ABSTRACT
LEDFORD, JOSHUA CHRIS. An Analysis of Subthreshold SRAM Bitcells for Operation in Low
Power RF-only Technologies. (Under the direction of Prof. Paul D. Franzon.)
Subthreshold design has garnered interest due to the decrease in power that supply voltage scaling
offers. The design of emerging technologies, such as RFID sensors, that draw their operating power
from small batteries or other alternative means are being targeted for implementation in subthreshold.
Many optimizations to lower the operating power of these technologies have been proposed, including
the powering of all on-chip CMOS logic directly from the RF signal, without the need for converting
the supply rail to DC. While operation of standard CMOS logic gates in an RF-only regime, without
RF-DC conversion, has previously been shown by Gadfort and Franzon, this work presents an analysis
of subthreshold SRAMs for implementation in the same RF-only regime. For subthreshold SRAM
design, supply voltage scaling also results in decreases in cell stability, and thus many inter- and intrabitcell optimizations have been proposed for maintaining and boosting subthreshold SRAM stability,
each optimization offering its own solution to the stability-power trade-off. From a base understanding
of the consequences of reduced cell stability, this analysis focuses on those intra-bitcell optimizations
that achieve a desired trade-off between low power and stability in the RF-only regime. Implementation
and simulation within a IBM 0.13 µm bulk CMOS process show, that for the SRAMs compared, read
access SNM decreases an average of 20% for the conversion from DC to RF-only for a VDD of 250 mV
and a VRF of 250 mVpeak-to-peak . At the same supplies, hold SNM decreases an average of 18% for the
conversion from DC to RF-only, while write access SNM varies by 10%, increasing in some cases.
From these results, an 18-T SRAM for operation in the subthreshold RF-only regime is presented and
discussed. At a VRF of 250 mVpeak-to-peak , the proposed bitcell is capable of proper operation for a
data speed of 100 kHz, across an RF supply frequency range of 13.57 MHz to 915 MHz. The bitcell
consumes an average power of 1.659 nW while maintaining adequate SNM values: 41.5 mV for hold,
44.6 mV for read access, and 90.3 mV for write access.
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Chapter 1

Introduction
1.1

Subthreshold Motivation

Subthreshold digital design has become a peak interest for microelectronics engineers, motivated by
the need for low power, battery driven technology. Operation of CMOS circuits in subthreshold offers many benefits including low operating voltages, low dynamic and static power and reduction of
short-circuit power [1], but at a cost of weakening a circuits stability, noise immunity, and tolerance to
process variations [2]. For many digital systems relying on batteries, high performance is not integral for
proper operation; instead, making better use of the limited charge of the battery is of higher importance.
Such systems are prime examples of digital systems that would benefit from operation in subthreshold.
On larger systems, where several applications are performed on application specific integrated circuits
(ASICs), applications that are not high speed reliant could be implemented in subthreshold design and
integrated with other ASICs operating at super-threshold as to meet the requirements of the high speed
applications. Subthreshold is also optimal for systems or ASICs that would benefit from running in
pulse or burst mode operation, where a majority of their time is spent in deep sleep or off [3], such as
sensors or digital power meters for a networked monitoring system [4]. Such systems motivate the need
for optimized memory cells, like SRAMs, for operation in the subthreshold region because memory is
integral part of most systems.
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Many systems, such as sensors, have been presented in recent years for operation in the subthreshold region, much of which have included or motivated research into memory cells optimized for the
proposed system. Ueno et al. have presented a temperature sensor consisting of a bias circuit, a
proportional-to-absolute-temperature (PTAT) current generator, an analog-to-digital converter (ADC),
and a counter circuit, all implemented in subthreshold [5]. Ueno also presented a 5 µW sensor for
modeling and measuring the deterioration process of perishable foods [6]. Aimed at low-performance
networked sensors applications, Zhai et al. have presented an energy optimized processor that consumes 2.6 pJ per instruction at an operating voltage of 280 mV [7, 8]. This processor also includes a
robust SRAM that is capable of proper functionality at 200 mV [7].
Wireless networks, with key design metrics such as energy dissipated per function [9], can benefit
greatly from low power chips that implement difficult digital signal processing (DSP) algorithms rapidly
at low power. Jeon et al. presented an Fast Fourier Transform (FFT) ASIC that achieves millions of
samples per second operating in subthreshold, consuming 15.8 nJ per function at a VDD of 270 mV [10].
Jeon achieves this by investigating power-aware pipeline strategies that introduce more stages with
shorter delays per stage, and a subthreshold optimized SRAM FIFO in place of shift registers for stageto-stage communications. Jeon’s use of a robustly designed SRAM for their subthreshold FFT ASIC is
in contrast to Wang and Chandrakasan, who, for their FFT ASIC, only focused on designing the control
logic and datapath for subthreshold [9]. For their SRAM, the bitlines are segmented with a MUX-based
hierarchical approach to boost the data being read out; and for the ROMs, a latch-based write circuit is
employed for increased write-ability at low voltages [9].
Research into possible applications of subthreshold design have expanded past ASIC chips and into
full CPU systems. An 8-bit RISC-style CPU for operation in the subthreshold region has been presented
by Hanson et al. [11]. This CPU consumes 3.5 pJ per instruction at a VDD of 350 mV, and is still capable
of proper functionality at supply voltages as low as 200 mV [11]. To achieve this, Hanson looked at not
just optimizing the core of the CPU for subthreshold, the memories for implementing the instruction
and data caches as well. Kwong et al. presented a subthreshold microcontroller based on the Texas
Instruments MSP430 16-bit RISC architecture [12]. Their controller contains a custom 8-T subthreshold
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SRAM and a DC-DC converter for functional operation as low as 300mV [12]. Kaul et al. presented a
single-instruction, multiple-data (SIMD) vector processor fully operational with performance speeds as
high as 8.8 MHz and a power consumption of 87 µW at a supply voltage of 230 mV [13]. Kaul achieves
such low power performance via a re-configurable datapath, a dual-supply scheme to reduce the impact
of temperature and process variations, and an output level shifter to up-convert signals to full-rail when
going outside the SIMD processor. All of these systems have been, or still could be, optimized even
further with a memory cell optimized for operation in the subthreshold region.

1.2

RF Motivation

The adoption of CMOS digital circuits into radio-frequency identification (RFID) technologies has increased due to the decreasing cost of CMOS and the high level of integration it delivers [14]. RFID
sensors and tags, with integrated CMOS circuits, are often designed for low power environments, either
being powered through a battery or alternative power sources, in which the RF signal is converted to
DC for computation on the CMOS circuits [15]. Many current applications of embedded CMOS ICs
with integrated RF-powered technologies only implement the RF stage for the front-end of the systems,
serving as either the receiver or transmitter (or sometimes both) of the RF signal [16]. The purpose of
such is to use to extract incoming data and power from the RF signal, and then convert each to DC for
the purpose of powering the CMOS ICs. Once the CMOS ICs finish their operation, the data is then
converted back to RF for transmission. Hutchens et al. presented a RF frontend for neural interface
systems, utilizing subthreshold CMOS analog circuits [17]. Their front-end is comprised of an antenna,
to support bandwidth for transmitting and receiving data, as well as to capture RF power for DC conversion, a matching network to maximize the power transfer between the antenna and the RF-to-DC
converter, and a programmable current source [17]. The remainder of the neural interface system is
a CMOS IC with a minimal operating voltage of 650 mV [17]. Hutchens et al. are not alone in their
implementation of keeping the RF-powered circuits and DC-powered circuits separate. Heiberg et al.
presented a 250 mV RF front-end that utilizes ultra-low voltage RF circuits and subthreshold logic design for decreased power consumption and simplified system architecture, but still relying on some form
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of source voltage conversion and regulation [18].
There are RF front-end systems with back-end CMOS IC implementations that forgo the RF-toDC conversion. Briole et al. presented a RFID tag that abandons the use of AC-to-DC (or RF-to-DC)
conversion for operation at 700 mV [19]. Their design consists of an RF receiver, an RF voltage limiter, a
frequency divider and encoder (designed out of NAND and NOR logic) to encode ID tag information for
transmission, a ROM to store the information, and power modification unit to handle excess power [19].
Wenck et al. presented a chip that forgoes AC-to-DC conversion to increase the efficiency of energy
harvesting from mechanical vibrations [20]. The Wenck design utilizes a power-on-reset circuit that
relies on voltage threshold detection and a DRAM cell to hold the system state between power supply
cycles. The Wenck design also does not operate in subthreshold.
Subthreshold RF powered digital circuits without RF-to-DC conversion is an area of research emerging due to the demand of such systems where RF-to-DC conversion is not optimal [21, 22]. Gadfort et
al. presents CMOS circuits with the RF source applied directly, without overhead circuits or DC conversion, for a wide range of RF signal frequencies from below 13.56 MHz to as high as 915 MHz [22]. Fig.
1.1 shows an CMOS OR gate implemented for RF-only operation. Supply transistors S1, S2, and S3
are added to the NOR stage, as shown in Fig. 1.1. These devices supply current from the RF signal to
the digital circuit when ”on,” and help minimize leakage from the storage nodes when ”off” [22]. Two
additional supply transistors are added to the inverter stage: S4 and S5. For the inverter stage, the PMOS
device accesses the negative phase of the RF signal, while the NMOS device accesses the positive phase
of the RF signal. By switching the phases of the supply transistors, continual operation of the circuit
when the RF signal phases is allowed [22]. A storage capacitor, C1 , is placed on the inner node between
the NOR and inverter stages of the OR gate. A second storage capacitor, C2 , is placed on the output of
the OR gate to feed to the next logical gate. When the RF signal alternates between phases, its voltage
may not be strong enough to power the circuit. The storage capacitors briefly store the data while the RF
signal alternates, and allows for operation on the stored bit to resume immediately once the RF signal’s
voltage is strong enough to once again power the circuit. Though the capacitor itself may be as large as
the logic it is connected to, it eliminates the need for external storage devices or overheads to preserve
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Figure 1.1: A CMOS OR gate for RF-only operation.

(a) VRF + greater than VRF -.

(b) VRF + less than VRF -.

Figure 1.2: Operation of the RF-only CMOS OR gate for different phases of the RF supply signal. a)
Devices S1, S2, and S5 are on, while devices S3 and S4 are off, when the magnitude of VRF + is greater
than the magnitude of VRF -. b) Devices S1, S2, and S5 are off, while devices S3 and S4 are on, when
the magnitude of VRF + is less than the magnitude of VRF -.

the data when the RF signal is alternating between phases [22].
Operation of the OR gate is shown in Fig. 1.2. When VRF + is greater in magnitude than VRF -,
devices S1 and S2 will be strongly on in operation near subthreshold, supplying current to the NOR
stage, and device S5 will be strongly on, supplying current to the inverter stage. Devices S3 and S4 will
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be strongly off to limit leakage from their associated nodes. This operation is shown in Fig. 1.2a, where
devices S1, S2, and S5 are highlighted to distinguish that they are on. When VRF - is greater in magnitude
than VRF +, devices S1, S2, and S5 will be strongly off to limit leakage, while devices S3 and S4 will
be strongly on, supplying current to the gate. This operation is shown in Fig. 1.2b. Alternating how the
phases of the RF signal connect and power the circuit helps limit the leakage current and power from
the circuit. Such operation presents a digital signal, in-terms of the presence of a identifiable logical ‘1’
and ‘0’, but with elements of the RF sinusoidal signal embedded within digital-like signal [22].
This work serves as an extension of the RF-only work presented by Gadfort et al [22]. The focus of
this work is on the analysis of subthreshold SRAMs for operation in the subthreshold RF-only regime.
An SRAM design was chosen for this work due to its increased write and read speed at lower operating
voltages and power costs. Data retention and circuit reliability are of most concern for a subthreshold
RF-only SRAM in, for example, an RF sensor, in which the data must be stored long enough for the
next reading of the sensor. High importance is placed on the susceptibility of an SRAM bitcell to static
noise in this work, as is discussed in chapter two.

