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Chapter 9: Behavioral Modeling
of Sequential Logic

In this chapter, we will look at modeling sequential logic using the more sophisticated behavioral
modeling techniques presented in Chap. 8. We will begin by looking at modeling sequential storage
devices. Next, we will look at the behavioral modeling of finite state machines. Finally, we will look at
register transfer level or RTL modeling. The goal of this chapter is to provide an understanding of how
hardware description languages can be used to create behavioral models of synchronous digital systems.

Learning Outcomes—After completing this chapter, you will be able to:

9.1 Design a VHDL behavioral model for a sequential logic storage device.

9.2 Describe the process for creating a VHDL behavioral model for a finite state machine.
9.3 Design a VHDL behavioral model for a finite state machine.

9.4 Design a VHDL behavioral model for a counter.

9.5 Design a VHDL register transfer level (RTL) model of a synchronous digital system.

9.1 Modeling Sequential Storage Devices in VHDL

9.1.1 D-Latch

Let’s begin with the model of a simple D-Latch. Since the outputs of this sequential storage device
are not updated continuously, its behavior is modeled using a process. Since we want to create a
synthesizable model, we use a sensitivity list to trigger the process instead of wait statements. In the
sensitivity list we need to include the C input since it controls when the D-Latch is in track or store mode.
We also need to include the D input in the sensitivity list because during the track mode, the output Q will
be continuously assigned the value of D so any change on D needs to trigger the process. The use of an
iffthen statement is used to model the behavior during track mode (C = 1). Since the behavior is not
explicitly stated for when C = 0, the outputs will hold their last value, which allows us to simply end the
if/then statement to complete the model. Example 9.1 shows the behavioral model for a D-Latch.

Example: Behavioral Model of a D-Latch in VHDL

library IEEE;
use IEEE.std_logic_1164.all;

entity Dlatch is

—D Ql— port (c, D : dn std_logic;
Q, On : out std_logic);
-l C Qnb— end entity;
architecture Dlatch_arch of Dlatch is
begin
D_LATCH : process (C, D)
C D I Q Qn begin !
0 X | LastQ LastQn Store if (C = 'l') then
10| o 1 Track o B Tl Skt
end if;
11 1 0 Track end process;

end architecture;

Example 9.1
Behavioral model of a D-Latch in VHDL
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9.1.2 D-Flip-Flop

The rising edge behavior of a D-Flip-Flop is modeled using a (Clock’event and Clock = ‘1’) Boolean
condition within a process. The (rising_edge(Clock)) function can also be used for type std_logic.
Example 9.2 shows the behavioral model for a rising edge triggered D-Flip-Flop with both Q and Qn
outputs.

Example: Behavioral Model of a D-Flip-Flop in VHDL
library IEEE;
D Q use IEEE.std logic_1164.all;
| entity Dflipflop is
port (Clock : in std_logic;
D : in  std_logic;
—'> Qni— Q, On : out std logic);
end entity;
architecture Dflipflop arch of Dflipflop is
CkD| Q Qn begin
0 X | LastQ LastQn Store D_FLIP_FLOP : process (Clock)
1 X | LastQ LastQn Store begin
fo 0 1 Update if (Clock'event and Clock='1l') then
Q <= D; QOn <= not D;
F1 1 0 Update end if:
end process;
end architecture;
Example 9.2

Behavioral model of a D-Flip-Flop in VHDL

9.1.3 D-Flip-Flop with Asynchronous Reset

D-Flip-Flops typically have a reset line in order to initialize their outputs to a known state (e.g., Q =0,
Qn = 1). Resets are asynchronous, meaning that whenever they are asserted, assignments to the
outputs take place immediately. If a reset was synchronous, the output assignments would only take
place on the next rising edge of the clock. This behavior is undesirable because if there is a system
failure, there is no guarantee that a clock edge will ever occur. Thus, the reset may never take place.
Asynchronous resets are more desirable not only to put the D-Flip-Flops into a known state at start-up
but also to recover from a system failure that may have impacted the clock signal. In order to model this
asynchronous behavior, the reset signal is placed in the sensitivity list. This allows both the clock and the
reset inputs to trigger the process. Within the process, an if/then/elsif statement is used to determine
whether the reset has been asserted or a rising edge of the clock has occurred. The if/then/elsif
statement first checks whether the reset input has been asserted. If it has, it makes the appropriate
assignments to the outputs (Q = 0, Qn = 1). If the reset has not been asserted, the elsif clause checks
whether a rising edge of the clock has occurred using the (Clock’event and Clock = ‘1’) Boolean
condition. If it has, the outputs are updated accordingly (Q <= D, Qn <= not D). A final else statement
is not included so that assignments to the outputs are not made under any other condition. This models
the store behavior of the D-Flip-Flop. Example 9.3 shows the behavioral model for a rising edge triggered
D-Flip-Flop with an asynchronous, active LOW reset.
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Example: Behavioral Model of a D-Flip-Flop with Asynchronous Reset in VHDL

RCkD|] Q Qn
=12 0 X X| 0 1
1 0 X |LastQ LastQn
_> il 1 1 X |LastQ LastQn
1 .50 0 1
Reset 1 £ 1 1 0
library IEEE;
use IEEE.std_logic_1164.all;
entity Dflipflop is
port (Clock r dn std_logic;
Reset : in std logic;
D : in  std_logic;
Q, On : out std logic);

end entity;
architecture Dflipflop_arch of Dflipflop is
begin

D_FLIP_FLOP : process (Clock, Reset)
begin
if (Reset = '0') then
Q<= '0'; Qn <= '1';
elsif (Clock'event and Clock='1l') then
Q <= D; Qn <= not D;
end if;
end process;

end architecture;

Reset
Store
Store
Update
Update

Example 9.3

Behavioral model of a D-Flip-Flop with asynchronous reset in VHDL

9.1.4 D-Flip-Flop with Asynchronous Reset and Preset

A D-Flip-Flop with both an asynchronous reset and asynchronous preset is handled in a similar
manner as the D-Flip-Flop in the prior section. The preset input is included in the sensitivity list in order to
trigger the process whenever a transition occurs on either the clock, reset, or preset inputs. An if/then/
elsif statement is used to first check whether a reset has occurred; then whether a preset has occurred;
and finally, whether a rising edge of the clock has occurred. Example 9.4 shows the model for a rising
edge triggered D-Flip-Flop with asynchronous, active LOW reset and preset.
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Example 9.4

Example: Behavioral Model of a D-Flip-Flop with Asynchronous Reset and Preset in VHDL

end entity;
architecture Dflipflop_arch of Dflipflop is
begin

D_FLIP_FLOP : process (Clock, Reset, Preset)
begin
if (Reset = '0') then
Q<= '0"; Qn <= '1';
elsif (Preset = '0') then
Q<= '1'; Qn <= '0"';
elsif (Clock'event and Clock='1l') then
Q <= D; QOn <= not D;
end if;
end process;

end architecture;

R PCkD| Q Qn
Preset 00X X X[ o 1 Reset
D QF 1.0 X X 1 0 Preset
1 1 0 X |LastQ LastQn Store
& 1 1 1 X |LastQ LastQn Store
> n—= 1 1. 580 0 1 Update
Reset 1 1.4 1 0 Update
library IEEE;
use IEEE.std_logic_1164.all;
entity Dflipflop is
port (Clock : in std_logic;
Reset, Preset : in std_logic;
D : in  std_logic;
Q, On : out std logic);

Behavioral model of a D-Flip-Flop with asynchronous reset and preset in VHDL

9.1.5 D-Flip-Flop with Synchronous Enable

outputs remain at their last values.

An enable input is also a common feature of modern D-Flip-Flops. Enable inputs are synchronous,
meaning that when they are asserted, action is only taken on the rising edge of the clock. This means
that the enable input is not included in the sensitivity list of the process. Since action is only taken when
there is a rising edge of the clock, a nested if/then statement is included beneath the elsif (Clock’event
and Clock = ‘1’) clause. Example 9.5 shows the model for a D-Flip-Flop with a synchronous enable
(EN) input. When EN = 1, the D-Flip-Flop is enabled, and assignments are made to the outputs only on
the rising edge of the clock. When EN = 0, the D-Flip-Flop is disabled, and assignments to the outputs
are not made. When disabled, the D-Flip-Flop effectively ignores rising edges on the clock, and the
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Example: Behavioral Model of a D-Flip-Flop with Synchronous Enable in VHDL

end entity;
architecture Dflipflop arch of Dflipflop is

begin

begin
if (Reset = '0') then
Q<= "'0"; Qn <= '1";
elsif (Preset = '0') then
Q<= "1"; Qn <= '0";

if (EN = '1l') then
Q <= D; Qn <= not D;

end architecture;

D_FLIP FLOP : process (Clock, Reset, Preset)

elsif (Clock'event and Clock='l') then

end if; A nested iffthen statement
end if; ~ is used to model the
end process; synchronous enable.

o R PCKkEND| Q Qn
—1p ol 0 X X X X 0 1 Reset
1 0 X X X 1 0 Preset
— EN 1 1 0 X X |LastQ LastQn Store
—  onf- 1 1 1 X X |LastQ LastQn Store
1 1 F£ 0 X |LastQ LastQn Disabled (ignore clock)
Reset 11 F£ 10 0 1 Update
11 £ 11 1 0 Update
library IEEE;
use IEEE.std logic_1164.all;
entity Dflipflop is
port (Clock : in std_logic;
Reset, Preset : in std logic;
D, EN : in  std_logic;
Q, On : out std logic);

Example 9.5
Behavioral model of a D-Flip-Flop with synchronous enable in VHDL

A) To simplify the behavioral model.

