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Energy Consumption & Throughput

e Mining machine throughput(TH: tera hash) & power compare
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Energy Consumption & Throughput

- Maximum efficient energy < minimum money cost

« Target: Power / Hashrate| |
total power
- Power(P = CoyViyfeu + Ps)|

» Reduce device count clock.
* v44: device internal working voltage power
>eoReduce v, (use low-V device)
* C.k: clock switching cap. charged/discharged
*Reduce network capacitance .'

* fclk: CIOCk frequency clock network = register = combinational = io_pad & analog
>eReduce clock frequency

- Hashrate(throughput)?t

.| X O(\ ; _ a
" a@o’\\ * Increase pipe depth o (vddV Ven)
co® >e |ncrease f. ad
¢ Operating Condition PVT V4q is now only slightly larger than Vy, )
> 2013 technology(45nm and below) not only is @ more like 1.3 than 2
°Increase vgq Kyung, Yoo et al. Energy-Aware System Design Algorithms and Architectures

Decrease T



Pfixea=1VTfixea=s50°c: Max Efficient Cost

- SHA-256 block diagram

« Deep pipeline structure(64 stages)
- Unroll stages to get maximum throughput

Compressor Expander
SHA-256[ round 1 round 1
Expander Compressor
SHA-256| | round 2 round 2
1
]
Output hash

two rounds of SHA-256 in series.

- Optimal f,; & PVT for best efficient energy cost

« Cost function: power * area / frequency
- Target: search the lowest cost PVT

* Minimum cost PVT: not the maximum frequency
- Trick/idea: use possible setup time margin for hold area?
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Figure 1: Power (P), area (A), frequency (F) efficiencies under differ-
ent supply voltage (V) and frequency (F) settings. (Temperature: 50°C,
TSMC 7 nm process.)



Advanced Node OCV Effect

 Clock tree early branch induce OCV

- Longer CRPR path, less OCV effect |
- If possible, postpone branch clock buffer s vl ime

reqT:  require time
comerpr: CRPR time
slack: slack time

Ex(derate on require path):

eriod: 4.5 Setup Check(req — arr + CRPR — lib_setup) =
Fb ! tup: 0.3 . h arrTpax: (0.6 + 0.7 + 3.8) X 1.0 = 5.1
I_seup: £ arrive pat S reqTmay: (0.6 + 0.9) X[0.7]+ 4.5 = 5.55
lib_hold: 0.2 > Lod max: (L0-07) =
setup derate: late*1.0, early*0.7 Late: max/min crpr: M- ' V=

slack:5.55— 5.1 + 0.18 — 0.3 =[0.33 ]

3.8/2.6 PO : :
Q ,f”— TS~ D notel:
com. \ useful skew

\ logic J compensation: step < hold

hold derate: late*1.2, early*1.0

H ~
- (r)nf;l;(érgln P> cK N_"‘-—-_"’ >CK Hold Check(arr — req + CRPR — lib_hold) =
g Early: max/min arrTompm: (0.4 + 0.6 + 0 >< 1.0=13
max/min 1.1/0.3 reqTyin: (0.4 + 0 8) x [1.2]= 1.44
0.6/0.4 I\ COM eyt 0.4 X 1 2— 1. 0)
PLL D I P slack: 1.3 — 1.44 + 0.08 — 0.2 =[—0.26]
branch max/min
‘ repeater 0.9/0.8 note2:

require path extend CRPR as long as possible!
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Problem Formulation

- The Timing Window Net Buffering Problem
e Given
Placement location, slew constraint, buffer library, data flow & net connection
« Goal
Construct timing stage sequence
Minimize clock branches between two stages

Satisfy slew constraint
Balance stage sinks with delay insertion
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Propose Clock Planning

- Bitcoin SHA-256 simple conclude
* Plug-in application
* Unrolled deep pipeline
« Advanced node OCV issue, long CRPR requirement
Global skew or local skew?
Reduce clock power — less CTS buffer, less hold buffer
- Clock reversing tree

« Useful skew setup for hold
Boundary scan

clock flow

Figure 2: Clock reversing tree: Data flow in a mining machine is in
the opposite direction of clock propagation.
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Main Flow

Placement Buffer/inverter library

v v

Clock Reversing Tree Design Methodology

Pipeline stage sequence extraction

v

Timing optimization with flip-flop stage movement
v

Global tree clock buffer planning

v

Local tree skew balancing and OCV minimization
v

Duty cycle maintenance by inverter pair swap

Y

(e D)
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Pipeline Stage Sequence Extraction