1.3

Thesis Overview

This thesis is organized into five chapters. The first chapter serves as an introduction, briefly describing
the concept, motivation, and background of subthreshold design for both DC and RF regimes, as well as
briefly introducing the subthreshold RF-only CMOS circuit concepts proposed by Gadfort et al. [22]. It
serves as a prelude to explaining why a subthreshold RF-only SRAM would be a useful memory device
for many emerging low-power, RFID sensors and tags. Chapter 2 presents an explanation of static noise
margin analysis, briefly explaining superthreshold analysis and focusing more on subthreshold analysis. This chapter is divided into three sections: the first section walks through an analytical model for
subthreshold SNM analysis; the second section briefly explains SNM dependencies in the subthreshold
regime; and the third section covers the consequences on performance, stability, and power when SNM
is degraded. Chapter 3 conducts an in-depth analysis of subthreshold SRAM bitcells for operations both
in the DC regime and the RF-only regime. This chapter compares several inter-bitcell optimizations
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implemented within SRAM bitcells to increase SNM values, as well as compares if those optimizations
continue to boost SNM once converted into the subthreshold RF-only regime. Chapter 4 details the proposed 18-T subthreshold SRAM bitcell for operations in the subthreshold RF-only regime. This chapter
will also discuss the implementation of the proposed bitcell into a full SRAM in an IBM 0.13 µm bulk
CMOS process, and briefly covers current proposed method for die testing to come. Chapter 5 serves as
a conclusion and offering of ideas for future direction of research into subthreshold RF-only SRAMs.

7

Chapter 2

Analysis of Static Noise Margins in SRAM
Bitcells
An analysis of static random-access memory (SRAM) bitcells operating in the subthreshold (below
threshold voltage) region of operation has been performed to understand and compare mechanisms that
have been introduced to sustain SRAM operation and enhance performance. Before these mechanisms
are explained, though, it is important to understand the characteristics and behavior of CMOS SRAM
operating in the subthreshold region. Many studies focused on understanding both the static and dynamic characteristics of subthreshold SRAM have been proposed, with key emphasis on analysis of
power and static noise margins (SNM), and their impact on performance and reliability.
Raychowdhury et al. [23] describe three primary components of power dissipation in an SRAM
bitcell:
• The power dissipated turning the word lines on and switching the gate capacitance of the access
devices during a write operation is defined as the write power, Pwrite , in Eq. 2.1:
2
Pwrite = CW L ∗ f ∗ VDD

where CWL is the capacitance of the wordline, f is the switching frequency.
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(2.1)

• The power to precharge the bitline capacitances and pull the word line signal high to turn on the
access devices during a read operation is defined as the read power:


2
2
Pread = CBL ∗ f ∗ VDD
+ CW L ∗ f ∗ VDD

(2.2)

where CBL is the capacitance of the bitline, and CWL is the capacitance of the wordline.
• The leakage power, Pleakage , of an SRAM is defined as:

Pleakage = Ileakage ∗ VDD

(2.3)

Equations 2.1 and 2.2 show that for read and write access, as VDD is scaled down, dynamic power
decreases quadratically [23]. This power reduction serves as the main draw to subthreshold design, but
the increase of leakage paths, degraded SNM and reliability resulting from operation in subthreshold
serve as a hindrance. And since the amount of time an SRAM is reading or writing is much less
than the time it is in hold mode, leakage power dominates the total power dissipation in subthreshold
SRAMs [23]. Raychowdhury discuss ways leakage power savings can be found. First, Ileakage decrases
with VDD sclaing, and Pleakage decreases linearly with VDD scaling. As well, Raychowdhury mention
that in the subtreshold region, gate leakage and junction band-to-band tunneling leaking have as much
an effect on power dissipation as subthreshold leakage. Both gate leakage and junction band-to-band
tunneling leakage decrease exponentially with VDD scaling [23]. Lastly, Raychowdhury discuss that
as VDD is lowered, the threshold voltage of the devices increases, which also exponentially decreases
subthreshold current. This leaves reduced noise immunity and reliability as the two main concerns of
subthreshold SRAMs.
Static noise is present in CMOS logic gates due to mismatch of devices in processing and variations
in operating conditions [24]. Static noise can take the form of series-voltage noise, parallel-current
noise, or voltage noise found in either the ground line or power supply line [24]. Sharifkhani et al. [2]
explain that the static noise margins of a SRAM bitcell represent the tolerance against static noise
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Figure 2.1: Set up for determining read access and write access SNM values in a traditional 6-T SRAM.
Original image presented by Samson and Srinivas [25].

sources that adversely affect the ability of the cell to remain stable while holding data, referred to as
data stability. Sharifkhani defines SNM for a noise source as the amount of DC noise required to upset
the static criteria of the cell for data stability, and for static data stability as the maximum DC series
voltage that can be applied to the inputs of the internal inverters of the cell that does not cause the cell
to fail the static criteria of data stability. Calhoun et al. [25] state that SNM quantifies the voltage noise
required at the internal nodes of a bitcell to flip the contents of the cell.
Figure 2.1 shows the location of noise sources for the standard 6-T SRAM bitcell, and thus the
setup for determining the read and write access SNM values, according to Samson and Srinivas [25].
For the read and write access SNM experiments, both bitlines BLL and BLR are set to VDD , as well
as the writeline, WL. Both Vn supplies are swept from ground to VDD , and a current source is attached
to the source of device AR from the supply. From these experiments, a voltage transfer characteristic
(VTC) of both inverters on the storage device is obtained. The hold and read SNM values are found
using the VTCs of the bitcells internal inverters to form a “butterfly” curve, and fitting a square between
the VTCs. The length of the square that best fits between the VTCs is the specified SNM value of that
curve [25]. Typically, SNM is lower during read access due to VTC degration by the voltage divider
across the access devices (AL,AR) and the drive devices (NL,NR) [25].
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2.1

Modeling Subthreshold SNM

Though the “best fitted square” technique is most commonly suited, an analytical solution for evaluation
of CMOS SRAM SNM is more ideal. Stating that no direct analytical solution yet existed for determining SNM, Calhoun and Chandrakasan [25] begin modeling subthreshold SNM numerically from the
VTC equations for the internal inverters of an SRAM bitcell. Working with a 65nm technology, certain assumptions were made on the characteristics of PMOS transistors at subthreshold for their model,
mainly:
• PMOS values can be treated as positive,
• PMOS drive currents are higher than NMOS drive currents in subthreshold,
• And PMOS and NMOS are matched ideally.
Eq. 2.4 shows the total subthreshold drain current, Id , for a MOSFET operating in the subthreshold
region:

Id = Is exp

Vgs − Vt
nVA




−Vds
10 − exp
Vth

(2.4)

The current Is represents the current on the source when the gate-to-source voltage, Vgs , is equal
to the threshold voltage, Vt . Variable Vth represents kt/q, where k is the Boltzmann constant (1.38E23 J/K), q is the charge of an electron (1.6E-19 C), and T is temperature in Kelvins. n represents the
subthreshold factor, defined as 1 + Cds / Cox .
From the subthreshold drain current equation, Calhoun defines the VTC of the inverter at node QR
in Fig. 2.1 as:

V T CatQR = VDD + Vth ln

r

1
2

1−G+

(G − 1)2 + 4Ge

(

−VDD
Vth

!!
)

Where G is defined as:

G = exp

n4 + n6
n4 n6 VA




Q − ln

IS6
IS4
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VDD
1
−
−
n6 Vth Vth



Vt4 Vt6
−
n4
n6



(2.5)

The inverse of Eq. 2.5, or inverse VTC of the inverter at node QR, is defined by Calhoun as:

inverseV T CatQR = (Vth )

n1 n3
n1 + n3

 



IS3
1 − exp ((−VDD + Q)/VA )
ln
+ ln
IS1
1 − exp(−VQ /Vth )
 



n1 n3
Vt1 Vt3
n1 VDD
+
−
(2.6)
+
n1 + n3
n1 + n3
n1
n3

where VQ is the voltage at node QL in Fig. 2.1.
For the generic 6-T cell shown in Fig. 2.1, signal WL is set to VDD for a read access while the
bitlines are precharged to VDD . If node QL is in state ‘0’ prior to access, transistors NL and AL create
a voltage division that raises the voltage at node QL [25]. Eq. 2.7 shows the inverse VTC equation that
closest represents the SNM for the inverter at node Q, assuming node QL was in state ‘0’ prior to access
and PMOS current is negligible [25].


QR = n1 VA ln

IS2
IS1




+ n1 Vth ln

1 − exp((−VDD + Q)/Vth )
1 − exp(−Q/Vth )


+ Vt1
+

n1
(VDD − Vt2 − Q) (2.7)
n2

Equations 2.4-2.7 explain mathematically what is seen as the butterfly curve of an SRAM SNM
graph, but other models have been investigated. Nan et al. [26] present the case of modeling subthreshold
SNM as the Static Power Ratio (SPR), represented as:

SPR = (SVNM ∗ SINM)/(Write Power ∗ Write Delay)

(2.8)

Nan et al. [26] define SVNM as normal SNM: the maxmum DC noise on the internal inverters before
the state of the bitcell is flipped. They then also define SINM is the maximum DC current that can be
injected into the SRAM bitcell before the state of the bitcell is flipped, and write noise margin (WNM)
as the highest voltage on the bitline needed to write a ‘0’ into the node of the bitcell. Since SINM must
be derived by mathematical manipulation of the measured VTC curves of a bitcell, Samson et al. [27]
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present an analysis of N-curve metrics for SRAM bitcells operating in the subthreshold region. These
N-curve metrics include SINM, SVNM, the write-trip voltage (WTV), and the write-trip current (WTI).
WTV defines the voltage drop needed at an internal node in state ‘1’ to flip the state to ‘0’ when both
bitlines are precharged to VDD , and WTI defines the current needed to force this flip. Their results show
that better read stability is gained when the mean product of SVNM and SINM is large, and that better
write ability is gained when the mean product of WTV and WTI are smaller [27].
Sharifkhani et al. [2] present an alternative SNM modeling they call dynamic SNM (SNMD) analysis. Considering that the SRAM cell is a time variant system, SNMD is comprised of breaking SRAM
bitcell operation into two modes: access mode and non-access mode. Access mode includes both read
and write access, and non-access mode is equivalent to hold mode. Access modes are where the most
concern for data stability lies, as the cell is dynamically active and must ensure dynamic data stability: the state of the cell must remain consistent during and after any number of access transactions [2].
SMND equals SMN under a periodic access where the period of access equals the period of non-access,
thus SNMD is defined for the same noise sources as the amount of DC voltage needed at the inputs
of the internal inverters of the cell to violate the dynamic criteria of data stability; but the benefit of
SNMD to subthreshold design is that dynamic criteria for data stability is easier satisfied under a higher
static noise at subthreshold, offering new opportunities for trade-offs between power consumption, data
stability and speed [2].

