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1 Introduction

Wupper1 is designed for the ATLAS / FELIX project [1], to provide a simple Direct Memory
Access (DMA) interface for the Xilinx Virtex-7 PCIe Gen3 hard block and has later been
ported to the Kintex Ultrascale, Virtex Ultrascale+ and Versal Prime series. The core is not
meant to be flexible among different architectures, but especially designed for the 256 and
512 bit wide AXI4-Stream interface [4] of the Xilinx Virtex-7 and Ultrascale FPGA Gen3
Integrated Block for PCI Express, and the Ultrascale+ and Versal Prime Gen4 Integrated
Block for PCI Express (PCIe) [5, 6, 7, 8].

The purpose of Wupper is therefore to provide an interface to a standard FIFO. This
FIFO has the same width as the Xilinx AXI4-Stream interface (256 or 512 bits) and runs
at 250 MHz. The user application side of the FPGA design can simply read or write to the
FIFO; Wupper will handle the transfer into Host PC memory, according to the addresses
specified in the DMA descriptors. Several descriptors can be queued, up to a maximum of
8, and they will be processed sequentially one after the other. The number of descriptors
(NUMBER_OF_DESCRIPTORS generic) plays an important role, it determines the total
number of descriptors, but also the number of FIFO interfaces in the ToHost direction.
The last descriptor is always dedicated for FromHost (DMA memory read from the server)
transactions, all other descriptors are dedicated for ToHost transfers (Memory writes from
the FPGA into the server memory).

Another functionality of Wupper is to manage a set of DMA descriptors, with an
address, a read/write flag, the transfersize (number of 32 bit words) and an enable
line. These descriptors are mapped as normal PCIe memory or IO registers. Besides the
descriptors and the enable line (one per descriptor), a status register for every descriptor is
provided in the register map.

For synthesis and implementation of the Xilinx specific IP cores, it is recommend to use
the latest Xilinx Vivado release as listed in section 2. The cores (FIFO, clock wizard and
PCIe) are provided in the Xilinx .xci format, as well as the constraints file (.xdc) is in the
Vivado Format.

For portability reasons, no Xilinx project files will be supplied with the core, but a bundle
of TCL scripts has been supplied to create a project and import all necessary files, as well
as to do the synthesis and implementation. These scripts will be described later in this
document.

1The person performing the act of bongelwuppen, the Gronings version of the famous Frisian sport of the
Fierljeppen (canal pole vaulting) https://nds-nl.wikipedia.org/wiki/Nedersaksische_
sp%C3%B6llegies#Bongelwuppen
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2 Compatibility

FELIX had been tested on the following platforms and tools:

1. Operating systems:

• Scientific Linux CERN 6, kernel 2.6

• Scientific Linux 7, kernel 3.10

2. Xilinx Vivado:

• 2020.1: migrated 11-2020

• 2018.1: migrated 05-2019

• 2015.4: migrated 02-2016

• 2014.4: initial version

3. Xilinx FPGA:

• Virtex-7 690T

• Kintex Ultrascale XCKU115

• Virtex Ultrascale+ VU9P, VU37P

• Versal Prime VM1802
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3 Core Architecture

Xilinx has introduced the AXI4-Stream interface [4] for the PCIe EndPoint core: a simplified
version of the ARM AMBA AXI bus [2]. This interface does not contain any address
lines, instead the address and other information are supplied in the header of each PCIe
Transaction Layer Packet (TLP). Figure 1 shows the structure of the Wupper_core design.
The Wupper_core is divided in two parts:

1. DMA Control:
This is the entity in which the Descriptors are parsed and fed to the engine, and where
the Status register of every descriptor can be read back through PCIe. Depending
on the address range of the descriptor, the pointer of the current address is handled
by DMA Control and incremented every time a TLP completes. DMA Control also
handles the circular buffer DMA if this is requested by the descriptor (See 3.2).

DMA control contains a register map, with addresses to the descriptors, status reg-
isters and external registers for the user space register map.

2. DMA Read Write:
This entity contains two processes:

• ToHost /Add Header: In the first process the descriptors are read and a header
according to the descriptor is created. If the descriptor is a ToHost descriptor,
the payload data is read from the FIFO and added after the header. This process
also takes care of switching to the next active DMA descriptor, which is leading
for selecting the MUX on the output ports of the ToHostFifo’s.

• FromHost / Strip Header: In the second process the header of the received data
is removed and the length is checked; then the payload is shifted into the FIFO.

