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Agile Software Design

= “Waterfall” development:
- =

> 1 year

Architectural design
Implementation

Verification and test
Support and maintenance

= “Agile” development:
<




Agile Software Design

= “Waterfall” development:
- =

> 1 year
Architectural design

Approach Cancelled %

- “Agil Waterfall 10% 52% 38%
<+— Agile 76% 20% 4%,
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Agile Chip Design

Need methodologies and flows for:
Scalable, parameterized design generators

Rapid design turn-around
Aggressive re-use
Agile verification and validation
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DSP Chip Methodology

+—>
LA and PG +— X > JTAG AXI4
ApCc—» DSP Chain [«— B AXI4
A Rocket ]
+ | Stream
DAC«— DSP Chain «—> R " Processor
v S System «—>
ADC—» DSP Chain <«— Custom
Tuner > Filter = PFB — FFT — RSSI — SAM <«—
A Generator Parameters:
Wrapper v All blocks: 10 bitwidths, pipeline depths,
Statns and Control number of lanes, data types (signed integer, fixed
point, floating point for simulation), PG/LA/
* * f * SAM connections
Filter/PFB coefTicients as fixed or variable, and
— Unpack P DSP —» Pack [ number of taps
PG/LA/SAM memory depth and width per-block

RSSI number of channels and integration length
DSP Chain composition (automatic Xbar sizing)



System Design Methodology

LA and PG [€¢—» JTAG
¢t 1
DSP Chain [€¢» X
v | q Rocket
DSP Chain ¢ A <4+—» Processor
v System
DSP Chain |[e—»| R




DSP Generators

DSP Chain

mmner - Filter | FFT M RSSI # FIFO

N

DSP Wrapper 1

Status and Control
Registers

L

DSP

AXl4-Stream AXl4-Stream

L
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Programmatic CSR memory interface generation
IPXact generation for verification
C header with memory mapping, convenience
functions, etc.
Test harnesses

e Chisel, Verification Workbench, and C tests!



Verification

1. Chisel Unit Tests
2. \Verification Workbench (VWB)
3. C mixed signal tests with Verilog

ucb-art / rocket-dsp-utils © o=z

FIRRTL/

Current  Branches  Build History  Pull Requests More options
Vv master Added lock to test vector generator -o- #175 passed Restart build
Commit 0908bb1 Ran for 12 min 36 sec
Compare da50b76..0908bb1 28 days ago

Branch master

© Paul Rigge authored and committed

Continuous Integration

Top -level C test included SystemVerilog analog model of ADC

Chisel
Generator

IPXact C API

Power for FFT Size 675 and Delay 0

Wk
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o “ADC” generator includes:

BAG ADC Generator

Clk In

e Asynchronous SAR sub-ADCs L _ClockRX

e Generator parameters:

Resistor-ladder DACs for bias

& offset

\ 4

High-speed clock RX

A 4

S/H, phase generation

A 4

Sig In

circuits with skew correction

yvvY Y

Custom digital retimer

Clock generation

A 4

A 4

8-way sample and hold frontend

Number of bits, redundancy

A 4

Interleaving factor
C-DAC thermal noise spec.
Comparator noise and sample-rate spec.
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Example Layouts in 16nm
Comparator SAR ADC

ClESi= = R-ladder DAC
Switch-Cap DAC
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Radar Chip Specs

Chip Highlights:

¢ 64-bit RISC-V processor

com duk w—— C [ KRX

¢ 4-lane Hwacha vector unit | Tiink Crossbar o s I'

e DMA for DSP data movement | | e Host
acceleration Main Merrory (8 MB SRAM) [«—s| 52 . i """"""" OS

e 512 kB L2 cache - | o L[

e 8 MB backing SRAM main memory | s ) — o o

e 300 MHz DSP and core | e~ |‘——'

e Custom IP integration (UART) [ secomicmr | ==

e JTAG backup controller .= ]| ]‘J J
¢ Two verified AXI4 crossbars, 2x12 and l \ |
%7 s _l

