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Fig. 1 (a) Schematic of an analogue memory based on a pMOS switch. Cross
section of (b) pMOS and (c) deep n-well nMOS transistors showing the main
leakage current components

The architecture of a low-leakage switch in complementary metaloxide-semiconductor (CMOS) technology developed to implement
long-term analogue memories for low-power applications is presented.
The switch reduces the leakage current using a cascade of modified
pass-transistors without active circuits, thus producing a negligible
power consumption. The technique is simple, modular, robust, and reduces the leakage current down to tens of aA at room temperature using
a TSMC 0.18 µm technology.

Introduction: In standard complementary metal-oxide-semiconductor
(CMOS) circuits, analogue memories can be implemented by accumulating a charge on a capacitor CH and by using a MOS switch to access
it, as shown in Figure 1(a). Analogue switches with a very low leakage in OFF condition are required for an accurate and long-term storage
of the analogue information. They find application in a wide range of
circuits, such as low power sample and hold and switched-capacitor circuits [1–4] and synaptic memory in neuromorphic architectures [5]. In
biomedical implantable devices, for example, the combination of small
bandwidth of the signals and very low power consumption drives the
design of slow analogue-to-digital converters and switched capacitors
filters, that require the capability to hold a charge on a capacitor for tens
of milliseconds with high accuracy [6].
The hold time of the analogue memory shown in Figure 1(a) is limited
by the leakage current IOF F of the MOS switch that changes the stored
charge, giving a voltage error that grows with the retention time. A simple way to extend the maximum hold time is by increasing the CH value,
that is the stored charge. However, this solution is often unacceptable due
to the increase of silicon area, the higher dynamic power consumption,
and the slower write time of the analogue memory. A common technique to reduce IOF F requires instead an additional amplifier properly
connected to force to zero the source-drain Vsd and/or source-bulk Vsb
voltages of the MOS transistor [7–10]. Although the leakage current of
the MOSFET is strongly reduced to sub-fA values, both the static power
consumption and the occupied area are increased by the additional amplifier, one for each low-leakage switch used in the circuit. Alternatively,
the IOF F can be compensated with an opposite contribution given by a
replica switch with [11] or without [12] an active negative feedback network. However, the resulting leakage is still above 1 fA, limited by the
matching between the MOS switch and the replica used for the leakage compensation.
Here, we present a simple approach to reduce the leakage current
IOF F and strongly extend the maximum retention time of the analogue
memory. The technique is fully passive, that is it does not require static
power consumption, compact, and without a significant penalty in the
speed of the writing operation of the memory. A detailed analysis of an
implementation in TSMC 0.18 µm technology is presented, as well as
layout guidelines.

Main discharging mechanism in CMOS switches: The leakage current
of transistors in off-state is mainly given by four mechanisms [7, 10]:
sub-threshold current Isub , accumulation current Iacc , diode reverse current Id , and gate leakage (Figure 1(b, c)). For a technology node of
130 nm or higher, as commonly used in slow low-power analogue applications and in this work, the gate leakage is negligible [10] and it will
not be further considered.
The sub-threshold current Isub is a drain-source current with an exponential dependence on the gate-source voltage Vgs and on the drainsource voltage Vds . For a nMOS transistor, it is modelled by [7]:
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Fig. 2 (a) Standard switch and (b) the proposed multi-stage architecture. (c)
Cross section scheme of the basic cell and corresponding layout (top view)
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where I0 is a process-dependent current, n is the sub-threshold slope,
VT is the MOS threshold voltage and Vth is the thermal voltage. Isub is
commonly the dominant contribution for a positive Vgs and Vds greater
than few mV. It is in the order of few pA for minimum size transistors at
Vgs = 0 V in CMOS 0.18 µm and 0.35 µm technologies [13, 14].
The sub-threshold current is reduced by operating the nMOS transistor with a negative Vgs voltage [13] and it is negligible in accumulation mode (Vgs  0 V). In this regime, however, the source-drain current
is caused by the interaction of the two source/drain-bulk diodes in the
region below the accumulation layer. This accumulation current Iacc is
reduced to few tens of aA by keeping Vdb equal to Vsb [7, 8].
Finally, an additional leakage term is given by the reverse-biased p-n
junctions of the MOS transistor. By considering, as an example, a pMOS
inside an n-well (Figure 1(b)), the source/drain-well diodes give the
dominant leakage currents for Vsg  0 V, with simulated currents of tens
of fA for a minimum-size transistor. Given the high doping level of the
n and p regions, the reverse current of these p-n junctions is dominated
by the band-to-band tunnelling mechanism, significantly increasing the
leakage with respect to the minority carrier diffusion and the electron–
hole pair generation in the depletion region [15]. The low doping level
of substrate avoids band-to-band tunnelling in the well-substrate junction allowing a much lower reverse current than the source/drain-well
junctions. Measurements reported in [16] on a 0.13 µm CMOS process
show a well-substrate junction leakage current as low as few tens of
aA/μm2 . In agreement with these experimental values, the simulation
models provided by TSMC for the 0.18 µm technology give a leakage
current of few aA/μm2 at room temperature.
Low-leakage switch architecture: Based on the previous discussion, the
leakage current of a switched-off transistor is reduced by keeping: (i)
Vds ∼
= 0 V to limit the sub-threshold and accumulation-mode currents;
(ii) the source/drain-well p-n junctions short-circuited. These conditions
are not fulfilled in a standard switch. As an example, Figure 2(a) shows
a rail-to-rail switch implemented by a transmission gate. For a general
discussion, the switch includes two dummy transistors connected to the
hold capacitance CH and with half the size of the transmission gate transistors. They are commonly used to reduce the effect of charge injection during the switching by nominally extracting the same charge as
the one injected into CH [17]. During the hold time, the drain-source
voltage of the MOSFETs implementing the transmission gate is not restricted to zero. Therefore, they produce significant sub-threshold and
accumulation-mode currents. Moreover the source-well diodes are reversed biased with a large voltage, which is the worst condition in terms
of leakage current.
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Fig. 3 (a) Single pole, (b) double poles and (c) general multi poles simplified
schemes of the proposed switches. (d) Transient of the voltage across the hold
capacitor CH as a function of the number k of stages in the switch

