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BWRC Activities to be presented

Simulink/Stateflow
Description
Realtime Algorithm

Chip Implementation Emulation

SShaft BEE FPGA
“Chip in aday” Array

Applications
Ultrawideband Transmission (if thereistime)
Multiple Antenna Systems
Sensor Networks
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(From Wednesday) 3) Difficulty in getting dedicated
SOC chips designed

e The dominant ASIC design flow is poorly
suited for heterogeneous block level design

e This has resulted from a lack of research In
providing new tools and architectures to
attack the SOC design problem

e However, the foundry model is alive and well
— multiproject runs in advanced technology
are available with <1 month turn-around

Berkeley Wireless Research Center



(From Wednesday) 3) Difficulty in getting
dedicated SOC chips designed (cont.)

e There is no fundamental reason that
power optimized, mixed signal designs
can’t be designed and implemented
rapidly with low risk.

Many practical reasons
» Tools and methodologies not suited
» Inertia of previous experience

» Requires close integration of system and chip
designers (analog and digital)

Berkeley Wireless Research Center



(From Wednesday) An Energy/Area Efficient
System Design Approach

e Use a system level description to drive the
design process

e Use dedicated hardwired (highly parallel)
solutions If at all possible

e Provide hardware flexibility as needed for
specific functions

e Use software only as the last resort when the
computation is trivial and/or the application is
seguential in nature (e.g. user interface, 1/0).

e Solve the complete system problem — analog
and digital together

Berkeley Wireless Research Center



A Complete Wireless System

‘Analog Baseband |[Communication|( |
S qorith Protocols
and RF Circuits )| Algorithms || )

RTOS| |Keypad,
Display

Accelerators
(bit level)
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A Design Environment for Wireless Systems

ASITIC
Cadence




Simulink Is a good Starting Point

Algorithm Exploration (Matlab)

v

Simulink
V'l <
Analog Circuit Design Digital Circuit Design

» Baseband Models of Components ¢ DSP w/ Datapath

* Fixed, Oversampled Timestep  Control/Protocol w/ Stateflow
* Microprocessors

Simulink is widely used by the Communications community

Berkeley Wireless Research Center



Complete description of a radio system

Rf modeling = Digital modeling
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Minimizing the Analog Components

Analog  Digital

cos(W,t) - >

RF input

(f, = 2GH2) , 1 (50MSls) |
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RFfilteri 'LNA ,@_, A/D
' Q (50MS/s)
chip boundary

@ E \, sin(w,t)

A zero |F (direct conversion) receiver
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Baseband equivalent analog modeling
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System Simulation of Zero-IF Receiver

10 users (equal power) * preMUD
13.5dB receiver NF

PLL: -80dBc/Hz @ 100kHz
2.5° 1/Q phase mismatch
82dB gain

4% gain mismatch

[IP2 = -11dBm

[IP3 = -18dBm

500kHz DC notch filter
20MHz Butterworth LPF
10-bit, 200MHz Z-A ADC

Output SNR = 15dB
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With Analog Impairments
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10 users (equal power)
20MHz Butterworth LPF
500kHz DC notch filter
13.5dB receiver NF
82dB gain

4% gain mismatch

2.5° 1/Q phase mismatch
IP2 =-11dBm

[IP3 =-18dBm

PLL: -80dBc/Hz @ 100kHz
10-bit, 200MHz S-D ADC



Recelver Prototype

Active Area = 4 mm?

Noise Figure (DSB) =8.5dB
S11<-30dB

Voltage Gain =41 dB

—3-dB Bandwidth: 90 kHz < f <18 MHz
—1-dB Compression = -31.1 dBm

lIP2 (27 MHz, 37MHz) = - 6.7 dBm
lIP3 (35 MHz, 60MHz) = - 18.3 dBm

PLL Phase Noise: -85 dBc/Hz @ 2.5
MHz

LO-to-RF Leakage = —81 dBm

> A Dynamic Range =42 dB @ 200
MHz

Power Dissipation = 106 mW

i

)
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0.25-um, 6-metal CMOS process
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Outline

Simulink/Stateflow
Description

Realtime Algorithm

Chip Implementation Emulation

SShaft
“Chipinaday”

BEE FPGA
Array

Applications
UltraWideband Transmission
Multiple Antenna Systems
Sensor Networks
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Outline

e Chip-in-a-Day Flow
»Design Decisions
»Estimation

»Automation

e Enabling Factors

e Design Examples
» Design Effort
» Problems

Berkeley Wireless Research Center



Direct Mapping of the Algorithm into
Hardware




Results In fully parallel solutions

Reducing supply voltage saves energy: E =CV?

