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What is High Level Synthesis?

* The process of converting an untimed or partially timed behavioral description into
efficient hardware’

HLS inputs HLS outputs
for (ir;;lirzrﬂ;ji:;TC?tEhF;{i}%s DY Synthesis Area-latency
buffer[j] = bufferfj - 11; directives trade-off
i)uffer[O] = input[i];
Lo RTL reports
;Ic?ra(tir:?jsjo; j0<’ FILTER_TAPS; j++) { » HLS »
result += buffer[j] * filter_coefficients[j]; ’
; scripts
output[i] = result;
1
/ Test bench

, l * High-Level Synthesis Made Easy — Benjamin C. Schaefer
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System Engineer

Algo-(Cf-

Builder

MATLAB®/C

Ly
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Designer

SystemVerilog

Verification

f

Formal/UVM

Current flow

Logical Synthesis




Current flow: What if we do not match the requirements?

Timing not met! Combinatorial paths tool long

Latency not met! Pipeline too long

Algo-CCf-

Builder

Power not met!

B

Missing clock gating cells

1111

Area not met! No resource sharing

Requirements met!




What happens when HLS is used?

System engineer Design engineer

Moo-Ch: ity (RTL
Builder Verification
MATLAB®/C vs RTL

« Using the HLS flow implies a change
IN mindset

* The system engineer works closely
with the designer from the beginning _ -
MATLAB®/C

 The HLS tools allow:

* Running verification tests

few weeks
« Exploring different implementation options —
« Performing synthesis for the target Algorithm development :
technology RTL
 Providing immediate feedback to the system Verification
engineer ~ Synthesis |

Ly
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Why and benefits of HLS

 Many SoCs are heterogeneous and contains dedicated HW accelerator such as
signal processing blocks, not only a simple digital filter

 Those HW accelerators are first developed using high-level languages such as
C/C++ or MATLAB®

 The HLS approach has multiple benefits
* Much easier than the use of Verilog; less lines of code
« Simulations are much faster (typical 10x faster)

» Possibility to explore a variety of functional equivalent HW implementation from the same
behavioral function

Ly
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Catapult experience
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Ultrasound portable application I
Our chip herel

Dedicated hw acceleration

Mobile Device

Ultrasound-on- Ch:p gﬂ:ﬂ’

USB Cable

Battery

Interposer
Lens Metal Housmg

Acoustic Shroud
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T | Timing of the Acquisition

recelver phase

Y

"
p -
- >

pulse repetition period (transmission + receiver phase) I WO p I I a S e S

Scatterer -
&' o ¢ .~ Scanline
Q. w° P o °
E}-. o C‘ Q ._O CJ ) ,G
Q o

Qe |

OGO;;C:O ™ Focal Point M S Ca n I i n e S

ENEEEEEEN
Transducer Element

PRF
24 < frame/s < 30
A
Firel Fire2 FireM |
| A
‘ Y/ ® Static settings @DLlE@—PULSE——— @ SWITCH-@—RX ¢ ¢ * o
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N probes used for TX and RX

transducer

% Transmission phase /\

]

A
: to 51
Delay profile dy—d, \ J

Receiver phase

Ky 1
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Signal processing for the receiver




Base Band Datapath

BEAMFORMER

transducer
[] A"- ADC
/ W Time Delay
i
% D '1/V Time Delay ADC
S— 5
Focal Point % :
: A
Tissue D WV Time Delay ADC

Ly
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IQ DEMODULATOR
Mixer LPF Dec.
Mixer LPF Dec.
°
°
°
Mixer LPF Dec.

Beamformer




Base Band Beamformer Architecture

HLS is applied herel

N input channels

——

life.augmented

IQ Demodulator

BBB

Controller

Beamformer

v ---E
--------
I

SoC
controller

/ HW acceleration

IQ single output

—

Controller deals with delays computation

(delay profile)

Controller contains an FSM to
synchronize the BBB with the SoC

14



HLS Flow




(start) {wwre | {oger| o Flow with Catapult

manual translation

C HLS .
export model tool MEX  manual translation
test vectors !
TB G++
C-;-+ ° ++ .
model RTL C COdlng Style
Legend ;
el digital : .
@‘2 sithulator * HLS extraction techniques
component export TB C+i-+
HDL test vectors !
component Syste :rn c
RTL

Ly
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( start )| mar - | eeckeomariae C0d|ng Style

manual translation ‘

C++ code synthesizable for RTL

i Tt wol [ |™X|  extraction
o - Data types : fixed point
G RTL * Loops: definite number of

iterations
:* @‘9 st * Interfaces
——— v'ac_channel class
e Systeimc v'direct inputs
- R'II'L
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Hierarchical style

the bigger the design - the harder the work for the tool

Fierarchy!
BUT...

