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Abstract

Synthesis is the process of transforming a design from an abstract description into a detailed
implementation. The synthesis process can be divided into three subprocesses: High-Level Syn-
thesis, Logic Synthesis, Layout. High-level synthesis is the process of transforming a design from
a behavioral description into a register-transfer level description. Logic synthesis is the set of
transformations that are performed on the register-transfer level description to create the gate-level
implementation of the design. Finally, layout is the process of translating the design from logic

gates to geometric representation.

There are a number or Computer-Aided Design (CAD) tools to aide the designer in these pro-
cesses. System Architect’s Workbench (SAW), Synopsys’s Design Compiler, and Cascade Design
Automation’s Epoch are three such tools. Each of these tools were developed to solve a different
part of the synthesis process. SAW was developed to perform high-level synthesis. Design Com-
piler’s capabilities include logic synthesis and logic optimization. Epoch, on the other hand, can be

used for logic synthesis and layout.

In this project, we integrated the three tools into a synthesis path that covers the entire synthesis

spectrum. In doing so, we wrote translations to aid the design flow between various CAD tools.
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Chapter 1

Introduction

1.1 Motivation and Goals

The design process for integrated circuits (ICs) has been moving towards higher levels of abstrac-
tion. As the levels get higher, the process of translating a circuit from the initial description to the
final layout becomes more complex. Fortunately, automated computer-aided design (CAD) tools
ease the process for the designer. These tools perform in fraction of the time the tasks that would

otherwise be done by the designer by hand.

Synthesis is the process of transforming a design from an abstract description into a detailed hard-
ware implementation. The process comprises of transforming and adding detail to the design from

higher to the lower levels. A design can be represented in different levels of abstraction, Figure 1.

High Level § System/Behavioral Level
Register-Transfer/Structural Level
Gate Level
Transistor/Physical Level

Low Level

Figure 1. Levels of Abstraction



The highest level describes the basic function of the desired design. At the next level, the register-
transfer description comprises of two parts: the controller and the datapath. The former is a finite
state machine that sets the control lines that activate and deactivate the datapath modules, which
consist of functional units, registers, multiplexers, I/O units, and buses. At the next level, the
design is mapped onto logic gates of the specified technology library. Finally, these gates are rep-
resented at the physical level by their transistor models, which can then be placed, routed, and fab-

ricated onto the chip[10]{21](8].

There are many different CAD tools that are aimed at performing different tasks of the design pro-
cess. SAW [21], Synopsys’s Design Compiler [20}, and Cascade Design Automation's Epoch |6]
are three such synthesis tools. Each was developed with the aim of solving a different problem of
the design process. System Architect’s Workbench (SAW), developed at Carnegie Mellon Univer-
sity, performs high-level synthesis. Design Compiler performs logic synthesis and logic optimiza-
tion. Epoch, on the other hand, performs synthesis as well as layout operations such as placement,

routing, and buffer sizing.

In this project, we integrated these three tools into a synthesis path that covers the levels of
abstraction. We used SAW for high-level synthesis, Design Compiler for logic synthesis and opti-
mization, and Epoch for layout. We developed translations of the design descriptions between the
different systems. We also explored another synthesis path by using Epoch for logic synthesis and

ayout,

1.2 Related Work

Synthesis has been a topic of research for the past number of years. Research has been performed
on different aspects of the synthesis process. Research in the area of high-level synthesis has been
done on the algorithms for the scheduling and resource binding problems is in order to improve the
final design for different performance objectives. Heijligers et. al. [13] propose to use Genetic
Algorithms to solve the scheduling and allocation problem, whereas Potkonjiak and Wolf [18]
integrate techniques from operating systems and high-level synthesis to lead to efficient resource
sharing and scheduling. Another approach to improving the scheduling problem is proposed by

Achatz [1]. He proposes building several schedules based upon the already existing one and thus



letting the allocation and binding phases of the process choose the best fitting schedule. The sched-
uling problem has also even been considered for low power. Mussoll and Cortadella [16] consider

power consumption issues at the scheduling and resource binding stages of the design process.

Research has also been done at the other phases of the synthesis process. Hartenstein and Kress
[12] consider the synthesis of the datapath modules for mapping onto a reconfigurable datapath
architecture. Alidina et. al. [3] work to lower the power consumption by precomputing the output
logic values of the circuit to reduce the switching activity in the circuit. By reusing already avail-
able designs or design modules, Girczyc and Carlson [11] propose a method to eliminate the cost
overhead generated during optimization and to increase the integration of the design so that more

can be packed onto a single chip.

Research is also being conducted on behavioral synthesis for mixed hardware/software systems

[2] and for multichip modules [24], as well as array mapping within synthesis [19].

