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The system is first divided into a control path and a data path. The control path is then divided into the next-state logic and 

the state register, and the data path is divided into a routing circuit, functional units and a data register. The functional units 

are then further decomposed into an adder and a decrementor. If needed, we can continue the process and further refine the 

leaf modules. The sequential multiplier can also be part of a larger system. For example, it can be a module of an 

arithmetic unit, which in turn, can be a module of a processor. 
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A digital system can be described by a hierarchy of an arbitrary number of levels. The circuit parts becomes simpler as we 

traverse down the hierarchy. In VHDL code, the circuit parts are described as component instances. When the code is 

processed, the components are replaced by the actual architecture bodies level by level, and the hierarchy is gradually 

converted to a flattened description. One way to perform synthesis is to collapse the entire hierarchy into a one big, 

flattened circuit and then to synthesize the circuit accordingly. More sophisticated software provides mechanisms to 

selectively flatten the hierarchy and preserve some high-level components. The software will synthesize and optimize these 

components separately and then merge the resulting netlists (i.e., the cell level descriptions) to form the final circuit. 

An important issue is the size of the preserved components. Since synthesis involves many sophisticated algorithms, the 

required computation time and memory space are normally much worse than the linear order, O(n), where n is the size of 

the circuit. This implies that synthesizing a large circuit will take much more computation time and memory space than 

that required by several smaller circuits. For example, assume that an algorithm is on the order of O(n3). If it requires 1 

second to synthesize a 1000-gate circuit, it will take 125 seconds (i.e., 53 seconds) to synthesize a 5000-gate circuit and 35 

hours (i.e., 503 seconds) to synthesize a 50,000-gate circuit. However, if we break the 50,000-gate circuit into ten 5000-

gate circuits, it requires only about 21 minutes (i.e., 10*53 seconds) to synthesize the ten small parts. 

On the other hand, when we preserve a component, it implicitly forms a “synthesis boundary” and optimization can only 

be performed within the boundary. This prevents synthesis software from exploring optimization opportunities that exist 

between components. Thus, small component size hinders the optimization process and leads to less efficient overall 

implementation. 
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Device-dependent circuits  

Device-dependent circuits are those not synthesized by generic logic gates. They are pre-designed or even prefabricated for 

a specific device technology. For example, most device technology has various types of prefabricated memory modules. 

These circuits are inferred by component instantiation and require no synthesis. Once a device-dependent circuit is used, 

the VHDL code becomes device dependent. To maintain portability, one way is to isolate these circuits in the top-level 

hierarchy and instantiate them as individual components. If the VHDL code is used later for a different device technology, 

we need only substitute these components with equivalent circuits of the new technology and keep the remaining code 

intact. 

 

Non-Boolean circuits  

Digital system design is primarily based on a mathematical model of Boolean algebra and its derivations. The algorithms 

in analysis, synthesis, verification and testing are developed within this framework. If a circuit does not follow the basic 

mathematical model, we call it a non-Boolean circuit. Some examples are listed below: 

•Tri-state buffer. It has a third possible value, high impedance, in its output. The high impedance cannot be 

optimized or propagated as regular logic values. 

•Delay-sensitive circuit. It uses logic gates to introduce a specific amount of propagation delay. The function of 

the circuit relies on the delay characteristics, not on Boolean algebra manipulation. 

•Clock distribution circuit. It distributes the clock signal to the connected FFs. The circuit functions as a 

current amplifier and performs no logic operation. 

•Synchronization circuit. It uses FFs to resolve the metastable condition, not for regular storage. 

 

These circuits should be isolated in the hierarchy so that later they can be processed independently. 
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The component, generic and configuration constructs provide flexible and versatile mechanism to describe a hierarchical 

design.  

The library, package, and subprogram help the management of complicated code.  
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Assume that we want to implement a two-digit decimal counter, which counts up in BCD format (i.e., from 00 to 99) and 

wraps around. One possible implementation is to cascade two decade counters. The diagram is shown in the figure.  

