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Chapter 1
Embedded Memories: Introduction

1.1 Increasing Need for Embedded Memories
in Low-Power VLSI SoCs

There is a steadily increasing need for embedded memories in very large scale
integration (VLSI) system-on-chip (SoC) designs targeted at microprocessors
(used in servers, personal computers, laptop computers, tablets, and smartphones),
biomedical implants, wireless communications systems, and many other
applications. Such embedded memories are required to temporarily store data and/or
instructions. From a system level perspective, it is clearly advantageous to always
have more memory embedded directly on the compute chip, rather than relying on
external memory chips. The primary reasons for this are: (1) embedded memories
allow higher system-level integration densities, and (2) going off-chip through
input/output (I/0) pads and capacitive lines on printed circuit boards (PCBs) entails
severe speed and power penalties compared to on-chip connections [12]. As shown
in Fig. 1.1a, the total cache size requirement in microprocessors has increased
by around 5x in a time interval as short as 4 years. In fact, back in 2005, an
Intel® Pentium® D microprocessor used around 2 MB of cache memory, while
the Intel® Core™i7, released in 2009, takes advantage of almost 10 MB of cache
memory [17]. In accordance with this past trend of quickly increasing demand for
embedded memories, the International Technology Roadmap for Semiconductors
(ITRS) predicted in its 2011 Edition that the total embedded memory size for
general SoC applications will increase by almost 50x over the next 15 years [10],
as shown in Fig. 1.1b.

As of today, embedded memories typically consume at least 50% of the total
area and power budget of VLSI SoCs [10]. Figure 1.2 illustrates this by showing
the layout pictures and the chip microphotographs of various VLSI SoCs, ranging
from high-end microprocessors, through wireless communications systems, to ultra-
low power (ULP) subthreshold (sub-Vt) microprocessors for health monitoring.
The embedded memories, in the form of static random-access memory (SRAM)

© Springer International Publishing AG 2018 1
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(b) Predicted evolution of total memory size in SoCs [2].

Fig. 1.1 (a) Past evolution, and (b) predicted future evolution of embedded memory size

macrocells, are visible as regular layout tiles. Especially in case of the sub-Vp
microprocessor, shown in Fig. 1.2d, the embedded memories, visible as yellow tiles,
consume a dominant area share compared to the logic core which is in the center
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Bridge [9].
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applications.

Fig. 1.2 Layout pictures and/or chip microphotographs of high-end microprocessors (a-b), a
baseband transceiver (c), and a low-power processor for biomedical signals (d). All these VLSI
SoCs require a significant amount of embedded memories, which are visible as regular tiles in the
layout

of the chip. Furthermore, the 4-stream 802.11n baseband transceiver [4], whose
chip microphotograph is shown in Fig. 1.2c, contains a large number of SRAM
macrocells which are visible as dark areas.

In addition to the large area share, embedded memories are also responsible for
a large percentage of the power consumption of most VLSI SoCs. For example,
the embedded memories of TamaRISC-CS, a ULP application-specific processor
for compressed sensing [6], consume 70-95% of the total power, depending on the
mode of operation. As a further example, in a configurable high-throughput decoder
for quasi-cyclic low-density parity-check (LDPC) codes [23], the embedded mem-
ories are responsible for 68% of the total power consumption. Furthermore, as
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of today, VLSI SoCs for stationary applications typically have a total power
consumption of up to 100 W, corresponding to the total of dynamic and static
power consumptions of logic blocks and embedded memories [10], as shown
in Fig. 1.3a. As opposed to this, Fig. 1.3b shows that VLSI SoC processors for
portable applications have a considerably lower total power budget of 0.5W, as
per a requirement established by the ITRS in 2009. Only consumer processors for
tablet computers may have a total power consumption as high as 2'W, given the
physical product dimensions and advanced power management techniques [10]. For
portable applications, the power consumption of embedded memories is expected
to increase further and become almost 50% of the total power budget of processors
in the next 15 years (see Fig. 1.3b). Reducing the power consumption of embedded
memories is of utmost importance for all VLSI SoC application fields, for a number
of quite different reasons. For example, low-power embedded memories and VLSI
SoCs are essential to ensure runtimes of several years for ULP systems, such as
implanted biomedical devices, to continue ensuring runtimes of ideally 1day for
portable computing devices of ever-increasing complexity (such as smartphones),
or to reduce cooling costs for servers in data centers [8].