« Built-in debugging with 512 kB Logic ooc [ —~|};D~;D-;D-~ §
Analyzer and 512 kB Pattern Generator | L . { ( { @ : ek
* 8-bit, 10 GHz time-interleaved SAR ADC § e
with calibration — | = e
¢ Programmable digital tuner -— : e
e 136-tap programmabile FIR filter i 2ol
e 12-tap polyphase filter bank (PFB) with | @ :
fixed coefficients
: ;ngtrsggftzf;XI4 memories (SAM) I\ i [ — | o
! (Chisel) | | (BAG)
ranging in size from 64 kB to 256 kB L —]lj pasen :
¢ Joint effort with Northrup Grumman D ’ P

Corporation (NGC) and Cadence Design

Systems



Radar Chip Layout




Tape-In

Agile Methodology

Northrop Grumman

Verification

Physical
Design

Days since previous tape-in release

=
o

o
~

=
N~

i
1S

Days between tape-ins decreased once the
process matured

2.0

21 22 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44

Tape-in Release Number




Agile Methodology

Signal Analysis SoC

~14,000 eng. hours

Annotated Layout

Sparse FFT

~3,000 eng. hours

Technology 16nm FinFET
Die Area 5mm x 5mm (25mm?)
General-Purpose Processor| Signal-Analysis Processor
Area 1.1 mm? (gates) 1.5 mm2 (gates)
9.2 mm? (SRAM) 0.8mm? (SRAM)
Total SRAM Size | 71 Mbits 14 Mbits
Voltage 0.56V-098V 056V -098V
Max Frequency | 410 MHz 417 MHz
Power 349 mW@ 0.75V, 410 MHz | 210mW @ 0.75V, 417 MHz
Max Throughput | 0.46 (vector) 0.004 (scalar,
(Mspectras) @ P Sl | 13 @ 417 MHz
Efficiency 23.4 GFLOPS/W (0.56V, 191MHz)| 19.2 TOPSAV (0.56V, 192MHz)

(DGEMM on vector accelerator)

(1 op = 8-bit add ~ 17-bit mul)




Summary and Lessons Learned

e Summary
o Agile chip development is possible
o We created a generalized DSP chip development methodology
o We used this methodology to quickly realize multiple chips

e Lessons Learned
o Stay flexible
o Automate and version control
o Design for reuse
o Physical design was the bottleneck



Angie Wang

DSPTools for Building & Verifying Hardware
FFT Generators
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FFTs Are Everywhere!

= Hardware FFTs implemented countless times...

] Core DSP in

= Radio Astronomy

= Audio Signal Processing

= MRI

[Wikimedia Commons]

= Cognitive Radio / SDR 5G+
= L TE, Wi-Fi, Future Standards
= Dynamic Spectrum Mgmt.

= Object Detection
= ... Youname it!
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Case Study: Wireless Communication

= How to generate a hardware-optimized building block

for different standards?
DVB-UHD

Needs Runtime
Reconfigurability
+ 2n3M5k FFTs

[Not Drawn to Scale]

Performance

m) One-off designs (runtime reconfigurable or
otherwise) not resource + time-efficient!
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Mixed Radix, Runtime Reconfigurable FFT Generator

Scala “Firmware” m) Chisel Hardware Template

= LUTs for reconfiguration + twiddles

= Configurable blocks controlling
dataflow between |0, SRAMs, & PE(s)

= Design complexity mostly in ctrl logic

= Calculates constants for LUT
generation
= Calculates optimized hardware params

{Supported Rad}, User Input:
he.{4,2,3,571 Desired FFT Lengths
*—i+2 C
i ™ FTIDX, ISFFT? @ ]
"';ﬁ” X SETUP ENABLE G H;(il;lx)
' SETUP DONE @ P
DATA ING

