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Abstract. This paper introduces a novel circuit topology for programmable capacitance
multipliers implemented with linear transconductors (Gm cells), along with several circuit implementations and applications. Starting from a fairly well-known architecture, that employs
two Gm cells, the proposed topology only requires one transconductor core. It is particularly
well suited to high-linearity transconductors, such as the Kwan-Martin and Welland circuits,
but simple differential pairs can also be used to implement it. In fact, circuit implementations
based on all three transconductor types are demonstrated in the paper. Mathematical analysis
and parametric simulations were performed in order to assess the impact non-idealities inherent to circuit implementation may have on the proposed topology. It was found that the finite
value of an output resistance was the main performance limiting factor for the capacitance
multiplier. Therefore, a compact implementation for active cascoding of current mirrors was
used in subsequent circuit implementations. The usefulness of the proposed capacitance multiplier was demonstrated on three applications, designed in a standard 0.18m CMOS technology: a triangular waveform generator with signal frequency programmable between 2.67kHz
and 21.4kHz; a fully differential lossy integrator, with the pole frequency programmable between 75kHz and 575kHz, and the decoupling capacitor of a fully-integrated LDO, with the
equivalent value of 100pF derived from a 5pF placed capacitance.
Key-words: Microelectronics, capacitor multiplier, linear transconductor, active cascode, triangular wave generator, programmable pole frequency, capacitorless LDO.

1.

Introduction

The integration of capacitors with values larger than hundreds of picofarads is limited in
general-purpose integrated silicon circuit technologies, due to the large die area they require.
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A solution is to use external capacitors, but this means increasing the number of pins for the
integrated circuit (IC), as well as the bill-of-materials (BoM), thus the costs for the application.
An alternative solution is to implement an active circuit that emulates the features of a large
capacitance while actually placing a capacitor many times smaller than the emulated value – that
is, a capacitance multiplier that can be integrated [1–3].
Several circuit solutions for implementing capacitance multipliers have been reported in the
open literature. For example, most voltage-mode capacitor multipliers are based on the Millereffect [4, 5]. Their performance is usually hindered by signal swing limitations, since the maximum voltage applied to the capacitance is reduced by the capacitance gain factor. In general,
current mode approaches have proven to be faster and have a wider dynamic range than the
voltage-mode counterparts [6].
Fig. 1 (a) presents a basic implementation of the current mode capacitance multiplier [4, 7].
It is based on a current mirror with a current-gain factor K, and a capacitor, C, placed between
the input and the output nodes. The current that flows through the placed capacitor, iC , is scaled
up by the current gain, K. This way, the equivalent capacitance seen between the input node
and the ground line appears to be M = (K + 1) larger than the placed capacitance. This simple
topology has two important shortcomings: first, the operational input voltage range is limited by
the biasing requirements of transistor M2; second, a more detailed circuit analysis shows that the
equivalent impedance, ZIN , has a more complex structure, as shown in Fig. 1 (c) ZIN consists of
the multiplied capacitance, Cequivalent , in series with a resistance, Rseries , whose value is inversely
proportional to the sum of M1 and M2 transconductances, and a parallel resistance, Rparallel ,
whose value is set by the drain-source resistance of M2, thus is inversely proportional with the
current gain factor K. Therefore, the circuit emulates a capacitor with a multiplied capacitance,
but with the quality factor Q, relatively small.
The capacitor multiplier proposed in [8] is presented in Fig. 1 (b). Its topology is essentially
the same as the one used by the circuit from Fig. 1 (a), but transistors M1 and M2 are replaced
by linear transconductors (Gm cells), depicted as cells Gm1 and Gm2 , respectively. For Gm cells
with infinitely large output resistances and no internal poles, the equivalent impedance can be
represented by Cequivalent and the series resistance:
ZIN =
where Cequivalent = Cplaced · (1 +

1
VIN
= Rseries +
,
IIN
jωCequivalent

Gm2
Gm1 )

and Rseries =

(1)

1
(Gm1 +Gm2 )

The value of the equivalent capacitance, Cequivalent , can be modified by changing the ratio
between the transconductances of the two Gm cells. This can be achieved, for example, by
keeping Gm1 constant and tuning the value of Gm2 , as suggested in Fig. 1 (b). However, in order
to minimize the series resistance, Rseries , both Gm cells should have large transconductances. It
follows that this circuit requires a large power consumption in order to achieve both a large
capacitance multiplication factor, M = 1 + Gm2 /Gm1 , and a large quality factor. Moreover,
both Gm cells should provide linear voltage-to-current conversion over the same wide range of
input voltages. Another drawback is that the accuracy of the multiplication factor M is limited by
inherent differences between Gm1 cell (with fixed transconductance) and Gm2 cell (with variable
transconductance).
This paper proposes a novel capacitance multiplier based on the topology used by both circuits shown in Fig. 1. It addresses the drawbacks mentioned above while providing options for
both continuous and discrete control over the value of Cequivalent .
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Fig. 1. A current mode capacitance multiplier implemented with a) MOS transistors and b)
with two linear transconductors (Gm cells) and c) equivalent circuit with capacitance and series
resistor [4, 9].