2.2

Subthreshold SNM Dependencies

Calhoun et al. [25] identify four dependencies of SNM in subthreshold and describe the impact that
these parameters have on SNM: VDD , temperature, sizing, and global process variation. Sampson et
al. [27] propose that oxide thickness is another parameter presented that affects SNM by decreasing the
current N-curve metrics, WTI and SINM, as the oxide thickness is increased.
Even for a bitcell with ideal VTCs, the limit on the change in SNM is half of VDD , which means
that SNM values for CMOS SRAM will never rise to be more than half of the supply voltage [25]. A
500 mV drop in supply voltage can decrease SVNM and WTV by 7% in relation to a given VDD , but
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this 500 mV drop in supply voltage can also decrease SINM and WTI by as much as 90%, degrading
read stability and write ability significantly [27]. High temperatures weaken PMOS devices relative to
NMOS devices, thus lowing SNM in subthreshold due to the degrading of gain in the inverters [25].
Calhoun concludes that sizing has very little effect on SNM at subthreshold, mainly because sizing
has a logarithmic impact on VTCs, and a linear affect on Is , as compared to the exponential dependence
Is has on other parameters, like Vt , in subthreshold. If a sizing change is accompanying a Vt change for
deep submicron devices, where Vt varies with size due to short channel effects, then the impact sizing
has on SNM should be considered [25]. In comparison, when considering the N-curve metrics, cell
sizing has more of an impact on current than voltage stability since the pull-up ratio is increased, WTI
decreases, degrading write ability [27]. Device sizing also has a more pronounced impact during a read
access, when the beta ratio (width ratio) between access and pull-down devices determines how high the
node in state ‘0’ will charge above ground (or whichever charge value is reference ‘0’). Larger device
width-over-length ratios require a higher noise value to flip the node at state ‘0’ to state ‘1’ [28].
A subthreshold SRAM bitcell has two dominant leakage paths that contribute up to 90% of total
leakage power: 1) the path from VDD to ground, and 2) from the access devices connecting the bitlines
to ground internally through the bitcell [27]. Fig. 2.2 shows the leakage sources of a 6-T SRAM when
brought into the subthreshold region of operation, as discussed and explained by Raychowdhury et
al. [23].
Calhoun and Chandrakasan [25] argue that within a production framework, every die will contain at
least one SRAM bitcell with a global process variation that affects SNM, and each bitcell will contain
mismatched devices due to random doping variation. Intra-die process variation, or global process
variation, describes the impact process corners have on SNM; mainly, the mismatched degradation of
read and hold stability that such variation has on different bitcells within the same array. Random
doping variation (RDV) is the result of variations in the channel doping causing random mismatching
of MOSFET transistors, which has a huge impact on Vt of minimum sized devices, a design option
commonly used to decrease area for large SRAMs [25]. This impact is enhanced in subthreshold, where
IS has an exponential dependence on Vt [25, 29]. Even a small inter-die Vt mismatch among devices
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Figure 2.2: The leakage paths of a 6-T SRAM when brought into the subthreshold region of operation.
Original image presented by Raychowdhury et al. [23].
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within the same bitcell operating in subthreshold could result in large strength mismatches between the
pull-up, pull-down, and pass devices of that bitcell. Equation 2.9 shows the Vt variation due to RDVs,
which device scaling will only worsen random variation due to the inverse relationship this standard
deviation has to the square root of gate area [30]:

σVt,RDF = 3.19e − 8

TOX NA0.4
√
WL


(2.9)

where TOX is the thickness of the oxide, NA is the doping parameter, and W L is the area of the
transistor.
The impact of intra-die random variation on subthreshold SNM has worsened with technology scaling. The probability of destructive reads increases with technology scaling due to the exponential dependence subthreshold current has on Vt , while the probability of write failure increases due to the
exponential dependence discharging current has on Vt as well. To compensate for these failure mechanisms in subthreshold, redundancy to re-write or re-read after a failure increases the total power consumed, negating the power savings voltage scaling offers, along with dramatically increasing the total
area consumed to implement a stable SRAM [23].

2.3

Consequences of Degraded SNM

Raychowdhury et al. [23] present failure mechanisms in subthreshold SRAMs due to degraded SNM:
destructive reads and unsuccessful writes. Destructive Reads are also known as read failures, and occur
when the stored data in a cell is flipped during a read access. From Fig. 2.2, when a read access occurs, a
voltage divider is formed between AR and NR, causing the voltage at node VR to increase. If the voltage
at VR increases beyond the trip-point of the inverter, the state of the bitcell will flip. The read margin
is the normalized stability metric proposed by Raychowdhury to define the probability of a read failure.
The higher the read margin, the lower the probability is for a destructive read. For a basic 6-T SRAM
bitcell, the read margin will increase with VDD scaling down to 250 mV due the high transconductance
gain of the devices operating in subthreshold, which acts to keep the voltage increase for a read access
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lower than trip point of the inverter [23].
An unsuccessful write, or write failure, is the inability to write to the bitcell: either to flip a ‘0’ to
a ‘1’, or a ‘1’ to a ‘0’. From Fig. 2.2, when writing a ‘0’ to a cell previously storing a ‘1’, the voltage
at node VL should discharge through bitline BL the voltage representing a ‘0’, which is determined by
the voltage divider between AL and PL. If this voltage cannot be discharged below the trip-point of the
inverter while the word line, WL, signal is high, then a write failure occurs [23]. The normalized stability
metrics proposed by Raychowdhury to define the probability of a write failure are the write margin and
the write time. Higher write margins represent lower probabilities of a write failure occurring, while
higher write times increase the probabilities of a write failure occurring. For a basic 6-T SRAM bitcell,
Raychowdhury show, that in subthreshold operation, the write time increases exponentially with VDD
scaling, decreasing exponentially the possible read and write speeds of the bitcell. Raychowdhury state
that the 6-T bitcell becomes unwritable at 180 mV and below. Inter-die process variation of Vt has a
significant impact on write time as well. This is due to the fact that the write time is dependent upon the
net discharging current from node VL during a write access; an increase in the Vt of devices AL and NL,
or a decrease in the Vt of device PL, reduces the net discharging current from node VL, increasing the
write time. The write time can also be increased if the Vt of devices AR and PR are increased while the
Vt of device NR is decreased, which will reduce the trip-point of the inverter between these devices [23].
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Chapter 3

Analysis of Subthreshold CMOS SRAM
Bitcells
Now that we have looked at the trade-offs to voltage scaling, decreased power and stability, we will look
at design mechanisms subthreshold SRAM designers have introduced as compromises between these
trade-offs. As previously stated, the key motivation for supply voltage scaling in subthreshold CMOS
design is the power savings that scaling offers. Much of the CMOS SRAM bitcell designs that have
been proposed are to find an optimal point of compromise where the power savings offered by voltage
scaling is still highly beneficial, but the reduced degradation of SNM values is acceptable. The first
optimization compromise is device up-sizing, defined as increasing the area of the bitcell by introducing
more transistors to limit the leakage paths and sources of static noise possible within the bitcell. Device
up-sizing offers an increase in stability at the cost of increase circuit area, delay, and power. Optimizing
for stability and low power are the focus of this work, not high performance.
We will start by defining a mechanism as a design option, implemented by adding additional devices
to a bitcell, that is meant to find an optimal point between the trade-offs of voltage scaling. The result
of this definition is that it includes mechanisms that are outside the bitcell, typically implemented as
inter-bitcell optimizations within the bitcell array, the wordline path, or the bitline path. Inter-bitcell
optimizations are often signal boosting circuits that do not optimize the bitcell. Examples of such
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inter-bitcell mechanisms implemented to boost SNM are virtual ground (VGND) schemes [29, 31, 32],
sense-amplifiers [31–35], and boosted wordline schemes [31, 32, 36]. It should be noted that for the RFonly implementations and comparisons presented in Chapter 3, inter-bitcell mechanisms are discussed
but omitted from this work for simplicity. This work instead focuses on primarily optimizing the bitcell
itself, or intra-bitcell optimizations.
Selected bitcells where chosen for simulation in an IBM 0.13 µm bulk CMOS process. Simulations
for both the DC regime and the RF-only regime were performed so that both performance and stability
could be compared for both the DC regime and the RF-only regime. A data speed of 100 kHz was
targeted as a metric for proper performance for this work. To understand how voltage scaling in the RFonly regime would effect power, noise margins, and performance, each bitcell was compared to itself
for operation in both DC and RF-only. For analysis in the RF-only regime, simulations were performed
that varied the RF signal’s strength from 160 mVpp to 800 mVpp , and its frequency from 13.57 MHz to
915 MHz, as these are common supply frequencies for sensors and RFID tags.
Much of the results presented in this chapter, including all of the butterfly curves, are for a DC
supply voltage of 250 mV and a peak-to-peak RF supply voltage of 250 mV, at a supply frequency of
100 MHz. Most subthreshold SRAMs are reported on for the lowest possible supply voltage in which
proper functionality and stability are seen. This differs from bitcell to bitcell, and comparing bitcells’
SNM values for operation at differing voltages does not present a straight forward analysis. The chosen
value of 250 mV was within the range of all bitcells compared for proper functionality and stability when
operating in subthreshold. The supply frequency of 100 MHz was chosen as an acceptable frequency
within the full range of frequencies some experiments were ran for. There are many low-power, low
data-rate applications that appear around the 100 MHz frequency range, including remote keyless entry
and automatic meter reading [37]. The supply frequency of 100 MHz was also chosen for its acceptable
speed in simulation.
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Figure 3.1: The 10-T subthreshold SRAM utilizing a data-independent read path presented by Kim et
al. [29].

3.1
3.1.1

Mechanism 1: Data-Independent Read Path
10-T

Kim et al. [29] presents a voltage scaled 10-T subthreshold bitcell capable of proper functionality at
voltages as low as 200 mV (as shown in Fig. 3.1). The key intra-bitcell mechanism introduced by Kim
is a data-independent read path isolated from the inner storage nodes of a basic 6-T SRAM bitcell. Fig.
3.2 shows the bitcell presented by Kim modified for the Rf-only regime. Six RF supply-transistors are
added to the design: S1, S2, S3, and S4 are added to the inner storage nodes; S5 and S6 are added to the
data independent read path. Capacitors are placed on the inner storage nodes, VL and VR.
Fig. 3.1 shows that the inner storage nodes are decoupled from the read bitline, which aids to boost
the hold mode SNM during a read access. A read access occurs when the RWL signal is asserted, and
RBL is conditionally discharged through the pull-down devices, R1 through R3. The value on storage
node VR determines if RBL is discharged or remains constant at the pre-charged value [29]. If a read
access is not occurring, RWL signal is low and the node above R2 is held at Vsupply as leakage flows
from supply to RBL, completely independent of the data being stored on the internal storage nodes.
This allows for larger array sizes for a single bitline.
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Figure 3.2: Modified implementation of the bitcell utilizing a data-independent read path, proposed
in [29], for operation in the subthreshold RF-only regime.

The second mechanism introduced by Kim et al. [29] is an inter-bitcell optimization is a VGND
Replica Scheme that provides the maximum sensing margin on the bitlines. The role of the VGND
Replica Scheme is to track the logic ‘0’ level to balance the strength between pull-up and pull-down
devices, maintaining the trip-point of the inverters on the storage nodes at a consistent VDD /2. Keeping
the trip-point of the inverters consistent aids in stabilizing read and write access SNM.
A third mechanism, the write driver, is also introduced by Kim et al. [29] to solve the pseudo-write
problem of conventional 6-T bitcell designs. The pseudo-write problem occurs when bitcells part of an
unselected word, sharing the same WWL signal as the word selected, undergo an unintended write while
the bitlines are precharged. The write driver utilizes a writeback path, taking input from the bitcell, to
re-write the correct data to that bitcell. A different write driver is required for every column in the bitcell
array.
The bitcell presented by Kim et al. [29] also utilize the reverse short channel effect (RSCE) in the
subthreshold region of operation to improve write access SNM without having to boost the voltage on
the wordlines. They achieve this by increasing the length of the access devices AL and AR up to 3X the
minimal value. This enables a stronger drive current to boost write access SNM.
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The butterfly curves representing both hold static noise margin (HSNM) and read static noise margin
(RSNM) are shown in Fig. 3.3 for the bitcell presented by Kim et al. [29], for both the DC and RF-only
regimes for set supplies of 250 mV in DC and 250 mV peak-to-peak in RF. For DC, HSNM for this
bitcell is 65 mV, with a 15% decrease when converting to the RF-only regime, where HSNM is 55 mV,
shown in Figures 3.3a and 3.3b. RSNM for this bitcell in DC is 64 mV, with a 14% decrease when
converting to the RF-only regime, where RSNM is 55 mV, shown in Figures 3.3c and 3.3d. Fig. 3.3e
and 3.3f show the write static noise margin (WSNM) curves for this bitcell. The conversion from the
DC regime to the RF-only regime shows a 23% increase in write ability for this bitcell.

3.1.2

8-T

An 8-T subthresdhold SRAM bitcell also utilizing the RSCE is presented by Kim et al. [35], shown in
Fig. 3.4. This bitcell resembles the 10-T presented almost identically, using a traditional 6-T SRAM
cell structure for data storage and write access mode, but only utilizing two NMOS devices for read
path that is isolated from the storage cell. This isolated read path reads out the inverted state of storage
node QR on to a read bite line (RBL). The write access devices, AL and AR, utilize a 3X longer channel
length, which offers a 2.4X higher drive current for better write ability at the cost of stability on storage
node QL [35]. The read access devices, R1 and R2, utilize a 2X longer channel length, which improves
the read speed without a huge cell area penalty [35].
Kim also introduces other inter-bitcell mechanisms to increase stability of the overall SRAM array,
including a write-back scheme to increase stability on storage node QL, and a marginal bitline leakage
compensation (MBLC) scheme to compensate for leakage on the read bitline of unaccessed cells in
hold mode by working to reduce the trip point of the sense amplifier when reading out a ‘0’. The
compensation current of the MBLC is provided by a replica bitline circuit. To reduce leakage even
further, RBL is not precharged but left floating when the read wordline (RWL) is not asserted. As
well, the write bitlines, WBL and WBLB, are also left floating when the write wordline (WWL) is not
asserted. This floating bitline scheme is capable of reducing leakage by as much as 60% as compared
to the pre-charging scheme [35]. Utilizing virtual supply (VDD C) and virtual ground (VSSC) rails for
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(a) HSNM at VDD = 250 mV.

