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Full Adder

o Input: A, B, CI (Carry-in)
o Output: S, CO (Carry-out)
" S=A@PBECCI
=" CO=A-B+B-CI+Cl-A=A-B+Cl-(A+B)
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Two-Operand n-bit Adder

o Input: A[n — 1: 0], B[n — 1: 0], CI
o Output: S[n —1:0],CO
o For two’s complement subtraction, there could be a control signal s.
= s = 0: addition (A + B)
 In this case, we compute A + B, so CI = 0.
= s = 1: subtraction (A — B)
« In this case, we compute A + B + 1, so B is inverted and CI = 1.

Bn—l Bn—Z BO An—l An—z AO

CO — — CI




n-bit Ripple Carry Adder (delay: O0(n))

0 Cy: Carry
o Delay computation
= FAdelay: d
» n-bit RCAdelay: n-d
e 0(n)
= Example
* n:64,d:50ps (45nm) — delay = 3.2ns (Clock: 312.5MHz)
o0 Bottleneck: Carry propagation

0 Solution: Parallelization
Bn—l An—l Bn—Z An—z BZ AZ Bl Al BO AO

C._ Cl_ C C C C
COp_y Cly_1—""cO,_, - 2Hc0,  ChLi—*co, Ch——co, -~ F>cl
|7 FA FA FA FA FA




2k-bit Carry Select Adder

k-bit adder «— (

k-bit adder «— 1
COk-1

k-bit MUX <

Sok-1 - Sk
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— CIO
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2k-bit Carry Select Adder

o Example
i 7 6 5 4 | 3 2 1 0
A 10 1 1 [ o0 1 1 0 Cly = 0
B; 0 0 1 0 1 1 0 1
0
4-bit adder «— (
1
11101
0
t') 4-bit adder «— 1
11110
\ 4 \ 4
'| 1
4-bit MUX < 4-bit adder «— ()
\[) 1110 0011




2k-bit Carry Select Adder

o Delay analysis

» Delay of a k-bit adder + delay of (a MUX or two gates)

COyp_y’
l = k-bit adder — 0
COk-1
CO _ 124
[ ) 2k 1 k-bit adder — 1
_| v €O,
k-bit MUX <
Sor_1 - Sk

k-bit adder

— CIO

Sk-1 - So




Carry Select Adder

o Parallelization

= Example: 4k-bit carry select adder
» Delay: Delay of a k-bit adder + 2*(CO logic delay) + (CO logic delay or a MUX

A

CO logic

CO4x-—1

delay)
k-bit adder
k-bit adder \
! i CO logic
k-bit MUX |
CO3k—1

k-bit adder

k-bit adder

k-bit adder
k-bit adder \/
il il CO logic
k-bit MUX |« |
COzk—1

S3k-1 - S2k

- COk—q

k-bit adder

Si_1 - So




n-bit Carry Select Adder (delay: 0(y/n))

o Optimization
» Find the optimal # stages minimizing the total delay.

0 Assumption
» Delay of a full-adder (FA): d

* The k-bit adder is a ripple-carry adder.
 Delay: k-d
= Delay of a carry-out logic or a MUX: e

o # stages: % (find k minimizing the delay)

0 Delay:r=k-d+e-(g—1)

dt en

m = —

dk K2
" k= /% (so the optimal # stages i5%= /djn)
» Delay: 1 =2Vd-e-n—e — 0(H/n)

0




n-bit Carry Select Adder (delay: 0(y/n))

o Example
" n:64,d:50ps, e: 50ps

" k= /% = 8 (8-bit ripple-carry adder)

= Delay: 7 = 2v/50-50- 64 — 50 = 750ps (4.3X improvement)
» Delay of a 64-bit RCA: 64 - 50 = 3,200ps




Carry Signals

0 Cyx=(Ag-1 Br_1)+ (Ax—1 © By—1) - Cx—1

0 (1= (4y:By)+ (4D By) -y
C;=(A1-B)+ (A, ®B) ¢ =[(A1-B)+ (A1 @ By) - (Ag - B)] + [(A1 D By) - (A D By) - Gy
0 C3=(4;B)+ (A, D B;) (=
[(A2-By) + (A, © By) - (A1 - By) + (A, D By) - (A, @ By) - (Ao * Bo)] +
[(A2 @ B2) - (A1 @ B1) - (Ao @ By) - Col