Section 2 presents the block diagram of the proposed capacitance multiplier, the main equations that describe its operation, the impact of transconductance amplifier nonidealities have over
the circuit performance and two circuit implementations of the proposed capacitance multiplier,
detailing some possibilities for controlling the value of Cequivalent . Section 3 presents three applications: a triangular signal generator with programmable frequency, a fully differential lossy
integrator with programmable pole frequency and an LDO where the capacitor multiplier is used
to emulate a large decoupling capacitance. The proposed circuits were designed in a 0.18µm
CMOS process and simulation results are presented to validate the designs. The main conclusions of this work are drawn in the last section.

2.

Proposed capacitance multiplier: principle of operation and
two circuit implementations

a. Block diagram and main functional equations
By inspecting the capacitor multiplier shown in Fig. 1 (b) one notices that the two Gm
cells there have their inputs connected in parallel. This observation led us to a more compact
implementation, illustrated by the simplified block diagram presented in Fig. 2 (a). The R-C
equivalent of the impedance implemented by this circuit is shown in Fig. 2 (b). The main idea
is to employ only one transconductor, denoted the GmCore block in Fig. 2 (a) to covert the input
voltage into a current, then convey that current to two distinct high impedance output stages:
Out1 that sources a direct copy of the current provided by the GmCore and Out2 that gains up that
current by a factor K. Compared to the circuit shown in Fig. 1 (b), this arrangement not only
helps reduce the power consumption but also avoids the errors caused by mismatches between
the Gm1 and Gm2 cells.
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Fig. 2. (a). Block diagram of the proposed capacitance multiplier and (b) R-C equivalent circuit.

First, let us consider that the internal poles and zeroes of circuits that implement the GmCore
block and the output stage appears at such high frequency that their effects can be ignored. Thus,
the impedance developed between the input of the circuit shown in Fig. 2 (a) and the ground line
can be approximated by the following expression:
1

ZIN

Rs + jωCequivalent
VIN
=
=
Rs
1
IIN
+ jωRp Cequivalent
1+ R
p

(2)



Rp · (1 + jω · Rs · Cequivalent )
1
= Rp || Rs +
1 + jω · (Rs + Rp ) · Cequivalent
jωCequivalent
As the current iOut2 is K times larger than the iOut1 current, one can reasonably assume that
the output resistance ROut2 is K times smaller than ROut1 . Thus, the elements of the equivalent
impedance shown in Fig. 2 (b) can be expressed as follows:
Cequivalent = Cplaced · (1 + K) ·
Rs =

1
Gm · (1 + K) · 1 +

K
1+K

·

1+

K
1+K

1+K ·

1
Gm·Rout2

1
Gm·Rout2
1
1+Gm·Rout2

·

(3)

 ; Rp = Rout2

(4)

Equations (2) and (3) indicate that the frequency characteristics of ZIN are determined by a
pole and a zero, placed at the following pulsations:
ωpole =

1 + AV1V 0
1
=
(Rs + Rp ) · Cequivalent
Cplaced · Rout2 · (1 + K) · 1 +
ωzero =

1
Gm
1
=
+
Rs · Cequivalent
Cplaced
K · Cplaced · Rout2

K
AV V 0



(5)

(6)

where AV V 0 = Gm · Rout2 is the voltage gain yielded by the transconductance of the GmCore
combined with the output resistance of Out2.
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In a real-life implementation of the structure proposed in Fig. 2 (a) the frequency characteristics of ZIN are also impacted by the internal poles and zeroes of the GmCore and the output
stages.
Equations (5)–(6) indicate that both the voltage gain AV V 0 and the output resistance Rout2
should have very large values in order to broaden the frequency range where the circuit shown
in Fig. 2 can be effectively employed as a capacitance multiplier. Thus, for the “ideal” case
AV V 0 >> 1 and Rout2 >> 1/Gm one obtains:
Cequivalentideal → Cplaced · (1 + K) = Cplaced · M
Rsideal →

1
; Rpideal → ∞
Gm · M

ωpoleideal → 0; ωzeroideal →

Gm
Cplaced

(7)
(8)
(9)

