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In full custom ASIC technology, all aspects of a digital circuit are tailored for one particular application. We have complete
control of the circuit and can even craft the layout of a transistor to meet special area or performance needs. The resulting
circuit is fully optimized and has the best possible performance. Unfortunately, designing a circuit at the transistor level is
extremely complex and involved, and is only feasible for a small circuit. It is not practical to use this approach to design a
complete system, which now may contain tens and even hundreds of millions of transistors. The major application of fullcustom ASIC technology is to design the basic logic components that can be used as building blocks of a larger system.
In standard-cell ASIC (also simply known as standard-cell) technology, a circuit is constructed by using a set of predefined
logic components, known as standard cells. These cells are predesigned and their layouts are validated and tested. Standard-cell
ASIC technology allows us to work at the gate level rather than at the transistor level and thus greatly simplifies the design
process. The device manufacturer usually provides a library of standard cells as the basic building blocks.
In gate array ASIC (also simply known as gate array) technology, a circuit is built from an array of predefined cells. Unlike
standard-cell technology, a gate array chip consists of only one type of cell, known as a base cell. The base cell is fairly simple,
resembling a logic gate. Base cells are prearranged and placed in fixed positions, aligned as a one- or two-dimensional array.
The customization of a circuit is done by specifying the interconnect between these cells. Compared to standard-cell
technology, the fabrication of a gate array device is much simpler, due to its fixed array structure. Since the array is common to
all applications, the cell (and transistors) can be fabricated in advance.
The most versatile non-ASIC technology is the complex field-programmable device. In this technology, a device consists of
an array of generic logic cells and general interconnect structure. Although the logic cells and interconnect structure are
prefabricated, both are programmable. The programmability is obtained by utilizing semiconductor “fuses” or “switches,”
which can be set as open- or short-circuit. The customization is done by configuring the device with a specific fuse pattern.
Since the customization is done “in the field” rather than “in a fab,” this technology is known as field programmable.
According to the complexity and structure of logic cells, complex field-programmable devices can be divided roughly into two
broad categories: complex programmable logic device (CPLD) and field programmable gate array (FPGA).
Before the emergence of field-programmable devices, the only alternative to ASIC was to utilize the prefabricated off-theshelf SSI/MSI components. These components are small parts with fixed, limited functionality. One example is the 7400
series transistor transistor logic (TTL) family, which contains more than 100 parts, ranging from simple nand gates to a 4-bit
arithmetic unit. A custom system can be designed by a bottom-up approach, building the circuit gradually from the small
existing parts. A tailored printed circuit board is needed for each application. The major disadvantage of this approach is that
the most resources (power, board area and manufacturing cost) are consumed by the “package” but not by the “silicon,” which
performs the actual computation. Furthermore, none of today’s synthesis software can utilize off-the-shelf SSI/MSI
components, and thus automation is virtually impossible. As the programmable devices become more capable and less
expensive, designing a large custom circuit using SSVMSI components is no longer a feasible option and should not be
considered.
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Chip area (or size) corresponds to the required silicon real estate to implement a particular application. A smaller chip needs
fewer resources, simplifies the testing and provides better yield. The chip size depends on the architecture of the circuit and the
device technology. The same function can frequently be realized by different architectures, with different areas and speeds. For
example, an addition circuit can be realized by a ripple adder (simple but slow), a parallel adder (complex but fast) or a carrylook-ahead adder (somewhere in-between). Once the architecture of a circuit is determined, the area depends on the device
technology. In standard-cell technology, the cells and interconnects are customized to this particular application and no silicon
is wasted in irrelevant functionality. Thus, the resulting chip is fully optimized and the area is minimal. In gate array
technology, the circuit has to be constructed by predefined, prearranged base cells. Since functionality and the placement of the
base cells are not tailored to a specific application, silicon use is not optimal, The area of the resulting circuit is normally larger
than that of a standard-cell chip. In FPGA technology, a significant portion of the silicon is dedicated to achieving
programmability, which introduces a large overhead. Furthermore, the functionalities of logic cells and the interconnect are
fixed in advance and it is unlikely that an application can be an exact match for the predetermined structure. A certain
percentage of the capacity will be left unutilized. Because of the overhead and relatively low utilization, the area of the
resulting FPGA chip is much larger than that of an ASIC chip. Due to the drastic difference between the device fabrication
process and the diversity of applications, it is difficult to determine the exact silicon areas in three technologies. However, it is
important to recognize that the difference between standard-cell and gate array technologies is much smaller than that of FPGA
and ASIC. In general, a gate array chip may need 20% to 100% larger silicon area than that of a standard-cell chip, but an
FPGA chip frequently requires two to five times the area of an ASIC chip.
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The speed of a digital circuit corresponds to the time required to perform a function, frequently represented by the worst-case
propagation delay between input and output signals. A faster circuit is always desirable and is essential for computationintensive applications. At the architecture level, faster operation can be achieved by using a more sophisticated design, which
requires a larger area. However, if the identical architecture is used, a chip with a larger area is normally slower, due to its large
parasitic capacitance. Since a standard-cell chip has tailored interconnect and utilizes a minimal amount of silicon area, it has
the smallest propagation delay and best speed. On the other hand, an FPGA chip has the worst propagation delay. In addition
to its large size, the programmable interconnect has a relatively large resistance and capacitance, which introduces even more
delay. As with chip area, the speed difference between standard-cell and gate array technologies is much less significant than
that between FPGA and ASIC.
