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Abstract—Capacitor-based analog memory is essential for end-
to-end analog computing hardware for deep neural networks.
Due to various leakage currents, however, the existing analog
memory test chips exhibit only limited retention time, and to
retain data longer, they often require making a backup and
reloading data from it, which severely increases area, latency,
and energy overhead. In light of this, we present AnaRefresh, a
6-bit 64-by-64 capacitor-based analog memory macro featuring a
first-of-a-kind refresh technique, which can extend retention time
indefinitely without backup memory. The careful circuit design
makes the refresh operation fast and efficient: taking 26 ns/row
and consuming 24.6 pJ/row.

Index Terms—Analog computing, analog memory, refresh,
digital-sample-analog-refresh (DSAR)

I. INTRODUCTION

Capacitor-based analog memory has emerged as a promising
solution for end-to-end analog computing hardware for deep
neural networks (DNN) [1]–[6]. It can store intermediate data
in analog form, thereby avoiding the use of digital memory and
the associated data-conversion overhead [1], [4], [5]. However,
due to the various leakage currents of a capacitor-based cell,
analog memory exhibits only a limited retention time of tens
to hundreds of microseconds, imposing significant constraints
on the design of an analog processor. Especially if a memory
macro intends to retain data beyond its native retention time,
it must make a backup and reload the data from it, which
severely increases area, latency, and energy overhead, as well
as dataflow complexity (Fig. 1).

In light of this limitation, we aim to develop new analog
memory circuits capable of retaining data indefinitely. To
achieve this goal, we develop AnaRefresh, a capacitor-based
analog memory macro that employs a novel digital-sample-
analog-refresh (DSAR) technique. As shown in Fig. 2, the
proposed DSAR technique periodically samples a cell voltage
and selects the closest analog reference voltage, thereby recov-
ering leakage-induced voltage drift. Note that simply sensing
the cell voltage and writing it back cannot recover the drift,
since it cannot replenish the lost charge.
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Fig. 1. Comparison on area and energy between analog memory with backup
and this work.

Fig. 2. Leakage-induced information loss in analog memory. We propose a
DSAR technique to periodically refresh cell voltage.

We prototype the AnaRefresh test chip in 28-nm. AnaRe-
fresh can refresh cells every 43.5 µs, just before any of its
cell voltage can drift by half of the least-significant-bit (LSB)
voltage (∼3 mV), thereby retaining the voltages indefinitely.
It takes 26 ns and 24.6 pJ to refresh one row (64 cells) of the
macro. AnaRefresh is the first capacitor-based analog memory
having refresh capability in a modern nanometer technology.
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Fig. 3. Block diagram of the proposed 64X64 AnaRefresh memory macro.

Fig. 4. (a) Schematic and (b) layout of the proposed 6T1C cell. (c) The
write-with-feedback scheme for analog memory.

II. PROPOSED ANAREFRESH MACRO DESIGN

A. Macro Circuits

Fig. 3 depicts AnaRefresh’s block diagram. It consists of
two banks and a shared read-write-refresh (RWR) controller
in the middle. Each bank contains i) 64 rows and 32 columns
of 6-transistor 1-capacitor (6T1C) memory cells, ii) 32 op-
erational amplifiers (Op-Amps), and iii) 32 DSAR modules.
Each row shares a write word-line (WWL) and a read word-
line (RWL), while each column shares a write bit-line (WBL)
and a read bit-line (RBL).

Fig. 4(a) shows the proposed 6T1C cell. It comprises a
storage capacitor (CMEM), a source follower (M1, M2, M3),
a write access switch (M4, M5), and a read access switch
(M6). To reduce cell leakage, we stack the devices (M2,
M3, M4, M5) and employ the floating-body and floating-
bitline techniques. To minimize the coupling noise, we add
the dummy WWLB. All the transistors are minimum-sized.
CMEM is ∼4.8 fF, implemented in an M3-M7 metal-oxide-
metal (MOM) structure and positioned above the transistors
to save area. The cell occupies 1.24 µm² (Fig. 4(b)).

We adopt the write-with-feedback (WFB) scheme to write a
precise voltage in a cell. During the write operation, as shown

Fig. 5. (a) Schematic of the proposed DSAR modules. 32 of them are shown.
(b) Circuit-level optimizations improve the area and power consumption of
the DSAR module.

in Fig. 4(c), we form a closed loop using the Op-Amp to
ensure that the write-in voltage and the RBL voltage are equal.
The closed loop is designed to support 6-bit precision. The cell
voltage ranges from 120 to 508 mV with an LSB voltage of
about 6 mV.