The left decade counter represents the digit in the one’s place. Its pulse port is connected to an external wire, which is 

labeled as the p_one signal, which in turn is connected to the en port of the right decade counter, which represents the digit 

in the ten’s place. If the two-digit decimal counter is enabled, the left decade counter asserts p_one signal every 10 clock 

cycles and wraps around. The right decade counter is controlled by the p_one signal and thus counts only once for every 

10 clock cycles. The p100 output is a pulse to indicate that the two-digit decimal counter reaches 99 and is ready to wrap 

around. 
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For example consider a parameterized free-running binary counter by defining a WIDTH generic to specify the desired 

width (i.e., number of bits). Note that the range of the q output is not fixed, but is expressed in terms of the WIDTH 

generic, as in std_logic_vector(W1DTH-1 downto 0). 
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Again, note that the WIDTH generic is used to specify the range of internal signals. 
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When a component is declared and instantiated, as in the previous example, only basic generic and port information is 

provided. Configuration of VHDL is the process of binding a component with a design entity and architecture. The 

process includes two parts: 

1. Bind a component with a design entity. 

2. Bind the design entity with an architecture body. 

 

The configuration of VHDL is very flexible, and thus its detailed syntax and use are quite complex. However, most 

features are not needed in RT-level design and synthesis. The IEEE RTL synthesis standard supports only the second part 

of the process, the binding of entity and architecture. We discuss only default binding, and top-level entity and 

architectural body binding. 

Explicit configuration is not always required for a component. For example, the codes in previous lectures use no 

configuration constructs. In this case, the component is bound by the default binding, which is processed as follows: 

•The component is bound to an entity with the identical name. 

•Component ports are bound to entity ports of the same names. 

•The most recently analyzed architecture body is bound to the entity declaration. 

 

In RT-level design, the hierarchy is normally simple, and only one architecture body exists. The default binding should be 

satisfactory most of the time, and no explicit configuration statement is needed. 

In synthesis, multiple architectures may be needed for several reasons. First, there is frequently a trade-off between area 

and performance in a digital circuit. A complex circuit, such as a multiplier, may have several implementations, each with 

a unique area-delay characteristics. Each implementation represents an architecture body. Second, we sometimes need to 

adjust certain circuit characteristics to fit a specific application. For example, we may need to force a counter to circulate 

different patterns. One way to accomplish this is to use a separate architecture body for each pattern. 

In modeling and simulation, having multiple architectures is more common. A complex design is normally first specified 

in an abstract behavioral description, converted to an RT-level description, and then synthesized to a cell-level structural 

description. Each description represents an architecture body. As the design progresses, a more detailed architecture body 

becomes available. We can use configuration to bind the new description for verification. 

There are two ways to specify the configuration. It can be described in an independent design unit, which is known as 

configuration declaration, or included in the declaration section of the architecture body, which is known as 

configuration specification. We will here discuss only the second option. 
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As with the component example, assume that we want to implement a two-digit decimal counter, which counts up in BCD 

format (i.e., from 00 to 99) and wraps around. One possible implementation is to cascade two decade counters. The 

diagram is shown in the figure.  

The left decade counter represents the digit in the one’s place. Its pulse port is connected to an external wire, which is 

labeled as the p_one signal, which in turn is connected to the en port of the right decade counter, which represents the digit 

in the ten’s place. If the two-digit decimal counter is enabled, the left decade counter asserts p_one signal every 10 clock 

cycles and wraps around. The right decade counter is controlled by the p_one signal and thus counts only once for every 

10 clock cycles. The p100 output is a pulse to indicate that the two-digit decimal counter reaches 99 and is ready to wrap 

around. 
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An example of package declaration is shown in the first part of the listing. It consists of the definition of the std_logic_2d 

data type, which is a two-dimensional array with element of std_logic data type, and the declaration of the log2c function. 