Energy Area
64-point FFT | 16-State Viterbi 64-point FFT 16-State Viterbi
Energy per Decoder Transforms per Decoder
Transform (nJ) Energy per second per unit Decode rate per
Decoded bit area unit area
(nJ) (Trans/ms/mm?) (kb/s/mm?)
Direct-Mapped Hardware 1.78 0.022 2,200 200,000
FPGA 683 5.5 1.8 100
Low-Power DSP 436 19.6 4.3 50
High-Performance DSP 1700 108 10 150

(numbers taken from vendor-published benchmarks)

Orders of magnitude lower efficiency

even for an optimized processor architecture

Berkeley Wireless Research Center




Standard DSP-ASIC Design Flow

A'go”thD Problems:
Design__

Floating-Point - .
Simulation sequental o Three translations
of design data

System/Architecture

Desian Mixed .
Fied-Point Sequential @ Requirements for re-
Simulation & Structural verification at each stage

Hardware/Front- :
EndDesign_> integeronly, o - ncontrolled looping when

Structural w/

Sequential pipeline stalls
Leaf-cells

RTL Code

@sical/BD Single-wire
SEIREE TS Comnectivity  Prohibitively Long Design Time

w/ Timin - .
Mask Layout corernie fOr Direct Mapped Architectures
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Direct Mapping Design Flow

AIgorithm/Sy@
Crionnd> [ SR | CBaacen>

RTL Libraries Floorplan
&_utomated quﬁ
Mask Layout

Performance Estimates

e Encourages iterations of layout
e Controls looping

e Reduces the flow to a single phase
e Depends on fast automation

Berkeley Wireless Research Center



“Push-Button” Automation

e Automation similar to MAKE
» No decisions made after button is pressed

e No translation of design data
» No decisions expressed more than once

e Goal: “Chip in a Day”

Berkeley Wireless Research Center



Chip-in-a-Day Design Flow:

A User Perspective

Simulink Module Billar Simulink
|CMakefile MDL Compiler Parar_';eters Floorplan Test
QA = - ' : Vectors
SSHAFT
[ Semy  [Harwechos
Plarmmamt Fine T
dfll Calibre Arcadia Spectre EPIC EPIC
layout DRC & LVS Parasitic Clock Tree PowerMill PathMill
hierarchy Extraction Analysis Simulation Simulation

e Allow regeneration and re-analysis of the design
for small changes at the push of a button

e Uses flow dependency graphs to manage large

projects

Berkeley Wireless Research Center



Simplified View of the Flow

e Generation of netlists
from a dataflow graph
elaborate
netlist floorplan e Merging of floorplan

macro from last iteration
library %merge:ﬁ

_t ] t e Automatic routing and
autoLayou performance analysis

@%D e Automation of flow as a

. dependency graph (UNIX
layout MAKE program)

Berkeley Wireless Research Center



Hierarchy Hardened Progressively

System-Level
S Design Environment £

estimate layout and
performance: <= <= characterize
power, area, delay new hard macro

Hard Macro Characterization
Libraries

Macro characterization saved for fast estimates

Each level of hierarchy becomes a new hard macro

Higher levels of hierarchy are adjusted

When top level of hierarchy is hardened, the design is done

Berkeley Wireless Research Center



Capturing Design Decisions

reg. file

—RH[T

Categories:
e Function - basic input-output behavior (user input)
e Signal - physical signals and types (user input)

e Circuit - transistors (in libraries)

e Floorplan - physical positions (user input)

Layout and performance estimates

Berkeley Wireless Research Center



Choice of Computation Model

e Balance between conflicting needs
» Abstraction of Hardware (simulation speed)
» Clear Verification Strategy (detailed hardware)

Cycle | 1 | 2 | 3

Clock / \_/ \_/ \_/

(Dataflow Graph) State ‘ ‘ X2 ‘ X3 ‘
(Hardware) State X X1 X X2 X X3 X
(Dataflow Graph) Output ‘ ‘ Y2 ‘ Y3 ‘
(Hardware) Output  X_ X 1>< XY2 X XY3X

Berkeley Wireless Research Center



Fixed Mapping to Abstracts

e Elaboration does more than specify transistors and
circuits, it specifies mask-layout, or more specifically,
abstracts

e Each Macro type will have a fixed mapping to
abstracts
» Block/Module Macros - single abstract
» VHDL/Stateflow Macros - netlist of standard cell abstracts

» Microprocessor Macros - single abstract for processor and
memory, netlist of standard cells for interface

