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Chapter 10: Modeling Memory

This chapter covers how to model memory arrays in Verilog. These models are technology inde-
pendent, meaning that they can be ultimately synthesized into a wide range of semiconductor memory
devices.

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

10.1 Describe the basic architecture and terminology for semiconductor-based memory
systems.
10.2 Design a Verilog model for a read-only memory array.

10.3 Design a Verilog model for a read/write memory array.

10.1 Memory Architecture and Terminology

The term memory is used to describe a system with the ability to store digital information. The term
semiconductor memory refers to systems that are implemented using integrated circuit technology.
These types of systems store the digital information using transistors, fuses, and/or capacitors on a
single semiconductor substrate. Memory can also be implemented using technology other than
semiconductors. Disk drives store information by altering the polarity of magnetic fields on a circular
substrate. The two magnetic polarities (north and south) are used to represent different logic values
(i.e., 0 or 1). Optical disks use lasers to burn pits into reflective substrates. The binary information is
represented by light either being reflected (no pit) or not reflected (pit present). Semiconductor memory
does not have any moving parts, so it is called solid state memory and can hold more information per unit
area than disk memory. Regardless of the technology used to store the binary data, all memory has
common attributes and terminology that are discussed in this chapter.

10.1.1 Memory Map Model

The information stored in memory is called the data. When information is placed into memory, it is
called a write. When information is retrieved from memory, it is called a read. In order to access data in
memory, an address is used. While data can be accessed as individual bits, in order to reduce the
number of address locations needed, data is typically grouped into N-bit words. If a memory system has
N = 8, this means that 8-bits of data are stored at each address. The number of address locations is
described using the variable M. The overall size of the memory is typically stated by saying “M x N.”
For example, if we had a 16 x 8 memory system, that means that there are 16 address locations, each
capable of storing a byte of data. This memory would have a capacity of 16 x 8 = 128 bits. Since the
address is implemented as a binary code, the number of lines in the address bus (n) will dictate the
number of address locations that the memory system will have (M = 2"). Figure 10.1 shows a graphical
depiction of how data resides in memory. This type of graphic is called a memory map model.
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Memory Map Model Address Data
0 mal ] [2]1]o] } N-Bit Data Words
1 datal
“M” Address 2 —
=P : . Bit positions within
M-1 datall the data words

Fig. 10.1
Memory map model

10.1.2 Volatile vs. Non-volatile Memory

Memory is classified into two categories depending on whether it can store information when power
is removed or not. The term non-volatile is used to describe memory that holds information when the
power is removed, while the term volatile is used to describe memory that loses its information when
power is removed. Historically, volatile memory is able to run at faster speeds compared to non-volatile
memory, so it is used as the primary storage mechanism while a digital system is running. Non-volatile
memory is necessary in order to hold critical operation information for a digital system such as startup
instructions, operations systems, and applications.

10.1.3 Read-Only vs. Read/Write Memory

Memory can also be classified into two categories with respect to how data is accessed. Read-Only
Memory (ROM) is a device that cannot be written to during normal operation. This type of memory is
useful for holding critical system information or programs that should not be altered while the system is
running. Read/Write memory refers to memory that can be read and written to during normal operation
and is used to hold temporary data and variables.

10.1.4 Random Access vs. Sequential Access

Random-Access Memory (RAM) describes memory in which any location in the system can be
accessed at any time. The opposite of this is sequential access memory, in which not all address
locations are immediately available. An example of a sequential access memory system is a tape drive.
In order to access the desired address in this system, the tape spool must be spun until the address is in
a position that can be observed. Most semiconductor memory in modern systems is random access. The
terms RAM and ROM have been adopted, somewhat inaccurately, to also describe groups of memory
with particular behavior. While the term ROM technically describes a system that cannot be written to, it
has taken on the additional association of being the term to describe non-volatile memory. While the term
RAM technically describes how data is accessed, it has taken on the additional association of being the
term to describe volatile memory. When describing modern memory systems, the terms RAM and ROM
are used most commonly to describe the characteristics of the memory being used; however, modern
memory systems can be both read/write and non-volatile, and the majority of memory is random access.

CC10.1 An 8-bit wide memory has eight address lines. What is its capacity in bits?