Note that the package also invokes the IEEE std_logic_1164 package so that the std_logic data type can be used. The 

corresponding package body is shown in the second part of the listing, which holds the implementation of the log2c 

function. 
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As the size of digital systems continues to grow, designing every system from scratch requires a tremendous amount of 

time and effort. One way to increase productivity and efficiency is design reuse. Many applications use parts of common 

functionalities. We can design and verify these parts once, store them in a library and then reuse them in other applications. 

As we discussed earlier, VHDL provides a versatile and powerful framework to facilitate the hierarchical design 

methodology and to accommodate pre-designed components. Thus, once the commonly used parts are developed, design 

reuse can readily be incorporated into the VHDL environment. 

While circuits share some parts of common functionalities, the exact specification of the part differs. For example, many 

applications need a binary counter. The basic construction of counters is similar, but the numbers of bits and the direction 

of the counting sequence depend on the need of a specific application. The chance that a fixed-size counter, say, an 11-bit 

up counter, will be reused is very small. On the other hand, if we develop a counter module that can be customized with 

different numbers of bits and counting directions, it can be utilized by many applications. The customization is normally 

done by describing certain circuit aspects with external parameters, and thus we call this parameterized design. 

VHDL supports parameterized design in several ways. First, it provides mechanisms to pass parameters into an entity and 

to extract information from objects inside the entity. Second, most operators of VHDL and overloaded operators of the 

std_1164 and numeric_std packages are defined over unconstrained arrays, which are “implicitly parameterized”. 

Finally, VHDL has two language constructs, for generate and for loop, that can be used to describe replicated structures. 

The desired circuit width can be obtained by properly specifying the index range of these constructs. 
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In addition to width, we can use parameters to specify the structure or organization of a design. We call these feature 

parameters. The feature parameters are defined on an ad hoc basis. We normally use feature parameters to include or 

exclude certain functionalities (i.e., features) from the implementation or to select one particular version of the 

implementation.  

A feature parameter is generally used to specify small variations within a design. For example, we can specify whether to 

include an output buffer for the output signal of an FSM, or whether to use a synchronous or asynchronous reset signal for 

a counter. 

In theory, we can also use the feature parameters to select totally different implementations. For example, a counter may 

have several possible implementations, and we can use a parameter to choose binary counter-based implementation, Gray 

counter-based implementation, or LFSR-based implementation. To accommodate this, the corresponding VHDL code 

almost has the description of three independent designs. It may be better to code the three implementations in three 

separate architecture bodies and use a configuration to instantiate the desired implementation. 

There is no definite rule about the use of the feature parameters and the configuration. When a feature parameter leads to 

significant modification or addition of the non-feature code, it is probably time to use separate architecture bodies and 

configurations.  
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In this lecture, we will use the reduced-xor circuit to illustrate various concepts. The reduced-xor circuit applies xor 

operation over the elements of an array. For example, assume that the input signal is a3a2a1a0. The reduced-xor circuit 

performs the a3 xor a2 xor a1 xor a0 operation. 
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Recall that the std_logic_vector, unsigned and signed data types are defined as array types. The attributes can be applied 

to the signals defined with these data types. For example, consider the following signals: 

signal s1: std_logic_vector (31 downto 0); 

signal s2: std_logic_vector (8 to 15); 

 

The attributes of s1 are 

•    s1’left = 31; s1’right = 0; 

•    s1’low = 0; s1’high= 31; 

•    s1’length = 32; 

•    s1’range=31 downto 0 

•    s1’reverseiange = 0 to 31 

 

The attributes of s2 are 

•    s2’left = 8; s2’right = 15; 

•    s2’low = 8; s2’high = 15; 

•    s2’length = 8; 

•    s2’range=8 to 15 

•    s2’reverserange = 15 downto 8 
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The range of the for loop can also be expressed in other attributes: 

•    for i in a’low+1 to a’high loop 

•    for i in a’right+1 to a’left loop 

 

The last signal assignment statement of the code accesses the leftmost bit of the tmp signal. We can use the ’left attribute 

to obtain the left bound of the signal and rewrite the statement as 

 y <= tmp(tmp’left); 

 

Since the WIDTH generic is included in the entity declaration, the relevant boundaries can be expressed clearly and 

concisely by the WIDTH generic, as in previous Listing. Use of the attributes is somewhat redundant and even 

cumbersome in this example. The real application of the array attributes is with the unconstrained array, which is discussed 

next. 
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In this code, the generic declaration is removed and the range of the a signal is omitted. The width parameter is inferred 

from the ’ length attribute of the a signal and then declared as a constant in the declaration of the architecture body. 

