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Abstract: In this paper, a NOR2 standard-cell-based dynamic comparator providing rail-to-
rail input common mode range (ICMR) is presented, together with a novel standard-cell
oriented design methodology. The proposed topology provides better speed performance
and lower power-delay-product than the previously presented standard-cell-based dy-
namic comparators with rail-to-rail ICMR features. The NOR2 topology, which is also better
than the complementary NAND2-based topology previously presented by the authors,
is even able to guarantee improvements in the order of 8x —16x higher speed and 7 x

lower PDP, with respect to the other rail-to-rail ICMR standard-cell-based topologies in the
literature. Concerning the standard-cell oriented design methodology, it is focused on the
impact of the cell’s strength, which is the only free parameter, on delay, power consumption,
ICMR and offset. The circuit performances are demonstrated for supply voltages equal to
600 mV, 300 mV and 150 mV, considering a 45 nm CMOS technology.

Keywords: CMOS; logic gates; standard cell; dynamic comparator; comparators; ultra-low
voltage; ultra-low power; IoT

1. Introduction

Together with the introduction of smart devices, from industrial to health purposes,
exploiting the Internet of Things (IoT) [1-5], the development of ultra-low-power consump-
tion (ULP) integrated systems [6,7] has become increasingly critical to the realization of
such devices.

Almost every kind of smart system relies on electronic circuits like ADCs or LDOs [8-11],
for example, to interface with the environment, exploit sensors, or simply to manage the
power. In all these fundamental circuits, the comparator plays a crucial role for their
functionalities, speed performances and power consumption.

Since the comparator is an analog building block, its design typically requires a full-
custom approach. This means that the schematic and the layout design phases have to
be carried out manually, tuning the design parameters iteratively until specifications are
satisfied, taking into account not only mismatch variations but also process, supply voltage
and temperature (PVT) variations. Comparing the required design time and effort of the
full-custom approach to the typical semi-automatic digital design flow, it becomes evident
that the digital one offers lower design time and effort, even with high-complexity designs.

Recently, the possibility to exploit the standard-cell approach, and thus the semi-
automatic digital design flow, to dramatically reduce the overall analog circuit design
effort has been explored in [12-17]. Moreover, together with the use of standard-cells,
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investigation is ongoing regarding the hard scaling of supply voltage down to the deep
sub-threshold region (150-300 mV) and power consumption down to the pW-range. The
same trend has been exploited not only for comparators but also to realize operational
transconductance amplifiers, based on standard-cells, with minimum design effort and
reduced power consumption.

Actually, the state-of-the-art offers several standard cell-based dynamic voltage com-
parator (SCB-DVC) topologies [18-22]. It is possible to classify the topologies depending
on the offered input common mode range (ICMR): rail-to-rail ICMR and non-rail-to-rail
ICMR topologies [23].

Historically, the first SCB-DVC was the non-rail-to-rail ICMR topology proposed in [18]
in 2014, whose ICMR spans from Vpp /2 to Vpp. In 2018, a topology with complementary
ICMR with respect to [18], ranging from 0 to Vpp /2, exploiting 3-input NOR gates, has
been proposed in [19], and combining it with the one in [18], the first rail-to-rail topology
was also presented in [19].

The solutions in [18,19] exploit only NAND, NOR and NOT standard-cells. Following
the same idea in [19], a topology based on OAI (Or-And invert) and AOI (And-Or invert)
standard-cells has been proposed, in 2020, in [20].

It is worth noting that the mentioned topologies need almost two or three different
types of gate for each comparator, and, in 2024, a rail-to-rail topology, based on 2-input
NAND gates only (subsequently referred to as NAND?2), was proposed in [22]. Actu-
ally, this is the best rail-to-rail ICMR topology in the state-of-the-art, in terms of power
consumption and delay.

In this work, starting from the NAND?2 topology, we introduce a novel topology made
up of only 2-input NOR gates and referred to as NOR2 topology in the following. Despite
being complementary to the NAND2 topology proposed by the authors in [22], the NOR2
topology has neither been discussed nor presented previously. This paper presents, for
the first time, an analysis and the derived design rules in term of cell strength for both
the NOR2 and the NAND?2 topologies. An optimized design for minimum offset and
another one for minimum power consumption are also presented for the first time in the
manuscript, referring to both the NOR2 and the NAND?2 topologies. The proposed NOR2
topology exhibits better performance in terms of both speed and power-delay product with
respect to the previously presented NAND2 topology. The following considerations are
supported by simulations regarding clock-to-output delay, power consumption, ICMR and
offset by means of Monte Carlo analysis, referring to a 45 nm CMOS technology. All the
simulations are carried out at three different supply voltages, respectively—600 mV, 300 mV
and 150 mV—to demonstrate the independence with respect to supply voltage scaling.

The paper is structured as follows. The NAND2 SCB-DVC and the proposed NOR2
working principles are first described in Section 2. In Section 3, the dependency of delay,
power consumption, ICMR and offset with respect to the only editable cell design parameter
will be highlighted by means of simulations. In Section 4, the NAND2 and the NOR2
topologies are compared in terms of overall performance through suitable figures-of-merit
(FoMs). Concluding remarks are finally drawn in Section 5.

2. Rail-to-Rail ICMR Standard Cell-Based DVCs

In the following subsection, a simple explanation of the working principle of the
NAND?2 topology and of the proposed NOR2 one is provided, exploiting a simple gate-
level approach.
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2.1. NAND2 SCB-DVC

The gate-level structure of the NAND?2 is reported in Figure 1 [22]. The architecture is
multistage and is made up by 2-input NAND gates only. It is possible to recognize the first
stage, also referred to as the pre-amplifier stage, with the analog input signals V;yp and
Vinm, connected to the A inputs of the gates S; 5, and the clock signal, CLK, connected to
their B inputs. The pre-amplifier cell’s strength is referred to as Xpye.

