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Abstract—This paper introduces a current-mode Successive-
Approximation Register Analog-to-Digital Converter (SAR ADC)
for the current readout in a memristor based vector-matrix
multiplication for computing-in-memory. The proposed method
employs direct current measurement scheme using an open-loop
transimpedance input stage. As the types and resistance values of
the memristors change, so does the output current of the array,
along with the voltage range, especially with multilevel signal
processing. Therefore, we propose an ADC where the dynamic
range can be tuned between 0.4 and 1.28 mA while consuming
1 to 2.73mW of power. While the memristor array operate at
a 1.8V power supply for SET and RESET operation, the ADC
can be implemented using a 0.9V power supply as we employs
a voltage-regulation loop that can work with less than 0.8V
voltage during current readout mode. This enables the ADC
to be implemented using core CMOS devices, reducing power
and area consumption. The ADC features 6 bit resolution and is
implemented in a 28 nm CMOS bulk technology. It can achieve
a data-conversion rate of up to 50 MSps.

Index Terms—SAR ADC, current measurement, memristor,
Vector-Matrix Multiplication, Computing-in-Memory

I. INTRODUCTION

Computing-in-Memory (CIM) is a promising method to
address the bottleneck inherent to traditional von Neumann
computing architectures. As depicted in Fig. 1, one potential
implementation involves utilizing memristor based crossbar
arrays, which store information as resistance or transconduc-
tance, enabling highly parallel Vector-Matrix Multiplication
(VMM) [1]. In this configuration, Digital-to-Analog Convert-
ers (DACs) deliver input voltages to the crossbar rows, the
resulting output currents are summarized for each column
and subsequently measured by Analog-to-Digital Converters
(ADCs). Hence, both converter circuits play pivotal roles in
optimizing operational speed and power consumption.

In [2], a charge integration method was used to measure
the current generated by the memristors. As illustrated in Fig.
2, current is first sampled by a switch and integrated on a
capacitor over aperiod of time. For this kind of approach, a
switched-capacitor (SC) integrator is often employed to allow
measurement of very small input current from multiple sources
at a different time. In [3], a AX structure was employed to
improve data-conversion resolution while needing a longer
time for the conversion.
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Fig. 1. Memristor-based crossbar array using transconductances to enable
highly parallel Vector-Matrix Multiplication.
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Fig. 2. Charge-integration method for current measurement [2].

While an SC integrator seems to use, depending on the
capacitance value, a small area and low power consumption,
the op-amp will be the dominant circuit with respect to area
and power consumption. Additionally, as the memristor is not
actually a current source, the current flowing is also depends
on the sampled voltage at the capacitor. Moreover, the dynamic
range and speed of the ADC greatly depends on the pulse
width of the signal used for sampling, where a clean reference
clock would be required. Furthermore, the range of detectable
current values depends on the capacitance and the available
headroom.

In this paper, we propose a direct current-measurement
method illustrated in Fig. 3(a) which utilizes a current-mode
Successive-Approximation Register (CM-SAR) ADC. In this
structure, the memristor is integrated into a voltage-regulation
loop to maintain a stable voltage (and consequently current)
during measurement. This ADC is also designed in a way that
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Fig. 3. (a) Proposed current-measurement. (b) Proposed dynamic-range tuning
method.

its dynamic range (and thus also its resolution) can be easily
adjusted depending on the system requirements by changing
the value of the reference current as depicted in Fig. 3(b). This
method will allow the ADC to achieve a finer precision and
adapt its power consumption to the actual requirements.

II. PROPOSED ADC ARCHITECTURE
A. ADC Bias

The detailed architecture of the proposed current-mode SAR
ADC is shown in Fig. 4. For the ADC bias, we propose a low-
headroom cascode circuit using transistor My_s. The voltage
of Vgpo is formed from the diode connection of My ;. As
for Vgp1, a series resistance is often employed to provide a
voltage difference of Vgpy — Vpp1 [4]. This method, however,
is prone to process, voltage, and temperature (PVT) variation
that may cause the transistors to operate outside saturation
region. Moreovoer, this method is also not suitable for this
work as the reference current, Irgr, will be adjusted all the
time depending on our measurement range. For this reason,
we are using NMOS M5 3 to reduce the headroom of the
transistors My and M.

The bias voltages generated by these cascoded PMOS are
then used to bias the output stage of the ADC (Mg_10) and the
current steering DAC of the SAR. Additionally, it also sets the
dynamic range of the ADC to be equal to the value of IRgp.
Furthermore, by simply changing Irgr, the dynamic range of
the ADC can be tuned depending on the system requirement.
In this implementation a large reference current is used to

ADC Bias

ensure robustness against coupling from the switching of the
ADC. Since the bias will be shared for several ADCs to reduce
area and power consumption, a reduced current and a buffering
of the reference voltages will be preferred.

