in low—voltage environments [17—
20, 24, 28, 30, 32, 35-42].

Circuits with rail-to—rail operating range can be used in low voltage analog design.

Rail-to—rail operation which allows input common—mode signals to vary from the
negative to positive supply rails.

Disadvantages

Circuit complexity to obtain a constant transconductance value over the input voltage

range.
THD and offset.
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2.1.1.2 MOS transistors operating in weak inversion region

Another way to reduce the current levels and hence the power consumption of a circuit
is by using MOS transistors biased in the weak inversion (or sub-threshold) region driving
very low current levels. It is well known that in a NMOS transistor under the condition of
drain—source voltage is greater than saturation voltage, when gate—source voltage exceeds an
extrapolated value called threshold voltage Vy the MOST works in strong inversion (or
saturation) region, and when it does not the MOST operates in weak inversion region.
Actually, there is a region between these two regions called moderate inversion region, but for
simplicity we will ignore this region and suppose that the transition between the weak and the
strong inversion regions occurs abruptly.

In weak-inversion region, the applied gate-source voltage is barely larger (or even
slightly less) than the threshold voltage of the NMOS transistor so a channel between the
drain and the source is not established, but the aforementioned voltage is high enough so it
creates a depletion layer at the surface of the silicon. Thus, in this region, the channel charge
is much less than the charge in the depletion region so the drain current arising from the drift
of majority carriers is negligible. When Vps > Viper (@round 3 Viner Which is about 78 mV) and
Vs < Vi, the current in this case is attributed to diffusion in the region and is given by:

w Vgs — V-
Ips =—|DoeXP(MJ- (2.1)
L MViher

Ioo is process—dependent parameter which is dependent also on bulk-source and
threshold voltages. Ipo is given by:

2 W
Ipo =217 1 CoyViher T ) (2.2)

where 7 is the weak inversion slope factor and lies between 1.2 and 2, Viner is the thermal
voltage and equals 26 mV at room temperature and the other parameters have usual meanings.

Note from the equation that the current is independent of Vps and exponentially
proportional to the overdrive voltage. Again this result is valid only for big values of Vps.

The transconductance of an MOST operating in weak inversion is identical to that of a
corresponding bipolar transistor except for the factor of 1/7:

__'os 2.3
O Viher ( )

Since the current in sub-threshold region is so small, the transconductance is expected
to be very small.

Transconductance to current ratio is, however, a better criterion since it shows how
efficiently the current is used to generate transconductance. This ratio of an MOST in weak
inversion is given by:
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Im L (2.4)

Ips  7Viner

which is independent of the current and the overdrive. Again, since the current is the lowest in
weak inversion region, the transconductance to current ratio is the highest among any region
of operation. Thus for high gain this region is preferred.

Last but not least, in weak inversion Cys~Cqq~0 where Cy and Cyq are gate—source
and gate—drain parasitic capacitances, respectively. Thus input capacitance Ci,, which is
approximately Cgqp, can be thought of as the series combination of the oxide and depletion
capacitors, as well as the transconductance is small as mentioned. Therefore the transition

in

frequency fr becomes very small because of the relationship: f; = ng‘

Advantages

1) The ability to work in very low voltage environment, and here we are talking about just
dozens of millivolts even for cascode structures.

2) Very suitable to be used in very low—power low—frequency applications such in the
biomedical applications where operating frequencies range between 1 Hz to 1 kHz.

Disadvantages
1) Increased chip area.

2) Slow speed because of the low value of fr as mentioned earlier.

2.1.1.3 Level shifter technique

In conventional two-transistor current mirror shown in Fig. 2.8 (a), the input transistor
M1 is used in diode connected configuration and an input voltage Vi, is required to pump I,
into the input port. Here, Vi, depends solely on the biasing conditions of M1, which operates
in saturation mode. Thus, this topology requires Vi, of at least one threshold voltage V.

In level shifter technique, a MOST (or more) is inserted at the input port so that input
voltage required is reduced to minimum. Fig. 2.8 (b) [43] shows a current mirror based on
level shifter technique, from the circuit we note that Vi, = Vps1 = Ves1 — Vess. So if we made
Vess ~ Vesi, Vin Would approximately equal zero.

Assuming low bias current lpiss is presented; M3 operates in the sub—threshold region
for the entire input current I, range. The operation of M1 and M2 depends on their aspect
ratios and on li,. Hence, when Ij, <1 uA, M1 and M2 operate in the sub—threshold region and
when I;, exceeds | pA they operate in the saturation region.

Practically, even with zero I;,, M1 and M2 work in weak inversion region, and this is
the main problem of the technique. The reason of this drawback is the offset current losset
caused by lpias. Ipias drives Ves, to be near Vr; even for zero lin. Vi, will also be zero, but Vps;
increases independently with Vyias causing losrser to appear. When the input current is of the
order of the offset current, loxset decides the range of operation for such circuits.
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Fig. 2.8. Current mirror: (a) simple, (b) based on level shifter technique.

The offset current will be given by:

_W, Ls lpoa | AVy

Ioffset - L2 W3 IDOS |b|aseXp[ ja (25)
where Ipoz, Ipos, 77and Viner have been introduced before and AVy is the mismatch between
the threshold voltages of PMOST and NMOST.

Equation (2.5) indicates that loset Can be tailored according to the designers' need
through the appropriate selection of W and L.

Threshold voltage mismatch AVt depends on particular CMOS technology. Even if

the threshold voltages of PMOST and NMOST are matched and Ipoz = Ipos, loftset Cannot be
Wy Ls

reduced to zero. The lower limit of losset €quals o
2 3

Ipias- S0 t0 ensure low losset, appropriate

values for W/L of M2 and M3 must be taken and lpias must be as low as possible.

So far, we assumed that lyiss is low, but if we considered the case when lpigs is high the
situation would be completely different. In this case, Ipias drives M3 into the saturation region;
but M1 will be in linear mode due to low input current. However, M2 will operate in the
saturation region because the external bias voltages will decide its drain voltage. In this
situation the offset current is given by:

2
21,
lofiser = 22 | | D18 _VTN2+VTP3) : (2.6)

If threshold voltages of NMOST and PMOST were matched, the offset current would

L
23 |ias, (2.7)
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where K; and K3 are the transconductance parameters for M2 and M3, respectively. The

ratio’s value of % is usually around 3 which makes the offset current sufficiently high, so
3

Ihias Must always be kept as low as possible to reduce lqset and to keep the ratio of % away
3

from the calculation of lgfsset.

Advantages
1) The input resistance is low, which is desirable for current mode circuits.

2) The bandwidth at low voltage is higher.

3) Rail-to-rail and low voltage operation.

Disadvantages

— This technique utilizes more transistors which increases the power dissipation.

2.1.1.4 MOS transistors in self—cascode structure

Along with the scaling of MOST size, the output impedance is reducing since it is
proportional to channel length (or more accurately to effective channel length). Thus the gain
is also degrading.

A solution to this problem could be in using the cascode structure, but although this
technique increases the output impedance, it decreases the output signal swing, thus cascode
structure cannot be used in low voltage systems [43].

Because it does not require high compliance voltages at output nodes, self—cascode
(SC) configuration shown in Fig. 2.9 (a) [44] provides high output impedance with larger
voltage headroom than the conventional cascode structure offers. This approach has potential
applications in low voltage design.

A self-cascode structure can be treated as a single composite transistor (as shown in
Fig. 2.9 (b)) operating in saturation region but without severe channel-length modulation
effects. The composite structure has much larger effective channel length and the effective
output conductance is much lower.
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Fig. 2.9. (a) Self-cascode structure, (b) equivalent composite transistor.

The lower transistor M1 operates in non-saturation (linear) region. Depending on the
drain voltage, transistor M2 can work in saturation or linear region.

For the composite transistor to work in saturation region; M2 should work in
saturation region and M1 should work in linear region. Thus, we can write equations for these
two transistors as:

. 2 1
1= %(VGS “Vy -Vr f = ﬂl[VGS -y _EVX )\/x : (2.8)

Solving i we obtain:

.1
1= Eﬂeq (VGS _VT )2 ) (29)
where £, _ Abe Is the effective transconductance.

B+ b,

For optimal operation the W/L ratio of M2 should be larger than that of M1 by the
factor of m so that m>1.

If B, =mg, then:

m
m+1

1
B Zmﬂz :ﬁeq| =P (2.10)

m—oo

:Beq =

So if we kept the channel length the same for both transistors and made W, wide
enough, W; would be in charge of controlling the current.
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The equivalent output impedance of the composite transistor is:

o= (M-Diy_m2. (2.11)

The effective transconductance of the composite transistor is approximately equal to
the transconductance of M1:

Om-m2
Om-—eff =

=Om-m1. (2.12)

As mentioned before, M1 usually works in linear region, so the voltage between its
drain and source is so small that there is no considerable difference between Vpsar of
composite and simple transistors.

Advantages

1) The SC structure offers high output impedance similar to a regular cascode structure
while output voltage requirements are similar to that of a single transistor.

2) Unlike cascode circuits, SC circuit does not require additional real—estate and power for
its operation [45].
Disadvantages

— Its drawbacks are limited input common mode range and small output swing.

2.1.2 Non-conventional low—voltage techniques

The most widely used non-conventional approaches for low—voltage low-power
analog circuits design are:

1) Bulk—driven MOST.

2) Floating—gate approach.

3) Quasi-floating—gate approach.

4) Bulk-driven floating—gate and bulk—driven quasi—floating—gate approach.

2.1.2.1 Bulk—driven MOST

Bulk—driven MOST (BD MOST) concept was first proposed by A. Guzinski et al in
1987 [46]. After that and as evidenced in the literature during the last years, BD technique
has been adopted to implement a number of analog building blocks such as operational
amplifiers [47-51], current mirrors [52-54], current conveyors, [55], [56], operational
transconductance amplifiers [47], [49], [57-61], voltage followers [62], [63], voltage to
current converters [64], buffers [65], voltage—controlled oscillators [66], and phase—locked
loops [67]. An NMOST and its cross—section are shown in Fig. 2.10.
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Fig. 2.10 Bulk—driven NMOST: (a) symbol and (b) cross—section.

In BD technique, a bias voltage is applied to the gate of the MOST so a channel is
established between the source and the drain. This channel remains constant as long as the
gate bias voltage is still the same, as the case for BD technique. On the other hand, the signal
is applied to the bulk contact. By this way, the limitation of threshold voltage on the signal
pathway is eliminated; consequently, the applicability of any analog cell to a very low supply
voltage is possible to be extended.

Since the bulk contact serves the function of the gate of JFET and modulates the
channel width according to the voltage applied to the bulk (see Fig. 2.11), BD MOST is
considered as a depletion type device. For N-channel (P—channel), BD MOST can work in
negative (positive), zero or slightly positive (negative) biasing condition.

Vopo Vbp o
lpias d) Ibias
Vio NI M1 Vi o M2
Vbias
Vss o )| Vsso
(a) (b)

Fig. 2.11. Bulk—driven MOS transistor (a), and its equivalent JFET (b).

An important aspect in analog design is small signal analysis. To study the small
signal equivalent circuit of BD MOST in comparison with the small signal equivalent circuit
of gate—driven MOST (GD MOST), BD and GD common-source (CS) amplifiers are shown
in Fig. 2.12 (a,b), and the small signal equivalent circuits at high frequencies of the SC
amplifiers are shown in Fig. 2.12 (c,d).
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Fig. 2.12. (a) CS amplifier based on BD MOST. (b) CS amplifier based on GD MOST. (c) Small signal
equivalent circuit of the BD based CS amplifier. (d) Small signal equivalent circuit of the GD based CS
amplifier.

The capacitances Cpgq, Cps, Chsup are bulk—drain, bulk—source and bulk—substrate
parasitic capacitances, respectively. These parasitic capacitances are a result of well and
substrate structure of the transistor.

The relationship between threshold voltage and bulk—source voltage in BD MOST is:

V1 =V1g iV(\/|2¢F|—VBs _\/|2¢F|) . (2.13)

With + for an NMOST and — for PMOST where Vr is the threshold voltage, Vgs is the
bulk—source voltage, Vg is the threshold voltage at zero bulk—source voltage, y and ¢ are the
bulk—threshold parameter and the surface potential, respectively.

The transconductance of GD MOST which operates in strong inversion is given by:
W
Im ZkT(Vgs -V1), (2.14)

where Kk is the current gain factor of the used process. However, the transconductance of BD
MOST is given by:
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C
4 Oy = CBC Om =(02—04)g,,, (2.15)
2\/|2¢,: ~Vgs| GC

Omb =

where Cgc and Cgc are the total bulk—channel and the total gate—channel parasitic
capacitances, respectively.

To determine the frequency performance of a transistor, transition frequency fr must
be calculated. To calculate fy, consider the AC circuit in Fig. 2.13 (a) and the small signal
equivalent in Fig. 2.13 (b).

,_1—4_ C .
Megp i, bd lout
4_
— 4, —=
Vo
Vbs ® C bs | ‘ C bsub gmebs
(a) (b)

Fig. 2.13. Circuits for calculating transition frequency of BD MOST: (a) AC schematic, (b) small signal
equivalent circuit.

The small signal input current iy

lin = S(Cps + Cpsub+ Chd)Vbs . (2.16)

If the current through Cyq is neglected then gy

iout & ImbVbs . (2.17)

From (2.16) and (2.17) we can calculate the current gain:

lout 9mb
— R , 2.18
lin ~ S(Cps +Cpsub+ Cpa) (2.18)
We substitute s with jw then we get:
lout ~ 9mb
lin ~ J@ (Cps +Cpsup+Cha) - (2.19)
The magnitude of the small signal current gain is unity when:
9mb
w=w = _ 2.20
Cps + Chsub + Chd (2:20)

Then the transition frequency of the BD MOST is given by:
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1 1 Imb
f - - m
T.b 27 “r 27 Cbs +Cbsub+de ' (221)

Assuming that (Cps + Cpsup) i1s much greater than Cpq, then:

g
frp= mb ~(0.3—0.5) fr 292

’ 27t (Cps + Chsub) ’ (2.22)
whereas fr is transition frequency of GD MOST which can be calculated by following the
same steps:

g

m

f =
T arcy (2.23)

From (2.22) it is obvious that the transition frequency of BD MOST is smaller than the
transition frequency of GD MOST, since the transition frequency is proportional to the
transconductance, as well as the effect of the parasitic capacitances.

The input referred noise power spectral density of GD MOST is expressed by:

2

2 Ini

VnoiseGD ZLZI, (2.24)
Im

where i, is the total drain current generated by noise sources and its unit is A% The input

referred noise power spectral density of BD MOST can be expressed by:

2
Vr%oiseBD :(gg_mJ V%oiseGD. (2.25)

mb

BD MOST suffers from higher referred noise as it is clear from (2.25), since gmyp is
inherently smaller than gn.

BD MOST and GD MOST have identical output resistance r, as we can notice from
Fig. 2.12 and its value is given by:

1 1
o=—"= : (2.26)
9o A Ipssat
Advantages

1) As mentioned, N—channel bulk-driven MOST works in negative, zero or slightly
positive bias voltage also. This can lead to larger input common mode voltage range
and voltage swing that could not otherwise be achieved at low power supply voltages.

2) Depletion characteristics avoid Vr requirement in the signal path. Voltage swing for
low voltage supply is increased, and minimum operational supply voltage is pushed to
its limit.
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3) This technique offers a possibility of using the conventional gate to modulate the BD
MOST since the transfer characteristic changes greatly with different Vs, because g is
more sensitive to Vs than to Vgs.

4) Better linearity and smaller power supply requirements because of the small value of
the transconductance of the bulk—driven MOST, gmp.

5) Suitable for rail-to—rail applications.

6) Can be modeled using the conventional MOS transistor.

Disadvantages

1) The transconductance of the device, gmp, is typically 20-40% of the transconductance
of a conventional gate—driven MOST, g, based on long—channel theory. This —as
shown in equations— limits both the intrinsic gain and the cut-off frequency of the
device, and increases the equivalent input noise voltage.

2) The polarity of the BD MOSTSs is process related; only N-channel BD MOSTSs are
available for P—well process, and on the other hand, only P—channel BD MOSTSs are
available for N-well process. This limits the applicability of this technique since we
cannot use BD MOS transistors in some circuit structures which require both N and P
MOSTs.

3) Bulk terminals of all BD MOSTSs usually have to be isolated, so it is necessary for each
BD MOST to reside within its own separate well for many applications. Accordingly,
the BD MOST consumes more area than its GD counterpart does and further suffers
from a degraded frequency response due to the added input capacitance from its well
structure. More than that, the matching between BD MOSTs in differential wells
suffers. Thus analog circuits with tight matching between MOSTs are difficult to
fabricate.

4) When Vgs is critically large (more than the turn—on voltage of the bulk—channel PN
junction diode), latch—up incurs.

2.1.2.2 Floating—gate approach

The first appearance of floating—gate technique was in 1967 [68]. In the late 1980s, the
Intel ETANN chip employed it as an analog nonvolatile memory element [69]. From that
date, floating—gate devices are finding wider applications by analog researchers. A number of
papers have been reported in the literature for applications of floating—gate technique in
analog circuits, such as floating—gate CMOS analog trimming circuits [70], neural network
components, multipliers [71], D/A converters [72], amplifiers [73-75], operational
transconductance amplifiers [76], and differential voltage current conveyors [77].

These devices can be fabricated in all CMOS technologies, but a double poly CMOS
technology is preferred [78].

In FG MOST, the gate is fabricated using the gate electrode (polyl) layer and is
surrounded by two SiO; insulator layers thus electrically isolated from the rest of the device.
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The device inputs are placed on top of the upper SiO; insulating layer and are fabricated using
another conducting layer, preferably a second layer of polysilicon (poly2). Thus, from the dc
operating point of view, the gate is floating node, and that is why the MOST is called
floating—gate MOST. Inputs are capacitively coupled to the FG, and the sizes of the input
electrodes determine the values of the capacitors, they can be varied according to the
designer’s needs. The circuit symbol, equivalent circuit, layout, and cross—section of a two—
input floating—gate NMOST are shown in Fig. 2.14 [61].

Section A 'E H‘ ' w : : : s : I
B LS e L | - P substrate .

Source |+ "+ [ Drain Section A
T Tpuiz T 1 Tnpuwez 15Si0]

Section B |

—_—— N
|:;:;:;:;:I?-:syb_stfatp:;:-' S

Section B

(d)

Fig. 2.14. Two-input floating—gate NMOST: (a) symbol, (b) equivalent circuit, (c) layout and (d) cross—
section.

During fabrication, an amount of charge Qrg traps in the FG and should be removed in
order MOST to be valid to use in analog applications. As this term is constant, it can be
interpreted as a voltage offset at the FG, or alternatively, as an offset in the threshold voltage
of the device. Reported solutions to remove Qrg include cleaning with ultraviolet (UV) light
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shining [43], [78-80], hot—electron injection [43], [78], [79], Fowler—-Nordheim (FN)
tunneling [78-80], and forcing an initial condition with a switch [78].

By applying the charge conservation law to the floating node, the voltage at the FG is
given by:

n
Qre+ CrggVp + Cigs Vs + Cigp Vi +Z Cai Vai
Vg = = , (2.27)

C Total

where n is the number of effective inputs, the term Qg has been introduced before, Crgq, Crgs,
and Cyg, denote the parasitic capacitances from gate to drain, source, and bulk, respectively,
Vp, Vs, and Vg are drain, source, and bulk voltages, Cg; is the coupling capacitance of the ith
input branch, Vg; is voltage of the ith control gate, and the term Croa refers to the total
capacitance seen by the FG and is given by:

Crotal =Crgd +Cfgs+Cfgb+ZCGi . (2.28)
i=1
Let us consider the common source amplifier shown in Fig. 2.15 (a), where Vpias iS
applied at one gate through Cpiss and Vi, is applied at the second gate through C;,. The small
signal equivalent circuit is depicted in Fig. 2.15 (b).

VDD
Rp
Ci Cryd
Coi V, G FG 9 D
Vbias as out O | | | | o
Vin o— MFG Vin =Vgs V
. t
\V/ C'n Cbias Cfgs gm,eff Vgs ro,eff RD >
SS o u O
S S
(@) (b)

Fig. 2.15. Floating—gate MOST: (a) common source amplifier and (b) small signal model equivalent
circuit.

