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Understanding Embedded - FPGAs (Field
Programmable Gate Array)

Embedded - FPGAs, or Field Programmable Gate Arrays,
are advanced integrated circuits that offer unparalleled
flexibility and performance for digital systems. Unlike
traditional fixed-function logic devices, FPGAs can be
programmed and reprogrammed to execute a wide array
of logical operations, enabling customized functionality
tailored to specific applications. This reprogrammability
allows developers to iterate designs quickly and implement
complex functions without the need for custom hardware.

Applications of Embedded - FPGAs

The versatility of Embedded - FPGAs makes them
indispensable in numerous fields. In telecommunications,
FPGAs are used for high-speed data processing and
network infrastructure. In the automotive industry, they
support advanced driver-assistance systems (ADAS) and
infotainment solutions. Consumer electronics benefit from
FPGAs in devices requiring high performance and
adaptability, such as smart TVs and gaming consoles.
Industrial automation relies on FPGAs for real-time control
and processing in machinery and robotics. Additionally,
FPGAs play a crucial role in aerospace and defense, where
their reliability and ability to handle complex algorithms
are essential.

Common Subcategories of Embedded -
FPGAs

Within the realm of Embedded - FPGAs, several
subcategories address different needs and applications.
General-purpose FPGAs are the most widely used, offering
a balance of performance and flexibility for a broad range
of applications. High-performance FPGAs are designed for
applications requiring exceptional speed and
computational power, such as data centers and high-
frequency trading systems. Low-power FPGAs cater to
battery-operated and portable devices where energy
efficiency is paramount. Lastly, automotive-grade FPGAs
meet the stringent standards of the automotive industry,
ensuring reliability and performance in vehicle systems.

Types of Embedded - FPGAs

Embedded - FPGAs can be classified into several types
based on their architecture and specific capabilities. SRAM-
based FPGAs are prevalent due to their high speed and
ability to support complex designs, making them suitable
for performance-critical applications. Flash-based FPGAs
offer non-volatile storage, retaining their configuration
without power and enabling faster start-up times. Antifuse-
based FPGAs provide a permanent, one-time
programmable solution, ensuring robust security and
reliability for critical systems. Each type of FPGA brings
distinct advantages, making the choice dependent on the
specific needs of the application.
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LE Operating Modes

The APEX II LE can operate in one of the following three modes:

� Normal mode
� Arithmetic mode
� Counter mode

Each mode uses LE resources differently. In each mode, seven available 
inputs to the LE—the four data inputs from the LAB local interconnect, 
the feedback from the programmable register, and the carry-in and 
cascade-in from the previous LE—are directed to different destinations to 
implement the desired logic function. LAB-wide signals provide clock, 
asynchronous clear, asynchronous preset, asynchronous load, 
synchronous clear, synchronous load, and clock enable control for the 
register. These LAB-wide signals are available in all LE modes.

The Quartus II software, in conjunction with parameterized functions 
such as LPM and DesignWare functions, automatically chooses the 
appropriate mode for common functions such as counters, adders, and 
multipliers. If required, the designer can also create special-purpose 
functions that specify which LE operating mode to use for optimal 
performance. Figure 8 shows the LE operating modes.
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Normal Mode

The normal mode is suitable for general logic applications, combinatorial 
functions, or wide decoding functions that can take advantage of a 
cascade chain. In normal mode, four data inputs from the LAB local 
interconnect and the carry-in are inputs to a four-input LUT. The 
Quartus II Compiler automatically selects the carry-in or the DATA3 signal 
as one of the inputs to the LUT. The LUT output can be combined with the 
cascade-in signal to form a cascade chain through the cascade-out signal. 
LEs in normal mode support packed registers.

Arithmetic Mode

The arithmetic mode is ideal for implementing adders, accumulators, and 
comparators. An LE in arithmetic mode uses two 3-input LUTs. One LUT 
computes a three-input function; the other generates a carry output. As 
shown in Figure 8, the first LUT uses the carry-in signal and two data 
inputs from the LAB local interconnect to generate a combinatorial or 
registered output. For example, when implementing an adder, this output 
is the sum of three signals: DATA1, DATA2, and carry-in. The second LUT 
uses the same three signals to generate a carry-out signal, thereby creating 
a carry chain. The arithmetic mode also supports simultaneous use of the 
cascade chain. LEs in arithmetic mode can drive out registered and 
unregistered versions of the LUT output.

The Quartus II software implements parameterized functions that use the 
arithmetic mode automatically where appropriate; the designer does not 
need to specify how the carry chain will be used.