CC9.1 Why is the D input not listed in the sensitivity list of a D-flip-flop?

B) To avoid a setup time violation if D transitions too closely to the clock.
C) Because a rising edge of clock is needed to make the assignment.

D) Because the outputs of the D-flip-flop are not updated when D changes.
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9.2 Modeling Finite State Machines in VHDL

Finite state machines can be easily modeled using the behavioral constructs from Chap. 8. The
most common modeling practice for FSMs is to create a new user-defined type that can take on the
descriptive state names from the state diagram. Two signals are then created of this type, current_state
and next_state. Once these signals are created, all of the functional blocks in the state machine can use
the descriptive state names in their conditional signal assignments. The synthesizer will automatically
assign the state codes based on the most effective use of the target technology (e.g., binary, gray code,
one-hot). Within the VHDL state machine model, three processes are used to describe each of the
functional blocks, state memory, next state logic, and output logic. In order to examine how to model a
finite state machine using this approach, let’'s use the push-button window controller example from
Chap. 7. Example 9.6 gives the overview of the design objectives for this example and the state diagram

describing the behavior to be modeled in VHDL.

Example: Push-Button Window Controller in VHDL — Design Description
The window controller will send the appropriate control signals to a motor to open or close it
whenever a button is pressed. The system must keep track whether the window is open or
closed in order to send the correct signal, thus a state machine is needed. The block
diagram and state diagram for this system is shown below.
Block Diagram
v PBWC.vhd
— CW = Open
Press Ope CW
Ao L P Close_CCW
No Press =0 Reset
CCW = Close

State Diagram Press=1

(Open_CW=1,

Close_CCW=0)

Press=0 w_closed Press=0
(Open_CW=0, (Open_CW=0,
Close_CCW=0) Close_CCW=0)
Press=1
(Open_CW=0,
Close_CCW=1)
Example 9.6

Push-button window controller in VHDL — design description

Let's begin by defining the entity. The system has an input called Press and two outputs called
Open_CW and Close_CCW. The system also has clock and reset inputs. We will design the system to
update on the rising edge of the clock and have an asynchronous, active low, reset. Example 9.7 shows

the VHDL entity definition for this example.
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Example: Push-Button Window Controller in VHDL - Entity Definition

PBWC.vhd [library IEEE;

use IEEE.std logic_1164.all;
] Open_CW |—
Press entity PBWC is
port (Clock, Reset : in std_logic;
— Close_CCW |— Press : in std_logic;
Reset Open_CW, Close CCW : out std logic):
? end entity;

Example 9.7
Push-button window controller in VHDL — entity definition

9.2.1 Modeling the States with User-Defined, Enumerated Data Types

Now we begin designing the finite state machine in VHDL using behavioral modeling constructs.
The first step is to create a new user-defined, enumerated data type that can take on values that match
the descriptive state names we’ve chosen in the state diagram (i.e., w_closed and w_open). This is
accomplished by declaring a new type before the begin statement in the architecture with the keyword
type. For this example, we will create a new type called State_Type and explicitly enumerate the values
that it can take on. This type can now be used in future signal declarations. We then create two new
signals called current_state and next_state of type State_Type. These two signals will be used through-
out the VHDL model in order to provide a high-level, readable description of the FSM behavior. The
following syntax shows how to declare the new type and declare the current_state and next_state
signals.

type State_Type is (w_closed, w_open) ;
signal current_state, next_state : State_Type;

9.2.2 The State Memory Process

Now we model the state memory of the FSM using a process. This process models the behavior of
the D-Flip-Flops in the FSM that are holding the current state on their Q outputs. Each time there is a
rising edge of the clock, the current state is updated with the next state value present on the D inputs of
the D-Flip-Flops. This process must also model the reset condition. For this example, we will have the
state machine go to the w_closed state when Reset is asserted. At all other times, the process will simply
update current_state with next_state on every rising edge of the clock. The process model is very similar
to the model of a D-Flip-Flop. This is as expected since this process will synthesize into one or more D-
Flip-Flops to hold the current state. The sensitivity list contains only clock and reset, and assignments are
only made to the signal current_state. The following syntax shows how to model the state memory of this
FSM example.

STATE_MEMORY : process (Clock, Reset)
begin
if (Reset ='0") then
current_state <=w_closed;
elsif (Clock’event and Clock='1") then
current_state <=next_state;
end if;
end process;
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9.2.3 The Next State Logic Process

Now we model the next state logic of the FSM using a second process. Recall that the next state
logic is combinational logic, thus we need to include all of the input signals that the circuit considers in the
next state calculation in the sensitivity list. The current_state signal will always be included in the
sensitivity list of the next state logic process in addition to any inputs to the system. For this example,
the system has one other input called Press. This process makes assignments to the next_state signal. It
is common to use a case statement to separate out the assignments that occur at each state. At each
state within the case statement, an if/then statement is used to model the assignments for different input
conditions on Press. The following syntax shows how to model the next state logic of this FSM example.
Notice that we include a when others clause to ensure that the state machine has a path back to the reset
state in the case of an unexpected fault.

NEXT_STATE_LOGIC : process (current_state, Press)

begin
case (current_state) is
whenw_closed =>if (Press="'1") then
next_state <= w_open;
else
next_state <=w_closed;
end if;
whenw_open =>if (Press="'1") then
next_state <=w_closed;
else
next_state <=w_open;
end if;
when others => next_state <=w_closed;
end case;

end process;

9.2.4 The Output Logic Process

Now we model the output logic of the FSM using a third process. Recall that output logic is
combinational logic, thus we need to include all of the input signals that this circuit considers in the
output assignments. The current_state will always be included in the sensitivity list. If the FSM is a Mealy
machine, then the system inputs will also be included in the sensitivity list. If the machine is a Moore
machine, then only the current_state will be present in the sensitivity list. For this example, the FSM is a
Mealy machine, so the input Press needs to be included in the sensitivity list. Note that this process only
makes assignments to the outputs of the machine (Open_CW and Close_CCW). The following syntax
shows how to model the output logic of this FSM example. Again, we include a when others clause to
ensure that the state machine has explicit output behavior in the case of a fault.

OUTPUT_LOGIC : process (current_state, Press)

begin
case (current_state) is
whenw_closed => if (Press="'1") then
Open_CW<="'1"; Close_CCW<="0";
else
Open_CW<= '0’; Close_CCW<="'0";
end if;
whenw_open =>if (Press='1") then
Open_CW<= "0’; Close_CCW<="1";
else
Open_CW<="'0’; Close_CCW<="'0";
end if;

when others =>Open_CW<= '0’; Close_CCW<="'0";
end case;
end process;
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Putting this all together in the VHDL architecture yields a functional model for the FSM that can be
simulated and synthesized. Once again, it is important to keep in mind that since we did not explicitly
assign the state codes, the synthesizer will automatically assign the codes based on the most efficient
use of the target technology. Example 9.8 shows the entire architecture for this example.

