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Abstract—Gain-cell embedded DRAM (GC-eDRAM) is an in-
teresting alternative to SRAM for reasons such as high density, low
bitcell leakage, logic compatibility, and suitability for 2-port mem-
ories. The major drawbacks of GC-eDRAMs are their limited data
retention times (RTs) and the large spread of RT across an array,
which degrade energy-efficiency due to refresh cycles. While the
array refresh rate can be determined according to circuit simula-
tion or post-manufacturing calibration, there is a lack of analytical
and statistical RT models for GC-eDRAM that could unveil the
limiters and circuit parameters that lead to the large observed RT
spreads. In this work, we derive the first comprehensive analytical
model for the statistical distribution of the per-cell retention time
of 2T-bitcell GC-eDRAMs, which is found to follow a log-normal
distribution. The accuracy of the proposed retention time model is
verified by extensive Monte Carlo and worst case distance circuit
simulations and silicon measurements of an 0.18 μm test chip.
Furthermore, a sensitivity analysis unveils the circuit parameters
that have the highest impact on the RT spread. Interestingly, the
variability of the threshold voltage of the write access transistor
has a much higher impact on the RT spread than the variability of
any other circuit parameter, including the storage node capacitor.
This holds true under process scaling, for nodes as advanced as
28 nm, as shown through simulation. The insights gained from
the retention time model help circuit designers achieve better
GC-eDRAMs with longer RTs and sharper RT distributions. In
addition, the herein presented model can be used as a basis to
study the reliability/energy trade-off for GC-eDRAM usage in
fault-tolerant VLSI systems.

Index Terms—Embedded DRAM, gain cells, integrated circuit
modeling, leakage currents, model validation, MOS integrated
circuits, parasitic capacitance, retention time, semiconductor
memory, sensitivity analysis, statistical analysis.

I. INTRODUCTION

GAIN-CELL embedded DRAM (GC-eDRAM) is an in-
teresting, high-density alternative to SRAM and conven-

tional 1T-1C eDRAM for a large range of VLSI system-on-chip
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(SoC) applications, including ultra-low power systems such
as biomedical implants [1], wireless communications systems
(e.g., LDPC decoders [2]), and high-performance microproces-
sors [3], [4]. GC-eDRAM has many assets, including small
bitcell size, low bitcell leakage current, compatibility with stan-
dard digital CMOS processes (logic compatibility), and inher-
ent suitability for two-port memory implementations [5], [6].
However, it is also characterized by a primary drawback—the
need for power-hungry refresh cycles. Several previous studies
based on silicon measurements [3], [7], unveiled large spreads
of the per-cell retention time (RT) across a gain-cell storage
array. Unless spare columns, spare rows, or error correction
codes (ECC) [8] are used, the worst cell dictates the refresh
rate of the entire array [9]. Longer RTs and a sharper per-cell
RT distribution are desirable for less frequent refresh and thus
lower power consumption [10].

While Monte Carlo (MC) circuit simulations and silicon
measurements can be used to obtain per-cell RT maps [7], [11],
[12], these methods unfortunately do not unveil the factors that
limit the RT and the circuit parameters, which are responsible
for the large RT spreads. Furthermore, simulations and silicon
measurements do not allow for early design considerations,
such as trading off read failure probability for refresh power,
either for fault-tolerant applications or in conjunction with
spare columns/rows or ECC for error-free applications [10].
In [13], the influence of different design parameters on the
RT of GC-eDRAM was examined, but did not provide any
analytical model to gain deeper insights, and it did not relate
to the distribution of RT, either. A model of retention time
was presented in [14], but it related only to the conventional
1T-1C bitcell and not to GC-eDRAM. In addition, the model
of [14] referred only to the nominal value and not to the
statistical distribution of retention time. In [10], the potential
of exploiting the RT distribution of GC-eDRAM for fault-
tolerant applications was explored, but this was solely based on
MC simulations and silicon measurements. Briefly, in the open
literature, there is a lack of simple analytical models for GC-
eDRAM retention time and its statistical distribution across the
array. Furthermore, there are no previous studies explaining the
large GC-eDRAM retention time spreads, taking into account
the variability of all circuit parameters.

Contributions: For the first time, this article derives an ana-
lytical model for the statistical RT distribution of GC-eDRAM
to provide a tool for the design of GC-eDRAM bitcells and un-
derstanding the underlying trade-offs in the design parameters.

The model accounts for parametric variations in devices
(write and read transistors) and the storage node capacitor.

The accuracy of the analytical model is verified by means
of statistical MC circuit simulation, worst case distance point
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analysis, and through silicon measurements of an 0.18 μm test
chip. Furthermore, the model is validated in an advanced 28 nm
node, showing that the proposed model holds in light of tech-
nology scaling.

In addition, a detailed sensitivity analysis is presented, iden-
tifying the circuit parameters with the largest impact on the
per-cell RT spread. An analytical model for RT distribution is
a significant contribution to the field of high-density embedded
memory design for the following reasons:

1) For ultra-low power biomedical systems, where correct
circuit operation is of utmost importance, the model is
a convenient means to set a safety guardband on the
refresh rate according to the memory array size and
manufacturing yield requirements.