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Power concerns the energy consumed by a part. In certain applications, such as battery-operated handheld equipment, a low
power circuit is of primary importance. At the architecture level, a system can be redesigned to reduce the use of power. If the
identical architecture is used, a smaller chip, which consists of fewer transistors, usually consumes less power. Thus, a
standard-cell chip consumes the least amount of power and an FPGA chip uses the most power. Standard-cell technology is
clearly the best choice from a technical perspective. A chip constructed using standard-cell ASIC is small and fast, and
consumes less power. This should not come as a surprise since the chip is highly optimized and wastes no resources on
unnecessary overhead. The price associated with customization is the complexity. Designing and fabricating a standard-cell
chip is more involved and time consuming than for the other two technologies.
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Production cost is the expense to produce a single unit. It includes two segments: nonrecurring engineering (NRE) cost and
part cost. NRE cost is the expense that occurs only once (and thus is not recurring) during the production process, regardless of
the number of units sold. Thus, it is on a “per design” basis. Part cost, on the other hand, is on a “per unit” basis, covering the
expense required for each individual unit, such as the expense of materials, assembly and manufacturing. Note that the NRE
cost is shared by all the units and that the share of each part becomes smaller as the volume increases.
The NRE cost of a custom ASIC chip includes the creation of the tailored masks, the development of tests and the fabrication
of initial sample chips. The charge is high and can range from several hundred thousand dollars to several million dollars or
more. A major factor in the NRE cost is the number of custom masks needed. A standard-cell chip may need 15 or more
tailored masks and thus is much more expensive than a gate array chip, which needs only three to five tailored metal layers. On
the contrary, an FPGA-based design needs only an inexpensive device programmer to do customization. The NRE cost of
creating a mask is negligible and can be considered as zero. The part cost of an ASIC chip is smaller than that of an FPGA
chip since the ASIC chip requires less silicon real estate and has better yield. By the same token, the part cost of a standard-cell
chip is smaller than that of a gate array chip since the standard-cell chip is further optimized.
The second major expense is the development cost. The process of transforming an idea to a custom circuit is by no means a
simple task. The expense involved in this process is the development cost. It includes the compensation for engineering time as
well as the expense of the computing facility and software tools. Although the synthesis procedure is somewhat similar for all
device technologies, developing ASIC requires more effort, including physical design, placement and routing, verification and
testing. Since the development process is more complex for ASIC, the development cost of an ASIC chip is much higher than
that of an FPGA chip. Similarly, due to the high-level optimization, the development cost for a standard-cell chip is much
higher than that for a gate array chip.
The third major expense is the time-to-market cost. It is actually not a cost, but the lost revenue. In many applications, such as
PC peripherals, the life cycle of a product is very short. Eighteen months, the time required to double the chip density, is
sometimes considered as the life cycle of the product. Thus, it is very important to introduce the product in a timely manner,
and a shipping delay can mean a significant loss in sales. The standard cell technology requires the most lead time to validate,
test and manufacture, ranging from a few months to a year, The gate array technology requires less lead time, from a few
weeks to a few months. For FPGA technology, customization involves the programming of a prefabricated chip and can be
done in a few minutes.
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The major characteristics of the three device technologies are summarized in Table. In general, the trade-off is between the
optimal use of hardware resources (in terms of chip area, speed and power) and the ease of design (in terms of NRE cost,
development cost and manufacturing lead time).
The choice of technology is not necessarily mutual exclusive. For example, ASIC and FPGA developments can be done in
parallel to get the benefits of both technologies. The FPGA devices are used as prototypes and in initial shipments to cut the
manufacturing lead time. When the ASIC devices become available later, they are used for volume production to reduce cost.
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A behavioral view describes the functionality (i.e., “behavior”) of a system. It treats the system as a black box and ignores its
internal implementation. The view focuses on the relationship between the input and output signals, defining the output
response when a particular set of input values is applied. The description of a behavioral view is seldom unique. Normally,
there are a wide variety of ways to specify the same input-output characteristics.
A structural view describes the internal implementation (i.e., structure) of a system. The description is done by explicitly
specifying what components are used and how these components are connected. It is more or less the schematic or the diagram
of a system. In computer software, we use the term net to represent a set of wires that are connected to the same node, and use
the term netlist, which is a collection of nets, to represent the schematic.
A physical view describes the physical characteristics of the system and adds additional information to the structural view. It
specifies the physical sizes of components, the physical locations of the components on a board or a silicon wafer, and the
physical path of each connection line. An example of a physical view is the printed circuit board layout of a system.
Clearly, the physical view of a system provides the most detailed information. It is the final specification for the system
fabrication. On the other hand, the behavioral view imposes fewest constraints and is the most abstract form of description.