Example: Push-Button Window Controller in VHDL — Architecture

architecture PBWC arch of PBWC is

+ Stat is ( 1asad ) Declaration of user

ype e Type is (w_closed, w_open); »

signal current state, next state : State Type; defined type for the
- - - signals current_state

begin and next_state.
STATE_MEMORY : process (Clock, Reset) )
begin The first process is
if (Reset = '0') then ¥ used to model the
current_state <= w_closed; state memory.

elsif (Clock'event and Clock='l') then
current_state <= next state;
end if;
end process;

NEXT STATE LOGIC : process (current state, Press)

begin The second
case (current state) is +——— process is used
when w_closed => if (Press = 'l') then to model the next
next state <= w _open; :
&lda — state logic.
next_state <= w_closed;
end if;
when w_open => if (Press = 'l') then
next_state <= w_closed;
else
next state <= w_open;
end if;
when others => next state <= w_closed;
end case;

end process;

OUTPUT_LOGIC : process (current state, Press)+— |hethird processis

begin used to model the
case (current state) is output logic.
when w_closed => if (Press = 'l') then
Open_CW <= 'l'; Close CCW <= '0';
else
Open CW <= '0'; Close CCW <= '0';
end if;
when w_open => if (Press = 'l') then
Open CW <= '0'; Close CCW <= 'l1';
else
Open CW <= '0'; Close CCW <= '0';
end if;
when others => Open_CW <= '0'; Close CCW <= '0';
end case;

end process;

end architecture;

Example 9.8
Push-button window controller in VHDL — architecture

Example 9.9 shows the simulation waveform for this state machine. This functional simulation was
performed using ModelSim-Altera Starter Edition 10.1d.
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Example: Push-Button Window Controller in VHDL — Simulation Waveform
The state machine moves to the next state on the rising edge of the clock.
| |
- [ - 4 u
# Clock 1 ! [ I 1 [ I 1 I
# Reset 1 L i
# Press 0 L [ il |
+ Open_CW 0 2 1 Wl
© Close_CCW [0 ! Pl i 1
# current_state | w_closed w_closed _ L RN L _lw_open i _Iw_closed
_ % next_state _ w_closed w_closed / »W_open |w_open ///:Ew closed lw_closed
Now  70ms,p, 10 ns S0 W a0 ns " sons 60
When Press is asserted, the outputs and next_state are updated.
Example 9.9

Push-button window controller in VHDL — simulation waveform

9.2.5 Explicitly Defining State Codes with Subtypes

In the prior example, we did not have control over the state variable encoding. While the previous
example is the most common way to model FSMs, there are situations where we would like to assign the
state variable codes manually. This is accomplished using a subtype and constants. A subtype is simply
a constrained type, meaning that it defines a subset of values that an existing type can take on. For
example, we could create a subtype to constrain the std_logic data type to only allow values of 0 and
1 and not the values of U, X, Z, W, L, H, and -. This would not be considered a new type since itis simply a
constraint put upon the existing std_logic type. A subtype defines the constraint and has a unique name
that can be used to declare other signals. To use this approach for manually encoding the states of a
FSM, we first declare a new subtype called State Type that is simply a version of the existing type
std_logic. We then create constants to represent the descriptive state names in the state diagram. These
constants are given the type State_Type and a specific value. The value given is the state code we wish
to assign to the particular state name. Finally, the current_state and next_state signals are declared of
type State_Type. In this way, we can use the same VHDL processes as in the previous example that use
the descriptive state names from the state diagram. The following is the VHDL syntax for manually
assigning the state codes using subtypes. This syntax would replace the State_Type declaration in the
previous example. Example 9.10 shows the resulting simulation waveforms.

subtype State_Type is std_logic;

constant w_open : State_Type :="'0"';

constant w_closed : State_Type :='1";

signal current_state, next_state : State_Type;

Example: Push-Button Window Controller in VHDL - Explicit State Codes
- ——

- —
# Clock

# Reset

# Press

® Open_CW

¢ Close_CCW
# current_state

+ next_state

00000 =

Now| 70ms)p, 10ms 20 s, 30 ns 40ns 50 ns 60
The state machine operates exactly the same except that the simulation shows the state codes for
current_state and next_state (e.g., w_closed = 0 and w_open = 1) instead of the descriptive state names

Example 9.10
Push-button window controller in VHDL — explicit state codes
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CC9.2 Why is it always a good design approach to model a generic finite state machine using
three processes?

A) For readability.
B) So that it is easy to identify whether the machine is a Mealy or Moore.
C) So that the state memory process can be re-used in other FSMs.

D) Because each of the three sub-systems of a FSM has unique inputs and
outputs that should be handled using dedicated processes.

9.3 FSM Design Examples in VHDL

This section presents a set of example finite state machine designs using the behavioral modeling
constructs of VHDL. These examples are the same state machines that were presented in Chap. 7.

9.3.1 Serial Bit Sequence Detector in VHDL

Let’s look at the design of the serial bit sequence detector finite state machine from Chap. 7 using
the behavioral modeling constructs of VHDL. Example 9.11 shows the design description and entity
definition for this state machine.

Example: Serial Bit Sequence Detector in VHDL — Design Description and Entity Definition

This circuit will monitor an incoming serial bit stream . The information in the bit stream
represents data in groups of 3-bits. The code “111" represents that an error has occurred in
the transmitter. The FSM will monitor the incoming bit stream and assert a signal called
“ERR" if the sequence “111" is detected. At all other times ERR=0.

Timing Diagram
DinL | oo | ot [ b2 | o | ot [ b2 | po | b1 [ D2 |
Bit Seqﬁence #1 Bit Seqﬁence #2 Bit Sequence #3

State Diagram

Entity Definition

Seq_Det.vhd
/ Din=1 — Din ERR|—
il Reset

T

library IEEE;
Din=X use IEEE.std logic_1164.all;

entity Seq Det is
port (Clock, Reset : in std logic;

Din : in  std_logic;
ERR : out std_logic);
end entity;
» A
Din=1 Din=0 Din=X
(ERR=1)
Example 9.11

Serial bit sequence detector in VHDL — design description and entity definition
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Example 9.12 shows the architecture for the serial bit sequence detector. In this example, a user-
defined type is created to model the descriptive state names in the state diagram.

Example: Serial Bit Sequence Detector in VHDL — Architecture

architecture Seq_Det_arch of SELDet is

type State Type is (Start, DO_is_1, D1_is_1, DO_not_1, D1_not_1);
signal current state, next_ state : State Type;

begin \

Declaration of user

STATE MEMORY : process (Clock, Reset) defined type for the
heg':'l.-n signals current_state
if (Reset = '0') then and next_state

current_ state <= Start;
elsif (Clock'event and Clock='l') then
current state <= next state;
end if;
end process;

NEXT_STATE_LOGIC : process (current state, Din)

begin
case (current state) is
when Start => if (Din = 'l') then
next_state <= D0_is_1;
else
next state <= DO_not_1;
end if;

when DO_is 1 => if (Din = 'l') then
next state <= D1_is_1;

else
next_state <= D1_not_1;

end if;
when D1_is 1 => next state <= Start; N !
when DO not 1 => next state <= D1 not 1; ote that in this exa.m.ple
when D1 not 1 => next state <= Start; +—— there are states decisions
when others™ => next state <= Start; that don't require ifithen

end case; - statements.

end process;

OUTPUT LOGIC : process (current state, Din)

begin
case (current state) is
when Dl_:i.s_T => if (Din = 'l') then \

ERR <= '1'; This is a Meally machine so
alsERR — both the current state and
end if _<_ * the system inputs are

whan ‘others => ERR {=' o present in the sensitivity list.
end case;

end process;

end architecture;

Example 9.12
Serial bit sequence detector in VHDL — architecture

Example 9.13 shows the functional simulation waveform for this design.
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Example: Serial Bit Sequence Detector in VHDL — Simulation Waveform

ik X
The first sequence of 3-bits (1-0-0) does not The second sequence of 3-bits (1-1-1)
cause the ERR output to be asserted. does cause ERR to be asserted.

Example 9.13
Serial bit sequence detector in VHDL — simulation waveform

9.3.2 Vending Machine Controller in VHDL

Let’'s now look at the design of the vending machine controller from Chap. 7 using the behavioral
modeling constructs of VHDL. Example 9.14 shows the design description and entity definition.

Example: Vending Machine Controller in VHDL — Design Description and Entity Definition

The vending machine sells bottles of water for 75¢. Customers can enter either a dollar bill
or quarters. Once a sufficient amount of money is entered, the vending machine will
dispense a bottle of water and, if the user entered a dollar, return one quarter in change.