@]

0 C,=(A3:B3)+(A3D B;3) (5 =
[(A3-B3) + (A3 @ B3) - (A2 - By) + (A3 D B3) - (A, @ By) - (A1 - B1) + (A3 @ B3) - (A, @ By) - (4; @ By) - (Ap - Bp)] +
[(A3 © B3) - (A2 @ B,) - (A4; @ By) - (49 D By) * Co]

o0 Black: generated only by A, and By.
o Green: generated by Ay, By, and C,.

o Generation: g; = A; - B;

o0 Propagation: p; = A; @ B;

0| Ci=g9o+po-Co

0| Co=9g1+DP1°9o+ D1 P Co

0| C3=g2+DP2:91+D2°D1:9o+ D2 P1 Do Co

0| Ca=9g3+P3:9g2+P3:P2°91 +P3°D2°P1°Go+P3 P2 P1-Do- (o




Carry Skip Adder

o Carry (C,)
" Cy =93+t DP3:92+DP3D2°91 D3 P2 P1°GoltH|P3 P2 P1-Do- Co

Group carry generation Group carry propagation
o Split the input into a few groups.
BlS|:12 A15|:12 B1|1:8 A1|1:8 31:4 Ai:‘l- B?|>:0 Af)l’:O
Ci6 ) Ci2 ) Cs ) Cy )
<«— 4-bit block <«— 4-bit block <«— 4-bit block <«— 4-bit block

o Group carry generation

" 93.0=03tP3 92+ P3-P2°911tDP3 P2°P1° YJo-
o Group carry propagation

" P3:.0 = P3°P2"P1"Po
o Carry generation

" (4 = g3.0 + P30 Co




Carry Skip Adder

0 4-bit blocks

» Generates gy.,—3 and py.,_3 all in parallel.
» Propagate C, to the last stage quickly.

315:12 A15:12 Bll:8 A11:8 B7|:4 AT:AI-
) C12 ) Cg ) Co
4-bit block - 4-bit block < 4-bit block <

1 1 1

1 1 1

915111 ! 9118 ! 97:4 !

C16| 0 | 0 : 0 |

1 1 1

1|e : 1|e : 1|e :

1 1 1

1 1 1 1 1 1

1 1 1 1 1 1

1 1 1 1 1 1

1 1 1 1 1 1

e e e e e e e e = = ) e e e e e e e e = = J e e e e e e e e = = )
P1s:12 P11:8 P74

o If gk:k_g; IS 1, py.k—3 IS O, SO gy.x—3 IS passed to the next stage (génerated).
O If gx.r—31s 0 and py.x—3 IS 1, Ci, Is passed to the next stage (propagated).
O If gx.x—3 1S 0 and py.x—3 1S 0, O is passed to the next stage (killed).




Carry Skip Adder

o Example
= A=110110110111 1010
= B =0101010111010101
= Cy=1

BlS|:12 A15|:12 Bl|1:8 A11:8 B7|:4 AT:4 B?i:O AT:O
) C12 ) Cg ) Cq ) Co
4-bit block - 4-bit block - 4-bit block - 4-bit block <

915:11 E Y118 E 97:4 E 93:0 E

Ci6| 0 : 0 : 0 : |

1| : 1| : 1| : 1[4 :

e e e mme e 3 e e e e J e e e mme e 3 T 3
P15:12 P11:8 P74 P30




n-bit Carry Skip Adder (delay

- 0(vn))

o Optimization

» Find the optimal # stages minimizing the total delay.
0 Assumption

» Delay of a full-adder (FA): d

» The k-bit adder is a ripple-carry adder.

e Delay: k-d

= Delay of a gate or a MUX: e
o # stages: % (find k minimizing the delay)
o Delay

" gubi-é€

" Pi:i-3- 2e

" g;.i—3- 3e (two-stage logic, AND-OR)

. Delay:r=3e+(%—1)-e+k-d

" k= /% (so the optimal # stages is % = ?)

» Delay:t=2Vd-e-n+2e — 0G/n)
= Example: 900ps forn = 64,d = e = 50ps




n-bit Conditional Sum Adder (Delay: O(log, n))

o Main idea

» Generate two sets of outputs for a given group of operand bits.
« Set 1. assuming the incoming carry is zero.
« Set 2: assuming the incoming carry is one.

