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= Partl
= RFNoC Framework Overview

= Hands on Demos

= Part2
= RFNoC FPGA & Software Architecture
= Hands on Computation Engine Development
= Advanced RFNoC Topics



Host-Based SDR — Current Situation .
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= PC+ Flexible RF Hardware + SDR Framework
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= PC+ Flexible RF Hardware + SDR Framework

GPP: Multi-core + SIMD -- GNU Radio
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GNU Radio
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Open source toolkit for developing software radios

File Edit Build Options Help
PDeE® 6 @

dial_tone %) recel

@ & 4 =

|Blocks =

Options
ID: top_block
Title: USRP WBFM Receive
Author: Example
Description: WBFM Receive with Basic RX o...
Window Size: 1280, 1024
Generate Options: WX GUI

Variable Variable Slider

ID: decim ID: volume

Value: 200 Label: Volume
Default Value: 1
Minimum: 0

Maximum: 10

Num Steps: 100
Slider Type: Horizontal
Grid Position: 1, 1,1, 2

USRP Source
Unit Number: 0
Subdev Spec: Auto
Frequency: 100000000
Decimation: 200
Gain: 20
Mux: 0x0
Auto T/R: Ignore
RX Antenna: Ignore

Variable Slider
ID: fine
Label: Fine Freq
Default Value: 0
Minimum: -0.1
Maxi 0.1

Variable Slider
ID: freq
Label: Frequency
Default Value: 100
Minimum: 87.5
Maximum: 108
Num Steps: 1000
Slider Type: Horizontal
Grid Position: 0,0, 1, 2

Num Steps: 100
Slider Type: Horizontal
Grid Position: 0,2, 1, 2

WBFM Receive
Quadrature Rate: 320000
Audio Decimation: 10

% Multiply Const
Constant: 1

FFT Sink
Title: FFT Plot
Sample Rate: 320000
Baseband Freq: 0
Y per Div: 10
Y Divs: 8
Reference Level: 50
FFT Size: 512
Refresh Rate: 15
Average Alpha: 0
Average: No
Peak Hold: No
Grid Position: 2,0, 2, 4

Audio Sink

OK to Block: Yes

« BB

o

>n‘owmg: “/nomey|piumyproj/gnuraalo/gre/examplies/usrp/usrp_worm_receive.grc”

Showing: "fhome/jblum/proj/gnuradio/grc/examples/usrp/usrp_wbfm_receive.grc"

Showing: "/home/jblum/proj/gnuradio/grc/examplesjusrp/usrp_two_tone_loopback.grc"

Sample Rate: 32KHz E |
Device Name:

[ Sources ]

[ Sinks ]

[ Graphical Sinks ]

[ Operators ]

[ Type Conversions ]

[ Stream Conversions ]
[ Misc Conversions ]

[ Synchronizers ]

[ Level Controls ]

[ Filters ]

v vV vV VvV VvV VvV VvV v v v

)< [ Modulators ]

VvCo

Frequency Mod
Phase Mod

Quadrature Demod
CPFSK

Differential Phasor
Constellation Decoder
Differential Encoder

Differential Decoder

et WBFM Transmit
»
- WBFM Receive PLL
NBFM Transmit :;
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= PC+ Flexible RF Hardware + SDR Framework

GPP: Multi-core + SIMD -- GNU Radio
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Host-Based SDR — Current Situation )
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"= PC + Flexible RF Hardware + SDR Framework
= GPP: Multi-core + SIMD -- GNU Radio
= GPU: High performance FP -- OpenCL, gr-fosphor

GPU GPP




Host-Based SDR — Current Situation
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PC + Flexible RF Hardware + SDR Framework
GPP: Multi-core + SIMD -- GNU Radio

GPU: High performance FP -- OpenCL, gr-fosphor
RF HW: Wide bandwidth, large FPGA -- Rate change DSP