Block Diagram

“Money Receiver” Vending.vhd "Rells DisPenserID.-spenseﬂ
-4 Dollar D_in e L LLLL Iy
"
- Quarter Q_in

—D Change
Reset

State Diagram Y
Entity Definition

D_in=1 library IEEE;

(Dispense=1 use IEEE.std logic_1164.all;
Change=1) entity Vending is
port (Clock, Reset : in std_logic;
D in, Q in : in std logic;
Dispense, Change : out std legic);
end entity;

(Dispense=1)

Example 9.14
Vending machine controller in VHDL — design description and entity definition

Example 9.15 shows the VHDL architecture for the vending machine controller. In this model, the
descriptive state names Wait, 25¢, and 50¢ cannot be used directly. This is because Wait is a VHDL
keyword, and user-defined names cannot begin with a number. Instead, the letter “s” is placed in front of
the state names in order to make them legal VHDL names (i.e., sWait, s25, s50).
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Example: Vending Machine Controller in VHDL — Architecture

architecture Vending_ arch of Vending is

Note that an “s” is added to

) inni
State_Typerﬂxhhh‘mebagnmnguﬂhaswm

names since "Wait" is a VHDL
keyword and names cannot
start with a number.

if (Reset = '0') then

current_state <= sWait;
elsif (Clock'event and Clock='l'}) then
current_state <= next state;

end if;
end process;

NEXT_STATE LOGIC
begin
case (current state) is

when sWait => if (Q_in = 'l') then
next state <= s25;
else
next state <= sWait;
end if;
when s25 => if (Q in = '1') then
next_state <= s50;
else
next state <= s25;
end if;
when s50 => if (Q in = '1l') then
next state <= sWait;
else
next_state <= s50;
end if;

when others
end case;

=> next_ state <= sWait;

type State Type is (sWait, s25, s50

signal current_state, next_state

begin

STATE MEMORY process (Clock, Reset)
begin

process (current state, D_in, Q in)

This is a Meally machine so
both the current state and
the system inputs are
present in the sensitivity list.

end process;

OUTPUT_LOGIC process (current state, D_in, Q_in)
begin
case (current_state) is
when sWait => if (D_in = 'l') then
Dispense <= 'l'; Change <='l';

else
Dispense <= '0'; Change <='0';
end if;
when s25 => Dispense <= '0'; Change <='0"';
when s50 => if (Q in = 'l') then
Dispense <= 'l'; Change <='0";
else
Dispense <= '0'; Change <='0"';
end if;

when others =>
end case;
end process;

Dispense <= '0'; Change <='0';

end architecture;

Example 9.15
Vending machine controller in VHDL — architecture

Example 9.16 shows the resulting simulation waveform for this design.
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Example: Vending Machine Controller in VHDL — Simulation Waveform

A dollar entered (D _in=1) causes the FSM Three quarters entered (Q_in=1) results in the
to assert the Dispense and Change outputs. FSM asserting the Dispense output.
r— g -
|- T oo | \
2 Clock 0 \ i ] | i 1 [ s g [
# Reset 1
# D_in lo T | / il \‘
# Q_in 1] L
+ Dispense L] 1 1
¢ Change o S ', S W T i . —
+ current_state |sWait sWait [g!S ED [gWIII
+ next_state  |sWait sWait Is ls50 _lsso lswaitlswait
Example 9.16

Vending machine controller in VHDL — simulation waveform

9.3.3 2-Bit, Binary Up/Down Counter in VHDL

Let’'s now look at how a simple counter can be implemented using the three-process behavioral
modeling approach in VHDL. Example 9.17 shows the design description and entity definition for the

2-bit, binary up/down counter FSM from Chap. 7.

This system will output a synchronous, 2- State Diagram
bit, binary counter. When the system input
Up=1, the system will count up. When
Up=0, the sytem will count down. The
output of the counter is called CNT.

Entity Definition

Example: 2-Bit Binary Up/Down Counter in VHDL — Design Description and Entity Definition

library IEEE;

Counter_2bit_UpDown.vhd use IEEE.std logic_1164.all;
] Up CNT 7(2_ entity Counter 2bit_ UpDown is

port (Clock : in std_logic;
— Reset : in std logic;

Reset Up : in std_logic;
CNT : out std logic_vector (1l downto 0));
? end entity;

Example 9.17
2-bit binary up/down counter in VHDL — design description and entity definition

Example 9.18 shows the architecture for the 2-bit up/down counter using the three-process
modeling approach. Since a counter’s outputs only depend on the current state, counters are Moore
machines. This simplifies the output logic process since it only needs to contain the current state in its

sensitivity list.
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Example: 2-Bit Binary Up/Down Counter in VHDL — Architecture (Three Process Model)

library IEEE;
use IEEE.std logic_l1164.all;

entity Counter 2bit UpDown is
port (Clock, Reset : in std logic;

Up : in std logic;
CNT : out std_logic_vector (1l downto 0));
end entity;

architecture Counter 2bit UpDown_arch of Counter 2bit_ UpDown is

type State Type is (CO, Cl1, C2, C3);
signal current state, next state : State Type;

STATE MEMORY : process (Clock, Reset)
begin
if (Reset = '0') then
current_state <= CO;
elsif (Clock'event and Clock='l') then
current_state <= next_state;
end if;
end process;

NEXT_STATE_LOGIC : process (current state, Up)

begin
case (current state) is
when CO => if (Up = '1') then
next_state <= Cl1;
else
next_state <= C3;
end if;
when C1l => if (Up = '1') then
next state <= C2;
else
next_state <= CO;
end if;
when C2 => if (Up = '1') then
next state <= C3;
else
next_state <= Cl1;
end if;
when C3 => if (Up = 'l"') then
next_state <= CO;
else
next state <= C2;
end if;
when others => next state <= C0;
end case;

end process;

OUTPUT_LOGIC : process (current_state)

begin
case (current_state) is
when CO => CNT <= "00";
when C1 => CNT <= "01";
:::2 E§ :: @ﬁ 2: "}E"{ \ A counter is a Moore machine
when others => CNT <= "00" so the output only depends on
end case; the current state.

end process;

end architecture;

Example 9.18
2-bit binary up/down counter in VHDL — architecture (three-process model)

Example 9.19 shows the resulting simulation waveform for this counter finite state machine.
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Example: 2-Bit Binary Up/Down Counter in VHDL - Simulation Waveform
When Up=1, the counter increments on When Up=0, the counter decrements
the rising edge of the clock on the rising edge of the clock
e et e
- e
# Clock 0 J
# Reset 1
* Up 1
+# CNT 00 00__lo1 110 11 00 11 l10 o1 00
# current_state CO CO__[C1 ic2 =] ico =] 2 &1 ico
_*next state  C1iC1 2 =] o O o ik 1 lco =]
Now ns ) g 20 ns 40 ns 60 ns 80 ns 100 ns 120 ns 140 ns 16C
Example 9.19

2-bit binary up/down counter in VHDL — simulation waveform

CC9.3 The state memory process is nearly identical for all finite state machines with one
exception. What is it?

A) The sensitivity list may need to include a preset signal.

B) Sometimes it is modeled using an SR latch storage approach instead of with
D-flip-flop behavior.

C) The name of the reset state will be different.

D) The current_state and next_state signals are often swapped.

9.4 Modeling Counters in VHDL

Counters are a special case of finite state machines because they move linearly through their
discrete states (either forward or backwards) and typically are implemented with state-encoded outputs.
Due to this simplified structure and widespread use in digital systems, VHDL allows counters to be
modeled using a single process and with arithmetic operators (i.e., + and —). This enables a more
compact model and allows much wider counters to be implemented.

9.4.1 Counters in VHDL Using the Type UNSIGNED

Let’s look at how we can model a 4-bit, binary up counter with an output called CNT. First, we want to
model this counter using the “+” operator. Recall that the “+” operator is not defined in the std_logic_1164
package. We need to include the numeric_std package in order to add this capability. Within the
numeric_std package, the “+” operator is only defined for types signed and unsigned (and not for
std_logic_vector), so the output CNT will be declared as type unsigned. Next, we want to implement
the counter using a signal assignment in the form CNT <= CNT + 1; however, since CNT is an output
port, it cannot be used as an argument (right hand side) in an operation. We will need to create an internal
signal to implement the counter functionality (i.e., CNT_tmp). Since a signal does not contain direction-
ality, it can be used as both the target and an argument of an operation. Outside of the counter process, a
concurrent signal assignment is used to continuously assign CNT_tmp to CNT in order to drive the output
of the system. This means that we need to create the internal signal CNT_tmp of type unsigned also to
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support this assignment. Example 9.20 shows the VHDL model and simulation waveform for this
counter. When the counter reaches its maximum value of “1111,” it rolls over to “0000” and continues
counting because it is defined to only contain 4-bits.

Example: 4-Bit Binary Up Counter in VHDL Using the Type UNSIGNED

library IEEE;
use IEEE.std logic_1164.all;
use IEEE.numeric_std.all;

The numeric_std package is needed to
include the “+" operator. This operator only
+— works on types signed/unsigned, so we will

entity Counter 4bit Up is define the output CNT as type unsigned.
port (Clock, Reset : in std logic;

CNT : out unsigned(3 downto 0));
end entity;

architecture Counter_4bit_Up_arch of Counter_4bit_Up is

signal CNT_tmp : unsigned(3 downto 0); +____\\\\

bagin An internal signal is needed to
COUNTER : process (Clock, Reset) support assignments in the form
begin C <= C+1; because a port cannot
if (Reset = '0') then be used as an argument in a

CNT tmp <= "0000"; ianal assi
elsif (Clock'event and Clock='1l') then signal assignmant.

CNT_tmp <= CNT tmp + 1;
end if;
end process;

CNT <= CNT_tmp; +«——— A concurrent signal assignment is used to continually

end architackuire: assign CNT_tmp to CNT.