Topology netlist path stamping, O(n) node traversal, n is # net

- Early timing prediction on violation path

« Build up clock buffer hint
- source: inport/FF outpin
- sink: FF inpin/outport

stepi(trace):
FF1 — C1
step2(trace):
C1-C2
step3(trace & back-annotate):
C2 - FF2
............ O ) stamp C2 to FF2: (min:0 , max:0)
® EE2 stamp C1 to FF2: (min:1, max:1)
_—‘B_ stamp FF1 to FF2: (min:2 , max:2)
FF1 B_ % step4(trace & annotate):
FF3 — C1, reached
Sl+1 stamp FF3 to FF2: (min:2 , max:2)
FF3 — C2, reached
_— stamp FF3 to FF2: (min:1 , max:2)
@ Result:
...... Single/same source path path view:
SL FF1 — FF2 (min:2 , max:2)

FF3 — FF2 (min:1, max:2)
— Stage path view:

S; (min:1, max:2)
stage: S; stage: S, | o o stage: S, stage: S,
inport flip-flops flip-flops outport

Topology search
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Timing Optimization with Flip-flop Movement

- Early timing analysis to check if flip-flops satisfy the timing
constraint under the pipeline stage sequence assignment
- Terminology: stage:s;

maximum, minimum delay: D, 45 , Dmin
clock branch buf fer delay: D)
flip flop setup time: t;
flip flop hold time: t,
clock period: T
setup time slack: W;(i,j) =T — tg — Dipax — (G — 1) Depp
hold time slack: Wy (i,j) = Dypin —th + G — i)Depp
- Objective function: w,,j) =0, w,)) =0

- Target candidate: w, <o, w.i ) +w,(@,j) = 0



Global Tree Clock Buffer Planning

Flipflop stage optimization

5;: Stage D : Branch buffer

« lterative flip-flop movement optimization | . ~ timngean

Hold time constraint: 3
Branch buffer delay: 1

[Selup time constraint: 9]

» Table look-up, search repair

Single path view |Same source view| Stage path view

fom| 1o max/min: from max/min: stage max/min:
setup/hold

FF1|FF2.L7/4:+1/+2
=1 | FF3.1-6/2:+2/0

- Ex(unit delay, setup/hold slack opt.):

setup/hold setup/hold
FF1| 7/2:+1/0 S, | 7124110

—_ : FF2{FF3 | 8M4:+1/+1 .
 Clock branch buffer delay chb =1 FF2|FF4 |7 | 2| BRI e | o
FF3|FF5| 8/5:0+3 |FF3| B/3.0/+3
. . setup (WS/TS): (0/9) 5] 850/
° —_ — p FF4 |FF3| 9/3:+1/-1 ,
Setup time constraint T —t, =9 nod Wersy (25)  [EEEESOB I era | omont | [ oo
. setup time slack formula: Wy(i,j) =T —ts—Dpmax — (j — ) Depp (a) (FF5FF6| 5/0:+3/2 [FFS| 5/0:+3/-2
Ex(path view FF1 — FF2, Dypux = 7, Depp = 1), Setup time: 9—-7-1=1 JIFF5 Single path view _[Same source view| Stage path view
R . fom| 1o max/min: from max/min: stage max/min:
« Hold time constraint t;, = 3 Fe ot setuphold 7 setupihold ”*setuphald
. : FF1| 7/2:+1/0
. hold time slack: Wy (i,j) = Dmin — th + (=) Depp S, EE; EE-’S‘ g:éﬁ;g o Sy | T2:+100
Ex(path view FF3 — FF5, D, = 5, Depp = 1), hold time: 5 -3 +1 =3 FF2 |FF3 | 8/4+1/+1 — 81,3‘; "
. Ei ure: setup (WSITS): (0/9) FF2 |[FF4 | 7/3:+1/+1 ' S, | 83+1/+1
: FF3|FF5|8/5:+2/+1 |FF3| B/5:+2/+1
9 . hold (WS/TS): (-1/5) FF4 [FF3 | 9/3:+1/1

(b) Fra |Fr6| 8/ao |[F4| 9301 | 53 | 9/0:0/-1

(a)Initial pipeline stage sequence extraction

Single path view  |Same source view| Stage path view

* Construct FF stage max/min path delay relation table max/min: max/min: max/min:

from stage setup/hold

from| to setup/hold setup/hold

FF1[FF2|7/4:+1/+2

(b)Moving FF5 to stage S;
FF5|FF6| 5/0:+1/0 |FF5| 5/0:+1/0

+ Check stage slack and move FF to reduce path slack
FF2 |FF3 | 8/4:+1/+1

FF2| 8/3:+1/+1 | §, |8/3:+1/+1

(c)Moving FF3 to stage S; sop oy 09)  [EEIEEETE ST T S0

hold (WS/TS): (0/5) FF4 |[FF3| 9/3:00 :
» Check stage slack and move FF to reduce path slack (©) e Eret oo FFa| oop | 3| 9000
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Global Tree Clock Buffer Planning Cont.