GPU
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FPGA Cyclone 1 Spartan 3 Zynq Kintex 7
Logic Cells 12K 53K 85K 406K
Memory 26KB 252KB 560KB 3180KB
Multipliers NONE! 126 220 1540
Clock Rate 64 MHz 100 MHz 200 MHz 250 MHz
RF Bandwidth 8 MHz 50 MHz 128 MHz 640 MHz
Free Space NONE! ~50% ~60% ~75%
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= Massive processing requirements
= Welsh’s algorithm for Power Spectrum Estimation
= 1024 FFT + |X]|? + Moving Average at 200 MSPS

QT GUI Vector Sink
FET Vector Size: 1.024k
Moving Average (Vector) X-Axis Start Value: 0
UHD: USRP Source FET Size: 1.024k e = § ;h 20 ot ot
eraging Length: -Axis Ste, ue:
Samp Rate {Sps): 200M Stream to Vector - Forwar d/Reverse: Formard Complex to Mag™~2 - — gL ggth ok -P- S hpl Axi
. or Length: 1. -Axis Label: x-Axis
Cho: Center Freq (Hz): 2.5G MHum Rems: 1.024k Window: window.blackrmanhar. Vec Length: 1.024k . X
. . Scale: 976.562u ¥-Axis Label: v-Axis
Chi: Gain Value: 0 Shift: ves . . .
Max. lerations: 4096k X¥-Axis Units:
MNum. Threads: 1 . .
Y-Axis Units:
Ref Level: 0
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= Massive processing requirements
= Welsh’s algorithm for Power Spectrum Estimation
= 1024 FFT + |X]|? + Moving Average at 200 MSPS

Highly Parallelizable Math

QT GUI Vector Sink
FET Vector Size: 1.024k
Moving Average (Vector X-Axis Start Value: 0
UHD: USRP Source FFT Size: 1.024k A 9 § ;h (20 ) x A"fE S:' iy e .
eraging Length: -Axis Ste, ue:
Samp Rate (Sps): 200M Stream to Vector - Forwar d/Reverse: Forward Complex to Mag”~2 - —— gL ggth T -...- ey hpl -
or Len H . SAXIS Labell xX-AXIs
Cho: Center Freq (Hz): 2.5G MHum Rems: 1.024k Window: window blackmanhar. Vec Length: 1.024k _ . K
. . Scale: 976.562u ¥-Axis Label: v-Axis
Ch0: Gain Value: 0 Shift: Yes R . .
Max. lterations: 4.096k ¥-Axis Units:
Num. Threads: 1 . .
Y-Axis Units:
Ref Level: 0
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= Massive processing requirements
= Welsh’s algorithm for Power Spectrum Estimation
= 1024 FFT + |X]|? + Moving Average at 200 MSPS

= QOverloaded transport
= 200e6 samp/sec * 32 bits/samp => 6.4 Gb/sec

Transport Highly Parallelizable Math

QT GUI Vector Sink
FET Veactor Size: 1.024k
Moving Average (Vector X-Axis Start Value: 0
UHD: USRP Source FFT Size: 1.024k A 9 § ;h (20 ) x A"fE S:' iy e .
eraging Length: -Axis Ste ue:
Samp Rate (Sps): 200M Stream to Vector - Forwar d/Reverse: : Forward Complex to Mag”~2 - - gL ggth S -.l_- I hpl e
or Len s 1. SAXIS Labell Xx-AXIS
Cho: Center Freq (Hz): 2.5G MHum Rems: 1.024k Window: window blackmanhar. Vec Length: 1.024k _ . K
. . Scale: 976.562u ¥-Axis Label: v-Axis
Ch0: Gain Value: 0 Shift: Yes R . .
Max. lterations: 4.096k X-Axis Units:
Num. Threads: 1 . .
¥-Axis Units:
Ref Level: 0

12



Challenges o
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= Massive processing requirements

= Welsh’s algorithm for Power Spectrum Estimation
= 1024 FFT + |X]|? + Moving Average at 200 MSPS