This allows us to add as much heterogeneity as we like

Berkeley Wireless Research Center



Block & Module Macros

e Block
» Simple Layout and DSES kGP = | WE| b = o
Schematic =
e Module
» Parameterized
» Tiled Layout
» Generated Schematic —

Block & Module Macros map to a Single Abstract

Berkeley Wireless Research Center



Module generation

e Take parameters (e.g.
bit width) from block

diagram as input and e
generatelayout & R
e Allows deterministic “
n i
area, power and delay 1 s
estimates : S
e Retains optimized R
density, speed and 3 iit ik
power of custom design =
e Allows reuse e

Berkeley Wireless Research Center



M

odule Com

Iller for datapaths

MCL
code

Module
Compiler

Simulink
model

std. cell
netlist

behavioral
VHDL

test
Vectors

VHDL
Simulation

correspondence

e Easy to create Simulink
models which are bit accurate
simulations of Module
Compiler designs

e Allows arbitrarily complex
modules (limited by ability to
deal with flat netlists) — How
big to make them????

e Datapath optimized floorplans

EECS 225C students successfully applied
thisflow to all of their designs

Berkeley Wireless Research Center



Pipelined FFT Architecture

' N

Butterfly [ Butterfly | > X[K]

Butterfly |

— —~ _J H_J —
N/2 N/4 2
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Automated Flow Characterizes
Macros

Data collected after
» synthesis
» placement

viterbi decoder | fft » routin g
in 0.25 0.71 2 1.4 2 ..
area '”@ all il mm » SPICE netlisting
ower 25 MHz (2.5V 69 mW 150 mwW .
P (2:5V) » Calibre DRC & LVS
a.0V)| 7.0 mw 16 mW ) ..
— » Arcadia parasitic
critical path delay (2.5V) | 4.8 ns 20 ns .
extraction
1.0V) | 15ns 63 ns )
” (1.0V) = = » EPIC PowerMill
cets simulation
t ist 130 k 270 k .
ransistors » EPIC PathMill
execution time 18 hours 34 hours timing analysis
disk space 831 MB 1.66 GB

Characterization flow currently supported for both
0.25 pmand 0.18 um

Berkeley Wireless Research Center
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Encoding | ' X Ly Y'| Demodulation

& — \/ T Z, |y rr—utr— &

Modulation - 0y | Decoding

Need to know V at Tx and U,> at Rx
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SVD Hardware Realization

e 0.18um process

Cadence |C shape—based router W50 fdp.den.f

Eml Wow  Seecd  Defen Fudss  Ananmils  Rapor lerdp

Parameter L [m]

Manhattan O 26

e Horizontal 0.12

e Vertical 0.14

Routed 0.28

Nend Bpmwes JEL R

e Horizontal 0.13

of || [T a

15 g 3 .
aperEa i L o Vertical O . 1 5

# nets 7032
T =L 5870
> i L — | # wire jncts | 31285
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Control

e Stateflow

- )
» Extended Finite C |

State Machine B i e

» Subset of Syntax | - | o

» Converted to VHDL | e
» Synthesized s

e VHDL R
» Synthesized directly ~ (B

7
B
i
!
B
¥

VHDL & Stateflow Macros map to a netlist of Standard Cells using

standard synthesis

Berkeley Wireless Research Center




Hierarchical Dataflow Graphs

@—p

TAP_COEF __ |, 0

WEN
( )
addr SRAM
—p> A
%& wen| O—e z2—D

reset_acc » RESET
\ J
CONTROL MAC

Time-Multiplexed FIR Filter

e Want the hardware hierarchy to match dataflow graph hierarchy
e Grouping needed to hide complexity
e Referencing needed to save design effort

Berkeley Wireless Research Center



Specifying Circuit Decisions

Black Box

RTL Code
or
Synopsys
Module
Compiler
or

Custom
Time-Multiplexed FIR Filter Module

TAP_COEF

Stateflow-
VHDL
translator

addr |

reset_acc

CONTROL

e Macro choices embedded in dataflow graph
e Cross-check simulations required

Berkeley Wireless Research Center



MAC Dataflow Graph

Discrete-Time
(cycle accurate)

? ><F—> + BN %
Fixed-Point Types B Mot [ ) +ADDF REGF
(blt true) > s18 R
N
22 moiie
No need for RTL MU
simulation °
CONST
S18
Embed macro choices
Multiply / Accumulate

Simulink (from
Mathworks)

Berkeley Wireless Research Center




Modeling Control Logic

i

init
entry: addr=0;
wen=1;

/ [addr==15]

incr restart

during: addr++; entry: addr=0;

reset_acc=0; wen=0;
reset_acc=1;

