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Christian Piguet

18.1 Introduction

For innovative portable and wireless devices, systems on chip (SoCs) containing several processors,
memories, and specialized modules are obviously required. Performance and also low power are main
issues in the design of such SoCs. In deep submicron technologies, SoCs contain several millions of
transistors and have to work at lower and lower supply voltages to avoid too high power consumption.
Consequently, digital libraries as well as ROM and SRAM memories have to be designed to work at very
low supply voltages and to be very robust while considering wire delays, signal input slopes, noise, and
crosstalk effects.

Are these low-power SoCs only constructed with low-power processors, memories, and logic blocks?
If the latter are unavoidable, many other issues are quite important for low-power SoCs, such as the way
to synchronize the communications between processors as well as test procedures, online testing, software
design and development tools. This chapter is a general framework for the design of low-power SoCs,
starting from the system level to the architecture level, assuming that the SoC is mainly based on the
reuse of low-power processors, memories, and standard cell libraries.
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18.2 Power Reduction from High to Low Level

Design methodologies at different abstraction levels such as systems, architectures, logic design, basic
cells as well as layout, have to take into account the power consumption. The main goals of such design
methods are the V, reduction, the activity reduction as well as the capacitance reduction [1-7]. One has
to ask the following question: What are the results of several years of research, applications, industrial
designs in low power?

Two ways to consider this:

+ What are the new or effective design techniques to reduce power?

+ What is the status of the CAD tools regarding low power, as it is well known that such tools are
required today to layout several millions of transistors on a single chip?

Design Techniques for Low Power

Future SoCs will contain several different processor cores on a single chip. It results in parallel architec-
tures, which are known to be less power hungry than fully sequential architectures based on a single
processor [8]. The design of such architectures has to start with very high-level models in languages such
as System C, SDL, or MATLAB. The very difficult task is then to translate such very high-level models
in application software in C and in RTL languages (VHDL, Verilog) to be able to implement the system
on several processors. One could think that many tasks running on many processors require a multitask
but centralized operating system (OS), but regarding low power, it would be better to have tiny OS (2 K
or 4 K instructions) for each processor [9], assuming that each processor executes several tasks. Obviously,
this solution is easier as each processor is different even if performances could be reduced due to the
inactivity of a processor that has nothing to do at a given time frame.

One has to note that most of the power can be saved at the highest levels. At the system level, partition,
activity, number of steps, simplicity, data representation, and locality (cache or distributed memory
instead of a centralized memory) have to be chosen (Fig. 18.1). These choices are strongly application
dependent. Furthermore, these choices have to be performed by the SoC designer, and he has to be power
conscious.

At the architecture level, many low-power techniques have been proposed (Fig. 18.1). The list could
be gated clocks, pipelining, parallelization, very low Vg, several V,, variable Vy; and V7, activity esti-
mation and optimization, low-power libraries, reduced swing, asynchronous, adiabatic. Some are used
in industry, but some are not, such as adiabatic and asynchronous techniques. At the lowest levels, for
instance a low-power library, only a moderate factor (about 2) in power reduction can be reached. At
the logic and layout level, the choice of a mapping method to provide a netlist and the choice of a low-
power library are crucial. At the physical level, layout optimization and technology have to be chosen.

LP systems, LP software, processor types, processors
High level versus random logic, parallel machines, high-level
power estimation

Activity V,q reduction Capacitance
reduction reduction
Architecture LP Codes Parallelization | Simplicity
asynchronous adiabatic
Circuit layout Gated clock Low V; Low-power
library

FIGURE 18.1 Overview of low-power techniques.
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Some Basic Rules

There are some basic rules that can be proposed to reduce power consumption at system and architecture
levels:

+ Reduction of the number N of operations to execute a given task.
+ Sequencing that is too high always consumes more than the same functions executed in parallel.

+ Obviously, parallel architectures provide better clock per instruction (CPI), as well as pipelined
and RISC architectures.

+ The lowest V, for the specific application has to be chosen.

+ The goal is to design a chip that just fits to the speed requirements [10].

The main point is to think about systems, with power consumption reduction in mind. According to
the mentioned basic rules, how to design a SoC that uses parallelism, at the right supply voltage, while
minimizing the steps to perform a given operation or task.

The choice of a given processor or a random logic block is also very important. A processor results in
a quite high sequencing while a random logic block works more in parallel for a same specific task. The
processor type has to be chosen according to the work to be performed; if 16-bit data are to be used, it is
not a good idea to choose a less expensive 8-bit controller and to work in double precision (high sequencing).

CAD Tools

Each specialized processor embedded in a SoC will be programmed in C and will execute after compilation
its own code. Low-power software techniques have to be applied to each piece of software, including
pruning, inlining, loop unrolling, and so on. For reconfigurable processor cores, retargetable compilers
have to be available. The parallel execution of all these task have to be synchronized through communi-
cation links between processors and peripherals. It results that the co-simulation development tools have
to deal with several pieces of software running on different processors and communicating between each
other. Such a tool has to provide a high-level power estimation tool to check which are the power hungry
processors, memories or peripherals as well as the power hungry software routines or loops [11]. Such
a tool is far from being commercially available. Embedded low-power software emerges as a key design
problem. The software content of SoC will increase as well as the cost of its development.

Generally speaking, the available CAD tools for SoC chips have been designed for robust and reliable
synchronous designs. It means that even gated clocks, low Vy, several Vy,, are not or not yet supported,
and that asynchronous and adiabatic will not be supported in the near future. It is a major problem
because CAD tools are far behind (10 years) the 2000 year requirements. Furthermore, little money is
invested in CAD tools. It could be a stopper for some low-power methods. One can conclude that if
power can be saved at a high level (factor 10 to 100 or more!) while using conventional CAD tools, it
could be the way to go; however, power conscious SoC designers are required [12].

18.3 Large Power Reduction at High Level

As mentioned previously, a large part of the power can be saved at high level. Factors of 10 to 100 or
more are possible; however, it means that the resulting system could be quite different, with less func-
tionality or less programmability. The choice among various systems is strongly application dependent.
One has to think about systems and low power to ask good questions of the customers and to get
reasonable answers. Power estimation at high level is a very useful tool to verify the estimated total power
consumption. Before starting a design for a customer, it is mandatory to think about the system and
what is the goal about performances and power consumption. Several examples will be provided because
this way of thinking is application dependent.
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RF Devices

An FM radio can be designed with an analog FM receiver as well as with analog and digital (random logic)
demodulations, but a software radio has also been proposed. Such a system converts the FM signal directly
into digital with very high-speed ADCs and does the demodulation work with a microprocessor. Such a
solution is interesting as the same hardware can be used for any radio, but one can be convinced that a
very high-speed ADC is a very consuming block, as well as a microprocessor that has to perform the
demodulation (16-bit ADC can consume 1-10 W at 2.2 GHz [13]). In [13], some examples are provided
for a digital baseband processor, achieving 1500 mW if implemented with a DSP processor and only
10 mW if implemented with a direct mapped ASIC. The latter case provides a factor of 150 in power
reduction.

The transmission of data from one location to another by RF link is more and more power consuming
if the distance between the two points is increased. The power (although proportional to the distance at
square in ideal case) is practically proportional to the distance at power 3 or even power 4 due to noise,
interferences, and other problems. If three stations are inserted between the mentioned points, and
assuming a power of 4, the power can be reduced by a factor 64.

Low-Power Software

Quite a large number of low-power techniques have been proposed for hardware, but relatively fewer for
software. Hardware designers are today at least conscious that power reduction of SoCs is required for
most applications. However, it seems that it is not the case for software people. Furthermore, a large part
of the power consumption can be saved while modifying the application software.

For embedded applications, it is quite often the case that an industrial existing C code has to be used
to design an application (for instance, MPEG, JPEG). The methodology consists in improving the industrial
C code by

1. pruning, some parts are removed.
2. clear separation of (a) the control code, (b) the loops, and (c) the arithmetic operations.

Several techniques can be used to optimize the loops. In some applications, the application is 90% of
the time running in loops. Three techniques can be used efficiently, such as loop fusion (loops executed
in sequence with the same indices can be merged), loop tiling (to avoid fetching all the operands from
the data cache for each loop iteration, so some data used by the previous iteration can be reused for the
next iteration), and loop unrolling.

To unroll a loop is to repeat the loop body N times if there are N iterations of the loop. The code size
is increased, but the number of executed instructions is reduced, as the loop counter (initialization,
incrementation, and comparison) is removed.