2) For wireless communications systems [15] or other sys-
tems that are inherently resilient to a small number of
hardware defects [16] (e.g., video and image processing),
the retention time model allows us to study the trade-
off between read failure probability and refresh power by
means of varying the refresh rate [10], [17].

3) For all applications (error-free and error-resilient), es-
pecially if large storage capacities are required, it is
important to identify the main cause for the large RT
spread in prior-art GC-eDRAM implementations in order
to eventually narrow this distribution and achieve longer
data retention intervals and consequently lower refresh
power [4].

Outline: The remainder of this paper is organized as follows:
Section II describes the basic functionality of a 2T gain-cell.
Section III gives two definitions of RT and then derives an ana-
lytical model for both the nominal value of RT and its statistical
distribution. Section IV validates the RT model by means of
MC circuit simulation with further validation through silicon
measurements of an 0.18 μm test chip presented in Section V.
Section VI presents a RT sensitivity analysis, identifying the
main parameter responsible for large RT spread.

The model is evaluated under process scaling in Section VII,
and Section VIII builds on the analytical modeling and sensi-
tivity analysis results to provide best-practice 2T GC-eDRAM
guidelines for maximum RT and low spread.

Finally, Section IX concludes this article.

II. GAIN-CELL EMBEDDED DRAM

Several topologies of GC-eDRAM have been proposed,
consisting of 2–4 transistors and in some cases an additional
MOSCAP or diode to increase the storage capacitance [5], [12].
This paper focuses on the 2T gain cell, shown in Fig. 1, as it
comprises the basic structure that is common to all topologies:
a write transistor (MW) and a storage/read transistor (MR). In
addition, the 2T bitcell has the smallest footprint among all
GC-eDRAM bitcells, making it the most interesting bitcell for
implementing high-density memories [18].

The write and read transistors of the 2T gain cell can be
implemented with either PMOS or NMOS devices, trading off
leakage, access speed, and area requirements, as discussed in
detail in [1]. In this article, we consider an all-PMOS version,

Fig. 1. Schematic representation of a 2T Gain Cell, including typical signals
for read and write access.

implemented with a high-Vth I/O PMOS device as MW in
order to reduce RT limiting leakage currents, and a standard-Vth

PMOS device as MR in order to eliminate area requirements
of within-cell well separation. In this topology, the write oper-
ation is performed by applying a negative underdrive voltage
(−VNWL) to the write wordline (WWL) to overcome the Vth

drop when discharging the storage node (SN) during a write “0”
operation. For read operations, the read bitline (RBL) is pre-
discharged and the read wordline (RWL) is pulsed to the posi-
tive supply (VDD). When the bitcell stores data “1,” MR will be
in cutoff and RBL will remain discharged. On the other hand, if
data “0” is stored, MR will turn on and charge RBL past a read
threshold. For clarity, these signals are illustrated in Fig. 1. It is
important to note that for this topology, data “0” deteriorates
much faster than data “1” [19], and is therefore considered
throughout this article as the limiting bitcell state for calculating
RT. The refresh rate of the memory is determined by the worst-
case retention time, which occurs when WBL is held at the
opposite level of the stored data. This biases MW with a maxi-
mum VDS, leading to maximum sub-Vth leakage, due to drain-
induced barrier lowering (DIBL). While the continuous biasing
of WBL at such a worst-case level has a very low probability of
occurrence, especially when methods for reducing this situation
are applied [11], it still has to be considered as the RT limiter.

Note that a positively boosted gate voltage can be applied
to WWL to reduce the sub- Vth leakage through MW [20];
however, this is accompanied by additional issues, such as the
need to provide a third biasing voltage, gate leakage and stress
on MW, and gate induced drain leakage (GIDL), which further
complicated the circuit design and the model, and therefore, in
this case, we assume that WWL is held at VDD during standby
and read cycles.

III. ANALYTICAL GC-eDRAM RETENTION TIME MODEL

A. Definition of Retention Time

While it is clearly essential to initiate a refresh operation on
a GC-eDRAM array prior to data loss, the accurate definition
of RT and its methods of simulation vary across different publi-
cations [5]. To clarify this, the definition of data retention time
(DRT) used throughout this manuscript is provided hereafter,
followed by a new metric, effective data retention time (EDRT),
which is introduced to both take into account the performance
requirements of the memory array, as well as to assist in the
development and proof of the analytical model.
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Data Retention Time (DRT): For the purpose of the herein
presented model, we define DRT as the time interval after
a write, at which the voltage difference between the stored
data “1” (D1) and stored data “0” (D0) reaches a lower limit
for a sufficient sensing margin. In the considered 0.18 μm
CMOS technology with VDD = 0.8 V, this limit is chosen
to be δVDRT = VD1 − VD0 = 0.5 V. Note that this value can
be adapted according to technology node, application, and
sensitivity of sensing circuitry.

Effective Data Retention Time (EDRT): While the DRT
metric defines the maximum retention time before losing the
stored data value, it does not take into account the operating
frequency (read speed) required by the application.