= QOverloaded transport
= 200e6 samp/sec * 32 bits/samp => 6.4 Gb/sec

= Latency and Determinism

= Ethernet latency, OS scheduling, precise timing

Overloaded P ——————,
Vector Size: 1.024k
AL Moving Average (Vector) X-Axis Start Value: 0
UHD: USRP Source T Size: 1.024k A - § ;h o ot ot
gggggggg ength: -Axis Step ue:
SSSSSSS (Sps): 200M Stream to Vecto Forward/Reverse. Forward Co mpl to Mag”~2 . ;
Vector L h: 1.024k X-A Label: x-2
Cho: Center Freq (Hz): 2.5G # MHum Hkems: _’- Window: window blackmanhar. ength: 1.024k - ector -engt -.b- x_ls anes x_ls
. Scale: 976.562u ¥-Axis Label: v-Axis
Ch0: Gain Value: 0 Shift: Y R . .
Max. lterations: 4.096k ¥-Axis Units:
um. h ads: 1 . )
Y-Axis Units:
Ref L |
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Opportunity: Use the FPGA! ts 0006
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= Everything USRP is open source, available online
(code, firmware, schematics)

"= Contains big and expensive FPGA!

"= Why do customers not use it?

e —— k- 14



FPGAs: Hard to use... slow to develop

A National Instruments Company

ONEDOES NOT'S
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PROGRAM A FPGA




Domain vs FPGA Experts
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= FPGA development is not a requirement of a

communications engineering curriculum
= Math in FPGAs is hard
= Complicated system architecture

dlImost purc-noisc Cnannceis. 1nis muwiuon 1s Ciariica more oy

the following inequality. It is shown in [1] that for any B-DMC

W,
1—I(W) < Z(W) < /T—I(W)2 )

where I(W) is the symmetric capacity of W.

Let W¥ denote the channels that results from N indepen-
dent copies of W i.e. the channel ({0, 1}, #N W) given
by N

def
WY |2) = ] W(wila:) 3)
i=1
where IE{V =(IL'1,.’I}2, o 7:L‘N) and y{V i(?/lay% o ~?/N)
Then the combined channel < {0, l}N LN, W> is defined with
transition probabilities given by

W uY) © WY o Gy) = WYY |ul RyG®)

16



RFNoC: RF Network on Chip
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Make USRP FPGA acceleration more accessible

Software APl + FPGA infrastructure

= Handles FPGA — Host communication / dataflow

Provides users simple software and HDL interfaces

= |nfrastructure transparent to user -- reusable code
Open source

Fully supported in GNU Radio
= Modularity and composability



RFNoC Architecture s 07
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User Application — GNU Radio

RFNoC: Radio QT GUI Vector Sink
Vector Size: 1.024k
Radio Select: A FFT X-Axis Start Value: 0
Mode: Rx FFT Size: 1.024k Logl0 )
Stream Args: . ) e or Forward/Reverse: Forward l ) Complex to Mag n: 20 = it
Center Frequency: 1.982G e —— l Window: window.blackmanhar... Vec Length: 1.024k l k: 0 l L I = == X'Ax.' s 0
Vec Length: 1.024k Y-Axis Label: y-Axis
Sampling Rate: 1M Shift: Yes Vec Length: 1.024k n-
X-Axis Units:
Gain: 20 Num. Threads: 1
Antenna: TX/RX P I—
: Ref Level: 0 : n

USRP Hardware Driver

Ethernet MAC & PHY

v

USRP FPGA

Crossbar
t tt bt
Radio Core Compu.tation Compu.tation
Engine Engine

18



RFNoC Architecture
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= Radio Core block in FPGA connects to RF Frontend I/O
such as ADC and DAC

Vi

Radio Core

USRP FPGA



RFNoC Architecture

= Connection back to the host

* Transparent protocol conversion
= Multiple standards PCI-E, 10 GigE, AXI
= Parallel interfaces (example: X300 has 2 x 10 GigE)