15

The purpose of an abstraction is to reduce the amount of data to a manageable level so that only the critical information is
presented. A high-level abstraction is focused and contains only the most vital data. On the other hand, a low-level abstraction
is more detailed and takes account of previously ignored information. Although it is more complex, the low-level abstraction
model is more accurate and is closer to the real circuit. In the development process, we normally start with a high-level
abstraction and concentrate on the most vital characteristics. As the system is better understood, we then include more details
and develop a lower-level abstraction.
The lowest level of abstraction is the transistor level. At this level, the basic building blocks are transistors, resistors,
capacitors and so on. The behavior description is usually done by a set of differential equations or even by some type of
current-voltage diagram. Analog system simulation software, such as SPICE, can be used to obtain the desired input-output
characteristics. At the transistor level, a digital circuit is treated as an analog system, in which signals are time-varying and can
take on any value of a continuous range. The physical description of the transistor level comprises the detailed layout of
components and their interconnections.
The next level of abstraction is the gate level. Typical building blocks include simple logic gates, such as and, or, xor and 1-bit
2-to-1 multiplexer, and basic memory elements, such as latch and flip-flop. Instead of using continuous values, we consider
only whether a signal’s voltage is above or below a threshold, which is interpreted as logic 1 or logic 0 respectively. Since
there are only two values, the input-output behavior is described by Boolean equations. The abstraction essentially converts a
continuous system to a discrete system and discards the complex differential equations. A single discrete number, known as the
propagation delay, which is defined as the time interval for a system to obtain a stable output response, is used to specify the
timing of a gate. The physical description at this level is the placement of the gates (or cells) and the routing of the
interconnection wires.
At the register-transfer (RT) level, the basic building blocks are modules constructed from simple gates. They include
functional units, such as adders and comparators, storage components, such as registers, and data routing components, such as
multiplexers. Signals are frequently grouped together and interpreted as a special kind of data type, such as an unsigned integer
or system state. The behavioral description at this level uses general expressions to specify the functional operation and data
routing, and uses an extended finite state machine (FSM) to describe a system designed using RT methodology. A major
feature of the RT-level description is the use of a common clock signal in the storage components. The clock signal functions
as a sampling and synchronizing pulse, putting data into the storage component at a particular point, normally the rising or
falling edge of the clock signal. Since the data signals are sampled only at the clock edge, the difference in propagation delays
and glitches have no impact on the system operation. This allows us to consider timing in terms of number of clock cycles
rather than by keeping track of all the propagation delays. The physical layout at this level is known as the floorplan. It is
helpful for us to find the slowest path between the storage components and to determine the clock period.
Processor-level abstraction is the highest level of abstraction. The basic building blocks at this level, frequently known as
intellectual properties (IP's), include processors, memory modules, bus interfaces and so on. The behavioral description of a
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system is more like a program coded in a conventional programming language, including computation steps and communication processes.
The signals are grouped and interpreted as various data types. Time measurement is expressed in terms of a computation step, which is
composed of a set of operations defined between two successive synchronization points. A collection of computations may run concurrently
in parallel hardware and exchange data through a predefined communication or bus protocol. The physical layout of a processor-level system
is also known as the floor plan.
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High-level synthesis transforms an algorithm into an RT-level description, which is specified explicitly in terms of register
transfer operations. Due to the complexity of transformation, it can only be applied to relatively simple algorithms in a
narrowly defined application domain.
RT-level synthesis analyzes an RT-level behavioral description and derives the structural implementation using RT-level
components. It may also perform a limited degree of optimization to reduce the number of components.
Gate-level synthesis is similar to RT-level synthesis except that gate-level components are used in structural implementation.
After the initial circuit is derived, two-level or multilevel optimization is used to minimize the size of the circuit or to meet the
timing constraint. In general, generic components are used in gate-level synthesis, and thus the synthesis process is
independent of device technology.
Each device technology includes a set of predesigned primitive gate-level components, which can be cells of a standard-cell
library or a generic logic cell of an FPGA device. To implement the gate-level circuit in a particular device technology, the
generic components have to map into the cells of the chosen technology. The transforming process is known as technology
mapping. It is the last step in synthesis, and clearly the process is technology dependent.
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Floor planning derives layouts at the processor and RT levels. It partitions the system into large function blocks and places
these blocks in proper locations to reduce future routing congestion or to achieve certain timing objectives. Furthermore, floor
planning may also provide a global plan for the power and clock distribution schemes.
Placement and routing derives a layout at the gate level. The layout involves the detailed placement of cells and the routing of
interconnecting wires.
After the placement and routing are complete, the exact length and location of each interconnect are known, and the associated
parasitic capacitance and resistance can be calculated. This process is known as circuit extraction. The extracted data are used
to construct a resistance and capacitance network, which in turn is used to compute the propagation delays.
In addition to the foregoing tasks, the physical design also includes design rule checking, derivation of the power grid,
derivation of the clock distribution network, estimation of power use and assurance of signal integrity.