Nomalize Je——

DA ;,Juf@ —_—

FFT{)
FFTRESET G—
/—lﬂv/ : C n 10 Bank J
N {Used Rad};, i FFTENABLE G—{ 1/O
i e {4’2’|3'5} - M Al{lle_r:ul;:;_len:zsi; ke *{LLmaXO' . OUTVALD @+ Ctrl Saoaddr_ .
for Each Bank c maxl,...ip k, k=N - 1@+— N
*D: Max o Bank| [Bank| [Bank] [Bark| [Bari] | |28 n
N1oN2 M K iN1,N2,M,K} B: #Banks(/) Bank 9 |~ 28 DOuWt Memo
{X:47'2™,Y:3%,Z: 5% g Dl . #Banks &[0 Memory A (2,288 depth) =>\2_B=R—KT&'_=& ry
ets Decomp. Order Max Rad{i) F% —r Arbiter
= ni ni Nl N n e
5 S M *Max Memory B (2,288 depth)
Ump. . ' ax,
Sl ) #Stages Ll I
- alc rR, ~
Calc CurrentRad d
*{xmaermawzmax} . y CHl Csaakl.‘,l go:le i
Fill {RI,Rz,Rs,...}[;, Design Space Exploration o co:ﬂ;ﬁ i
A S Radix @ Each Stage Throughput/Area/SQNR Opt. = Disable Mem WE)
- Parameterized Butterfly Pipelining, ﬁ
8 Parallelization & Scheduling, Q 5 D vl
ROM Sizeg Clocking, etc. [~} 11 1 |x <
Twiddle ROMs Twiddle(7) Calc Addr(i) 1/04i) -'G'wid dle Ctl denki
For Each Coprime Ctrl Constants Ctrl Constants Ctrl Constants 3
9
> f § !_?.fg ke
. 2B |2
Breeze: Scala Numerical Test Vector HHE
Processing Library Generator ¥ Forward Reverse
Twiddle ROMs (1,718 depth) Processing Element
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SQNR(dB) . .
H [e2] 0] o N
o o o o o

N
o

A 0.37-mm? LTE/Wi-Fi Compatible FFT Accelerator
Integrated with a RISC-V Core in 16-nm FinFET

= Taped out in ~1 month from PDK delivery, with comparable
performance to state-of-the-art
= Auto-generate C tests and run on Rocket-Chip

—e— Mixed Radix FFTs (24-bit)
——2N FFTs (24-bit)
—o—Mixed Radix FFTs (16-bit)
—e— 2N FFTs (16-bit)

Pl e
Twiddle 1| -
ROM + Crl |||

. Y Twidde ||
H ‘ . 2T H L Multiply 5

s | Memory n s 3

W || System | =5l |

Y Slave: : S =

\ L]
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200  fiiachGiia®ulle)
FFT Length i/' %

E L L
24
.
: {

« . ( ; A .
' | T ! [ FFT Memory

( b ] ] Test/Snapshot
© Memory
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A Real-Time, 1.89-GHz Bandwidth, 175-kHz Resolution

Sparse Spectral Analysis RISC-V SoC in 16-nm FinFET

= ADCs modeled in Chisel, designed with BAG
= Mixed-radix FFTs + peeling reconstruction backend designed with Chisel

it b o ) BAG Generated Analo
. P, e g P

=250 - , IJ ~6 ENOR SAR ADCs
fo[1T2 3]s 67 [e[oTro[ 1 s[[1s[te]r7[18f82021R22[23211" | Coprime Clack Dividers - R :
- 1 . ' ScrialfAXI |
+27 | Mo R EREE - EREER ]15.20|2l[22]23]24|2S[26]—J ADC Catiomti | A T |"’| Ls "‘| Soifalfdapict |"‘i| Adapler |i
LUTs s i
2 — ileLi Rocket Tile ! !
oo =32 [—liIJ| 1I T3] I?J [raiBz0]1 [22]23 a5 6]z [2e e a3 ST Rocket| | o "XEB"a"r‘k _ Rodiel i

