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This article presents the design of a high output compliance, very-high output impedance single-ended
charge pump implemented using a new low-voltage current mirror. The output current is sampled and a
feedback loop forces it to be equal to the desired reference current. This results in a very-high output
impedance over a very wide output voltage range, accurate Up/Down current matching, and low
transient glitches. The proposed charge pump was implemented using STMicroelectronics 1-V 90-nm
CMOS process. Simulations using Spectre show that the Up/Down output currents remain constant and
matched within 1% over a charge pump output voltage ranging from 119 to 873 mV. Monte Carlo process
variations and mismatch simulations indicate that the 1 — o standard deviation between the Up and
Down current components is 1.4 1A, or 6.8% of the nominal 20 pA charge pump current at either end of
the output voltage range.

© 20009 Elsevier Ltd. All rights reserved.

1. Introduction

With recent advances in CMOS technologies, the possibility to
integrate radio-frequency (RF) circuits, baseband signal proces-
sing, and even sensors on a same chip has led to a tremendous
growth of interest in the field of implantable smart medical
devices and their applications [1]. Ultra-low power consumption
is critical to allow using miniature batteries that would last over a
long period of time. Using a nano-CMOS process for the design of
the RF modules of such microsystems is appealing, since
transistors offered can be operated in moderate inversion up to
the GHz region, and their low threshold voltage allows designing
analog circuits that can operate under 1V. However, the shrinking
of the supply voltage combined with the low output resistance of
transistors in these nano-CMOS processes complicate the im-
plementation of high output impedance current mirrors and
charge pumps. Charge pumps are used in phase-locked loops
(PLLs) to convert the output signal of the phase-frequency
detector (PFD) into a precise quantity of charge that is either
placed on or taken out of the loop-filter. Therefore, fluctuations in
the loop-filter voltage due to current mismatch in the charge
pump result in reference spurs in the output of the frequency
synthesizer. In addition, the magnitude of the charge pump
Up/Down output currents must be independent of the output
voltage in order to maintain a constant loop-bandwidth and
reduce the level of phase-noise in the output spectrum.
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In order to eliminate Up/Down current mismatch, an opera-
tional amplifier (op-amp) in a feedback loop can be used to force
the drain voltage of the output transistors to be equal to that of
the reference current source [2,3]. This results in extremely
precise matching between the Up and Down currents for a given
output voltage, but it does not prevent the magnitude of the
current from varying with the loop-filter voltage. Also, these
charge pump circuits require a large and power consuming op-
amp that must allow rail-to-rail operation, since current matching
is maintained as long as the op-amp is in the high gain region [2].
A charge pump that uses a gain-boosting circuit to increase the
output resistance of the current sources was presented in [4]. The
magnitude of the current in this charge pump is determined by
the ON resistance (roy) of the control switches, since they act as
the reference resistance in the gain-boosting circuit. Therefore,
the roy of both switches must be carefully selected and designed
so that they are identical in order to avoid any mismatch in the
output currents. Authors in [5] proposed a charge pump for low-
voltage PLLs that combines a replica biasing technique and a
feedback structure. Current matching is improved over a wide
output voltage range, but the circuit is complex and power
consumption is doubled due to the replica biasing scheme used.

In this paper, a novel charge pump dedicated to low-power
low-voltage PLLs is proposed. The design of this circuit was
motivated by the need of a nano-CMOS charge pump that would
offer constant current magnitude and minimum current mis-
match over a wide range of output voltage, while maintaining
power consumption and complexity as low as possible. In Section
2, the operation of the new current mirror used as building blocks
in the proposed charge pump is presented, followed by a
description of the charge pump architecture and design.
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In Section 3, simulation results are reported, and the effect of
process variations and mismatch on the charge pump output
current is investigated. Finally, conclusions are drawn in Section 4.

