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Software/Hardware Engineer

32
F = E a; X Xz Timing, Area, Power

Software Engineer:
1.  We can use write a

program with C/C++ and

write a for-loop to

implement this algorithm.
2. There is no way to speed
up the processing time of

the algorithm unless we
have a faster computer.

Hardware Engineer:
Can we simplify this algorithm ?
Maybe we can lose some quality.

If we use 32 multipliers to implement
this algorithm, this design can be
computed in one cycle. However, what
is the area cost and power cost for this
architecture.
What if we use 4 multipliers or 8
multipliers, is it acceptable for
computing time?

1.

where a; is constant, X; is input
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Big Data p¥ % - AUE pscii e

® The growing popularity of web systems, mobile
devices, surveillance videos, and wireless sensors

generate large amounts of data from different
sources.
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% B4 3 (Modulo Camera)
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Traditional Parallel Applications

® The input data are stored on remote storage
device serving files over NFS.

> The master worker divides up the input data and sends to each
of the other works.

> Disk I/O in the master worker has fundamental limitation.

http://www.glennklockwood.com/data-intensive/hadoop/overview.html
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Hadoop : Software Framework for Big Data

® HDFS provides data distribution, replication, and
automatic recovery.
» The MapReduce framework enables the automatic paralleling

and distribution of large-scale computation applications on the
large cluster of computing servers.

HDFS
/e —
2 —
Big Useful Useful
Data > Data Data
—>
\ —
| /4
A —>|
copyFromLocal MAP [\ REDUCE> copyToLocal

vV

http://www.glennklockwood.com/data-intensive/hadoop/overview.html
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Hardware Accelerator - 1

® The proposed accelerator platform is composed of many
VC707 FPGA evaluation boards (EVBs).

» The computing server communicates with FPGA EVBs with Gigabit
Ethernet switch. Then, the workloads of the computing server can be
shared in FPGA EVBs.

.

The host computing server

Switch

VC707 EVBs

National Chung Cheng University 24




Hardware Accelerator - 2

® We use K-means algorithm to demonstrate the
speedup of the hardware accelerator.

» The goal of K-means algorithm is to separate the input data into the
number & of clusters.

» There are many floating point operations in K-means algorithm.
(Calculating Euclidean distance)
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Hardware Accelerator - 3

® Circuits in FPGA

» The single VC707 EVB can handle 115 data nodes from the host
computer transmission packet simultaneously. Then it returns cluster
number of each node to the host computer by one packet.

VC707 FPGA EVB #3

B — VC707 FPGA EVB #2

rx_d:
w_d0)| User RX | prasen
FIFO
Ethernet Clustering
PHY IP o qaa | CiFCUILS
wd(z0]| User TX | nissol

FIFO

JaIndwio)
1SOH
Yyoums
19uWJIayY33 uqesin

VC707 FPGA EVB #1
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Hardware Accelerator - 4

® Execution time without disk I/0 latency
> The input dataset is 125 million three-dimensional nodes.

250

[
(=3
1S3

17
o

©15-3230M (2.6GHz)
B17-4770 (3.4GHz)
D3-FPGA (125MHz)

Execution time(s)

50
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Hardware Accelerator - 5

® Execution time with disk I/0 latency

» Since the disk I/O latency dominates the execution time,
the speedup of the hardware accelerator is not important.

4500

4000

w
3
=
S

3000

2500 ——3-FPGA (125MHz)

2000 ~#-Intel 17-4770M (3.4GHz)
Intel 15-3230M (2.6GHz)

1500

Execution time (s)

25M 50M 75M 100M 125M
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Hardware Accelerator - 6

® Execution time with disk I/0 latency

» We compare the hardware accelerator with Hadoop server with n-
servers. Here 3-FPGA_2 shows the case when data are already
separated in three computers.

1300

1200 -
1100

—_

X 1000

) 900 - 1-server
§ 800 - ——2-server
+ 700 —A—3-server
g 600 - ——4-server
',g 500 - —#=5-server
g e
x 300 =
w —--3-FPGA_2

200
100
O !