In addition to consuming dominant area and power percentages of VLSI SoCs,
embedded memories are normally the first point of failure under voltage and
technology down-scaling, due to the extremely high replication count of the basic
bitcell, which, in most cases, is the 6-transistor (6T) SRAM bitcell. For example,
if the supply voltage (Vpp) is scaled from its nominal value to the near-threshold
(near-V7) domain, the functional failure rate of embedded memories was shown to
increase by five orders of magnitude [8]. As a consequence, under voltage and tech-
nology scaling, embedded memories typically limit the overall manufacturing yield
of VLSI SoCs, whereas the complementary-metal-oxide-semiconductor (CMOS)
based logic counterpart works more robustly.

1.2 Memory Requirements of Various Low-Power
VLSI SoCs

Conventional personal computers and servers exhibit a deep memory hierarchy,
ranging from on-chip, ultra-high speed, low storage capacity register files and cache
memories, through fast, off-chip, higher capacity random-access memory (RAM),
to slower, off-chip, high capacity, nonvolatile data storage. Traversing this memory
hierarchy, the predominant, mainstream memory technologies are: (1) distributed
or arrayed flip-flops or latches, (2) 6T-bitcell SRAM, (3) external, conventional
1-transistor-1-capacitor (1T-1C) dynamic random-access memory (DRAM), (4)
Flash memory using a floating-gate transistor as a bitcell, and (5) mechanical hard
disk drives, which are nowadays often replaced with solid-state drives. Note that
only the register files and cache memories are embedded within the microprocessor
chip, while the remaining parts of the computer memory hierarchy is off-chip.
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Beside servers, personal computers, and laptop computers, battery-powered mobile
computing devices such as smartphones and tablet computers impose extremely
challenging requirements on embedded memory solutions due to the increasing
power awareness—required to extend the runtime on a single battery charge—
accompanied by an ever increasing demand for higher integration density and higher
speed performance.

Beyond microprocessors for computers, a large number of target applications
in the broad field of VLSI SoCs often have diametrically opposite requirements
on embedded memories. A comparison of such target applications is provided
in Table 1.1. On the one hand, embedded memories in ULP VLSI SoCs for
biomedical or remote sensing applications (such as [27, 28]) require ultra-low
leakage power and access energy and entail significant engineering effort to ensure
high robustness, while area and speed are secondary concerns. Therefore, such ULP
VLSI systems, including their embedded memories, are often operated at ultra-
low voltages (ULV), typically residing in the sub-Vt domain. On the other hand,
power-aware high-performance VLSI SoCs, often used in wireless communications

Table 1.1 Memory requirements of different classes of VLSI SoCs, from ultra-low power to
power-aware, high-performance systems

Low-power, Power-aware,
Ultra-low power | medium-performance high-performance
Application Biomedical Near-threshold computing, Wireless
fields implants, remote | complex sensor nodes, simple | communications,
Sensors handheld devices tablet computers,
smartphones
Robustness Robust Potentially unreliable
(detect + correct, or error-resilient)
Area priority Secondary High
Supply voltage Subthreshold Slightly scaled, near-threshold | Nominal, e.g., 1 V
Vbbp (sub-V7), e.g., (near-Vr), e.g., 600 mV
400 mV
Power Ultra low, High, mW—W
fW—pW
Speed Very slow, Fast, 100 MHz- GHz
kHz—MHz
State of the art Bistables (latches, flip-flops), pipeline registers
8T, 10T, ..., 6T-bitcell SRAM, compilers 1T-1C eDRAM: special
14T-bitcell technology, extra cost Gain-cells: logic-compatible
SRAM, write and
read assist
This book Gain-cell eEDRAMs (GC-eDRAMs)
2T sub-Vr 2T near-Vt
4T internal 3T transmission-gate (TG)

feedback
4T redundant Assist techniques: replica, body biasing
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(e.g., channel decoders) or in smartphones, require high-capacity, high-density,
high-speed embedded memories operated at nominal supply voltages. In this case,
rather than using robust, upsized SRAM bitcells, one-time programmable address
decoders, if desired in combination with spare rows or columns to maintain storage
capacity, are commonly used to cope with manufacturing defects (such as shorts
and opens) [5]. Moreover, to cope with soft errors, caused by radiation occurring
in the natural environment (e.g., alpha-particle impacts), redundant memory cells
in conjunction with error detection and correction codes are often employed.
A prominent example of such codes is the single-error-correction-double-error-
detection (SECDED) code [11, 15]. Furthermore, as a new research direction,
scientists and engineers have recently started to argue that the memory reliability
can even be deliberately relaxed for VLSI systems which are inherently resilient
to a small number of hardware defects. Examples of such inherently error-resilient
systems include high-speed packet access (HSPA) systems [14] and wireless body
sensor network (WBSN) nodes [20].

