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Ensuring that your external memory interface meets the various timing requirements
of today’s high-speed memory devices can be a challenge. Altera addresses this
challenge by offering external memory physical layer (PHY) interface IPs—
ALTMEMPHY and UniPHY, which employ a combination of source-synchronous and
self-calibrating circuits to maximize system timing margins. This PHY interface is a
plug-and-play solution that the Quartus® I TimeQuest Timing Analyzer timing
constrains and analyzes. The ALTMEMPHY and UniPHY IP, and the numerous
device features offered by Arria®II, Arria V, Cyclone® III, Cyclone IV, Cyclone V,
Stratix® III, Stratix IV, and Stratix V FPGAs, greatly simplifies the implementation of
an external memory interface. All the information presented in this document for
Stratix IIT and Stratix IV devices is applicable to HardCopy® Il and HardCopy IV
devices, respectively.

This chapter details the various timing paths that determine overall external memory
interface performance, and describes the timing constraints and assumptions that the
PHY IP uses to analyze these paths.

“ e This chapter focuses on timing constraints for external memory interfaces based on

the ALTMEMPHY and UniPHY IP. For information about timing constraints and
analysis of external memory interfaces and other source-synchronous interfaces based
on the ALTDQ_DQS and ALTDQ_DQS2 megafunctions, refer to AN 433: Constraining
and Analyzing Source-Synchronous Interfaces and the Quartus II TimeQuest Timing
Analyzer chapter in volume 3 of the Quartus II Handbook.

External memory interface timing analysis is supported only by the TimeQuest
Timing Analyzer, for the following reasons:

m The wizard-generated timing constraint scripts only support the TimeQuest
analyzer.

m  The Classic Timing Analyzer does not offer analysis of source-synchronous
outputs. For example, write data, address, and command outputs.

m The Classic Timing Analyzer does not support detailed rise and fall delay analysis.

The performance of an FPGA interface to an external memory device is dependent on
the following items:

m Read datapath timing

m  Write datapath timing

m  Address and command path timing
u

Clock to strobe tlmlng (tDQSS in DDR and DDR2 SDRAM, and tHKEH in QDR 11
and QDRII+ SRAM)
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m Read resynchronization path timing (applicable for DDR, DDR2, and DDR3
SDRAM in Arria II, Arria V, Stratix III, Stratix IV, and Stratix V devices)

m Read postamble path timing (applicable for DDR and DDR2 SDRAM in Stratix II
devices)

m  Write leveling path timing (applicable for DDR3 SDRAM with ALTMEMPHY and
DDR2 and DDR3 SDRAM with UniPHY)

m PHY timing paths between I/O element and core registers

m PHY and controller internal timing paths (core fyjax and reset recovery/removal)

m I/0O toggle rate

m  Output clock specifications

m Bus turnaround timing (applicable for RLDRAM II and DDR2 and DDR3 SDRAM
with UniPHY)

External memory interface performance depends on various timing components, and
overall system level performance is limited by performance of the slowest link (that is,
the path with the smallest timing margins).

Memory Interface Timing Components

There are several categories of memory interface timing components, including
source-synchronous timing paths, calibrated timing paths, internal FPGA timing
paths, and other FPGA timing parameters.

Understanding the nature of timing paths enables you to use an appropriate timing
analysis methodology and constraints. The following section examines these aspects
of memory interface timing paths.

Source-Synchronous Paths

These are timing paths where clock and data signals pass from the transmitting device
to the receiving device.

An example of such a path is the FPGA-to-memory write datapath. The FPGA device
transmits DQ output data signals to the memory along with a center-aligned DQS
output strobe signal. The memory device uses the DQS signal to clock the data on the
DQ pins into its internal registers.

For brevity, the remainder of this chapter refers to data signals and strobe and clock
signals as DQ signals and DQS signals, respectively. While the terminology is
formally correct only for DDR-type interfaces and does not match QDR II, QDR II+
and RLDRAM II pin names, the behavior is similar enough that most timing
properties and concepts apply to both. The clock that captures address and command
signals is always referred to as CK/CK# too.
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Calibrated Paths

These are timing paths where the clock used to capture data is dynamically positioned
within the data valid window (DVW) to maximize timing margin.

For Arria Il FPGAs interfacing with a DDR2 and DDR3 SDRAM controller with
ALTMEMPHY IP, the resynchronization of read data from the DQS-based capture
registers to the FPGA system clock domain is implemented using a self-calibrating
circuit. On initialization, the sequencer block analyzes all path delays between the
read capture and resynchronization registers to set up the resynchronization clock
phase for optimal timing margin.

In Cyclone III and Cyclone IV FPGAs, the ALTMEMPHY IP performs the initial data
capture from the memory device using a self-calibrating circuit. The ALTMEMPHY IP
does not use the DQS strobes from the memory for capture; instead, it uses a dynamic
PLL clock signal to capture DQ data signals into core LE registers.

For UniPHY-based controllers, the sequencer block analyzes all path delays between
the read capture registers and the read FIFO buffer to set up the FIFO write clock
phase for optimal timing margin. The read postamble calibration process is
implemented in a similar manner to the read resynchonization calibration. In
addition, the sequencer block calibrates a read data valid signal to the delay between a
controller issuing a read command and read data returning to controller.

In DDR2 and DDR3 SDRAM and RLDRAM II with UniPHY, the UniPHY IP calibrates
the write-leveling chains and programmable output delay chain to align the DQS
edge with the CK edge at memory to meet the tpngs, tpss, and tpgy specifications.

UniPHY IP enables the dynamic deskew calibration with NIOS sequencer for read
and write paths. Dynamic deskew process uses the programmable delay chains that
exist within the read and write data paths to adjust the delay of each DQ and DQS pin
to remove the skew between different DQ signals and to centre-align the DQS strobe
in the DVW of the DQ signals. This process occurs at power up for the read and the
write paths.

Internal FPGA Timing Paths

Other timing paths that have an impact on memory interface timing include FPGA
internal f\j5x paths for PHY and controller logic. This timing analysis is common to all
FPGA designs. With appropriate timing constraints on the design (such as clock
settings), the TimeQuest Timing Analyzer reports the corresponding timing margins.

For more information about the TimeQuest Timing Analyzer, refer to the Quartus I1
TimeQuest Timing Analyzer chapter in volume 3 of the Quartus Il Handbook.

Other FPGA Timing Parameters

Some FPGA data sheet parameters, such as I/O toggle rate and output clock
specifications, can limit memory interface performance.

170 toggle rates vary based on speed grade, loading, and I/O bank location—
top/bottom versus left/right. This toggle rate is also a function of the termination
used (OCT or external termination) and other settings such as drive strength and slew
rate.
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['=~ Ensure you check the I/O performance in the overall system performance calculation.
Altera recommends that you perform signal integrity analysis for the specified drive
strength and output pin load combination.

“ e For information about signal integrity, refer to the board design guidelines chapters
and AN 476: Impact of 1/O Settings on Signal Integrity in Stratix III Devices.

Output clock specifications include clock period jitter, half-period jitter, cycle-to-cycle
jitter, and skew between FPGA clock outputs. You can obtain these specifications from
the FPGA data sheet and must meet memory device requirements. You can use these
specifications to determine the overall data valid window for signals transmitted
between the memory and FPGA device.

FPGA Timing Paths

This topic describes the FPGA timing paths, the timing constraints examples, and the
timing assumptions that the constraint scripts use.

In Arria II, Arria V, Stratix 111, Stratix IV, and Stratix V devices, the interface margin is
reported based on a combination of the TimeQuest Timing Analyzer and further steps
to account for calibration that occurs at runtime. First the TimeQuest analyzer returns
the base setup and hold slacks, and then further processing adjusts the slacks to
account for effects which cannot be modeled in TimeQuest.

Arria Il Device PHY Timing Paths

Table 10-1 lists all Arria II devices external memory interface timing paths.

Table 10-1. Arria Il Devices External Memory Interface Timing Paths (7 (Part 1 of 2)

Timing Path Circuit Category Source Destination
Read Data @, () Source-Synchronous Memory DQ, DQS Pins DQ Capture Registers in I0E
Write Data (), 7 Source-Synchronous | FPGA DQ, DS Pins nemory D4, DM, and DAS
Address and command @ Source-Synchronous ;Tr?sA CK/CK# and Addr/Cmd Memory Input Pins
FPGA CK/CK# and DQS .
_t0- 2 B}
Clock-to-Strobe Source-Synchronous Output Pins Memory Input Pins
Read Resynchronization 2, () | Calibrated IOE Capture Registers ::{OE .Resynchromzatlon
egisters
Read Resynchronization (2, (6) | Calibrated |OE Capture Registers Read FIFO in FPGA Core
PHY I0E-Core Paths (2, (3) Source-Synchronous ::?E .Resynchronlzatlon FIFO in FPGA Core
egisters
E;ﬁ;r}g Controller Internal Internal Clock fyax Core Registers Core Registers
/0 Toggle Rate (4 I/0 FPGA Output Pin Memory Input Pins
External Memory Interface Handbook November 2011  Altera Corporation
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Table 10-1. Arria Il Devices External Memory Interface Timing Paths (7 (Part 2 of 2)

Timing Path Circuit Category Source Destination
Output Clock Specifications . .
(Jitter, DCD) (9 1/0 FPGA Qutput Pin Memory Input Pins

Notes to Table 10-1:

(

(@
3
(4
(5
(6
(7

)
)
)
)
) Only for UniPHY IP.
)

Arria Il GX devices use source-synchronous and calibrated path.

1) Timing paths applicable for an interface between Arria Il devices and SDRAM component.
Timing margins for this path are reported by the TimeQuest Timing Analyzer Report DDR function.
Only for ALTMEMPHY megafunctions.
Altera recommends that you perform signal integrity simulations to verify I/0 toggle rate.
For output clock specifications, refer to the Arria Il Device Data Sheet chapter of the Arria I Handbook.

(= UniPHY IP interfaces bypass the synchronization registers.

Figure 10-1 shows the Arria II GX devices input datapath registers and circuit types.

Figure 10-1. Arria Il GX Devices Input Data Path Registers and Circuit Types in SDRAM Interface
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Figure 10-2 shows the Arria II GZ devices input datapath registers and circuit types.

Figure 10-2. Arria Il GZ Devices Input Data Path Registers and Gircuit Types in SDRAM Interface
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Stratix Il and Stratix IV PHY Timing Paths

A closer look at all the register transfers occurring in the Stratix III and Stratix IV
input datapath reveals many source-synchronous and calibrated circuits.

[~ The information in Figure 10-3 and Table 10-2 are based on Stratix IV devices, but
they are applicable to Stratix III devices.
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Figure 10-3 shows a block diagram of this input path with some of these paths
identified for Stratix IV devices. The output datapath contains a similar set of circuits.

=5

Figure 10-3. Stratix IV Input Path Registers and Circuit Types in SDRAM Interface
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Table 10-2 lists the timing paths applicable for an interface between Stratix IV devices
and half-rate SDRAM components.

= The timing paths are also applicable to Stratix III devices, but Stratix III devices use
only source-synchronous path for read and write data paths.

Table 10-2. Stratix IV External Memory Interface Timing Paths (Part 1 of 2)

Timing Path

Circuit Category

Source

Destination

Read Data (7

Source-Synchronous
and Calibrated

Memory DQ, DQS Pins

DQ Capture Registers in I10E

Write Data (7)

Source-Synchronous
and Calibrated

FPGA DQ, DQS Pins

Memory DQ, DM, and DQS
Pins

Address and command (7

Source-Synchronous

FPGA CK/CK# and
Addr/Cmd Pins

Memory Input Pins

Clock-to-Strobe (7

Source-Synchronous

FPGA CK/CK# and DQS
Output Pins

Memory Input Pins
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Table 10-2. Stratix IV External Memory Interface Timing Paths (Part 2 of 2)

Timing Path Circuit Category Source Destination
o . . IOE Alignment and
1) (2
Read Resynchronization (7), Calibrated IOE Capture Registers Resynchronization Registers
Read Resynchronization (7, () Calibrated IOE Capture Registers Read FIFO in FPGA Core

PHY I0E-Core Paths (7, (2)

Source-Synchronous

IOE Half Data Rate
Registers and Half-Rate
Resynchronization Clock

FIFO in FPGA Core

PHY & Controller Internal Paths (7

Internal Clock fyax

Core registers

Core registers

/0 Toggle Rate )

I/0 — Data sheet

FPGA Qutput Pin

Memory Input Pins

Output Clock Specifications (Jitter,

DCD) @)

I/0 — Data sheet

FPGA Output Pin

Memory Input Pins

Notes to Table 10-2:

Only for UniPHY IP.

1) Timing margins for this path are reported by the TimeQuest Timing Analyzer Report DDR function.
Only for ALTMEMPHY megafunctions.
Altera recommends that you perform signal integrity simulations to verify I/0 toggle rate.
For output clock specifications, refer to the DC and Switching Characteristics chapter of the Stratix IV Device Handbook.

Arria V, Cyclone V, and Stratix V Timing paths
Figure 10—4 shows a block diagram of the Stratix V input data path.

Figure 10-4. Arria V, Cyclone V, and Stratix V Input Data Path
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Table 10-3 lists all Stratix V devices external memory interface timing paths.

Table 10-3. Stratix V External Memory Interface Timing Paths (7

Timing Path

Circuit Category

Source

Destination

Read Data @

Source-Synchronous
and Calibrated

Memory DQ, DQS Pins

DQ Capture Registers in 10E

Write Data @

Source-Synchronous

Memory DQ, DM, and DQS

FPGA DQ, DM, DQS Pins

and Calibrated Pins

Address and command (@

Source-Synchronous

FPGA CK/CK# and
Addr/Cmd Pins

Memory Input Pins

Clock-to-Strobe (2

Source-Synchronous

FPGA CK/CK# and DQS
Output Pins

Memory Input Pins

Read Resynchronization @

Source-Synchronous

IOE Capture Registers

Read FIFO in IOE

PHY & Controller Internal Paths (2

Internal Clock fyax

Core Registers

Core Registers

i/0 Toggle Rate (%)

I/0 — Data sheet

FPGA Output Pin

Memory Input Pins

Output Clock Specifications (Jitter,
DCD) @

I/0 — Data sheet

FPGA Output Pin

Memory Input Pins

Notes to Table 10-3:

2

4

(1) This table lists the timing paths applicable for an interface between Arria V, Cyclone V, and Stratix V devices and half-rate SDRAM components.
(2) Timing margins for this path are reported by the TimeQuest Timing Analyzer Report DDR function.
(3) Altera recommends that you perform signal integrity simulations to verify 1/0 toggle rate.

(4) For output clock specifications, refer to the DC and Switching Characteristics chapter of the Stratix V Device Handbook.

Cyclone lll and Cyclone IV PHY Timing Paths

Table 104 lists the various timing paths in a Cyclone III and Cyclone IV memory
interface. Cyclone III and Cyclone IV devices use a calibrated PLL output clock for
data capture and ignore the DQS strobe from the memory. Therefore, read
resynchronization and postamble timing paths do not apply to Cyclone III and
Cyclone IV designs. The read capture is implemented in LE registers specially placed
next to the data pin with fixed routing, and data is transferred from the capture clock
domain to the system clock domain using a FIFO block. Figure 10-5 shows the
Cyclone III and Cyclone IV input datapath registers and circuit types.