(A)64  (B)256  (C)1024  (D)2048
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10.2 Modeling Read-Only Memory

A read-only memory in Verilog can be defined in two ways. The first is to simply use a case
statement to define the contents of each location in memory based on the incoming address. A second
approach is to declare an array and then initialize its contents. When using an array, a separate
procedural block handles assigning the contents of the array to the output based on the incoming
address. The array can be initialized using either an initial block or through the file /0O system tasks
$readmemb() or $readmemh(). Example 10.1 shows two approaches for modeling a 4 x 4 ROM
memory. In this example the memory is asynchronous, meaning that as soon as the address changes
the data from the ROM will appear immediately. To model this asynchronous behavior the procedural
blocks are sensitive to the incoming address. In the simulation, each possible address is provided (i.e.,
“00,” “01,” “10,” and “11”) to verify that the ROM was initialized correctly.

Example: Behavioral Models of a 4x4 Asynchronous Read Only Memory in Verilog

"ROM contents for this example: |
Data

rom_4x4_async.v Address
2 4 1 0 1]1]1]o
-4 address data_out o= 1 olol1lo
2 111]1]1
| 3 o[1]o]o
module rom 4x4_async module rom 4xd_async
(output reg [3:0] data out, (output reg [3:0] data out,
input wire [1:0] address); input wire [1:0] address);
always @ (address) reg[3:0] ROM[0:3]; «— AnMxN array
case (address) is declared.
0 : data_out = 4'b1110; initial
1 : data_out = 4'b0010; begin
2 : data_out = 4'bl111; ROM[0] = 4'b1110;
3 : data_out = 4'b0100; ROM[1] = 4'b0010;
default : data_out = 4'bXXXX; ROM[2] = 4'b1111;
endcase ROM[3] = 4'b0100;
end
endmodule
always # (address)
1 data_out = RCOM[address];
A simple approach to a ROM is to implement it as | endmodule

a case statement.

A different approach is to declare an array and use
an “initial” block to define its contents. An always
block is then used to assign the addressed vector
to data_out

Declaring an array enables initialization of through
the use of $readmemb or $readmemh system
tasks (not shown here).

; - =
=& address 00 oo o1 [0 11 Ioo

S

¢ data_out 110 110 Joo10 JETETI Jo100 1110

= 1

Now 200 ns

[=5 T o T S ST S|
A 21 I 0|

data_out is updated immediately when the address is changed.

Example 10.1
Behavioral models of a 4 x 4 asynchronous read-only memory in Verilog

A synchronous ROM can be created in a similar manner as in the asynchronous approach. The only
difference is that in a synchronous ROM, a clock edge is used to trigger the procedural block that
updates data_out. A sensitivity listis used that contains the clock to trigger the assignment. Example 10.2
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shows two Verilog models for a synchronous ROM. Notice that prior to the first clock edge, the simulator
does not know what to assign to data_out so it lists the value as unknown (X).

Example: Behavioral Models of a 4x4 Synchronous Read Only Memory in Verilog

'ROM contents for this example:

rom_4x4_sync.v Address Data

always @ (posedge Clock) +——

2 o [[IiIo
d d
-4 address ata_out 1 stotio
_> 2 1f1]1]1
3 ol1]ofo
b
module rom_4x4_sync module rom 4xd_sync
(output reg [3:0] data out, (output reg [3:0] data out,
input wire [1:0] address, input wire [1:0] address,
input wire Clock) ; input wire Clock) ;

reg[3:0] ROM[0:3];

case (address)

v} : data out = 4'b1110; initial
1 : data out = 4'b0010; begin
2 H da.ta:out = 4'bl111l; ROM[O0] = 4'b1110;
3 : data out = 4'b0100; ROM[1] = 4'b0010;
default : da.ta:out = 4'bXXXX; ROM[2] = 4'b1111;

endcase ROM[3] = 4'b0100;

end
endmodule

always ¢ (posedge Clock) +——
data_out = ROM[address];

endmodule

The synchronous behavior of these ROM models is accomplished by making the procedural block that
updates data_out sensitive to the rising edge of the clock.

| $a- Msgs
P Clock S0 |, J ~ 1 [ 1 [ 1 J L I
4/ op address 10 (T \Lq;\\ 110 | 6T 100
2+ data_out o010 —{TiI0_ i1 T0100 1110
| W3O Wow (2008 200 60ns 80ns 100

The data does not appear on the
output until a rising edge of clock.

Before the first clock edge, the value of
data_out is unknown (X).

Example 10.2
Behavioral models of a 4 x 4 synchronous read-only memory in Verilog

CC10.2 Explain the advantage of modeling memory in Verilog without going into the details of
the storage cell operation.

(A) It allows the details of the storage cell to be abstracted from the functional
operation of the memory system.

(B) ltis too difficult to model the analog behavior of the storage cell.
(C) There are too many cells to model, so the simulation would take too long.

