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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,
current mirror, low supply voltage, precision rectifiers.

class-AB

I. INTRODUCTION

NCREASING demand for low-voltage/low-power VLSI

systems aimed to portable and biomedical devices mandates
a reduction of their minimum supply voltage requirements
[Vsupptymin (Vbp — Vss)min] and low quiescent current.
Furthermore, a low-voltage operation is a requirement in
modern CMOS technologies that operate with subvolt supplies
(Vpp < 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.

C.q = 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 /. 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 Iy = (1+m)I,
corresponding to an equivalent capacitance Ceq

Ceg = (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

)

Note that the capacitance multiplication factors for CM and
VM systems are k = 1 +m and k = 1 4 |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

Coy = (14 |AC = kC.

1063-8210 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

© 2018 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or future media, including reprinting/republishing this material for
advertising or promotional purposes, creating new collective works, for resale or redistribution to servers or lists, or reuse of any copyrighted component of this work in other work.


https://orcid.org/0000-0001-8013-1171
https://orcid.org/0000-0001-5977-616X
https://orcid.org/0000-0001-7629-0305

This 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

2

small amplitude voltage signal V; 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 V; is limited by the gain A of the amplifier
used as Miller multiplier to a value Vj,_,max given by

szing
|A]

with Vjine being the maximum output swing of the amplifier.
This implies that large k = 1 4+ |A| values only allow
very small voltage signals at node V; of C,,. 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 /. This can impose
a serious slew rate (SR) and dynamic range limitation on the
speed/amplitude of the signals applied to C,, and also on the
maximum achievable value of k. Assuming sine-wave voltage
signals with peak amplitude A, and frequency f, the peak
current /cprax applied to a capacitance Cey = kC is given by
the following equation:

Ievax = 27TprkC = ZﬂprCeq. 4)

3)

Vip—pmax =

On the other hand, I.pax is limited by I, in a class-A
structure and can impose a severe limitation on any of the
parameters A, f, or k. For example, for Io,,0 = 10 uA,
f =100 kHz, k = 50, and C = 20 pF (C.y = 1000 pF),
the maximum amplitude of the voltage signal that can be
applied to C,.y is only A, ~ 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 (Pyjss) 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 I,,uax to the total supply quiescent
current Lgpplyo

I outMAX

CE = . (5)
Lsupplyo
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 (Vsuppiymin = 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
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with Cey) is relatively low and decreases significantly for high
output currents. This results in a degradation of the quality
factor Q of C.; 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 Ip;,s. 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 Ip;;s. It has biasing and cascode
voltages Vép, V> and V/, that adapt dynamically to the
ac input current /;,,. This is possible using quasi-floating
gate (QFG) techniques [32] based on the inclusion of large
time constant RC networks formed by capacitors Cj 2 3 (~pFs)
and very large resistances Rorg(~10 GQ) implemented with
minimum-size transistors acting as pseudoresistors. Note that
3-dB cutoff frequency f3.4p of the high-pass circuits formed
by C;23 and Rgrg is in the range of few hertz. This f3.4p
changes due to process/temperature variations of Cj23 and
RgFg, but it is not important as long as the modified f3.4p
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. 3.  Conventional class-AB current mirror using PMOS and NMOS
Vss mirrors and a rectifying cell [34].
Fig. 2. High-performance power-efficient multiple-output class-AB current
mirror. working frequency because capacitors C> and C} form voltage
dividers with the parasitic capacitances Cp,2 (at node Vb’ p) and
Under quiescent conditions (/inp = 0), voltages V,, = Cpu3 (at node V,,) and it leads to cumulative attenuation of

