ABSTRACT

VENKATESAN, RAVI KRISHNAN. Power-Scalable Memory: Exploiting Typical Charge
Retention in DRAM and Charge-Voltage Decoupling in ZettaRAM. (Under the direction of
Dr. Eric Rotenberg).

DRAM faces two fundamental power scaling challenges in the future. Firstly, DRAM
requires continuous refresh because of charge leakage, resulting in power consumption even
during standby operation. As DRAM capacity quadruples with each new generation, standby
power grows correspondingly and becomes a significant fraction of system power. Secondly,
we are fast approaching a lower limit on DRAM voltage scaling because charge in a DRAM
capacitor depends directly on voltage, and a minimum amount of charge is needed for
reliable operation.

Scalable standby power is achieved by exploiting typical charge leakage instead of
worst-case charge leakage. Most DRAM cells have very low leakage currents and
consequently long retention times. However, sparse outliers have high leakage currents and
short retention times, and are the cause for frequent refreshes of the whole DRAM. More
generally, retention times of DRAM cells and even whole pages vary widely, with an average
retention time on the order of seconds. We propose Retention-Aware Placement in DRAM
(RAPID), novel software techniques that can exploit off-the-shelf DRAMs to reduce refresh
power to vanishingly small levels. The key idea is to favor allocation of longer-retention
pages over shorter-retention pages, and then select a single refresh period that depends on the
shortest-retention page among populated pages instead of the shortest-retention page overall.
This refresh period is much higher than the default refresh period of commodity DRAM:s,
thereby significantly reducing the frequency of refreshes. Thus, RAPID reduces DRAM
standby power to near-zero levels, yielding favorable standby power scaling despite

quadrupling of DRAM capacity from one generation to the next.



To overcome DRAM voltage scaling limits, we explore the long-term power-scalability
of ZettaRAM™, a nascent DRAM technology. ZettaRAM is based on conventional DRAM
architectures but replaces the DRAM capacitor with a new molecular capacitor. The
molecular capacitor is fully charged/discharged if the applied voltage is above/below a
discrete threshold voltage. Therefore, unlike a conventional capacitor, the amount of charge
deposited on the molecular capacitor is independent of applied voltage. Charge-voltage
decoupling holds the key for viable voltage scaling from one generation to the next and
opens up two unprecedented power scaling opportunities.

(1) Exploiting molecular engineering for long-term power scalability: Read/write operations
can be performed at lower voltages, while still maintaining the minimum amount of charge
needed for reliable sensing. Precise tuning of molecular attributes provides an inexpensive
path for scaling voltage, hence power, from one generation to the next, whereas conventional
DRAM requires major cell redesigns to maintain a fixed charge while scaling voltage.

(2) Intelligent management of ZettaRAM: While the fixed charge is voltage-independent,
speed is voltage-dependent. Thus, the applied voltage is padded to achieve the same speed as
DRAM. A key architectural insight is leveraged to manage the speed-voltage dependence
and lower the voltage even further: most of the bitline activity is caused by non-critical L2-
cache writeback requests. Accordingly, slow operations (lower voltage) are applied to non-
critical writebacks and fast operations (higher voltage) to critical fetches. This hybrid policy
combines the power efficiency of uniformly slow operations with the high performance of
uniformly fast operations, further extending ZettaRAM’s power scaling advantage.

The combination of RAPID and ZettaRAM leads to a power-scalable form of DRAM,

extending the roadmap of this important memory technology.
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Chapter 1

Introduction

Dynamic Random Access Memory (DRAM) is the predominant volatile memory
technology in modern computer systems. This dissertation addresses growing concerns about
DRAM power scaling, as density quadruples from one generation to the next. Unfavorable
power scaling is due to two factors. Firstly, DRAM must be continuously refreshed because
of charge leakage, resulting in power consumption even during standby operation. As DRAM
capacity quadruples with each new generation, standby power grows correspondingly and
becomes a significant fraction of system power. Secondly, while DRAM voltage has scaled
with technology in the past, voltage scaling is not viable indefinitely. The charge in a DRAM
capacitor depends directly on voltage, and a minimum amount of charge is needed for
reliable operation. Quadrupling DRAM capacity without lowering voltage can lead to severe

power problems.

The two factors, charge leakage and charge-voltage dependence, can be directly
attributed to the two parts of a DRAM cell. A DRAM cell typically consists of a transistor-
capacitor pair (referred to as a 1T-1C cell), as shown in Figure 1-1. Standby power is due to
leakage currents in the access transistor. The voltage scaling limit is an artifact of the

capacitor, which couples charge (Q) and voltage (V) through capacitance (C), i.e., Q = CV.

To overcome the DRAM power scaling challenge, both factors are addressed in this

dissertation. Our approach is to identify unique properties of the underlying technology and



exploit them at the system level. Firstly, on the transistor side, we propose a software
technique that nearly eliminates standby power. The technique exploits the fact that most
access transistors actually have very low leakage currents, hence, most cells have very long
retention times. Intelligent placement of data by the operating system can avoid the use of
atypical leaky cells, allowing very infrequent memory refreshes. Secondly, on the capacitor
side, we explore the long-term power-scalability of ZettaRAM™, an emerging DRAM
technology which has its roots in molecular electronics. A ZettaRAM cell is also 1T-1C,
except the conventional capacitor is replaced with a molecular capacitor that decouples
charge from voltage. Charge-voltage decoupling holds the key for viable voltage scaling

from one generation to the next.
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Figure 1-1. 1T-1C DRAM cell.

Specifically, there are two major contributions of this dissertation.

e Scalable standby power in DRAM. We propose Retention-Aware Placement in DRAM

(RAPID), novel software approaches that can exploit off-the-shelf DRAMs to reduce



refresh power to vanishingly small levels. RAPID exploits retention-time variations
among different memory pages in a single DRAM chip. The key idea is to favor
allocation of longer-retention pages over shorter-retention pages. A single refresh period
is then set, that depends on the shortest-retention page among populated pages, instead of
the shortest-retention page overall. This refresh period can be up to two orders of
magnitude higher than the default refresh period of commodity DRAMs, significantly
reducing the frequency of refreshes. As a result, RAPID reduces DRAM standby power
to near-zero levels, yielding favorable standby power scaling despite quadrupling of

DRAM capacity from one generation to the next.

Overcoming voltage scaling limits of DRAM. We explore the superior power-scaling
characteristics of ZettaRAM, a nascent DRAM technology. ZettaRAM is based on
conventional DRAM architectures but the conventional capacitor is replaced with a new
molecular capacitor. As a result, the benefits of the underlying DRAM architecture —
high density and fast access — are preserved. The unusual characteristic of this new
technology is that the molecular capacitor is fully charged or discharged if the applied
voltage is above or below a discrete threshold voltage. In other words, while voltage still
controls charging and discharging, the amount of charge deposited on the molecular
capacitor (critical for reliable sensing) is independent of write voltage. In contrast, with a
conventional capacitor, voltage has dual roles of controlling charging/discharging and
influencing the amount of charge. Separating control and amount of charge is key to
viable voltage scaling in the future and opens up two unprecedented opportunities for
power scaling in a DRAM-like architecture. (1) Exploiting molecular engineering for

long-term power-scalability: Read/write operations can be performed at much lower



voltages, while still maintaining the minimum amount of charge needed for reliable
sensing. The flexibility in engineering of molecular attributes provides an inexpensive
path for scaling voltage, hence power, from one memory generation to the next. This
dissertation is the first work to understand and characterize the power scalability of
ZettaRAM. (2) Intelligent management of ZettaRAM: ZettaRAM presents a novel
speed/energy tradeoff. While the fixed charge is voltage-independent, speed of
charging/discharging is voltage-dependent (faster with higher voltage). Thus, the applied
voltage is padded to achieve the same speed as DRAM. We propose architectural
techniques to manage this speed/energy tradeoff and lower the voltage even further. The
write voltage is dynamically modulated based on the criticality of memory requests,

further extending ZettaRAM’s power scaling advantage with little system slowdown.

The combination of RAPID and ZettaRAM leads to a power-scalable form of DRAM,

extending the roadmap of this important memory technology.

The rest of this chapter is organized as follows. Section 1.1 provides an overview of
RAPID for scalable standby power. Section 1.2 contrasts voltage scaling in conventional
DRAM and ZettaRAM, to explain superior power scaling of the latter. Section 1.3

summarizes the contributions of this dissertation.

1.1 Scaling Standby Power: Retention-Aware Placement in DRAM
(RAPID)

DRAM refresh (needed to preserve stored information) continuously drains battery

energy even in standby operation. Detailed power analysis of the prototype ITSY computer



[68], developed at Compaq WRL, shows that, in the deepest standby mode that still preserves
the DRAM contents (“sleep”), DRAM consumes a third of the total power. This fraction will
only increase in the future with higher memory capacity and even lower power conservation

modes.

Figure 1-2 illustrates DRAM density scaling trends published in the International
Technology Roadmap for Semiconductors (ITRS) [4]. Notice that DRAM density quadruples
with each new generation. With increasing density, more bits need to be refreshed.
Therefore, standby power grows correspondingly and becomes a significant fraction of

overall system power.
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Figure 1-2. DRAM density scaling trends (ITRS).

The key to reducing DRAM refresh power lies with exploiting variations in retention
times among different memory cells, rows (pages), or arbitrary groups of cells within a single
DRAM chip. A DRAM cell consists of a transistor-capacitor pair. The charge in the DRAM

capacitor leaks over a period of time via the transistor. Process variations cause the leakage



current to differ from one cell to another. As a result, different cells retain information for
longer or shorter periods of time [19]. Currently, a single worst-case refresh period (typically
64 milliseconds) is selected based on the cell with the shortest retention time. The worst-case
refresh period also accounts for worst-case temperature (leakage increases with temperature).
Limited support for temperature-compensated refresh (TCR) is now being deployed in some
DRAMs [8][64]. However, TCR does not exploit retention-time variations among different
cells, i.e., all cells are still treated uniformly with a single temperature-dependent refresh
period, determined by the worst cell. Several researchers have recognized the opportunity
presented by retention-time variations, proposing custom DRAM support for refreshing
different cells or blocks of cells at different refresh rates [25][33][34][35][39][48][52][70].

However, to our knowledge, this approach has not been implemented in commodity DRAMs.

Instead of custom DRAM support, we propose Retention-Aware Placement in DRAM
(RAPID), software methods for exploiting retention-time variations among different pages to
reduce the refresh power of off-the-shelf DRAMs to vanishingly small levels, approaching
non-volatile memory. The key idea is to allocate longer-retention pages to application
programs before allocating shorter-retention pages. A single refresh period is then selected
based on the shortest-retention page among pages that are actually populated, rather than the
shortest-retention page overall. Note that all pages in memory are still refreshed, as usual,
albeit at a higher refresh period. This extended refresh period (lower refresh rate) selected by

RAPID is only safe for occupied pages, which is sufficient for overall correctness.

Three versions of RAPID are proposed and explored, described below in order of

increasing sophistication.



RAPID-1I: Our retention-time measurements of a real DRAM chip reveal a handful of
outlier pages with atypically short retention times, consistent with previous retention time
characterizations [19]. For example, if the worst 1% of pages are not populated, then a
refresh period of 3 seconds is sufficient for the remaining 99% of pages at room
temperature (25°C). Likewise, a 1 second refresh period is sufficient at the industry-
standard worst-case temperature of 70°C. In contrast, the worst outlier page requires a
500 millisecond (ms) refresh period at room temperature and 150 ms at 70°C. RAPID-1
is a static approach in which the handful of outlier pages (1%) having very short retention
times are mapped out and never populated, yielding a very reasonable refresh period
(e.g., 3 s at room temperature and 1 s at 70°C) with only a negligible reduction in DRAM
capacity (e.g., 1%). For example, in a 128 MB DRAM, nearly 127 MB can still be used.
Note that the refresh period set by RAPID-1 is 6X longer than the refresh period based on

the worst cell, yielding significant refresh power savings.

RAPID-2: RAPID-2 is a dynamic approach. A list of pages is maintained, sorted
according to their retention times. Longer-retaining pages are allocated before shorter-
retaining pages. Thus, the refresh period starts out at the highest setting corresponding to
the longest-retention page. The refresh period is decreased, as more pages are populated.
The refresh period can be increased after a deallocation, only if the shortest-retention
page was deallocated. In other words, after every allocation/deallocation, the refresh
period is adjusted to the shortest retention time among the populated pages. Once the
refresh period has been decreased, increasing it again is opportunistic, since it depends on

which pages happen to be freed by application programs.



e RAPID-3: RAPID-3 builds on RAPID-2. As longer-retention pages are freed by
application programs, data from shorter-retention pages are migrated into the newly freed
longer-retention pages. Thus, RAPID-3 continuously reconsolidates data into the longest-
retention pages possible. Migration can be naturally implemented as part of our proposed
allocation/deallocation routines. A downside is extra power consumption due to
migration, which must be weighed against extra refresh power savings. This hints at a

deep design space, in terms of designing good criteria and timing for migrating pages.

The refresh period set by RAPID-1, a static approach, is independent of actual DRAM
utilization. On the other hand, the refresh periods set by dynamic techniques, RAPID-2 and
RAPID-3, are dependent on the dynamic DRAM utilization. The refresh periods selected by
RAPID-3 more closely reflect actual dynamic DRAM utilization than RAPID-2, because
RAPID-3 continuously reconsolidates data into the longest-retention pages possible. Note
that outlier pages are discarded in both RAPID-2 and RAPID-3, so that the refresh power of

RAPID-2 and RAPID-3 are at least as good as RAPID-1 refresh power.

To the best of our knowledge, RAPID is the first software-only technique to exploit
retention-time variations to nearly eliminate refresh power. We also propose an interrupt-
driven refresh implementation, keeping in mind the available refresh options in commodity

DRAMs, so that RAPID will work with arbitrary off-the-shelf DRAMs.

To sum up, RAPID reduces DRAM standby power to near-zero levels, yielding

favorable standby power scaling. The next section addresses the second power scaling



challenge, the voltage scaling limit of DRAM, and discusses how ZettaRAM can overcome

this limit.

1.2 Scaling Voltage: Charge-Voltage Decoupling in ZettaRAM

ZettaRAM is a new memory technology under development by the startup ZettaCore as
a potential replacement for conventional DRAM [72]. ZettaRAM had its genesis in a
DARPA-sponsored molecular electronics project [57] and one of the goals was to eventually
deploy individual charge-storage molecules as 1-bit memory elements and integrate them
with other molecular-scale electronics. However, as a near-term goal, ZettaCore currently
exploits many molecules in aggregate to create a molecular capacitor which can store charge
similar to a conventional capacitor in a DRAM cell. ZettaRAM is a DRAM derivative, based
on conventional DRAM architectures — address decoder, wordline, access transistor, bitline,
sense amp, etc. The key innovation is replacing the conventional capacitor with the

molecular capacitor.

Even though molecules are used in aggregate to form a molecular capacitor, ZettaRAM
still retains some of the key benefits of the underlying nanotechnology from which it is

derived.

1. Cost-effective density scaling: Self-assembly is a process by which, the thousands of
molecules that make up a molecular capacitor automatically arrange themselves into a
uniform, dense monolayer. Moreover, the charge density of the molecular capacitor is
greater than the charge density of the conventional capacitor. These two factors — self-
assembly and high charge density — hold the key to increasing the density of DRAM in a

cost-effective manner. While conventional DRAM may certainly scale, the costs would



be potentially astronomical due to the need for many complex masks for constructing
elaborate three-dimensional capacitor structures. These “tall” structures are needed in
order to reduce the cell area, while maintaining an amount of charge that can be sensed.
On the other hand, the aggregate molecular capacitor does not require complex masks
because the same amount of charge (or more) can be packed into the desired area via a

self-assembled monolayer.

2. Precise control of molecules’ attributes: The new molecular capacitor benefits from
“molecular engineering” — engineering the properties of constituent molecules with
remarkable precision. Synthetic chemists can precisely tune key properties of the
molecules through the choice of molecular “groups” and “linkers”, such as the speed with
which electrons can be added/removed (affecting read and write speed), the voltage at
which electrons can be added/removed (affecting read and write power consumption),
and monolayer density (affecting charge density and thus overall memory density).
Engineering a molecule is also highly precise, predictable/repeatable, and can be done in
inexpensive laboratories, whereas tuning bulk properties of semiconductors is expensive
and subject to many environmental factors. And there is tremendous flexibility in the
selection of performance (by way of electron transfer rates), power consumption (by way
of oxidation/reduction potentials), and other attributes of molecular capacitors, as guided
by the demands of different applications and systems, although there are certainly

tradeoffs among these attributes.

We approach this new technology from a computer architecture perspective and show
that the benefits of ZettaRAM extend beyond reducing fabrication complexity and costs.
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Analysis of the circuit-level behavior of the molecular capacitor, reveals an unusual
property: the amount of charge (Q) deposited on the molecular capacitor is decoupled from
the write voltage (V), i.e., there is a discrete threshold voltage above/below which the
molecular capacitor is fully charged/discharged. In contrast, the DRAM capacitor is
constrained by conventional charge-voltage coupling, Q = CV. Decoupling control and
amount of charge is key to viable voltage scaling in the future and opens up two

unprecedented opportunities for power scaling in a DRAM-like architecture:

o FExploiting Molecular Engineering for Long-Term Power-Scalability: Read/write
operations can be performed at much lower voltages, while still maintaining the
minimum amount of charge needed for reliable sensing. The write voltage can be
lowered by precisely tuning molecular attributes (threshold voltage, electron transfer
rates and surface concentration). This flexibility provides an inexpensive path for
scaling voltage, hence power, from one memory generation to the next. In DRAM,
where Q = CV, each new DRAM generation requires major redesigns to keep Q nearly
fixed as both cell area and operating voltage of successive generations of DRAM are
reduced [31][45][60]. This power-scaling aspect gives ZettaRAM a strategic advantage
over conventional DRAM.

o Intelligent Management of ZettaRAM: ZettaRAM presents a novel speed/energy
tradeoff. While the fixed charge is independent of voltage, the speed of
charging/discharging the molecules depends on the difference between the applied
voltage and the threshold voltage (faster with larger differential). Thus, the applied
voltage is padded with respect to the threshold voltage to achieve the same speed as

DRAM. Thus, there is some room to lower voltage further, if performance can be dealt
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with by some other means. A key architectural insight is leveraged to manage this
tradeoff and lower the voltage even further: most of the bitline activity is caused by L2
cache writeback requests. So, a hybrid policy is proposed, wherein slow writes (lower
voltage) are applied to non-critical writebacks and fast writes (higher voltage) to critical
fetches. The proposed dynamic voltage modulation further extends ZettaRAM’s power

scaling advantage with little system slowdown.

Section 1.2.1 further explains the charge-voltage decoupling characteristic. Sections

1.2.2 and 1.2.3 describe the two power scaling opportunities afforded by ZettaRAM.

1.2.1 ZettaRAM: Charge-Voltage Decoupling

This section highlights the key distinction between the conventional capacitor in DRAM

and the molecular capacitor in ZettaRAM.

The graph in Figure 1-3 shows charge density (charge per unit area) as a function of
write voltage, for the DRAM capacitor. We use charge density, to ensure that comparisons
are with respect to the same cell area. The amount of charge deposited on a conventional
capacitor depends linearly on the applied write voltage (Q = C-V, where Q is charge, C is cell
capacitance, V is write voltage). Thus, there is a minimum write voltage, below which not
enough charge is deposited on the conventional capacitor for the sense amplifier to reliably
detect a “1” during a later read operation. The minimum charge density for reliable sensing is
shown with the dashed horizontal line superimposed on the graph in Figure 1-3. The
minimum write voltage corresponds to where this line intersects the conventional capacitor

curve.
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Figure 1-3. Charge density vs. voltage for a conventional capacitor in DRAM.
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Figure 1-4. Charge density vs. voltage for a molecular capacitor in ZettaRAM.