(b) HSNM at VRF = 250 mVRMS .

(c) RSNM at VDD = 250 mV.

(d) RSNM at VRF = 250 mVRMS .

(e) WSNM at VDD = 250 mV.

(f) WSNM at VRF = 250 mVRMS .

Figure 3.3: The buttefly graphs representing SNM “best fitting square” method for the bitcell presented
by Kim et al. [29] for both the DC and RF-only regimes. VRF frequency set at 100 MHz. Fig. 3.3a shows
a DC HSNM of 65 mV, while Fig. 3.3b shows a RF HSNM of 55 mV. Fig. 3.3c shows a DC RSNM of
64 mV, as Fig. 3.3d shows a RF RSNM of 55 mV. Fig. 3.3e shows a DC WSNM of 91 mV, as Fig. 3.3f
shows a RF WSNM of 112 mV.
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Figure 3.4: 8-T subthreshold SRAM utilizing RSCE and an data-independent read path, proposed by
Kim et al. [35].

the entire SRAM array, Kim also implements a deep sleep mode which keeps individual bitcell voltages
constant by raising both VDD C and VSSC during deep sleep. Raising both signals not only keeps the
voltages constant, but reduces leakage during deep sleep, and maintains the same SNM as if in active
mode [35].
The final mechanism implemented by Kim et al. in [35] is an automatic wordline pulse width control
mechanism. The purpose of this mechanism is to raise the RBL signal only long enough for the read
access to complete, thus reducing RBL leakage and total power consumption. This mechanism utilizes
a replica bitline to generate a wordline pulse long enough for the sense amplifier to accurately capture
the data being read out. An eight FO1 inverter delay chain is also implemented with this mechanism to
ensure enough timing margin for a correct read access despite process variations that may alter bitcell
current as much as 50% [35].

3.2

Mechanism 2: Schmitt Trigger Based Storage Node

Kulkarni et al. [38] have presented a Schmitt trigger based differential 10-T subthreshold SRAM bitcell
capable of operating below 200 mV with reduced leakage and power. The focus of the Schmitt trigger
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Figure 3.5: Subthreshold SRAM utilizing a modified 4-T Schmitt trigger storage node, as proposed by
Kulkarni et al. [38].

design is to enhance the stability of the inverters of the bitcell for low voltage operation by increasing or
decreasing the trip point of the inverters depending upon the direction of the input transition, utilizing
the positive feedback from the devices NFL and NFR, shown in Fig 3.5 [38]. Compared to the standard
6-T Schmitt trigger based inverter, shown in Fig. 3.6a, Kulkarni utilizes a modified 4-T Schmitt trigger
based inverter, shown in Fig. 3.6b, that eliminates the feedback mechanism for the pull-up path. If the
storage node VL is storing a ‘1’ during a read access and if the voltage at storage node VR rises higher
than the trip point of the inverters, then VL will flip its state to ‘0’, resulting in a destructive read. To
avoid this, and improve read SNM, the feedback mechanism utilizing devices NR2 and NFR will raise
the voltage at the node above NR2 and increase the switching threshold of the inverter holding node VL
at ‘1’ [38].
The modified Schmitt trigger mechanism increases the write ability of the bitcell as well, enabling
a high write-trip-point for the transition of state ‘0’ to state ‘1’ [38]. Assuming that storage node VL is
in state ‘0’ when a write access begins, device PL is on as the bitline BR is kept high and the WL signal
is raised. The voltage on storage node VL is determined by the devices PL and AXL as storage node
VL is transitioning to state ‘1’ with a reduced pull-down transistor strength due to series stacked NMOS
devices, NL1 and NL2; thus there is no feedback during the transition from state ‘1’ to state ‘0’ on that
node. The differential nature of the Schmitt trigger design also encourages a strong tolerance to process
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(a) 6-T Schmitt Trigger

(b) 4-T Schmitt Trigger

Figure 3.6: Comparison of Schmitt trigger inverters.
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Figure 3.7: Modified version of the SRAM bitcell utilizing a robust Schmitt trigger storage node, proposed in [38], for operation in the subthreshold RF-only regime.

variation, as well as technology and voltage scaling [38].
Fig. 3.7 shows the bitcell proposed by Kulkarni et al. [38] modified for the RF-only regime. Six RF
supply-transistors are added to the bitcell: S1, S2, S3, and S4 are added to the inner storage nodes, while
S5 and S6 are added to the feedback mechanisms. Storage capacitors are placed on the inner storage
nodes, VL and VR, to hold the data when the RF supply voltage is alternating between phases.
The butterfly curves representing both HSNM and RSNM for the “best fitting square” method are
shown in Fig. 3.8 for the bitcell presented by Kulkarni et al. [38] for both the DC and RF-only regimes.
Fig. 3.8 is for set supplies of 250 mV in DC and 250 mVpp in RF, with the VRF frequency set at 100 MHz.
For DC, HSNM for this bitcell is 23 mV, with a 22% increase when converting to the RF-only regime,
where HSNM is 28 mV, shown in Figures 3.8a and 3.8b. RSNM for this bitcell in DC is 35 mV, with a
11% decrease when converting to the RF-only regime, where RSNM is 31 mV, shown in Figures 3.8c
and 3.8d. Fig. 3.8e and 3.8f show that write ability for this bitcell stays constant during the conversion
from the DC regime to the RF-only regime. This increase in hold stability and consistency of write
ability shows that stability and low power CMOS circuits in the RF-only regime are possible, but the
decrease in read ability shows that trade-offs must still be made.
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(a) HSNM at VDD = 250 mV.

(b) HSNM at VRF = 250 mVRMS .

(c) RSNM at VDD = 250 mV.

(d) RSNM at VRF = 250 mVRMS .

(e) WSNM at VDD = 250 mV.

(f) WSNM at VRF = 250 mVRMS .

Figure 3.8: The buttefly graphs representing SNM “best fitting square” method for the bitcell presented
by Kulkarni et al. [38] for both the DC and RF-only regimes. VRF frequency set at 100 MHz. Fig. 3.8a
shows a DC HSNM of 23 mV, while Fig. 3.8b shows a RF HSNM of 28 mV. Fig. 3.8c shows a DC
RSNM of 35 mV, as Fig. 3.8d shows a RF RSNM of 31 mV. Fig. 3.8e shows a DC WSNM of 137 mV,
as Fig. 3.8f shows a RF WSNM of 137 mV.
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Figure 3.9: How the feedback path of the auto-compensation bitcell boosts hold SNM by boosting the
node storing a ‘0’. Original image presented by Chang and Hwang [32].

3.3

Mechanism 3: Auto-Compensation

The fully-differential, 10-T subthreshold SRAM bitcell presented by Chang and Hwang [32] utilizes
a modified version of the feedback system to implement an auto-compensation mechanism to boost
hold SNM. During hold mode, the WL2 signal is held high while the WL1 signal and VGND is held
low, allowing for the formation of a current path to ground that enhances the pull-down strength of the
storage node holding the ‘0’ value. This current path flows from the storage node, VL or VR, through
its associated access device, AL1 or AR1, and read/auto-compensation device, RL or RR, to VSS . How
this version of the feedback system works to keep the node storing ‘0’ grounded is shown in Fig. 3.9.
Shown in Fig. 3.10, the storage nodes are isolated from the bitlines for increased stability during a read
access. For better write ability, VGND is raised to Vsupply during a write access to weaken the bitcells
data retention ability.
Fig. 3.10 shows the bitcell proposed by Chang and Hwang [32] modified for the RF-only regime.
Six RF supply-transistors are added to the bitcell: S1, S2, S3, and S4 are added to the inner storage
nodes, while S5 and S6 are added to the differential read mechanisms. Capacitors are placed on the
inner storage nodes, VL and VR, to hold the data when the RF supply voltage is alternating between
phases.
The butterfly curves for both HSNM and RSNM for “best fitting square” method are shown in Fig.
3.11 for the bitcell presented by Chang and Hwang [32] for both the DC and RF-only regimes. Fig.
3.11 is for set supplies of 250 mV in DC and 250 mVpp in RF, with the VRF frequency set at 100 MHz.
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Figure 3.10: Modified version of the bitcell utilizing an auto-compensation mechanism, proposed by
Chang and Hwang [32], for operation in the subthreshold RF-only regime.

For DC, HSNM for this bitcell is 60 mV, with a 7% decrease when converting to the RF-only regime,
where HSNM is 56 mV, shown in Figures 3.11a and 3.11b. RSNM for this bitcell in DC is 61 mV, with
a 7% decrease when converting to the RF-only regime, where RSNM is 57 mV, shown in Figures 3.11c
and 3.11d. Due to the feedback and VGND scheme implemented in this bitcell, the WSNM test used
in this work could not produce a butterfly curve that presented useful information for this bitcell. The
decrease in read and hold SNM show that this auto-compensation scheme, and the VGND scheme, does
not convert beneficially to RF. These schemes rely that there be a solid ground rail to refresh the node
holding the logical ‘0’. In RF, the ground rail is replaced the RF supply signal, which alternates between
a positive and negative phase. Depending on when the RF supply signal is referenced, the swing of the
node holding the logical ‘0’ could be weakened, or the bit flipped completely.

3.4

Mechanism 4: Bit-Interleaving

Chang et al. [31] propose a 10-T SRAM bitcell which utilize several mechanisms to boost SNM while
maintaining low power, including: additional access devices, a fully differential read, wordline boosting,
and a VGND scheme. Chang introduces additional access devices to solve the pseudo-write problem,
as well as to reduce the probability of multiple-bit soft errors. As defined earlier, the pseudo-write
problem occurs when bitcells in unselected columns share wordlines with the selected cells on a row.
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(a) HSNM at VDD = 250 mV.

(b) HSNM at VRF = 250 mVRMS .

(c) RSNM at VDD = 250 mV.

(d) RSNM at VRF = 250 mVRMS .

Figure 3.11: The buttefly graphs representing SNM “best fitting square” method for the bitcell presented by Chang and Hwang [32] for both the DC and RF-only regimes. VRF frequency set at 100 MHz.
Fig. 3.11a shows a DC HSNM of 60 mV, while Fig. 3.11b shows a RF HSNM of 56 mV. Fig. 3.11c
shows a DC RSNM of 61 mV, as Fig. 3.11d shows a RF RSNM of 57 mV.
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Figure 3.12: The Subthreshold SRAM utilizing a bit-interleaving scheme, as proposed by Chang et
al. [31].