25M 50M SM 100M 125M
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® MIT = 1‘ ﬁ i# * NAND Flash & DRAM
> "r’né NAND Flash i# & % 5 DRAM 1 1/10 > 4o % & ;%38 5 £ 4
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i 3 e IC ®3tinsed g -1

® Digital IC Design is also a programming process
» Write C-Like Verilog program to design your digital IC.
» Use logic synthesizer to implement circuit
» Use automatic placement and routing tool to layout circuit

always(@(posedge clk or posedge rst)
begin
if(rst)

out <= 1'b0; S
else if (enable) begin Sl
if (sel)
out <= a; A
else T
out <=b;

end

end

National Chung Cheng University 32
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® From Verilog Behavior-Level HDL to Logic Gates (netlist)

module comb_or(dout,a,b,c);

input a,b,c; ¢ in_1
output dout; > in 0 ) = > dout

) - Earn]
assigndout=a|b|c; b in 1 z

endmodule

® From Verilog Structural-Level HDL to Layout

National Chung Cheng University 33
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® Chip Floorplanning and Detail Routing

i 3 chiici IC ®3aseh & -4

® Each die is a piece of a full wafer.

National Chung Cheng University 35

® Package Functions
» Electric connection of signals and power from chip to board.
» Mechanical connection of chip to board
» Remove heat produced on chip
» Protects chip from mechanical damage

DIP

Die |[Bonding wire

'Mold resin||Leadframe

Pentium Pro

National Chung Cheng University 36




i % erici= IC R#mAA L -6

® Field Programmable Gate Array (FPGA)
> Each logic block can be programmable to different functions.

10| 10[ 10| 10| 10| 10| 10| 10| 10| 10| 10| 10 Routing Switch
[E) === E= ]
2 m cte ’H cte m ots m cis W o
Q o
[e) — —1 —1 —] o) Routing
9] cLBe cLB cLB cLB
: 1 1 R = m ;
5 — e ===
= CLB cLB m cLB m
o
o

10| 10| 10 0] IO] 10} 10,

E
Q
[
™
o
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@
[}
-
™

I
I
I

<)
o
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[$)
)
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o

o[ 10| 10|10
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i % ki IC Ry inqehi g -7

® ERICSSON 788 PCB

Frequency
RF Filter VCOs Filters Synthesizer Baseband

Power Amp Mixer VCXO DSP Memory
Module
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B % e IC XA L -8

® Nokia N95

Westminster Abbey
L] e
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B % endeix IC R33N L -9

MacBook

® Portable Systems & Hand Held Equipment

> lower power consumption (Battery operated)
® Real-time System & High-Speed Computer

> noise control & heat removal (High-Speed Bus, Package Technology)
® Semiconductor Vendors

> limitations of sub-micro process (Reliability issues)

National Chung Cheng University 40
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» Verilog Example: Combinational Circuit

module comb_or(dout,a,b,c);
input a,b,c;
output dout;

assign dout=a|b|c;

endmodule

> in_1s—-.
&
_ in 0 ,:I /)—lz > dout
in Og—._ ~
al VooNZ

b [ int1,)
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® Sequential Circuit with Asynchronous RESET

module ff_ar(dout,clk,rst,en,sel,a,b);

- input clk,rst,en,sel,a,b;

._| output dout;
o > W BT reg dout;
q dout
T L always @(posedge clk or posedge rst)
e [ begin

- I if (rst)
. /\ﬂ dout <= 1°b0;
b gy else if (en) begin
B } if (sel)
ULttt dout <= a;

" ;]/ | ] ﬁ else

_4&/} dout <=b;
o end

end
end

National Chung Cheng University 43

AMEEET 5 AATE -2

® Sequential Circuit with Synchronous RESET

1 9
8 8
1
clk isinthe >
sensitivity list —
Only c1k can trigger Synchronous rst_n
the always block (added path delay) -
co
clk
Only c1k can cause the D>
outputs to change —
always @(posedge clk)
rst_n & ld are not in if (trst_n) {co,q} <= 9'bO;
the sensitivity list else if (1d) {co,q} <= 4
(synchronous to c1k) else {co,q} <= q + 1'b1;

National Chung Cheng University 44




® Modeling Finite State Machine

Current always @(posedge clk)
tat current_state<=next_state;
silate

always @(current_state or In)
case (current_state)
state_0: case(In)