Vips VC/p = V¢, and V/, = Vi, and the PMOS and NMOS
transistors have equal currents /p;,s (transistors with multiplic-
ity m have a quiescent current m Ip;4). For dynamic operation,
capacitors Cy, Cz, and C3 act as floating batteries that transfer
the variations A Vjy (caused by /) in the gate—source voltage
of Mn to voltages V/, Vép, and Vc/p. 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/,, Vl;p, and Vc’p through the capacitors C; 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 Vl;p are ac coupled by C>,
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 Vsuppiymin = VGs+2Vpssar = Vra +3Vpssar- It can be under
500 mV for subthreshold operation in fine line technologies
as in this case transistors have voltages Vgs < Vgg. For
example, in 180-nm bulk CMOS technology, with I,y =
100 nA (or less), transistors can operate in saturation with
a value Vgs ~ Vrg/2-230 mV and Vpgser ~ 50-70 mV
resulting in Vppiymin ~ Vra /2 + 3Vpssar ~ 440 mV.

Note that C3 in Fig. 2 can also be connected as C} (as shown
in [33]), however, this reduces the input current range and

two capacitive dividers between nodes IN and V. For large
mirror gain m, Cpqr2 and Cpqr3 are relatively large, requir-
ing larger C», and C} to prevent high attenuation between
nodes IN and VC/p. Therefore, here, the proposed substitution
of C% by C3 (Fig. 2) prevents the cumulative attenuation of
the two capacitive voltage dividers and allows the use of
smaller C;, C», 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 Vypiymin = 2VGs + 2Vpssar 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 4+ 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 I is the sum of the capacitance current
I. = Iipp and the output current Iy, = ml.

Iy, =0 +m)l. (6)

In practice, the input resistance R;, 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 4 m) multiplication factor. (a) Block diagram. (b) Transistor-level

implementation.

of the mirror R,,; which is in parallel with Vj, introduces
nonideal effects. Resistances Ry = R;, and R, = R, 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/g,, the resistance Ry is determined by the
transconductances of both transistors Mn and Mp (g, and
&mp- respectively)
1 1 1 1
8mn (gmn+g;np)

where guv = &mn + &mp 18 the transconductance at node IN.
On the other hand, the resistance R, = R,y (~MQs) is
the large output resistance of the cascode mirror R, =~
(gmrg)/2. (Assuming for simplicity that output PMOS and
NMOS transistors have the same transconductance gain g,
and output resistance r(.)

Fig. 5(a) shows the simplified small signal model of the
proposed capacitance multiplier of Fig. 4 where the input
impedance Z; = V; /I is given by the following equation:

Ry = Rjp ~ )

8mp 8mIN

v,
Zs(s) = I—S
N
C+CparlN
B Ry (l +SW)
Ry (142)
B " ®)

(1+a7) (1+a%)

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

©)

Note that Z; has a left half-plane zero w,, a dominant
pole wpg, and a nondominant pole wp,g. Assuming that
R, > Rs (e, Rour > lgun) and C > Cparin, the
approximate values of w;, @pq, and wp,g (With wpg K @; K
pna) are given by the following equations, respectively,

CparIN ~ CgSMn +Coamen+C edMcp +Capmen+ Cdchp~

1
w, ~ 8mIN ngN (10)
C+ CparIN C RSC
1 1
Opd ~ g ~ (11
Eliv 4 R,(1 4 m)C  Rp(L+m)C
o A C+ Cpariv + (1 + m)RpngNC o (1 +m) (12)
d ~o ~ .
pn RpCCpaﬂN Rs CparIN

In (8), if the negligible phase shift introduced by fpus =
®pna/(2m) 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 Z; reduces to the following

equation:

I+ 1+s((1+m)R C+

1
(1+m>(_+R)H

Note that in (13), both base capacitor C and resistance
Ry are scaled by the same factor (1 4+ m) [see Fig. 5(c)].