VINp O—A X[m'
Bl Si

Von
CLK o—¢
B LK
S VOP
V A 2 ):
INm Q=——— Xore
e e e e e e e e e ]
Pre-Amplifier Intermediate Output-RS
stage stage bistable

Figure 1. NAND2 SCB-DVC topology.

The pre-amplifier outputs, Vx and Vy, also named intermediate nodes, are connected
to the intermediate stage, consisting of two back-to-back NAND gates, S3 4. The output
of S3 is fed back to the A input of S4, and vice-versa, to realize a positive, or regenerative,
feedback loop. The remaining B inputs of each gate are connected to the clock signal. The
intermediate stage cell’s strength is reported as Xj,;.

The intermediate nodes directly drive the well-known RS bi-stable stage, whose
function is to sample and retain, at the output nodes, Vpop and Vpy, the information
extracted from the analog input differential signal, Vip = Vinp — Vinum, amplified by the
first stage and regenerated by the intermediate stage. The output bi-stable cell’s strength is
reported as Xp;.

The working principle can be explained considering that, in general, a DVC is a
clocked circuit and thus its operations are related to the clock signal. In particular, during
the clock period it is possible to recognize two working phases: pre-charge, or reset phase,
during the first half clock period, and the evaluation phase, during the second half clock
period. In the reset phase (CLK = 0), the parasitic capacitances at the inner nodes, Vx
and Vy, are tied to Vpp by gates S1_4, forcing the output RS bi-stable stage into storage
condition (the RS bi-stable stage is in storage condition when its inputs are both tied to
Vpp). During this phase, as the name suggests, the charge at the inner node capacitances is
restored from the previous comparison in which one of the two nodes has been tied to Vpp
and the other to 0.

When a rising edge on the clock signal occurs, the circuit enters in evaluation phase
(CLK = Vpp). In this phase, the gates S;_4 can be seen as simple inverters where the
threshold voltage is slightly higher than Vpp/2 (i.e., the threshold voltage of a symmetrical
inverter). Indeed, the Pull-Down-Network of the NAND has two series transistors, which
makes it weaker than the Pull-Up-Network.

In an analog context, the two inverters can be assumed as a class AB differential ampli-
fier. Thus, it is straightforward to observe that S; ; implement a differential amplification
stage, biased by the input common mode voltage, Vicp.

The pre-amplifier stage amplifies the input differential signal, V;p, developing a
differential voltage, Vxy, at the inner nodes. At the same time, it is responsible for the inner
common mode voltage, Vxy cp, falling from Vpp to an inverted version of the Vjcy, after
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a certain amount of time, t5,p. After ¢, the intermediate stage starts regenerating Vyy in
a period named ty,g, to correctly drive the output stage. Finally, the RS bi-stable allows one
to achieve the rail-to-rail output and the retention of the comparator decision during the
successive reset phase.

In Figures 2—4, examples of the described voltage waveforms on each node are plotted.
The examples consider Vpp equal to 300 mV, the input differential signal, V;p, equal to
10 mV and the input common mode voltage, Vicp, equal to Vpp /4, Vpp/2 and 3Vpp /4,
respectively. The three different values for Vicjs are considered in order to show the
different behavior of Vxy cp with respect to Vicpy, according to the above description.
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Figure 2. NAND2 node voltages with Vpp = 300 mV, Vip = 10 mV and Vjcpr = Vpp /4.
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Figure 3. NAND2 node voltages with Vpp = 300 mV, Vip = 10 mV and Vjcpr = Vpp /2.
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Figure 4. NAND2 node voltages with Vpp = 300 mV, Vip = 10 mV and Vjcp = 3Vpp /4.

2.2. NOR2 Proposed SCB-DVC

The gate-level structure of the proposed NOR2 topology is reported in Figure 5. It
exhibits a multistage architecture and is made up of 2-input NOR gates only. It is again
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possible to recognize the first pre-amplifier stage, with the analog input signals V;yp and
Vinm, connected to the A inputs of the gates Sj,, and the inverted clock signal, CLK,
connected to their B inputs. The pre-amplifier outputs, Vx and Vy, are connected to the
intermediate stage, consisting of two back-to-back NOR gates, S3 4. The output of S3 is fed
back to the A input of S4, and vice-versa, to realize a positive, or regenerative, feedback

loop. The remaining B inputs of each gate are connected to the inverted clock signal. The
intermediate nodes directly drive the well-known “SR bi-stable” stage, whose function is
to sample and retain, at the output nodes, Vpp and Vpy, the information extracted from
the analog input differential signal, V;p, amplified by the first stage and regenerated by the
intermediate stage, as in the NAND2. The strength of the pre-amplifier stage, intermediate
stage and the output bi-stable stage cells are indicated as X, X;,; and Xp;, respectively.

VIN]) A X,
5] S
S
Vin A 2

INm le
e e e [}
Pre-Amplifier Intermediate Output-SR
stage stage bistable

Figure 5. NOR2 SCB-DVC proposed topology.

The working principle can be explained using the same considerations previously done
for the NAND2 topology. During the reset phase (CLK = Vpp), the parasitic capacitances
at the inner nodes, Vx and Vy, are tied to 0 by gates S1_4, forcing the output SR bi-stable
into storage condition (the SR bi-stable is in storage condition when its inputs are both 0).
During this phase, the charge at the inner nodes capacitances is restored from the previous
comparison in which one of the two nodes has been tied to Vpp and the other to 0. When a
falling edge on the clock signal occurs, the circuit enters an evaluation phase (CLK = 0). In
this phase, the gates S1_4 can be seen as simple inverters where the threshold voltage is
slightly lower than Vpp /2 (i.e., the threshold voltage of a symmetrical inverter). Indeed,
the Pull-Up-Network of the NOR has two series transistors, which makes it weaker than
the Pull-Down-Network.

