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= Host-based Software Defined Radio
=  Current situation

= @Goal

= RFNoC

= Architecture overview

= Demo

= Conclusion
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= PC + Flexible RF Hardware + SDR Framework

= Typical SDR frameworks excel at software
reconfigurability & composability

= Less true for available hardware, especially FPGAs
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= Simple spectrum monitor:

=

QT GUI Vector Sink
FeT Mpwalmtrriel
UHD: USRP Source FFT Size: 1.024k Loglo x-M,s Ste Value.'l
Samp Rate (Sps): 10M Stream to Vector l Forward/Reverse: Forward H Complex to Mag n: 20 l X-Axis Labpel' o A:i.s
Ch: Center Freq (Hz): 0 Num Items: 1.024k Window: window.blackmanhar... Vec Length: 1.024k k:0 Y-Axis Label'. -A::is
Chi: Gain Value: 0 Shift: Yes Vec Length: 1.024k X-Axis Unl‘ts: i
Num. Threads: 1 :
e Y-Axis Units:
Ref Level: 0

= USRP FPGA underutilized; Features used as-is
= Highly parallelizable algorithms + large FPGA!
= Software & FPGA source code are open source

= Why are so few using FPGA acceleration?
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= Simple spectrum monitor:

I QT GUI Vector Sink
I — Vector Size: 1.024k
X-Axis Start Value: 0
UHD: USRP Source FFT Size: 1.024k Legl0 X-Axis Ste v;“u; 1
[ Samp Rate (Sps): 10M Stream to Vector l Forward/Reverse: Forward H Complex to Mag n: 20 l X-Axis Labpel' o A:i.s
Ch: Center Freq (Hz): 0 Num Items: 1.024k Window: window.blackmanhar... Vec Length: 1.024k k:0 Y-Axis Label'. -A::is
Cho: Gain Value: 0 I Shift: Yes Vec Length: 1.024k s Labe: ¥-
Num. Threads: 1 :
e Y-Axis Units:
Ref Level: 0

GPP
Processing

FPGA
Processing

= USRP FPGA underutilized; Features used as-is
= Highly parallelizable algorithms + large FPGA!
= Software & FPGA source code are open source

= Why are so few using FPGA acceleration?



FPGAs: Hard ta s eslow to develop o
Ettus ? ‘

é é £ o Research"
A National Instruments Company

THE #1 PROGRAMMER EXCUSE
FOR LEGITIMATELY SLACKING OFF:

“MY CODE’S COMPILING.”

HEY! GET BﬂCK
10 UDRK‘
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= Experts in DSP & algorithms may not have
practical FPGA design experience

= Also must learn overall architecture:

= Dataflow, signal timing, clocking
= Software & Hardware interfacing (PCle, Gigk, DRAM)
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= Heterogeneous Processing

= Support composable and modular designs using
GPP, FPGA, & beyond

= Maintain ease of use

= Tight integration with popular SDR frameworks

=

I QT GUI Vector Sink
I FET Vector Size: 1.024k
UHD: USRP Source FFT Size: 1.024k Log10 iﬁt :::“\:;L":lo
Samp Rate (Sps): 10M Stream to Vector l Forward/Reverse: Forward l 3 Complex to Mag n: 20 l X-Axis Labpel' % A:i.s
ChO: Center Freq (Hz): 0 Num Items: 1.024k Window: window.blackmanhar... Vec Length: 1.024k k:0 Y-Axis Label'. Axis
ChO: Gain Value: 0 I Shift: Yes Vec Length: 1.024k X-Axis Unﬂ;s: i
Num. Threads: 1 Y-Axis Units:

I Ref Level: 0

FPGA GPP
Processing : Processing



Goal o9 o

Ettus Q
O
o0  Research"
O O O A National Instruments Company

= Heterogeneous Processing

= Support composable and modular designs using
GPP, FPGA, & beyond

= Maintain ease of use

= Tight integration with popular SDR frameworks

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

FFT

=

FFT Size: 1.024k

UHD: USRP Source
Samp Rate (Sps): 10M Stream to Vector l Forward/Reverse: Forward Complex to Mag
Chi: Center Freq (Hz): 0 Num Items: 1.024k Window: window.blackmanhar... l 1 Vec Length: 1.024k

ChO: Gain Value: 0 Shift: Yes
Num. Threads: 1

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

Y-Axis Units:
Ref Level: 0

GPP
Processing

FPGA
Processing
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= Make FPGA acceleration easier
(especially on USRPs)
= Software APl + FPGA infrastructure

= Handles FPGA — Host communication / dataflow

*  Provides user simple software and HDL interfaces

= Scalable design for massive distributed processing

= Fully supported in GNU Radio

Power (dB)
d & )

T T T
000000000000

0.000
Frequency (MHz)
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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 Log10
Stream to Vector e . X-Axis Step Value: 1

Stream Args: Forward/Reverse: Forward Complex to Mag n: 20 :
H N It = H X-Axis Label: x-Axi
Center Frequency: 1.982G um ftems l Windeow: window.blackmanhar... Vec Length: 1.024k k:0 l HAxIS

Vec Length: 1.024k Y-Axis Label: y-Axis

Sampling Rate: 1M Shift: Yes Vec Length: 1.024k X-Axis Units:
Gain: 20 Num. Threads: 1 Y-Axis Units:
Antenna: TX/RX Ref Level: 0

HOST PC

USRP Hardware Driver

Ingress Egress Interface

v4

Crossbar

v1 vt vt

USRP FPGA

Computation Computation
Engine Engine

Radio Core
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User Application- GNU Radio

— ” QT GUI Vector Sink
: Rad Vector Size: 1.024k
Radio Select: A FFT X-Ax
is Start Value: 0
Mode: Rx Stream to Vector FFT Size: 1.024k Logl0 X-Axis Ste V:;“u: 1
Stream Args: I_ -l Num Items: 2 l Forward/Reverse: Forward H Complex to Mag n: 20 l X-Axis Labpel' = A:i.s
Center Frequency: 1.982G Vec Leng'th.' 1,024k Window: window.blackmanhar... Vec Length: 1.024k k:0 Y-Axis Lnbel: Axis O
sampling Rate: 1M - Shift: Yes Vec Length: 1.024k X-Axis Units: ! ol
Gain: 20 Num. Threads: 1 Y-Axis Units.:
Ant 1 TX/RX . I
ntenna: TX/ Ref Level: 0 (D

=  Example: Spectrum monitoring




RFNoQ\rchitecture

RFNoC: Radio
Radio Select: A
Mode: Rx
Stream Args: I i
Center Frequency: 1.982G
Sampling Rate: 1M
Gain: 20

Ettus

(@)

O

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

Antenna: TX/RX
A
. |
VViQ

Radio Core

o Qo
0

O
O Research”
ional Instruments Company

O A National Instrume om,

HOST PC

USRP FPG.
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User Application- GNU Radio

::r:ti::;:':r::::ency:l.BBZG I- B RFNOC prOVIdeS the O
Gz communication infrastructure -
0P
O
USRP Hardware Driver L
________________________________________________ Z
Ingress Egress Interface 8
LL
o
Crossbar nd
Ta f
Radio Core
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= RFNoC provides space for user logic called

Computation Engines 5
ol
Ll
al
Vi Vi 8%
)
Computation Computation

Engine Engine
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User Application T GNU Radio

FFT

FFT Size: 1.024k
Forward/Reverse: Forward

hl Windew: window.blackmanhar...

