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Abstract

Micro-power voltage amplification is achieved using ca-
pacitive feedback via multiple-input floating-gate transis-
tors. The proposed amplifier uses self-biased cascode tran-
sistors operating in the subthreshold region for near rail-to-
rail output voltage range. Simulations show a 72 kHz GBW
when driving 1 pF. Power consumption is 500 nW per stage
of gain. Chip measurements of a 4-stage programmable-
gain amplifier implemented in a 1.2�m technology confirm
functionality of the design.

1 Introduction

Portable applications, such as remote sensing and
biomedical implants, generally require filtering and amplifi-
cation of a transduced signal prior to analog-to-digital con-
version, as depicted in Fig. 1. Total power consumption
must be held to a minimum to ensure long battery life.
For these applications, analog circuits implemented in sub-
threshold CMOS are attractive because they operate at low
supply voltages, consume little power, and are compatible
with standard CMOS processes [7, 4].
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Figure 1. Signal processing scheme for re-
mote sensing and biomedical applications.

Micro-power fixed-gain current amplification is easily
achieved using a current mirror. Variable current amplifi-
cation can be in the form of a current multiplier cell or a
current-mirror with a variable voltage source.

In contrast, micro-power voltage amplification is not so
easily achieved. Voltage amplification can be realized us-
ing an operational amplifier with negative feedback or a
transconductor/transimpedance amplifier. In the subthresh-
old region, transconductor/transimpedance amplifiers have
a linear range of�50 mV [2]. Thus, they are not applica-
ble for wide voltage swings. Negative feedback using fixed
resistors is not possible in micro-power applications, since
resistor values on the order of 10’s of M
’s are required. On
the other hand, negative feedback using a capacitor divider
adds little to the amplifier area and none to the quiescent
power consumption. This capacitor divider can be imple-
mented using multiple-input floating-gate transistors [8, 3],
as described in this work.

2 Circuit Architecture

Figure 2 shows a micro-power 4-stage programmable-
gain amplifier. Programmable gain permits signals to be
sampled at various resolutions depending on the signal
strength. The output of one stage is the input to the next. In
our design, amplifications of 4, 16, 64, and 256 are possi-
ble. The output of each stage is fed into a 4-to-1 multiplexer,
which drives an external capacitive load.

A gain of four per stage ensures that the offset and noise
are dominated by the first stage, that is, there is little offset
or noise accumulation in a cascade of such amplifiers. In
fact, we may consider the offset voltage to be a dc compo-
nent of the total noise signal. Let the input-referred noise,
including the input offset voltage,vni be a zero mean, nor-
mally distributed random variable with variancev2ni. LetGi

be the gain of stagei. Assuming the noise is independent
and identically distributed at each stage, the output noise
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Figure 2. Programmable gain architecture
consisting of four fixed-gain amplifiers and a
4:1 multiplexer.

variancev2no is calculated as follows:

v2no = v2ni
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whereI is the total number of stages. Thus, if we consider
four stages of gain, whereGi = 4 for every stage, the per-
cent output rms noise contribution of the first stage to the
total output rms noise is 97%. Indeed, the first stage plays a
dominant role in determining the output noise and offset.

The major disadvantages to cascading several stages of
gain are increased power consumption and area, which scale
linearly with the number of stages. A third consideration is
that the slew rate requirement of the last stage is much more
severe than that of intermediate stages, since the output can
swing rail-to-rail.

3 Circuit Description

If an amplifier employs resistive feedback, a multi-stage
opamp is generally required in order to reduce the effect
of loading. On the other hand, capacitive feedback has no
effect on dc gain, but, rather, reduces the bandwidth. In this
case, a single-stage opamp configuration is preferred.

3.1 Folded-Cascode Opamp

Fig. 3 is the schematic of a folded-cascode amplifier with
capacitive feedback. The PMOS differential pair transistors
have multiple-input floating gates, where the number of in-
puts is equal to the fixed gain of the closed-loop amplifier.
A closed-loop gain of four is achieved by tyingvOUT to
one of the inverting input capacitors, while the other three
are tied to signal ground. The inputvIN is applied to all
four capacitors of the non-inverting input. Theoretically,
the non-inverting terminal does not require floating gates;
however, they are needed to maintain symmetry.

In order to achieve low power operation, the amplifier is
designed to operate in the subthreshold region by making
W=L ratios of each transistor large and setting bias currents
to no more thanW=L� 10 nA.
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Figure 3. Folded-cascode amplifier with
floating-gate input transistors to achieve a
fixed-gain of four. All W=L ratios are given
in units of � = 0:6 �m.

3.2 Floating-Gate Transistors

Multiple-input floating-gate transistors are used in ana-
log circuit design to realize a variety of circuit functions,
including low-voltage opamps, transconductors, level-
shifters, D/A converters, and current-mirrors [9, 5]. Single-
input floating-gate transistors find application as simple
learning devices in neuromorphic systems [1].

Modeling floating-gate transistors is based on the con-
servation of charge. Referring to Fig. 4, which depicts a
four-input floating-gate, an equation for the voltage on the
floating gate [8] is:

vFG =
Cfg(v1 + v2 + v3 + v4)

Csum

+
CfsvS + CfdvD + Cox	+Qfg

Csum
(2)

Csum = 4Cfg + Cfs + Cfd + Cfb + Cox

Cfg is the capacitance of each of the four input capac-
itors, Cfs, Cfd, andCfb are parasitic capacitances from
the floating-gate to the source, drain, and bulk, respectively,
Cox is the oxide capacitance to the silicon surface at po-
tential	 andQfg is the charge stored on the floating-gate



when all voltages are zero. In (2), all voltages are referred
to the bulk terminal.