Note that, even in this “ideal” case, the performance of the capacitance multiplier depends on
the absolute values of circuit parameters Gm, Cplaced , and M.
b. Impact of the main circuit non-idealities have on the performance of the proposed
C-multiplier
Equations (3)–(9) indicate that limitations inherent to a real-life, transistor-level implementation of the structure proposed in Fig. 2 (a), may impact significantly the performance of the
resulting capacitance multiplier. The mathematical analysis yielded cumbersome expressions;
therefore, parametric simulations are presented in this Section for a more intuitive assessment of
this issue. The main performance metric is the frequency range over which the phase of ZIN
strays no more than 10 degrees form the ideal value of –90◦ . One should also check that the
module of ZIN decreases monotonically with frequency, with a constant slope of –20dB/decade,
but this condition is usually met for a frequency range far wider than the phase condition.
• Impact of the actual Gm value
Fig. 3 shows the phase and module frequency characteristics of the ZIN impedance seen at the
input of Fig. 2 (a) circuit for the following values of the Gm transconductance: 10µS, 100µS,
1mS and 10mS. The capacitance multiplication factor, M, was set to 2, Rout2 was set to 10GΩ
and the value of parasitic output stage capacitance Cout was set to 15fF, which determines the
value of fPoleInternal . These characteristics indicate that Gm should be larger than hundreds of S
in order to maintain the phase within +/–10◦ of the ideal value, –90◦ , up to frequencies above
1MHz.
• Impact of the output resistance, Rout2
Fig. 4 shows the phase and module frequency characteristics of the ZIN impedance realized
by the circuit shown in Fig. 2 (a) for the following values of Rout2 : 100kΩ, 1MΩ, 10MΩ, 100MΩ
and 1GΩ. The other circuit parameters were set to the following values: M=2, Gm=10mS and
fPoleInternal = 10GHz. These characteristics indicate that Rout2 should be larger than hundreds of
MΩ in order to maintain the phase within +/–10◦ of the ideal value, –90◦ , over the frequency
range of at least three decades.
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Fig. 3. Module (a) and phase (b) frequency characteristics of the ZIN at the input of Fig. 2 (a)
circuit for the following values of the Gm transconductance: 10µS, 100µS, 1mS and 10mS.

Fig. 4. Module (a) and phase (b) frequency characteristics of the ZIN at the input of Fig. 2 (a)
circuit for the following values of the Rout2 : 100kΩ, 1MΩ, 10MΩ, 100MΩ and 1GΩ.

• Impact of the capacitance multiplication factor, M

Fig. 5 shows the phase and module frequency characteristics of ZIN for the following values
of the capacitance multiplication ratio, M: 2, 4, 8 and 16. The value of fPoleInternal was maintained
at 10GHz but the value of Rout2 was modified, inversely proportional to the value of M: Rout2 =
Rout1 / M with Rout2 = 1GΩ.
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ωpole =
ωzero =

1+

1
AV V 0



Cplaced · Rout2 · 1 +

M −1
AV V 0



Gm
M
+
Cplaced
(M − 1) · Cplaced · Rout2

(10)

(11)

Fig. 5. Module (a) and phase (b) frequency characteristics of the ZIN at the input of Fig. 2 (a)
circuit for the following values of the M ratio: 2, 4, 8 and 16.

• Impact of the internal pole
Fig. 6 shows the phase and module frequency characteristics of ZIN for the following values
of the fPoleInternal : 10MHz, 100MHz, 1GHz, 10GHz. The value of Rout2 was set to 1GΩ and for
a fixed value for Gm =1mS, so that the parasitic capacitance Cout took values between 15pF and
15fF.

Fig. 6. Module (a) and phase (b) frequency characteristics of the ZIN at the input of Fig. 2 (a)
circuit for the following values of the fPoleInternal : 10MHz, 100MHz, 1GHz, 10GHz.
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c. Circuit implementation based on the Kwan-Martin transconductor and active cascodes for boosting the value of Rout2
The capacitance multiplier topology shown in Fig. 2 (a) can be implemented with a variety
of linear transconductors, but the best suited ones are those that operate over a wide range of
common-mode input voltage levels, can handle large differential input voltages and allow for
easy implementation of multiple current outputs. The Welland [10] and the Kwan-Martin [6]
transconductors meet all these requirements. A two-outputs version of the later is presented in
Fig. 7. The capacitance multiplying factor, M = 1 + K, can be made programmable by employing
a current mirror with programmable current gain factor, as shown in Fig. 8 [11]. Due to the
feedback loop closed around transistors M1 and M2 the transconductances associated with its
two outputs are set mainly by the resistor RGAIN and the current gain of the current mirrors M2M3:
Gm1 =

2·K
(W/L)M 3c
2
; where Gm =
and K =
RGAIN
RGAIN
(W/L)M 3b

(12)

where K is the current gain ratio between outputs Out2 and Out1. The equivalent impedance is
given by equation (3).
Note that the switches from the gates of the cascodes are represented symbolically in Fig. 8.
Actually, they switch the gate connection between the cascode voltage and the corresponding
supply lines when a gain factor is activated or disabled. The transistors which form the programmable section have binary-weighted sizes (1:2:4:8).
The active cascode technique, sometimes called cascode gain-boosting, [12], presented in
Fig. 9 is a closed-loop structure that employs a gain stage to drive the gate of the cascode.
It increases significantly the equivalent output impedance by the gain of the additional stage,
Gm·Ro, as in equation (13).