I W - Drtast e

fa- [ ]

# Clock . JS T N S S S S S B
# Reset 1 Y |
+& CNT «._[10001 [0010 J0011 10100 0101 0110 0111 [1000 (1001 [1010 [1011 [1100 [1101 [1110 [1111 10000 J0001
Now I ns |y g . §0Ins - 100 ns 1S€In\s ZWn: - 250 ns . s 35(
Io) ofal T .

The counter increments on When the counter reaches “11117, it

each rising edge of clock. rolls over to “0000" and continues.
Example 9.20

4-bit binary up counter in VHDL using the type UNSIGNED

9.4.2 Counters in VHDL Using the Type INTEGER

Another common technique to model counters with a single process is to use the type integer. The
numeric_std package supports the “+” operator for type integer. It also contains a conversion between
the types integer and unsigned/signed. This means a process can be created to model the counter
functionality with integers, and then the result can be converted and assigned to the output of the system
of type unsigned. One thing that must be considered when using integers is that they are defined as
32-bit, two’s complement numbers. This means that if a counter is defined to use integers and the
maximum range of the counter is not explicitly controlled, the counter will increment through the entire
range of 32-bit values it can take on. There are a variety of ways to explicitly bound the size of an integer
counter. The first is to use an if/then clause within the process to check for the upper limit desired in the
counter. For example, if we wish to create a 4-bit binary counter, we will check if the integer counter has
reached 15 each time through the process. If it has, we will reset it to zero. Synthesizers will recognize
that the integer counter is never allowed to exceed 15 (or “1111” for an unsigned counter) and remove the
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unused bits of the integer type during implementation (i.e., the remaining 28-bits). Example 9.21 shows
the VHDL model and simulation waveform for this implementation of the 4-bit counter using integers.

Example: 4-Bit Binary Up Counter in VHDL Using the Type INTEGER

library IEEE;
use IEEE.std logic 1164.all; The numeric_std package contains the "+"
use IEEE.numeric_std.all; ¢ operator for type integer and a conversion

entity Counter 4bit Up is from type integer to type unsigned.

port (Clock, Reset : in std logic; In this example, the output
CNT : out unsigned(3 downto 0));+«— port is defined to be of type

end entity; unsigned.

architecture Counter_4bit Up_arch of Counter_4bit Up is

signal CNT int : integer; ——  Aninternal signal of type integer
‘ is declared to model the counter
begin functionality.
COUNTER : process (Clock, Reset)
begin

if (Reset = '0') then
CNT_int <= 0;
elsif (Clock'event and Clock='l') then

if (CNT int = 15) then ¢ A nested ifithen statement checks
CNT_int <= 0; to see if the integer counter has

else reached its maximum value.
CNT_int <= CNT_int + 1;

end if;

) A concurrent assignment between the
4 end if; ) internal counter and the output port is
sncprocess; made that contains the conversion

CNT <= to_unsigned (CNT int, 4); ., Dbetween lype integer and unsigned. The 4
e e in this function represents the number of

end architecture; unsigned bits to convert the integer into.

C—— S—
#cClock |0 i S S g o i Gy i g
# Reset |1 1

+ & CNT 1000 _mmmmmmm;mxmmnmmmmmmmmmm
S e CNT_std |1000

Now | 480ms 5\, SOns 100ns  150ns 200 ns  250ns ns

The std_logic_vector is treated as unsigned
and will roll over once it gets to “1111".

Example 9.21
4-bit binary up counter in VHDL using the type INTEGER

9.4.3 Counters in VHDL Using the Type STD_LOGIC_VECTOR

It is often desired to have the ports of a system be defined of type std_logic/std_logic_vector for
compatibility with other systems. One technique to accomplish this and also model the counter behavior
internally using std_logic_vector is through inclusion of the numeric_std_unsigned package. This pack-
age allows the use of std_logic_vector when declaring the ports and signals within the design and treats
them as unsigned when performing arithmetic and comparison functions. Example 9.22 shows the

VHDL model and simulation waveform for this alternative implementation of the 4-bit counter.
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Example: 4-Bit Binary Up Counter in VHDL Using the Type STD_LOGIC_VECTOR (1)

library IEEE;

use IEEE.std logic_1164.all; Including this package will
use IEEE.numeric_std.all; treat all std_logic_vector
use IEEE.numeric std unsigned.all; + types as un;ignea numbers

entity Counter 4bit Up is

port (Clock, Reset : in std logic; The output port is
CNT : out std_logic_wvector (3 downto 0)) ;+ defined to be of type
end entity; std_logic_vector.

architecture Counter_4bit Up_arch of Counter 4bit Up is

The internal signal to
model the counter
begin behavior is declared as
type std_logic_vector.

signal CNT_std : std_logic_vector (3 downto 0); +—

COUNTER : process (Clock, Reset)
begin
if (Reset = '0') then
CNT_std <= "0000";
elsif (Clock'event and Clock='l') then .
CNT std <= CNT std + 1; «—— Noboundarychecking is needed
end if; = since the 4-bit std_logic_vector will
end process; simply roll over.

CNT <= CNT std;

*>

No type conversion is needed since the
internal signal and output port are of type
std_logic_vector.

end architecture;

The std_logic_vector is treated as unsigned and
will roll over once it gets to “1111".

Example 9.22
4-bit binary up counter in VHDL using the type STD_LOGIC_VECTOR (1)

If it is designed to have an output type of std_logic_vector and use an integer in modeling the
behavior of the counter, and then a double conversion can be used. In the following example, the counter
behavior is modeled using an integer type with range checking. A concurrent signal assignment is used
at the end of the architecture in order to convert the integer to type std_logic_vector. This is accom-
plished by first converting the type integer to unsigned and then converting the type unsigned to
std_logic_vector. Example 9.23 shows the VHDL model and simulation waveform for this alternative
implementation of the 4-bit counter.
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Example: 4-Bit Binary Up Counter in VHDL Using the Type STD_LOGIC_VECTOR (2)

library IEEE;
use IEEE.std logic_1164.all;

use IEEE.numeric_std.all; The output port is
defined to be of type
entity COU—I‘ItG!_Qbit_UP is sid |ogi(_; vector.
port (Clock, Reset : in std_logic; = e
CNT : out std logic_vector (3 downto 0)); «
end entity;

architecture Counter_ 4bit Up_arch of Counter_ 4bit Up is

; The internal signal to model the

signal CNT int : integer range 0 to 15; e
L counter behavior is declared as

begin type integer. In this declaration,
the integer range is also specified.
cogg';ni::: : process (Clock, Reset) This is unnecessary since the
if (Reset = '0') then process will check for the
CNT int <= 0; maximum counter value but is

elsif (Clock'event and Clock='1l') then commonly included for readability.

if (CNT_int = 15) then «———————— Range checking is required when

CNT_int <= 0; ing the type integer.
sad using the type intege
CNT_int <= CNT_int + 1;
end i2; A double type conversion is
end if: used to change the integer to
end process; std_logic_vector.

CNT <= std_logic_vector( to_unsigned (CNT_int, 4) );

end architecture;

N In this example, the output CNT is of type std_logic_vector while the
counter behavior is modeled using type integer.

Example 9.23
4-bit binary up counter in VHDL using the type STD_LOGIC_VECTOR (2)

9.4.4 Counters with Enables in VHDL

Including an enable in a counter is a common technique to prevent the counter from running
continuously. When the enable is asserted, the counter will increment on the rising edge of the clock
as usual. When the enable is de-asserted, the counter will simply hold its last value. Enable lines are
synchronous, meaning that they are only evaluated on the rising edge of the clock. As such, they are
modeled using a nested if/then statement within the if/then statement checking for a rising edge of the
clock. Example 9.24 shows an example model for a 4-bit counter with enable.
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Example: 4-Bit Binary Up Counter with Enable in VHDL

library IEEE;

use IEEE.std_logic_1164.all; 4
use IEEE.numeric_std.all; — EN CNT [~
entity Counter 4bit wEN is
port (Clock, Reset : in std logic;

EN : in  std_logic; —>

CNT : out std logic_vwector (3 downte 0)):
end entity; Reset

architecture Counter_ 4bit wEN_arch of Counter_ 4bit wEN is
signal CNT_int : integer range 0 to 15;
begin
COUNTER : process (Clock, Reset)
begin
if (Reset = '0') then

CNT int <= 0;
elsif (Clock'event and Clock='l') then

if (EN=" 1') t_:hen c—\ A nested if/then statement is used
if (CNT_int = 15) then in order to check if the counter is

CNT_int <= 0; enabled on each edge of the clock.

else Pl
CNT int <= CNT int + 1; If EN="1", the counter will increment
end if; - as usual. If EN="0", the counter will

end if; + simply hold its last value.

end if;
end process;