Address Generator /| MAC Reset

Berkeley Wireless Research Center

Extended finite state-
machine editor

Co-simulation with dataflow
graph

New Software:
Stateflow-VHDL translator

No need for RTL



Capturing Floorplan Decisions

DCFix

—] 21 g [ S— Y S-S ra ] P— % ]
{2 o ] 22 T2 ] 22 T3 —— 22 : , -
- ) — A %ﬁ“ Filters0_ FilterlOO 3
1 ﬁ %ﬁ_ Filter1Q0_+ i il
> z me: :
— 28 P
Filtero0
Filter200_1 DCFind 7]
A Al Z1
R T A2 =3
ﬁ-ﬁ ﬁ 2224 FilterS0_
Filter100_2 o
AL FilberS0_4 | PilterSo_3
FilterS0_
Parallel Pipelined FIR Filter
e Commercial physical design tools used
e Instance names in floorplan match dataflow graph
e Placements merged on each iteration
e Manhattan distance can be used for parasitic estimates

Berkeley Wireless Research Center



Floorplan Specifications

The Simulink Designer is responsible for creating the floorplan in
DesignPlanner with the following functions:

1) Draw Standard Cell Rows

2) Align Dl =" [
3) Distribute/Compact E — | = E@D
4) Boundary Compaction EED

The floorplan contains placement information only

Berkeley Wireless Research Center



Example Floorplan
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Floorplan Merged on Each Iteration

dataflow graph| (Function, Signal, Circuit decisions)

@

netlist floorplan

@ < _merge ;

autoLayout = autolLayout

@b

layout

(Floorplan
decisions)

save the state

Berkeley Wireless Research Center



Outline

e Chip-in-a-Day Flow
» Design Decisions
» Estimation
» Automation

eEnabling Factors

e Design Examples
» Design Effort
» Problems

Berkeley Wireless Research Center



Gated Clocks for Low Power

12
Enable

ScanEnable
Scanin Scan Ot

Regi

£

e Clock gating is modeled with Enable signals which can freeze the
state of a register at the architecture level

e Enable Generators become gated clock buffers in the physical
design

Entered at the algorithmic/architecture level as a Simulink
subsystem

Berkeley Wireless Research Center



Issues In making Simulink cycle accurate and
bit true.... Example

enable

¥

Il

in— 1 |—out

N

Cycle
enable 0 1 0 1 0 1
in | D1 | D2 | D3 | D4 | D5 | D6

=
N
w
N
o1
o

(Hardware) out - - D2 | D2 | D4 | D4
(Dataflow Graph) out - - - D2 | D2 | D4
“Don’'t Care” Cycles X X

e State is updated but output is held when disabled
e Solved by specifying certain cycles as “don’t care”

Berkeley Wireless Research Center



Moving Beyond Cycle-Accuracy

Cycle 1 2 3 4 5 6

Dataflow Graph D1 D2 |[D3 D4 D5 D6

I SN

Hardware D1 D2 |D2 D2| D3 D4

e Using “don’t care” windows could relax cycle-
accuracy constraint

e Must be automated into verification process

Berkeley Wireless Research Center



Simulation only primitives

500

—( )
CO—» —> CO—»
—(_ )

e Early versions inferred pads from ports

e Another copy of design was maintained to examine
Internal signals (decisions expressed twice)

e Today’s version allows “SimOnly” ports

Berkeley Wireless Research Center



Avoiding Timing Closure Problems

Simulink
test vector
files

EPIC Simulation

Simulink [
MDL File
Hierarchy

netlist

EDIF File

dfll

schem. hier.
& abstracts

pillar
floorplan
hierarchy

floorplan merge

vector

Berkeley

correspondence

autoLayout
hierarchy

pre-layout
timing
report

EPIC Pathmill

post-layout
timing
report

ess Bsearch Center

e Delay Characterization
of Modules

Buffer Macros

Better Wire-Load Models
since floorplan is known

e Clock and voltage domains
corresponding to Simulink
subsystems

e Final check with Pathmill

Concise Timing Methodology
Is still being developed



Reduced Impact of Interconnect

05 Fg)4|- inV Wire
ela
0.5 | y delay
0.4 YN

delay

035 | 5mm M6 wire _!>°_{>° WTW—T W
| I T T

4 inv
o
w

O
o
N -
a1

\ e 0.18 um

0.15
0.1 - Imm M6 wire

p
p
p
p
0.05 :
F
- -
-
.
-
-
-
; ; 1 I . \

0

Wire delay / F

0.4 0.6 0.8 1 12 14 16 1.8
Voo (V)

