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Abstract—Analog computation-in-memory (CIM) architecture
alleviates massive data movement between the memory and the
processor, thus promising great prospects to accelerate certain
computational tasks in an energy-efficient manner. However, data
converters involved in these architectures typically achieve the
required computing accuracy at the expense of high area and
energy footprint which can potentially determine CIM candidacy
for low-power and compact edge-Al devices. In this work, we
present a memory-periphery co-design to perform accurate A/D
conversions of analog matrix-vector-multiplication (MVM) out-
puts. Here, we introduce a scheme where select-lines and bit-lines
in the memory are virtually fixed to improve conversion accuracy
and aid a ring-oscillator-based A/D conversion, equipped with
component sharing and inter-matching of the reference blocks. In
addition, we deploy a self-timed technique to further ensure high
robustness addressing global design and cycle-to-cycle variations.
Based on measurement results of a 4Kb CIM chip prototype
equipped with TSMC 40nm, a relative accuracy of up to 99.71%
is achieved with an energy efficiency of 115.1 TOPS/W and
computational density of 12.1 TOPS/mm? for the MNIST dataset.
Thus, an improvement of up to 11.3X and 7.5X compared to the
state-of-the-art, respectively.

Index Terms—Computation-in-memory, analog-to-digital con-
verters, analog computing, ring-oscillator

I. INTRODUCTION

Analog computation-in-memory (CIM) has the potential to
improve energy efficiency, provide massive parallelism and
make the design compact for edge Al devices [1, 2]. CIM
performs in-situ matrix-vector-multiplication (MVM) opera-
tions by leveraging circuit laws, such as Ohm’s law and
Kirchhoff’s current law to realize analog computation with
O (1) time complexity [3]. CIM produces column current Iy,
proportional to the aggregated product of input data (IN) and
neuron weights (W) represented by word-line (WL) voltages
(V) and bitcell conductance (G) states, respectively [4]. In
Fig. la, we show a crossbar that can be programmed to
store W matrix as G states and CIM-based in-situ MVM
operation details. However, the computational accuracy and
efficiency greatly depend on the analog periphery, in particular,
analog-to-digital converter (ADC) that converts an [z, current
into digital output for data communications among different
CIM cores. The key challenges pertaining to CIM-based ADC
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design are the physical dimension and the energy efficiency
while maintaining high conversion accuracy [5].

Recent works on ADC designs can be classified into three
classes based on their intermediate physical quantity used
for conversion: 1) voltage (V-ADC), 2) current (C-ADC),
and 3) time-based ADCs (T-ADC). V-ADCs and T-ADCs
are expensive as they typically consist of large components
such as large hold capacitors [4, 6-10] or/and a series of
sense amplifiers [4, 7-9] and large time-digital converters
(TDCs) [10, 11], respectively, along with digital-to-analog
converters (DACs) [8, 10-13] for providing reference signals
to compute intermediate output calculations. In addition, these
ADC classes require several power-hungry comparison cycles
for their final digital output conversions. Furthermore, they
require an additional conversion from a current (Igz) to a
voltage or time domain, thereby, introducing an additional
source of inaccuracy. On the other hand, C-ADCs alleviate
the need for an additional conversion and typically occupy
less area, however, encounter the following serious challenges,
as shown in Fig. 1b: (a) large Ipy range causes a variable
differential voltage (AV=Vgy-Vpr) leading to non-linear
input-output (INxW - Ipp) characteristics and in addition,
increases the energy consumption [4, 14, 15], (b) inaccuracies
due to non-idealities such as process variations and wire
parasitic delay mismatch [14, 16] necessitates the need to
keep larger quantization margins, and thereby leading to a
reduced dynamic range of the ADC. Therefore, to ensure the
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Fig. 1: (a) Conventional CIM for MVM, (b) impact on transfer characteristics,
and (c) overview of the proposed scheme.
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Fig. 2: (a) Proposed ADC methodology and (b) ADC design concept.

required computational accuracy ADCs contribute to major
area overhead and energy consumption, severely degrading the
overall efficiency of CIM.