When the wordline signal goes high while the bitlines are still precharged, the unselected bits undergo
a degradation of hold stability, and a stored ‘1’ state can be flipped to the ‘0’ state. The probability of
multiple-bit soft errors is due to concentrated ionized radiation that may be focused on a single bitcell,
but also possibly affecting adjacent bitcells, during processing [39]. This 10-T bitcell utilizes two access
devices to each storage node, as shown in Fig. 3.12 as AL1 and AL2 for storage node QL, and as AR1
and AR2 for storage node QR. The WL signal is shared by cells in row, while the WWL signal is shared
by cells in a column. Both signals, WL and WWL, are required for a write to occur, and leave the inner
storage node isolated from the precharged bitlines if both signals are not set, preventing pseudo-writes
and enabling higher hold SNM for an unselected cell in a row selected for write access mode. This
enables higher hold SNM for an unselected cell in a row selected for write access mode, and allows for
the implementation of bit-interleaving error checking to compensate for soft errors [31].
During a read access, the leakage current through the unselected bitcells storing complementary
states to the selected bitcell can impede a successful read access. To compensate for this, the additional
access devices isolating the storage nodes, QL and QR, from the bitlines also help enable a fully differential read scheme. The WL signal is set, the WWL signal is kept low, and the VGND signal is
grounded. The voltage on the inner storage nodes will determine which of the two read devices, NL or
NR, will be on, placing a logical ‘0’ on the connected bitline, and which will be off, allowing for the
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pre-charged bitline to remain high [31]. These additional access devices are thus capable of boosting
read SNM and write SNM, but at the cost of additional area and reduced write ability. To compensate for this weakened write ability, the wordlines voltages are boosted by 33% of VDD [31]. This is
achieved using cross-coupled inverters for each column in the bitcell array to implement a write driver.
The leakage of the write driver also reduces the swing on the bitline, thus transistor stacking is used to
reduce the leakage current. This write driver is capable of yielding a seemingly negligible degradation in
write stability and ability when boosting 100mV [31]. Boosted wordline techniques also boost the drive
strength of the write access transistors during a pseudo-write in column-muxed array architectures, thus
negating the increased write access SNM and process tolerance with decreased read access SNM [35].
During a read access, WL is high, WWL is low, and the VGND signal is grounded; devices AL2
and AR2 are on, and devices AL1 and AR1 are off. Assuming storage node QL is in state ‘1’, device
NL will be on, and the bitline BL will discharge; meanwhile, storage node QR is in state ‘0’ and device
NR is off, thus bitline BR cannot discharge. The fully differential read thus reads out the inverted value
from the bitcells storage nodes [31]. During both hold mode and write access mode, the VGND signal
is set to VDD . This helps to boost hold SNM for the storage node in the ‘1’ state, since device NL/NR
will be on and the associated access devices will be off. During the write access, keeping the VGND
signal set high helps boost write ability by decreasing the bitcells stability, enabling a faster upset of the
inverters [31].
Fig. 3.13 shows the bit-interleaving bitcell modified for operation in the RF-only regime. The
butterfly curves for both HSNM and RSNM are shown in Fig. 3.14 for the bitcell presented by Chang
et al. [31] for both the DC and RF-only regimes. Fig. 3.14 is for set supplies of 250 mV in DC and
250 mVpp in RF, with the VRF frequency set at 100 MHz. For DC, HSNM for this bitcell is 61 mV,
with a 31% decrease when converting to the RF-only regime, where HSNM is 43 mV, shown in Figures
3.14a and 3.14b. RSNM for this bitcell in DC is 63 mV, with a 46% decrease when converting to the
RF-only regime, where RSNM is 34 mV, shown in Figures 3.14c and 3.14d. The bit-interleaving and
VGND mechanisms implemented in this bticell rely on the boosting the voltage of the wordline before
read and write accesses. Since wordline boosting was not implemented for this bitcell in the RF-only
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Figure 3.13: Modified version of the subthreshold SRAM utilizing a bit-interleaving mechanism and
a differential read scheme, proposed by Chang et al. [31], for operation in the subthreshold RF-only
regime.

regime, this could be the cause of such high degradation in read and hold SNM values.
The VTC curves representing the WSNM “best fitting square” method for the bitcell presented by
Chang et al. [31] is shown in Fig. 3.15. Two sets are shown: one for which VGND is high, and one for
which VGND is low. Chang et al. present raising VGND to VDD in order to decrease the hold stability
and increase write ability during a write access, which is done via inter-bitcell logic per column in the
overall SRAM [31]. Such an operation presents an almost ideal write ability for the proposed bitcell.
For this work, this was compared to leaving VGND low during the write to show a non-ideal WSNM
value. In the DC regime, setting VGND high during the write access increase write ability 2.13X; while
in the RF-only regime, setting VGND high during the write access increases write ability 2.22X. Though
this additional logic will slightly increase power consumption, further investigation into this inter-bitcell
logic is advisable for future work into increasing write ability.
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(a) HSNM at VDD = 250 mV.

(b) HSNM at VRF = 250 mV.

(c) RSNM at VDD = 250 mV.

(d) RSNM at VRF = 250 mV.

Figure 3.14: The buttefly graphs for the bitcell presented in [31]. VRF frequency is set at 100 MHz.
Fig. 3.14a shows a DC HSNM of 62 mV, while Fig. 3.14b shows a RF HSNM of 43 mV. Fig. 3.14c
shows a DC RSNM of 63 mV, as Fig. 3.14d shows a RF RSNM of 34 mV.

3.5

Mechanism 5: Self-Adaptive Leakage Cutoff

Na et al. [36] explain that due to the exponential sensitivity subthreshold current has on threshold voltage, relying on sizing ratios with linear sensitivities for determining strength ratios and stability under
process variation is impractical; instead, they propose a 12-T subthreshold SRAM bitcell that utilizes
the differential read scheme and the auto-compensation mechanism, as well as a self-adaptive leakage
cut off scheme.
Shown in Fig. 3.16, transistors P1, P2, N1, N2 form the standard cross-coupled inverters; and
transistors N3, N4, N5, N6 are access devices utilizing two different wordline signals, which aid in
increasing read stability and eliminating the pseudo-write problem [36]. The remaining devices, N7, N8,
P3, and P4, are used to implement two buffers for isolating and protecting the stored data during a read
access operation. The self-adaptive leakage cut off scheme, implemented with the devices P3 and P4,
minimizes leakage energy dissipation from the bitcell without affecting dynamic power dissipation and
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(a) WSNM of 250 mV.

(b) WSNM of 224 mV.

(c) WSNM of 116 mV.

(d) RSNM of 101 mV.

Figure 3.15: The VTC curves for WSNM for the bitcell presented by Chang et al. [31]. For DC regime,
VDD is set at 250 mV. For RF-only regime, VRF is set to 250 mVRMS at a frequency of 100 MHz. For
Fig. 3.15a and 3.15b, VGND is set high. For Fig. 3.15c and 3.15d, VGND is set low.

Figure 3.16: Subthreshold SRAM utilizing a self-adaptive leakage cut off scheme, as proposed by Na
et al. [36].

access time. This is possible due to the decreased drain-to-source current devices P3 and P4 experience
due to the effects nodes QL and QR have on their Vgs , Vsb , and VT values.
Devices N7 and N8 implement the differential read scheme, while the boosted wordline scheme
is implemented to increase the write ability of the bitcell [36]. Though it lacks the VGND signal im-
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Figure 3.17: Modified version of the bitcell utilizing a self-adaptive leakage cut off scheme, proposed
in [36], for operation in the subthreshold RF-only regime.

plemented by Chang and Hwang [32], the bitcell presented by Na implements an auto-compensation
mechanism in similar fashion to boost hold mode SNM: the WWL signal is held high while the WL
signal is held low, creating a current path to ground through either device N7 or N8; this is determined
by whichever storage node is in state ‘0’, but the current path will enhance the pull-down strength of
that storage node [36].
Fig. 3.17 shows the bitcell proposed by Na et al. [36] modified for the RF-only regime. Six RF
supply-transistors are added to the bitcell: S1, S2, S3, and S4 are added to the inner storage nodes,
while S5 and S6 are added to the differential read mechanisms. Capacitors are also placed on the inner
storage nodes. This bitcell was ruled out when it would not scale well with supply scaling. At an RF
voltage of 250 mVpp , it would not perform at a data speed of 100 kHz, and demonstrated an average
power twice of all the other circuits.
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Table 3.1: Simulated read, hold, and write access SNM values for implemented subthresdhold SRAM
bitcells, where DC VDD is 250 mV and VRF is 250 mVpp , 100 MHz.
Cell
Data-Indp. Read
Schmitt Trigger
Auto-Compensation
Bit-interleaving

3.6

DC Read
64 mV
35 mV
61 mV
63 mV

RF Read
55 mV
31 mV
57 mV
34 mV

DC Hold
65 mV
23 mV
60 mV
62 mV

RF Hold
55 mV
28 mV
56 mV
43 mV

DC Write
91 mV
137 mV
247 mV

RF Write
112 mV
137 mV
224 mV

Comparison of RF-only Bitcells

Of the several different bitcells with intra-bitcell mechanisms introduced to increase noise stability in
the bitcell for subthreshold operation, four bitcells were effectively implemented and thoroughly investigated for operation in a subthreshold RF-only regime. These bitcells include the 10-T subthreshold
SRAM bitcell with the data-independent read path proposed by Kim et al. [29], the Schmitt trigger based
differential 10-T subthreshold SRAM bitcell proposed by Kulkarni et al. [38], the fully-differential, 10T subthreshold SRAM bitcell utilizing feedback-based auto-compensation to boost hold mode SNM
proposed by Chang and Hwang [32], and the 10-T subthreshold SRAM bitcell utilizing bit-interleaving
compensation for soft errors proposed by Chang et al. [31]. Other bitcells were implemented but ruled
out for their inability to properly function at a supply voltage of 250 mVpp , with a data rate of 100 kHz.
Table 3.1 shows both the DC and RF-only SNM for read, hold, and write access modes for all
bitcells chosen for in-depth analysis in the RF-only regime. These results are from implementation
and simulation in an IBM 0.13 µm bulk CMOS process for a DC supply voltage of 250 mV and an RF
supply voltage of 250 mVpp at a supply frequency of 100 MHz. Table 3.1 shows that when converting
from the DC regime to the RF-only regime, read SNM decreases an average of 20%, and hold SNM
decreases an average of 18%. Table 3.1 also shows that on average, write noise margins vary by 10%
when converting from the DC regime to the RF-only regime. For some bitcells, write SNM increased,
and for others, it decreased.
As the RF operating voltage is scaled from 500 mVpp to 300 mVpp , all bitcells simulated in RF show
a 10X or more decrease in data speed with a typical 3:1 sizing ratio between the PMOS and NMOS
devices. Table 3.2 shows the average power for each RF-only simulated bitcell for a long hold and read
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Table 3.2: Simulated average power for a long hold and read test bench designed for this work. RF
supply voltages given in peak-to-peak values, at a frequency of 100 MHz.
VRF
250 mVpp
225 mVpp

Data-Indp. Read
0.957 nW
0.582 nW

Schmitt Trigger
1.335 nW
0.705 nW

Auto-Compensation
0.926 nW
0.522 nW

Bit-Interleaving
0.368 nW
0.228 nW

Table 3.3: Simulated average power for a routinely write and brief hold test bench designed for this
work. RF supply voltages are given in peak-to-peak values. The supply frequency is set to 100 MHz.
VRF
500 mVpp
400 mVpp
300 mVpp
250 mVpp
225 mVpp

Data-Indp. Read
30.54 nW
11.84 nW
2.454 nW
1.186 nW
0.654 nW

Schmitt Trigger
39.76 nW
13.73 nW
3.945 nW
1.353 nW
0.714 nW

Auto-Compensation
15.82 nW
17.27 nW
3.868 nW
1.260 nW
0.689 nW

Bit-Interleaving
50.81 nW
10.24 nW
1.571 nW
0.583 nW
0.301 nW

test designed to see how low the supply voltage could be scaled while maintaining proper operation at
a data speed of 100 kHz. At an operating voltage of 225 mVpp , all four investigated bitcells from Table
3.3 simulated with correct functionality at a data speed of 100 kHz. For 1 ms, the bitcell was read from
every 100 µs and the wave form was monitored to guarantee proper operation, i.e. that the data was
read out correctly without disruption to the stored cell or excessive leakage on the bitlines that resulted
in complete degradation of value being read out. Table 3.3 shows the average power for each RF-only
simulated bitcell for a routinely write and briefly hold test bench written for this work. It could be
considered that for most possible applications an RF-only subthreshold SRAM would be implemented
in, the write speed could be slowed down to reduce power, or the write access could be implemented to
span for multiple cycles to maintain a low write power process. This idea would be true if writes only
occur once every so often and not routinely. Reads, though, even if the time between reads is longer
than the time between writes, would need to be fast. That is why a data speed of 100 kHz was chosen as
a metric for proper functionality in this work. For simplicity, write speed is bound by the same metric
as read speed for this work. This routinely write and briefly hold test bench implements a write access
roughly every 500 ns for 1 ms. The wave form was watched to guarantee proper write operation on the
bitcell within the 100 ns time frame.
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Figure 3.18: Layout of the Data-Indp. Read Path: two bitcells with supply rails.