Table 10-4. Cyclone Ill and Cyclone IV SDRAM External Memory Interface Timing Paths (7 (Part 1 of 2)

Timing Path

Circuit Category

Source

Destination

Read Data @

Calibrated

Memory DQ, DQS Pins

FPGA DQ Capture
Registers in LEs

Write Data @

Source-Synchronous

FPGA DQ, DQS Pins

Memory DQ, DM, and DQS
Pins

Address and command (@

Source-Synchronous

Pins

FPGA CK/CK# and Addr/Cmd

Memory Input Pins

Clock-to-Strobe 2

Source-Synchronous

FPGA CK/CK# and DQS
Output Pins

Memory Input Pins

PHY Internal Timing (2

Internal Clock fyax

LE Half Data Rate Registers

FIFO in FPGA Core

/0 Toggle Rate (9

I/0 — Data sheet
I/0 Timing section

FPGA Output Pin

Memory Input Pins
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Table 10-4. Cyclone Ill and Cyclone IV SDRAM External Memory Interface Timing Paths (7 (Part 2 of 2)

Timing Path Circuit Category Source Destination
I . I/0 — Data sheet
gg%’)”t(g'oc" Specifications (Jitter, | g -ping FPGA Output Pin Memory Input Pins
Characteristics section

Notes to Table 10-4:

(1) Table 104 lists the timing paths applicable for an interface between Cyclone Il and Cyclone IV devices and SDRAM.

2

4
Device Handbook

(2) Timing margins for this path are reported by the TimeQuest Timing Analyzer Report DDR function.
(3) Altera recommends that you perform signal integrity simulations to verify I/0 toggle rate.
(4) For output clock specifications, refer to the DC and Switching Characteristics chapter of the Cyclone 11l Device Handbook and of the Cyclone 1V

Figure 10-5. Cyclone Il or Cyclone IV Input Data Path Registers and Circuit Types in SDRAM Interface
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Timing Constraint and Report Files
The timing contraints differ for the ALTMEMPHY megafunction and the UniPHY IP.

ALTMEMPHY Megafunction

To ensure a successful external memory interface operation, the ALTMEMPHY
MegaWizard™ Plug-In Manager generates the following files for timing constraints
and reporting scripts:

m <variation_name>phy_ddr_timing.sdc
m  <variation_name>phy_ddr_timing.tcl (except Cyclone III devices)
m  <variation_name>phy_report_timing.tcl
m <variation_name>phy_report_timing core.tcl (except Cyclone III devices)
m  <variation_name>phy_ddr_pins.tcl
External Memory Interface Handbook November 2011  Altera Corporation
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<variation_name>_ddr_timing.sdc

The Synopsys Design Constraints File (.sdc) has the name
<controller_variation_name>_phy_ddr_timing.sdc when you instantiate the
ALTMEMPHY megafunction in the Altera® memory controller, and has the name
<phy_variation_name>_ddr_timing.sdc when you instantiate the ALTMEMPHY
megafunction as a stand-alone design.

To analyze the timing margins for all ALTMEMPHY megafunction timing paths,
execute the Report DDR function in the TimeQuest Timing Analyzer; refer to the
“Timing Analysis Description” on page 10-13. No timing constraints are necessary (or
specified in the .sdc) for Arria II GX devices read capture and write datapaths,
because all DQ and DQS pins are predefined. The capture and output registers are
built into the IOE, and the signals are using dedicated routing connections. Timing
constraints have no impact on the read and write timing margins. However, the
timing margins for these paths are analyzed using FPGA data sheet specifications and
the user-specified memory data sheet parameters.

The ALTMEMPHY megafunction uses the following .sdc constraints for internal
FPGA timing paths, address and command paths, and clock-to-strobe timing paths:

m  Creating clocks on PLL inputs

m Creating generated clocks using deri ve_pl | _cl ocks, which includes all full-rate
and half-rate PLL outputs, PLL reconfiguration clock, and I/O scan clocks

m Calling derive_cl ock_uncertainty
m Cutting timing paths for DDR I/0O, calibrated paths, and most reset paths
m Setting output delays on address and command outputs (versus CK/CK# outputs)

m Setting 2T or two clock-period multicycle setup for all half-rate address and
command outputs, except nCS and on-die termination (ODT) (versus CK/CK#
outputs)

m  Setting output delays on DQS strobe outputs (versus CK/CK# outputs for DDR2
and DDR SDRAM)

The high-performance controller MegaWizard Plug-In Manager generates an extra
<variation_name>_example_top.sdc for the example driver design. This file contains
the timing constraints for the non-DDR specific parts of the project.

<variation_name>_ddr_timing.tcl

This script includes the memory interface and FPGA device timing parameters for
your variation. It is included within <variation_name>_report_timing.tcl and
<variation_name>_ddr_timing.sdc and runs automatically during compilation. This
script is run for every instance of the same variation. Cyclone III devices do not have
this .tcl file. All the parameters are in the .sdc.

<variation_name>_report_timing.tcl

This script reports the timing slacks for your variation. It runs automatically during
compilation. You can also run this script with the Report DDR task in the TimeQuest
Timing Analyzer window. This script is run for every instance of the same variation.

November 2011  Altera Corporation External Memory Interface Handbook

Volume 2: Design Guidelines



10-12

Chapter 10: Analyzing Timing of Memory IP
Timing Constraint and Report Files

o
ps
S

=
>

<variation_name>_report_timing_core.tcl

This script contains high-level procedures that <variation_name>_report_timing.tcl
uses to compute the timing slacks for your variation. It runs automatically during
compilation. Cyclone III devices do not have this .tcl file.

<variation_name>_ddr_pins.tcl

This script includes all the functions and procedures required by the
<variation_name>_report_timing.tcl and <variation_name>_ddr_timing.sdc scripts. It
is a library of useful functions to include at the top of an .sdc. It finds all the variation
instances in the design and the associated clock, register, and pin names of each
instances. The results are saved in the same directory as the .sdc and
<variation_name>_report_timing.tcl as <variation_name>_autodetectedpins.tcl.

Because this .tcl file traverses the design for the project pin names, you do not need to
keep the same port names on the top level of the design.

UniPHY IP

To ensure a successful external memory interface operation, the UniPHY IP generates
two sets of files for timing constraints but in different folders and with slightly
different filenames. One set of files are used for synthesis project, which is available
under the <variation_name> folder located in the main project folder while the other
set of files are the example designs, located in the <variation_name>example
design\example_project folder.

The project folders contain the following files for timing constraints and reporting
scripts:

B <variation_name>.sdc

m  <variation_name>_timing.tcl

m  <variation_name>_report_timing.tcl

m <variation_name>_report_timing_core.tcl
B <variation_name>_pin_map.tcl

B <variation_name>_parameters.tcl

<variation_name>.sdc

The <variation_name>.sdc is listed in the wizard-generated Quartus II IP File (.qip).
Including this file in the project allows the Quartus II Synthesis and Fitter to use the
timing driven compilation to optimize the timing margins.

To analyze the timing margins for all UniPHY timing paths, execute the Report DDR
function in the TimeQuest Timing Analyzer.

The UniPHY IP uses the .sdc to constrain internal FPGA timing paths, address and
command paths, and clock-to-strobe timing paths, and more specifically:

m  Creating clocks on PLL inputs
m Creating generated clocks

m Calling derive_cl ock_uncertainty

External Memory Interface Handbook November 2011  Altera Corporation
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m Cutting timing paths for specific reset paths
m Setting input and output delays on DQ inputs and outputs
m Setting output delays on address and command outputs (versus CK/CK# outputs)

<variation_name>_timing.tcl

This script includes the memory, FPGA, and board timing parameters for your
variation. It is included within <variation_name>_report_timing.tcl and
<variation_name>.sdc. In multiple interface designs with PLL and DLL sharing, you
must change the master core name and instance name in this file for the slave
controller.

<variation_name>_report_timing.tcl

This script reports the timing slack for your variation. It runs automatically during
compilation (during static timing analysis). You can also run this script with the
Report DDR task in the TimeQuest Timing Analyzer. This script is run for every
instance of the same variation.

<variation_name>_report_timing_core.tcl

This script contains high-level procedures that the
<variation_name>_report_timing.tcl script uses to compute the timing slack for your
variation. This script runs automatically during compilation.

<variation_name>_pin_map.tcl

This script is a library of functions and procedures that the
<variation_name>_report_timing.tcl and <variation_name>.sdc scripts use. The
<variation_name>_pin_assignments.tcl script, which is not relevant to timing
constraints, also uses this library.

<variation_name>_parameters.tcl

This script defines some of the parameters that describe the geometry of the core and
the PLL configuration. Do not change this file, except when you modify the PLL
through the MegaWizard Plug-In Manager. In this case, the changes to the PLL
parameters do not automatically propagate to this file and you must manually apply
those changes in this file.

Timing Analysis Description

The following sections describe the timing analysis using the respective FPGA data
sheet specifications and the user-specified memory data sheet parameters.

For detailed timing analysis description, refer to the scripts listed in “Timing
Constraint and Report Files” on page 10-10.

To account for the effects of calibration, the ALTMEMPHY and UniPHY IP include
additional scripts that are part of the <phy_variation_name>_report_timing.tcl and
<phy_variation_name>_ report_timing_core.tcl files that determine the timing margin
after calibration. These scripts use the setup and hold slacks of individual pins to
emulate what is occurring during calibration to obtain timing margins that are
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representative of calibrated PHYs. The effects considered as part of the calibrated
timing analysis include improvements in margin because of calibration, and
quantization error and calibration uncertainty because of voltage and temperature
changes after calibration. The calibration effects do not apply to Stratix III and
Cyclone III devices.

Address and Command

Address and command signals are single data rate signals latched by the memory
device using the FPGA output clock. Some of the address and command signals are
half-rate data signals, while others, such as the chip select, are full-rate signals. The
TimeQuest Timing Analyzer analyzes the address and command timing paths using
the set _out put _del ay (max and mn) constraints.

PHY or Core

Timing analysis of the PHY or core path includes the path of soft registers in the
device and the register in the I/ O element. However, the analysis does not include the
paths through the pin or the calibrated path. The PHY or core analyzes this path by
calling the report _ti m ng command in <variation_name>_report_timing.tcl and
<variation_name>_report_timing_core.tcl.

PHY or Core Reset

The PHY or core reset is the internal timing of the asynchronous reset signals to the
ALTMEMPHY or UniPHY IPs. The PHY or core analyzes this path by calling the
report_timng command in <variation_name>_report_timing.tcl and
<variation_name>_report_timing_core.tcl.

Read Capture and Write

Cyclone III and Stratix III memory interface designs perform read capture and write
timing analysis using the TCCS and SW timing specification. Read capture and write
timing analysis for Arria II, Cyclone IV, Stratix IV, and Stratix V memory interface
designs are based on the timing slacks obtained from the TimeQuest Timing Analyzer
and all the effects included with the Quartus II timing model such as die-to-die and
within-die variations, aging, systematic skew, and operating condition variations.
Because the PHY IP adjusts the timing slacks to account for the calibration effects,
there are two sets of read capture and write timing analysis numbers—Before
Calibration and After Calibration.

Cyclone Il and Stratix lll

This section details the timing margins, such as the read data and write data timing
paths, which the TimeQuest Timing Analyzer callates for Cyclone III and Stratix III
designs. Timing paths internal to the FPGA are either guaranteed by design and
tested on silicon, or analyzed by the TimeQuest Timing Analyzer using corresponding
timing constraints.
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For design guidelines about implementing and analyzing your external memory
interface using the PHY in Cyclone III, Stratix III, and Stratix IV devices, refer to the
design tutorials on the List of designs using Altera External Memory IP page of the
Altera Wiki website.
Timing margins for chip-to-chip data transfers can be defined as:

Margin = bit period — transmitter uncertainties — receiver requirements

where:

Sum of all transmitter uncertainties = transmitter channel-to-channel skew
(TCCS).

The timing difference between the fastest and slowest output edges on data
signals, including tco variation, clock skew, and jitter. The clock is included in the
TCCS measurement and serves as the time reference.

Sum of all receiver requirements = receiver sampling window (SW) requirement.

The period of time during which the data must be valid to capture it correctly. The
setup and hold times determine the ideal strobe position within the sampling
window.

B Receiver skew margin (RSKM) = margin or slack at the receiver capture register.

For TCCS and SW specifications, refer to the DC and Switching Characteristics chapter
of the Cyclone I1I Device Handbook or Stratix 111 Device Handbook.

Figure 10-6 relates this terminology to a timing budget diagram.

Figure 10-6. Sample Timing Budget Diagram
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The timing budget regions marked “%2 x TCCS” represent the latest data valid time
and earliest data invalid times for the data transmitter. The region marked sampling
window is the time required by the receiver during which data must stay stable. This
sampling window comprises the following:

m Internal register setup and hold requirements
m Skew on the data and clock nets within the receiver device
m Jitter and uncertainty on the internal capture clock

The sampling window is not the capture margin or slack, but instead the requirement
from the receiver. The margin available is denoted as RSKM.

External Memory Interface Handbook
Volume 2: Design Guidelines
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The simple example illustrated in Figure 10-6 does not consider any board level
uncertainties, assumes a center-aligned capture clock at the middle of the receiver
sampling window region, and assumes an evenly distributed TCCS with respect to
the transmitter clock pin. In this example, the left end of the bit period corresponds to
time t = 0, and the right end of the bit period corresponds to time t = TUI (where TUI
stands for time unit interval). Therefore, the center-aligned capture clock at the
receiver is best placed at time t = TUI/2.

Therefore:
the total margin =2 x RSKM = TUI - TCCS - SW.

Consider the case where the clock is not center-aligned within the bit period (clock
phase shift = P), and the transmitter uncertainties are unbalanced (TCCS;gap# and
TCCSpag). TCCSLgap is defined as the skew between the clock signal and latest data
valid signal. TCCSy 5 is defined as the skew between the clock signal and earliest
data invalid signal. Also, the board level skew across data and clock traces are
specified as tgxt. For this condition, you should compute independent setup and hold
margins at the receiver (RSKMggryp and RSKMyoy p). In this example, the sampling
window requirement is split into a setup side requirement (SWsgryp) and hold side
(SWhoLp) requirement. Figure 107 illustrates the timing budget for this condition. A
timing budget similar to that shown in Figure 10-7 is used for Cyclone III and

Stratix III FPGA read and write data timing paths.

Figure 10-7. Sample Timing Budget with Unbalanced (TCCS and SW) Timing Parameters

Clock Phase Shift = P
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Therefore:
Setup margin = RSKMSETUP =P- TCCSLE AD — SWSETUP - tEXT
HOld margin = RSKMHOLD = (TUI - P) - TCCSLAG — SWHOLD — tEXT

The timing budget illustrated in Figure 10-6 with balanced timing parameters applies
for calibrated paths where the clock is dynamically center-aligned within the data
valid window. The timing budget illustrated in Figure 10-7 with unbalanced timing
parameters applies for circuits that employ a static phase shift using a DLL or PLL to
place the clock within the data valid window.
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Read Capture

Memory devices provide edge-aligned DQ and DQS outputs to the FPGA during read
operations. Stratix IIIl FPGAs center-aligns the DQS strobe using static DLL-based
delays, and the Cyclone III FPGAs use a calibrated PLL clock output to capture the
read data in LE registers without using DQS. While Stratix III devices use a source
synchronous circuit for data capture and Cyclone III devices use a calibrated circuit,
the timing analysis methodology is quite similar, as shown in the following section.

