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Abstract— Reduction of minimum supply requirements is a
crucial aspect to decrease the power consumption in VLSI sys-
tems. A high-performance capacitance multiplier able to operate
with supplies as low as ±0.25 V is presented. It is based on
adaptively biased class-AB current mirrors which provide high
current efficiency. Measurement results of a factor 11 capacitance
multiplier fabricated in 180-nm CMOS technology verify theo-
retical claims. Moreover, low-voltage precision rectifiers based on
the same class-AB current mirrors are designed and fabricated in
the same CMOS process. They generate output currents over 100
times larger than the quiescent current. Both proposed circuits
have 300-nW static power dissipation when operating with
±0.25-V supplies.

Index Terms— Capacitance multiplier, class-AB
current mirror, low supply voltage, precision rectifiers.

I. INTRODUCTION

INCREASING demand for low-voltage/low-power VLSI
systems aimed to portable and biomedical devices mandates

a reduction of their minimum supply voltage requirements
[Vsupplymin = (VDD − VSS)min] and low quiescent current.
Furthermore, a low-voltage operation is a requirement in
modern CMOS technologies that operate with subvolt supplies
(VDD < 1 V). Current-mode (CM) systems where input–output
and intermediate variables are defined as currents [1] are well
suited to very low supply voltages. They often require a low-
voltage linear operational transconductance amplifier (OTA)
for voltage-to-current conversion as an interface between the
external input voltage signals and the internal input current
signals required by CM systems. Several approaches to imple-
ment low-voltage OTAs have been reported [2], [3].

Capacitance multiplication is used frequently to reduce
silicon area requirements in VLSI systems [4]–[15]. In
capacitance multipliers (Cap-Mlts), an equivalent capacitance
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Fig. 1. Capacitance multiplier approaches [5]. (a) Current-mode. (b) Voltage-
mode.

Ceq = kC is achieved using active devices. Parameter k is the
capacitance multiplication factor and C is the base (physical)
capacitance. There are two basic approaches for capacitance
multiplication: CM [Fig. 1(a)] [4] and voltage mode (VM)
[Fig. 1(b)] [5]. In CM capacitance multiplication [Fig. 1(a)],
the capacitor current Ic is replicated by a factor m current
mirror whose output is connected to the signal terminal driving
the capacitor C . This results in a source current Is = (1+m)Ic

corresponding to an equivalent capacitance Ceq

Ceq = (1 + m)C = kC. (1)

Fig. 1(b) shows a VM capacitance multiplier based on
the Miller effect. It uses an active component (inverting
amplifier with gain |A|). The resulting equivalent capacitance
of Fig. 1(b) is

Ceq = (1 + |A|)C = kC. (2)

Note that the capacitance multiplication factors for CM and
VM systems are k = 1+m and k = 1+|A|, respectively. CM
capacitance multiplier based on current mirrors is preferred
over VM capacitance multiplier as they are simpler and can
operate with very low supply voltages thanks to the very low
swing at their internal nodes. For this reason, their minimum
supply voltage corresponds to the supply requirement of the
mirror and the current source driving them. They are also
very fast since they are feedforward circuits with only low-
impedance nodes (high-frequency poles) in the signal path.
On the other hand, VM circuits have higher supply require-
ments since they require at least the voltage signal swing plus
the headroom of input differential pair if an op-amp is used to
implement the inverting amplifier with gain |A|. In addition,
in the Miller-based VM capacitance multiplication, since a
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small amplitude voltage signal V1 might result in saturating the
output of the amplifier (V2), the dynamic range is significantly
limited by k. In order to avoid distortion caused by the satu-
ration of the output node of the amplifier, the maximum input
voltage signal at V1 is limited by the gain A of the amplifier
used as Miller multiplier to a value V1p−pM AX given by

V1p−pM AX = Vswing

|A| (3)

with Vswing being the maximum output swing of the amplifier.
This implies that large k = 1 + |A| values only allow
very small voltage signals at node V1 of Ceq. Another
disadvantage of VM capacitance multiplier is that due to
feedback the amplifiers’ bandwidth (BW) decreases with gain
A (consequently k) resulting in a reduction of the effective
frequency range of the capacitance multiplication.

