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Chapter 10: Modeling Counters

Counters are a special case of finite state machines because they move linearly through their
discrete states (either forward or backward) 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. This chapter will cover some of the
most common techniques for modeling counters.

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

10.1 Design a behavioral model for a counter using a single process.
10.2 Design a behavioral model for a counter with enable and load capability.

10.1 Modeling Counters with a Single Process

10.1.1 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
support this assignment. Example 10.1 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.
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Example: 4-Bit Binary Up Counter in VHDL Using the Type UNSIGNED

library IEEE; i i

use IEEE.std logic 1164.all; TIW furmenic._sks pecngs. 8 eecet i

use IEEE.numeric std.all; include the “+" operator. This operator only
= +— works on lypes signed/unsigned, so we will

entity Counter_ 4bit Up is define the output CNT as type unsigned.

port (Clock, Reset : in std legic;
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); ,_\

begin 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";
elsif (Clock'event and Clock='l') then
CNT_tmp <= CNT tmp + 1;
end if;
end process;

signal assignment.

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

end architecture: assign CNT_tmp to CNT.

i Wave - Detaslt e

|- ten
# Clock L Y Ay Iy Oy Iy Sy Uy Sy oy Oy Iy B
# Reset 1 3y
=& CNT «_[_Jooo1 Joo10 0011 f0100 Jo101 fo110 o111 1000 [1001 [1010 J1011 1100 [1101 [1110 J1111 o000 Jooo1
Now ins o '/s'un's' " 100ms  150ms  200ms  250ms  300As 350
] B P il
The counter increments on When the counter reaches 11117, it
each rising edge of clock. rolls over to “0000" and continues.
Example 10.1

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

10.1.2 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 unused bits of the integer type during implementation (i.e., the remaining 28-bits). Example 10.2
shows the VHDL model and simulation waveform for this implementation of the 4-bit counter using
integers.
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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; 4 gperator for type integer and a conversion

from type integer to type unsigned.

entity Counter_ 4bit Up is

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

A nested iffthen statement checks

if (CNT int = 15) then —
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
end if; internal counter and the output port is
snd procass; made that contains the conversion
CNT <= to_unsigned(CNT int, 4); petv\feen type integer and unsigned. The 4
in this function represents the number of
end architecture; unsigned bits to convert the integer into.

L& ]

# Clock 0

# Reset 1

+ & CNT 1000 0001 J0010 [0011 (0100 Jo101 Jo110 Jo111 1 1001 0 11011 /1100 (1101 11110 (1111 000C
=# CNT_std 1000 [ J0001 (0010 j0011 [0100 J0101 Jo110Jo111 [1000 J1001 [1010 J1011 [1100 J1101 [1110 [1111 [0000
| Now | 480ns jng 50 ns 100 ns 150 ns 200 ns 250 ns ns |
i =15 i I 3

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

Example 10.2
4-Bit binary up counter in VHDL using the type INTEGER

10.1.3 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 10.3 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 unsigned numbers.

entity Counter_ 4bit Up is

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

architecture Counter_ 4bit Up_arch of Counter_ 4bit_Up is
«— Theinternal 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='1l') then o
CNT ;td <= CNT std + 1; + A No boundary checking is needed

end if; - since the 4-bit std_logic_vector will
end process; simply roll over.
CNT <= CNT_std; *

Mo type conversion is needed since the
internal signal and output port are of type
std_logic_vector.

end architecture;

- T = [
# Clock 0 l_l_l o S o 5 e i e S o S e S g
# Reset 1
+ & CNT 1000 MWWM&MMM&M
+# CNT_std 1000 (__looo1 jpo10 foo11 [0100 Jo101 o110 Jo111 J1000 J1001 [1010 [1011 J1100 J1101 1110 ] C
o] “n“)“......s.o.”.’.......166..“.......1.50...“.......266'.'3.......156'.“..._.....'."....
J ] <] B I 0|
The std_logic_vector is treated as unsigned and
will roll over once it gets to 11117,
Example 10.3

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, 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 10.4 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

entity Counter_ 4bit Up is std_logic_vector.
port (Clock, Reset : in std logic; = ==

CNT : out std_logic_vector(3 downto 0)); —
end entity;

architecture Counter_dbit_Up_arch of Counter_dbit_Up is

A The internal signal to model the

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

begin type integer. In this declaration,
the integer range is also specified.
comfi : 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='l') then commonly included for readability.

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

CNT <= std _logic_vector( to_unsigned(CNT_int, 4) ):

end architecture;

defined to be of type

CNT int <= 0; i -
o : using the type integer.
sias 9 yp g
CHNT_int <= CNT_int + 1;
end 15, A double type conversion is
end if; used lo‘change the integer to
end process; std_logic_vector.

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

Example 10.4
4-Bit binary up counter in VHDL using the type STD_LOGIC_VECTOR (2)

Why or why not?

CC10.1 If a counteris 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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10.2 Counters with Enables and Loads

10.2.1 Modeling Counters with Enables

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
clock. As such, they are
modeled using a nested if/then statement within the if/then statement checking for a rising edge of the

synchronous, meaning that they are only evaluated on the rising edge of the

clock. Example 10.5 shows an example model for a 4-bit counter with enable.