When applying this methodology to read data timing, the memory device is the
transmitter and the FPGA device is the receiver.

The transmitter channel-to-channel skew on outputs from the memory device is
available from the corresponding device data sheet. Let us examine the TCCS
parameters for a DDR2 SDRAM component.

For DQS-based capture:

m  The time between DQS strobe and latest data valid is defined as tpgsq

m The time between earliest data invalid and next strobe is defined as tqps

m Based on earlier definitions, TCCS; gap = tpasg and Tecspac = tons

The sampling window at the receiver, the FPGA, includes several timing parameters:
m Capture register micro setup and micro hold time requirements

m  DQS clock uncertainties because of DLL phase shift error and phase jitter

m Clock skew across the DQS bus feeding DQ capture registers

m Data skew on DQ paths from pin to input register including package skew

For TCCS and SW specifications, refer to the DC and Switching Characteristics chapter
of the Cyclone I1I Device Handbook or the Stratix III Device Handbook.

Figure 10-8 shows the timing budget for a read data timing path.

Figure 10-8. Timing Budget for Read Data Timing Path
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Table 10-5 lists a read data timing analysis for a Stratix III -2 speed-grade device
interfacing with a 400-MHz DDR2 SDRAM component.

Table 10-5. Read Data Timing Analysis for Stratix Il Device with a 400-MHz DDR2 SDRAM ()

Parameter Specifications | Value (ps) Description
typ 1250 Average half period as specified by the memory data sheet, typ = 1/2 * to
Memory tocp 50 Duty cycle distortion = 2% x t¢k = 0.02 x 2500 ps
Specifications (7 thasa 200 | Skew between DQS and DQ from memory
tans 300 Data hold skew factor as specified by memory
FPGA tsw_setup 181 FPGA sampling window specifications for a given configuration (DLL
Specifications tsw HOLD 306 mode, width, location, and so on.)
Board Maximum board trace variation allowed between any two signal traces
Specifications (user specified parameter)
tovw 710 | typ—toep — toosa — taws — 2 x texr
Timing Ideal phase shift delay on DQS capture strobe
Galculations toas_phase_petay | 900 | = (DLL phase resolution x number of delay stages x tcx) / 360° = (36° x 2
stages x 2500 ps)/360° = 500 ps
Results Setup margin 99 RSKMserup = thasa_prase_peLay — toasa — tsw_setup — text
Hold margin 74 RSKMyoLp = thp — toco — toas_pHase_peLay — tars — tsw_roLp — texr

Notes to Table 10-5:
(1) This sample calculation uses memory timing parameters from a 72-bit wide 256-MB micron MT9HTF3272AY-80E 400-MHz DDR2 SDRAM

DIMM.

Table 10-6 lists a read data timing analysis for a DDR2 SDRAM component at

200 MHz using the SSTL-18 Class 1 I/O standard and termination. A 267-MHz DDR2
SDRAM component is required to ensure positive timing margins for the 200-MHz
memory interface clock frequency for the 200 MHz operation.

Table 10-6. Read Data Timing Analysis for a 200-MHz DDR2 SDRAM on a Cyclone Il Device (/

Parameter Specifications V(z:)l;e Description
Memory thp 2500 | Average half period as specified by the memory data sheet
Specifications | tpep ToTaL 250 Duty cycle distortion = 2% x tCK = 0.02 x 5000 ps
W fac +500 | Data (DQ) output access time for a 267-MHz DDR2 SDRAM component
FPGA tsw_seup 580 FPGA sampling window specification for a given configuration (interface
Specifications | tgy nowp 550 | width, location, and so on).
gozg?fications i 20 Maximum board trace variation allowed between any two signal traces (user
(5 EXT specified parameter)
Timing t 1230 [ typ - thgp - 2 x tag — 2 x ¢
Calculations DVW HP -~ IpcD AC EXT
Results Total margin 100 tDVW - tSWfSETUP - tSWfHOLD

Notes to Table 10-6:

M

For this sample calculation, total duty cycle distortion and board skew are split over both setup and hold margin. For more information on

Cyclone Il -6 speed-grade device read capture and timing analysis, refer to “Cyclone Il and Cyclone IV PHY Timing Paths” on page 10-9.
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Write Capture

During write operations, the FPGA generates a DQS strobe and a center-aligned DQ
data bus using multiple PLL-driven clock outputs. The memory device receives these
signals and captures them internally. The Stratix III family contains dedicated DDIO
(double data rate I/O) blocks inside the IOEs.

For write operations, the FPGA device is the transmitter and the memory device is the
receiver. The memory device’s data sheet specifies data setup and data hold time
requirements based on the input slew rate on the DQ/DQS pins. These requirements
make up the memory sampling window, and include all timing uncertainties internal
to the memory.

Output skew across the DQ and DQS output pins on the FPGA make up the TCCS
specification. TCCS includes contributions from numerous internal FPGA circuits,
including:

m Location of the DQ and DQS output pins
m  Width of the DQ group

m PLL clock uncertainties, including phase jitter between different output taps used
to center-align DQS with respect to DQ

m  Clock skew across the DQ output pins, and between DQ and DQS output pins
m Package skew on DQ and DQS output pins

Refer to the DC and Switching Characteristics chapter of the Cyclone I1I Device Handbook
or the Stratix III Device Handbook for TCCS and SW specifications.

Figure 10-9 illustrates the timing budget for a write data timing path.

Figure 10-9. Timing Budget for Write Data Timing Path
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Table 10-7 lists a write data timing analysis for a Stratix III -2 speed-grade device
interfacing with a DDR2 SDRAM component at 400 MHz. This timing analysis
assumes the use of a differential DQS strobe with 2.0-V/ns edge rates on DQS, and
1.0-V/ns edge rate on DQ output pins. Consult your memory device’s data sheet for
derated setup and hold requirements based on the DQ/DQS output edge rates from
your FPGA.

Table 10-7. Write Data Timing Analysis for 400-MHz DDR2 SDRAM Stratix Ill Device (7

Value

Parameter | Specifications (ns) Description
thp 1250 | Average half period as specified by the memory data sheet
Memory Memory setup requirement (derated for DQ/DQS edge rates and Vygr reference
e tpsa 250
Specifications voltage)
0 Memory hold requirement (derated for DQ/DQS edge rates and Vgg reference
tpHa 250
voltage)
FPGA TCCS eap 229 | FPGA transmitter channel-to-channel skew for a given configuration (PLL setting,
Specifications TCCSi a6 246 | location, and width).
Board Maximum board trace variation allowed between any two signal traces (user
Specifications specified parameter)
Output clock phase offset between DQ & DQS output clocks = 90°.
toutput_cLock | o5 0 0
o toutput cLock orrser = (Output clock phase DQ and DQS offset x tg)/360° = (90° x

Timing ~OFFSET 2500)/360° = 625
Calculations - P—

TX_DVWLEAD 396 | Transmitter data valid window = tOUTPUT_CLOCK_OFFSET - TCCSLEAD

TX_DVWLAG 379 | Transmitter data valid window = tHP - tOUTPUT?CLOCK?OFFSET = TCCSLAG

Setup margin 126 TX_DVWLEAD —texr — tosa
Results ;

Hold margin 109 | TX_DVW pg— text — toHa

Notes to Table 10-7:
(1) This sample calculation uses memory timing parameters from a 72-bit wide 256-MB micron MT9HTF3272AY-80E 400-MHz DDR2 SDRAM

DIMM

Table 10-8 lists a write timing analysis for a Cyclone III -6 speed-grade device
interfacing with a DDR2 SDRAM component at 200 MHz. A 267-MHz DDR2 SDRAM
component is used for this analysis.

Table 10-8. Write Data Timing Analysis for a 200-MHz DDR2 SDRAM Interface on a Cyclone Il Device () (Part 1 of 2)

Parameter Specifications | Value (ps) Description
thp 2500 Average half period as specified by the memory data sheet

tDCD?TOTAL 250 Total duty cycle distortion = 5% x tek = 0.05 x 5000
I\/Iemlo.ry _ i 395 Memory setup requirement from a 267-MHz DDR2 SDRAM component
Specifications DS (derated) (derated for single-ended DQS and 1 V/ns slew rate)

i 335 Memory hold from DDR2 267-MHz component (derated for single-ended

DH (derated) DQS and 1 V/ns slew rate)

TCCS 790
FPGA LEAD FPGA TCCS for a given configuration (PLL setting, location, width)
Specifications TCCSiaq 380
Board Maximum board trace variation allowed between any two signal traces
Specifications (user specified parameter)
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Table 10-8. Write Data Timing Analysis for a 200-MHz DDR2 SDRAM Interface on a Cyclone Ill Device (" (Part 2 of 2)

Parameter Specifications | Value (ps) Description
TX_DVWLEAD 460 Transmitter data valid window = tOUTPUT_CLOCK_OFFSET - TCCSLEAD
Timin TX_DVWLAG 870 Transmitter data valid window = thp - touTPUT CLOCK OFFSET — TCCSLAG
imi — —
CaIcuI%tions ) Output clock phase offset between DQ/DQS output clocks = 90°
OUTPUT_CLOCK 1250 _ o _
OFFSET tOUTPUT?CLOCK?OFFSET = (Outpu’[ clock phase DQ & DQS offset x tCK)/SGO =
- (90° x 5000)/360° = 1250
Setup margin 45 TX_DVW\gap — text — tps
Results :
Hold margin 265 TX_DVWLAG —texr—ton— tDCDfTOTAL

Note to Table 10-8:
(1) For more information on Cyclone Il -6 speed-grade device read capture and timing analysis, refer to “Read Capture” on page 10-17.

November 2011

Arria ll, Arria V, Cyclone IV, Cyclone V, Stratix IV and Stratix V

Read Capture

Read capture timing analysis indicates the amount of slack on the DDR DQ signals
that are latched by the FPGA using the DQS strobe output of the memory device. The
read capture timing paths are analyzed by a combination of the TimeQuest Timing
Analyzer using the set _i nput _del ay (max and nin),set _nmax_del ay, and

set _ni n_del ay constraints, and further steps to account for calibration that occurs at
runtime. The ALTMEMPHY and UniPHY IP include timing constraints in the
<phy_variation_name>_ddr_timing.sdc (ALTMEMPHY) or <phy_variation_name>.sdc
(UniPHY), and further slack analysis in <phy_variation_name>_report_timing.tcl and
<phy_variation_name>_report_timing_core.tcl files.

The PHY IP captures the Cyclone IV devices read data using a PLL phase that is
calibrated and tracked with the sequencer. The equations in
<phy_variation_name>_report_timing_core.tcl ensures optimum read capture timing

margin.

In Arria II, Cyclone IV, and Stratix IV devices, the margin is reported based on a
combination of the TimeQuest Timing Analyzer calculation results and further
processing steps that account for the calibration that occurs at runtime. First, the
TimeQuest analyzer returns the base setup and hold slacks, and further processing
steps adjust the slacks to account for effects which the TimeQuest analyzer cannot

model.

Write

Write timing analysis indicates the amount of slack on the DDR DQ signals that are
latched by the memory device using the DQS strobe output from the FPGA device.
The write timing paths are analyzed by a combination of the TimeQuest Timing
Analyzer using the set _out put _del ay (max and m n) and further steps to account for
calibration that occurs at runtime. The ALTMEMPHY and UniPHY IP include timing
constraints in the <phy_variation_name>_ddr_timing.sdc (ALTMEMPHY) or
<phy_variation_name>.sdc (UniPHY), and further slack analysis in
<phy_variation_name>_report_timing.tcl and
<phy_variation_name>_report_timing_core.tcl files.

Altera Corporation
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Read Resynchronization

In the DDR3, DDR2, and DDR SDRAM interfaces with Arria II GX FPGAs, the
resynchronization timing analysis concerns transferring read data that is captured
with a DQS strobe to a clock domain under the control of the ALTMEMPHY. After
calibration by a sequencer, a dedicated PLL phase tracks any movements in the data
valid window of the captured data. The exact length of the DQS and CK traces does
not affect the timing analysis. The calibration process centers the resynchronization
clock phase in the middle of the captured data valid window to maximize the
resynchronization setup and hold the margin, and removes any static offset from
other timing paths. With the static offset removed, any remaining uncertainties are
voltage and temperature variation, jitter and skew.

In a UniPHY interface, a FIFO buffer synchronizes the data transfer from the data
capture to the core. The calibration process sets the depth of the FIFO buffer and no
dedicated synchronization clock is required. Refer to
<phy_variation_name>_report_timing_core.tcl for more information about the
resynchronization timing margin equation.

Mimic Path

=

The mimic path mimics the FPGA portion of the elements of the round-trip delay,
which enables the calibration sequencer to track delay variations because of voltage
and temperature changes during the memory read and write transactions without
interrupting the operation of the ALTMEMPHY megafunction.

As the timing path register is integrated in the IOE, there is no timing constraint
required for the Arria I GX device families.

For Cyclone III and Cyclone IV devices, the mimic register is a register in the core and
it is placed closer to the IOE by the fitter.

The UniPHY IP does not use any mimic path.

DQS versus CK—Arria Il GX, Cyclone lil, and Cyclone IV Devices

The DQS versus CK timing path indicates the skew requirement for the arrival time of
the DQS strobe at the memory with respect to the arrival time of CK/CK# at the
memory. Arria I GX, Cyclone III, and Cyclone IV devices require the DQS strobes
and CK clocks to arrive edge aligned.

There are two timing constraints for DQS versus CK timing path to account for duty
cycle distortion. The DQS/DQS# rising edge to CK/CK# rising edge (tpgss) requires
the rising edge of DQS to align with the rising edge of CK to within 25% of a clock
cycle, while the DQS/DQS# falling edge setup/hold time from CK/CK# rising edge
(tpss/tpsp) requires the falling edge of DQS to be more than 20% of a clock cycle away
from the rising edge of CK.

The TimeQuest Timing Analyzer analyzes the DQS vs CK timing paths using the
set _out put _del ay (max and nin) constraints. For more information, refer to
<phy_variation_name>_phy_ddr_timing.sdc.
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Write Leveling tpqoss

In DDR2 SDRAM (with UniPHY) and DDR3 SDRAM (with ALTMEMPHY and
UniPHY) interfaces, write leveling tpggs timing is a calibrated path that details skew
margin for the arrival time of the DQS strobe with respect to the arrival time of
CK/CK# at the memory side. For proper write leveling configuration, DLL delay
chain must be equal to 8. The PHY IP reports the margin through an equation. For
more information, refer to <phy_variation_name>_report_timing_core.sdc.

Write Leveling tygy/tpss

In DDR2 SDRAM (with UniPHY) and DDR3 SDRAM (with ALTMEMPHY and
UniPHY) interfaces, write leveling tpgy/ tpss timing details the setup and hold margin
for the DQS falling edge with respect to the CK clock at the memory. The PHY IP
reports the margin through an equation. For more information, refer to
<phy_variation_name>_report_timing_core.sdc.