Resat "y = T — 3 : 1! urel

—_— RF Input E=X A0 ADCADCA DA B ADZADT ADACCAD Peuling/SE 5CR MMIO iLitol2 ! !
_FIFO g np: = £ ™ 2 —_— C:::.:?: :icvorm wemo?\ i f'T')I:S?':". Ve e i i ARN, P i i
4 qmcn et s = St s = -+ = I alue Lappcd) 1 " erﬂSﬂ‘ng ]
_m_ I’:m.!:m!ma!xf_;{g.tm!nu! | Async FIFQs —Results | & 16kB1§|16kB DY | | System i

- : Dépth=16 Core Clk e
uw Clk Dumiain g pi ilinx Zyl'lq FPGA
5mH Aln (off-Chip)

[ nDCHonlincarity. Gai, & Offsct Calibration LUT x6 [T AocHomlincarity, Gain, & Dffsct Calibration LUT x6 []  ApcNantincarity, Gain, & Offsct Calibration LUT x6 [ ]
- B-bit N . - . Iz pulliton?
ValldTime Sample & Countn,__& (0,671 to valld Time Sample & Countn,,_ = [0, 500) to valld Time Sample & Countn, __& [0, 675! to pou | Peeling Reconstruction Backend : 1
SRAMRank  Address Forward Mapper ILUT) SRAM Rank | Addross Fonvard Mappor (LUIT) SRANM Bank | Addross Favweard Mapper (LUT) '00.2: E i“' Singlelon Eskmator
LUTs 2  Esfimalc dolay-dependent @
T e = LD - Esfimote 2 “snap-io” Igcui'non
G v [l e a1 g [ o], SRS
= =E I - ;
o e 5 e | 5 Bank+ || [ [Tg Py j Sunentstoge shift wiih Rotallon CORBIC)
dd - Slngleion?
Gl G anan s a8 i o
0 1 6 ] 12 19 Q 1 6 9 12 19 0 1 Tapper - Noizes below thieshold
- - SAAM 563 X6 (K117} %7 et v |COMIES |
[ SRAN-BG4 14 Depth 2161 Atbiter X6 ][ SRAM-B0O (5 Depth 160) Arbiter X6 ] [ SRAM-675 {5 Depth 135) ArbRter x6 | c"":;:'—- (Breran Raduattan)]['SCR Params |
i 3 | e e
Runtime-Reconfigurable PEs Complex. (Q9.10 %2} = VO 0 1 o[ 1 mot 2
SRAN, ] |Lecotan? | S Dezth = 1,952
PEO || PE1 || PE& PEC || PE1 || PE6 || PES PEQ || PE1 || PE6 || PE9 Sun 6 9 A e i 5. 21800 1o
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H Rotale
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[ Is Not‘lelorcng I Iml‘ sto k, , Reverse Mupperl | Is Nof‘zemfon? | m stok, Reverse Mupperl | Is Not Zerolon? | ,-,:*rs lok , Reverse Mupperl SRAM 02% x6 (Q0.14! <2 ;:6 Updated Data + WE
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A Real-Time, 1.89-GHz Bandwidth, 175-kHz Resolution
Sparse Spectral Analysis RISC-V SoC in 16-nm FinFET

= Chisel/BAG generators enabled the first automatically generated,
fully-integrated, sparse spectral analysis SoC, completed in ~2 months

E— eee— ADC Output, FFT: 864, Delay: 1 Chip Sub-FFT Output, FFT: 864, Delay: 1
" L ll”‘ L | ' 2501 37VSG Tones, 700MHz Center Freq. 0 i 2 P e
o .L A .\_ o e ey : ,\ S 1 .925MHz Spacing, 25x Subsampjed [ |
AN A \.\,.;‘u"d- S/ S -\. .\ i = L 200 =4 |
“ o eared .n AVES 8 , T 220 ‘
SRS R M N T NS 5] % 2
N S S B 8 Q 150 (] -30 Linle I i ‘ il ; |
< 2 | iR bt
° 8 =401 ST il 'r" i lf| ; " bl
© 100 & -s501 f I & l| e
8 ¥ ) ¢ .
© —60 | : | & i
Y 504
=701 ADC + Sub-FFT SNDR = 26.09dB
. . . - - -80 v
0 200 400 600 800 %) 0 200 400 600 800
Time Sample i FFT Bin
On-Chip 21,600-pt FFAST Output
100% Reconstruction, 0.35% Sparsity
) ‘ 13.3ps Capture + AnaIysnsTlme
OO Y N BB D ¢ y i 0
A AnA A D DOD & j i Compressed to: (T
T T ‘ aa) 0.48%
z =51 (Including
> Signal Locations)
©-10
9]
o
% - -~ -~ . » -~ _15
BOPCRR - & N Y
-20
3.5 4.0 4517.0 175 18.0