Table 3.3 shows that as the supply voltage is cut in half from 500 mVpp to 250 mVpp , power scales
down an average of 97%. Decreasing further to 225 mVpp , power scales down another average of
45% from the observed values at 250 mVpp . This decrease in power directly impacts the decrease
in stability, as Tables 3.1, 3.2, and 3.3 show. Leakage impacts the cells significantly, as going from
500 mVpp to 250 mVpp shows an average decreases of 58% and 50% in hold and read access SNM
values, respectively.

3.6.1

Layout

Fig. 3.18 shows the final implementation of the subthreshold SRAM bitcell utilizing a data-independent
read path for the RF-only regime. This implementation is optimized for area for two bitcells, each with
a single storage capacitor on node VL of the inner storage device. By optimizing for two bitcells, the
capacitors are stacked on one another with minimal distance between them. Each cell is outlined by a
black box, and the storage capacitor for each bitcell can be seen within the center of the design. The final
area for two bitcells of this implementation, not including the supply rails shown, is 15.51 µm x 8.61 µm,
including the storage capacitors, implemented in an IBM 0.13 µm bulk CMOS process. Fig. 3.19 shows
the final implementation of the subthreshold SRAM bitcell utilizing the bit-inerleaving meachanism
for the RF-only regime, with an area of 7.48 µm x 9.94 µm for a single bitcell including the storage
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Figure 3.19: Layout of the Bit-Interleaving bitcell: a single bitcell with supply rails.

Table 3.4: Comparison of sizes of layout implemented RF-only bitcells, not including supply rails.
Cell
Data-Indp. Read Path
Bit-Interleaving
Auto-Compensation

Width
6.59 µm
7.48 µm
3.57 µm

Height
8.61 µm
9.94 µm
18.63 µm

Total Area per Cell
56.77 µm2
74.35 µm2
66.51 µm2

capacitors for both nodes of the inner storage device. Fig. 3.20 shows the final implementation of the
subthreshold SRAM bitcell usilizing the auto-compensation mechanism for the RF-only regime, with
an area of 3.57 µm x 18.63 µm for a single bitcell including the storage capacitors for both nodes of the
inner storage device. Table 3.4 shows a summary and comparison of the areas of these layouts.

3.6.2

Process Corners

Another area of interest is how process variation effects power and performance in the RF-only regime.
Since process variations effect individual devices in a given area differently, altering the performance
of each device uniquely, this effects the performance of the entire logic circuit that falls into that area.
Timing is a critical component of sequential logic, and an area of a design that can be must susceptible
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Figure 3.20: Layout of the Auto-Compensation bitcell: a single bitcell without supply rails.
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to process variations. Clock skew is the various, random variations of the clock edge that can be seen
at various points in the logic that should all be seeing an identical clock edge, and is often caused by
delay variations between devices introduced by process variations during manufacturing [40]. These
variations in device speed alter other logic design metrics, such as set-up time, hold time, and critical
path estimation as a result of the random clock skew. Set-up time can be defined as the point at which
data should no longer change before the clock edge, and hold time can be defined as the time frame
after the clock edge in which data should not change [40]. Set-up time and hold time are used for
estimating the critical path for establishing a minimal clock period for highest performance. As device
switching speeds vary, and clock skew worsens, estimation of these metrics becomes more complicated,
as it becomes unclear that for all process variations, data will change when it should for correctness of
the logic. As a solution to this, it is often common for acceptance of larger clock periods than desired to
guarantee correctness of the logic across the various process corners.
To examine the impact of process variations on SRAM bitcells in the subthreshold RF-only regime,
the bitcells were simulated with varying RF operating voltages and supply frequencies over the various
process corners of a IBM 0.13 µm bulk CMOS process, and the wave forms were studied to see if read,
hold, or write access errors occurred. The five process corner of interest are the slow-slow, fast-fast,
slow-fast, fast-slow, and typical-typical. The slow-slow (ss) process corner exemplifies the projected
slowest switching speeds the transistors in the process could experience due to process variations [25],
where the fast-fast (ff) process corner for simulation exemplifies the projected fastest switching speeds
the transistors in the process could experience due to process variations. Typical-typical (tt) is the
average, and most typically seen, switching speeds of the devices. Much of the results provided in this
work - including the butterfly curves shown in Fig. 3.2-3.15 and Tables 3.1-3.3 - is for the typicaltypical process corner. The slow-fast (sf) and fast-slow (fs) process corners are additional simulations
metrics provided in the IBM 0.13 µm bulk CMOS process used to exemplify the event of slow devices
interacting with fast devices due to process variations. The sf and fs process corners exemplify how
gates next to each other could show dramatically different delays, as well as see dramatically different
clock edges, which could lead to rapid data inconsistencies.
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Table 3.5: Comparison of the average power for the Data-Independent Read Path, Auto-Compensation,
and Bit-Interleaving RF-only bitcells for an RF supply voltage of 200 mVpp , 13.57 MHz, across an IBM
0.13 µm bulk CMOS process corners.
Cell
Data-Indep. Read
Auto-Compensation
Bit-Interleaving

ss
532.8 pW
461.4 pW
105.5 pW

tt
819.8 pW
889.5 pW
148.9 pW

ff
1.783 nW
2.119 nW
286.0 pW

sf
591.1 pW
693.3 pW
137.8 pW

fs
1.299 nW
1.349 nW
211.0 pW

For the process corner simulations, a test bench which incorporated writes, reads, and long holds
was designed, with a data speed of 100 kHz, and was ran over an RF supply voltage between 200 mVpp
and 350 mVpp , varying the supply frequency between 13.57 MHz and 915 MHz. From Tables 3.2 and
3.3, we can see that the Schmitt trigger bitcell continuously demonstrated high power than the other
bitcells simulated, and from Table 3.1, we can see the Schmitt trigger bitcell showed lower read and
hold access SNM values than the other bitcells simulated, though it showed better write access SNM
than one other bitcell. Because of these results, the Schmitt trigger bitcell was omitted from the extensive
simulations ran for the process corner work, though consideration for use of the Schmitt trigger storage
node without the differential read mechanism implemented in [38] is recommended because of the
higher write margins associated.
Table 3.5 shows the average power results across the IBM 0.13 µm bulk CMOS process for an RF
supply voltage of 200 mVpp , 13.57 MHz, across an IBM 0.13 µm bulk CMOS process corners. Table 3.5
shows that at lower supply frequencies, average power tends to differ 1 nW between bitcells: 1.25 nW
for the data-independent read path bitcell, 1.657 nW for the auto-compensation bitcell, and 0.181 nW
for the bit-interleaving bitcell. Table 3.6 shows the average power results for an RF supply voltage of
200 mVpp , 100 MHz. Table 3.6 shows that at average supply frequencies, average power tends to differ
10.5 nW: 3.371 nW for the data-independent read path bitcell, 23.845 nW for the auto-compensation
bitcell, and 4.359 nW for the bit-interleaving bitcell. Table 3.7 shows the average power results for an
RF supply voltage of 200 mVpp , 915 MHz. Table 3.7 shows that at higher supply frequencies, average
power tends to differ 10 nW: 11.474 nW for the data-independent read path bitcell, 13.862 nW for the
auto-compensation bitcell, and 4.337 nW for the bit-interleaving process. These results show that as the
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Table 3.6: The average power for the Data-Independent Read Path, Auto-Compensation, and BitInterleaving RF-only bitcells for an RF supply voltage of 200 mVpp , 100 MHz, across an IBM 0.13 µm
bulk CMOS process corners.
Cell
Data-Indep. Read
Auto-Compensation
Bit-Interleaving

ss
1.188 nW
25.734 nW
295.6 pW

tt
1.979 nW
1.890 nW
4.655 nW

ff
4.554 nW
3.583 nW
1.012 nW

sf
1.481 nW
2.129 nW
1.473 nW

fs
2.931 nW
2.420 nW
506.6 pW

Table 3.7: The average power for the Data-Indepentdent Read Path, Auto-Compensation, and BitInterleaving RF-only bitcells for an RF supply voltage of 200 mVpp , 915 MHz, across an IBM 0.13 µm
bulk CMOS process corners.
Cell
Data-Indep. Read
Auto-Compensation
Bit-Interleaving

ss
2.070 nW
27.371 nW
2.780 nW

tt
7.493 nW
5.256 nW
2.042 nW

ff
10.113 nW
2.876 nW
8.323 nW

sf
7.019 nW
8.488 nW
1.489 nW

fs
30.675 nW
25.319 nW
7.049 nW

supply frequency is increased, the average power consumed increases, as shown in Fig. 3.21 and Fig.
3.22. These results also show that as process variations increase device speed, as does average power
consumed and the probability for device failure. At which point, to continue to scale supply voltage,
data speed must be decreased as well.

3.6.3

Discussion of Results

Tables 3.3-3.6 show that on average, the differential read bitcell implementing bit-interleaving, proposed by Chang et al. [31], shows the lowest average power consumption in the subthreshold RF-only
regime, as well as the best noise immunity power-wise. The differential read bitcell implementing autocompensation bitcell, proposed by Chang and Hwang [32], is shown in Table 3.1 to have the largest read
and hold access SNM values, but with higher average power consumption as shown in Tables 3.2 and
3.3. But to obtain either low power and/or larger SNM values, these bitcells require several inter-bitcell
optimizations that require further investigation in the subthreshold RF-only regime, including word line
boosting and differential sense amplifiers that boost voltages on word lines to full swing or higher to
maintain high noise immunity. Such mechanisms were not fully investigated in this work, and the ef-
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(a) 13.57 MHz.

(b) 100 MHz.

(c) 915 MHz.

Figure 3.21: Changes in average power consumed per bitcell operation, in units of nW, over an IBM
0.13 µm bulk CMOS process corners for a VRF of 200 mVpp . Blue represents the data-independent read
path SRAM, red represents the auto-compensation SRAM, and green represents the bit-interleaving
SRAM.
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Figure 3.22: Changes in average power consumed per bitcell operation over an IBM 0.13 µm bulk
CMOS process corners for the RF frequency span of 13.57 MHz to 915 MHz. Blue represents the dataindependent read path SRAM, red represents the auto-compensation SRAM, and green represents the
bit-interleaving SRAM.
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fects of such circuits were implemented with ideal voltage sources or buffers, for example, in simulation.
Another example would be the attempt to mimic the effects of raising a VGND signal to VDD during a
write access in the RF-only regime. Instead of designing the storage node to reference bot phases of the
RF supply signal, needed for continual operation during both phases, all nodes that reference the supply
we set to reference only VRF +. This was attempted with the bit-interleaving scheme and the result was
an nonoperational bitcell in the RF-only regime. This was due to the fact that the circuit was on only
when the VRF + input was in its positive phase. As well, the VGND scheme is normally also enhanced
by boosting the signal to not just VDD , but a value slightly higher than VDD during a write access to further weaken the bitcell’s hold ability. As with boosting wordlines above supply, boosting VGND above
supply was not investigated in this work, since this would either require a second RF supply source at a
higher voltage (or forcing more voltage from the subthreshold RF signal itself). Such ideas merit further
research for RF-only but were not within the focus of this work.
Even intra-bitcell optimizations in these bitcells were shown to either have no boosting effect in
RF-only to SNM values. The auto-compensation mechanism proposed in [32] works by providing a
path to ground in the DC regime for the storage node holding a logical ‘0’ during hold mode, but this
path is instead a path to a phase RF supply signal in the RF-only regime. This presents an increase in
upsets to the stored value during long holds for this bitcell in the RF-only regime, as was observed. As
the RF supply signal transitions from low to high, the value at the drain of devices RL or RR is not a
absolute low, which instead works to raise the value on the node storing the logical ‘0’. The modified
Schmitt Trigger scheme proposed by Kulkarni et al. [38] utilizes a feedback mechanism to improve
read access SNM by raising the node above NL2 or NR2, depending on which node is storing a logical
‘1’, to increase the switching threshold of the inverter on the storage node holding the logical ‘1’. This
relies on positive feedback provided by the sources of devices NFL and NFR referencing the logical
‘1’ supply, VDD , in the DC regime. This is not the case in the RF-only regime, where the sources of
these devices are connected to RF supply transistors referencing a phase of the RF supply signal. The
RF signal could either be in a negative phase, or a phase to weak to power the circuit, when referenced,
prohibiting an increase in the switched threshold of the inverter on the storage node holding the logical
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‘1’, resulting in a flipped bit for the bitcell. This flipped bit scenario is also called a false-read.
Table 3.1 shows that the data-independent read path bitcell proposed by Kim et al. [29] is capable of
providing comparable read and hold access SNM values as the auto-compensation bitcell, and far better
margins than the bit-interleaving bitcell. Though, as Tables 3.2 and 3.3 show, the data-independent read
path bitcell generally consumes twice as much power as the bit-interleaving bitcell, its power is still
comparatively low, with larger SNM values, and no inter-bitcell devices were implemented alongside
it to achieve these results. Thus, for further investigation in the RF-only regime, the data-independent
read path bitcell was selected.
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Chapter 4