The proposed low-leakage switch adds a cascade of k-1 modified
transmission gates, each one with a hold capacitor C0 , as shown in
Figure 2(b). The hold capacitance of the proposed switch is reduced
to CH,k = CH − (k − 1)C0 in order to have the same total capacitance
of the standard switch. Excluding the transistors connected to the input voltage, all the others have the well and source terminals shortcircuited, thus cancelling the reverse current of their diodes. During
the writing/sampling phase of the memory, the C0 capacitors and CH,k
are all charged to the same voltage. Therefore, at the beginning of the
hold phase all the transistors, except those of the first stage connected
to the input voltage, have Vds = 0 V, minimizing the sub-threshold and
accumulation-mode currents. Since the drain, source and well are initially kept to the same voltage, the reverse current of the drain-well
diodes is minimized as well.
The C0 capacitor of the k-th stage is the first to be discharged
due to the leakage current of the transistors connected to the input
voltage VIN , that in general have a Vds = 0 V. Moreover, the wells of
the nMOS and pMOS in this k-th stage show a leakage current due to
the respective connections to Vss and Vdd , required to prevent a forward
biased drain-well junction. When the voltage drop on the C0 of the k-th
stage reaches few tens of mV, a significant leakage current arises in
the second transmission gate, discharging the C0 capacitor of the next
stage. The discharge of the hold capacitor CH,k will approximately start
only when all the C0 capacitors of the previous k−1 stages have been
sufficiently discharged, with a significant delay with respect to the case
of a standard switch and a corresponding increase of the maximum
hold time for a given voltage error. Note that the leakage current of the
well-substrate diode is the only component unaffected by the proposed
architecture. However, it is order of magnitude smaller than the other
leakage currents, as previously discussed.
The advantages offered by the proposed cascade of modified switches
can be analysed by referring to the simplified schematics shown in Figure 3. By neglecting the well-substrate diode, the leakage current IOF F
of an open switch is modelled by a simple resistor ROF F between the
source and drain terminals. A cascade of identical stages would increase
the total resistance and capacitance of the switch with a beneficial
effect on the hold time and a detrimental effect on the sampling
time. To limit these effects and better understand the advantages of
the proposed architecture, the theoretical analysis considers the total
resistance and capacitance of the switch independent of the number
k of cascaded stages. This is obtained by selecting each stage with
ROF F,k = ROF F /k, where ROF F is the resistance of the standard singlecell switch (Figure 3(a)), the same hold capacitance CH for all structures
and (k − 1)C0  CH . Given these conditions, the dominant time
constant of the network is independent of k and approximately equal to:
τk ≈ CH ·

k


ROF F,k = CH · ROF F = τL

(2)

i=1

The same approximation is valid when the switch is turned on to charge
the hold capacitance CH and leads to a dominant time constant for the
sampling phase τC = CH RON , where RON is the overall resistance when
the switch is closed. Single and multi-pole RC circuits with the same
dominant pole have similar step response for an observation time much
longer than the dominant time constant. Thus, the time required to fully
charge the hold capacitance during the sampling phase, much longer
than τC , is approximately independent of the number of cascaded stages.
On the contrary, the maximum hold time is determined by the transient of the stored voltage on a time scale much shorter than τL , where
the effect of the non-dominant poles is not negligible. Indeed, the step
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Fig. 4 Improvement factor of the maximum hold time of the proposed architecture in comparison to the standard switch as a function of the desired
relative error (bottom axis) or equivalent number of bits (top axis)