A A |

Ethernet MAC & PHY

vi

Radio Core

v4

O

aaaaaaaaaaaaaaaaaaaaaaaaa

USRP FPGA



RFNoC Architecture

RFNoC provides space for custom user logic
called Computation Engines

Completely independent of other logic

o 9o
o}

O

aaaaaaaaaaaaaaaaaaaaaaaaaaa

\ A |
Ethernet MAC & PHY
v4
Vi \ A vI
Radio Core Compu.tatlon Compu-tat|on
Engine Engine
. @

USRP FPGA

21



RFNoC Architecture
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Crossbar connects Computation Engines, Radio Core, and

|/O interfaces (e.g. Ethernet)
=  Packet switched

=  Fully connected crossbar

Vi

Ethernet MAC & PHY

vt

Crossbar

v1 vt

vt

Computation

Radio Core )
Engine

Computation
Engine

USRP FPGA

22



RFNoC Architecture
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Software API to:

=  Configure USRP hardware & RFNoC FPGA infrastructure

(&

=  Provide user sample data (r/w buffers) & control (r/w regs) interfaces &
N

O

USRP Hardware Driver L

Ethernet MAC & PHY <

O

a

7} 2

Crossbar o

V4 vt vt %
N

-

Radio Core

Computation
Engine

Computation
Engine

23
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User Application — GNU Radio

Radio Select: A FFT
:t::::nR:rgr . ) e or :::::ll:e(:lz::se Forward l ) Complex to Mag n: 20 root0 l » = it
Center Frequency: 1.982G c::n::;:i 024k . Window: window.blackmanhar... Vec Length: 1.024k l k: 0 I :' :::: x::::
Sampling Rate: 1M t Shift: Yes Vec Length: 1.024k -y

Gain: 20 Num. Threads: 1 L s
Antenna: TX/RX

QT GUI Vector Sink
Vector Size: 1.024k
X-Axis Start Value: 0

Y-Axis Units:
Ref Level: 0

HOST PC

= User application

= Standalone: C, C++, Python

=  Framework: GNU Radio

USRP FPGA

CIUSSdl
t tt bt
Radio Core Compu.tation Compu-tation
Engine Engine

24
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User Application — GNU Radio

RFNoC: Radio QT GUI Vector Sink
Vector Size: 1.024k
Radio Select: A FFT X-Axis Start Value: 0
Mode: Rx FFT Size: 1.024k Logl0 )
Stream Args: . ) e or Forward/Reverse: Forward l ) Complex to Mag n: 20 l » = it
Center Frequency: 1.982G e —— . Window: window.blackmanhar... Vec Length: 1.024k l k: 0 I = == X'Ax.' s 0
Vec Length: 1.024k Y-Axis Label: y-Axis
Sampling Rate: 1M Shift: Yes Vec Length: 1.024k n-
X-Axis Units:
Gain: 20 Num. Threads: 1
Antenna: TX/RX P |—
: Ref Level: 0 : n

= Example: Plotting Frequency Spectrum

v

USRP FPGA

Crossbar
t tt bt
Radio Core Compu.tation Compu-tation
Engine Engine

25



RFNoC Example

User Application — GNU Radio

Q0
Ettus o
O
O Research”
O O O A National Instruments Company

QT GUI Vector Sink
Vector Size: 1.024k

RFNoC: Radio
Radio Select: A FFT
Mode: Rx Stream to Vector FFT Size: 1.024k Logl0
Stream Args: l'i'b B . Forward/Reverse: Forward Complex to Mag I n: 20
Center Frequency: 1.982G Vec Length: 1.024k Window: window.blackmanhar... Vec Length: 1.024k k: 0
Sampling Rate: 1M Shift: Yes Vec Length: 1.024k
Gain: 20 Num. Threads: 1

Antenna: TX/RX

X-Axis Start Value: 0
X-Axis Step Value: 1
[ x-Axis Label: x-Axis
Y-Axis Label: y-Axis
X-Axis Units:

Y-Axis Units:
Ref Level: 0

Radio block in GNU Radio represents the
Radio Core RFNoC block in FPGA

<IIIIIIIIIIIIIIIIIII*

<
-

Radio Core

HOST PC

USRP FPGA

26



RFNoC Example
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User Application — GNU Radio