A small loop executed eight times, for instance an 8 X8 multiplication, results in at least 40 executed
instructions, while the loop counter has to be incremented and tested. If the loop is unrolled, the code size
is larger, but the number of executed instructions is reduced to about 24 (Fig. 18.2). This example illustrates
a general rule: less sequencing in the software at the price of more hardware, i.e., more instructions in
the program memory. Table 18.1 also shows that a linear routine (without loops) is executed with fewer
instructions than a looped routine at the price of more instructions in the program.

TABLE 18.1 Number of Instructions in the Code as well as the Number of Executed
Instructions for an N X N Multiplication with a 2 X N Result

Number of Instructions CoolRISC 88 CoolRISC 88  PIC 16C5x in PIC 16C5x

8-bit Multiply Linear in the Code 30 Executed 30 the Code 35 Executed 37
8-bit multiply looped 14 56 16 71
16-bit multiply linear 127 127 240 233
16-bit multiply looped 31 170 33 333
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TABLE 18.2 Multiplication with and without Hardware Multiplier

CoolRISC 816 without Multiplier =~ CoolRISC 816 with Multiplier =~ Speed-Up

Looped 8-bit Multiply 54-62 Executed Instructions 2 Executed Instructions 29
Looped 16-bit multiply 72-88 16 5
Floating-Point 32-bit multiply 226-308 41-53 5.7

The loop

counter, No loop :
the I< -I+l, 8x4=32
the test executed
of | are not instructions
useful

for the \
multipli-

cation
itself

With loop:
8"6+2=50 executed instructions

FIGURE 18.2 Unrolled loop multiply.

Processors, Instructions Sets, and Random Logic

A processor-based implementation results in very high sequencing. It is due to the processor architecture
that is based on the reuse of the same operators, registers, and memories. For instance, only one step (N =1)
is necessary to up-date a hardware counter. For its software counterpart, the number of steps is much
higher, while executing several instructions with many clocks in sequence. This simple example shows
that the number of steps executed for the same task can be very different depending on the architecture.

The instruction set can also contain some instructions that are very useful but expensive to implement
in hardware. An interesting comparison is provided by the multiply instruction that has been imple-
mented in the CoolRISC 816 (Table 18.2). Generally, 10% of the instructions are multiplications in a given
embedded code. Assume 4 K instructions, i.e., 400 instructions (10%) for multiply, resulting in 8 multiply
(each multiply requires about 50 instructions), so a final code of 3.6 K instructions. This is why the
CoolRISC 816 contains a hardware 8 X 8 multiplier.

Processor Types

Several points must be fulfilled in order to save power. The first point is to adapt the data width of the
processor to the required data. It results in increased sequencing to manage, for instance, 16-bit data on
a 8-bit microcontroller. For a 16-bit multiply, 30 instructions are required (add-shift algorithm) on a
16-bit processor, while 127 instructions are required on a 8-bit machine (double precision). A better
architecture is to have a 16 X 16 bit parallel-parallel multiplier with only one instruction to execute a
multiplication.

Another point is to use the right processor for the right task. For control tasks, DSP processors are
largely inefficient. But conversely, 8-bit microcontrollers are very inefficient for DSP tasks! For instance,
to perform a JPEG compression on a 8-bit microcontroller requires about 10 millions of executed
instructions for a 256 X 256 image (CoolRISC, 10 MHz, 10 MIPS, 1 s per image). It is quite inefficient.
Factor 100 in energy reduction can be achieved with JPEG dedicated hardware. With two CSEM-designed
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TABLE 18.3  Frequency and Power Consumption for a JPEG Compressor

DCT Co-processor No. of Cycles 3.6 per Pixel ~ Frequency 100 MHz ~ Power 110 uAMHz
Huffman co-processor 3.8 per pixel 130 MHz 20 uAMHz
JPEG compression 3.8 per pixel 100 MHz 130 uAMHz

Microcontroller !I Co-processor
- (DSP or JPEG or
interrupt | convolution, ...)

Data RAM
accessed by both
microcontroller and co-processor

FIGURE 18.3 Microcontroller and co-processor.

co-processors working in pipeline, i.e.,a DCT co-processor based on an instruction set (program memory
based) and a Huffman encoder based on random logic, finite state machines, one has the following results
(Table 18.3, synthesized by Synopsys in 0.25 um TSMC process at 2.5 V) 400 images can be compressed
per second with a 13 mA power consumption. At 1.05 V, 400 images can be compressed per second with
a 1 mA power consumption, resulting in quite a large number of 80,000 compressed images per watt
(1000 better than a programmed-based implementation).

Figure 18.3 shows an interesting architecture to save power. For any application there is some control
that is performed by a microcontroller (the best machine to perform control). But in most applications,
there is also a main task to execute such as DSP tasks, convolutions, JPEG, or other tasks. The best
architecture is to design a specific machine (co-processor) to execute such a task. So this task is executed
by the smallest and the most energy efficient machine. Most of the time, both microcontroller and
co-processors are not running in parallel.

Low-Power Memories

Memory organization is very important in systems on a chip. Generally, memories consume most of the
power. So it comes immediately that memories have to be designed hierarchically. No memory technology
can simultaneously maximize speed and capacity at lowest cost and power. Data for immediate use is
stored in expensive registers, in cache memories, and less used data in large memories.

For each application, the choice of the memory architecture is very important. One has to think of
hierarchical, parallel, interleaved, and cache memories (sometimes several levels of cache) to try to find
the best trade-off. The application algorithm has to be analyzed from the data point of view, the organi-
zation of the data arrays, and how to access these structured data.

If a cache memory is used, it is possible, for instance, to minimize the number of cache miss while
using adequate programming as well as a good data organization in the data memory. For instance, in
inner loops of the program manipulating structured data, it is not equivalent to write (1) do i then do j
or (2) do j then do i depending on how the data are located in the data memory.

Proposing a memory-centric view (as opposed to the traditional CPU-centric view) to SoC design has
become quite popular. It is certainly of technological interest. It means, for instance, that the DRAM
memory is integrated on the same single chip; however, it is unclear if this integration inspires any truly
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MIPS/watt

100,000 to 1,000,000 MIPS/watt

Reconfigurable
10,000 to 50,000 MIPS/watt

ASIPs, DSPs
DSP: 3000 MIPS/watt
Embedded Processors :

FIGURE 18.4 Energy-flexibility gap.

new architecture paradigms. We see it as more of a technological implementation issue [14]. It is, however,
crucial to have most of the data on-chip, as fetching data off-chip at high frequency is a very high power
consumption process.

The Energy-Flexibility Gap

Figure 18.4 shows that the flexibility [13], i.e., to use a general purpose processor or a specialized DSP
processor, has a large impact on the energy required to perform a given task compared to the execution
of the same given task on dedicated hardware.

18.4 Low-Power and Reliability Issues in SoCs

For SoCs, very important design problems have to be solved. They are mainly the silicon complexity
(reliability, power consumption, interconnect delays), the system complexity (logic, MPU, memories, RF,
FPGA, RE, MEMS), the design procedures (300-800 people for the design of a single chip, IP reuse,
design levels), verification and test. The total number of transistors on a single chip could be over one
billion (predicted [15] to be between 4 to 19 billions in 2014 depending in the circuit type). Some partial
answers have been given to the complexity problem, such as design reuse. The SIA Roadmap [15] predicts
that in 2012 reuse of processors, logic blocks, and peripherals, would reach about 90% of the embedded
logic on the chip.

Low-Power SoC Architectures

Low-power SoCs will be based on low-power components, such as processor cores, memories, and libraries,
that are available with good performances, i.e., 20,000-100,000 MIPS/watt [16] for some cores (using
low-power techniques such as gated clocks); however, memories are the main consumers on a SoC and
several techniques at the architecture and electrical levels have to be applied to reduce their power
consumption (generally based on caches, DWL, bitline splitting, low swing).

The 1997 SIA Roadmap [15] recognizes that, in 2007, asynchronous design will be used in many
designs. If d is the distance travelled by a signal in one clock cycle, due to higher frequencies and increasing
interconnect delays, a chip will contain several time zones of sizes d X d. Due also to the increasing die
size, this number of time zones will grow very rapidly with the new technologies, up to 10,000 zones in
2012. To synchronize 10,000 time zones is a true asynchronous problem [15]. This is why asynchronous
design is strongly required for chip architectures in the future [17].