The code appears to be correct at first glance. For example, if we map the a signal to an actual signal with the data type of 

std_logic_vector(7 downto 0) during component instantiation, the code functions as expected. However, since the range of 

the a signal is inferred from the actual signal, it is same as the actual signal. For an 8-bit actual signal, the following range 

specification formats are possible: 

•    std_logic_vector (7 downto 0) 

•    std_logic_vector (0 to 7) 

•    std_logic_vector(15 downto 8) 

•    std_logic_vector (8 to 15) 

 

The code does not work properly for the last two formats. One way to fix the problem is to assign the a signal to an 

internal signal of known format and use that signal in the code. This scheme is shown below. We first assign a into an 

internal aa signal, whose range is specified as WIDTH-1 downto 0, and use it in the remaining architecture body. 

 architecture better_arch of unconstrain_reduced_xor is 

       constant WIDTH: natural : = a’length; 
       signal tmp: std_logic_vector (WIDTH-1 downto 0); 
       signal aa: std_logic_vector (WIDTH-1 downto 0); 
 begin 

       aa <= a ; 
       process ( a a , tmp) 
       begin 

             tmp(0) <= aa(0); 
             for i in 1 to (WIDTH-1) loop 

                   tmp(i) <= aa(i) xor tmp(i-1); 

             end loop; 
       end process; 
       y <= tmp(WIDTH-1); 
 end better_arch; 
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The for generate statement is somewhat similar to the basic for loop statement. The for generate statement repeats the 

loop body of concurrent statements for a fixed number of iterations. The loop_range term specifies a range of values 

between the left and right bounds. The range has to be static, which means that it has to be determined by the time of 

execution (synthesis). It is normally specified by the width parameters. The loop-index term is used to keep track of the 

iteration and takes a successive value from loop_range in each iteration, starting from the leftmost value. The index 

automatically takes the data type of loop_range's element and does not need to be declared. The gen_label term is 

mandatory. It is the label used to identify to this particular generate statement. 

The loop body contains a collection of concurrent statements, which may include other generate statements. The 

concurrent statements describe a stage of the iterative circuit. A stage description is composed of two main ingredients. 

One is the description of the basic building block and the other is the input-output connection pattern between the blocks. 

The connection pattern is normally specified by a collection of internal signals, which are represented as a one- or two-

dimensional array with loop_index in their index expression.  

The key to designing an iterative circuit is to identify the basic block and connection pattern of a stage. To determine the 

connection pattern and to describe the relationship between the input and output signals of successive stages, we can first 

draw a small-scale circuit diagram, label a few specific connection signals and then derive the general relationship. 
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Serial-to-parallel converter is composed of a series of cascading D FFs, and the conceptual diagram of a 4-bit 

implementation is shown in the figure. Each stage consists of a D FF and next-state logic, which is a wire that connects the 

output of the previous D FF to the input of the current D FF.  

The VHDL description is shown in the listing. To accommodate the naming convention, we extend the q_reg signal by 

one extra bit and assign the external si signal to q_reg(WIDTH). Since q_reg(WIDTH) is not assigned inside the for 

generate statement, only WIDTH-1 D FFs will be inferred. The loop body consists of two concurrent statements. One is 

the process for the D FF and the other is the next-state logic. Even the next-state logic is very simple; we still follow 

synchronous design practice and separate it from the memory element. 
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Alternatively, we can also define the D FF as an entity and use it through component instantiation. The VHDL code of the 

alternative description is shown in the listing. The code is essentially the structural description of the block diagram from 

the previous slide. 
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The boolean_exp is an expression that returns a value with the boolean data type. If it is true, the internal concurrent 

statements are invoked, which means that the circuit described by the concurrent statements will be included in the 

implementation. If the expression is false, no concurrent statement is invoked, and thus the corresponding circuit is 

excluded from the implementation. Note that there is no else branch. If we want to include one of the two possible circuits 

in an implementation, we must use two separate if generate statements. The gen_label term is the label and is mandatory. 

