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Abstract

A detailed introduction to published analogue circuit design techniques using Si and
Si/SiGe FET devices for very low power applications is presented in this review. The
topics discussed include subthreshold operation in FET devices, micro-current-
mirrors and cascode techniques, voltage level-shifting and class-AB operation, the
bulk-drive approach, the floating-gate method, micropower transconductance-

capacitance and log-domain filters and strained-channel FET technologies.



1. Introduction

This paper is intended to give the reader a broad overview of Si/SiGe FET device
based analogue micropower circuit design techniques and applications. The literature
survey carried out for this purpose includes work published from the late 1960’s, to
the present year, 2004. A discussion of subthreshold operation in FET devices is
followed by a detailed introduction to micro-current-mirrors and cascode techniques.
These are followed by a discussion on voltage level-shifting techniques and class-AB
operation. Reviews of the FET bulk-drive approach and floating-gate method then
precede micropower transconductance-capacitance and log-domain filters and the

paper concludes with an introduction to strained-channel FET technologies.

Micropower' circuit development began in the late 1960’s due to the advent of
electronic wrist watches. Development has continued to the extent that micropower
circuits are now commonly found at the core of portable battery operated systems, in
mobile telecommunication applications, in bio/medical devices and wherever there is
a need to operate from very low voltage sources, such as those generated by
electromagnetic fields and solar radiation [1]. An excellent historical account of the
development of the field is given by Eric Vittoz, an author of many publications on

the subject, in [2].

In analogue design, low power operation invariably means the use of low voltage

supply because power is a function of applied voltage and drawn current [3]. The

" The term used to define the sub-microwatt to sub-milliwatt range of operating power consumption

[1].



absolute limit to low power operation in analogue circuits is set by the requirement to
maintain the signal energy at a higher level than that of thermal energy, in order to
keep the signal to noise ratio, S/N, at a practical level. Hence, the minimum power
required is a function of S/N, as given by (1) [4]. In practice, it is difficult to achieve
the required S/N at micropower levels because S/N is proportional to frequency and

power [4].

P. =8fkT S/N 1

Where f'is the measured signal bandwidth.

High intensity noise produced by high power drain components elsewhere on-chip,
the lack of micropower capable models and even the psychologically induced fear of
designing for operation at microampere current levels, have all contributed to hinder

the development of the field [4].

The ongoing trend in CMOS device geometry reduction may be of benefit to digital
circuits but it offers little hope to analogue designers as noise, offset requirements, as
well as an increase in output conductance, caused by short channel lengths, mean that
the successful employment of sub-micron devices in analogue micropower
applications is not a simple task [5, 6]. As a consequence, there have been a number
of techniques developed to help design low voltage applications. These include the
use of surface-channel (SC) and buried-channel (BC) FETs operating in the sub-
threshold region, micro-current-mirror pairs, self-cascode arrangements, the floating-
gate technique, use of the bulk contact to drive transistors, class-AB output stages,

current-mode filter topologies and level shifting techniques. Various combinations of



these techniques have been applied to solve micropower design problems and so all of
these approaches are discussed below and suitable illustrative examples are given.

Circuits involving digital switching techniques, e.g. switched capacitor and switched
current configurations’, are not included as this overview is restricted to purely

analogue techniques.

2. Sub-Threshold Operation and Techniques

In an invertible layer FET device, the weak inversion region of operation begins when
the surface potential equals the Fermi potential, (2) [7], and strong inversion takes

place when y, = 2.

=y, = nk—Tln(&j 2
Ws !r//b q Nl
Where n, (3) [8, 9], is the sub-threshold slope factor that usually lies between 1.2 and

2 for a Si MOSFET device and is inversely proportional to temperature, [5, 7, 8].
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The drain current, Ipg, in the sub-threshold region is approximated by (4) [10, 11],

which dictates that current response is exponential and proportional to temperature.

2 For further information on switched micropower applications see [12,13,14,15]



This is confirmed by the logarithmic plot of Ips vs. Vs for a measured experimental

HMOSFET device shown in Figure 1 [16].

1, <KW Rk qVes = V1) ) 4
L q nkT

Where K’ is given by (5).
K'=uC,y -5

For completeness, it can be shown that operation in the linear region (V7 < Vpg <
Vpssar), the drain-source current is given by (6) and at saturation (Vps > Vpssar) by (7),

where saturation is defined as in (8)[17].

k'w n 2

I psiin = T(VGS -V - EVDSJ Vs> Vos = Vosw -6
k'w

1 DSsat — M(VGS - VT )2 (I+ ﬂ“VDS ), VDS 2 VDSsat -7
V..—V.

VDSsat == n L _8



The main constraints to low voltage design are the device’s threshold voltage and its
inherent noise, the former being dependant on fabrication technology. It follows that
process alterations aimed at reducing turn-on voltage, V7, would improve devices for
micropower use as V7 has a direct influence on signal-swing and dynamic range’ [9],
but these alterations alone cannot be relied upon because the noise margin reduces
proportionally, resulting in poor signal-to-noise ratios which complicate circuit design
considerably. Further drawbacks to be considered when designing for sub-threshold
operation are comparatively poor frequency response, the increasing effect of
substrate currents as Ips decreases and poor linearity [5].