Fig. 7. Capacitance multiplier based on the topology shown in Fig. 2 implemented with a KwanMartin transconductor [13] with two current outputs, Out1 and Out2, with scaled current gain
1:K.
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Fig. 8. Improved version of the capacitor multiplier proposed in Fig. 7: the resistance seen at
the output Out2 was boosted by the active cascodes implemented by using the two Gm cells
connected to VdrainP and VdrainN.

Fig. 9. A simplified representation of the active-cascode technique for boosting the output
impedance.
Fig. 10 presents the simulation results of the AC response of the input impedance for the
circuit in which the output stage was implemented with active cascode and the GmCore with a
Kwan-Martin transconductor, as shown in Fig. 8 [6].
Rout ∼
= rdsM 1 · rdsM 2 · gmM 2 · (1 + GmOT A + RoOT A )
GmOT A =

Gm0
1+

S
ωGmOT A

(13)
(14)
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Fig. 10. Magnitude (a) and phase (b) frequency characteristics of the equivalent impedance realized by the circuit shown in Fig. 8 for Cplaced =5pF, Gm=1mS and M=2;4;8;16. The frequency
range for which the phase remains within +/–10◦ of its ideal value, 90◦ , is: 1.09kHz to 6.4MHz
for M=2 and 618Hz to 6.3MHz for M=16.

d. Circuit implementation based on the Welland transconductor and active cascodes
A second implementation for the proposed capacitor multiplier now based on the Welland
transconductor and also using the active cascode technique presented above is shown in Fig. 11.
The Gmcore’s behavior and transconductance value are the same as in

Fig. 11. Capacitance multiplier based on the topology proposed in Fig. 2 (a) with the GmCore
implemented by a Welland transconductor. OTAcm ensures accurate current mirroring for both
Out1 and Out2 while OTAcasP and OTAcasN implement active cascodes to boost the resistance
of the current output Out2.
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Fig. 12. Compact implementation of OTAcasP and OTAcm from Fig. 11.
equation (12). The main difference is the usage of two Gm cells for the PMOS side of the circuit,
OTAcm and OTAcasP in Fig. 11, to ensure a more accurate current mirroring. For this, the
source-drain voltages of the M6a-M6b-M6c transistors are forced to be equal:
VSource−Drain (M 6a, M 6b, M c) = VDD − VdrainP

(15)

A compact implementation for both OTAcm and OTAcasP is illustrated in Fig. 12. The
values for VdrainP and VdrainN voltages were set as in equation (16):
VdrainP = VcasP − VGSM casP ; VdrainN = VcasN − VGSM casN

(16)

Fig. 13 presents the frequency characteristics of the impedance realized by the circuit shown
in Fig. 11, for the following parameter values: Cplaced =5pF, Gm=1mS and M=2;4;8;16. The
frequency range for which the phase error remains smaller than 10◦ is: 321Hz to 6.2MHz for
M=2 and 86Hz to 5.6MHz for M=16.

Fig. 13. Frequency characteristics, magnitude (a) and phase (b), of the equivalent input
impedance of the circuit shown in Fig. 11 for Cplaced =5pF, Gm=1mS and M=2;4;8;16. The
frequency range for which the phase error remains smaller than 10o is: 321Hz to 6.2MHz for
M=2 and 86Hz to 5.6MHz for M=16.
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Applications of the proposed capacitor multiplier

This Section presents three applications of the capacitance multiplier topology and circuit
implementations introduced in the previous Section:
- First, a triangle-wave generator based on the capacitance multiplier shown in Fig. 11, with
the frequency programmable digitally over three octaves;
- Second, a fully differential lossy integrator based on a differential-input, differential output
version of the circuit shown in Fig. 8. The frequency of the pole implemented by this
circuit can be programed digitally, again over three octaves;
- Third, a capacitorless low-dropout voltage regulator (LDO) for which a decoupling capacitor of 100pF was emulated by using a placed capacitance of only 5pF and a capacitor
multiplier based on the topology proposed in Fig. 2. In this case, the GmCore block was
implemented by a simple differential pair with resistive degeneration.
These applications illustrate the versatility of the capacitance multiplier topology proposed in
Fig. 2 and demonstrate that a wide range of transconductors can be used to implement it. Also,
they validate the circuit implementations shown in Fig. 8 and Fig. 11.
a. Triangular-wave generator with programmable frequency
Fig. 14 presents the block diagram of a triangular-wave generator with programmable oscillating frequency. The triangle wave is obtained by charging and discharging at a constant current,
called IB in Fig. 14 a large capacitor, Cequivalent , which may be implemented by using a capacitance multiplier based on the topology proposed in Fig. 2. As the voltage developed across
the capacitor, Vcap , increases, it hits the upper limit of a window comparator, VthH , causing the
comparator to trip. In turn, this causes the polarity of the current flowing through the capacitor to
change and the voltage Vcap to start decreasing. When Vcap hits the lower limit of the window
comparator, VthL , the comparator trips back and a new cycle starts.
The oscillating frequency depends on IB , Cequivalent and the voltage difference between the
two trip voltages:
fosc =