The graph in Figure 1-4 shows charge density as a function of write voltage, for the
molecular capacitor used in ZettaRAM. The relationship is nonlinear and centers around a
discrete threshold voltage called V., the oxidation potential of the molecule. When the write
voltage is above V, the molecules are fully charged. Conversely, when the write voltage is
below V., the molecules are fully discharged. In other words, whereas voltage still controls
charging and discharging, the amount of charge is independent of voltage. In contrast, in

conventional DRAM, voltage has dual roles of controlling charging/discharging and
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influencing the amount of charge. Separating control and amount of charge is key to viable

voltage scaling in the future.

1.2.2 Exploiting Molecular Engineering for Long-Term Power Scalability

We now explore how charge-voltage decoupling enables long-term power scalability of

ZettaRAM, in terms of being able to continue the trend of lowering operating voltage from

one memory generation to the next.

1.2.2.1 Limitations of DRAM Voltage Scaling

Figure 1-5 illustrates DRAM voltage scaling trends from one generation to the next,
published by ITRS [5]. The DRAM voltage remained at 12 V until 1990. Then, the voltage
scaled down to 5 V and remained at 5 V until the mid-90s, i.e., until the 0.7 micron
generation. Since then, voltage has been decreasing 30% per generation. However, ITRS

projects a voltage decrease of only 10% per generation in the future and there is no known

solution to lower voltages below 1 V.
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Figure 1-5. DRAM voltage scaling trends (ITRS).
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Therefore, while DRAM voltage has certainly scaled with technology in the past, we
surmise that we are approaching a fundamental limit to voltage scaling in DRAM. As
described in the previous section and Figure 1-3, DRAM charge is constrained by the
equation Q = CV. This constraint makes it extremely difficult to continue scaling DRAM

voltage in future generations.

The graph in Figure 1-6 shows charge density as a function of write voltage for future
DRAM generations, illustrating DRAM voltage scaling trends. From Figure 1-6, we observe
that the minimum charge required for reliable sensing remains constant from one generation
to the next. The charge in the capacitor (Q) must be large enough to generate a bitline voltage
change that can be reliably sensed, including compensating for various noise sources
(radiation, leakage current, and electrical imbalances between pairs of bitlines). While noise
induced by radiation decreases with each generation, leakage current and electrical
imbalances remain nearly the same from one generation to the next. Therefore, the minimum
charge required has not reduced much with each new generation and this trend is expected to
continue in the future [31][45]. Now, if we want to lower V while keeping Q constant, C
must be increased, corresponding to steeper slopes in Figure 1-6. Yet, DRAM scaling trends
show that the DRAM cell capacitance will remain steady at around 30 fF to 40 fF and will

not scale with technology any further [45][60].

The voltage scaling problem is compounded if we want to simultaneously lower both
voltage and area with each new generation. Reducing the two-dimensional area of the
capacitor (higher density) is already difficult: it requires building a correspondingly taller
capacitor to keep C the same, hence, Q the same. If we also want to lower the operating

voltage, C must actually be increased to compensate.
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In summary, charge-voltage coupling imposes fundamental limits on DRAM voltage

scaling.
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Figure 1-6. DRAM Voltage Scaling Trends.

1.2.2.2 ZettaRAM: Inexpensive Path to Power Scaling

In contrast with conventional DRAM, scaling voltage of ZettaRAM is viable, thanks to
charge-voltage decoupling of the molecular capacitor. The graph in Figure 1-7 shows charge
density as a function of write voltage for different molecule types, illustrating ZettaRAM
voltage scaling trends from one generation to the next. As explained in the previous sub-
section, the minimum charge required for reliable sensing does not decrease. Fortunately, the
fixed charge of the molecular capacitor is independent of voltage. Therefore, voltages can be
lowered in ZettaRAM from one generation to the next by synthesizing new molecules with
lower threshold voltages. Different molecules with a range of oxidation potentials have been

demonstrated in the literature and are evaluated in this dissertation.

16



“Iminimum charge
for sensing

Molecular capacitor

Charge Density Q. /Area
(Clcm?®)

| | I I I

Applied Bitline Voltage (volts)
Figure 1-7. ZettaRAM Voltage Scaling Trends.

Key properties of the molecules can be precisely tuned through the choice of molecular
“groups” and “linkers”, such as the oxidation potential (V), electron transfer rate (k"), and
surface concentration (charge density). As we show in this dissertation, all three parameters
influence the operating voltage either directly or indirectly. Flexibility in engineering of
molecular attributes provides an inexpensive path for scaling voltage, hence power, from one

memory generation to the next.

We demonstrate the long-term power scalability of ZettaRAM by exploring dozens of
molecules, synthesized and characterized by ZettaCore. Among these, we identify molecules
that yield ZettaRAMs comparable to or better than DRAM in all respects — density (as
determined by cell area), performance (as determined by write latency), and power (as
determined by voltage). Our studies reveal that the best molecule yields a ZettaRAM voltage
of 0.65V, whereas the charge-voltage dependence of the conventional capacitor limits

DRAM voltage to 1.25V.
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1.2.3 Intelligent Management of ZettaRAM

In the previous section, we showed that charge-voltage decoupling of the molecular

capacitor enables ZettaRAM to overcome conventional DRAM voltage scaling limits.

However, while the fixed charge is independent of applied voltage, the speed of
charging/discharging the molecules depends on the difference between the applied voltage
and the oxidation potential. Charging/discharging the molecules becomes exponentially
slower, the closer the applied voltage is to the threshold voltage (V). This is illustrated in
the graph in Figure 1-8, which shows the intrinsic latency of charging/discharging the
molecules as a function of voltage. Superimposed on this graph is the DRAM write latency
(dashed line). The overall speed of ZettaRAM is determined by either the speed of
charging/discharging the molecules or the conventional peripheral circuitry used to access
the molecular capacitor, whichever is slower. Accordingly, from Figure 1-8, we can see that
ZettaRAM yields the same performance as DRAM if voltages that are used for charging and
discharging the capacitor are sufficiently far away from the threshold voltage (Vox), since the
intrinsic speed of the molecules are not the bottleneck at these voltages. Our SPICE

simulations, presented later in Section 3.3.2, also confirm this observation.
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Figure 1-8. Intrinsic latency of charging and discharging molecules vs. voltage.
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The operating voltage can be set closer to or farther away from V. to favor either
energy or performance, respectively. To achieve the same performance as DRAM, the
applied voltage is padded with respect to the oxidation potential. If competitive performance
could be achieved by some other means, voltage could be lowered further. We propose
architectural techniques to intelligently manage the performance/energy tradeoff.
Specifically, we describe a novel hybrid write policy, which dynamically modulates the write
voltage based on the criticality of memory requests to maximize energy savings potential of
ZettaRAM with little system slowdown. The proposed dynamic voltage modulation further

extends ZettaRAM’s power scaling advantage over DRAM.

Requests to DRAM are usually serviced from a row buffer — an entire row (page) of the
memory bank held in the row buffer. The row buffer typically contains the most recently
accessed memory page. When a memory request (initiated by the L2 cache) misses in the
row buffer, the current open page is closed (write operation) before opening a new page (read
operation) to service the request. Bitline voltage swings are caused by both write and read
operations. In ZettaRAM, the read operation can be performed only at a fixed voltage, as
explained in detail in Section 3.2.1. However, the write operation can be performed at either
a high voltage (fast, but high energy), favoring performance, or a low voltage (slow, but low

energy), favoring energy savings.

Two types of memory requests are initiated by the L2 cache, fetch block and writeback
block. Several factors converge nicely to direct focus on L2 writebacks: (i) they account for
80% of row buffer misses, thus most of the energy savings potential, and (ii) they do not
directly stall the processor and thereby offer scheduling flexibility for tolerating extended

molecule latency. On the other hand, L2 fetch requests typically stall the processor even with
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out-of-order execution, because the instruction scheduling window is not large enough to
accommodate the high memory round-trip latency. Accordingly, we propose a hybrid policy,
in which slow writes (low energy) are applied to non-critical writebacks that miss in the row
buffer, and fast writes (high energy) to critical fetches that miss in the row buffer. Applying
slow writes to writebacks taps most of the energy savings potential, and applying fast writes

to fetches ensures little performance degradation.

As an example, we characterized the additional energy savings yielded by the hybrid
write policy for one of the first synthesized porphyrin molecules. This molecule has Vo, =
0.73V. We show that, if fast and slow writes are done at 1.2 V and 1.0 V, respectively, then
the hybrid write policy yields 34% bitline energy savings (out of a possible 41% with
uniformly slow writes) with only a 10% increase in execution time (as opposed to 81% with
uniformly slow writes). Thus, the hybrid policy combines the performance of uniformly fast
writes and the energy savings of uniformly slow writes. The residual 10% performance
degradation still exists because, although deferred writebacks do not directly stall the
processor, they may fill up the request queues in the memory controller, eventually stalling

critical fetches.

One approach to avoid any queue-full stalls, is to increase the request queue size. The
residual performance degradation is reduced from 10% to less than 1% when the request
queues are increased from 4 to 64 entries. However, enlarging the queues increases system
cost (each entry contains an entire cache block) and complexity (fetches that bypass queued

writebacks must first search the queue for read-after-write hazards).

To avoid the cost and complexity of larger queues, as an alternative approach, we

propose employing the eager writeback policy in the L2 cache [41] to evenly spread out
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writeback requests, nearly eliminating queue-full stalls. In the eager writeback policy, a
writeback is issued as soon as a dirty block becomes the LRU block in its set, instead of
waiting for the block to be evicted. Issuing the writeback early from the L2 cache
compensates for delaying it in the memory controller. The hybrid write policy in conjunction
with eager writebacks yields 34% energy savings with less than 1% performance loss. This is
achieved without enlarging the request queue size with respect to the baseline system (4
entries). Thus, the cost and complexity of the memory controller is kept the same as the
baseline. We also noticed that for the SPEC2K benchmarks used in our simulations, eager
writebacks have little effect in the baseline system, but are remarkably synergistic with

ZettaRAM for eliminating performance degradation otherwise caused by delayed writebacks.

Hybrid fast/slow writes coupled with L2 eager writebacks taps most of the energy
savings potential of ZettaRAM with little performance loss and the least complexity in the
memory controller. Intelligently managed ZettaRAM further extends ZettaRAM’s power
scaling advantage over DRAM by 25-40%. Moreover, the hybrid write policy is able to

extract energy savings from 6 molecules that otherwise consume more energy than DRAM.

1.3 Dissertation Contributions

This dissertation makes the following major contributions:

1. RAPID yields scalable DRAM standby power by nearly eliminating refreshes.

o RAPID-1 (static): RAPID-1 is a static technique, where a few outlier pages are
mapped out, achieving near-100% DRAM availability with a reasonably good refresh

period that is independent of actual DRAM utilization.
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o RAPID-2 and RAPID-3 (dynamic): RAPID-2 and RAPID-3 favor allocation of
longer-retention pages over shorter-retention pages. A single refresh period is then
set, based on the shortest-retention time among the occupied pages, rather than the
shortest-retention page overall. RAPID-3 builds on RAPID-2, with the added ability

to continuously reconsolidate pages into the longest-retention pages possible.

e Software-only approach: To the best of our knowledge, RAPID is the first software-

only technique that exploits retention-time variations to reduce refresh power.

o Compatibility with off-the-shelf refresh options: Our proposed interrupt-driven refresh
implementation takes into account the refresh options available in off-the-shelf
DRAMs. As a result, RAPID can be readily used in conjunction with commodity

DRAMs to virtually eliminate refresh power.

o Testing Strategy: We also propose an end-user test strategy to characterize retention
times of DRAM pages, providing insights on run-time and power overheads of
testing. Each DRAM page is tested with different test patterns in accordance with the
standard data retention tests carried out in the industry. Testing is done within a

rigorous statistical framework to ensure reliable test results with bounded error.

o Implement RAPID on a real testbed: We successfully implemented the first two
RAPID techniques on an embedded system development board, that contains a real

DRAM chip.
2. ZettaRAM overcomes voltage scaling limits of DRAM.

e Understanding charge-voltage decoupling of molecular capacitor: A contribution of

this dissertation is uncovering the unusual property of ZettaRAM. The charge

22



deposited in the molecular capacitor is independent of write voltage. Charge-voltage
decoupling opens up two unprecendented opportunities for power scaling in a

DRAM-like architecture.

e Novel SPICE model for molecular capacitor: SPICE simulations and other analyses
confirm charge-voltage decoupling and the speed/energy tradeoff of the molecular

capacitor.

o Exploiting molecular engineering for long-term power-scalability of ZettaRAM:
Fixed charge combined with flexible molecule engineering provides an inexpensive
path for scaling voltage, hence power, from one memory generation to the next,
whereas charge-voltage coupling limits conventional DRAM voltage scaling.
Through simulations and other analyses, we identify molecules that have favorable

attributes for voltage scaling.

o [Intelligent management of ZettaRAM: We architecturally manage the speed/energy
tradeoff to further extend ZettaRAM’s power scaling advantage over conventional
DRAM. The write voltage is dynamically modulated to maximize the energy savings

potential of ZettaR AM with little system slowdown.

1.4 Dissertation Organization

The remainder of this dissertation is organized as follows. Chapter 2 illustrates how
RAPID techniques can nearly eliminate refresh power yielding quasi-non-volatile DRAM.

Chapter 3 describes in detail the two power-scaling facets provided by ZettaRAM by virtue
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of charge-voltage decoupling. Related work is discussed in Chapter 4. Chapter 5 summarizes

the contributions of this dissertation and Chapter 6 describes directions for future research.
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Chapter 2

Retention-Aware Placement in DRAM (RAPID)

This chapter presents RAPID, software techniques for achieving quasi-non-volatile
DRAM. RAPID exploits retention-time variations among different memory pages in a single
DRAM chip. The key idea is to favor allocation of longer-retention pages over shorter-
retention pages. A single refresh period is then set, that depends on the shortest-retention
page among populated pages, instead of the shortest-retention page overall. This refresh
period can be up to two orders of magnitude higher than the default refresh period of
commodity DRAMs, significantly reducing the frequency of refreshes. As a result, RAPID
reduces DRAM standby power to near-zero levels, yielding favorable standby power scaling

despite quadrupling of DRAM capacity from one generation to the next.

We describe three variations of the RAPID technique. RAPID-1 is a static technique,
where 1% of the outlier pages having low retention times are discarded and mapped out.
RAPID-2 is a dynamic technique, which allocates longer-retention pages to application
programs before allocating shorter-retention pages. RAPID-3 builds on RAPID-2, by

continuously reconsolidating data to the longest-retention pages possible.

This chapter is organized as follows. Section 2.1 describes our test strategy and section
2.2 presents measured page retention times for a real DRAM chip. Section 2.3 presents the
RAPID techniques and illustrates how RAPID can be coupled with off-the-shelf DRAMs.

Our evaluation methodology and results are described in Section 2.4 and Section 2.5,
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respectively. Section 2.6 provides a brief description of our implementation of RAPID-1 and

RAPID-2 on a prototype testbed.

2.1 Retention Time Testing Strategies

This section discusses strategies for testing page retention times and presents test results
for a real DRAM chip. We use the DRAM of an embedded systems development board
(IP3023) donated by Ubicom [61]. Ubicom develops embedded microprocessors for wireless
applications, including some of the first multithreaded embedded microprocessors, such as

the IP3023. The IP3023 development board configuration is given in Table 2-1.

Table 2-1. Ubicom IP3023 Development Board Configuration

Hardware threads 8
10-stage in-order scalar

Pipeline (shared among the 8 threads)
Branch prediction Static
Instruction scratchpad memory (on-chip) 64 KB
Data scratchpad memory (on-chip) 256 KB
SDRAM (IS42S81600A manufactured by ISSI) 16 MB
On-chip SDRAM controller
FLASH memory 4 MB

The ISSI DRAM supports the two refresh options typically provided by off-the-shelf
DRAMs, auto-refresh and self-refresh. Both auto-refresh and self-refresh can be disabled, a

useful feature for testing page retention times.

The experimental setup for testing page retention times is pictured in Figure 2-1. The
four parts are labeled 1-4 in the picture: (1) the Ubicom board with DRAM under test, (2) a
PC workstation with Ubicom software development environment for compiling and

downloading programs to the Flash memory via an ethernet connection to the board, (3) a
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multimeter with attached thermistor for temperature readout, and (4) a heat gun for varying

ambient temperature.

Figure 2-1. Experimental setup for testing page retention times.

2.1.1 Testing Algorithm

To characterize retention times of DRAM pages, both auto-refresh and self-refresh are
disabled in the memory controller and DRAM, respectively, so that pages are not refreshed.
A single page is tested by writing different test patterns to the page, for example, all 1’s or all
0’s, and reading the page back after a specified amount of time (wait time), to check if the
pattern remains intact. The wait time is steadily increased until the checking of the pattern
fails (one or more bit errors). The immediately previous wait time is recorded as the retention
time of the page. In other words, if the pattern is retained for a wait time of T, the test is
repeated for a wait time of T + At. If this next attempt fails (one or more bit errors), the
retention time for the page is recorded as T (since it worked for a wait time of T but not T +

At).

We measured retention times of some pages approaching a minute at room temperature.
Assuming an initial wait time T of 1 second and proceeding in increments At of 1 second, it
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takes 22 minutes (1 +2 + ... + 51 seconds) for just one trial of a page that retains information
for 50 seconds. Testing pages one at a time would take far too long. Fortunately, all pages
can be tested in parallel. The test program writes the entire DRAM with the test pattern, waits
for the next wait interval T + At, checks the contents of every page, and records a retention
time of T for any page that retained for T but not for T + At. One trial is completed for all

pages collectively before attempting other trials.

The time to write and check the entire ISSI DRAM is about 74 ms and 250 ms,
respectively. A recorded retention time reflects only the wait time after writing and before
checking, therefore, the overheads can only mean that the actual retention time for a page is
slightly longer than recorded, a safe margin of error as it will ensure that the page is refreshed

slightly more often than required.

It is interesting to note that the test time for a trial is insensitive to the number of pages
tested in parallel. We stop testing pages whose retention times become known midway
through the trial, only as a matter of power efficiency for on-line testing (more on this in the

next section). Rather, test time is dominated by the long wait times.

Specifically, the test time for one trial depends directly on the initial wait time, final wait
time, and the wait time increment At. The initial and final wait times depend on the pages
with the shortest and longest retention times, respectively. Therefore, the initial and final wait
times are fixed for a given DRAM chip. The wait time increment At is the most flexible
parameter of the three. Increasing this granularity At decreases the testing time, but also
decreases the precision of retention time measurements, as a result of which, we may not be

able to tap the full potential of refresh-power savings.
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In order to avoid increasing the testing time dramatically, while at the same time
maintaining the accuracy of retention time measurements, we used a non-uniform granularity
in our testing strategy. We used a granularity of 1 second for tests above 3 seconds, 100 ms
for tests between 1 and 3 seconds, and 10 ms for tests below 1 second. Moreover, we first
test above 3 seconds, so that only pages that do not retain above 3 seconds are considered in
the finer tests (the overhead of writing and checking the entire DRAM would skew the finer
tests). Likewise, we test between 1 and 3 seconds before testing below 1 second so that only
residual outlier pages are tested at the finest granularity. This testing strategy allows for
precise measurements of the shortest-retention pages while keeping the test time reasonable.
However, these parameters can be adjusted in the interest of test time or precision, as desired.
At room temperature, we found that less than 1% of the DRAM pages had retention times
greater than 50s. Therefore, we set the final wait time to 50s to avoid unnecessarily
increasing the testing times. The overall testing time for measuring retention times at room

temperature using this strategy was 22.3 minutes for one trial.

Table 2-2 summarizes the test time and the number of page writes/checks for one
complete trial of the DRAM. Retention times from the first trial can be exploited to reduce
the number of page writes/checks in subsequent trials. Subsequent trials can begin at the
median of the distribution and spiral outward from the median, eliminating the greatest
number of pages earliest in the trial. Thus, the number of page writes/checks in Table 2-2 is a
worst-case number for the first trial. The test time is not reduced for subsequent trials

because we still cycle through all the same wait times.