As in the NAND?2, S; ; act as a differential amplification stage, biased by the input
common mode voltage, Vicp. The first stage amplifies the input differential signal, Vip,
developing a differential voltage, Vxy, at the inner nodes. At the same time, it is responsible
for the inner common mode voltage, Vxy cp, rising from 0 to an inverted version of the
Vicm, with respect to the threshold Vpp /2, after a time, typ. After tgyp, the intermediate
stage starts regenerating Vxy in a time named f,.¢ to properly drive the output stage.
Finally, the SR bi-stable allows one to achieve the rail-to-rail output and the retention of the
comparator decision during the successive reset phase, as for the NAND?2.

Examples of the described voltage waveforms are plotted in Figures 6-8. The examples
consider Vpp equal to 300 mV, the input differential signal, Vip, equal to 10 mV and the
input common mode voltage, Vicp, equal to Vpp/4, Vpp/2 and 3Vpp /4, respectively.
The different Vicps values for Ve are considered in order to show the different behavior
of Vxy cp with respect to Vicps, according to the previous description.
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Figure 6. NOR2 node voltages with Vpp = 300 mV, Vip = 10 mV and Vicp = Vpp /4.
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Figure 7. NOR2 node voltages with Vpp = 300 mV, Vip = 10 mV and Vjcp = Vpp /2.
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Figure 8. NOR2 node voltages with Vpp = 300 mV, V;p = 10 mV and Vjcp = 3Vpp /4.

3. Standard-Cell Oriented Design

When designing a comparator, the typical requirements of the application are delay
(or speed), power consumption, offset, ICMR and area occupation. In general, if the design
approach is full-custom, it is possible to size each transistor to meet the requirements.
On the other hand, if a standard-cell approach is used, it is not possible to access the
transistor level, and thus the degrees of freedom are strongly reduced. In fact, referring to a
standard-cell approach, the only parameter that can be set by the designer is the strength of
the cell, which represents the multiplicity of the cell’s transistors width with respect to the
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minimume-sized cell (referred to as strength 1, or X1). Thus, the cell’s area occupation is
directly proportional to its strength.

In this section, the dependence of delay, power consumption, ICMR and offset from
the cell’s strength is derived and confirmed by means of simulations using a 45 nm CMOS
technology. The analysis has been carried out, with 600 mV, 300 mV and 150 mV supply
voltage and common mode input voltage, Vicp, equal to Vpp /2. For both the NAND2
and NOR2 topologies, a minimum-sized output bi-stable stage (X;; = X1), loaded by
minimum-sized NOR gates (i.e., about 0.6 fF load capacitance at each output node) is
always considered. Using minimum-sized gates for the output stage always represents the
optimum design condition. The pre-amplifier and intermediate stage cell’s strength, named
Xpre and Xjyy, respectively, have been varied in the set of values X1, X2, X4, X6 and X8.

Since the same trends were found for each supply voltage, in the following we will

consider only the results with 300 mV Vpp.

3.1. Delay

Increasing the strength of a gate means enlarging the width of all the transistors of the
same quantity. In particular, depending on the X;,,; value, two kinds of behavior arise. In
Figure 9a and 9b are reported the simulation results for the NAND2 and NOR2, respectively,
varying X, with fixed Xj,;. The same analysis has been carried out by varying X;,,; with
fixed Xpre, and the results are given in Figure 9¢,d. By inspection of the figures, it is
apparent that, for X;,;; lower than 4, an increase in X, determines a proportional increase
in the delay, while for X;,; > 4 the delay is almost independent from X.. Moreover, the
relation between delay and the cell’s strength implies that the speed of the comparator is
mainly a topological aspect. This fundamental result, depending on the other application
requirements, could allow one to minimize the area, and hence also power consumption,
ensuring almost the same speed performances.

——xi —.e—xz : X4 p——1 —.e—x2 : X4
- X6 —— X8 - X6 —— X8
=14} : =14}
§ o | ] E o | %
Qlr — 1 S 1t —
0.8 1 0.8
1 2 4 6 8 1 2 4 6 8
Xpre Xpre
(a) NAND2 Delay vs. X with fixed X, (b) NOR2 Delay vs. Xy, with fixed X,
——xi —.e—xz : X4 p——1 —.e—x2 : X4
- X6 —4— X8 — X6 it X8
14} : 14}
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it e ] 3T ES—e——=
0.8 1 0.8
1 2 4 6 8 1 2 4 6 8
Xint Xint
(c) NAND2 Delay vs. X;,; with fixed X,y (d) NOR2 Delay vs. X;,; with fixed Xy

Figure 9. Delay dependence to X, and X;,; with Vpp equal to 300 mV, Vicy equal to Vpp /2 and
Vip equal to 10 mV.

3.2. Power Consumption

Since the strength is linearly related to the current capability and the total capacitance
introduced by a gate, it is expected that both the static and dynamic power consumption of
each gate increases with its strength. Considering that these comparators are composed by a
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pre-amplifier stage, an intermediate stage and an output stage, each of them may contribute
differently to the overall power consumption. However, since the output stage is considered
always minimum, only the impact of the pre-amplifier stage and the intermediate stage
are investigated.

In particular, the main power consumption contribution is given by the pre-amplifier
stage. In fact, when the evaluation phase starts, a fast peak current is driven to the
parasitic capacitances at the inner nodes whose charge has been restored in the reset
phase, contributing to the dynamic power consumption. During the evaluation phase,
in particular, after Vxy is regenerated (see Section 2), one of the two intermediate node
voltages, Vx or Vy, is tied to 0 and the other one is tied to Vpp by the positive feedback
given by the intermediate stage. At the same time, since the input voltage is maintained
at the pre-amplifier inputs, a static current is always driven to the node that is tied to 0
(i.e., to ground) by the pre-amplifier. Moreover, on the node that has been tied to Vpp,
another static current, which can be seen as a leakage current, is sunk by the pre-amplifier.
In particular, this leakage current contribution is dependent on the input common mode
voltage, Vicar, as will be investigated in the subsequent sections.

Hence, a variation in the strength of the pre-amplifier is expected to have a stronger
impact on power consumption with respect to a variation in the intermediate stage strength,
because the pre-amplifier is responsible for the main dynamic and static current contribution.