Zs(s) ~

ngN)

13)
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(c) Equivalent impedance Z; (neglecting the effect of Cparin).
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In Z;, the reactive (capacitive) component is higher than the
resistive component in the frequency range (fr, frn) where
fL =w,/2r) and fy = w;/(27) are the low and high corner
(3-dB) frequencies, respectively. For frequencies f < fr,
the output resistance of the mirror dominates Zg, while for
f > fu, the input resistance of the mirror dominates Z;.
The frequency-dependent quality factor Q of the equivalent
capacitance Cq (1 + m)C 1is defined in the following
equation:

0(f) = |tan(®)|. (14)
Q is considered high in the range (f;, f2) with f; =~ 10fL
and f> ~ fy /10 where 0 is the phase of Z;(0) and very close
to —90° (@] > 10 for —90° < 6 < —85°). A dB-wise linear
decrease in the magnitude of Z; in the same range of frequen-
cies (f7, f2) should be observed as in the case of a physical
capacitor. If required, the effective capacitance multiplication

Simplified small signal models of the capacitance multiplier of Fig. 4. (a) Considering the effect of Cpqry. (b) Neglecting the effect of Cpgrrn.
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Configuration of the class-AB half-wave positive (,,;pr) and negative (I,,vgr) rectifiers: (a) Block diagram. (b) Transistor-level implementation.

factor can be increased by cascading several current mirrors.
The assumption that the mirror introduces negligible phase
shift (and consequently negligible Q degradation) in Z; for
frequencies f < fp is justified if fp,q > fu. 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 I, respec-
tively. Output branches with only NMOS or PMOS transistors
provide I,,nNr ot Iy,:pR, respectively, which are half-wave neg-
ative and positive rectified versions of the input current signal.

Resistors R; (or transresistance amplifiers) can be used,
if required, to transform output currents into output voltages
(for example, Vouipr = lourPRRL).-
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Simulated waveforms of Vg, I, and I in the proposed capacitance multiplier of Fig. 4 over 15 process corners (TT, SS, FF,
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(b)

SF, and FS) and

temperature variations (7 = —40 °C, 27 °C, 85 °C). (a) With nominal supplies of £0.9 V, Iy, = m - Ipjge = 12 pA, and input signal Vs = 100 mV at
100 kHz. (b) With low supplies of +0.25 V, Iyr05 = 0.55 pA, and Vg = 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;Zs and [, 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 (/;np and —I;;,p) 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],
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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

Nominal Dual Supply Voltages V,p=10.9 V, Vg=-0.9 V, and I,~=1.2 pA

. W/L Ip Vi Ves Vs m 8us g/Ip Region of Inversion
Transistor .
mpm) @A) V) V) V) @AN)  @AY) (VD &
Mn 5/0.4 1.207 0439 0373  0.188 29.7 0.312 24.606 0.150 Moderate
Mcn 5/0.4 1.207 0479 0416 0.185 30.1 0.320 24.938 0.150 Moderate
Mp 20/0.4 1.207 0419 0356  0.251 28.66 0.408 23.745 0.159 Moderate
Mcp 20/0.4 1.207 0476 0416 1.176 29.62 0.276 24.540 0.159 Moderate
Mnl 50/0.4 12.08 0439 0373 0.191 297.2 3.087 24.603 0.150 Moderate
Mcnl 50/0.4 12.08 0479 0413 0.710 307.7 1.347 25.472 0.150 Moderate
Mpl 200/0.4 12.06  0.419 0356  0.247 286.2 4.112 23.731 0.159 Moderate
Mcpl 200/0.4 12.06 0479 0420  0.653 294.1 3.118 24.386 0.159 Moderate
Low Dual Supply Voltages Vp=10.25V , Vi=-0.25V, and I,,,,=55 nA
. W/L Ip Viu Vs Vbs Sm 8us g/Ip Region of Inversion
Transistor .
@npm) @A) V) M V) @AN)  @AN) (VY b
Mn 5/0.4 55 0439 0257 0.112 1.49 0.034 27.091 0.0068 Weak
Mcn 5/0.4 55 0463 0284  0.145 1.51 0.014 27.455 0.0068 Weak
Mp 20/0.4 55 0419 0.238  0.133 1.46 0.030 26.545 0.0072 Weak
Mcp 20/0.4 55 0454 0278 0.110 1.48 0.048 26.909  0.0072 Weak
Mnl 50/0.4 550 0439 0257 0.112 14.92 0.345 27.127  0.0068 Weak
Mcnl 50/0.4 550 0463 0.284  0.145 15.08 0.144 27418  0.0068 Weak
Mpl 200/0.4 550 0419 0.238 0.134 14.58 0.301 26.509  0.0072 Weak
Mcpl 200/0.4 550 0454 0278 0.110 14.82 0.475 26.945 0.0072 Weak
3.0 ﬂ /’ﬁ‘\ 200.0
= 201 c/‘ﬁ \louter |\ [ - Touter
g / foroi [ I 100.0-
= 1 f . b =
_ { {
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Fig. 9.