Assuming zero initial charge and neglecting parasitic capacitances as compared to
Chias and Cjp, the gate voltage of MOST shown in Fig. 2.15 is:

Ve =KiVin +KaVpias, (2.29)
. C
where k = —bis and k, = i
Total Total

The equivalent threshold voltage for the MOST adjusts itself to a new value Vr e
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V: —Vjiack
VT e ZTTW ' (2.30)

The effective transconductance is given by:

Imeff =KoOm,FG , (2.31)

where gm rc IS the transconductance seen from the floating gate.

When ggs is the output conductance of a MOST, the effective output conductance of
the floating—gate MOST (g eff iS:

Cigd
9ds,eff =Yds + Im,FG C—g ' (2.32)
Total

The effective output conductance of the FG MOST is larger than the output
conductance of the GD MOST, because of DC and AC feedback from drain to floating gate
thl’OUgh Cfgd.

To calculate transition frequency, let’s consider the AC circuit and its small signal
equivalent circuit in Fig. 2.16:

Tout

|n MFG FG Cg |out
I ‘ i | \ : Cblasl |Cfgs : gmeffvgs

Fig. 2.16. Circuit for calculating transition frequency of FG— MOST: (a) AC schematic, (b) small signal
equivalent circuit.

The small signal input current is:

Cin(Cpias + Cgs + Cga)

lin =5 Vgs. 2.33
" CTotal o ( )

If the current through Cyyq is neglected then:

out & Om,eff Vgs. (2.34)

From (2.33) and (2.34), the current gain can be written:

io_ut: Om,eff
lin s Cin(Cbias"‘Cfgs"'Cfgd)} : (2.35)
CTotal
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By following the same steps done to find transition frequency of BD MOST at the
previous subsection, the transition frequency equation of FG MOST will be given by:

f _ gm,e-ff
TFe o Cin(Cbias"'Cfgs"‘Cfgd)}' (2'36)

CTo tal

Assuming Cpgs is much greater than Crq and substituting the effective
transconductance value from (2.31), then:

- 9m
27(Cpias+Crgs) - (2.37)

fT, FG

The transition frequency equation of FG MOST is given by:

Om . (2.38)
27(Cpias+ C1gs)

frre =

It is clear that the transition frequency of FG MOST is smaller than the transition
frequency of GD MOST; hence FG MOST has smaller bandwidth than GD MOST.

The relationship between the input referred noise power spectral density of FG MOST
and GD MOST is given by:

2

2 C 2

Vnoise FG Z[ (T:(_Jtal] VnoiseGD . (2.39)
n

It is evident from the equation that the input referred noise increases at the effective
input of the FG MOST.

Advantages

1) Vreq can be programmed to be less than Vr with the appropriate selection of Vpias, ki
and k. Thus the floating gate technology can be used in low voltage analog design.

2) Can be used in ultra—low power ultra—low voltage applications.
3) Possibility of multi—input terminals.

4) Can be fabricated in any MOS technology, although for better performance double poly
technology is recommended.

5) Rail to rail operation.

Disadvantages

1) FG MOST consumes much larger silicon area compared with the MOS transistor due to
the added input capacitors. However, with a careful design and layout, the extra area
can be minimized and the effect of the charge can be negligible [78].
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2) There is a reduction in the transconductance by a factor of k,. However, smaller
transconductance results in higher input referred noise voltage as well as smaller cut—
off frequency, accordingly, smaller bandwidth.

3) Because there is DC and AC feedback from drain to floating gate through Ciyq, the
output impedance is less than that of a MOST working in the same biasing condition.

4) There is uncertain amount of charge might remain trapped at the FG during fabrication.
Although there are many procedures could be done to change this charge, these
programming techniques are relatively complex.

5) Further manufacturing process is required.

2.1.2.3 Quasi—floating—gate approach

To overcome the main problems of the floating—gate MOST, namely the initial charge
trapped in the floating gate problem and the large silicon area problem, a quasi—floating—gate
MOST (or pseudo—floating—gate MOST) is an appropriate solution [81]. Applications based
on QFG MOSTs include: differential operational amplifiers [82], [83], transconductors [84—
86], current mirrors [87], filters [88], current conveyors [89-91], and linear MOS resistors
[92].

Floating—gate MOSTSs use voltage dividers with relatively large attenuation factors at
the transistor gates to reduce supply requirements. The dividers use large capacitance to set
the floating gate DC voltage close to one of the supply rails. Unfortunately, this large
capacitance leads to an increase in silicon area and a reduction of the effective
transconductance and gain—bandwidth product (GBW). Besides, as mentioned before, some
technique is required to avoid the initial charge trapped in the floating gate.

All these issues are solved by weakly connecting the floating gate to a proper DC
voltage using a large—valued resistor which can be implemented by the leakage resistance of a
reverse-biased junction of a diode-connected MOS transistor operating in cutoff region.
Therefore, this pull-up or pull-down resistor Rieak Sets the DC gate voltage to a power rail,
thus preventing initial charge issues and simultaneously minimizing the supply voltage
requirements. The large resistance value employed makes the gate effectively floating from
signal frequencies of above 0.05 Hz so that AC operation is unaffected even for very low
frequencies. At the same time, GBW degradation effects are avoided since a large biasing
capacitor is no longer required.

The symbol of single input terminal QFG MOST (a), its equivalent circuit (b) and
layout (c) are shown in Fig. 2.17. The input terminals are capacitively coupled to the quasi—
floating gate, but the DC gate voltage is set to Vyias Without requiring a large capacitor.
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More Source

Fig. 2.17. One-input quasi—floating—gate NMOST: (a) symbol, (b) its equivalent circuit and (c) layout.

The pull-up or pull-down resistor can be implemented in practice by the large (and
nonlinear) leakage resistance of reverse—biased p—n junction of MOS transistor operating in
cutoff region, as shown in Fig. 2.18 (a). This fact leads to significant savings in terms of area
compared to the MIFG device.

A simple analysis reveals that the AC voltage at the floating gate is given by:

S RIeak

n
————x(Cgyg VD + Cys Vs + Ctgp Ve + ) Cy V) 2.40
1+ SRieak Crotal ‘ e ‘ Z ' ( )

k=1

Vore =

where Crgq Crgs, and Crgp denote the parasitic capacitances from gate to drain, source, and bulk
respectively, Vp, Vs, and Vg are drain, source, and bulk voltages, Ci is the coupling
capacitance of the kth input branch, Vi is voltage of the kth control gate, Cro is the total
capacitance and is given by:

n
Crotal =Cgd +Ctgd *Crgs +Crgp + ch
k=1

, (2.41)

where Cgyy represents the gate—drain parasitic capacitance of the reversed—biased MOS
transistor implementing the high—value resistor Mg. Note from (2.40) that inputs are high—
pass filtered with a cutoff frequency 1/27ReakCrotaL, Which can be made very low. Note also
that the exact value of Rieq Or its temperature and voltage dependence are unimportant,
provided that Rieq remains large enough not to influence the circuit operation at the lowest
frequency required. The exact value of Crqy IS also unimportant.

For NMOST (PMOST), the pull-up (pull-down) resistor Riea Sets the gate to a DC
voltage equal to the positive (negative) rail, to which an AC voltage given by (2.40) is
superimposed. Hence, the gate voltage can become more (less) than Vpias. This does not pose a
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problem as long as the amplitude of the signals is (approximately) limited to 0.5 V in order to
avoid forward biasing of the junction implementing Ryeax, SO that it never becomes forward—
biased. For larger signal amplitudes, utilization of two reverse—biased junctions in series can
increase the maximum signal amplitude.

Due to a large value of Riea, even at low frequencies, (2.40) can be simplified as
follows:

n
1
Vore =~ *(Ciga Vo + Crgs Vs + Crgp Ve +Z Ce Vi) | (2.42)
Total k=1
Note from (2.42) that the voltage at the floating gate becomes a weighted averaging of
the AC input voltages determined by capacitance ratios when the parasitical capacitance is
negligible.

Fig. 2.18 shows the common source amplifier based on QFG MOST in (a) and its
small signal equivalent circuit in (b), where the previous capacitors are shown, however the
floating gate—bulk capacitance is ignored, because it has no influence on signal path. The
operation principle of the QFG MOST is similar to the FG MOST.

Fig. 2.18. Quasi—floating—gate MOST: (a) common source amplifier with single input terminal, (b)
small signal model equivalent of (a).

The effective transconductance of QFG MOST is larger than the effective
transconductance of FG-MOST but, it is still smaller than the transconductance of
conventional GD MOST. It is given by:

Cin
CTotal

Om,eff = Om | (2.43)
where gn, is the transconductance seen from the floating gate.

To calculate transition frequency of QFG MOST, let’s consider the AC circuit and its
small signal equivalent circuit in Fig. 2.19:
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Fig. 2.19. Circuit to calculate transition frequency of QFG MOST: (a) ac schematic, (b) small signal
equivalent circuit.

Assume that Rieax is extremely large, then the small signal input current is:

Cin(Cqq +Csyc +C
iin:{ |n( ad fgs fgd)}vgs,

Crotal (2.44)
If the current through ¢4 is neglected then:
lout ® Om eff Vgs. (2.45)
From (2.44) and (2.45) the current gain can be found:
lin S{Cin(cgd +Cfgs"'cfgd)} : (2.46)
CTotal

By following the same steps that were done previously, then the transition frequency
equation of QFG-MOST is:

gm eff
f = .
T,QFG Zﬂ_{ci” (ng +Cfgs+cfgd)} . (2.47)

CTotal

Assume that Cys is much greater than Cig and compensate the -effective
transconductance from (28), then the transition frequency can be expressed by:

I
27(Cgs +Cyq) ° (2.48)

fr orc =

The input referred noise of the QFG MOST is similar in form to that of FG MOST,
since the input signal path in both MOSTSs is the same, then:
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2

C

2 | 2

Vnoise QFG :{ g:c-)ta J VnoiseGD . (2.49)
in

As it is clear QFG MOST suffers from higher input referred noise than GD MOST,
however, but on the other hand, the input referred noise of QFG MOST is smaller than it of
FG MOST, since CTOtaI,QFG < CTotaI,FG-

The effective output conductance of QFG MOST is greater than the output
conductance of GD MOST, and it is given by the same form of the FG MOST conductance:

Cga

Odseff =9ds+9m (2.50)

CTotal .

Advantages
1) No initial charge trapped at the floating gate.

2) Does not need a programming technique as FG MOST does.
3) Consumes smaller occupied chip area than FG MOST does.

4) The effective transconductance and transition frequency are relatively higher than the
effective transconductance and transition frequency of FG MOST.

Disadvantages

1) Greater effective output conductance than the effective output conductance of FG
MOST and the output conductance of GD MOST.

2) Floating gate voltage must not exceed the cut—in voltage of the p—n junction of the
diode connected transistor M.

3) High—pass filters the applied signal.

2.1.2.4 Bulk—driven floating—gate and bulk—driven quasi—floating—gate approach

In fact, the BD, FG and QFG techniques are quite suitable for ultra LV LP
applications mainly battery—powered implantable and wearable medical devices. Even though
these non—conventional techniques offer design simplicity and good performance they still
suffer from several drawbacks. The FG and QFG MOS transistors have lower
transconductances and transient frequency values than the conventional gate—driven (GD)
MOST [78]. Regarding the BD MOST it has much lower transconductance and transient
frequency values than the conventional GD MOST [93, 94].

Therefore, novel techniques BD—FG MOST and BD-QFG MOST were introduced by
Khateb [95-97], these techniques appear as attractive approaches to overcome the above
mentioned drawbacks of the BD, FG and QFG techniques.

Fig. 2.20 shows the symbols of the novel BD-FG MOST (a) and BD-QFG MOST (b),
whereas Fig. 2.21 shows the possible realization in MOS technology. The idea of utilizing the
BD-FG and BD-QFG MOSTs came from the necessity of increasing the total
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transconductance and the transient frequency of the FG and QFG MOSTs for applications
requiring these features.

As shown in Fig. 2.20 (a) the BD—FG MOST is obtained by connecting the input—gate
“Gin” with the bulk—terminal “B” of the FG MOST and the bias—gate “Gpjss” must be
connected to a suitable bias voltage. In case of BD—QFG MOST as shown in Fig. 2.20 (b) the
input—gate “G;,” is also connected to the bulk—terminal “B” of the QFG MOST and the bias—
gate “Gpias” must be connected to a suitable bias voltage through a large resistor “Riarge”
which is practically realized by MOST operating in the cutoff region as shown in Fig. 2.21

(b).

BD-FG MOST BD-QFG MOST
Gbias
D
|_T RLarge D
Gbias o— |_T
S S

(@) (b)

Fig. 2.20. Symbols of the BD—FG MOST (a) and BD-QFG MOST (b).

BD-FG MOST BD-QFG MOST

Gbias D Gbias

9
FG
Cin

Cbias M g
— R-Large
FG B |_

(a) (b) 3

Fig. 2.21. Realization in MOS technology for BD—FG MOST (a) and BD—QFG MOST (b).

7

no

Assuming that the “S” terminals of BD—FG and BD—QFG MOSTs at Fig. 2.21 are
grounded then their small-signal models are presented in Fig. 2.22 (a) and (b), respectively.
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As the signal is applied to the bulk contact, the threshold voltage obstruction no longer
appears in the signal path and the common mode range is extended. In this manner, it is
possible to expand the applicability of any analog cell to extremely LV environments.

(gm eff+Omb) Vin

Gin
Vinl Cblas Ods,eff OLIt
So T T ‘ Q
Cgb J‘ Csb Cde_ C
bsub
Bo—e L‘ o Sub
(gm eff+gmb)vm

Large

R

Gin
Vi”l ng <§> ‘ ilgdseff VOUt
So T T

gb sb C
T T T
Bo—e F—osub

Fig. 2.22. Small-signal models for BD—FG and BD-QFG MOSTSs.

The output conductance of BD-FG and BD—QFG MOST is given by:

Cyd

ds, BD-FG,BD-QFG ~ Om +0ds . (2.51)

total

The transconductance of BD—FG and BD-QFG MOST is given by:

Im,BD-FG,BD-QFG = Im.eff + Imb ~ (0.7-1)gp,. (2.52)

By following the same steps that were done previously, the transition frequency
equation of BD—FG and BD—QFG MOST is:

9m,BD-FG,BD-QFG
' : . 2.53
27(Cps + Cpsup + Cys) ( )

fT,BD—FG,BD—QFG ~

From (2.52) and (2.53), it is clear that the BD—FG and BD—-QFG MOSTSs offer better
parameters than the BD, FG and QFG MOSTs. Both transconductance and transient
frequency are increased. However, the parasitic capacitance between the “B” and substrate
“Sub” terminal i.e. Cpgyp degrades the transient frequency of the BD-FG and BD-QFG
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MOSTs. Therefore, for applications that require high transient frequency the Silicon on
Insulator SOI technology should be used rather than bulk CMOS one.

It is worth mentioning here that that total capacitance seen from the floating—gate
MOST is higher than the one seen from quasi—floating—gate, because the value of Cpiss in FG
is usually larger than gate—drain parasitic capacitance of the Mg_arage IN QFG. This results in
the transconductance of the QFG MOST being larger than FG MOST, also the
transconductance of the BD—-QFG MOST is larger than BD—FG MOST.

Advantages

1) Higher transconductance and transient frequency than other non—conventional low—
voltage techniques.

2) Can process DC and AC signals.
3) Low supply voltage requirements and power consumption.
4) Threshold voltage requirement is completely removed from the signal path.

5) Rail-to-rail voltage swing capability.

Disadvantages

1) Lower transconductance, transient frequency and output impedance than gate—driven
MOST.

2) When Vgs is critically large (more than the turn—on voltage of the bulk—channel PN
junction diode), latch—up incurs.

3) BD-FG MOST consumes larger silicon area compared with the MOS transistor due to
the added input capacitors and traps uncertain amount of charge might remain at the FG
during fabrication.

4) In BD-QFG the FG voltage must not exceed the cut—in voltage of the p—n junction of
the diode connected transistor Mg.

2.1.2.5 Comparison between non—conventional low-voltage techniques

Tab. 2.2 shows relations for transconductance, threshold voltage, output conductance,
and transient frequency of the GD, BD, FG, QFG, BD—FG and BD-QFG MOSTs operating in
saturation region [98].
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Tab. 1.2. Relations of transconductance, threshold voltage, output conductance and transient frequency for GD, BD, FG, QFG, BD—FG, and BD—-QFG MOSTSs operating in
saturation region.

Transconductance Output conductance Threshold voltage Transient frequency
W 9
[ _ _ _ ~ m
O] On _Kr(vgs _VT) 9as _Mds VT —VToiV(\/2|¢F _Vbs|_\/2|¢F|) f 27C s
O = 22 g,, ~(02-0.4)g removed fro v oI~ (03-05)f;
mb — m~ . . m ~ S~ A~ 0\~ . .
2 Cac Ogs = Al g 27(Cps +Cpsup)
VT -V biask 2
V1 FG.QFG = T
8 Ci, ng ' Omeff
o Unet = 9, ~(0.5-06)g, Ggset = = I + Y reduced or removed fr Feorc ~ ~(0.5-06)fr
o C 27C
total total gs
) ; C C..
o increased here: k, = —" and k, = —bis
total total
O
LL
o f1 80_rG.80_0FG * 9m,BD-FG,BD-QFG
| 'BD_FG,BD_QFG ~
% Im,BD-FG,BD-QFG = Imefi+Imb ~ (0.7-1)g g - Cud Om+9 27(Cos + Cosup+ Cos)
m, —| f —Imeff+9mb ~ " m — | ~
o UsBD-FGBD-QFG = oM 2 removed ~(0.7-0.9) fr
8| increased
@)
m
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Cs Source—bulk parasitic capacitance
Cyp Gate—bulk parasitic capacitance

Cac Total gate channel parasitic
capacitance

Cwiwar  Total capacitance seen from the
floating—gate/quasi—floating—gate
of the FG-MOST/QFG-MOST

Cyd Gate—drain parasitic capacitance

Cosup  Bulk—substrate parasitic
capacitance
Ca Drain—bulk parasitic capacitance

Cin Input capacitance between
FG/QFG and input terminal of the
FG-MOST/QFG-MOST

Cuias  Bias capacitance between FG— and
bias terminal of the FG-MOST

fr Transient frequency

Om Gate transconductance
Omb Bulk transconductance

Riarage Gate—drain resistance of Mg_arage,

V7
Cgs
Cec

V1o

Vbs

K
Dk

A

gm,eff
Jds
Qs eff

Cyd

Threshold voltage
Gate—source parasitic capacitance

Total bulk channel parasitic capacitance

Threshold voltage at V=0

Bulk—source voltage
Bulk-threshold parameter

Transconductance parameter
Surface potential

Channel length modulation coefficient

Effective transconductance of the FG—
MOST/QFG-MOST
Output conductance

Effective output conductance of FG-
MOST/QFG-MOST
Gate—drain parasitic capacitance of

M R—-Larage

To demonstrate a comparison study between the non-conventional techniques,
Fig. 2.23 shows a principle of the common-source amplifier based on a GD MOST (a), BD
MOST (b), FG MOST (c), and QFG MOST (d), BD—FG MOST (e) and BD—-QFG MOST (f),

as an example.

54



GD MOST BD MOST FG MOST
Voo

R
Vout

Vin O-I"—
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Fig. 2.23. Common-source amplifier based on: conventional GD (a), BD (b), FG (c¢), QFG (d), BD-FG
(e), and BD-QFG (f) MOSTs.

Fig. 2.24 shows the drain currents versus gate—source of GD MOST, bulk—source of
BD MOST, gate-source of FG-MOST, gate-source of QFG-MOST, gate—bulk—source of
BD-FG-MOST and BD—-QFG-MOST voltages of N-MOSTs from Fig. 2.24. It is obvious
that the drain current in a conventional GD MOST increases when the gate—source voltage
exceeds the threshold voltage. In bulk—driven MOST, the gate-source voltage is biased on a
constant voltage Vpias and the input signal Vi, is applied at the bulk-terminal, thus the
threshold voltage in this set—-up is removed from the signal path. In the FG-MOST and QFG—
MOST, the bias—gate is set on bias voltage whereas the input—gate is used for the input signal;
here the threshold voltage could be decreased or completely removed from the signal path.
For BD—FG MOST and BD-QFG MOST the threshold voltage is completely removed from
the signal path and the transconductance value is closed or slightly lower to the conventional
MOST.
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Fig. 2.24. Drain currents versus gate—source of GD MOST, bulk—source of BD MOST, gate—source of
FG-MOST, gate-source of QFG-MOST, gate-bulk—source of BD—-FG-MOST and BD-QFG-MOST voltages
of N-MOSTs from Fig. 2.23.