= Once the incoming carry is known, select the correct set of outputs.




Conditional Sum Adder

o Generate two sets of outputs

ii| 7 6 5 4 3 2 1 0
A: | 1 0 1 1 0 1 1 0
Bi:| o0 0 1 0 1 1 0 1
s 1 [ o | o] 1 1] 0| 1 1 Clo =0
co,’: | o 0 1 0 0 1 0 0
Step 1 I
st o 1 1| o0 0 1 0
co| 1 | o | 1| 1| 1] 1] 1




Conditional Sum Adder

o Merge two bits

=0

Cl,
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Conditional Sum Adder

o Merge four bits

i: | 7 6 5 4 3 2 1 0
A: | 1 0 1 1 0 1 1 0
Bi:| o 0 1 0 1 1 0 1
s% | 1 0 0 1 1 0 1 1
co,’: | o 0 1 0 0 1 0 0
Step 1 I
sl 0 1 1 0 0 1 0
co™: | 1 0 1 1 1 1 1
% | 1 0 0 1] | [0 0 1 1
co®: | o 1 —(0)
Step 2 11 //@
st | [T k| |1 0| 0 1
cot|lo D || &
so. | [T 11 [0 _1]|[0 o [T 1
co;’: | |lo 1
Step 3 T
st [1 1 1 0
co: | |o

CIO=O




Conditional Sum Adder

o0 Merge eight bits (final)

i: | 7 6 5 4 3 2 1 0
A: | 1 0 1 1 0 1 1 0
Bi:| o 0 1 0 1 1 0 1
s 1o o 1] 1| o] 1] 1 Clo =0
co,’: | o 0 1 0 0 1 0 0
Step 1 I
st | o 1 1 0 0 1 0
co™: | 1 0 1 1 1 1 1
% | 1 0 0 1 0 0 1 1
co’: | o 1 1 0
Step 2 1
Y | 1 1 0 0 1
coit: | o 1 1
s% | 1 1 0 1 | [0 0 1 1]
co’: | o
Step 3 11 /@
Y ! 1 1 0
co: | |o
Result Mm 1 1 o] [0 0o 1 1]




Conditional Sum Adder

o0 Exercise

S
—_
(e)
—_
—_
o
—_
—_
(@)

CI():].

Step 1

Step 2

Step 3

Result




Conditional Sum Adder

o Delay analysis

(=l o Bl =l =)

Step 1 T =Apy

olo mr|lo ol o ol
Rl olo Rr| o rR|a
Ol Rr|R o R R
mRlm Oolo Rr| o Rk

Step 2
1 T = Apg + Apux

Ol R, O|lRr R|FR O ~, Rr|lu
_ O | Olkr Ok OO Rk OW

Step 3

%)
o
S RO R|O RO R[R OO RO KRN

T = AFA + ZAMUX




n-bit Conditional Sum Adder

o Delay analysis
= Delay of a 1-bit adder: d
» Delay of a MUX: m
» Delay:7=d + (log,n—1) - m » 0 (log, n)
e d =50ps,m=>50ps,n =64
e 7=300ps

- Carry Select | Carry Skip Conditional Sum
Delay 0(n) 0(vn) 0(vn) O(log, n)
64-bit 3,200ps 750ps 900ps 300ps




Prefix Adder

(0

(0

O O O O

Generation: g; = A; - B;
= g; =1onlywhen (4;,B;) = (1,1)

Propagation: p; = A; @ B; (conceptually A; @ B;, practically A; + B;)
= p; =1 onlywhen (4;,B;) = (1,0) or (0,1)

C1 = 9go + po - Co

C2=91+DP1:Go+D1:Do-Co=91+p1-C
C3=02+D2-91+D2°P1°Go+D2"P1 Do Co =92+ Dp2C
C4=93+P3-92+pP3-pP2:9g1+P3-P2:P1°9o+P3 P2 P1-Po"Co=93+p3-C3

In general
" Ciy1=0i+Dpi-G

= 5,=A, DB DC =p DC

Question: How can we quickly generate all the carry signals?