In0: next_state<=state_valuel;
Next Inl: next_state<=state_value2;
state | evesccecastusc -

endcase

state_n:
endcase

Mealy Moore
machine machine

always @(current_state BLIIB) always @(current_state)
Z<= values; Z<= values;

National Chung Cheng University 45

Debug # ## it 3% 7 ¢h1 &

TEST.SLR SLR (SLR.v) - /misc/.../Exercise/RTL/SLR.fsdb -0 Xx

. ¥ Help o

.Vel‘dl IDe0C00LZ @ > @» B G-W
s @

*Srcl:TEST.SL isc/Si2_RAID-1/s31.

209

210|

TUsLRy) 9|2 |&| - [o]
n

211| alvays@ (posedge CLK or posedge RESET)
3 o

S *<nWave:2> /misc/Si2_RAID-1/s3/chung/diclab/2
File Signal View Waveform Analog Tools Window Help

212 Ber i 22000 | 22,000
213  if (RESET)

0
214 total x <= 10'd0;

108

215 else if(ent_in >=1 & cnt_in ¢=10)
8 8

216 total x <= sigma_x2;
1b8
217|  else if(cal_time == 5'd7)
218| total x <= 10°d0;
1b8
219| end
220|

sr/verdi/share/synlib/32/faraday_u. lib+s -- Tot3
fer to /misc/Si2 RAID-1/s3/chung/diclab/2015/1ah

v}
<] <]
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# % Verilog #2;' 7 7 Quality

® nLint: Check the quality of your Verilog code

> Inverse_Matrix.v - /misc/Si2_RAID-1/s3/chung/diclab/2015/lab06 . o x - — - - - — -
Window o <nLint:ReportViewer:2> nLintDB* - /misc/Si2_RAID-1/s3/chung/diclab/2015/lab06_ans/Exercis¢ —

File View Domain Tools Window

Ol B o F {|.EMe_ View Domain Tools Wi
S EE RN J&s | ,

= |& W | €| V| Fiter.
19 else if (COMNT_OUT == 4'd9) 0] Slook Donsin Aowigets

;Z " STATE <= 2'd0; G Total - 89 Ecror(s), 8 Varning(s)

it B Conpilation & Elaboration -85 Ecror (s)

I DET -1 Erroc(s), 2 Varning(s

96|  alvays@(posedge CLK or posedge RESET)| g‘ﬁnum swh(_; “ming(s)q( ; )

o1 b iy ;

o 'g“)‘f — Blyj Language Gonstruct -2 Error(s)

B§ 22003 - Bit Vidth Misatch in Assignnent - Language Construct - 2 Error(s)

OO <o 16140 |\ Tnverss Matrix v(89) . Error | bt videh of left-hand-side varisbls “0UT AT (1) doss ot match

S| el i S 0 O A 7\ Tnvese Mateix.v(133) ; Ecco : bit vidth of Left-hand-side varisble “GULDATA (1) does not atek
OUT_DATA <= (INPUT[0]*INPUT[4] *INPUT(8])+ (INPUT[1] *INRUT(S]
(INPUT[2] *INPUT([4] *TNPUT 6] ) - (INPUT[1] *INPUT 3] +INPUT[8
104
105} else if (STATE 2'd2 & COUNT_OUT == 4'd1)
7 OUT_DATA <= (INPUT(8] * INPUT[4]) - (INPUT(7] * INPUT[S]); [3i=y
L I | [inverse_Matrix.v(39): bit width of left-hand-side varisble "OVI_DATA" (1) does mot wateh that of right-han
[]oUT_DATA (Inverse Matrix.v)
Exror(s)
of left-hand-side variable "OUT_DATA" (1) does not match that of right-hand-sidd || OUT_DATA (Inverse atrix.v)

S in procedural assigmuent (Compilation & Elaboration) 4 OUT_VALID, //output:

6 );
[&] 600 (Trverse_atoix.v)

3 oo
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Sequential Machine

® A sequential machine is a machine

» for which the output values depend not only on the
present input values but also the history of
previous input.