For synthesis purposes, the boolean_exp expression must be static so that synthesis software knows whether the 

corresponding concurrent statements should be included in the physical implementation. The expression is normally 

described in terms of generics. 
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The counter counts up if UP is 1 and counts down otherwise. Since there are two possible features, the boolean data type 

will be more appropriate for the UP generic. However, since the IEEE RTL synthesis standard and some software accept 

only the integer data type and its subtypes, the natural type is used. 

The conceptual block diagram of this counter is shown in the figure. We use dashed blocks to indicate the optional features 

of a circuit, such as the incrementor and decrementor in the diagram. In this particular example, only one of the dashed 

blocks will be used in synthesis, and thus there is no output confliction for the r_next signal. The VHDL code is shown in 

the listing on the next slide. 
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The two next-state logics are described by the two separated if generate statements. Note that the Boolean expressions of 

the two statements are complementary, and thus only one circuit will be generated. 
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The full-featured scheme can be explained best by an example. Consider the up-and-down counter. The counter has an 

external control signal, mode, which specifies the direction of the counting. The code implies that the next-state logic 

consists of an incrementor, a decrementor and a multiplexer, as shown in the figure on Slide 59. Although there is no 

feature parameter in this design, we can imitate the UP generic of the up-or-down counter by connecting the mode signal 

to a constant value. 

For example, assume that we need a 16-bit up counter in a design. To use the parameterized up-or-down counter, we can 

use the following component instantiation to create the instance: 

 count16up: up_or_down_counter 

  generic map (WIDTH => 16, UP => 1); 

  port map (clk => clk, reset => reset, q => q); 

 

To create the same counter instance using an the up-and-down counter, we can map the mode signal to ‘1’. The component 

instantiation becomes 

 count16up: up_and_down_counter 

  generic map(WIDTH => 16); 

  port map (clk => clk, reset => reset, mode => ’1’, q => q); 

 

Since the mode signal is tied to ‘1’, the counter always counts up, just as in the previous up-or-down counter instance. 

Although the two instances have the same functionality, they are two different circuits. The up-or-down counter instance 

creates a circuit with only the needed features. The up-and-down counter instance creates a circuit that consists of all 

features and uses an external control signal to selectively enable a portion of the circuit. 

This difference will also be reflected in the processing of the VHDL program. Recall that the processing is divided into 

analysis, elaboration and execution (synthesis) stages. The conditional generate statement is processed in the elaboration 

stage and the unneeded circuit is removed. The synthesis software only needs to synthesize the selected portion. On the 

other hand, while the code from the full-featured scheme is processed, the entire VHDL code will be passed to the 

synthesis stage. It is the synthesis software’s responsibility to propagate the constant signal through the circuits and 

eliminate the unused portion through logic optimization. This will increase the processing time. For a complex description, 

the software may not be able to eliminate all the unneeded logic in the final implementation. 

In general, use of the feature parameters and conditional generate statements is better than the full-featured approach 

because it clearly identifies the optional part, and the unused portion of the circuit is removed before synthesis. 
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There is no rule about when to use a feature parameter and when to use a configuration construct. In general, code with a 

feature parameter is more difficult to develop and comprehend because we are essentially describing several different 

versions of the circuit in the same code. The code for the two architecture bodies of the previous example would be clearer 

and more descriptive than the code with the UP generic. On the other hand, if we use a separate architecture body for each 

distinctive feature, the number of architecture bodies will grow exponentially and becomes difficult to manage. For 

example, if we want a binary counter to count up or down, to be equipped with either synchronous or asynchronous clear, 

and to include a buffered and unbuffered output pulse, we must create eight architecture bodies to cover all possible 

combinations. 
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