As mentioned earlier, CM capacitance multiplier is based
on current mirrors [8]–[12] or OTAs [13]–[15]. In both cases,
the maximum output current of a class-A circuit is limited by
the bias current of the output branch IoutQ . This can impose
a serious slew rate (SR) and dynamic range limitation on the
speed/amplitude of the signals applied to Ceq and also on the
maximum achievable value of k. Assuming sine-wave voltage
signals with peak amplitude A p and frequency f , the peak
current IcM AX applied to a capacitance Ceq = kC is given by
the following equation:

IcM AX = 2π f A pkC = 2π f A pCeq. (4)

On the other hand, IcM AX is limited by IoutQ in a class-A
structure and can impose a severe limitation on any of the
parameters A p, f , or k. For example, for IoutQ = 10 μA,
f = 100 kHz, k = 50, and C = 20 pF (Ceq = 1000 pF),
the maximum amplitude of the voltage signal that can be
applied to Ceq is only A p ≈ 16 mV. Operation at higher
frequencies results in lower amplitudes or high distortion due
to SR limitation. In order to overcome this limitation, in a
class-A circuit, the quiescent current and correspondingly the
static power dissipation (Pdiss) have to be increased. Class-AB
circuits allow peak input–output currents which depending on
their current efficiency (CE) can be much higher than the bias
current. The CE can be defined as the ratio of the maximum
output current signal IoutMAX to the total supply quiescent
current IsupplyQ

C E = IoutMAX

IsupplyQ
. (5)

A high CE allows extending the maximum capacitance multi-
plication factor k for a given input signal amplitude/frequency
range without increasing the quiescent power dissipation.

The CM capacitance multiplier circuit in [10] is based on
self-biased class-AB current mirrors and has relatively large
supply requirements (Vsupplymin = 3VGS) and a poorly con-
trolled quiescent current which is strongly dependent on the
supply voltage and temperature variations. Another class-AB
CM capacitance multiplier was reported in [11], which uses
two independent input stages and two capacitors C which
degrade the power/area/CE. In addition, since the output stage
is not cascoded, the output resistance (which is in parallel

with Ceq) is relatively low and decreases significantly for high
output currents. This results in a degradation of the quality
factor Q of Ceq and a narrower operating frequency range
over which dominant capacitive behavior is observed (see
discussion in Section II). In addition, the lack of cascode
transistors results in poor copying accuracy, distortion, and
large input dc offset currents which are signal dependent.

Rectification is one of the basic nonlinear functions in
analog VLSI systems [16]. It is used in applications such as
ac voltmeters, dc converters, peak detectors, piecewise linear
function fitting, and CMOS RF demodulation. Especially, low-
voltage precision rectifier circuits have a number of appli-
cations such as envelope detectors, and biomedical devices.
In such systems, precision rectifiers play an important role in
converting a received ac signal to a dc signal. Implementations
of several precision rectifiers have been reported in the litera-
ture mostly based on op-amps and current mirrors [17]–[31].
The limited gain BW and SR of op-amps are their main
drawback for their utilization in precision rectifiers. On the
other hand, as stated earlier, current mirrors are feedforward
systems with only low-impedance nodes, and for this reason,
they can have higher BW and provide higher speed if they
are used in precision rectifiers [30]. However, if these current
mirrors are not cascoded, the accuracy and linearity are
seriously affected [19], [30], [31]. On the other hand, cascode
transistors increase the minimum supply requirements of the
current mirror and limit the maximum output currents.

In this paper, the implementation and experimental valida-
tion of a low-voltage CM capacitance multiplier are presented.
It is based on a high-performance class-AB current mirror
that can operate with very low supplies. In addition, the same
mirror is used for the implementation of low-voltage CM
precision rectifiers with very high CE.

In Section II, the proposed CMOS class-AB CM capaci-
tance multiplier and precision rectifiers are implemented and
discussed. Section III shows the simulation and experimental
results of circuits designed and fabricated in 180-nm CMOS
technology. Summary and conclusions are given in Section IV.

II. PROPOSED SCHEMES

The input–output currents of the conventional class-A cur-
rent mirror are limited by their bias currents Ibias. The circuit
shown in Fig. 2 is a class-AB current mirror which over-
comes this limitation by generating output currents that can
be essentially larger than Ibias. It has biasing and cascode
voltages V �

bp, V �
cp, and V �

cn that adapt dynamically to the
ac input current Iinp. This is possible using quasi-floating
gate (QFG) techniques [32] based on the inclusion of large
time constant RC networks formed by capacitors C1,2,3 (∼pFs)
and very large resistances RQFG(∼10 G�) implemented with
minimum-size transistors acting as pseudoresistors. Note that
3-dB cutoff frequency f3-dB of the high-pass circuits formed
by C1,2,3 and RQFG is in the range of few hertz. This f3-dB
changes due to process/temperature variations of C1,2,3 and
RQFG, but it is not important as long as the modified f3-dB

is below the lowest frequency of the processed signal [32].
Hence, these variations do not affect significantly the perfor-
mance of the class-AB circuits.
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Fig. 2. High-performance power-efficient multiple-output class-AB current
mirror.