On the plus side, low saturation voltages in this region (100mV to 200mV) mean that
larger voltage swings are possible for low Vps when compared with low Vg operation
for Vs >> V7. Current response within this region, being exponential in nature, is also
similar to that of bipolar junction transistors, with the transconductance, g, being the
maximum achievable for a given value of drain current [1], even though Ips is

invariably low, (9) [7].

qIDS
= —= A/V -9
&n = r (A/V)

The sub-threshold slope, S, with values ranging from 70mV to 100mV for good Si
FET devices, denotes the amount of /pg change per change in Vg in this region and is
a figure of merit often used to compare devices. The minimum value of S ensuring

weak inversion operation is approximated by (10). It has been observed that, for

3 Defined as the range of input signals for which the active circuit will respond according to

specifications [17].



buried channel devices, S increases with channel depth [18] and this hinders BC

device performance with respect to SC devices.

s> ID52 -10
K'U;

As an example of this, § = 200mV/Decade for the BC HMOSFET device measured
for Figure 1, in which the Si channel is buried at a depth of 25nm below the oxide.
However, strained BC device potential for micropower cannot be dismissed because
the strain in the BC and the removal of the carriers from the SiO, interface, results in
that, for a given gate bias, the transconductance increases more rapidly than is the

case for St MOSFETs and is always higher than in conventional FETs [19].

Early examples (1977) of an amplitude detector, oscillator, a band-pass filter, and a
current reference realised in MOSFET technology and designed to operate in weak
inversion with drain currents of as little as 1pA are given in [2]. A recent example of
a micropower voltage reference, employing MOSFETs in weak inversion, in which
the circuit measured response is 295mV £10mV over a range of temperature spanning
-40°C to 130°C at a total bias of 1.2V and 100nA, is given in [20]. The principle
behind this reference circuit is that the gate-source voltage of a weakly inverted
MOSFET decreases linearly with temperature, measured at around 1mV/°K, when
biased with a constant drain current. This dependency on temperature can be negated
by extracting a current that is dependant on Vs and this can then be used in a negative
feedback arrangement. Such fully compensated circuits are, however, quite complex,

e.g. [20] uses 10 FET devices and 6 passive devices, 3 of which are large area



resistors. A more compact current reference Figure 2 [21], which uses a mismatch in
threshold voltages between p-MOS mirrored devices to bias one of them into
saturation whilst maintaining the other in weak inversion, is of greater potential for
use in bio-implantable applications. This uses just 4 FET devices and no passive
components, thus trading circuit size and power consumption for operating

temperature range.

A basic CMOS differential amplifier, Figure 3Figure [7], designed for low current
operation, in which current mirrors, using gate lengths >10um to enhance matching,
reduce noise and increase gain, are used to bias and load the input pair. This amplifier
has a unity gain bandwidth®, as defined by (11), of 560 KHz, a slew rate’ of
~0.04V/uS and CMRR® ki, of 61dB when operated at a quiescent bias of 50pA. Also
included in the same paper is a cascode version of the amplifier, an arrangement
commonly used to increase input common mode voltage’ range, in which the current
mirrors used in the basic amplifier are replaced by common gate load devices to
enable operation to the supply rail, Figure 4 [7]. The performance of the cascode
arrangement, as reported, is far superior to that of the basic amplifier as it has a unity

gain-BW, £, of IMHz, a slew rate of 1.8V/uS and CMRR® 1kuz 0f 99dB.

* Definition of the bandwidth at which an amplifier’s open loop gain = 1.

> Definition of the time taken for an amplifier’s output to reach the level defined by its inputs (V/u S).

® Common Mode Rejection Ratio: The ratio of differential amplifier’s differential signal amplification
over common mode signal amplification. Usually specified at a given measurement frequency.

7 Input Common Mode Voltage Range, Vcy: defined as the range of swing of the input common mode

voltage.



g
= 2 Hz -11
S 2z C. (Hz)

Where Cc is the compensation capacitance used in the amplifier.

Weak inversion MOSFETs in combination with high-Q inductors have been used in
the design of radio frequency oscillators and mixers as this combination enables the
lowest operating power for RF front-end components. Colpits voltage controlled
oscillators, VCOs, and Gilbert cell based VCOs, using this combination and operating
between 400-900MHz, with total power consumption at around 300uW are reported
in [23, 24]. Low-frequency sub-threshold operated oscillators, in which the
oscillator’s frequency is proportional to current/capacitance, have the added benefit of
a reduction in required capacitance and hence require less layout area, so that greater
miniaturisation is possible, as is essential for biomedical applications like implantable

pacemakers [24].