This model is primarily targeted at the design of the
GC-eDRAM bitcell, as the array architecture and peripherals
are very diverse and dependent on the target application; how-
ever, completely neglecting the current drive of MR can lead to
contradicting conclusions, depending on how the DRT is mea-
sured. Therefore, we introduce a new metric, EDRT, defined
as the time interval following a write operation still enabling
a correct readout for a given read access time requirement.
The read access time is determined by the time it takes a cell
holding a “0” to charge the RBL to a level that can be detected
by the sensing circuitry. Even though this is highly dependent
on the RBL capacitance (number of rows in the array) and
the chosen sensing circuitry, the current drive of MR that is
required to provide this access time can be extracted from a
given architecture. We use the overdrive of MR (corresponding
to the deteriorated level of D0 or D1 for an NMOS MW) that
provides this read current as the threshold voltage VEDRT to
measure the EDRT of a given bitcell. We extracted the threshold
from the test array to be VEDRT = VD0 = 0.270 V to ensure
compliance with an operating frequency of 1 MHz. This value
should be modified for any given technology, array architecture,
application, and operating frequency.

While DRT is more commonly used in the open literature,
EDRT is easier to model analytically since it considers only
the charging of SN, while DRT considers SN charging and
discharging. However, EDRT will be shown to closely track
DRT, and therefore, it is an appropriate alternative to DRT for
circuit design considerations.

B. Analytical Model of Nominal EDRT

This section derives an analytical model of GC-eDRAM
EDRT, taking into account all circuit parameters of the all-
PMOS 2T gain cell. While these circuit parameters follow a
statistical distribution, this subsection assumes nominal values
for all parameters to derive the nominal value of EDRT.

The proposed EDRT model calculates the time t = EDRT it
takes for the voltage on the storage capacitor VSN to charge
beyond the failure voltage Vfail. This time period is derived
from the fundamental integral relationship between voltage and
current of the storage capacitor (CSN):

VSN(EDRT) = Vfail =
1

CSN

EDRT∫
t0

iSN(τ)dτ + VSN(t0) (1)

TABLE I
MW PARAMETERS USED FOR EDRT CALCULATION

where iSN is the leakage current (dominated, in this case, by
sub-Vth leakage, Isub) which charges the storage capacitor; and
VSN(t0) is the voltage on CSN at the initial time t0.

The initial value on the storage node following a write
VSN(t0) is highly dependent on the WWL voltage boost
(VNWL), the write pulse transition and duration, and the cou-
pling capacitance between WWL and SN (CWWL_SN), as
elaborated upon extensively in [1].

To extract the worst-case EDRT, this model assumes that
immediately following a write “0” operation (“1” for an NMOS
MW), MW is cut-off with WWL = VDD, and WBL is biased to
VDD (0 for an NMOS MW) to cause a worst-case deterioration
of the D0 level, primarily due to sub-Vth leakage through MW
[21]. The sub-Vth leakage is modeled according to the well
known EKV sub-Vth current equation [22]:

Isub =
W

L
Is0

(
1− e

−VDS
vt

)
e

VGS−Vth−Voff
n·vt (2)

where W and L are the device width and length, respectively;
VDS and VGS are the drain-to-source and gate-to-source volt-
ages, respectively; vt is the thermal voltage; Vth is the threshold
voltage; Voff is the offset voltage that determines the drain
current at VGS = 0; and n is the sub- Vth swing coefficient.
Furthermore, IS0

is defined as:

Is0 = μ0

√
qεsiNch

2φs
vt (3)

where q is the electric charge, μ0 is the mobility at nominal
temperature Nch is the channel doping concentration, and φs is
the surface potential.

During the retention period, we assume that VDS � vt �
26 mV, and consequently that the sub- Vth leakage is constant.1

Substituting (2) in (1) yields the following analytical model
of EDRT:

EDRT =
[VSN(EDRT)− VSN(t0)]CSNL

WI ′s0 exp
(

VGS

nvt

) exp

(
Vth(L)

nvt

)

(4)

with:

I ′s0 = Is0e
−Voff

nvt . (5)

All of the parameters used in (4) and (5) refer to MW. All param-
eters used in this paper for EDRT calculation are summarized
in Table I.

1This holds true for the applicable range of VSN(t0) < VSN < VEDRT.
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C. Statistical Distribution of EDRT

Based on the analytical model for nominal EDRT (4), this
section derives the statistical distribution of EDRT, taking into
account the statistical distribution of primary circuit parame-
ters. From the model presented in (4) and (5), it can be seen that
retention time has an exponential dependence on the Vth of MW
(Vth,MW). Furthermore, from a simulation-based sensitivity
analysis, we found that Vth,MW is responsible for more than
50% of the EDRT variation (see Section VI for details). From
these two observations, and from the fact that Vth follows a
Gaussian distribution arising from parametric variations, it can
be concluded that a log-normal distribution is an appropriate
description of the statistical distribution of EDRT.

Given a normally distributed random variable X with a
mean of μ and standard deviation σ (X ∼ N(μ, σ2)), and a
function Y = a · ebX ( a and b are constants), then Y is log-
normally distributed with coefficients (location parameter and
scale parameter) given by [23]:

Y ∼ logN
(
bμ+ ln(a), (bσ)2

)
.