Table 2-2. One complete trial of the DRAM.

Test time 22.3 minutes
# page writes/reads (worst-case — first trial) 274,000
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2.1.2 Off-line vs. On-line Testing

Page retention times can be tested off-line by the DRAM manufacturer, off-line by the

system designer, or on-line during actual use of the system.

Currently, the DRAM manufacturer only tests chips at the worst-case refresh period
(e.g., 64 ms) to confirm correct operation of the chip. This basic test is much faster than our
generalized test algorithm due to its single short wait time. Applying our test algorithm
would increase DRAM tester time, causing an unwanted increase in price. Furthermore,
conveying chip-specific page retention times to DRAM customers poses unusual logistics
problems — a small Flash table coupled with the DRAM in a multi-chip package or a web-

accessible database are improbable.

Alternatively, system designers (e.g., cell phone designers) or advanced end users (e.g.,
sensor network researchers) could run the tests off-line for their particular applications. Since
extreme energy efficiency is needed for these applications, this form of off-line testing is

potentially justifiable from a business standpoint.

In the case of on-line testing, trials are performed gradually, opportunistically, and
overall as non-intrusively as possible, e.g., while recharging the batteries of a mobile device
or during extensive idle periods. (Or, for mobile devices, a Windows-style installation wizard
could give users the option of testing the device upon first use or at some later time.)
Multiple trials are collected over days, weeks, or even months. Testing time and power
overheads recede over time as the DRAM is mapped. RAPID is only employed when the
trials are complete. Correct operation is assured because the system safely reverts to the

default refresh policy when trials are incomplete.
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2.1.3 Testing and Temperature

Conventional DRAMs use a single worst-case refresh period (typically 64 ms), safe for
the highest rated temperature and all lower temperatures. CellularRAM™ temperature-
compensated refresh (TCR) provides four refresh settings, corresponding to four temperature
ranges. A given refresh setting is safe for the highest temperature in its range and all lower
temperatures. Exploiting TCR requires an external temperature sensor or a priori knowledge

of the peak operating temperature, to guide selection of the lowest safe refresh setting.

Temperature can be accommodated in RAPID similarly, using either a single or multiple
temperature ranges. The only difference is the use of page-dependent information instead of

page-independent information.

However, the testing method — off-line vs. on-line — affects temperature options. A key
advantage of off-line testing is that temperature can be explicitly controlled. Thus, testing can
be done for the highest rated temperature and possibly several lower temperatures. If a
temperature sensor is available, we can select page retention times corresponding to the
current temperature. If a temperature sensor is not available, we can at least select page

retention times corresponding to the highest rated temperature.

On-line testing is less flexible in two ways. First, a temperature sensor is mandatory, to
tag each trial with the maximum temperature for which the trial is safe. The sensor is
likewise needed to select safe page retention times corresponding to the current temperature.
Second, temperature cannot be controlled during testing. It is possible for the current
temperature to exceed the maximum recorded temperature among trials, in which case a

RAPID refresh period cannot be determined and we must downgrade to either of the two
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conventional refresh policies (worst-case refresh period or lowest safe refresh setting of

TCR).

2.1.4 DRAM Test Patterns

Multiple test patterns are used in the DRAM industry to identify data retention fails with
high coverage. Diverse test patterns are needed to identify potential cross-cell retention-time
degradation or other interactions. The most common test patterns used to test data retention
times are the checkerboard and inverse checkerboard (alternating rows of 1010... and
0101...) [20][38]. Other common test patterns are all 1s, all Os, alternating 1s and Os, and

alternating Os and 1s (i.e., 1010... and 0101...) [65][66][67][69].

In our retention time measurements, presented in Section 2.2, we use the six industry-
standard test patterns above to test the ISSI DRAM chip. Our measurements of the ISSI
DRAM chip show that five of the test patterns yield the same retention time, for 75% of the
pages. We observe different retention times for these five test patterns, for only 25% of the
pages, with a maximum variation in retention time of 40% among the five test patterns. For
example, the retention time of a particular DRAM page (page #12) ranges between 6 seconds
and 10 seconds among the five test patterns. The all Os test pattern yields a much higher

retention time than the other five test patterns (more on this in Section 2.2).

2.1.5 Statistical Framework

Testing is done within a rigorous statistical framework to ensure that assigned retention

times are safe. The retention time of each page is estimated as follows:

1. Twenty trials are performed for each test pattern.
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2. For a given test pattern, we calculate an adjusted retention time, equal to the mean of
the 20 trials minus a margin of error based on confidence intervals [47]. Using
confidence intervals is more statistically rigorous, hence, safer, than simply using the
minimum retention time among the twenty trials. Statistical inference is safer
because it emulates performing infinite trials (with a certain confidence level).
Taking the minimum of twenty trials is only as reliable as these trials and may not

provide a safe lower bound.

3. We estimate the retention time of the page to be the minimum of the adjusted

retention time among all test patterns.

The goal of our statistical framework is to estimate a safe retention time from only
twenty trials. The twety trials constitute a simple random sample (SRS). The central limit
theorem states that as the sample size increases, the distribution of a simple random sample
approaches a normal distribution. This is important, because rigorous statistical analyses are
available for normal distributions. In particular, the student-t distribution can be used to
project a full distribution from only a sample distribution, as long as there are 15 or more
samples. The projected distribution provides a means to safely estimate a lower bound on

retention time of the page.
A measured parameter “x” is represented as follows (where X is the sample mean):

X X margin_of error for Y% confidence

In other words, a random measurement has Y% chance of being between X +

margin_of error and X -margin_of error.

The following student-t distribution equation is used to determine the margin of error.
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the sample standard deviation or standard error. ¢° is the margin of error.

The sample size and confidence level determine t". As the sample size increases, t
decreases for a given confidence level (since more samples reveal more about the actual
distribution, thus s is a better estimate of actual standard deviation and requires less
adjustment by t*). A higher confidence level increases t fora given sample size. The graphs
in Figure 2-2 show hypothetical normal distributions (i.e., infinite samples) and illustrate the
relationship between confidence level and margin of error. The mean must be padded with a

larger margin of error for higher-confidence estimations.
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Figure 2-2. Estimation with (a) 90% confidence (b) 95% confidence.

Figure 2-3 shows the student-t distribution table used to look up the t* critical value.

Each row corresponds to a number of degrees of freedom (sample size n has n-1 degrees of
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freedom). Each column corresponds to a confidence level. The highlighted row is the one
used for our retention time tests (20 trials, i.e., 19 degrees of freedom). Within this row, we

select the value of t corresponding to the desired confidence level.
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Figure 2-3. Student-t distribution table (t* critical value).

For a given page, shorter or longer adjusted retention times can be estimated for higher
or lower confidence levels, respectively. This is illustrated in Table 2-3, which shows the
margins of error for different confidence levels and the corresponding adjusted retention time
for one particular page, page #1651. We observe that, as expected, the margin of error
increases for higher-confidence estimations. We chose a 99% confidence level for our

purposes.
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Table 2-3. Adjusted Retention Time for Page #1651 (sample mean retention time = 39 s).

% confidence % margin of error Adjusted Retention Time (seconds)
95% 4.01% 37.44
96% 4.22% 37.35
98% 4.87% 37.10
99% 5.48% 36.86
99.5% 6.08% 36.63
99.8% 6.86% 36.33
99.9% 7.44% 36.09

Figure 2-4 shows the margins of error at 99% confidence level for different DRAM
pages and different test patterns. We observe that, for all test patterns, 92-95% of the pages
have a margin of error less than 2% and 98.9-99.8% of the pages have a margin of error less
than 5%. Only around 0.2-1.1% of the pages have a margin of error between 5-15%.
Therefore, there are very few pages with outlier samples among the 20 trials. Regardless,
padding each page with its safe error margin, based on classic statistical inference, ensures

reliability of our retention time measurements.

margin of error
| m0% m0-1%  012% 25% m5-15%
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Figure 2-4. Margin of error at 99% confidence level for different DRAM pages and different test
patterns.
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2.2 Page retention times

In this section, we measure and graph the retention times of pages for the ISSI DRAM,
using our testing algorithm. The ISST DRAM under test implements a “close page” policy,
i.e., a page is immediately written back to the memory array after a read or write operation.
Therefore, the row buffer is not used as a cache, guaranteeing reads and writes always truly

access the memory cells.

Section 2.2.1 presents the page retention times of the entire DRAM chip at room
temperature (24°C). Measurements are done for all six test patterns. The retention time of a
page is its mean retention time (20 trials) adjusted with a safe error margin, calculated based

on statistical inference, as explained in the previous section.

Section 2.2.2 presents the pages retention times of the only the first DRAM bank at two
higher operating temperatures, 45°C and 70°C. Page retention times are measured only using
the test pattern of all ones. The retention time of a page is the minimum among the 20 trials.
Note, the statistical analysis described in the previous section is not done for page retention

time measurements at these two higher temperatures.

2.2.1 Page Retention Times at Room Temperature

Figure 2-5 shows the retention time distribution and cumulative retention time
distribution of all pages in the DRAM for the test pattern of all ones, at room temperature
(24°C). The distribution of page retention times, shown in Figure 2-5(a), is consistent with
previous retention time characterizations [19]. The first observation is that there is a wide
variation in retention times, ranging from 500 ms to slightly over 50 seconds. The second

observation is that most pages have longer retention times than the default 64 ms refresh
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period or even the longest temperature-compensated refresh period (TCR), which is at most
500 ms based on the shortest-retention page in Figure 2-5(a). The corresponding cumulative
distribution in Figure 2-5(b) shows the percent usable DRAM for a given target refresh
period. For example, a refresh period of 1.4 s covers 99.9% of all pages and a refresh period
of 3.1 s covers 99% of all pages. For a 99% DRAM utilization, RAPID-1 can consolidate
data into the longest-retention 99% of the DRAM, thus, permitting a refresh period as long as

3.1 s without losing information.

Figure 2-6 shows that the all zeros test pattern yields very high retention times, with
almost 90% of pages having retention times greater than 50 seconds, i.e., the leakage from 0
to 1 is much slower than leakage from 1 to 0. The other four test patterns (alternating ones
and zeros, alternating zeros and ones, checkerboard, and inverse checkerboard) show
distributions similar to all ones, as illustrated in Figure 2-7, Figure 2-8, Figure 2-9, and
Figure 2-10. This is because 75% of the DRAM pages have the same mean retention times

for all test patterns, except the all zeros test pattern.

We estimate the retention time of the page to be the minimum of the adjusted retention
time among all test patterns. Figure 2-11 shows the retention time distribution and
cumulative retention time distribution of this estimated retention time all pages in the
DRAM. We use these estimated page retention times in our results section to evaluate the

refresh power savings yielded by our RAPID techniques.
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Figure 2-5. (a) Distribution and (b) cumulative distribution of page retention times, for entire
DRAM at room temperature (24°C, test pattern all 1s).
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Figure 2-6. (a) Distribution and (b) cumulative distribution of page retention times, for entire
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Figure 2-9. (a) Distribution and (b) cumulative distribution of page retention times, for entire
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2.2.2 Page Retention Times at Higher Temperatures

Temperature is known to have a significant effect on leakage and, therefore, retention
time in DRAM. The leakage current increases with temperature. Therefore, retention times
decrease with increasing temperature. We measured the page retention times of only the first
DRAM bank (out of four banks) and only for the all ones test pattern, at two higher
temperatures, 45°C and 70°C (the latter is the maximum operating temperature for the ISSI
DRAM chip). The temperature was raised using the heat gun pictured in Figure 2-1 (labeled
4) and monitored during testing, using the multi-meter with temperature-sensing thermistor
(labeled 3) placed in contact with the DRAM package. The temperature was kept within two
degrees of the desired temperature. The results are shown in Figure 2-12 and Figure 2-13 for
45°C and 70°C, respectively. The distributions have the similar shape as before but, as
expected, retention times decrease with increasing temperature. Nonetheless, we observe that

even at 70°C, almost 99% of DRAM pages have retention times of 1 second or more.
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first DRAM bank at 45°C (test patterns all 1s).
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2.3 Retention-Aware Placement in DRAM (RAPID)

RAPID is a software-only solution for exploiting retention-time variations among
different pages to virtually eliminate refresh power in contemporary off-the-shelf DRAMs, a
major component of power consumption in standby operation. The key idea is that longer-
retention pages are allocated before shorter-retention pages. This enables selecting a global
refresh period that is the longest possible, based on the shortest retention time among

occupied pages instead of the shortest retention time among all DRAM pages.

The primary software support is modifications to routines which allocate and deallocate
physical pages in memory. For example, the Linux kernel’s virtual memory manager
maintains an /Inactive List, a free-list of inactive physical pages (pages not touched for
extended periods of time and deemed inactive). The Inactive List contains pages marked as
“Inactive Dirty” or “Inactive Clean” (inactive dirty pages have to be flushed to their
corresponding pages in the next-level non-volatile storage). The RAPID-I
allocation/deallocation routines merely exclude outlier pages from the initial Inactive List.
The RAPID-2 and RAPID-3 allocation/deallocation routines transform the single Inactive
List into multiple Inactive Lists, one for each retention time bin. For systems with a virtual
memory manager, existing Inactive List management routines would be adapted for RAPID
as just described. Many embedded systems do not implement virtual memory, in which case
equivalent user routines would be adapted or substituted with the RAPID

allocation/deallocation routines.

The three RAPID techniques are described in Sections 2.3.1 through 2.3.3. Some of the
software implementation costs, in terms of software tables, are summarized in Section 2.3.4.
Section 2.3.5 gives background on common refresh options available in off-the-shelf
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DRAMSs, and explains how the single refresh period selected by RAPID can be applied to

commodity DRAMs without custom hardware support.

2.3.1 RAPID-1

RAPID-1 is a static approach in which a handful of shortest-retention outlier pages are
discarded and are never populated. They are made unavailable to application programs by

excluding these pages from the Inactive List when it is initialized.

We exclude all pages with retention times below 3 s (at room temperature), a total of 168
pages (out of 16,384 pages). This yields a static refresh period of 3 s. At this refresh period,
99% of the DRAM can still be utilized. Because the RAPID-1 refresh period is static, energy

savings is independent of actual DRAM utilization.

2.3.2 RAPID-2

Pages are placed into bins according to their retention times. Ten bins are used. Using
more than ten bins yields little additional power scaings. The 10 bins are equally spaced
between 3 s and 50 s. The shortest retention time is 3 s because the 168 pages below 3 s are
excluded, like in RAPID-1. Note that using only 10 bins can be exploited a priori to reduce

the run time of the testing algorithm described in Section 2.1.1.

The original Inactive List is split into 10 Inactive Lists, one for each retention time bin.
Pages within each Inactive List are unordered, as usual, so allocating and deallocating pages

from a given list remains an O(1) operation.

The bins are ordered from longest to shortest retention time. (The retention time of each

bin corresponds to the shortest retention time among pages in that bin.) When none of the
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DRAM pages are populated, i.e., all Inactive Lists are full, the RAPID refresh period

corresponds to the retention time of the highest (longest-retention) bin.

A page allocation request is satisfied from the highest bin that has a free page. If no
more free pages are available in any of the bins that have populated pages, a page is allocated
from the next lower bin. However, before the page is given over to the application program,
the RAPID refresh period is decreased to accommodate the shorter retention time of the fresh

bin.

When a page is deallocated, the page is returned to the Inactive List correponding to its
retention time. The page’s entry in the page bin table (see Section 2.3.4) indicates the
RAPID-2 bin to which the page belongs. This facilitates returning the page to the correct
Inactive List. Each bin knows how many pages (active plus inactive) belong to it. Thus, if an
Inactive List becomes full when a page is returned to it, and the corresponding bin was
previously the lowest bin with populated pages, then the RAPID refresh period is increased
to the next higher bin that still has populated pages. Thus, once the refresh period has been
decreased, increasing it again is opportunistic, since it depends on which pages happen to be

freed by application programs.

2.3.3 RAPID-3

RAPID-3 builds on RAPID-2. It uses the same allocation/deallocation routines,
enhanced with page migration to reconsolidate data from lower to higher bins whenever
higher bins become fragmented, i.e., underutilized. Thus, RAPID-3 continuously
reconsolidates data into the longest-retention bins possible. This causes the RAPID-3 refresh

period to respond faster to decreases in DRAM utilization, compared to RAPID-2.
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Many migration policies are possible, from migrating immediately when a page in a
higher bin becomes free, to periodically reconsolidating pages en masse. For our

experiments, we migrate immediately when an opportunity presents itself.

The downside of migration is that it incurs power overhead. In the results section, a

single migration is given a power penalty that is 2X the power for a single refresh.

The refresh period of RAPID-2 and RAPID-3 depends on the actual dynamic DRAM
utilization, because they are dynamic techniques. Note that outlier pages are discarded in
both RAPID-2 and RAPID-3, so that the refresh power savings of RAPID-2 and RAPID-3

are at least as good as that of RAPID-1.

2.3.4 RAPID software storage costs

There are three major software data structures. The first is unique to RAPID. The last

two have counterparts in existing page-managed systems.

e Page bin table. This table indicates which RAPID-2 bin each page belongs too. For 16K
DRAM pages, there are 16K 4-bit entries (to encode up to 16 bins) for a storage cost of
8KB.

o Logical-to-physical address translation table. This is the well-known page table in
traditional virtual memory systems or user-level counterpart in non-virtualized embedded
systems. The RAPID allocation routine does not change the structure or management of
the traditional page table, it only affects which DRAM pages are otherwise sequentially
or randomly allocated. For 16K DRAM pages, a one-to-one mapping of logical to

physical pages requires 16K 14-bit entries for a storage cost of 28KB.
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e Inactive list. Although the single Inactive List is divided into multiple Inactive Lists for
RAPID-2 and RAPID-3, the total storage cost remains the same as in traditional page-
managed systems. For 16K DRAM pages, 16K list nodes are needed when no pages are

populated. Assuming 8-byte nodes, the storage cost is 128KB.

2.3.5 Using RAPID refresh period with off-the-shelf DRAMSs

Contemporary off-the-shelf DRAMs typically provide one or both of the following

conventional refresh options: auto-refresh and self-refresh.

o Self-refresh. Self-refresh is implemented solely within the DRAM chip itself.

e Auto-refresh: The external memory controller issues regularly timed auto-refresh
commands and the DRAM chip refreshes the next row in sequence. The memory
controller does not send an address since the DRAM keeps track of the next row to be

refreshed in sequence.

Self-refresh is significantly more power-efficient than auto-refresh, both in terms of
DRAM power and external memory controller power. However, to the best of our
knowledge, commodity DRAMs do not have a programmable self-refresh period. It is either
64 ms or temperature compensated, neither of which approaches the quasi-non-volatile
RAPID refresh periods. If there exists a DRAM with a programmable self-refresh period,
RAPID can exploit self-refresh directly by setting the self-refresh period to the RAPID

refresh period.

An external memory controller typically supports a single programmable auto-refresh
period. While directly compatible with the RAPID refresh period, this is not a good general
solution because auto-refresh is too power inefficient during long standby periods, i.e., it is
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better to power down the memory controller and DRAM leaving only self-refresh on. Auto-
refresh may make sense during active periods. In fact, some DRAMs (like our ISSI DRAM)
only support auto-refresh during active periods and self-refresh during standby periods, to

explicitly avoid conflicts between internal self-refresh and external requests.

The CellularRAM™ [8] and UtRAM™ [64] for ultra-low-power systems only support
the self-refresh option. Self-refresh is used during both active and standby periods. However,
this self-refresh period is not programmable except for limited temperature compensation
support. As is typical, self-refresh can be enabled/disabled via a configuration register. Thus,

we propose the following approach for coupling RAPID with CellularRAM™ or UtRAM™:

e When RAPID is in use, self-refresh is disabled by default.

e RAPID sets up a periodic timer interrupt, its period equal to the RAPID refresh period.

e When the interrupt occurs, a lightweight handler enables the DRAM’s self-refresh and
sets up a near-term interrupt for 64 ms in the future. During the 64 ms interval, self-
refresh transparently refreshes the entire DRAM. The near-term interrupt invokes a
second lightweight handler that disables the DRAM’s self-refresh.