Prefix Adder

o (; =@+ﬁ- Co
Jo:o Po:o

0 C,=91+pP1:Ci=91+P1:90+DP1Po'Co=Yg1.0+ P10 Co
91.0 P1:0

0 C3=0,+tp:Co=9,+D2:91+tP2:P1°Go+ P2 D1 Vo Co=gz0+DP20"Co
9.0 P2:0

O C4b=93+p3:C3=93+P3:92+P3:P2:91+P3:P2°P1°Go+ D3 P2:P1:Po*Co=
g3.0 T P3:0° Co 93:0 P3:0

o In general

" Ciy1=0i+Di*C = Gio+ Do Co
» Thus, the question is how to generate g;., and p;., quickly and not with an excessive use of
gates.




Prefix Adder

0 Observation
" Pi:o = Pi*DPi-1° P1Po= ®iPi-k) - Wi—k=1" """ Do) = Pisi—k *
Pi-k-1:0
Yiii—k
" Jio=|9i + @i+ 9i-1) + 0 *Di—1 - Gi2) + -+ P Di1 v Pickrr - Gii)| T+
Wi Pi-k * Ji-k-1) + 0i " " Di-k-1 " Gi-k-2) T+ (Pi " Po " Jo)
(Pi *Pi—1* " Pi—k) * (Gi—k=1 + Di—k—1 " Gi—k—2 + ="+ Di—k—1 """ Do * o) = Pisi—k * Ji—-k-1:0

» Thus, we can break down p;., and g;., into two components.
* DPi:o = Pi:i—k * Pi-k-1:0
* Gi0 = Gisi-k T Pii—k * Ji-k-1:0

* |n general
* Piim = Pi:i—-k " Pi-k—-1:m
* Jiim = Gi:i—k t Pisi—k * Ji—-k—1:m




Prefix Adder

o How to obtain p;.,, and g;..,, Systematically
" Piom = Pi:i-k * Pi-k—-1:m
" 9im = Gisi-k t Disi—k * Ji-k-1:m

o In other words, we need

" Piii-k
" Yiii-k
" Di—k-1:m
" Ji-k-1:m
(Gisi-ks Pisi-k)  (Gi—k—1:m) Pi—k—1:m)
o Symbol —

() >

(Gizm Pim) = (Gici—k + Pisi—k * Ji—k-1:m Pisi—k * Pi—k—1:m)




Prefix Adder

o Example

A[3], B3]

l

93, P3

)

v / v

A[2],B[2] A[1],B[1] A[0],B[0]

oo

92, D2 91, P1 Yo, Po

CI

gi=A;B;
pi =A4; +B;

93:2, P3:2 91:0/|P1:0
/' Carry network
v \ 4
v v
93:0,P3.0 92:0,P2:0 Y91:0-P1:.0 Yo:0, Po:0
i3 iz T = G1:0 H P1:0 * Co
S3 = Sy = S = So = Do D Co
ps®C; p, DC, p D Cy



Prefix Adder

o Ripple carry adder

X1s5 X14 X13 X12 X11

X10




Prefix Adder

o0 Kogge-Stone adder (min. logic depth, min. fanout, large area, high
routing complexity)

X1s5 X14 X13 X12 X11 X10 X9 Xg X7 X6 X5 X4 X3 X2 X1 X0

S EEE TSI LTS

/'
il o‘o e giie ’ogogozo ’ogogo‘ S 4 4
I e = ==
e
B e S e e e
_— 1 —T1T 1 11T 1T
ogiooicaic e oo

S1s S14 S13 S12 S11 S10 Sg Sg S7 Se S5 Sy S3 S S1 So




Prefix Adder

o Brent-Kung adder (max. logic depth, min. area)

TN
.
;

\

\




Prefix Adder

o Ladner-Fischer adder (min. logic depth, large fanout)

A\

A

C
/
%

-

o\

AN

“\v\g

AN

.

¢




Prefix Adder

o Han-Carlson adder (Brent-Kung + Kogge-Stone)

X1s5 X14 X13 X12 X11 X10 X9 Xg X7 X6 X5 X4 X3 X2 X1 X0

A b A A A A A
A A

e L Lo T
B

LAY 4

S1s S14 S13 S12 S11 S10 Sg Sg S7 Se S5 Sy S3 S S1 So




Prefix Adder

o Delay analysis

= Generation of p; and g;: d
Merging logic () : 2d
Sum: 2d

Delay: d + k - (2d) + 2d + 2d

» d: Generation of p; and g;

k- (2d): Generation of p;., and g;., (k: logic depth)
« 2d: Calculation of C;