Both processes can fire an MSI-X type interrupt by means of the interrupt controller
when finished.
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Figure 1: Structure of the Felix PCIe Engine.
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Figure 1 shows a synchronization stage for the IO and external registers, The user space
registers are stored and processed in the 25MHz clock domain in order to relax timing
closure of the design. The synchronization stage synchronizes the register map again to
the clock used in the application design (sync_clk).

The DMA Control process always responds to a request with a certain req_type from
the server. It responds only to IO and Memory reads and writes; for all other request types it
will send an unknown request reply. If the data in the payload contains more than 128 bits,
the process will send a “completion abort” reply and go back to idle state. The maximum
register size has been set to 128 bits because this is a useful maximum register size; it is also
the maximum payload that fits in one 250MHz clock cycle of the AXI4-Stream interface.

The add_header process selects the descriptor and sets the ToHostFifo MUX accord-
ingly. Based on the descriptor content, it requests a read or write to/from the server
memory. If the descriptor is set to ToHost, it also initiates a FIFO read and adds the data
into the payload of the PCIe TLP (Transaction Layer Packet). When the descriptor is set
to FromHost this process only creates a header TLP with no payload, to request a certain
amount of data from the server memory that fits in one TLP.

The DMA FromHost process checks the size of the payload against the size in the TLP
header, the data will be pushed into the FromHost FIFO.

3.1 DMA descriptors

Each transfer To and From Host is achieved by means of setting up descriptors on the
server side, which are then processed by Wupper. The descriptors are set in the BAR0
section of the register map (see Appendix 6). An extract of the descriptors and their reg-
isters is shown in Table 2 below. The register map in BAR0 has space for a maximum
of 8 DMA descriptors, but the actual number of descriptors that are implemented is de-
termined by the generic NUMBER_OF_DESCRIPTORS. The descriptor at NUMBER_-
OF_DESCRIPTORS-1 is the FromHost descriptor which always has the READ_WRITE
bitfield set to 1 (FROMHOST) and the descriptors 0 to NUMBER_OF_DESCRIPTORS-2
are implemented as ToHost descriptors. An additional special FromHost descriptor is im-
plemented at NUMBER_OF_DESCRIPTORS, this is the so called trickle descriptor (see
3.3) which is similar to the other FromHost descriptor, but it ignores the pc_pointer. The
number of ToHost FIFOs is automatically determined by the same generic, as well as the
ToHost FIFO depth. Setting NUMBER_OF_DESCRIPTORS to 6 (default in phase 2 FE-
LIX) will result in 4 ToHost descriptors and FIFOs (descriptor 0..3) and a single FromHost
descriptor / FIFO (descriptor 4).

Address Name/Field Bits Type Description
0x0000 DMA_DESC_0

END_ADDRESS 127:64 W End Address
START_ADDRESS 63:0 W Start Address

0x0010 DMA_DESC_0a
PC_POINTER 127:64 W server Read Pointer
WRAP_AROUND 12 W Wrap around
READ_WRITE 11 R 1: FromHost/ 0: ToHost
NUM_WORDS 10:0 W Number of 32 bit words

. . .
0x0200 DMA_DESC_STATUS_0

EVEN_PC 66 R Even address cycle server
EVEN_DMA 65 R Even address cycle DMA
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DESC_DONE 64 R Descriptor Done
CURRENT_ADDRESS 63:0 R Current Address

. . .
0x0400 DMA_DESC_ENABLE 7:0 W Enable descriptors 7:0. One

bit per descriptor. Cleared
when Descriptor is handled.

Table 2: DMA descriptors types.

Every descriptor has a set of registers, with the following specific functions:

• DMA_DESC: the register containing the start (start_address) and the end (end_address)
memory addresses of a DMA transfer; both handled by the server (software API).
• DMA_DESC_a: integrates the information above by adding (i) the status of the read

pointer on the server side (pc_pointer), (ii) the wrap around functionality enabling
(wrap_around, see Section 3.2 below), (iii) the FromHost (“1”) and ToHost (“0”)
transfer direction bit (read_write), and (iv) the number of 32 bits words to be
transferred (num_words)
• DMA_DESC_STATUS: status of a specific descriptor including (i) wrap around

information bits (even_pc and even_dma), (ii) completion bit (desc_done, (iii)
DMA pointer current address (current_address)
• DMA_DESC_ENABLE: the descriptors enable register (dma_desc_enable), one

bit per descriptor

3.2 Endless DMA with a circular buffer and wrap around

In single shot transfer, the DMA ToHost process continues sending data TLPs (Trans-
action Layer Packets) until the end address (end_address) is reached. The server can
check the status of a certain DMA transaction by looking at the desc_done flag and the
current_address. Another possible operation mode is the so- called endless DMA: the
DMA continues its action and starts over (wrap-around) at start address (start_address)
whenever the end address (end_address) is reached. The second mode is enabled by
asserting the wrap-around (wrap_around) bit. In this mode the server has to provide
another address named server pointer (PC_read_pointer): indicating where it has last
read out the memory. After wrapping around the DMA core will transfer To Host memory
until the PC_read_pointer is reached. The server read pointer should be updated more
often than the wrap-around time of the DMA, however it should not be read too often as
that would take up all the bandwidth, limiting the speed of the DMA transfer in progress.
A typical rule of thumb to determine what "too often" means is that software should not
update the pointer every clock cycle, but rather after processing a block of a few kB of
data.