1.3 Our Approach

The goal of this project is to present a path through the synthesis process for high-level systems.
The tools that are used in this path are SAW, Design Compiler, and Epoch. In order to enable inter-

action between the tools, we explored translation methods between the systems.

Chapter 2 of this report describes the synthesis process and the three synthesis tools in more detail.
Chapter 3 describes our approach to finding these paths and the translations between the systems.
Chapter 4 analyzes the different examples tested through this environment. Finally, Chapter 5

offers conclusions and future work.



Chapter 2

Design Process

2.1 Levels of Abstraction

The design process extends through a number of levels of abstraction, as seen in Figure 2. At the
highest level, the design consists of specifications and algorithms describing the function the
design is supposed to implement. The goal of the synthesis process is to create lower level imple-
mentations of the design, while meeting the required specifications and constraints as specified at
the beginning of the process. In doing so, the design is transformed through the different levels by

the different synthesis processes.

input a,b; owput c;
Iways begin

(a) System/Behavmral o ] semne
Level i
(e) High-Level Synthesis
(b) Reglster-Transfer/ " -
Structural Level e =2;
(f) Logic Synthesis
(c¢) Gate Level
(d) Transistor/ (g) Layout

Physical Level

Figure 2. Levels of Abstraction and The Synthesis Process



At the highest level, the design is an algorithm, Figure 2(a). The description at this level 1s similar
to a program,; it is a set of operations, variables, and dependencies. It specitics the funclion ol the
design without being concerned about how it is realized. The transformations necessary to trans-
late the design from the behavioral level to the register-transfer level, Figure 2(b). is called High-
Level Synthesis (HLS), Figure 2(e). During high-level synthesis, the operations implementing the
design are determined. These operations are then mapped onto datapath modules and assigned
control steps in the scheduling process. The control states create a finite state machine that imple-
ments the operation schedule. Figure 3 illustrates the Greatest Common Divisor (GCD) example
through high-level synthesis. Figure 3(a) is the behavioral description. During high-level synthe-
sis, >, <=, and - are identified as the operators of the design. These operations are scheduled at
states 8, 6, and 7 respectively. Finally, the datapath modules are determined to be three functional

processors, two comparators and one subtracter, Figure 3(b).

At the register-transfer level, the design is separated into two parts: the controller and the datapath.
The controller is a finite state machine that operates the datapath modules by sending control sig-
nals to the datapath modules according to the schedule of operations determined during HLS. The
datapath modules comprise of memory units (registers, multiplexers), functional units, and inter-
connect units (busses, I/0). Logic Synthesis (LS), Figure 2(f), is the set of transformations that are
performed on the register transfer level description to create the gate-level implementation of the
design. During logic synthesis, logic gates are mapped into the design to realize the function of the
controller and the datapath modules, Figure 2(c). Optimization criteria, such as area, timing, and
power, is also carried out during logic synthesis to achieve the best possible implementation of the
design at the gate-level. Figure 3(c) shows the gate-level Verilog of the GCD example and

Figure 4 illustrates the gate-level schematic of the GCD example.

Finally, a physical representation of the design must be generated in order to fabricate the design
onto the chip, Figure 2(d). At this level, the design is transformed from logic gates to layers of
metal, polysilicon, contacts, etc. during the layout process, Figure 2(g). The geometric representa-
tion of the design is produced. Partitioning and placement of the cells occur at this level, most
often reducing the overall size of the layout. The interconnections between the cells are provided

during the routing process.



