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RAM in VHDL (for FPGAs)

This lecture gives an introduction on RAM in digital design with a special focus on FPGAs. We will discuss how memory
looks like in VHDL and how to interface with it.



HWMod
WS25

RAM
Introduction

FPGA Memory

Simple DP RAM

True DP RAM

Dual-Clocked RAM

Implementation

Introduction

On-chip RAM is a fundamental building block in digital design

Fast, low-latency, flexible data storage
Compared to flip-flops/latches, RAM ...

uses an address-based access scheme
is more compact in terms of area and, hence, more power efficient
allows for higher-capacity memory
is slightly slower

Where do we need RAM in a design?

Buffers inside or in between modules (often in the form of FIFO buffers)
Caches for frequently accessed data in some external memory
Large look-up tables
Program and data memory for processors to store instructions and data
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Introduction

RAM, or Random Access Memory, is an essential component in digital design, playing a key role in storing and accessing
data efficiently. This lecture is about on-chip RAM, that is, memory integrated within the design itself – in the case of this
course, this means inside the FPGA.
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On-chip RAM provides fast and flexible data storage capabilities directly on silicon, which is crucial for applications requiring
high-speed data processing and low-latency access, as it minimizes the delay associated with external memory communica-
tion.
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So far, in this course, we have only covered flip-flops and latches as storage elements. Compared to these components,
RAM offers several advantages and trade-offs.
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RAM uses an address-based access mechanism. This means that, in order to access specific data in the memory, an
address has to be provided. The RAM decodes this address and selects the corresponding location in its memory-array for
reading or writing data. This is in contrast to latches or flip-flops where data is accessed directly without address decoding,
as each flip-flop is hardwired to specific parts of a circuit.



HWMod
WS25

RAM
Introduction

FPGA Memory

Simple DP RAM

True DP RAM

Dual-Clocked RAM

Implementation

Introduction

On-chip RAM is a fundamental building block in digital design
Fast, low-latency, flexible data storage
Compared to flip-flops/latches, RAM ...

uses an address-based access scheme
is more compact in terms of area and, hence, more power efficient

allows for higher-capacity memory
is slightly slower

Where do we need RAM in a design?

Buffers inside or in between modules (often in the form of FIFO buffers)
Caches for frequently accessed data in some external memory
Large look-up tables
Program and data memory for processors to store instructions and data

1

Introduction

On-chip RAM is a fundamental building block in digital design
Fast, low-latency, flexible data storage
Compared to flip-flops/latches, RAM ...

uses an address-based access scheme
is more compact in terms of area and, hence, more power efficient

allows for higher-capacity memory
is slightly slower

Where do we need RAM in a design?

Buffers inside or in between modules (often in the form of FIFO buffers)
Caches for frequently accessed data in some external memory
Large look-up tables
Program and data memory for processors to store instructions and data

RAM in VHDL (for FPGAs)
Introduction

Introduction

This approach allows RAM to be significantly more compact, leading to improved area efficiency and reduced power con-
sumption.
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Additionally, RAM can accommodate much larger memory capacities compared to flip-flops or latches, albeit with a trade-off
in access speed, as RAM tends to be slightly slower.
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On-chip RAM is indispensable in a wide range of design scenarios.
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For instance, it is commonly employed as buffers within or between modules, frequently implemented as First In, First Out
buffers to manage data flow.
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RAM also serves as caches, which store frequently accessed data to reduce access times for external memory.
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Another critical application of RAM is in large look-up tables, enabling rapid access to precomputed values or data mappings.
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Furthermore, processors may rely on on-chip RAM for program and data memory, storing instructions and data necessary
for their operation.
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RAM capacity (C)

Data width (W ): size of each data element stored per address
Depth (D): number of addressable memory locations

usually defined by the address width A
⇒ D = 2A

C = W ×D

Memory access port types

read
write
read/write

Multiple independent ports are possible

Simple dual-port RAM: one read and one write port
True dual-port RAM: two read/write ports
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Introduction (cont’d)

A key characteristic of RAM is its capacity, which is determined by two factors: the data width and the depth.
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Introduction (cont’d)

The data width specifies the size of each data element stored in memory. This is the amount of data stored at each memory
location that can be read or written in one memory access operation.
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Introduction (cont’d)