Under quiescent conditions (Iinp = 0), voltages V �
bp =

Vbp, V �
cp = Vcp, and V �

cn = Vcn and the PMOS and NMOS
transistors have equal currents Ibias (transistors with multiplic-
ity m have a quiescent current m Ibias). For dynamic operation,
capacitors C1, C2, and C3 act as floating batteries that transfer
the variations �VIN (caused by Iinp) in the gate–source voltage
of Mn to voltages V �

cn, V �
bp, and V �

cp. Positive (negative)
input currents are processed by NMOS (PMOS) transistors as
follows. For positive (negative) input current signals, voltage
at node IN increases (decreases) and this change is transferred
to nodes V �

cn, V �
bp, and V �

cp through the capacitors C1,2,3. The
change decreases (increases) the current in PMOS (NMOS)
transistors and provides more headroom for the drain–source
voltage of NMOS (PMOS) mirroring transistors allowing them
to handle larger currents.

These currents are not limited by the quiescent current and
can have peak values much greater than the bias currents (two
decades in the here proposed circuit). Therefore, class-AB
operation with very high CE is provided. The dynamic power
dissipation of the mirror mainly corresponds to the power
associated with the current signal. A small fraction of the
dynamic power dissipation is related to the voltage change of
the small parasitic capacitances at the gates of QFG transistors.

In Fig. 2, it can be seen that the PMOS section of the
circuit performs as a PMOS mirror but it does not add
the voltage headroom (VSGp) of a PMOS diode-connected
transistor on the input branch to the supply requirements.
In practice, since nodes IN and V �

bp are ac coupled by C2,
transistor Mp performs as a diode-connected transistor for
signals. The minimum supply voltage requirement of the
circuit with transistors operating in strong inversion is given
by Vsupplymin = VGS+2VDssat = VTH +3VDssat. It can be under
500 mV for subthreshold operation in fine line technologies
as in this case transistors have voltages VGS < VTH. For
example, in 180-nm bulk CMOS technology, with Ibias =
100 nA (or less), transistors can operate in saturation with
a value VGS ∼ VTH/2–230 mV and VDSsat ∼ 50–70 mV
resulting in Vsupplymin ∼ VTH /2 + 3VDssat ∼ 440 mV.

Note that C3 in Fig. 2 can also be connected as C �
3 (as shown

in [33]), however, this reduces the input current range and

Fig. 3. Conventional class-AB current mirror using PMOS and NMOS
mirrors and a rectifying cell [34].

working frequency because capacitors C2 and C �
3 form voltage

dividers with the parasitic capacitances Cpar2 (at node V �
bp) and

Cpar3 (at node V �
cp) and it leads to cumulative attenuation of

two capacitive dividers between nodes IN and V �
cp. For large

mirror gain m, Cpar2 and Cpar3 are relatively large, requir-
ing larger C2, and C �

3 to prevent high attenuation between
nodes IN and V �

cp. Therefore, here, the proposed substitution
of C �

3 by C3 (Fig. 2) prevents the cumulative attenuation of
the two capacitive voltage dividers and allows the use of
smaller C1, C2, and C3 values.

Fig. 3 shows a frequently used class-AB current mirror
reported in [34]. It has PMOS and NMOS mirrors in the input
branch with Vsupplymin = 2VGS + 2VDSsat which are almost
twice as large as the class-AB mirror of Fig. 2. In addition,
if mirrors are not cascoded, the cell has very poor accuracy.
Cascode mirrors enhance accuracy at the expense of increasing
the supply voltage requirements and limiting the maximum
output current.

This is since conventional cascode transistors with constant
cascode bias voltages limit the maximum current signals.
Improved linearity, lower supply requirements, higher output
current range, and power efficiency of the class-AB current
mirror of Fig. 2 with respect to other class-AB mirrors,
i.e., [18], [19], [30], [31], [34], make it a highly efficient build-
ing block for several CM applications such as CM capacitance
multipliers and precision rectifiers. In addition, the proposed
class-AB mirror can be easily modified to become a gain
programmable mirror with digitally adjustable factor m. This
can be done by connecting in parallel various output stages
with binarily weighted scaled gain factors using switches.

A. Class-AB Capacitance Multiplier

A CM capacitance multiplier with capacitance multiplica-
tion factor k = (1 + m) using the class-AB mirror of Fig. 2 is
depicted in Fig. 4. As discussed before, the output branch of
the current mirror acts as a gain m dependent current source,
and the source current Is is the sum of the capacitance current
Ic = Iinp and the output current Iout = m Ic

Is = (1 + m)Ic. (6)

In practice, the input resistance Rin of the mirror at node IN,
which is in series with capacitor C and the output resistance
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Fig. 4. Configuration of the proposed class-AB capacitance multiplier with k = (1 + m) multiplication factor. (a) Block diagram. (b) Transistor-level
implementation.