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Functional verification - The design of a custom system usually begins with a high-level behavioral description. When it is
first created, the primary concern is whether the design functions according to the specifications. We need to check its
operation and compare its responses to those desired. Once the functionality of the initial design is verified, we can start the
refinement process and gradually convert it to a gate-level structural description. In general, if the initial design does not
depend on the internal propagation delay (i.e., is not delay-sensitive), the functionality should be maintained through the
refinement processes. In the ideal situation, the design should be “correct by construction” and require no further functional
verification. In reality, subtle errors may be introduced in a refinement process, and thus functional verification is still
performed after each process to ensure that the new, refined description works correctly.
Timing verification checks whether a system meets its performance goals, which are normally expressed in terms of maximal
propagation delay or minimal clock frequency. At the processor or RT level, the propagation delay of an input-output path can
be calculated by identifying the components in the path and summating the individual delays. However, since these
components will be further refined and synthesized, the information is just a rough estimation. At the gate level, the
propagation delay of a path is affected by the delays of the components as well as the interconnection wires. The wiring delay
depends on the locations and the lengths of wires. Although they can be estimated during synthesis, the exact values can be
obtained only after the placement and routing process. As the size of a transistor continues to shrink, the effect of a wiring
delay becomes more dominant. This makes timing verification more difficult since accurate delay information is not available
during the synthesis process.
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The most commonly used verification method is simulation, which is the process of constructing a model of a system,
executing the model with input test patterns in a computer, and examining and analyzing the output responses. The model can
be an actual or a hypothetical circuit that incorporates functionality and timing information. Simulation is a versatile process
that be applied at any level of abstraction, and in behavioral as well as structural views. Utilizing simulation allows us to
examine a system’s operation in a computer and to detect errors without actually constructing the system. Simulation
essentially provides a sequence of snapshots of system operation, defined by a set of input stimuli. However, there is no
guarantee that the selected stimuli can exercise every part of the system and verify the correctness of the entire design.
Whereas simulation can do spot checks and detect major design mistakes, it cannot guarantee the absence of errors. Another
limitation of simulation comes from its computation complexity. Hardware operation is concurrent and parallel in nature, and
it is time consuming to model its operation in a computer, which performs computational steps sequentially. It becomes a
serious problem when we want to simulate low-level models, which may consist of hundreds of thousands or even millions of
components. In addition to simulation, several other methods are used for verification, including timing analysis, formal
verification and hardware emulation.
Timing analysis focuses only on the timing aspects of a circuit. It analyzes the structure of a circuit, determines all possible
input-output paths, calculates the propagation delays of these paths and determines the relevant timing parameters, such as
worst-case propagation delay and maximal clock frequency. Simulation can provide the relevant timing information for the
selected test patterns. However, since these test patterns do not always exercise the critical paths, timing analysis is needed to
verify that the system meets the timing specifications.
Formal verification applies formal mathematical techniques to analyze a circuit and determine its property. A popular method
in formal verification is equivalence checking, which compares two representations of a system and determines whether the
two representations perform the same function. It is frequently applied in synthesis to verify that the functionality of a
synthesized circuit is identical to the original one. Unlike simulation, formal verification is based on rigorous mathematical
reasoning and can ensure that the synthesis is completely error-free.
Hardware emulation physically constructs a prototyping circuit that mimics operation of the system. A common application is
to construct an FPGA circuit to emulate a complex ASIC design. Although the FPGA-based system is normally larger and
slower than the ASIC system, it is much faster than simulation and it can be physically interfaced with other circuits and
studied in detail.
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The meanings of verification and testing are somewhat similar in a dictionary sense. However, they are two very different tasks
in digital system development. Verification is the process of determining whether a design meets the specification and
performance goals. It concerns the correctness of the initial design as well as the refinement processes. On the other hand,
testing is the process of detecting the physical defects of a die or a package that occurred during manufacturing. When a device
is being tested, we already know that the design is correct and the purpose of testing is simply to ensure that this particular part
was properly fabricated.
At first glance, testing appears to be easy. All we need to do is simply to apply all possible input combinations and check the
output responses. However, because of the large number of input combinations, this approach is not feasible. Instead, we have
to utilize special algorithms to obtain a small set of test patterns. This process is known as test pattern generation.
For a small circuit, we can develop the testing procedure after completing the initial design and synthesis. However, as a digital
circuit becomes larger and more complex, this approach becomes more difficult. Instead of as an afterthought, we have to
consider the testing procedure in the initial design and frequently need to add auxiliary circuitry, such as a scan chain or builtin-self-test circuit, to facilitate the future requirements. This is known as design-for-test.
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The steps in an ideal flow are detailed below:
1. Develop the design file and testbench.
2. Use the design file as the circuit description, and perform a simulation to verify that the design functions as desired.
3. Perform a synthesis.
4. Use the output netlist file of the synthesizer as the circuit description, and perform a simulation and timing analysis to verify
the correctness of the synthesis and to check preliminary timing.
5. Perform placement and routing.
6. Annotate the accurate timing information to the netlist, and perform a simulation and timing analysis to verify the
correctness of the placement and routing and to check whether the circuit meets the timing constraints.