B. ADC Core Circuit

While this ADC is a single-ended one, a differential imple-
mentation of the DAC is chosen to make the circuit less prone
to noise and coupling. The pair of cascoded PMOS current
sources M7 g and My 1o deliver each 0.5Irgr of current to
ensure that the circuit stays within a linear operation point. At
node V|, the input current from the memristor based tile is
drawn from the the current of the source implemented by Mg.
Thus, the current through Mg will change accordingly. The
current difference of the two cascode transistors Mg 19 will
cause a voltage difference across the variable load resistances
Ry. For a measurement up to 1.28 mA, Ry is set to 350 to
make the voltage swing between 0to 450 mV. The resistance
range can be programmed to ensure that the input voltage to
the comparator is sufficient.

Data conversion is then performed using SAR algorithm
with an array of current-steering DAC. For an N-bit ADC,
only an N-1 bit DAC is required as the input subtraction
with half of the reference current can be considered as the
MSB conversion. While the DAC is pulling a current from one
branch it will reduce that amount of current from the opposite
branch, resulting in a double current change. Consequently,
for this structure, an LSB current of Irgr/ 2N+ g required for
the current-mode cell. In this structure, the sum of the current
flowing through M7 and My needs to be equal the maximum
current pulled by the steering DAC, which is also equal to half
of the dynamic range of the ADC. Additionally, the amount
of current flowing through Mg and M7 will determine how
much current can actually be measured by the ADC. When the
input current is low, a current of 0.5Irgr at My g is sufficient.
However, when the input current is close to Igrgp, an offset
up to 0.25Igxgr may need to be added to M7 g to keep all
the transistors working in the saturation region. With this, the
current consumption of the ADC can be set with in a minimum
range depending on the actual requirements of the array.
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Fig. 4. Architecture of the proposed 6 bit Current-Mode SAR ADC.
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Fig. 5. Dynamic comparator circuit.
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Fig. 6. Dynamic comparator simulation.

C. Dynamic Comparator

The structure of the dynamic comparator is shown in Fig.
5. As shown in the simulation results of Fig. 6, at initial
state, both CKgsporr and CKj ong signals are at high voltage to
reset the value of Vo and Vi, to ground using Mg, 17,26,27-
Next, CKsnorr is at low voltage which will allow Mz 13
to perform voltage amplification and the latch on M4 15
will add amplification to the voltage difference of Von; and
Vopi. The current difference generated by the pre-amp is
then picked up by the cross-coupled latch in the second-
stage (Ms2_25). When signal CKjong is set to low voltage,
this current difference will set the output voltage of Vg, to
CMOS values. Signal CKgyogr is then turned off after output
is latched to avoid any static current flowing from M2 13 to
sinking into transistor M4, 15 24,25.

This pre-amp structure is similar to the strong arm latch [5],
but the proposed comparator has more dynamic range as it has
less transistors stacked between the Vpp and the ground. This
structure is also similar to the double-tailed latch in [6], but
the proposed structure is faster and more sensitive thanks to
the use of cross-coupled latch at the pre-amp stage.

D. ADC and Memristor Interface

In this research project, the ADC will be used with the
memristor model JART VCM v1b developed for HfO,/TiOx-
based ReRAM Cell [7]. In this model, a voltage of 1.5V
is required to reset the memristor and bring it from low-
resistance state (LRS) into high-resistance state (HRS). For
this reason, most of the circuits to control the memristor are
implemented using I/O CMOS device that works at 1.8V
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Fig. 8. Layout of the chip and the ADC

power supply. As shown in Fig. 7, during memristor readout
mode, pin OE is connected to the ground while pin AE is
connected to voltage-regulatied node controlled by the DAC,
with value ranging from 0.2 to 0.6 V. The NMOS regulator is
designed to work at effective voltage, Ve = Vgs —V; = 0.2V,
and thus a minimum Vp voltage of 0.4to 0.8V is sufficient
to keep the NMOS working at saturation region. At the ADC
output stage, node Viy is connected to node Vp through a
transmission gate designed using I/O CMOS devices with
power supply of 1.8V isolating the ADC from the memristor
outside of readout mode. The value of node Viy is set by the
cascode transistor My ; at the ADC bias circuit shown in Fig.
4, which is around 0.7V, and thus still within the required
voltage range of V. Therefore, while the memristor tiles are
implemented using 1.8V I/O CMOS devices, it is possible to
implement the ADC using the smaller and faster core CMOS
devices with 0.9V power supply.

III. ADC IMPLEMENTATION AND SIMULATION RESULTS

This ADC is implemented using 28 nm CMOS, and its
layout is depicted in Fig. 8, showing a less than 0.005 mm?
area. While this area is small enough for the ADC to be
used multiple times, for future work, a rectangular size with
smaller height (or length) less than 20 um is preferred so more
ADC can be used in the same column (or row). In this work,
six dynamic comparators are used to speed up the ADC by
reducing the wiring between the DAC and the SAR logic.
However, in this very small footprint of the ADC, the parasitic
capactors of a central sequencer are not significant. For future
work on this ADC, using just a single comparator is preferred
to achieve a smaller area.
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Fig. 10. (a) Static performance of the ADC and (b) the spectrum of the ADC.