¢ In this way, the entire DRAM is refreshed only once — in a burst fashion — every RAPID

refresh period.

While we discussed the above approach in the context of DRAMs with only self-refresh,
the approach can be adapted to exploit programmable auto-refresh during active periods and
self-refresh during standby periods, for the ISSI DRAM and others with a similar refresh

dichotomy.
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2.4 Evaluation Methodology

Mobile devices often exhibit short bursts of activity (active mode) followed by long idle
periods (standby mode) [26][34][35]. During active mode, DRAM refresh is typically a small
component of overall system power, whereas, during standby mode, DRAM refresh may be

the largest power component.

Obtaining activity traces of a real mobile device or sensor node is extremely difficult and
beyond the scope of this work. We develop a simplified, yet effective evaluation technique,
based on the above bimodal active/standby mode characterization of mobile devices to
compare different refresh optimization techniques. This evaluation technique focuses on

DRAM utilization over long periods of time.

We divide the long timeline into consecutive 100-second intervals and randomly inject
100-second active periods in place of otherwise standby periods, with a random probability
that yields a typical active utilization, e.g., 5%. During active periods, we inject a random
number of page requests. A request is equally probable to be an allocation vs. a deallocation
so that DRAM utilization remains on average what the initial utilization was, making it
possible to target a particular average DRAM utilization while still having significant
utilization fluctuations during the timeline. Different refresh techniques may or may not
exploit fluctuations in DRAM utilization, yielding a means for comparing techniques in a

generic way. We compare the following refresh techniques:

e TCR (TCR): Optimal temperature-compensated refresh (TCR), i.e., the self-refresh

period is based on the shortest retention time among all pages for the current temperature,
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as measured in Section 2.2. We use this as the baseline since the default 64 ms self-
refresh is overly pessimistic and TCR is available in some current DRAMs.

o RAPID-1 (R-1), RAPID-2 (R-2), RAPID-3 (R-3): These are the new RAPID techniques.

o  HW-Multiperiod (HW-M): A custom hardware solution, in which each page is refreshed
at a tailored refresh period that is a multiple of the shortest refresh period among all
DRAM pages [52].

o  HW-Multiperiod-Occupied (HW-M-0): Same as HW-Multiperiod, but only pages that
are currently occupied are refreshed.

o HW-Ideal (HW-I): An ideal custom hardware solution, in which each page is refreshed at
its own tailored refresh period.

o HW-Ideal-Occupied (HW-I-O): Same as HW-Ideal, but only pages that are currently

occupied are refreshed.

The simulated timeline is 24 hours. All simulations are configured for 5% activity and
95% standby operation. Average DRAM utilizations of 25%, 50%, and 75% are targeted.

Three operating temperatures are simulated, 25°C (room temperature), 45°C, and 70°C.

The Micron CellularRAM™ [8] is the basis for refresh power. Using the
CellularRAM™ refresh power at its default self-refresh period, refresh power can be

calculated for an arbitrary refresh period via simple scaling.

2.5 Results

Figure 2-14 shows the refresh energy consumption (in mW-hours) for an average

DRAM utilization of 75% at three different temperatures. TCR uses the worst-case refresh
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period at a given temperature (500 ms at 25°C, 323 ms at 45°C, and 151 ms at 70°C). By
simply discarding 1% of outlier pages, RAPID-1 yields 83% (25°C), 80% (45°C), and 70%
(70°C) energy savings with respect to TCR. RAPID-2 yields 93% (25°C and 45°C) and 92%
(70°C) energy savings with respect to TCR. RAPID-3 yields 95% (25°C and 45°C) and 93%
(70°C) energy savings with respect to TCR. Another positive result is that RAPID-2 and

RAPID-3 are nearly as effective as the custom hardware approaches.

Energy savings of RAPID-1 decreases only moderately as temperature increases, from
83% to 70% over the full temperature range. One factor contributing to this decline is that,
some pages that lie above the RAPID-1 retention-time threshold at 25°C, lie below this
threshold at 70°C. These pages become “outliers” with respect to the 25°C RAPID-1

standard, yet they are not excluded.

In contrast, energy savings of RAPID-2 and RAPID-3 hardly decline with increasing
temperature. At 75% average DRAM utilization, typical RAPID-2 and RAPID-3 refresh

periods are substantially long even at 70°C.

Energy consumption of RAPID-1 at 70°C (worst-case RAPID-1) is comparable to
energy consumption of TCR at 25°C (best-case TCR). This implies that a worst-case, non-
temperature-adjusted RAPID-1 implementation yields the same or better energy than TCR,
suggesting a potentially simpler alternative to temperature-aware DRAM design. The same
case can be made in even stronger terms, for non-temperature-adjusted RAPID-2 and

RAPID-3 implementations.
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Figure 2-14. Refresh energy for 75% average DRAM utilization, at 25°C, 45°C, and 70°C.
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Figure 2-15 shows refresh energy at 25°C for average DRAM utilizations of 75%, 50%,
and 25%. A key observation is that, as the DRAM utilization decreases, both RAPID-2 and
RAPID-3 yield more energy savings than the two hardware techniques HW-M and HW-I. At
75% average utilization, the energy consumption of RAPID-2 and RAPID-3 are slightly
higher than HW-M and HW-I. Yet, at 50% and 25% average utilizations, both RAPID-2 and
RAPID-3 consume less energy than HW-M and even HW-1. At lower DRAM utilizations,
many lines are unoccupied and RAPID’s refresh period exceeds the “average” period of the

hardware techniques.

The ideal hardware technique, HW-I-O, provides a more reliable lower bound on energy
savings because it does not refresh unoccupied pages. For 25% average utilization, RAPID-3

(and even RAPID-2) approaches this lower bound on energy savings.

However, even HW-I-O does not necessarily provide a lower bound on refresh energy.
For non-RAPID implementations, pages are allocated without regard to page retention times.
Thus, HW-I-O energy can differ for the same DRAM utilization, depending on which pages
are allocated. For example, for 25% utilization, the energy of HW-I-O can vary from 0.01
mW:-hours to 0.023 mW-hours, depending on whether the best or worst 25% of the DRAM
pages are occupied. Energy of RAPID-3 at 25% utilization is 0.018 mW-hours. Therefore, it

is possible for RAPID-3 to outperform HW-I-O.
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2.6 Implementation of RAPID on a Prototype Testbed

RAPID is a software-only technique that can be coupled with any off-the-shelf DRAM.
Therefore, we implemented the first two RAPID techniques, i.e., RAPID-1 and RAPID-2, on
the Ubicom IP3023 embedded system development board that contains the ISST DRAM chip.

Note, this is the same DRAM chip that we characterized previously.

The Ubicom IP3023 multithreaded processor supports up to 8 hardware threads. We use

two hardware threads to emulate RAPID.

(i) rapid_thread: This thread services page allocation/deallocation requests from the
application. It implements the RAPID-1 and RAPID-2 allocation/deallocation
routines. After every allocation/deallocation, the refresh period is reevaluated and set
accordingly. This thread also resumes the refresh_thread (below) after every RAPID

refresh period or whenever the RAPID refresh period is decreased.

(i) refresh_thread: This thread is dedicated solely to performing periodic RAPID
refreshes, emulating the interrupt-based approach. When this thread is activated by
rapid_thread, it enables auto-refresh. After 64 milliseconds (default DRAM refresh

period), the thread disables auto-refresh and suspends itself.

Note, RAPID-1 and RAPID-2 are implemented similarly, the only difference is that the
refresh period set by RAPID-1 is never modified, whereas the refresh period set by RAPID-2

changes with DRAM utilization.

Although, the above description is in terms of enabling/disabling auto-refresh, self-

refresh could be used instead. Self-refresh is implicitly enabled and disabled when the
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DRAM transitions into sleep mode and active mode, respectively, whereas auto-refresh

needs to be explicitly enabled/disabled by the user or operating system.

To confirm that we are indeed enabling and disabling refreshes, we measured the power
change on an oscilloscope and corroborated the measured auto-refresh power with auto-

refresh power of the ISSI DRAM from its datasheets.

To confirm that the DRAM is refreshed once and only once every RAPID refresh period,
we test pages that have retention times longer and shorter than the current RAPID refresh
period, by writing a random data pattern to the pages. All pages that have retention times
longer than the RAPID refresh period pass the test, while all pages that have retention times
shorter than the RAPID refresh period fail the test. We also observe a power change on the
oscilloscope whenever RAPID enables DRAM refresh. This power change on the

oscilloscope corresponds to the auto-refresh power.

2.7 RAPID Summary

To summarize this chapter, RAPID virtually eliminates standby power in DRAM,
yielding favorable scaling of standby power. Also, RAPID approaches the energy savings
obtained by hardware techniques that require custom DRAM support to exploit retention

time variations.
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Chapter 3

ZettaRAM: Power-Scalable DRAM Alternative

ZettaRAM is a nascent memory technology based on conventional DRAM architectures,
in which the conventional capacitor is replaced with a new molecular capacitor. The unusual
characteristic of this new technology is that the amount of charge deposited on the molecular
capacitor (critical for reliable sensing) is independent of write voltage. Charge-voltage
decoupling holds the key for viable voltage scaling from one generation to the next, because
voltage can be reduced arbitrarily while maintaining charge for reliable sensing. This opens
up two new opportunities for power scaling in a DRAM-like architecture. (1) Exploiting
molecular engineering for long-term power scalability: Precise tuning of molecular attributes
provides an inexpensive path for scaling voltage, hence power, from one generation to the
next. (2) Intelligent management of ZettaRAM: While the fixed charge is voltage-
independent, speed is voltage-dependent. This tradeoff is architecturally managed by
dynamically modulating voltage based on criticality of memory requests, further extending

ZettaRAM’s voltage scaling advantage with little system slowdown.

This chapter describes in detail these two power-scaling opportunities provided by
ZettaRAM. This chapter is divided into the seven sections. Sections 3.1-3.5 describe the
charge-voltage decoupling characteristic of the molecular capacitor and its possible
implications. Sections 3.6 and 3.7 describe the two novel power-scaling opportunities

provided by charge-voltage decoupling.
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Section 3.1, Limitations of DRAM Voltage Scaling, explains the DRAM voltage scaling

challenge.

Section 3.2, ZettaRAM Molecular Capacitor, provides background on the molecular
capacitor, including basic read/write operation, our novel SPICE device model, and our
derivation of charge density as a function of write voltage. This section also explains how

charge-voltage decoupling overcomes DRAM voltage scaling limitations.

Section 3.3, SPICE Results, presents SPICE results for DRAM and ZettaRAM to derive

nominal operating voltages and read/write latencies.

Section 3.4, Experimental Framework, describes the experimental framework for system-

level simulations.

Section 3.5, Baseline DRAM Energy and Performance, presents system-level simulation
results for the baseline DRAM system. Results in sections 3.6 and 3.7 are with respect to this

baseline DRAM.

Section 3.6, Exploiting Molecular Engineering for Long-Term Power Scalability, explores
first power-scaling opportunity. We study the impact of key molecular attributes on operating

voltage and then presents system-level results for 23 different molecules.

Section 3.7, Intelligent Management of ZettaRAM, explores the second power-scaling
opportunity. We present architectural management of ZettaRAM’s unique speed/energy
tradeoff to lower the operating voltage of ZettaRAM even further with little system

slowdown.
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3.1 Limitations of DRAM Voltage Scaling

A DRAM cell consists of a transistor-capacitor pair, as shown in Figure 3-1. The charge
stored in the capacitor determines the logic state of the cell. The cell represents logic “1” if
the capacitor is fully charged and logic “0” if the capacitor is fully discharged. To write the
cell, a voltage is applied on the bitline and the access transistor is activated. The amount of
charge deposited in the capacitor depends linearly on the magnitude of the applied bitline
voltage. Therefore, 0 V is applied to write a “0” and a positive voltage Vit 1S applied to

write a “1”.

Word Line

I (N B

access
transistor

Bit Line

capacitor

Figure 3-1. 1T-1C DRAM Cell.

To read the cell, the bitline is precharged to an intermediate voltage, typically half the
write voltage. Charge flows to/from the DRAM capacitor depending on whether it was
initially discharged/charged, respectively, resulting in a small negative/positive change in the
bitline voltage, respectively. This small bitline voltage change, AV, is sensed by the sense

amplifier.
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The DRAM read and write voltages are ultimately determined by the voltage differential

required by the sense amplifiers to reliably sense a “0” or “1”. This voltage differential is

expressed by the following equations, derived based on charge redistribution after a read

operation. The right and left hand sides of the equation represent the total charge present in

the cell capacitor and bitline (modeled as a large capacitor), before and after the read

operation, respectively.

AV: voltage differential (bitline voltage change during read operation)
0 éiELL . charge in cell capacitor after read operation
0 gELL . charge in cell capacitor before read operation
0 ;L . charge in bitline after read operation
0 gL . charge in bitline before read operation
Vee:  voltage over the cell capacitor
Vere:  bitline precharge voltage before the read operation
Cs: cell capacitance
CgL: bitline capacitance
AFTER REDISTRIBUTION BEFORE REDISTRIBUTION
4 4 B B
Ocprr + Op = Qi + O (EQ 3-1)
4 B
QCELL +Cyy - (VPRE +AV) = QCELL +Cp Vg (EQ 3-2)
Ocen — 96,
Rearranging, AV = % (EQ 3-3)
BL

A minimum voltage differential on the bitline (AV) is required for reliable operation of

the sense amplifiers in the presence of various noise sources (sense-amplifier V; mismatch,

transient radiation induced charge, leakage, bitline coupling) [45]. Since the 4 Mb DRAM
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generation (last decade), the bitline capacitance, Cgy, has remained steady at 350 fF [45][60].
The stored charge in the cell capacitor, QF,,,, must be large enough to generate a bitline

voltage change that can be reliably sensed, including compensating for various noise sources:
radiation, leakage current, and electrical imbalances between pairs of bitlines. While noise
induced by radiation decreases with each generation, leakage current and -electrical
imbalances remain nearly the same from one generation to the next. Therefore, the minimum

charge required in the cell capacitor has not reduced much with each new generation [31].

The DRAM cell capacitor is constrained by conventional charge-voltage coupling, QcgLL
= Cgs'VegLL. Now, if we want to lower DRAM voltage with each new generation, while
keeping QcgrL constant, Cs must actually be increased. Yet, DRAM scaling trends show that
DRAM cell capacitance will remain steady at around 30-40 fF and will not scale with

technology any further [45][60].

Summing up, the confluence of three factors, (i) a fixed minimum charge for reliable
sensing, (ii) constant cell capacitance, and (iii) charge-voltage coupling, imposes a

fundamental limit on DRAM voltage scaling.

3.2 ZettaRAM Molecular Capacitor

This section provides background on the ZettaRAM molecular capacitor, including basic
read/write operation, our novel SPICE device model, and our derivation of charge density as
a function of write voltage. The latter derivation provides insight into charge-voltage

decoupling, for overcoming the voltage scaling limits of DRAM.
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3.2.1 Molecule Description and Reading/Writing the Molecular Capacitor

A ZettaRAM memory cell is formed by replacing the DRAM capacitor with a molecular
capacitor, composed of a self-assembled monolayer of charge-storage molecules (e.g.,
porphyrin molecules) sandwiched between two electrodes. An individual porphyrin molecule
is shown in Figure 3-2(a) and the ZettaRAM molecular capacitor is shown in Figure 3-2(b).
As shown in Figure 3-2(b), the molecules are attached to the lower metal plate or working
electrode, via attachment groups called linkers. A linker is shown in detail in Figure 3-2(a)
(its length can be customized). The second electrode or counter electrode, is interfaced to the
molecules via an electrolyte. The electrolyte is conductive (it contains ion dipoles), for

forming a closed circuit, but does not conduct electrons.

Metal Counter electrode
K_H
O Electrolyte
—(
CHa
Molecules
Linkers
Metal Working electrode
(a) (b)

Figure 3-2. (a) Individual porphyrin molecule. (b) ZettaRAM molecular capacitor.

A molecule can be positively charged by removing an electron, referred to as oxidation.
Oxidation corresponds to “writing” a logic 1. An electron can be added back to the positively
charged molecule to return it to the uncharged state, referred to as reduction. Reduction

corresponds to “writing” a logic 0.

The molecules are oxidized when the voltage applied across the molecules is greater

than the oxidation potential (V.x). As shown in Figure 3-3, this is achieved by applying a
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positive voltage greater than V., on the working electrode relative to the counter electrode,
causing electrons to tunnel from the molecules to the working electrode across the linkers.
The molecules are reduced when the voltage applied across the molecules is lesser than the
oxidation potential. As shown in Figure 3-4, this is achieved by applying a voltage less than
Vox on the working electrode relative to the counter electrode, causing electrons to tunnel

from the working electrode to the molecules across the linkers.

Metal Counter electrode Metal Counter electrode
= Electrolyte = Electrolyte
Molecules - Molecules
el el el el el el Linkers Linkers
Metal Working electrode Metal Working electrode
Vapp > Vox Vapp > Vox

Figure 3-3. Oxidation process in molecular capacitor.

Metal Counter electrode Metal Counter electrode
= Electrolyte = Electrolyte
Molecules - Molecules
e-T e-T e-T e-T e-T e-T Linkers Linkers
‘ Metal Working electrode ‘ Metal ‘ Working electrode
|
Vapp < Vox Vapp < Vox

Figure 3-4. Reduction process in molecular capacitor.

A more accurate explanation is that oxidation and reduction are always taking place
simultaneously, since any chemical reaction is a combination of forward and reverse
reactions. Equilibrium is reached, at which point the rates of the forward and reverse

reactions are equal. Although the rates are balanced at equilibrium, the molecules have a

69



strong tendency towards either the oxidized state or reduced state, depending on the applied
voltage (above or below the oxidation potential, respectively). The Butler-Volmer equation

in the next subsection expresses the non-equilibrium and equilibrium behavior.

Like reading conventional DRAM, reading ZettaRAM is destructive. To read the state of
the molecules in a molecular capacitor, they are discharged (if they are initially charged).
This is achieved by reducing them, i.e., the bitline is precharged to a voltage below the
oxidation potential. The state of the molecules is sensed by detecting the presence (or
absence) of a small voltage change on the bitline as the molecules are discharged (unless

neutral), which is procedurally similar to sensing in conventional DRAMs.

An idiosyncrasy of the molecular capacitor, with regard to reading, is that the bitline
needs to be precharged to a specific voltage below the oxidation potential called the open
circuit potential (e.g., OCP = 0.3V for the porphyrin molecule used in section 3.3.3) [58].
The molecular capacitor is an electrochemical cell in which the redox species is the
porphyrin molecules. The OCP is a well-known artifact of electrochemical cells. Reading at
the OCP prevents discharging of the “double-layer capacitance”, which would otherwise

drown out discharging of the molecules themselves.

Technological problems that have to be considered when integrating the molecular
capacitor in a standard CMOS process include potential degradation of molecules during
high-temperature processing steps and potential defects due to non-uniform layers of
porphyrin molecules on silicon. These issues have been successfully addressed while
integrating the molecular capacitor into a standard CMOS process in small volumes in
fabrication labs. K. Roth et al. [56] and Z. Liu et al. [44] showed that molecules can

withstand the highest temperature during DRAM processing. K. Roth et al. [57][58] showed
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the formation of a uniform layer of porphyrin molecules on the silicon surface. Currently,
one of the main technological challenges is volume production, as is often the case with new

technologies.

3.2.2 SPICE Model of Molecular Capacitor

The oxidation/reduction reaction is shown below, where A is the porphyrin molecule

[56].