(D) It lets both ROM and R/W memory to be modeled in a similar manner.
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10.3 Modeling Read/Write Memory

In a simple read/write memory model, there is an output port that provides data when reading
(data_out) and an input port that receives data when writing (data_in). Within the module, an array signal
is declared with elements of type reg. To write to the array, signal assignment are made from the data_in
port to the element within the array corresponding to the incoming address. To read from the array, the
data_out port is assigned the element within the array corresponding to the incoming address. A write
enable (WE) signal tells the system when to write to the array (WE = 1) or when to read from the array
(WE = 0). In an asynchronous R/W memory, data is immediately written to the array when WE = 1 and
data is immediately read from the array when WE = 0. This is modeled using a procedural block with a
sensitivity list containing every input to the system. Example 10.3 shows an asynchronous R/W 4 x 4
memory system and functional simulation results. In the simulation, each address is initially read from to
verify that it does not contain data. The data_out port produces unknown (X) for the initial set of read
operations. Each address in the array is then written to. Finally, the array is read from verifying that the
data that was written can be successfully retrieved.

Example: Behavioral Model of a 4x4 Asynchronous Read/Write Memory in Verilog

rw_4x4_async.v (Contents to be written:

2 4
-4 address data_out - Address Data
4 e 0 [ATe
74 data_in - 1 ofof1]o
—WE 2 [N
3 ol1]ofo
module rw_4x4_asynec
(output reg [3:0] data_out,
input wire [1:0] address,
input wire WE ,
input wire [3:0] data_in);
reg[3:0] RW[0:3]; An MxN array is declared called “RW",
al‘f;?iﬂ%) (address or WE or data in) «- This provides the asynchronous behavior.
i
RW[address] = data in; +——— Wiriting to the RW array when WE=1.
else
data out = RW[address]; +——— Reading from the RW array when WE=0.
endmodule
v | | |- -
18] Wave - Default ———— READ b4 WRITE X T READ 3
- Msgs [ l \J ] |
+ 3 address 1 @ Tor T30 (31 o6 o1 30 (31 Yoo Joi (30 a1
35 data_in 0000 | (@000 [Gii0 Jooio Jiiul Joioe Jooso
& wEe sto ; | L e LS e O
21 <& data_out 0100 {O—O———{04110 Too10 T31i1 (0100
= mow 2000 Lo e S oo i e
Y

On start-up, the memory is empty so the reads Data is then written to  When reads are performed

from the four addresses yield “uninitialized". the four addresses. again, the data that was
written appears.

Example 10.3
Behavioral model of a 4 x 4 asynchronous read/write memory in Verilog

A synchronous read/write memory is made in a similar manner with the exception that a clock is
used to trigger the procedural block managing the signal assignments. In this case, the WE signal acts
as a synchronous control signal indicating whether assignments are read from or written to the RW array.
Example 10.4 shows the Verilog model for a synchronous read/write memory and the simulation
waveform showing both read and write cycles.
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Example: Behavioral Model of a 4x4 Synchronous Read/\Write Memory in Verilog

rw_4x4_sync.v
=Y /Cmtents to be written:

2 4

-4 address data_out & i Address Data

4 e

- data_in —— 0 ill Ml KB I

e 1 ojoji1]o
2 N

—> 3 [o]ifo]o

module rw_4x4_sync
{output reg [3:0] data out,
input wire [1:0] address,

input wire WE,
input wire [3:0] data in,
input wire Clock) ;

reg[3:0] RW[0:3];
alvays ¢ IR | Reads and writes only occur on the rising edge of
if (WE) the clock.
RW[address] = data in;
else
data_out = RW[address];

endmodule
— /I READ WRITE 2 READ -
8| Wave - Default = ——————FP—C —————V——————VF-c"
£ | rsos| '
=P Clock S0
+ o address 11
+ 2 data_in 0000
& we st |,
< data_out 0100 (S PV CT T 6PV VI 5 CT
|30 mmmhmkmme.ﬂm
] N
Reads are performed on the rising Data is written on the rising
edge of clock when WE=0. edge of clock when WE=1.
Example 10.4

Behavioral model of a 4 x 4 synchronous read/write memory in Verilog

CC10.3 Does modeling the R/W memory as an uninitialized array accurately describe the
behavior of real R/W memory technology?

(A) Yes. Read/Write memory is not initialized upon power-up.

(B) No. Read/Write memory should be initialized to all zeros to model the reset
behavior found in memory.