of the mirror Rout which is in parallel with Vs , introduces
nonideal effects. Resistances Rs = Rin and Rp = Rout are
the denominated equivalent series resistance and parallel load
resistance, respectively. They limit the range of frequencies in
which the circuit of Fig. 4 behaves as a high Q capacitor.
Since at ac Mp acts also as a diode-connected transistor
with resistance 1/gmp, the resistance Rs is determined by the
transconductances of both transistors Mn and Mp (gmn and
gmp, respectively)

Rs = Rin ≈ 1

gmn

∥
∥
∥
∥

1

gmp
= 1

(gmn+gmp)
= 1

gmIN
(7)

where gmIN = gmn + gmp is the transconductance at node IN.
On the other hand, the resistance Rp = Rout (∼M�s) is
the large output resistance of the cascode mirror Rout ≈
(gmr2

0 )/2. (Assuming for simplicity that output PMOS and
NMOS transistors have the same transconductance gain gm

and output resistance r0.)
Fig. 5(a) shows the simplified small signal model of the

proposed capacitance multiplier of Fig. 4 where the input
impedance Zs = Vs/Is is given by the following equation:
Zs(s) = Vs

Is

=
Rp

(

1 + s
C+CparIN

gmIN

)

1 + s
(

(1 + m) RpC + C+CparIN
gmIN

)

+ s2
(

RpCCparIN
gmIN

)

=
Rp

(

1 + s
ωz

)

(

1 + s
ωpd

) (

1 + s
ωpnd

) (8)

with CparIN being the total parasitic capacitance at node IN
given by the following equation:

CparIN ≈ CgsMn+CgdMcn+CgdMcp+CdbMcn+CdbMcp. (9)

Note that Zs has a left half-plane zero ωz , a dominant
pole ωpd, and a nondominant pole ωpnd. Assuming that
Rp � Rs (i.e., Rout � 1/gmIN) and C � CparIN, the
approximate values of ωz , ωpd, and ωpnd (with ωpd � ωz �
ωpnd) are given by the following equations, respectively,

ωz ≈ gmIN

C + CparIN
≈ gmIN

C
≈ 1

RsC
(10)

ωpd ≈ 1
C+CparIN

gmIN
+ Rp(1 + m)C

≈ 1

Rp(1 + m)C
(11)

ωpnd ≈ C + CparIN + (1 + m)RpgmINC

RpCCparIN
≈ (1 + m)

RsCparIN
. (12)

In (8), if the negligible phase shift introduced by fpnd =
ωpnd/(2π) is not considered (C � CparIN), the small signal
model of the capacitance multiplier of Fig. 5(a) is simplified to
the model depicted in Fig. 5(b) and Zs reduces to the following
equation:

Zs(s) ≈
Rp

(

1 + s
ωz

)

(1 + s
ωpd

)
=

Rp

(

1 + s C
gmIN

)

1 + s
(

(1 + m)RpC + C
gmIN

)

= 1

(1 + m)

(
1

sC
+ Rs

) ∥
∥
∥
∥

Rp. (13)

Note that in (13), both base capacitor C and resistance
Rs are scaled by the same factor (1 + m) [see Fig. 5(c)].
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Fig. 5. Simplified small signal models of the capacitance multiplier of Fig. 4. (a) Considering the effect of CparIN. (b) Neglecting the effect of CparIN.
(c) Equivalent impedance Zs (neglecting the effect of CparIN).

Fig. 6. Configuration of the class-AB half-wave positive (IoutPR) and negative (IoutNR) rectifiers: (a) Block diagram. (b) Transistor-level implementation.

In Zs , the reactive (capacitive) component is higher than the
resistive component in the frequency range ( fL , fH ) where
fL = ωp/(2π) and fH = ωz/(2π) are the low and high corner
(3-dB) frequencies, respectively. For frequencies f < fL ,
the output resistance of the mirror dominates Zs , while for
f > fH , the input resistance of the mirror dominates Zs .
The frequency-dependent quality factor Q of the equivalent
capacitance Ceq = (1 + m)C is defined in the following
equation:

Q( f ) = | tan(θ)|. (14)

Q is considered high in the range ( f1, f2) with f1 ≈ 10 fL

and f2 ≈ fH /10 where θ is the phase of Zs(θ) and very close
to −90° (|Q| > 10 for −90° < θ < −85°). A dB-wise linear
decrease in the magnitude of Zs in the same range of frequen-
cies ( f1, f2) should be observed as in the case of a physical
capacitor. If required, the effective capacitance multiplication

factor can be increased by cascading several current mirrors.
The assumption that the mirror introduces negligible phase
shift (and consequently negligible Q degradation) in Zs for
frequencies f � fH is justified if fpnd � fH . This requires
to select a value of C that satisfies the condition C � CparIN.