CNT <= std_logic_vector( to_unsigned(CNT_int, 4) ):

end architecture;

(- ] phsg|
#cClock |0 Wi L[ | L M1 ririd
»EN 1 i | J

+ & CNT 1011 [ Jooo1 0010 0011 [0100 0101 lo110 Jo111 [1000 [1001 1010 [
+ CNT_int 11 01 2 5 ) l6 7z E lo 10 11

: d K| | )

7
When the counter is NOT enabled, it will hold its last value.
Example 9.24

4-bit binary up counter with enable in VHDL

9.4.5 Counters with Loads

A counter with a /oad has the ability to set the counter to a specified value. The specified value is
provided on an input port (i.e., CNT_in) with the same width as the counter output (CNT). A synchronous
load input signal (i.e., Load) is used to indicate when the counter should set its value to the value present
on CNT_in. Example 9.25 shows an example model for a 4-bit counter with load capability.
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Example: 4-Bit Binary Up Counter with Load in VHDL

library IEEE;

architecture Counter_ 4bit wLoad arch of Counter 4bit wLoad is
signal CNT int : integer range 0 to 15;
begin
COUNTER : process (Clock, Reset)
begin
if (Reset = '0') then

CNT_int <= 0;
elsif (Clock'event and Clock='l') then

if (Load = 'l') then
CNT_int <= ta_integer[ unsigned(CNT_in) ):

end process;
CNT <= std_logic_vector( to_unsigned(CNT_int, 4) ):;

end architecture;

use IEEE.std logic_1164.all; —{EN 4
use IEEE.numeric_std.all; Load CNT =
entity Counter_4bit wLoad is 4 .
porty (Clock, Reset : in std_logic; 74 CNT_in

EN : in  std_logic; _>

Load : in  std logic;

CNT_in : in std _logic_vector(3 downto 0); Reset

CNT : out std logic_wector (3 downto 0)):
end entity; (l)

alze A nested if/then statement is used to load
if (EN='l') then CNT with CNT_in when the Load signal is
if (CNT_int = 15) then asserted. Since CNT _int is of type integer
al:.z'l‘_int <= 0; and CNT_in is of type std_logic_vector, a
CNT int <= CNT int + 1; Llype conversion is needed. Once again,
end if; - two conversions are used since there is
end if; not a direct conversion between
end if: o std_logic_vector and integer.
end if;

.-“" =) |
# Reset |1
# EN 1 r 1 I |
# Load 0 L al 1

*#CNT_in 1011 fl011 e "

s CNT 1000 T1111 Joooo [
# CNT_int_ 8 lis o T
e Now | 480ms jpg 200 ns 300 ns
| % Cursor1 79.315ns | |
A o B ] sl
Z
When the Load signal is asserted, it will update CNT with the value of CNT _in (e.g., “10117).

Example 9.25
4-bit binary up counter with load in VHDL

Why or why not?

CC9.4 If a counter is modeled using only one process in VHDL, is it still a finite state machine?

A) Yes. ltis just a special case of a FSM that can easily be modeled using one
process. Synthesizers will recognize the single process model as a FSM.

B) No. Using only one process will synthesize into combinational logic. Without
the ability to store a state, it is not a finite state machine.
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9.5 RTL Modeling

Register transfer level modeling refers to a level of design abstraction in which vector data is moved
and operated on in a synchronous manner. This design methodology is widely used in data path
modeling and computer system design.

9.5.1 Modeling Registers in VHDL

The term register describes a circuit that operates in a similar manner as a D-Flip-Flop with the
exception that the input and output data are vectors. This circuit is implemented with a set of D-Flip-Flops
all connected to the same clock, reset, and enable inputs. A register is a higher level of abstraction that
allows vector data to be stored without getting into the details of the lower level implementation of the D-
Flip-Flop components. Example 9.26 shows an RTL model of an 8-bit, synchronous register. This circuit
has an active low, asynchronous reset that will cause the 8-bit output Reg_Out to go to 0 when it is
asserted. When the reset is not asserted, the output will be updated with the 8-bit input Reg_In if the
system is enabled (EN = 1) and there is a rising edge on the clock. If the register is disabled (EN = 0), the
input clock is ignored. At all other times, the output holds its last value.

Example: RTL Model of an 8-Bit Register in VHDL

8 3 R Clk EN| Reg Out
| Reg_In Reg_Out = 0 X X x"00" Reset
—EN 1 X 0 | LastReg Out Disabled (ignore clock)
_> 1 0 1 | LastReg Out Store
1 1 1 |LastReg_Out Store
Reset 1 £ 1 Reg_In Update
library IEEE;
use IEEE.std logic_1164.all;
entity reg is
port (Clock : in std_logic;
Reset : in std logic;
Reg_In : in  std logic_vector (7 downte 0);
EN : in std logic;
Reg_Out : out std logic_vector(7 downto 0));

end entity;
architecture reg_arch of reg is
begin

Reg_Proc : process (Clock, Reset)
begin
if (Reset = '0') then
Reg_Out <= x"00";
elsif (Clock'event and Clock='l') then
if (EN = 'l') then
Reg_Out <= Reg_In;
end if;
end if;
end process;

end architecture;

Example 9.26
RTL model of an 8-bit register in VHDL
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9.5.2 Shift Registers in VHDL

A shift register is a circuit which consists of multiple registers connected in series. Data is shifted
from one register to another on the rising edge of the clock. This type of circuit is often used in serial-to-
parallel data converters. Example 9.27 shows an RTL model for a 4-stage, 8-bit shift register. In the
simulation waveform, the data is shown in hexadecimal format.

Example: RTL Model of a 4-Stage, 8-Bit Shift Register in VHDL

8 !
—|Din  Dout0[7~ Dout0 Dout1 Dout2 Dout3 |
Dout1 '7?; g 8 , l . l -
Dout2 7 Din#4D QD QD Q4 D Q
—>  Dout3|~ > > > >
Reset | —| : |_ |_ |_ |_

T

library IEﬂE:
use IEEE.std_logic 1164.all;

entity Shift Register is

port (Clock, Reset : in std logic;
Din : in std logic_vector(7 downto 0);
Dout0O, Doutl : out std logic_vector (7 downto 0);
Dout2, Dout3 : out std logic_vector (7 downto 0));

end entity;

architecture Shift Register_arch of Shift Register is
signal DO, D1, D2, D3 : std logic_vector (7 downto 0);
begin

SHIFT : process (Clock, Reset)
begin
if (Reset = '0') then
DO <= x"00"; D1 <= x"00"; D2 <= x"00"; D3 <= x"00";
elsif (Clock'event and Clock='l') then
DO <= Din; D1 <= DO0; D2 <= D1; D3 <= D2;
end if;
end process;

Dout3 <= D3; Dout2 <= D2; Doutl <= D1; Dout0 <= DO;

end architecture;

)

Y .J_I_I__I__l__l_l_l_l_l_l_l_l—_l— i e o A B

=& Din 2 o0 1 22 B33 Jaa 55 66 [77 188 99 [AA BB Jcc bD [EE [FF |
+&Doutd |11 0 sl P2 B3 Jas 155 Je6 77 188 99 [aA BB _IcC DD IEE IFF
24 Doutl 00 oo | s 111 122 133 44 55 Je6 J77 88 199 [am [BB Jcc DD IEE
- ¢ Dout2 00 oo | a 11

The Data shifts through the four, 8-bit registers on the rising edge of clock.

Example 9.27
RTL model of a 4-stage, 8-bit shift register in VHDL
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9.5.3 Registers as Agents on a Data Bus

One of the powerful topologies that registers can easily model is a multi-drop bus. In this topology,
multiple registers are connected to a data bus as receivers or agents. Each agent has an enable line that
controls when it latches information from the data bus into its storage elements. This topology is
synchronous, meaning that each agent and the driver of the data bus is connected to the same clock
signal. Each agent has a dedicated, synchronous enable line that is provided by a system controller
elsewhere in the design. Example 9.28 shows this multi-drop bus topology. In this example system, three
registers (A, B, and C) are connected to a data bus as receivers. Each register is connected to the same
clock and reset signals. Each register has its own dedicated enable line (A_EN, B_EN, and C_EN).

Example: Registers as Agents on a Data Bus - Topology

8-Bit Data Bus

Clock

Enable lines are asserted
C EN by a system controller.