Branch/slew/hold buffer insertion

« Branch & slew buffer: truck insertion

Sn-1 Sa Sn+1 S; :stage

: :branch buffer
! (strength: 50um)

! I D S(Isi\rl;r[l)utr'lfe{mum) GMSBL: Global Maximum Slew Buffer Level
—— - strength. = farthest sink to branch
i | :sink node
: : [ :farthest sink node Ex: ) )
! [ (tO branch 150um) global maximum DRV distance((250-200) _+(200-100)) 1 150um
i i GMSBL: 3 buffer driving strength(under DRV constraint) : 50um

GMSBL(150 / 50): 3

Cite: COSAT: Congestion, Obstacle, and Slew Aware Tree Construction for Multiple Power Domain Design, DAC 2018

« Hold buffer: truck insertion
« Special back to back flip-flop

D : Hold delay buffer D : Branch buffer
fix hold on data path no setup penalty large hold area cost
% FF /QZJ FF ->{ FF FF FF ,
A A A A . fix hold on clock branch small hold area cost  setup penalty

B =

>

>




Local Tree Skew Balancing & OCV Minimization

- Insert balance buffer from branch buffer(local tree)
e stepl(a): bottom-up calculate current node level
* step2(b): top-down propagate/push down balanced level to each node
GMSBL for balance level reference
* step3(c): for each level insert required balancing buffer(s)
Note: merge/share level buffer concurrently

Assume GMSBL = 3

: Balance buffer l> Branch buffer |> Slew buffer [_]: FF

ﬁ%fgﬁfﬁ
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Duty Cycle Maintenance by Inverter Pair Swap

- Insert pair help to fix clock wave form — iterate level pair continuously

- Adjacent levels are all buffers = swap into inverters
(a)initial clock tree

(b)after first/second level inverter pair swap

(c)after third/fourth level inverter pair swap

(d)after fourth/fifth level inverter pair swap

level : Swap candidate

oOU AW NP
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Experimental Setting

. Setting
« Language: C++ with Tcl
« Platform: Xeon Linux workstation with 2.1GHz CPU and 128GB memorn\
« EDAtools: Synopsys ICC/ICC2
- Benchmark statistics
« SHA256 bitcoin, 2019 tau contest circuit

« TSMC 7/10nm process
Circuit [Period| # of Area # of # of Pip
(Process)| (ns) |Instances|(um?)| Nets |Flip-Flops| Dep

(S]
th
ckt1(T7 1.53 183145 76053 262136 48016 127
ckt2(SHA256): 2core
cki3(SHA256): 4core ckt2(T7) 1.53 330929 138592 473348 115267 127
ckt4(SHA256): 6core
ckt5(tau): vga_lcd ckt3(T7)
ckt6(tau): usb_funct
ckt4(T7) 1.55 1164226 425849 1512791 314955 127

ckt5(T10 1.42 69172 31132 55887 17079 6
ckt6(T10 1.33 9836 3523 9990 1739 5

ckt1l(SHA256): 1core

1.53 654455 267800 908786 215112 127



Comparison

- VAT: Variation-Aware clock Tree
- MESH: clock hybrid tree-MESH based approach

Area Increase: CTS Repeater Area + Hold Area

No. of [Ratio: CTS CTS Clock |Clock| Max |[Global| Setup | Setup |[No. of| Hold Hold No. of Area
Circuit|Met CTS Repeater | Repeater | Power [Power|Latency| Skew | WNS | TNS [Setup| WNS TNS Hold Increase
Repeater| (buf/inv) [Area@m?) | (W) [Ratio]| (ns ns ns ns Vio. ns ns Vio. Ratio