IB
; ∆Vth = VthH − VthL
2 · Cequivalent · ∆Vth

(17)

where Cequivalent = Cpalced · M . Therefore, the frequency can be programmable by simply
adjusting the capacitance multiplying factor, M.
Note that the circuit used to change to polarity of the current applied to the capacitor is based
on the current-steering technique. Both the P-MOS and N-MOS current mirrors are always on,
continuously sourcing, respectively sinking the current IB . Switches SwP1,2 and SwN1,2 steer
these currents to Cequivalent or to node A. For example, when output Q is low, transistors SwP2
and SwN1 are ON. Thus, the drain current of MoutP is routed to Cequivalent , while the drain
current of MoutN is routed to node A. When output Q goes high the switches SwP1 and SwN2
are turned on, and MoutN sinks the current IB from Cequivalent while MoutP sources current
into the node A. To further ensure a smooth transition between one state to the other, the voltage
level at node A is maintained equal to Vcap by the voltage follower placed between Vcap and
node A. This circuit not only ensures a fast current-switching but also reduces the impact charge
injection.
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A triangular-wave generator with programmable oscillating frequency was designed in a standard 0.18µm CMOS technology based on the block diagram shown in Fig. 14, with Cequivalent
implemented by the circuit presented in Fig. 11.
The main design requirements were: operating frequency programmable between 2.7kHz
and 21kHz in 15 steps and Vcap amplitude 800mVpkpk . Also, it was required to minimize both
the die area and the impact of leakage currents. In order to meet the latter, the reference current,
IB , sets the value of the current that charges and discharges the capacitor, was set to a relatively
large value, 5µA. For these data eq. (17) indicated that

Fig. 14. Block diagram of a triangle-wave generator with programmable frequency based on
capacitance multiplier.
Cequivalent should take values between 150pF and 1200pF. This was obtained by sizing
the circuit shown in Fig. 11 as follows:Cplaced = 75pF placed capacitor and the current gain K
programmable between 1 and 15, with the current mirrors M2b-M3c and M6a-M6c implemented
by binary-weighted stages, as shown in Fig. 8.
Fig. 15 presents the Vcap chronograms obtained for M=2 and M=16, which correspond to the
min and max frequency. Table I lists the values obtained in simulations for the main parameters
of the designed triangle waveform generator. The errors for both the frequency of oscillation and
the signal amplitude were calculated considering the difference between the simulated and the
expected, ideal values.
One notices that the Cequivalent value that corresponds to the minimum frequency of oscillation is 1200pF, unpractically large to integrate; however, it was implemented by using a 75pF
placed capacitor. Also, note that the errors are relatively small: under 3% for the frequency of
oscillation and no larger than 1.6% for the signal amplitude.
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Fig. 15. Voltage across Cequivalent for two values of the capacitance multiplying factor: M=2
(a) and M=16 (b).
Table 1. Oscillating frequency for several values of m factor for ∆VT H =0.8V-simulation results
M factor
2
4
8
16

Cequivalent
150 pF
300 pF
600 pF
1200 pF

fosc simulated
21.4 kHz
10.7 kHz
5.35 kHz
2.67 kHz

Parameter
fosc error Amplitude Vpp
2.91%
813mV
2.72%
809mV
2.68%
806mV
2.64%
805mV

Amplitude error
1.6%
1.1%
0.76%
0.57%

b. Fully differential Gm-C single-pole with programmable pole frequency
Fig. 16 presents the block diagram of a fully-differential Gm-C single-pole implemented by
using the capacitance multiplier proposed in Fig. 2. A simplified circuit implementation, that
does not detail the capacitance multiplier, is shown in Fig. 17. It employs some of the circuit
techniques shown in Fig. 11 and Fig. 12: the Gm cells Gm3 and Gm4 are realized by two KwanMartin transconductor cores which share an output stage that uses gain-boosting to increase the
output resistance.