» Memory elements are added to combinational logic
to build sequential machines.

clk
| clk clk clk
in H»out
CL T cL cL y
Finite State Machine Pipeline
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Sequential Element: D-Flip/Flop

@ D-Flip/Flop Timing Violations
> Setup time and hold time

Data in D Q Data out
Clock signal >
S |tH S |tH
Clock signat———————
Data in Dl >< D2 >< D3 >

Data out 3DOE | >< Dli ’ >< unknown
m-to-Q delay Timing violation
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Setup/Hold Time Criterion

@ Hold Time Margin
» (Tql + Td) > T,qq +(TC)
® Setup Time Margin
e (Tcycle + TC) > Tsetup+( qu +Td )
m Td :combinational logic delay time
B Tc : clock delay time
B Tc: clock skew between Tcl and Tc2
B Tq: clock to Q delay time
W Tsetup : setup time

® Thold :hold time a Td b
m Tcycle :cycle period time D Q Combinational D Q
1 Logic 2
’7 CLK CLK
LK LK1 LK2
L Doty F- @I—E
Tel Te
Tc2
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Setup/Hold Time Criterion

® Setup Time Margin: Tcycle > Tsetup+( Tql + Td ) , without clock skew

Tql Td Tsetup

clk1
clk2
a )
b >
Teycle TC =0
® Setup Time Margin: (Tcyce + T¢) > Tsetup+(Tq1+Td ) , with clock skew
Tql | Td Tsetup
clkl — : —l—\—
clk2 —
a <_| I 2 >
b < Q 9 1 >
Tcycle T{ >0
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Setup/Hold Time Criterion

® Hold Time Margin: (Tql + Td)> T4, without clock skew

Tql,Td
clkl
clk2 L
a 0 X 1 0 b
b C———0 X 1 0] >
TC =0 ™ Thot
@® Hold Time Margin: (Tql + Td)> T, +(T ), with clock skew
Tql, Td
clkl |
clk2 | | | I
a <0 X 1 Q0 )
b 0 X 1 0 >
TC>0 ™\ Thold
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#* TR &Sk A 4 Gate-Level Circuit

< HDL files \\‘ Modify source

Set search paths and

target library

— o
Meet
( Netlist )( sbc )
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Change constraints

Modify constraints

Accurate wire-load model
is important in this step

Clock Constraints

® Define the clocks

» For synchronous designs, the clock period constrains all register-to-register
paths in the design.
» Defines the period and waveform for the clock
W Syntax: create_clock -name clock_name source_objects —period period_value
-waveform edge_list
W source_objects : a list of pins or ports on which to apply this clock.
B -period period_value : the period of the clock waveform
m -waveform edge_list : Specifies the rise and fall edge times of the clock waveforms
B Ex: The clock applied on port CLK with a period of 10.0, rise at 0.0 and fall at 5.0.
create_clock -name CLK1 CLK -period 10 -waveform { 0.0 5.0 }

10

—>

Duty-cycle of CLK is
0 50 100 150 (5.0-0.0)/(10.0 - 0.0)=50%
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Report Analysis: Timing

® Report Design Timing:
> Generates a timing report that provides information about the
various paths in the design.
> Syntax: report timing > report_filename

g269/c0 ADDFX2 113.2 173 +354 3874 R
g267/CI +0 3874
g267/C0 ADDFX2 113.2 176 +363 4236 R
g265/CI +0 4236
g265/S ADDFX2 113.8 171 +422 4659 R
g263/a +0 4659
g263/Y INVE2 110.2 77 +65 4724 F
mixed mult_1 12/Z[10]

MUL/Z[10]

P1 reg_10_/D DFFRHOXL +0 4724

Pl req_10_/CK setup 0 +275 4999 R

(clock CLK) capture 5000 R

Cost Group : ’CL _group *CLK’)

Timing slack :
Start-point : IN_B_reg_l_/;l\

End-point =Pl 10 ..
it -reg 10_/D Timing slack must > 0 (constr. met)
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Report Analysis: Area

® Report Design Area:

> Generates an area report that provides information about area
of each modules in the design.