3. Micro-Current-Mirrors and Cascodes

Few modern CMOS designs do not include some form of current-mirroring. The basic
circuit, Figure 5, in which Figure all FETs are n-type devices, consists of a drain-
biased, diode-connected FET that generates a voltage drop of 1Vss which is used to
bias the gate of one or more FETs of similar specification that are located close-by,
on-wafer. The mirror’s minimum output voltage i1s Vpsaz)sat, Input resistance, ri, 1S
gm(Ml)'l and output resistance, roy, 1S 7psmz. The output current from M2 is given by
gm2)V s and it follows from this that increasing the size of M2 with respect to M1
results in current gain at the output, as g, is proportional to size. A 1Vgs bias,
assuming similar devices are used, means that the driven device is biased at or just
above V7. In order to auto-bias it into sub-threshold operation, voltage clamping of the
driving device can be used to drop the driven device’s gate voltage below 1Vgs, as
illustrated in Figure 6, where M1 and M4 gates are clamped at 1Vgs by M5 and M2,
M3 are driven into saturation, causing a small but measurable voltage drop across
them which is in series with M1’s and M4’s source, hence Vs and Vasouay < Vr.
Furthermore, a biasing voltage from 0<V3,,,<Vss can be programmed by varying the
channel-length ratio Ly/Lavz and Luva/Lvs (for a given W) and this is sufficient to

cover the entire sub-threshold region of operation.

Ideal current sources are assumed to have infinite output resistance and large
geometry devices do manifest output channel resistances in the k(2 range. However,
small-geometry, short-channel devices, desirable for micropower applications in
which overall circuit size and RF capability are of prime importance, e.g. implanted

biomedical telemetry systems, have low output resistance caused by channel-length

10



modulation’ [5] and this restricts the device’s gain. One solution to the problem is to
place two devices in series, one above the other, so that their respective channel
lengths are summed and this increases gain but also reduces output voltage swing at
the same time. A common-gate arrangement in which current input is via one of the
device’s source terminal is termed a cascode. When two devices are used with their
gates connected, the arrangement is termed a self-cascode and is equivalent to a single
composite transistor [5]. As an example, the micro-current-mirror shown in Figure 6
can be improved by the addition of a self-cascode, formed by M4 and M6, as shown
in Figure 7. Output resistance is now higher and for (W/L)ya >> (W/L)ms, the effective
gn and f of the self-cascode stage will be those of M4. The output conductance and
minimum voltage supply required for this setup are given by (12) and (13)

respectively [25].

= 01802 (A/V) 1
ng
Viin =2V 65 =V7) V) -13

? In short channel devices, the spreading of the drain depletion region with increased bias causes the

effective channel length to be decreased.

11



Another configuration that can be used to boost output resistance is the regulated
cascode, Figure 8, where output conductance, as given by (14), is lower than for the
simple or self-cascode cases and yet the supply minimum remains the same. The
regulated cascode scheme can be extended to further decrease output conductance
whilst maintaining the same minimum supply voltage as before. An example of this

arrangement is shown in Figure 9 and the output conductance now is given by (15).

g, = 801802803 (A/V) 14
nggm3
g 2n

go 2% (A/V) -15

m

Where 7 is the number of cascode stages.

If a complementary pair of devices is used to form the cascode, as given in Figure 10,
the supply can be reduced by 1Vgs, thus enabling lower voltage operation. Such
arrangements are termed folded cascodes because the ac signal is anti-phase between
transistors and its path is from ground, through the M2 device and then to ground
again via M1, without going through the positive supply [26]. The configuration can
be improved with a feed-forward technique that increases BW by means of the
addition of capacitor C,, as shown in Figure 11 [27], and this arrangement has become

the basis for a new architecture of low-voltage op-amps [27, 28]

A further benefit stemming from the use of cascode stages is a definable shift in

voltage level from input to output, a quality that is put to good use in low-voltage

design and is reviewed in section 4.
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4. Voltage Level-Shifting and Class-AB Operation

A common problem found in low-voltage, multistage instrumentation amplifiers is
that they are not able to work with close to supply rail input common mode voltage
due to saturation in the intermediate stages. One method of solving this is to include
inter-stage voltage level-shifters as shown in Figure 12 [29], in which a precision
amplifier design, implemented in BICMOS' technology, is presented, that is capable
of operation with V¢y, close to the negative supply rail if biased with a suitable
voltage reference. The reported amplifier’s accuracy is dependant on the adequate
matching of the input voltage shifters and the stability of the shift voltage vs. input
voltage. The example given in [29] has an f,, of 500 KHz, a gain range of 5x to 2000x
and a CMRR of 90dB.