response of a RC network with k real poles and no other singularities
has a zero derivative up to the order k-1 at the starting time of the transient. Consequently, the initial transient is drastically slowed down by
the increase of the number of poles, as it is obtained with the proposed
multi-stage structure.
This is shown in Figure 3(d), that reports the discharge transient in
the hold phase of the standard switch (Figure 3(a)) and of the proposed
modified switches with 2 (Figure 3(b)), 3, 4 and 5 cascaded stages. The
standard switch is a single pole system characterized by a linear discharge for t  τL with a slope of VH,1 (0)/τL , where VH,1 (0) is the initial
voltage sampled on the hold capacitor. By cascading two stages, the circuit has two poles, τ0 ≈ τL and τ1 ≈ C0 ROF F,2 /2, therefore the system
response has zero time derivative at t = 0 and evolves quadratically in
time for t  τ1 . Fixed a small enough discharge error V , an increase
in the maximum allowed hold time is evident, as shown in Figure 3(d).
The time required to reach a given percentage error  = V /VH (0)
on the stored voltage as a function of the number k of RC stages is approximately given by:
1/k 
(k−1)/k

ROF F
ROF F
th,k ≈  · k! ·
(3)
· CH
C0
k
k
This has to be compared with the time required by a standard singlestage switch to reach the same error:
th,1 ≈  · ROF F · CH

(4)

By combining Equations (3) and (4), we can define an improvement
factor (IF ) of the multi-pole solution in comparison to the standard
switch:

(k−1)/k
C0
th,k
= (k − 1)!1/k
(5)
IF =
th,1
kCH
Figure 4 shows IF as a function of the hold phase accuracy expressed in terms of percentage error . The plot refers to a switch with
CH = 1 pF and a small C0 of 50 fF. The hold time can be increased of
2 orders of magnitude with respect to the simple switch just introducing
two stages (k = 2). The improved switch is particularly suitable for high
accuracy analogue circuits, as the hold time can be increased of orders
of magnitude without losing resolution. Note that IF is independent of
ROF F in our simplified analysis. This suggests an increase of the hold
time mainly given by the architecture of the switch, with a limited sensitivity to the CMOS process parameters that are summarized in ROF F .
Simulation results: The circuits in Figure 2 have been designed using
the TSMC 0.18 µm CMOS process operated at 1.8 V with a hold capacitor CH of 1 pF and a capacitor C0 of 50 fF in each basic cell. Dimension of the transmission gates transistors are S = 0.5 μm/0.2 μm,
whereas the dummy transistors are S/2 = 0.25 μm/0.2 μm. The basic
cell uses a limited area of 8 × 8 μm2 , about one-eighth of CH , thanks
to the placement of C0 on top of the transistors, made possible by the
use of a metal-insulator-metal (MIM) capacitor, as shown in Figure 2(c).
Several implementations of switches with different number k of identical stages have been designed and each one has been compared with the
standard switch of Figure 2(a).
Figure 5(a) shows the variation of the stored voltage, after 1 s hold
time, as a function of the initial input voltage VIN for a standard switch
and for the proposed multi-stage architecture. As expected, the discharging error during the hold phase drastically decreases by just introducing
few stages. The improvement is particularly large for sampling voltages
in the ±0.6 V range, where the dominant discharging contribution for
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ditional amplifier allowing a zero static power consumption and a small
silicon area occupation (8 × 8 μm2 for the basic cell). The circuit has
been designed in TSMC 0.18 μm technology and from accurate simulations an equivalent resolution of 15 bits over almost all the operating
conditions has been obtained, after 1 s hold time, with a switch made of
four cascaded basic cells. Theoretical analysis and Montecarlo simulations validate the robustness to process and matching parameters variations of the proposed architecture.
Fig. 5 (a) Voltage error V on the capacitance CH after 1 s hold time as a
function of the sampled voltage. VIN is fixed to 0 V during the hold phase. (b)
Montecarlo simulation (100 runs) of V for a three-stage switch architecture
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Fig. 6 Voltage error after 1 s of hold time expressed as equivalent number
of bits referred to the 1.8 V input rail, as a function of the voltage on CH
and of the input voltage during the hold phase. The simulations have been
performed for the standard switch (k = 1) and for the improved architecture
with k = 2, 3, 4

the standard switch is given by the reverse current of the highly doped
source/drain-well p-n junctions. The proposed architecture reduces the
error V down to a minimum value given by the well-substrate reverse
leakage current. A sampled voltage near to the power supply value
unavoidably reduces the gate-source voltages of the transistors, which
increases the sub-threshold leakage current. The simulations are performed at a temperature of 300 K. By increasing the temperature all the
leakage currents of the switches increase, in particular the well-substrate
reverse current, causing an overall degradation of the voltage errors reported in Figure 5(a).
The Montecarlo post-layout analysis for the three-stage implementation of the switch (k = 3) is shown in Figure 5(b). Regardless of process
and mismatch variations, the error voltage V of the improved solution
remains orders of magnitude smaller than the standard pass-transistor.
Noteworthy, such a large improvement is obtained with an increase of
the silicon area occupied by the analogue memory as limited as +34%
and with an increase of the sampling time of a factor 2.7.
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