CARNEGIE MELLON

Department of Electrical and Computer Engineering

Exploring Low Power
Memory Design

Michael Berty

1998

Carnegie
Mellon
/




Exploring Low Power
Memory Design

Michael Berty

A thesis submitted to the graduate
school in partial fulfillment of the
requirements of the degree of

Master of Science
in

Electrical and Computer Engineering

Carnegie Mellon University
Pittsburgh, Pennsylvania 15213

May 1, 1998




Copyright 1998 by Michael Berty
All rights reserved. 7

Michael Berty



Abstract

In this thesis, a methodology for designing low power embedded SRAMs is explored.
Starting from Cascade’s automatically generated SRAM memories, designed with digital
signal processing applications in mind, the overall power dissipation is reduced consider-
ably without significant increases in access times using both circuit-level and architectural
transformations. Special consideration is given to the feasibility of automating this entire
process. Segmenied memories are also explored. In this case the power dissipation can be
reduced by over 2.6X when compared to Cascade’s automatically generated memories.
However, the drawback of this technique is that there is a considerable access time and

area increase.
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1 Introduction

Recently, the demand for portable communications has led to more and more low power
ASIC designs. Thus, power consumption of digital systems is increasingly becoming one of
the most important design parameters. Specifically, memory dominant applications such as
speech recognition and video image processing are also being developed with portability in
mind. Most portable applications incorporate embedded SRAMs that must meet critical
speed and power constraints. It has been shown that power consumed during memory
accesses accounts for a significant portion of the total power consumption in microproces-
sors [7],[9], thus minimization of memory power is an important area of concern for today’s

IC designers.

1.1 Motivation
In CMOS digital circuits there are two main contributors to power dissipation: dynamic and
static. Static power dissipation is caused by leakage current drawn continuously from the
supply. This is from the reverse bias leakage between diffusion regions and the substrate.

Also, subthreshold currents can contribute to static power. In most of today’s IC designs,
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static power dissipation is orders of magnitude below that of dynamic (or switching) power

dissipation.

Dynamic power dissipation is a result of the charging and discharging of load capacitances
in addition to switching transient currents. Dynamic power dissipation also includes short
circuit currents; However, we can generally ignore this short circuit current compared to the

current due to charging of capacitors. Dynamic power dissipation of CMOS circuits is given
by Pgyn = CLVddzf, where o is the node transition activity factor, Cy, is the load capaci-
tance, V44 is the supply voltage, and f is the clock frequency. Thus, the minimization of
power dissipation in CMOS digital circuits is achieved by reducing the components of this
equation. Since the dynamic power has a quadratic dependence on the supply voltage, V 44,
it is eas’ly seen that the lowest supply voltage is desirable. However, lowering the surply
voltage induces a cost of increased gate delays. Thus we must consider both power reduc-
tion along with increased delay when looking at low power design methodologies. Superior

approaches are ones that provide more decrease in power for a given increase in delay.[2]

1.2 Automating Design For Low Power
As device sizes continue shrinking, more and more transistors are fitting on integrated cir-
cuits. This mcreased complexity is driving the industry towards more automated techniques
to perform the actual layout of major blocks in their designs. The demand for designers to
both get the desing completed quickly along with the increased complexity of the design is

pushing the industry to turn to tools that automate major bottlenecks in the design process.
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Also, trends in portable communications are increasing the demand for power conscious

methodologies. Low power design is quickly becoming a major criteria when developing

tools to automate design. [ 31,[8]

1.3 Thesis Overview
The focus of this thesis is reducing the power dissipation of embedded SRAMs without
incurring a large penalty in access times. An industry representative tool (Cascade’s Epoch)
is used to automatically generate SRAMs used as embedded memories in a typical Digital
Signal Processor. Initial netlist simulations, generated by Epoch and tested in HSPICE,
break down the SRAM designs into separate blocks in order to see the distribution of the
total power dissipation and identify the areas to be modified. Following this initial break-
down, the problem areas are discussed and those circuits are improved to reduce the power
dissipation without significantly increasing the access times. These new cells are hand
designed in the Cadence Design Frameworks utilizing the .35p m HP process. The memo-
ries are extracted from Cadence and tested using HSPICE. Further expldfation into the seg- -
mentation of SRAMs is also looked at next. Results indicate that if an increase in both area
and speed can be tolerated, these segmentated memories will drastically reduce the overall

péwer dissipation.
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2 Previous Research

This section will provide some background into previous methods used to design low power
RAMs. The techniques looked at are from both the architecture level and the circuit level.
At the architecture level, the main concern is reducing the charging capacitance of long
linés.r Two partitioning approaches are discussed. Another approach that pulses the ;Jvord
line circuitry to reduce the active duty cycle is looked at. At the circuit level, the
approaches discussed involve reducing the on-chip operating voltage, current mode opera-

tion, and limiting the voltage swing of large capacitance line (QuadRail).