A very simple implementation of a BICMOS level-shifted current-mirror is given in
Figure 13(a) [9]. In this, the BJT provides a voltage level-shift between the circuit’s

input and the gate node thus reducing the input voltage requirement, as given by

(16) [9].

Viv =Vasi = Vs -16

A p-MOSFET device would make a poor substitute for the BJT here as p-type V7> n-
type Vrand hence it would be difficult to guarantee that Vpg; > 0 over a wide range of
input current levels. A comparison of the input voltage requirements with and without

level-shifting is given in Figure 13(b) [9].

1% BiCMOS processes offer monolithic integration of bipolar and CMOS devices. One of the many
foundries now offering these processes is Austria Mikro System: WWW.AMS.COM

13



An example of the combined use of an n-type level shifter and p-type cascode to
create an active low-voltage all-pass'' filter is reported in [30]. Another low-voltage
amplifier, implemented in CMOS with sub-threshold biasing, voltage level-shifting
between input and output stages by means of an intermediate current-mirror driven
cascode stage and class-AB output stages is reported in [31]. Class-AB operation is
achieved by using a control circuit to generate low impedance during the quiescent
mode of operation and hence couple the gates of the complementary output devices
together. When an input calls for one of the output transistors to deliver a large
output, the other device is kept regulated at a constant drain current while the output
devices gates are decoupled by large impedance and the control circuit routes all
incoming signal to the active device. Class-AB control circuits traditionally use a
minimum selector sub-circuit based on a decision pair of devices to control the
minimum bias current in the output stage [33]. This sub-circuit is initially
implemented in [31] by the use of an NMOS diode-coupled decision pair, Figure 14
Figure [31]. This is termed a folded-mesh class-AB output stage and it generates a
control voltage that is sufficient to enable accurate biasing and yet is low enough to
accommodate micropower operation. A second implementation of the amplifier uses a
minimum selector that is simpler still, shown in Figure 15 [31] and a summary of

some of the measured parameters for this amplifier is given in Table 1.

" All-pass filters are used to shift the phase of an analogue signal whilst keeping its amplitude

constant.
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5. The Bulk-Drive Approach

The supply voltage requirements for circuits employing gate-driven MOSFETs are
given by (17) [9], where V7 represents the largest value threshold voltage in the
circuit.

VDD + Vss 2 VGS = VDSsat + VT + VS -17

ignal

As the decrease in CMOS threshold voltages is predicted to be negligible in future
[33], it is of importance in micropower design to remove the voltage overhead
associated with it and one method for achieving this is the bulk-drive technique. In
bulk-driven MOSFETs, the gate is biased to 1Vgs, the drain is connected to Vpp and

the input is applied between bulk and source, as shown in Figure 16Figure .

The device, in this configuration, can be thought of as a depletion mode, high input
impedance JFET with the bulk as its gate. The equations defining drain current for a
gate-driven MOSFET are modified to model the operation of a bulk-driven device, as
shown in (18) & (19), and the transconductance in this mode of operation is given by

(20) [9].

k'w n ?
IDSLinBulk = T[VGS - Vro - 7\/2¢F - VBS + 7\/2¢F - EVDSJ VDS ’ VDS = VDSsat -18

kW
2nL

2

n
DSsatBulk — (VGS Vo=V \/ 20, =V +y \/ 2¢, — E VDS) (1 + AV g )a Vs 2V pssar
-19
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_A]DS ]/gm _20

gm ulk =
Bulk AV 2 hd V. b V.

The bulk-drive technique contributes four major benefits to low-voltage circuit design
[9]:
e Depletion mode operation leads to larger input common-mode ranges that
could not otherwise be achieved at low power supply voltages.
e The ability to totally shutoff the channel by biasing the poly gate enables a
large on/off current ratio to be achieved.
e Latch-up has not been reported to be a problem.
e Transconductance in bulk-driven mode, (20), can in theory be greater than that

obtainable with gate-drive.

On the negative side, use of the bulk as a contact means that the signal sees a larger
area than if it is injected into the gate and this results in a doubling of input
capacitance, which in turn reduces the Fr to around % of that obtainable if gate-drive

is used (21). The device is also inherently noisier in bulk-driven mode [9].

n
FTBulk ~ ﬁFTGate _21

Where F;Gate is the transition frequency'? for a gate-driven device as defined by (22)

[26].

12 Defined as the frequency at which current gain is 1.

16



As an added bonus, the bulk-to-source biasing of MOSFETs is an effective way to
reduce threshold voltage and low frequency noise, LFN, and it has been reported [3]
that Si/SiGe devices, which are V7 tuned in this way, do not suffer any degradation in
sub-threshold characteristics and manifest lower LFN than equivalent conventional Si

MOSFETs.