DK versus CK (RLDRAM Il with UniPHY)

In RLDRAM II with UniPHY designs using the Nios-based sequencer, DK versus CK
timing is a calibrated path that details skew margin for the arrival time of the DK
clock versus the arrival time of CK/CK# on the memory side. The PHY IP reports the
margin through an equation. For more information, refer to
<phy_variation_name>_report_timing_core.sdc.

Bus Turnaround Time

November 2011

In DDR2 and DDR3 SDRAM, and RLDRAM II (CIO) with UniPHY designs that use
bidirectional data bus, you may have potential encounter with data bus contention
failure when a write command follows a read command. The bus-turnaround time
analysis determines how much margin there is on the switchover time and prevents
bus contention. If the timing is violated, you can either increase the controller's bus
turnaround time, which may reduce efficiency or board traces delay. Refer to
<variation>_report_timing_core.tcl for the equation. You can find this analysis in the
timing report. This analysis is only available for DDR2/3 SDRAM and RLDRAM II
UniPHY IPs in Arria II GZ, Arria V, Cyclone V, Stratix IV, and Stratix V devices.

The RTL simulation for ALTMEMPHY IP is unable to detect timing violations because
ALTMEMPHY IP is not enhanced with the bus turnaround analysis feature.
Therefore, Altera recommends that you verify the design on board by manually
changing the default values of MEM_IF_ WR_TO_RD_TURNAROUND_OCT and
MEM_IF_RD_TO_WR_TURNAROUND_OCT parameters in the controller wrapper
file.

To determine whether the bus turnaround time issue is the cause of your design
failure and to overcome this timing violation, follow these steps:

1. When the design fails, change the default values of
MEM_IF_WR_TO_RD_TURNAROUND_OCT and
MEM_IF_RD_TO_WR_TURNAROUND_OCT parameters in the controller
wrapper file to a maximum value of 5. If the design passes after the change, it is a
bus turnaround issue.
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2. To solve the bus turnaround time issue, reduce the values of the
MEM_IF_WR_TO_RD_TURNAROUND_OCT and
MEM_IF_RD_TO_WR_TURNAROUND_OCT parameters gradually until you
reach the minimum value needed for the design to pass on board.

Timing Report DDR

CAUTION

The Report DDR task in the TimeQuest Timing Analyzer generates custom timing
margin reports for all ALTMEMPHY and UniPHY instances in your design. The
TimeQuest Timing Analyzer generates this custom report by sourcing the wizard-
generated <variation>_report_timing.tcl script.

This <variation>_report_timing.tcl script reports the following timing slacks on
specific paths of the DDR SDRAM:

B Read capture

m Read resynchronization

B Mimic, address and command
m Core

m Core reset and removal

m Half-rate address and command
m DQS versus CK

m  Write

m Write leveling (tpqss)

m  Write leveling (tpss/tpsh)

In Stratix III and Cyclone III designs, the <variation_name>_report_timing.tcl script
checks the design rules and assumptions as listed in “Timing Model Assumptions and
Design Rules” on page 10-29. If you do not adhere to these assumptions and rules,
you receive critical warnings when the TimeQuest Timing Analyzer runs during
compilation or when you run the Report DDR task.

To generate a timing margin report, follow these steps:
1. Compile your design in the Quartus II software.
2. Launch the TimeQuest Timing Analyzer.

3. Double-click Report DDR from the Tasks pane. This action automatically executes
the Create Timing Netlist, Read SDC File, and Update Timing Netlist tasks for
your project.

The .sdc may not be applied correctly if the variation top-level file is the top-level file
of the project. You must have the top-level file of the project instantiate the variation
top-level file.

The Report DDR feature creates a new DDR folder in the TimeQuest Timing
Analyzer Report pane.
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Expanding the DDR folder reveals the detailed timing information for each PHY

timing path, in addition to an overall timing margin summary for the ALTMEMPHY

or UniPHY instance, as shown in Figure 10-10.

Figure 10-10. Timing Margin Summary Window Generated by Report DDR Task

File VMiew Netlist Constraints Reports Script Tools Window Help =]
Report

EE Parallel Compilation

‘ Operating Condition

B3 TimeQuest Timing Analyzer Summary
#(20 Advanced 10 Tirming
B3 sDC File List
-3 DDR
+ [ eefore Calibration (Megative slacks are OK)
EE ir0|p0 write
EE if0|p0 Read Capture
f if0|p0 Address Command (setup)
f if0|p0 Address Command (hold)
o If0|p0 Core {setup)
" Ifo|p0 Core (hold)
< if0|p0 Core RecoveryMRernaoval {recovery)

o ifd
E

Bus Turnaround Time (Slow 900rmV 85C Model)
Core (Slow 800mY 85C Model)

Core Recovery/Removal {Slow 800mY 85C Model)
Read Capture (Slow 900mY 85C Model)

Read Resync (Slow 900mV 85C Model)

YWrite (Slow S00rmy 85C Model)

Write Leveling tDGQSS (Slow 900mV 85C Model)
Write Leveling tDSSADSH (Slow S00rmY 85C Model)

FICIEIE AT

0 Core Recovery/Removal [removal}

Tasks

b ]
x|z

] Report Max Skew Summary
& Datasheet
o) Report Frnax Summary
ez} Report Datasheet
= &l Device Specific
B8 Report TCCS

B8 Report RSKM
v S
=] Report Metastahility

4 Iﬁ

L1

Setup Slack Hold Slack

Slow 900mV 85C Maodel 0815 0834
Slow 900mV B85C Model | 6.529 -

Slow 900mV 85C Model 037 0231
Slow 900mV B85C Model 2203 0536
Slow 900mV B85C Model  0.371 0323
Slow 900mV 85C Model  3.934 5206
Slow 900mV B5C Model  0.279 0279
Slow 900mV 85C Model  0.797 0797
Slow 900mV 85C Model  0.849 0849

& icl: report_ddr -panel_name "DDR"
8 1) Info: Initializing DDR databasze for CORE ddr3i_example if0 p0
1) Info: Finding port-to-pin mapping for CORE: ddri_example if0_p0 INSTANCE: if0|p0
+-.1) Info: Report Timing: Found 10 zetup paths (0 violated). Worst case slack iz 0.615
#-1) Info: Report Timing: Found 10 hold paths (0 violated). Worst case =lack is 0.834
+-.1) Info: Report Timing: Found 10 zetup paths (0 violated). Worst case slack iz 0.370
#-1) Info: Report Timing: Found 10 hold paths (0 violated). Worst case slack is 0.231
+-.1) Info: Report Timing: Found 10 recovery paths (0 viclated). Worst case slack iz 2.203
+] Report Timing: Found 10 removal paths (0 wiclated). Worst case slack is 0.536
Core: ddri_example i1f0_p0 - Instance: if0|p0
zetup  hold
Bus Turnaround Time [(2low 300mV 85C Model! | &.529
Core (2low 300mV 85C Model) | 0.37 0.231
Core Recovery/Removal [(Slow 200mV 85C Model: | 2.203 0.538
Read Capture (Slow 300mV 85C Model) | 0.371 0.323
Read Resync [(Elow 200mV 85C Model) | 3.934 5.298
Write (Elow 200mV &5C Model! | 0.273 0.273
: Write Leveling DRSS (Slow 900mV 85C Model! | o0.727 0.797
: Write Leveling tDE8/tDSH (2low 200mV &5C Modsl) | 0.843 0.8543
]
<
'~ Bus turnaround time shown in Figure 10-10 is available in all UniPHY IPs and
devices except in QDR II and QDR II+ SRAM memory protocols and Stratix III
devices.
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Figure 10-11 shows the timing analysis results calculated using FPGA timing model
before adjustment in the Before Calibration panel.

Figure 10-11. Read and Write Before Calibration

Repaort - 70|p0 Write (Before Calbration) (sefl

| To Node | Launch Clock

M Farailel Compilation 21| Commandinfo  Summary of Paths
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=3 DDR 2 0027
= ' Before Calbration (Negative siacks are OK) 3 0027

ifi|pl Write (Bafora Calibration) {=etup) |

if0|p0jcontroler phy instimemphy to. . utput path gen[d]data alignmenticik mem dq[0]
ifD|p0|contraller phy instimemphy to. utput path gen[3]data alignment]clk mem dg[3]
if0|p0jcontrofler phy Instjmemphy to.. utput path gen{4]data alignmentjclk mem dg{4]

if0|pO|memphy leveling
ifd | p0|memphy leveling
ifd|p0jmemphy leveling

»
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if0|p0 Write

Path #1: Setup slack is 0.027

Path Summary I Statistics  Data Path I Waveform I Extr ¢ |®
Data Arrival Path

[l if0|p0 Read Capture
f if0|p0 Address Command (setup)
" if0|p0 Address Command (hald)

|Tc|la| |Incr |RF |Type |Fanam |Lccar.|onﬂ

1 1285 1.285
ifD|p0 Core {setup) 2|5 4905 3620
o] fO[p0 Core thald) ] £} 1285 0000
4] | 2|8 1285  0.000 1 PIN Y36
= | 1285 0000 RR iC 1 IOIBUF X+
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| _»[J
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g :zg:: Er:taatns:::maw | [otal [incr [e_[1ype [Fanout ILccahoniI
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8 Report ASKM 3 1999 0.000
o [wRep 4 1999 0.000 i FIN Y36
B Report Metastability =1 199¢ 0000 RR IC 1 I0IBUF %~
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I T B
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Figure 10-12 and Figure 10-13 show the read capture and write margin summary
window generated by the Report DDR Task for a DDR3 core. It first shows the timing
results calculated using the FPGA timing model. The
<variation_name>_report_timing_core.tcl then adjusts these numbers to account for
effects that are not modeled by either the timing model or by TimeQuest Timing
Analyzer. The read and write timing margin analysis for Stratix III and Cyclone III

devices do not need any adjustments.

Figure 10-12. Read Capture Margin Summary Window

if0|p0 Read Capture

Cperation Setup Slack |Ho|d Slack
1 = After Calibration Read Capture 0371 0.323
2 Before Calibration Read Capture 0.280 0273
3 Memory Calibration 0.078 0150
4 Deskew Read 0157 0044
5 Quantization error -0.050 -0.050
5] Calibration uncertainty -0.093 -0.0%3
Figure 10-13. Write Capture Margin Summary Window
if0|po Write
Cperation Setup Slack Hold Slack
1 | = After Calibration Write 0279 0279
2 Before Calibration Write 0027 0.026
3 Mermaory Calibration 0135 0113
4 Deskew Write andfor more Clock pessimism removal 0.216 0.240
5 Quantization error -0.050 -0.050
5] Calibration uncertainty -0.050 -0.050
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Report SDC

The Report SDC task in the TimeQuest Timing Analyzer generates the SDC
assignment reports for your design. The TimeQuest Timing Analyzer generates this
constraint report by sourcing the .sdc. The SDC assignment reports show the
constraint applied in the design.

For example, the reports may include the following constraints:

m Create Clock

m Create Generated Clock

m  Set Clock Uncertainty

m  Set Input Delay

m  Set Output Delay

m Set False Path

B Set Multicycle Path
B Set Maximum Delay

m  Set Minimum Delay

Figure 10-14 shows the SDC assignments generated by the Report SDC task for a
DDR3 SDRAM core design. The timing analyzer uses these constraint numbers in
analysis to calculate the timing margin. Refer to the .sdc files of each constraints

number.

Figure 10-14. SDC Assignments Report Window

Report &

Set input Delay
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[ creck Timing
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"‘15 SDC File List 3 set input delay -add delay  -max  [qet clocks mem dgs IN] 0201 [get ports mem dg[l]]
* JDoR 4 set input delay -add delay -min [get clecks mem dgs IN]  -0.420 [get ports mem dg[l]]
- 5 set input delay -add delay -max [get clocks mem dgs IN] 0201 [get ports mem dg[2]]
03 create Clock 6 set input dalay -add delay -min [get clecks mem dgs IN]  -0.420  [get ports mem dg[2]]
- ;.‘teate Generated Clack 7 sat input delay -add delay  -max  [get clocks mem dgs IN] 0201 [get ports mern dgl3]]
et Clock ce-rtalmy B seét input delay -add delay | -min [qet ciocks mem dgs IN]  -0.420  [get ports mem dg[3]]
sl set input Dalay 9 set input delay -add delay  -max  [qget clocks mem das IN] 0201 [get ports mem dgl4]]
3 set Qutput Delay 10 set input delay  -add delay  -min  [qet clocks mem dgs IN] D420 [get ports mern dg[4]]
B8 set Ciock Groups 11 set input delay -add delay -max [get clecks mem dgs IN] 0201 [get ports mem dg[S])
8 et Faise Path 12 set input delay -add delay -rmin [qet clocks mem dgs IN]  -0.420 [get ports mem dg[5]]
I set Mutticycle Path 13 set input delay -add dalay  -max [get clocks mem dgs IN] 0201 [get ports mem dg[&]]
Set Maximum Delay 14 set input delay -add delay -minir [get clocks mem dgs IN]  -0420  [get ports mem dg[6]]
[ Set Minimum Delay 15 set input delay -add delay -Max [qet clocks mem dgs IN] 0201 [qet ports mem dg[71]
16 set input delay -add delay =min [get clocks mem dgs IN] -0.420 [get ports merm dg(T]]
Tasks & x
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v
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Calibration Effect in Timing Analysis

Timing analysis for Arria II, Cyclone IV, Stratix IV, and Stratix V devices take into
account the calibration effects to improve the timing margin. This section discusses
ways to include the calibration effects in timing analysis.

Calibration Emulation for Calibrated Path

In conventional static timing analysis, calibration paths do not include calibration
effects. To account for the calibration effects, the timing analyzer emulates the
calibration process and integrates it into the timing analysis. Normally the calibration
process involves adding or subtracting delays to a path. The analyzer uses the delay
obtained through static timing analysis in the emulation algorithm to estimate the
extra delay added during calibration. With these estimated delays, the timing analysis
emulates hardware calibration and obtains a better estimate timing margin.

L=~ Refer to <phy_variation_name>_report_timing.tcl and <phy_ovariation_name>_
report_timing_core.tcl for the files that determine the timing margin after calibration.

Calibration Error or Quantization Error

Hardware devices use calibration algorithms when delay information is unknown or
incomplete. If the delay information is unknown, the timing analysis of the calibrated
paths has to work with incomplete data. This unknown information may cause the
timing analysis calibration operations to pick topologies that are different than what
would actually occur in hardware. The differences between what can occur in
hardware and what occurs in the timing analysis are quantified and included in the
timing analysis of the calibrated paths as quantization error or calibration error.

Calibration Uncertainties

Calibration results may change or reduce due to one or more of the following
uncertainties:

m Jitter and DCD effects
m Voltage and temperature variations
m Board trace delays changing due to noise on terminated supply voltages

These calibration uncertainties are accounted for in the timing analysis.

Memory Calibration

All the timing paths reported include one or more memory parameters, such as tpggs
and tpggo. These specifications indicate the amount of variation that occurs in various
timing paths in the memory and abstracts them into singular values so that they can
be used by others when interfacing with the memory device.

JEDEC defines these parameters in their specification for memory standards, and
every memory vendor must meet this specification or improve it. However, there is
no proportion of each specification due to different types of variations. Variations that
are of interest are typically grouped into three different types: process variations (P),
voltage variations (V), and temperature variations (T). These together compose PVT
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variations that typically define the JEDEC specification. You can determine the
maximum P variation by comparing different dies, and you can determine the
maximum V and T variations by operating a design at the endpoints of the range of
voltage and temperature. P variations do not change once the chip has been
fabricated, while V and T variations change over time.