It is worth noting that the models of FG MOST and BD-FG MOST are based on
connecting high value resistors in parallel with the input capacitors as presented in [99].

2.2. SUB-CONCLUSION

To achieve low—voltage low—power capability, we have to utilize either developed
technologies or design techniques. Developed technologies are out of the scope of this thesis.
Both conventional and non—conventional design techniques have advantages and drawbacks.
Examples of these advantages and disadvantages include, but not limited to, the following:
rail-to—rail operating range circuits with acceptable signal-to—noise ratio but suffer from
complexity to obtain a constant transconductance value. Sub-threshold circuits have low
biasing currents but have very low transition frequency. Level shifter technique offers low
input resistance and high bandwidth but suffers from the offset current. Self—cascode structure
offers similar to a regular cascode but suffers from limited input common mode range and
small output swing. Bulk—driven MOSTSs offer better linearity and larger input common mode
range but suffer from limited gain and cut—off frequency. Floating—gate MOSTs offer good
linearity and rail-to—rail operation but consume much larger silicon area and have smaller
output impedance, as well as they need a programming technique to get rid of the trapped
charge in the floating gate. Quasi—floating—gate MOSTs do not consume much larger silicon
area and do not need a programming technique as floating—gate MOSTs do, but they high—
pass filter the applied signal. Bulk—driven floating—gate and bulk—driven quasi—floating—gate
combine the most advantages of bulk—driven, floating—gate and quasi—floating—gate
technique, but concurrently combine some disadvantages of them.
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3. THESIS OBJECTIVES AND RESULTS

In the last decade, many low—voltage low—power configurations have been introduced
in the literature, but there is still some headroom for creativity since the domain of low—
voltage low—power circuits' applicability is rather wide.

In references there are plenty of examples of analog basic building blocks (such as
differential operational amplifiers, current mirrors, current conveyors, operational
transconductance amplifiers, voltage followers, converters, buffers, oscillators, multipliers,
filters and more) implemented utilizing some of the LV LP techniques. Besides the
conventional building blocks, over the course of past twenty years, designers have searched
for new active elements for several reasons such as increasing the universality of the element,
eliminating parasitic effects and minimizing the number of these elements in their
applications. As a consequence, new circuit elements have appeared such as OTRA
(Operational Trans—Resistance Amplifier), CDBA (Current Differencing Buffered Amplifier),
CDTA (Current Differencing Transconductance Amplifier), CTTA (Current—Through
Transconductance Amplifier) VDTA (Voltage Differencing Transconductance Amplifier),
and others.

The main goal of this thesis is to design and simulate novel CMOS structures of
basic building blocks and active elements so they can operate at very low power supply
voltage levels (average of 0.6 V) and consume very low power (average of 20 uW) for
0.18 um CMOS technology, extending common-mode dynamic range while preserving
other characteristics acceptable for many applications.

In this chapter, | will implement and improve several types of circuits based on LV LP
techniques and blocks. Moreover, in order to validate the functionality of active elements,
they are further utilized in various interesting applications.

3.1. OPERATIONAL TRANSCONDUCTANCE AMPLIFIER (OTA)

In the late sixties, The Radio Corporation of America (RCA), then General Electric
(GE), came out with the Operational Transconductance Amplifier, hereafter called OTA. The
name means essentially a controllable resistance amplifier. OTA is a key functional block
used in many analog and mixed—mode circuits. It is a special case of ideal active element, and
its implementation in IC form makes it indispensable today in discrete and fully integrated
analog network design. The ideal OTA as shown in Fig. 3.1 can be considered as differential
voltage—controlled current source (DVCCS); its transconductance “gn” represents the ratio of
the output current to the differential input voltage, i.e., low/ (V1—V>). This transconductance is
used as a design parameter and it is usually adjustable by the amplifier bias current (Ipias). The
benefit of this adjusting possibility is acquiring the ability of electronic orthogonal tunability
to circuit parameters. It could be noted that tunability has a main role in integrated circuits,
especially to satisfy a variety of design specifications. Thus OTA has been implemented
widely in CMOS and bipolar and also in BICMOS and GaAs technologies [1].
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The OTA is similar to the standard operation amplifier (OPA) in the sense of infinite
input impedances, but its output impedance is much higher, and that makes OTA more
desirable than any ordinary amplifier. Recently, the multiple—output—- OTA (MO-OTA) has
been introduced and used, on par with the ordinary operation amplifier, as a basic block in
many applications, particularly for realizing universal filters which are able to implement
several second-order transfer functions with a minimum of adjustments. The literature
provides numerous examples of OTA-based biquad structures, as well as active elements
such as Current Conveyor (CC), Current Differencing Transconductance Amplifier (CDTA),
Current-Through  Transconductance =~ Amplifier (CTTA), and Current-Conveyor
Transconductance Amplifier (CCTA).

The symbol and the equivalent circuit of ideal OTA are shown in Fig. 3.1 (a) and (b)
respectively [1].

Vi

V, \T—O m(V1-V2)

(b)

Fig. 3.1. Ideal operational transconductance amplifier, (a) symbol and (b) equivalent circuit.

Simple applications of the OTA include voltage amplification, Voltage—Variable
Resistor (VVR), voltage summation, integration, gyrator realization, practical OTAs, current
conveyor, and active RC filters. In addition, one of OTA’s principal uses is in implementing
electronically controlled applications such as variable frequency oscillators and variable gain
amplifier stages which are more difficult to implement with standard OPAs.

3.1.1. Bulk—driven quasi—floating—gate operational transconductance
amplifier (BD-QFG OTA)

A new LV LP BD-QFG OTA is presented. The proposed circuit is designed using
0.18 um CMOS technology. The supply voltage of 0.6 V and the quiescent bias current of 5
MA are used. The PSpice simulation result shows that the power consumption of the proposed
BD-QFG OTA is 13.4 uW. Thus, the circuit is suitable for low—power. Fig. 3.2 shows the
proposed configuration.

The circuit is consisted of two stages. The first stage is consisted of a bulk—driven
quasi—floating—gate differential input M; and M,. The gates of these transistors are tied to the
negative supply voltage Vss through extremely high value resistors constructed by transistors
Mp1 and My, which are operating in cutoff region. The input terminals are connected to M;
and M, from two sides: capacitively coupled to the quasi—floating gates via C; and C, from
one side, and connected to bulk terminals from other side. Transistors M4, Ms, Mg and My act
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as a multiple output current mirror applying the constant current source lpias to each branch of
the circuit. Transistors Ms and Mg form the active load and transistor M3 acts as tail current
source for the differential input stage. The input voltage terminals are connected to the bulk
terminals of M; and M, therefore high input impedances are achieved.

Vos—t - "
Vins ltl ’ Vin- —i
® G G >4 |—'\£8°
loias 1 Vss + Vizut
" wo| | <R Ly qven

M >(£|—’ |\/|7C
“ﬁ I |Ij |[;r
Vss Ms”‘l Me II“ Iy M;

Fig. 3.2. The internal structure of BD—QFG OTA.

The use of bulk—driven quasi—floating—gate flipped voltage follower for the
differential input stage makes the minimum power supply voltage Vpp (min). The supply
voltage is given by:

Vb (min) = Ves (m3) + Vbs (ms). (3.1)
Equation (3.1) shows the capability of the proposed BD-QFG OTA structure for
operation under lower supply voltage.

The second stage is consisted of M7, My and Mg, Mg.. Cascode structure is used to
implement the gain stage in order to provide significantly high—value output impedance,
consequently to achieve high voltage gain. Output impedance can be calculated from the
following equation:

. 1 _ (3.2)

9om790 M7c + 9oMm890 M8c

Imm7c T ImbM7c  Immsc T Imb Msc

3.1.1.1 BD-QFG OTA-based diode-less precision rectifier

A precision rectifier is one of important nonlinear circuits extensively used in analog
signal processing systems. In precision rectification, a bi—directional signal is converted to
one—direction signal. Typically, a conventional rectifier could be realized by using diodes for
it rectification, but diode cannot rectify signals whose amplitudes are less than the threshold
voltage (approximately 0.7 V for silicon diode and approximately 0.3 V for germanium
diode). As a result, diode—only rectifiers are used in only those applications in which the
precision in the range of threshold voltage is insignificant, such as RF demodulators and DC
voltage supply rectifiers, but for applications requiring accuracy the range of threshold
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voltage the diode—only rectifier cannot be used. This can be overcome by using integrated
circuit rectifiers instead.

Traditional methods of realizing precision rectifier circuits include the use of
operational amplifiers, resistors, and either diodes [16-20] or alternating source—followers
[21]. A number of current conveyors—based current—-mode rectifier circuits are existed in the
literature [22-28]. The rectifier circuits in [22—-24] employ diodes and resistors in addition to
CClls. The circuit proposed in [25] employs bipolar current mirrors in addition to a CCIl and
a number of resistors. The rectifier circuit in [26] employs four CCClls and resistors.
However, the use of resistor makes these circuits not ideal for integration. Therefore,
precision rectifiers by using all-MQOS transistors are proposed [29-38]. Authors in [39]
proposed a circuit which employs two CCIl and two MOS transistors. Authors in [41]
presented a circuit which employs an amplifier and a simple voltage comparator. On the other
hand, differential difference current conveyors—based current—-mode rectifiers have recently
seen the light since DDCC has the advantages of both the CCII and the differential difference
amplifier (DDA) (such as high input impedance and arithmetic operation capability). Thus,
author in [39] presented a rectifier which employs two differential difference current
conveyors (DDCCs). A new technique for realizing precision half-wave voltage rectifier in
CMOS technology is proposed, this technique is based on bulk—driven quasi floating—gate
operational transconductance amplifier (BD—-QFG OTA).

Diode—less half wave rectifier based on bulk—driven quasi—floating gate OTA is
shown in Fig. 3.3. This circuit is a WTA-like (winner take all) circuit. The principle of work
is as follow: if we applied a voltage signal to Vi, terminal and a zero to Vo terminal, the
output voltage would equal to the maximum voltage of both inputs. In other words, the
positive half of the signal wave is passed, while the other half is blocked. For an input voltage
Vin the ideal half-wave rectified output Vo is given by:

Vinp ifV;, >0

out Z{O otherwise (33)

It is worth mentioning that the same configuration shown in Fig. 3.3 could be used as
full-wave rectifier just by applying —Vi, (an identical signal of V;, shifted 180°) to Vs
terminal.
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Fig. 3.3. BD-QFG half-wave rectifier.

3.1.1.2 Simulation results

The proposed BD—-QFG OTA was designed and simulated using TSMC 0.18 um N-
well CMOS. The used PSpice model is available on [41]. The supply voltage was +0.3 V, the
biasing current was lyias = 5 HA and the power consumption was 13.4 uW. The optimal
transistor aspect ratios and the values of components are given in Tab. 3.1. Tab. 3.2 shows a
list of measured operational amplifier benchmarks used to evaluate proposed OTA. Features
of the circuit (shown in Fig. 3.2) are listed in the first column, along with values of other
works listed in other columns.

Fig. 3.4 shows the simulated magnitude of output impedance of OTA. Z is high as
expected; its value is 7.83 MQ. The AC gain and phase responses of the BD—QFG OTA with
3 pF load capacitance are shown in Fig. 3.5. The open—loop gain is 80 dB and the gain—
bandwidth product is 6.4 MHz. The phase margin is 65° which guarantees the circuit stability.
The voltage follower frequency response of the proposed circuit, which obtains 15 MHz, is
shown in Fig. 3.6.

Tab. 2.1. Transistors aspect ratios for Fig. 3.2.

BD-QFG OTA WI/L [um/pm]
M;, M, 20/0.3
Mp1, Mp2 30/2
M; Mg 100/0.3
My, Ms, Mg 4/0.3
M- 8/0.3
Mz 45/2
Mg 100/2
Cy=C,=0.4 pF
R=10kQ, C,=3 pF
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Tab. 3.2. BD—QFG OTA performance benchmark indicators.
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Fig. 3.6 Frequency response of OTA as a voltage follower.

Fig. 3.7 presents the DC transfer characteristic of the BD—-QFG OTA. For input

voltage range from —266 to 266 mV the voltage error is below 4 mV, out of this range this

error is increased. Therefore, using Vo = 0 V and maximum input amplitude Vi max of £250

mV, the OTA is not expected to have strong impact to the overall rectifier accuracy.
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The diode—less half-wave precision rectifier shown in Fig. 3.3 was simulated using
BD-QFG OTA shown in Fig. 3.2. The supply voltage of £0.3 V and the bias current of lyjas =
5 pA for OTAs were used. The circuit consumes 26.8 pW. Fig. 3.8 shows the DC transfer
characteristic of BD—-QFG half-wave rectifier in comparison with the ideal one and it
confirms the precise rectification for input amplitude ranging £250 mV.

Fig. 3.9 shows the transient response of the output waveforms for input signal of 15
kHz and amplitudes from 50 mV to 125 mV with step of 25 mV. It is obvious from that the
rectifier is capable to rectify a wide range of amplitudes. Fig. 3.10 shows the transient
responses of the input and output waveforms with amplitude 100 mV and frequency 10 kHz,
20 kHz, 30 kHz, 40 kHz and 50 kHz. The load capacitor Cj,ag for measurements done in Fig
3.9 and Fig 3.10 was set to 5 pF.

To demonstrate the temperature performance of proposed circuit, the proposed circuit
was simulated at the frequency of 10 kHz by changing temperature. Fig. 3.11 shows the
output waveforms of the proposed rectifier at temperatures of 0 °C, 27 °C and 100 °C. From
Fig. 3.11, it can be seen that the proposed circuit provides excellent temperature stability
without any compensation technique.

To evaluate the quality of the rectification process as a function of the amplitude and
the frequency of the input signal, two types of characteristics are proposed [74]. The type first
is Pavr (AVR=Average Value Ratio) which is the ratio of the average value of the rectified
output signal vy, and the average value of the sinusoidal input signal after its ideal half-wave
rectification:

Pavr = THo — | (3.4)
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where T and V, are the period and amplitude of the sinusoidal input signal. The ideal
operation of the rectifier is then characterized by the value Payr = 1. With increasing the
frequency and decreasing the amplitude of the input signal, the deviation from the ideal
operation is indicated by a change, mostly a decrease in Payr below one.

The second type of characteristic is defined more rigorously as a ratio of two Root
Mean Square “RMS” values, the RMS of the difference of the real and ideal output signals,
Vout and Vigeal, and the RMS value of the ideal signal:

i %Vt)ut ~Videal i
Pamse = \/T IO [ it) (t)] ! . (3.5)

2V'“

Here, the suffix RMSE is an abbreviation of the term “Root Mean Square Error”. For
ideal circuit operation, i.e., Vout(t) = Vigear(t), the result is Prvse = 0, while in the case of total
attenuation of the output signal Pruse = 1. For extra high distortions, when the mutual energy
of signals vyt and Vigear CaN be negative, one can obtain Pryvse > 1. Fig. 3.12 shows the Payr (a)
and Pruvse (b) versus frequency in range of 10 kHz up to 500 kHz for three amplitudes of the
input voltage (50, 100, 150) mV. As one can notice from the figure, over the full range of
frequency, the value of Payr is ranging between 1 and 0.85 and the value of Pryse is below
0.1. The values of Paygr and Pruse achieved confirm the quality of the rectification process of
the proposed rectifier.
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3.1.2. Floating—gate operational transconductance amplifier (FG OTA)

A configuration of operational transconductance amplifier (OTA) based on floating—
gate MOSTs for low—power, low—voltage, and low—frequency applications is presented. The
circuit presented is a two-stage transconductance amplifier. The scheme uses P—channel
floating—gate transistors at the input, My and M, each with two gates. Of course, it is possible
to use a complementary scheme with N—channel input transistors. As specified by the name,
the circuit is the cascade of two stages: The first is a differential amplifier which consists of
input devices M, My and the current mirror M3, M4 which is acting as an active load, the
second stage is a conventional inverter with Ms as a driver and Mg as an active load. See Fig.
3.13.

o -
Voo L4 I ’_{ﬁj
ms [ M7 H ™6
§
Vhias Co1 Cpo
GD — — out
lpias o— M1 M2 o —©°
1 V,
C1 CZ
M3 M4 C!:_
Vs
Ves, [F 1] 3y

Fig. 3.13. The circuit of two—stage OTA using FG-MOSTs.

The current of My is mirrored by M3, My and subtracted from the current comes from
the drain of My, then the signal contributions of the two currents multiplied by the output
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resistance of the first stage give the single—ended first stage output voltage. This resulting
signal constitutes the input of the second gain stage.

It is important to notice that all transistors are working in the saturation area.
Compensation capacitor Cc takes care of compensation requirements since it connects gain
stage’s output of the OTA with its input. By the means of Cc, the dominant (first) pole’s
frequency is shifted down from 100 kHz to 3 kHz. This action is named pole splitting, and it
enhances the stability of the circuit since it affects phase margin (PM) value as explained in
(3.6) [71]:

GBW —atanGB—W, (3.6)

We,| We, |
where wp; and wp, are the angular frequencies of the first and second poles, respectively.
Indeed, stability is paid for by a reduction in the gain bandwidth because lowering dominant
pole’s frequency would reduce it, but one has to take a decision here for some trade—off
between the conflicting requirements of gain bandwidth and stability.

PM =+180°—atan

3.1.2.1 FG OTA based tunable voltage differencing transconductance amplifier (FG
VDTA)

Tunable active circuit element VDTA (Voltage Differencing Transconductance
Amplifier) based on floating—gate MOSTSs is proposed in this section. The mentioned VDTA
is brought as the convenient element for current mode signal processing, which might be very
suitable for variety of applications such as biquad filters since the circuit has the advantage of
being tunable. VDTA is supposed for usage mostly in current mode circuits but it is also good
choice in case of voltage mode and/or hybrid (voltage—current) circuits as well. This active
circuit element is a type of analog block consists of two multiple—output operational
transconductance amplifiers (MO-OTAs) using floating—gate MOSTSs as input stage. The
internal structure of the VDTA is shown in Fig. 3.14.

Output current of input stage flows out of the VDTA terminal “z” into an outside load
if desired. The voltage across the z—terminal is converted through a transconductance gmx into
two or more output currents with opposite polarity. To increase the universality of the
element, it is completed of the I, copy, this attribute can be implemented by several methods,
and the one addressed in [72] is adopted.

To further increase the versatility of the configuration, it is designed to allow
orthogonal tuning capability through transconductance control by the amplifier bias current
(Inias) Oof each OTA, the main component of the proposed circuit. The VDTA can be
remarkably used in filters; it can implement low—pass, band—pass, high—pass, band-notch, and
all—pass filters.
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Fig. 3.14. VDTA element as a connection of two MO-OTAs.

As an application example of the proposed FG VDTA, a biquad filter is implemented
as shown in Fig. 3.15. [73]. Fig. 3.15 presents a SIMO OTA-C filter based on VDTA
configuration.

Circuit analysis yields the following transfer functions:

Io]_:Sngm]_Iin/A. (3'7)
lo2 = Om1Omalin/A. (3.8)
Where:
A =5°C1Cy + SCo0m1 + GmiGma- (3.9)
Thus:
o Band-—pass function is obtained from ly;.
o Low-—pass function is obtained from I;.

The resonance angular frequency @, and the quality factor Q of proposed network is
given by:

@o = (GmGm2/C1C2) 2. (3.10.8)

®/Q = gm1/C1 . (3.10.b)
But C; = Cyand gm1 = Ome as mentioned earlier. By substituting in (3.10) we obtain:

@, = Gmx/Cx, (3.11.a)
where x =1 or 2.

