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Chapter 5: Design Recommendations for Altera Devices and the

Synchronous FPGA Design Practices

The first step in good design methodology is to understand the implications of your
design practices and techniques. This section outlines some of the benefits of optimal
synchronous design practices and the hazards involved in other techniques. Good
synchronous design practices can help you meet your design goals consistently.
Problems with other design techniques can include reliance on propagation delays in
a device, incomplete timing analysis, and possible glitches.

In a synchronous design, a clock signal triggers all events. As long as all the registers’
timing requirements are met, a synchronous design behaves in a predictable and
reliable manner for all process, voltage, and temperature (PVT) conditions. You can
easily target synchronous designs to different device families or speed grades. In
addition, synchronous design practices help ensure successful migration if you plan
to migrate your design to a high-volume solution such as an Altera HardCopy device
or if you are prototyping an ASIC.

Fundamentals of Synchronous Design

In a synchronous design, everything is related to the clock signal. On every active
edge of the clock (usually the rising edge), the data inputs of registers are sampled
and transferred to outputs. Following an active clock edge, the outputs of
combinational logic feeding the data inputs of registers change values. This change
triggers a period of instability due to propagation delays through the logic as the
signals go through a number of transitions and finally settle to new values. Changes
happening on data inputs of registers do not affect the values of their outputs until the
next active clock edge.

Because the internal circuitry of registers isolates data outputs from inputs, instability
in the combinational logic does not affect the operation of the design as long as the
following timing requirements are met:

m Before an active clock edge, the data input has been stable for at least the setup
time of the register

m After an active clock edge, the data input remains stable for at least the hold time
of the register

When you specify all of your clock frequencies and other timing requirements, the
Quartus II Classic Timing Analyzer reports actual hardware requirements for the
setup times (tg;) and hold times (ty) for every pin of your design. By meeting these
external pin requirements and following synchronous design techniques, you ensure
that you satisfy the setup and hold times for all registers within the Altera device.

To meet setup and hold time requirements on all input pins, any inputs to
combinational logic that feeds a register should have a synchronous relationship with
the clock of the register. If signals are asynchronous, you can register the signals at the
input of the Altera device to help prevent a violation of the required setup and hold
times.
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When the setup or hold time of a register is violated, the output can be set to an
intermediate voltage level between the high and low levels, called a metastable state.
In this unstable state, small perturbations such as noise in power rails can cause the
register to assume either the high or low voltage level, resulting in an unpredictable
valid state. Various undesirable effects can occur, including increased propagation
delays and incorrect output states. In some cases, the output can even oscillate
between the two valid states for a relatively long period of time.

e For details about timing requirements and analysis in the Quartus II software, refer to
the Quartus II Classic Timing Analyzer or the Quartus II TimeQuest Timing Analyzer
chapters in volume 3 of the Quartus II Handbook.

Hazards of Asynchronous Design

In the past, designers have often used asynchronous techniques such as ripple
counters or pulse generators in programmable logic device (PLD) designs, enabling
them to take “short cuts” to save device resources. Asynchronous design techniques
have inherent problems such as relying on propagation delays in a device, which can
result in incomplete timing constraints and possible glitches and spikes. Because
current FPGAs provide many high-performance logic gates, registers, and memory,
resource and performance trade-offs have changed. Now it is more important to focus
on design practices that help you meet design goals consistently than to save device
resources using problematic asynchronous techniques.

Some asynchronous design structures rely on the relative propagation delays of
signals to function correctly. In these cases, race conditions can arise where the order
of signal changes can affect the output of the logic. PLD designs can have varying
timing delays, depending on how the design is placed and routed in the device with
each compilation. Therefore, it is almost impossible to determine the timing delay
associated with a particular block of logic ahead of time. As devices become faster
because of device process improvements, the delays in an asynchronous design may
decrease, resulting in a design that does not function as expected. Specific examples
are provided in “Design Guidelines” on page 5-4. Relying on a particular delay also
makes asynchronous designs very difficult to migrate to different architectures,
devices, or speed grades.

The timing of asynchronous design structures is often difficult or impossible to model
with timing assignments and constraints. If you do not have complete or accurate
timing constraints, the timing-driven algorithms used by your synthesis and
place-and-route tools may not be able to perform the best optimizations and the
reported results may not be complete.

Some asynchronous design structures can generate harmful glitches, which are pulses
that are very short compared with clock periods. Most glitches are generated by
combinational logic. When the inputs of combinational logic change, the outputs
exhibit a number of glitches before they settle to their new values. These glitches can
propagate through the combinational logic, leading to incorrect values on the outputs
in asynchronous designs. In a synchronous design, glitches on the data inputs of
registers are normal events that have no negative consequences because the data is
not processed until the clock edge.
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When designing with HDL code, it is important to understand how a synthesis tool
interprets different HDL design techniques and what results to expect. Your design
techniques can affect logic utilization and timing performance, as well as the design’s
reliability. This section describes some basic design techniques that ensure optimal
synthesis results for designs targeted to Altera devices while avoiding several
common causes of unreliability and instability. Design your combinational logic
carefully to avoid potential problems and pay attention to your clocking schemes so
you can maintain synchronous functionality and avoid timing problems.