Connect channels only point-to-point
Direct inputs can be connected point-to-multipoint
Array of channels are not synthesizable for Catapult

only structural = intelligence only in the leaves




Verification




( start }—

MATLAB

MATLAB
model

export
test vectors

manual translation

Back to IVIATLAB

Legend

MATLAB
component

C++
component

HDL
component

tools

Ly
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HLS
model tool MEX
B (i++
C++
RTL
model
OK . digital
simulator
export TB C-I1:-+
test vectors !
SystemC
RTL

C++ test bench

MAT




( start ) Batcin MATL’TB The MEX

manual translation

1 |moe tool || MEX » Feedback
test vectors — (%++
< RTL » Fast creation step
e @‘2 e » Development speed up
- s - G?ﬁ
o s\,ste?mc * Exchange

RTL

Ly
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( start ) | MATLAB Mr:(;rcli';B ************** Back to MATLAB The eXtraCtIOn

5 This is the main step of this flow.

C++ HLS MEX
oot HEE o Preparation step
test vectors !
TB G++
C; O tech-libs into an HLS-library (library
RTL
— - builder).
. digital .
@‘9 simulator Extraction step
m:m et vertors T8 C*ir’f O HLS tool (catapult)
- SystemC Q drive the extraction either with the GUI of
AL the tool or with a TCL script.
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The extraction

Constraints
dClock
dfrequency
HiDR LoDR Qsingle Duty cycle
data output

[—— 3 !QDemodulator Controller Beamformer —[_> DPlpellne |n|t|at|0n Interval (P, kP, kP)
dMax Latency

P cycles kP cycles
* LA Architectural settings

dUnrolling
Pipelining
Clustering




Pipelining is a technique which defines the
number of clock cycles between 2 iterations
of a loop. This is a way to control the 1/0O
throughput.

Operationally:

* You can apply incrementally some
pipelining and see how the extraction
goes.

HLS provides the possibility to
explore different implementations
real tfime

Ly
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Pipelina MAIN with
[1=1

A

MAIN: £8r (...} {
L1l: for (i=0; i<3; i++)

<loop body takes 3
stages (a, b & ¢)>

Pipelining

Pipelina L11 with
[I=1

L12: for (j=0; j<3; j++)
}

0a [ 0b | Oc
[ L11_o} 1a|1b[1c| .
-3 2a[2b[2¢ N
0a [0b | 0c i eMAS
i 1a |[1b [1c '
b1z 2a |[2b|2c
i Oa|o0b|oc
[C112 }i ; 1a|1b | 1c
e 2a|2b | 2¢
Oa |0b|Oc
1a|1b | 1c|
-~ |
& w 9

| % constraint Ed itor]

Top
Level

= (I} stallModes
$|_'j Interface

B sqrt<20,10,AC_RMD,AC |

=& main (1I=1)

%E- TR, AC_WRY

[F£eop: main
Iteration Count: -

Junroll
[CIPartial: ] 2 g
[IPipeline

Initiation Interval: 14
Stall Mode: bubblel |

[#]Loops can be Merged




Unrolling

Loop unrolling allows the execution of
multiple loop iterations in parallel. This is a
way to control the parallelism. 0% R

| :
Rules [ e
: rolled (—— 3
* Unroll the inner loops |

void accumulate(int din[4], int
&dout) {
int ace=0;

 Unroll the independent loops first. Independent | ¢ Gne i20:i<a:i44) ¢

» Unroll the smallest loops first

loops are, for example, those which do not acc += din[i];
access to RAM LS Tt
* Do not unroll the loops which contain rolled }
loops. s il f
HLS provides the possibility to Iy unrolled & ==
explore different implementations )
real time P

Ly
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Design exploration I

Internal steps for the extraction:

You can step back and forth seeking for

the best implementation.

Real time tuning of the scripts




Validation




( start )| mATLAB MI:J(:I;QB ************** Back to MATLAB Validation

manual translation

oo | 1% Digital simulator

export
test vectors

= = RTL €2 MATLA

MATLAB i ..
component OK i dlgltal
simulator
C++ :

00

component ; i
expor ,

test vectors TB C-'T+
HDL |
component '

(SystemC)

Ly
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Big design I

Catapult results Synthesis with Design Compiler
* Frequency met * Frequency met in target

» Input pipeline Initiation interval P technology node

) - 2
» Latency (tens of cycles) Area: several mm~.