Asynchronous architectures are often presented as being capable of reducing significantly the power
consumption [17]. Looking at the results from many papers, it turns out that the largest power savings
are obtained with circuits or applications that present a very irregular behavior. An irregular behavior
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» Power Consumption
Synchronous

factor 2
T T — factor 3-4

RISC stDS T Asynchronous

32t Phiips e 2t
\_.

C51 Irregularity

$Hearing Aids

FIGURE 18.5 Comparison of the power consumption of asynchronous vs. synchronous architectures.

is, for instance, a processor that presents a tricky instruction set with multi-bytes instructions executed
in a various number of cycles and phases. Or an application for which the controller has to very often
stop and restart depending on the application. A very regular behavior is a 32-bit RISC core for which
all instructions are always executed in one clock. Figure 18.5 illustrates this basic law [18]. Basically, SoCs
will present more of an irregular behavior than a regular one.

At the architecture level, power and V; management with behavior prediction of the user will be used
extensively, as well as low-power communication protocols between the various processors on a single
chip. These protocols have to be kept simple and will be asynchronous due to the fact that the various
cores will be clocked (if not asynchronous cores) with many different frequencies.

Low-Power Design and Testability Issue

At the low-level, low-power libraries and logic synthesis embedded with place and route are required, as
well as estimation of interconnect delays with copper, low-k, and SOI; however, the main issue is Vy, as
low as 0.6 to 0.3 V in 2014. With very deep submicron technologies and very low Vy,, the static power
will increase significantly due to low V,. Several techniques with double V,, source impedance, well
polarization, dynamic regulation of V, are today under investigation and will be necessarily used in the
future.

SoCs testability and debug, when the first silicon has been returned from the foundry, are important
issues. Generally, the mean time to fix a bug is one week. Today, it is not possible do determine if more
bugs will be present in a one-billion transistor chip, and if a one-week fix per bug is realistic or not;
however, it has to be mentioned that it could be much more difficult to fix a bug in IP blocks that you
have not designed. It is estimated that half of the total design effort will be devoted to verification tasks,
including debugging of the embedded software [15].

18.5 Low-Power Microcontroller Cores

The most popular 8-bit microcontroller is the Intel 8051, but each instruction is executed in at least 12
clock cycles resulting in poor performances in MIPS (million of instructions per second) and MIPS/watt.
MIPS performances of microcontrollers are not required to be very high. Consequently, short pipelines
and low operating frequencies are allowed if, however, the number of CPI is low. Such a low CPI has
been used for the CoolRISC microcontroller [19,20]. The CoolRISC 88 is an 8-bit core with eight registers
and the CoolRISC 816 is an 8-bit core with 16 registers.

Coo0lRISC Microcontroller Architecture

The CoolRISC is a 3-stage pipelined core. The branch instruction is executed in only one clock. In that
way, no load or branch delay can occur in the CoolRISC core, resulting in a strictly CPI =1 (Fig. 18.6).
It is not the case of other 8-bit pipelined microprocessors (PIC, Nordic yRISC, Scenix, MCS-151, and
251). It is known that the reduction of CPI is the key to high performances. For each instruction, the
first half clock is used to precharge the ROM program memory. The instruction is read and decoded in

10
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The critical path:
-] - precharge ROM
1 clock cycle - read ROM
‘—‘I - branch decoder
- address multiplexer

the branch
condition
is available

fetch However, at 50 MHz, one

clock = 20 ns

CPI=1-—>50 MIPS
for an 8-bit microcontroller

FIGURE 18.7 Microphotograph of CoolRISC 88.

the second half of the first clock. As shown in Fig. 18.6, a branch instruction is also executed during the
second half of this first clock, which is long enough to perform all the necessary transfers. For a load/store
instruction, only the first half of the second clock is used to store data in the RAM memory. For an
arithmetic instruction, the first half of the second clock is used to read an operand in the RAM memory
or in the register set, the second half of this second clock to perform the arithmetic operation, and the
first half of the third clock to store the result in the register set. Figure 18.7 is a CoolRISc 88 test chip.
Another very important issue in the design of 8-bit microcontrollers is the power consumption. The
gated clock technique has been extensively used in the design of the CoolRISC cores (Fig. 18.8). The
ALU, for instance, has been designed with input and control registers that are loaded only when an ALU
operation has to be executed. During the execution of another instruction (branch, load/store), these
registers are not clocked thus no transitions occur in the ALU (Fig. 18.8). This reduces the power consump-
tion. A similar mechanism is used for the instruction registers, thus in a branch, which is executed only
in the first pipeline stage, no transitions occur in the second and third stages of the pipeline. It is interesting
to see that gated clocks can be advantageously combined with the pipeline architecture; the input and
control registers implemented to obtain a gated clocked ALU are naturally used as pipelined registers.

IP “Soft” Cores

The main issue in the design of “soft” cores [21] is reliability. In deep submicron technologies, gate delays are
smaller and smaller compared to wire delays. Complex clock trees have to be designed using Synopsys
to satisfy the required timing, mainly the smallest possible clock skew, and to avoid any timing violations.

11
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TABLE 18.4 Power Consumption of the Same Core
with Various Test Benches and Skew

Skew Test Bench A Test Bench B
10 ns 0.44 mW/MHz 0.76 mW/MHz
3 ns 0.82 mW/MHz 1.15 mW/MHz
To minimize the activity
) of a combinational
data registers circuit (ALU), registers
[ ] [ ] arelocated at the inputs Bays <s>!
of the ALU. They are A
loaded at the same time o = e
—» very few transitions gab':‘d ;cir |
in the ALU REGO
REG1
These registers are -PAMndexH
control also pipeline registers RAM Index L
register — a pipeline for free | ROM Index L
Status Register
The pipeline BUS <85 [}

mechanism does not
result in a more
complex architecture

FIGURE 18.8 Gated-clock ALU.

Furthermore, “soft” cores have to present a low power consumption to be attractive to the possible
licensees. If the clock tree is a major issue to achieve the required clock skew, its power consumption
could be larger than desired. Today, most IP cores are based on a single-phase clock and are based on
D-flip-flops. As shown in the following example, the power consumption is largely dependent on the
required clock skew.

As an example, a DSP core synthesized with the CSEM low-power library in TSMC 0.25 um. The test
bench A contains only a few multiplication operations, while the test bench B performs a large number
of MAC operations (Table 18.4). Results show that if the power is sensitive to the application program,
it is also quite sensitive to the required skew: 100% of power increase from 10 ns to 3 ns skew.

The clocking scheme of IP cores is therefore a major issue. Another approach other than the conven-
tional single-phase clock with D-flip-flops (DFF) is presented in this paper. It is based on a double-latch
approach with two nonoverlapping clocks. This clocking scheme has been used for the 8-bit CoolRISC
microcontroller IP core [16] as well as for other cores, such as a DSP core and other execution units
[22]. The advantages as well as the disadvantages will be presented.

Latch-Based Designs

Figure 18.9 shows the double-latch concept that has been chosen for such IP cores to be more robust to
the clock skew, flip-flop failures, and timing problems at very low voltage [16]. The clock skew between
various 1 (respectively &2) pulses have to be shorter than half a period of CK. However, one requires
two clock cycles of the master clock CK to execute a single instruction. It is why one needs, for instance,
in technology TSMC 0.25 um, 120 MHz to generate 60 MIPS (CoolRISC with CPI = 1), but the two i
clocks and clock trees are at 60 MHz. Only a very small logic block is clocked at 120 MHz to generate
two 60 MHz clocks.

The design methodology using latches and two nonoverlapping clocks has many advantages over the
use of DFF methodology. Due to the nonoverlapping of the clocks and the additional time barrier caused
by having two latches in a loop instead of one DFF, latch-based designs support greater clock skew, before
failing, than a similar DFF design (each targeting the same MIPS). This allows the synthesizer and router
to use smaller clock buffers and to simplify the clock tree generation, which will reduce the power
consumption of the clock tree.
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FIGURE 18.9 Double-latch clocking schemes.
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FIGURE 18.10 Time borrowing.

With latch-based designs, the clock skew becomes relevant only when its value is close to the nonover-
lapping of the clocks. When working at lower frequency and thus increasing the nonoverlapping of clocks,
the clock skew is never a problem. It can even be safely ignored when designing circuits at low frequency,
but a shift register made with DFF can have clock skew problems at any frequency.