Simulation results are shown in Figures 10a and 10b for the NAND2 and NOR?2, re-
spectively. Figure 10a, where X, is varied for a fixed Xj,,;, confirms the above discussed in-
crease in power consumption versus Xpre. On the other hand, when X;,,; is varied for a fixed
Xpre, the increase in power consumption is negligible, as shown in Figures 10c and 10d
for the NAND2 and NOR?, respectively, thus confirming the expected impact on power
consumption of the pre-amplifier strength versus the intermediate stage strength.

— X1 —O— X2 X4 — X1 —O— X2 X4

N X6t X8 5 X6t X8
3, 300} {1 = 300}
— 250} {1 250}
L 200 1 “é’ 200
g 150 . g 150
A 100} 1 & 100}

50 f 1 50 f

1 2 4 6 8 1 2 4 6 8
Xpre Xpre
(a) NAND?2 Power vs. Xpre with fixed X, (b) NOR2 Power vs. X, with fixed X;;;
— X1 —O— X2 X4 — Xl —O— X2 X4

N X6 =yt X8 N X6 —ye— X8
Y — — > = 300f —— — — -’
Cos0f * * {1 Ta2s0f % % >
L 200 1 § 200
S 150 1 S 150F
T ge——e—=e0—29 | " oo —o—e—=2

50 f N 1 50 f

1 2 4 6 8 1 2 4 6 8
Xint Xint
(c) NAND2 Power vs. X;,,; with fixed X, (d) NOR2 Power vs. X;,; with fixed Xpre

Figure 10. Power dependence to X, and X;,;; with 300 mV Vpp, Vicpm equal to Vpp/2 and Vip
equal to 10 mV.

3.3. Input Common Mode Range (ICMR)

The topologies under analysis are capable of offering rail-to-rail ICMR if properly
sized, and in this subsection we show how the ICMR varies if different combinations of
Xpre and Xjy,; are considered at 300 mV supply voltage with a minimum differential input
signal of 10 mV and 1 kHz clock signal. The ICMR is evaluated as the difference between
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the maximum and minimum input common mode voltage, Vicy, for which the output
of the comparator is still valid (i.e., Vop and Vpy are complementary to each other). In
Table 1 and Table 2 are reported the input common mode ranges for the NAND2 and NOR2
topologies, respectively, and the combinations of X, and Xj,; that allow one to obtain
rail-to-rail ICMR are highlighted in bold.

Table 1. NAND2 ICMR [mV] dependence with the cell’s strength, considering Vpp = 300 mV.

X1int X2int X4ing X6int X8int

X1pre 30-300 10-300 0-300 0-300 0-300
X2pre 40-300 30-300 10-300 0-300 0-300
X4pre 70-280 50-300 30-300 20-300 10-300
X6pre 80-260 70-290 50-300 40-300 30-300
X8pre 90-250 80-270 60-300 50-300 40-300
Table 2. NOR2 ICMR [mV] dependence with the cell’s strength, considering Vpp = 300 mV.

X1int X2int X4int X6int X8int

X1pre 0-270 0-280 0-300 0-300 0-300
X2pre 0-250 0-270 0-290 0-300 0-300
X4pre 20-230 0-250 0-270 0-290 0-300
X6pre 40-220 20-230 0-260 0-270 0-280
X8pre 60-210 40-230 0-250 0-270 0-280

It is evident that, for both the topologies, the ICMR is rail-to-rail only if X, is greater
than 4 and Xy is smaller than X;,,;/2; in the following, this condition will be referred to as
the rail-to-rail ICMR condition. If this condition is not guaranteed, when Vjcp; approaches
Vpp, or 0, the intermediate stage is not able to regenerate Vxy and then the output bi-stable
is forced into storage condition or into the undefined one (i.e., the condition in which the
outputs are not complementary at all). In both cases, the output cannot be considered valid.
It is worth noting that, under the rail-to-rail ICMR condition, as discussed in Section 3.1,
the delay of the comparator is almost independent of the cell’s strength.

In the following, the behavior of the two topologies is analyzed in the evaluation
phase referring to both the case in which the rail-to-rail condition is satisfied and the one in
which it is not satisfied. The starting point of the evaluation phase has been assumed at
time 0 for convenience.

Regarding the NOR?2, if the rail-to-rail ICMR condition is not satisfied, the intermediate
stage is not able to regenerate the differential voltage, Vxy; thus, after a short transient, both
Vx and Vy tend to Vpp, if Vicp is 0 (Figure 11a), or to 0 if Vicp is Vpp (Figure 11b). This
behavior can be easily understood if we observe that the pre-amplifier is composed of two
gates working as inverters; thus, Vxy cp is simply an inverted version of Vjcy,. In the case
when Vxy cpis Vpp, the SR bi-stable is in the undefined condition and its outputs are both
tied to 0, and therefore are not complementary at all. When Vxy cps is 0, the SR bi-stable
is in storage mode and its outputs are unvaried with respect to the previous evaluation
phase. In both cases, the result of the comparison at the output of the comparator cannot be
considered valid.
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Figure 11. NOR2 intermediate nodes voltages, Vx and Vy, when the rail-to-rail condition is not
satisfied considering Vpp = 300 mV and Vjp = 10 mV.

In Figures 12a and 12b are reported the waveforms of Vx and Vy, with Vjcpy equal to
0 and Vpp, respectively, in the case when the rail-to-rail ICMR condition is satisfied. As
can be seen, after the evaluation phase starts, there is a time, f4,p, in which both Vx and Vy
rise together with a small difference, Vxy, and then a time interval, ¢,¢¢, in which this small
difference is regenerated by the intermediate stage, as introduced in Section 2.

>E | Vx Vy CLK | E I Vx V CLK |
i 300 i 300
< 225} S 225}
© 150} © 150}
& 75k = 75k
D H QO H L LN H Dl Y H H O H L L DN H DLy
o /Q“z RN RN S /@» RN RN
time[ps] time[ps)
(@ Viem =0 (b) Viem = Vbp

Figure 12. NOR2 intermediate nodes voltages, when the rail-to-rail condition is satisfied considering
VDD = 300 mV and V[D =10 mV.