Long wires can be modeled as lumped capacitances

Berkeley Wireless Research Center



Race-Immune Clock Tree Synthesis

t < 1 -1

skew(max) clk-Q(min) hold(max)

Hierarchical Clock Tree Synthesis ™~ Race margin

= 580 ps
Example Clock Tree
Stages: 22 ¢ 0.18 um
Sinks: 7650 ° VDD =1V

Skew: 320 ps
Clock Power: 2.8 mW
Logic Power: 21 mW

Demonstrated on a 600k transistor design

Berkeley Wireless Research Center



Outline

e Chip-in-a-Day Flow
» Design Decisions
» Estimation
» Automation

e Enabling Factors

eDesign Examples

Berkeley Wireless Research Center



Example 1. Macro hardening

parallel pipelined FIR filter

area in 0.25 pm 1.4 mm?

power @ 25 MHz (1 V, PowerMill)  13.0 mW

critical path delay (1 V, PathMill) 18.0 ns

cells 21 k

transistors 240 k

execution time (elaborate / route) 3 hours
(characterization) 9 hours

disk space (elaborate / route) 180 MB
(characterization) 1.5 GB

Most time/disk space spent on extraction and power simulation

Berkeley Wireless Research Center



Example 2. CDMA Baseband Receiver

18&Q 8 3
Input 7 »t MUX >
3
A
H Hard
Coarse Frequency Rotate
Timin Estimation and —>» Symbols
b and Fine > Correlate » PLL
Acqisition Soft

— = 1 1

Control

e DSSS CDMA w/ length 31 spreading code & 25 MHz chip rate
e 806 kHz symbol rate, w/ QPSK gives 1.6 Mb/s data rate

e 7bitl& Q streams at 200 MHz, 8 parallel streams at 25 MHz
|

ole 2 sym. 15 sym. 19 sym. 476§ym.
Q //
o.,0 CTA FEQFT PLL phase est. Data

Berkeley Wireless Research Center



Design Effort

e Spec. Changes
Control  Routing required no

Library 1 state- modification of
Development e datapath macros
e Routing began
Sk after 2 months
passes T
oer | © Nomodification
block to dataflow graph
from switch-level
Specification 3 new SIMS.
Changes ol e Flow under
. Maching: development
! Switch-level Sim. _ _
) Clock Tree Insertion e Reuse is crucial

Berkeley Wireless Research Center



Automation Statistics

Execution Time Disk Space
Synthesis 1 hour 11 MB
Routing 13 hours 330 MB
DRC & LVS 3 hours 480 MB
Clock Tree Verif. 13 hours 1.2GB
Other 11 minutes 350 MB
Total 30 hours 2.4 GB

e Assuming automated flow and libraries are
debugged, design time is little more than a day

Berkeley Wireless Research Center



CDMA Baseband Receiver Layout

600k transistors
0.18 um

1.0V

25 MHz

1.1 mm?

21 mW

single phase
clock

5 clock domains

e 2 layers of
P&R hierarchy

Berkeley Wireless Research Center



SShaft Conclusions

e Direct-Mapped hardware Is the most efficient
use of silicon

e Design with dataflow graphs, not sequential
code

e Don’t translate design data, refine It

e Verification methodology determines level of
abstraction

e Chip-in-a-Day design flows are feasible

Berkeley Wireless Research Center



Outline

Simulink/Stateflow
Description
ASIC Implementation
“Chip in aday” BEE FPGA

Chip Implementation Realtime Algorithm
Emulation

Berkeley Wireless Research Center



BEE Outline

e Motivation
e System Overview

e Special Topic Discussions:
» Design Flow
» Interconnections
» Physical Design

Berkeley Wireless Research Center



Algorithm Verification

e Simulation — can be slow and inaccurate
e Prototyping — can be slow and expensive

e HW Emulation — fast, accurate, &
Inexpensive (after construction)

Berkeley Wireless Research Center



BEE ODbjectives

e Application to PicoRadio test bed, MCMA,
UwB

e Real-time algorithm emulation
» 500 billion operations per second
» Customized I/O boards

e Fully integrated with existing Simulink-to-
Silicon chip design flow (SSHAFT)

Berkeley Wireless Research Center



What’s BEE?

e A real time hardware emulator built with
multiple high density Field Programmable
Gate Arrays (FPGAS)

e Designed to directly emulate the digital
portion of the chip and interface with the
analog front-end.

e Fully automated design flow from Simulink
to FPGA configuration bit stream.