Furthermore, if the chip has clock skew problems at the targeted frequency after integration, one is
able, with a latch-based design, to reduce the clock frequency. It results that the clock skew problem will
disappear, allowing the designer to test the chip functionality and eventually to detect other bugs or to
validate the design functionality. This can reduce the number of test integrations needed to validate the
chip. With a DFF design, when a clock skew problem appears, you have to reroute and integrate again.
This point is very important for the design of a chip in a new process not completely or badly characterized
by the foundry, which is the general case as a new process and new chips in this process are designed
concurrently for reducing the time to market.

Using latches for pipeline structure can also reduce power consumption when using such a scheme in
conjunction with clock gating. The latch design has additional time barriers, which stop the transitions
and avoid unneeded propagation of signal and thus reduce power consumption. The clock gating of each
stage (latch register) of the pipeline with individual enable signals, can also reduce the number of
transitions in the design compared to the equivalent DFF design, where each DFF is equal to two latches
clocked and gated together.

Another advantage with a latch design is the time borrowing (Fig. 18.10). It allows a natural repartition
of computation time when using pipeline structures. With DFF, each stage of logic of the pipeline should
ideally use the same computation time, which is difficult to achieve, and in the end, the design will be
limited by the slowest of the stage (plus a margin for the clock skew). With latches, the slowest pipeline
stage can borrow time from either or both the previous and next pipeline stage. And the clock skew only
reduces the time that can be borrowed. An interesting paper [23] has presented time borrowing with
DFF, but such a scheme needs a complete new automatic clock tree generator that does not minimize
the clock skew but uses it to borrow time between pipeline stages.

Using latches can also reduce the number of MOS of a design. For example, a microcontroller has
16 x 32-bits registers, i.e., 512 DFF or 13,312 MOS (using DFF with 26 MOS). With latches, the master
part of the registers can be common for all the registers, which gives 544 latches or 6528 MOS (using
latches with 12 MOS). In this example, the register area is reduced by a factor of 2.

13
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FIGURE 18.12 Power consumption comparison of “soft” CoolRISC cores.

Gated Clock with Latch-Based Designs

The latch-based design also allows a very natural and safe clock gating methodology. Figure 18.11 shows
a simple and safe way of generating enable signals for clock gating. This method gives glitch-free clock
signals without the adding of memory elements, as it is needed with DFF clock gating.

Synopsys handles the proposed latch-based design methodology very well. It performs the time bor-
rowing well and appears to analyze correctly the clocks for speed optimization. So it is possible to use
this design methodology with Synopsys, although there are a few points of discussion linked with the clock
gating.

This clock gating methodology cannot be inserted automatically by Synopsys. The designer has to
write the description of the clock gating in his VHDL code. This statement can be generalized to all
designs using the above latch-based design methodology. We believe Synopsys can do automatic clock
gating for pure double latch design (in which there is no combinatorial logic between the master and
slave latch), but such a design causes a loss of speed over similar DFF design.

The most critical problem is to prevent the synthesizer from optimizing the clock gating AND gate
with the rest of the combinatorial logic. To ensure a glitch-free clock, this AND gate has to be placed as
shown in Fig. 18.11. This can be easily done manually by the designer by placing these AND gates in a
separate level of hierarchy of his design or placing a “don’t touch” attribute on them.

Results

A synthesizable by Synopsys CoolRISC-DL 816 core with 16 registers has been designed according to
the proposed double latch (DL) scheme (clocks &1 and &2) and provides the estimated (by Synopsys)
following performances (only the core, about 20,000 transistors) in TSMC 0.25 um:

+ 2.5V, about 60 MIPS (but 120 MHz single clock) (It is the case with the core only, if a program
memory with 2 ns of access time is chosen, as the access time is included in the first pipeline stage,
the achieved performance is reduced to 50 MIPS.)

+ 1.05V, about 10 uW/MIPS, about 100,000 MIPS/watt (Fig. 18.12)

The core “DFF+Scan” is a previous CoolRISC core designed with flip-flops [19,20]. The CoolRISC-DL
“double latch” cores [16] with or without special scan logic provide better performances.

14
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18.6 Low-Power Memories

As memories in SoCs are larger and larger, the ratio between power consumption of memories to the
power consumption of embedded processors is significantly increased. Several solutions have been pro-
posed at the memory architecture level, such as, for instance, cache memories, loop buffers, and hierar-
chical memories, i.e., to store a frequently executed piece of code in a small embedded ROM memory
and large but rare executed pieces of code in a large ROM memory [19,20]. It is also possible to read
the large ROM in two or four clock cycles as its read access time is too large for the chosen main frequency
of the microprocessor.

Cache Memories for Microcontrollers

Cache memories are widely used for high-performance microprocessors. In SoCs, application software
is stored in embedded memories, ROM, flash or EEPROM. If a conventional N-way set-associative cache
is used, one has to compare the energy used for a ROM access and the energy for a SRAM cache access.
While reading N tags and N blocks of the selected cache line just to select one instruction (hundreds of
bits), one can see that a conventional cache consumes much more power than a ROM access.

The only way to save power is to use unconventional cache memories such as small LO caches or
buffers, which store only some instructions that are reused frequently from the cache. Such a scheme is
used for some DSP processors to capture loops. Furthermore, the tags are read first and in case of a hit,
only one way is accessed. So this mechanism avoids reading N blocks in parallel and saves power. Before
fetching a block in the cache, one has to check if the instruction is already in the buffer in order to stop
the access to the cache or to the ROM if there is a buffer hit (Fig. 18.13). Obviously, the hit rate of such
a cache cannot be as high as for a N-way set associative cache of the same size.

To improve the hit rate, one has a supplementary bit (flag) per instruction generated by the compiler
(or manually generated) in the main memory indicating (if activated) that this instruction has to be
stored in the LO cache. If this bit is “0”, the instruction, when fetched from L1 cache, is not stored in the
L0 cache. It results in the fact that instructions not often used do not pollute the LO cache (Fig. 18.13).
Furthermore, with quite small caches (32-64 instructions), one has also to choose between cacheable
instructions, which ones are the most useful to write in cache to reach the highest hit rate. Many
algorithms working on program traces have been studied to maximize the number of instruction fetches
per write in the cache. The results are strongly dependent on the applications, i.e., a scientific code is
better than a control code (Table 18.5).

A4

ROM

Write in cache if flag ; application
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SRAM blocks
|
tag
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| tag ROM blocks ’—‘

| |

| Buffer with 4 |nstruct|ons |
| comp match buffer L

Select one instruction

flags

FIGURE 18.13 CoolCache for the CoolRISC microcontroller.
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TABLE 18.5 CoolCache Results

1-way Standard CoolCache 64
Cache 64 Instructions Instructions
Cache Type Hit Rate Power Gain ~ Hit Rate Power Gain
Program sinus 89% 6% 89% 64%
Watch application 68% -93% 82% 41%
' array of bits

. I:)output_| P output "1": MOS P
T T ﬁ "0":no MOS F

VT

N - MOS N-ch

PROM
precharge
decoder

FIGURE 18.14 Old ROM memory structure.

Another idea is to search for instructions or routines that are obviously always in the cache during
the program execution (or nearly always in the cache). So it is quite interesting to replace a part of the
SRAM cache that is not written by a ROM structure (Fig. 18.13). In so doing, the power consumption is
reduced, as a ROM access is less consuming than a RAM access. Furthermore, a ROM cell is smaller than
a RAM cell, so there is no need to write something in the memory and a ROM memory is faster than a
RAM. Another advantage is the fact that instructions stored in ROM are always in the ROM; it could be
interesting for reactivity and real-time routines for which the execution time does not need to be dependent
on the fact that this routine is already in or not in the cache.

Electrical Design of Low-Power ROM Memories

Few papers describe very low-power ROM structures. A ROM memory is an array of transistors (a
transistor means a logical bit “0”). Each bit is connected to a bitline to read the ROM and controlled by
a wordline.

Figure 18.14 shows an old design of a ROM memory. Precharge techniques are used for both the
decoder and bit array. After the address is provided, the decoder (NAND gates) is precharged to “1” and
the bit array is precharged to “0” through the output multiplexer (PROM = 1). When PROM = 0, the
ROM is read. If the P-MOS in the array is there, the bitline is charged to “1,” otherwise it keeps its “0”
value. Such a memory is very slow: NAND gates for the decoder, P-MOS for the array and long bitlines.

Existing ROM memories use a similar scheme: in a first step the bitlines are precharged to “1,” and in
the next step a wordline is selected. If there is a transistor (bit is “0”) at the intersection of the selected
wordline and a bitline, this bitline is discharged. The value of the selected word can therefore be read on
the bitlines. Many techniques have been used to speed-up existing ROM memories: NOR gates, N-MOS
for the array, to split the memory in several arrays, divided word lines (DWL), to divide the bit line, to
precharge only the useful bitlines, partial swing with sense amplifiers. Two of these techniques are described
in the following text.