Counter Mode

The counter mode offers clock enable, counter enable, synchronous 
up/down control, synchronous clear, and synchronous load options. The 
counter enable and synchronous up/down control signals are generated 
from the data inputs of the LAB local interconnect. The synchronous clear 
and synchronous load options are LAB-wide signals that affect all 
registers in the LAB. Consequently, if any of the LEs in an LAB use the 
counter mode, other LEs in that LAB must be used as part of the same 
counter or be used for a combinatorial function. The Quartus II software 
automatically places any registers that are not used by the counter into 
other LABs.
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The counter mode uses two three-input LUTs: one generates the counter 
data, and the other generates the fast carry bit. A 2-to-1 multiplexer 
provides synchronous loading, and another AND gate provides 
synchronous clearing. If the cascade function is used by an LE in counter 
mode, the synchronous clear or load overrides any signal carried on the 
cascade chain. The synchronous clear overrides the synchronous load. 
LEs in arithmetic mode can drive out registered and unregistered versions 
of the LUT output.

Clear & Preset Logic Control

Logic for the register’s clear and preset signals is controlled by LAB-wide 
signals. The LE directly supports an asynchronous clear function. The 
Quartus II Compiler can use a NOT-gate push-back technique to emulate 
an asynchronous preset. Moreover, the Quartus II Compiler can use a 
programmable NOT-gate push-back technique to emulate simultaneous 
preset and clear or asynchronous load. However, this technique uses three 
additional LEs per register. All emulation is performed automatically 
when the design is compiled. Registers that emulate simultaneous preset 
and load will enter an unknown state upon power-up or when the chip-
wide reset is asserted.

In addition to the two clear and preset modes, APEX II devices provide a 
chip-wide reset pin (DEV_CLRn) that resets all registers in the device. Use 
of this pin is controlled through an option in the Quartus II software that 
is set before compilation. The chip-wide reset overrides all other control 
signals. Registers using an asynchronous preset are preset when the chip-
wide reset is asserted; this effect results from the inversion technique used 
to implement the asynchronous preset.

FastTrack Interconnect

In the APEX II architecture, connections between LEs, ESBs, and I/O pins 
are provided by the FastTrack interconnect. The FastTrack interconnect is 
a series of continuous horizontal and vertical routing channels that 
traverse the device. This global routing structure provides predictable 
performance, even in complex designs. In contrast, the segmented routing 
in FPGAs requires switch matrices to connect a variable number of 
routing paths, increasing the delays between logic resources and reducing 
performance.
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Figure 12. APEX II FastRow Interconnect
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Figure 14. APEX II Macrocell

For registered functions, each macrocell register can be programmed 
individually to implement D, T, JK, or SR operation with programmable 
clock control. The register can be bypassed for combinatorial operation. 
During design entry, the designer specifies the desired register type; the 
Quartus II software then selects the most efficient register operation for 
each registered function to optimize resource utilization. The Quartus II 
software or other synthesis tools can also select the most efficient register 
operation automatically when synthesizing HDL designs.

Each programmable register can be clocked by one of two ESB-wide 
clocks. The ESB-wide clocks can be generated from device dedicated clock 
pins, global signals, or local interconnect. Each clock also has an 
associated clock enable, generated from the local interconnect. The clock 
and clock enable signals are related for a particular ESB; any macrocell 
using a clock also uses the associated clock enable.
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Figure 17. Bidirectional Dual-Port Memory Configuration

In addition to bidirectional dual-port memory, the ESB also supports 
dual-port, and single-port RAM. Dual-port memory supports a 
simultaneous read and write. Single-port memory supports independent 
read and write. Figure 18 shows these different RAM memory port 
configurations for an ESB.

Figure 18. Dual- & Single-Port Memory Configurations

Note to Figure 18:
(1) Two single-port memory blocks can be implemented in a single ESB.
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The ESB also enables variable width data ports for reading and writing to 
the RAM ports in dual-port RAM configuration. For example, the ESB can 
be written in 1×  mode at port A while being read in 16×  mode from port B. 
Table 6 lists the supported variable width configurations for an ESB in 
dual-port mode.

ESBs can implement synchronous RAM, which is easier to use than 
asynchronous RAM. A circuit using asynchronous RAM must generate 
the RAM write enable (WE) signal while ensuring that its data and address 
signals meet setup and hold time specifications relative to the WE signal. 
In contrast, the ESB’s synchronous RAM generates its own WE signal and 
is self-timed with respect to the global clock. Circuits using the ESB’s self-
timed RAM only need to meet the setup and hold time specifications of 
the global clock.