The depth of a memory refers to the number of memory locations available for storing data, effectively determining how many
individual data elements the RAM can hold.
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Usually, memory depth is defined by the width of its address bus, that is, its address width A. However, strictly speaking it is
not required that a memory array really has locations for all 2A possible address values.
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Together, the product of the data width and depth define the total storage capacity of the RAM.
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Introduction (cont’d)

In addition to capacity, RAM is also characterized by the types and number of independent memory access ports it supports.
A single memory port supports one operation at a time, usually in a single clock cycle.
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Introduction (cont’d)

These include read ports for retrieving stored data, write ports for inserting new data, and combined read/write ports, which
allow both operations to be performed through a single port.
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Introduction (cont’d)

Modern on-chip RAM architectures can support multiple independent ports that can be operated simultaneously.
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Introduction (cont’d)

A common example is simple dual-port RAM, which features one read port and one write port, allowing simultaneous reading
and writing operations. This type of RAM is very common in digital design, as it is necessary to implement FIFO buffers that
can be read and written simultaneously.
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Introduction (cont’d)

A more advanced configuration, that is also very common, is true dual-port RAM, which provides two read/write ports. This
design permits two fully independent read- or write-operations to occur simultaneously. In this lecture, we will look at
examples for both of these types.
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Read and write operations only happen at a clock edge
Some older FPGAs support asynchronous memory
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Memory Blocks in FPGAs

Memory Blocks in FPGAs

Dedicated on-chip memory blocks are a critical resource in FPGA design. They provide efficient storage and rapid access to
data directly within the programmable fabric of the device.
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Memory Blocks in FPGAs

Attempting to implement large memories using the storage elements provided by general-purpose logic elements in an FPGA
would require a significant number of resources, which is expensive and often impractical. Logic-based memory consumes
excessive chip area and power, leaving fewer resources available for other tasks, which is why FPGAs are designed with
dedicated memory blocks optimized for high-density storage and efficient access.
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Implementing memory using general-purpose logic only makes sense for memories which are significantly smaller than the
available minimum memory block sizes in a given FPGA, or if a certain critical performance goal has to be met. However,
this is rarely a decision that you as the developer have to make, but is rather left to the synthesis tool.
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One of the key features of memory blocks in FPGAs is their high configurability and versatility.
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One physical memory block on the chip can be used with a wide range of different data and address widths.



HWMod
WS25

RAM
Introduction

FPGA Memory

Simple DP RAM

True DP RAM

Dual-Clocked RAM

Implementation

Memory Blocks in FPGAs

Memory blocks are an important FPGA resource
Logic-based memory (often) impractical
Highest speed/lowest latency memory in a design

Highly configurable in terms of
data width
address width
number and type of access ports
control signals (e.g., read/write/byte enable)

parity bits (error detection)
Memory in modern FPGAs is (almost) always synchronous

Read and write operations only happen at a clock edge
Some older FPGAs support asynchronous memory

3

Memory Blocks in FPGAs

Memory blocks are an important FPGA resource
Logic-based memory (often) impractical
Highest speed/lowest latency memory in a design

Highly configurable in terms of
data width
address width
number and type of access ports
control signals (e.g., read/write/byte enable)

parity bits (error detection)
Memory in modern FPGAs is (almost) always synchronous

Read and write operations only happen at a clock edge
Some older FPGAs support asynchronous memory

RAM in VHDL (for FPGAs)
Memory Blocks in FPGAs

Memory Blocks in FPGAs

Additionally, often various access port configurations are supported, allowing memory blocks to be tailored to meet specific
application needs. Usually, FPGA block RAM supports at least simple, but commonly also true dual-port modes for simul-
taneous read and write operations. Often it is also possible to use different data and address widths on different ports of a
block RAM.
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Some memory blocks even include built-in support for parity bits, which are essential for error detection and maintaining data
integrity in critical systems.
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Another defining characteristic of memory blocks in modern FPGAs is their synchronous operation.
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Memory Blocks in FPGAs

In synchronous memory, read and write actions occur only at the active clock edge, allowing for a seamless integration with
other synchronous components and simplifying timing analysis.
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In contrast, older FPGA architectures sometimes included asynchronous memory, which allowed operations to occur inde-
pendently of the clock signal. While asynchronous memory provided more flexibility in certain contexts, it is less compatible
with modern high-speed digital designs, where synchronization and timing consistency are paramount.
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This slide shows an overview of the available memory resources in the various Intel FPGA device families. It outlines the
types of memory blocks and their availability across device families.