Fig. 16. Block diagram of a fully differential Gm-C single-pole with the integrating capacitor
implemented by using the capacitor multiplier shown in Fig. 2.
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Fig. 17. Simplified schematic of the fully differential single-pole. The output stage within the
dotted line is also used by the capacitor multiplier, which is not detailed here.
If the non-idealities inherent to an actual circuit implementation can be ignored the following
“ideal” expression is obtained for its transfer function:
H(s) =

1+

H0
Cequivalent
s Gm3

; where H0 =

Gm3
Gm4

(18)

It follows that the pole frequency can be programmed by using the capacitance multiplying
factor, M. Remember that M = K+1, where K is the ratio between the current gains corresponding
to the two outputs of the Gm1 and Gm2 cells.
fpole =

Gm4
2 · π · Cplaced · (1 + K)

(19)

Fig. 18 presents the schematic of the active circuit used to implement the capacitance multiplier shown in Fig. 16. The core of the block denoted there Gm1,2 was realized by a Kwan-Martin
transconductor similar to the one shown in Fig. 17. Its first output stage, for the Out1P-Out1M
pair of outputs, does not need to provide a large output resistance, therefore it was implemented
by using simple cascodes. The Out1P-Out1M pair of outputs are connected to the single-pole
outputs, OutP and OutM; therefore, the output stage for them is common with the one used for
the Gm3 and Gm4 cells, shown in Fig. 17. The common-mode voltage levels for these pairs of
outputs are set by the common-mode circuit presented in the bottom half of Fig. 18 based on the
approach introduced in [14]. A binary-weighted programmable current mirror similar to the one
shown in Fig. 8 was used to control the ratio between the transconductances corresponding to
the two pairs of outputs of block Gm1,2 .
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A fully-differential Gm-C single-pole based on the circuits proposed in this Section was
designed in a standard 0.18µm CMOS for the following requirements: pole frequency programmable between 75kHz and 580kHz, low-frequency gain equal to 2 (6dB) and amplitude
of the differential input voltage up to 800mVpkpk . To minimize die area, the placed capacitor
value had to be set to Cplaced =25pF.
The wanted range for fpole spans a little less than three octaves. Eq. 19 shows that it can be
covered by varying the capacitance multiplication factor, M, between 2 and 16.

Fig. 18. Simplified schematic of the active circuit used to implement the capacitance multiplier
shown within the dotted-line rectangle in Fig. 16. The Out2P,M output stage is shared with the
Gm3 and Gm4 cells shown in Fig. 17.
In turn, this can be achieved by using the programmable current mirror shown in Fig. 18,
where the ratio K = Gm2 /Gm1 , is programmable between 1 and 15. The value of Gm4 was
derived by using eq. 19 for M = K+1 = 2 to 16 and Cplaced =25pF: Gm4 =184µS.
Fig. 19 presents the magnitude and phase frequency characteristics obtained by simulating
the resulting circuit for four values of the capacitance multiplying factor, M while Table II. summarizes the corresponding fpole values measured at –3dB on the magnitude characteristic and
–45 degrees on the phase characteristic. Note that the simulated values and within 2.25% of the
corresponding ideal values, yielded by eq. 19.
Fig. 20 presents the output voltage when sinewaves with same amplitude, 400mVpkpk , but
different frequencies, 50kHz and 500kHz, were applied to its input. The pole frequency was
set to the minimum value, 75kHz. These results prove that the circuit can handle signals of up
to 800mVpkpk without significant distortions, and that it attenuates the out-of-band signals as
expected.
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Fig. 19. AC response, magnitude (a) and phase (b) of the Gm-C integrator for M=2, M=4, M=8,
and M=16.

Fig. 20. Integrator transient output voltage for (a) 50kHz input sine-voltage (dashed line) and
output voltage (solid line); (b) for 500kHz input sine-voltage (dashed line); (c) the FFT spectrum
corresponding to the output voltages at 50kHz (solid line) and 500kHz (dotted line).
Table 2. Simulated single-pole parameters for different values of the C-multiplying factor, M
M factor
2
4
8
16

Cequivalent
50 pF
100 pF
200 pF
400 pF

f3dB
573.3 kHz
291.3 kHz
147.1 kHz
74.58 kHz

Parameter
|f3dB error|
f–45◦
2.12%
579.6 kHz
0.53%
293.2 kHz
0.46%
147.8 kHz
1.87%
74.84 kHz