Because a large part of the access time is due to the discharge of the bitline, split bitlines are generally
used. Figure 18.15 presents the split bitlines principle. Each bitline is split in sub-bitlines that are
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TABLE 18.6 ROM Memories Power Consumption Comparison

Company  Techno (um) Size Supply (V) Access Time Power (LAMHz)
Ref. [24] 0.18 8K x 16 1.8 NA 110
Ref. [24] 0.18 64K x 32 1.8 NA 335
CSEM 0.25 64 Kbytes 2.5 3 ns 20

Bit array Physically
2 ~. _ Vyq Spilt bitline

Main
L/ bitline

- MOS

Logically
Split bitlines

FIGURE 18.15 Split bitlines.

connected to the main bitline (only a wire) with an additional transistor. The selection of these transistors
depends on address bits. Only one of the sub-bitlines can be connected to the main bitline. Since only
a small fraction of the bit array transistor drains are connected to a given sub-bitline, the capacitance to
be discharged is significantly reduced. The problem is that the capacitance of the main bitline is discharged
through two transistors in series. Then, in order to have a speed gain, the additional transistors (which
connect the sub-bitlines to the main bitlines) must be large. The number of large transistors is the same
as the number of bitlines. So, for 1000 bitlines, one has to drive 1000 transistors. It is therefore quite
difficult to reduce the access time and the power consumption.

Another solution is also shown in Figure 18.15. The drains of the bit array transistors are connected
directly to a sub-bitline that is a single metal line. Figure 18.15 shows three metal lines and therefore three
sub-bitlines. To access the ROM, one has to precharge to “1” the three metal lines, and when a transistor
of a bit array is selected, only one of the three metal lines switch to “0” (if a “0” is read). A NAND gate
can detect the read value. In this solution, each “read” bitline is split only “physically” in the layout, not
“logically” as in other solutions.

The second technique aims at removing the sense amplifiers. It allows the ROM memory to be capable
of working at any supply voltage. Noise problems are therefore removed, as sense amplifiers are very
sensitive to noise. Furthermore, it is a very simple solution, as there is no need to detect when the read
operation is finished to disable the sense amplifiers; however, if sense amplifiers are removed, bitlines
switch with full swings. One could think that power consumption is largely increased, but the results
show that power consumption is reduced. Table 18.6 shows the results in power and speed in a 0.25 ym
process.

Electrical Design of Low-Power SRAM Memories

Low power and fast SRAM memories have been described in many papers [24]. Very advanced technol-
ogies have been used with double V. RAM cells are designed with high V. and selection logic with low
V. transistors. Some techniques such as low swing and hierarchical sense amplifiers have been used. One
can also use the fact that a RAM memory is read 85% of the time and written only 15% of the time.
Low-power RAM memories designed by CSEM also use the split bitlines described for the ROM.
However, the RAM cell is based on nonsymmetrical ways to read and to write the memory. The patented
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TABLE 18.7 Performances of SRAM Memories

Company Techno (um) Size Supply (V) Access Time (ns) Power (LAMHz)
Mirage Logic 0.25 2Kx16 2.75 2.5 116
CSEM 0.25 4Kx16 2.5 3 33
ST 0.25 8§Kx16 1.5 3 125
CSEM 0.25 4Kx16 1.2 10 14
ST 0.25 8Kx16 1.0 5.5 85
NEC 0.25 0.5Kx16 0.9 10 16

Inverted
Bitline

minimal sized
MOS

FIGURE 18.16 Asymmetrical SRAM cell.

idea is to write in a conventional way while using the true and inverted bitlines, but to read only through
a single bitline (Fig. 18.16).
The advantages are the following:

+ As it is the case in the conventional scheme, it is possible to write at low V,, since both true and
inverted bitlines on both sides of the cell are used.

+ The use of only one bitline for reading (instead of two) decreases the power consumption.

+ The read condition (to achieve a read and not to overwrite the cell) has only to be effective on
one side of the cell, so some transistors can be kept minimal. It decreases the capacitance on the
inverted-bitline and the power consumption when writing the RAM. Furthermore, minimal
transistors result in a better ratio between cell transistors when reading the memory, resulting in
a speed-up of the read mechanism.

+ Due to a read process only on one side of the cell, one can use the split bitlines concept more
easily (Fig. 18.15).

Table 18.7 shows some results. As mentioned, the CSEM SRAM memory achieves a full swing without
any sense amplifier.

18.7 Low-Power Standard Cell Libraries

At the electrical level, digital standard cells have been designed in a robust branch-based logic style, such
as hazard-free D-flip-flops [7,25]. Such libraries with 60 functions and 220 layouts have been used for
industrial chips. The low-power techniques used were the branch-based logic style that reduces parasitic
capacitances and a clever transistor sizing. Instead, to enlarge transistors to have more speed, parasitic
capacitances were reduced by reducing the sizes of the transistors on the cell critical paths. If several years
ago, power consumption reductions achieved compared to other libraries were about a factor of 3-5, it
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TABLE 18.8 Delay Comparison

2

Old Library Delay [ns] um’ New Library Delay [ns] um

32-b multiply 16.4 907 K 12.1 999 K
fp adder 27.7 510 K 21.1 548 K
CoolRISC ALU 10.8 140 K 7.7 170 K

TABLE 18.9  Silicon Area Comparison

Old Library Delay [ns] um’ New Library Delay [ns] um’

32-b multiply 17.1 868 K 17.0 830 K
fp adder 28.1 484 K 28.0 472 K
CoolRISC ALU 11.0 139 K 11.0 118 K

is today only about a factor of 2 due to a better understanding of power consumption problems of library
designers.

Today, logic blocks are automatically synthesized from a VHDL description while considering a design
flow using a logic synthesizer such as Synopsys. Furthermore, deep submicron technologies with large
wire delays imply a better robustness, mainly for sequential cells sensitive to the clock input slope. Fully
static and branch-based logic style has been found as the best; however, a new approach has been
proposed that is based on a limited set of standard cells. As a result, the logic synthesizer is more efficient
because it has a limited set of cells well chosen and adapted to the considered logic synthesizer. With
significantly less cells than conventional libraries, the results show speed, area, and power consumption
improvements for synthesized logic blocks. The number of functions for the new library has been reduced
to 22 and the number of layouts to 92. Table 18.8 shows that, for a similar silicon area, delays with the
new library are reduced. Table 18.9 shows that, for a similar speed, silicon area is reduced for the new
library. Furthermore, as the number of layouts is drastically reduced, it takes less time to design a new
library for a more advanced process.

Overall, the main issue in the design of future libraries will be the static power. For Vg, as low as
0.6-0.3 V in 2014, as predicted by the Roadmap [15], V; will be reduced accordingly in very deep sub-
micron technologies. Consequently, the static power will increase significantly due to these low V. [3]. Several
techniques with double V, source impedance, well polarization, dynamic regulation of V.. [4] are today
under investigation and will be necessarily used in the future. This problem is crucial for portable devices
that are often in standby mode in which the dynamic power is reduced to zero. It results that the static
power becomes the main part of the total power. It will be a crucial point in future libraries for which
more versions of the same function will be required while considering these static power problems. A
same function could be realized, for instance, with low or high V. for double V. technologies, or several
cells such as a generic cell with typical V;, a low-power cell with high V., and a fast cell with low V.
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22.1 Introduction

Advances in VLSI technology now allow us to build systems-on-chips (SoCs), also known as systems-
on-silicon (SoS). SoCs are complex at all levels of abstraction; they contain hundreds of millions of
transistors; they also provide sophisticated functionality, unlike earlier generations of commodity mem-
ory parts. As a result, SoCs present a major productivity challenge.

One solution to the SoC productivity problem is to use embedded computers.' An embedded computer
is a programmable processor that is a component in a larger system that is not a general-purpose
computer. Embedded computers help tame design complexity by separating (at least to some degree)
hardware and software design concerns. A processor can be used as a pre-designed component—known
as intellectual property (IP)—that operates at a known speed and power consumption. The software
required to implement the desired functionality can be designed somewhat separately.

In exchange for separating hardware and software design, some elements traditionally found in hard-
ware design must be transferred to software design. Software designers have traditionally concentrated on

" functionality while hardware designers have worried about critical delay paths, power consumption, and
area. Embedded software designers must worry about real-time deadlines, power consumption, and pro-

~ gram and data size. As a result, embedded SoC design disciplines require a blending of hardware and
software skills.