B. Class-AB Precision Rectifiers

Another application of the class-AB current mirror of
Fig. 2 is the implementation of highly CE low-voltage
CM precision rectifiers, as shown in Fig. 6. As explained
before, NMOS and PMOS transistors process positive and
negative half cycles of the input current signal Iinp, respec-
tively. Output branches with only NMOS or PMOS transistors
provide IoutNR or IoutPR, respectively, which are half-wave neg-
ative and positive rectified versions of the input current signal.

Resistors RL (or transresistance amplifiers) can be used,
if required, to transform output currents into output voltages
(for example, VOutPR = IoutPR RL).

TThis is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
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Fig. 7. Proposed class-AB positive (I+
abs) and negative (I−

abs) full-wave rectifiers. (a) Block diagram. (b) Transistor-level implementation.

Fig. 8. Simulated waveforms of Vs , Is , and Ic in the proposed capacitance multiplier of Fig. 4 over 15 process corners (TT, SS, FF, SF, and FS) and
temperature variations (T = −40 °C, 27 °C, 85 °C). (a) With nominal supplies of ±0.9 V, IoutQ = m · Ibias = 12 μA, and input signal Vs = 100 mV at
100 kHz. (b) With low supplies of ±0.25 V, IoutQs = 0.55 μA, and Vs = 100 mV at 3 kHz.

Full-wave rectification requires the addition of the two
half-wave rectified signals with one of them inverted. Posi-
tive and negative full-wave (absolute value) rectified currents
(I+

abs and I−
abs, respectively) can be generated, as shown

in Fig. 7. The proposed circuit uses two of the class-AB current
mirrors of Fig. 2 with their corresponding two positive and

two negative half-wave rectified outputs connected in parallel.
These current mirrors have complementary input current sig-
nals (Iinp and −Iinp) which are generated by a fully differential
linear voltage-to-current converter (V-to-I Conv) used as the
interface between input voltage signal and a CM system
(Fig. 7). In other reported approaches, i.e., [19] and [30],

TThis is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
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TABLE I

SIMULATED PARAMETER VALUES OF THE PROPOSED CIRCUITS OF FIGS. 2, 4, AND 6 FOR NOMINAL AND LOW SUPPLY VOLTAGES

Fig. 9. Simulated waveforms of half-wave rectified currents of Fig. 6 (IoutPR , IoutNR, and IoutFW) over 15 process corners (TT, SS, FF, SF, and FS) and
temperature variations (T = −40 °C, 27 °C, and 85 °C). (a) With nominal supplies ±0.9 V, IoutQ = 12 μA, and input current signal Iinp = 300 μA
at 500 kHz. (b) With low supplies of ±0.25 V, IoutQ = 0.55 μA, and Iinp = 20 μA at 20 kHz.

to implement full-wave precision rectifiers one of the half-
wave rectified signal components is inverted by passing it
through another current mirror. This component experiences
an additional delay which generates crossover distortion in
the full-waved rectified output and reduces the maximum
operating frequency of the rectifier. Compared to the above-
mentioned approaches, the proposed full-wave rectifier of
Fig. 7 has the advantage that all half-wave signal components
are generated in parallel. Therefore, they experience the same

delay which avoids crossover distortion and allows higher
operating frequency.

III. SIMULATION AND EXPERIMENTAL RESULTS

A. Simulation Results

The capacitance multiplier and precision rectifiers (Figs.
4, 6, and 7) were designed and simulated in a 180-nm
CMOS technology. The nominal threshold voltages in this

TThis is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record is available at https://doi.org/10.1109/TVLSI.2018.2881249
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Fig. 10. Simulated full-wave rectified currents of Fig. 7 (I+
abs and I−

abs) over 15 process corners (TT, SS, FF, SF, and FS) and temperature variations
(T = −40 °C, 27 °C, and 85 °C). (a) With nominal supplies of ±0.9 V, IoutQ = 12 μA, and Iinp = 300 μA at 500 kHz. (b) With low supplies of ±0.25 V,
IoutQ = 0.55 μA, and Iinp = 20 μA at 20 kHz.

Fig. 11. Microphotograph of the fabricated chip including class-AB capac-
itance multiplier and half-wave precision rectifiers.

technology are approximately VTHn = |VTHp| ≈ 0.45 V and
μnCox ≈ 340 μA/V2 for NMOS and μpCox ≈ 80 μA/V2

for PMOS transistors. In addition, the sizes (in μm) of
unit NMOS and PMOS transistors were (W /L)n = (5/0.4)
and (W /L)p = (20/0.4), respectively. QFG transistors
with dimensions (W /L)pQFG = (0.22/0.22) were used to
implement RQFG. Capacitances C1 = C2 = C3 = 3 pF and
base capacitor C = 10 pF were used in simulations. Also,
the load capacitance was CL = 25 pF. The standard circuitry
was used to generate Ibias and bias voltages (Vbn, Vcn, Vbp,
and Vcp) [35]. The proposed circuits were simulated with the
following supply voltages and bias currents:

1) nominal dual-supply voltages VDD = 0.9 V, VSS =
−0.9 V, and input branch bias current Ibias = 1.2 μA
(operation in moderate inversion with VGS ∼ VTH);

2) low-dual-supply voltages VDD = 0.25 V, VSS =
−0.25 V, and Ibias = 55 nA (operation in weak inversion
region: VGS ∼ VTH/2, see the Appendix).