A A" +e (EQ 3-4)

In non-equilibrium (charging or discharging), the net rate of oxidation or reduction — i.e.,
the net current — is exponentially dependent on the difference between the applied voltage
and the oxidation potential. This current is expressed by the Butler-Volmer kinetic model [3],

shown below, which forms the basis of our SPICE model.

[=F-k"|[4] e(l_a)["FTJ(V_V”) ] e_a[’gj(V_V”) (EQ 3-5)

Parameters above are as follows: k® = standard rate constant, o = transfer coefficient, F =
Faraday constant, R = gas constant, T = temperature, V = applied voltage, V.x = oxidation
potential, [A] = concentration of non-oxidized molecules (in moles per unit area), and [A'] =

concentration of oxidized molecules.

The current I determines the intrinsic speed of reading and writing the molecules. In a
complete memory circuit, the overall read and write speeds are determined by several
interacting components. We build the complete memory circuit using SPICE. The SPICE

simulator correctly solves for currents and voltages at all nodes, accurately reflecting the
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interaction between the molecular capacitor and the rest of the circuit. The SPICE model and

results are presented in Section 3.3.

3.2.3 Highly Non-linear Capacitance: Charge-Voltage Decoupling

The oxidation/reduction reactions shown in EQ 3-4 eventually reach an equilibrium. The
net current is zero at this equilibrium. We can derive the amount of charge (Qce = [A+]) at
equilibrium as a function of the write voltage, by substituting I=0 in the Butler-Volmer
equation (EQ 3-5). (This gives us the effective capacitance of the molecular capacitor since

capacitance expresses Q as a function of V.) Doing so yields the following Qcen(V).

1
Q. V)=1[4],- o (EQ 3-6)

1+ e BT

where, [A] is the total molecule concentration, equal to the sum of [A] and [A"]. EQ 3-6 is
derived in Appendix A. EQ 3-6 is the basis for the unusual charge density graph shown in

Figure 3-5 (reproduced from Figure 1-4 in Introduction, Section 1.2.1).

minimum charge
for sensing

Molecular capacitor

Charge Density Q.. /Area
(Clcm?)

! ! TT I I

Applied Bitline Voltage (volts)

Figure 3-5. Charge density vs. voltage for a molecular capacitor in ZettaRAM.
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The exponential term in the denominator becomes negligible as V is increased slightly
above V. Thus, just above V., the molecular capacitor is nearly fully charged. Conversely,
the exponential term in the denominator grows large as V is decreased slightly below V.
Thus, just below V, the molecular capacitor is nearly fully discharged. In other words,
while voltage still controls charging and discharging, depending on whether the applied
voltage is above or below the threashold, V., the amount of charge is independent of the
applied voltage, as shown in Figure 3-5. In contrast, with a conventional DRAM capacitor,
voltage has dual roles of controlling charging/discharging and influencing the amount of

charge.

3.2.4 Implications of Charge-Voltage Decoupling and Speed-Voltage Dependence

The primary implication of charge-voltage decoupling is that reads/writes can be
performed at lower voltages while maintaining the minimum fixed charge for reliable
sensing. The write voltage can be lowered from one generation of ZettaRAM to the next, by
synthesizing new molecules with lower oxidation potentials via favorable choices of
molecule groups and linkers. Precise tuning of molecular attributes provides an inexpensive

path to scaling voltage from one generation to the next.

While the fixed charge is independent of voltage, the speed of charging/discharging the
molecules depends exponentially on the difference between the applied voltage and oxidation
potential (slower with smaller differential), as illuminated by EQ 3-5 in section 3.2.2. The
overall speed of ZettaRAM is determined by either the speed of charging/discharging the
molecules or the conventional peripheral circuitry used to access the molecular capacitor,
whichever is slower. Therefore, to achieve the same performance of conventional DRAM,

the write voltage is padded with respect to the oxidation potential. There is room to reduce
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the padding by architecturally managing ZettaRAM’s unique speed-voltage dependence. We
dynamically modulate the write voltage based on the criticality of memory requests, further

extending ZettaRAM’s voltage scaling advantage with little system slowdown.

3.3 SPICE Results

In this section, SPICE simulations are performed to determine (1) operating voltages and
(2) read/write latencies, for both DRAM and ZettaRAM. We use 0.18u technology and
assume a 10:1 ratio between bitline capacitance and cell capacitance [28]. The sense amps

are designed accordingly, and are based on designs in the DRAM literature [30].

For the ZettaRAM SPICE experiments presented in this section, we use one particular
molecule type that yields similar system performance and energy as conventional DRAM,
without our architectural management technique. In Sections 3.6 and 3.7, we consider many

different molecules and architectural management of ZettaRAM, respectively.

3.3.1 SPICE Models

Figure 3-6(a) shows the SPICE model of the conventional capacitor integrated into a
larger SPICE model of the DRAM architecture, including bitline, wordline, access transistor,

and sense amplifier.

Figure 3-6(b) shows the SPICE model of the molecular capacitor. The voltage-controlled

current source implements EQ 3-5. The current depends on three variables, [A], [A'], and V.

Figure 3-6(c) shows the SPICE model of the molecular capacitor integrated into a larger

SPICE model of the ZettaRAM architecture, including bitline, wordline, access transistor,
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and sense amplifier. The only difference between the ZettaRAM and DRAM SPICE models,

is the type of capacitor used inside the cell (molecular vs. conventional, respectively).

Word Line Word Line

1 1
J_I ]

) o
£ £
- -
= =
@ Symbol @
- - mbo
voltage r 1 y Er———
from controlled I from _Z_
dummy cell current | | dummy cell
source I
I (Butler-Volmer eq. ) I | I
= ] = | Sense =

Sense =
Amp == Amp

(@ (b) (©)

Figure 3-6. (a) DRAM circuit. (b) SPICE device model of molecular capacitor. (c) ZettaRAM
circuit.

3.3.2 DRAM Spice Results

The linear relationship between charge and voltage in a conventional capacitor places a
lower bound on the DRAM write voltage for writing a “1”. Below this voltage, the charge
deposited in the capacitor is not enough for the sense amplifier to reliably sense a “1” during
a later read operation. We determine this lower bound experimentally and call this write
voltage Vq write 1. Searching in increments of 0.05 V, we determined Vg write 1 = 1.25 V. The
graph in Figure 3-7 shows that writing the DRAM capacitor at 1.2 V causes sensing to fail

during a later read operation, since there is not enough charge in the capacitor.

Next, we determine the write latency of DRAM. The graph in Figure 3-8 shows that

SPICE produces a DRAM write latency of 8.6 ns for Vg write 1 =1.25 V.

Finally, we determine the read latency of DRAM. SPICE produces a read latency of 29

ns (see Figure 3-9).
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Figure 3-7. Writing DRAM capacitor below 1.25 V causes subsequent read operation to fail.
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Figure 3-8. Write latency of DRAM is 8.6 ns.
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Figure 3-9. Read latency of DRAM is 29 ns.

3.3.3 ZettaRAM Spice Results

The SPICE results for ZettaRAM are shown for one particular molecule type. The
molecule type is one of the first synthesized porphyrin molecules. Moreover, this molecule
yields similar system performance and energy as conventional DRAM without our

architectural management technique.

In the previous subsection, we showed that the conventional capacitor of DRAM is not
sufficiently charged below 1.25 V, from the standpoint of correct sensing during a later read
operation. On the other hand, writing the molecular capacitor at a voltage as low as 1.0 V

(and lower) results in correct sensing during a later read operation, as shown in Figure 3-10.

Next, we determine the write latencies of ZettaRAM as a function of the ZettaRAM
write voltage, V, wie 1. In the first experiment, we use DRAM’s minimum write voltage,
Vd wiite 1 = 1.25 V. The graph in Figure 3-11 shows that the ZettaRAM write latency at this

voltage is 8.2 ns, similar to the DRAM write latency (8.6 ns) reported in the previous
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subsection. This means that, for V, wre 1 = V4 write 1, the conventional peripheral circuitry
used to access the molecular capacitor limits the speed, not the intrinsic speed of the

molecules.

V,;=16V
dd 40.2 ns

BLL — sense amp output
rises to 1 (cell value)

Voltage (volts)

\\‘ BLR — dummy cell for reads
V=03V \(sense amp measurements)
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\

S
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Time (ns)

Figure 3-10. Writing molecular capacitor as low as 1.0 V subsequently results in correct
sensing.
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Figure 3-11. Write latency of ZettaRAM is 8.2 ns.
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The ZettaRAM molecular capacitor can be reliably written below 1.25 V, although the
intrinsic speed of the molecules begins to limit the overall write speed at lower voltages. The
SPICE results in Figure 3-12 show exponentially increasing write latency with decreasing

write voltage: 9nsat 1.2 V,29nsat 1.1 V, and 166 ns at 1.0 V.

-
(=]
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H O o
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o
N

Fraction of molecules

o
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Figure 3-12. ZettaRAM write latency (90% of molecules oxidized) for three applied voltages.
Reading is competitive with conventional DRAM because the read voltage (OCP,
Section 3.2.1) is typically sufficiently lower than V, such that the molecule current is much
faster than the peripheral sensing apparatus, and thus does not limit the speed of reading.
Thus, the read latency of ZettaRAM is dictated by the peripheral sensing circuit, common to
both DRAM and ZettaRAM. This is confirmed by SPICE simulations. The SPICE result in
Figure 3-10 shows that the latency of reading ZettaRAM is 30 ns, similar to the read latency

of DRAM (29 ns) measured in section 3.3.2 (Figure 3-9).

Reading the molecular capacitor is tantamount to writing “0”, since the read voltage is
below V., fully discharging the molecular capacitor. So far, we only discussed multiple

write voltages for writing a “1”. For writing a “0”, we consider only a single write voltage
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equal to the read voltage. Incidentally, this is a fast write voltage. Bitline operations always
alternate between reading (open page) and writing (close page), so keeping the write “0”
voltage the same as the read voltage eliminates many bitline transitions altogether.
Considering slower write “0” voltages between the read voltage and Vo, will only increase
the number of bitline transitions, thus increasing energy consumption. This will become

clearer in section 3.3.5, where we summarize bitline transitions for ZettaRAM and DRAM.

3.3.4 Retention Time Comparison of DRAM and ZettaRAM

To conclude our SPICE analysis, this subsection compares the retention times of the two
technologies, DRAM and ZettaRAM. The retention times of the two technologies are
comparable because leakage is an artifact of the access transistor, and the initial stored
charge is the same. This is confirmed by the SPICE results shown in Figure 3-13. For
example, at 40 ms, the conventional capacitor and molecular capacitor retain 32% and 51%
of the initial charge, respectively. The molecular capacitor demonstrates an improved decay
curve at the beginning. The retention times of both memories can be improved by applying a
negative substrate bias, reducing the leakage current of the access transistor. What we want

to demonstrate here is the comparable retention times of the two technologies.

ZettaRAM exhibits an unconventional linear retention time curve. The molecular
capacitor’s metal plate that is connected to the access transistor (i.e., working electrode)
decays sharply to Vx and stays close to this voltage level throughout the decay process. In
fact, this is due to the non-linear charge/voltage characteristic described in Section 3.2.3 and
depicted in Figure 3-5 (charge drops from fully charged to fully discharged over a narrow
voltage interval). Since voltage is nearly constant throughout the decay process, leakage

current is nearly constant throughout as well. (Leakage current varies with the voltage at the
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drain of the access transistor.) Since leakage is nearly constant, the charge decays linearly

with time. We confirmed that the slope corresponds to the leakage current of the access

transistor.

Fraction of charge
remaining in the capacitor

3.3.5 ZettaRAM and DRAM: Comparison Summary

©Scooococo -~
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Figure 3-13. Retention times.
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Table 3-1 and Table 3-2 summarize the SPICE results for DRAM and ZettaRAM. For

ZettaRAM, we include results for two different molecule types. Table 3-1 shows read/write

latencies. Table 3-2 shows operating voltages and implied bitline voltage transitions that

depend on consecutive memory operations.

Table 3-1. Read/write latencies for DRAM and ZettaRAM, for two example molecules.

ZettaRAM
Characteristic DRAM
Molecule 1 (V,,=0.73V) Molecule 2 (V,,=0.48 V)
Precharge time 9 s function of applied voltage function of applied voltage
(write an entire row) [9ns @ 1.2V - 166 ns @ 1V] [9ns @ 0.79V — 166 ns @ 0.59V]
Row access time 29 ns 30 1 30 1

(read an entire row)
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Bitline energy, which can constitute up to 96% of overall energy in DRAM [29],
depends on the applied voltage and magnitude of the voltage change (Egp = Cpr VgL' AVpi,
where Eg is the bitline energy, Cpy is the bitline capacitance, Vg is the bitline voltage, and
AVygy is the bitline voltage change). The actual magnitude of bitline transitions depends on
the nature of consecutive operations which cause a voltage change on the bitline — read, write
0, and write 1. We now analyze these individual bitline transitions in depth for both DRAM
and ZettaRAM. We observe that both the applied voltage and magnitude of the voltage

change can be much lower for ZettaRAM than DRAM, yielding significant energy savings.

Table 3-2 shows operating voltages and bitline voltage transitions for DRAM and
ZettaRAM, for two different molecules. Because L2 requests are always serviced from the
page held in the row buffer, bitline operations always alternate between reading (open page)
and writing (close page). This yields only four valid transitions: read followed by write-0,
read followed by write-1, write-0 followed by read, and write-1 followed by read. The first
row in the table shows the percentage breakdown of these four transitions. One benchmark
from the SPEC2K benchmark suite mcf is shown. The other benchmarks show similar
breakdowns. The second row shows the DRAM voltage differential for each transition, using
the voltages derived in Section 3.3.2. Table entries for positive voltage transitions are
highlighted, which we use in the energy accounting. Although the previous SPICE
experiments used Vpp = 1.6 V due to our available technology files (and a corresponding
read precharge voltage of 0.8 V), for energy accounting, we use Vpp = V{ write 1. This
adjustment minimizes DRAM energy, by applying a lower voltage differential for the higher

percentage write-0—>read transitions.
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The third and fifth rows show ZettaRAM voltage differentials, using fast writes, for two
different molecule types (V, write 1 fast=1.2 V for Molecule I and V, w1 fa5=0.79 V for
Molecule 2). The fourth and sixth rows show ZettaRAM voltage differentials, using slow
writes, for the two molecule types (V write 1 slow=1.0 V for Molecule 1 and V, write 1 slow=0.59
V for Molecule 2). Because the write-0 and read voltages are the same (Section 3.3.3), two of

the transitions incur no voltage change.

Recall that, fast writes match the latency of DRAM writes, and slow writes increase
latency for further energy savings. In Section 3.7, we propose a hybrid write policy, wherein
fast writes are used to service critical memory requests and slow writes are used to service

non-critical memory requests.

Table 3-2. Operating voltages and bitline voltage transitions for DRAM and ZettaRAM, for two
example molecules.

Bitline Transition
Read > write 0 Read > write 1 write 0 = read write 1 = read
% of all transitions, 28.46% 21.48% 28.48% 21.58%
benchmark = mcf
comenonaomn sy | Ul [T v [ e

~ Fast ZettaRAM AV 0 +(Vziwrileilifasl'vocp) 0 '(Vziwriteilifast'vocp)
3] N (Vziwriteilifast =12 V) =09 =-09
SR
ST
E ”k ? Slow ZettaRAM AV 0 Jr(\/ziwriteilislow'\/ocp) 0 '(Vziwrileilislow'vocp)
§ S EN (Vziwriteilislow =1.0 V) =07 =-0.7
~ Fast ZettaRAM AV 0 +(Vziwrileilifasl'vocp) 0 '(Vziwriteilifast'vocp)
53] ~ i (Vziwriteilifast =0.79 V) =0.62 =-0.62
S8
0SS
E ”* ”;‘ Slow ZettaRAM AV 0 +(Vziwriteilislow'vocp) 0 '(Vziwriteilislow'vocp)
g 2 S (Vo write_1_stow = 0.59 V) =0.42 =-0.42

Baseline DRAM AV 0 Jr(\/d7W1'ite71'\/read) 0 '(Vdiwriteil'vread)

(Vread = Vdiwriteio =0.95 =-0.95
= Vocpimoleculelzo-:;v)
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The lack of any write-0>read transitions gives ZettaRAM a substantial energy
advantage over conventional DRAM. Conceivably, the same strategy of unifying the read
potential and the write-0 potential may be applicable in future DRAMs. To level the playing
field, we enhance the DRAM by lowering the read potential from Vpp/2 and raising the
write-0 voltage from 0 V, both to Vo, of Molecule 1. (Like ZettaRAM, the enhanced DRAM
sense amp senses logic “0” via the absence of a bitline shift.) This enhanced DRAM is the
baseline for all architectural experiments performed in the subsequent sections. Voltage

differentials for this baseline DRAM are shown in the last row of Table 3-2.

3.4 Experimental Framework

3.4.1 Memory Simulator: Modeling Timing

The memory simulator models the internal state and operation (timing and functionality)
of ZettaRAM. The interleaved ZettaRAM memory system, shown in Figure 3-14, is based on

the synchronous DRAM (SDRAM) architecture [46].

The ZettaRAM memory system has 4 independent ports, with each port tied to a bank.
The memory controller maps physical addresses to memory addresses (bank id, row id, and
column id) and schedules pending memory requests. The memory controller maintains a
separate queue of pending memory requests for each bank. There are two types of memory

requests initiated by the L2 cache, fetch block and writeback block.

Memory access reordering is used by default. Fetch requests that circumvent queued
writeback requests need to search the queue for possible read-after-write hazards. Where

indicated, we also investigate configurations with memory access reordering disabled.
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Figure 3-14. Interleaved ZettaRAM memory system.

A DRAM page is a row in memory that is read into the row buffer to service memory
requests. The memory controller can use one of two different policies to manage pages —
open page policy and close page policy. In the close page policy, a page is immediately
written back into its memory array (closed) after servicing the memory request. In the open
page policy, a page is held in the row buffer (left open) after reading the page into the row
buffer. Thus, the row buffer serves as a cache in DRAM. By keeping the page open,
subsequent accesses to the same page do not incur the penalty of opening the page. However,
if there is a request to a different page in the same bank, the open page policy incurs the
penalty of closing the current page before opening the new page, thus sometimes increasing
the wait time of memory requests. Nonetheless, we find that the open page policy
significantly outperforms the close page policy. Since we model a high-performance memory

system, we consider only the open page policy in our simulations.

The time components in a main memory system are given in Table 3-3. The minimum

latency for servicing memory requests and port occupancy times are given in Table 3-4, for
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various scenarios in the context of the open page policy. Port occupancy time refers to the

time for which the port is tied up by a request.

Table 3-3. Time components in a main memory system.

Component Description
tras Row Access Strobe (RAS) : Time to read a page into the sense amplifiers/row buffer.
tcas Column Access Strobe (CAS): Time to output the requested data (specific column)
from the sense amplifiers/row buffer to the memory controller.
tpPRE Precharge (PRE): Time to write a page from the sense amplifiers/row buffer back into
the memory array.

Table 3-4. Request latencies and port occupancy times for the open page policy, under

various scenarios.

Scenario Request Latency | Port Occupancy
Requested page is open. tcas tcas
Requested page is closed, no page currently open. tras + toas tras T tcas

Requested page is closed, another page is currently open.

tpre T tras t tcas

tpre + tras T teas

3.4.2 Memory Simulator: Modeling Energy

The memory system can be divided into three major blocks to compute the power
consumption: the memory cell array, the decoders (row and column), and the periphery

(sense amps). The active power equation is given as follows [29].

P= VDD'IDD (EQN 3-7)

Ipp = Mg + me(n-1)-ipg + (n+m)-Cpg Vine'f + Cor Vinr £ + Incp (EQN 3-8)

Vpp is the external supply voltage, m and n are the number of bitlines and wordlines in the
memory array, respectively, i, 1S the effective current of the active or selected cells, ipq 18
the effective current of the inactive or non-selected cells, Cpg is the output node capacitance
of each decoder, VNt is the internal supply voltage, Cpr is the total capacitance of CMOS

logic and driving circuits in the periphery, Ipcp is the total static (DC) current of the
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periphery, and f is the frequency. The periphery includes the column circuitry, differential

amplifiers on the I/O lines, refresh related circuits, and on-chip voltage converters.