Therefore, based on (4), the coefficients of the log-normal
EDRT distribution can be expressed as follows:

EDRT ∼
[
logN

(
1

nvt
μ(Vth)

+ ln

(
[VSN(EDRT)− VSN(t0)]CSNL

WI ′s0 exp
(

VSG

nvt

)
)(

σ(Vth)

nvt

)2
)]

.

(7)

A numeric evaluation of (7), extracting the mean value and
the variance of Vth,MW from an 0.18 μm design kit, accounting
for global and local variations, leads to:

EDRT[s] ∼ logN(−0.95, 0.36), (8)

IV. MODEL VALIDATION THROUGH CIRCUIT SIMULATION

This section verifies the accuracy of the analytical models
for nominal EDRT and its statistical distribution by comparison
with MC circuit simulation results, worst case distance
analysis, and silicon measurements of a test chip implemented
in 0.18 μm CMOS.

A. Nominal EDRT

The analytical model for the nominal EDRT, presented in
(4), is verified by means of transistor-level circuit simulation
of the 2T bitcell, shown in Fig. 1. The circuit is implemented
in a 0.18 μm CMOS technology, using a high- Vth I/O PMOS
device as MW and a standard- Vth PMOS device as MR. These
simulations are based on nominal process parameter values,
with the exception of Vth,MW, which is swept to represent ±3σ
global and local process variations. This includes assumptions
of a typical-typical (TT) process corner, a supply voltage of
0.8 V, and a temperature of 27 ◦C.

Fig. 2. Modeled and simulated retention time (EDRT and DRT) versus
Vth,MW .

Fig. 3. EDRT as a function of the metal stack capacitor and the width and
length of MW.

Fig. 2 shows the simulated EDRT (“ ×” markers) as a func-
tion of Vth,MW, as compared to the analytical EDRT model,
represented by the solid black line. The model coefficients were
computed based on (4), using the primary circuit and physical
parameters of Table I; however, the same coefficients can also
be found by fitting an exponential curve to the simulated data
points. Clearly, the model very closely matches the simulated
data, with the maximum modeling error at less than 6%. This
plot confirms the exponential dependence of EDRT on Vth,MW

from (4), which results in a strong impact of Vth,MW variability
on the spread of the EDRT.

Both methods lead to the same coefficient values, within a
reasonable numeric precision. Simulating as few as 10 data
points, followed by exponential curve fitting, might often be
a more convenient and straightforward approach to determine
the coefficients of the EDRT model than deriving the same
coefficients from primary circuit and physical parameters.

Fig. 2 also shows the simulated DRT, which closely follows
the EDRT. The solid gray line is an exponential fit to the
simulated DRT data points, and suggests that DRT also has an
exponential dependence on Vth,MW, similar to EDRT. While we
did not explicitly and analytically model DRT, an exponential
DRT model can be easily obtained through curve fitting.

Fig. 3 shows the relationship between EDRT and the metal
stack capacitor CSN, as well as W and L of MW (WMW and
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Fig. 4. Statistical EDRT distributions: Model and MC simulations.

LMW, respectively). These three parameters are varied by 15%
around their nominal values (only one parameter is shifted at
a time), as seen on the x-axis. The data points are extracted
from circuit simulation, while the solid lines correspond to
the analytical model. Both the analytical EDRT model and the
simulations lead to the same conclusions:

1) EDRT is proportional to CSN and inversely proportional
to WMW. This is true as long as the influence of WMW

on CSN is negligible. Scaling CSN and WMW by the same
factor leaves the retention time unchanged.

2) EDRT increases proportionally with LMW. In addition,
LMW has a stronger impact on EDRT than WMW and
CSN. A detailed sensitivity analysis of these parameters
is provided in Section VI.

In conclusion, the analytical EDRT model of (4) firmly tracks
the simulated data over sweeps of Vth,MW, and WMW, as well
as CSN, with a maximum modeling error of 6%.

B. Statistical EDRT Distribution

After having confirmed the accuracy of the nominal EDRT
model, this section compares the statistical EDRT distribution
model, given in (6) and (7), with MC circuit simulations. Recall
that the random variable EDRT was found to follow a log-
normal distribution: EDRT ∼ logN(−0.95, 0.36). The MC
analysis is based on statistical process parameter distributions,
provided by the foundry.

We account for global and local variations by taking
10 000 EDRT samples.

Fig. 4 shows the statistical EDRT distribution obtained from
MC simulation (black dashed line), as well as the analytically
modeled log-normal distribution. In addition, the solid blue line
shows a simple log-normal fit to the simulated distribution.
Clearly, the analytical EDRT distribution model corresponds
well with the simulated and fitted data, with modeling errors of
less than 4% for the mean and standard deviation of the EDRT
(μEDRT and σEDRT, respectively).