Considering the NAND2, when the rail-to-rail ICMR condition is not satisfied, the
intermediate stage does not regenerate Vxy, and, after a short transient, both Vx and
Vy tend to Vpp, if Vicp is O (Figure 13a), or to 0 if Vicp is Vpp (Figure 13b). The same
observation performed for the NOR2 pre-amplifier holds for the NAND2; thus, Vxy cm
is simply the inverted Vicps. In the case when Vxy cj tends to Vpp, the RS bi-stable is in
storage mode and its outputs are unvaried with respect to the previous evaluation phase.
When Vxy cp is 0, the RS bi-stable is in the undefined condition and its outputs are both
tied to Vpp, and are therefore not complementary at all. As for the NOR2, in both cases,
the output of the comparator is not valid.

S I Vx Vy CLK| S I Vx I CLK
= =
i i 300 f—rh
3 3 225}
- - 150}
s s
= = 7sf
5 oo N o Y O D D N D e
7 A ORI S /Q‘} RGN N INA
time[ps] time[us]
(@ Viem=0 (b) Vicm = Vpp

Figure 13. NAND?2 intermediate nodes voltages, Vx and Vy, when the rail-to-rail condition is not
satisfied considering Vpp = 300 mV and Vip = 10 mV.

In Figures 14a and 14b, the waveforms of Vx and Vy, with Vjcp equal to 0 and Vpp,
respectively, are reported in the case where the rail-to-rail ICMR condition is satisfied. As
can be seen, after the evaluation phase starts, there is a time, ¢, in which both Vx and
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Vy fall together with a small difference, Vxy, and then a time, t,.¢, in which this small
difference is regenerated by the intermediate stage, as explained in Section 2.

% I Vx Vr CLK| S I Vx Vi CLK|
Egoo_l ﬁBOO—'\
225F 225k
O; 150} K L; 150f
= s} = 75l
0 0
S H QO H L O N HOD LY D H QO H B L DN H B oS Y
S /Q?z RN NI b} /Q‘l» RN RN
time[ps) time[ps|
(@ Viem =0 (b) Vicm = Vpp

Figure 14. NAND?2 intermediate nodes voltages, Vx and Vy, when the rail-to-rail condition is satisfied
considering Vpp = 300 mV and V;p = 10 mV.

It is worth noting that ¢,,,, and t,¢; are dependent on the common mode voltage. In
fact, for Vicpr equal to Vpp the NOR2 shows a low ¢4,y and, vice versa, tamp is higher with
Vicm equal to 0. Complementary, the NAND2 exhibits a high ¢, when Vjcys is equal to
Vpp and, vice versa, a low g,y when Vicy is equal to 0.

The complementarity of the topologies is simply explainable, observing that a 2-input
NOR differs from a 2-input NAND since there are two series transistors in the Pull-Up-
Network and only one in the Pull-Down-Network, making its low-to-high propagation
delay higher with respect to the NAND. Vice versa, a 2-input NAND has two series
transistors in the Pull-Down-Network and only one in the Pull-Up-Network, making its
high-to-low propagation delay higher with respect to the NOR.

3.4. Offset

The offset of a comparator is related to the matching properties between
transistors [24-30]. According to Pelgrom’s model [24], at the transistor level, it is known
that the standard deviation of the offset, 0, ¢, is inversely proportional to the area of the
transistors that have to be matched. Since standard cell comparators are multi-stage topolo-
gies, the main input referred offset contribution comes from the pre-amplifier, because the
offset of the subsequent stages is reduced by the gain of the preceding blocks. This state-
ment has been verified by simulations; thus, we will focus only on the offset dependence
on the pre-amplifier strength.

In the case of a standard-cell comparator, the matching has to be guaranteed between
standard cells of the pre-amplifier, which are made up of two different types of transistor,
NMOS and PMOS. 1t is possible to demonstrate (see Appendix A) that the offset standard
deviation is related to the area of the minimum-sized cell and the cell’s strength, as in (1).

V2
I e o M
pre " min
Despite the fact that the relationship does not take into account Xj,;, since it is funda-
mental to guarantee the ICMR requirement, an increase in X, implies at least an equal
increase on the Xj,; value to guarantee the rail-to-rail ICMR.

4. Comparison

In a typical application that exploits one, or more, comparators, the input offset voltage
is one of the key parameters that has to be taken into account. Given a topology, if there is
the need to decrease the offset, the only way is to increase the area of the cells. However,
when increasing the area of the cells, the decrease in the offset is payed with an increase
in power consumption, as discussed in Section 3. This behavior implies that a trade-off,
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between the offset and power consumption exists. To quantify this trade-off, FOM1 is
introduced in Equation (2) to take into account the offset, in terms of standard deviation,
Toffr and mean value, y, Ffr and the power consumption:

FOM1 =, /Uosz + ygff - Power 2)

Another important aspect for comparators is the delay, which, in the case of standard
cell-based comparators, is mainly related to the topology rather than to the design. Never-
theless, to compare the topologies, it can be useful to introduce FOM2, as in [23], in which
the offset and power consumption are considered together with the delay:

FOM2 =, /agff + ptgff - Power - Delay =, /O'gff + ngf -PDP 3

This second figure of merit can also be expressed in terms of power-delay-product
(PDP), thus providing information about how good the trade off is between offset and
energy per comparison.

In this section, we compare the NAND2 and the proposed NOR2 by means of pre-
layout simulations referring to a 45 nm CMOS process. Simulation results regarding
delay, power consumption and power-delay-product (PDP) of the different topologies
are presented, focusing on their performances with respect to Vjcps variation at three
different supply voltage conditions: 600 mV, 300 mV, 150 mV. The offset related to mismatch
variations has been evaluated through Monte Carlo simulations referring to the statistical
models for technology mismatch provided by the manufacturer on 1000 samples. A linear
ramp differential input signal in a transient simulation, with amplitude ranging from —Vpp
to Vpp and common mode voltage equal to Vpp /2, is considered, and the input-referred
offset voltage is evaluated by taking the value of V;p, which corresponds the output
commutation. Moreover, the relation between offset and power consumption introduces
the possibility to design the comparator in order to minimize one of them. Thus, in the
following the topologies will be designed in both ways, also guaranteeing rail-to-rail ICMR.