This chapter considers the characteristics of SoCs built from embedded processors. The next section
surveys the types of requirements that are generally demanded from embedded SoCs. Section 22.3
surveys the characteristics of components used to build embedded systems. Section 22.4 introduces the
types of architectures used in embedded systems. Section 22.5 reviews design methodologies for embed-

ded SoCs.

0-8493-0885-2/02/$0.00+$1.50 29.1
© 2002 by CRC Press LLC »
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22.2 Requirements on Embedded SoCs

A digital system typically uses embedded processors to meet a combination of performance, complexity,
and possibly design time goals. If the system’s behavior is very regular and easy to specify as hardware,
it may not be necessary to use embedded software. An embedded processor becomes more attractive
when the behavior is too complex to be easily captured in hardwired logic.

Using embedded processors may reduce design time by allowing the design to be separated into distinct
software and hardware units. In many cases, the CPU will be predesigned; even if the CPU and associated
hardware is being designed for the project, many aspects of the hardware design can be performed
separately from the software design. (Experience with embedded system designs does show, however,
that the hardware and software designs are intertwined and that embedded software is prone to some of
the same scheduling problems as mainframe software projects.)

But even if embedded processors seem attractive by reducing much of the design to “just program-
ming,” it must be remembered that embedded software design is much more challenging than typical
applications programming for workstations or PCs. Embedded software must be designed to meet not
just functional requirements—the software’s input and output behavior—but also stringent nonfunc-
tional requirements. Those nonfunctional requirements include:

* Performance—Although all programmers are interested in speed of execution, performance is
measured much more precisely in the typical embedded system. Many embedded systems must
meet real-time deadlines. The deadline is measured between two points in the software: if the
program completely executes from the starting point to the end point by the deadline, the system
malfunctions.

* Energy/power—Traditional programmers don’t worry about power or energy consumption. How-
ever, energy and power are important to most embedded systems. Energy consumption is of course
important in battery-operated systems, but the heat generated as a result of power consumption
is increasingly important to wall-powered systems.

* Size—The amount of memory required by the embedded software determines the amount of
memory required by the embedded system. Memory is often one of the major cost components
of an embedded system.

Embedded software design resembles hardware design in its emphasis on nonfunctional requirements
such as performance and power. The challenge in embedded SoC design is to take advantage of the best
aspects of both hardware and software components to quickly build a cost-effective system.

22.3 Embedded SoC Components

CPUs

As shown in Fig. 22.1,a CPU is a programmable instruction set processor. Instructions are kept in a

separate memory—a program counter (PC) that points to the current instruction. This definition does

not consider reconfigurable logic to be a programmable computer, because it does not have a separate

instruction memory and a PC. Reconfigurable logic can be used to implement sequential machines, and
.Y

\

CPU
instruction | <—

FIGURE 22.1 A CPU and memory.
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5o a CPU could be built in reconfigurable logic. But the separation of CPU logic and memory is an
important abstraction for program design.
An embedded processor is judged by several characteristics:

* Performance—The overall speed of execution may be important in some systems, but in many
cases we particularly care about the CPU’s performance on critical sections of code.

* Energy and power—Processors provide different mechanisms to manage power consumption.

* Area—The area of the processor contributes to the total implementation cost of the SoC. The area
of the memory required to store the program also contributes to implementation cost.

These characteristics are judged relative to the embedded software they are expected to run. A processor
may exhibit very different performance or energy consumption on different applications.

RISC processors are commonly used in embedded computing. ARM” and MIPS’ processors are
examples of RISC processors that are widely used in embedded systems. A RISC CPU uses a pipeline to
increase CPU performance. Many RISC instructions take the same amount of time to execute, simplifying
performance analysis. However, many RISC architectures do have exceptions to this rule. An example is
the multiple-register feature of the ARM processor: an instruction can load or store a set of registers, for
which the instruction takes one cycle per instruction.

Most CPUs used in PCs and workstations today are superscalar processors. A superscalar processor
builds on RISC techniques by adding logic that examines the instruction stream and determines, based
on what CPU resources are needed, when several instructions can be executed in parallel. Superscalar
scheduling logic adds quite a bit of area to the CPU in order to check all the possible conflicts between
combinations of instructions; the size of a superscalar scheduler grows as r’, where n is the number of
instructions that are under consideration for scheduling. Many embedded systems, and in particular
SoCs, do not use superscalar processors and instead stick with RISC processors. Embedded system design-
ers tend to use other techniques, such as instruction-set optimization caches, to improve performance.
Because SoC designers are concerned with overall system performance, not just CPU performance, and
because they have a better idea of the types of software run on their hardware, they can tackle performance
problems in a variety of ways that may use the available silicon area more cost-effectively.

Some embedded processors are known as digital signal processors (DSPs). The term DSP was orig-
inally used to mean one of two things: either a CPU with a Harvard architecture that provided separate
memories for programs and data; or a CPU with a multiply-accumulate unit to efficiently implement
digital filtering operations. Today, the meaning of the term has blurred somewhat. For instance, version
9 of the ARM architecture is a Harvard architecture to better support digital signal processing. Modern
usage applies the term DSP to almost any processor that can be used to efficiently implement signal
processing algorithms.

The application-specific integrated processor (ASIP)* is one approach to improving the performance
of RISC processors for embedded application. An ASIP’s instruction set is designed to match the require-
ments of the application software it will run. On the one hand, special-purpose function units and
instructions to control them may be added to speed up certain operations. On the other hand, function

' units, registers, and busses may be eliminated to reduce the CPU’s cost if they do not provide enough
benefit for the application at hand. The ASIP may be designed manually or automatically based on
profiling information. One advantage of generating the ASIP automatically is that the same information
can be used to generate the processor’s programming environment: a compiler, assembler, and debugger
are necessary to make the ASIP useful building blocks.

Another increasingly popular architecture for embedded computing is very long instruction word
(VLIW). A VLIW machine can execute several instructions simultaneously but, unlike a superscalar
processor, relies on the compiler to schedule parallel instructions at compilation time. A pure VLIW
machine uses slots in the long, fixed-length instruction word to control the CPU’s function units, with
NOPs used to indicate slots that cannot be used for useful work by the compiler. Modern VLIW machines,
such as the TI C6000° and the Motorola/Agere StarCore,” group single-operation instructions into

2
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execution packets; the packet’s length can vary depending on the number of instructions that the compiler
was able to schedule for simultaneous operation. VLIW machines provide instruction-level parallelism
with a much smaller CPU than is possible in a superscalar system; however, the compiler must be able
to extract parallelism at compilation time to be able to use the CPU’s resources. Signal processing
applications often have parallel operations that can be exploited at compilation time. For example, a
parallel set of filter banks runs the same code on different data; the operations for each channel can be
scheduled together in the VLIW instruction group.

Interconnect

Embedded SoCs may connect several CPUs, on-chip memories, and devices on a single chip. High-
performance interconnect systems are required to meet the system’s performance demands. The inter-
connection systems must also comply with standards so that existing components may be connected to
them.

Busses are still the dominant interconnection scheme for embedded SoCs. Although richer intercon-
nection schemes could be used on-chip, where they are not limited by pinout as in board-level systems,
many existing architectures are still memory-limited and not interconnect-limited. However, future
generations of embedded SoCs may need more sophisticated interconnection schemes.

A bus provides a protocol for communication between components. It also defines a memory space
and the uses of various addresses in that memory space, for example, the address range assigned to a
device connected to the bus. Busses for SoCs may be designed for high-performance or low-cost oper-
ation. A high-performance bus uses a combination of techniques—advanced circuits, additional bus
lines, efficient protocols—to maximize transaction performance. One common protocol used for efficient
transfers is the block transfer, in which a range of locations is transferred based on a single address,
eliminating the need to transfer all the addresses on the bus. Some recent busses allow split transac-
tions—the data request and data transfer are performed on separate bus cycles, allowing other bus
operatioris to be performed while the original request is serviced. A low-cost bus design provides modest
performance that may not be acceptable for instruction fetching or other time-critical operations. A low-
cost bus is designed to require little hardware in the bus itself and to imposé a small hardware and
software overhead on the devices connecting to the bus. A system may contain more than one bus; a
bridge can be used to connect one bus to another.