The proposed model is intended to be a design model that
compromises accuracy for simplicity to enable the bitcell de-
signer to comprehend the inherent trade-offs by modifying a
given circuit parameter. The main accuracy compromise occurs
at the far end of the distribution, where a much more complex

model is required to accurately capture the extreme values.
However, to evaluate the usefulness of the model at the extreme
values, the tail of the model was compared to extreme value
extraction, using the cadence worst case distance (WCD) high-
yield estimation tool. The model showed less than a 10% devi-
ation from the simulated values, demonstrating its usefulness,
even for estimation of retention time for extreme cases.

V. MODEL VALIDATION THROUGH

SILICON MEASUREMENTS

This section verifies the high accuracy of the analytical
model and the MC simulations by comparison with silicon mea-
surements of a fabricated test chip.

A. Test Chip Design

A 64 × 32 (2 kb) GC-eDRAM macro using the bitcell to-
pology, shown in Fig. 1, was fabricated in a 0.18 μm CMOS
technology. The memory array was divided into four sub-arrays
of 16 × 32 bits (referred to as: Nominal, NoCap, SmallCap, and
LargeMW), in order to study the influence of different circuit
parameters on retention time and its distribution. This allows us
to verify the analytical models and MC circuit simulations for a
range of bitcell configurations. The exact parameters of the four
2T bitcell configurations are explained in the following:

1) Nominal: This is the baseline bitcell with a minimum-
size I/O MW, minimum-size core MR, and a 3 fF CSN

(according to layout extraction) built from the available
metal stack. The nominal bitcell sub-array is used to
confirm the random, as opposed to systematic, per-cell re-
tention time distribution, which, according to simulations
and modeling, is mostly influenced by Vth,MW variability
(see Section VI).

2) NoCap: The second bitcell configuration has the same
MW and MR as the nominal cell, but has no metal-stack
capacitor. Therefore, CSN consists only of the inherent
MOSCAP and diffusion capacitance. This cell is targeted
at isolating the variability of Vth,MW from that of CSN

in order to separately evaluate the impact of these two
parameters.

3) SmallCap: The third bitcell configuration is identical
to the nominal cell, albeit with a reduced metal stack,
providing only 2 fF of storage capacitance. This sub-
array is used to further study the impact of CSN, the main
circuit parameter for conventional eDRAM, on RT and its
distribution.

4) LargeMW: This last bitcell configuration has an up-sized
MW compared to the nominal cell,

5) With a 25% increase in bothWMW andLMW. This bitcell
uses the nominal 3 fF CSN. The goal of this bitcell is to
study the impact of decreased Vth,MW variance on the
per-cell RT distribution.

Fig. 5 shows the layout of the Nominal bitcell, as well as the
layout of the entire GC-eDRAM macro. The four sub-arrays
are clearly visible and annotated. The macro is implemented
as a two-port memory with separate read and write ports. The
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Fig. 5. (Left) layout of nominal bitcell, (right) complete memory macro with
sub-arrays, and (center) chip photograph.

Fig. 6. Silicon measurements compared to simulations and analytical
modeling.

read and write address decoders are implemented as two-stage
decoders, containing a 3 : 8 pre-decoder followed by a decoder
using 2-input NOR gates. The read path contains a dynamic
sense inverter. To facilitate testing, a frame of flip-flops around
the macro holds addresses and data constant for a full clock
cycle. Furthermore, the test chip contains a built-in self-test
(BIST), a scan chain interface to the full test array, and direct
access to a sub-array.

B. Measurement Results

In order to perform silicon measurements, 5 packaged test
chips were mounted onto a PCB via a test socket. An Agilent
16822A logic analyzer with built-in pattern generator was used
to extract retention time information, by interfacing with and
triggering the BIST. The array was operated at a supply voltage
of 0.8 V. The read and write ports were run off of a 1 MHz
clock signal.

Fig. 6 shows the measured RT (for a read frequency of
1 MHz), as well as the simulated EDRT and DRT (also for
a read frequency of 1 MHz). Measured data is taken from a
single typical (TT) die, while the simulations correspond to
local (within-die) variations in a TT corner. The figure also
shows the log-normal fit to the measured and simulated data,
with the simulated EDRT corresponding to the analytical model

Fig. 7. Data retention time map of four measured sub-arrays, including mean
and variance of log-normal distribution of each sub-array.

of (7). It is visible from Fig. 6 that the measured retention time
follows a log-normal distribution and that there is a good match
between silicon measurements, MC simulations, and modeling
results.

The measured retention time distribution lies between the
simulated EDRT and DRT distributions. In fact, the EDRT
and DRT definitions become almost equivalent for the slow
considered read frequency (1 MHz), and describe the silicon
measurements equally well. The silicon measurements confirm
the possibility of precisely predicting the RT spread using a
log-normal distribution, with coefficients extracted from a few
simulated or measured data points or derived from the analyti-
cal model of (7).

Fig. 7 shows the measured per-cell RT for the entire 64 ×
32 array. The RT of each bitcell is shown in a color code at
the physical location of each bitcell. The four sub-arrays that
are characterized by different bitcell configurations are imme-
diately seen to exhibit different retention times.

For example, the NoCap sub-array appears to have the lowest
retention times, centered at roughly 24 ms, while the LargeMW
sub-array has the longest retention times with an average value
of around 320 ms. In all four sub-arrays, the per-cell RT clearly
appears to be distributed randomly; in other words, there is no
systematic distribution pattern for any of the sub-arrays. This
observation strengthens the assumption that the RT spread is
mostly caused by variation of Vth,MW, which in turn is mostly
caused by random dopant fluctuations (RDF).