7. Generate the configuration file and program the device.
8. Verify operation of the physical part.
The flow described above represents an ideal process since it assumes that the initial design description follows the functional
specification and meets the timing constraints. In reality, the development flow may consist of several iterations to correct the
functional errors or timing problems. We may need to revise the original design file or to fine-tune parameters in synthesis and
placement-and-routing software
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In simulation, the design is realized only in a virtual environment: the software simulator. The host computer utilizes its
instruction set to mimic operation of the circuit. Since the host computer normally contains one processing unit, the circuit
simulation is done sequentially, in which all constructs and operators of the VHDL code implicitly shared a single resource in
a time-multiplexing fashion. In synthesis, on the other hand, all constructs and operators of the VHDL code are mapped to
hardware. Let us consider a task that consists of 10 addition operations. In simulation, the number of addition operators, +, in
VHDL code does not play a significant role since only one addition can be simulated at a time. In synthesis, each addition
operator is mapped to a hardware adder, which is fairly complex, and thus it is desirable to share the hardware and to reduce
the number of addition operators in VHDL description. Similarly, sophisticated control structures, such as loop or conditional
branch, can be easily simulated in a sequential host but cannot be efficiently mapped to hardware.
For synthesis, only a subset of VHDL can be used. Many modeling language constructs, such as file operations and assertion
statements, are not meaningful for hardware implementation. The others, such as floating-point number or complicated
operators, are too complex to be synthesized automatically. IEEE defines a subset of VHDL that is suitable for RT-level
synthesis in IEEE standard 1076.6. Even though the scope of the synthesizable subset is restricted, it still contains a rich
collection of language constructs and is very flexible. The same circuit can be coded in a wide variety of descriptions, ranging
from abstract high-level behavioral-like specification to detailed gate-level structural description. Although all these
descriptions can be synthesized, there is no guarantee that the synthesized circuit is an efficient implementation. The synthesis
software can perform only local search and local optimization, and the resulting circuit depends heavily on the initial
description. An inadequate description consumes a large amount of CPU time during synthesis, introduces excessively
complex circuitry and even fails to be synthesized.
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Synthesis as an intractable problem - From the computation complexity point of view, the synthesis consists of several
intractable problems, and thus no polynomial-time algorithm exists. We can treat the synthesis process as a searching
procedure. For a given specification, there are possibly O(2n) valid circuit configurations. Finding the optimal configuration
corresponds to a global search, exhaustively checking and comparing all O(2n) possible configurations. Real synthesis software
must limit the search space. It normally performs the search on a local basis and applies some smart tactics and heuristics to
guide the direction of the search. The starting point of the search corresponds to the configuration described in our HDL code.
Since the search is local, the initial starting point plays a key role. A good initial description will put the starting point in a
good location, and an efficient configuration can be obtained accordingly. On the other hand, if the initial description is poor,
the good configurations will be far away. Since synthesis software doesn't perform a global search, it is unlikely that software
can obtain an efficient configuration.
Like synthesis, other design tasks contain intractable or even undecidable computation problems. This is the inherent,
theoretical limitation of EDA software and cannot be overcome by fast hardware, smart software code or human talents.
Heuristics and tricks of software algorithms can sometimes find good solutions for certain types of inputs. There is no
guarantee that the solutions are optimal or that the algorithm will work for all types of inputs. Therefore, it is impossible to use
EDA software to completely automate the design process. This limitation is real and here to stay. The quality and efficiency of
a design still rely on a human designer's experience, insight, ingenuity and imagination, which, to some degree, can be
considered as the ultimate heuristics that cannot be coded into software.
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Signal assignment statement with a closed feedback loop
According to VHDL definition, it is syntactically correct for a signal to appear on both sides of a concurrent signal assignment
statement. when an output signal is used as an input in the value expression, a closed feedback loop is formed. This may lead
to the creation of an internal state or even oscillation. Consider the following VHDL statement:
q <= (q and (not en)) or (d and en);
In this example, the q signal is the output but also appears in the right-hand-side expression. The q output takes the value of
the d signal if the en signal is ’1’ and it keeps its previous value if the en signal is ’0’. Note that the output (i.e., q) now
depends on input (i.e., en and d) as well as internal state (the previous value of q), and thus the circuit is no longer a
combinational circuit. If we modify the previous statement by inverting q:
q <= ((not q) and (not en)) or ( d and en);
the q output oscillates between ’0’ and ’1’ when the en signal is ’0’.
When a signal assignment statement contains a closed feedback loop, it becomes sensitive to internal propagation delay and
may exhibit race or oscillation. This kind of circuit confuses synthesis software and complicates verification and testing
processes. It is a really bad coding practice and should be avoided completely in VHDL synthesis.
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The structure of conditional signal assignment statement implies a priority routing network since the Boolean expressions are
evaluated in an orderly manner and the one evaluated earlier assumes a higher priority. Once the evaluation of a Boolean
expression is true, the result of the corresponding value expression is routed to output. Unlike the temporal execution of the
traditional programming language, the priority routing network is done on a spatial basis. Furthermore, since we cannot create
hardware dynamically, dedicated hardware is needed for each Boolean expression and each value expression. In summary,
constructing the conditional signal assignment statement requires three groups of hardware:
1. Value expression circuits
2. Boolean expression circuits
3. Priority routing network
Value expression circuits realize the value expressions, value_expr_1, ..., value_expr_n, and one of the results is routed to
the output.