The ARM AMBA bus specification’ is an example of a bus specification for SoCs. The AMBA spec
actually includes two busses: the high-performance AMBA high-performance bus (AHB) and the low-
cost AMBA peripherals bus (APB). The Virtual Sockets Interface committee has defined another stan-
dard for interconnecting components on SoCs. ‘

Memory

One of the great advantages of SoC technology is that memory can be placed on the same chip as the
system components that use the memory. On-chip memory both increases performance and reduces
power consumption because on-chip connections present less reactive load than do pins and traces
between chips; however, an SoC may still need to use separate chips for off-chip memory.

Although on-chip embedded memory has many advantages, it still is not as good as commodity
memory. A commodity SRAM or DRAM’s manufacturing process has been carefully tuned to the
requirements of that component. In contrast, an on-chip memory’s manufacturing needs must be
balanced against the requirements of the logic circuits on the chip. The transistors, interconnections, and
storage nodes of on-chip memories all have somewhat different needs than logic transistors.

Embedded DRAMs suffer the most because they need quite different manufacturing processes than
do logic circuits. The processing steps required to build the storage capacitors for the DRAM cell are not
good for small-geometry transistors. As a result, embedded DRAM technologies often compromise both
the memory cells and the logic transistors, with neither being as good as they would be in separate,
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optimized processes. Although embedded DRAM has been the subject of research for many years, its
limitations have kept its from becoming a widely used technology at the time of this writing.

SRAM circuits’ characteristics are closer to those of logic circuits and so can be built on SoCs with
less penalty. SRAM consumes more power and requires more chip area than does DRAM, but SRAM
does not need refreshing, which noticeably simplifies the system architecture.

Software Components

Software elements are also components of embedded systems. Just as pre-designed hardware components
are used to both reduce design time and to provide predictions of the characteristics of parts of the
system, software components can also be used to speed up software implementation time and to provide
useful data on the characteristics of systems.

CPU vendors often supply software libraries for their processors. These libraries generally supply code
for two types of operations. First, they provide drivers for input and output operations. Second, they
provide efficient implementations of commonly-used algorithms. For example, libraries for DSPs gen-
erally include code for digital filtering, fast Fourier transforms, and other common signal processing
algorithms. Code libraries are important because compilers are still not as adept as expert human
programmers at creating code that is both fast and small.

The real-time operating system (RTOS) is the second major category of software component. Many
applications perform several different types of operations, often with their own performance require-
ments. As a result, the software is split into processes that run independently under the control of an
RTOS. The RTOS schedules the processes to meet performance goals and efficiently utilize the CPU and
other hardware resources. The RTOS may also provide utilities, such as interprocess communication,
networking, or debugging. An RTOS’s scheduling policy is necessarily very different from that used in
workstations and mainframes, because the RTOS must meet real-time deadlines. A priority-driven
scheduling algorithm such as rate-monotonic scheduling (RMS)’ is often used by the RTOS to schedule
activity in the system.

22.4 Embedded System Architectures

The hardware architecture of an embedded SoC is generally tuned to the requirements of the application.
Different domains, such as automotive, image processing, and networking all have very different charac-
teristics. In order to make best use of the available silicon area, the system architecture is chosen to match
the computational and communication requirements of the application. As a result, a much wider range
of hardware architectures is found for embedded systems as compared with traditional computer systems.

Figure 22.2 shows one common configuration, a bus-based uniprocessor architecture for an embedded
system. This architecture has one CPU, which greatly simplifies the software architecture. In addition to
I/O devices, the architecture may include several devices known as accelerators designed to speed up

CPU memory
l bus
110 accelerator

FIGURE 22.2 A bus-based, single-CPU embedded system.

’
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computations. (Though some authors refer to these units as co-processors, we prefer to fesc’;r\fe that term
for units that are dispatched by the CPU’s execution unit.) For example, a video operation’s inner loops
may be implemented in an application-specific IC (ASIC) so that the operation can be performed more
quickly than would be possible on the CPU. An accelerator can achieve performance gains throtfgh sev.eral
mechanisms: by implementing some functions in special hardware that takes fewer cycles than is required
on the CPU, by reducing the time required for control operations that would require instructions on the
CPU, and by using additional registers and custom data flow within the accelerator to more efficiently
implement the available communication. The single-CPU/bus architecture is commonly used in appli-
cations that do not have extensive real-time characteristics and ones that need to run a wider variety of
software. For example, many PDAs use this type of architecture. A single-CPU system simplifies software
design and debugging since all the work is assumed to happen on one processing element. The single
CPU system is also relatively inexpensive.

In general, however, a high-performance embedded system requires a heterogeneous multiproces-
sor—a multiprocessor that uses more than one type of processing element and/or a specialized commu-
nication topology. Scientific parallel processors generally use a regular architecture to simplify
programming. Embedded systems use heterogeneous architectures for several reasons:

* Cost—A regular architecture may be much larger and more expensive than a heterogeneous archi-
tecture, which freed from the constraint of regularity, can remove resources from parts of the archi-
tecture where they are not needed and add them to parts where they are needed.

* Real-time performance—Scientific processors are desgined for overall performance but not to meet
deadlines. Embedded systems must often put processing power near the 1/O that requires real-
time responsiveness; this is particularly true if the processing must be performed at a high rate.
Even if a high-rate, real-time operation requires relatively little computation on each iteration, the
high interrupt rate may make it difficult to perform other processing tasks on the same processing
element.

Many embedded systems use heterogeneous multiprocessors. One example comes from telephony. A
telephone must perform both control- and data-intensive operations: both the network protocol and the
user interface require control-oriented code; the signal processing operations require data-oriented code.
The Texas Instruments OMAP architecture, shown in Fig. 22.3, is designed for telephony: the RISC
processor handles general-purpose and control-oriented code while the DSP handles signal processing.
Shared memory allows processes on the two CPUs to communicate, as does a bridge. Each CPU has its
own RTOS that coordinates processes on the CPU and also mediates communication with the other CPU.

The C-Port network processor,” whose hardware architecture is shown in Fig. 22.4, provides an example
of a heterogeneous multiprocessor in a different domain. The multiprocessor is a high-speed bus. The RISC
executive processor is C programmable and provides overall control, initialization, etc. Each of the 16 HDLC
processors is also C programmable. Other interfaces for higher-speed networks are not general-purpose
computers and can be programmed only with register settings. '

Another category of heterogeneous parallel embedded systems is the networked embedded system.
Automobiles are a prime example of this type of system: the typical high-end car includes over a hundred
microprocessors ranging from 4-bit microcontrollers to high-performance 32-bit processors. Networks
help to distribute high-rate processing to specialized processing elements, as in the HP DesignJet, but

Y
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FIGURE22.3 The TI OMAP architecture.'
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FIGURE 224 Block diagram of the C-Port network processor."

they are most useful when the processing elements must be physically distributed. When the processing
elements are sufficiently far apart, busses designed for lumped microprocessor systems do not work well.
The network is generally used for data transfer between the processing elements, with each processing
element maintaining its own program memory as well as a local data memory. The processing elements
communicate data and control information as required by the application. I’C and CAN are two widely-
used networks for distributed systems.

22.5 Embedded SoC Design Methodologies

Specifications

As described in section 22.2, embedded computers are typically used to build systems with complex
functionality. Therefore, capturing a functional description of the system is an important part of the
design process. A variety of specification languages have been developed. Many of these languages were
developed for software systems, but several languages have been developed over the past decade with
embedded systems in mind.

Specification languages are generally designed to capture particular styles of design. Many languages
have been created to describe control-oriented systems. An early example was Statecharts,” which intro-
duced hierarchical states that provided a structured description of state machines. The SDL language"
is widely used to specify protocols in telecommunications systems. The Esterel language' describes a
‘reactive systém as a network of communicating state machines.

Data-oriented languages find their greatest use in signal processing systems. Dataflow process networks'
are one example of a specification language for signal processing. Object-oriented specification and design
have become very popular in software design. Object-oriented techniques mix control and data orientation.
Objects tend to reflect natural assemblages of data; the data values of an object define its state and the
states of the objects define the state of the system. Messages providing communication and control. The
real-time object-oriented Methodology (ROOM)" is an example of an object-oriented methodology
created for embedded system design.