2.1 Divided Word and Data Line Structure

Increasingly, the charging capacitance due to long Tword lines is becoming a major concem
for power conscious memory designers. A typical example of the techniques used to mini-
mize this word line capacitance is the partial activation of multi-divided word line approach
proposed by M. Yoshimoto [12]. Figure 2.1 illustrates the two stage hierarchical row
decoder structure. Memory cells are partitioned into memory sub-arrays, and selecting a

word line for this sub-array requires two stages of decoding. The main decoder selects the
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Figure 2.1 Divided Word Line (DWL) Structure [12]

main word line, then the local decoder selects the word line of the selected sub-array. Since
only one sub-array is used during any read or write operation, the total charging capacitance

in the memory is reduced.

Overpartitiong will result in the total charging capacitance to actually increase. This is due
to the fact that the length of the main word line increases as the number of local row decod-
ers increases. When an array is overpartitioned, the capacitance of the main word line dom-

inates.

Similar techniques have been adopted to reduce the total charging capacitance of data lines.
Data lines have been segmented into several sections and only one section is active during a
read or write operation. This technique utilizes a shared sense amplifier, shared I/O lines,

and a decoder to choose which section to activate for any given operation.
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2.2 Divided Power Line

Voltage scaling is one of the most common techniques to reduce the power dissipation in
VLSI circuits. One major concern is that the dc current caused by subthreshold currents
increases exponentially when V1 decreases along with a lowering of Vpp. Eventually this
subthreshold current will dominate the active current of the entire chip. This subthreshold
current is mainly attributed to inactive circuits in the memory array. To mintmize this sub-

threshold current effect, K. Sakata [S] shows, through Figure 2.2, the approach to cut off the

ieakage path of inaciive portions of the memory.
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' 1-D Selection

2-D Selection

Configuration

m.n
md

Activated Inactivated

m.nl

nl

(n/k).1

Active Ideal
Subthreshold —
Current Actual

m.n.I

nl + (m-1).a.l

(kLI + (m-1).a.f + (k-1).b.I

This technique is described as the partial activation of multi-divided power lines. Figure 2.2

illustrates the comparison of the active subthreshold currents between the conventional

Figure 2.2 Multi-Divided Power Line 5]

method and 1-D and 2-D partitioning schemes.
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In the conventional method, after one word line is selected, the additional word line drivers
are all sources of subthreshold current, which can eventually become the dominating current
of the eqtire chip. This active subthreshold current is reduced in the one-dimensional
scheme by selectively cutting off the inactive components. All of these inactive components
effectively have no subthreshold current. This reduction is further seen in the 2-D scheme
where additional sub-arrays can be selectively turned off by PMOS switches. Ideally, the
current drawn is only from the active blocks. Note that in this scheme, inactive blocks not
only can not be read or written to, they do not store data either. Therefore, a memory con-

troller that keeps track of memory used is also needed.

2.3 Pulsed Operation of Word-Line Circuitry
Pulsing the word-line signal is another technique to reduce the overall power dissipation in
SRAM memories. Figure 2.3 shows the overall method that O. Minato [4] has employed to
shorten the active duty cycle during read and write operations. The word activation pulse ¢ ,
15 held highs iong enough to build up the data-line signal and laicu (he ampunea signai oy
¢y, Figure 2.3 shows this scheme with a pulsed sense ampliﬁer and a latch circuit. Initially
the data line signal (D, Dy,,) is selected by ¢y and ¢ yp,,, and transmitted to /O and VOy,,.
The sense amplifier amplifies this signal to S and Sy, This signal is selected by T and Ty,
and transmitted to the latch. The latch holds the values after the sense amplifier and word
line are deactivated. The power dissipated is reduced by the duty ratio of the pulse duration

to the cycle time.
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Figure 2.3 Pulsed Operation of Word Line [4]