RFNoC: Radio QT GUI Vector Sink
Vector Size: 1.024k
e ol X-Axis Start Value: 0
Mode: Rx FFT Size: 1.024k Logl0 ) :
Stream Args: e or Forward/Reverse: Forward Complex to Mag n: 20 l » - it
Center Frequency: 1.982G l-_-.. c::‘::;:i 024k l Window: window.blackmanhar... . L Vec Length: 1.024k l k: 0 I ’Y(. :::: x:::: 0
Sampling Rate: 1M T Shift: Yes Vec Length: 1.024k - ¥- n-
X-Axis Units:
Gain: 20 Num. Threads: 1
Antenna: TX/RX Y-Axis Units: I_
- Ref Level: 0 : n

USRP Hardware Driver

Ethernet MAC & PHY

Crossbar
1 A

USRP FPGA

Radio Core

27



RFNoC Example

Ettus o
O

O Research”

A National Instruments Company

O o O

User Application — GNU Radio

QT GUI Vector Sink
RFNoC: Radio
Vector Size: 1.024k
Radio Select: A FFT
X-Axis Start Value: 0
Mode: Rx FFT Size: 1.024k Logl0
Stream Args: B — or Forward/Reverse: Forward Complex to Mag n: 20 Lo
: === Num Items: 2 : : l—b X-Axis Label: x-Axis
Center Frequency: 1.982G l Window: window.blackmanhar... Vec Length: 1.024k l k: 0 . . O
Vec Length: 1.024k Y-Axis Label: y-Axis
Sampling Rate: 1M Shift: Yes Vec Length: 1.024k m
X-Axis Units:
Gain: 20 Num. Threads: 1
Antenna: TX/RX Y-Axis Units: I_
Ref Level: 0 : n

= Profiling reveals FFT is a hotspot

v

Crossbar

;* 1A 1A

Radio Core

USRP FPGA

28



RFNoC Example Ettus

ARR

User Application — GNU Radio

FFT
FFT Size: 1.024k
Forward/Reverse: Forward
’l Window: window.blackmanhar... l_
Shift: Yes
Num. Threads: 1

" |mplement FFT as a
Computation Engine
: in FPGA
vi Y Yi
Computation Computation

Engine Engine

aaaaaaaaaaaaaaaaaaaaaaaaaa

HOST PC

USRP FPGA

29
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User Application — GNU Radio

RFNoC: FFT
[ FFT Size: 1024 -
FFT Output: Complex
[ ]
[]

HOST PC

USRP FPGA

FFT

30



RFNoC Architecture s 07
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User Application — GNU Radio o Cor vecror sk

RFNoC: Radio Vector Size: 1.024k

Radio Select: A X-Axis Start Value: 0

Mode: R

Stream :ror RFNoC: FFT Complex to Mag n: 20 Hooto poos o
) - T Size: 1024 : 2 I: x-Axi

Center Frequency: 1.982G 1 ::1' :':: m_chmplex Vec Length: 1.024k B 1 :m ::I. : e

:::pl;;’ Rate: 1M Vec Length: 1.024k ::m ::::::: 8
S Ref Level: 0. |_
(dp]
@)
USRP Hardware Driver L
Ethernet MAC & PHY <
o
o
Crossbar o
vt -
(dp]
-
Radio Core FFT Compu-tatlon
Engine

31



RFNoC Architecture o
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User Application — GNU Radio o Cor vecror sk

RFNoC: Radio Vector Size: 1.024k

Radio Select: A

X-Axis Start Value: 0

ot RFNoC: FFT Senls X-Axis Step Value: 1

e -] FFT size: 1024 - b# et _—b n: 20 | x-Axis Label: x-Axis
Sampling Rater ¥ #“”"‘P"" C°"‘°'°*+ Yec Lenothe T2 .C;i’ e d II‘.X".,E,‘..":,'f e 8
Antenna: R sk Unts: =
O
. . . . I
_____________ = Profile again and decide if more FPGA
acceleration is needed <
) (O
= Note: Already have these blocks in RFNoC o
crosspar o
vt vt vt L
)
=