The first term in EQ 3-8 is the active current, the second term is the data retention
current, the third term is the decoder current, the fourth term is the current in the periphery,

and the final term is the static current in the periphery.

At high operating frequencies, Ipcp and ipq become relatively small compared to other
current components [29]. The decoder charging current is negligibly small in modern
DRAMSs [29]. The bitline charging current (i) 1S Cg-AVpL- £ (AVpy is the voltage swing on

the bitlines). Therefore, EQ 3-8 can be rewritten as,
P = Vpp [m:Cp'AVpL + CprVint]f (EQN 3-9)
The active bitline dissipation power dominates the above equation [29]. So we get,
P = Vpp [mCgAVpL]-f (EQN 3-10)

Thus, total memory system power is dominated by the bitline energy, i.e., power
required to charge the bitlines for opening and closing pages and can constitute up to 96% of

the total memory system energy [29].

Thus, in our experiments, we measure bitline energy consumption in the main memory.
We track the voltage states of all bitlines in order to measure the energy required to charge

the bitlines for a particular memory operation.

Assuming a single voltage supply (Vpp), the energy to charge a bitline is Epjgine =
CsL'Vop'(AVeL) = CsL'VbD' (V2 write 1 - Voep). Thus, dynamically adjusting the write-1
voltage yields linear energy scaling. If we use a dedicated voltage supply for charging the

bitline (V write 1), then Epitine = CBL 'V write 17 (V2 write 1 = Voep). Now, dynamically adjusting
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the write-1 voltage yields quadratic energy scaling. We assume dual voltage supplies for the
dual write voltages (V; write 1 fast a0 V; write 1 slow) for our dynamic voltage modulation
technique. The supplies can be implemented using high-efficiency DC-DC converters [9].
Dual voltages were implemented in drowsy caches and selected in one to two cycles via a

MUX to drive the bitlines [17], a technique we borrow. This is illustrated in Figure 3-15.

SLow
VEast 7’—‘—
ZettaRAM
Vsiow — bitlines
SLOW

Figure 3-15. Selecting between two voltages to drive the bitlines.

The analytical model Cp;-Vpp'(AVpy) is derived by integrating power across the voltage
supply (VppxI), which yields the overall energy consumed, as opposed to integrating power
across only the bitline capacitor (VppXI). The analytical model was compared against SPICE

simulations, and they match exactly.

3.4.3 Cycle-level Simulator

Our memory simulator is integrated with a custom detailed cycle-level processor
simulator. The SimpleScalar ISA (PISA) [7] and compiler (gcc-based) are used. The
processor configuration is given in Table 3-5. The cache and bus configurations are based on
the Pentium® 4 processor [22]. The L1 instruction and data caches each allow up to 32
outstanding misses. The L2 cache allows up to 8 outstanding fetch requests at a time.

Increasing the number of L2 MSHRs beyond 8 provided only minor performance benefits.
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The maximum number of outstanding L2 writeback requests is only limited by the buffering

in the memory controller.

Table 3-5. Processor configuration.

4-issue OOO superscalar, 7-stage pipeline
Frequency 1 GHz
Reorder buffer 128 entries
Issue queue, LSQ 64 entries
Branch predictor gshare, 2'° entries
Functional units 4, universal
Bus 400 MHz 64-bit
L1 I-cache 8 KB, 4-way, 64 B line size
L1 D-cache 8 KB, 4-way, 64 B line size
L2 cache (unified) 256 KB, 8-way, 128 B line, writeback
Hit latency L1:2ns,L2: 10 ns
MSHRs L1:32,02:8

The memory round trip latency for servicing L2 cache miss requests is given in Table
3-6, for various scenarios in the context of the open page policy. The bus latency to fetch a

128-byte L2 cache line from DRAM on a 64-bit wide bus operating at 400 MHz can be

computed to be 40 ns (128bytes 1 .
64bits . 400 MHz

Table 3-6. DRAM round trip time for a L2 miss request for open page policy
(tBUS =40 ns, tcas = 16 ns, tras = 30 ns, tpre = 9 ns).

Scenario Memory Round Trip Time
Requested page is open. tgus T tcas =56 ns
Requested page is closed, no page currently open. tgus T tras T tcas = 86 ns

Requested page is closed, another page is currently open. | tgys + tprg + tras T tcas = 95 ns

3.4.4 Benchmarks

We use eight different integer benchmarks from the SPEC2K benchmark suite with
reference inputs. We used SimPoint to determine the appropriate starting simulation point for
each benchmark [59]. 100 million instructions are then simulated from this simulation point.

The SimPoints chosen for each benchmark are shown in Table 3-7. Table 3-7 also shows the
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rates of L1 and L2 cache misses (per 1000 instructions) and L2 writebacks (per 1000

instructions) to main memory for each benchmark.

Table 3-7. SPEC2K benchmarks.

SimPoint L1 misses* L2 misses* . writebacks
tebacks*
(billions of instr.) WHIEDAcks that close page*
bzip 1 84.8 13.3 4.6 2.8
gap 209.5 87.8 4.2 1.8 1.2
gcc 11 98.8 9.6 3.13 2.4
gzip 48.7 97.0 4.7 1.91 1.5
mcf 31.7 208.6 80.3 31.84 23.8
parser 1.7 58.9 5.4 2.12 1.5
twolf 3.2 110.5 22.8 7.61 4.9
vortex 5.8 81.2 7.5 2.9 2.4

* per 1000 instructions

3.5 Baseline DRAM Energy and Performance

Figure 3-16 shows (a) bitline energy consumption and (b) execution times, for DRAM

operating at 1.25 V. The pending request queue size for each bank is fixed at 4 entries.

Memory access reordering is used in the baseline unless otherwise indicated. Since 1.25 V is

the lowest reliable write voltage for DRAM, we use this system as our baseline and all

ZettaRAM performance and energy measurements are normalized with respect to this

baseline.
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Figure 3-16. (a) Bitline energy consumption and (b) execution times, for DRAM operating at

1.25V.
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The next two sections describe in depth the two power scaling opportunities enabled by
the charge-voltage decoupling characteristic of the molecular capacitor in ZettaRAM.
Section 3.6 describes how molecular attributes can be precisely tuned to lower the ZettaRAM
write voltage from one generation to the next. Section 3.7 describes how the molecular
capacitor’s speed/energy tradeoff can be architecturally managed by dynamically modulating
write voltage for different memory requests, to lower the write voltage even further with little

system slowdown.

3.6 Exploiting Molecular Engineering for Long-Term Power Scalability

Synthetic chemists can precisely tune key properties of the molecules through the choice
of molecular “groups” and “linkers”, such as the oxidation potential, electron transfer rate,
and surface concentration (charge density). Many molecules have been synthesized and
characterized by ZettaCore. Among these, we identify molecules that yield ZettaRAMs
comparable to or better than DRAM in all respects — density (as determined by cell area),

performance (as determined by write latency), and power (as determined by voltage).

To compare these ZettaRAMs with DRAM, we fix two of the variables, cell area and
write latency, in order to focus on the third variable, voltage. Since cell area is fixed, we
consider only those molecules with charge density greater than or equal to that of DRAM, so
that the minimum amount of charge for reliable sensing is available. For fast writes, we
target the same write latency as DRAM. Targeting faster intrinsic molecular speeds is of no
use because, as mentioned before, the conventional peripheral circuitry used to access the

molecular capacitor limits write latency anyway.
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Having pinned down the cell area and write latency, voltage is the only unknown

variable. In this situation, voltage is controlled by three key molecular attributes — oxidation

potential, electron transfer rate, and surface concentration. We now give insight as to how

these three molecular attributes affect the write voltage.

(i)

(ii)

(iii)

Oxidation potential (V,,): Write latency is determined by the current, which in turn is
exponentially dependent on the difference between the applied voltage and the oxidation
potential, as seen in EQ 3-5 of Section 3.2.2. Since write latency, hence current, are
fixed, the difference V-V must be fixed. Thus, a decrease in oxidation potential results
in an equal decrease in the write voltage.

Electron transfer rate constant (k°): The current also depends on the electron transfer rate
constant. A higher rate constant implies that the same current can be generated at a lower
write voltage. Therefore, an increase in rate constant results in a decrease in write
voltage. However, the relationship is non-linear because the rate constant is a coefficient
of the Butler-Volmer exponential term whereas voltage is in the exponent.

Surface concentration: Since cell area is fixed, a higher surface concentration yields
more molecules in the cell. However, the molecular capacitor needs to be charged only to
the minimum charge that is required by the sense amplifiers for reliable sensing, i.e., the
target number of charged molecules is fixed. Therefore, a higher surface concentration
implies a correspondingly smaller fraction of the total molecules needs to be charged.
Due to the nature of the Butler-Volmer equation, a smaller fraction can be charged faster
than a larger fraction, even if the absolute number of charged molecules is the same in
both cases (analogous to radioactive half-life principle — the fraction is what matters).

Since we want to fix write latency, we can now offset the higher speed of charging a
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smaller fraction by lowering the write voltage (slowing it back down to the target write
latency). To sum up, we can exploit a higher surface concentration of molecules to lower
the write voltage, thus saving energy. However, as with rate constant, the relationship is
non-linear because concentration is a coefficient of the Butler-Volmer exponential term
whereas voltage is in the exponent. In our analyses, Qo refers to the total number of

molecules present in the molecular capacitor.

The relationship between write voltage and the three molecular parameters — V., ko, and
Qo —is expressed indirectly by EQ 3-11 (derived in Appendix B), which shows the intrinsic
molecule write latency tmol write as @ function of the molecular parameters Vo, kO, and Q. We
fiX tmol write and then numerically solve for write voltage, given parameters Vy, kO, and Q, for

a particular molecule.

= ! In ko

tmol _ write
(k0+kR) ko_(k0+kR)'(QfQJ
0

(EQ 3-11)

k=K .e(l—a)(lgj(V—Vox) " .e—a(gj(V_Vox)

Parameters above are as follows: ko = oxidation rate constant, kg = reduction rate
constant, Qrf = final charge in the molecular capacitor determined by the minimum charge
required by the sense amplifiers for reliable sensing, Qq = total molecules in the molecular

capacitor, equal to the surface concentration of the molecules multiplied by the fixed cell
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area, k® = standard rate constant, o = transfer coefficient, F = Faraday constant, R = gas

constant, T = temperature, V = applied voltage, V,x = oxidation potential.

In Section 3.6.1, we study the sensitivity of write voltage and energy to changes in each
of the three molecular attributes — Vo, ko, and Q. In Section 3.6.2, we evaluate the write
voltage (for uniformly fast writes) and energy of numerous molecules based on their
attributes obtained from the literature and identify molecules that yield ZettaRAMs with

lower write voltages and energy consumption than DRAM.

3.6.1 Sensitivity of Voltage and Energy to Molecular Attributes — V, k’, and Q,

First, we study the effect of increasing the oxidation potential on write voltage and
bitline energy. In order to study the effect of oxidation potential in isolation, we fix surface
concentration and rate constant to be the same as that of the first porphyrin molecule used in
our SPICE experiments (28 x 107" moles/cm” and 7.5 x 10* s, respectively). Figure 3-17
shows the effect of increasing V,x on (a) write voltage and (b) bitline energy. We observe
that write voltage changes by the same magnitude as V., for example, decreasing Vo, by 0.9
V results in a 0.9 V decrease in write voltage. Thus, the write voltage is highly sensitive to
changes in oxidation potential. Interestingly, the relationship between oxidation potential and
bitline energy is also linear, as shown in Figure 3-17(b), even though bitline energy is
proportional to both the write voltage Vpp and the voltage swing AVg, (EpL =
CpL'Ver'AVgy). This is because the write voltage changes by the same amount as the
oxidation potential, and, as a result, AVgy remains constant. Nonetheless, in Figure 3-17, a
10X decrease in oxidation potential, which corresponds to a 64% decrease in write voltage,

reduces energy consumption by 64%.
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Figure 3-17. Effect of oxidation potential V,, on (a) write voltage and (b) bitline energy.

Next, we study the effect of rate constant k” on the write voltage and bitline energy.
Here, we fix surface concentration and oxidation potential to be the same as that of the first
porphyrin molecule used in our SPICE experiments (28 x 107" moles/cm® and 0.73 V,
respectively). Figure 3-18 shows the effect of increasing the rate constant k” on (a) write
voltage and (b) bitline energy. We observe that a 10X increase in rate constant results in only

a 10% decrease in write voltage. However, this corresponds to a more substantial decrease in

Oxidation Potential V, (volts)

(b)
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bitline energy of 36%, due to its quadratic dependence on write voltage. We conclude that

write voltage and bitline energy are mildly sensitive to changes in rate constant.
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Figure 3-18. Effect of rate constant k’ on (a) write voltage and (b) bitline energy.

Finally, we study the effect of surface concentration on the write voltage and bitline
energy. Here, we fix rate constant and oxidation potential to be the same as that of the first

porphyrin molecule used in our SPICE experiments (7.5 x 10* s and 0.73 V, respectively).
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Figure 3-19 shows the effect of increasing the surface concentration on (a) write voltage and
(b) bitline energy. We observe that a 10X increase in surface concentration, i.e., a 10X
increase in charge density, results in only a 14% decrease in write voltage, which
corresponds to a more substantial (48%) decrease in bitline energy. We conclude that write

voltage and bitline energy are mildly sensitive to changes in surface concentration.
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Figure 3-19. Effect of surface concentration on (a) write voltage and (b) bitline energy.
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From the above analysis, we observe that among the three molecular attributes,
oxidation potential has the largest effect on write voltage. However, oxidation potential,
surface concentration, and rate constant have similar effects on bitline energy. Bitline energy
only depends linearly on the write voltage, when V. is varied. Consequently, a 64%
decrease in write voltage results in a 64% decrease in energy consumption. On the other
hand, bitline energy depends on the square of the write voltage, when surface concentration
and rate constant are varied. As a result, a 10%-14% decrease in write voltage is magnified to

a 36%-48% decrease in energy consumption.

3.6.2 Analysis of Molecules

The selected molecules and their attributes are shown in Table 3-8. Also shown are the
fast and slow write voltages, calculated using the methodology derived earlier in Section 3.6.
The fast voltage is used to determine energy with uniformly fast writes. Both the fast and
slow voltgaes are sued to determine the energy with our hybrid write policy (dynamic voltage

modulation), described in Section 3.7.
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Table 3-8. Molecules with comparable or better charge density than DRAM.

Surface Rate Constant Oxidation
Molecules Concentration K’ (x 10*s™) Potential Vaase | Vetow
(x 10" mol/cm?) V. (V) ™M™
(1) Triple decker O2 2/3+ 96 9.7 0.3 0.65 0.45
(2) Triple decker O2 3/4+ 420 4.5 0.48 0.79 0.59
(3) TD-Tpd(TD-2/3+) 35 10 0.31 0.73 0.53
(4) Triple decker O2 1/2+ 25 16 0.24 0.73 0.53
(5) TD-Tpd(TD-3/4+) 96 8.7 0.77 1.13 0.93
6) TD—Phenylethynylphenyl 27 7 0.52 1 0.8
Linker state 3
(7) TD-Phenylethynylphenyl 27 22 0.39 093 | 0.73
Linker state 3
(8) TD-Tpd(TD-2/3+) 35 8.5 0.76 1.19 0.99
(9) PM-1 28 7.5 0.73 1.2 1
(10) TD-Tpd(TD-3/4+) 96 8.8 1.23 1.59 1.39
(11) ZnP-Tpd(ZnP-1/2+) 25 10.7 0.68 1.19 0.99
(12) Triple decker T1 3/4+ 96 8 1.44 1.8 1.6
(13) ZnP-Tpd(ZnP-1/2+) 25 5.5 0.71 1.25 1.05
(14) Triple decker D1 3/4+ 64 0.9 0.9 1.4 1.2
(15) Triple decker M1 3/4+ 35 7.9 1.23 1.66 1.46
(16) Triple decker M2 2/3+ 27 5.8 0.99 1.48 1.28
(17) Fe-ZnP-Tpd (ZnP-1/2+) 25 9.8 1.13 1.64 1.44
(18) TD-Phenylethynylphenyl 35 5.4 1.48 193 | 1.73
Linker state 4
(19) Fe-ZnP-Tpd (ZnP-1/2+) 25 4.5 1.03 1.58 1.38
(20) TD—Phenylethynylphenyl 64 0.9 13 18 1.6
Linker state 4
(21) Triple decker T1 2/3+ 27 5.4 1.46 1.95 1.75
(22) Triple decker M1 2/3+ 25 7.3 1.34 1.87 1.67
(23) Triple decker D1 2/3+ 27 4.5 1.68 2.18 1.98

3.6.3 Energy Savings with Uniformly Fast Writes

Figure 3-20 shows ZettaRAM energy consumption normalized to that of DRAM, for
each molecule type. All write operations are performed at a voltage V. In other words, at
this voltage, the peripheral circuitry, rather than intrinsic molecule speed, is the overall
performance limiter. This voltage Vi, is different for each molecule and is given in Table
3-8. We observe that, among the 23 molecules chosen, 13 operate with higher energy
consumption than DRAM. An unfavorable combination of oxidation potential, electron
transfer rate, and surface concentration yields a higher write voltage, and consequently higher

energy consumption. 10 molecules operate with lower energy consumption than DRAM.
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This is because a favorable combination of molecule attributes yields a lower write voltage,
resulting in significantly lower energy consumption than DRAM. Energy savings of up to
61% can be obtained by using a single, fixed write voltage. The porphyrin molecule used in
the earlier SPICE simulations is highlighted via the arrow in Figure 3-20. Eight different

molecules yield lower energy than it.
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Figure 3-20. ZettaRAM with uniformly fast writes.

3.7 Intelligent Management of ZettaRAM

ZettaRAM write speed depends on the difference between applied voltage and oxidation
potential (faster with larger differential). Therefore, the write voltage is padded with respect

to the oxidation potential to achieve the same speed as DRAM and avoid any performance
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degradation with respect to DRAM. Thus, there is some room to lower voltage even further

by intelligently managing this performance-energy tradeoff.

Specifically, we describe a novel hybrid write policy, which dynamically modulates the
write voltage for different memory requests to maximize energy savings potential of
ZettaRAM with little system slowdown. The proposed dynamic voltage modulation further

extends ZettaRAM’s power scaling advantage over DRAM.

First, we explain dynamic voltage modulation and demonstrate its energy benefits in the
context of one particular molecule type (porphyrin molecule used in earlier SPICE
simulations, Vo = 0.73 V). Then, the energy benefits of dynamic voltage modulation are
shown for all 23 molecules. The results presented in subsequent graphs in this section are
averaged over the eight SPEC2K benchmarks, and normalized with respect to the baseline

DRAM, unless stated otherwise.

3.7.1 Tradeoff Between Bitline Energy and System Performance

We first quantify the tradeoff between system performance and bitline energy as the
ZettaRAM write voltage is changed. Figure 3-21 shows (a) bitline energy consumption and
(b) execution times, for ZettaRAM operating at fixed write voltages of 1.0 V through 1.25 V
in 0.05 volt increments. At 1.25 V and 1.2 V, the execution times for ZettaRAM and the
baseline DRAM are equal because the intrinsic speed of the molecules is fast enough above
1.2 V, such that the write latency is dictated by the peripheral circuitry. However, at lower
voltages, overall write latency and thereby system performance is mainly determined by the

intrinsic speed of the molecules.
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From Figure 3-21(a), lowering the write voltage from 1.25 V to 1.0 V reduces bitline
energy by 41%. However, as expected, execution time increases by 81%, as shown in Figure
3-21(b). This is because write latency increases exponentially with decreasing write voltage.
Thus, writes done at 1.2 V favor performance, whereas writes done at 1.0 V favor energy

savings.
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Figure 3-21. ZettaRAM with various write voltages.