Berkeley Wireless Research Center



BEE Architecture

e Processing Board

» Total 20 Xilinx VirtexE 2000 chips, 16 for processing,
4 for interchip routing; 16 ZBT SRAM chips, 1MB
each.

e Control module

» Intel StrongARM 1110, on board 10 Base-T Ethernet,
Linux OS

e Radio Rx/Tx Board
» 2.4 GHz transceiver

e Design Flow
» From Simulink MDL to FPGA bit stream

Berkeley Wireless Research Center



Comparison of FPGA and equivalent ASIC

e 20 FPGA’s each contain “2 Million FPGA gates”
» Actually about 100 multipliers per chip or 1000 Adders

»

BEE clock rate 50 MHz

e (20 FPGA's)[{600 operators){500110% = 5001107
Operations/Second

e Chip metrics 5000 MOPs/mm2, 1000 MOPs/mW =>
Equivalent chip size of 50 mm2, power of 500 mW.

e 400 Watts/500 mW => 1000 times more power

e (20

cm?/.5 => 100 times more area

Berkeley Wireless Research Center



BEE System Design

Analog Front-end

BEE Processing Units Host Sever

Client PC

Network -
Dedicated Ethernet

Berkeley Wireless Research Center

LVDS




BEE Processing Board

Inter-board connectors
$10329UU0D pJeoqg-Jaqul

Berkeley Wireless Research Center



Mesh

Interconnect: Local

..«.I.M.l..«.l
v & & 2 3
Kot X X XX
" n " n "

v u Y
Kot X X XX
" n " n "

v u Y
Kot X X XX
" n " n "

..».I.M.l.w.l
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Interconnect: On Board

e Dedicated FPGA as
iInterconnect routing
chips (Xbar)

e Support signal
switching over 50MHz

between any two
FPGA

Berkeley Wireless Research Center



Off Module Riser I/0 Cards

68 Pin
HD SCSI
Connectors

48 signals
per connector

DIP Socket oo
Termination )[ %
L | I ]

Resistor
Array

400 pin HD
Right Angle
PCB Connector

Berkeley Wireless Research Center



Controller Module

e 206MHz StrongARM 1110
Processor

e 32MB SDRAM
e 16MB Flash ROM

e 10Base-T Ethernet with
RJ45 jack

e Compact Flash slot for
expandability
e Linux Kernel 2.4 as OS

e Remote FPGA
configuration and read-
back through GPIO

O)
0 -
5 ©
o 9
o M
bt
(al

N LT 1 | 1
-.I - r'_ 2 L
T T
L U N R s 30013 i =
8 5/ 0017

CorfBoard-8A4 1770 for Linux {Back]

Berkeley Wireless Research Center



RF Front-End

Berkeley Wireless Research Center

e Analog circuits along with
ADC/DAC are very
application dependent

e Separate Analog Front-
end maximizes the
reusability of BEE

e High speed inter-board
connection using Low
Voltage Differential
Signals (LVDS)



Special Topic 1: Design Flow

e Design Flow Goals

e BEE Design Flow

e System Level Block Library
e SSHAFT Compliance

Berkeley Wireless Research Center



Design Flow Goals

e Auto-generation of FPGA bit stream and
Inter-chip place-and-routing configuration
from system level design (i.e., Simulink
MDL)

e Full integration with SSHAFT flow

e Computational component level
equivalency between ASIC & BEE
Implementation

Berkeley Wireless Research Center



BEE Design Flow

parameterized

Blocks

Manual

SVC Partition B C C

Partition Info

Module parameters

BPR Placement &
Routing Info Standard

Cell Lib

RTL VHDL

BEE
Configurator

Berkeley Wireless R



System Level Block Library

e Parameterized system level blocks
» Bit-width
» Pipeline stages (latency)
» Qutput bits truncation
» Architecture
e Built-in flexibility to support multiple hardware
descriptions
» Structural VHDL
» Module compiler parameter file

e Specialized Debug Blocks to record the states
of the system

Berkeley Wireless Research Center



SSHAFT Compliance

parameterized
Blocks

Manual
Partition

Module parameters

Standard
: Cell Lib
e Identical system level

description

e Functional
correspondence between
all computational blocks

e Cycle accurate RTL
equivalence

RTL VHDL

Berkeley Wireless Research Center



Special Topic 2: Interconnects

e Global signals

e Signal layout

e On-board connections
e Off-board connections
e Termination

Berkeley Wireless Research Center



Global Signals

o G
* Q
o G
o Jl

lobal Clock
uadrant Clocks

obal Reset
TAG

o F

PGA Configuration

Bus

Berkeley Wireless Research Center

Quadrant A Clock
I

Quadrant B Clock
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Quadrant C Clock

Global CLK

I
Quadrant D Clock




Signal Layout

Routing shown
Only for the top
left quadrant

In addition, the
following routing is
required:

»>Clock Tree
»Quadrant Clocks
>Global Reset
>JTAG

»FPGA Programming

Xbar —

3X }18
k O
48
48
o)
<
X 5g \
10 — Xbar
84
]
-\L ] - ]

— Xbar
\

ol
To riser

400 pin
connector Boa rdS

Xilinx XCV2000E-6FG680

Xbar —

SRAM

‘.- -. .\-

>

Basic HW Architecture 48¢cm
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Off-board Connections

® FPGA-tO-RISGF BOard 288 Slgnals (per Riser Board)
(LVDS & LVTTL)

e Riser Board (8 Boards):.