Shift: Yes

Num. Threads: 1

-

= Implement FFT as a
Computation Engine
in FPGA
Vi V Vi
Computation Computation

Engine

Engine

HOST PC

USRP FPGA
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User Application- GNU Radio

RFNoC: FFT
FFT Size: 1024
FFT Qutput: Complex
[ ]
[]

USRP FPGA HOST PC

vV Vi Vi

FET Compu-tatlon
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User Application- GNU Radio

RFNoC: Radio
Radio Select: A

Mode: Rx RENoC: FET Logl0
Stream Args: FET Size: 1024 Complex to Mag l n: 20

Center Frequency: 1.982G FFT'DI.It.I.It' Complex Vec Length: 1.024k k:0

Sampling Rate: 1M put: Lomp Vec Length: 1.024k

1

QT GUI Vector Sink
Vector Size: 1.024k
X-Axis Start Value: 0
X-Axis Step Value: 1
X-Axis Label: x-Axis

Y-Axis Label: y-Axis (@)
e X-Axis Units: D_
Antonma: TXRX s U -
0
O
USRP Hardware Driver L
_________________________________________________________________________________________________ £
Ingress Egress Interface 8
LL
o
Crossbar nd
0p]
vt >

Radio Core FFT Compu-tatlon

Engine
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Crossbar

Radio Core

Depacketizer Packetizer
FIFO FIFO
TX DSP RX DSP

Depacketizer

Packetizer

FIFO

FIFO

i AXiStream 1

Xilinx FFT IP




Computation Engine
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Crossbar

r -
I I I
| (| |
1 | Depacketizer Packetizer I 1 | Depacketizer Packetizer I
I I I
I FIFO FIFO : I FIFO FIFO :
I I
: 1 : : i AX}FStream 1 :
: TX DSP RX DSP : : Xilinx FFT IP :
I I I
i — N Ul N 1

RX Sample Dat

= FIFO to FIFO, packetization, flow control
* Provided by RFNoC infrastructure
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Crossbar

Depacketizer Packetizer
FIFO FIFO
TX DSP RX DSP

RX Sample Datj

Depacketizer

Packetizer

FIFO

FIFO

i AXEStream 1

Xilinx FFT IP

User interfaces to RFNoC via AXI-Stream
* Industry standard (ARM), easy to use

= Large library of existing IP cores



Computation Engine
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Crossbar

r -
I I I
I 1 |
1 | Depacketizer Packetizer I 1 | Depacketizer Packetizer I
I I |
I FIFO FIFO : I FIFO FIFO :
I I
l 1 : : l AX}Stream 1 :
I
: TX DSP RX DSP : : Xilinx FFT IP :
I I 1
i — N Ul N 1

RX Sample Dat

= User writes their own HDL or drops in IP
=  Multiple AXI-Streams, Control / Status registers



Computation Engine
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1 | Depacketizer Packetizer I 1 | Depacketizer Packetizer I

I 1 |

I FIFO FIFO : I FIFO FIFO :

I I

l 1 : : i AX}Stream 1 :

I

: TX DSP RX DSP : : Xilinx FFT IP :

I I 1

i — N Ul N 1

= Routes packets between Host PC, Radio Cores,
Computation Engines, & other devices

=  Fully connected crossbar supporting arbitrary topologies



Computation Engine

o Qo

Ettus o

O
O  Research”
A National Instruments Company

Crossbar

Depacketizer Packetizer
FIFO FIFO
TX DSP RX DSP

RX Sample Data 1

Depacketizer

Packetizer

FIFO

FIFO

l AXiStream 1

Xilinx FFT IP

= Each block is in their own clock domain

* |mprove block throughput, timing

" Interface to Crossbar has clock crossing FIFOs
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*f To OtheRFNoapable Device

Crossbar

v1 vt vt vt

Radio Core FFT FIR Demodulator

Compression Soft Processor
Decompression MicroBlaze

Crypto Core

= Many computation engines

= Not limited to one crossbar, one device

= Scales across devices for massive distributed
processing
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*f To OtheRFNoapable Device

Crossbar

v4

Radio Core FFT FIR \ Demodulator
et Tt Compressm?n SOf.t Processor

= Low latency protocol processing in FPGA
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= Transparent protocol conversion
= Multiple standards PCI-E, 10 GigE, AXI

