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Understanding FPGA 1/0 standards:
Choosing the right signaling for your
design

Objective

In this Lab Note, we look at how to choose and apply FPGA 1/0 standards for real-world
digital interfaces, covering both on-board and off-board signaling paths, and focusing on the
electrical behaviors that matter in practice. These include drive strength, slew rate, noise
margins, termination, differential signaling, high-speed effects, and the constraints imposed
by 170 banking

It provides a clear structure and model for selecting the right signaling standard,
understanding its electrical implications, and designing interfaces that behave predictably on
actual hardware.

Context

Modern FPGAs support a wide range of 1/0 standards, ranging from basic LVCMOS GPIO to
multi-gigabit differential links. Each brings its own expectations for voltage levels, termination,
impedance, noise tolerance, and switching behavior. Choosing the wrong standard, or using
the right one incorrectly, can result in ground bounce, metastability, excessive ringing and
timing violations.

That's because 170 behavior involves far more than logic levels. It is shaped by transistor
characteristics, PCB geometry, package inductance, simultaneous-switching limits, and the
physics of transmission lines. Many FPGA outputs switch in well under a nanosecond, which
means that even modest-speed interfaces effectively operate as high-speed signals once
they leave the device.

Standards also differ in whether they use voltage-mode or current-mode signaling. Examples
such as LVDS should be treated as current-mode, a distinction that drives their termination
requirements, noise behavior, and layout constraints. A robust FPGA design must account for
all of these factors early in the design process.
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Overview

FPGA |/0 standards fall into two categories. Unbalanced standards such as LVCMOS and
LVTTL use push-pull or open-drain drivers referenced to ground. Balanced standards such as
LVDS or TMDS use complementary pairs. These categories determine electrical behavior,
noise rejection, and termination requirements.

Unbalanced outputs rely on controlled drive strength, slew rate and load management.
Without them, excessive current, ringing or ground bounce can occur. Unbalanced inputs rely
on threshold voltages or proportional thresholds and may require Schmitt-trigger behavior to
tolerate slow or noisy edges. Meanwhile, balanced interfaces require controlled impedance,
matched routing and appropriate termination.

At higher speeds, PCB traces behave as transmission lines, and reflections dominate unless
properly terminated. Modern FPGA outputs often achieve sub-nanosecond rise and fall times,
so even low-frequency interfaces must be treated as high-speed. Termination strategies such
as source damping, load termination, or double termination become essential. Very
high-speed interfaces introduce additional challenges such as impedance discontinuities
from vias, attenuation and the need for AC-coupling and DC-balanced encoding.

Together, these considerations require a workflow that moves from understanding signaling
requirements to selecting the right standard, designing the electrical interface, managing 1/0
banking and ensuring signal integrity across on-board and off-board interconnects.

Requirements

Arobust I/0 design depends on having the right information, tools, and hardware available
before implementation begins. This ensures the interface can be modelled, measured and
verified under real operating conditions. You will need:

O FPGA documentation for supported /0 standards, electrical limits and 1/0 banking
rules.

O PCB stack-up information to define controlled-impedance traces and differential-pair
geometry.

O Signal-integrity (SI) simulation tools to analyze reflections, termination behavior and
crosstalk.

O Oscilloscopes and differential probes to measure rise/fall times, ringing, overshoot
and differential swing.

O Clear interface specifications from connected devices, including voltage levels,
thresholds and termination expectations.

O Access to off-board drivers or receivers, if the design requires extended voltage
ranges, long cables or electrical isolation.

O Compliance documentation for appropriate standards or other high-speed interfaces.
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Key concepts

Unbalanced signaling

Unbalanced (single-ended) signaling drives a voltage relative to ground using push-pull or
open-drain structures. Standards such as LVCMOS and LVTTL use wide parallel transistors to
source or sink current, with drive strength set by enabling subsets of those devices. The slew
rate is then shaped to limit EMI and ringing, and both pin- and bank-level load limits apply.
Note, however, that if too many outputs switch at once, ground or power bounce can occur.

On the input side, inputs use fixed or proportional thresholds, as in SSTL or HSTL. Because
slow or noisy edges may linger in the switching region, Schmitt-trigger inputs reduce the
probability of metastability. Finally, absolute-maximum ratings define how far beyond the rails
an input may be driven when current is limited.