Q=1. (3.11.b)
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It is obvious from (3.11.b) that quality factor Q has no sensitivity to passive
components and that gives the designer a margin of freedom in designing progress.

- +

,,,,,,, S |

C.

j

Fig. 3.15. Single—input multiple—output biquad filter based on FG VDTA.

3.1.2.2 Simulation results

Tab. 3.3 summarizes the performance of OTA in proposed VDTA. It is clear from
Tab. 3.3 that the circuit is stable with phase margin of 83°, which is an important factor in
determining the efficiency of the circuit. A point that is worthwhile underlining is that the
configuration offers rail-to—rail voltage capability at a low supply voltage of £0.5 V.

The measurement results of the transconductance of OTA for five values of Iy are
presented in Tab. 3.4. Component values are given in Tab. 3.5, transistor aspect ratios as well
as their biasing currents are given in Tab. 3.6. Results in Tab. 3.5 are taken under the
condition lyjas = 10 pA. Tab. 3.7 shows a list of measured operational amplifier benchmarks
used to evaluate proposed OTA. Features of the circuit (shown in Fig. 3.13) are listed in the
first column, along with values of other works listed in other columns.

The AC gain and phase responses of the FG OTA with 1 pF load capacitance are
shown in Fig. 3.16. The open—loop gain is 51 dB and the gain—bandwidth product is 3.15
MHz. The phase margin is 80° which guarantees the circuit stability.

Fig. 3.17 shows simulated transient responses of the FG OTA. The input range has
been determined with the OTA connected as a buffer, and a 10 kHz sinusoidal input signal,
allowing a maximum total harmonic distortion (THD) at the output of 0.93%.

We notice from Fig. 3.17 that the configuration has rail to rail operation for 1V input
signal, the negligible offset voltage has the very small value of 179 pV, and this unavoidable
offset can be explained by offset contributions from transistor components, especially from
differential pair and current mirror.
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Fig. 3.18 shows the curve of Z,,, please observe the value of impedance at low
frequency, which is Royt. The value of Ry is about 160 kQ.

Tab. 3.3. Summary of the performance for OTA.

Tab. 3.4. Measurement results of the
transconductance.

Characteristics Simulated results Results of Transconductance g,
Voltage gain 51 dB for Different Values of Bias
Current lpjas
CMRR 61dB lpias [LA] 5 10 15 20 25
Offset voltage 176 uv g [MAN] | 1.1 2 28 36 | 42
GBW 3.15 MHz
Phase margin 80° Tab. 3.5. Measurement conditions of the circuit.
Power consumption 36 uW
Parameter Value
Slew rate 4.35 V/us
B . Cblv Cbz 0.3 pF
Settling time 670 ns
Cu, C; 0.1 pF
Input range 0.8 Vp, =0.78 Vpp c 1 oF
Output impedance 160 kQ ¢ P
Vp -03V
Tab. 3.6. Transistors dimensions.
Device Type L/W [um] lg [uA]
M1, M, PMOS 0.2/10 2.3
M3, M, NOMS 0.8/10 2.3
Ms NOMS 0.6/40 9.7
Me PMOS 0.8/40 9.5
M, PMOS 0.8/20 4.6
Mg PMOS 0.8/20 5
Tab. 3.7. FG OTA performance benchmark indicators.
Proposed Koziel | Majumdar Li Zhang
Parameters
OTA [105] [106] [107] [108]
CMOS Technology [um] 0.18 0.5 0.35 0.35 0.18
Power supply V] +0.5 +25 3.3 3.3 1.8
Power consumption [UW] 36 6800 3370 2330 590
Transistors number 1 8 37 14 22 68
AC Gain [dB] 51 65 80.4 65 55
Linearity range [mV] +0.5 +0.75 0.1 / +0.27
Output resistance [MQ] 0.16 3.4 / 1.2 8.3
—3dB bandwidth [MHZ] 2 100 123.2 100 200
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Fig. 3.19 shows the simulated low—pass and band-pass results. We observe from the
figure some peaking in the low—pass filter response; the reason is the value of Q (Q is 1.225 >
0.707). We can avoid this by reducing Q’s value to remain under 0.707 by altering the value of
gm1 according to (3.10.b), which is possible thanks to tunability of the circuit. It must be
mentioned here; that increasing lpiass more than adequate could affect the operation of the
MOSFETSs in OTA; and might push them out of the saturation region. On the other hand, a is
proportional to gm; and gm. Hence, changing the value of g, must be done precisely. The
amount of peaking for the low—pass filter vs. Q is indicated in Fig. 3.20.

The selectivity of the band—pass filter could be changeable by varying the bias current
follows through OTA; or OTA,; Fig. 3.21 shows a variety of curves with different natural
(resonance) frequencies when lyias2, thus Gpp, is variable. Values of lpias; and corresponding
frequency range and bandwidth for each value are given in Tab. 3.8. We notice from the table
that bandwidth is increasing with the increase of frequency range, and both of them are
proportional to the bias current lpjas;.

[} [} [} [} [}
S R R
—_ — 0 : : T i
m [aa I I B L JURI N U AP I
© o [ 1 _ [
= —_ =0.9
= =L I |
—- — f - - d - -L
© 8 I ] ©9=055 |
© 20f---4----H| Q=05 ik
L - - d - L 1
30 ; e e
1k 3k 10k 30k 100k 300k 1M 3M 10M 10k 20k 40k 100k 200k 400k 1M
Frequency [Hz] Frequency [Hz]
Fig. 3.19. Simulated frequency responses of low-pass Fig. 3.20. Low-pass filter peaking vs. Q (Gm
and band—pass signals shown in Fig. 3.6. is variable).
[} .
! Tab. 3.8. Frequency ranges and bandwidths for
10 L .
—_ ! different values of lpjas.
L 0 H
= 10 : Bias current Frequency range Bandwidth
% 20 ] Ipias2 [MA] [kHz] [kHz]
- I
o T . 5 171-208 37
30 1oi- !
o ' 10 224-278 54
_40 | | [l 1 1 | | [l o
10k 20k 40k 100k 200k 400k 15 247-340 93
Frequency [Hz] 20 261384 123
Fig. 3.21. Band—pass filter when lp;ys, iS 25 272-417 145

varied (G, is variable).

3.2.  CURRENT CONVEYOR (CC)

The current conveyor (CC) is a basic block that can be implemented in analog circuit
design using a like—OPA approach; it also represents an effective alternative to the same OPA
for designers. Sedra and Smith introduced the current conveyors in 1968 [43, 44] but their real
advantages and innovative impact were not immediately clear at that time. Only in recent
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years, with the growing diffusion of the current-mode approach as a way to design LV LP
circuits, current conveyors have gained an increased popularity.

The original example presented by Sedra and Smith in 1968 was generically named by
the authors “current conveyor”. The first block was identified as “first generation current
conveyor”, or CCI, only when its evolved topology was called “second generation current
conveyor”, or CCII, in 1970 [44,45]. CCI is a three-terminal device, schematically
represented in Fig 3.22.

Fig. 3.22. CClI block representation.

It operates as follows: if a voltage is applied to Y node, the same voltage will appear at
X node, while the opposite happens to currents. In fact, the current flowing at Y node is equal
to the one flowing at X node; this current is “CONVEYED” to the output Z node, too. As can
be seen, the potential of “x”, being set by that of “y”, is independent of the current being
forced into port “x”. Similarly, the current through input “y”, being fixed by that of “x”, is
independent of the voltage applied at “y”.

Current at Z node can flow in the direction of Ix or in the opposite one. In the matrix
description reported in Fig. 3.23 (a), we assume that sign + stays for currents flowing in the
same direction (positive CCI or CCI+), while sign — stays for the opposite situation (negative
CClI or CCI-), considering CCI as reference. X and Y nodes have a low impedance level,
ideally zero, whereas Z node shows a high impedance level, ideally infinite (Fig. 3.23 (a)). It
is possible to represent CCI using the nullator—norator (nullor) formalism as in Fig. 3.23 (b)
[44].

As stated before, the current conveyor success came only when CCII was introduced,
two years later than CCI. Basically, there is only a little difference between the two blocks,
but in the practical applications CCII has shown to be much more versatile and helpful than
CCl.

CCIl is topologically very similar to its predecessor. The electrical characteristics of
the new block as well as a complete matrix description are reported in Fig. 3.23 (c).
Compared to the previous version, the innovation of CCII is represented by the absence of
current in the Y node, owing to its high impedance (ideally infinite). A complete nullator—
norator model for CCII is represented in Fig. 3.23 (d) [44].
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The wide spread of possible applications has led to the development of evolutions and
improvements of the basic CCIlI topology such as dual output CCII (DOCCII), Current Gain
CCII (CGCCII), Current Controlled CCII (CCCII), and third generation CCIl (CCIII).

The operation of CCIII is identical to that of CCI with one difference; this difference
consists in the position of ly. Here, an input current I being forced into terminal “x” will result
in an opposite amount of current flowing into terminal “y”. Ideally the terminal “x” exhibits
short circuit input. In mathematical terms, the input—output characteristics of CCIII can be
described by the hybrid equation from Fig.3.23 (e). The nullator—norator model for CCIII is
represented in Fig. 3.23 (f). Third generation current conveyors may be useful, for example, in
current sensing applications.

CCI Node | Impedance level
Iy 7 [0 1 0w =&
VX — 1 O 0 I)( X Low (ideally 0) ' é Jf
= i,y
|Z 0+1 O VZ Y Low (ideally 0) 0O z
Z High (ideally o)
(a) (b)
|Y O O 0 VY CCII Node | Impedance level y
VX — 1 O O IX X Low (ideally 0) | | |
:‘—: = =
|, 0+1 0V, Y High (ideally w) O z
z High (ideally o)
(© (d)
CCIll Node | Impedance level
Iy T [0-1 0w AN
Iy
VX _ 1 0 0 I)( X Low (ideally 0) ¢ l
i el o
|Z 0+1 O VZ Y Low (ideally 0) 0 z
z High (ideally o)
() ()
Fig. 3.23. Matrix description of (a) CClI, (c) CCll and (e) CCII. Nullator—norator model for: (b) CCI, (d)
CCll and (f) CCIII.
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3.2.1 Bulk—driven second—-generation current conveyor (BD CCII)

Second—generation current conveyors (CCIIs) have received considerable attention
due to fact that they enjoy advantages such as large signal bandwidth, great linearity, wide
dynamic range and simple circuitry. Therefore, many CCll-based analog circuits have been
proposed in technical literature as in [22], [L09-111]. However, the use of conventional CCllI
makes these circuits not suitable for working at low voltage (LV) supplies. There are several
bulk—driven CClls (BD-CCIlIs) proposed in [112], [113]. However, the structure in [112]
suffers from the complexity while the structure in [113] consumes the power of 30 uW.

4_1“ ML, 4} Me
M;

1ML M
IbiasG) T_<__ h I

> . Z
M T | My :|—|\;|12

A
. VDD
= . .
M4LF—l I_I\—/I|:_}| bl@ Mis] H% Mia

Fig. 3.24. Proposed BD-CCII.

)

A LV LP CCII using bulk—driven MOSs is shown in Fig. 3.24. The circuit is consisted
of two stages, namely voltage and current followers. The voltage follower is consisted of a
bulk—driven differential input M1 and M2 while current follower is consisted of M7 to M12.
Transistors M4, M5, M6, M13 and M14 act as a multiple output current mirror applying the
constant current source lpias to each branch of the circuit. Transistors M5 and M6 form the
active load and transistor M3 acts as tail current source for the differential input stage. The
current follower that consists of transistors M7 to M12 provides a current copy of x terminal
to z terminal. Theoretically, the impedance of the z terminal should be high level. To achieve
this requirement, the cascode technique was employed in BD—CCII MOS structure to achieve
a high resistance value for z terminal and to improve the accuracy between z and x currents.
The input voltage terminal y is connected to the bulk terminal of M1, therefore terminal y
possesses high—input impedances. The use of bulk—driven flipped voltage follower for the
differential input stages makes the minimum power supply voltage Vpp min). The supply
voltage is given by:
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Vb min) = Ves (v3) + Vbs (ve). (3.12)

Equation (3.12) shows the capability of the proposed BD—CCII structure for operation
under lower supply voltage.

3.2.1.1 BD—CClI-based inductance simulations

As an application example of the proposed BD—CCII, inductance simulations are
implemented as shown in Fig. 3.25 [114]-[117]. Fig. 3.25 presents a grounded inductance
which its equivalent impedance Zin; can be written as:

Zin1 = SC1(Rx1 + R1)(R2 + R2), (3.13)
where Ry and Ry, are the resistances at x terminal of BD—CCIl; and BD—CCl|I;, respectively.

Therefore, LV LP inductance simulations can be obtained using BD—CCII as active
element. Moreover, other applications of LV LP analog signal processing such as amplifier,
V-1 converters, oscillators and filters could be also achieved using this device as active
element.

BD-CCII,
BD-CClIlI,
° y
N : y
Zinl X X 2
Rl[’} C1 :E R2
*Vem

Fig. 3.25. BD-CClI-based grounded inductance simulations.

3.2.1.2 Simulation results

The proposed BD-CCIl was simulated using PSpice simulator. The circuit was
simulated using the 0.18 um TSMC CMOS parameters [41]. The transistor aspect ratios of
Fig. 3.24 are listed in Tab. 3.9. The supply voltage is 0.5 V, the biasing current l,j5s and the
common-mode voltage Vcm were, respectively, taken as 0.5 pA and 0.25 V. First test, the
characteristic of proposed BD—CCII was investigated. Fig. 3. 26 shows the DC curves V
versus Vy and the voltage error. It is obvious from Fig. 3. 26 that an accuracy between Vy and
Vy with very low voltage offset of —0.19 mV when V= 0, also for Vy in range of —200 to 200
mV the voltage error is less than 2.5 mV.

Fig. 3.27 shows the DC curves I, versus Iy and the current error. It is clear the accuracy
between I, and I, with low current offset of 25 pA when I, = 0, also for I in range of -4 to 4
MA the error is less than 8 nA.
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The grounded inductance simulation in Fig. 3.25 was simulated using BD-CCIIs in
Fig. 3.24. The supply voltage of Vpp = 0.5 V and the bias current of lpjas = 0.5 pA for BD—
CCllIs were used. The resistor was set as R; = R, = 100 kQ while the capacitor was set as C; =
1nF. Fig. 3.28 shows the simulated magnitude of the impedance of Fig. 3.25. The theoretical
value is also included in the figure. At the frequency of 1 kHz, the simulated impedance is
64.4 kQ2 while the theoretical value is 62.8 kQ. Therefore, the error is about 2.5 %. The circuit
consumes 9.6 UW. Fig. 3.29 shows simulated transient responses of Fig. 3.25 when the signal
1 kHz of 200 mV,_, was applied. It is evident from Fig. 3.29 that the phase difference of
voltage and current is 90 degrees.

Tab. 3.9. Transistors aspect ratios for Fig.3.24. Tab. 3.10. Summarized performances of proposed BD—
QFG-FDCCII
MOS transistors W/L(pm/pm) Parasitic Value
M;—M, 10/0.3 Technology 0.18 um
M 18/0.3 Supply voltage 0.5V
M4—Mg 4/0.3 Common-mode voltage 0.25V
M7—Mg 100/0.3 DC voltage range 400 mV
Mg—Myo 100/2 DC current range —4 pAto 4 uA
M11—My, 50/2 —3dB bandwidth V,/V, 15.8 MHz
Mis—M, 40/0.3 —-3dB bandwidth I,/1, 25 MHz
Ry, Cy 30 GO, 4.68 fF
Ry, Ly 0.95 kQ, 500 pH
R, C, 10.9 MQ, 0.137 pF
Power dissipation 4.7 uW
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3.3. FULLY DIFFERENTIAL CCII (FD-CCII)

Second generation current conveyors are powerful and simple at the same time, but on
the other hand, they show some drawbacks. For example, only one of the input terminals
presents a high impedance level. This can be a problem if differential signals have to be
handled. To overcome this problem, more complicated basic blocks which can be designed
from simple modifications of the basic CCIl are implemented by authors. These blocks
include Differential CCIl (DCCII), universal CCII (UCCII), differential voltage CCIl (DV-
CCIl), and fully differential CCIlI (FD-CCII).
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FD-CCII —which is the natural evolution of DV-CCII- was first introduced in 2000
[2] to improve the dynamic range and the suppression of all undesirable common—mode
signals. It may be considered as the most versatile building block that can be designed starting
from the basic CCII. It is an eight-terminal analog active device which matrix characteristic
and block scheme are shown in Fig. 3.30 (a) and (b), respectively.

| pr Izp

X (\__» Xp Zp 4_—0
pr 0 01 -110 Ixn pr |xn |n VZP
e - AP VY1 Vani ;n Y2 ¥ )Z/n £oVzn
.| |-10 0 0 0 0V 1 Y2 Vs Ya
Clle 10 000y, B
zn y3 Vyl‘ Vyz‘ Vy3‘ Vy4l

Vy4

(a) (b)

Fig. 3.30. FD-CCII (a) matrix characteristic (b) block scheme.

Because of this device has four y-terminals (two differential difference amplifiers),
plus/minus x—terminals and plus/minus z—terminals; hence the arithmetic operation capability
of voltage signals and addition/subtraction of current signals can be easily obtained.
Therefore, many analog circuits using FDCCII as active elements were presented; see for
example [3-12]. However, these circuits are not capable to work with low—voltage (LV)
supply and low—power (LP) consumption, because the FDCCII that used in these circuits has
the feature of high power supply (>1.5 V).

3.3.1 Bulk—driven fully differential current conveyor (BD FD-CCII)

A new LV LP FDCCII using bulk—driven technique is shown in Fig. 3.31. The
differential input stages are consisted of three bulk—driven differential amplifiers M1—M,, M3—
M4 and Ms—Ms. Since the differential input stages are based on the bulk-driven flipped
voltage follower, the minimum needed power supply voltage can be expressed by:

Vbb (min) = Vs (v7,m8,M9) + Vbs (M10,M11,M12)- (3.14)

If the voltages Vgs of My to Mg are lower than their threshold voltages, then these
transistors will operate in sub-threshold region. Transistors Mig, M2, M21, M1g, M11, M1,
Myg and Myg act as a multiple output current mirror applying the constant current source lpjas
to each branch of the circuit. The power consumption of the circuit can be controlled
appropriately by setting lpias and Vpp. Transistors Mig, M11 and Mj, are common for the
differential input stages and they form the active load for them. Transistors M7, Mg and Mg act
as tail current sources for the first, second and third differential input stages, respectively. The
second stage of three differential input stages is created by cascoding transistors Mis—Msg,
Mis—Mz1, M2o—Mys and Mys—Myg. The negative feedback connection between the drain
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terminals of Mg, M1g and Mo, My and the input terminals of M; and Mg, respectively, is
used to achieve the voltage transfers between x and y.

Vbp
M13 ) I_J_I | Ml L M23
Mas
Mys ITI Mg
Iias(¥) Zp Zn
My7 I_I_IL_TMls My7
Voo

B T T I I o

Fig. 3.31. Proposed BD-FDCCII.

Using small-signal equivalent circuit, the resistances of the x, and X, can be
expressed, respectively, as:

1

Rup = ) 3.15
P Imbv1)fouttImm14) ( )

Run = : (3.16)

Imb(ve)fout2dmm22) ’

where rqu1 and rou are the output impedances of the first and second stages of BD—-DDCC,
respectively, and are given by:

1
foutl ¥ g (M2)+ 0o (M3)+ g (ML)’ (3.17)
fout2 ® 1 (318)

0o (M5} go(M4)+ g, (M12)’

Note that the low value of the bulk transconductances gmpmiy and gmbavey ON the
denominators of (3.15) and (3.16) lead to high value of Ry, and Ry,. Hence, the values of Ry,
and Ry, must be simply taken in account during application design.