A_EN

Example 9.28
Registers as agents on a data bus — system topology

This topology can be modeled using RTL abstraction by treating each register as a separate
process. Example 9.29 shows how to describe this topology with an RTL model in VHDL. Notice that
the three processes modeling the A, B, and C registers are nearly identical to each other with the
exception of the signal names they use.
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Example: Registers as Agents on a Data Bus — RTL Model in VHDL

library IEEE;
use IEEE.std logic_1164.all;

entity MultiDropBus is

port (Clock, Reset : in std_logic;
Data_Bus : in std_logic_vector (7 downto 0);
A _EN, B EN, C EN : in std_logic;
A, B, C : out std _logic_vector (7 downto 0));

end entity;
architecture MultiDropBus_arch of MultiDropBus is

A REG : process (Clock, Reset)

end process;
B REG : process (Clock, Reset)
begin
if (Reset = '0') then
B (: x"oo";
elsif (Clock'event and Clock='l') then
if (B_EN = 'l') then
B <= Data_Bus;
end if;
end if;
end process;
C_REG : process (Clock, Reset)
begin
if (Reset = '0') then
C <= x"00";
elsif (Clock'event and Clock='l') then
if (C_EN = '1') then
C <= Data_Bus;
end if;
end if;
end process;

to the data bus as
receivers.

end architecture;

Each register is modeled as a separate

“begin —— process. The register has a
if (Reset = '0') then synchronous enable that controls when
A <= x"00"; it acquires data off of the data bus.

elsif (Clock'event and Clock='l') then

if (A_EN = '1') then

A <= Data Bus;

end if; -

end if;

All registers are attached

Example 9.29
Registers as agents on a data bus — RTL model in VHDL

Example 9.30 shows the resulting simulation waveform for this system. Each register is updated

with the value on the data bus whenever its dedicated enable line is asserted.
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Example: Registers as Agents on a Data Bus — Simulation Waveform

] Warwe - Default el
- o

# Clock 0 - [ [ O I O e S O e S 6

# Reset 1 1|

+# Data_Bus EE 00 i 2 B3 Jaa 55 Je6 [77 88 o9 [aa B Jcc  Jop

» A_EN 1 o1 T | | I A | [ 1 Il i} 1 1l

# B_EN 0

# C_EN 0

A 2

¢ 8 55 - B I S S S S
sec 88 Iss

Now 100 ns 150 ns 200 ns 250 ns 300 ns

When a register's synchronous enable is asserted, it will latch
the value of data_bus on the next rising edge of clock.

Example 9.30
Registers as agents on a data bus — simulation waveform

CC9.5 Does RTL modeling synthesize as combinational logic, sequential logic, or both? Why?

A) Combinational logic. Since only one process is used for each register, it will be
synthesized using basic gates.

B) Sequential logic. Since the sensitivity list contains clock and reset, it will
synthesize into only D-flip-flops.

C) Both. The model has a sensitivity list containing clock and reset and uses an
if/then statement indicative of a D-flip-flop. This will synthesize a D-flip-flop to
hold the value for each bit in the register. In addition, the ability to manipulate
the inputs into the register (using either logical operators, arithmetic operators,
or choosing different signals to latch) will synthesize into combinational logic in
front of the D input to each D-flip-flop.

Summary

“ A synchronous system is modeled with a
process and a sensitivity list. The clock and
reset signals are always listed by themselves
in the sensitivity list. Within the process is an
ifthen statement. The first clause of the
iffthen statement handles the asynchronous
reset condition while the second elsif clause
handles the synchronous signal
assignments.

« Edge sensitivity is modeled within a process
using either the (clock’event and clock = “1°)
syntax or an edge detection function
provided by the STD_LOGIC_1164 package
(i.e., rising_edge()).

“ Most D-Flip-Flops and registers contain a
synchronous enable line. This is modeled
using a nested if/then statement within the
main process if/then statement. The nested

iffthen goes beneath the clause for the syn-
chronous signal assignments.

Generic finite state machines are modeled
using three separate processes that describe
the behavior of the next state logic, the state
memory, and the output logic. Separate pro-
cesses are used because each of the three
functions in a FSM is dependent on different
input signals.

In VHDL, descriptive state names can be
created for a FSM with a user-defined,
enumerated data type. The new type is first
declared and each of the descriptive state
names is provided that the new data type
can take on. Two signals are then created
called current_state and next_state using
the new data type. These two signals can
then be assigned the descriptive state
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names of the FSM directly. This approach
allows the synthesizer to assign the state
codes arbitrarily. A subtype can be used if it
is desired to explicitly define the state codes.
< Counters are a special type of finite state
machine that can be modeled using a single
process. Only the clock, and reset signals

Exercise Problems

Section 9.1: Modeling Sequential Storage
Devices in VHDL

9.1.1 How does a VHDL model for a D-Flip-Flop
handle treating reset as the highest priority
input?

9.1.2 For a VHDL model of a D-Flip-Flop with a
synchronous enable (EN), why isn’t EN listed
in the sensitivity list?

9.1.3  For a VHDL model of a D-Flip-Flop with a
synchronous enable (EN), what is the impact
of listing EN in the sensitivity list?

9.1.4 For a VHDL model of a D-Flip-Flop with a
synchronous enable (EN), why is the behavior
of the enable modeled using a nested if/then
statement under the clock edge clause rather
than an additional elsif clause in the primary
ifthen statement?

Section 9.2: Modeling Finite State
Machines in VHDL

9.21  What is the advantage of using user-defined,
enumerated data types for the states when
modeling a finite state machine?

9.2.2 What is the advantage of using subtypes for
the states when modeling a finite state
machine?

9.2.3 When using the three-process behavioral
modeling approach for finite state machines,
does the next state logic process model com-
binational or sequential logic?

9.24  When using the three-process behavioral
modeling approach for finite state machines,
does the state memory process model combi-
national or sequential logic?

9.2.5 When using the three-process behavioral
modeling approach for finite state machines,
does the output logic process model combina-
tional or sequential logic?

9.2.6  When using the three-process behavioral
modeling approach for finite state machines,
what inputs are listed in the sensitivity list of
the next state logic process?

9.2.7 When using the three-process behavioral
modeling approach for finite state machines,
what inputs are listed in the sensitivity list of
the state memory process?

9.2.8  When using the three-process behavioral
modeling approach for finite state machines,

are listed in the sensitivity list of the counter
process.

« Registers are modeled in VHDL in a similar
manner to a D-Flip-Flop with a synchronous
enable. The only difference is that the inputs
and outputs are n-bit vectors.

what inputs are listed in the sensitivity list of
the output logic process?

9.29 When using the three-process behavioral
modeling approach for finite state machines,
how can the signals listed in the sensitivity list
of the output logic process immediately tell
whether the FSM is a Mealy or a Moore
machine?

Why is it not a good design approach to com-
bine the next state logic and output logic
behavior into a single process?

9.2.10

Section 9.3: FSM Design Examples
in VHDL

9.3.1 Design a VHDL behavioral model to implement
the finite state machine described by the state
diagram in Fig. 9.1. Use the entity definition
provided in this figure for your design. Use
the three-process approach to modeling
FSMs described in this chapter for your design.
Model the states in this machine with a user-
defined enumerated type.

fsml_behavioral.vhd

entity fsml behavioral is

port (Clock, Reset : in std logic;
Din : in  std_logic;
Dout : out std logic);

end entity;

Fig. 9.1
FSM 1 state diagram and entity

9.3.2  Design a VHDL behavioral model to implement
the finite state machine described by the state
diagram in Fig. 9.1. Use the entity definition
provided in this figure for your design. Use
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the three-process approach to modeling FSMs
described in this chapter for your design.
Explicitly assign binary state codes using
VHDL subtypes. Use the following state
codes: Start = “00”, Midway = “01”, and
Done = “10".

Design a VHDL behavioral model to implement
the finite state machine described by the state
diagram in Fig. 9.2. Use the entity definition
provided in this figure for your design. Use
the three-process approach to modeling
FSMs described in this chapter for your design.
Model the states in this machine with a user-
defined enumerated type.

9.3.3

Din=0
(Dout=0)

Din=1
(Dout=1)

Din=0
(Dout=0)

Din=1
(Dout=1)

Din=1
(Dout=0)

Din=0
(Dout=1)

Din=1
(Dout=1)

(Dout=0)

fsm2_behavioral.vhd

entity fsm2_behavioral is

port (Clock, Reset : in std_logic;
Din : in std_logic;
Dout : out std logic);
end entity;
Fig. 9.2

FSM 2 state diagram and entity
9.3.4  Design a VHDL behavioral model to implement
the finite state machine described by the state
diagram in Fig. 9.2. Use the entity definition
provided in this figure for your design. Use
the three-process approach to modeling
FSMs described in this chapter for your design.
Assign one-hot state codes using VHDL
subtypes. Use the following state codes:
SO0 = “0001”, S1 = “0010”, S2 = “0100”, and
S3 ="1000".

Design a VHDL behavioral model for a 4-bit
serial bit sequence detector similar to Example
9.11. Use the entity definition provided in
Fig. 9.3. Use the three-process approach to
modeling FSMs described in this chapter for
your design. The input to your sequence detec-
tor is called DIN, and the output is called
FOUND. Your detector will assert FOUND any-
time there is a 4-bit sequence of “0101”. For all
other input sequences, the output is not
asserted. Model the states in your machine
with a user-defined enumerated type.