In order to determine whether Wupper is processing an address behind or in front
of the server, Wupper keeps track of the number of wrap around occurrences. In the
DMA status registers the even_cycle bits displays the status of the wrap-around cycle. In
every even cycle (starting from 0), the bits are 0, and every wrap around the status bits
will toggle. The even_pc bit flags a PC_read_pointer wrap-around, the even_dma a
Wupper wrap-around. By looking at the wrap-around flags the server can also keep track
of its own wrap-arounds. Note that while in the endless DMA mode (wrap_around bit
set), the PC_read_pointer has to be maintained by the server (software API) and kept
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within the start and end address range for Wupper to function correctly. Figure 2 below
shows a diagram of the two pointers racing each other, and the different scenarios in which
they can be found with respect to each other.
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Figure 2: Endless DMA buffer and pointers representation diagram in ToHost mode.

Looking at Figure 2 above, the following scenarios can be described:

• A : start condition, both the server and the DMA have not started their operation.
• B : normal condition, the PC_read_pointer stays behind the DMA’s current_address
• C : normal condition, the DMA’s current_address has wrapped around and has to

stay behind the PC_read_pointer
• D : the server is reading too slow, the DMA is stalled because the server read pointer

is not advancing fast enough, the DMA current_address has to stay behind.
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If the DMA descriptor is set to FromHost, the comparison of the even bits is inverted,
as the server has to fill the buffer before it is processed in the same cycle. In this mode
the pc_read_pointer is also maintained by the software API, however it is indicating the
address up to where the server has filled the memory. In the first cycle the DMA has to
stay behind the read pointer, when the server has wrapped around, the DMA can process
memory up to end_address until it also wraps around.

Figure 3: Endless DMA buffer and pointers representation diagram in FromHost mode.

Looking at Figure 3 above, the following scenarios can be described:

• A : start condition, both the server and the DMA have not started their operation.

• B : normal condition, the DMA’s current_address stays behind the PC_read_pointer

• C : normal condition, the PC_read_pointer has wrapped around and has to stay
behind the DMA’s current_address

• D : the server is writing too slow, the DMA is stalled because the server read pointer
is not advancing fast enough, the DMA current_address has to stay behind.

3.3 Trickle descriptor

The trickle descriptor is a special FromHost descriptor which is implemented at NUMBER_-
OF_DESCRIPTORS. This descriptor works exactly as the other FromHost descriptor if
WRAP_AROUND is ’0’ (single shot DMA), but with WRAP_AROUND set to ’1’, it
ignores the PC_POINTER so the throughput is not throttled by the software. Instead the
throughput is limited by the target E-Link as defined in the contents of the cmem_rcc
buffer containing the trickle commands. If all the data in that buffer is targeted to one 80
Mb/s E-Link the DMA throughput is also limited to 80 Mb/s automatically. Wupper will
keep playing back the trickle memory in the host PC until the DMA_DESC_ENABLE bit
is cleared by te software.
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To gracefully disable the trickle descriptor, letting Wupper complete the complete range
of the memory, the WRAP_AROUND bit can first be cleared, and then the DMA_DESC_-
ENABLE bit will clear automatically when the transfer has completed.
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3.4 Interrupt controller

Wupper is equipped with an interrupt controller supporting the MSI-X (Message Signaled
Interrupt eXtended) as described in “Chapter 17: Interrupt Support” page 812 and onwards
of [9]. In particular the chapter and tables in “MSI-X Capability Structure”.

The MSI-X Interrupt table contains eight interrupts; this number can be extended by
a generic parameter in the firmware. All interrupts are mapped to the data_available
interrupt of the corresponding ToHost descriptor, formerly known as interrupt number 2 in
phase1 (rm-4.x) firmware. All the other interrupt sources have been removed since multiple
ToHost descriptors were introduced in rm-5.x. The interrupts are detailed in Table 3.

Table 3: PCIe interrupts.