> Syntax: report area > report_filename

Instance Cells Cell Area Net Area

CORE 71 921
MUL 28 302 249
mixed mult 1 12 28 802 249
ADD1 4 326 25

> In UMC 0.18um cell-library, area (um2)/9.97 is gate count.
W 9.97 is the area of min. 2-input NAND gate in the cell-library.
W Ex: 3872/9.97 = 388 (gate count)

» The same RTL design synthesized in different process always
get almost the same gate count.
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Report Analysis: Power

® Report Desigh Power:

> Generates an power report that provides information about
power consumption of each modules in the design.

> Syntax: report power > report_filename

Leakage Dynamic Total
Instance Cells Power (nW) Power(nW) Power (nW)
CORE 71  359.738 863150.929 ?‘.63510. 667
MUL 28 99 052 44543.781 44832833
mixed_mult 1 12 28 99. 052 44543.781 44642 833
ADD1 4 47.387 41425.184 41472.571

> Total Power = Dynamic Power + Leakage Power
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Wiring Problem - 1

@ Floorplan affects timing budget and wire-load model.
» Wire delay can only be estimated in synthesis level.
» Wire delay can be calculated after APR and RC extraction.

4 N N
Wire delay is important.-\ - Q J

\ Block B
( - h 4 |;|\ r ™\
Glock A L Block y Glock A ) j

(a) (b)
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Wiring Problem - 2

@ Difference in Synthesis View and Physical View

80-90% of
wires are

10% are hig
problemsl!

D

PYTTYY

Synthesis View Physical View

All wires of fan-out=n are the same. Each wire is unique.
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Wiring Problem -3

® Wiring delay dominates
otal Delays
overall delay s arsss

Interconnect
® New problems due to large arsey
wire resistance
» Timing closure 18 Total Delars

25

Delays

/ et
1 Interconnect
> Signal Integrity closure 5 E Lowdy
(crosstalk, ...) —
0.65 0.5 0.35 0.25 0.18 0.13 0.1
> Power closure (IR drop, ...) Technology Generation

Timing closure Power closure

Phygical Synthegis tool Preventio Analysis

tool

Power|Analysis tool

Physical
Compiler CeltiC Voltage Storm

(Cadence) (Synopsys) (Cadence) (Cadence) (Cadence)

NanoRoute
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Nanometer Timing/SI Sign-Off

Encounter Platform » Prototyping and implementation
coupled with sign-off capabilities
3D extraction IR drop/EM > Integrated silicon-proven flow
Fire & Ice QXC VoltageStorm covering 3D extraction, IR
SPEF = drop,timing, and crosstalk
Delay calc rop analysis
SignalStorm > Analysis of interaction of IR
drop and xtalk on both noise
Encounter CTE immunity and performance

SRIREIEAEYE R » Chip finishing and wire editing

T—— using OpenAccess

CeltIC

Virtuoso Chip Editor

| OpenAccess |
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Gate-Level RC Extractor

Non-rectangular wires Independent Test By A Major Silicon Foundry

90nm process - extraction benchmark on nets of a design

80

U i RN
Wire edge effects Erosion 600 H Mesa;::féggm Fee oo
Min -7 O Vendor A
;:500 Max’s 0 Vendor B
H l!} 240 OVendor C
30 0Vendor D
Cross Section of Erosion 20 0 Vendor E

AC - LN
Dishing, slotting it I I o LI [Reelll]1]

s AR
v % Error vs Field Solver
lj Note: This graph s a recreation of a foundry supplied graph.

> Fire&lIce for for 3D parasitic extraction
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Power Grid Analysis

» IR drop and Ground bounce combine to impact silicon
performance (setup/hold time violations)

> Electromigration (EM) caused by current flow and current
density may make chip failure
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Glitch Analysis
V_/Kt A Propagated

tacker oise Failure?

o S et L

Number of reported violations (iog scale)

100,000
10,000
1,000
100

10

1

W Peak > 30% vdd

[l ceiic

115K nets 174K nets 1.4M nets 457K nets 532K nets
180nm 150nm 150nm 130nm 130nm

» Crosstalk glitches propagate to latches to create functional failures.