Tristate and open-drain behavior

A tristate output can act as either an input or an output because the driver can be disabled
entirely. Open-drain behavior is also more constrained. The pin can only pull low and depends
on a resistor to rise. Both behaviors are implemented through 1/0 buffers that selectively
enable or disable the output transistors.

Startup behavior

During configuration, most FPGAs tristate their pins and enable internal pull-ups. This default
state is usually safe for active-low signals, but active-high lines may need external pull-downs
to prevent unintended activation. For that reason, startup behavior must be considered when
defining reset circuits and external interfaces.

/0 banking

FPGA pins are arranged into banks that share supply rails, and the chosen bank voltage
determines which 1/0 standards and thresholds are available. Banks also help isolate current
flows, reducing ground and supply bounce. High-current outputs should be distributed so
that simultaneous-switching limits are not exceeded.

Interoperability

Different logic families can interoperate as long as their voltage levels and thresholds align.
While higher-voltage outputs may need attenuation, lower-voltage outputs can sometimes
drive higher-voltage inputs if, for example, the logic-high level exceeds the required
threshold. Device-specific input-protection rules define how much overvoltage is tolerable
and for how long.

High-speed signaling

It is the edge rate, not the clock frequency, that determines whether a signal behaves as
high-speed. Because FPGA outputs often switch in under a nanosecond, many off-chip
signals effectively act as transmission lines. When the transition time approaches the PCB
trace's propagation delay, reflections dominate unless the line is terminated correctly.
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Transmission-line effects

Every PCB trace has a characteristic impedance, typically 50-100 Q. Mismatches between the
trace and the load create reflections, and termination strategies such as load, source or
double termination are used to control them. CMOS-level outputs often benefit from a small
series resistor at the source to reduce overshoot and undershoot. The trace impedance itself
depends on geometry, layer structure and proximity to ground planes.

Balanced signaling

In differential signaling, a complementary pair of conductors helps reject common-mode
noise. Standards such as LVDS and TMDS uses current-mode drivers, while R5485 uses
voltage-mode signaling. Differential pairs require matched routing, controlled differential
impedance and appropriate termination. On-board routing focuses on length matching and
consistent coupling, while off-board links may need common-mode chokes or AC-coupling
to handle ground differences.

Very high-speed interfaces

At gigabit rates, rise times fall to tens of picoseconds, and even short PCB traces introduce
noticeable distortion. Vias become impedance discontinuities, attenuation increases and
equalization may be required. Current-mode logic (including standards such as LVDS, TMDS
and CML)) often uses AC-coupling and DC-balanced encoding schemes such as 8b/10b or
64b/66b to maintain signal integrity.

Design trade-offs

Choosing an 170 standard means balancing several competing factors. Unbalanced
standards such as LVCMOS and LVTTL are simple and flexible, but their behavior depends
heavily on drive strength, slew rate and load limits. On the one hand, too many simultaneous
transitions can cause ground or power bounce, and on the other, fast edges increase ringing
and EMI.

Differential standards such as LVDS or RS485 provide strong noise immunity and support
higher speeds. They also, however, demand controlled-impedance routing, matched lengths
and correct termination

Compare this with high-speed interfaces which behave as transmission lines, so termination
strategy, PCB geometry and impedance discontinuities become part of the trade-off. Or
very-high-speed links which add further constraints. Here, vias introduce distortion,
attenuation increases and equalization may be required. Finally, memory interfaces such as
HSTL, SSTL and DDR add their own requirements, including reference voltages, defined
impedance and tightly matched trace lengths to keep data and clock edges aligned.
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Implementation

Define the signaling requirements

Before choosing an 1/0 standard, you need a clear picture of what the interface must do
electrically and functionally. This includes voltage levels, speed, topology and the
environment the signals must survive in.

O Identify voltage levels and compatibility: Determine required logic levels at the
FPGA and remote device, and whether existing logic families (TTL, HCT, etc.) can be
driven safely.

O Classify interface type: Decide if the interface is point-to-point, multidrop or a shared
bus (e.g., I°C, DDR, R5485).

O Estimate maximum speed: Determine if rise/fall time and trace length make the link
high-speed.

O Assess distance and medium: Note whether the connection is on-board, across a
backplane, or off-board via cable.

O Characterize environment: Consider noise sources, ground differences and EMC
constraints.