|f–45◦ error|
1.04%
0.12%
0.94%
2.22%

HO
6.024 dB
6.019 dB
5.997 dB
5.91 dB

c. LDO with decoupling capacitor implemented by the proposed capacitor multiplier
Low-dropout voltage regulators (LDOs) are widely used in large ICs not only to provide
stable supply voltages for various supply lines within the chip but also to separate same-voltage
supply lines in order to prevent or at least reduce noise coupling and leakage. A typical example
is separating the supply line of digital sections, heavily impacted by switching noise, from the
supply line of noise-sensitive analog blocks.
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In such cases, the LDO should minimize the overshoot and the undershoot of its output voltage when the load current or the supply voltage varies abruptly. Usually, a decoupling capacitor
is placed at the LDO output as a charge buffer that smooths out the response to load and line
transients [4], however, integrating large enough capacitors or providing enough pins for external decoupling capacitors are expensive and not always acceptable.
Another approach to improving the LDO transient performance is to use a high-slew rate
error amplifier, such as the one shown in Fig. 21 within the dotted-line rectangle. [15]. This
is often a less effective way of reducing the output voltage overshoot/undershoot than placing
a large decoupling capacitor at the LDO output. LDOs with local, fast feedback loops, are
becoming increasingly popular for applications that require a fast response to load current jumps.
However, special techniques are necessary to ensure the stability of these LDOs, especially over
a wide range of load capacitances. The solution illustrated in Fig. 21 is to use a capacitance
multiplier for emulating the capacitor placed at the LDO output, Cload . Fig. 22 presents the
circuit implementation of the capacitance multiplier, based on the topology proposed in Fig. 2
(a). This circuit is similar to the one proposed in Fig. 11, with the important exception that
the Gm core is implemented by a straightforward differential pair with resistive degeneration,
which is better suited for this application. Its superior speed, for the same biasing current, helps
improve the LDO response to steep variations of the load current, while its narrower linear range
and smaller transconductance, for the same RGAIN value, are less important for the overall LDO
performance.
To validate this solution, the LDO shown in Fig. 21 with the decoupling capacitor provided
by the capacitance multiplier shown in Fig. 22 where Cplaced =5pF and M=K+1=20, was implemented in a standard 0.18µm CMOS for the following requirements: VIN =1.4V to 1.8V; Iload
= 10µA to 100mA, VOU T =1V. A standard LDO was also designed for comparison: exactly the
same error amplifier, pass transistor and frequency compensation, but with a 100pF decoupling
capacitor placed at its output.

Fig. 21. Simplified schematic of the LDO with high SR error amplifier reported in [15] with the
decoupling capacitor Cload implemented by a capacitance multiplier such as the one shown in
Fig. 2.
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The effectiveness of this solution can be assessed by comparing the responses of these LDOs
to same load and line transients.
Fig. 23 presents side-by-side the variation of the output voltage for the two LDOs when
the load current, Iload , ramps up from 10µA to 100mA in 1µs, then ramps back to 10µA. The
LDO that uses the capacitor multiplier yields a smaller voltage undershoot when Iload ramps up
– 195mV compared to 277mV for the standard LDO, as well as a smaller peak overshoot when
the Iload ramps back down: 182mV compared to 214mV for the standard LDO. Only the peakto-peak output voltage variation caused by Iload ramping down is slightly better for the standard
LDO: 327mV compared to 359mV. However, the LDO proposed here has a far smaller settling
time: 7µs versus 11µs.
Fig. 24 presents side-by-side the variation of the output voltage for the two LDOs when the
supply voltage, VIN, ramps up from 1.4V to 1.8V in 1s, then ramps back to 1.4V in 1s. Again,
the LDO proposed here, with the decoupling capacitor provided by the capacitance multiplier
shown in Fig. 22, where Cequivalent = Cplaced · M = 5pF · 20, has a significantly better
response than the standard LDO, that uses a placed decoupling capacitor Cplaced = 100pF:
- a smaller output voltage overshoot caused by VIN ramping up: 106mV compared to 130mV.
Also, a faster settling time: 18µs compared to 22µs.
- a smaller output voltage undershoot caused by VIN ramping down: 87mV compared to
97mV. Also, a faster settling time: 7µs compared to 11µs.
The results yielded by these simulations are summarized in Table III for the load current
variation and Table IV for the supply voltage variation.

Fig. 22. Another circuit implementation of the capacitor multiplier topology proposed in Fig. 2,
that uses a degenerated differential pair for the Gm block. This capacitor multiplier provides the
equivalent decoupling capacitor for the LDO shown in Fig. 21.
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Fig. 23. Load transient of the LDO at VIN =1.5V for two implementations of Cload : (a).
Cload =100pF and (b). Cload yielded by the capacitance multiplier shown in Fig. 22, with
Cplaced =5pF and M=20.

Fig. 24. Line transient of the LDO at Iload =10µA for two implementations of Cload : (a). Cload =
100pF and (b). Cload yielded by the capacitance multiplier shown in Fig. 22, with Cplaced =5pF
and M=20.
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Table 3. Comparison between the LDO with placed Cload =100pF and same LDO with
Cload =20 · 5pF: response to Iload jumping between 10µA and 100mA
Parameter
(a)LDO with placed
Cload *
(b)LDO with Cload
from Cmultiplier **

Undershootwhen
Iload ramps up

Overshootwhen the
Iload ramps down

Undershoot
settling time

Overshoot
settling time

277mV

327mV

11s

6s

195mV

359mV

7s.

6s

Table 4. Comparison between the LDO with placed Cload =100pF and same LDO with
Cload = 5pF·20: response to VIN jumping between 1.4V and 1.6V
Parameter
(a)LDO with
placed Cload *
(b)LDO with Cload
from Cmultiplier **

Overshootwhen
VIN ramps up

Undershootwhen
VIN ramps down

Overshoot
settling time

Undershoot
settling time

130mV

97mV

22µs

11µs

106mV

87mV

18µs

7µs

* Cload = placed 100pF.
** Cload = capacitance multiplier shown in Fig. 22 with Cequivalent = 5pFplaced · 20.