« RTL area estimation several mm?2.

Good correlation = 5% of error
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Stratus HLS experience




Possible alternative flows? I

HLS step Logic @
synthesis

Place&Route

!

PPA
analysis

4\ MathWorks-
cadence

life.augmented



Our experiences

Speech Recognition & Ultrasound portable

Machine Learning application

* DNN-based Keyword Spotting « RX BaseBand Beamformer
System (KWS) .

Filtering & downsampling
» Internal controller (FSM)
* Final beamforming

Ky 3
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DNN-based Keyword Spotting System




DNN-based Keyword Spotting System (KWS)

Speech features Neural network

” =

10 N

R _ "Ten" 0.93
[y “seven" 0.02
Se [} :> :> .
EE] :
i
]

o T

o 10 20
° Time —»

Firmware-based solution

.4

‘y, Implemented starting from SystemC model! ASIC solution

ented HLS design-based



KWS — block diagram

The architecture comprises two main blocks: Mel Frequency Cepstral Coefficients (MFCC) block
and a Deep Neural Network (DNN).

Processing

Incoming audio
MFCC ~

STFT > MAGNITUDE - LINZ2MEL » LOGX » DCT-I
h )
i . [ PN \'Recngnized
. " pEnse- | | DEnse- | [ DENSE- | o 1 [ \ word

| Rewur | 2| ReLuz | 2| RELU3 _.__’LDE“SE 4 [P| SOFTMAX |

2D Spectrogram DNN confusion matrix

"l [1] Y.Zhang, N.Suda, L. Lai,V. Chandra. : “Hello Edge: Keyword Spotting on Microcontrollers”. arXiv:1711.07128
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KWS — HLS optimizations

« HLS PIPELINE LOOP & HLS UNROLL directives
» Higher throughput

Opt|m|Z|ng IOOpS  Affects area

 HLS_CONSTRAIN_LATENCY directive

» Define latency constraints for specific parts of
SystemC code (such as loop or if/else)

Controlling
SCh ed u I | N g » Achieve shortest possible latency

» Stratus HLS Low power settings
» Add enable to some RTL parts to insert CG cells.
 FSMs optimization
* Insert disable logic for memories when not accessed

Lys
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STFT SystemC code

KWS — HLS optimizations

STFT SystemC code + optimizations

read_loop:
for ( int j=0; j<stft_config::stft_out; j++ ) {//513
for ( int k=0; k < stft_config::frame_length; k++ ) {
/640
data in =
ibuffer967_fft_in[k+(stft_config::frame_step™i)];
assign_int_to_float(data_in, data_in_float);
stft_func(j,data_in_float, k);
}

read_loop:
for ( int j=0; j<stft_config::stft_out; j++ ) { //513
for (int k=0; k < stft_config::frame_length; k++ ) { /640
#ifdef  PIPE_ON_
HLS_PIPELINE_LOOFP( ....);
#endif
#if defined(LAT)
HLS _CONSTRAINT_LATENCY( ... );
#endif
data_in = ibuffer967_fft_in[k+(stft_config::frame_step*i)];
assign_int_to_float(data_in, data_in_float);
stft_func(j,data_in_float, k);
}

The directives can be inserted in key points of the design, allowing the HLS tool to
optimize the generated RTL based according to the desired constraints

Ly
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KWS — HLS environment I

f Easy process 1 [e Create and 1 (. In the same environment )
to select your synthesize all you can:
target library your c_Iesig”n  Run RTL/GL logic sims
versions » Run logic synthesis
 Run power estimations

<+l |ntegrated
exploration (!ﬂ! environment ;

Technology
[m]
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Power
estimation for
each design
version

\

ry 4 b
cadence’