» 2d: Calculation of S;

Example (16-bit adder)

* Ripple carry: d + 15d + 2d + 2d = 20d

« Kogge-Stone: d + 4d + 2d + 2d = 9d (k is log, n)
e Brent-Kung: d + 6d + 2d + 2d = 11d

» Ladner-Fischer: d + 4d + 2d + 2d = 9d

« Han-Carlson: d + 5d + 2d + 2d = 10d




Carry-Lookahead Adder

o To calculate C;, 4
= Use g;.0 and p;.o: Prefix adder
» Use some Cj: Carry-lookahead adder

o Observation

C1 =go +Do-
C; =g1+p1
(3 =92 +p2
Cy =gz +p3
Cs = g4+ Dy
Ce = g5 + s
C7 = ge + D6
Cg = g7 +p7

“Jo T D1
g1t D2
"g2 T D3

*g4 t Ds
*gs T Ds
*Je T D7

.poc
"P1
"P2

.p4.
" Ps
" Pe

"Jo T D2
g1 T D3

*94 T De
*gs T D7

"P1
"P2

" Ps
" Pe

" Po
"P1

.p4.
"Ps

'CO

*go + D3 P2P1 Do Co

"ga tP7 " Pe D5 Pa (s




Carry-Lookahead Adder

o0 A 4-bit carry lookahead logic

Bs Az B, A, B, Ay B, Ao
Generate '
giandp;. — gz D3 gz D2 g1 D1 Yo Do
| L —] L
\ A 4 \ A 4 \ A 4
93 P3 92 P2 91 P1 Yo Po
+— C, Carry Lookahead Unit Co
S3—0

'




Carry-Lookahead Adder

o0 A one-level 16-bit carry lookahead adder
Br Ap Bp Ag BpAp Bc Ac BpAp By Ay By Ay Bg Ag B; A; Bg Ag Bs As By Ay B3 A3 By A; By Ay By Ag

I s s s s A A A I O R
lllllll¢+lllliillllllllllllllllllco

! ] 1 1

C16 515—12 511—8 S7—4 S3—0

P; and G; 4-bit carry
generation lookahead unit

o0 How to compute C;

"y =03+tDp3:92+tD3'P2°91+ D3 P2°P1°9ot+P3-D2:P1-Po- (o
Cs = ga+ps-Cy
Cg=97+P7°96+P7 " Ps 95 +D7°P6 Ps9atP7Ds Vs Pa-Cy
Co = gg + g * (g
Ci6 = 915 + P15 * 914 + P15 * P14 * 913 + P15 * P14 * P13 * J12 + P15 * P14 " P13 °
P12 * Ci2




Carry-Lookahead Adder

o Two-level carry lookahead adder
Br Ap Bg Ap BpAp Bc Ac Bg Ap By Ay By Ay Bg Ag B; A; Be Ag Bs As By Ay B3 A3 By A, B1 Ay By Ag

LU EEL LT

9d11:8 Pi11:8 97.4 P74 93.0 P3:0

915:12 P15:12

lookahead unit

Cie P; and G; 4-bit carry _ _
- generation . - Multi-level carry lookahead unit

o How to generate (;
" (4 =930t P30 Co
" (5 =04+Dps-Cy
" (g =974+ P74 93:0 P74 P30 Co




Carry-Lookahead Adder

O

How to generate C; in 2-level CLA

C1 =9go+ Do Co

C2 =91 +tP1°90+DP1Do- Co In the 1-level carry lookahead unit
(3 =92+p2:91+P2"P1 90 +DP2P1 Po- (o
Cy = Gg3:0 T P3:0° Co 1 % In the 2-level carry lookahead unit

Cs = ga+ps-Cy

Co =9s+Ps gatps ps-Cy In the 1-level carry lookahead unit
C7 =96+ P6"9s + D6 Ps gat+ D6 Ps Pa- (s
Cg = g7.4 ¥ P7.4 - 93.0 T P7:4 " P3:0 " Co > In the 2-level carry lookahead unit

Cog =gg +pg- (s

Ci0 = 9o + P9 gg + Do " Dsg - (g

C11 = 910 T P10 go + P10 " P9 gg + P10 " P9 - Pg - (g

Ci2 = 911:8 + P11:8 * 97:4 T P11:8 * P7:4 * 93:0 T P11:8 * P7:4 * P3:0 * Co

Ci6 = 915:12 T P15:12 * J11:8 + P15:12 * P11:8 * 97:4 T P1s:12 * P11:8 * P7:4 * F3:0 T Pis:12 * P11:s
P7.4 - P30 * Co
* Notice that C;¢ should be generated by a 3-level carry lookahead unit.