The timing analysis for Stratix V FPGAs at 667 MHz of various paths (if the analysis is
comprehensive and includes all the sources of noise) indicate that there is no timing
margin available. However, the designs do actually work in practice with a reasonable
amount of margin. The reason for this behavior is that the memory devices typically
have specifications that easily beat the JEDEC specification and that our calibration
algorithms calibrate out the process portion of the JEDEC specification, leaving only
the V and T portions of the variations.

The memory calibration figure determination includes noting what percentage of the
JEDEC specification of various memory parameters is caused by process variations
for which Altera IPs' (ALTMEMPHY and UniPHY) calibration algorithms can
calibrate out, and to apply that to the full JEDEC specification. The remaining portion
of the variation is caused by voltage and temperature variations which cannot be
calibrated out.

You can find the percentage of the JEDEC specification that is due to process variation
is set in <variation>_report_timing.tcl.

Timing Model Assumptions and Design Rules

External memory interfaces using Altera IP are optimized for highest performance,
and use a high-performance timing model to analyze calibrated and
source-synchronous, double-data rate I/O timing paths. This timing model applies to
designs that adhere to a set of predefined assumptions. These timing model
assumptions include memory interface pin-placement requirements, PLL and clock
network usage, I/O assignments (including I/O standard, termination, and slew
rate), and many others.

For example, the read and write datapath timing analysis is based on the FPGA
pin-level trccs and tsy specifications, respectively. While calculating the read and
write timing margins, the Quartus II software analyzes the design to ensure that all
read and write timing model assumptions are valid for your variation instance.

(= Timing model assumptions only apply to Stratix IIl and Cyclone III devices.
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When the Report DDR task or report_timing.tcl script is executed, the timing analysis
assumptions checker is invoked with specific variation configuration information. If a
particular design rule is not met, the Quartus II software reports the failing
assumption as a Critical Warning message. Figure 10-15 shows a sample set of
messages generated when the memory interface DQ, DQS, and CK/CK# pins are not
placed in the same edge of the device.

Figure 10-15. Read and Write Timing Analysis Assumption Verification
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critical
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Console

tel eport_ddr -—panel_name "DDR" A

warning: Pin mem_clk[0], mem_dq[0], mem_dq[i0], mem_dq[11], mem_dq[12], mem_dq[12], mem_dq[14], mem_dq[15], mem

warning:
warning: mem_dg[10] was placed on the bottom edge of the device
warning: mem_dq[11] was placed on the bottom edge of the device

{
warning: mem_dq[12] was placed on the bottom edge of the device
warning: mem_dq[13] was placed on the bottom edge of the device
warning: mem_dq[14] was placed on the bottom edge of the device
warning: mem_dq[15] was placed on the bottom edge of the device
warning: mem_dq[16] was placed on the bottom edge of the device
warning: mem_dg[17] was placed on the bottom edge of the device
warning: mem_dq[18] was placed on the bottom edge of the device
warning: mem_dq[9] was placed on the bottom edge of the dewvice
warning: mem_dqs[0] was placed on the bottom edge of the device
warning: mem_dgs[1] was placed on the bottom edge of the device
warning: mem_dgs[2] was placed on the bottom edge of the device
warning: mem_dgs[2] was placed on the bottom edge of the device
warning: mem_dqgs[4] was placed on the bottom edge of the device
warning: mem_dgs[5] was placed on the bottom edge of the device
warning: mem_dqs[6] was placed on the bottom edge of the device
warning: mem_dqs[7] was placed on the bottom edge of the device
warning: mem_dqgs[8] was placed on the bottom edge of the device
: Memory clock pin mem clk mem_clk[1], mem clk[2] must be placed on the same edge of the dewvice
warning: mem clk[0] was placed on the left edge of the dewice
warning: mem_clk[1] was placed on the top edge of the device
warning: mem_clk[2] was placed on the bottom edge of the device
: Read capture and write timing analyses may not be valid due to violated timi

Info: Report Timing: Found 24 setup paths (0 violated). Wworst case slack is 1.155 v

Consule)‘ Histary f

o«

Memory Clock Output Assumptions

External Memory Interface H

To verify the quality of the FPGA clock output to the memory device (CK/CK# or
K/K#), which affects FPGA performance and quality of the read clock/strobe used to
read data from the memory device, the following assumptions are necessary:

m The slew rate setting must be Fast or an on-chip termination (OCT) setting must be
used.

m The output delay chains must all be 0 (the default value applied by the Quartus II
software). These delay chains include the Cyclone III output register to pin delay
chain and the Stratix III D5 and D6 output delay chains.

m  The output open-drain parameter on the memory clock pin | O_CBUF atom must be
Off. The Output Open Drain logic option must not be enabled.

m  The weak pull-up on the CK and CK# pads must be Off. The Weak Pull-Up
Resistor logic option must not be enabled.

m The bus hold on the CK and CK# pads must be Off. The Enable Bus-Hold
Circuitry logic option must not be enabled.

m All CK and CK# pins must be declared as output-only pins or bidirectional pins
with the output enable set to Vc.
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Cyclone lll Devices

For Cyclone III devices the following additional memory clock assumptions are
necessary:

m The memory clock output pins must be fed by DDIO output registers and placed
on DIFFIO p- and n- pin pairs.

m The memory output clock signals must be generated using the DDIO
configuration shown in Figure 10-16. In this configuration, the high register
connects to V¢ and the low register connects to GND.

Figure 10-16. DDIO Configuration

Vee
[j DDIO
Clk KéK orK
PLL reference clock oL mem_clk_2x Vee
= bDbIo CK# or K#
Clk

B CKand CK# pins must be fed by a DDIO_OUT WYSIWYG with dat ai nhi
connected to GND and dat ai nl 0 connected to Vc.

m CKor K pins must be fed by a DDIO_OUT with its clock input from the PLL
inverted.

m  CK# or K# pins must be fed by a DDIO_OUT with its clock input from the PLL
uninverted.

m The I/O standard and current strength settings on the memory clock output pins
must be as follows:

m SSTL-2 ClassI and 12 mA, or SSTL-2 Class II and 16 mA for DDR SDRAM
interfaces

m SSTL-18 Class I and 12 mA, or SSTL-18 Class II and 16 mA for DDR2 SDRAM
interfaces

For more information about placing memory clock output pins, refer to “Additional
Placement Rules for Cyclone III and Cyclone IV Devices” in the Planning Pin and
Resource chapter in volume 2 of the External Memory Interface Handbook.

Stratix lll Devices

For Stratix I1I devices the following additional memory clock assumptions are
necessary:

m  All memory clock output pins must be placed on DI FFOUT pin pairs on the same
edge of the device.
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m For DDR3 SDRAM interfaces:
m  The CK pins must be placed on FPGA output pins marked DQ, DQS, or DQSn.

m  The CK pin must be fed by an QUTPUT_PHASE_ALI GNVENT WYSIWYG with a 0°
phase shift.

m  The PLL clock driving CK pins must be the same as the clock driving the DQS
pins.

m  The T4 (DDl O_MJX) delay chains setting for the memory clock pins must be the
same as the settings for the DQS pins.

m For non-DDR3 interfaces, the T4 (DDl O_MJX) delay chains setting for the memory
clock pins must be greater than 0.

m The programmable rise and fall delay chain settings for all memory clock pins
must be set to 0.

® The memory output clock signals must be generated with the DDIO configuration
shown in Figure 10-17, with a signal splitter to generate the n- pin pair and a
regional clock network-to-clock to output DDIO block.

Figure 10-17. DIDO Configuration with Signal Splitter

FPGA LEs 1/0 Elements

Vce

T D Q

F : mem_clk (1)
D Q
%7 mem_clk_n (1)
System Clock (2) :

Notes to Figure 10-17:

(1) Thenmem cl k[ 0] and mem cl k_n[ 0] pins for DDR3, DDR2, and DDR SDRAM interfaces use the 1/0 input buffer
for feedback, therefore bidirectional 1/0 buffers are used for these pins. For memory interfaces using a differential
DQS input, the input feedback buffer is configured as differential input; for memory interfaces using a single-ended
DQS input, the input buffer is configured as a single-ended input. Using a single-ended input feedback buffer
requires that the 1/0 standard’s VREF voltage is provided to that 1/0 bank’s VREF pins.

(2) Regional QCLK (quadrant) networks are required for memory output clock generation to minimize jitter.

Write Data Assumptions

To verify the memory interface using the FPGA TCCS output timing specifications,
the following assumptions are necessary:

m  For QDRII, QDRII+, and RLDRAM II SIO memory interfaces, the write clock
output pins (such as K/K# or DK/DK#) must be placed in DQS/ DQSn pin pairs.

B The PLL clock used to generate the write-clock signals and the PLL clock used to
generate the write-data signals must come from the same PLL.

m The slew rate for all write clocks and write data pins must be set to Fast or OCT
must be used.
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When auto deskew is not enabled (or not supported by the ALTMEMPHY
configuration), the output delay chains and output enable delay chains must all be
set to the default values applied by Quartus II. These delay chains include the
Cyclone III output register and output enable register-to-pin delay chains, and the
Stratix III D5 and D6 delay chains.

The output open drain for all write clocks and write data pins’ | O_OBUF atom must
be set to Off. The Output Open Drain logic option must not be enabled.

The weak pull-up for all write clocks and write data pins must be set to Off.
The Weak Pull-Up Resistor logic option must not be enabled.

The Bus Hold for all write clocks and write data pins must be set to Off.
The Enable Bus-Hold Circuitry logic option must not be enabled.

Cyclone lll Devices

For Cyclone III devices the following additional write data assumptions are
necessary:

Write data pins (including the DM pins) must be placed on DQ pins related to the
selected DQS pins.

All write clock pins (DQS/DQS#) must be fed by DDIO output registers.
All write data pins must be fed by DDIO output registers, V¢, or GND.

The phase shift of the PLL clock used to generate the write clocks must be 72° to
108° more than the PLL clock used to generate the write data (nominally 90°
offset).

The I/O standard and current strength settings on the write data- and
clock-output pins must be as follows:

m SSTL-2 ClassI and 12 mA, or SSTL-2 Class IT and 16 mA for DDR SDRAM
interfaces

m SSTL-18 Class I and 8/12 mA, or SSTL-18 Class II and 16 mA for DDR2
SDRAM interfaces

Stratix Ill Devices

For Stratix III devices the following additional write data assumptions are necessary:

Differential write clock signals (DQS/DQSn) must be generated using the signal
splitter.

The write data pins (including the DM pins) must be placed in related DQpins
associated with the chosen DQS pin. The only exception to this rule is for QDRII
and QDRII+ x36 interfaces emulated using two x18 DQ groups. For such
interfaces, all of the write data pins must be placed on the same edge of the device
(left, right, top, or bottom). Also, the write clock K/K# pin pair should be placed
on one of the DQS/DQSn pin pairs on the same edge.
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Table 10-9. 1/0 standards (Part 1 of 2)

All write clock pins must have similar circuit structure.

For DDR2 SDRAM interfaces and DDR3 SDRAM with leveling interfaces, all
DQS/DQS# write strobes must be fed by DDIO output registers clocked by the
write-leveling delay chain in the OUTPUT_PHASE_ALIGNMENT block.

For DDR and DDR2 SDRAM interfaces, all write clock pins must be fed by
DDIO output registers clocked by a global or regional clock network.

All write data pins must have similar circuit structure.

For DDR3 SDRAM interfaces, all write data pins must be fed by either DDIO
output registers clocked by the OUTPUT_PHASE_ALIGNMENT block, V¢, or
GND.

For DDR and DDR2 SDRAM interfaces, all write data pins must be fed by
either DDIO output registers clocked by a global or regional clock network,
Vcc, or GND.

The write clock output must be 72,° 90°, or 108° more than the write data output.

For DDR2 SDRAM and DDR3 SDRAM with leveling interfaces, the
write-leveling delay chain in the OUTPUT_PHASE_ALIGNMENT block must
implement a phase shift of 72°, 90°, or 108° to center-align write clock with
write data.

For DDR and DDR2 SDRAM interfaces, the phase shift of the PLL clock used to
clock the write clocks must be 72 to 108° more than the PLL clock used to clock
the write data clocks to generated center-aligned clock and data.

The T4 (DDIO_MUX) delay chains must all be set to 3. When differential DQS
(using splitter) is used, T4 must be set to 2.

The programmable rise and fall delay chain settings for all memory clock pins
must be set to 0.

Table 10-9 lists I/O standards supported for the write clock and write data signals for
each memory type and pin location.

.IIY‘I’:':MV Placement Legal 1/0 Standards for DQS Legal I/0 Standards for DQ

DDR3 SDRAM Row 1/0 Differential 1.5-V SSTL Class | 1.5-V SSTL Class |
Differential 1.5-V SSTL Class | 1.5-V SSTL Class |

DDR3 SDRAM Column 1/0 ) .
Differential 1.5-V SSTL Class I 1.5-V SSTL Class Il
SSTL-18 Class |
SSTL-18 Class 11 SSTL-18 Class |

DDR2 SDRAM Any ) )
Differential 1.8V SSTL Class | SSTL-18 Class 11
Differential 1.8V SSTL Class Il
SSTL-2 Class | SSTL-2 Class |

DDR SDRAM Any
SSTL-2 Class Il SSTL-2 Class Il
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Table 10-9. 1/0 standards (Part 2 of 2)

Memory
Type

Placement Legal 1/0 Standards for DQS Legal 1/0 Standards for DQ

SRAM

QDRIl and QDR 11 +

Any

HSTL-1.5 Class | HSTL-1.5 Class |
HSTL-1.8 Class | HSTL-1.8 Class |

RLDRAM Il

Any

HSTL-1.5 Class | HSTL-1.5 Class |
HSTL-1.8 Class | HSTL-1.8 Class |

Read Data Assumptions

To verify that the external memory interface can use the FPGA Sampling Window
(SW) input timing specifications, the following assumptions are necessary:

November 2011

The read clocks input pins must be placed on DQS pins. DQS/DQS# inputs must
be placed on differential DQS/DQSn pins on the FPGA.

Read data pins (DQ) must be placed on the DQ pins related to the selected DQS
pins.

For QDR II and QDR II+ SRAM interfaces, the complementary read clocks must
have a single-ended I/0 standard setting of HSTL-18 Class I or HSTL-15 Class 1.

For RLDRAM II interfaces, the differential read clocks must have a single ended
I/0 standard setting of HSTL 18 Class I or HSTL 15 Class L.

Cyclone Ill Devices

For Cyclone III devices the following additional read data and mimic pin assumptions
are necessary:

The I/O standard setting on read data and clock input pins must be as follows:
m SSTL-2 Class I and Class II for DDR SDRAM interface
m SSTL-18 Class I and Class II for DDR2 SDRAM interfaces

The read data and mimic input registers (flip-flops fed by the read data pin’s input
buffers) must be placed in the LAB adjacent to the read data pin. A read data pin
can have 0 input registers.

Specific routing lines from the IOE to core read data/mimic registers must be
used. The Quartus II Fitter ensures proper routing unless user-defined placement
constraints or LogicLock™ assignments force non-optimal routing. User
assignments that prevent input registers from being placed in the LAB adjacent to
the IOE must be removed.