The simulated parameter values (VGS, VDS, VTH, gm , gds =
1/r0, etc.) are shown in Table I verifying the discussion in

TABLE II

MONTE CARLO ITERATIONS FOR SOME PARAMETERS OF FULL-WAVE

RECTIFIERS OPERATING IN WEAK INVERSION

the Appendix. It can be seen that in each region of operation,
the inversion factor I f for all transistors is almost the same
(I f ≈ 0.15 for moderate inversion and I f ≈ 0.007 for weak
inversion). Unit NMOS and PMOS transistors with the same
bias current have equal transconductance gain gm ≈ 30 μA/V
and gm ≈ 1.5 μA/V with nominal and low supply voltages,
respectively. Furthermore, the gm of scaled transistors scales
proportionally with sizing.

The robustness of the proposed capacitance multiplier of
Fig. 4 and the half and full-wave rectifiers of Figs. 6 and
7 was verified by simulating them over 15 process corners
(TT, SS, FF, SF, and FS) and temperature variations (T =
−40 °C, 27 °C, and 85 °C) in both moderate inversion and
weak inversion regions (nominal and low supplies ±0.9 V and
±0.25 V, respectively). Fig. 8 validates that in the proposed
capacitance multiplier, the magnitude of the source current Is

and also the close to −90° phase shift between Vs and Is show
relatively small changes over process corners and temperature
variations. Similarly, Figs. 9 and 10 verify the robustness of
the proposed half- and full-wave rectifiers, respectively, overall
process corners and temperature variations.

In addition to corner simulations, the robustness of the
proposed circuits operating in weak inversion is verified by
performing Monte Carlo iterations with 1000 random samples
(considering process and mismatch data) in the full-wave
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Fig. 12. Experimental measured magnitude and phase of Zs of capacitance multiplier. (a) With nominal dual supplies of ±0.9 V, Ibias = 1.2 μA. (b) With
low dual supplies of ±0.25 V, Ibias = 55 nA.

TABLE III

COMPARISON OF EXPERIMENTAL RESULTS WITH OTHER CAPACITANCE MULTIPLIER

rectifier for some parameters such as Iabs and CE. These
results are summarized in Table II.

Remarks:

1) It can be seen from Figs. 9(a) and 10(a) that with
nominal supply voltages, the proposed class-AB pre-
cision rectifiers can have up to 3-mA dynamic output
current (IoutMAX) with an output quiescent current of
only IoutQ = 12 μA. In addition, with low supplies,
they have IoutMAX ≈ 200 μA with only IoutQ = 0.55 μA
[Figs. 9(b) and 10(b)]. In both cases, CE is very high
since IoutMAX � IoutQ.

2) The maximum operating frequency of rectifiers is con-
sidered as the frequency at which the output currents
show negligible phase shift (less than 5°) at the crossover
points in relation to the input current signal (Iinp).

3) Monte Carlo results shown in Table II verify that the per-
formance of the proposed circuits (such as the maximum
dynamic output currents) does not change significantly
with mismatches.

4) No dynamic power is consumed inside the mirror with
exception of the current charging/discharging parasitic

Fig. 13. Implementation of RC LPF using capacitance multiplier of Fig. 4.

capacitances Cpar. Hence, it can be said that the circuit
has close to 100% dynamic power efficiency.

B. Experimental Results of the Fabricated Test Chip

A test chip prototype with the proposed capacitance multi-
plier with k = 11 was fabricated in 180-nm CMOS technology
thanks to MOSIS. The fabricated chip also includes half-wave
precision rectifiers. A microphotograph is shown in Fig. 11,
where the layouts of the capacitance multiplier of Fig. 4(b)
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Fig. 14. Experimental measured frequency response of RC LPF (gain |AV | and phase) using the proposed capacitance multiplier (Cfilt ≈ 140 pF). (a) With
nominal supplies of ±0.9 V, Rfilt = 160 k�, and f3-dB ≈ 7 kHz. (b) With low supplies of ±0.25 V, Rfilt = 600 k�, and f3-dB ≈ 1.9 kHz.