To address these challenges, this paper presents an opti-
mized co-design of the CIM array and current-based ADC to
build an ultra-low power and compact CIM-based MVM en-
gine, as summarized in Fig. 1b and Fig. 1c. The contributions
of this paper are:

« A novel biasing scheme to obtain a linear activation function
by virtually fixing the difference of select-line (SL) and bit-
line (BL) to a constant voltage with precise inter-matching
design techniques for accurate A/D conversion.

o An approach to improve the area/energy efficiency of the
A/D conversion by introducing a voltage-controlled ring-
oscillator (RO) and an asynchronous ripple carry counter
(RCC) arranged in such a way that it captures high-speed
RO pulse generations.

o A novel self-timed technique to address the impact of global
design variations, cycle-to-cycle mismatch, and CIM array
wire delay mismatch on computing accuracy by regulating
the duration of the A/D conversion in each cycle.

Measurement results based on our 4Kb CIM chip proto-
type equipped with TSMC 40nm CMOS technology show
that relative accuracy up to 99.71% and 94.74% realizing
image classifications can be achieved for the MNIST and
E-MNIST datasets, respectively, with an energy-efficiency of
115.1 TOPS/W and computational density of 12.1 TOPS/mm?.

II. CIM DESIGN

Next, we present our proposed design and A/D conversion
characteristics for CIM-based MVM operations.

A. ADC Design Methodology

Fig. 2 provides an overview of our ADC methodology
and working principle. Our ADC design comprises of three
stages; (1) Sensing stage (SS): stabilizes nodes SL and BL
and converts MVM output I3, to proportional voltages V 4p
and Vn, (2) Conversion stage (CS): converts analog V 4p
and V4 values to a discrete number of pulses, and (3)
Decision stage (DS): converts the discrete pulses to digital
bit-streams. SS is realized using a combination of high-gain
differential amplifiers DAp and DAy, SL driver PMOS PO,
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Fig. 3: (a) Proposed self-timed scheme and (b) timing-diagram of the MVM
operation.

and BL driver NMOS NO. The combinations of DA p/P0O and
DA n/NO enable negative feedback to virtually fix SL and BL,
respectively, such that AV=Vg;-V5;,=50mV for all possible
INXW combinations. In CS, the amplifier outputs V4p and
Van bias the header and footer, respectively, of the ring-
oscillator RO that generates pulses proportional to Ipr. DS
is implemented using an asynchronous ripple carry counter
(RCC) that converts these pulses into bit-streams.

1) Self-timed ADC: To adapt to global variations and RC
degradation, we introduce a dummy row and column that
normalize the duration of the conversion in each cycle. This
duration determines the time ADCs are allowed to generate
pulses, hence implying a variation-prone duration parameter
that requires a normalization step. To achieve this in each
operating cycle, we introduce a self-timed mechanism in
which a dummy ADC (DmADC) is allowed to capture a pre-
determined MVM output of a dummy column programmed
with known G states. This column is programmed to have all
ON devices while all pass transistors are enabled, independent
of IN. Fig. 3a shows the implementation of the self-timed
scheme and Fig. 3b presents the timing diagram to illustrate
its working. As the amplifiers establish AV=50mYV, INxW is
performed to generate Iz, in the selected columns and in the
dummy column during the WL activation time Ty . After
an adequate settling time, signal DAEN enables the RO in
the DmADC and triggers AEN signals to enable all ROs in
the array ADCs to generate pulses. The normalization period
Tgy i.e., the regulation of the activation time of the RO units
in each ADC is achieved by disabling them when DmADC
reaches a pre-determined count at its output. For instance, for
a 6-bit resolution presented in Fig. 3b, DmADC resets DAEN
to disable array ADCs at the time instant when DQ<7:0>=64
i.e., DQ<6> toggles to 1.

2) ADC Design Components: Fig. 4a shows the detailed
implementation of our ADC design. The aim is to ensure linear
input-output characteristics at each of the three ADC stages.
In SS, with WL activation, DA p and DA y fixes AV=50mV to
generate I, o< INXW. Drivers PO/NO always operate in a linear
mode to produce linear |[Vgg| (i-e., Vap and V 4n)<INXW.
Both DAp and DAy are designed using common-centroid
matching techniques to accurately match load impedance and
tolerate variation. Corresponding reference voltages Vyp (for
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Fig. 4: (a) Detailed circuit design of the proposed ADC and (b) timing diagram
of the critical signals.