Interrupt Name Description

0 ToHost 0 Available Fired when data becomes available in the ToHost FIFO 0
(falling edge of ToHostFifoProgEmpty)

1 ToHost 1 Available Fired when data becomes available in the ToHost FIFO 1
(falling edge of ToHostFifoProgEmpty)

1 ToHost 2 Available Fired when data becomes available in the ToHost FIFO 2
(falling edge of ToHostFifoProgEmpty)

3 ToHost 3 Available Fired when data becomes available in the ToHost FIFO 3
(falling edge of ToHostFifoProgEmpty)

4 ToHost 4 Available Fired when data becomes available in the ToHost FIFO 4
5 crDownXoff ToHost combined full flags (CR xoff)
6 BUSY change Fired when the busy LEMO signal changes
7 ToHost Full Fired when the ToHost FIFO becomes full

All Interrupts are fired when enough data has arrived in the ToHost fifo to fill at least
one TLP of data. Once an interrupt has fired, it will not produce an additional interrupt
until any write occurs to a register in BAR0. The idea is that this write occurs when the
SW_POINTER has been updated by the software.

All the interrupts can also be fired from the register INT_TEST, by setting the bitfield
IRQ to the desired interrupt number. This write action will fire a single interrupt.
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4 Xilinx PCIe EndPoint Core

Wupper was built around the interface of the Virtex-7 FPGA Gen3 Integrated Block for
PCI Express v4.3 [5], and was later ported to other Xilinx PCIe hard blocks:

• Virtex-7 FPGA Gen3 Integrated Block for PCI Express [5]. Wupper was tested on
Virtex7 with the VC709 (FLX709) board and the HTG710 (FLX710) boards using
the XC7VX690T FPGA. (PCIe Gen3x8)

• UltraScale Devices Gen3 Integrated Block for PCI Express [6]. Wupper was tested
with the BNL711 (FLX711) and BNL712 (FLX712) boards, using the KU115 FPGA.
(2x PCIe Gen3x8 with a PCIe x16 switch)

• UltraScale+ Devices Integrated Block for PCI Express [7]. Wupper was tested with
the VCU128-es1 (FLX128) (VU37P FPGA), the XUPP3R (VU9P FPGA) (FLX800)
and the BNL801 board (FLX801) (VU9P FPGA) 2x PCIe Gen4x8 bifurcated. 2

• Versal ACAP Integrated Block for PCI Express [8]. Wupper was tested on the
VMK180 board (VM1802 ACAP), PCIe Gen4x8

This core is using a PCIe hard block in the Virtex-7 FPGA. The hard block is equipped with
an AXI4-Stream interface.

4.1 Xilinx AXI4-Stream interface

The interface has the advantage that it has two separate bidirectional AXI4-Stream in-
terfaces. The two interfaces are the requester interface, with which the FPGA issues the
requests and the PC replies, and the completer interface where the PC takes initiative.

bus Description Direction
axis_rq Requester reQuest. This interface is used for DMA, the

FPGA takes the initiative to write to this AXI4-Stream in-
terface and the PC has to answer.

FPGA → PC

axis_rc Requester Completer. This interface is used for DMA reads
(from PC memory to FPGA), this interface also receives a
reply message from the PC after a DMA write.

PC → FPGA

axis_cq Completer reQuest. This interface is used to write the DMA
descriptors as well as some other registers.

PC → FPGA

axis_cc Completer Completer. This interface is used as a reply
inteface for register reads, as well as a reply header for a
register write.

FPGA → PC

Table 5: AXI4-Stream streams.

4.2 Configuration of the core

The Xilinx PCIe EndPoint core is configured as a PCI express Gen3 (8.0GT/s) End Point
with 8 lanes and the Physical Function (PF0) max payload size is set to 1024 bytes. AXI-
ST Frame Straddle is disabled and the client tag is enabled. All other options are set to

2For the VU9P FPGA, PCIe Gen4 is not officially supported, but it was demonstrated to work. It can
be enabled only on Vivado 2018.1 using a tcl command or by editing the .xci file
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default, the reference clock frequency is 100MHz and the only option for the AXI4-Stream
interface is 256 bit at 250MHz, see Figures 4 to 14.
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Figure 4: PCIe core configuration in Vivado [Basic].

Figure 5: PCIe core configuration in Vivado [Capabilities].

Figure 6: PCIe core configuration in Vivado [PF0 IDs].
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Figure 7: PCIe core configuration in Vivado [PF0 BAR].

Figure 8: PCIe core configuration in Vivado [Legacy/MSI Cap].

Figure 9: PCIe core configuration in Vivado [MSIx].