On the other hand, the cascode transistors Mi3—Mis, M17—Maz, M23—Mas and Ma7—Mag
create the output stage for BD—FDCCII at the outputs and they provide the current copies of
the x, terminal to the z, terminal and the x, terminal to the z, terminal. Also the use of
cascade technique makes the proposed BD-FDCCII provide a high resistance value for z
terminals and improve the accuracy between z and x currents. Using small-signal equivalent
circuit, the resistances of the xp and x, can be expressed, respectively, as:
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Ryp ~ , (3.19)

9oMm20)90M17) . 9oMm13)9o(M15)

Omv17) T Ombm17)  Im(m15) T ImbMm15)

R, ~ 1 , (3.20)

9om29)90(M27) N 9o(m23)90(M25)

OmM27) T Gmbv27)  Imv25) + Imb(m25)

where g, and gmp denote the gate and bulk transconductance of MOS transistor, respectively,
go Is the transistor output conductance. The cascode M13—Mjis, M17—Mag, M23—Mss and Ma7—
Mg are used to achieve significantly high value of R;, and Rz, as shown in (3.19) and (3.20).

3.3.1.1 BD-FDCCII-based universal filter

In order to confirm that the proposed BD—FDCCII can be used in analog signal
processing, the BD—-FDCCIl-based universal filter as shown in Fig. 3.32 is an example
application. This filter employs one BD—FDCCII, two capacitors and two resistors. Because
BD-FDCCII uses single power supply (0.5V), the common—mode voltage (Vcm) IS needed.
Using the equation in Fig. 3.30 (a), the output signals Vo1, Vo2, Vos and Vo4 of Fig. 3.32 can be
obtained as:

Vo1 = [(slechlcz}/m + (52R1R2C102 + sRlcl)\/in2 +vin3]/ D(s), (3.21)
Voz = [(SRICIC +1Ving +Vinz —Vina}/ D(s), (3.22)
Vo3 = [(52R1R201C2 + SRlcl)‘/inl +SRCoVin2 — SRZCZVin3]/ D(s), (3.23)
Vo = [SRCVing +(SRoCy +LVinz — (SRC +1Vina)/ Ds), (3.24)
where D(s)=s?R;R,C,C, +SR,C; +1. (3.25)

It is clearly seen from (3.21)-(3.24) that the filtering functions can be obtained
appropriately connecting the input and the output terminals. As an example, high—pass (HPF),
low—pass (LP), band—pass (BP) and band-stop (BS) filters can be obtained, respectively, as:

e HPF: Vinn=Vin, Vine=Vinz=Vem and Vo1=Vau,
e LPF: Vin2=Vin, Vin1=Vins=Vcm and Vo2=Vou,
e BPF: Vini=Vin, Vine=Vins=Vem and Vos=Vout,
e BSF: Vini=Vinz=Vin, Vinz=Vem and V1=V
It should be noted that these filtering functions are obtained using only one BD—

FDCCII. This is the advantage of this active building block that provides the arithmetic
operation capability of voltage signals and addition/subtraction of current signal.

The natural frequency (o) and the quality factor (Q) can be given by:

B 1
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RC
Qj/ﬁ . (3.27)

From equations (3.26) and (3.27), the parameter Q can be given by setting C,/C, while
parameter @, can be given by setting resistors R; and R..

Vin3 Vinl Vin2
R;
Y3 Ya Yo V1
Vo Xn Zp T ° Vo3
V02 T Xp Zn T—o V04

C

2 C,= R,
—}_ BD-FDCCII T U

Vewm

Fig. 3.32. BD-FDCClI-based universal filter.

3.3.1.2 Simulation results

The proposed BD—FDCCII was simulated by PSpice simulator using the 0.18 um
TSMC CMOS parameters. The transistor aspect ratios of Fig. 3.31 are listed in Tab. 3.11. The
supply voltage is 0.5 V, while the biasing current liss was chosen as 2 pA and the common—
mode voltage (Vcm) is 0.25 V. Fig. 3.33 shows the DC voltage characteristics of the two
terminals X, and X, versus Vy; when Vyg = Vy1 = Veum (0.25 V) and Vy, is swept from 0.1 to
0.1 V in steps of 0.05 V. Fig. 3.34 shows the output currents I, and I, versus Vy; when Vs =
Vys = Vewm (0.25 V) and Vy, is swept from —0.1 to 0.1 V in steps of 0.05 V. In this case, the
terminals X, and X, were connected to 10 kQ resistances and the terminals Z, and Z, were
connected to 50 kQ resistances.
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Tab. 3.11. Transistors aspect ratios for

Tab. 3.12. Summarized performances of proposed BD—FDCCII.

Fig. 3.31.

MOS transistors | W/L(um/um)
M1—Ms 20/0.3
M7—Mg 20/0.3
Mio-Miz, Myg 4/0.3
Miz, Mg, M2y, M3 100/0.3
Mis, Mg, M2, Mg 200/4
M1z, Mig, Mg, M7 100/4
M2o, Ma1, Mg, Mg 16/0.3

Parameters Value
Technology 0.18 um
Supply voltage 05V
DC voltage range —150 mV to 150 mV
DC current range —4pAtod pA
—-3dB bandwidth voltage follower < 8.6 MHz
—3dB bandwidth current follower <9.6 MHz
Ryi, Cyi(i=1,2,3,4) 47 GQ, 27 fF
Rxpr Rip Lipy L 10.2 kQ2, 2 mH
Rzps Ry Lipy Lin 4.2 MQ, 0.25 pH
Power dissipation 13.6 yW
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of 100 mV (peak).

The simulated results of the proposed BD—FDCCII are also summarized in Tab 3.12.
From this table, the values of Ry, and Ry, of 10.2 kQ2 seem to be high; hence the values of Ry,
and Ry, must be taken in account during application design.

The filter in Fig. 3.32 was also simulated using PSpice simulators. The BD-FDCCII as
shown in Fig. 3.31 was used. As an example design, the capacitors C; = C, = 50 pF and the
resistors Ry = R, = 345 kQ are given. This setting were chosen to obtain the HPF, LPF, BPF
and BSF responses with f,= 10 kHz and Q = 1. Fig. 3.35 shows the simulated input and output
noise amplitude responses for BPF with INOISE and ONOISE. The simulated equivalent input
noise and total output noise are respectively 22.7 nV/\VHz and 1.42 uV/+Hz for the frequency
between 100 Hz to 1 MHz. The simulated results for the HPF, LPF, BPF, and BSF
characteristics are shown in Fig. 3.36. For these results, the power consumption of only 16.1
uW was obtained. Fig. 3.37 shows that the input dynamic range of the BPF response with Ry =
R, =345 kQ and C; = C; = 50 pF, which extends up to amplitude of 100 mV (peak) without
signification distortion. The THD about 2.2 % was defined from this figure.

93



3.3.2 Bulk—driven gquasi—floating—gate fully differential current conveyor
(BD-QFG FD-CCII)

The proposed BD—-QFG FDCCII is shown in Fig. 3.38. The input stages are consisted
of three BD-QFG differential amplifiers M;—M; and Mp;—Mpz, M3—My and Myz—Mps, Ms—Mg
and Mps—Mypg. Transistors My;, Mp2, Mps, Mps, Mps and Mpg are operating in cutoff region to
create large resistance value for providing the negative supply voltage to each gate of
transistors M1, My, M3, M4, Ms and M. For this structure the minimum needed power supply
voltage Vpp (min) can be expressed by:

Vb (min) = Vs (v7,m8,M9) + Vbs (M10,M11,M12)- (3.28)

If the voltages Vs of My to Mg are lower than their threshold voltages, these
transistors will be operated as sub—threshold region. Transistors Mig, Mz, M21, M1g, My,
M1,, Mg and Myg act as a multiple output current mirror applying the constant current source
Is to each branch of the circuit. The power consumption of the circuit can be controlled
appropriately by setting lpias and Vpp. Transistors Mo, M3 and Mj, are common for the
differential input stages and they form the active load for them. Transistors M7, Mg and Mg act
as tail current sources for the first, second and third differential input stages, respectively. The
second stage of the three differential input stages is created by cascoding transistors M14—Mss,
M1g—My1, M2o—Ma4 and Mos—Mog. Due to the negative feedback connection between the drain
terminals of My, M1g and My, My and the input terminals of My and Mg, respectively, the
voltage transfers between x and y terminals is achieved. The compensation network Rc;, Cg
and Re, Cc, are used to ensure the stability of the BD—-QFG FDCCII. Using small-signal
equivalent circuit, the resistances of the x, and x, can be expressed, respectively, as:

R ~ ! , (3.29)
* Om(BD-QFG)(M1)TouttIm(M14)
R : (3.30)

" Om(BD-QFG)(M6)Tou29m(M22)

where rou1 and roue are the output impedances of the first and second stages of BD-QFG
FDCCII , respectively, and are given by:

o = L : (3.31)
9,(M2)+9,(M3)+g,(M11)
L (3.32)

I x .
%2 g,(M5)+g,(M4)+g,(M12)

On the other hands, the cascode transistors Mi3—Mis, M17—Msg, M23—Mos and Ma7—Mog
create the output stage for BD—-QFG FDCCII at the outputs and they provide the current
copies of x, and X, to z, and z, terminals, respectively. Also the use of cascode technique
makes the proposed BD-QFG FDCCII provide a high resistance value for z terminals and
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improve the accuracy between z and x currents. Using small-signal equivalent circuit, the
resistances of the x, and X, can be expressed, respectively, as

1
R, ~ (3.33)
go(M 20)go(M17) n go(M13)go(M15)
gm(M17) + gmb(Ml7) gm(MlS) + gmb(MlS)
1
R, = , (3.34)
go(M 29)go(M 27) n go(M 23)go(M 25)

Onmz2ry T 9momzy Imemzs) T Gmbem 25)

where gn and gmp denote the gate and bulk transconductance of MOS transistor, g, is the
transistor output conductance. As shown in (3.33) and (3.34) the value of R, and Ry, are
significantly high due to using the cascode technique.
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Fig. 3.38. Proposed BD-QFG-FDCCII.
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3.3.2.1 BD-QFG-FDCClI-based universal filter

To confirm that the proposed BD-QFG FDCCII can be used in analog signal
processing, the BD—-QFG FDCClI-based universal filter as shown in Fig. 3.39 is an example
application. This filter employs three BD—QFG FDCClIIs, two grounded capacitors and four
grounded resistors. It should be noted that the input voltage Vi, of the filter is applied to the y,
of the first BD—QFG FDCCII. Thus, the filter has the feature of high—input impedance, which
is suitable for cascading in voltage-mode operation. The use of all grounded passive
components makes the filter particularly attractive for integrated circuit point of view [46].
Using the equation in Fig. 3.30 (a) and nodal analysis, the voltage transfer function of
Fig. 3.39 can be expressed as:

\Y/ s’C,C,RR

o= 1C2RR, : (3.35)
V,, S°CC,RR,+sR,.C,(R,/R,)+1

V s’C.C,RR, +1

02 = 1C2RR, : (3.36)
V,  Ss’CC,RR,+sRC,(R,/R,)+1

Y/ sR,C,(R,/R

Vo3 _ . 2 2( 4/ 3) (3.37)
V,, s’C,C,RR,+sR,C,(R,/R,)+1

V., 1

—od = . 3.38
V,, s’CC,RR,+sR,C,(R,/R;)+1 (3:38)
Vs __32C1C2R1R2 —sR,C, (R,/Ry)+1 (3.39)
V,,  s’CC,RR,+sR,C,(R,/R;)+1’ '

From (3.35)—(3.39), it can be seen that the high—pass filter (HPF), band—stop filter
(BSF), band-pass filter (BPF), low—pass filter (LPF) and all-pass filter (APF) voltage
responses are obtainable at the node voltage Vo1, Vo2, Vo3, Vos and Ves. It should be mentioned
that the circuit is absent from component—matching condition for realization all the filtering
functions. It is also to be noted that the output terminals Vo3 and Vo4 of Fig. 3.39 are not in
low—output impedances. If low—output impedance terminal is needed, it can be obtained by
connecting these terminals to the input Vi, and node voltage Vs will become the new low—
output impedance terminal. Therefore, the filter is possible for providing the high—input
impedance and low—output terminal. The natural frequency (av) and the quality factor (Q) can
be given by:

1

w, = W : (3.40)

_ R /R1_Q
Q= R \RC, " (3.41)

From (3.40) and (3.41), it can be seen that the @, for all the filter responses can be
controlled by R; and Ry, simultaneously, without affecting the parameter Q, while keeping C;
and C, constant. The Q value can be controlled by the R3/R4, where the high—Q biquads can be
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achieved when the suitable resistance ratio is selected. Therefore, the parameters @, and Q of
the filter in Fig. 3.39 can be orthogonal controlled. It can be concluded via the application
example that the filter can be provided all requirements of universal filters, namely, five
standard filtering functions, grounded passive components, high—input and low-output
impedance terminals, and orthogonal control of parameters Q and a. This is the advantage of
FDCCII that provides the arithmetic operation capability of voltage signals and
addition/subtraction of current signal.

~ 5 0V02
1 '§~ Vo4
Vo 0 W § '\_t§~ A A
- —n A PN A
Vi N SN 1 M y,
T |¥ Vin ¢
Ya Y2 Y3 V1 Y3 Ya Y2 V1 Ya Y3 Y2 Y1
~ Xp Zp (1201 Xn Z, Xp Z, I
VOl 06 Vv
o 05
H Xn Zn B Xp Zp B Xn Zn —4
FDCCII, . | FDCCII, FDCCIIl; . |
Rl C1—|— R3 R4 R2 CZ__

Fig. 3.39. Universal filter using BD—-QFG-FDCCII.

3.3.2.2 Simulation results

The proposed BD-QFG FDCCII was simulated by PSpice simulators using the 0.18
pm TSMC CMOS parameters. The transistor aspect ratios of Fig. 3.38 were listed in
Tab. 3.13. The supply voltage and the biasing current l,ias Were taken respectively as 0.5 V and
2 pA. The common—mode voltage (Vcm) was 0.25 V.

Fig. 3.40 shows the DC voltage characteristics of the two terminals X, and X, versus
Vy1 when Vy3 = Vys = Veu (0.25 V) and Vy, is swept from —0.1 to 0.1 V in steps of 0.05 V.
Fig. 3.41 shows the output currents I, and I, versus Vy; when Vyz = Vys = Veu (0.25 V) and
Vy, is swept from —0.1 to 0.1 V in steps of 0.05 V. In this case, the terminals X, and X, were
connected to 10 kQ resistance value and the terminals Z, and Z, were connected to 50 kQQ
resistance values. The simulated results of the proposed BD-QFG FDCCII were also
summarized in Tab. 3.14. From this table, the values of Ry, and Ry, of 10.2 kQ seem to be
high; hence the values of Ry, and Ry, must be taken in account during application design.

The filter in Fig. 3.39 was also simulated using PSpice simulators. The BD-QFG
FDCCII as shown in Fig. 3.38 was used. As an example design, the capacitors C; = C, =50 pF
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and the resistors R; = R, = R3 = Rs= 100 k< are given. This setting has been designed to obtain
the HP, BS, BP, LP and AP filter responses with f,= 31.8 kHz and Q = 1. The simulated results
for the HPF, BSF, BPF, and LPF characteristics were shown in Fig. 3.42. The characteristic of
AP filter was shown in Fig. 3.43. It is observed from Figs. 3.42 and 3.43 that the filter in Fig.
3.39 performs all the standard biquadratic filtering functions well, which can verify the
theoretical analysis. In this case, the natural frequency and the power consumption of 31.6 kHz
and 48.3 uW were respectively expressed. To demonstrate the controlling of the Q—value, the
resistance value of R3 was varied, while keeping resistors R; = R, = R4 and the capacitors C; =
C,. The simulated responses of the BPF filter for different Q—value are given in Fig. 3.44. In
order to test the input dynamic range of the filter, the simulation was repeated for a sinusoidal
input signal at f, = 31.6 kHz. Fig. 3.45 shows that the input dynamic range of the BP response,
which extends up to amplitude of 200 mV (peak to peak) without signification distortion. From
Fig. 3.45, the total harmonic distortion (THD) was 2.2 %.
Tab. 3.16 shows the comparison of BD—QFG FDCClI-based filter with previously FDCCII-
based filters and confirm the attractive features of the proposed structure.

Tab. 3.13. Component values and transistors Tab. 3.14. Summarized performances of proposed BD—
aspect ratios for Fig. 3.38. QFG-FDCCII.

MOS transistors W/L(pm/pm) Parameters Value
M—Mg 20/0.3 Technology 0.18 pm
Mp1—Mpg 8/0.3 Supply voltage 05V
M;—Mg 20/0.3 Common-mode voltage 0.25V
Mio—M3o, Myg 4/0.3 Power dissipation 16.1 pyW
M3, M1, Moy, Mas 100/0.3 DC voltage range —-100 to 100 mV
Mis, M1g, Mos, Mog 200/4 DC current range -4 pAto 4 pA
M7, Mg, Mag, My, 100/4 —3dB bandwidth voltage follower < 8.6 MHz
Mag, Ma1, Mag, Mog 16/0.3 —3dB bandwidth current follower <9.6 MHz
Cy, Cy, Cs, Cy4, Cs, G, Ceg, Cc2 = 0.1 pF Ryi, Cyi(i=1,2,34) 47 GQ, 27 fF
Re1, Re2 =3 kQ Ryps Rep Lps L 10.2 kQ, 2 mH

Rzps Rap Ly Lin 4.2 MQ, 0.25 pH
Input noise (1 kHz) 6.33 uV/Hz
Dynamic range (THD=1%@1 kHz) 59 dB
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Tab. 3.15. Performance comparison of BD—QFG FDCCII with other FDCClIs.

Parameters Proposed Ref.[2]| Ref.[42] | Ref.[13] | Ref. [39]
FDCCII

Technology [um] 0.18 1.2 0.18 0.18 0.35
Power supply V] 0.5 15 +0.8 1 +15
Power consumption [LW] 16.1 - 3000 403.77 —
Input voltage linear range [mV] +100 +200 + 300 + 1000 2400
Input current linear range [LA] +4 - 2000 + 1000 + 500
—3dB bandwidth Vyx/Vy [MHz] 6.8 10 - 25.7 -
—3dB bandwidth I2/1x [MHz] 9.6 - > 1000 30 -

Tab. 3.16. The comparison of BD—QFG FDCClI-based filter with previously FDCClI-based filters.

Circuits | Number | Number of All- Orthogonal Noneed  High input & | Voltage

of capacitors &| grounded control of @, matching— | low output | supply
FDCCIIs| resistors capacitors and Q condition impedance

BD-QFG 3 2-C&4-R Yes Yes Yes Yes & Yes 05V

FD-CCII

Ref. [3] 1 2-C&2-R Yes No Yes Yes & No BV

(2003)

Ref. [4] 1 2-C & 3-R No Yes Yes No & No +1.25V

(2005)

Ref. [7] 1 2-C & 3-R No Yes Yes No & No +1.65V

(2009)

Ref. [9] 2 2-R & 2-R Yes No yes Yes&No | x1.65V

(2010)

Ref. [10] 1 2-C&2-R No No Yes No & No +1.3V

(2011)
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Fig. 3.43. Simulated gain and phase of APF
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voltage of 100 mV (peak).

3.4.FULLY BALANCED DIFFERENTIAL DIFFERENCE AMPLIFIER
(FB-DDA)

The differential difference amplifier (DDA) is a universal analog building block [48-
57]. It is an extension of the concept of the op—amp, the main difference being that, instead of
two single—ended inputs as in the case of op—amps, it has two differential input ports
(Vpp—Vpn ) and (Vnp—Van). DDA-based circuits often provide high input impedance and simple
external circuitry due to its feature of differential difference inputs [48]. DDA has been used
in several applications such as telephone line adaptation [58], multiple-weighted input
comparator [59], common-mode detection [60], [61], continuous—time filters [48], [60], [62],
and switched capacitor circuits [50].

The DDA is a five-terminal device as shown in Fig. 3.46 (a). It has two differential
inputs and one output, the output can be expressed as:

Vout = A‘)mlpp _Vpn)_ Nﬂp _Vnn)J’ (3.42)

where Ao is the open—loop gain of the DDA. Analogous to the traditional op—amp, when a
negative feedback is applied, the differential voltages of the two input ports become equal:
Voo =Vpn =Vop —Von a5 Ay > . (3.43)

For a finite open—loop gain A,, the difference between the two differential voltages
increases as A, decreases. Therefore, the open—loop gain should be as large as possible in
order to achieve high—performance operation.
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Fig. 3.46. DDA (a) schematic symbol (b) matrix characteristic.