» 6 X 68 Pin SCSI = 408 Connector Pins /
Board

» 6 X 48 = 288 Actual Signal Pins 68 PinSCSI |
» 20 Ground Pins per SCSI Connectorss Pin scst

» Required since there 68 an SCSI
iS not enough space 68 Pin SCSI

on the main board 68 Pin SCSI
68 Pin SCSI

Berkeley Wireless Research Center



Termination

e FPGA-to-FPGA: No, trace length 6~12 cm
e FPGA-to-XBAR: No, trace length 5 cm

e XBAR-to-XBAR: Series, trace length 40
cm

e FPGA-to-SRAM: No, trace length 3 cm
e FPGA-to-Riser Board: LVDS about 1 m

R

.
Berkeley Wireless Research Center

-
RS




Special Topic 3: Testing

e BEE Board Assembly Test
e Runtime Hardware Test
e Design Debugging

Berkeley Wireless Research Center



BEE Board Assembly Test

e Test Interface
» SCSI test module
» Test clips for memories
» LEDS

» FPGA /O permitting:

— User switches
— Test points

Berkeley Wireless Research Center



BEE Board Assembly Test

e Electrical test from the manufacturer

e Testable items:
» JTAG FPGA configuration
» Ethernet configuration
» Signhals: FPGA-to-Connectors
» Signhals: FPGA-to-FPGA-to-Connectors
» Signals: Interconnect speed test
» Single FPGA, Quadrant, BPU, BPU + FE, All

Berkeley Wireless Research Center



Al Tonic 4: Physical Desi

e Power Consumption

e Distributed Power Supply

e Heat Dissipation/Ventilation
e Chassis Design

Berkeley Wireless Research Center



Power Consumption

e Each FPGA consume up to about 20Watt

e /5% of each Is consumed by the 1.8V
core

e Total of 20 FPGA chips per BPU

166 AMpPS atisv

Berkeley Wireless Research Center



Distributed Power Supply

Berkeley Wireless Research Center



Heat Dissipation/Ventilation

e Ambient temperature at 40 °C
e FPGA junction temperature max at 80 °C

e At 20Watt per chip, we need 2 °C/W
active heatsink.

Berkeley Wireless Research Center



Chassis Design: fans

m..__.-,_
W

3k

o\

ch Cen
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Outline

Simulink/Stateflow
Description

Realtime Algorithm

Chip Implementation Emulation

SShaft
“Chipinaday”

BEE FPGA
Array

Applications
UltraWideband Transmission
Multiple Antenna Systems
Sensor Networks
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Ultra Wideband Transmission

e Basic idea Is to transmit narrow baseband
pulses that have energy spread over GHz
of bandwidth at spectral densities
sufficiently low that it doesn’t interfere with
narrowband systems

e Potentially provides locationing
Information as well as communications

e FCC Is allowing experimentation and will
have a rule making in the near future

Berkeley Wireless Research Center



Background

e Harmuth -- ‘60s pioneer in nonsinousoidal
transmission
e Recent system demonstrations

» Mulispectral Systems Inc. military
communication systems

» Time domain Inc. “Impulse Radio”
» Aetherwire
e Good web sites

» Ultralab at USC //ultra.usc.edu/ulab
» [lwww.aetherwire.com

Berkeley Wireless Research Center



Applications

e Item tracking with location

» Logistics
— Cargo containers
—Truck

» Store produce — inventory and checkout
» EXpensive or sensitive items
» Children

e Short range communication

» High rate
» Low data rates (sensor networks)

Berkeley Wireless Research Center



Why Ultra Wide Band?

e Fine time resolution for accurate ranging
and imaging
e Material penetration

e Potentially simple transmit and receive
structures — lower power, less expensive

e Potential new FCC allocation

Berkeley Wireless Research Center



Shannon likes UWB!