4.1. Rail-to-Rail ICMR with Minimum Offset Design

The first requirement to guarantee is the ICMR; thus, the values of X, and X,
must be chosen according to the rail-to-rail ICMR condition highlighted previously in
Tables 1 and 2 for the NAND2 and NOR2, respectively. In Table 3, the chosen strengths are
reported together with the performance parameters evaluated with Vjcp equal to Vpp /2
at three different supply voltages.

Table 3. Rail-to-Rail ICMR with minimum offset design considering Vicp = Vpp /2.

Topology Supply reint Power  Delay PDP Toff o % Hoff FOM1 FOM2
[mV] [pW] [ns] [a]] [mV] DD [mV] [V-pW] [V-a]]

150 X48 12.9 16,100 207.6 14.6 9.73% 0.419 0.188 3.03

NOR2 300 Xyg 156.1 1020 159 45.3 15.1% —0.674  7.07 7.21
600 X456 29,200 9.36 273.3 95.4 15.9% —0.727 2780 26.07

150 X246 9.32 19,070 177 18.3 12.2% 0.947 0.17 3.25

Nl?zl\;})z 300 Xo6 90.3 1150 1038 508  169%  0.66 459 5.29
600 Xog 14,590 11.04 161 105.2 17.5% —-14 1540 16.94
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As can be seen, with a hardly scaled supply voltage of 150 mV and 300 mV, the NOR2
exhibits a 0, ¢ equal to 14.6 mV and 45.3 mV, respectively. These values are about 5 mV less
than the 0,7 of the NAND2. However, this difference is payed with an increased power
consumption. The same holds at 600 mV, where the NOR2 offers a 10 mV smaller o, Ff- Itis
worth noting that the o, ¢ of each topology increases with the supply voltage, but the ratio
Ooff /Vpp is always lower than 20%.

Concerning the effects of Vicjps on delay and power consumption, in Figures 15 and 16
the results for both topologies are shown. As can be seen, at 150 mV the NOR2 is much
faster than the NAND2 if Vjcps is below 70% of Vpp. This percentage increases at 300 and
600 mV, where the NOR?2 is faster with Vjcpr below 90% of Vpp. It is worth noting that the
trends are complementary to each other with respect to Vpp /2, given that the topologies
are complementary to each other. The increased speed of the NOR2 is payed in terms of
power consumption that is higher with respect to the NAND?2, at 150 mV, for every Vicu.
At 300 and 600 mV the NOR2 power consumption is almost the same as the NAND2, at
least for Vicpr below 80-90% of Vpp, above which the NOR2 shows a higher consumption.
However, for each topology it is possible to find a minimum for the power consumption
when Vicp is equal to Vpp /2.

NOR2 NAND2] ] [ - 'N()RQ - I\'AI\ID'2| ] [

| NAND2]
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g2 3125
< 20 3 1.
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(a) VDD =150 mV (b) VDD =300 mV (C) VDD = 600 mV
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Delay |ns]
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Figure 15. Delay vs. V¢ with minimum offset design approach.
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Figure 16. Power consumption vs. Vjcpr with minimum offset design approach.

4.2. Rail-to-Rail ICMR with Minimum Power Consumption Design

As for the minimum offset approach, the rail-to-rail ICMR has to be guaranteed; thus,
the values of X, and X;,;; must be chosen according to the rail-to-rail ICMR condition,
considering the values in Tables 1 and 2 for the NAND2 and NOR?2, respectively. In Table 4,
the chosen strengths are reported, together with the performance parameters evaluated
with Viepm equal to Vpp /2 at three different supply voltages.

In this case, both the topologies exhibit almost the same power consumption for
each supply voltage that is consistently lower with respect to the minimum offset case.
Concerning the delay, the NOR2 shows a slightly lower delay with respect to the NAND2
when the PDP is lower. Regarding the offset, the NAND2 offers a lower o, ¢ than the NOR?2,
with increased 0,7/ Vpp ratio with respect to the minimum offset design. It is worth noting
that, in this case, the topologies exploit smaller cells with respect to the minimum offset
case; thus, the offset standard deviation is higher, as expected.
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Table 4. Rail-to-Rail ICMR with minimum power consumption design with Vicpr = Vpp /2.
Topology Supply reint Power Delay PDP Toff % % Hoff FOM1 FOM2
[mV] [pWI [ns] [a]] [mV] DD [mV] [V-pW] [V-a]]
150 X14 7.48 17,200 128 29.6 19.7% 0.942 0.22 3.82
NOR?2 300 X4 62.7 1050 65.8 75.4 25.1% 0.108 4.72 4.96
600 X1 8770 9.18 80.58 145.3 24.2% 4.2 1270 11.7
150 X4 7.37 18,600 137 24.6 16.4% 0.986 0.18 3.38
Nf?g?z 300 Xi4 62 1130 70 62.6  208% 0133 388 439
600 X14 8760 10.1 88.4 119.7  19.95% 2.7 1040 10.59

The same considerations about the effects of V;cps on delay and power consumption,
done for the minimum offset case, hold for the minimum power one. In Figures 17 and 18,
the results for both topologies are shown. Again, at 150 mV the NOR2 is much faster than
the NAND?2 if Vjcp is below 70% of Vpp. For Vpp equal to 300 and 600 mV, the NOR?2 is
slightly faster. Also in this case, the trends are complementary to each other with respect to
Vbp /2, given the complementarity of the topologies.
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Figure 17. Delay vs. Vicp with minimum power design approach.
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Figure 18. Power consumption vs. Vicp with minimum power design approach.