Several techniques are commonly used for program-
ming the chargeQfg stored on the floating gate: Fowler-
Nordheim tunneling, hot-electron injection, and ultra-violet
(UV) illumination. The first two techniques require pro-
gramming voltages that are much higher than the supply
voltage. They offer the advantage of continuous update.
The third technique, UV illumination, is generally per-
formed off-line to remove all charge from the floating gate.
In this work, our aim is to setQfg = 0, so thatQfg does
not contribute to the input offset voltage. As such, UV illu-
mination is the technique of choice for this application.
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Figure 4. Floating-gate transistor model.

3.3 Self-Biased Floating-Gate Folded-Cascode
Amplifier

The amplifier in Fig. 3 requires four bias voltages, of
which twoVB;P andVB;N are easily generated using cur-
rent mirrors. The remaining twoVC;P andVC;N are difficult
to obtain if transistors operate in the subthreshold region.
Therefore, in order to decrease the number of bias voltages
and, simultaneously, extend the output range of the ampli-
fier, self-biased cascode current mirrors are employed [6].

Fig. 5 shows a floating-gate folded-cascode amplifier
suitable for subthreshold CMOS operation. The relative as-
pect ratio of the cascode transistors to common-source tran-
sistors is 50. Such a large aspect ratio is necessary to ensure
that the common-source transistor operates in the saturation
region.

4 Results

The chip was designed in a 1.2-�m double-poly CMOS
process. We simulated all circuits in T-SPICE using Level-
V MOS models, which are accurate in the subthreshold re-
gion. Chip measurements were done using an HP54520A
oscilloscope.

Table 1 summarizes our results for the self-biased
floating-gate folded-cascode amplifier of Fig. 5. The input
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Figure 5. Self-biased floating-gate folded-
cascode amplifier configured for a gain of 4.

differential pair is biased at 100 nA and power supplies are
set to�2:5 V. As such, total power consumption is only
500 nW per stage of gain. In simulation, a gain-bandwidth
product of 72 kHz is achieved when driving a 1 pF load.
Chip measurements of the amplifier were performed un-
der similar conditions to that of the simulations, except for
increased capacitive load, estimated at 5 pF. Such a large
value is attributed to parasitic capacitances of the pad, pin,
and instrumentation.

Table 1. Amplifier Results
Parameter Simulation Measurement
Power Supplies � 1.25 V � 1.25 V
Bias Current 100 nA 107 nA
Power Consumption 500 nW 535 nW
Capacitive Load 1 pF � 5 pF
Input Range +0.4 - -1.25 V –
Output Range � 1.05 V � 1.05 V
Open-Loop Gain 77 dB –
GBW 72 kHz 13 kHz
Phase Margin 59� –
Slew Rate .024 V/�s .005 V/mus

Fig. 6 shows chip measurements of the programmable-
gain amplifier. In Fig. 6(a) the gain is programmed to 4.
The input is a 200 Hz sinusoid, 600 mV peak-to-peak. The
output is 2.35 mV peak-to-peak, that is, within 75 mV of
both the positive and negative rails. The measured gain is
thus 3.92, or within 2% of the expected gain. In Fig. 6(b)
the gain is programmed to 16. In this case the input peak-



to-peak voltage is reduced to 145 mV whereas the output
measures 2.26 V peak-to-peak. The measured gain is then
15.6, or 2.5% below the expected value. The waveforms
in Fig. 6 demonstrate that programmable voltage gain and
near rail-to-rail operation are achieved in the design.

In the chip layout, the second layer of metal was used as
a shield over all of the active circuitry, except the floating
gate transistors. We placed the chip on static-sensitive foam
and exposed it to UV light in order to remove the floating-
gate charge,Qfg. Over the course of 3 hours of UV illumi-
nation, the input offset voltage appeared dropped exponen-
tially from an initial value of -1.0 V toward an asymptotic
value of -100 mV.

5 Summary and Discussion

In summary, micro-power voltage amplification can be
achieved using capacitive feedback in the form of multiple-
input floating-gate transistors. The proposed amplifier used
self-biased cascode current mirrors operating in the sub-
threshold region for near rail-to-rail output voltage swing.
Power consumption is only 500 nW per stage of gain. Sim-
ulations of a single stage reveal a 72 kHz gain bandwidth
product when driving a 1 pF load. Chip measurements
demonstrate programmable voltage gain and near rail-to-
rail operation of the design.

It is unclear why the input offset voltage did not approach
0 mV in response to UV illumination. Possible causes for
the large offset are: damaged gate-oxide or altered threshold
voltages of exposed transistors, errors in the layout, or er-
rors in the design that were not found in simulation. Further
investigation and testing is necessary.

During chip measurements, the parasitic capacitances of
the pad, pin, and instrumentation greatly reduced the band-
width of the amplifier. Clearly, a rail-to-rail unity-gain volt-
age buffer capable of driving an oscilloscope probe or other
off-chip load would be beneficial. Such a buffer has been
designed, fabricated, and tested, and will be incorporated in
future revisions of this chip.
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