and precision rectifiers of Fig. 6(b) are superimposed since the
active devices are hidden in the fabricated die by the opaque
passivation. The sizes of unit NMOS and PMOS transistors
were the same as in Section III-A. The capacitance multiplier
and half-wave precision rectifiers occupy silicon areas of
0.037 mm2 (243 μm × 153 μm) and 0.021 mm2 (138 μm
× 153 μm), respectively. A physical (base) on-chip capacitor
with value C = 10 pF was used in the capacitance multiplier
with a scaling factor m = 10, resulting in a nominal equivalent
capacitance Ceq = (1 + m)C = 110 pF. Capacitances C1,2,3

(C1 = C2 = C3 = 3 pF) and C were laid out with two higher
level metals in 180-nm CMOS technology. With the transistor
dimensions indicated earlier and Cox = 8.78 fF/μm2 in 0.18-
μm CMOS technology, the parasitic capacitance CparIN ≈ 1
pF [see (9)] and the condition C � CparIN are satisfied.

Fig. 12 shows the measured magnitude (in dB�) and
phase (θ ) of Zs for the nominal and low supply biasing
conditions mentioned in Section III-A.

The measured capacitance had a value Ceq ≈ 114 pF
for nominal supplies (±0.9 V) and Ceq ≈ 108.8 pF for
low supplies (±0.25 V). Ceq shows slight deviation w.r.t.
the expected nominal value Ceq = 11 C = 110 pF, due
to process tolerances on the value of C = 10 pF. With
both nominal and low supplies, dominant capacitive behavior
(|Q| > 10 : −90° < θ < −85°) is observed over two decades
of frequency ( f1 = 750 Hz to f2 = 200 kHz in Fig. 12(a), and
f1 = 45 Hz to f2 = 5 kHz in Fig. 12(b), respectively). These
results are in good agreement with the theoretical discussion
in Section II-B.

The main measured parameters are summarized in Table III,
including results for other reported capacitance multipliers.
To ease comparison, a capacitance multiplier figure of merit
FOMCap-Mlt can be defined as follows:

FO MCap-Mlt = k BW

Pdiss
= k( f2 − f1)

Pdiss
(15)

with Pdiss = (VDD − VSS)IsupplyQ being the total quiescent
power dissipation of the circuit and BW = f2 − f1 being the
BW over which the quality factor of the capacitor has a value

|Q| > 10. Note that the capacitance multiplier in this paper
shows the highest FOMCap-Mlt.

In order to verify the value of Ceq, the proposed class-AB
capacitance multiplier was tested in the first-order low-pass
filter (LPF), as shown in Fig. 13. It is made of an off-chip
resistance Rfilt and a capacitor Cfilt implemented using Ceq.
This is applicable as long as the LPF cutoff frequency f3-dB

is in the range ( f1, f2) where Zs has dominant capacitive
behavior

f3-dB = 1

2π RfiltCfilt
≈ 1

2π RfiltCfilt
. (16)

Due to the parasitic capacitance of the test board, input
pad and test probe, a load capacitor with an estimated value
CL = 25 pF appears at the input of the capacitance multiplier,
as shown in Fig. 13. This CL must be taken into account to
determine the effective capacitance Cfilt ≈ 140 pF of the LPF

Cfilt ≈ CL + Ceq. (17)

The measured frequency response of the LPF (gain |AV |
and phase) is shown in Fig. 14(a) (nominal supply voltages)
and Fig. 14(b) (low supply voltages). Off-chip resistors with
values Rfilt = 160 k� and Rfilt = 600 k� are used for the
results of Fig. 14(a) and (b), respectively. The higher value of
Rfilt employed for lower supply voltages is due to the fact that
the frequency range over which the proposed circuit performs
as a high-Q capacitor is scaled to lower frequencies in this
case [ f1 = 45 Hz to f2 = 5 kHz in Fig. 12(b)].

The dc gain |AV dc| observed in Fig. 14(a) and (b) is lower
than 0 dB. This is due to the fact that the capacitor Ceq

has a resistance Rp = Rout in parallel. At dc, the resistance
Rout forms a voltage divider with resistance Rfilt. This leads
to a slight attenuation. The measured dc gain |AV dc| has
values of −0.38 and −0.42 dB for nominal and low supplies,
respectively. The measured cutoff frequencies of the LPF
f3-dB ≈ 7 kHz [Fig. 14(a)] and LPF f3-dB ≈ 1.9 kHz
[Fig. 14(b)] are in good agreement with the ideal values
calculated from (16).

Concerning the fabricated rectifier circuits, Fig. 15 shows
the measured positive and negative rectified (IOutPR and
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Fig. 15. Experimental output voltage waveforms of Fig. 6 using RL = 150 �. (a) With supply voltages of ±0.9 V, Ibias = 1.2 μA, IoutQ = 12 μA, and
f = 200 kHz. (b) With supply voltages of ±0.25 V, Ibias = 55 nA, IoutQ = 0.55 μA, and f = 5 kHz.