JOULES RTL
POWER SOLUTION

JOULES POWER
CALCULATOR

v231

Netlist for

each design

version

\

4= =,

cadence

GENUS

SYNTHESIS SOLUTION

GENUS SYNTHESIS

GENUS 231

Ly
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N
* @ Power Configs

PGXG_BASIC_TOP 1
PGXG_BASIC_TOP LP 1
PGXG_OPT TOP_1

PGXG_OPT TOP_LAT BEST 1

PGXG_OPT TOP_SHORT 1

PGXG_TOP_NETLIST RTL_BASIC 1

* g Logic Synth Configs

G TOP opt_1

G TOP basic_1

G _TOP basic LP 1
G TOP opt 2
G_TOP_basic_2
G_TOP_basic LP 2
G TOP opt 3

G TOP basic 3

G TOP basic LP 3
G TOP opt_4

G TOP basic 4

G TOP basic LP 4

Stratus HLS
project

KWS — HLS environment

v @ dct
BY BASIC_1 /

O} BASIC_LP 1
O BASIC 2

OF BASIC_LP 2
OF BASIC 3
OF BASIC LP 3
D% BASIC 4
O BASIC LP 4

- ¥ Sim Coniigs
BASIC TOP V 1
BASIC_TOP LP V 1
OPT TOP V 1
OPT_TOP _BEST LAT V 1
BASIC G 1
OPT G 1
BASIC TOP V 2
BASIC_TOP LP V 2
OPT_TOP_V_2
OPT_TOP_BEST_LAT V_2

RTL for each
design version

Digital
simulation for
each design
version

Yy 4 _—
cadence

XCELIUM

Simulation

SIMVISION FOR DEBUGGING
MS SIMULATIONS

22.03




Design exploration

Design

version

Brief description

KWS — HLS exploration

Area comparison on the GUI

Key: @ Combinational ®Sequential @& Black Box (Memory) EWire

Logic Synth
Config

G_PIPE_.CWR

[ |

R R LR —
GPPEDPR RS o

G_PIPE_RS I—
e A w—— |
e — |
GPPEDPR-CW [ —
R P

G_PIPEDP_NRS | | —

BASIC Baseline design Power consumption comparison on the GUI
BASIC LP Only Low Power optimization Power Canfig Sim Config Pn,ﬂli‘;;m Pﬂ,fe"?'f',i_,w, L s B8

enabled POXGBASICTOP2  BASICTOP V2 o R
OPT Low Power optimization Eig‘:ﬁlﬁﬁg:‘i BASIC_TOF Y 4

enabled ;

Constrained latency and
pipeline/unrolling enabled on
critical blocks

PGXG BASIC TOF LP 1
PGXG BASIC TOP LP 2
PGXG BASIC TOP LP 3
PGXG BASIC_TOP LP 4
PGXG OPFT TOP 1

BASIC TOP LP V 1
BASIC TOP LP V 2
BASIC TOP LP V 3
BASIC_TOP LP V 4
OFT TOP W 1 1609.151 3.108

Parts Library

. Comb,
Wanme Part Kind Arga = poisien
Total of 68 items: 16525. 16529%.0
b logx_cynw float_mul EB_M23 4 33 logx_cynw_float_mul EB M23 4 3333.3  3339.3
b logx cynw float mul EB M23 4 187 logx cynw_float_mul EB M23 4 3339.3  3359.3
b logx_cynw_float_mul_EA_M23_4_180 logx_cynw_float_mul_EB M23 4 2339.2  3335.2
k logx cynw float add EB M23 4 91  logx_cynw _float_add EB M23 4 193&.3 153£.3
b logx_cynw float_add E8_M23 4 31 logx_cynw_float_add_EB M23 4 1532.3  13352.3
"l » logx_cynw_float_add EB_M23 4 170 logx_cynw_float_add EB M23 4 1552.3  1552.3
» logx_cynw float_div_bottom 4 102 logx_cynw_float_div bottom 4  357.7 357.7
life.augmented F loox int to cunw float 4 28 lnox int to cvnwe flaat 4 §24.2 124.2



KWS — HLS results

Power

consumption Latency

4 )
Roughly constant up BASIC to BASIC LP BASIC to OPT >
to 400 MHz > ~40 % reduction >70% reduction
- J
L A
. RTL Total Area Estimation [um”?2] RTL Power Estimation [mW] Latency performance [ms]
95000 7 10
90000 6 1000
85000 5
80000
75000 4
70000 3
65000 2
60000
1
55000 N I I l I I H H H I_I I_I
O e b0 e b oo b0 oo b 0355;_;55%55%55 gggggggggggg
%90£90%90%9|o S 0% 35 9% 5 d % g d° 2 o 92 o 0 2 GO0 2 GO
%) 7 ® @ 2 2 2 2 @9 o9 ) ® 9
& 5 & o o o & 5 ) &

Fclk=100MHz Fclk=200MHz Fclk=300MHz Fclk=400MHz Fclk=100MHz | Fclk=200MHz | Fclk=300MHz | Fclk=400MHz Fclk=100MHz | Fclk=200MHz = Fclk=300MHz = Fclk=400MHz

Ly
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Ultrasound portable application




Ultrasound portable application

HW acceleration

BaseBand Beamformer

C++ model 2 SystemC - RTL Dedicated hardware

for signal processing
MATLAB® model> SystemC - RTL
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MATLAB® to SystemC: How to proceed ?