Select the appropriate 1/0 standard
With the requirements defined, you can choose between unbalanced and balanced
standards, and between low-voltage, high-voltage or memory-oriented families.

O Choose unbalanced vs balanced:
o Use LVCMOS / LVTTL for general-purpose, short-range digital I/0.
o Use HSTL / SSTL for memory interfaces and defined impedance buses.
o Use LVDS 7/ RSDS /7 TMDS / CML for high-speed differential links and RS485 or
long-distance robust differential communication.
O Match standard to topology:
o Point-to-point: HSTL, LVDS, TMDS, many CMOS links.
o Multidrop: SSTL, RS485, open-drain buses.
O Confirm bank support: Check that the chosen standard is supported at the intended
bank voltage.
O Review termination expectations: Note whether the standard assumes on-chip or
external termination, and where it should be placed.

Configure drive strength and slew rate

Drive strength and slew rate control how aggressively the FPGA pushes current into the
interconnect. Correct settings reduce ringing, EMI and ground bounce while still meeting
timing.

O Start with minimum drive: Select the lowest drive current that still meets VOH/VOL at
the expected load.

O Select slowest acceptable slew: Use the slowest slew-rate setting that still meets
timing to reduce overshoot and EMI.
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O Respect bank current limits: Check total current and simultaneous switching output
(SSO) limits for the 1/0 bank.

O Validate with IV curves / datasheet: Confirm that configured drive strength meets the
standard's voltage thresholds across PVT.

O Plan for damping: If needed, budget for small series resistors at the source to
complement the chosen drive strength.

O Review output-current characteristics: Use the device's output-current plots to
confirm the chosen drive setting maintains the required voltage.

Design for noise immunity
Noise on unbalanced inputs and ground/power bounce can cause false transitions or
metastability. The goal here is to ensure clean, robust logic levels at the FPGA pins.

O Use Schmitt-trigger inputs where needed: Prefer Schmitt-trigger inputs for slow or
noisy edges (e.g., RC resets, mechanical signals).

O Check noise margins: Ensure output levels from the driving device sit comfortably
within the input ranges, with margin for noise.

O Limit simultaneous switching: Distribute high-current outputs across banks and
respect SSO/SSI limits.

O Apply pull-ups / pull-downs: Enable or add pull-ups/pull-downs to define safe
default states on unused or asynchronous inputs.

O Consider RC filtering: Add simple RC filters on particularly noisy or glitch-prone
signals where latency allows.

O Respect input limits: Ensure any over- or under-voltage excursions remain within the
device's continuous and pulsed limits, using series resistance where needed.

Apply termination and impedance control
Once edge rates are high enough that traces behave as transmission lines, you must treat the
interconnect as a controlled-impedance system and terminate it correctly.

O Determine if the link is high-speed: Compare rise/fall time to trace flight time, and
treat as a transmission line if they are comparable.

O Obtain PCB stack-up: Get layer thickness and dielectric data to calculate or specify
characteristic impedance (e.g., 50-100 Q).

O Choose termination strategy: Determine if it should be load, source or double
termination depending on the standard.

O Size resistors: Use typical values (e.g., 22-47 Q series for CMOS; 50 Q differential for
LVDS) consistent with the calculated Zo.

O Route controlled-impedance traces: Maintain consistent width, spacing and
reference planes, while routing differential pairs together with matched length.

O Avoid unnecessary discontinuities: Minimize vias, stubs and abrupt width changes,
especially for very high-speed links.

O Use source damping for CMOS loads: Add a small series resistor at the driver when
driving high-impedance CMOS inputs to reduce overshoot and undershoot.
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Manage 1/0 banking and voltage rails

/O banks constrain which standards can coexist and how much current can be drawn. Good
banking avoids impossible combinations and reduces noise.

O Group related interfaces: Place signals using the same standard and voltage in the
same bank where possible.

O Check bank voltage options: Confirm that the chosen VCCO supports all required
standards in that bank.

O Distribute high-current outputs: Spread high-drive or high-activity pins across banks
to reduce ground bounce.

O Plan startup behavior: Verify how each bank's pins behave during configuration
(pull-ups, tri-state), and ensure external circuitry sees safe levels.

O Reserve special pins: Keep clock-capable and dedicated pins free for their intended
roles where needed.