As in op—amp, DDA consists mainly of two stages: a differential— input single—ended
output transconductance stage (differential pair with active loads) and a second gain stage
(common-source amplifier with an active load). However, the DDA uses two differential
pairs to realize the two input ports. For low—power operation and high current driving
capabilities, a rail-to—rail output stage is usually employed.

Anyhow, the fully balanced differential difference amplifier (FB-DDA) is a versatile
and interesting analog building block [63-67, 68—70]. The FB—DDA provides the solution for
fully differential realizations of op—amp circuits where both of the op—amp inputs are floating
[63-67]. Fully differential architectures improve the performance of analog and mixed
analog/digital systems in terms of supply noise rejection, dynamic range, and harmonic
distortion and reduce the effect of coupling between various blocks [63-67].

The FB-DDA is a six—terminal device as shown in Fig. 3.47. It has two differential
input ports, (Vpp—Vpn) and (Vng—Van) and two output Vo, and Von. The output of the FB-DDA
can be expressed as:

Vop =Von = AV pp =Vpn )= Vnp =Vin ), (3.44)

where A, is the open—loop gain of the FB-DDA. The symbol of FB-DDA and the matrix
description are shown in Fig. 3.47.

W 1 -1 0 0V
o0 1 -1 vy,

Ao _Ao Ao _Ao Vnp

GND _\ _Ao Ao _Ao Ao Vnn

(@) (b)

Fig. 3.47. FB-DDA (a) schematic symbol (b) matrix characteristic.
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3.4.1 Bulk—driven quasi—floating—gate fully—balanced differential difference
amplifier (BD-QFG FB-DDA)

A new structure of the FB-DDA based on the new technique BD—QFG is presented.
The structure uses single supply voltage 0.5 V, hence it offers the lowest supply voltage
compared to the previous conventional structures presented in the literature i.e.: £5 V in [63],
[69],5Vin[64], £1.5 Vin [65], [66], 1.2 V in [67], 1.8 Vin [68] and 3V in [70].

The CMOS implementation of the FB-DDA with the common mode feedback circuit
(CMFB) is shown in Fig. 3.48. The differential pairs are based on bulk—driven quasi—
floating—gate technique. Thanks to using this technique the proposed circuit achieves higher
gain and bandwidth. The BD—QFG transistor has a higher transconductance and transient
frequency compared to bulk—driven and/or quasi—floating—gate transistor as mentioned
earlier.
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|

|

I ‘_-T__‘ I_T_-k

| | | | =
|M4A|_‘Mb4A:= IE |\/|be!A—|M;\'L<I |_|\|/|b2A:= IEMMAL‘ Mia
|

P

|

|

Fig. 3.48. CMOS implementation of the FB-DDA with CMFB circuit using BD—QFG transistors.

3.4.1.1 BD—-QFG FB—-DDA-based band-pass filter

The proposed BD-QFG FBDDA is used to realize Sallen—Key band—pass filter as an
example application. The circuit is shown in Fig. 3.49. This filter employs one BD-QFG
FBDDA, four capacitors and eight resistors. The transfer function of the filter are given by:
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Vv, —ksC,R,

Yo __ , (3.45)
V, s°CC,RR,(1+k)+s(C,R +C,R,+C,R )+1
R
where k = —(1+ —3} : (3.46)
R4
The pole frequency (ax) and the quality factor (Q) of the filter are described by:
1
= _ 3.47
o \/ClCZR1R2R3 (1+K) 347
CCRR,(1+k
_ \/ 1CoR 2( ) _ (3.48)
(C,R,+C,R,+C,R))

It is obvious from (3.47) and (3.48), that the pole frequency ayn can be adjusted

independently from the pole frequency Q by adjusting the value of Rs. Thus, the parameter an
can be orthogonal controlled.

Fig. 3.49. Sallen—Key band—pass filter.

3.4.1.2 Simulation results

The simulations of the BD—-QFG FB-DDA in Fig. 3.48 are performed using TSMC
0.18 um N-well CMOS process with single voltage supply of 0.5 V and bias current was
adjusted to lpias = 80 nA. The used SPICE model is available on [41]. The optimal transistors
aspect ratios are listed in Tab. 3.17.
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Tab. 3.17. Component values and transistor aspect ratios for the BD—QFG FB-DDA in Fig. 3.48.

BD-QFG FB-_DDA WIL [um/um]
M1, My, M3, M4, Mia, Moa, M3a, Mya | 150/0.3
Ms, Mg, Msa, Mga, My 100/3
Mz, Mg, M7a, Mga, Mg, M1 70/3
Mi1, M2 200/3
Cy, Gy, C3, Cy, Cua, Coa, Cap, Can=2 pF

C(;1, Ccz =5 pF

R(;1, Rcz =4 kQ

Rp =10 kQ

lpias = 80 nA

\ﬁDD:(lS\/

VSS =0V

Vb1 =Vpp/2=0.25V

The AC gain and phase responses of the BD-QFG FB-DDA with 5 pF load
capacitance at each one of the outputs are shown in Fig. 3.50. The open-loop gain is 55 dB
and the gain—bandwidth product is 17.3 kHz. The phase margin is 72° which guarantees the
circuit stability.

1807 80
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3
Gain [dB]
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7 807 . :
= | e T S S T A |
o = : !
_g'? 5,407 PN T T T T !
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S 0] ! ! ! ! ! ! ! ! { !
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Fig. 3.50. The AC gain and phase responses.
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It’s worthy to mention that the achieved bandwidth 17.3 kHz is sufficient for various
low—voltage low—power applications as the wearable and implantable biomedical ones, since
the biological signals have the attribute of extremely low frequency, i.e. in range of fraction of
a hertz to several kilohertz. However, higher bandwidth could be achieved by simply
increasing the bias current of the circuit.

The transient response of the BD—-QFG FB-DDA with a fully differential voltage
follower configuration is shown in Fig. 3.51. The input signal is set to 4 kHz and 80 mV
amplitude, the total harmonic distortion (THD) is 1.4 %.
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Fig. 3.51. The transient response with input signal 4 kHz and amplitude 80 mV where FB-DDA is
connected as a fully differential voltage follower.

The DC response of the BD—-QFG FB-DDA connected as a fully differential voltage
follower is shown in Fig. 3.52. The wide voltage range of the proposed circuit is notable.
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Fig. 3.52. The DC response of the BD—QFG FB-DDA connected as a fully differential voltage

follower.

Finally, the simulation results of the proposed BD—QFG FB-DDA are summarized in
Tab. 3.18. In addition, these results are compared to the DDA and FB-DDA presented,
respectively, in [68, 69]. The attractive performances offered by the design are evident mainly
the ultra—low voltage supply and the power consumption.

Tab. 3.18. Simulation results of the BD—-QFG FB-DDA compared to DDA and FB-DDA.

DDA FB-DDA BD-QFG FB-DDA
[68] [69]
Voltage supply (V) 1.8 15 0.5
Power consumption (LW) 15.12 54360 0.357
DC gain (dB) 130.1 84 110
Unity gain bandwidth (kHz) 940 6000 17.3
Phase margin (°) 59 50 72
CMRR (dB) 114 @ 10 Hz - 108 @ 10 Hz
98 @ 100 Hz
78 @ 1 kHz
Input-referred noise (nV/\Hz) 471.7 @ 1 Hz - 790 @ 10 Hz
290 @ 100 Hz
285 @ 1 kHz
Technology (um) 0.18 2 0.18
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The universal filter in Fig. 3.49 was also simulated. The proposed BD-QFG FB-DDA
in Fig. 3.48 was used. As an example design, C; = C, = C3 = C4 = 5,53 nF R; = 1 MQ,
R, = 100 Q, R3 = 800 kQ and R, = 100 k2 were given. This setting has been designed to
obtain the BP filter response with f,= 200 Hz and Q = 3. The simulation result for the filter
characteristics is shown in Fig. 3.53. For these results the power consumption of only 0.357
uW was obtained. In order to test the input dynamic range of the filter, the simulation has
been repeated for a sinusoidal input signal at f, @ 200 Hz. Fig. 3.54 shows that the input
dynamic range of the BP response extends up to amplitude of 120 mV (peak-to—peak)
without signification distortion. The total harmonic distortion (THD) is about 1.05 % from
this figure.
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Fig. 3.53. Simulated magnitude response BP filter.
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Fig. 3.54. The input and output waveforms of filter for a 200 Hz sinusoidal input voltage of 120 mV
(peak-to-peak).
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3.5.CURRENT DIFFERENCING BUFFERED AMPLIFIER (CDBA)

The CDBA (Current Differencing Buffered Amplifier) or more specifically CDVB
(Current Differencing Voltage Buffer) or as so—called DCVC (Differential Current Voltage
Conveyor) is introduced in year 1999 by Acar [75]. CDBA is a universal element for filter
design, primarily for voltage—-mode operation. Numerous papers were published about CDBA
applications such as voltage mode and current mode filters [76-84] and oscillators [85-90].
Some of the applications profit from the basic CDBA feature, i.e. the non-—problematic
implementation of both non-inverting and inverting integrator as a building block of filters of
arbitrary order. Matrix characteristic and block scheme are shown in Fig. 3.55 (a) and (b),
respectively.

Vp O O OO Ip ,,__lpr wL
v, Vi
Vol [0 0 0 01, ol
I, |1 -1 0 ofvy, " v
V,,)] \0 0 1 o)1, |
(a) (b)

Fig. 3.55. CDBA (a) matrix characteristic (b) block scheme.

CDBA contains the so—called CDU (Current Differencing Unit) as an input stage and
the voltage unity—gain buffer as output stage. Basically, CDU is a current conveyor of the
MDCC (Modified Differential Current Conveyor) type: It has two low—impedance terminals,
p and n. The difference of currents I, and I, flows out of the z terminal and the corresponding
voltage drop on the external impedance is copied by the buffer to the w output. That is why
the additional impedances are necessary for implementing the feedbacks from the voltage
output to the current inputs. It is inconvenient from the point of view of simplicity and low
power consumption. Another drawback is the impossibility of direct electronic control of
circuit parameters such as that for the OTA-based applications. This problem is solved via
CC CDBA (Current—Controlled CDBA).

The CC-CDBA is described in [91]. The nonzero parasitic resistances of p and n
terminals of the CDU are controlled electronically via bias currents. The p and n terminals
thus act as voltage input terminals. These voltages are then transformed into currents, whose
values are electronically controlled. In fact, this approach represents a transition to a “pure”
voltage mode.
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3.5.1. Bulk—driven z—copy current—controlled current differencing buffered
amplifier (BD ZC CC CDBA)

The ZC-CC-CDBA is a five terminal active element; two low impedance input
terminals (p, n), two high impedance output terminals (z, zc), and one low impedance output
terminal (w). The schematic symbol of the ZC-CC-CDBA and its equivalent circuit are
depicted in Fig .3.56 (a) and (b), respectively.

|¢ Ibias

I ly

Vp Vi
In I,
ln 7<=
Vn ZC VZ
ol
Vi
(a) (b)

Fig. 3.56. ZC-CC-CDBA: (a) schematic symbol, (b) equivalent circuit.

Unlike the conventional CDBA, here the input voltages V, and V, are not equal to
zero. Instead they have finite parasitic input resistances R, and R. respectively.
The input/ output behavior of the ZC-CC-CDBA circuit can be described by the following
matrix:

0

p Rp 0 0 p

Vo |_| 0 Ry 0 01, .
LI, |1 -1 0 0ofV, |
v, 0 0 1 o)l

The MOS internal structure of the proposed ZC—-CC-CDBA is depicted in Fig. 3.57.
Transistors Mp;, Mp2, Mps, Mps, Mps, and Myg represent multiple output current mirror
providing the constant bias current lyiss to the circuit branches. The current differencing unit
(CDU) is the cascade of two BD current followers M;—M, and Ms—Mg. Each current follower
is constructed from the flipped voltage follower current sensor structure (BD—FVFCS) [92]
with enhanced BD current mirror [93]. This combination provides extremely low voltage
operation capability and better linearity. The transistors My and Mg represent simple voltage
source. The current I through these transistors is extremely small in comparison with the bias
current lyias to avoid extra undesired offset. The transistors Mg, M1 mirror the output current
of the first current follower (I, + lpias) to be subtracted from the output current of the second
current follower (I, + Ipias). The resulting current (I, — 1) is lead away from z terminal.
Transistors Mj; and Mj, provide a current copy of z terminal to zc terminal. The voltage
follower (VF) consists of BD differential input stage Mi3, My4. Transistor Mys acts as a tail
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transistor of the differential input stage. Transistors Mys and My represent the second stage of
the VF. Transistors Mps and Mys act as active loads. Transistors Mis—Mss construct BD
flipped voltage follower differential structure (BD—-DFVF) [92].
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Fig. 3.57. The proposed MOS structure of the ZC—-CC-CDBA.

Owing to use the BD flipped voltage follower structure in the proposed circuit, the

minimum power supply voltage Vpp (miny IS given by:

Vb (min) = Vs + Vbsat

(3.50)

As it is obvious from (3.50), the proposed circuit is capable to operate under ULV conditions.

Rn, Ry [KQ]

30

25

20

15

10

Fig. 3.58. Parasitic resistances Ry and R, versus the bias current lpjas.

Moreover, the parasitic input resistances Ry, R, can be adjusted via the bias current lpjas

as it is shown in Fig. 3.58. Hence designers started to utilize these resistances instead of the
passive resistors in several applications. Parasitic input resistances Ry, R, can be described by:

Rn.p

1

" Om379mb1slds37

(3.51)

112



3.5.1.1 BD-ZC-CC-CDBA-based universal filter

A current mode universal filter based on ZC—-CC—CDBA is introduced in this section
to confirm the functionality of the proposed circuit [94]. The multi—function current mode
filter is depicted in Fig. 3.59. This filter performs three functions simultaneously: low pass,
high pass, and band pass with high output impedance property. The parasitic resistances
(Rp1, Rn1) of the ZC-CC-CDBA, (Rp2, Rn2) of the ZC-CC-CDBA;, and (Rps, Rns) of the
ZC-CC-CDBA; can be tuned via bias currents: lgs, Igp, and lgs, respectively. The output
currents lppr, lgpr and I pg of this filter are flowing out the zc;, zc, and zcs terminals,
respectively. These currents are flowing into the working impedances directly.

v v

P1 W; P2 Wy
I, |zc-cc-cDBA1 zc-cc-cbBA2| ©2

Cy
. ‘
o—1 N ¢, Zz4 _| |‘_|__ ,  2C L2 _|

P

W3 Ps
ZC-CC-CDBA3
Zzz z2c3 N3

e

Fig. 3.59. Current mode biquad filter based on ZC-CC-CDBA.

=

The transfer functions of the filter are given by:

lhpr_ s?
o g2, g 1 . 1 ) (3.52)
CiRpy  CiCyRpyRy3
Tepr_ —S/CiRp,
o g2,5 1 . L ' (3.53)
CiRp1  CiCyRpaRy3
ipr_ —1/C,CoRpzRys
lin 5249 1 1 : (354)

+
CiRp1  CiCyRpaRys

The pole frequency (ax) and the quality factor (Q) of the filter are described by:

1
% =\ CCRoRy (3:55)
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C
Q=Rp |—2 . 3.56
m]/cszan3 (3.56)

It is obvious from (3.55) and (3.56), that the quality factor Q can be adjusted
independently from the pole frequency ay by adjusting the value of Ry via lg;. Thus, the
parameter Q can be orthogonal controlled.

3.5.1.2 Simulation results

The performances of the proposed ZC-CC-CDBA shown in Fig. 3.57 were simulated
using PSpice simulator. The circuit was simulated using the 0.18 um TSMC CMOS
parameters [41]. The optimal transistors aspect ratios of the proposed circuit are listed in
Tab. 3.19. The most important features of the proposed ZC-CC-CDBA are listed in
Tab. 3.20.

All the simulations were performed for lpias= 3 HA, Iz = 4 nA with an extremely low
voltage supply of 0.65 V. The DC curves l,,. versus I, and I, are depicted in Fig. 3.60.
Thanks to utilizing enhanced BD current mirror, the proposed circuit offers high linearity of I,
versus I, and I, with extremely low current offset whose value is less than 0.05 pA. The DC
curves I, versus I, for various values of I, are shown in Fig. 3.61, whereas the current I, vary
from -3 pA to 3 pA with a step of 1 pA. The frequency responses of the current gains 1, /I,
and I,./l, are shown in Fig. 3.62. The current gains are unity at low frequencies. The cutoff
frequencies of these gains are 2.4 MHz and 5.15 MHz of 1,,¢/I, and I,.¢/1p, respectively.

The frequency dependence of the parasitic impedance of the z terminal is shown in
Fig. 3.63. The impedance of z terminal is very high about 2.67 MQ at low frequencies.

The DC curve V,, versus V, is shown in Fig. 3.64. Besides, the voltage error is
depicted. The high linearity and the wide range operation can be observed. Furthermore, in
the range from 0.04 V to 0.58 V, the voltage error is less than 1 mV. The frequency response
of the voltage gain V,/V; is clarified in Fig. 3.65. The AC simulation is performed using
capacitive load of 1pF. The cutoff frequency is 11.18 MHz with unity gain at low frequencies.
The frequency response of the parasitic impedance of w terminal is depicted in Fig. 3.66. The
value of this impedance at low frequencies is 1 kQ.

The simulation results of the multi—function current mode biquad filter shown in
Fig. 3.59 are depicted in Fig. 3.67, Fig. 3.68 and Fig. 3.69. The three ZC—CC-CDBAs are
biased by Ig; = Ig2 = Igzg = 1 HA. The components of the filter are C; = 5 nF and C, = 10 nF.
That yields the pole frequency of 950 Hz, while the calculated pole frequency from (3.55) is
1 kHz. Thus the deviation is 5.2%. This error comes from the non-ideal parasitic properties of
the ZC-CC-CDBA. The frequency responses of the current gains of the filter shown in Fig.
3.59 are presented in Fig. 3.67 for Rjpag = 1 Q. It is obvious that this filter can provide low
pass, band pass and high pass functions simultaneously, without any change in the circuit
topology. The band pass gain responses for various values of Ig; are depicted in Fig. 3.68. It
can be observed that by adjusting the Ry value via lgi, the quality factor can be tuned
independent from the pole frequency as it was clarified in (3.55) and (3.56).
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Moreover, Fig. 3.69 depicts the band pass filter gain responses for (Ig1 = lg2 = lIg3=0.5
MA, 1 A and 1.5 pA), it is noticeable that the pole frequency can be adjusted without
affecting the quality factor as it was described in (3.55) and (3.56).

Tab. 3.19. The transistors aspect ratios of the circuit Tab. 3.20. The most important characteristics of the

shown in Fig. 3.57. circuit in Fig. 3.57.
Transistor W/L [um/pm] Parameter Value
Mp1, Mpz, Mpz, Mpa, Mps, Mys 15/1.5 Voltage supply, bias current 0.65V, 3 A
Mg, M1o, Myg 80/3 Power consumption for lyi;s=3 HA 17 pw
M; 3/0.3 3 dB bandwidth of 1,,¢/1p, 1,,/1, 5.15 MHz, 2.4 MHz
M- 8/0.3 Current offset <50 nA
My, M, 40/2 Current gains I, ,¢/1,, 1,2/1n 11
Ms, Mg, My 40/3 3 dB bandwidth of V,/V, 11.18 MHz
Mg, Mg 80/1 Voltage gain V,/V, 1
M;s 20/3 Voltage offset <lmV
Mis, My 30/3 Resistance of terminal Z 2.67 MQ
Mg 15/3 Resistance of terminal w 1 kQ
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Fig. 3.60. DC curves 1,, I, versus I, and I, Fig. 3.61. DC curves I,, I,c versus I, for various
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Fig. 3.62. Frequency responses of the current Fig. 3.63. Frequency response of the parasitic
gains I, .o/, 1o/l impedances of z and zc terminals.
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Fig. 3.68. The response of the band pass filter Fig. 3.69. The response of the band pass filter
for different Ig; values. for different values of Ig;, Ig and lgs.