Fig. 8 shows the measured RT distributions of the Nominal
and LargeMW sub-arrays, and their log-normal fits. Due to the
larger transistor dimensions in the LargeMW sub-array,Vth,MW

varies less, and therefore the σRT parameter of the log-normal
distribution is only 0.198, as compared to 0.254 for the Nominal
sub-array. Furthermore, the μRT parameter of the distribution
also improves from −1.46 for the Nominal sub-array to −1.16
for the LargeMW sub-array due to the higher Vth,MW caused
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Fig. 8. Retention time distributions of nominal and largeMW sub-arrays.

by increased LMW (short channel effect). As the mean and
variance of the log-normal distribution are a function of both
μRT and σRT, as shown in (9), there is a trade-off between the
mean and the variance of the distribution.

Mean = eμ+
σ2

2

Variance =
(
eσ

2 − 1
)
e2μ+σ2

. (9)

As μRT increases, e.g., due to a larger CSN or longer LMW,
the RT variance also increases. Therefore, in Fig. 8, it can be
seen that the mean RT improved from 0.238 s for the Nominal
sub-array to 0.316 s for the LargeMW sub-array, but the RT
variance, which originally was estimated to be smaller due to
the larger dimensions of the write transistor, stays almost the
same, due to the influence of μRT (0.0038 s in the Nominal
compared to 0.0040 s in the LargeMW sub-array). Furthermore,
if CSN is smaller, the mean and the variance both decrease,
and as a result, a sharper distribution is achieved (as observed
in the measurements of the SmallCap and NoCap sub-arrays),
at the cost of lower retention time. In conclusion, gain cell
design needs to consider both μRT and σRT in order to find
the best trade-off between the mean and the variance of the re-
tention distribution. According to our mathematical derivations,
increasing Vth,MW increases the mean RT, but unfortunately,
the RT variance, as well.

In summary, the measured retention time distribution is well
approximated by the model and simulations, and the measured
per-cell retention time is randomly distributed. Up-scaling MW
improves retention time and sharpens its distribution.

VI. SENSITIVITY ANALYSIS OF GC-eDRAM
RETENTION TIME

The previous section, as well as previous publications that
reported the per-cell retention time of fabricated gain cell arrays
[7], [24], show very large spreads. Unfortunately, unless redun-
dancy or error correction are integrated into or built around the
array, the worst cell in terms of DRT ultimately dictates the
global refresh rate. Therefore, it is preferable to have a sharper
per-cell RT distribution and move the worst cell closer to a
nominal cell. In order to do this, it is crucial to understand

TABLE II
EXAMPLE OF PB-DOE MATRIX FOR 7 FACTORS

the influence of specific circuit parameters on the retention
time spread. Accordingly, a sensitivity analysis of basic design
parameters on RT is presented in this section.

A. Plackett-Burman Design of Experiment (PB-DOE)

The sensitivity analysis, presented below, was performed
using the Plackett-Burman Design of Experiment (PB-DOE)
[25]. This is a powerful statistical tool to estimate the influence
of individual process parameters in multivariate systems. The
PB-DOE method has been verified as an effective method
to identify the most sensitive process parameters that cause
variability in device performance [26]. This method is based on
the concept of orthogonal arrays and needs to runN simulations
to analyze N − 1 parameters [25].

Reference [27] provides guidelines for constructing a
PB-DOE matrix for implementing an N -parameter sensitivity
analysis. For example, these guidelines were used to construct
a 7 parameter matrix, as displayed in Table II, with P1 to
P7 representing the examined process parameters, and “+”
and “−” representing the maximum and minimum values of
each process parameter, respectively. Each row in the table
determines the value of each one of the seven parameters for
each simulation run. Y1 to Y8 indicate the circuit response
for each specific set of process parameters. The sensitivity of
circuit performance to each of these parameters is the ratio
between the sensitivity of the n-th process parameter for a given
response (SS(Pn)), to the total sum of all SS(Pn) due to all
process parameters (SSt). This can be written as:

SS(Pn) = [avg(Y+)− avg(Y−)]2 (10)

SSt = SS(P1) + SS(P2) + · · ·+ SS(Pn) (11)

where avg(Y+) is the average value of all the simulation runs,
in which the corresponding process parameter was high (+),
and avg(Y−) is the average value of all the simulation runs, in
which the corresponding process parameter was low (−).

B. PB-DOE Applied to GC-eDRAM RT

Several parameters that are susceptible to process variations
contribute to the wide spread of retention time. These parame-
ters can be divided into three primary categories, according to
the circuit metric they affect:

1) Sub-Vth leakage (Isub) through MW: affected by Vth,
gate oxide thickness (tox), W , and L of MW.

2) Drive strength of MR: affected by Vth, tox, W , and
L of MR.



EDRI et al.: SILICON-PROVEN, PER-CELL RETENTION TIME DISTRIBUTION MODEL FOR GAIN-CELL BASED eDRAMs 229

Fig. 9. Sensitivity analysis of DRT and EDRT on circuit parameters: the y-axis shows SS(Pn)/SSt.