A good candidate to demonstrate the effectiveness of the bulk-drive technique for low

voltage use is the p-type bulk-driven differential pair, illustrated in Figure 17.

The differential signal applied to bulk contacts M1 and M2, is steered between the
device pair by their bulk-to-channel transconductance action, as given by (23) [9] for
a differential signal input.

ll _12 = Gmbvin -23

Where G, is the differential transconductance, as given by (24)[9].

V&
G,, = m (A/V) -24
2\/2¢F - VCM + VS

17



The bulk-source Si junctions cannot be forward biased within a 1V supply and hence
the pair’s input impedance is not reduced if operated within this range. This is
sustained by a reduction in threshold voltage that is proportional to the bulk-source
junction’s applied forward-bias, so that the source voltage follows V¢y, linearly to a
certain extent with measurements confirming that input currents are of the order of
nA, even at the extreme ranges of V¢y, input (e.g. at +0.5V for Si) [9]. However, as
mentioned previously, the input capacitance per device is greater than what would be
present for a gate-driven differential pair and hence, although the output capacitance

and hence the frequency pole of both types remain similar, the bulk-driven

arrangement has a lower gain-BW product than its gate-driven counterpart [9].

Another good example of the use of bulk-drive for low voltage design is the cascode
bulk-driven MOSFET current mirror shown in Figure 18 [9]. This arrangement is
capable of operation at 1V Vpp whereas its gate-driven counterpart is not. The
circuit’s main advantages are the very low voltage required at the input of the current
mirrors, the extremely low input currents required, good input and output current
matching and a reasonable output conductance due to the cascode stage. The main
drawback is a lack of BW when compared with a gate-driven arrangement.

Bulk-drive is also used to increase input common mode range in the low-power
CMOS op-amp reported in [34]. Designed to operate from a 1V supply, it has an open

loop gain of 70dB and a gain-BW product of 190kHz at SuW power drain.

As a final example of the use of bulk-drive in low voltage design, Blalock ef al in [9]
present a BICMOS op-amp realisation that uses a bulk-driven differential pair, a

simple current mirror with voltage level shifting (as described in section 4) and simple

18



class-A output stage. In this, the simple current-mirror with p-type BJT level shifter is
chosen as it is preferred over a bulk-driven arrangement for its greater bandwidth and
comparable low input voltage requirements. The authors, although acknowledging
that class-AB is the preferred output stage arrangement, do not use a class-AB stage
because of limited BW at 1V, in the case of a bulk-driven current-mirror or simple
pMOS gate-driven current-mirror, and a limited output impedance in the case of a
current-mirror using lateral BJT’s which are commonly available in standard CMOS
processes. The amplifier, shown in Figure 19 [9], is implemented in 2um gate-length
technology, has a total quiescent power dissipation of 300uW at a tail current of
100pA, a DC gain of 48.8dB at a mid-supply Veu and a unity-gain frequency of

1.3MHz.

6. The Floating-Gate Method

The first floating-gate structure was originally reported in 1967 as a mechanism for
non-volatile information storage [35, 36]. Research into the field has grown steadily
as it offers promising solutions to present and future integrated circuit solutions
because the physical effects of hot-electron injection and electron tunnelling (see
below) become more pronounced as CMOS process geometries are scaled down [36].
In the floating-gate method, insulated gate devices'® can be driven by any one of three
mechanisms:

a. By raising electron energy through exposure to UV light.

b. By Fowler-Nordheim Tunnelling.

c. By hot-electron injection.

1 Floating-gate devices are MOSFETs with an added insulating oxide layer on-top of the gate metal.
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Fowler-Nordheim Tunnelling and hot-electron injection can be used to dynamically
adjust the gate-charge and hence are the mechanisms of choice [37]. Both

mechanisms are explained below.

6.1 Hot-Electron Injection

The intense electric fields produced by MOSFET devices operated in weak-inversion
cause electrons near the surface of a semiconductor to acquire sufficient energy to
overcome the Si/SiO, barrier and enter the Si conduction band. Once there, the
applied electric field sweeps the carriers across to the floating-gate. As increased Vr
favours hot-electron injection, floating-gate transistors are engineered to have higher
than usual threshold voltages. This is achieved by increasing substrate doping levels
(e.g. by placing a highly doped PTUB directly on a p-type substrate and fabricating an

NMOS device within). The injected current is given by (25).

Vb
Vini

1, =p1 e[ "

Where Vi, and [ are fit constants [37].