Example: 4-Bit Binary Up Counter with Enable in VHDL

library IEEE;

use IEEE.std logic_1164.all;
use IEEE.numeric_: std.all; — EN

entity Counter_ 4bit wEN is
port (Clock, Reset : in std leogic;
EN : in  std_logic;
CNT : out std logic_vector (3 downto 0));

CNT [~

Reset

end entity;
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 Cleock='1l') then

CNT_int <= 0;

end if;
end process;

CNT <= std logic_vector( to_unsigned(CNT_int, 4) ):;

end architecture;

if (EN='1l') then l—\ A nested ifithen statement is used
if (CNT_int = 15) then in order to check if the counter is

enabled on each edge of the clock.

1
S ORD Ant o= CHT 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.

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

=
s = —
S Clock |0 ol G B B T e ] S R )
# Reset |1 |
* EN 1 f | |
=& CNT 1011 (o001 [oo10 0011 (0100 0101 o110 huu_[_: _Il_lIlDl_L
+ CNT_int |11 ofi B B B 0N — 5 _10_
. e tn RN T G ; 66-'-9' .I”.Zflil.!s. ..... oy
4 I ] i o)

Example 10.5
4-Bit binary up counter with enable in VHDL
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10.2.2 Modeling Counters with Loads

A counter with a load 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 10.6 shows an example model for a 4-bit counter with load capability.

Example: 4-Bit Binary Up Counter with Load in VHDL

library IEEE;

use IEEE.std_logic_l164.all; —EN 4
use IEEE.numeric_std.all; Load CNT =
entity Counter 4bit wload is 4 .
port (Clock, Reset : in std_logic; 79 CNT_in

EN : in std logic; _>

Load : in  std_logic;

CNT in : in std logic vector(3 downto 0); Reset

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

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 (Lecad = 'l') then
CNT_int <= to_integer( unsigned(CNT_in) );
else A nested ifithen 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
CNT int <= 0; s :
- and CNT_in is of type std_logic_vector, a

else s :
CNT int <= CNT int + 1; lype conversion is needed. Once again,
end if; - two conversions are used since there is
end if; not a direct conversion between
ond 1% std_logic_vector and integer.

end if;
end process;

CNT <= std logic_vector( to_unsigned(CNT_int, 4) ):;

end architecture;

" N_- |
# Clock 1 1 lJ l_, l_l l_l l_J U U |—| l—l l—l u U
# Reset |1 1|
* EN 1 f 1 |
# Load o L A
“$CNT_in (1012 ftoxa
4& CNT 1000 011 [1100 [1101 [1110 [1111 loooo [
# CNT_int_|8 ol A1 12 13 ha [is b &

T R S L Rt SRR

| /% Cursor 1 79.315ns
| HE| Al

&
When the Load signal is asserted, it will update CNT with the value of CNT_in (e.g., “10117).

Example 10.6
4-Bit binary up counter with load in VHDL
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CC10.2 Ifthe counter has other inputs such as loads and enables, shouldn’t they be listed in the
sensitivity list along with clock and reset?
(A) Yes. All inputs should go in the sensitivity list.
(B) No. Only signals that trigger an assignment are listed in the sensitivity list.
The only two signals that have this behavior are clock and reset.
Summary

“ A counter is a special type of finite state
machine in which the states are traversed
linearly. The linear progression of states
allows the next state logic to be simplified.
The complexity of the output logic in a counter
can also be reduced by encoding the states
with the desired counter output for that state.
This technique, known as state-encoded
outputs, allows the system outputs to simply
be the current state of the FSM.

“ Counters are a special type of finite state
machine that can be modeled using a single

Exercise Problems

Section 10.1: Modeling Counters with a
Single Process

10.1.1 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. 10.1. 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_Up.vhd
Count_Out e
_> Reset

i

Fig. 10.1
16-Bit binary up counter block diagram

10.1.2 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. 10.1. 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

10.1.3

process in VHDL. Only the clock and reset
signals are listed in the sensitivity list of the
counter process because they are the only
signals that trigger signal assignments.

“ Within the process of a counter, arithmetic
operators (i.e., + or —) can be used to modify
the counter value. Since these operators
aren’t defined for the type std_logic_vector,
type casting is usually required.

block diagram for the entity definition is shown
in Fig. 10.1. 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 10.2: Counters with Enables
and Loads

10.2.1 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. 10.2. 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

16
—JEN Count_Out =

—

Reset

Fig. 10.2
16-Bit binary up counter with enable block
diagram
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10.2.2

10.2.3

10.2.4

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. 10.2. 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 defi-
nition is shown in Fig. 10.2. 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. 10.3. 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_wlLoad.vhd

—{Count_In 16
—oad Count_Out =

—EN
—> Reset

)

Fig. 10.3
16-Bit binary up counter with load block diagram

10.2.5

10.2.6

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. 10.3. 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

10.2.7

definition is shown in Fig. 10.3. 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. 10.4. 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.

Counter_16bit_UpDown.vhd

16
Count_Out =

-

Reset

(I)

Fig. 10.4
16-Bit binary up/down counter block diagram

10.2.8

10.2.9

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. 10.4. 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 inter-
nal 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. 10.4. 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.
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