3) Magnitude of CSN: diffusion capacitance (CGD) of MW,
gate capacitance (CGC), tox, W , and L of MR, and
interconnect capacitance, such as that achieved through
implementing a metal stack above the SN.

To apply the PB-DOE method of sensitivity analysis of
11 parameters to GC-eDRAM, ten process parameters were
analyzed: L, W , Vth, tox and gate-drain overlap capacitance
coefficient (Cgdo) for both MW and MR. The high and low
values of each parameter were determined according to the
3σ value accounting for global and local variation. In order
to capture the sensitivity of retention time to CSN variability
due to variations in the fabrication of the metal stack, this
parameter was added to the analysis as the 11-th parameter.
Detailed capacitance variability reports were not available from
the foundry, and therefore, a 10% deviation from the nominal
value was assumed.

The sensitivity analysis results are presented in Fig. 9, clearly
showing that the dominant factor is the threshold voltage vari-
ation in the write transistor Vth,MW. In fact, according to the
model in (4), variations in this parameter have an exponential
effect on sub- Vth current through MW, which is the primary
leakage mechanism affecting the RT in a 2T gain cell. The
second most influential factor on the RT variation is the tox of
MW, primarily due to its effect on the sub- Vth swing (n) of
MW, according to:

n = 1 + Cd/Cox = 1 + Cd · tox/εox (12)

where Cd is the capacitance of the depletion layer, Cox is
the gate oxide capacitance, and εox is equal to the vacuum
permittivity multiplied by the relative permittivity of silicon
dioxide. The sub-Vth swing determines how well the device
can be turned off, eliminating deteriorating sub-Vth leakage
currents through MW. This is shown in the well known EKV
derived sub- Vth current (2).

As expected from (2), the dimensions of the write transistor
also significantly contribute to the leakage currents. As LMW

increases, Isub decreases, lowering the rate of change of the
stored level, and thereby increasing the RT. Accordingly, we
would expect to see that WMW would have the same impact;
however, Fig. 9 shows that the sensitivity to WMW is much

lower. This is due to the dual effect of WMW on RT; on the
one hand, an increase in WMW increases the sub- Vth current
through MW, but at the same time, it also increases the size of
the junction capacitance contributing to CSN. In addition, due to
the short channel effect (SCE), variations in LMW also change
Vth,MW by as much as 20 mV within the 3σ analysis space,
further contributing to the sensitivity to LMW.

Finally, W , L, and tox of MR affect the value of the storage
capacitor, and therefore, we would expect to see a greater
influence than that shown by the sensitivity analysis. Their low
impact is due to the fact that the parasitic device capacitances
constitute only 10% of CSN, which is composed primarily of
metal stack capacitance.

To narrow down the retention time distribution and move the
worst cell closer to a typical cell, it is therefore key for process
engineers to improve the threshold voltage repeatability, while
variations in metal-to-metal capacitance are of a lesser concern.
As a circuit designer, it is preferable to choose a CMOS node
with low Vth variability, and/or increase both LMW and WMW

for a higher repeatability of Vth,MW to achieve less retention
time variability.

C. Impact of Process Corner

While the previous sections demonstrated the impact of in-
dividual circuit parameters on RT, this section shortly presents
the impact of the global process corner on the retention time
distribution. To this end, MC circuit simulations, accounting for
within-die parametric variations in the TT, slow NMOS-slow
PMOS (SS), and fast NMOS-fast PMOS (FF) process corners
were performed. Fig. 10 shows the simulated EDRT distribu-
tions in the TT, SS, and FF corners. Compared to a TT die,
the mean EDRT decreases for a FF die and increases for a SS
die. This finding is explained by stronger and weaker leakage
current through MW in the FF and SS corners, respectively,
compared to the TT corner. As expected, the EDRT variation
is much lower in the FF corner than in the TT corner, and
much worse in the SS corner. In fact, Vth,MW and consequently
μEDRT change across process corners: in the FF corner, a
smaller μEDRT leads to a smaller RT mean and less RT variance
compared to the SS corner, according to (9).
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Fig. 10. The influence of process corners on EDRT.

Fig. 11. Statistical EDRT distribution: Model and MC simulation in 28 nm.

In conclusion, the process corner has a strong impact on the
retention time distribution (both the mean and variance), with
mean values ranging from 0.1 s to 0.485 s, and retention time
spreads getting narrower (better) and broader (worse) in the FF
and SS corners, respectively, compared to the TT corner.

VII. ADVANCED TECHNOLOGY

The EDRT model, proposed in Section III, was developed
and silicon proven for a mature 0.18 μm, intended at the
implementation of ultra-low power biomedical applications.
However, the concepts shown in the proposed model are generic
and applicable under technology scaling. To demonstrate this,
the GC-eDRAM circuit of Fig. 1 was implemented in a state-
of-the-art 28 nm CMOS process technology, using a high-Vth

MW and a standard- Vth MR from the technology. In addition
to the simulations performed to extract the model parameters
of (7), extensive leakage simulations were carried out, showing
that for this technology, the sub- Vth leakage through MW is
still the dominant factor that limits the retention time of a 2T
GC-eDRAM bitcell, constituting over 97% of the leakage into
the SN.