Radio Core FFT Corgsgi'f:lon
e e

32



Computation Engine

To Host PC
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Crossbar

Radio Core

Depacketizer

Packetizer

FIFO

FIFO

t

TX Interface

RX Interface

Depacketizer

Packetizer

FIFO

FIFO

‘ AXI-Stream 1

Xilinx FFT IP

33



Computation Engine
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; To Host PC

Crossbar

Depacketizer

Packetizer

FIFO

FIFO

t

TX Interface

RX Interface

Depacketizer

Packetizer

FIFO

FIFO

; AXI-Stream 1

Xilinx FFT IP

" FIFO to FIFO, packetization, flow control

" Provided by RFNoC infrastructure



Computation Engine

To Host PC

o Qo
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Crossbar

Depacketizer

Packetizer

FIFO

FIFO

t

TX Interface

RX Interface

Depacketizer

Packetizer

FIFO

FIFO

‘ AXI-Stream 1

Xilinx FFT IP

= User interfaces to RFNoC via AXI-Stream
= |ndustry standard (ARM), easy to use

= Large library of existing IP cores

35



Computation Engine
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; To Host PC

Crossbar
| | |
| I |
I | Depacketizer Packetizer : I | Depacketizer Packetizer :
| I
: FIFO FIFO : | FIFO FIFO |

! |
: 1 I : ‘ AXI-Stream 1 :
! |
: TX Interface RX Interface I : Xilinx FFT IP I
| I I
d I

= User writes their own HDL or drops in IP
= Xilinx IP, opencores.org, third party IP

= Vivado HLS, HDL generator software

36



Computation Engine
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; To Host PC

Crossbar
| 1 '
| | '
I | Depacketizer Packetizer : I | Depacketizer Packetizer :
| I
: FIFO FIFO : : FIFO FIFO :

I |
: 1 I : ‘ AXI-Stream 1 I
I |
' | TXDsp RX DSP L Xilinx FFT IP |
' B :

= Each block is in their own clock domain

= |mprove block throughput, timing

= |nterface to Crossbar has clock crossing FIFOs
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Ethernet MAC & PHY

v

Crossbar

RX Samples RX Spectrum
FET Spectrum X
Radio Core - Policy Modulator
Xilinx IP ,

38
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Ethernet MAC & PHY
Crossbar
RX Samples RX Spectrum Trigger Command
FET Spectrum X
Radio C i
adio Core (Xilinx IP) Policy Modulator

39



Cognitive Radio

Ettus

SRR
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Ethern2t MAC & PHY

Crossbar
Payload from Host
RX Samples RX Spectrum Trigger Command
S EEEEEEEEEEEEEEEENER
FET Spectrum X
Radio Core Policy Modulator

Xilinx IP

40



Cognitive Radio e 0903
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Ethernizt MAC & PHY
Crossbar
TX Samples
Payload from Host
RX Samples RX Spectrum Trigger Command
FET Spectrum X
Radio Core Policy Modulator

Xilinx IP

41



Summary
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= Make FPGA acceleration more accessible on USRP
= Tightly integrated with GNU Radio

" |Implemented several interesting CEs
= OFDM, FFT, FIR, Signal Generator, Fosphor

= Portable between all third generation USRPs
= X3x0, E3xx, N3xx

" Completely open source
= kb.ettus.com/RFNoC_Getting Started Guides
= After the break: FPGA & Software Development



Hands on Demos ,
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= Open new terminal and run:

= source ~/rfnoc-workshop/setup _env.sh

= gnuradio-companion
" rfnoc_fosphor: Wideband Spectrum Display
* rfnoc_window_fft: FFT with selectable window
" rfnoc_fir: FIR filter with reconfigurable taps
" rfnoc_ddc: Receive with radio and DDC block

" Flowgraph directory:
~/rfnoc-workshops/src/gr-ettus/examples/