TABLE IV

EXPERIMENTAL RESULTS OF THE PROPOSED PRECISION RECTIFIERS AND COMPARISON TO RECENT REFERENCES

IOutNR) as well as the unrectified (IOutFW) output waveforms
corresponding to the scheme of Fig. 6 for the nominal supplies
of ±0.9 V, Ibias = 1.2 μA, IoutQ = 12 μA, RL = 150 �,
and f = 200 kHz [Fig. 15(a)] and also for low supplies
of ±0.25 V, Ibias = 55 nA, IoutQ = 0.55 μA, RL = 150 �,
and f = 5 kHz [Fig. 15(b)].

A linearized commercial bipolar OTA IC (CA3280E) was
used to generate the input current source (Iinp) of the proposed
precision rectifiers. Fig. 15(a) shows the experimental output
currents (IOutPR, IOutNR, and IOutFW) that have peak values
of 1.33 mA at frequency 200 kHz. These peak values are
more than 100 times larger than the output branch bias current
IoutQ = 12 μA. This corresponds to the very high CE and
also two decades output current enhancement (CEnhc) of the

proposed circuit. Output current enhancement is defined as
the ratio of the maximum output signal current IoutMAX to the
quiescent current of the output branch (IoutQ)

CEnhc = IoutMAX

IoutQ
. (18)

By reducing Ibias from 1.2 μA to 55 nA, half-wave
precision rectifiers were functional with dual-supply volt-
ages as low as ±0.25 V, showing output currents over
two orders of magnitude larger than the output branch bias
currents [Fig. 15(b)].

Table IV summarizes the measured performance of the
proposed rectifiers and results from other previous works.
To ease comparison, a figure of merit FOMRect can be defined
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for precision rectifiers

FO MRect = IoutMAX · fMAX

Pdiss
. (19)

Note that the precision rectifiers proposed in this paper show
the highest FOMRect. In addition, most references of precision
rectifiers report simulation results or experimental results with
discrete elements.

IV. CONCLUSION

Low-voltage/low-power CM capacitance multiplier and pre-
cision rectifiers using a highly power-efficient class-AB cur-
rent mirror are presented. In the example of the capacitance
multiplier, the emulated capacitor Ceq acts as a grounded
capacitance which is k = 11 times larger than the on-
chip base capacitor C . It has the highest FOMCap-Mlt and
operates with the lowest supply voltages of all reported
capacitance multipliers. In addition, the proposed precision
rectifiers generate output currents which are over 100 times
larger than their quiescent output current. The performance
of the proposed circuits is validated through simulation and
experimental results of a fabricated chip in 180-nm CMOS
technology.

APPENDIX

LOW-POWER DESIGN

Designs with transistors operating in moderate inver-
sion or in weak inversion regions are desirable for low-
voltage/low-power applications, i.e., biomedical. This is
because, in these regions, the transistors operate with gate–
source voltages lower than their threshold voltages VGS <
VTH and the drain–source voltage VDS can be very low
(VDS < 100 mV). This reduces essentially the minimum
supply requirements and power dissipation of the circuit. Tran-
sistors are considered to operate in strong, moderate, or weak
inversion depending on the value of the inversion fac-
tor I f [36]–[38]. It can be calculated as

I f = IDκ

2μCox
·
( q

kT

)2 · L

W
= ID

2βζU2
T

(20)

where ID, μ, Cox, and β = μCoxW /L are the drain cur-
rent, the carrier mobility, the oxide capacitance per unit gate
area, and the transistor gain factor, respectively. Furthermore,
k, T , and q are the Boltzmann’s constant (1.38064853 ×
10−23 JK−1), absolute temperature (K), and the electric charge
on the electron (1.6021766209 × 10−19 C), respectively, and
the thermal voltage (UT ≈ 26 mV at T = 300 K) is defined
as UT = kT/q . The subthreshold slope factor ζ = n = 1/
κ ≈ 1.4 is the reciprocal of the channel divider factor κ ≈ 0.7.
The transistor is considered to operate in weak inversion if
I f < 0.1, in moderate inversion if 0.1 < I f < 10, and in
strong inversion if I f > 10. Based on the EKV model [39],
there is a general expression for the gate transconductance gm

in all regions of operation

gm ≈ 4I f · β · UT

(1 + √

1 + 4I f )
= 2ID

ζU T (1 + √

1 + 4I f )
. (21)

For transistors working in weak inversion or in moderate
inversion with low I f , their gm can be expressed as

gm ≈ ID

ζU T
. (22)

This leads to the highest transconductance to current ratio
gm/ID that can be achieved by MOS transistors, and also
results in a high BW to ID factor since BW is proportional
to gm and consequently to ID . Operation of the proposed
circuits in both moderate inversion and weak inversion region
is discussed in Section III.
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