Carry-Lookahead Adder

0 64-bit CLA

60 56 52 48 44 40 36 32 28 24 20 16 12 8 4 0
OO0O00O0000O0000000O000O00000000000000000000O000O0O00O00O00O0O00O0O00O0O00O0O00O00O0O000oO00

gi (i -yi),pi (x; +y;) delay: d

[ i i i i i i i i i i i i ][ i (€<=
J63:60 P63:60 I59:56, P59:56 delay: 2d Ji1:8:P11:8 97:4:P7:4 93:0,P3:0
C1,Cy,C3
| 11 11 11 11 11 11 11 11 11 11 11 11 | | < I
J63:48 P63:48 947:32,P4a7:32 J31:16-P31:16 915:00P15:0

delay: 2d Cs, Cg, C17

[ i i i z=l i i i < i i I ek xalEx=xalg=x=a] |

Y963:0)P63:0 delay: 2d Cie, C32, Cag
<E < | =] < [€=<=<]| =] <[ < [€<=<]| <[ <[ d[=<< 1 I D
Cy7,Cqs,C

delay: 2d 17,18, >~19 C64

Exxalcx=xalex=al  [Ex=slcx=alcx=a]  |ex=slk==alk==al 1 1 1 1
delay: 2d

' 1 1 r r ___r _ 1r < r ___r . ___*r r 1 1 /|
delay: 2d

Delay: 13d




Carry-Lookahead Adder

o Example: How is Ss3 is calculated and what is the delay of the calculation?
= Sum
* Sc3 = ps3 D Cs3 (Cs3 is the delay bottleneck)
= Calculate the group that Cz5; belongs to.
* 53mod4 =1
= Represent Cs5; w.r.t. the incoming carry Cs, in the group
* Cs3 = gsz + sz - Cs;, (level 1)
» Calculate the logic that generates Cs,
e 52/16 = 3.xxx

* Csy = gs1:48 + D518 * Cag (level 2)
= Calculate the logic that generates Cyg

* 48/64 = 0.xxx
* Cu8 = Ga7:32 + Pa7:32 * Y31:16 T Pa7:32 * P31:16 * J15:0 T Paz:32 * P31:16 * P15:0 * Co (level 3)
= Calculation of g;.;_15 (Or p;.;—15)
* YJ15:0 = 915:12 T P15:12 * J11:8 T P15:12 * P11:8 * 97:4 T P15:12 * P11:8 * P7:4 * 93:0
= Calculation of g;.;_5
* 93.0=93tP3 92 +tP3°P2°91 +DP3°P2"P1"Y0
= Calculation of g;
* go=40'By
= Delay calculation (backtrace)
e d+2d+2d+2d+2d+ 2d + 2d = 13d




Carry-Lookahead Adder

O

Example: How is S¢, is calculated and what is the delay of the calculation?
= Sum
* Ses = Pegs D Cou (Cgyq is the delay bottleneck)
Calculate the group that Cg, belongs to.
e 64mod4=0
* 64mod16 =0
* 64 mod 64 = 0 (this means Cg, is calculated in the level-3 carry lookahead unit)
= Represent Cg, W.r.t. the incoming carry C, in the group
* Coa = go3:0 + D630 * Co (level 3)
» Calculation of g;.;_¢3 (Or p;.i—63)

* 963:0 = Yo63:48 T P63:48 * 947:32 T P63:48 * Pa7:32 * 931:0 T P63:48 * P47:32 * P31:16 * 915:0
= Calculation of g;.;_15 (Or p;.;—15)
* YJ15:0 = 915:12 T P15:12 * J11:8 T P15:12 * P11:8 * 97:4 T P15:12 * P11:8 * P7:4 * 93:0
» Calculation of g;.;_5
® 93.0=93tP3°9g2tP3°P2°91 +P3 P2 P1" Y90
= Calculation of g;
* go=40'By
» Delay calculation (backtrace)
e d+2d+2d+2d+2d+2d =11d
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