https://www.intel.com/content/www/us/en/docs/programmable/683240/
https://www.intel.com/content/www/us/en/docs/programmable/683240/
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For instance, the Cyclone IV, which we use in the exercise part of this course, supports logic-based memory as well as
dedicated M9K memory blocks.

https://www.intel.com/content/www/us/en/docs/programmable/683240/
https://www.intel.com/content/www/us/en/docs/programmable/683240/
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Other, more recent devices, such as the Arria 10 utilize larger M20K blocks for enhanced memory capacity. The table shows
that memory resources in FPGA are quite diverse and vary greatly between device families.

https://www.intel.com/content/www/us/en/docs/programmable/683240/
https://www.intel.com/content/www/us/en/docs/programmable/683240/
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Simple Dual-Port RAM

Let us now look at some VHDL code. This slide shows how an entity declaration for a typical simple dual-port memory
in VHDL can look like. Of course the naming convention for the signal names is not standardized, and you will find many
variations in practice. In this lecture we always use a common identifier to prefix the signals that belong to a specific memory
port.
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Simple Dual-Port RAM

Typically memory modules are implemented in a generic way, such that their capacity can be easily adjusted to meet the
specific requirements of different applications. Here, this is achieved using two generics defining the data and address widths
of the RAM.
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Simple Dual-Port RAM

As already explained, memory blocks in modern FPGAs are always synchronous. Hence, we need a clock input to which all
memory operations are synchronized to.
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Simple Dual-Port RAM

This group of signals represents the read-port of the RAM. It consists of an input for the address and an output for the read
data. The read enable input (rd_en) is used to trigger the actual read operation. This is a signal that is not always present
on RAM modules, since in some applications read should simply happen on every clock cycle.
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Simple Dual-Port RAM

The last group of signals represents the write-port. Here, both the data and address signals are inputs. The write-enable
(wr_en) signal controls when data is actually written to memory. Sometimes RAM also features byte-enable signals on the
write-port to only selectively write certain parts of the input data.
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Now that we know the interface signals, we can discuss how to interface with the shown RAM entity. For that purpose we
assume that the RAM has a latency of one clock cycle. This means that the respective data is available in the next clock
cycle from the point in time when the read was issued. Initially, both the input address as well as the output data are in a
”don’t care” state, which just means that their actual values are irrelevant for the purpose of this example. The read enable
signal is zero.
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Read Access

Now, let’s say we want to read the data stored in the memory at address a0. Hence, we apply the respective address to the
address input of the read port and set the read enable signal to high.
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Read Access

At the next rising clock edge – marked in red in the timing diagram – the RAM can now sample these inputs and output the
value stored at address a0.
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Note that, as also indicated in the timing diagram, this does not happen instantaneously but rather takes some time due to
the intrinsic propagation delays and setup times associated with the memory access. The timing analysis has to take this
access time value into account. However, we can safely assume that the value is available at the next rising clock edge. In
this clock cycle no new read operation is performed on the memory, hence the read enable signal is reset to low.
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Now a second read is performed – this time on address a1. Note that since this read will only be initiated at the next rising
clock edge the memory still outputs the value of the previous read operation.
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Again the read value can be retrieved after the next rising clock edge.
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Reads can also be performed back-to-back, that is in consecutive clock cycles. This is shown for the read of addresses a2

and a3 in the timing diagram.
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Now, let’s turn to the write access, which is a little simpler than the read access.
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Write Access