ESB inputs are driven by the adjacent local interconnect, which in turn can 
be driven by the MegaLAB or FastTrack interconnects. Because the ESB 
can be driven by the local interconnect, an adjacent LE can drive it directly 
for fast memory access. ESB outputs drive the MegaLAB and FastTrack 
interconnects and the local interconnect for fast connection to adjacent LEs 
or for fast feedback product-term logic.

When implementing memory, each ESB can be configured in any of the 
following sizes: 512 ×  8, 1,024 ×  4, 2,048 ×  2, or 4,096 ×  1. For dual-port and 
single-port modes, the ESB can be configured for 256 ×  16 in addition to 
the list above.

The ESB can also be split in half and used for two independent 2,048-bit 
single-port RAM blocks. The two independent RAM blocks must have 
identical configurations with a maximum width of 256 × 8. For example, 
one half of the ESB can be used as a 256 ×  8 single-port memory while the 
other half is also used for a 256 ×  8 single-port memory. This effectively 
doubles the number of RAM blocks an APEX II device can implement for 
its given number of ESBs. The Quartus II software automatically merges 
two logical memory functions in a design into an ESB; the designer does 
not need to merge the functions manually.

Table 6. Variable Width Configurations for Dual-Port RAM

Read Port Width Write Port Width

1 bit 2 bits, 4 bits, 8 bits, or 16 bits

2 bits, 4 bits, 8 bits, or 16 bits 1 bit
30 Altera Corporation
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Figure 19. ESB in Input/Output Clock Mode Note (1)

Notes to Figure 19:
(1) All registers can be cleared asynchronously by ESB local interconnect signals, global signals, or the chip-wide reset.
(2) This configuration is not supported for bidirectional dual-port configuration.

E
ig

ht
 D

ed
ic

at
ed

 C
lo

ck
s

8
4

D E
N

A

Q

D E
N

A

Q

D E
N

A

Q

da
ta

A
[ ]

 a
dd

re
ss

A
[ ]

 R
A

M
/R

O
M

25
6 

× 
16

 (2
)

51
2 

× 
8

1,
02

4 
× 

4
2,

04
8 

× 
2

4,
09

6 
× 

1

D
at

a 
In

A
dd

re
ss

 A

W
rit

e/
R

ea
d

E
na

bl
e

D
at

a 
O

ut
[]

D
at

a 
In

A
dd

re
ss

 B

W
rit

e/
R

ea
d

E
na

bl
e

D
at

a 
O

ut
[]

ou
tc

lk
en

A

in
cl

ke
n A

in
cl

oc
k

ou
tc

lo
ck

D E
N

A

Q

W
rit

e
P

ul
se

G
en

er
at

or

w
re

n A

F
ou

r 
D

ed
ic

at
ed

 In
pu

ts
 &

 G
lo

ba
l S

ig
na

ls

q A
[]

4
6

E
N

A

da
ta

B
[ ]

 w
ra

dd
re

ss
B
[ ]

ou
tc

lk
en

B

in
cl

ke
n B

in
cl

oc
k

ou
tc

lo
ck

W
rit

e
P

ul
se

G
en

er
at

or

w
re

n B

q B
[]

E
N

A

E
N

A

E
N

A

A
B

D
Q

D
Q

D
Q

D
Q

32 Altera Corporation



APEX II Programmable Logic Device Family Data Sheet
If the same data is written into multiple locations in the memory, a CAM 
block can be used in multiple-match or fast multiple-match modes. The 
ESB outputs the matched data’s locations as an encoded or unencoded 
address. In multiple-match mode, it takes two clock cycles to write into a 
CAM block. For reading, there are 16 outputs from each ESB at each clock 
cycle. Therefore, it takes two clock cycles to represent the 32 words from 
a single ESB port. In this mode, encoded and unencoded outputs are 
available. To implement the encoded version, the Quartus II software 
adds a priority encoder with LEs. Fast multiple-match is identical to the 
multiple match mode, however, it only takes one clock cycle to read from 
a CAM block and generate valid outputs. To do this, the entire ESB is used 
to represent 16 outputs. In fast multiple-match mode, the ESB can 
implement a maximum CAM block size of 16 words.

A CAM block can be pre-loaded with data during configuration, or it can 
be written during system operation. In most cases, two clock cycles are 
required to write each word into CAM. When don’t-care bits are used, a 
third clock cycle is required.

f For more information on CAM, see Application Note 119 (Implementing 
High-Speed Search Applications with APEX CAM).