6.2 Fowler-Nordheim Tunnelling

Originally described in [38], Fowler-Nordheim electron tunnelling is possible because
the wave nature of electrons grants them a finite probability of passing what was
originally believed to be an impassable oxide barrier. The probability of overcoming

the barrier and hence the effective current produced is increased by increasing the

20



electric field strength across the barrier. The expression for the tunnelling current is
given in (26) [37]. One drawback of this approach is that continued carrier injection
and tunnelling will eventually degrade the oxide quality and hence the tunnelling

voltage and floating-gate drain current have to be kept low to minimise this [37].

tU.V g(l

1, =1e™"" -26

tun

Where V,, is the tunnelling voltage and V, 1s the floating-gate voltage.

The gates on floating-gate devices are usually coupled to incoming signals by
capacitors, as shown in Figure 20Figure which represents a typical arrangement.
Capacitive coupling blocks the transfer of DC current and hence enables the device’s
gate to ‘float’ at the voltage dictated by the input capacitances, which are termed

control gates.

The voltage on the gate is the weighted sum of both input voltages, one of which is

the signal and the other is used for biasing, as given by (27).

Vf: C1 V1+ 2 V2+ 0
£ Cl+C2 Cl1+C2 Cl+C2

Charge Q offsets the threshold voltage and can be dynamically modified as previously
explained. The result is that the inputs couple into the floating-gate down to close to

DC (mHz range) [39].
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The handling of offset mismatches within floating-gate amplifiers has been of major
concern to researchers. Various clocking-based schemes have been reported [40, 41,
42, 43] in which the offset voltage is periodically calculated and subtracted during a
set time-period and these result in almost continuous operation, at the expense of
extra, complicated circuitry. Recently, the concept of auto-input offset removal using
feedback via the tunnelling and hot-electron mechanisms previously discussed has
been introduced in [37], in which a floating-gate pseudo-differential transconductor is

simulated using this technique.

The floating-gate method lends itself well to the design of micropower amplifiers as
the input common mode range is increased due to the attenuation of the input signal
by a factor of C1/(C1+C2+Cparasitics). However, this attenuation forces trade-offs to

be made between V¢y and gain as well between gain-BW and noise [44].

An example of a micropower CMOS op-amp, using floating-gate input transistors, is
shown in Figure 21Figure . The amplifier is intended for operation in the kHz range,
operates from a single 1.2V supply and consumes just 4.3pA. Measured DC gain is

65dB, gain-BW is 230kHz and slew-rate is 184mV/uS [44].

A multiple input operational amplifier based on floating-gate devices is described in
[45], Figure 22Figure , in which the circuit, featuring three differential inputs, is
biased to 40pA. Measured unity gain-BW is 360kHz, with a slew-rate of 2V/uS,
which although impressive for a micropower amplifier, is offset by the fact that dual
5V supplies are used. The FET resistor and 20pF capacitance on the RHS of the figure

are for frequency compensation.
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A micropower second-order band/low pass log-domain filter'* using floating-gate
devices operating in weak inversion, has also been reported recently [46]. The circuit

features a 1V supply rail, a 2uW power-drain and uses less than 1uW per pole.

Another salient feature of floating-gate systems is that it is possible to design so that
they adapt to incoming and outgoing signals, whilst preserving the resulting network
state when set. This property resulted in the development of single transistor synapses,
in which single floating-gate FETs are used to emulate the computational and
adaptive properties of biological synaptic elements [47] and has recently resulted in
the design of auto-zeroing floating-gate amplifiers, AFGA’s, which are able to
automatically set the DC operating point. An example of an AFGA which can
adaptively set its output resistance, and hence its total voltage gain, based on the
output signal’s amplitude is shown in Figure 23Figure [48]. The circuit uses two
continuously adapting floating-gate devices and a current sink for biasing. The FET
on the RHS is a source-degenerated (s-d) floating-gate pFET that can converge to a
stable operating point if either the channel current or the drain voltage is the one free
parameter, whereas basic pFET and nFET devices will converge for one of these two
situations but not for both [48]. This AFGA achieves a high-pass characteristic at
frequencies well below 1Hz, has a voltage gain of approximately 40x and is able to

adapt-away slow-step (sub-Hz) input signals.

Micropower filter design techniques are discussed in the next section.

' Log-domain filters are circuits that have a logarithmic internal transfer function that is linear

externally [46].

23



7. Filtering at Micropower

Filter functions can obviously be implemented using many techniques. All are not
mentioned here as a full review of all the relevant filter theory is beyond the bounds
of this general micropower review. The existing range of true micropower filter

solutions can be broadly divided into two popular types:

-Transconductance-capacitance (Gy-C) Filters.

- Log-domain Filters.

A brief description of each type with reference to any micropower techniques used in

their implementation is given below.