Combinational Logic Structures

Combinational logic structures consist of logic functions that depend only on the
current state of the inputs. In Altera FPGAs, these functions are implemented in the
look-up tables (LUTs) of the device’s architecture, using either logic elements (LEs) or
adaptive logic modules (ALMs). For some cases in which combinational logic feeds
registers, the register control signals can also be used to implement part of the logic
function to save LUT resources. By following the recommendations in this section,
you can improve the reliability of your combinational design.

Combinational Loops

Combinational loops are among the most common causes of instability and
unreliability in digital designs. They should be avoided whenever possible. In a
synchronous design, feedback loops should include registers. Combinational loops
generally violate synchronous design principles by establishing a direct feedback loop
that contains no registers. For example, a combinational loop occurs when the
left-hand side of an arithmetic expression also appears on the right-hand side in HDL
code. A combinational loop also occurs when you feed back the output of a register to
an asynchronous pin of the same register through combinational logic, as shown in
Figure 5-1.

Figure 5-1. Combinational Loop through Asynchronous Control Pin
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Use recovery and removal analysis to perform timing analysis on asynchronous ports
such as ¢l ear orreset in the Quartus Il software.

m If you are using the Classic Timing Analyzer, on the Assignments menu, click
Settings. In the Settings dialog box, under Timing Analysis Settings, select
Classic Timing Analyzer Settings. On the Classic Timing Analyzer Settings
page, click More Settings and turn on the Enable Recovery/Removal Analysis
option.

m If you are using the TimeQuest Timing Analyzer, refer to the “Recovery and
Removal” section in the Quartus II TimeQuest Timing Analyzer chapter in
volume 3 of the Quartus II Handbook for details about how the TimeQuest
Timing Analyzer performs recovery and removal analysis.
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Combinational loops are inherently high-risk design structures for the following
reasons:

m Combinational loop behavior generally depends on relative propagation delays
through the logic involved in the loop. As discussed, propagation delays can
change, which means the behavior of the loop is unpredictable.

m Combinational loops can cause endless computation loops in many design tools.
Most tools break open combinational loops to process the design. The various
tools used in the design flow may open a given loop in a different manner,
processing it in a way that is inconsistent with the original design intent.

Latches

Alatch is a small circuit with combinational feedback that holds a value until a new
value is assigned. Latches can be implemented directly with primitives, using

LPM LATCH, or inferred from HDL code. It is common for mistakes in HDL code to
cause unintended latch inference. Quartus II Synthesis issues a warning message if
this occurs.

Unlike other technologies, a latch in an FPGA architecture is not significantly smaller
than a register. The architecture is not optimized for latch implementation and latches
generally have slower timing performance compared to equivalent registered
circuitry.

Latches have a transparent mode in which data flows continuously from input to
output. A positive latch is in transparent mode when the enable signal is high (low for
negative latch). In transparent mode, glitches on the input can pass through the
output because of the direct path created. This presents significant complexity for
timing analysis. Typical latch schemes use multiple enable phases to prevent long
transparent paths from occurring. However, timing analysis is generally not able to
identify these safe applications.

The Quartus II software setting Analyze latches as Synchronous Elements allows
you to treat latches as having nontransparent start and end points. Bear in mind that
even an instantaneous transition through transparent mode can lead to glitch
propagation. The Quartus II software does not perform cycle-borrowing analysis,
such as that performed by third-party timing analysis tools (such as the Synopsys
PrimeTime software).

Due to various timing complexities, latches have limited support in formal
verification tools. Therefore, it is very important that you do not use latches when
using formal verification.

Altera recommends you avoid using latches to ensure that you can completely
analyze the timing performance and reliability of your design.

Delay Chains

Delay chains occur when two or more consecutive nodes with a single fan-in and a
single fan-out are used to cause delay. Inverters are often chained together to add
delay. Delay chains are sometimes used to resolve race conditions created by other
asynchronous design practices.
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Delays in PLD designs can change with each place-and-route cycle. Effects such as
rise and fall time differences and on-chip variation mean that delay chains, especially
those placed on clock paths, can cause significant problems in your design. Refer to
“Hazards of Asynchronous Design” on page 5-3 for examples of the kinds of
problems that delay chains can cause. Avoid using delay chains to prevent these kind
of problems.

In some ASIC designs, delays are used for buffering signals as they are routed around
the device. This functionality is not needed in FPGA devices because the routing
structure provides buffers throughout the device.

Pulse Generators and Multivibrators

Delay chains are sometimes used to generate either one pulse (pulse generators) or a
series of pulses (multivibrators). There are two common methods for pulse
generation, as shown in Figure 5-2. These techniques are purely asynchronous and
need to be avoided.