Simulated waveforms of half-wave rectified currents of Fig. 6 (Iputpr, lousNg, and Iy, rw) over 15 process corners (TT, SS, FF, SF, and FS) and

temperature variations (7 = —40 °C, 27 °C, and 85 °C). (a) With nominal supplies £0.9 V, Iy;9 = 12 pA, and input current signal I, = 300 uA
at 500 kHz. (b) With low supplies of +0.25 V, Iy, = 0.55 uA, and I, = 20 pA 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
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) over 15 process corners (TT, SS, FF, SE, and FS) and temperature variations

(T = —40 °C, 27 °C, and 85 °C). (a) With nominal supplies of 0.9 V, 1,0 = 12 pA, and i, =300 pA at 500 kHz. (b) With low supplies of £0.25 V,

Tourg = 0.55 pA, and Iy = 20 wA at 20 kHz.

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

technology are approximately Vrg, = |Vrgp| ~ 0.45 V and
tnCox ~ 340 uA/V? for NMOS and p,C,x ~ 80 uA/V?
for PMOS transistors. In addition, the sizes (in pm) 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)porc = (0.22/0.22) were used to
implement Rgrg. Capacitances C; = C2 = C3 = 3 pF and
base capacitor C = 10 pF were used in simulations. Also,
the load capacitance was C; = 25 pF. The standard circuitry
was used to generate Ipj,s and bias voltages (Vipu, Ven, Vip,
and V) [35]. The proposed circuits were simulated with the
following supply voltages and bias currents:

1) nominal dual-supply voltages Vpp = 0.9 V, Vss =
—0.9 V, and input branch bias current I,y = 1.2 A
(operation in moderate inversion with Vgs ~ Vrg);

2) low-dual-supply voltages Vpp = 0.25 V, Vs =
—0.25V, and I;;s = 55 nA (operation in weak inversion
region: Vgs ~ Vrg/2, see the Appendix).

The simulated parameter values (Vgs, Vps, VrH, &m» 8ds =

1/rg, 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

Parameters Min Max Mean  Std Dev
Peak I (nA) 188.7 2123  198.1 3432
Peak L' (nA) 1929 2058  198.8 1.907

Lsuppiyo (MA) 0.792 1.847 1.205 0.169

CE (uA/nA) 105.5 246 167.6 23.47

Puiss (WW) 0475 1.108  0.723 0.101

the Appendix. It can be seen that in each region of operation,
the inversion factor I for all transistors is almost the same
(I ~ 0.15 for moderate inversion and Iy ~ 0.007 for weak
inversion). Unit NMOS and PMOS transistors with the same
bias current have equal transconductance gain g, &~ 30 ¢ A/V
and g, ~ 1.5 uA/V with nominal and low supply voltages,
respectively. Furthermore, the g,, 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, SE, 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 /I
and also the close to —90° phase shift between V; and I 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 Zg of capacitance multiplier. (a) With nominal dual supplies of +0.9 V, Ij;,s = 1.2 uA. (b) With
low dual supplies of £0.25 V, I, = 55 nA.