102



Although the voltage drop from 1.25 V to 1 V may seem modest, in the 1V regime, it is
significant. Moreover, the potential energy savings are much higher (41%) due to a quadratic

dependence on voltage, as described in Section 3.4.2.

3.7.2 Hybrid Write Policy

All L2 requests to memory are serviced from the row buffer. If the requested page is not
in the row buffer, the current page is closed (written back to array) and the requested page is
opened (read from array). Closing a page corresponds to a write operation, and can be done
with either a fast write or slow write, favoring either performance or energy, respectively.
Opening a page corresponds to a read operation, and is always performed at the OCP. Thus,

our hybrid write policy applies to closing a page.

Two types of memory requests are initiated by the L2 cache, fetch block and writeback
block. The graph in Figure 3-22(a) shows that 71-82% (79% on average) of all closed pages
are closed because of writebacks that miss in the row buffer. Only 18-29% (21% on average)
of all closed pages are due to fetches that miss in the row buffer. Writebacks exhibit
significantly lower locality than fetches, with respect to the row buffer. Figure 3-22(b) shows
that fetches miss only 10-20% of the time, whereas writebacks miss 60-82% of the time
(71% on average). Because writebacks cause most of the closed pages, they constitute most
of the energy savings potential. Therefore, we can tap most of the energy savings potential of
ZettaRAM by focusing on writebacks. Moreover, writebacks are not timing critical and do
not stall the processor directly, thereby offering scheduling flexibility. In contrast, fetch
requests are timing critical and typically stall the processor because of the high memory
latency. The processor scheduling window is not large enough to tolerate the high memory

latency, even with out-of-order execution.
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Figure 3-22. (a) Percentage of closed pages that are closed due to writebacks vs. fetches. (b)
Row buffer miss rates for writebacks and fetches.

Accordingly, we propose a hybrid write policy, where fetches and writebacks are
handled differently. If a critical fetch request causes a row buffer miss, the current page is
closed using a fast write (high energy), whereas, if a non-critical writeback request causes a
row buffer miss, the current page is closed using a slow write (low energy). Applying slow
writes to writebacks taps most of the energy savings potential, and applying fast writes to
fetches eliminates most of the performance degradation. The pie chart in Figure 3-23
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illustrates the hybrid write policy. Fast and slow writes are done at 1.2 V and 1.0 V,

respectively, for this particular molecule type.

Row buffer misses
— writebacks

Row buffer misses
— fetches

Figure 3-23. Hybrid write policy.

Figure 3-24 shows (a) bitline energy consumption and (b) execution time, for ZettaRAM
with different write policies. The first bar (“Fast”) correponds to all writes done at 1.2 V.
Similarly the second bar (’Slow”) correponds to all writes done at 1.0 V. These two bars are
reproduced in Figure 3-24 from Figure 3-21 to facilitate comparisons with the hybrid write
policies. The third bar in Figure 3-24(a) shows that the hybrid write policy, as predicted, taps
most of the energy savings potential. Hybrid writes achieve 34% energy savings, out of a
possible 41% energy savings with uniformly slow writes (second bar in Figure 3-24(a)).
Moreover, hybrid writes increase execution times by only 10% (third bar in Figure 3-24(b)),
as opposed to 81% with uniformly slow writes (second bar in Figure 3-24(b)). The
performance degradation has been reduced from an average slowdown of 81% with

uniformly slow writes to only 10% with hybrid fast/slow writes. Thus, the hybrid write
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policy couples the performance of uniformly fast writes with the energy savings of uniformly

slow writes.
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Figure 3-24. ZettaRAM with various write policies.
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3.7.3 Eliminating Residual Slowdown

The residual 10% performance degradation still exists because, although deferred
writebacks do not directly stall the processor, they may fill up the request queues in the

memory controller, eventually stalling critical fetch requests.

3.7.3.1 Hybrid Write Policy Coupled with Large Queues and Access Reordering

A natural approach to avoid any queue-full stalls, the reason behind the residual
slowdown, is to increase the request queue size. The default policy of memory access
reordering (fetch requests bypass queued writeback requests) is used. Figure 3-25 shows (a)
bitline energy consumption and (b) execution times, for ZettaRAM using the hybrid write
policy and queue sizes of 4, 8, 16, 32, and 64 entries. As expected, the residual slowdown is
reduced as the queue size is increased. The residual performance degradation is reduced to
less than 1% when the request queues are increased from 4 to 64 entries, as shown in Figure
3-25(b) for all benchmarks. The average slowdown is less than 1%, as shown in the fourth
bar of Figure 3-24(b). Therefore, a ZettaRAM memory system employing slow writes for
pages closed by non-critical requests (writebacks) achieves 34% bitline energy savings with
less than 1% performance degradation, if the pending request queue contains 64 entries and

memory access reordering is used.

However, enlarging the queues increases system cost. Each entry contains an entire
cache block, thus four 64-entry queues costs 31 KB more than four 4-entry queues. Enlarging
the queues also increases complexity. Fetch requests that circumvent queued writeback
requests must first search the queue for possible address matches to avoid any read-after-
write hazards. The complexity of searching the entire queue for these conflicts increases with

queue size. An option to avoid this complexity is to disable memory access reordering. In
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Section 3.7.4, we measure the performance impact of not reordering memory accesses. But

first, we explore eager writebacks as an alternative to large queues in the next subsection.
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Figure 3-25. ZettaRAM with hybrid write policy and various request queue sizes.

3.7.3.2 Hybrid Write Policy Coupled with L2 Cache Eager Writeback

To avoid the cost and complexity of larger queues in the memory controller, we propose

employing the eager writeback policy in the L2 cache [41] to evenly spread out writeback
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requests from the L2 cache, reducing the frequency of queue-full stalls. In the eager
writeback policy, a writeback is issued as soon as a dirty block becomes the LRU block in its

set, instead of waiting for the block to be evicted.

120000
mcf —No eager Writeback

80000

4000

# writebacks closing page

|\

O\V T

120000 -

‘ — Eager Writeback ‘

80000 -

40000 -

# writebacks closing page

200 400 600 800

#cycles (inter arrival time)

Figure 3-26. Arrival time (in cycles) of next request after a writeback request starts closing a
page.

Figure 3-26 shows the arrival time (in cycles) of the next request to a bank after a
writeback request starts closing a page, for the hybrid write policy with 4 queue entries (top
graph) and the hybrid write policy with 4 queue entries coupled with the eager writeback
policy in the L2 cache (bottom graph). The measurements are for mcf (other benchmarks
show similar patterns). We can see that the L2 eager writeback policy de-clusters the

writeback requests to memory. For example, once a writeback request starts closing a page,
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the next request does not arrive for at least 100 cycles. In comparison, without eager

writeback, about a quarter of all next requests arrive between 0 and 100 cycles.

Thus, with eager writebacks, we can probably do well with a small queue, in spite of
delaying writebacks in the memory controller. Effectively, issuing the writeback early from

the L2 cache compensates for delaying it in the memory controller.

For results in the remainder of this section, the L2 cache implements eager writeback for
all configurations including the baseline DRAM system, to which energy and performance of
the hybrid write policy coupled with eager writeback are normalized. We first explore the
impact of eager writebacks on the baseline system. Figure 3-27 shows that L2 eager
writebacks improve performance of the baseline DRAM system by only a negligible amount

for these benchmarks, 0.6-1.3%, and bitline energy consumption is unaffected.
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Figure 3-27. Effect of L2 cache eager writebacks on (a) Bitline energy consumption and (b)
execution times, for the baseline DRAM system.

In contrast, eager writebacks are highly beneficial for ZettaRAM with hybrid fast/slow
writes, as predicted. Figure 3-24(b) (final bar) and Figure 3-28(b) show that eager writebacks
are effective for eliminating performance degradation, otherwise caused by delayed
writebacks in the memory controller. A ZettaRAM memory system employing the hybrid

write policy in conjunction with the L2 cache eager writeback policy yields 34% energy
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savings with less than 1% performance loss. This is achieved without enlarging the request
queue size with respect to the baseline system (4 entries). This is significant in terms of
keeping the cost and complexity of the memory controller the same as the baseline. Results
are also presented for queue sizes of 2 and 16 in Figure 3-28. The queue size of 2 entries

degrades performance by 4%, whereas 16 entries performs only slightly better than 4 entries.

normalized bitline energy w.r.t. Baseline
DRAM (operating at V = 1.25 volts)

DRAM (operating at V = 1.25 volts)

normalized execution time w.r.t. Baseline

(b) normalized execution time

Figure 3-28. ZettaRAM (hybrid write policy, various queue sizes) in conjunction with L2 eager
writebacks.
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Thus, eager writebacks are remarkably synergistic with ZettaRAM for eliminating

performance degradation otherwise caused by delayed writebacks.

The eager writeback policy may increase the number of L2 writeback requests, by
occasionally writing back a dirty block before the final store has occurred to the block before
eviction. Fortunately, it is rare. Figure 3-29 shows the percentage increase in the number of
L2 writeback requests and L2 writeback requests that close a page in memory, because of
premature writebacks. On average, there is only a 0.84% increase in the number of writeback
requests and a 0.16% increase in the number of writeback requests that close a page. The

extra writebacks are accounted for in the primary results in Figure 3-24 and Figure 3-28.
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Figure 3-29. Percentage increase in L2 writebacks.

3.7.4 Effect of Memory Access Reordering

From subsection 3.7.3, we arrive at two competing alternatives for achieving high
performance and low energy with a ZettaRAM memory system: (1) hybrid write policy with
a large queue vs. (2) hybrid write policy with a small queue coupled with L2 eager

writebacks. In all previous experiments, memory access reordering was used by default. We
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now measure the impact of disabling memory access reordering for these two competing
alternatives. The increase in execution time when reordering is disabled is shown in Figure
3-30 (“ZettaRAM, large Q, no reorder” and “ZettaRAM, small Q, eager WB, no reorder”).
As expected, memory access reordering is performance-critical for the ZettaRAM that
achieves latency tolerance via the large queue (execution time increases by 5-12% without
reordering), but not performance-critical for the ZettaRAM that achieves latency tolerance

via eager writebacks (execution time increases by less than 1.2% without reordering).
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Figure 3-30. Impact of disabling memory access reordering for two ZettaRAM configurations.

To sum up, hybrid fast/slow writes and L2 eager writebacks lower the ZettaRAM write
voltage even further with little performance loss and the least complexity in the memory
controller. Managed ZettaRAM provides the same performance as DRAM and in addition

can operate with much lower power.

3.7.5 Energy Savings with Hybrid Write Policy for Different Molecules
Now, we apply our hybrid write policy (coupled with L2-cache eager writebacks) in the

context of each molecule. Recall, in the hybrid write policy, fast writes are applied to critical
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fetch requests and slow writes are applied to non-critical writeback requests. Fast and slow
writes are performed at voltages Vi, and Vo, respectively. The voltages Vg and Vo for
each molecule are given in Table 3-8. Figure 3-31 shows ZettaRAM energy consumption
normalized to that of DRAM, for each molecule type. As expected, we get further energy
savings using our architectural technique. The best molecule now yields energy savings of
77% (previously 61%). As before, the original molecule is highlighted with an arrow. On
average, the hybrid write policy extends ZettaRAM’s energy advantage by an additional 25-
40%. Interestingly, 6 of the molecules that yielded higher energy than DRAM with uniformly

fast writes, now yield lower energy when the hybrid write policy is employed.
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Figure 3-31. ZettaRAM with hybrid write policy.

114



3.8 ZettaRAM Summary

To summarize this chapter, ZettaRAM overcomes voltage scaling limits of DRAM via
charge-voltage decoupling. Charge-voltage decoupling provides two power-scaling

opportunities.

(1) Static Voltage Scaling: Precise engineering of molecular attributes provides an

inexpensive path to voltage scaling from one memory generation to the next.

(2) Dynamic Voltage Scaling: The speed-voltage dependence requires the applied voltage
to be padded with respect to the oxidation potential, in order to be as fast as DRAM. The
padded applied voltage can be further lowered by architectural management of the speed-

voltage dependence.
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Chapter 4

Related Work

4.1 DRAM Scaling Trends

According to the DRAM density scaling trends published by ITRS, DRAM densities

quadruple with each new generation [4].

Itoh et al. [31], Mandelman et al. [45], and Teng et al. [60] have investigated DRAM
scaling trends and concluded that DRAM cell capacitance will remain steady at around 30 fF
to 40 fF and will not scale with technology [45][60]. The charge in the capacitor must be
large enough to generate a bitline voltage change that can be reliably sensed, including
compensating for various noise sources (radiation, leakage current, and electrical imbalances
between pairs of bitlines). While noise induced by radiation decreases with each generation,
leakage current and electrical imbalances remain nearly the same from one generation to the
next. Therefore, the required charge has not reduced much with each new generation
[31][45]. The above factors coupled with the linear relationship between charge and voltage
in DRAMSs has resulted in only a small reduction in both charge and voltage with each

generation.

4.2 Memory Energy Consumption

Itoh et al. [28][29] quantify energy consumption in DRAMs and conclude that bitline

energy consumption is the main component of the total memory system energy consumption.
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Viredaz et al. [65] characterize the ITSY prototype and provide detailed analysis of the
power consumption of various components during different power modes. Their work
provides valuable insights on the power distribution among various components in next-
generation mobile devices. They show that DRAM consumes 25-50% of total system power
while running representative applications like MPEG-1 and DECtalk on the ITSY. Future
feature-rich applications will likely call for more memory capacity and increase memory
system activity [18][27]. So, main memory will consume an increasing fraction of the energy
budget. Therefore, techniques for reducing memory energy consumption will become

increasingly important.

Mobile devices typically go through short bursts of activity followed by long periods of
idle/sleep time [26][34][35]. Efficient energy management is paramount during both active
and idle periods. There have been a lot of studies on energy management of main memories

(DRAMs) during both standby and active operation.

4.3 Reducing DRAM Energy Consumption in Standby Mode

DRAM refresh is the largest component of power consumption when the device is in
standby mode [34][35][68]. Therefore, there has been a lot of work done at the device level

and circuit level to reduce DRAM refresh power.

Most of the techniques at the device level focus on decreasing the leakage current. Two
example techniques include varying dopant concentrations [42][43] and controlling the trap
densities and electric fields at the junction [49][62]. Lower leakage currents increase the

retention times of individual DRAM cells, thereby reducing refresh power.

The rest of this section focuses on circuit level techniques to reduce refresh power.
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4.3.1 Self-Tuning Refresh Period

Many circuit level techniques have been proposed to automatically tune the refresh
period of a single DRAM chip. This approach has several advantages. First, automatically
detecting the refresh period may obviate the need for off-line data retention testing. Second,
the refresh period can be automatically and dynamically adjusted for temperature. Third,
these techniques naturally exploit inter-die process variation, i.e., variation across different
DRAM chips. However, these techniques do not exploit retention-time variations among
cells within a single DRAM chip, so the shortest-retention cell among all cells still limits the

safe refresh period.

Murotani [50] and Pelley et al. [55] propose modifications to DRAM refresh circuitry, to
automatically tune a single refresh period based on temperature. Burgan [6] proposes
monitoring the leakage of test cells representative of the entire memory, for automatically
detecting a suitable refresh period for the DRAM as a whole. Test cells monitor leakage of

both logic “1” and logic “0”.

Hsu et al. [10] and Cho et al. [11] propose monitoring the leakage of four test cells, one
for each bank, thus automatically selecting a refresh period for each bank of the DRAM. The
shortest-retention cell in a bank still limits the refresh period of the bank as a whole. That is,
the granularity is only slightly finer than that of the whole DRAM, and it is not clear if there

will be much separation among per-bank refresh periods.

Limited support for temperature compensated refresh (TCR) is now being deployed in
low power and mobile DRAMs [8][64]. However, TCR does not exploit retenton-time
variations among different memory cells, i.e., all cells are still treated uniformly with a single

temperature dependent refresh period, determined by the worst cell.
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4.3.2 Exploiting Retention-time Variations among Cells

Process variations cause different retention times among memory cells, rows (pages), or
arbitrary blocks of cells within a single DRAM chip. Therefore, different cells retain
information for longer or shorter periods of time. Several researchers have recognized the
opportunity presented by retention-time variations, proposing custom DRAM support for

refreshing different cells or blocks of cells at different refresh rates.

4.3.2.1 Characterization and Modeling of Retention-time Variations

Hamamoto et al. [19] characterize retention-time variations among individual cells,
although no techniques to exploit retention-time variations are proposed. Hamamoto et al.
[19] show that retention-time variations among individual cells in DRAM follow a normal
distribution, and propose an analytical model that provides insight into the contributing
factors that cause retention-time variations. Our retention time measurements corroborate
those of Hamamoto et al. We extend their results by showing significant variations even at
the page granularity, an important result for practical exploitation of retention-time variations
at the level of pages instead of cells, since pages are the natural refresh granularity. In
addition, we also provide a software testing method to characterize the retention times of
pages, and discuss the factors that affect the run time, power, and precision of our testing

strategy.

Jin et al. [32] propose a comprehensive model of retention time distribution using Monte
Carlo methods. This model calculates the retention time distribution for any DRAM device,

given the device parameters like doping profile, stress profile, and bias conditions.
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4.3.2.2 Dual Period Refresh

Yanagisawa [70], in a patent, classifies DRAM cells into two types — cells with long
retention times and cells with short retention times. Modifications to the conventional
counter-based refresh circuitry are proposed to refresh cells with long retention times less

frequently than cells with short retention times.

Idei et al. [25] propose a dual period self refresh scheme. One refresh period corresponds
to the default refresh period based on the worst cell and the other refresh period is a longer
refresh period. The longer refresh period is a multiple of the default refresh period. A PROM
mode register records the refresh period of each DRAM page to be either short or long, based
on the page retention time measurements. A hardware circuit is proposed to refresh each

DRAM page according to its refresh period.

4.3.2.3 Multiperiod Refresh

Kim and Papaefthymiou [34][35] and Ohsawa et al. [52] propose custom hardware
support in the DRAM chip itself, to refresh different cells at different refresh rates and
thereby exploit retention-time variations among memory cells. Kim and Papaefthymiou
[34][35] propose a block-based multiperiod refresh approach, where a custom refresh period
is selected for each block, i.e., group of cells. They also propose an algorithm to compute the
optimal number of blocks. Ohsawa et al. [52] exploit retention-time variations of DRAM
pages and propose a hardware technique, where each DRAM page is refreshed at a tailored
refresh period that is a multiple of the shortest refresh period among all pages. They also

propose another technique which builds on top of this by refreshing only occupied pages.

Our approach is unique, in that it does not require custom hardware modifications to the

DRAM. The underlying reason is that a single refresh period is used at any given time.
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RAPID software populates longer-retention pages before shorter-retention pages, enabling a
single refresh period at any given moment that correlates with the shortest-retention page
among only populated pages rather than the shortest-retention page overall. A single refresh
period, selected and possibly adjusted by RAPID as DRAM utilization changes, can be used
to refresh contemporary off-the-shelf DRAMs for practical exploitation of retention-time
variations. We compare our RAPID techniques with the custom hardware refresh techniques

proposed by Ohsawa et al. [52] in terms of refresh energy savings.

Kai et al. [33], in a patent, propose a variety of refresh circuit optimizations, including
selective refresh of occupied pages and per page refresh periods, in the context of mixed
DRAM/Logic chips. They also propose a combined hardware and software approach to place
data in DRAM according to page retention times and apply per page refresh periods or a
single refresh period accordingly. They use a flag to indicate which rows are occupied and
need to be refreshed, and only these rows are refreshed. In contrast, RAPID is a software-
only solution, where all DRAM pages are refreshed with a single extended refresh period. In
addition, the technique proposed by Kai et al. is in the context of merged DRAM/Logic
chips, whereas RAPID is a software-only approach, proposed mainly in the context of

exploiting off-the-shelf DRAMs.