In addition to the above, an increasing number of VLSI systems feature dynamic
voltage and frequency scaling (DVES), in order to support different operating
modes (such as high performance or low power modes), and/or reduce voltage
and frequency guardbands for improved energy-efficiency and speed performance,
respectively. Systems employing DVFES ideally contain embedded memories that are
fully functional over the same voltage and frequency ranges as the logic. Besides the
well-known Razor technique [9], as a further prominent example in the category of
power-aware, high-performance VLSI SoCs supporting DVFES, Intel has presented
an experimental, fully functional, error-resilient processor (codenamed Palisades)
which has built-in mechanisms to detect and correct timing errors, allowing
higher performance (by means of over-clocking) or better energy-efficiency (by
means of voltage scaling) than a traditional processor with frequency and voltage
guardbands [3].

In between the two extreme categories of ultra-low power VLSI SoCs
operating in the sub-V domain and high-performance, power-aware, potentially
error-resilient VLSI SoCs operating at nominal voltage, there is a third class
corresponding to low-power, medium-performance SoCs (see Table 1.1). These
SoCs and their embedded memories are typically operated at near-Vp supply
voltages. Near-threshold computing (NTC) retains much of the energy savings
of sub-Vr operation but has much better speed performance and suffers less
from parametric variability [8]. An experimental, near-threshold voltage IA-32
microprocessor is able to successfully boot Windows XP™while being supplied
from a small solar panel providing only 10-20 mW of power [1, 18]. As a further
example of NTC SoCs, Diet SODA [21] is a power-efficient processor for digital
cameras relying on near-threshold circuit operation.
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1.3 Brief Review of the State of the Art

Broadly speaking, embedded memories can be divided into two main categories:
(1) SRAM and (2) embedded DRAM (eDRAM). SRAM uses a cross-coupled
inverter pair to retain the stored data statically as long as a power supply voltage
is provided. The eDRAM technology stores data in the form of electric charge on
a capacitor; unfortunately, the stored data is compromised due to leakage currents,
which results in a requirement for a periodic refresh operation.

As shown in Table 1.1, latches and flip-flops (mostly implemented as static
storage cells) are commonly used as pipeline registers or also in the form of
small, synthesized storage arrays distributed within datapaths [26]. Static latches
and flip-flops operate reliably at a large range of supply voltages, including sub-
Vr voltages [16]. Memory macrocells based on the conventional 6T SRAM bitcell
can be used for all applications running at nominal or slightly scaled supply
voltages. In fact, almost invariably, SRAM has been the mainstream solution for
on-chip embedded memories for virtually all VLSI SoC target applications for
the last few decades [12]. This unquestioned dominance of SRAM technology
for on-chip storage mostly arises from their fast write and read accesses and
their robust operation in mature CMOS nodes and at nominal supply voltages.
Also, for most process nodes, SRAM memory compilers are readily available,
facilitating their wide deployment. However, the footprint of the 6T SRAM bitcell
is relatively large, since six transistors need to be accommodated. In order to
increase the storage density, eDRAM macrocells are an interesting alternative to
SRAM macrocells. We distinguish between two types of eDRAM: (1) conventional,
one-transistor, one-capacitor (1T-1C) eDRAMs, whose basic bitcell is built from a
special, high-density, 3D capacitor and a single access transistor, and (2) gain-cell
eDRAMs (GC-eDRAMs) (e.g., [22]), whose basic bitcell is built from 2 to 4 MOS
transistors [25]. Conventional 1T-1C eDRAMs typically require special process
options to build high-density stacked or trench capacitors [13] and are therefore not
compatible with the widespread standard digital CMOS technology. Such process
options are only available at an extra manufacturing cost and are not readily
available for all technology processes. As opposed to this, GC-eDRAMs are fully
compatible with baseline digital CMOS technologies and can easily be integrated
into any SoC at no extra cost. The main drawback of gain-cells is the small storage
node capacitor (compared to the dedicated DRAM capacitors) and the resulting
low retention time. From a functional perspective, all types of dynamic memories
usually require data refresh cycles which are costly in terms of power and have a
small access bandwidth penalty.

6T-bitcell SRAM fails to operate reliably at aggressively scaled supply volt-
ages [24]. As shown in Table 1.1, alternative SRAM bitcells consisting of 8, 10,
or even up to 14 transistors are required to ensure reliable sub-Vr operation [19].
In addition to large, alternative SRAM bitcells, various low-voltage write and read
assist techniques have been proposed.



