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Early history of Xilinx FPGAs

e The XC2064 introduced in 1985

e 64 configurable logic blocks (CLBs), with two
three-input lookup tables per CLB

e The Xilinx 3000 series introduced in the late
1980s
e Xilinx Virtex-Il Pro introduced in 2002

e The first FPGA with embedded hardcore
processing
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Xilinx FPGA Devices
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120/150 nm Virtex I, Il Pro
90 Nnm Spartan 3 Virtex 4
65 nm Virtex 5
45 nm Spartan 6

40 nm Virtex 6
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Virtex-1l Pro Architecture
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First FPGA with embedded o Mmoo Mmoo
hard cores

Introduced in 2002
Features: b

/
1. Processor Block: PowerPC °

2. RocketlO Multi-Gigabit
Transceivers

CLB and Configurable Logic
SelectlO-Ultra

Digital Clock Managers L e | IMERRY L Uingenl Il |

o 0 bk w

Multipliers and Block 4
SelectRAM
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Embedded Development Kit (EDK)

Software Flow

Hardware Flow

Processor IP,
Microprocessor VHDL /

Peripheral Verilog
Description Files Code
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Microprocessor l Microprocessor

Object Files Software
Specification File

Hardware EDIIE IP
Specification etlists
File l

ISE / ]
Systen_1 — Xflow Linker
Constraint
File l l

Bitstream—> | Data2MEM| +— Executable

l

Download to FPGA
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&) Northeastern Zynq —_ Zynq 7000

Processing System l

Static Memory Controller Dynamic Memory Controller Programmable
Quad-SPI, NAND, NOR DDR3, DDR2, LPDDR2 Loglc.

System Gates,
DSP, RAM

Mult Stand ards 1/0s (3.3V & High Speed 1.8Y)

| ! |

www.Xxilinx.com
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What does this have to do with
Software Defined/Cognitive Radio?

e Past projects:
e CRUSH: Cognitive Radio Universal Software Hardware
e CRASH: Cognitive Radio Accelerated with Software and Hardware

 Qur current project
e which still needs a name
 \WWe ran out of vowels
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Current Hardware Platform
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ADI FMCOMMS3 Board Overview

e ADI has FMCOMMS
2/3/4/5

* FMCOMMS 3 operates
over a wide tuning
range:

70 MHz - 6 GHz

e 4 antennas:
R i
SN06O2) % | PY 2X2 M”VIO

wiki.analog.com/resources/eval/user-guides/ad-fmcomms3-ebz



ADI RFCOMMS front end

ADI FMCOMMS3

An FMC: FPGA Mezzanine
Card

Connects to the Xilinx ZC706
or Zedboard

LibllO: ADI library to ease SW
development

Interfaces with Linux
Industrial Input/Output (110)
devices

With MATLAB, you can use an
110 System object

e Designed to exchange data
over Ethernet with an ADI
hardware system connected to
an FPGA/SoC platform running
the ADI Linux distribution

FPGA/SoC Platform

ADI Linux Distribution

110 Scope

I

. r’
l\l || Libllo

a

Windows / Linux PC

ETHERNET

>

ADI ceie |
o Server
Linux
Drivers

TCP/IP ;
Chient Object

MATLAB '

d SIMULINK

Libllo o
S| System

http://wiki.analog.com/resources/tools-software/linux-software/libiio
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Xilinx Zyng-7000 Series ZC706 SoC
Overview

ARM FMC HPC FMCLPC 50 Card
ITAG Conmpcton ¥

SOC: System_on_Chip: an SEPISFP4 : El,;.l‘l‘\(rll;tl';h?; DDR3 Mumary le:fuc, s:y,omno. o
ASIC (Application-Specific

Cranrae: o Irfarlace Connecior

Integrated Circuit) that can & L
include: e URieie- T K S
* Digital, analog, and RF (radio - i S PR il
frequency) components oSO .
e Mixed-signal blocks for Efanc Y \—.iiﬁ',iist?;i:.‘“;;t""

implementing ADC’s/DAC’s .. ..o

HV100/1000 Mbps

Zynqg APSoC (All- _—

Programmable SoC) - "

comprises: T ek (e (gt | noms seoge
* Processing System (PS) oy B S - L
 Programmable Logic (PL)

* Integrated memory,
peripherals, and high-speed
communications

PMOD Headlery

Waar DIF Swich

http://www.xilinx.com/products/boards-and-kits/ek-z7-zc706-g.html#hardware
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Zyng + FMCOMMS3 Configuration

* QGiven:
e Two systems running as Tx and
RX

e Challenges:

* How to partition transceiver
subsystem blocks between the
Zynq PL & PS?

 Which tools to use to generate
HDL and build an image file for
the Zynq?

 Which tools to use to generate
and build C code targeted for the
PS ARM?