always begin: ged fu_procr_leq(x,y,xleqy);
wait (Reset); fu_procr_gtr(x,0,xgtr0);
done=0; fu_procr_minus(x,y,out);
wait (start = 1);
X = Xi; always @(x or y or state) begin
y=Yi,; case (state)
while (x > Q) begin 1: begin
if (x <=y) begin case (Reset)
temp = y; 0: state = 1;
y=x; 1. state = 2,
X =temp, endcase
end end
X=X-Y; 2: begin
end case (start)
out=y; 0: state = 0;
done = 1; i: state = 3;
wait (start = 0); endcase
end end
3: begin
(a)Behavioral Description :‘;e“_ §,= yt
stcbufinv_2x U197 ( INOQstate(3] ), Y(n602) ); end
stdbufinv_2x U198 ( INO(\state(1)), .Y(n601) ); 4: begin
stdnor3_2x U199 ( INO(aS93), IN1(\state(2] ), IN2(n599), .Y (n597) ); out = Y done=1:
stdbafiry_2x U200 ( INOstate[0] ), .¥(5599) ); <. )
stdoai21 1 U201 ( INO(aS80), IN1(as81), IN2(n582), IN3(aS83), .Y(X98[3] ) state = 5;
#doai211 U202 ( INO(nS81), IN1(nS84), .IN2(aS85), IN3(nS86), .Y(W98[2] )); end
stdoai2]1 U203 ( INO(nS81), IN1(nS87), IN2(n588), IN3(nS89), .Y( \x98[1])); 5: begin
stdoaiz11 U204  INO(n581), IN1(n590), IN2(u$91), IN3(a592), .Y(X98[0) );
sdoso2ll U205 ( INOMS), JN1@S%), IN2(done), IN3(ms9S), case (start)
Y(#celI*102/Z_0)); 0: state = ;
#da0222 U206 ( INO((3] ), .IN1(u596), IN2(aS97), IN3(i[3]), .IN4( n598), 1:state = 5;
INS(%[3]), .Y(\y108(3] ) ); d
sida0222 U207 ( INO(W(2] ), IN1(@596), IN2(yi(2]), IN3S9T), IN4(x{z} endcase
INS(n598), .Y(y108[2] ) ); end
wdao222 U208 ( INO(y[1) ), IN1(nS96), IN2(yi{1]), IN3(nS97), .IN4(x[1] ), 6: begin
INS(nS98), .Y(\y108{1]) ); 1
stda0222 U209 ( INOQy[0] ), IN1(n596), IN2(yi[0]), IN3(nS97), .IN4(w[0] ), case (xleqy)
INS(nS98), .Y (yy108[0] ) ; 0: state =7;
#tdaoi21 U210 ( INO(n599), IN1(n600), IN2(n601), .Y (\next_utated04[3] )); 1: state = 9:
stdoai2] U211 (.INO(\state[0) ), IN1(a602), IN2(n603), .Y(\ext_stated04{2] )) '
stdnand? U212 ( INO(n604), IN1(n605), .Y(ext_statedO4(1] ) ); endcase
#dosizt] U213 ( INO(tate[0] ), IN1(n600), IN2(2606), .IN3(n603), end
.Y(\next_stated04[0] ) ); 7: begin
stdoaoi211 U214 ( INO(utae[3) ), IN1(n607), IN2(n608), IN3(\state{4} ), .
Y(u405(0] ) ) stdosoi2ll U216 ( INO(Reset), IN1(n599), IN2(u6i1), X = out;
IN3(Qstate[1]), .Y(n610) ); state = §;
stdnor2 U217 ( INO(wake[1] ), IN1(@S94), .Y(n60) ): end
stdand2 U218 ( INO(n601), .IN1(Reset), .Y(n612) ); o
stdor3 U219 ( INO(wtake[4] ), .IN1(state(3] ), IN2(n601), .Y(nS93) ); 8: begin
stdnor3 U220 ( INO(n614), IN1(stake[4] ), .IN2(n599), .Y(n613) ); case (xgtr0)
stdnand3 U221 ( INO(n601), IN1(n611), IN2(state(3] ), .Y(n608) ); 0. state = 4;
stdnord U222 ( INO(n599), IN1 (wtae[4] ), IN2(a608), .Y(n598) ) . )
ddnar3 U223 ( INO(a$99), IN1(a593), IN2(a611), . ¥(a615) ); l: state = 6,
stdnand3 U224 ( INO(S99), IN1(n602), IN2(state(2]), .Y(a616) ); endstate
#dnor2 U225 ( INO(n618), IN1(xgy1), .Y(u617) ); end
stdoa32 U226 ( INO(n616), IN1(n617). IN2(n&01), IN3(n599), .IN4(n608), .
Y(2605) ); 9: begin
stdand2 U227 ( INO(n605), .IN1(n619), .Y(n603) ); lemp =Y, y=XX= temp,;
sdnand2 U228 ( INO(n611), IN1(n599), .Y(n594) ); state = 7.
stdnand2 U229 ( INO(R617), IN1(\atalef2] ), .Y(n600) ); . '
stxor2 U230 ( INO(602), IN1(2601), .Y(n620) ); end
stdmux2 U231 ( INO(out3]), IN1(\y[3]1), S0(n595), .Y(ou118[3)) ); endcase
end
(c) Gate-Level Description (b) RT-Level Description
Figure 3. High Level Synthesis of the GCD

2.2 Synthesis Tools

2.2.1 SAW
The System Architect’s Workbench, SAW, is a tool that was developed at Carnegie Mellon Uni-

versity [21]. SAW was developed to transform behavioral descriptions into register-transfer level
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Figure 4. Gate-Level Implementation of the GCD Example

descriptions. Thus, it is a purely high-level synthesis tool, Figure 5.

System/Behavioral Level

SAW

RT/Strucglral Level

Transistor/Physical Level
Figure 5. SAW in the Design Process

SAW has two internal paths that can be used to synthesize the design. The first is the CSTEP/
EMUCS route. This is a two-step synthesis route. During CSTEP, control steps are assigned to the
different operators that have been allocated to implement the function of the design. The controller
is created here. Using a list scheduling algorithm, CSTEP creates a control flow graph that repre-
sents the design, where each state of the graph corresponds to a control step. EMUCS is a datapath
synthesis tool. Given the flow graph that was created during CSTEP, EMUCS determines, allo-

cates, and binds every necessary datapath module.