DAp) and Vyy (for DA ), bias voltage V p share transistors
and have a common bias signal to minimize systematic and
random offsets. An inevitable variation in AV occurs due
to the finite gain of DAp and DAy; a higher AV value at
low currents and vice-versa, incurring a degradation in the
linearity of Ip;, (and V4p and V 4). This is compensated by
current sources Pogy, and Neo gy, which introduce additional
current in the RO proportional to the settled Vg and Vg,
respectively. Calibration of the bias signal is performed using
external bias voltage Vo ar,p and of reference voltages, Vip
and Vgy, using a series of diode-connected PMOS drivers
driven by signals CALP<> and CALN<>, respectively.

Fig. 4b shows the timing diagram capturing the behavior of
various critical signals to illustrate the working of the ADC.
During WL activation, Vg, and Vg, are settled to produce
proportional V 4p and V 4, respectively. Vap and V 4 are
captured at nodes APx and ANX, respectively. Thereafter,
enable signal AEN (and DAEN for DmADC) disconnects
the AP and AN nodes (also, SL and BL nodes) from the
RO through Tp and Ty transmission gates, respectively, and
simultaneously activates the RO. The RO produces pulses
PoxV 4p and V 4y as these voltages bias the header Pro and
footer Ngrp, respectively, of the RO in a current-mirroring
configuration while always operating in the linear mode.
Post-buffering improves the dynamic range of P, thereby
generating a PLS signal. To count these high-frequency PLS
pulses, adjacent flip-flops FF of RCC are arranged in such
a way that it allows minimum path delays. To save power,
WL disconnects the array after 5ns, a sufficient period Ty,
determined by the settling time of SL/BL and AP/AN nodes
as required by the amplifiers. This significantly reduces the
duration of the flow of Ip; in the array, thereby, reducing
massive dynamic power at the cost of additional hold caps at
APx and ANx. Fig. 4b highlights the impact of this power
saving i.e., reduction of Ipr~0 after WL deactivation. Note
that WLs are deactivated after the EN signal disconnects the
AP and AN nodes from the RO.
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Fig. 5: (a) Input-output characteristics of the ADC, (b) variation analysis of
MVM, and (c) of settled voltages Vg, and Vpr,.

B. ADC Input-Output Characteristics

Fig. 5a shows the input-output characteristics for the ac-
cumulation of 64 rows with 1-bit IN and 1-bit W elements.
Virtually fixing AV=50mV allows Ig;xINXxW (or XV;-G;)
and V p and V4 follow gy to generate proportional dig-
ital outputs. The compensation scheme described previously
linearizes the number of pulses generated by the RO, albeit
with a slight variation in AV, as depicted in the final digital
output. The total energy consumption increases with XV;-G;
corresponding to the increased currents in the array (Izz), RO,
and counter, while DAp and DA consume nearly constant
energy. Fig. 5b presents 3¢ variation analysis of the MVM
output. The spread (o) of the settled AV is 6.2mV and the
combined offset is 0.2mV.

III. CIM IMPLEMENTATION AND CHARACTERISATION
A. Chip Prototype and Experimental Setup

Fig. 6a presents the microscopic view of the CIM imple-
mentation equipped with TSMC 40nm CMOS technology and
Fig. 6b shows the experimental setup. The chip prototype
comprises a 64x64 crossbar array built using 1-transistor-1-
resistor (ITIR) bitcell configuration. Here, to conduct the
characterisation of our ADC, the conductance of the bitcell
(in 1R) is pre-programmed using fixed NMOS-based resistors
to mimic the resistive properties of a 1-bit storage device i.e., a
low (LCS) and a high conductance state (HCS) corresponding
to logic 0 and 1, respectively. The programming sequence is
such that all possible 64 combinations of W vector i.e., from
the minimum to the maximum number of ON devices in a col-
umn are pre-programmed sequentially to the 64 columns in the
crossbar array. This allows a complete range of conductance
values possible for the MVM operation.