Integrate offboard drivers and receivers

Offboard links and harsh environments often benefit from dedicated line drivers and receivers
that protect the FPGA and improve signal quality.

O Identify offboard paths: List all signals leaving the PCB or travelling long distances on
the board.

O Select appropriate transceivers: Choose RS485, LVDS, CML or dedicated line
drivers/receivers as needed for voltage range, distance, and speed.

O Use buffers as sacrificial elements: Place drivers/receivers between the FPGA and
connectors to absorb ESD, surges and cable faults.

O Add equalization where needed: For long or high-speed cables, choose devices with
pre-emphasis or equalization.

O Provide proper isolation: Use AC-coupling, transformers or common-mode chokes
where DC offsets or ground differences are expected.

O Verify compliance: Check that the combined FPGA + buffer solution meets the target
standard’s electrical and timing requirements.

Verification

Verification covers several distinct checks. Firstly, it confirms that the interface behaves
correctly under the electrical conditions defined by the chosen |/0 standard. This includes
checking voltage levels, rise and fall times and termination behavior. Noise margins should
also be reviewed at this stage.

Oscilloscope measurements should then confirm clean transitions, minimal ringing and

correct differential behavior, with particular attention paid to overshoot and reflections on
high-speed lines.
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Next, simulation validates impedance and crosstalk, while hardware testing confirms startup
behavior and interoperability. Robustness under load should also be confirmed here because
some issues only appear during hardware testing. Simultaneous switching limits should also
be verified to ensure that ground or power bounce does not corrupt input thresholds.

Differential pairs must be checked for length matching and correct termination between the
two wires. For memory interfaces such as DDR, verification should confirm matched trace
lengths and clock/data alignment. Finally, compliance with the required termination and
reference-voltage schemes should be confirmed.

Verification checklist

O Voltage-level compliance: Inputs/outputs meet the required logic thresholds for the
chosen I/0 standard.

O Edge-rate and drive-strength check: Rise/fall times and drive settings behave as
expected with no excessive overshoot.

O Termination correctness: Required series, parallel, or differential termination is
present and correctly sized.

O Impedance and routing integrity: Controlled-impedance traces and differential pairs
are routed and matched appropriately.

O Noise and ringing assessment: Oscilloscope captures show clean transitions with
acceptable ringing and noise margin.

O 170 banking rules: Bank voltages and standards are compatible; SSO/SSI limits are
respected.

O Startup behavior: Pull-ups, pull-downs, and tristate defaults do not cause unintended
activation.

O Interoperability: Connected devices agree on voltage levels, thresholds, and
termination expectations.

O High-speed behavior: Transmission-line effects are controlled; reflections and
impedance discontinuities are acceptable.

O Memory-interface timing (if applicable). DDR/SSTL/HSTL interfaces meet
length-matching and reference-voltage requirements.

Expected output

A successful implementation produces clean, reliable signaling with predictable voltage
levels, controlled transitions and stable behavior across temperature, supply variation and
noise conditions. Ideally, high-speed interfaces exhibit minimal reflections, controlled
overshoot and undershoot, and correct termination behavior. Differential pairs also maintain
tight matching, reject common-mode noise and present a stable differential swing at the
receiver.
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As a result, the system should behave predictably during startup, with safe default states and
no unintended activation of external devices. Simultaneous switching limits are also
respected, avoiding ground or power bounce that could corrupt inputs. Memory interfaces
such as DDR show matched arrival times, correct reference-voltage behavior and stable
sampling windows. Across all operational scenarios, the interface remains robust,
interoperable and electrically compliant.

Variations

Different applications require different signaling strategies. Low-speed control interfaces, for
example, may use simple LVCMOS with modest drive strength and slow slew rates. Memory
interfaces require HSTL or SSTL, with defined reference voltages, on-chip termination and
carefully matched trace lengths. High-speed serial links use LVDS, TMDS or CML, each with
its own voltage-mode or current-mode behavior, controlled impedance requirements and
termination schemes.

Off-board communication may also require RS485 or buffered LVDS to handle long distances,
extended common-mode ranges or harsh electrical environments. Very high-speed
interfaces may also require AC coupling, DC-balanced encoding and equalization to
compensate for attenuation and impedance discontinuities. FPGA 1/0 flexibility allows these
interfaces to coexist, provided that banking, voltage rails, and electrical constraints are
respected.
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