The read data and mimic input pin input pad to core/register delay chain must be
set to 0.

If all read data pins are on row I/Os or column I/Os, the mimic pin must be placed
in the same type of I/O (row 1/O for read-data row I/Os, column I/O for
read-data column I/Os). For wraparound cases, the mimic pin can be placed
anywhere.
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Stratix Ill Devices

For Stratix III devices the following additional read data and mimic pin assumptions
are necessary:

For DDR3, DDR2, and DDR SDRAM interfaces, the read clock pin can only drive a
DQS bus clocking a x4 or x9 DQ group.

For QDR II, QDR II+ SRAM, and RLDRAM II interfaces, the read clock pin can
only drive a DQS bus clocking a x9, x18, or x36 DQ group.

For non-wraparound DDR, DDR2, and DDR3 interfaces, the mimic pin, all read
clock, and all read data pins must be placed on the same edge of the device (top,
bottom, left, or right). For wraparound interfaces, these pins can be placed on
adjacent row I/O and column I/O edges and operate at reduced frequencies.

All read data pins and the mimic pin must feed DDIO_IN registers and their input
delay chains D1, D2, and D3 set to the Quartus II default.

DQS phase-shift setting must be either 72° or 90° (supports only one phase shift for
each operating band and memory standard).

All read clock pins must have the dgs_ctr| _| at ches_enabl e parameter of its
DQS_DELAY_CHAIN WYSIWYG set to false.

The read clocks pins must have their D4 delay chain set to the Quartus II default
value of 0.

The read data pins must have their T8 delay chain set to the Quartus II default
value of 0.

When differential DQS strobes are used (DDR3 and DDR2 SDRAM), the mimic pin
must feed a true differential input buffer. Placing the memory clock pin on a

DI FFI O_RX pin pair allows the mimic path to track timing variations on the DQS
input path.

When single ended DQS strobes are used, the mimic pin must feed a single ended
input buffer.

Mimic Path Assumptions

To verify that the ALTMEMPHY-based DDR, DDR2, or DDR3 SDRAM interface’s
mimic path is configured correctly, the mimic path input must be placed on the
mem cl k[ 0] pin.

DLL Assumptions

The following DLL assumptions are necessary:

[l =~ These assumptions do not apply to Cyclone III devices.

The DLL must directly feed its del ayctrl out[] outputs to all DQS pins without
intervening logic or inversions.

The DLL must be in a valid frequency band of operation as defined in the
corresponding device data sheet.

The DLL must have jitter reduction mode and dual-phase comparators enabled.
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PLL and Clock Network Assumptions
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The PLL and clock network assumptions vary for each device family.

Stratix Ill Devices

m The PLL that generates the memory output clock signals and write data and clock
signals must be set to No compensation mode to minimize output clock jitter.

m The reference input clock signal to the PLL must be driven by the dedicated clock
input pin located adjacent to the PLL, or from the clock output signal from the
adjacent PLL. To minimize output clock jitter, the reference input clock pin to the
ALTMEMPHY PLL must not be routed through the core using global or regional
clock networks. If the reference clock cascades from another PLL, that upstream
PLL must be in No compensation mode and Low bandwidth mode.

m For DDR3 and DDR2 SDRAM interfaces, use only regional or dual regional clock
networks to route PLL outputs that generate the write data, write clock, and
memory output clock signals. This requirement ensures that the memory output
clocks (CK/CK#) meet the memory device input clock jitter specifications, and
that output timing variations or skews are minimized.

m  For other memory types, the same clock tree type (global, regional, or dual
regional) is recommended for PLL clocks generating the write clock, write data,
and memory clock signals to minimize timing variations or skew between these
outputs.

Cyclone lll Devices

To verify that the memory interface’s PLL is configured correctly, the following
assumptions are necessary:

m The PLL that generates the memory output clock signals and write data/clock
signals must be set to Normal compensation mode in Cyclone III devices.

m PLL cascading is not supported.

m The reference input clock signal to the PLL must be driven by the dedicated clock
input pin located adjacent to the PLL. The reference input clock pin must not be
routed through the core using global or regional clock networks to minimize
output clock jitter.
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Timing Closure

This section describes common issues and how to optimize timing.

Common Issues

This topic describes potential timing closure issues that can occur when using the
ALTMEMPHY or UniPHY IP. For possible timing closure issues with ALTMEMPHY
or UniPHY variations, refer to the Quartus 11 Software Release Notes for the software
version that you are using. You can solve some timing issues by moving registers or
changing the project fitting setting to Standard (from Auto).
“ e The Quartus II Software Release Notes list common timing issues that can be
encountered in a particular version of the Quartus II software.

Missing Timing Margin Report

The ALTMEMPHY and UniPHY timing margin reports may not be generated during
compilation if the .sdc does not appear in the Quartus II project settings.

Timing margin reports are not generated if you specify the ALTMEMPHY or UniPHY
variation as the top-level project entity. Instantiate the ALTMEMPHY or UniPHY
variation as a lower level module in your user design or memory controller.

Incomplete Timing Margin Report

The timing report may not include margin information for certain timing paths if
certain memory interface pins are optimized away during synthesis. Verify that all
memory interface pins appear in the <variation>_autodetectedpins.tcl
(ALTMEMPHY) or <variation>_all_pins.txt (UniPHY) file generated during
compilation, and ensure that they connect to the I/O pins of the top-level FPGA
design.

Read Capture Timing

In Stratix III and Stratix IV devices, read capture timing may fail if the DQS phase
shift selected is not optimal or if the board skew specified is large.

B You can adjust the effective DQS phase shift implemented by the DLL to balance
setup and hold margins on the read timing path. The DQS phase shift can be
adjusted in coarse PVT-compensated steps of 22.5°, 30°, 36°, or 45° by changing the
number of delay buffers (range 1 to 4), or in fine steps using the DQS phase offset
feature that supports uncompensated delay addition and subtraction in
approximately 12 ps steps.

m To adjust the coarse phase shift selection, determine the supported DLL modes for
your chosen memory interface frequency by referencing the DLL and DQS Logic
Block Specifications tables in the Switching Characteristics section of the device data
sheet. For example, a 400 MHz DDR?2 interface on a -2 speed grade device can use
DLL mode 5 (resolution 36°, range 290 — 450 MHz) to implement a 72° phase shift,
or DLL mode 6 (resolution 45°, range
360-560 MHz) to implement a 90° phase shift.
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In Cyclone III devices, the read capture is implemented using a calibrated clock, and
therefore no clock phase-shift adjustment is possible. Additionally, the capture
registers are routed to specific LE registers in the logic array blocks (LABs) adjacent to
the IOE using predefined routing. Therefore, no timing optimization is possible for
this path. Ensure that you select the correct memory device speed grade for the FPGA
speed grade and interface frequency.

Ensure that you specify the appropriate board-skew parameter when you
parameterize the controllers in the parameter editor. The default board trace length
mismatch used is 20 ps.

Write Timing

Negative timing margins may be reported for write timing paths if the PLL phase
shift used to generate the write data signals is not optimal. Adjust the PLL phase shift
selection on the write clock PLL output using the PLL MegaWizard Plug-In Manager.

Regenerating the ALTMEMPHY- or UniPHY-based controller overwrites changes
made using the PLL MegaWizard Plug-In Manager.

Address and Command Timing

You can optimize the timing margins on the address and command timing path by
changing the PLL phase shift used to generate these signals. Modify the Dedicated
Clock Phase parameter in the PHY Settings page of the ALTMEMPHY parameter
editor. In the DDR2 or DDR3 SDRAM Controllers with UniPHY IP cores, modify the
Additional CK/CK# phase and Additional Address and Command clock phase
parameters.

The DDR2 and DDR3 SDRAM memory controllers use 1T memory timing even in
half-rate mode, which may affect the address command margins for DDR2 or DDR3
SDRAM designs that use memory DIMMs. DDR2 SDRAM designs have a greater
impact because the address command bus fans out to all the memory devices on a
DIMM increasing the loading effect on the bus. Make sure your board designs are
robust enough to have the memory clock rising edge within the 1T address command
window. You can also use the Additional Address and Command clock phase
parameter to adjust the phase of the address and command if needed.

The far-end load value and board trace delay differences between address and
command and memory clock pins can result in timing failures if they are not
accounted for during timing analysis.

The Quartus II Fitter may not optimally set output delay chains on the address and
command pins. To ensure that any PLL phase-shift adjustments are not negated by
delay chain adjustments, create logic assignments using the Assignment Editor to set
all address and command output pin D5 delay chains to 0.

For HardCopy III, HardCopy IV, Stratix III, and Stratix IV devices, some corner cases
of device family and memory frequency may require an increase to the address and
command clock phase to meet core timing. You can identify this situation, if the DDR
timing report shows a PHY set up violation with the phy_cl k launch clock, and the
address and command latch clock—clock 0 (half-rate phy_cl k) or 2 (full-rate phy_cl k),
and 6, respectively.
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If you see this timing violation, you may fix it by advancing the address and
command clock phase as required. For example, a 200-ps violation for a 400-MHz
interface represents 8% of the clock period, or 28.8°. Therefore, advance the address
and command phase from 270° to 300°. However, this action reduces the setup and
hold margin at the DDR device.

PHY Reset Recovery and Removal

A common cause for reset timing violations in ALTMEMPHY or UniPHY designs is
the selection of a global or regional clock network for a reset signal. The
ALTMEMPHY or UniPHY IP does not require any dedicated clock networks for reset
signals. Only ALTMEMPHY or UniPHY PLL outputs require clock networks, and any
other PHY signal using clock networks may result in timing violations.

You can correct such timing violations by:

m Setting the Global Signal logic assignment to Off for the problem path (using the
Assignment Editor), or

m  Adjusting the logic placement (using the Assignment Editor or Chip Planner)

Clock-to-Strobe (for DDR and DDR2 SDRAM Only)

Memory output clock signals and DQS strobes are generated using the same PLL
output clock. Therefore, no timing optimization is possible for this path and positive
timing margins are expected for interfaces running at or below the FPGA data sheet
specifications.

For DDR3 interfaces, the timing margin for this path is reported as Write Leveling.

Read Resynchronization and Write Leveling Timing (for SDORAM Only)

These timing paths apply only to Arria II GX, Stratix III, and Stratix IV devices, and
are implemented using calibrated clock signals driving dedicated IOE registers.
Therefore, no timing optimization is possible for these paths, and positive timing
margin is expected for interfaces running at or below the FPGA data sheet
specifications.

Ensure that you specify the correct memory device timing parameters (tposck, tpss,
tpsy) and board skew (tgxr) in the ALTMEMPHY, DDR, DDR2, and DDR3 SDRAM
Controllers with ALTMEMPHY, or DDR2 and DDR3 SDRAM Controllers with
UniPHY parameter editor.
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Optimizing Timing

For full-rate designs you may need to use some of the Quartus Il advanced features, to
meet core timing, by following these steps:

1. On the Assignments menu click Settings. In the Category list, click Analysis &
Synthesis Settings. For Optimization Technique select Speed (see Figure 10-18).

Figure 10-18. Optimization Technique

Category;

General
Files
Libraries
Device
[#- Operating Settings and Conditions
=1 Compilation Process Settings
: Early Timing E stimate
Incremental Compilation
Physical Synthesiz Optimizations
[+ EDA Tool Seftings
1+ Analyziz & Synthesis Settings
Fitter Settings
1 Timing Analysiz Settings
- &gzembler
Design Assistant
SignalT ap Il Logic Analyzer
Logic Analyzer Interface
1- Simulator Settings
PowerFlay Power Analyzer Settings
S5M Analyzer

-

W]

W]

Specify options for analyziz & synthesiz. Thesze options control Duartus || Integrated Synthesiz and
do not affect VEM or EDIF netlists unless WhYSIWYG primitive resynthesis is enabled.

Optimization Technigue -
" Balanced
" Area

[~ Timing-Driven Spnthesis
v Power-Up Don't Care
[~ Perform WYSIWYG primitive resynthesis

PowerPlay power optimization: ]Normal compilation

=

HOL Meszage Level: | Level2

More Settings. ..

Drescription:

LJ Advanced...

Specifies the overall optimization goal for Analyziz & Synthesis: attempt to maximize
performance, minimize logic usage, or balance high performance with minimal logic usage.

(u]8 | Cancel

2. Inthe Category list, click Physical Synthesis Optimizations. Specify the following

options:

m Turn on Perform physical synthesis for combinational logic.

<o For more information about physical synthesis, refer to the Netlist and

Optimizations and Physical Synthesis chapter in the Quartus II Software

Handbook.

m Turn on Perform register retiming

m  Turn on Perform automatic asynchronous signal pipelining

m  Turn on Perform register duplication
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not met, select Extra (see Figure 10-19).

Figure 10-19. Physical Synthesis Optimizations

You can initially select Normal for Effort level, then if the core timing is still

Category;

W]

[+

[

W]

General
Files
Libraries
Device

1- Operating Settings and Conditions
[=I- Compilation Process Settings

Early Timing E stimate
Incremental Compilation
Physical Synthesiz Optimizations

1 EDA Tool Settings
+ Analyzis & Synthesiz Settings

Fitter Settings

[+ Timing Analyziz Settings
- &gzembler

Design Assistant
SignalT ap Il Logic Analyzer
Logic Analyzer Interface

[#- Simulator Settings

PowerFlay Power Analyzer Settings
S5M Analyzer

Specify options for performing physical spnthesiz optimizations during synthesiz and fitting. These
options can affect WOM or EDIF netlists even if WhYSIWYG primitive resynthesis is dizabled.

1~ Optimize for performance [physical synthesiz)

|w iPerform physical sunthesis for combinahional logic

[v Perform register retiming

Effort level

" Fast [optimize during spnthesiz: minor compilation time increase]

" Nomal [optimize during synthesiz and fitting; moderate compilation time increase)
{* Extra [optimize during spnthesis and fitting; major compilation time increase)

Fitter netlist optimizations
v Perform automatic asynchronous signal pipelining
v Perform register duplication

— Optimize for fitting [physical spnthesiz for dengity]
[~ Perform physical sunthesis for combinational lagic
[~ Perform logic to memary mapping

Drescription:

Specifies that the Fitter should perform physical synthesiz optimizations on combinational logic
during fitting to increaze circuit performance.

=]

Cancel
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Timing Deration Methodology for Multiple Chip Select DDR2 and DDR3
SDRAM Designs

P

In a multiple chip select system, each individual rank has its own chip select signal.
Consequently, you must change the Total Memory chip selects, Number of chip
select (for discrete components) or Number of chip select per slot (DIMMs) in the
Preset Editor of the ALTMEMPHY- or UniPHY-based parameter editors.

In the Preset Editor, you must leave the baseline non-derated DS, 'DH, IS, IH values,
because the settings on the Board Settings page account for multiple chip select slew
rate deration.

This section explains the following two timing deration methodologies for multiple
chip-select DDR2 and DDR3 SDRAM designs:

m Timing Deration using the Board Settings
m Timing Deration Using the Excel-Based Calculator

For Arria II GX, Arria II GZ, Stratix IV, and Stratix V devices, the ALTMEMPHY, and
ALTMEMPHY- and UniPHY-based controller parameter editors have an option to
select multiple chip-select deration.