Current tool support:
MathWorks Products

@ Source Block Parameters: ZC706 and FMCOMMS2/3/4 Receiver {-i-f

e Communications System Toolbox Support s ms s o
Package for Xilinx Zynq-Based Radio: allows s
access to RFCOMMS board on Zynq using ‘e el
MATLAB System objects or Simulink blocks oo s 2132

« Requires Communications System Toolbox, DSP T |°Fgcrtwtafh3hr“5drtut?
System Toolbox, & Signal Processing Toolbox = —

* HDL Coder Support Package for Xilinx Zynq-7000 | s e e J
Platform: allows generation of HDL from | o ‘fmm -
Simulink blocks and placement on the Zynq PL. caEs i |

 Requires HDL Coder EE"mdh:: ra :

e Embedded Coder Support Package for Xilinx - ‘
Zynq-7000 Platform: allows generation of C code | omeews (i ]
from MATLAB code or Simulink blocks to be built | ;27" .
on the Zynq PS’s ARM processor.

 Requires Embedded Coder, Simulink Coder, & |
MATLAB Coder i) i) Gt

“Targeting HDL Optimized QPSK Receiver with Analog Devices FMCOMMS2/3/4.”
http://www.mathworks.com/help/releases/R2015a/supportpkg/xilinxzyngbasedradio/
examples/targeting-hdl-optimized-gpsk-receiver-with-analog-devices-fmcomms2-3-4.html



http://www.mathworks.com/help/releases/R2015a/supportpkg/xilinxzynqbasedradio/examples/targeting-hdl-optimized-qpsk-receiver-with-analog-devices-fmcomms2-3-4.html

Using MathWorks Products

* Benefits:

e Many blocks for DSP (e.g. FFT & IFFT) and
communications (e.g. B/QPSK modulation) support
automatic generation of HDL and C code

e Easy generation of HDL and PL image using HDL
Workflow Advisor

e Communicate between PS & PL via AXI| interconnect

e Disadvantages:

e Not all blocks supported for HDL generation (e.g.
correlation)

 FPGA hardware is sample based, C code is frame based
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HW & SW Joint Modeling Environment:
Testbed Requirements

What Does a HW-SW Modeling Environment Need?

1.
2.

Reusability: Adapt to Modern Wireless Standards
Hardware (HW) Components

Software (SW) Tools

Model HW-SW Divide for Wireless Behaviors

HW-SW Interfacing
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Example 802.11a
Receive and Transmit Hardware Chains

Vi V2 V3 V4 V5 Vo V7
HW] SW HW] SW HW|] sW HW| SW HW]SwW HW| sW HW] SW

201 Mi {3, Preamble *OFDM (Cvclic‘ Block w BPSK ‘ Viterbi * Descramble _,BEIERIT
(LECE " Detection Prefix, FFT) Deinterleave Demodulate Decode ik To File
V7 V6 V5 va V3 V2 Vil
SW|HW SW|HW SW|HW SW|HW SW|HW SW|HW SW|HW

DEIERGM,  Scramble Convolutional Block BPSK Mod OFDM (IFFT, Preamble
* Encode w Interleave * Pilot Insert *Cyclic Prefix)* Switch

Send

19
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Hardware Components

* Heterogeneous Computing System
e Radio Frequency (RF) Front End
 Host Personal Computer (PC)

| JJ]

XILINX

Transmit Path 2T
n-Ba-n-Ban X
FM 2Rx

e 4 CPU Receive Path

MATLAB F<-B-B--A<0<A-<A AD9361

C 5[ / FPGA Zynq Z-7045 APSoC RF Front End:

ADI FMComms

VIVADQ!

Host PC: Runs SW Heterogeneous Computing
Tools System



%) Northeastern

Software Tools

e Simulink: Design Synchronous
Dataflow (SDF) Models
e Embedded Coder: Generate C

. _ 1} code for ARM Processor
seq_bits|———————»{ & |- »{int

control from read back to

e | pocessor 2 | 1@ HDL Coder: Create HW

. .. processor — In2

drx

psq bufer oy sderl o5 - Description Language (HDL) code
MathWorks Ssimulink™ Mode:

Embedded .~ Coder H>E?£>Sﬂlﬁfﬁzﬁ
C Code ARM Executable Etherne

(to CPU) H‘H‘ Heﬁi

Host PC: Runs SW Tools Zynq Z-7045 APSoC

HDL Code FPGA Bitstream
Xilinx Vivado

‘ FPGA)
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et

- =

\VZ:] V7 V6 V5 V4 V3 V2 Vil
SW SWHHW SWIHW SWEHW SWIHW SWIHW SWHIHW SWIHW
Transmit Path

G0 E6E6

Receive Path

G EREEn

Zynq FPGA

Heterogeneous Computing System

e V1:SW-only model e V5:Adds Tx F4 & Rx F4 to HW
e V2:Adds Tx F7 & Rx F1 to HWe V6: Adds Tx F3 & Rx F5 to HW
e V3:Adds Tx F6 & Rx F2 to HWe V7: Adds Tx F2 & Rx F6 to HW
e V4:Adds Tx F5 & Rx F3 to HWe V8: HW-only model