18 Frans Schreuder, Andrea Borga, Jos Vermeulen, Oussama el Kharraz AlamiRev 5.0



Wupper - a PCIe DMA Engine for FELIX

Figure 10: PCIe core configuration in Vivado [Power Management].

Figure 11: PCIe core configuration in Vivado [Extd. Capabilities 1].
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Figure 12: PCIe core configuration in Vivado [Extd. Capabilities 2].

Figure 13: PCIe core configuration in Vivado [Shared LogicMSIx].
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Figure 14: PCIe core configuration in Vivado [Core Interface Parameters].
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5 Obtaining and building Wupper

Wupper was written in VHDL, however a number of files are processed with the registers
defined in registers-x.x.yaml using WupperCodeGen [15]. WupperCodeGen is a Jinja2 based
templating engine which generates a template file (for instance dma_control.vhd.template)
into the generated source file. The WupperCodeGen software is used to generate the VHDL
source, the C/CPP headers as wel as the register-map documentation in this document,
see 6

directory contents
firmware/constraints Contains the XDC files with Vivado constraints including

Chipscope ILA definitions.
firmware/output Empty placeholder where bit files will be generated
firmware/Projects Empty placeholder where the Vivado projects will be gen-

erated
firmware/scripts/FELIX_top This directory contains scripts to create the vivado

project and to run synthesis and implementation, see
later this chapter.

firmware/scripts/filesets This directory contains scripts to define sets of VHDL
file for a certain firmware functional block. For instance
wupper_fileset.tcl contains all the necessary VHDL, XCI,
XDC and BD files to generate Wupper for all hardware
platforms.

firmware/scripts/helper Contains a set of scripts that can be sourced from the
scripts in simulation and scripts/FELIX_top in order
to easily create projects for the different tools (Vivado,
Questasim, Sigasi) and to start an implementation, set
the necessary generics, create reports and a bitfile for the
required FPGA.

firmware/simulation/Wupper Contains a testbench (wupper_tb.vhd) and a PCIe end-
point functional model (pcie_ep_sim_model.vhd), both
using the UVVM library. These simulation files can used
together with the other Wupper sources to demonstrate
multi descriptor DMA transfers and Register reads /
writes.

firmware/sources/pcie This directory contains the source files of Wupper that
are not generated using WupperCodeGen.

firmware/sources/templates This directory contains the yaml definition of the register
map, the .vhd.template files and the generated .vhd files.

firmware/sources/ip_cores Contains a Vivado .xci file for the PCIe ip cores
Table 7: Directories in the repository.

Please note that if changes to any of the core are made, a manual copy of the relevant
.xci file in firmware/Projects/felix_top/felix_top.srcs/sources_1/ip should be made to the
relevant folder in /firmware/sources/ip_cores.
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5.1 Create the Vivado Project

The vivado project is not supplied in the GIT tree, instead a .tcl script is provided to
generate the project. To create the project, open Vivado without a project, then open the
TCL console and run the following commands.

Listing 1: Create Vivado Project.
cd felix/firmware/scripts/FELIX_top/
source ./FLX712_import_vivado.tcl

FLX712 can be replaced with any of the other supported hardware platforms. A project
should now be created in firmware/Projects/. beware that this script will overwrite
and recreate the project if it exists already.

5.2 Running synthesis and implementation

When the project has been created, you can simply press the buttons to run synthesis
and implementation of the design, but a tcl script has been created to run these steps
automatically. Additionally the script will create the bitfile in the firmware/output directory,
as well as an .mcs file and an .ltx file, containing the ChipScope ILA probes. All those 3
files have a timestamp in their filename so any previous synthesis output will be maintained.
The script can simply be executed if the project is open.

Listing 2: start synthesis / implementation.
cd felix/firmware/scripts/FELIX_top/
source ./do_implementation_BNL712.tcl
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6 Simulation

The directory firmware/simulation/Wupper contains all necessary testbenches (wupper_-
tb.vhd, pcie_ep_sim_model.vhd) to run the simulation in Mentor Graphics Modelsim or
Questasim [12].

The directory simulation/UVVMExample contains a file modelsim.ini with some stan-
dard information, there is also a script "ci.sh" wich will execute the UVVM based simu-
lation. It assumes that questasim 2019.1 is installed, the Xilinx libraries are compiled in
simulation/xilinx_lib and the UVVM library is compiled in simulation/UVVM. The wupper
simulation can be started by executing

Listing 3: Run the simulation.
cd FELIX/firmware/simulation/UVVMExample
./ci.sh Wupper

By default the simulation starts in command line mode. If GUI mode is desired (e.g.
to view waveforms), the ci.sh script can be edited, and the "-c" parameter from the vsim
command can be removed.
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