To perform multiple chip-select timing deration for other Altera devices (for example
Cyclone III and Stratix III devices), Altera provides an Excel-based calculator
available from the Altera website.

Timing deration in this section applies to either discrete components or DIMMs.

You can derate DDR SDRAM multiple chip select designs by using the DDR2 SDRAM
section of the Excel-based calculator, but Altera does not guarantee the results.

This section assumes you know how to obtain data on PCB simulations for timing
deration from HyperLynx or any other PCB simulator.

Multiple Chip Select Configuration Effects

November 2011

A DIMM contains one or several RAM chips on a small PCB with pins that connect it
to another system such as a motherboard or router.

Nonregistered (unbuffered) DIMMs (or UDIMMSs) connect address and control buses
directly from the module interface to the DRAM on the module.

Registered DIMMs (RDIMMs) improve signal integrity (and hence potentially clock
rates and overall memory size) by electrically buffering the signals with a register, at a
cost of an extra clock of increased latency. In addition, most RDIMMs come with error
correction coding (ECC) as standard.

Multiple chip select configurations allow for one set of data pins (and address pins for
UDIMMs) to be connected to two or more memory ranks. Multiple chip select
configurations have a number of effects on the timing analysis including the
intersymbol interference (ISI) effects, board effects, and calibration effects.
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ISI Effects

With multiple chip selects and possible slots loading the far end of the pin, there may
be ISI effects on a signal causing the eye openings for DQ, DQS, and address and
command signals to be smaller than for single-rank designs (Figure 10-20).

Figure 10-20 shows the eye shrinkage for DQ signal of a single rank system (top) and
multiple chip select system (bottom). The ISI eye reductions reduce the timing
window available for both the write path and the address and command path
analysis. You must specify them as output delay constraints in the .sdc.

Extra loading from the additional ranks causes the slew rate of signals from the FPGA
to be reduced. This reduction in slew rate affects some of the memory parameters
including data, address, command and control setup and hold times (‘DS, tDH, 'IS,
and 'TH).

Figure 10-20. Eye Shrinkage for DQ Signal
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Calibration Effects

In addition to the SI effects, multiple chip select topologies change the way that the
FPGA calibrates to the memories. In single-rank situations with leveling, the
calibration algorithms set delay chains in the FPGA such that specific DQ and DQS
pin delays from the memory are equalized (only for ALTMEMPHY-based designs at
401 MHz and above) so that the write-leveling and resynchronization timing
requirements are met. In single rank without leveling situations, the calibration
algorithm centers the resynchronization or capture phase such that it is optimum for
the single rank. When there are two or more ranks in a system, the calibration
algorithms must calibrate to the average point of the ranks.
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Board Effects

Unequal length PCB traces result in delays reducing timing margins. Furthermore,
skews between different memory ranks can further reduce the timing margins in
multiple chip select topologies. Board skews can also affect the extent to which the
FPGA can calibrate to the different ranks. If the skew between various signals for
different ranks is large enough, the timing margin on the fully calibrated paths such as
write leveling and resynchronization changes.

To account for all these board effects for Arria II GX, Arria Il GZ, Arria V, Cyclone V,
Stratix IV, and Stratix V devices, refer to the Board Settings page in the
ALTMEMPHY- or UniPHY-based controller parameter editors.

[l=~ To perform multiple chip select timing deration for other Altera devices (for example
Cyclone IIT and Stratix III devices), use the Excel-based calculator available from the
Altera website.

Timing Deration using the Board Settings

When you target Arria Il GX, Arria Il GZ, Arria V, Cyclone V, Stratix IV, or Stratix V
devices, the ALTMEMPHY- or UniPHY-based parameter editors include the Board
Settings page, to automatically account for the timing deration caused by the
multiple chip selects in your design.

When you target Cyclone III or Stratix III devices, you can derate single chip-select
designs using the parameter editors to account for the skews, ISI, and slew rates in the
Board Settings page.

If you are targeting Cyclone III or Stratix III devices you see the following warning;:

"Warning: Calibration performed on all chip selects, timng analysis
only performed on first chip select. Manual timing derating is
requi red"

L=~ You must perform manual timing deration using the Excel-based calculator.

The Board Settings page allows you to enter the parameters related to the board
design including skews, signal integrity, and slew rates. The Board Settings page also
includes the board skew setting parameter, Addr/Command to CK skew, (previously
on the PHY Settings tab).

Slew Rates

You can obtain the slew rates in one of the following ways:

m Altera performs PCB simulations on internal Altera boards to compute the output
slew rate and ISI effects of various multiple chip select configurations. These
simulation numbers are prepopulated in the Slew Rates based on the number of
ranks selected. The address and command setup and hold times ( tDS, tDH, tIS,
tIH) are then computed from the slew rate values and the baseline nonderated
tDS, tDH, tIS, tIH numbers entered in the Preset Editor. The parameter editor
shows the computed values in Slew Rates. If you do not have access to a simulator
to obtain accurate slew rates for your specific system, Altera recommends that you
use these prepopulated numbers for an approximate estimate of your actual board
parameters.
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Alternatively, you can update these default values, if dedicated board simulation
results are available for the slew rates. Custom slew rates cause the DS, tDH, IS,
TH values to be updated. Altera recommends performing board level simulations
to calculate the slew rate numbers that accounts for accurate board-level effects for
your board.

You can modify the auto-calculated tDS, tDH, tIS, tIH values with more accurate
dedicated results direct from the vendor data sheets, if available.

Slew Rate Setup, Hold, and Derating Calculation

Slew rate is calculated based on the nominal slew rate for setup and hold times. The
total tIS (setup time) and tIH (hold time) required is calculated by adding the Micron
data sheet tIS (base) and tIH (base) values to the delta tIS and delta tIH derating
values, respectively.

For more information about slew rate calculation, setup, hold, and derating values,
download the data sheet specifications from the following vendor websites:

Micron (www.micron.com)
For example, refer to Command and Address Setup, Hold, and Derating section in the
Micron DDR3 data sheet.

JEDEC (www.jedec.org)
For example, refer to the DDR2 SDRAM Standard data sheet.

The following section describes the timing derating algorithms and shows you where
to obtain the setup, hold, and derating values in the Micron datasheet.

The slew rate derating process uses the following timing derating algorithms, which
is similar to the JEDEC specification:

tDS = tDS(base) + delta tDS + (Vigac -Vrer)/ (DQ slew rate)

‘DH = tDH(base) + delta tDH + (Vigpc -Vrer)/ (DQ slew rate)

tIS =tIS (base) + delta tIS + (Vigac -Vrer)/ (Address/Command slew rate)
tIH= tIH(base) + delta tIH + (Vigpc -Vrer)/ (Address/Command slew rate)

External Memory Interface Handbook November 2011  Altera Corporation

Volume 2: Design Guidelines


www.micron.com
http://download.micron.com/pdf/datasheets/dram/ddr3/1Gb_DDR3_SDRAM.pdf
www.jedec.org
http://www.jedec.org/sites/default/files/docs/JESD79-2F.pdf

Chapter 10: Analyzing Timing of Memory IP 10-47

Timing Deration Methodology for Multiple Chip Select DDR2 and DDR3 SDRAM Designs

where:

a. The setup and hold values for tDS(base), tDH(base), tIS(base), and tIH(base)
are obtained from the Micron datasheet.
Figure 10-21 shows a screenshot example of the values from the Micron
datasheet.

Figure 10-21. Setup and Hold Values from Micron Datasheet

DDR3-800 DDR2-10G6

Parameter symbaol Min | Max Min | Max
DO Input Timin

Data setup time to ﬁg_ls_Lecificatiun] ins 75 - _—2:_— - _
DQs, DQs# Voer @ 1 Vins ALTTS 250 - 200 -
Data setup time to Base (spacification) D5 125 - 75 -
LS5, DOSH Wger @ 1 WiNs ACTS0 244 - 250 -
Data setup time to Base (specification) 05 - - - -
DQs5, DQs# Veore @ 1 Vins AC133 - - - -
Data hold time from —BESe (spacification) 'oH 150 - 100 -
DQs, DOS# Vper @ 1 Wins bCioo 250 _ 200 -
Minimum data pulse width SDIPWW 600 - 430 -

Command and Address Timing

DLL locking time "DLLE 512 - 512 -
CTRL, CMD, ADDR e (Spac T ication) 05 200 - 125 -
setup to CK CKa Vaer @ 1 Vins ACITS 375 _ 300 _
CTRL, CMD, ADDR Base (specification) s 350 - 275 -
setup to CK, CK# Viggr @ 1 Vins ACIS0 SO0 _ 475 _
CTRL, CMD, ADDR holdEEsE [specification) HH 275 - 200 -
from CK,CK# Vs @ 1 Vins DC100 375 _ 300 _
Minimum CTRL, CMD, ADDR pulse width Ypw 900 - 730 -

b. The JEDEC defined logic trip points for DDR3 SDRAM memory standard are
as follow:

® Vigac = Vgee +0.175V
® Vigpc = Vger+ 0.1V

m Vyac=Vger-0175V
® Vipc=Vger-01V

November 2011  Altera Corporation External Memory Interface Handbook

Volume 2: Design Guidelines



10-48 Chapter 10: Analyzing Timing of Memory IP
Timing Deration Methodology for Multiple Chip Select DDR2 and DDR3 SDRAM Designs

c. The derating values for delta tIS tIH tDH and tDS are obtained from the
Micron data sheet.
Figure 10-22 shows the screenshot of the derating values from the Micron data
sheet.

Figure 10-22. Derating Values from Micron Datasheet

AlS, AYIH Derating (ps) - AC/DC-Based
AC175 Threshold: UIH[ACI = VREF{DC} + 1?5rr|".f, VIL{AC) = UHEF[D'CI - 175

cCMD/ CK, CK# Differential Slew Rate
ADDR 40Vins | 3.0Vins | 20Vins | 1.8Vins | 1.6Vins | 1.4 Vins
Slew Rate

Vins | AUS | AUH | AtIS | ANH | ANS | AUH | AYS | AYH | ANS | AYH | AUH | AYIH
20 88 | 50 | 88 | 50 | 88 | 50 | 9 | 58 | 104 | 66 | 112 | 74
15 59 | 34 | 59 | 34 | 59 | 34 | 67 | 42 | 75 | 50 | 83 | 58
1.0 0 0o | o | o o] o 8 | 8 |16 | 16 | 24 | 24
0.9 2| a2 a| 2]a]s 4 |14 | 12| 22 20
0.3 6 |-10| 6 |-10]| 6 |-10| 2| 2|10 6 | 18|14
0.7 M| -16|-11|-16]|-11|-16] 3| 81| 5 0o | 13| 8
06 17| -26|-17|-26[-17|-26] 9 |-18| <1 |[-0] 7 | 2
05 35| 40 | 35 | 40 | -35 | 40 | 27 | 32 | 19 [ -24 | -11 | -16
0.4 62| 60 | 62 | 60 | 62 | 60 | 54 | 52 | 46 | -44 | -38 | -36

Shaded cells indicate slew rate combinations not supported
A'DS, A'DH Derating (ps) - AC/DC-Based

DQs, DQ5# Differential Slew Rate
DQ Slew 4.0 Vins 3.0 Vins 2.0 Vins 1.8 Vins 1.6 Vins 1.4 VWns
Rate V/ns | A'DS | A'™DH | A'DS | A'DH | A'™DS | A'DH | A'DS | A'™DH | A'DS | A'DH | A'DS | A'DH |
2.0 88 | 50 | 88 | 50 | 88 | 50
15 59 | 34 | 59 | 34 | 59 | 34 | 67 | 42
1.0 0 0 0 0 0 0 8 8 16 | 16
0.9 2| 4| 2| 4 6 4 14 | 12 | 22 | 20
0.8 % | -10 | 2 -2 | 10 6 18 | 14
0.7 3| -8 5 0 13 8
0.6 -1 | -10| 7 -2
0.5 -1 | -16
0.4

Intersymbol Interference

ISI parameters are similarly auto-populated based on the number of ranks you select
with Altera's PCB simulations. You can update these autopopulated typical values, if
more accurate dedicated simulation results are available.

Altera recommends performing board-level simulations to calculate the slew rate and
ISI deltas that account for accurate board level effects for your board. You can use
HyperLynx or similar simulators to obtain these simulation numbers. The default
values have been computed using HyperLynx simulations for Altera boards with
multiple DDR2 and DDR3 SDRAM slots.
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1=

For DQ and DQS ISI there is one textbox for the total ISI, which assumes symmetric

setup and hold. For address and command, there are two textboxes: one for ISI on the
leading edge, and one for the lagging edge, to allow for asymmetric IS

The wizard writes these parameters for the slew rates and the ISI into the .sdc and
they are used during timing analysis.

Board Skews
Table 10-10 lists the types of board skew.

Table 10-10. Board Skews

Board Skew

ALTMEMPHY

UniPHY

Description

Minimum CK/DQS skew to
DIMM

The largest negative skew that exists between the CK signal
and any DQS signal when arriving at any rank. This value
affects the write leveling margin for DDR3 SDRAM DIMM
interfaces in multiple chip select configurations only.

Maximum CK/DQS skew to
DIMM

The maximum skew (or largest positive skew) between the
CK signal and any DQS signal when arriving at any rank.
This value affects the write leveling margin for DDR3
SDRAM DIMM interfaces in multiple chip select
configurations.

Maximum skew between
DIMMs

Maximum delay difference
between DIMMs/devices

The largest skew or propagation delay between ranks
(especially for different ranks in different slots). This value
affects the resynchronization margin for DDR2 and DDR3
SDRAM interfaces in multiple chip select configurations.

Maximum skew within DQS
group

Maximum skew within DQS
group

The largest skew between DQ pins in a DQS group. This
value affects the read capture and write margins for DDR2
and DDR3 SDRAM interfaces.

Maximum skew between DQS
groups

Maximum skew between DQS
groups

The largest skew between DQS signals in different DQS
groups. This value affects the resynchronization margin in
non-leveled memory interfaces such as DDR2 and DDR3
SDRAM.

Address and command to CK
skew

Maximum delay difference
between Address/Command
and CK

The skew (or propagation delay) between the CK signal and
the address and command signals. Positive values
represent address and command signals that are longer
than CK signals; negative values represent address and
command signals that are shorter than CK signals. The
Quartus Il software uses this skew to optimize the delay of
the address and command signals to have appropriate
setup and hold margins for DDR2 and DDR3 SDRAM
interfaces.

Maximum skew within
Address/Command bus

The largest skew between the Address/Command signals.
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Measuring Eye Reduction for Address/Command, DQ, and DQS Setup and Hold Time

This section describes how to measure eye reduction for address/command, DQ, and
DQS.

Address/Command

The setup and hold times for address/command eye reduction is measured by
comparing both the multirank and single rank address/command timing window
as shown in Figure 10-24. Relative to the single rank address/command timing
window, the reduction of the eye opening on the left side of the window denotes
the setup time, while the reduction of the eye opening on the right side denotes the
hold time.

To obtain the address/command eye reduction (setup time), measure the Vi ac) or
Virac) difference between the single rank and multirank timing window, denoted
by A in Figure 10-23 and Figure 10-24.

To obtain the address/command eye reduction (hold time), measure the Vi pc) or
Vinpe) difference between the single rank and multirank timing window, denoted
by B in Figure 10-23 and Figure 10-24.