@2 Northeastern

“ HW-SW Interfacing

Transmit Path 2Tx 2RxX

BB . | FIFO g unpack g3@4id>eo@7lg FIFO g slice |
DMA FPGA

Controller AD9361
FIFO m pack nsmsam3N2RiR FiFo
Receive Path Zynq Z-7045 APSoC 1,,0Q:,

RF Front
Heterogeneous Computing System End:

ADI
FMComms3

DAC: Digital-to-Analog Converter
ADC: Analog-to-Digital Converter
1,5 In-Phase Channel 1 (or 2)
Q1) Quadrature Channel 1 (2)
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Transmitter frame times

600%~ _
- =£3} = Zedboard Maximum
=3 = Zedboard Average
\
500 o -+@+ ZC706 Maximum
m CER
=400 e
m t: ‘”s"
E G 4 ‘.s
=300+ « '_\‘ N\
g u: ‘/ i
. -
S 200 [,/ 2NN J
TR ” s N 0— — ﬁ- — 'Q =S
{ L W .
i‘ -—--“——-—“-l—-—
100 B
Becccnns Yerannas '« LRLLLLL Ehecnnnns T
0 i i i i i
1 2 3 4 5 6 7
Model Variant
V7 V6 V5 va V3 V2 Vi
SW|HW SW|HW SW|HW SW|HW SW|HW SW|HW swWiHw
DEIEM0M,  Scramble Convolutional Block BPSK Mod OFDM (IFFT, Preamble _, B[Rz
Send | * Encode » Interleave ’ Pilot Insert » Cyclic Prefix) ‘ Switch d Board

24



&) Northeastern

Receiver Frame times

720

Frame Time (;:8)
(=} ]
(=1 ]
(=]

640 -

620 -

600 1 I 1 1 1 I 1

V1 V2 V3 V4 V5 V6 V7
Model Variant
vl V2 V3 V4 V5 V6 V7
HW| SW HW| sw HW|sw HW| sw HW| sw HW|sw Hwlsw
From RF Preamble ‘ OFDM (Cvclic» Block BPSK ‘ Viterbi * Descramble _ BEIER:T|S
CHEIGE Detection Prefix, FFT) Deinterleave Demodulate Decode g ToFile

25
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Transmit resource utilization
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Receiver resource utilization

60 ; : . :
50t |
b=
o
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= e i e e 1 e e e e e e o)
= 30
2 == LUTs
3 == % == Registers |
%20 = = DSPs
14 =@ Slices
10
......... puonnnnnns
0* --------- ?l llllllll ? -------- .? | T
V2 V3 V4 V5 V6 V7

Model Variant



Energy consumption
Tx on Zedboard, Rx on ZC706

Tx (m]) | Rx (m])
PSs 25.25 75.17

v2 30.01 112.46
v3 30.36 112.99
v4 30.44 101.33
vh 30.43 101.09
vh 30.48 101.33
v7 30.39 101.52

e From Vivado Power report
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The Future

e Our framework will easily adapt/update to new
hardware and capabilities

e Xilinx Ultascale
e Altera Arria
 ADI has a new chip to replace the ADI 9361

e Co-existence of multiple standards on the same
SOC:
e 302.11
e LTE

 Higher layers: MAC and PHY



@) Northeastern .
Heusai)lflty: Adapt to Modern Wireless

Standards

802.11 Wi-Fi Mobile (LTE)
(802. 11g)

F1.Scrambling

F2.Convolutional Coding X X X
F3.QPSK Modulation X Vv X
F4.Block Interleaving X X X
F5.Subcarrier Mapping X X Vv
F6.0FDM X X Vv
F7.Preamble Insertion X \' \"

X: Equivalent, Reusable
V: A Variant Can Be Reused
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\ Generate HW and SW blocks

e SW: We use Mathworks Embedded Coder

e HW: Many choices:
 Mathworks HDL coder
e Xilinx HLS
* [P cores

e Automatically assign HW vs. SW?



Technology Keeps Improving

e Sheep auto-drafter:

e The Sheep Auto Drafter is a
fully automated weighing
and drafting system that is
smoother, quieter and
easier to set up and
operate than any other
sheep drafting product on
the market.

https://am.gallagher.com/nz/product
s/weighing-and-eid/drafters/G05714

32
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Thank You! e

e Miriam Leeser: mel@coe.neu.edu

http://www.coe.neu.edu/Research/rcl/

&\ MathWorks:

e Funding
e Mathworks

* NSF Ensuring Reliability and Portability of Scientific Software for
Heterogeneous Architectures

 Donations from Analog Devices, Xilinx

e Collaborators
e Kaushik Chowdhury, Northeastern University

e Rahman Doost, Postdoc ANALOG

DEVICES
e Current and Former Students
e Benjamin Drozdenko € XILINX

e Jonathon Pendlum, Ettus Research ALL PROGRAMMABLE.
 George Eichenger, MIT Lincoln Laboratory

33
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