Bits/sec/Hz

4

Energy Limited 3

Bandwidth Limited

2
1
5db
UWB
v

- 1/2
- 1/4
- 1/8

1/16
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Impulse Radio Transmission

e Sparse codes JL—\MA/L

Keep power low. ~7"
e Longcodesgive [ [ | Y YRX

i : — TX
’]Igh processn’]g aperiodic, sparse

spreading sequence

gain.
® AperiOdiC commercial
sequence is o S%
relatively Immune - |
T (R signal
to multipath.

frequency

Berkeley Wireless Research Center



Analog Circuits - Pulse Reception

Energy of Pulseis Contained in Small Time Window

Time—»

Only Need Limited Amount of Fast Sampling

Use Parallel Sampling Blocks
Have Rest of Timein Cycle to Process Samples

Do Digital Correlation
Minimum of Analog Blocks Run at Speed

Berkeley Wireless Research Center



Material penetration

' Concrete Block Eainted 2X6 Board
[ l Clay Brick
1 ]
! / !
7 {
1 / '
1 / | .'
7 / 1 ;
= /4 B
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/ / /
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Example time waveforms

Impulse at 12 meters in an Office Building

6 Direct Path .

~ Pulse Multipath Pulses

c 31

'(T),;

e} H

O B e e o A I I (e 1

o A 3

& -34 12 16 20
-6 L Time (nanoseconds)

Impulse Signal at 3 meters in an Office Building

0
m
? 20 Multipath Effects Cellular
UHF TV
g -40
e
® .60
k=]
? 80
Ambient RF
-100
0 200 400 600 800 1000 1200 1400 1600
(from Bob Scholtz) Frequency (MH2)
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The Interference...
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Present regulation

Part 15 of Section 47 of the Code of Federal
Regulations states that for signals above 960 MHz,
the unintentional radiated emission limit for all but
Class A devices i1s 500 microvolts/meter at 3 meters.

e New regulations for intentional radiation

e Need a specification that specifies the
energy as a function of frequency

Berkeley Wireless Research Center



The Future

e FCC Is actively considering various
proposals for regulation — seems likely
something Is going to happen

e Significant increase In research activity

may move the discussion from PR and
hype to the actual issues

e Enormous application opportunity but tag
applications are extremely cost sensitive

Berkeley Wireless Research Center



UWB Time Waveforms

TO To+TsampIe
ﬁ To ol 2Tsample
A<—Tchip > A
AVAS AVAR
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System Modeling

N ANALOG:
= N
= 1 BB

e Develop models for antenna, packaging and CMOS
circuitry appropriate for UWB (wideband vs. narrowband
approximations)

e Simulink model of complete baseline system to drive
SShaft and Bee design flows

Berkeley Wireless Research Center



CMOS UWB Pulser

e Use antennalffilter _dnver antenna
characteristics to | ' |
shape pulse 5 %

e Use switching Y
transientedgeas
broadband excitation

e Transceiver requires
minimal analog
circuitry.

Berkeley Wireless Research Center



Transmitter Modeling

« UWB antenna is not likely to be a purely resistive load and
may strongly influence the transmitter circuits

— Antenna/circuit co-design is necessary
« Efficient pulse-shape design

— Taking pulse-shape design into account adds one more
dimension to improve the performance of the antenna

S
1
'Pulse Generator:

Transmission

|

' T : Bonding ' :
E : Wire Line E W E
1 _| ' y 1
| I L 1
: = E ‘ | Antenna !
| e |
1 ' T T o ’
! = = =
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UWB Transceiver

Transient Parallel Correlation, detection and
Capture AlD’s synchronization

Programmable
Correlators

Detector

]
Timing &
Synchronizatior

Encoder

Din Crystal

Berkeley Wireless Research Center



Our Approach

e Transmission at below thermal noise
levels

» use matched filter with processing gain to
improve SNR

e Highly optimized analog and digital
architectures

e Design and implement radio at
frequencies up to 60 GHz

Berkeley Wireless Research Center



Simulink System Simulation

o Transmit ideal Gaussian doublets modulated with a
length 2200 code, whose chip time is 10ns at a 2MHz rate

o Reception simple correlator

G=57dB fc=1GHz

3-bit A/D
fs=3.3 GHz

i Cuigrlap [ doibl
L e Add
Channa
= felukipath & Fading
Intererence

nijhls

Irtaifarance Bom aii
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Undetectable UWB

Transmit and receive waveforms in multipath with
and without noise:

. _..::!:! iih
" With Noise ',
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Undetectable UWB

= Correlation profiles in multipath with and without noise:
First arrival signal arrives at 103 ns

. Mgbiaaih = A%TH
i ".|“ Wbtk sl biad rirss iE

Without Noise With Noise

s
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Ssummary
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