Figure 10-23. Difference hetween Single Rank and Multirank Timing Window for
Address/Command Eye Reduction (Setup)

Single rank
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Figure 10-24. Difference hetween Single Rank and Multirank Timing Window for
Address/Command Eye Reduction (Hold)

Single rank

vV

IL(AC)

IL(AC)

For signals with multiple loads, look at the measurements for all the target
locations and pick the worst case eye width in all cases. For example, if pin A7 is
the worst case eye width from pins A0 to A14, then the A7 measurement is used
for the address signal. In general, look for eye reduction for the worst-pin in
single-rank as compared to the worst-pin in multirank regardless of whether the
pin is the same pin or a different pin.

Da

The method to measure the DQ eye reduction is similar to the method you use to
measure the command /address eye reduction. To measure the DQ eye reduction
hold time, compare Viypc) or Vi pe) between the single rank and multirank
timing window. To measure the DQ eye reduction setup time, compare Vygyac) or
Vi (ac) between the single rank and multirank timing window.

Das

DQS arrival time is the jitter before and after the single-rank timing window that
you must enter in the GUL The DQS arrival time is indicated by the DQS signal
eye reduction between the signal rank system and multiple chip selects. Therefore,
the method to measure the DQS arrival time is similar to the method you use to
measure the command/address and DQ eye reduction.

ISI and Board Skew

Skews are systematic effects that are not time-varying, while ISI values are time-
and pattern-dependent varying margin reduction.

In the .sdc, the address/command eye reduction is applied as an output delay
constraint on the setup side and on the hold side, respectively.

For the write analysis, the eye reduction in DQ is applied as an output delay
constraint, with half on the setup side and half on the output side. Similarly, the
extra variation in the DQS is also applied as an output delay constraint with half
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removed from the setup side and half removed from the hold side.

The board skews are included in the timing margin on the fully calibrated path
such as write-leveling and resynchronization. Both the ISI and board skews values
are entered to ensure that the interfaces are not over constraint.

Timing Deration Using the Excel-Based Calculator

To perform multiple chip select timing deration for other Altera devices (for example
Stratix III and Cyclone III devices), use the Excel-based calculator, which is available
from the Altera web site. You can also derate single chip-select cases using the Excel
based calculator for devices that do not have the board settings panel provided you
have the board simulation data to account for the ISI, skew and slew rate information.

The Excel-based calculator requires data like the slew rate, eye reduction, and the
board skews of your multiple chip select system as inputs and outputs the final result
based on built-in formula.

The calculator requires the Quartus II timing results (report DDR section) from the
single rank version of your system. Two simulations are also required for the slew rate
and ISI information required by the calculator: a baseline single rank version of your
system and your multiple chip select system. The calculator uses the timing deltas of
these simulation results for the signals of interest (DQ, DQS, CK/CK#, address and
command, and CS). You must enter board skews for your specific board. The
calculator outputs the final derated timing margins, which provides a full analysis of
your multiple chip select system's performance.

The main assumption for this flow is that you have board trace models available for
the single rank version of your system. If you have these board trace models, the
Quartus II software automatically derates the effects for the single rank case correctly.
Hence the Excel-based calculator provides the deration of the supported single-rank
timing analysis, assuming that the single rank version has provided an accurate
baseline.

You must ensure that the single rank board trace models are included in your
Quartus II project so that the baseline timing analysis is accurate. If you do not have
board trace models, follow the process described at the end of this section.

Before You Use the Excel-based Calculator for Timing Deration

Ensure you have the following items before you use the Excel-based calculator for
timing deration:

1. A Quartus II project with your instantiated memory IP. Always use the latest
version of the Quartus II software, for the most accurate timing models.

2. The board trace models for the single rank version of your system.

I'=" 1If you do not have board trace models, refer to “Using the Excel-based
Calculator for Timing Deration (Without Board Trace Models)” on

page 10-55.

Using the Excel-Based Calculator

To obtain derated timing margins for multiple chip select designs using the Excel-
based calculator, follow these steps:
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Create a memory interface design in the Quartus II software.

Ensure board trace models are specified for your single rank system. Extract
Quartus II reported timing margins into the Excel-based calculator.

Use the slow 85C model timing results (Figure 10-25).

Use the worst-case values from all corners, which means that some values

may come from different corners. For example, a setup value may come
from the slow 85C model, while the hold value for the same metric may
come from the fast 0C model. In most cases, using the slow 85C model

should be accurate enough.

Figure 10-25. Quartus Il Report DDR Section Timing Results for the Slow 85C Model

M A A A A L A A A A

di3_hpc_example_top.v

| € Compilation Report - ddi3_hpc_instiddr3_hpe_controller_phy_instiddr... |

S summary A | ddr3_hp ddr3_hpc_controller_p ddr3_hpc_p ddr3_hpc_p

SHER Settings Path Operating Setup | Hold
BB /O Assignment Warnings Condition Slack | Slack
SR Metiist Optimizations 1] Address Command [Slow 300m S5C Model) Slow S00MY B5C Model| 1333 | 0,682
S Incremental Compilation Section 2| Hall Fiate Address/Command [$low 300 S5C Madel)| Slow 500V 85C Model| 4,669 | 0,687
S Pin-Cut File 3| Phy (Slow 900my 85C Mode) Slow S00MY B5C Model| 0714 |0.282
L1 Resource Section 4| Phy Rieset (Slow S00mY B5C Model] Slow S00mY B5C Model| 2872 |0.500
gé ID’:VE:‘;;Z:S'”“ 5| Read Capture (&1l Conditions) Al Conditions 0275 |0.284
B cperating Settings and Contions 6| Fead Resync (4 Condiions) All Condiions 0787 0787
B Estimated Delsy Addsd for Hold Tining 7| wite &l Conditions] All Condiians 0123 D484

&H1 Advanced Fitter Data
S L Messages
&L Suppressed Messages
25 TimeQuest Timing Analyzer
S summary
SHE SDC File List
SHEE Clocks
&H Slow 900mY 85C Model
SHEE Fmax Summary
B Setup Summary
SHER Hold Summary
B Recovery Summary
SHEE Removal Summary
SHEE Minimurn Pulse Width
&1 Datashest Report
=123 Report DOR
&2 ddv3_hpe_inst|ddr3_hpe_controller_phy_inst|ddr3_hpe_phy
BB Command Info
BB summary of Paths
&5 ddv3_hpe_inst|ddr3_hpe_controller_phy_inst|ddr3_hpe_phy
&5 ddv3_hpe_inst|ddr3_hpe_controller_phy_inst|ddr3_hpe_phy
&5 ddv3_hpe_inst|ddr3_hpe_controller_phy_inst|ddr3_hpe_phy
&5 ddv3_hpe_inst|ddr3_hpe_controller_phy_inst|ddr3_hpe_phy
&5 ddv3_hpe_inst|ddr3_hpe_controller_phy_inst|ddr3_hpe_phy
&5 ddv3_hpe_inst|ddr3_hpe_controller_phy_inst|ddr3_hpe_phy
&5 ddr3_hpe_inst|ddr3_hpe_controller_phy_inst|ddr3_hpe_phy

4. Enter the Report DDR results from Quartus II timing analysis into the Excel-based
calculator (Figure 10-26).

Figure 10-26. Calculator

Multi-Chip Select Caleulator for DDR3

1. Results obtained from Quartus

Path Setup Slack Hold Slack
Address Command 0.374 0.197
Half Rate Address/Command 2234 0143
Phy 0.136 0.025
Phy Reset 0.176 0.241
Read Capture 0.019 003
Read Resync 0.169 0168
Wite 0.016 0.007
Wiite Levefing tDQSS 0.148 0.0%8
Wite Leveling tDSSItDSH 0.005 0135
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5. Perform PCB SI simulations to get the following values:

m Single rank eye width and topology eye width for data, strobe, and address
and command signals.

m  Multiple chip select topology slew rates for clock, address and command, and
data and strobe signals.

Table 10-11 lists the data rates and recommended stimulus patterns for various

signals and memory interface types.

L=~ Use asimulation tool (for example, HyperLynx), if you have access to the
relevant input files that the tool requires, or use prelayout line simulations
if the more accurate layout information is not available.

Table 10-11. Data Rates and Stimulus Patterns

CLK and DQS DQ Address and
Memory Interface Toggling Pattern Command
(MHz) PRBS Pattern (MH2) | pppg pattern (MHz)
DDR2 SDRAM (with a 400 400 100
half-rate controller)
DDR2 SDRAM (with a 300 300 150
full-rate controller)
DDR3 SDRAM (with a 533 533 133
half-rate controller)

6. Calculate the deltas to enter into the Excel-based calculator. For example, if DQ for
the single rank case is 853.682 ps and DQ for the dual rank case is 805.137 ps, enter
48 ps into the calculator (Figure 10-27).

L=~ For signals with multiple loads, look at the measurements at all the target
locations and pick the worst case eye width in all cases. For example, for the
address bus, if A7 is the worst case eye width from pins A0 to Al4, use that
measurement for the address signal.

Figure 10-27. ISl and Slew Rate Values

Intersymbol Interference

Path Time {in ns)
Address Command eye reduction on the setup 0.013
Address Cormmand eye reduction on the haold 0.013
DQ eye reduction 0.048
“ariation in DQIS arrival time 0.003

Slew Rates Deration

Path Vins
oo 1
DOS (differential) 2
Address/Command 1
CK (differential) 2
extra tDS o
extra tDH 1]
extra 113 1]
extra tH 0

7. Enter the topology slew rates into the slew rate deration section. The calculator
calculates the extra tDS, tDH, tIS, tIH values.
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8. Obtain the board skew numbers for your PCB from either your board simulation
or from your PCB vendor and enter them into the calculator (Figure 10-28).

Figure 10-28. Board Skew Values

Board Skews

Time (in ns)
Maximum skew between DIMbs 0.05
Minimurm CK/DQS to one DIMM 0.0
Maximurn CK/DQAS to one DIMM 0.03

The Excel-based calculator then outputs the final derated numbers for your multiple
chip select design.

Figure 10-29. Derated Setup and Hold Values

Final Multi Chip Select Results

Path Setup Slack Hold Slack
Address Command 0.361 0.184
Half Rate Address/Command 2228 0.187
Phy 0.136 0.025
Phy Reset 0176 0.291
Read Capture 0.019 0.030
Read Resync 0.119 0.119
Write -0.010 -0.019
Write Leveling tDQSS 0.126 0.076
Write Leveling tDSSADSH -0.018 0.112

These values are an accurate calculation of your multiple chip select design timing,
assuming the simulation data you provided is correct. In this example, there is
negative slack on some of the paths, so this design does not pass timing. You have the
following four options available:

m  Try to optimize margins and see if it improves timing (for example modify address
and command phase setting)

m Lower the frequency of your design

m Lower the loading (change the topology of your interface to lower the loading and
skew)

m Use a faster DIMM

&siggltl;e Excel-based Calculator for Timing Deration (Without Board Trace
odels

If board trace models are not available for any of the signals of the single rank system,
follow these steps:

1. Create a new Quartus II Project with the Stratix III or Cyclone III device that you
are targeting and instantiate a High-Performance SDRAM Controller for your
memory interface.

2. Do not enter the board trace models (assumes a 0-pf load) and compile the

Quartus II design.
3. Enter the Report DDR setup and hold slack numbers into the Excel-based
calculator.
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4. Perform a prelayout line simulation of a 0-pf load simulation and obtain eye width
and slew rate numbers. Perform multiple chip select simulations of your topology
and use the Excel-based calculator.

Performing I/0 Timing Analysis

For accurate I/O timing analysis, the Quartus II software must be made aware of the
board trace and loading information. This information must be derived and refined
during your PCB development process of pre-layout (line) and post-layout (board)
simulations.

For external memory interfaces that use memory modules (DIMMs), the board trace
and loading information must include the trace and loading information of the
module in addition to the main and host platform, which you can obtain from your
memory vendor.

You can use the following I/O timing analysis methods for your memory interface:
m Perform I/O Timing Analysis with 3" Party Simulation Tools

m Perform Advanced I/O Timing Analysis with Board Trace Delay Model

Perform 1/0 Timing Analysis with 39 Party Simulation Tools

Altera recommends that you perform I/O timing analysis using the 3™ party
simulation tool flow because this flow involves post layout simulation that can
capture more accurate I/O timing. This method is also easier because it only requires
you to enter the slew rates, board skews, and ISI values in the ALTMEMPHY or
UniPHY IP parameter editor.

To perform I/O timing analysis using 34 party simulation tools, follow these steps:

1. Use a 3" party simulation tool such as HyperLynx to simulate the full path for
DQ, DQS, CK, Address, and Command signals.

2. Under the Board Settings tab of the ALTMEMPHY or UniPHY parameter editor,
enter the slowest slew rate, ISI, and board skew values.

Perform Advanced I/0 Timing Analysis with Board Trace Delay Model

You should use this method only if you are unable to perform post-layout simulation
on the memory interface signals to obtain the slew rate parameters, and/or when no
simulation tool is available.

To perform I/0O timing analysis using board trace delay model, follow these steps:
1. After the instantiation is complete, analyze and synthesize your design.
2. Add pin and DQ group assignment by running the

<variation_name>_p0_pin_assignments.tcl script.

=~ The naming of the pin assignment file may vary depending on the
Quartus II software version that you are using.

3. Enter the pin location assignments.

4. Assign the virtual pins, if necessary.
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5. Enter the board trace model information. To enter board trace model information,
follow these steps:

a. In the Pin Planner, select the pin or group of pins for which you want to enter
board trace parameters.

b. Right-click and select Board Trace Model.

6. Compile your design. To compile the design, on the Processing menu, click Start
Compilation.

7. After successfully compiling the design, perform timing analysis in the TimeQuest
timing analyzer. To perform timing analysis, follow these steps:

a. In the Quartus II software, on the Tools menu, click TimeQuest Timing
Analyzer.

b. On the Tasks pane, click Report DDR.
c. On the Report pane, select Advanced I/O Timing>Signal Integrity Metrics.

d. In the Signal Integrity Metrics window, right-click and select Regenerate to
regenerate the signal integrity metrics.

e. Inthe Signal Integrity Metrics window, note the 10-90% rise time (or fall time
if fall time is worse) at the far end for CK/CK#, address, and command,
DQS/DQS#, and DQ signals.

f. In the DDR3 SDRAM controller parameter editor, in the Board Settings tab,
type the values you obtained from the signal integrity metrics.

g. For the board skew parameters, set the maximum skew within DQS groups of
your design. Set the other board parameters to 0 ns.

h. Compile your design.

Document Revision History

Table 10-12 lists the revision history for this document.

Table 10-12. Document Revision History

Date Version Changes
m Added Arria V and Cyclone V information.
November 2011 40 m Added Performing 1/0 Timing Analysis section.
m Added Measuring Eye Reduction for Address/Command, DQ, and DQS Setup and Hold
Time section.
June 2011 3.0 Updated for 11.0 release.
December 2010 2.1 Added Arria Il GZ and Stratix V, updated board skews table.
July 2010 2.0 Added information about UniPHY-based IP and controllers.
January 2010 1.2 Corrected minor typos.
December 2009 1.1 Added Timing Deration section.
November 2009 1.0 First published.
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