TABLE III
COMPARISON OF EXPERIMENTAL RESULTS WITH OTHER CAPACITANCE MULTIPLIER

Parameters [6° | [10] [13] [9] [14] [ | s | o1 |2 ThF'igwgrk
CMOS Technology (um) 08 | 035 OTAs 0.18 0.5 0.5 05 | 05 | 0.065 0.18
CA3280E
Structure® A AB*¢ A A A AB¢ A A A AB
Base Capacitance C (pF) 1 170 1000 7.95 18 100 10 25 7 10
Supply Voltage (V) 3 2.8 425 1.8 £1.35 3 3 22 1.2 0.9 | 025
Tuppivo (MA) 20 | 240 5750 100 650 1760 | 605 | 600 - 132 | 0.605
Power dissipation Puss (W) | 60 | 672 28750 180 1755 | 5280 | 1815 | 1320 - 2376 | 0.302
Multiplication Factor & 785 | 16 22 65 10.1 20 | 903 | 28 140 | 11.4 | 10.88
Cyr (pF) 7.85 | 2720 | 22000 516.8 182 1004 | 903 | 700 | 980 114 | 108.8
£i (kHz)* 44 | 07 <1 0.07 1500° | 1.5 5 1 - 0.75 | 0.045
£ (kHz)® 132 | 40 100 30 10500° | 100 10 | 100 - 200 5
FOMcupm (KHz/pW) 16.7 | 0.94 0.08 1081 | 5179 | 032 | 025 | 2.1 - 95.6 | 1785
Area (mm?) - - - <0228 | 0.702 | 0.053 | 0.042 | 0.07 - 0.037

* Class-A or Class-AB. ® Simulated. ¢ Cascode starved Class-AB. 4 Non-cascoded class-AB. ¢ Where |Q]>10: -90°<6<-85°.

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

Remarks: C

1) It can be seen from Figs. 9(a) and 10(a) that with |}_ (1:;:25)::;88 OutFw oyt
nominal supply voltages, the proposed class-AB pre- Cap-Mit
cision rectifiers can.have up to 3-mA dynamic output Vs CﬁltzéL +Ceq |
current (Iymax) With an output quiescent current of =CL+(14m)C J_ |Av] Vout /Vs

only l,up = 12 upA. In addition, with low supplies,
they have I,,max ~ 200 A with only 1,0 = 0.55 uA
[Figs. 9(b) and 10(b)]. In both cases, CE is very high Fig. 13. Implementation of RC LPF using capacitance multiplier of Fig. 4.
since Loumax > lourg-

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

3) Monte Carlo results shown in Table II verify that the per-  B- Experimental Results of the Fabricated Test Chip

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

formance of the proposed circuits (such as the maximum A test chip prototype with the proposed capacitance multi-
dynamic output currents) does not change significantly plier with k = 11 was fabricated in 180-nm CMOS technology
with mismatches. thanks to MOSIS. The fabricated chip also includes half-wave

4) No dynamic power is consumed inside the mirror with  precision rectifiers. A microphotograph is shown in Fig. 11,
exception of the current charging/discharging parasitic ~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 |Ay | and phase) using the proposed capacitance multiplier (Cgy, ~ 140 pF). (a) With
nominal supplies of 0.9 V, Rg;, = 160 k€, and f3.4p ~ 7 kHz. (b) With low supplies of £0.25 V, Rgj, = 600 kQ, and f3 45 ~ 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 mm? (243 um x 153 um) and 0.021 mm? (138 um
x 153 pm), 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 C,; = (1 +m)C = 110 pE. Capacitances C; 3
(C; = C32 = 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 C,, = 8.78 fF/,um2 in 0.18-
um CMOS technology, the parasitic capacitance Cparn ~ 1
pF [see (9)] and the condition C > Cpgn are satisfied.