Constraints can be imposed on the design during both stages of CSTEP/EMUCS. During CSTEP,
timing constraints can first be imposed to set maximum and minimum times between operations.
Hardware constraints are also set during CSTEP to avoid any hardware scheduling conflicts.
EMUCS uses cost tables to set its constraints. The first cost table lists the cost of allocating new
registers, wires, functional units, etc. The second cost table is called the Add-Function Table. This
table states the cost for grouping a certain function with another function. These cost tablcs arc

used in determining the least costly implementation of the design [21][22].

SAW’s second internal path is the Scheduling, Allocation, and Mapping (SAM) option. SAM per-
forms both of the individual goals of CSTEP and EMUCS in one single tool. SAM performs the
scheduling, allocation, and mapping tasks in parallel. It considers every possible option for the
three tasks in every cycle, thus allowing the algorithm to consider all consequences of any action

immediately [7].

CSTEP/EMUCS is the original path that was developed in SAW and is therefore a more estab-
lished route than SAM. Thus, we will use CSTEP/EMUCS in this project. Every reference to SAW
in the rest of this report is for the CSTEP/EMUCS path of SAW.

2.2.2 Synopsys’s Design Compiler

Synopsys’s Design Compiler is a widely used commercial logic synthesis tool [20]. Tt is designed
to synthesize a design from the register-transfer level to the gate level, Figure 6. During this pro-
cess, it also performs logic optimization, making sure that the transformed design meets certain
performance specifications, such as area, timing, and power. Design Compiler performs this opti-
mization so that the end result is the best possible circuit that can be realized with the desired tech-

nology library and that meets the functional and performance requirements of the target design.

In optimizing the design, Design Compiler takes into consideration two types of constraints:
design rule constraints and optimization constraints, The design rule constraints are those that are
set automatically when the target technology library is chosen. Constraints such as maximum
fanout or maximum transition fall under this category. Performance constraints such as area and

speed are specified by the user and are thus considered after the design rule constraints. Design



System/Behavioral Level

RT/Strucﬁua‘l Level
DESIGN COMPILER

Gate Level

Transistor/Physical Level

Figure 6. Design Compiler in the Design
Compiler allows the user to constrain all synchronous paths in the design by specifying the clock

for the system. Design Compiler assigns costs to these constraints and optimizes the design such
that the final design is that with the minimal cost functions, both for the design rule constraints and

for the user specified constraints [15][20].

2.2.3 Cascade Design Automation’s Epoch

Cascade Design Automation’s Epoch tool is designed to perform synthesis as well as layout [6].
Given a very structured register-transfer level description, Epoch has the capability to perform
logic synthesis. Epoch also performs automatic layout operations such as placement, routing, and

buffer railsizing, Figure 7.

The input for Epoch may be one of two possible formats. It is required to be either a register-trans-
fer level description or a gate-level implementation. In performing the synthesis process. Epoch
flattens the design hierarchy unless otherwise specified as a fixed block. After flaticning is com-
plete, Epoch takes the design and partitions it into two new groups, the datapath and the chip core.

Finally, it builds leaf cells.

The implementation of the datapath modules can be realized in three different ways. First, all the
modules can be implemented as standard cells only. Or, they can be implemented as already-
blocked Epoch Datapath library modules. Finally, they can be implemented as a combination of

the two previous methods. The goal of the tool is to find a good balance with both types of imple-



System/Behavioral Level

RT/Structural Level

Epoch

Gate Level

Transistor/Physical Level

Figure 7. Epoch in the Design Process
mentations, as using only standard cells will lead to too many blocks in the design and using only

Epoch’s ready modules will lead to too few blocks.

Epoch allows the user to either automatically place and route the design or perform these tasks
manually. The automatic compilation option deals with the design from the lowest level of the
hierarchy to the current level. For placement, the user has the option to choose from different
methods of placement. One option is to carry out the task based on area efficiency and minimiza-
tion of wiring. Another option also considers these options as well as optimizing for timing
requirements. A third option is called the Incremental Placement. Here, if there is a change in the
netlist, the existing placement is preserved as much as possible while redoing the placement.
Finally, the last possible way of performing placement is by optimizing the datapath groups for

such constraints as routing and track usage.

Epoch also comes with an in-depth set of library parts that can be utilized by the user instead of
redesigning these parts. These library parts range from simple multiplexers to ALU’s to RAMs.
All of these library parts also come with functional Verilog descriptions and can be used to simu-

late the design after mapping in these library parts[6].