To evaluate the matching of the proposed model to the
statistical distribution of EDRT in the chosen 28 nm technology,
10 000 MC bitcell simulations were carried out. The resulting
distribution is shown in Fig. 11. This figure superimposes the
close match of the proposed model to the distribution, showing

that the model still provides a good estimation of the expected
distribution, and that the exponential dependence of retention
time on Vth,MW still holds. Furthermore, WCD high-yield
analysis was performed on the extreme values of the model, and
a matching within 10% was found, which is entirely acceptable
for the purposes of the proposed model.

VIII. BEST-PRACTICE 2T GAIN-CELL DESIGN

This section describes the best-practice 2T gain-cell bit-
cell design based on the insights gained from the modeling,
simulations, silicon measurements, and sensitivity analysis,
presented above. These insights can also be implemented in
more advanced technologies as long as Isub is the main leakage
mechanism. This is indeed often the case, especially when it
comes to low operating voltages [28]. In cases where gate leak-
age is more significant, it can be added to the model. The fol-
lowing best-practice design guidelines maximize the retention
time and narrow its statistical distribution.

The mean value of the log-normal EDRT distribution is equal
to eμ+(σ2/2). As apparent from (4) and Fig. 2, increasing the
absolute value of Vth,MW increases the nominal EDRT value, as
well as its (μEDRT) value. To this end, if several transistor fam-
ilies and/or Vth options are available, it is preferable to choose
the device with the highest absolute Vth value. For example,
in the herein considered process, MW was implemented as a
I/O device, which has a higher absolute Vth than a core device.
Furthermore, as concluded in Section VI, Vth,MW variation is
the single most influential circuit parameter responsible for the
retention time spread. Therefore, it is preferable to use a CMOS
node or a device with low Vth variability, and/or increase the
MW device dimensions.

Next, according to the model, μEDRT can be further in-
creased by increasing CSN, for example by using more metal
layers. Decreasing WMW improves μEDRT due to lower Isub
through MW, but increases the standard deviation of the EDRT
distribution (σEDRT) due to the fact that Vth variation increases
as W decreases. Increasing LMW improves both μEDRT and
σEDRT, due to lower sub-Vth leakage and larger channel area
(lower Vth variation), respectively. Furthermore, it increases
Vth,MW (through SCE). Therefore, increasing LMW has a posi-
tive impact on both μEDRT and σEDRT, and should be preferred
over decreasing WMW for improved retention time.

The sole drawback of an increased LMW is the decreased
write speed. For most embedded memory applications, high
write speed is less critical than high read speed. However, if
high write speed is required, increasing WMW by the same
factor as LMW is the best option to optimize the retention time
under a given speed constraint.

As discussed in Section VI, the global process corner has a
strong impact on both μEDRT and σEDRT. Therefore, on-chip
process monitors allow to use lower refresh rates on SS dies
than on TT and FF dies. Given the large retention time range,
binning with more than 3 bins would be meaningful, as well.

Finally, since EDRT depends on the read frequency, it does
not only depend on the bitcell parameters, but also on the
readout circuits. In general, a circuit resolving a smaller voltage
difference in a shorter time leads to longer EDRT.



EDRI et al.: SILICON-PROVEN, PER-CELL RETENTION TIME DISTRIBUTION MODEL FOR GAIN-CELL BASED eDRAMs 231

IX. CONCLUSION

This article introduced the first analytical model for the
statistical per-cell retention time distribution of Gain Cell em-
bedded DRAM. While all circuit parameters follow a Gaussian
distribution, it was shown that the per-cell retention time fol-
lows a log-normal distribution. The simple analytical retention
time distribution model is highly precise when compared to
Monte Carlo circuit simulations and silicon measurement re-
sults; modeling errors are less than 6%.

The herein presented sensitivity analysis unveiled that the
threshold voltage of the write access transistor is the sole most
dominant parameter whose uncertainty leads to large per-cell
retention time spread. Variability in all other circuit parameters,
including the storage node capacitor (built from the metal stack
available in digital CMOS technologies), is responsible for only
a small percentage of the total retention time variability.

While the coefficients of the analytical models for the nomi-
nal value of the effective retention time and for its statistical dis-
tribution can be derived from primary bitcell circuit parameters,
it is also possible to extract the coefficient from curve fitting
based on a small number of MC runs or measured bitcells.
The coefficients extracted through this method were shown
to precisely match the original coefficients of the analytical
model. In conclusion, fitting a log-normal distribution to a
small set of simulated or measured retention time data is a
convenient shortcut to obtain a precise model, closely tracking
a more fundamental analytical model derived from primary
circuit parameters.

The presented analytical model is useful to estimate the
worst-case retention time of large memory arrays in a short
time, whereas the collection of a sufficient number of MC
samples is time-consuming.

The model was proven through silicon measurements in
a mature process node, and shown to hold up in advanced
process nodes through extensive MC simulation and worst case
distance analysis.
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