B. ADC Characterisation Results

The chip prototype is characterized to determine the func-
tional voltage boundaries and measure energy consumption
and latency per conversion cycle of the ADC. Fig. 7a presents
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Fig. 7: (a) Shmoo plot and (b) component-wise energy and area.

the shmoo plot along with the conversion speed for a 6-bit
resolution. As expected, the conversion speed increases with
the voltage of operation with a conversion time of 26.1ns at
1.1V. Fig. 7b presents the component-wise energy breakdown
of the MVM operation per conversion cycle, where ADC
consumes an average energy of 3.3 pJ which is roughly 38% of
the total energy. In addition, the figure shows component-wise
area utilization in our ADC.

IV. SYSTEM-LEVEL RESULTS

A. System-level Validation

We evaluate the benefits of our CIM design on image clas-
sification applications, using CNN-based Lenet-5 for MNIST
and E-MNIST datasets.

Fig. 8a presents the validation of our design for different
ADC bit-resolutions. The resolution is adjusted by varying
the maximum number of allowed pulse generation that corre-
sponds to the dummy column. For instance, in a 4-bit ADC,
toggling DQ<4> to 1 disables DAEN and subsequently, AEN
signals. It can be seen that a low-resolution ADC allows
better energy efficiency at the expense of accuracy and latency.
We introduce a figure of merit (FoM) which describes the
energy efficiency of a system for accurate computations and
show the comparative merits of different ADC bit-resolutions.
Fig. 8b shows that a mid-range resolution offers a good trade-
off between accuracy and energy efficiency for image clas-
sification applications. Based on simulation results equipped
with measured latency and energy consumption during an
MVM operation, this work can provide as high as 10.9X FoM
improvement compared to [17] when evaluated for the MNIST
dataset, as shown in Fig. 8c.
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Fig. 8: (a) Accuracy and efficiency, and (b) FoM with different ADC
resolutions. (¢c) FoM comparison with MNIST dataset.

Parameters [18] 121 A1 7] [19] This work
ISSCC-"19 | ISSCC-"20 | ISSCC-"21 | JSSC-22 | ISSCC-"22 | (6b ADC)
Technology 55nm 130nm 22nm 14nm 40nm 40nm
" Voltage v 4.2V 0.8V 0.8V 0.9V 1.1V
Storage device SRAM RRAM RRAM PCM PCM Resistive
°  Storage 2b analog 1b analog analog 1b
Bitcell Twin 8T 2T2R 1TIR 8T4R 1ITIR ITIR
Capacity 4Kb 158Kb 4Mb 65.6Kb 2Mb 4Kb
Accumulation 9 - 1024 256 256 64
DOUT 3b 8b 10b 8b 11b 6b
ADC resolution 1b (SA) 1b-8b 1b (VSA) 8b 4b 3b-7b
Latency 3.2 511 10.3 130 8.6 26.1
TOPS/W 72.1 78.4 473 10.5 57.6 115.1
TOPS/mm - - - 1.6 - 12.1
Accuracy
. MNIST 99.02% 95.6% 99.7% 99.7%
E-MNIST - - - 94.7%

TABLE I: Comparison table. - implies data is not reported.

B. Comparison Results

A detailed comparison is presented in Table I. We show that
for our 6-bit resolution ADC, an improvement of 11.3X and
7.5X can be achieved in terms of TOPS/W and TOPS/mm?2,
respectively, compared to [17] with comparable accuracy on
the MNIST database. The conversion time is longer as com-
pared to [18], [4] and [19]. However, the energy efficiency is
improved by 1.6X, 2.4X, and 2X, respectively, owing to the
reduced number of components used in our proposed memory
array-periphery co-design scheme.

V. CONCLUSION

This work presents a novel memory-periphery co-design to
perform accurate A/D conversions of analog MVM outputs
with high energy efficiency and computational density. The
paper introduces a scheme where array access lines can be
virtually fixed to improve the accuracy of the MVM opera-
tion and paves the path for a compact and ultra-low power
ADC design. In addition, the measurement results of the
chip prototype validate the ADC design and derive its input-
output characteristics. A relative accuracy of up to 99.71%
is achieved with an energy efficiency of 115.1 TOPS/W and
computational density of 12.1 TOPS/mm? for the MNIST
dataset, thus, making it a suitable implementation for executing
MVM operations in low-power edge Al devices.
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