Whenever data should be written, the address and the associated data have to be applied at the respective inputs of the
memory. If the write-enable signal (wr_en) is high at the rising edge of the clock signal, the data and address signals are
sampled leading to the data being written to memory.
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In all other cases the memory simply ignores the values of the data and address signals, which is indicated by the ”don’t
care” values in the timing diagram. Please pause the video at this point and make sure that you understand the shown timing
diagram.
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 entity true_dp_ram is
 generic (
 ADDR_WIDTH : positive;
 DATA_WIDTH : positive
 );
 port (
 clk : in std_ulogic;
 -- read/write port 0
 rw0_rd_en : in std_ulogic;

 rw0_wr_en : in std_ulogic;
 rw0_addr : in std_ulogic_vector(ADDR_WIDTH - 1 downto 0);
 rw0_wr_data : out std_ulogic_vector(DATA_WIDTH - 1 downto 0);
 rw0_rd_data : out std_ulogic_vector(DATA_WIDTH - 1 downto 0);
 -- read/write port 1
 rw1_rd_en : in std_ulogic;
 rw1_wr_en : in std_ulogic;
 rw1_addr : in std_ulogic_vector(ADDR_WIDTH - 1 downto 0);
 rw1_wr_data : out std_ulogic_vector(DATA_WIDTH - 1 downto 0);
 rw1_rd_data : out std_ulogic_vector(DATA_WIDTH - 1 downto 0)
 );
 end entity;
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This slide shows an example for the interface of a true dual-port RAM.
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Notice that in our example both ports consist of the exact same signals. As already mentioned, this is not a strict requirement,
as it is also possible and supported by many FPGAs to use different interface configurations on both ports.
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There is one more important thing to note here: As each port only has one address input which is used for both read and
write operations, simultaneous reads and writes via a port may be problematic. The specific behavior depends on the specific
RAM.
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Dual-Clock RAM

In practice, it is sometimes required to access one RAM block from two different clock domains of a design. Such scenarios
often arise in clock-domain-crossing interfaces, which are crucial in complex systems where different subsystems operate on
distinct clock frequencies. These situations require, what is referred to as dual-clock RAM.
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Dual-Clock RAM

Most modern FPGA block RAMs provide built-in support for such dual-clock operations, making them well-suited for such
scenarios.
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However, a key consideration when using dual-clock memory is the potential issue of simultaneous read and write operations
targeting the same memory location. Such conflicts must be handled carefully to avoid undefined or erroneous behavior.
Implementing robust synchronization and arbitration mechanisms is crucial to ensure reliable operation in these scenarios.
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Hence, dual-clock memory is often used in the form of dual-clock or bisynchronous FIFOs. Bisynchronous FIFOs are an
important tool in a designer’s toolbox and heavily used for clock-domain-crossing interfaces.
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 entity dualclock_dp_ram is
 generic (
 ADDR_WIDTH : positive;
 DATA_WIDTH : positive
 );
 port (
 -- read port
 rd_clk : in std_ulogic;
 rd_en : in std_ulogic;

 rd_addr : in std_ulogic_vector(ADDR_WIDTH - 1 downto 0);
 rd_data : out std_ulogic_vector(DATA_WIDTH - 1 downto 0)
 -- write port
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 wr_data : in std_ulogic_vector(DATA_WIDTH - 1 downto 0)
 );
 end entity;
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RAM in VHDL (for FPGAs)
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Dual-Clocked RAM - Example

This slide shows how a dual-clock version of the simple dual-port RAM from before can look like.
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RAM in VHDL (for FPGAs)
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Dual-Clocked RAM - Example

Notice that instead of one clock input, now both the read and the write port have their own separate clock signals.



HWMod
WS25

RAM
Introduction

FPGA Memory

Simple DP RAM

True DP RAM

Dual-Clocked RAM

Implementation

RAM Implementation

Vendor-Library Instantiation Synthesis Inference

Portability/Flexibility Limited to vendor/device, requires
vendor-specific knowledge

Generic and portable, simpler to
work with and maintain

Performance Optimized for target hardware May be suboptimal

Special Features Fully supported (e.g., ECC) May be unavailable

Predictability Deterministic May cause mismatch in synthe-
sis/simulation tool

11

RAM Implementation

Vendor-Library Instantiation Synthesis Inference

Portability/Flexibility Limited to vendor/device, requires
vendor-specific knowledge