Boolean expression circuits realize the Boolean expressions, boolean_expr_1, ..., boolean_expr_n, and their values are used
to control the priority routing network.
The priority routing network is the structure that routes and controls the desired value to the output signal. A priority network
can be implemented by a sequence of 2-to-I multiplexers.
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Conceptually, the selected signal assignment statement can be thought as an abstract multiplexing circuit that utilizes a
selection signal to route the result of the designated expression to output. In this multiplexing circuit, each possible value of
select_expression has a designated input port in the multiplexer, and select_expression works as the selection signal of this
multiplexer. Once its value is determined, the result of the designated value expression is passed to the output port of the
multiplexer.
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Inside a process, a signal can be assigned multiple times. If all assignments are with δ-delays, only the last assignment takes
effect. Because the signal is not updated until the end of the process, it never assumes any “intermediate” value. For example,
consider the following code segment:
a,b,c,d,y: std_logic;
process (a, b, c, d)
begin
...
y <= a or c;
y <= a and b;
y <= c and d;
end process;
It is the same as
process (a,b,c,d)
begin
y <= c and d;
end process;
Although this segment is easy to understand, multiple assignments may introduce subtle mistakes in a more complex code and
make synthesis very difficult. Unless there is a compelling reason, it is a good idea to avoid assigning a signal multiple times.
The only exception is the assignment of a default value in the if and case statements.
The result will be very different if the multiple assignments are the concurrent signal assignment statements. Assume that the
previous three assignment statements are concurrent signal assignment statements (i.e., not inside a process). The code
segment becomes
a,b,c,d,y: std_logic;
-- the statements are not inside a process
y <= a or c;
y <= a and b;
y <= c and d;
...
The code is syntactically correct since multiple assignments are allowed for a signal with the std-logic data type (since it is a
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"resolved" data type). The corresponding circuit is shown in the figure. Although the syntax is fine, the design is incorrect because of the
potential output conflict. The y signal may get a value of 'X' in simulation if any two of the output values of the three gates are different.
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The syntax of a variable assignment statement is
variable_name := value_expression;
The immediate assignment notion, :=, is used for the variable assignment. There is no time dimension (i.e., no propagation
delay) and the assignment takes effect immediately. The behavior of the variable assignment is just like that of a regular
variable assignment used in a traditional programming language. For example, consider the code segment
signal a, b, y: std_logic;
process (a, b)
variable tmp : std_logic ;
begin
...
tmp := '0';
tmp := tmp or a;
tmp := trnp or b;
y <= tmp;
end process;
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A combinational circuit, by definition, is a circuit whose output, after the initial transient period, is a function of current input.
It has no internal state and therefore is “memoryless” about the past events (or past inputs). A sequential circuit, on the other
hand, has an internal state, or memory. Its output is a function of current input as well as the internal state. The internal state
essentially “memorizes” the effect of the past input values. The output thus is affected by current input value as well as past
input values (or the entire sequence of input values). That is why we call a circuit with internal state a sequential circuit.
We can add memory to a circuit in two ways. One way is to add closed feedback loops in a combinational circuit, in which the
memory is implicitly manifested as system states. Because of potential timing hazards and racing, this approach is very
involved and not suitable for synthesis.
The other way is to use predesigned memory components. All device libraries have certain memory cells, which are carefully
designed and thoroughly analyzed. These elements can be divided into two broad categories: latch and fiip-flop (FF).
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Tcq corresponds roughly to the propagation delay of a combinational component.
Tsetup and Thold on the other hand, are timing constraints. They specify that the d signal must be stable in a small
window around the sampling edge of the clock. If the d signal changes within the setup or hold time window,
which is known as setup time violation or hold time violation, the D FF may enter a metastable state, in which the
q becomes neither ’0’ nor ’ 1’.
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Globally synchronous circuit (or simply synchronous circuit). A globally synchronous circuit uses FFs as memory elements,
and all FFs are controlled (i.e., synchronized) by a single global clock signal. Synchronous design is the most important
methodology used to design and develop large, complex digital systems. It not only facilitates the synthesis but also simplifies
the verification, testing, and prototyping process. Our discussion is focused mainly on this type of circuit.
Globally asynchronous locally synchronous circuit. Sometimes physical constraints, such as the distance between
components, prevent the distribution of a single clock signal. In this case, a system may be divided into several smaller
subsystems. Since a subsystem is smaller, it can follow the synchronous design principle. Thus, subsystems are synchronous
internally. Since each subsystem utilizes its own clock, operation between the subsystems is asynchronous. We need special
interface circuits between the subsystems to ensure correct operation.