An 18-T RF-Only Subthreshold SRAM
Bitcell
The schematic of the proposed 18-T subthreshold RF-only SRAM bitcell based on the 10-T subthreshold
DC SRAM bitcell utilizing a data-independent read path proposed by Kim et al. [29] is shown in Fig.
4.1. Six RF supply-transistors, shown as SRF1 , SRF2 , SRF3 , SRF4 , SRF5 , and SRF6 , are added to the bitcell,
as shown in the previous chapter. These devices supply current from the RF signal to the digital circuit
when on, and help minimize leakage from the storage nodes when off [22]. Since the RF source is at
a higher frequency than the CMOS data rate, a capacitor is placed on the internal storage node VL to
preserve the partial computation during the dead time of the RF signal, when the RF voltage is too low
to power the circuit [22]. Since the data-independent read path performs the differential read - a read
that inverts the value stored on the node being read from - reads from node VL, there was no difference
in performance observed between assigning storage node VR a storage capacitor or not.
Two additional access transistors, AL2 and AR2, are added as a solution to the pseudo-write issue
instead of the row-dependent writeback scheme presented in [29]. Transistors AL2 and AR2 are asserted
by the second wordline signal, WWL2, which is asserted by the column decoder logic as compared to
signal WWL, which is asserted by the row decoder logic. To perform a write, both wordline signals,
WWL and WWL2, must be asserted as presented in [36].
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Figure 4.1: Proposed 18-T RF-only bitcell, modified from bitcell utilizing a data-independent read path
proposed in [29].

4.1

Operation

Presume that storage node VL currently holds a logical ‘0’. To write a logical ‘1’ to VL, signal WWL
and WWL2 are both raised high as to turn on access devices AL, AL2, AR, and AR2. The bitlines are
pre-charged when the device is not accessed, but BR will be discharged low for the write to occur. As
storage node VL charges, its associated inveter (PR and NR) will then break the data retention ability of
the cell, and flip the value stored on VR to a logical ‘0’. Signals WWL and WWL2 will then go low to
end the write.
To read a logical ‘0’ from the storage node VR, signal RWL is raised high. While RWL is low,
device R4 is on, charging node VA on the data-independent read path. RWL going high turns on devices
R1 and R3, and turns off device R4. Since VR is a logical ‘0,’ device R2 is off, and thus a differential
read occurs as the high voltage stuck on node VA is transferred on the read bit line, RBL. For the final
SRAM design, the signal that goes out of the SRAM array is inverted in the decode logic. RWL goes
low to end the read access.
To read a logical ‘1’ from the storage node VR, signal RWL is raised high. Since VR is a logical
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‘1,’ device R2 is on, and node VA and signal RBL are discharged low. For the final SRAM design, the
signal that goes out of the SRAM array is inverted in the decode logic. RWL goes low to end the read
access.

4.2

Simulation Results

Simulation of this bitcell shows that when operating below 250 mVpp , the leakage is minimal and the
capacitor is unnecessary. But when operating at higher voltages, such as above threshold, the leakage
during the RF dead time is high and the capacitor is required for proper functionality. PMOS devices
SRF1 and SRF3 are designed to alternate how each access the RF supply. VRF + is connected to SRF1 ’s
source and to SRF3 ’s gate, while VRF - is connected to SRF1 ’s gate and to SR3 ’s source. The NMOS
devices SRF2 and to SRF4 also alternate in how they access the RF supply. VRF + is connected to SRF2 ’s
gate and to SRF4 ’s source, while VRF - is connected to SRF2 ’s source and to SR4 ’s gate. This alternating
allows for evaluation of the logic circuit to continue during both positive and negative phases of the RF
signal by keeping the stored value valid during each opposing phase [22].
From simulation, the proposed bitcell is capable of proper functionality at an RF supply voltage as
low as 170 mVpp , with an average power of 1.659 nW at an RF supply voltage of 200 mVpp and supply
frequency of 100 MHz. At a VRF of 250 mVpp and a supply frequency of 100 MHz, the simulated hold
SNM value of the bitcell is 41.5 mV, shown in Fig. 4.2a. Fig. 4.2b shows a simulated read SNM of
44.6 mV, and Fig. 4.2c shows a simulated write SNM value of 90.3 mV. This is a decrease in the
hold, read, and write access SNM values by 25%, 19%, and 19%, respectively, as compared to direct
RF-only version of the bitcell presented in [29]. This decrease in SNM values results directly from the
addition of the access devices, AL2 and AR2, without adding differential access devices, which serves
to isolate the storage nodes during reads and holds. These devices were not added in this work since
reads are performed via the data independent leakage path from node VL, but with resulting harm to the
SNM values, showing that room for further work at optimization of an RF-only subthreshold SRAM
bitcell is needed. These results have been presented and published in the 2012 IEEE Subthreshold
Microelectronics Conference [41].
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(a) RF Hold SNM of 41.5 mV

(b) RF Read SNM of 44.6 mV

(c) RF Write SNM of 90.3 mV

Figure 4.2: For a VRF of 250 mVpp , 100 MHz, 4.2a shows the hold SNM, 4.2b shows the read SNM,
and 4.2c shows the write SNM for the proposed 18-T RF-only SRAM bitcell.
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Figure 4.3: Layout of the proposed 18-T RF-only SRAM bitcell: two bitcells with supply rails.

4.3

Layout

Fig. 4.3 shows the final implementation of the proposed 18-T SRAM bitcell for operation in the subthreshold RF-only regime. This implementation is optimized in area for two bitcells, each with a single
storage capacitor on node VL of the inner storage device, with an area of 16.56 µm x 8.3 µm for two
cells. Each cell is outlined by a black box, and the storage capacitor for each bitcell can be seen within
the center of the design. The total area of the optimized two-bitcell layout is 137.448 µm2 .

4.4

Tape-Out and Proposed Test Method

The proposed 18-T subthreshold SRAM for operation in the RF-only regime has been included in a
tape-out on an IBM 0.13 µm bulk CMOS process. The final implementation of the full SRAM array
and decode logic was for a 128 kB array. Data is written in and read out one byte at a time. Data to be
written in and the address to write to are shifted in to the decoders through a shift register. Address to be
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(a) 3D scale of bitcell.

(b) 3D scale of SRAM top level.

Figure 4.4: 3D images of SRAM layout design. Images contributed by Peter Gadfort.

read from comes in via the same shift register as the data to be written in. This shift register is a serialin, parallel-out shift register The data read out of the SRAM goes through a parallel-in, serial-out shift
register. Fig. 4.4a shows a 3D rendered image of the proposed 18-T subthreshold SRAM for operation
in the RF-only regime. Fig. 4.4b shows a 3D rendered image of the full SRAM array, decode logic,
pads, and other experiments to be tested. The center of Fig. 4.4b, with a high concentration of pink and
blue, represents the 128 kB SRAM array and decode logic, while the outer large areas of turquoise areas
represents the pads needed for powering the circuit, input data into the circuit, and reading data out of the
circuit. Due to area constraints on the chip, additional data for serial data-read-in, serial address-read-in,
and serial data-read-out was designed to limit the number of pins needed from thirty-six to twelve. The
twelve pads shown in Fig. 4.4b are for signals: clock, sub-clock, enable, valid, reset, data-in, data-out,
VSS , VRF +, VRF -, PAD-VDD , and PAD-VSS . The purposes of these signals are shown in Table 4.1. The
pads were designed and implemented in layout by Peter Gadfort.
The test plan currently under investigation for testing the die to see if this circuit shows proper
functionality is to use a programmable signal generator to implement the reading-in of address and data
information into the data-in pad of the SRAM, and using an oscilloscope to view the output signal from
the data-out pad of the SRAM. Key benefits of this procedure include: some signal generators allow C,
or some other basic coding language, to be used to program the inputs, as well as control of the clock
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Table 4.1: List and description of the pads needed for the full SRAM implementation.
Signal
clock
sub-clock
enable
valid
data-in
data-out
VSS
VRF +
VRF PAD-VDD
PAD-VSS

Purpose
Main system clock
Sub-clock for shift registers
Raised for a write access
Raised to start the shift registers
The input signal for data and addresses
The output signal for data
The ground signal
RF supply signal
RF supply signal
PAD power signal
PAD ground signal

and sub-clock signals is granted to the user. For such a convenience, additional probe pads were added
into the design at certain signals and bitcells of importance through out the design. One such point,
for example, was the storage node of randomly selected bitcells. The input can thus be programmed
to read into one of probe-able bitcells, and as the sub-clock can be manually controlled, accuracy of
a write and/or read can be guaranteed via an oscilloscope. The current equipment available in the
Microelectronics lab for executing this test plan include: the Tektronic TLS216 Logic Scope, which
allows for viewing up to sixteen signals at a time; the Marconi 2024 for providing an RF power signal,
though a means to split the signal into positive and negative channels would be required; the HFS9009
Digital Pattern Generator, which can be programmed in C and controlled timing wise via command line
to generate desired input patterns; the the HF859013 Spectrum Analyzer to analyze the power spectrum
of the device; and the HP4155C Semiconductor Parameter Analyzer, for obtaining the VTC curves of
the storage nodes to thus obtain the SNM butterfly curves.
The first test to be implemented is a basic functionality test, which is aimed at seeing if the circuit
turns on, and if so, can every bitcell in the array be written and read to in sequential order. The second
test to be implemented will be a random access test. The third test will be to test data retention for
expanding amounts of time (from micro seconds to as much as ten minutes). Specific bitcells were also
included on the die to perform hold, read, and write access SNM experiments.
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Figure 4.5: A 128 kB RF-only SRAM implemented in a 0.13 µm bulk CMOS process. Image contributed by Peter Gadfort.
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Chapter 5