Fig. 12 shows the measured magnitude (in dBQ) and
phase (9) of Z; for the nominal and low supply biasing
conditions mentioned in Section III-A.

The measured capacitance had a value C,; ~ 114 pF
for nominal supplies (£0.9 V) and C,;, ~ 108.8 pF for
low supplies (£0.25 V). C.; shows slight deviation w.r.t.
the expected nominal value C,; = 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° < O < —85°) is observed over two decades
of frequency (f; = 750 Hz to f> = 200 kHz in Fig. 12(a), and
f1 =45 Hz to f> =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
FOMcgp-mir can be defined as follows:

kBW  k(f2— f1)
Piss Puiss

FOMCap-Mlt = (15)

with Pyiss = (Vpp — Vss) Luppiyo being the total quiescent
power dissipation of the circuit and BW = f; — f] 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 FOMcgp-pir-

In order to verify the value of C,4, 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 Ry, and a capacitor Cgj, implemented using Ceg.
This is applicable as long as the LPF cutoff frequency f3.45
is in the range (f7, f2) where Z; has dominant capacitive
behavior
1 N 1

~ . (16)
27 RCrne - 27 R Criry

f3-aB =

Due to the parasitic capacitance of the test board, input
pad and test probe, a load capacitor with an estimated value
C1 = 25 pF appears at the input of the capacitance multiplier,
as shown in Fig. 13. This C; must be taken into account to
determine the effective capacitance Cj;, ~ 140 pF of the LPF

Chiir ~ Cp + Ceq. (17)

The measured frequency response of the LPF (gain |Ay|
and phase) is shown in Fig. 14(a) (nominal supply voltages)
and Fig. 14(b) (low supply voltages). Off-chip resistors with
values Rp; = 160 kQ and R, = 600 k€ are used for the
results of Fig. 14(a) and (b), respectively. The higher value of
Ry 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 [f; =45 Hz to f> =5 kHz in Fig. 12(b)].

The dc gain |Ay4.| observed in Fig. 14(a) and (b) is lower
than O dB. This is due to the fact that the capacitor C,,
has a resistance R, = R,y in parallel. At dc, the resistance
Royr forms a voltage divider with resistance Rgy;,. This leads
to a slight attenuation. The measured dc gain |Ayg.| has
values of —0.38 and —0.42 dB for nominal and low supplies,
respectively. The measured cutoff frequencies of the LPF
f3.ap ~ 7 kHz [Fig. 14(a)] and LPF f3,3 ~ 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 (Ip,pr and
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Experimental output voltage waveforms of Fig. 6 using Ry = 150 Q. (a) With supply voltages of £0.9 V, Ipjss = 1.2 pA, lpyrp = 12 pA, and

f =200 kHz. (b) With supply voltages of £0.25 V, Ip;ss = 55 nA, lpyrg = 0.55 uA, and f =5 kHz.

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

This work, Fig. 7 This work, Fig. 6
Parameters [21] [22] [23] [20] (Full-wave) (Half-wave)
1 abs+ & I, abs I, outPR & IoutNR
Experimental (Exp) Exp .
or Sim Exp Sim Sim* (Discrete (Intesglgte d) (Intfg?; ted)
Simulation (Sim) elements)
LM13700
CMOS Technology (nm) - 12 0.5 0.25 and 0.18 0.18
1N4148
Mode of Operation VM CM VM CM CM CM CM
Class-A or Class-AB - Class-AB Class-A Class-A Class-A Class-AB Class-AB
Full-wave or Half-wave Half-wave | Full-wave | Full-wave | Full-wave | Full-wave Full-wave Half-wave
Ci (pF) 0.5 - - - - 25 25
Supply Voltage (V) +2.5 +0.6 +5 +1.5 +15 +0.9 +0.25 +0.9 +0.25
Ivias (RA) - 10 120 60 1000 1.2 0.055 1.2 0.055
Lourg (RA) - - 60 120 500 12.08 0.55 12 0.55
Lsuppiyo (MA) 380 - 420 300 3000 26.65 1.21 13.2 0.605
Piss (W) 1900 - 4200 900 90000 47.97 0.605 23.76 0.302
R (Q) - 1500 3000 1000 1000 1 1 150 150
fuax (kHz) 5000 3000 50000 <100 <100 500° 20° 200° 5°
Lournax (RA) - 300 40 100° 250¢ 2918 194.5 1333.33¢ | 106.67
CE (uA/pA) - - 0.1 0.33 0.083 109.5 160.74 1014 176.31
FOMpgect (nA-kHz/pW) - - 476.2 <11.11 0.28 30415 6430 112234 1766
Area (mm?) - - - - - - 0.021