Globally asynchronous circuit. A globally asynchronous circuit does not use a clock signal to coordinate the memory
operation. The state of a memory element changes independently. Globally asynchronous circuits can be divided into two
categories. The first category comprises circuits that consist of FFs but do not use the clock in a disciplined way. One example
is the ripple counter, in which the clock port of an FF is connected to the output of the previous FF. Utilizing FFs in this way
is a poor design practice. The second category includes the circuits that contain “clockless” memory components, such as a
latch or a combinational circuit with closed feedback loops. This kind of circuit is sometimes simply referred to as an
asynchronous circuit. The design of asynchronous circuits is very different from that of synchronous circuits and is not
recommended for HDL synthesis.
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The circuit operates as follows:
-At the rising edge of the clock, the value of the state_next signal (appearing at the d port) is sampled and propagated to the q
port, which becomes the new value of the state_reg signal. The value is also stored in FFs and remains unchanged for the rest
of the clock period. It represent the current state of the system.
-Based on the value of the state_reg signal and external input, the next-state logic computes the value of the state_next signal
and the output logic computes the value of external output.
-At the next rising edge of the clock, the new value of the state_next signal is sampled and the state_reg signal is updated.
The process then repeats.
To satisfy the timing constraints of the FFs, the clock period must be large enough to accommodate the propagation delay of
the next-state logic, the clock-to-q delay of the FFs and the setup time of the FFs.
There are several advantages of synchronous design.
First, it simplifies circuit timing. Satisfying the timing constraints (i.e., avoiding setup time and hold time violation) is one of
the most difficult design tasks. When a circuit has hundreds or even thousands of FFs and each FF is driven by an individual
clock, the design and analysis will be overwhelming. Since in a synchronous circuit all FFs are driven by the identical clock
signal, the sampling of the clock edge occurs simultaneously. We only need to consider the timing constraints of a single
memory component.
Second, the synchronous model clearly separates the combinational circuits and the memory element. We can easily isolate the
combinational part of the system, and design and analyze it as a regular combinational circuit.
Third, the synchronous design can easily accommodate the timing hazards. The timing hazards are unavoidable in a large
synthesized combinational circuit. In a synchronous circuit, inputs are sampled and stored at the rising edge of the clock. The
glitches do not matter as long as they are settled at the time of sampling. Instead of considering all the possible timing
scenarios, we only need to focus on worst-case propagation delays of the combinational circuit.
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The timing diagram shows the responses of the state_reg and state_next signals during one clock cycle. At time t0, the clock
changes from ’0’ to ’1’. We assume that the state_next signal has stabilized and doesn’t change within the setup and hold time
periods. After the clock-to-q delay (i.e., Tcp), the register’s output, state_reg, becomes available at time t1, which is t0 + Tcq.
Since state_reg is the input of the next-state logic, the next-state logic responds accordingly. We define the propagation delays
of the fastest and slowest responses as Tnext(min) and Tnext(max) respectively. In the timing diagram, the state_next signal changes
at t2, which is t1 + Tnext(min), and becomes stabilized at t3, which is t1 + Tnext(max). At time t5, a new rising clock edge arrives and
the current clock cycle ends. The state_next is sampled at t5 and the process repeats again. t5 is determined by the period (Tc)
of the clock signals, which is t0 + Tc.
Now let us examine the impact of the setup time constraint. The setup time constraint indicates that the state_next signal must
be stabilized at least Tsetup before the next sampling edge at t5. This point is labeled t4 in the timing diagram. To satisfy the
setup time constraint, the state_next signal must be stabilized before t4. This requirement translates into the condition
t3 < t4
From the timing diagram, we see that
t3 = t0 + Tcq + Tnext(max)
and
t4 = t5 - Tsetup = t0 + Tc - Tsetup
We can rewrite the inequality equation as
t0 + Tcq + Tnext(max) < t0 + Tc - Tsetup
which is simplified to
Tcq + Tnext(max) + Tsetup < Tc
This shows the role of the clock period on a sequential circuit. To avoid setup time violation, the minimal clock period must be
Tc(min) = Tcq + Tnext(rnax) + Tsetup
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The clock period is the main parameter to characterize the timing and performance of a sequential circuit. We commonly use the maximal
clock rate or frequency, the reciprocal of the minimal period, to describe the performance of a sequential circuit, as in a 500-MHz counter or
2-GHz processor.
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Note that both parameters are the intrinsic timing parameters of the FF, and the inequality has nothing to do with the next-state
logic. Manufacturers usually guarantee that their devices satisfy this condition. Thus, we need not worry about the hold time
constraint unless the clock edge cannot arrive at all FFs at the same time. We discuss this issue in Lecture 7, “Clock and
Synchronization”.
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The output signal of a sequential circuit can be divided into the Moore-typed output (or just Moore output) and Mealy-typed
output (or just Mealy output). For Moore output, the output signal is a function of system state (i.e., the output of the register)
only. On the other hand, for Mealy output, the output signal is a function of system state and the external input. The two types
of output can coexist. The main timing parameter for both types of outputs is Tco, the time required to obtain a valid output
signal after the rising edge of the clock. The value of Tco is the summation of Tcq and Toutput (the propagation delay of the output
logic); that is,
Tco = Tcq + Toutput
For Mealy output, there exists a path in which the input can affect the output directly. The propagation delay from input to
output is simply the combinational propagation delay of output logic.