In practice, many systems are specified in the C programming language. Many practical systems
combine control and data operations, making it difficult to use one language that is specialized for any
type of description. Algorithm designers generally want to prototype their algorithms and verify them
through experimentation; as a result, an executable program generally exists as the golden standard with
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FIGURE 22.5 The waterfall model of software development.

which the implementation must conform. This is especially true when the product’s capabilities are
defined by standards committees, which typically generate one or more reference implementations,
usually in C. Once a working piece of code exists in C, there is little incentive to rewrite it in a different
specification language; however, the C specification is generally a long way from an implementation.
Algorithmic designs are usually written for uniprocessors and ignore many aspects of 1/0, whereas
embedded systems must perform real-time 1/O and often distribute tasks among several processing
elements. Algorithm designers often do not optimize their code for any particular platform, and their
code is certainly not optimized for any particular embedded platform. As a result, a C language specifi-
cation often requires substantial re-engineering before it can be used in an embedded system.

Design Flows

In order to better understand modern design methodologies for embedded SoCs, we can start with
traditional software engineering methodologies. The waterfall model, one of the first models of software
design, is shown in Fig. 22.5. The waterfall model is a top-down model with only local feedback. Other
software design models, such as the spiral model, try to capture more bottom-up feedback from imple-
mentation to system design; however, software design methodologies are designed primarily to implement
functionality and to create a maintainable design. Embedded SoCs must, as mentioned in section 22.2,
satisfy performance and power goals as well. As a result, embedded system design methodologies must
be more complex.

The design of the architecture of an embedded SoC is particularly important because the architecture
defines the capabilities that will limit both the hardware and software implementations. The architecture must
of course be cost effective, but it must also provide the features necessary to do the job. Because the
architecture is custom designed for the application, it is quite possible to miss architectural features that
are necessary to efficiently implement the system. Retrofitting those features back into the architecture
may be difficult or even impossible if the hardware and software design efforts do not keep in sync.

Important decisions about the hardware architecture include:

* How many processing elements are needed? -
* What processing elements should be programmable and which ones should be hardwired?
* How much communication bandwidth is needed in the system and where is it needed? Y
* How much memory is needed and where should it go in the system? .
+ What types of components will be used for processors, communication, and memory?
The design of the software architecture is just as important and goes hand-in-hand with the hardware
architecture design. Important decisions about the software architecture include:

* How should the functionality be split into processes?
* How are input and output performed?
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* How should processes be allocated to the various processing elements in the hardware architecture?
* When should processes be scheduled?

In practice, information required to make these decisions comes from several sources. One important
source is previous designs. Though technology and requirements both change over time, similar designs
can provide valuable lessons on how to (and not to) design the next system. Another important source
is implementation, Some implementation information can come from pre-designed hardware or software
components, which is one reason why intellectual-property-based design is so important. Implementa-
tion can also come from early design efforts.

A variety of CAD algorithms have been developed to explore the embedded system design space and
to help automate system architectures. Vulcan®' and Cosyma® were early hardware/software partitioning
systems that implemented a design using a CPU and one or more custom ASICs. Other algorithms target
more general architectures.”**

Once the system architecture has been defined, the hardware and software must be implemented.
Hardware implementation challenges include:

* finding efficient protocols to connect together existing hardware blocks,
* memory design,

* clock rate optimization,

* power optimization.

Software implementation challenges include:

* meeting performance deadlines,
* minimizing power consumption,
* minimizing memory requirements.

The design must be verified throughout the design process. Once the design progresses to hardware
and software implementation, simulation becomes challenging because the various components operate at
very different levels of abstraction. Hardware units are modeled at the clock-cycle level. Software
components must often be run at the instruction level or in some cases at even higher levels of abstraction.
A hardware/software co-simulator” is designed to coordinate simulations that run at different time scales.
The co-simulator coordinates multiple simulators—hardware simulators, instruction-level simulators,
behavioral software processes—and keeps track of the time in each simulation. The co-simulator ensures
that communications between the simulators happen at the right time for each simulator.

Design verification must include performance, power, and size as well as functionality. Although these
sorts of checks are common in hardware design, they are relatively new to software design. Performance
and power verification of software may require cache simulation. Some recent work has developed higher-

level power models for CPUs.

_ Platform-Based Design

One response to the conflicting demands of SoC design has been the devlopment of platform-based
design methodologies. On the one hand, SoCs are becoming very complex. On the other hand, they
must be designed very quickly to meet the electronics industry’s short product lifecycles.
Platform-based design tries to tackle this problem by dividing the design process into two phases. In
the first phase, a platform is designed. The platform defines the hardware and software architectures
for the system. The degree to which the architecture can be changed depends on the needs of th.e
marketplace. In some cases, the system may be customizable only by reprogramming.. {n other cases, it
rﬁay be possible to add or delete hardware components to provide specialized I/0, additional processing
capabilities, etc. In the second phase, the platform is specialized into a product. Befause m_uch of the
initial design work was done in the first phase, the product can be developed relatively quickly based

on the platform.
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Platform-based design is particularly well suited to products derived from standards. On the one hand,
all products must meet the minimum requirements of the standard. On the other hand, standards
committees generally leave room for different implementations to distinguish themselves: added features,
lower power, etc. Designers will generally want to modify their design to add features that differentiate
their product in the marketplace.

Platform-based design also allows designers to incorporate design experience into products. Each
product derived from the platform will teach something: how to better design part of the system,
unexpected needs of customers, etc. The platform can be updated as new products are developed from
it so that successive designs will be easier.

Platforms are usually designed within a technology generation. A new VLSI technology generally
changes enough design decisions that platforms must be rethought for each new generation of technology.
Therefore, the platform itself must be designed quickly and each product based on the platform must
be completed quickly in order to gain effective use of the platform design effort in the 18-month lifecycle
of a manufacturing technology.

Software Performance Analysis and Optimization

Although methods for hardware performance analysis and optimization are well-known, software tech-
niques for optimizing performance have been developed only recently to meet the demands of embedded
design methodologies.

The performance of an embedded system is influenced by several factors at different levels of abstrac-
tion. The first is the performance of the CPU pipeline itself. RISC design techniques tend to provide
uniform execution times for instructions, but software performance is not always simple to predict.
Register forwarding, which is used to enhance pipeline performance, also makes execution time less
predictable. Branch prediction causes similar problems.

Superscalar processors, because they schedule instructions at execution time based upon execution
data, provide much less predictable performance than do either RISC or VLIW processors. This is one
reason why superscalar processors are not frequently used in real-time embedded systems.

The memory system is often an even greater source of uncertainty in embedded systems. CPUs use
caches to improve average memory response time, but the effect of the cache on a particular piece of
software requires complex analysis. In pathological cases, the cache can add uncertainty to execution
times without actually improving the performance of critical software components. Cache simulation is
often used to analyze the behavior of a program in a cache. Analysis must take into account both
instructions and data. Unlike in workstation CPUs, in which the cache configuration is chosen by the
CPU architect based on benchmarks, the designer of an embedded SoC can choose the configurations
of caches to match the characteristics of the embedded software. Embedded system designers can choose
between hardware and software optimizations to meet performance goals.

Analyzing the performance of a program requires determining both the execution path and the
execution time of instructions along that path.' Both are challenging problems. The execution path of
a program clearly depends on input data values. To ensure that the program meets a deadline, the worst-
case execution path must be determined. The execution time of instructions along the path depend on
several factors: data values, interactions between instructions, and cache state.

Energy/Power Analysis and Optimization

Many embedded systems must also meet energy and power goals as well as performance goals. The
specification may impose several types of power requirements: peak power consumption, average power
consumption, energy consumption for a given operation.

To a first-order, high-performance design is low-power design. Efficient implementations that run
faster also tend to reduce power consumption, but trade-offs between performance and power in embed-
ded system design. For example, the power consumption of a cache depends on both its size and the
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memory system activity.” If the cache is too small, too many references require expensive main memory
accesses. If the cache is too large, it burns too much static power. Many applications exhibit a sweet
spot at which the cache is large enough to provide most of the available performance benefit while not

burning too much static power. Techniques have been developed to estimate hardware/software power

s 2
consumption.

System-level approaches can also help reduce power consumption.” Components can be selectively
turned off to save energy; however, because turning a component on again may consume both time and
energy, the decision to turn it off must be made carefully. Statistical methods based on Markov models
can be used to create effective system-level power management methodologies.

22.6 Summary

Embedded computers promise to solve a critical design bottleneck for SoCs. Because we can design CPUs
relatively independently of the programs they run and reuse those CPUs design across many chips,
embedded computers help to close the designer productivity gap. Embedded processors, on the other hand,
require that many design techniques traditionally reserved for hardware—deadline-driven performance,
power minimization, size—must now be applied to software as well. Design methodologies for embedded
SoCs must carefully design system architectures that will allow hardware and software components to
work together to meet performance, power, and cost goals while implementing complex functionality.
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