4.

Conclusions

A novel circuit topology for programmable capacitance multipliers was presented. It consists
of one core transconductor and a current mirror with two outputs, one of which has a large,
programmable current gain. Several circuit implementations and applications were proposed
and demonstrated through simulations. They demonstrated that a wide range of transconductors
can be used to implement the novel topology: from high-linearity Kwan-Martin and Welland
topologies to simple differential pair with resistive degeneration.
Mathematical analysis and parametric simulations have shown that the frequency range over
which the proposed circuits operates effectively as a capacitor multiplier is limited mainly by the
output resistance and capacitance of the current mirror branch with high current gain. Therefore,
active cascodes were employed to boost the output resistance of the high-gain current mirror
output without proportionally increasing the capacitance. A compact implementation of the twooutput current mirror, that ensures both the accuracy of current mirroring and active cascoding,
was proposed.
First, the effect of boosting the output resistance on the effective frequency operating range
of the capacitance multiplier, for which the phase of the resulting impedance strays no more than
10◦ away from its ideal value of –90◦ , was demonstrated: for M=16 the circuit implemented
with the Kwan-Martin transconductor and active cascodes had an effective range of 618Hz to
6.3MHz and from 86Hz to 5.6MHz, by using the Welland transconductor for its GmCore and the
novel compact implementation of high-accuracy, high output impedance current mirror. Table V
comprises a comparison between the performances of two circuit implementation of the proposed
capacitance multiplier, based on the high-linearity transconductors Kwan-Martin, and similar
works published previously. Note that for a fair comparison, Table V presents only simulation
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results, not data obtained by measurements.
The versatility of the proposed capacitance multiplier topology was illustrated by three applications: a triangular-wave generator, a fully differential single-pole filter and the decoupling
capacitor of a fully integrated LDO. Design examples are presented for the three applications:
all circuits were implemented in a standard 0.18µm CMOS and key simulation results were analyzed. Simulation results confirmed the expectations and validated the designs.
The triangular-wave generator provides a signal with 800mVpkpk amplitude and frequency
programmable digitally between 2.7kHz and 21kHz in 15 steps. Despite operating at such low
frequencies, it uses a relatively large integrating current, 1µA, in order to reduce sensitivity to
leakage currents. The integrating capacitance that corresponds to the minimum frequency of
oscillation is 1200pF, unpractically large to integrate; however, it was implemented by using
only a 75pF placed capacitor. The simulated values for the main parameters were very closed to
those predicted by first-order mathematical analysis: errors no larger than 3% for the oscillating
frequency and within 1.6% for the signal amplitude value. This performance compares favorably
to data reported recently for similar circuits.
The proposed capacitance multiplier topology can be extended to fully differential circuits,
as demonstrated by the fully differential single-pole filter presented in the Section 3.b. Despite
using a placed capacitor of only 25pF, its pole frequency can be programmed between 75kHz and
575kHz, in 15 steps. The difference between these values and the ones predicted by first-order
mathematical analysis stays under 3%. Also, the filter can handle signals with amplitudes up to
800mVpkpk without significant distortions.
Table 5. Performances comparison: proposed capacitor multiplier versus state-of-the-art

Placed
capacitor
Frequency
range
Max
multiplication
factor
Control
Output voltage
range
Technology
Supply voltage
Current
consumption

[8]

[16]

[17]

This work 1
(Fig. 8)

This work 2
(Fig. 11)

800pF

25pF

0.1pF

5pF

5pF

3decades*
1kHz-1MHz

3decades*
1kHz-1MHz

2decades*
10kHz-1MHz

3+decades**
600Hz-6.3MHz

3++decades**
86Hz-5.6MHz
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Not known

16

16

Variable
current

Programmable
current

Variable
voltage

Programmable
current

Programmable
current

Not known

Not known

Not known

500mV

500mV

discrete
Not known

500nm
1.3V

180nm
1.8V

180nm
1.8V

180nm
1.8V

Not known

1.02mA

Not known

1.1mA

1.1mA

* Based only on magnitude response, phase error not known.
** Phase error < 10◦ .
The idea of using the proposed capacitance multiplier to emulate the decoupling capacitor of
an LDO was also demonstrated. Two versions of an LDO were designed, using exactly the same
error amplifier, pass transistor and frequency compensation network, but with different implementations of the decoupling capacitor: the standard LDO had an actual 100pF capacitor placed
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at its output while the novel LDO used only 5pF of placed capacitance, scaled-up by a factor
of 20 by using a capacitance multiplier. The capacitance multiplier was based on the proposed
topology and was implemented by using simple differential pairs with resistive degeneration.
Simulation results shown that by using the proposed capacitor multiplier the overall variation of
the output voltage was reduced by about 20%, while the settling time was reduced by up to 36%.
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