7.1 Gy-CFilters

Transconductance-capacitance filters rely on transconductors to charge/discharge an
integrating capacitance and hence obtain the required frequency response. The
transconductor converts the input voltage into a proportional amount of current and
the integrating capacitance, integrates and converts this back into voltage form. Hence
capacitor current in these filters is a linear function of input voltage. These are quite
popular for high-frequency filter applications because the transconductors tend to
have a higher BW than op-amps, can be tuned electronically and are easily
implemented monolithically [49]. They can be constructed using voltage-mode (input
signals are voltages) or current-mode (input signals are currents) approaches but it has

been concluded that voltage-mode implementations offer the best performance [49].
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As examples of these arrangements, a voltage-mode single-pole schematic of a Gy-C
filter is shown in Figure 24Figure (a) and Figure 24(b) shows a second order

configuration, commonly referred to as a bi-quad.

Although normally designed with FET devices biased into saturation, there have been
attempts to reduce power consumption and voltage supply constraints by operating
the transconductor/s in weak inversion because it is known that sub-threshold versions
of these filters are well suited for bionic cochlear implants, as they are able to tune
over the entire frequency spectrum of hearing at reduced power consumption [50].

An example of this approach is given in [52] where a differential transconductor
employing sub-threshold biased MOSFETs is used to ensure micropower operation.
Special attention is paid to the biasing of these transistors as current mismatches in the
differential branches can lead to DC signals that can cause a large variation of the
operating point at the output and so a complicated common mode feedback control
circuit is added to source/sink the difference in the current required to maintain the
circuit stable. The second order filter achieves stable, programmable operation at
290nW (10nA bias current) at the expense of a comparatively large footprint
(200pmx300pum without adding the area of the integrating capacitor). An earlier, third
order Gy-C filter featuring a 1.5V supply and total power consumption of 138uW is
presented in [52]. This also uses a differential input and common mode feedback to

ensure adequate bias and improve the differential-input swing.
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7.2 Log Domain Filters

The log-domain approach is highly suited to micropower applications because it
employs voltage companding'® which is of great help to circuits of low dynamic
range. Dynamic range in these filters can also be improved further if class-AB
operation is adopted as the need for linearization is avoided thanks to the companding
principle used, however, a signal conditioning stage that ensures that the input signals
are always positive has to be added [53]. The basic approach is illustrated in Figure
25Figure [53] wherein it can be seen that a log-domain integrator, sandwiched
between a single device compressor and expandor, is at the heart of this arrangement.
In this setup, the capacitor is discharged by the drain current of transistor M2, while
its voltage is sensed at the source of M2, through the adjustable level shifter made of
current source /, and transistors M3 and M5 [53].

Unlike G)-C filters, capacitance current is not linear but is logarithmic, as a device
biased in weak inversion is employed. Despite the non-linear behaviour of the
exponential transconductor, the whole circuit integrates the input current linearly and
hence can be thought of as a linear current integrator. The simple form, shown in
Figure 25, minus the compander stages, can be expanded to form higher order filters,

as is shown in Figure 26 [53].

An example of a realised second-order, low-pass, class-AB log-domain filter is given
in Figure 27 [53]. Filter gain, proportional to exp(Vs;-Vs;), is around 16dB and it has

a cut-off frequency of 45kHz at a current bias of 200nA.

> A compander is a circuit that compresses a voltage input (e.g. amplifies low amplitude signals more
than large amplitude signals) and then expands it at its output (e.g. attenuates low amplitude signals

more than large amplitude signals).
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As with Gy-C filters, operating point stability is also an issue here and techniques
have been developed to ensure that all the filter devices remain in weak inversion.
One technique, given in [54], uses a voltage comparator to control a FET connected to
the monitored node and thus apply the necessary negative feedback required to

stabilise the operating point.

Log-domain filters, invariably, find use in micropower biomedical applications [55,
56], a good example of which is given in [57], in which this type of filter is at the
heart of a mixed-signal cochlear implant. The implantable system features a flat

voltage gain of around 30x, a BW of 200Hz and total power consumption of 126uW.

8. Buried-Channel FET Technologies

Work on SiGe/Si hetero-junction FET devices began in the early eighties with a view
to exploiting their comparatively higher mobilities, resulting from the use of a
strained channel, in order to increase the speed of pMOS devices whilst retaining
compatibility with CMOS fabrication technology [58, 59]. HFETs were originally
fabricated in GaAs using Schottky gate contacts and implanted, near surface channels
[60]. The need for integration with CMOS technology together with advances in SiGe
processing, including the use of molecular beam epitaxy to grow the hetero-junction
directly and with greater precision, resulted in improved device performance [62].The
concept was extended by the addition of a gate-oxide as a barrier to prevent high
leakage currents via the gate contact [62] and by the growth of MBE layers on relaxed
SiGe buffer layers (termed a virtual substrate), an innovation that offers the possibility
to grow thin (~8nm) strained Si channels in SiGe. N-type HMOSFET devices grown