= Could be wire through -- forwarding to another crossbar

= Parallel interfaces (example: X300 has 2 x 10 GigkE)

v i

Ingress Egress Interface

v4

Crossbar

USRP FPG.

v1 vt vt

Computation
Engine

Radio Core FFT
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USRP Hardware Driver

LA

= Software API to:
=  Configure USRP hardware & RFNoC FPGA infrastructure

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

USRP FPGA HOST PC

Computation
Engine

Radio Core FFT
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User Application- GNU Radio o cor e s

nadlnn:eul:-:- A ‘o Vector Size: 1.024k
: X-Axis Start Value: 0

Mode: Rx Log10
Stream Args: RFNoC: FFT Complex to Mag a0 — X-Axis Step Value: 1
: FFT Size: 1024 ’ l—h-» X-Axis Label: x-Axi

Center Frequency: 1.982G N FET Ot Comole Vec Length: 1.024k B [ A Lobols e
Sampling Rate: 1M ’ put: Lomp A Vec Length: 1.024k =

[ |

[ |

[ |

Gain: 20 . X-Axis Units: %_)
Ante.nna: TX/RX “ . ;—::LI:‘I;I :I:I::: |_
E : 0
. : O
. = USRP Hardware Driver L
---------------------------- R 28 2 S
'-_ Ingress Egress Interface 8
' s
\ 2] i
Crossbar nd
p)
2 vt vt =

Radio Core FET Compu-tatlon

Engine
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User Application- GNU Radio

RFNoC: Radio
Radio Select: A

Mode: Rx RENoC: FET Logl0
Stream Args: FET Size: 1024 Complex to Mag l n: 20

Center Frequency: 1.982G FFT'DI.It.I.It' Complex Vec Length: 1.024k k:0

Sampling Rate: 1M put: Lomp Vec Length: 1.024k

1

QT GUI Vector Sink
Vector Size: 1.024k
X-Axis Start Value: 0
X-Axis Step Value: 1
X-Axis Label: x-Axis

Y-Axis Label: y-Axis (@)
e X-Axis Units: D_
Antonma: TXRX s U -
0
O
USRP Hardware Driver L
_________________________________________________________________________________________________ £
Ingress Egress Interface 8
LL
o
Crossbar nd
0p]
vt >

Radio Core FFT Compu-tatlon

Engine
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User Application- GNU Radio

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

Mode: Rx RFNoC: FFT Log10 X-Axis Step Value: 1

Stream Args: RFNoC: Window EET Size: 1074 Complex to Mag l n: 20 . Label: x.Axis

Center Freq :1.9826 Coeffs: [0,2,7,16,29,45,65... : Vec Length: 1.024k k: 0 B xoaxs # e
er Frequency [ FFT Output: Complex Y-Axis Label: y-Axis

RFNoC: Radio
Radio Select: A

:::pl;:y Rate: 1M Vec Length: 1.024k mﬁ::: 8
Antenna: TX/RX RefLevel: 0 —
n
O
USRP Hardware Driver L
_________________________________________________________________________________________________ <
Ingress Egress Interface 8
LL
(ol
Crossbar nd
7))
)

Radio Core Window FFT
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DEMO
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XML Block GRC XML Block
Description

P
(e.g.Xilinx Coregen,
Hand-written
Verilog...)

C++ Block Controller C++ Block Controller
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FPGA UHD GNU Radio

XML Block
Description

IP
(e.g.Xilinx Coregen,

Hand-written
Verilog...)
C++ Block Controller C++ Block Controller
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= Simple architecture for heterogeneous data flow
processing

* |Implemented several interesting CEs
" |ntegrated with high level SDR framework

= Portable between all third generation USRPs
= X3x0, E310, and products soon to come

= Completely open source

= Beta release available!

= github.com/EttusResearch/uhd/wiki/RFNoC:-Getting-
Started