It is worth noting that, regardless of the design strategy, both of the topologies
show a complementary parabolic-like power consumption trend with respect to Vicy
(see Figures 16 and 18). It is possible to find a minimum for V;cpr equal to Vpp /2, at which
the topologies are perfectly equivalent. In this condition, after Vxy is regenerated, Vicp
drives the pre-amplifier’s transistors in the saturation region and the static current is lim-
ited. On the other hand, if Vicp tends to 0 or Vpp, the pre-amplifier’s transistors are driven
in the triode region; thus, a low-resistance path from Vpp to ground is realized. In these
cases, the power consumption is higher than the case in which Vjcy, is equal to Vpp /2.

The complementarity of the topologies is also evident in terms of power consumption.
In fact, if Vjcp tends to 0, the NOR2 offers a lower power consumption with respect to the
NAND?2. Vice versa, if Vicp tends to Vpp, the power consumption of the NOR2 is higher
with respect to the one of the NAND2. This duality comes from the duality between the
Pull-Up-Network of the NOR2 and the Pull-Down-Network of the NAND?2, as described
in Section 3.3. In fact, the path from Vpp to ground offered by the NOR2, when V¢ is



J. Low Power Electron. Appl. 2025, 15, 14 15 of 20

equal to 0, is made up of two series transistors with respect to the NAND?2, in which the
path is given by only one transistor. Thus, the NOR?2 static current is lower. Conversely, the
path from Vpp to ground offered by the NOR2, when Vi, is equal to Vpp, is made up of
only one transistor with respect to the NAND2, in which the path is given by two series
transistors. In this case, the NOR2 static current will be higher.

4.3. Comparison with the State-of-the-Art of rail-to-rail Topologies

In this subsection, we compare the proposed topology, designed with both minimum
offset and minimum power methods, with the rail-to-rail ICMR topologies in [19,20,22].
The results are given considering Vjcp equal to Vpp /2 and Vip equal to 10 mV and are
reported in Table 5, where the NOR?2 is designed for minimum offset, and Table 6, where
the NOR2 is designed for minimum power. It is worth noting that the NOR?2 is faster than
the NAND?2, with Vjcp equal to Vpp /2.

Table 5. Rail-to-Rail ICMR and minimum offset design with Vicp = Vpp /2.

Topology Supply Power Delay PDP Toff % Toff Hoff FOM1 FOM2
[mV] [pW] [ns] [a]] [mV] Vbp [mV] [V.pW]  [V-a]]

150 12.9 16,100 207.6 14.6 9.73% 0.419 0.188 3.03

NOR2 300 156.1 1020 159 453 151%  —0.674 7.07 7.21
600 29,200 9.36 273.3 95.4 159%  —0.727 2780 26.07

150 9.32 19,070 177 18.3 12.2% 0.947 0.17 3.25

NA[*ZNZ})Z 300 90.3 1150 103.8 50.8 16.9% 0.66 459 5.29
600 14,590 11.04 161 105.2 17.5% ~14 1540 16.94

150 7.9 134,000 1060 12.1 8.06% 18.6 0.175 235

[19] 300 30.3 8530 258.8 10.3 3.43% 12 031 2.68
600 8290 152.1 1260 10.21 1.7% 0.53 80 12.89

150 15.2 50,600 770 13.83 9.22% 6.49 0.23 11.75

[20] 300 99.1 4460 442 11.9 3.87% 1.98 1.19 5.33
600 8300 70.8 587 11.61 1.93% 2.01 97 6.92

As can be seen from Table 5, the NOR2 designed for minimum offset shows a much
lower delay, with higher power consumption; nevertheless, the PDP is greatly reduced
with respect to [19,20]. From the offset point of view, the NOR2 exhibits a slightly higher
0, and a much lower p, ¢, at 150 mV. The 0, ¢ becomes higher as the supply increases,
with respect to the values of [19,20], which are almost constant. In fact, the FOM1 of the
NOR?2 is higher than [19,20], unless at 150 mV supply, and increases with supply voltage.
However, if the FOM?2 is considered, the NOR?2 offers the best trade-off between offset,
power consumption and delay, at 150 mV.

The results when minimum power design is considered for the NOR?2 are reported in
Table 6. It is possible to see that the topology is able to offer a 8 x higher speed with respect
to the [19], with Vpp equal to 150 and 300 mV, and almost 16 x higher with Vpp equal to
600 mV. With respect to [20], the increase is 4 x, with Vpp equal to 150 and 300 mV, and 8,
with Vpp equal to 600 mV. Moreover, the great increase in speed is obtained with a lower
power consumption, with respect to [19,20], at 150 mV. This does not hold with Vpp equal
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to 300 mV, where the power consumption is 2 x higher with respect to [19], but is 0.6
lower than [20]. Considering Vpp equal to 600 mV, the increase in power consumption is
very small, making the case with Vpp equal to 300 mV the worst case in terms of power
consumption. However, the NOR2 exhibits meanly a 7x lower PDP, at various supply
voltages. From the offset point of view, at 150 mV the NOR2 has a higher 0,7, with a much
lower p,r, with respect to [19,20]; thus, comparing the three topologies through FOM1,
the trade-off between power and offset is better than [20] and slightly worse than [19]. This
trade-off is worsened with higher supply voltages. Finally, if the FOM2 is considered, it is
possible to state that the best trade-off between offset, power consumption and delay is
obtained by the NOR2. If the supply is increased, the topology is able to stay at least in
between [19,20].

Table 6. Rail-to-Rail ICMR and minimum power consumption design with Vicpr = Vpp /2.