Driving Signals to the ESB

ESBs provide flexible options for driving control signals. Different clocks 
can be used for the ESB inputs and outputs. Registers can be inserted 
independently on the data input, data output, read address, write 
address, WE, and RE signals. The global signals and the local interconnect 
can drive the WE and RE signals. The global signals, dedicated clock pins, 
and local interconnects can drive the ESB clock signals. Because the LEs 
drive the local interconnect, the LEs can control the WE and RE signals and 
the ESB clock, clock enable, and synchronous clear signals. Figure 24 
shows the ESB control signal generation logic.
36 Altera Corporation



APEX II Programmable Logic Device Family Data Sheet
Figure 26. Row IOE Connection to the Interconnect

Figure 27 shows how a column IOE connects to the interconnect.
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Figure 27. Column IOE Connection to the Interconnect

FastRow interconnects connect a column I/O pin directly to the LAB local 
interconnect within two MegaLAB structures. This feature provides fast 
setup times for pins that drive high fan-outs with complex logic, such as 
PCI designs. For fast bidirectional I/O timing, LE registers using local 
routing can improve setup times and OE timing.

APEX II devices have a peripheral control bus made up of 12 signals that 
drive the IOE control signals. The peripheral bus is composed of six 
output enables, OE[5:0] and six clock enables, CE[5:0]. These twelve 
signals can be driven from internal logic or from the Fast I/O signals. 
Table 7 lists the peripheral control signal destinations.

Row Interconnect

Column Interconnect

Each IOE can drive column and FastRow 
interconnects. Each IOE data and 
OE signal is driven by local interconnect.

Any LE or ESB can drive 
a column pin through a 
row, column, and MegaLAB
interconnect.

IOE IOE

LAB

An LE or ESB can drive a 
pin through a local 
interconnect for faster 
clock-to-output times.

MegaLAB Interconnect
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Bus Hold

Each APEX II device I/O pin provides an optional bus-hold feature. When 
this feature is enabled for an I/O pin, the bus-hold circuitry weakly holds 
the signal at its last driven state. By holding the last driven state of the pin 
until the next input signal is present, the bus-hold feature eliminates the 
need to add external pull-up or pull-down resistors to hold a signal level 
when the bus is tri-stated. The bus-hold circuitry also pulls undriven pins 
away from the input threshold voltage where noise can cause unintended 
high-frequency switching. This feature can be selected individually for 
each I/O pin. The bus-hold output will drive no higher than VCCIO to 
prevent overdriving signals. If the bus-hold feature is enabled, the 
programmable pull-up option cannot be used. The bus-hold feature 
should also be disabled if open-drain outputs are used with the GTL+ I/O 
standard.

The bus-hold circuitry weakly pulls the signal level to the last driven state 
through a resistor with a nominal resistance (RBH) of approximately 7 k� . 
Table 41 on page 74 gives specific sustaining current that will be driven 
through this resistor and overdrive current that will identify the next 
driven input level. This information is provided for each VCCIO voltage 
level.

The bus-hold circuitry is active only after configuration. When going into 
user mode, the bus-hold circuit captures the value on the pin present at 
the end of configuration.

Programmable Pull-Up Resistor

Each APEX II device I/O pin provides an optional programmable pull-up 
resistor during user mode. When this feature is enabled for an I/O pin, the 
pull-up resistor (typically 25 k� ) weakly holds the output to the VCCIO 
level of the bank that the output pin resides in.

Dedicated Fast I/O Pins

APEX II devices incorporate dedicated bidirectional pins for signals with 
high internal fanout, such as PCI control signals. These pins are called 
dedicated fast I/O pins (FAST1, FAST2, FAST3, and FAST4) and can 
drive the four global fast lines throughout the device, ideal for fast clock, 
clock enable, preset, clear, or high fanout logic signal distribution. The 
dedicated fast I/O pins have one output register and one OE register, but 
they do not have input registers. The dedicated fast lines can also be 
driven by a LE local interconnect to generate internal global signals.
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Figure 33. True-LVDS Transmitter Diagram Notes (1), (2)

Notes to Figure 33:
(1) Two sets of 18 transmitter channels are located in each APEX II device. Each set of 18 channels has one transmitter 

PLL.
(2) W = 1, 2, 4 to 10

J = 1, 2, 4 to 10
W does not have to equal J. When J = 1 or 2, the deserializer is bypassed. When J = 2, DDR I/O registers are used.