3.6. CURRENT FEEDBACK OPERATIONAL AMPLIFIER (CFOA)

The current feedback operational amplifier (CFOA) is a one of the most important and
versatile active building blocks for realizing analog signal processing circuits. The CFOA has
the second—generation current conveyor as an input stage and is followed by voltage follower
as an output stage. This property makes it suitable for realizing both voltage—-mode and
current—-mode analog signal processing circuits. Compared with voltage—-mode operational
amplifier, this device exhibits higher speed and better bandwidth. As a result, many CFOA-
based circuits have been proposed such as filters, oscillators, gyrators and floating
immittances; see, for example, [95-100].
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The circuit symbol of conventional CFOA is shown in Fig. 3.70. The relationships of
the terminals of ideal CFOA can be described as:

1LY (0 0 0 0)V,
V,| |1 00 0|1
L lo1 o0 o|fv,]| (3.57)
v,) lo o1 o)1

o o)

where y and x are the input terminals whereas z and o are the output terminals. For the ideal
CFOA, the impedance level of the x and o are zero whereas the y and z terminals have infinite
impedances. From (3.57), the relation of x, y and z terminals are properties of second
generation current conveyor whereas the realization between z and o is the voltage follower.

Fig. 3.70. Circuit symbol of CFOA.

3.6.1. Floating—gate differential difference current feedback operational
amplifier (FG-DD-CFOA)

There are several CFOAs introduced in open literature [40], [47], [101-104].
Unfortunately, these CFOAs do not meet the needs of low voltage (LV) supply and low—
power (LP) consumption applications.

A new LV supply and LP consumption CFOA using floating—gate technique is
proposed here. The floating—gate (FG) technique is used to provide a low-voltage supply. By
the use of floating—gate technique, differential difference voltage of CFOA can be easily
obtained and hence the name floating—gate differential difference CFOA (FG-DDCFOA).
Unlike the previous CFOA, the arithmetic operation capability of voltage signals of the
proposed circuit can be obtained. The proposed building—block is designed using 0.18 pum
CMOS technology. The supply voltage of a 0.8 V can be used. Simulation results show that
the power consumption of the proposed CFOA is 20 uW. Thus, the circuit can be used in
ultra—low—power applications such as bioelectronics, biosensor and biomedical system. The
proposed CFOA is used to realize LV LP universal filter as an example application as will be
shown shortly.

The proposed FG-DDCFOA is shown in Fig. 3.71. It consists of two pasts
(differential difference current conveyor (DDCC) and voltage follower (VF)). The DDCC is
consisted of My to My, whereas the voltage follower is consisted of M5 to Mys. Transistors
MM, and M1s5—Mi¢ perform two differential amplifiers for DDCC and VF, respectively. The
differential input stages are the FG flipped voltage follower. Transistors M4, M7, Mg, Mg,
Mig and My, act as a multiple output current mirror for applying the constant current source
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Inias to each branch of the output stages. The power consumption of the proposed circuit can
be controlled appropriately by setting lpias and Vpp. Transistors M3 and My act as tail current
source for the first (M1, My) and second (M1s, Myg) differential input stages, respectively. The
output stage of differential input stage is created by cascoding transistors Mg and My, My; and
Mi3. These cascode transistors are used to support that the unity voltage transfer function
between x and y terminal will be obtained. On the other hand, the cascode transistors Mo and
Mg, M1, and My, create the output stage for the DDCFOA at the output z. Also the use of
cascode technique makes the proposed circuit provides a high resistance value for z terminal.
The second part of the proposed circuit is a voltage follower that consists of M5 to M;; and
Mo to Mas which is constructed from the input stage of differential difference current
conveyor (DDCC) in order to realize the required voltage following between terminals z
and o. Compared with previously CFOAs, the proposed circuit has the DDCC as an input
stage and is followed by a voltage follower as an output stage. This device has all the good
properties of the DDCC, such as high—input impedance, employs fewer active and passive
components and easy implementation of arithmetic operation of voltage signals.

M%W@ﬁ@”‘s M7%’T‘ " '\lggEhl_‘EhMm Ralkis

Mo Vss
T_{ M21
] MMQEW | L voo Ly
lia® 1T“|<—|_Dj_>|j Mo Vss ™ ”‘:ﬂ;J—’:’“ 0
. yl[‘ ’:]yz :”\_/I_{l: Mys Mg Vl_‘ VL,
4”2? M3 F}—l—{ —|Ej M7 _| M
Mg
Vss

Fig. 3.71. Proposed FG-DDCFOA.

The circuit symbol of the conventional DDCFOA and the proposed FG-DDCFOA are
shown in Fig. 3. 72 (a) and (b), respectively.

?

Vem

Ix
S
o=

Vxl

Fig. 3.72. Symbol of: conventional DDCFOA (a) DDCFOA and (b) proposed FG-DDCFOA.
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3.6.1.1 FG-DDCFOA-based universal filter

The proposed FG-DDCFOA is used to realize voltage—mode universal filter as an
example application. The circuit is shown in Fig. 3.73. This filter employs two FG-
DDCFOAs, two grounded capacitors and two grounded resistors. Using (3.57), the output
signals Vo1, Vor and Vo3 of Fig. 3.73 can be obtained as:

1 1
S| >~ Vim+| 5o ~~ Min2
Vo RiCy RiRGCo
oL =

D(S) , (3.58)
L NI B VAR R SV
Voo RiC; RIR:CiCy ) "2 (RIRGCy ) ™
02~ D(S) : (3.59)
82Vinl + (SRlcjvinZ
Vog = — 3.60)
03 D(S) , ( .
1 1
where D(s)=s%+s——+ (3.61)

It is clear from (3.58)—(3.60), the filtering functions can be obtained by appropriately
connecting the input and the output terminals. As an example, the BPF, LPF and HPF can be
obtained, respectively, as:

e BPF: Vini = Vin, Vinz= Vem and Vo = Vour.

e LPF: Vint = Vin, Vi = Vem and Voz = Vout.

e HPF: Vin1 = Vin, Vinz = Vem and Voz = Vout.
It should be noted that these filtering functions are obtained with high—input and some
low—output impedances. For achieve five standard filtering functions, an additional FG—
DDCFOA is needed. This is the advantage of this active building block that provides the

arithmetic operation capability of voltage signals. The natural frequency (@) and the quality
factor (Q) can be given by

1
W, = ——— (3.62)
C1C2 R1R2
RiCq
= 3.63
Q R,Cy ( )

From (3.62) and (3.63), the parameter Q can be given by setting the ratio of C,/C; and
parameter @, can be controlled by setting resistors R; and Ry, simultaneously, while keeping
the ratio of C;/C; constant.
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Fig. 3.73. FG-DDCFOA-based universal filter.

3.6.1.2 Simulation results

The proposed FG-DDCFOA was simulated using a 0.18 pm TSMC N-well CMOS
process. The transistor aspect ratios of Fig. 3.71 were listed in Tab. 3.21. All resistances were
100 GQ and all capacitances were 200 fF for floating—gate MOSTs M; M,, M35 and Myg, The
supply voltages were 0.8 V (Vpp = 0.8 V and Vss = 0 V), the biasing current lnias and the
common-mode voltage Vcm were respectively taken as 0.2 pA and 0.4 V. The DC
characteristic of the proposed circuit was investigated by connecting x and z terminals with 50
kQ of resistance. Figs. 3.74, 3.75 and 3.76 show the V versus Vy, |, versus Vy; and V, versus
Vy1, respectively, when Vy, was changed in step (0.05 V) from -0.2 to 0.2 V. The other
performances of the proposed circuit were summarized as Tab. 3.22.

Tab. 3.21. Transistor aspect ratios for Fig. 3.71. Tab. 3.22. Summarized Performances of Proposed FG—

DDCFOA.
MOS transistors W/L(um/pm) Parameters Value
My, My, Mys, My 1/0.5 Technology 0.18 um
Ms, My 0.4/1 Supply voltage 08V
M, 6/1 Common-mode voltage (Vcm) 04V
Ms, Mg, Mg, Myg 3/1 DC voltage range -390 mV to 390 mV
M-, Mg, My 150/0.3 DC current range -8 uA to 8 uA
Ms, My, My, 100/2 —3dB bandwidth voltage follower
Mi1, M1z, My, 50/2 VadVy (Vy=Vy1=Vyo=Vys) <19 MHz
Mys, Mg, My 8/0.3 VolV: <32 MHz
—3dB bandwidth current follower <19 MHz
Ry, Rya, Rys, Cyy, Cya, Cyg 99 GQ, 200 fF
Rw Lx 577 Q,1 mH
R. C; 9.2 MQ, 0.27 pF
Ro, Lo 1.28 kQ2, 0.91 mH
Power dissipation 20 pW
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The universal filter in Fig. 3.73 was also simulated. The proposed FG-DDCFOA in
Fig. 3.71 was used. As an example design, C; = C, = 50 pF and R; = R, = 330 kQ were
given. This setting has been designed to obtain the BPF, LPF and HPF responses with
fo = 10 kHz and Q = 1. The simulation result for the BPF, LPF, and HPF characteristics is
shown in Fig. 3.77. For these results the power consumption of only 40.6 uW was obtained.
In order to test the input dynamic range of the filter, the simulation has been repeated for a
sinusoidal input signal at f, = 10 kHz. Fig. 3.78 shows that the input dynamic range of the
BPF response extends up to amplitude of 130 mV (peak—to—peak) without signification
distortion. The total harmonic distortion (THD) is about 1.1 % from this figure.
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Fig. 3.78. The input and output waveforms of the BPF response for a 10 kHz sinusoidal input voltage of
130 mV (peak-to—peak).

3.7. SUB-CONCLUSION

In this chapter, new designs of active elements were designed by utilizing low—voltage
low—power techniques. CMOS internal structure with simulation plots were proposed to
verify the behavior of the presented LV LP circuits.
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In paragraph 3.1, two operational transconductance amplifiers (OTAS) were presented.
The first OTA was designed utilizing bulk—driven quasi—floating—gate (BD QFG) MOSTs and
was verified by implementing a diode—less rectifier based on it. Whereas the second Ota was
designed using floating—gate (FG) MOSTs and was verified by implementing an active
element voltage differencing transconductance amplifier (VDTA), as well as low—pass and
band—pass filters, based on it.

In paragraph 3.2, the well-known second generation current conveyor (CCII) was
designed using bulk—driven (BD) MOSTs. The BD-CCII was confirmed by proposing
conductance simulations based on it.

In paragraph 3.3, two fully—differential CClls (FD—CCIIs) were proposed. The first
FD—CCII was proposed utilizing BD MOSTSs. The proposed BD FD—CCII then was verified
by realizing universal filter based on it. The second FD—CCII was designed using BD QFG
MOSTs and was confirmed by applying a universal filter based on it.

In paragraph 3.4, a fully—balanced differential difference amplifier (FB-DDA) was
proposed. BD QFG MOSTSs were used to implement the circuit. Then a band—pass filter based
on it was designed to confirm the functionality of the proposed BD—QFG FB-DDA.

In paragraph 3.5, a z—copy current—controlled current differencing buffered amplifier
(ZC CC CDBA) was designed using BD MOSTSs, then a universal filter was proposed based
on it.

In paragraph 3.6, a differential difference current feedback operational amplifier (DD
CFOA) was designed using FG MOSTs and a universal filter based on it was realized to
confirm its functionality.

All active elements and application examples have been confirmed by PSpice simulator
using the 0.18 um TSMC CMOS parameters [41].

References

[1] Deliyannis, T., Sun, Y., Fidler, J.K. Continuous—Time Active Filter Design. CRC Press, USA, 1999.

[2] A. A El-Adawy, A. M. Soliman, H. O. Elwan, “A novel fully differential current conveyor and applications
for analog VLSI,” IEEE Transactions on Circuits and Systems—II, vol. 47, pp. 306-313, 2000.

[3] C.-M. Chang, B. M. Al-Hashimi, C.—L. Wang, C.—W. Hung, “Single fully differential current conveyor
biquad filters,” IEE Proceedings—Circuits, Devices and Systems, vol. 150, pp. 394-398, 2003.

[4] C.—M. Chang, H.—P. Chen, “Single FDCCllI-based tunable universal voltage—mode filter,” Circuits, Systems
and Signal Processing, vol. 24, pp. 221-227, 2005.

[5] J-W. Horng, C.—L. Hou, C.—M. Chang, H.—P. Chou, C.—T. Lin, Y.—H. Wen, “Quadrature oscillators with
grounded capacitors and resistors using FDCClIs,” ETRI Journal, vol. 28, pp. 486—494, 2006.

[6] C.-M. Chang, A. M. Soliman, M. N. S. Swamy, “Analytical synthesis of low—sensitivity high—order
voltage—-mode DDCC and FDCCIl-grounded R and C all-pass filter structures,” IEEE Transactions on
Circuits and Systems—I, vol. 54, pp. 1430-1443, 2007.

[7] H.—P. Chen, “Single FDCCII-based universal voltage—mode filter,” International Journal of Electronics and
Communications, vol. 63, pp. 713-719, 2009.

[8] C.—N. Lee, C.—M. Chang, “Single FDCCII-based mixed—mode biquad filter with eight outputs,”
International Journal of Electronics and Communications, vol. 63, pp. 736—742, 2009.

[9] H.—P. Chen, “Versatile multifunction universal voltage—mode biquadratic filter,” International Journal of
Electronics and Communications, vol. 64, pp. 983-987, 2010.

124



[10]F. Kacar, A. Yesil, “Voltage mode universal filter employing single FDCCII,” Analog Integrated Circuits
and Signal Processing, vol. 63, pp. 137-142, 2011.

[11] S. Maheshwari, J. Mohan, D. S. Chauhan, “Novel cascadable all-pass/notch filters using a single FDCCII
and grounded capacitors,” Circuits, Systems, and Signal Processing, vol. 30, pp. 643—-654, 2011.

[12]F. Kacar, A. Yesil, “FDCCII-based electronically tunable voltage—mode biquad filter,” International Journal
of Circuit Theory and Applications, vol. 40, pp. 377-383, 2012.

[13]R. Fani, E. Farshidi, “A FG-MOS based fully differential current controlled conveyor and its applications,”
Circuits, Systems, and Signal Processing, vol. 32, pp. 993-1011, 2013.

[14]B. J. Blalock, P. E. Allen, G. A. Rincon—Mora, “Designing 1-V opamps using standard digital CMOS
technology,” IEEE Transactions on Circuits and Systems—II: Analog and Digital Processing, vol. 45, pp.
769-780, 1998.

[15] M. Bhusan, R. W. Newcomb, “Grounding of capacitors in integrated circuits,” Electronics Letters, vol. 3,
pp. 148-149, 1967.

[16]J. Peyton and V. Walsh, Analog electronics with op amps: a source book of practical circuits, Cambridge
University Press, New York, 1993.

[17]R. G. Irvine, Operational amplifier characteristics and applications. Prentice Hall International, New Jersey,
1994.

[18]Z. Wang, “Full-wave precision rectification that is performed in current domain and very suitable for
CMOS implementation,” IEEE Transactions on Circuit and Systems—I, vol. 39, pp. 456-462, 1992.

[19]S. J. G. Gift, “A high—performance full-wave rectifier circuit,” International Journal of Electronics, vol. 89,
pp. 467-476, 2000.

[20]P.R. Gray and R.G. Meyer, Analysis and Design of Analog Integrated Circuits. New York: Wiley, 1984.

[21] K. Yamamoto, S. Fujii, and K. Matsuoka, "A single chip FSK modem," IEEE Journal of Solid—Stafe
Circuits, vol. SC-19, pp. 855-860, Dec. 1984.

[22] C. Toumazou, F. J. Lidgey, and S. Chattong, “High frequency current conveyor precision full-wave
rectifier,” Electronics Letters, vol. 30, pp. 745746, 1994.

[23] A. Khan, M. Abou EI-Ela, and M. A. Al-Turaigi, “Current-mode precision rectification,” International
Journal of Electronics, vol. 79, pp. 853-859, 1995.

[24]K. Hayatleh, S. Porta and F. J. Lidgey, “Temperature Independent Current Conveyor Precision Rectifier,”
Elec— tronics Letters, Vol. 30, No. 25, 1995, pp. 2091-2093.

[25]Z. Wang, "W-wave precision rectification that is performedin current domain and very suitable for CMOS
implementation,” IEEE Transactions of Circuits and Systems — Pari I, vol. 39, no. 6, pp. 456-462, June
1992,

[26] W. Surakumpontorn, K. Anuntahirunrat, V. Riewruja, “Sinusoidal Frequency Doubler and Full-Wave
Rectifier Using Translinear Current Conveyor,” Electronics Letters, vol. 34, no. 22, pp. 2077-2079, 1998.

[27] A. Monpapassorn, K. Dejhan, and F. Cheevasuvit, “CMOS dual output current mode half-wave rectifier,”
International Journal of Electronics, vol. 88, pp. 1073-1084, 2001.

[28] M. Kumngern and K. Dejhan, “Current conveyor—based versatile precision rectifier,” WSEAS Transactions
on Circuits and Systems, vol. 7, pp. 1070-1079, 2008.

[29]E. Yuce, S. Minaei, O. Cicekoglu, “Full-Wave Rectifier Realization Using Only Two CCI1+S and NMOS
Transistors,” International Journal of Electronics, vol. 93, no. 8, pp. 533-541, 2006.

[30] A. Monpapassorn, K. Dejhan, F. Cheevasuvit, “A Full- Wave Rectifier Using a Current Conveyor and
Current Mirrors,” International J. of Electronics, vol. 88, no. 7, pp. 751-758, 2001.

[31]P. D. Walker and M. M. Green, “CMOS half-wave and full-wave precision voltage rectification circuits,”
in Proc. 38th Midwest Symp. Circuits Syst., vol. 2, Rio de Janeiro, Brazil, Aug. 13-16, 1995, pp. 901-904.

[32] V. Riewruja and R. Guntapong, “A low—Vvoltage wide—band CMQOS precision full-wave rectifier,”
International Journal of Electronics, vol. 89, pp. 467-476, 2002.

[33] M. Kumngern and K. Dejhan, “High frequency and high precision CMOS full-wave rectifier,” International
Journal of Electronics, vol. 93, pp. 185-199, 2006.

[34] M. Kumngern, P. Saengthong and S. Junnapiya, “DDCC-based full-wave rectifier,” in Proceeding of The
5th International Colloquium on Signal Processing and its Applications (CSPA 2009), Kuala Lumpuir,
Malaysia, March 6-8, 2009.

[35] M. Kumngern, B. Knobnob, and K. Dejhan, “High frequency and high precision CMOS half—wave
rectifier,” Circuit System and Signal Processing, vol. 29, pp. 815-836, 2010.

[36] M. Kumngern, “CMOS precision full-wave rectifier using current conveyor,” in Proceeding of 2010 IEEE
International Conference on Electron Devices and Solid—State Circuits (EDSSC'10), Hong Kong, December
15-17, 2010.

[37]A. Virattiya, B. Knobnob and M. Kumngem, "CMOS precision full-wave and half-wave rectifier," IEEE
Int. Conf. on Computer Science and Automation Engineering (CSAE), pp. 556-559, 2011.

125



[38] Mitwong, H.; Kasemsuwan, V. "A 0.5 V quasi—floating gate self-cascode DTMOS current—-mode precision
full-wave rectifier”, 9th International Conference on Electrical Engineering/Electronics, Computer,
Telecommunications and Information Technology (ECTI-CON), 2012, PP. 1-4, 16-18 May 2012.

[39] M. Kumngern, “Precision Full-Wave Rectifier Using Two DDCCs,” Circuits and Systems, vol. 2, pp. 127—
132, 2011.

[40]E. Yuce, S. Minaei, “A modified CFOA and its applications to simulated inductors, capacitance multipliers,
and analog filters,” IEEE Transactions on Circuits and Systems-I, vol. 55, pp. 266-275, 2008.

[41] Wafer Electrical Test Data and SPICE Model Parameters. Available online:
“http://www.mosis.com/pages/Technical/Testdata/tsmc—-018—prm”

[42] Khateb, F.; Bay Abo Dabbous, S.; Vlassis, S. A Survey of Non—conventional Techniques for Low—voltage
Low- power Analog Circuit Design. Radioengineering, 2013, vol. 2013 (22), no. 2, IF: 0. 687, pp. 415-427.