Figure 5-2. Asynchronous Pulse Generators
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In “Using an AND Gate” (Figure 5-2), a trigger signal feeds both inputs of a 2-input
AND gate, but the design inverts or adds a delay chain to one of the inputs. The width
of the pulse depends on the relative delays of the path that feeds the gate directly and
the one that goes through the delay. This is the same mechanism responsible for the
generation of glitches in combinational logic following a change of input values. This
technique artificially increases the width of the glitch by using a delay chain.

In “Using a Register” (Figure 5-2), a register’s output drives the same register’s
asynchronous reset signal through a delay chain. The register resets itself
asynchronously after a certain delay.

The width of pulses generated in this way are difficult for synthesis and
place-and-route software to determine, set, or verify. The actual pulse width can only
be determined after placement and routing, when routing and propagation delays are
known. You cannot reliably determine the width of the pulse when creating HDL
code and it cannot be set by EDA tools. The pulse may not be wide enough for the
application under all PVT conditions. Also, the pulse width changes if you change to
a different device. In addition, static timing analysis cannot be used to verify the pulse
width, so verification is very difficult.
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Multivibrators use a glitch generator to create pulses, together with a combinational

loop that turns the circuit into an oscillator. This creates additional problems because
of the number of pulses involved. In addition, when the structures generate multiple
pulses, they also create a new artificial clock in the design that has to be analyzed by

the design tools.

When you must use a pulse generator, use synchronous techniques, as shown in

Figure 5-3.

Figure 5-3. Recommended Pulse-Generation Technique
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In this design, the pulse width is always equal to the clock period. This pulse
generator is predictable, can be verified with timing analysis, and is easily moved to
other architectures, devices, or speed grades.

Clocking Schemes

Like combinational logic, clocking schemes have a large effect on your design’s
performance and reliability. Avoid using internally generated clocks wherever
possible because they can cause functional and timing problems in the design. Clocks
generated with combinational logic can introduce glitches that create functional
problems and the delay inherent in combinational logic can lead to timing problems.

Specify all clock relationships in the Quartus Il software to allow for the best
timing-driven optimizations during fitting and to allow correct timing analysis. Use
clock setting assignments on any derived or internal clocks to specify their
relationship to the base clock.

Altera recommends using global device-wide, low-skew dedicated routing for all
internally-generated clocks, instead of routing clocks on regular routing lines. For a
detailed explanation, refer to “Clock Network Resources” on page 5-42.

Avoid data transfers between different clocks wherever possible. If you require a data
transfer between different clocks, use FIFO circuitry. You can use the clock uncertainty
features in the Quartus II software to compensate for the variable delays between
clock domains. Consider setting a Clock Setup Uncertainty and Clock Hold
Uncertainty value of 10% to 15% of the clock delay.

The following sections provide some specific examples and recommendations for
avoiding these problems.
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Internally Generated Clocks

If you use the output from combinational logic as a clock signal or as an asynchronous
reset signal, expect to see glitches in your design. In a synchronous design, glitches on
data inputs of registers are normal events that have no consequences. However, a
glitch or a spike on the clock input (or an asynchronous input) to a register can have
significant consequences. Narrow glitches can violate the register’s minimum pulse
width requirements. Setup and hold times may also be violated if the data input of the
register is changing when a glitch reaches the clock input. Even if the design does not
violate timing requirements, the register output can change value unexpectedly and
cause functional hazards elsewhere in the design.

Because of these problems, Altera recommends that you always register the output of
combinational logic before you use it as a clock signal (Figure 5-4).

Figure 5-4. Recommended Clock-Generation Technique
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Registering the output of combinational logic ensures that the glitches generated by
the combinational logic are blocked at the data input of the register.

Divided Clocks

Designs often require clocks created by dividing a master clock. Most Altera FPGAs
provide dedicated phase-locked loop (PLL) circuitry for clock division. Using
dedicated PLL circuitry can help you to avoid many of the problems that can be
introduced by asynchronous clock division logic.

When you must use logic to divide a master clock, always use synchronous counters
or state machines. In addition, create your design so that registers always directly
generate divided clock signals, as described in “Internally Generated Clocks” on
page 5-8, and route the clock on global clock resources. To avoid glitches, do not
decode the outputs of a counter or a state machine to generate clock signals.

Ripple Counters

To simplify verification, Altera recommends avoiding ripple counters in your design.
In the past, FPGA designers implemented ripple counters to divide clocks by a power
of two because the counters are easy to design and may use fewer gates than their
synchronous counterparts. Ripple counters use cascaded registers, in which the
output pin of each register feeds the clock pin of the register in the next stage. This
cascading can cause problems because the counter creates a ripple clock at each stage.
These ripple clocks have to be handled properly during timing analysis, which can be
difficult and may require you to make complicated timing assignments in your
synthesis and place-and-route tools.
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