by fabricating the active n-type layers on relaxed p-type SiGe buffer layers, were
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presented originally in [63, 64] and more recently in [65, 66, 67, 68, 16, 69, 19, 70,
71]. Burying the channel (strained or unstrained) further from the gate was reported to
reduce surface carrier trapping, caused by the high density of interface states at the
oxide/SiGe interface, and increase the mobility of the channel-confined carriers at the
expense of a decrease in transconductance due to the channel’s greater distance from
the applied gate voltage [72, 73, 74]. It was clear that in strained BC devices the
transconductance g,,, for a given gate-bias, increases more rapidly than is the case for
Si MOSFETSs and this is due to a lower sub-threshold slope at low to high V7 and is
always higher than in conventional FETs. Hence, it was concluded that the extra boost
in g,, at low bias levels warrants the use of these devices in micropower applications
where battery life is of prime importance and / or overall heat dissipation are an issue

[19, 75, 76].

Continuing the trend in development, there has been a comparatively recent move to
S1/SiGe on Insulator technologies, Si/SiGe/SOI, in an attempt to further improve both
the micropower capability and BW of HFET devices. SOI technologies make use of a
thick oxide layer between the substrate and active layers in order to minimise active-
layer-to-substrate currents and substrate parasitic capacitances. These technologies are
reported to be quasi-ideal for micropower and RF circuit functionalities as well as for

high-temperature operation up to about 350°C.[77, 78, 79, 80, 81, 82].

9. Concluding Remarks

This review presented has shown that there is an ongoing effort to produce new FET
technologies in order to improve on bulk device performance at low power. HFETs

are seen as a good candidate for this as results confirm that mobility and hence
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transconductance is greater than what is reported for similar geometry MOSFETs.
The review has also shown that there are a number of tried and tested methodologies
used in the design of low voltage / micropower FET circuitry. Some approaches like
sub-threshold operation, floating-gate and bulk-drive methods can be considered
device related whilst others, like the use of micro-current mirrors, self-cascode
arrangements, voltage level-shifting and class-AB output stages, are clearly circuit
based techniques. Although presently micropower design is targeted almost
exclusively at Si CMOS technologies, the advent of strained surface and buried
channel FETs in Si/SiGe and SOl is sure to revolutionise the field as the micropower

benefits of these devices over the traditional MOSFET become accepted.
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Figure Captions

Table 1, measured properties of a low-voltage class-AB output stage amplifier [31].
Figure 1, BC HMOSFET sub-threshold characteristics at 100mV VDS.

Figure 2, a compact micropower current reference. M4 has a larger threshold voltage.
than M3 and hence operates in weak inversion whilst M3 is biased into saturation
[21].

Figure 3, Basic CMOS differential amplifier designed for low current consumption
[7].

Figure 4, CMOS low-power differential cascode amplifier [7].

Figure 5, an all n-type basic FET current-mirror where Node 1 is clamped to 1Vgs.
Figure 6, n-type sub-threshold biased current-mirror for micro-current operation.
Figure 7, n-type micro-current-mirror with self-cascode output.

Figure 8, a regulated cascode stage using all nFET devices.

Figure 9, a regulated cascode cascade.

Figure 10, a typical folded cascode arrangement employing complementary FET
devices.

Figure 11, folded cascode structure with Feed-forward technique applied [27].

Figure 12, BICMOS voltage level shifting circuit [29].

Figure 13, (a) simple current mirror with level-shifted input and (b) comparison of
input voltage requirements [9].

Figure 14, low-voltage two-stage op-amp with class-AB output stage and voltage
level shifting [31].

Figure 15, low-voltage, compact op-amp with PMOS input stage and simple
minimum selector for class-AB output [31].

Figure 16, bulk-driven MOSFET arrangement.
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Figure 17, Bulk-driven p-type differential pair [9].

Figure 18, bulk-driven MOSFET cascode current-mirror [9].

Figure 19, 1 Volt Rail-to-tail CMOS op-amp with bulk-driven differential inputs,
level-shifted BICMOS simple current-mirror and class-A output [9].

Figure 20, a typical method of coupling the input signal to a floating-gate device [39].

Figure 21, micropower op-amp using floating-gate input devices [44].

Figure 22, a multiple input floating-gate MOS differential amplifier [45].

Figure 23, an auto-zeroing floating-gate amplifier with gain adaptation [48].

Figure 24, first (a) and second order (b) GM-C filter schematics [49].

Figure 25, a micropower log-domain filter employing a sub-threshold biased
integrator [53].

Figure 26, the expanded form of the log-domain filter used for higher order functions
[53].

Figure 27, second-order low-pass log-domain filter (one half only shown) [53].
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Table 1

Parameter Value
Supply-Voltage Range 1.8-7V
Supply Current 184 pA
CM Input Range Vpp — 1.3 (Max.) &
Unity Gain Frequency 4 MHz
DC-Gain 86 dB
Slew-Rate 4 V/uS
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