Generic and portable, simpler to
work with and maintain

Performance Optimized for target hardware May be suboptimal

Special Features Fully supported (e.g., ECC) May be unavailable

Predictability Deterministic May cause mismatch in synthe-
sis/simulation tool

RAM in VHDL (for FPGAs)
Implementation

RAM Implementation

Now that we know how RAM interfaces look like, and how to operate them, the question remains how they are actually
implemented in VHDL. For RAM in FPGA design, there are two main approaches: instantiating RAM from a vendor library or
letting the synthesis tool infer RAM based on the VHDL description. Each approach has its advantages and disadvantages.
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Designs which use vendor library components are inherently limited to specific devices or families of devices, which in
turn makes these designs less portable. It also requires some level of familiarity with vendor-specific libraries and their
configuration options. Furthermore, models for the library components are required for simulation, which can make things
more complicated when multiple different simulation tools are used. Inferring memory, directly from VHDL code does not
come with these issues and code relying on it is, thus, generally more portable and easier to maintain. It also allows to – for
example – describe highly specialized memories that store values of some custom type.
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On the other hand, instantiating library components can offer better performance in certain situations, as the designer has
more direct control over the generated hardware. It also makes it possible to force the synthesis tool to use certain specific
hardware resources in an FPGA. For the inference of memories during synthesis one has to be careful. When the description
does not match the structure required for the available memory blocks, the performance can be severely impeded. However,
there is no guarantee that this always leads to a performance hit or otherwise problematic hardware. Therefore, it is always
a good idea to check if the hardware generated by the synthesis tool matches the memory you believe you described.
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Furthermore, in some cases there might be no other way than instantiating library components, as it might be the only way
to access certain special hardware features, like error-detection.
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Finally, predictability is a significant factor as well. Synthesis inference can sometimes lead to mismatches between synthesis
and simulation tools, which may introduce challenges during verification. Specifically in edge cases, where the same memory
location is read and written at the same time.
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 architecture beh of simple_dp_ram is
 subtype ram_entry_t is std_ulogic_vector(DATA_WIDTH - 1 downto 0);
 type ram_t is array(0 to (2 ** ADDR_WIDTH) - 1) of ram_entry_t;
 signal ram : ram_t := (others => (others => ’0’));
 begin
 process(clk)
 begin
 if rising_edge(clk) then
 if wr_en = ’1’ then

 ram(to_integer(unsigned(wr_addr))) <= wr_data;
 end if;
 if rd_en = ’1’ then
 rd_data <= ram(to_integer(unsigned(rd_addr)));
 end if;
 end if;
 end process;
 end architecture;
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RAM in VHDL (for FPGAs)
Implementation

Inferred RAM

Finally, let’s look at some VHDL code that can be used to infer RAM. Here, we see a possible architecture implementation for
the simple dual-port RAM.
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First some types and the signal that actually represents the memory array are declared.
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 architecture beh of simple_dp_ram is
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 if rd_en = ’1’ then
 rd_data <= ram(to_integer(unsigned(rd_addr)));
 end if;
 end if;
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 end architecture;

Synchronous process similar to what is used in the
description of flip-flops.
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Synchronous process similar to what is used in the
description of flip-flops.

RAM in VHDL (for FPGAs)
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Since we are describing synchronous RAM, we need a process whose body is only executed on rising clock edges.
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Implementation of the write port.
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Implementation of the write port.

RAM in VHDL (for FPGAs)
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In the process body the write-port is implemented by first checking the write-enable signal. If this signal is asserted, the
address is used to index the memory array.
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Implementation of the read port.
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 architecture beh of simple_dp_ram is
 subtype ram_entry_t is std_ulogic_vector(DATA_WIDTH - 1 downto 0);
 type ram_t is array(0 to (2 ** ADDR_WIDTH) - 1) of ram_entry_t;
 signal ram : ram_t := (others => (others => ’0’));
 begin
 process(clk)
 begin
 if rising_edge(clk) then
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 ram(to_integer(unsigned(wr_addr))) <= wr_data;
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 if rd_en = ’1’ then
 rd_data <= ram(to_integer(unsigned(rd_addr)));
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 end if;
 end process;
 end architecture;

Implementation of the read port.

RAM in VHDL (for FPGAs)
Implementation

Inferred RAM

The read port is implemented in a similar fashion, with the difference that now the output data signal is written. One
final thing that is important to note about inferring memory is that you should strictly stick to the coding recommendations
provided by the synthesis tool vendor. This not only ensures that RAM is detected correctly, it also helps to alleviate most of
the downsides discussed on the previous slide.
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Modified: 2025-12-16, 16:06 (f8a58e9)

Lecture Complete!

Thank you for listening! We recommend you to immediately take the self-check test in TUWEL, to see if you understood the
material presented in this lecture.
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