Topology Supply Power Delay PDP Toff % Toff Hoff FOM1 FOM2
[mV] [pW] [ns] [a]] [mV] Voo [mV]  [VpW]  [V-a]]
150 7.48 17,200 128 29.6 19.7% 0.942 0.22 3.82
NOR2 300 62.7 1050 65.8 75.4 25.1% 0.108 472 4.96
600 8770 9.18 80.58 145.3 24.2% 42 1270 11.7
150 7.37 18,600 137 24.6 16.4% 0.986 0.18 3.38
N‘?ZNZ})Z 300 62 1130 70 62.6 20.8% 0.133 3.88 439
600 8760 10.1 88.4 1197 1995%  —27 1040 10.59
150 7.9 134,000 1060 12.1 8.06% 18.6 0.175 235
[19] 300 303 8530 258.8 10.3 3.43% 1.2 031 2.68
600 8290 152.1 1260 10.21 1.7% 0.53 80 12.89
150 15.2 50,600 770 13.83 9.22% 6.49 0.23 11.75
[20] 300 99.1 4460 442 11.9 3.87% 1.98 1.19 5.33
600 8300 70.8 587 11.61 1.93% 2.01 97 6.92

5. Conclusions

In this paper, a NOR2-based rail-to-rail ICMR DVC has been presented, as a comple-
mentary version of the NAND2-based one in [22]. The topology provides better speed
performance and lower PDP with respect to the NAND2 topology. Moreover, in the paper is
also proposed and discussed a standard-cell oriented design approach that makes use of the
cell’s strength (unique free parameter) and overcomes the difficulties of the transistor level
design. In particular, the impact of the cell’s strength on delay, power consumption, ICMR
and offset has been investigated through gate-level modeling and simulations for supply
voltages equal to 600 mV, 300 mV and 150 mV, considering a 45 nm CMOS technology.
After a first analysis, having the aim of finding the cell’s strength conditions that guarantee
a rail-to-rail ICMR, it was also found that the delay of the NAND2 and NOR2 is almost
independent from the cell’s strength. Hence, as expected, it can be assumed that the speed
of the comparator is mainly a topological feature. Regarding the power consumption, the
impact of each stage has been investigated, and it was found that its variation is mainly due
to the cell’s strength variation of the pre-amplifier stage. As expected, the same also holds
for the offset variation. On the other hand, the cell’s strength variation of the intermediate
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stage plays a crucial role in guaranteeing the rail-to-rail ICMR. The highlighted behaviors
allow the designer to design for minimum power target, or minimum offset target. For
both of the two design targets, the performance of the NOR2 has been compared with
the NAND2, and a higher speed with lower PDP was found. Moreover, the proposed
topology, which is able to guarantee high speed performance with reduced power-delay
product, allows improvements in the order of 8x-16x higher speed and 7x lower PDP,
with respect to the other state-of-the-art rail-to-rail standard-cell-based comparators [19,20].
In conclusion, the results demonstrate that the proposed NOR2 topology offers a high
performance option for ultra-low voltage, ultra-low power circuits where rail-to-rail ICMR
is required. Moreover, the introduced standard-cell oriented approach allows a simple and
fast design methodology, which further justifies the use of the standard-cell approach.
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Appendix A

Since the offset introduced by the pre-amplifier’s cells is of concern during the evalu-
ation period, and in this condition the gates can be seen as simple inverters, the analysis
will start from the offset of a simple inverter. In the ideal case of a symmetric inverter, the
threshold voltage is equal to Vpp/2. However, in a real case, due to process variation,
the threshold voltage slightly differs from Vpp/2, since the mismatch between transistors
introduces an offset effect that can be modeled with a generator, as in Figure A1.

Vbp

_4 Mp
Vbp,2 +Vos 1,—@—4. Vb2

Vos

4”:MN
\Y4

Figure A1. Inverter offset voltage modeling.

Considering the transistors working in sub-threshold, as it is the common case for
ULV topologies, the drain current is given by

[Ves| = Vru

v ) (A1)

1%
ID = IDOT exp(
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Therefore, taking into account the offset voltage, from the current balance we get

Wn Vbp/2+ Vos — Vin Wp Vbp/2 — Vos — |Vrp|
Ino(=— = Ipg(— A2
No( Iy ) exp( vy ) = Ipo( I ) exp( Vr ) (A2
and solving for Vpg we obtain
nVr . Hp Wp 1
= —In In In = — A
Vos = —~| (,”N)+ (WN)+ (LP)]+2(VTN [Vrp|) (A3)
The offset variance, crozf % with respect to process variation, is calculated as
AV, AV, aV, aV, aV
2 _ 0S5\2 2 05\2 2 05\2 2 05\2 2 0S
Ooff = (785—5 ) ‘T%‘i‘(a%) ‘7%+(7B% ) ULT'I\)] aVTN) Ty (TVTP) VTP (A4)
which can be rewritten as
2 2 2 2 2 2
nVT (TyN UWP WN LP ULN 1
+ AN R Oy + +2(0% +o A5
off =(—— ) [ Pl% VN W2 Wz L2 ] ( VN VTP) (A5)

From Pelgrom’s model in [24], the variance of mobility and threshold voltage are
inversely proportional to the area occupied by the transistor, while the variance of the
length and the width are inversely proportional to the width and the length of the transistor,
respectively. Moreover, in the case of an inverter, the area of the PMOS transistor, Areap, is
equal to BArean, where Areay is the area of the NMOS transistor and f is a multiplying
factor. Hence, considering that the area of the inverter, Arearyy, is equal to Areap + Areay;,
each transistor area can be expressed as

Areay = Arearny (A6)

1
(1+5)

Areap = Arearny (A7)

_B
(1+p)
Substituting (A7) and (A6) into (A5), it is straightforward to relate O’gf 3 with the area

of the inverter, Areajyy, through Pelgrom’s model [24]. Highlighting the strength of the
inverter, XNy, with respect to the minimum one, we get

1 1
“ P—
off 7 Arearny — Xinv - Arearny min

(A8)

Finally, in the case of two matched inverters, as in the case of the pre-amplifier of
the discussed comparators, the overall offset variance is the sum of each single inverter

contribution:
o? =02 4 0Py & 2 (A9)
of fiot = Toff T R0ff2 T X Ny - Arearny min
Then, the offset standard deviation is given by the square root of the variance
2
(o ff x \f (AlO)

VXNV - AreaiNy min
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