[43] A. Sedra, K. C. Smith. The current conveyor — A new circuit building basic block. IEEE Proceedings. no.
56; 1968; pp. 1368-1369.

[44] A. S. Sedra, G. W. Roberts. “Current conveyor theory and practice”. In Analogue IC design: The current
mode approach. Peter Peregrinus 1990.

[45] A. Sedra, K. C. Smith. A second generation current conveyor and its applications. IEEE Transactions on
Circuit Theory. CT-17; 1970; pp. 132-134.

[46] F. Khateb, D. Biolek, “Bulk—driven current differencing transconductance amplifier,” Circuits, Systems, and
Signal Processing, vol. 30, pp. 1071-1089, 2011.

[47]1S. A. Mahmoud, A. H. Madian, A. M. Soliman, “Low-voltage CMOS current feedback operational
amplifier and its application,” ETRI Journal, vol. 29, pp. 212-218, 2007.

[48]S.—C. Huang, M. Ismail, and S. R. Zarabadi, “A wide range differential difference amplifier: a basic block
for analog signal processing in MOS technology,” IEEE Trans. Circuits Syst. — 11, vol. 40, pp. 289-301,
May 1993.

[49]S.—C. Huang and M. Ismail, “Linear tunable COMFET transconductor,” Electron. Lett., vol. 29, pp. 459-
461, March 1993.

[50] A. D. L. Plaza and P. Morlon, “Power—supply rejection in differential switched—capacitor filters,” IEEE J.
Solid-state Circuits, vol. SC-19, pp. 912-918, Dec. 1984.

[51] M. Ismail, S.—C. Huang, and S. Sakurai, “Continuous— Time Signal Processing,” in Analog VLSI: Signal
and Information Processing (M. Ismail and T. Fiez, eds.), ch. 3, New York: McGraw Hill, 1994.

[52] E. Sackinger and W. Guggenbuhl, “A versatile building block: the CMOS differential difference amplifier,”
IEEE J. Solid—State Circuits, vol. SC-22, pp. 287-294, Apr. 1987.

[53]S. R. Zarabadi, F. Larsen, and M. Ismail, “A reconfigurable CMOS op—amp/differential difference amplifier
architecture,” IEEE Trans. Circuits Syst. I, vol. 39, pp. 484-487, June 1992.

[54]S.—C. Huang and M. Ismail “A CMOS Differential Difference Amplifier with Rail-to—Rail Fully—
Differential Outputs,” Proceedings of the 37th Midwest Symposium on Circuits and Systems, vol. 2, pp.
780-781, 1994,

[55]Z. Czarnul, S. Takagi, and N. Fujii, “Common—mode feedback circuit with differential-difference
amplifier,” IEEE Trans. Circuits Syst. I, vol. 41, pp. 243-246, Mar. 1994,

[56]J. F. Duque—Carrillo, G. Torelli, R. Perez—Aloe, J. M. Valverde, and F. Maloberti, “Fully differential basic
building blocks based on fully differential difference amplifiers with unity—gain difference feedback,” IEEE
Trans. Circuits Syst. I, vol. 42, pp. 190-192, Mar. 1995.

[57]1H. Alzaher and M. Ismail “A CMOS fully balanced differential difference amplifier and its applications, ”
IEEE Transactions on Circuits and Systems Il Analog and Digital Signal Processing, vol. 48, no. 6, 2001.

[58]O. Alminde, U. Gatti, V. Liberal, F. Maloberti, and P. O’Leary, “An integrated CMOS telephone line
adaptor,” J. Analog Integrated Circuits Signal Processing, vol. 2, pp. 71-78, Apr. 1992.

[59]Z. Czarnul and T. Uda, “A new concept of differential-difference amplifier and its applications examples
for mixed analog/digital VLSI systems,” IEICE Trans. Fundamentals, vol. E78-A, pp. 314-321, Mar. 1995.

[60]S. T. Dupuie, S. Bibyk, and M. Ismail, “A novel all-MOS high—speed continuous—time filter,” in Proc.
IEEE Int. Symp. Circuits and Systems (ISCAS), May 1989, pp. 675-680.

[61] T. Kwan and K. Martin, “An adaptive analog continuous—time CMOS biquadratic filter,” IEEE J. Solid—
State Circuits, vol. 26, pp. 859-867, June 1991.

[62] M. Ismail and J. Prigeon, “A novel technique for designing continuous time filters in MOS technology,” in
Proc. IEEE ISCAS, pp. 1665-1668, June 1988.

[63] A. Delaplaza, P. Morlon, Power—Supply Rejection in Differential Switched—Capacitor Filters, IEEE Journal
of solid-state circuits, 1984, vol. 19, p. 912-918, DOI: 10.1109/JSSC.1984.1052245.

[64] M. Banu, JM. Khoury, Y. Tsividis, Fully Differential Operational Amplifiers with Accurate Output
Balancing, Source: IEEE Journal of solid—state circuits, 1988, vol. 23, p. 1410-1414, DOI:
10.1109/4.90039.

126


http://www.mosis.com/pages/Technical/Testdata/tsmc-018-prm

[65]H. Alzaher, M. Ismail, A CMOS fully balanced differential difference amplifier and its applications, IEEE
Transaction on circuits and systems 11— analog and digital signal processing, 2001, vol. 48, p. 614-620,
DOI: 10.1109/82.943332.

[66]J. F. Dugue—Canillo, G. Torelli, R. Perez—Aloe. J. M. Valverde, F. Maloberti, Fully Differential Basic
Building Blocks Based on Fully Differential Difference Amplifiers with Unity—Gain Difference Feedback,
IEEE Transaction on circuits and systems I-fundamental theory and applications, 1995, vol. 42, p. 190-192,
DOI: 10.1109/81.376865 .

[67]C. Francesco, S. Andrea, T. Alessandro, An improved common-mode feedback loop for the differential—
difference amplifier, Analog integrated circuits and signal processing, 2013, vol. 74, p. 33-48, DOI:
10.1007/s10470-012-9961-1.

[68]G. T. Ong, P. K. Chan, A Micropower Gate—Bulk Driven Differential Difference Amplifier with Folded
Telescopic Cascode Topology for Sensor Applications, 53rd IEEE International Midwest Symposium on
Circuits and Systems (MWSCAS), 2010, p. 193 — 196.

[69] S-C. Huang, M. Ismail, A CMOS Differential Difference Amplifier with Rail-to—Rail Fully—Differential
Outputs, Proceedings of the 37th Midwest Symposium on Circuits and Systems, 1994, p. 780 — 781.

[70]P.K. Chan, K.A. Ng, X.L. Zhang, A CMOS Chopper—Stabilized Differential Difference Amplifier for
Biomedical Integrated Circuits, The 47th Midwest Symposium on Circuits and Systems, 2004, p. iii — 33-6.

[71]E. Rodriguez—Villegas, Low Power and Low Voltage Circuit Design with the FGMOS Transistor; London,
U.K.: The Institution of Engineering and Technology, 2006, ch. 2.

[72] Ferri, G., Errini, N.C. Low—Voltage Low—Power CMOS Current Conveyors. Kluwer Academic Publishers.
2003, ch. 1V, pp.120.

[73] Chang, C. M. New multifunction OTA-C biquads. IEEE Transactions on Circuits and Systems I1. 1999, vol.
46, no. 6, pp. 820-824.

[74]F. Khateb, J. Vavra, D. Biolek, A Novel Current—-Mode, Full-wave rectifier based on one CDTA and two
diodes, Radioengineering (2010) 437-445.

[75]ACAR, C., 0ZOGUZ, S. A new versatile building block: current differencing buffered amplifier.
Microelectronics Journal, 1999, vol. 30, p. 157-160.

[76] M. Sagbas, and M. Koksal, “A new multi-mode multifunction filter using CDBA,” The 2005 European
Conf. on Circuit Theory and Design, Cork, Ireland, 2005, pp. 225-228.

[77]1A. U. Keskin, and E. Hancioglu, “Current-mode multifunction filter using two CDBAs,” International J. of
Electronics and Communications (AEU) 2005, vol. 59, no. 8, pp. 495-498.

[78] A. U. Keskin “Multifunction biquad using single CDBA,” Electrical Engineering 2006, vol. 88, no. 5, pp.
353-356. doi: 10.1007/s00202-004-0289-4.

[79]A. U. Keskin,“Voltage mode notch filters using single CDBA,” Frequenz 2005,vol. 59, no. 9-10, pp. 225-
228.

[80] A. U. Keskin,“Voltage-mode high-Q band-pass filters and oscillators employing single CDBA and
minimum number of components,” International J. of Electronics 2005, vol. 92, no. 8, pp. 479-487.
doi: 10.1080/00207210500168626.

[81] W. Tangsrirat, T. Pukkalanum, and W. Surakampontorn, “CDBA-based universal biquad filter and
quadrature oscillator,” Active and Passive Electronic Components 2008, Article ID 247171, 6. doi:
10.1155/2008/247171.

[82] S. Maheshwari, and 1. A. Khan, “Novel voltage-mode universal filter using only two CDBAs,” J. Circuits,
Systems and Computers, vol. 14, no. 1, pp. 159-164, 2005.

[83] W. Tangsrirat, and S. Pisitchalermpong, “CDBA-based quadrature sinusoidal oscillator,” Frequenz, vol. 61,
no. 3-4, pp.102-104, 2007.

[84] M. Koksal, and M. Sagbas, “A versatile signal flow graph realization of general transfer function by using
CDBA,” International J. of Electronics and Communications (AEU), vol. 61, pp. 35-42. doi:
10.1016/j.aeue.2006.02.003.

[85] M. Koksal, and M. Sagbas, “A versatile signal flow graph realization of general transfer function by using
CDBA,” International J. of Electronics and Communications (AEU), vol. 61, pp. 35-42. doi:
10.1016/j.aeue.2006.02.003.

[86] A. U. Keskin, C. Aydin, E. Hancioglu, and C. Acar, “Quadrature oscillator using current differencing
buffered amplifiers (CDBA),” Frequenz, vol. 60, pp. 57-60, 2006.

[87]J.-W. Horng, “Current differencing buffered amplifiers based single resistance controlled quadrature
oscillator employing grounded capacitors,” IEICE Transactions on Fundamentals, vol. E85-A, pp. 1416-
1419, 2002.

[88] W. Tangsrirat, and W. Surakampontorn,“Electronically tunable quadrature oscillator using current-
controlled current differencing buffered amplifiers,” J. of Active and Passive Electronic Devices, vol. 4, pp.
163-174, 20009.

127



[89] W. Jaikla, p. Silapan, and M. Siripruchyanun, “A simple quadrature oscillator using only CCCDBAs and
grounded capacitors,” communications and information technologies, 2007. ISCIT 07, pp. 234-237.

[90]F. Khateb, W. Jaikla, D. Kubanek, and N. Khateb, “Electronically tunable voltage-mode quadrature
oscillator based on high performance CCCDBA,” Analog Integrated Circuits and Signal Processing, vol.
74, pp. 499-505, 2013.

[91] MAHESHWARI, S., KHAN, I.A. Current-controlled current differencing buffered amplier: implementation
and applications. Active and Passive Electron Components, 2004, vol. 27, p. 219-227.

[92] R. G. Carvajal, J. Ramirez-Angulo, A. J. Lopez-Martin, A. Torralba, J. A. G. Galan, A. Carlosena, and F. M.
Chavero, “The Flipped Voltage Follower: A useful cell for low-voltage low-power circuit design,” IEEE
Trans. Circuits and Systems-I: Regular Papers, vol. 52, no. 7, pp. 1276 - 1291, 2005.

[93] F. Khateb, D. Biolek, N. Nabhan, and J. Vavra, “Utilizing the bulk-driven technique in analog circuit
design,” IEEE 13th International Symposium on Design and Diagnostics of Electronic Circuits and Systems,
pp. 16-19, 2010.

[94] M. Siripruchyanun, and W. Jaikla, “Current-mode biquadratic filter using DO-CCCDBAs,” International J.
of Circuit Theory and Applications, vol. 38, no. 3, pp. 321-330, 2010.

[95]M. T. Abuelma’atti, S. M. Al-Shahrani, “Novel CFOA-based sinusoidal oscillators ,” International Journal
of Electronics, vol. 85, pp. 437-441, 1998.

[96] A. K. Singh, R. Senani, “Active-R design using CFOA-poles: new resonators, filters, and oscillators,” IEEE
Transactions on Circuits and Systems-I1, vol. 48, pp. 504-511, 2001.

[97]J. Bayard, M. Ayachi, “OTA- or CFOA- based LC sinusoidal oscillators-analysis of the magnitude
stabilization phenomenon,” IEEE Transactions on Circuits and Systems-I, vol. 49, pp. 1231-1236, 2002.

[98] R. Mita, G. Palumbo, S. Pennisi, “Nonidealities of Tow-Thomas biquads using VOA- and CFOA-based
miller integrators,” IEEE Transactions on Circuits and Systems-Il, vol. 52, pp. 22-27, 2005.

[99]D. R. Bhaskar, R. Senani, “New CFOA-based single-element-controlled sinusoidal oscillators,” IEEE
Transactions on Instrumentation and Measurement, vol. 55, pp. 2014-2021, 2006.

[100] S. Nikoloudis, C. Psychalinos, “Multiple input single output universal biquad filter with current
feedback operational amplifiers,” Circuits Systems and Signal Processing, vol. 29, pp. 1167-1180, 2010.

[101] A. M. Ismail, A. M. Soliman, “Novel CMOS current feedback op-amp realization suitable for high
frequency applications,” IEEE Transactions on Circuits and Systems-I, vol. 47, pp. 918-921, 2000.

[102] G. Palumbo, S. Pennisi, “Current-feedback amplifiers versus voltage operational amplifiers,” IEEE
Transactions on Circuits and Systems-I, vol. 48, pp. 617-623, 2001.

[103] A. A. Tammam, K. Hayatleh, F. J. Lidgey, “Novel high performance current-feedback op-amp,” in
Proceedings of IEEE International Circuits and Systems, (ISCAS), 2002, U.S.A., pp. 1-705-1-708.

[104] S. A. Tammam, K. Hayatleh, B. Hart, F. J. Lidgey, “High performance current-feedback op-amps,” in
Proceedings of IEEE International Circuits and Systems, (ISCAS), 2004, Canada, pp. 1-825-1-828.

[105] Koziel, S., & Szczepanski, S. (2002). Design of highly linear tunable CMOS OTA for continuous
timefilters. IEEE Transactions on Circuits and Systems I1: Analog and Digital Signal Processing, 49(2),
110-122.

[106] Majumdar, D. (2004). Comparative study of low voltage OTA designs. Proceedings of 17th
International Conference on VLSI Design, pp. 47-51.

[107] Li, R., & Raut, R. (2003). A very wideband OTA-C filter in CMOS VLSI technology. Proceedings of
7th World Multicon- ference on Systemics, Cyberetics and Informatics, pp. 1-6.

[108] Zhang, L., Zhang, X., & EI-Masry, E. (2008). A highly linear bulk-driven CMOS OTA for continuous-
time filters. Analog Integrated Circuits and Signal Processing, 54(3), 229-236.

[109] V. K. Singh, R. Senani, “New multifunction active filter configuration employing current conveyors,”
Electronics Letters, vol. 26, pp. 1814-1816, 1990.

[110] W. Surakampontorn, V. Riewruja, K. Kumwachara, K. Dejhan, “Accurate CMOS-based current
conveyors,” IEEE Transactions on Instrumentation and Measurement, vol. 40, pp. 699-702, 1991.

[111] M. T. Abuelma'atti, M. H. Khan, “New sinusoidal oscillators employing the CCII internal pole,”
International Journal of Electronics, vol. 83, pp. 817-824, 1997.

[112] F. Khateb, N. Khatib, D. Kubanek, “Novel low-voltage low-power high-precision CCll+ based on bulk-
driven folded cascode OTA,” Microelectronics Journal, vol. 42, pp. 622-631, 2011.

[113] G. Raikos, S. Vlassis, C. Psychalinos, “0.5V bulk-driven analog building blocks,” International Journal
of Electronics and Communications, vol. 66, pp. 920-927, 2012.

[114] C. Toumazou, F. J. Lidgey, “Floating-impedance converters using current conveyors,” Electronics
Letters, vol. 21, pp. 640-642, 1985.

[115] M. C. Layos, 1. Haritantis, “On the derivation of current-mode floating inductors,” International Journal
of Circuit Theory and Appliactions, vol. 25, pp. 29-36, 1997.

[116] W. Kiranon, P. Pawarangkoon, “Floating inductance simulation based on current conveyors,”
Electronics Letters, vol. 33, pp. 1748-1749, 1997.

128



[117]  G. Ferri, N. Guerrini, “High-valued passive element simulation using low-voltage low-power current
conveyors for fully integrated applications,” IEEE Transactions on Circuits and Systems-11, vol. 48, pp. 405-
409, 2001.

129



4. CONCLUSION

The recent trend towards miniaturized circuits and portability of electronic equipment
has given a strong and decisive boost towards the design of low-voltage low—power analog
circuits. Without a doubt, operating at low voltage levels is one of the most critical issues
challenging analog circuit designers. Consequently, nowadays, it has become a trend that
catches eye of the designer. The difficulty of low voltage design consists of maintaining the
most important characteristics of circuit’s performance without altering it. Generally,
characteristics such as the linearity, the gain, the input common mode range, the dynamic
range, rail-to—rail operation, and other features have to be implemented to maximum in order
for circuit to be applicable and in such way desirable.

This dissertation thesis consists of four sections:

Section 1 is the introduction of the thesis, it illustrates why and where we need LV LP
analog circuits design.

Section 2 a state—of-the—art of developed technologies, conventional techniques and
non—conventional techniques could be implemented to obtain LV LP circuits is done.
Developed technologies used for LV LP IC design are: CMOS technology, BiCMOS
technology, SOI (Silicon On Insulator) technology and multi—gate transistors. Conventional
LV LP techniques include circuits with rail-to-rail operation range, MOSTs operating in
weak inversion region, level shifter technique and MOSTSs in self-cascode structure. Non—
conventional LV LP techniques include bulk—driven, floating—gate, quasi—floating—gate,
bulk—driven floating—gate and bulk—driven quasi—floating—gate approaches.

In section 3, circuits along with application examples are presented to demonstrate
their functionality as designed using LV LP techniques. Circuits include well-known active
elements such as Operational Transconductance Amplifier (OTA) and Second Generation
Current Conveyor (CCIl), and other active elements such as Voltage Differencing
Transconductance Amplifier (VDTA), Fully Differential Current Conveyor (FD CCII), Fully
Balanced Differential Difference Amplifier (FB DDA), Current Controlled Current
Differencing Buffered Amplifier (CC CDBA) and Differential Difference Current Feedback
Operational Amplifier (DD CFOA). Whereas application examples include diode—less
precision rectifier, inductance simulation, as well as low—pass, band-pass and universal
filters.

Finally in section 4 of the dissertation thesis, a conclusion is drawn.

However, as it turns out from the thesis, each low—voltage low—power technique has
its advantages and disadvantages as concluded in 2.2. The thesis focused on designing LV LP
circuits depending on both: LV LP techniques and LV LP building blocks. Utilizing LV LP
configurations connected in a way that makes voltage biasing requirements lower, such as
flipped voltage follower, is a suitable method in order to achieve LV LP capability. Thus,
combination of LV building blocks and LV techniques simultaneously gives an excellent
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solution to implement LV LP configurations and to overcome some of LV LP techniques’
drawbacks. By following this strategy, the voltage supply was reduced down to approximately
0.5-0.6 V and the power consumption was reduced down to less than 20 W almost in all
circuits. Moreover, all circuits were stable, had rail-to—rail operation, and were very suitable
for low—frequency applications such as biomedical applications.

The main goal of this thesis was to design and simulate novel CMOS structures of
basic building blocks and active elements so they can operate at very low power supply
voltage levels (average of 0.6 V) and consume very low power (average of 20 uW) for
0.18 um CMOS technology, extending common-mode dynamic range while preserving
other characteristics acceptable for many applications. With respect to above mentioned
discussions, it is declared that aims of this thesis were fulfilled.

Finally, in my opinion, the trade—off between the perfect performances and the optimal
biasing conditions is inevitable issue, but designers still have the opportunity to create LV
LP configurations with the top performance to its maximum.
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