The previous methods illustrate techniques used for reducing the dc current in SRAMs.
Some other techniques exist that reduce the operating voltage of certain blocks in the design
of the SRAM. The next three methods show some ways to reduce this operating voltage.
First, we review current mode operation of the sense amplifier. Next, we look at an on-chip
voltage down converter. Lastly, we explore the QuadRail technique at reducing voltage

swings on large capacitance lines.
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2.4 Current Mode Operation
The performance of the sense amplifier degrades considerably as operating voltages scale
lower and lower. It becomes harder for the sense amplifier to sense the smaller voltage

swings across bit lines. The current mode sense amplifier is one way to overcome this limi-
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Figure 2.4 Current Sense Amplifier [6]

tation. Figure 2.4 shows K. Sasaki’s (6] proposed current sense amplifier circuit. This cur-

rent mode sense amplifier senses the difference in current between the bii, bity,, lines as
shown above. I, is initiated on both the bit and bity, lines, A1 flows into either the bit or bit-
par input of the memory cell leaving I,-A1 on one data line and I, on the other line. The

sense amplifier utilizes PMOS data-line loads, and the current-mirror configuration pro-

duces the current Al/2 which eventually charges and discharges the outputs S and S;,. The
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bias voltage generator increases the gain by operating the PMOS devices close to the satura-
tion region. Current sensing is advantageous over conventional voltage sensing amplifiers
since the required voltage swing on the bit lines is usually less than 30 mV. This eliminates
the need for pulsed data-line equalization, allowing for fast sense times, with minimal power

consumption.

2.5 Voltage Down Converter
Scaling the voltage on-chip of the memory devices is desirable to reduce the overall power
consumption of VLSI chips. H Tanaka (11] shows, through Figure 2.5, a proposed VDC
(Voltage Down Converter) that yields a stable and accurate output voltage, Vp , under rap-
idly changing load currents. This VDC contains a current-mirror differential amplifier and a
common source drive transistor. To minimize the output voltage drop, Vg is designed to
respond quickly when the output voltage goes low, thus the VDC of Figure 2.5 is able to

maintain a stable and accurate output voltage. The bias current, I, is used to clamp the out-

put voltage when the load current approaches zero.

Amplifier Output CMOS Load

Figure 2.5 Voltage Down Converter [11]
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2.6 QuadRail
Exploiting the fact that large capacitance lines driven to the rails dissipates a large amount of
dynamic power, H. Sutioso [10] shows that a substantial savings of power over standard
CMOS can be accomplished by using QuadRail incurring only minimal delay increases.

The main memory cell is a 3-port (1 write, 2 reads) cell which is high speed and has the abil-

Vpp(3V) Vpp(3Y)

readl_sel_bar Vin(2V) Vpg(2.5V)

read 1
read! _sel
read?_sel_bar .. out in — out
read 2 - -
read2_sel
3-port (1W2R) memory cell (1Y) Vsr(0.5V)
GND(OV) GND(0V)
Mixed Swing Driver Mixed Swing Receiver

Figure 2.6 QuadRail Memory Cell Driver and Receiver [10]

ity to read and write at the same time. Figure 2.6 illustrates the architecture of this 3-port
memory cell. The shaded buffer was implemented as a mixed swing (QuadRail) driver
Sthn above. The basis behind QuadRail is that driving large capacitance lines should be
done in low swing mode while logic functions should be high swing for speed consider-
ations. The mixed swing driver and receiver shown above illustrate the high-swing to low-
swing and low-swing to high swing conversions. Results indicate that for very long data
lines, QuadRail provides a large reduction in power dissipation (about three times less

power) while incurring minimal speed delays.
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3 Design For Low Power

This section will explore the methodical reduction of power in automatically generated

embedded SRAMs.

3.1 Automatically Generated SRAMs
For ASIC designers, the speed from the design concept to actual fabrication of the com-
pleted design is a very important criteria. More and more designers are turning to EDA
(Electronic Design Automation) tools to ease the burden of designing millions of gates for a
complete on-chip design. One such tool is Cascade’s Epoch [1]. Our methodology is using
- Cascade’s memory module generator,.as a represematﬂiA\vze of current industry.tools, to.use as.

a building block for low power memories.

The memories that we used were Cascade’s basic asynchronous single-port static RAMs.
This memory was chosen because of fast access times, reduqed power requirements, and
high density as stated in Cascade’s user manual. There are 4 separate parameters that Cas-
cade uses to generate memories: the number of words, the number of bits/word, the number

of address lines, and the number of bits per column (BPC). The BPC number must be one of
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