Conclusion and Future Work
5.1

Conclusion

As the demand for low-power electronics continues, subthreshold operation of CMOS logic continues
to be an area of research with promising outcomes for achieving low-performance computation at a
low power cost. Such benefits also carry over into the RFID sensor research, where alternative power
sources, like power harvesting from available RF signals, and small, low-current batteries are often the
only means of powering such devices in the desired environments. This has lead to the subthreshold
RF field of research, where achieving low-performance computation, environmental sensing, and data
storage at a very low power cost is crucial. But as DC regime CMOS logic operation in subthreshold
begins interacting with RF powered front-ends (i.e. transceivers), DC voltage and power to operate the
CMOS logic must be extracted from an RF power source. There is power cost that must be paid for the
conversion, and as well with any DC-DC conversion needed for level shifting if different supply rails
are needed for different logical circuits.
RF-only CMOS logic, like that proposed by Gadfort et al. [22], is presented as an alternative to the
RF-DC conversion issue. RF-only circuits trade the cost of power associated with RF-DC conversion
for a hit in area and performance associated with the addition of additional access devices. By adding
RF supply transistors to the CMOS logic where a DC supply, VDD or VSS , would interact with the logic,
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direct powering and operation of the CMOS logic from an RF power signal is enabled [22]. Alternating
how the supply transistors reference each phase of the RF supply signal between each stage of the CMOS
logic, and adding a storage capacitor to each stage, enables the CMOS logic to continue operation on the
data through both phases of the RF signal without any external or overhead storage circuits or devices
to maintain accuracy [22].
Memory is a common necessity of many low-power technologies, and thus much research has been
done in low-power, low-voltage, and subthreshold memories, such as SRAMs. RF-only powered ID tags
and sensors, as well, would need such memories that are capable of being operated directly from the
RF signal with no DC conversion. An in-depth study and comparison of subthreshold SRAM bitcells
has been conducted to analyze how such memories will function in a subthreshold RF-only regime.
This work showed that in the conversion from the DC regime to the RF-only regime, stability of a well
designed subthreshold SRAM bitcell will still hold quite close in comparison to it’s DC counterpart
when implemented in the RF-only logic scheme proposed by Gadfort et al. [22]. When converting from
the DC regime to the RF-only regime, read access SNM decreases an average of 20%. Hold access
SNM decreases an average of 18% and write access SNM varies roughly an average of 10% from the
DC results, with increases in write access SNM seen in a select bitcells. As well, supply scaling into
the subthreshold RF-only regime offers decreases in average power consumption to the pico watt range
when scaling supply to values as low 160 mVpp , maintaining proper performance with a data speed of
100 kHz.
From the results observed in the in-depth study and comparison of subthreshold SRAM bitcells
converted for operation in an RF-only regime, an 18-T RF-only subthreshold SRAM bitcell is proposed.
The proposed bitcell is capable of proper operation at ultra-low-voltages, as low as 170 mVpp when
simulated in the IBM 0.13 µm bulk CMOS process. At an operating voltage of 200 mVpp , the proposed
bitcell displays an average power consumption of 1.659 nW. When comparing the proposed bitcell to
the base bitcell proposed by Kim et al. [29] at a supply voltage of 250 mV, at a supply rail of 250 mVpp ,
the proposed bitcell write access SNM value reduces by less than 1%, going from the DC regime to the
RF-only regime. The hold and read access SNM values reduce by 36% and 30%, respectively.
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The comparison of the subthreshold SRAM bitcells in the DC regime, and the work done on the
proposed bitcell, show that the simplest key to obtaining greater stability for CMOS circuits and SRAMs
in subthreshold is adding additional devices in intelligent ways that reduce leakage paths and provide
feedback paths for boosting logical values. As discussed in the final section future work, there is still a
need for further work in the RF-only regime for enabling logical feedback paths, or even signal boosting,
without the presence of constant supply rails.

5.2

Future Work

This research contains potential for further investigation into subthreshold RF-only memories, including
other SRAMs, DRAMs, and potentially even ROMs, which would offers its own unique power issues
and solutions. For simplicity, this section will focus on possible ideas for further investigation of subthreshold SRAMs, as well as devices and circuits that would benefit and boost the operation of those
subthreshold SRAMs in the subthreshold RF-only regime. A starting point from this work would be
further investigation into the inter-bitcell mechanisms and circuits the papers analyzed and compared
in this research propose, primarily answering the questions of if such mechanisms are possible in the
subthreshold RF-only regime and the desired environments subthreshold RF-only devices would be designed for. As well, if such mechanisms and circuits are possible in the subthreshold RF-only regime, if
they would offer the same benefits and optimizations for greater stability and low power that they present
for the subthreshold DC regime in the subthreshold RF-only regime. The last question is inspired by the
result of, for example, the positive feedback path mechanism proposed in the Schmitt Trigger bitcell by
Kulkarni et al. [38], which when converted for the RF-only regime, became a feedback path to a phase
shifting RF supply signal which could be referenced at either a positive phase, a negative phase, or in
between phases, when the signal is too weak to even power the circuit. Thus, such mechanisms, once
converted to the subthreshold RF-only regime, offered very little to no benefit at all, and possibly even
induced instability within the bitcell in the RF-only regime. A means by which to implement a useful
positive, or negative, feedback mechanism from phase shifting RF signal remains an open area to be
explore in future work on subthreshold RF-only CMOS circuits.
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5.2.1

Inter-Bitcell Mechanisms in RF-only

The most common inter-bitcell mechanism for DC and subthreshold DC SRAM bitcells is the sense
amplifier, which sits at the end of a column within the SRAM bitcell array, attached to the bitlines for
that column. The purpose of the sense amplifiers is to read and boost the value being read out of that
column of the SRAM bitcell array. Sense amplifiers were not given attention in this work as the focus
was primarily on what could be done within the bitcell itself (intra-bitcell), and full optimization of an
entire SRAM (array and decoders) was not a focus. One primary concern with implementing sense
amplifiers within an RF-only SRAM is considerable to the problem seen with intra-bitcell feedback
loops. Such circuits often rely on set reference voltages to boost and compensate for any offset or
leakage in the results, but implementation in the RF-only regime results in referencing phase-shifting
RF supply signals, which could result in a false result. Fig. 5.1 shows a possible latch-based sense
amplifier for operation in the subthreshold RF-only regime, modified from the sense amplifier discussed
and optimized for near-VSS inputs by Beshay, Calhoun, and Ryan [42]. This design introduces two
other inter-bitcell optimizations: an auto-zeroing scheme to support near-VSS sensing on a bus with low
swing, and a charge pump circuit to control the drive current of the right side of the sense amplifier
to compensate for any offset in the output [42]. Such a sense amplifier would be a good starting point
for sense amplifier research for the RF-only regime due to its low power consumption and ability to
compensate for small offset voltages [42].
Other inter-bitcell mechanisms that warrent further investigation in the subthreshold RF-only regime
include VGND Replica scheme proposed by Kim et al. [29], which is used to track the logical ‘0’ on
the storage nodes and maintain an optimized trip point for the inverters on the storage nodes. This is an
inter-bitcell mechanism similar in purpose to the positive feedback path utilized in the Schmitt trigger
bitcell. The write driver mechanism, also proposed by Kim, offers an way to control and prevent the
false-write problem within cells on the row. This may warrant further investigation for implementation
in the subthreshold RF-only regime, but it comes with a power cost and possible area cost larger than
the addition of additional access devices to each bitcell. Kim also proposed a marginal bitline leakage
compensation mechanism to works similiar to the VGND Replica scheme to control the trip point of
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Figure 5.1: A potential sense amplifier for operation in the subthreshold RF-only regime. Modified
from the latch-based sense amplifier for near-VSS inputs proposed by Beshay et al. [42].

62

the inverters on the storage nodes to boost the read out of logical ‘0’. Similar to the idea of write line
and word line boosting, these mechanisms introduce the need for not just sensing circuits, but a means
in which to either boost a logical value with a separate supply, or boost the line above the set supply rail
via a level shifting circuit. In a subthreshold RF-only circuit, self-powering itself via power harvesting
for example, a means to introduce more power may not be possible, or the power to level shift a voltage
may not be available without redirecting it from another area of the circuit. Such an idea is a possible
area of future subthreshold RF-only research, but was not a focus in this work.
Many decisions were made in accordance with the available technology to this research. It was
initially known that the RF-only implementations and simulations would be performed on the IBM
0.13 µm bulk CMOS process. There are subthreshold SRAM bitcells proposed that utilize generation
specific optimizations, process specific optimizations, and optimizations that non-MOSFET devices,
such as carbon nanotube FETs (CNFETs) and FinFETs, offer. Fan et al. [43] present a analytical SNM
models of subthreshold SRAMs implemented in FinFET processes. They present an analysis of several
proposed subthreshold SRAM bitcells implemented in FinFETs to establish a SNM model by which
to evaluate future bitcells. Nan et al. [26] propose a subthreshold SRAM bitcell utilizing back-gate
biasing implemented in a CNFET process. They propose that by changing the forward and back biasing
for each devices for different modes of the SRAM lead to optimized parameters for stability, but they
do not show an overall effective means by which to implement their optimization recommendations.
Not explained are the several circuits outside the bitcell that would be needed to re-set the biasing of
each device when an SRAM mode transition occurs. As well, Hu et al. [44] present an analysis of
a 6-T subthreshold SRAM implemented in ultra-thin-body silicon-on-insulator (UTB SOI) MOSFETs,
arguing that, compared to bulk CMOS, UTB SOI MOSFETs offer better control of short-channel effects,
lower subthreshold swing, reduced leakage, and increased resistance to random dopant fluctuations.
Thomas et al. [24] present a 4-T subthreshold CMOS-SOI SRAM bitcell capable of operation at a
supply of 400 mV with boosted SNM by equating the driver current on the word line to the current
flowing through access transistors of the cell to the bitlines. This is just a few examples but opens the
idea that process options for future work in subthreshold RF-only SRAM bitcells may lead to new ideas
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Figure 5.2: Modified 9-T subthreshold SRAM, proposed by Tu et al. [45], for possible operation in the
subthreshold RF-only regime.

for mechanism schemes and optimizations that reduce power and increase stability.

5.2.2

Subthreshold SRAM Bitcells For Further Investigation

Tu et al. [45] present a 9T subthreshold SRAM bitcell implementing several mechanisms for increasing
stability, shown in Fig. 5.2 A single bitline, signal BL, implementation reduces power, and decoupling of
this bitline from the storage nodes boosts both hold access and read access SNM. Much of the increased
stability reported by Tu et al. [45] comes from read and write assist circuits implemented outside of
the bitcell itself, including: an Adaptive Read Operation Timing Tracing (AROTT) circuit which helps
generate operation times with proper timing margins to mitigate the impact of process variation; a writeassist circuit implemented as a negative BL scheme which weakens the pull-up network of a bitcell to
improve write ability.
Chang et al. [46] introduce another 9-T subthreshold SRAM bitcell, shown in Fig. 5.3. During hold
mode, signals SCL and SCR are kept high to enable the feedback loop of the storage node to increase
hold mode SNM. To boost write access SNM, a Data-Aware Feedback-cutting (DAFC) write assist
scheme is implemented, which works to cut off the pull-down path to which ever storage node a ‘1 is
being written to. To boost read access SNM, Chang et al. [46] implements a very familiar decoupled
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Figure 5.3: Modified 9-T subthreshold SRAM, proposed by Chang et al. [46], for possible operation
in the subthreshold RF-only regime.

read path which utilizes a read bitline and read wordline isolated from the storage nodes, which they
call a dynamic read-decoupled scheme.
Sinangil et al. [47] present an 8-T ultra-dynamic voltage scalable (UDVS) bitcell, shown in Fig. 5.4,
which closely resembles the 8-T subthreshold SRAM proposed by Kim et al. [35]. The differences are
that Sinangil et al. [47] implement a virtual supply node (MCHd) used to ease write-ability by decreasing
the supply voltage during a write. Sinangil et al. also a virtual ground node (BVSS) to reduce the
leakage across the isolated read bitlines when not being accessed. Such mechanisms would also require
re-configurable sense networks within the bitcell array [47], an area still open for investigation for
subthreshold RF-only circuits.
With a focus on process tolerance, Zhai et al. [48] present a new topology of the basic 6T SRAM
bitcell, shown in Fig. 5.5. The main impacts of the bitcell presented by Zhai et al. [48] is the single
bitline implementation, the increased gate size to increase resistance to process variation, and the use
of a full transmission gate access device to achieve full rail-to-rail swing on the bitline (eliminating the
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Figure 5.4: The proposed 8-T UDVS subthreshold bitcell, proposed by Sinangil et al. [47].

Figure 5.5: Alternative 6-T SRAM for subthreshold operation, proposed by Zhai et al. [48].
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need for sense amplifiers). Also, the implementation of a virtual VDD signal with a VGND signal, as
shown in Fig. 5.5
Corresponding to the dynamic SNM analysis presented by Sharifkhani et al. in [2], a method for a
Dynamic Read SRAM (DRSRAM) is presented by Saeidi et al. [34], which utilizes an automatic data
refresh, similar to DRAM, during a read mode access. This circuit is external the bitcell, and can be
considered an inter-bitcell optimization. The dynamic read is performed by raising the WL signal of a
standard 6-T SRAM bitcell for multiple cycles, limiting the activation time of signal in each cycle so
that bitcell stability is retained, and accumulating the required differential voltage on the bitlines over
the pulsing cycles. To reduce power consumption, a replica bitline also generates the total access time
the sense amplifier needs to precisely capture the read data, while a feedback loop controls the activation
of the pulse generation.
As well, further research into an optimized subthreshold RF-only SRAM bitcell would benefit from
the idea of a completely redesigned bitcell, comprised of many of the different stability boosting mechanisms and schemes. One such idea is to attach the data-independent read path to any of the other 10-T
and 12-T bitcells utilizing different schemes of the differential read mechanism discussed in this work,
or even the Schimitt Trigger based storage node inverters, since the data-independent read path offers a
sufficient boost to both hold and read access SNM.
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