Currently, the only possibility in EDA industry to use a MATLAB® model as input behavioral
description for HLS implementation is to use Stratus HLS from Cadence

Logic @
synthesis

Place&Route

!

PPA
analysis




Intermediate SystemC step
Question: MATLAB®had already the possibility to generate RTL ! Why don’t we exploit it?

MATLAB®+ HDL Coder MATLAB®+ HDL Coder + Stratus HLS

Behavioral description
Pa" (MATLAB®model)
me ) -
Behavioral _
description Synthesizable RTL ’ Synthesizable RTLs
Tech Libraries

(MATLAB® model)

V1->optimized for area
v V2-> optimized for power
V3-> optimized for latency

No traditional HLS flow! Classical HLS flow!




|Q demodulator

5\ Very large IP IQ Demodulator
‘ « Slow RTL generation (several Digital Processing

@ hours)

Low pass Down-
Q filter sampling

Modular structured component >

* N-channels
« Synthesized all-in-one

IN
component

Simple operators . filter
N

« No impact on original MATLAB component
model

Low pass Down-

sampling

life.augmented



|Q demodulator — HLS result

Clock frequency

i@ Initiation Interval

Fclk

Samplmg rate . ‘
Stratus HLS env
) [0
analysis

HLS exploration

MATLAB ® env

SystemC
MATLAB © model model
& Testbench
Tech Library
ST CMOS 40nm
Area roughly constant Timing constraints met Power consumption
over frequency up to 500 MHz linearly increase



Beamformer

g\ Very large IP

Digital Processing
’ « Slow RTL generation (several |

@ hOUfS) compoanent —»

Q, Rephaser
component —P»

Modular structured

* N-channels
» Synthesized all-in-one

I

component —

Trigonometric operators a, | Rephaser
component ——p»

» They shall be described within
MATLAB®

You must provide an “hardware” model for _ x (CO

sin and cos in your MATLAB® code!

Lys
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Beamformer — HLS result

,@i}} Clock frequency
E Initiation Interval ‘ HLS exploration
_ Feik
MATLAB®env =17 \
Stratus HLS env
‘ (o] PR
SystemC analysis

MATLAB ® model model

& Testbench Tech Library

ST CMOS 40nm

Dae’ £

Area even decreasing Timing constraints met
over frequenc up to 300 MHz
IS73 9 y P



“Synthesizable™ MATLAB model

g
W

. It shall be cycle-accurate
4 "in X
Loops (if any) must include a fixed number of iterations

Be very careful about dimension of array/matrix used

Use left/right shift operators to describe multiplication/divisions by
8 power of two

ny non-standard operator must be explicitly modeled in your
i MATLAB code
‘

uatization step is crucial. Do not trust only the suggestions
~within HDL Coder quantization step.

|
|

o & ¥
T3 YA L5 b S

More in general....thinks like a hardware engineer during
MATLAB modeling!

0 P T

53



Conclusions




What is coming?

* The source code is the C/C++ and

SystemC 3

« The RTL is the output, not the entry point! C Formal Linting

* The source code must be verified deeply
« The major EDA vendor is going to develop tools

for:
« C/C++ SystemC coverage

« C/C++ SystemC Formal linting

« C/C++ SystemC Formal Property Verification

* One of the most need tool is the Logical
Equivalence Check between C/C++
SystemC and RTL

Ly
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Conclusions

Drastic time reduction =Y reuse of
compared to manual flow; MATLAB®/C .
Integrates with MATLAB® testbench at RTL Poor or missing
level formal tools

Jo

Learning curve;

requires training

and new design
perspective

Power-
Performance-Area
exploration easy
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David Vincenzoni

STMicroelectronics

Design Manager
Sr. Member of Technical Staff

david.vincenzoni@st.com D4
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Gianluca Rigano

STMicroelectronics

Sr. Design Engineer

gianluca.rigano@st.com

Contacts

Marcello Dusini

STMicroelectronics

Sr. IC Designer

marcello.dusini@st.com DA
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Questions & Answers
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