2. High output impedance charge pump using output
current sampling

2.1. Enhanced low-voltage current mirror

The proposed charge pump is based on a new high output
voltage compliance, high output resistance current mirror
inspired from the high-swing super-Wilson current mirror
presented in [6]. First, the super-Wilson and the high-swing
super-Wilson current mirrors will be reviewed, then the current
mirror architecture used in the proposed charge pump will be
presented. The super-Wilson current mirror, shown in Fig. 1(a),
achieves high output resistance by using negative feedback. The
current mirror formed by M2-M4 samples the output current Ipyr
and its value is compared with that of the input current source Ijy.
As a result, the gate voltage of M3 is adjusted so it sinks a current
equal to Ijy. The output resistance is directly proportional to the
magnitude of the loop-gain of the feedback action from the output
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Fig. 1. CMOS implementations of (a) the super-Wilson current mirror, and (b) the
high-swing super-Wilson current mirror, after [6].

current to the gate of the output transistor M3. This loop-gain can
be attributed to transistor M2 which, in combination with current
source load Iy, form a common-source amplifier used to maintain
the gate voltage of output transistor M3 such that Ioyr is equal to
I;n. Due to channel-length modulation, the output current will be
equal to Iy only if the drain-source voltages of M2 and M4 are
equal, otherwise an undesired current offset will result. In order to
overcome this problem, the super-Wilson current mirror uses a
diode-connected transistor M1 in series with current source Iy to
lower the drain voltage of M2 and make it equal to that of M4.

The output impedance of the super-Wilson current mirror of
Fig. 1(a) can be found using a test voltage source vy at the output
and finding the resulting current iy flowing into the output port. If
we assume that the output resistance of the current source Iy is
infinite, the effect of diode-connected transistor M1 is eliminated
and the small-signal incremental output resistance roy: = Vx/ix is
given by [7]

Zm3(1 + 8malo2) +g03>
Tout =To3( 1
out 03( * Ema Jrgo4
~ 8malo2T03 (1)

where g, and r, are, respectively, the transconductance and
incremental output resistance of the transistors, and g, is their
output conductance. In this equation as well as in the remaining
of this paper, body effect, drain-induced barrier lowering (DIBL),
and hot carriers effects are neglected for the sake of simplicity,
since the goal is to give an idea on the order of magnitude of oy
rather than finding an exact value. The interested reader can refer
to [8] for an in depth treatment of these short channel effects.

The super-Wilson current mirror has a very-high output
resistance, but it requires an output voltage larger than a Vs
plus a saturation voltage due to the simple current sampling
mirror connected in series with the output. As a result, the super-
Wilson current mirror is unusable in low-supply voltage applica-
tions. The high-swing super-Wilson current mirror, shown in
Fig. 1(b), solves this problem by sensing the output current with a
very low input voltage current mirror that directly replaces the
simple current mirror used in the super-Wilson current mirror [6].
The high-swing super-Wilson current mirror has an output
compliance voltage of about two saturation voltages, and its
incremental output resistance can also be approximated by (1).

In the super-Wilson and high-swing super-Wilson current
mirrors presented above, the role of the diode-connected
transistor M1 is to reduce unwanted offset in the output current
by setting the drain of grounded transistors M2-M4 approxi-
mately to the same voltage. However, this diode-connected
transistor along with the current source I;y form a voltage divider
from the drain of M2 to the gate of M3. Therefore, the gain of the
common-source amplifier formed by M2 and Iy is reduced when
a non-ideal current source is used. The gain of the feedback path
common-source amplifier would be significantly higher if one
replaced the diode connection of transistor M1 with a cascode
one, as is proposed in Fig. 2(a). By doing so, the loop-gain is
increased by a factor g,r, and so is the closed-loop output
resistance of the current mirror. Therefore, assuming that the
output resistance of the current sources Icp/K and Icp is infinite,
the incremental output resistance of the proposed current mirror
is given by
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Comparing this result with Eq. (1), we see that the proposed
implementation yields to an increase of the output resistance by a
factor of g,,171 over that of the high-swing super-Wilson current
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