Summary

% The term memory refers to arrays of storage. < A memory device always contains an
The technology used in memory is typically address bus input. The number of bits in the
optimized for storage density at the expense address bus dictates how many storage
of control capability. This is different from a locations can be accessed. An n-bit address
D-flip-flop, which is optimized for complete bus can access 2" (or M) storage locations.

control at the bit level.
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The width of each storage location (N) allows
the density of the memory array to be
increased by reading and writing vectors of
data instead of individual bits.

A memory map is a graphical depiction of a
memory array. A memory map is useful to
give an overview of the capacity of the array
and how different address ranges of the array
are used.

A read is an operation in which data is
retrieved from memory. A write is an opera-
tion in which data is stored to memory.

An asynchronous memory array responds
immediately to its control inputs. A synchro-
nous memory array only responds on the
triggering edge of clock.

Volatile memory will lose its data when the
power is removed. Non-volatile memory will
retain its data when the power is removed.
Read-Only Memory (ROM) is a memory type
that cannot be written to during normal

Exercise Problems

Section 10.1: Memory Architecture and
Terminology

10.1.1  For a 512k x 32 memory system, how many
unique address locations are there? Give the
exact number.

10.1.2 For a 512k x 32 memory system, what is the
data width at each address location?

10.1.3 For a 512k x 32 memory system, what is the
capacity in bits?

10.1.4 For a 512k x 32-bit memory system, what is
the capacity in bytes?

10.1.5 For a 512k x 32 memory system, how wide
does the incoming address bus need to be in
order to access every unique address
location?

Section 10.2: Modeling Read-Only

Memory

10.2.1  Design a Verilog model for the 16 x 8, asyn-

chronous, read-only memory system shown in
Fig. 10.2. The system should contain the infor-
mation provided in the memory map. Create a
test bench to simulate your model by reading
from each of the 16 unique addresses and
observing data_out to verify it contains the
information in the memory map.

operation. Read/Write (R/W) memory is a
memory type that can be written to during
normal operation. Both ROM and R/W mem-
ory can be read from during normal
operation.

Random-Access Memory (RAM) is a mem-
ory type in which any location in memory can
be accessed at any time. In Sequential
Access Memory the data can only be
retrieved in a linear sequence. This means
that in sequential memory the data cannot be
accessed arbitrarily.

ROM Memory can be modeled in Verilog
using a case statement or an array data
type consisting of elements of type reg that
are initialized with an initial procedural block.
R/W Memory can be modeled in Verilog
using an array data type consisting of
elements of type reg that are uninitialized.

Address Data
0 x"00"
1 x"11”
2 X"22'
3 X"33"
4 X"44"
5 %55 | rom_16x8_async.v
6  [X66 ] 4 8
7 X'77" -4 address data_out 4=
8 x"88"
9 X"99”
10 X"AA”
1 x"BB"
12 x"CC”
13 x"DD”
14 X"EE”
15 X"FF”

Fig. 10.2

16 x 8 Asynchronous ROM Block Diagram

10.2.2

Design a Verilog model for the 16 x 8, synchro-
nous, read-only memory system shown in
Fig. 10.3. The system should contain the infor-
mation provided in the memory map. Create a
test bench to simulate your model by reading
from each of the 16 unique addresses and
observing data_out to verify it contains the
information in the memory map.
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Address Data

0

RPN ACOCO~NOORWN =

X'CC" rom_16x8_sync.v

X"AA” 74 address data_out 4=
90"

T -
66"
55 |

AT

33
oD

x"11”
00"

Fig. 10.3
16 x 8 Synchronous ROM Block Diagram

Section 10.3: Modeling Read/Write
Memory
10.3.1 Design a Verilog model for the 16 x 8, asyn-

chronous, read/write memory system shown in

Fig. 10.4. Create a test bench to simulate your
model. Your test bench should first read from
all of the address locations to verify they are
uninitialized. Next, your test bench should write
unique information to each of the address
locations. Finally, your test bench should read
from each address location to verify that the
information that was written was stored and
can be successfully retrieved.

rw_16x8_async.v

4 8
-4 address data_out [4—
8
-4 data_in
—WE

Fig. 10.4
16 x 8 Asynchronous R/W Block Diagram

10.3.2 Design a Verilog model for the 16 x 8, synchro-

nous, read/write memory system shown in

Fig. 10.5. Create a test bench to simulate
your model. Your test bench should first read
from all of the address locations to verify they
are uninitialized. Next, your test bench should
write unique information to each of the address
locations. Finally, your test bench should read
from each address location to verify that the
information that was written was stored and
can be successfully retrieved.

rw_16x8_sync.v

4 8
-4 address data_out &
8
-4 data_in
—{WE

%

Fig. 10.5
16 x 8 Synchronous R/W Block Diagram
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