FFT kBin
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A Chisel Environment for DSP Generator Design

= Capture and propagate designer intent down the hardware abstraction
hierarchy without redundant specification!

= Powerful meta-programming with zero-cost abstractions

= Operator + data type parameterization
= Unobtrusive optimization and specialization

= Automatic bitwidth reduction via static or simulation-based interval analysis
= Unified, yet portable modeling, validation, verification, and testing

User Input
Constant Gen. | Parameter | Breeze Signal
Architecture Opt. | Calculation | Proc. Library
L2 v .
Interval/ 2 ; Systems Modeling +
Complex, etc. ACED N Hardware Platf'(_)l ;rrr:jxg:\eostlc Test Vector | Validation,
Typec! 2 j Performance Metrics +
D);geéocglf:;t Library Temi)late Generator(s) Generftor{s) Verification
is
Chisel3 MO cses DSP  |HW Fixed-Pt
Frontend Dyf‘q\,(:\‘\zo’i\oﬂ Tester Floating Pt
¥ fo) 1) I > T I
FIRRTL ; Mirrored
Bockend | FIRRTL || veritatorves || Verilod | & Gate-
acken nterpreter Testbench | |ovel Verif
v
Specialization FPGLEASIG Generated Outputs
(e.g., Memory) Verilog

2 v
[ Synthesis + P & RTools | » Commercial Simulators |




Systems Modeling/Verification + Validation

= DspReal for verifying mathematical correctness/decoupling algorithmic

errors from degraded performance due to quantization errors

= Effective # of

ADC bits

= Fixed-point error propagation in the FFT, etc.
= Study system sensitivity to block performance via metrics like SER

0.01

0.001

.. 10 01Q1 1 Pilot Tones Fr?q. !CP\ _
11 | N 7 +RF \/\
00 | (oT+ ¢ | /Wh | @ oroma
00110 Symbols
Bits to QAM Subcarrier N-Point  Add Cyclic Channel
Symbol (Mod) Mapping IFFT Prefix (GI) (+ AWGN) %
Cc(a}rr;‘r;\:\ex Channel Est. + N-:;int Time/Freq. _ %\/
Viterbi Equalization ! Sync. RF +
Decoder ¢ Si); n;?t?l 4| & subcarrier T'Te < Lcp ADC
(Demod) De-Mapping Freq. Removal

M Scala Test Vector Gen. (TX + Ch. Noise)
M DspReal to DspReal/Interval/FP Shim

= Use the same tests across all layers of the design stack to catch bugs

B DspReal or Synthesizable Interval/FP
Unimplemented

@® ADC 6, FFT 14 Bits

@ ADC 6, FFT 16 Bits
ADC 8, FFT 12 Bits

@® ADC 8, FFT 14 Bits

@ ADC 8, FFT 16 Bits

@ DspReal Model

@® Theoretical SER

0 5 10

Input SNR (dB)
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Summary

= The ACED DSP (aka DSPTools) library builds upon the Chisel ecosystem
and vision.

= |t operates at several distinct levels of abstraction.
= High-level type-generic generators
= Low-level bitwidth optimizations

= Tried-and-true techniques are brought immediately into the hands of
the designer.

= Bitwidth optimization illustrates a powerful use case of FIRRTL's
open-compiler framework in the context of writing DSP generators.

= Several chips have been fabricated using ACED
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