Clock-Data Synchronization

In addition to dedicated serial-to-parallel converters, APEX II True-LVDS 
circuitry contains CDS circuitry in every receiver channel. The CDS 
feature can be turned on or off independently for each receiver channel. 
There are two modes for the CDS circuitry: single-bit mode, which 
corrects a fixed clock-to-data skew of up to ±50% of the data bit period, 
and multi-bit mode, which corrects any fixed clock-to-data skew.
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or System Clock
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Pre-programmed CDS may also be used to resolve clock-to-data skew 
greater than 50% of the bit period. However, internal logic must be used 
to implement the byte alignment circuitry for this operation.

Flexible-LVDS I/O Pins

A subset of pins in the top two I/O banks supports interfacing with 
Flexible-LVDS, LVPECL, and HyperTransport inputs. These 
Flexible-LVDS input pins include dedicated LVDS, LVPECL, and 
HyperTransport input buffers. A subset of pins in the bottom two I/O 
banks supports interfacing with Flexible-LVDS and HyperTransport 
outputs. These Flexible-LVDS output pins include dedicated LVDS and 
HyperTransport output buffers. The Flexible-LVDS pins do not require 
any external components except for 100-�  termination resistors on 
receiver channels. These pins do not contain dedicated 
serialization/deserialization circuitry; therefore, internal logic is used to 
perform serialization/deserialization functions.

The EP2A15 and EP2A25 devices support 56 input and 56 output 
Flexible-LVDS channels. The EP2A40 and larger devices support 88 input 
and 88 output Flexible-LVDS channels. All APEX II devices support the 
Flexible-LVDS interface up to 400 Mbps (DDR) per channel. Flexible-
LVDS pins along with the True-LVDS pins provide up to 144-Gbps total 
device bandwidth. Table 13 shows the Flexible-LVDS timing 
specification.

MultiVolt I/O 
Interface

The APEX II architecture supports the MultiVolt I/O interface feature, 
which allows APEX II devices in all packages to interface with systems of 
different supply voltages. The devices have one set of VCC pins for 
internal operation and input buffers (VCCINT), and another set for I/O 
output drivers (VCCIO).

Table 13. APEX II Flexible-LVDS Timing Specification

Symbol Timing Parameter Definition Speed Grade Unit

-7 -8 -9

Min Max Min Max Min Max

Data Rate Maximum operating speed 400 311 311 Mbps

TCCS Transmitter channel-to-channel 
skew

700 900 900 ps

SW Receiver sampling window 1,100 1,400 1,400 ps
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Note to Figure 35:
(1) n represents the prescale divider for the PLL input. m represents the multiplier. k and v represent the different post 

scale dividers for the two possible PLL outputs. m and k are integers that range from 1 to 160. n and v are integers 
that range from 1 to 16.

Advanced ClockBoost Multiplication & Division

APEX II PLLs include circuitry that provides clock synthesis for eight 
internal outputs and two external outputs using m/(n ×  output divider) 
scaling. When a PLL is locked, the locked output clock aligns to the rising 
edge of the input clock. The closed loop equation for Figure 35 gives an 
output frequency fclock0 = (m/(n ×  k))fIN and fclock1 = (m/(n ×  v))fIN. These 
equations allow the multiplication or division of clocks by a 
programmable number. The Quartus II software automatically chooses 
the appropriate scaling factors according to the frequency, multiplication, 
and division values entered.

A single PLL in an APEX II device allows for multiple user-defined 
multiplication and division ratios that are not possible even with multiple 
delay-locked loops (DLLs). For example, if a frequency scaling factor of 
3.75 is needed for a given input clock, a multiplication factor of 15 and a 
division factor of 4 can be entered. This advanced multiplication scaling 
can be performed with a single PLL, making it unnecessary to cascade 
PLL outputs.

External Clock Outputs

APEX II devices have two low-jitter external clocks available for external 
clock sources. Other devices on the board can use these outputs as clock 
sources.

There are three modes for external clock outputs.

� Zero Delay Buffer: The external clock output pin is phase aligned 
with the clock input pin for zero delay. Multiplication, 
programmable phase shift, and time delay shift are not allowed in 
this configuration. The MegaWizard interface for altclklock 
should be used to verify possible clock settings.

� External Feedback: The external feedback input pin is phase aligned 
with clock input pin. By aligning these clocks, you can actively 
remove clock delay and skew between devices. This mode has the 
same restrictions as zero delay buffer mode.

� Normal Mode: The external clock output pin will have phase delay 
relative to the clock input pin. If an internal clock is used in this mode, 
the IOE register clock will be phase aligned to the input clock pin. 
Multiplication is allowed with the normal mode.