* Not fully integrated implementation: it combines CMOS technology with discrete diodes 1N4148.
® Unlike some other references listed in Table IV, the output of this work at maximum operating frequency shows negligible phase shift at the cross-

over points (less than 5°).
€ Lountax=Vountax/Ry. [20].

4 With nominal supply voltages of +£0.9 V, the circuit can have L,,ax up to 3000 pA resulting in about 3-times higher CE, and FOMp,..

Townr) as well as the unrectified (/o Fw) output waveforms
corresponding to the scheme of Fig. 6 for the nominal supplies
of £0.9 V, Ipius = 1.2 pA, lopwo = 12 uA, Ry = 150 Q,
and f = 200 kHz [Fig. 15(a)] and also for low supplies
of £0.25 V, Ipigs = 55 nA, lpuo = 0.55 nA, Ry =150 Q,
and f =5 kHz [Fig. 15(b)].

A linearized commercial bipolar OTA IC (CA3280E) was
used to generate the input current source (/;;p) of the proposed
precision rectifiers. Fig. 15(a) shows the experimental output
currents (Iourpr, lowsng, and Iourpw) 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
Iouro = 12 pA. This corresponds to the very high CE and
also two decades output current enhancement (Cgpp) of the

proposed circuit. Output current enhancement is defined as
the ratio of the maximum output signal current /,,;p4x to the
quiescent current of the output branch (Zyu:0)

Lourmax

(18)
Ioth

CEnhc =
By reducing Ipj;s from 1.2 uA 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 FOMg,.; can be defined
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for precision rectifiers

Loumax - fmax

FOMRect = Pd'
iss

(19)

Note that the precision rectifiers proposed in this paper show
the highest FOMg,,. 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 C,, acts as a grounded
capacitance which is k = 11 times larger than the on-
chip base capacitor C. It has the highest FOMcgp-p; 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 <
Vry and the drain—source voltage Vpg can be very low
(Vps < 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 Iy [36]-[38]. It can be calculated as

- (20)

I = = ]
/ W 2p0U2

2uCox
where Ip, i, Cox, and f = uCy,W/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 ¢g are the Boltzmann’s constant (1.38064853 x
1072 JK—1), absolute temperature (K), and the electric charge
on the electron (1.6021766209 x 107! C), respectively, and
the thermal voltage (Ur ~ 26 mV at T = 300 K) is defined
as Ur = kT /q. The subthreshold slope factor ¢ = n = 1/
x ~ 1.4 is the reciprocal of the channel divider factor x ~ 0.7.
The transistor is considered to operate in weak inversion if
Iy < 0.1, in moderate inversion if 0.1 < Iy < 10, and in
strong inversion if Iy > 10. Based on the EKV model [39],
there is a general expression for the gate transconductance g,
in all regions of operation

4If'ﬁ'UT 2Ip

g A = .
" U+ /114l cUr(+ . /T+4l)
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For transistors working in weak inversion or in moderate
inversion with low /¢, their g,, can be expressed as

(Ur

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

gm (22)
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