B. Digital-Sample-Analog-Refresh (DSAR) Module

We propose the DSAR technique to refresh the cell voltage.
The worst-case native retention time (a time until a cell loses
half of the LSB voltage, ∼3 mV, without refresh) at a typical
process, voltage, and temperature (PVT) condition is measured
to be 44 µs. However, if we refresh cells periodically before
they lose half of their LSB voltage (i.e., every 44 µs or slightly
less), we can effectively extend the retention time indefinitely.

Fig. 5(a) shows the schematics of 32 DSAR modules. Each
module consists of a voltage comparator, a 6-bit digital-to-
analog (DAC) converter, and six D-flip-flops (DFFs). The
32 modules share a single successive approximation register
(SAR) controller. The DSAR modules can refresh all cells in a
row simultaneously. Each DSAR module successively samples
the RBL voltage and finds the closest reference level. Then, it
writes this approximated reference level to the cell using the
WFB scheme.

We optimize the DSAR modules for area and power. We
use a single controller for 32 DSARs to eliminate redun-
dant logic. We also employ a common-voltage (VCM)-based
capacitor-switching scheme [7]. The basic scheme switches
two capacitors per cycle, requiring seven D flip-flops (DFFs).
However, the VCM-based switching scheme can switch only
the bottom plate of one capacitor, requiring six DFFs. We
also implement the DAC capacitors using the MOM in M4-
M7. We place them above the transistors to reduce the area
overhead. Those techniques reduce the area by 68.2% and the
power consumption by 25.7% (Fig. 5(b)).
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Fig. 6. Die micrograph, area breakdown, and chip summary.

Fig. 7. Shmoo plots of (a) read operation and (b) write operation. (Measured).

III. MEASUREMENT RESULTS

We prototyped the AnaRefresh test chip in a 28-nm CMOS
process. The active area is 0.0144 mm2 (Fig. 6). The cell array
takes the largest portion of the area, followed by an RWR
controller. The macro can operate across 0.55V to 0.9V. At
0.9V, AnaRefresh can operate at 110 MHz. It can perform a
read operation in 8 ns (1 cycle) and a write in 18 ns (2 cycles)
(Fig. 7). It consumes 3.25 pJ to read one row (64 cells) and
16.62 pJ to write one row.

We extensively test the refresh capability. At 0.9V and
25°C, the native retention time ranges from 1,488 to 44 µs
across stored cell voltages (Fig. 8). Therefore, we set the
refresh period to 43.5 µs to achieve near-zero error (Fig. 9(a)).
The macro successfully refreshes over multiple refresh periods
(Fig. 9(b)). At 0.9V, to refresh one row, AnaRefresh takes 26
ns (3 cycles) and 24.6 pJ. It takes a slightly higher delay and
energy to refresh one row of cells than to write, since the
refresh utilizes both the DSAR modules and the Op-Amps.
Fig. 10 presents the transfer curve of write-in voltages to

Fig. 8. Retention time measurement across different cell voltages.

Fig. 9. (a) Refresh time overhead (total time to refresh all rows divided
by refresh interval) measurement. (b) The cell voltages remain steady over
multiple refresh cycles. (Measured).

post-refresh cell voltages. It achieves a small root-mean-square
error (RMSE) of 1.85%.

We further characterize the native retention time. We mea-
sure 10 samples. The average native retention time is 43.32
µs, and the standard deviation is 7.25 µs. We pick the worst
sample (Chip #6) and sweep the temperature from -30°C to
85°C. The native retention time of Chip #6 at 85°C is 17.6 µs
(Fig. 11).

TABLE I presents a comparison with the prior works [1]–
[5]. AnaRefresh targets the highest (6-bit) precision while
achieving one of the smallest cell areas. It also achieves
state-of-the-art delay and energy consumption for read and
write operations. Most notably, it is the only capacitor-based
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Fig. 10. Write-in voltage and post-refresh voltage measurement. We per-
formed write-and-refresh operations for 10 different cells at each write-in
voltage. The measurement exhibits a tight distribution.

Fig. 11. (a) Retention time across 10 chips for the best- and worst-case data
patterns. (b) Retention time across a temperature range of -30°C to 85°C for
the best- and worst-case chips.

analog memory in nanometer CMOS that can refresh its
cells’ voltages. Other works assume that data is retained
only for a short time or ignore the area, latency, and energy
overhead associated with backup memory. Note that analog
memory differs from multi-level DRAMs [8]–[11], as multi-
level DRAMs in sub-micron technologies target lower bit
precision (2-3 bits), have a digital-in, digital-out interface, and
cannot be used for end-to-end analog computing hardware.
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