9.3.5

Seq_Det_behavioral.vhd

entity Seq Det_behavioral is

port (Clock, Reset : in std_logic;
DIN : in std_logic;
FOUND : out std_logic);
end entity;
Fig. 9.3

Sequence detector entity
9.3.6  Design a VHDL behavioral model for a 20-cent
vending machine controller similar to Example
9.14. Use the entity definition provided in
Fig. 9.4. Use the three-process approach to
modeling FSMs described in this chapter for
your design. Your controller will take in nickels
and dimes and dispense a product anytime the
customer has entered 20 cents. Your FSM has
two inputs, Nin and Din. Nin is asserted when-
ever the customer enters a nickel, while Din is
asserted anytime the customer enters a dime.
Your FSM has two outputs, Dispense and
Change. Dispense is asserted anytime the
customer has entered at least 20 cents, and
change is asserted anytime the customer has
entered more than 20 cents and needs a nickel
in change. Model the states in this machine
with a user-defined enumerated type.

Vending_behavioral.vhd

entity Vending behavioral is

port (Clock, Reset : in  std logice;
Nin, Din : in std logic;
Dispense, Change : out std logic);
end entity;
Fig. 9.4

Vending machine entity
9.3.7  Design a VHDL behavioral model for a finite
state machine for a traffic light controller. Use
the entity definition provided in Fig. 9.5. This is
the same problem description as in exercise
7.4.15. This time, you will implement the func-
tionality using the behavioral modeling
techniques presented in this chapter. Your
FSM will control a traffic light at the intersection
of a busy highway and a seldom used side
road. You will be designing the control signals
for just the red, yellow, and green lights facing
the highway. Under normal conditions, the
highway has a green light. The side road has
car detector that indicates when car pulls up by
asserting a signal called CAR. When CAR is
asserted, you will change the highway traffic
light from green to yellow and then from yellow
to red. Once in the red position, a built-in timer
will begin a countdown and provide your con-
troller a signal called TIMEOUT when
15 seconds has passed. Once TIMEOUT is
asserted, you will change the highway traffic
light back to green. Your system will have three
outputs GRN, YLW, and RED, which control
when the highway facing traffic lights are on
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tlc_behavioral.vhd

(1 = ON, 0 = OFF). Model the states in this
machine with a user-defined enumerated type.

tlc_behavioral is

entity
port (Clock, Reset : in  std_logic;
CAR, TIMEOUT : in  std_logic;
GRN, YLW, RED : out std_logic);
end entity;
Fig. 9.5

Traffic light controller entity

Section 9.4: Modeling Counters in VHDL

9.4.1

Fig. 9.6

Design a VHDL behavioral model for a 16-bit,
binary up counter using a single process. The
block diagram for the entity definition is shown
in Fig. 9.6. In your model, declare Count_Out
to be of type unsigned, and implement the
internal counter functionality with a signal of
type unsianed.
Counter_16bit_Up.vhd

Count_Out
-

Reset

i

v

16-bit binary up counter block diagram

9.4.2

9.4.3

9.44

Fig. 9.7
16-bit bi

Design a VHDL behavioral model for a 16-bit,
binary up counter using a single process. The
block diagram for the entity definition is shown
in Fig. 9.6. In your model, declare Count_Out
to be of type unsigned and implement the inter-
nal counter functionality with a signal of type
integer.

Design a VHDL behavioral model for a 16-bit,
binary up counter using a single process. The
block diagram for the entity definition is shown
in Fig. 9.6. In your model, declare Count_Out
to be of type std_logic_vector and implement
the internal counter functionality with a signal
of type integer.

Design a VHDL behavioral model for a 16-bit,
binary up counter with enable using a single
process. The block diagram for the entity defi-
nition is shown in Fig. 9.7. In your model,
declare Count_Out to be of type unsigned
and implement the internal counter functional-
ity with a signal of type unsigned.

Counter_16bit_wEN.vhd
Count_Out

16

—

Reset

i

nary up counter with enable block diagram

9.4.5

9.4.6

9.4.7

Fig. 9.8

Design a VHDL behavioral model for a 16-bit,
binary up counter with enable using a single
process. The block diagram for the entity defi-
nition is shown in Fig. 9.7. In your model,
declare Count_Out to be of type unsigned
and implement the internal counter functional-
ity with a signal of type integer.

Design a VHDL behavioral model for a 16-bit,
binary up counter with enable using a single
process. The block diagram for the entity defini-
tion is shown in Fig. 9.7. In your model, declare
Count_Out to be of type std_logic_vector and
implement the internal counter functionality with
a signal of type integer.

Design a VHDL behavioral model for a 16-bit,
binary up counter with enable and load using a
single process. The block diagram for the entity
definition is shown in Fig. 9.8. In your model,
declare Count_Out to be of type unsigned and
implement the internal counter functionality
with a signal of type unsigned.

Counter_16bit_wLoad.vhd

—{Count_In 16
W o Count_Out =

—EN

—P

Reset

T

16-bit binary up counter with load block diagram

9.4.8

9.4.9

9.4.10

Design a VHDL behavioral model for a 16-bit,
binary up counter with enable and load using a
single process. The block diagram for the entity
definition is shown in Fig. 9.8. In your model,
declare Count_Out to be of type unsigned and
implement the internal counter functionality
with a signal of type integer.

Design a VHDL behavioral model for a 16-bit,
binary up counter with enable and load using a
single process. The block diagram for the entity
definition is shown in Fig. 9.8. In your model,
declare Count Out to be of type
std_logic_vector and implement the internal
counter functionality with a signal of type integer.

Design a VHDL behavioral model for a 16-bit,
binary up/down counter using a single process.
The block diagram for the entity definition is
shown in Fig. 9.9. When Up = 1, the counter
will increment. When Up = 0, the counter will
decrement. In your model, declare Count_Out
to be of type unsigned, and implement the
internal counter functionality with a signal of
type unsigned.
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Fig. 9.9

Counter_16bit_UpDown.vhd

16
76

Up

-

Count_Out

Reset

i

16-bit binary up/down counter block diagram

9.4.11

9.4.12

Design a VHDL behavioral model for a 16-bit,
binary up/down counter using a single process.
The block diagram for the entity definition is
shown in Fig. 9.9. When Up = 1, the counter
will increment. When Up = 0, the counter will
decrement. In your model, declare Count_Out
to be of type unsigned, and implement the
internal counter functionality with a signal of
type integer.

Design a VHDL behavioral model for a 16-bit,
binary up/down counter using a single process.
The block diagram for the entity definition is
shown in Fig. 9.9. When Up = 1, the counter
will increment. When Up = 0, the counter will
decrement. In your model, declare Count_Out
to be of type std_logic_vector, and implement
the internal counter functionality with a signal
of type integer.

Section 9.5: RTL Modeling

9.5.1 In register transfer level modeling, how does
the width of the register relate to the number of
D-Flip-Flops that will be synthesized?

9.5.2 In register transfer level modeling, how is the
synchronous data movement managed if all
registers are using the same clock?

9.5.3  Design a VHDL RTL model of a 32-bit, syn-
chronous register. The block diagram for the
entity definition is shown in Fig. 9.10. The reg-
ister has a synchronous enable. The register
should be modeled using a single process.

RegisterX_32bit_RTL.vhd
32 32
—4Data_In Data_Out >~
— EN
Reset
Fig. 9.10

32-bit register block diagram

9.5.4

Design a VHDL RTL model of an 8-stage,
16-bit shift register. The block diagram for the
entity definition is shown in Fig. 9.11. Each

stage of the shift register will be provided as
an output of the system (A, B, C, D, E, F, G, and
H). Use std_logic or std_logic_vector for all
ports.

Shift_Register_16bit_x8.vhd
16
7 Din A

[EeseeecE

Reset

T

Fig. 9.11
16-bit shift register block diagram

9.5.5 Design a VHDL RTL model of the multi-drop
bus topology in Fig. 9.12. Each of the 16-bit
registers (RegA, RegB, RegC, and RegD) will
latch the contents of the 16-bit data bus if their
enable line is asserted. Each register should
be modeled using an individual process.

Agents_on_Bus.vhd
D 16 o~
ata_Bus 44— A A : |
. —-;l— RegA
A_EN ———iEN
_?_'39‘59.‘.__.
¢
o S |
= RegB
B EN ———EN !
Drge
¢
..
Ry —-;15— RegC
C_EN ————EN !
_?_E_esat
¢
o il |
H —7'— RegD
D_EN ———iEN
_?_Bm_t.__.
-
Reset
Fig. 9.12

Agents on a bus block diagram
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