hod
VAT 2777 1034/1743 2223 5.88e-04 1 2.00 0.08 -0.0399 -0.6840 155 -0.1151 -280.3914 13212 4624 6847 1
ol (¥ MESH 3327 3327/0 3684 8.32e-04 1.41 1.73 0.04 -0.0200 -0.3397 90 -0.1665 -178.2141 9689 3584 7268 1.06
Ours 950 293/657 867 3.70e-04 0.62 5,69 5.43 -0.0170 -0.4377 108 -0.0596 -1.4891 183 74 941 0.13
VAT 4721 1630/3091 3098 9.51e-04 1 1.80 0.12 -0.0681 -1.2933 191 -0.2325 -631.5519 24315 8267 11365 1
MESH 4347 4347/0 4786 1.31e-03 1.38 2.94 0.11 -0.0288 -0.2907 61 -0.1322 -66.6633 5486 2029 6815 0.59
Ours 1686 512/1174 1508 6.50e-04 0.68 5.29 4.97 -0.0465 -2.9272 493 -0.0354 -1.3256 134 54 562 0.04
VAT 8608 3020/5588 5560 4.63e-03 1 2.02 0.12 -0.0652 -5.6820 881 -0.1468 -1229.1501 46807 15446 21006 1
MESH 6390 6390/0 6691 6.63e-03 1.43 1.94 0.11 -0.0569 -1.2742 337 -0.1133 -68.6439 6896 2551 9242 0.43
Ours 3604 838/2766 3210 4.16e-03 0.90 6.91 6.62 -0.0980 -11.2637 1571 -0.0508 -3.2947 270 110 3320 0.15
VAT 14706 4766/9940 10508 2.43e-02 1 2.07 0.14 -0.0693 -4.9077 681 -0.1950 -2272.9488 75408 24884 35392 1
MESH 9382 9382/0 10374 3.41e-02  1.40 2.08 0.08 -0.0259 -0.8387 156 -0.1530 -196.5100 14291 5001 15375 0.43
Ours 5369 1238/4131 4787 2.20e-02 0.90 11.77 11.41 -0.0912 -18.9870 1962 -0.3029 -1.9930 129 56 4843 0.13
VAT 4246 1790/2456 859 2.73e-04 1 0.51 0.12 0.0000 0.0000 0 -0.0600 -0.1600 231 592 1451 1
MESH 1410 1410/0 1559 7.03e-04 2.57 0.54 0.04 0.0000 0.0000 0 0.0100 0.0000 0 0 1559 1.07
Ours 959  419/521 1268 2.57e-04 0.94 253 2.30 0.0000 0.0000 0 0.0100 0.0000 0 0 1268 0.87
VAT 451  221/230 204 6.99e-05 1 0.28 0.05 0.0200 0.0000 0 -0.0200 -0.0500 5 3 207 1
MESH 256 256/0 283 7.46e-05 1.06 0.39 0.30 0.0200 0.0000 0 -0.0200 -0.0500 10 5 288 1.39
Ours 154 52/102 141 6.12e-05 0.87 0.81 0.77 0.0200 0.0000 0 -0.0200 -0.0500 0 0 141 0.68
VAT 1 35:65 1 1 1 1 1 1 1 1 1
MESH 0.71 100:0 1.22 1.41 1.11 1.08 0.77 0.12 0.23 0.24 0.53
Ours 0.36 26:74 0.52 0.88 3.80 50.00 0.61 0.0018 0.0089 0.0054 0.15

21
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Pipe Related Placement Example

- cktl SHA256 one core
« For timing convergent, pipe flip-flop relating placement

stage 1to 10

NITRRININE

: stagel
: stage2
: stage3
: staged
: stage5
: stage6
: stage?
: stage8
: stage9

: stagel0




Duty Cycle Waveform

. ckt3 duty cycle waveform of branch
. Inveﬂeyvs.bqﬁer

DW APR_INV_CTS_BRANCH1

"% (around: duty 45/55) "
e B

sh

DW_APR_INV_CTS_BRANCHE3

W Sto
a ; 5 (around: duty 42/58) I
La

sn

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
\
pXY
I
1
1
1
1
1
1
1
1
1
1
1
1
1

DW_APR_INV_CTS_BRANCH127

1
1
1
1
1
1
1
1

X Et0
(around: duty 40/60)
n A b |

1
‘.{ DW_APR_BUF_CTS_BRANCH127
1 %

A (around: duty 20/80) =M
e ¥

an




24

Outline

‘ Introduction

‘ Problem Formulation

‘ Our CTS Approach

~ conoson




25

Conclusion

- Clock feeds from last pipeline stage backward to the first one

« Clock latency difference between two consecutive stages — constant delay
« Maximize common clock path — reduce OCV effect

« Utilize setup time slack to gain hold time margin

* Inverter pair swap improve duty cycle waveform

- Minimize repeater and hold delay cell area
- Applicable to deep pipeline and strong data flow