Le et al. [39], in a patent, propose a hardware technique for remapping DRAM banks
according to their retention times, disabling unused banks, and then setting either a single
refresh period or refresh period per bank to refresh the banks that are not disabled. Mori et al.
[48], in a patent, propose a hardware circuit to identify and select memory blocks with long

retention times.
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4.4 Reducing DRAM Energy Consumption in Active Mode

There has been a plethora of work in the last decade to reduce power consumption of
DRAMSs during active mode. Banked DRAMs have been the focus of several recent efforts to
reduce DRAM energy consumption. Hardware techniques, software techniques, and
combined hardware-software techniques have been proposed to exploit multiple banks and

multiple low-power modes in DRAM.

Delaluz et al. [14] propose a compiler-based approach for reducing power consumption
of individual DRAM banks by predicting idle periods for each DRAM bank at compile time.
Compiler-based approaches have certain limitations in that not all information is available at
compile time. They also propose self-monitored run-time approaches that require hardware
support. The idea is that the memory system automatically transitions into lower power
modes based on information captured by the supporting hardware. The supporting hardware
for checking bank usage incurs energy overhead, which may reduce the energy benefits. As a

result, alternative operating system based approaches have been proposed.

Fan et al. [16] and Lebeck et al. [40] propose energy management schemes to exploit the
different power modes available in some of the commodity DRAMs (active, standby, nap
and power down). Lebeck et al. [40] exploit low-level support for transitioning DRAM chips
among four power modes. Their power-aware page allocation polices attempt to maximize
use of lower power modes while minimizing performance overhead of transitioning back to
higher power modes. The underlying idea is that an application’s pages are allocated into a
minimum number of banks and unused banks are put in low power modes during the

execution of an application.
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Delaluz et al. [13] propose a scheduler-based approach for transitioning the unused
memory banks to the lowest power mode. This approach uses a bank usage table, managed
by the operating system, that resets the power modes of all banks at context switching time.
These operating system based methods can be used with hardware methods if hardware cost

(energy overhead) is minimal.

Huang et al. [23] propose a mechanism to actively remap memory accesses in the
operating system to coalesce idle periods, so that various power management schemes like

the one proposed by Lebeck et al. [40] can be used more efficiently.

Huang et al. [24] propose and implement a power-aware virtual memory (PAVM)
manager in a linux operating system. The memory usage patterns of all processes in a linux
operating system are characterized. This allows PAVM to effectively manage all system
memory including kernel memory, dynamically loaded libraries, user process’s own private

pages, and their interactions and reduce the energy of each process in the system.

Kobayashi et al. [36] propose a software-only technique to reduce DRAM power by
efficiently managing DRAM banks. A memory management library is proposed which
forecasts the areas of DRAM that are not likely to be touched for extended periods of time

and puts these areas into different standby power consumption states.

AbouGhazaleh et al. [1] exploit the cached-DRAM architecture to reduce DRAM power
consumption. Cached-DRAM integrates a SRAM cache into the DRAM module to improve
performance. The SRAM cache stores most recently accessed DRAM pages. The average
DRAM access latency is reduced by accessing data through the fast SRAM cache rather than
the slower DRAM. AbouGhazaleh et al. [1] also propose a Power-Aware Cached-DRAM
(PA-CDRAM) technique, in which, DRAM banks are completely powered off or transitioned
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into low power modes after data is transferred to SRAM cache. An optimal cache

configuration is chosen to minimize accesses to DRAM banks.

Ozturk et al. [53] propose replicating data in DRAMs to lower DRAM power in the
context of banked memories. Compiler-directed data replication is effective in avoiding re-
activating an otherwise idle bank. Algorithms are proposed based on heuristics and profiling

to optimally place and replicate data in DRAM banks, yielding significant power savings.

Zhou et al. [71] exploit miss ratio curves to understand the dynamic memory behavior of
applications. The miss ratio curves for SPEC2000 benchmarks show that the miss ratio does
not improve if more than a certain number of pages are allocated to an application. This
information can be used to either improve performance or conserve energy. Performance can
be improved by allocating only the required number of pages to multiple applications. Power
savings can be achieved by keeping only the required number of pages active and powering

down the rest of the memory.

To reduce active power, we exploit the lower operating voltage of ZettaRAM.
ZettaRAM is based on DRAM architectures. Therefore, all of the above power-saving
techniques, based on transitioning to different power modes, are applicable to ZettaRAM.
Also, in all of these power modes, refresh is always present, and RAPID techniques can be

applied to reduce refresh power.

4.5 DRAM Data Retention Time Test Patterns and Testing Methods

Data retention time tests work as follows. A specific test pattern is written to a
predetermined number of memory cells and read out after a wait time corresponding to the

refresh period. The test is then repeated until the entire DRAM chip is tested. Almost two-
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thirds of the overall DRAM testing time is because of data retention time tests [65][66][67].
Therefore, a lot of research has been done to reduce the data retention testing time of DRAM

[38][20].

Hashimoto et al. [20] propose a circuit technique to reduce data retention test times by a
an order of magnitude, by using a charge offset, realized by operating a dummy cell
reference voltage. Koike et al. [38] propose a Built-In-Self-Test (BIST) scheme for data
retention tests in the context of LSI memories to reduce DRAM testing time. The data
retention test patterns used in this work are checkerboard (alternating rows of 1010... and

0101...) and inverse checkerboard.

Van de Goor et al. [65][66][67] and Vollrath [69] describe the standard DRAM tests that
are performed in the industry. Multiple test patterns are used in the DRAM industry to
identify data retention failures with high coverage. Diverse test patterns are required to
identify potential cross-cell retention time degradation and other interactions. The most
common test patterns used to test data retention times are the checkerboard and inverse

checkerboard [38][20]. Other common test patterns are all s, all Os, alternating 1s and Os and

alternating 0s and 1s (i.e., 1010... and 0101...) [65][66][67] [69].

In our retention time measurements, the six industry-standard test patterns are used to
test the ISSI DRAM chip. Statistical inference is applied to safely bound error of testing. We
also propose an end-user software testing method to characterize retention times of DRAM

pages, providing insights on run-time and power overheads of on-line testing.
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4.6 Architectures Influenced by Technology Variation

RAPID can be classified among techniques that exploit the principle of better-than-
worst-case design [2][15][63]. Due to future variation-limited technology, better-than-worst-
case design has recently received significant attention in the context of microprocessors
[2][15][63], for example. Variation-oriented low-power memory techniques such as RAPID

can complement these variation-oriented low-power microprocessor techniques.
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Chapter 5

Summary

This dissertation addresses the fundamental power scaling challenges facing DRAM.
Firstly, DRAM requires continuous refresh because of charge leakage, resulting in power
consumption even during standby operation. As density quadruples with each new generation
of DRAM, standby power increases correspondingly and will become a significant fraction
of overall system power in the future. Secondly, we are fast approaching a lower limit on
DRAM voltage scaling because charge in a DRAM capacitor depends directly on voltage,

and a minimum amount of charge is needed for reliable operation.

To overcome the DRAM power scaling challenge, our method of attack has been to

identify unique properties of the underlying technology and exploit them at the system level.
Scalable Standby Power via RAPID

To achieve favorable standby power scaling, we proposed a software technique that
nearly eliminates refresh power. This technique exploits the fact that charge leakage is
typically low in most DRAM cells, and frequent refreshes are because of a small number of
atypical leaky cells. Intelligent placement of data by the operating system can avoid the use
of atypical leaky cells, which can be exploited to reduce the frequency of refreshes by orders

of magnitude.

Accordingly, we proposed Retention-Aware Placement in DRAM (RAPID), novel

software approaches that can exploit off-the-shelf DRAMs to reduce refresh power to
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vanishingly small levels. RAPID-1 is a static approach, where the samll fraction of outlier
pages (1%) are mapped out, enabling an extended refresh period and corresponding refresh
power savings of 83% relative to ideal temperature-compensated refresh (TCR) at 25°C.
RAPID-2 is a dynamic technique, where the key idea is to favor longer-retention pages over
shorter-retention pages, when allocating DRAM pages to application programs. A single
refresh period is then selected based on the shortest-retention page among populated pages,
instead of the shortest-retention page overall. RAPID-2 yields 93% refresh power savings at
25°C. RAPID-3 is basically RAPID-2, with the added ability to continuously reconsolidate
data into the longest-retention pages. RAPID-3 yields 95% refresh power savings at 25°C.
Both RAPID-2 and RAPID-3 are nearly as effective as idealized techniques that require
custom DRAM support. Summing up, RAPID reduces DRAM standby power to near-zero
levels, yielding favorable standby power scaling despite quadrupling of DRAM capacity

from one generation to the next.

Scalable Voltage via ZettaRAM

To overcome DRAM voltage scaling limits, we explored the long-term power scalability
of ZettaRAM™, an emerging DRAM technology based on molecular electronic components.
ZettaRAM preserves the classic 1T-1C DRAM cell structure, except the conventional
capacitor is replaced with a molecular capacitor. Unlike a conventional capacitor, a fixed
charge is deposited on the molecular capacitor, the magnitude of which does not depend on
the applied voltage. Charge-voltage decoupling holds the key to viable voltage scaling from

one generation to the next.

Charge-voltage decoupling enables read/writes to be performed at lower voltages, while

still maintaining the minimum amount of charge needed for reliable sensing. Voltages can be
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lowered in ZettaRAM from one generation to the next by synthesizing new molecules with
lower threshold voltages. Key properties of the molecules can be precisely tuned through the
choice of molecular “groups” and “linkers”, such as the oxidation potential (Vx), electron
transfer rate (k°), and surface concentration (charge density). We provided novel analyses to
explain how these three parameters influence the operating voltage either directly or

indirectly.

We explored 23 molecules documented in the literature, to confirm our hypothesis that
ZettaRAM provides an inexpensive path to scaling power in the long term, i.e., molecular
attributes can be tuned to scale voltage (hence power) from one memory generation to the
next. Among these, we identified molecules that yield ZettaRAMs comparable to or better
than DRAM in all respects — density, performance, and power. Our studies revealed that the
best molecule yields a ZettaRAM voltage of 0.65V, whereas the charge-voltage dependence

of the conventional capacitor limits DRAM voltage to 1.25V.
Intelligent Management of ZettaRAM

We also proposed dynamically modulating the ZettaRAM voltage to reduce power even
more. While the fixed charge is independent of applied voltage, the speed of
charging/discharging the molecules depends on the difference between the applied voltage
and the oxidation potential (faster with larger differential). Thus, for good performance, the
applied voltage is padded with respect to the oxidation potential. Thus, there is some room to

lower voltage further, if performance can be dealt with by some other means.

We systematically applied architectural principles to manage this speed/energy tradeoff
and showed that the write voltage can be dynamically modulated to nearly achieve
ZettaRAM’s full power savings potential with little system slowdown.
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A key architectural insight is that almost 80% of the bitline activity is caused by L2
cache writebacks. This is significant because writebacks do not directly stall the processor
and thereby offer scheduling flexibility to tolerate higher molecule latencies at lower
voltages. Hence, we can tap most of the energy savings potential by focusing on L2 cache
writebacks. Accordingly, we proposed a hybrid write policy, in which slow writes (lower
voltage) are applied to non-timing-critical writebacks and fast writes (higher voltage) are
applied to timing-critical fetches. We characterized the additional energy savings yielded by
the hybrid write policy, for one of the first synthesized porphyrin molecules: if fast and slow
writes are done at 1.2 V and 1.0 V, respectively, then the hybrid write policy yields 34%
energy savings (out of a possible 41% with uniformly slow writes) with only a 10% increase

in execution time (as opposed to 81% with uniformly slow writes).

The residual 10% performance loss is caused by delayed writebacks filling up request
queues in the memory controller, eventually stalling critical fetches. These indirect stalls can
be prevented by (i) increasing the request queue sizes or (ii) employing L2 cache eager
writebacks. Larger queues increase both cost and complexity. Eager writebacks are
remarkably synergistic with low-power ZettaRAM: initiating writebacks early in the L2
cache compensates for delaying them at the memory controller. For SPEC2K benchmarks,
applying hybrid fast/slow writes coupled with small queues and the L2 cache eager writeback
policy yields energy savings of 34% (out of a possible 41% with uniformly slow writes), with

less than 1% performance degradation.

Thus, the combination of hybrid fast/slow writes and L2 cache eager writebacks nearly
achieves the lowest energy possible with ZettaRAM, with little performance loss and the

least complexity in the memory controller. Moreover, 6 of the molecules that yield higher
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energy than DRAM with uniformly fast writes yield lower energy when the hybrid write

policy is applied.

RAPID and ZettaRAM

In conclusion, the combination of RAPID and ZettaRAM leads to a power-scalable form

of DRAM, extending the roadmap of this important memory technology.
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Chapter 6

Directions for Future Research

This dissertation addresses the power scaling challenges of DRAM. We proposed
RAPID for favorable standby power scaling and explored the superior power scaling
characteritics of ZettaRAM to overcome voltage scaling limits of DRAM. However, there are

many interesting facets of both RAPID and ZettaR AM that are yet to be explored.

In the area of RAPID software, it may be interesting to look at modifications that would
be required for handling differing O/S and DRAM pages sizes. Another interesting aspect
would be to explore the benefits of sub-page retention-aware placement (e.g., padding data
structures to skip over subpar cells). We proposed a binning strategy in RAPID-2/RAPID-3
based on dividing bins into equal time intervals. Other strategies may yield more optimal

page distributions in terms of lowering frequency of refreshes or migrations.

There are opportunities to explore novel interactions between RAPID and ECC, for
example, defining the retention time of a page according to its second-worst bit and

leveraging ECC to repair the worst bit.

Another interesting exploration would be to implement RAPID on a real system, e.g.,
PDA, cellular phone, or pocket PC. Energy savings could then be measured while running
application programs on a real system and compared with the theoretical results obtained for

RAPID in this dissertation.

132



Retention times decrease with increasing temperature. Performing either on-line or off-
line retention-time tests for different temperature ranges may not be feasible in practice.
Fortunately, an analytical model describing both the effects of process variation and
temperature on retention times was proposed by Hamomoto et al. [18]. This model can be
leveraged to couple RAPID with TCR. In this case, retention-time tests only need to be
performed at one temperature. Retention times can then be scaled for any temperature using
the temperature scaling factor provided by Hamomoto et al. [19]. Also, if tests are performed
for numerous temperatures ranges, the storage cost is high to store the retention time data for
each temperature range. The approach of analytically coupling RAPID with TCR can reduce

this storage cost, as we need to store only retention times for one temperature.
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Appendix A

Equilibrium Charge in Molecular Capacitor

In this appendix, we derive the equilibrium charge present in the molecular capacitor as

a function of write voltage.

The oxidation/reduction reaction is shown below, where A is a porphyrin molecule [56].

A A" +e (EQ A-1)

In non-equilibrium (charging or discharging), the net rate of oxidation or reduction, i.e.,
the net current is expressed by the Butler-Volmer kinetic model [3], shown below. The

current I determines the intrinsic speed of reading and writing the molecule.

£

I [A] e(l—a)[RT](V—Vm) B [A+]- e_a[RFT)(V_Vax) (EQ A-2)

Parameters above are as follows: k® = standard rate constant, o = transfer coefficient, F =
Faraday constant, R = gas constant, T = temperature, V = applied voltage, V.x = oxidation
potential, [A] = concentration of non-oxidized molecules (in moles per unit area), and [A'] =

concentration of oxidized molecules.

The oxidation/reduction reactions shown in EQ A-1 eventually reach an equilibrium.
The net current is zero at this equilibrium. We can derive the amount of charge (Qce = [A])
at equilibrium as a function of the write voltage, by substituting I=0 in the Butler-Volmer

equation (EQ A-2).
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i i

(=a)| = |V V) —a| o V=V,
[4] e (el [47] e (o) (EQ A-3)
Let [A]o be the total molecule concentration.
[Alo=[ATHA] (EQ A-4)

Therefore, substituting EQ A-4 in EQ A-3,
{[A]o - [A+] } e(l—a)[zjr)(V_V"'*) _ [ A+]- e_a[zfr)(V‘V”)

Rearranging, [A+ ] {ea(;)(VVW) + e(la)(:T](VVM)} = [A]o -e(l_a)[le)(V_V"'*)

1 e
[A ]_ [A]O e—a(;T)(V_V )+e(1_a)[1§;](V—V )
1
A |=[4],-
[ ] 0 e_a(;T](V—V) »
e(l—a)[;;)(V—an)

Q.uV)= [A+]: [A]O ) { _[i](V—V )} (EQA-5)

EQ A-5 is the basis for the unusual charge density graph shown in Figure 1-4 in Introduction,
Section 1.2.1. EQ A-5 gives us the effective capacitance of the molecular capacitor since

capacitance expresses Q as a function of V.
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Appendix B

Intrinsic Molecule Write Latency

In this appendix, we derive the intrinsic molecule write latency, tmol write @s a function of

molecular parameters Vo, ko, and Q.

The oxidation/reduction reaction is shown below, where A is a porphyrin molecule [56].

A A" +e (EQ B-1)

In non-equilibrium (charging or discharging), the net rate of oxidation or reduction, i.e.,
the net current is expressed by the Butler-Volmer kinetic model [3], shown below. The

current I determines the intrinsic speed of reading and writing the molecule.

I [A] e(l—a)[;](V—Vm) B [A+]- e_a[RFT)(V_Vax) (EQB-2)

Parameters above are as follows: k® = standard rate constant, o = transfer coefficient, F =
Faraday constant, R = gas constant, T = temperature, V = applied voltage, V.x = oxidation
potential, [A] = concentration of non-oxidized molecules (in moles per unit area), and [A'] =

concentration of oxidized molecules.

EQ B-2 can be rewritten as,

I=k, F-[d]-k, F-|4"] (EQ B-3)
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where, ko = oxidation rate constant, and kg = reduction rate constant.

Let Qo = F-[A]o be the total number of molecule charge in the molecular capacitor, equal to

the surface concentration of the molecules multiplied by the cell area. Let Q = F- [A'].

Qo=Q+F[A] (EQ B-4)

Substituting EQ B-4 in EQ B-3 and expressing current I as g g

d

_Q =k '(Qo _Q)_kR -0

dt

d
Rearranging, 7? = ko 0, -0 (ko + kR)

dt = 40

ko'Qo_Q'(k0+kR)

_ do
t_'[kO'Qo_Q'(ko+kR) (FQB-5)

Integrating EQ B-5,

_ln(ko'Qo_Q'(ko+kR))+C
ko +kg

t= (EQ B-6)

The integration constant in EQ B-6 can be determined by using the following boundary

condition: at t = 0, Q = 0. Substituting this into EQ B-6,
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C= ln(kO QO)

k, +k, (EQB-7)
Therefore, EQ B-6 can be rewritten as,
1
t= ko +kR '{ln(ko 'Qo)_ln(ko 'Qo _Q'(ko +kR))}
t = 1 . ll'l{ kO QO }
(k0+kR) ko'Qo_(k0+kR)'Q
t= ! ‘In ko (EQ B-8)
(k0+kR) ko‘("o‘”‘ze)'(%()j

Let Q¢ be the final charge in the molecular capacitor determined by the minimum charge
required by the sense amplifiers for reliable sensing, and tmor write be the intrinsic molecule

write latency. Substituting t = tmel write and Q = Qr in EQ B-8,

k
t = ! In o

mol _ write (ko +kR) k, —(ko +kR)'(Qf Qo)

(EQB-9)

k=K ‘e(l—a)(;T](V—Vox) " .e—a(gj(V_Vox)

EQ B-9 shows the intrinsic molecule write latency tmol write as a function of the molecular
parameters Vo, ko, and Qo. The relationship between write voltage and the three molecular

parameters — V., ko, and Qq — 1s expressed indirectly by EQ B-9. We fix tmol write and then
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numerically solve for write voltage, given parameters V., kO, and Qo for a particular
y ge, g p p

molecule.
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