The post-layout simulations show that the ADC can run at
a maximum conversion speed of 50 MSps. To check the range
of the tunability, the reference current is swept from 80 pA to
1.28 mA, and as depicted in Fig. 9(a), its power consumption
is proven to be proportional to the reference current. From this
graph, it can also be extrapolated that the digital circuit con-
sumes 197 uW power consumption regardless of the reference.
Note that the bias circuit is omitted from power consumption
calculation as only one central bias will be required for several
ADCs of one array.

When the reference is reduced from 1.28to 0.4 mA, the
effective number of bits (ENOB) is stable around 5.5 bit and
the Figure of Merit (FoM) also keep decreasing following
the reduction in power consumption, as depicted in Fig. 9(b).
When the reference current is lower than 400 uA, there is a
sharp decrease of ENOB and sharp increase of FoM as the
transistors can no longer work in saturation region.

The simulation results with a 1.28 mA reference are shown
in Fig. 10. A static simulation using a ramp input signal
reveals a differential nonlinearity (DNL) less than 0.3 LSB
and integral nonlinearity (INL) of less than 0.45 LSB. Addi-
tionally, a dynamic simulation with a 2.54 kHz sinusoid input
demonstrates an ENOB of 5.87 bit.

While many papers discuss ADCs for CIM, they often lack
details about individual performance. Therefore, we compare
the proposed CM-SAR ADC with ADCs used for biological
sensors. Table I shows the performance comparison. Although
this ADC has a lower SNDR than other architectures, it excels
in speed and has a comparable figure of merit. Compared
to the counter-based ADC in [8], which also has a wide
measurement range, our ADC demonstrates superior speed due

TABLE I
PERFORMANCE COMPARISON OF ADCS FOR CURRENT MEASUREMENT.

Parameter [8] [9] [10] This?

Architecture Coarse- — AX Slope CM-SAR
fine cntr  counter counter

CMOS (nm) 180 180 180 28

Vpp (V) 1.8 1.8 1.8 0.9

Fs (Sps) 2.5k 100k 2k 50M

Fpw(Hz) 1.25k 18 1k 25M

Max range (uA) 512 10 200 400 1.28k

SNDR (dB) 96.12 140 119 35 37.1

ENOB (bit) 15.7 23 19.5 5.5 5.87

Power (UW) 79.4 295 196 1k 2.73k

FoM (pJ/conv.) 0.61 1 0.13 0.44 0.93

2 Based on post-layout simulation results
Y FoM = Power/(2 x Fpw x 2ENOB)

to the direct current-measurement method. Note that the power
consumption of this ADC accounts for the measured current,
resulting in higher power consumption relative to its dynamic
range.

IV. CONCLUSION

A 6-bit current-mode SAR ADC in 28 nm CMOS is pro-
posed for memristor readout in CIM applications. By employ-
ing a direct current-measurement method, the measurement
range can be easily adjusted by simply modifying the reference
current to reduce the power consumption significantly. It is
designed with reference between 400 pA to 1.28 mA in mind.
Notably, no op-amp, TIA, or S/H circuit is necessary for this
ADC, resulting in power and area savings and a large input
current range.

ACKNOWLEDGMENT

This research is part of the NEUROTEC II demonstra-
tor project (https://www.neurotec.org) at Forschungszentrum
Jiilich, funded by the German Federal Ministry of Education
and Research (BMBF grant 16 ME0398K).

REFERENCES

[11 A. Mehonic et al., “Memristors—from in-memory computing, deep
learning acceleration, and spiking neural networks to the future of
neuromorphic and bio-inspired computing,” Adv. Intell. Syst., 2020.

[2] W. Wan et al., “A compute-in-memory chip based on resistive random-
access memory,” Nature, 2022.

[3] F. Cai et al., “A fully integrated reprogrammable memristor—-CMOS
system for efficient multiply—accumulate operations,” Nat.Elect., 2019.

[4] P. E. Allen and D. R. Holberg, CMOS Analog Circuit Design. Oxford
University Press, 2002.

[5] B. Razavi, “The Strong ARM Latch [A Circuit for All Seasons],” [EEE
Solid-State Circuits Magazine, 2015.

[6] M. Miyahara et al., “A low-noise self-calibrating dynamic comparator
for high-speed ADCs,” IEEE A-SSCC, 2008.

[7]1 C. Bengel et al., “Variability-Aware Modeling of Filamentary Oxide-
Based Bipolar Resistive Switching Cells Using SPICE Level Compact
Models,” IEEE TCAS-I: Regular Papers, 2020.

[8] S.-Y. Kim and D.-W. Jee, “An 8nA-512uA Current-to-Digital Converter
With Mixed-Signal Coarse-Fine Subrange Normalization,” IEEE TCAS-
II: Express Briefs, 2023.

[9] C.-L. Hsu and D. A. Hall, “A current-measurement front-end with

160dB dynamic range and 7ppm INL,” in IEEE ISSCC, 2018.

Q. Lin et al,, “A 196uW, Reconfigurable Light-to-Digital Converter

with 119dB Dynamic Range, for Wearable PPG/NIRS Sensors,” in 20719

Symposium on VLSI Circuits, 2019.

(10]