70

In a large design, a system may contain several synchronous subsystems. Thus, it is possible that an input comes from a
subsystem that is controlled and synchronized by the same clock. The block diagram of this situation is shown in Figure. Note
that the two subsystems are controlled by the same clock and thus are synchronous. At the rising edge of the clock, the register
of subsystem 1 samples a new input value. After Tco(system1), its new output, which is the input for the next-state logic of
subsystem 2, becomes available. At this point the timing analysis is identical to that in case of the maximal clock rate. To
avoid setup time violation, the timing of the two circuits must satisfy the following condition:
Tco(system1) + Tnext(max) +Tsetup < Tc
Note that Tnext(max), the propagation delay of next-state logic, is somewhat different from the calculation used for maximal clock
rate. The Tnext(max) here is the propagation delay from the external input to state_next, whereas Tnext(max) used in earlier minimal
clock period calculation is the propagation delay from the internal register output (i.e., state_reg) to state_next. To be more
accurate, we should separate the two constraints. The constraint for the closed loop is
Tcq + Tnext(max of state_reg-to-state_next) + Tsetup < Tc1
and the constraint for the external input is
Tco(system1) + Tnext(max of ext_input-to-state_next) + Tsetup < Tc2
We usually determine the clock period based on the calculation of Tc1. If Tc2 turns out to be greater than Tc1 , we normally
redesign the I/O buffer rather than slowing down the clock rate of the entire system. For example, we can employ an extra
input buffer for the external input of subsystem 2. Although this approach delays the external input by one clock cycle, it
reduces the Tco(system1) to Tcq in the second constraint.
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Incorrect architecture:
architecture poor_async_arch of mod10_counter is
signal r_reg: unsigned (3 downto 0);
signal r_next: unsigned (3 downto 0);
signal async_clr: std_logic;
begin
-- register
process (clk, async_clr) is
begin
if (async_clr = ‘1’) then
r_reg <= (others => ‘0’);
elsif (clk'event and clk='lJ) then
r_reg <= r_next;
end if;
end process;
-- asynchronous clear
async_clr <= ‘1’ when (reset=‘1’ or r_reg="1010") else
‘0’;
-- next state logic
r_next <= r_reg + 1;
-- output logic
q <= std_logic_vector (r_reg);
end poor_async_arch;

Correct architecture:
architecture two_seg_arch of modl0_counter is
signal r_reg: unsigned (3 downto 0);
signal r_next: unsigned (3 downto 0);
begin
-- register
process (clk, reset) is
begin
if (reset='l') then
r_reg <= (others => '0');
elsif (clk'event and clk='1') then
r_reg <= r_next;
end if;
end process;
-- next_state logic
r_next <= (others=>'0') when r_reg=9 else
r-reg + 1;
-- output logic
q <= std_logic_vector(r_reg);
end two_seg_arch;
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Incorrect architecture:

Correct architecture:

architecture gated_clk_arch of binary_counter is
signal r_reg: unsigned (3 downto 0);
signal r_next: unsigned (3 downto 0);
signal gated_clk: std_logic;
begin
-- register
process (gated_clk, reset) is
begin
if (reset=‘1’) then
r_reg <= (others => ‘0’);
elsif (gated_clk’event and gated_clk=‘1’) then
r_reg <= r_next;
end if;
end process;
-- gated clock
gated_clk <= clk and en;
-- next_state logic
r_next <= r_reg + 1;
-- output logic
q <= std_logic_vector(r_reg);
end gated_clk_arch;

architecture two_seg_arch of binary_counter is
signal r_reg: unsigned (3 downto 0);
signal r_next: unsigned (3 downto 0);
begin
-- register
process (clk, reset) is
begin
if (reset='l') then
r_reg <= (others => '0');
r_reg <= r_next;
elsif (clk'event and clk='l') then
r_reg <= r_next;
end if;
end process;
-- next_state logic
r_next <= r_reg + 1 when en='l' else
r_reg;
-- output logic
q <= std_logic_vector(r_reg);
end two_seg_arch;
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A large digital system may consist of subsystems that operate in different paces. For example, a system may contain a fast
processor and a relatively slow I/O subsystem. One way to accommodate the slow operation is to use a clock divider (i.e., a
counter) to derive a slow clock for the subsystem. The block diagram of this approach is shown in Figure (a). There are several
problems with this approach. The most serious one is that the system is no longer synchronous. If the two subsystems interact,
as shown by the dotted line in Figure (a), the timing analysis becomes very involved. The simple timing model proposed
earlier can no longer be applied and we must consider two clocks that have different frequencies and phases. Another problem
is the placement and routing of the multiple clock signals. Since a clock signal needs a special driver and distribution network,
adding derivative clock signals makes this process more difficult.
A better alternative is to add a synchronous enable signal to the slow subsystem and drive the subsystem with the same clock
signal. Instead of generating a derivative clock signal, the clock divider generates a low-rate single-clock enable pulse. This
scheme is shown in Figure (b).

76

77

78