» Glitch Analysis is needed to detect crosstalk induced functional and
timing failures

> Spice-like accuracy using mixed cell and transistor modeling
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SoC Encounter Design Flow

Physical W
Synthesis ( PY)

Clock Tree
Synthesis

Wire
Routing

(Nanoroute)

(RTL Compiler)

70,8 (QRC)
V.1, E17G M (CeltIC)
Back-end

Aﬁg%ilr's (VoltageStorm)

Add
Filler
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NanoRoute — Detail Routing (cont'd)

® Result of NanoRoute

i Encounter(R) RTL-to-GDSII System 13.13 - /misc/Si2_RAID-1/s3/chung/diclab/2015/k/lab12 — o x

Eile Edit View Pariion Floorplan Power Place Optimize Clock Route Timing Verify Options »cadence
FEls ¢ ORMEEIQ QA A8 Q O|&% Ié o6 BN K~
(R $ BB LB %= 0 " EE

Layer Control
All Colors

o)

v
v
¥
v
v
v
v
v
v
v
v
v
v
v
v
v
v
4
v
v
¥

o) KRR RkRRRKI KKK KRR E K

= g \|
(Click to select single object. ShiftsClick to de/select multiple objects. Q |[SelNum:0 [(1748.401,164.197) |Routed |
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Layout Verifications

® DRC : Design Rule Checks RS
» The operation checks for design rule violations. ‘ 31&7
® LVS : Layout Versus Schematic | ‘
» The operation checks for inconsistencies m
between the schematic and the physical layout. F L ES

® LPE/PEX : Layout Parameter Extraction

» Extract device parameters from layout, including transistors, parasitic
capacitors, and resistors.

> Extracted netlist can be used in post-layout transistor-level simulation
(by UltraSim, HSIM, or NanoSim)

LPE
it

LVS
vda!
extract
i zn  comparewith i o i m i om

v
gnd! gna!

National Chung Cheng University 67

Post-layout Gate-Level Simulation

@ Post layout timing simulation
> The post-layout design must be simulated with extracted RC. A SDF
files generated from QRC and Encounter Delay Calculator are used for
this propose.
@ Modify your verilog test file
» $sdf_annotate(“the_SDF_file_name”, the_instance_name);
> E.g. : $sdf_annotate("CHIP.sdf”, I_DAG);
@ Run post-layout gate-level simulation
» Using NC-Verilog to run post-layout gate-level simulation
» UNIX%ncverilog -f run.f

B Simulate the worse case delay to check there is no setup time violation.
B You can also write out best case delay SDF file for hold time verification.
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Post-Layout Transistor-Level Simulation

@ UltraSIM, HSIM, NanoSim are used for this purpose.

® In LPE extracted netlist, since it contains so many
resistors and capacitors, thus the simulator must
have the capability for large circuit and have
following features:

» Automatic RC reduction
» Simulation time and simulation accuracy is adjustable.

> Special simulation algorithm for speed-up circuit simulation for
regular circuits (ex: RAM blocks)

» Mixed-mode simulation ability (ex: co-sim with Verilog)
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Full-Chip Simulation and Verification Strategy

® What simulations must be run to know the device will
operate to specifications ?

® What is the highest level of abstraction I can use to
achieve my accuracy goals ?

® How can I best apply the tools at my disposal ?

£t mf=fu=

Analog [ Mixed Signal
Circuits Blocks -
—

— =
Anadlog O

I L1
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11

(]
—

i

Multi-Mode Simulator (MMSIM)

2 Multi Mode Simulation (MMSIM) / ADE 2
S| Spectre SpectreRF | UltraSim| = NCSIM AMS |3
g Block Design RF Design Full Chip. Digital Design| MS Simulation a
o m
" Q 8.
Q’, ‘ Spectre Solver Kemel e
‘g ‘ Common Model Interface (CMI) | VerilogA Engine g ‘
Spectre SPICE Vector  Proprietary SPICE  Spectre VerilogA IBIS I/O VerilogA

Netlist Netlist Stimuli CMI Models Models Models Dev. Models Behaworal Models

Madala

® The AMS simulator which is a single executable combining the Spectre
circuit solver and Incisive-NCSIM digital solver. In addition the UltraSim
FastSpice simulator is integrated with the AMS simulator for high speed
transistor level verification.
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