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Simplified CMOS Delay Model (1)

1. INV device model
. Rn, Rp : ON-resistance of nMOS / pMOS
-~  Proportional to L,/ W
. Cna, Cpg : Gate capacitance of nMOS / pMOS
—~>  Proportional to L, - W
. Cnos Cpo : Drain capacitance of nMOS / pMOS
>  Proportionalto L,- Wand Ly + W MOS layout

> In reality, Ry, Rp, Cno, Cpo are not constant, but *-Lg-*
dependent on the voltages at the gate and drain i 2 ]
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Simplified CMOS Delay Model (2)

INV delay model (no output load)

internal delay, switching delay

When Vg > 0.5Vpp: nMOS = ON, pMOS = OFF

When Vg < 0.5Vpp: NMOS = OFF, pMOS = ON
Output rise time (input : 1 2 0) : Sjise = KRp (Cpot Cno)
Output fall time (input : 0 2> 1) : Sty = KRN (Cpot Cro)

(k : constant)
Delay (no load)
driver g
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Simplified CMOS Delay Model (3)

INV delay model (with output load)

Cn, Cp : Gate capacitance of load nMOS / pMOS
Output rise time (input: 1 - 0) :
Diise = KRp (Cpo* Cno + Cpt+ Cy) = Syise + kKRp (Cp+ Cy)
Output fall time (input : 0 > 1) :
Drai = KRN (Cpot Cno + Cpt Cn) = Stan + KRy (Cp+ Cy)

driver
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Typical Delay Model for Standard Cells

AD

Output rise delay : Dg(i) = Sg(/) + Tg - Load
Output fall delay : De(i) = Sg(i) + T - Load
Dr(i), Dg(i) : total delay from input / to output

Sk(i), SE(i) : switching delay from input / to output

Tr, T : output transition coefficient (ns / pF)

Load : load connected to output (pF)

B D

:

grad

L

Load :
A : 0.025pF
B : 0.024pF
Internal delay = switching delay (Sg, Sf)
A=>Y(rise) : 0.055 ns
A=>Y(fall) : 0.051 ns
B=>Y(rise) : 0.073 ns
B=>Y(fall) : 0.060 ns
Output transition coefficient (T, Tr)
Y(rise) : 1.532 ns/pF
Y(fall) : 1.153 ns/pF




Path Delay Calculation

RISE

A D

FALL

INV cell (11) NAND?2 cell (N2)
Input Load : Input Load :

L(A) = 0.025pF
Switching delay :

Sg(A) =0.042 ns

Se(A) =0.039 ns
Output transition coef :

T = 1.534 ns/pF

Te =0.715 ns/pF

L(A) = 0.025pF
L(B) = 0.024pF
Switching delay :
S (A) =0.055 ns
Sr (A) =0.051 ns
Sk (B)=0.073 ns
S¢ (B) = 0.060 ns

Output transition coef :

Tgr = 1.532 ns/pF
Te =1.153 ns/pF

Delay (I1.A—>11.Y(fall))
= 11.S(A) + I1.T * N2.L (A)
=0.039 + 0.715 * 0.025 = 0.057
Delay (N2.A>N2.Y(rise))
= N2.Sg(A) + N2.Tg * N2.Load
= 0.055 + 1.532 * N2.Load
Delay (I1.A>N2.Y(rise))
= Delay(l1.A—>11.Y(fall))
+ Delay(N2.A>N2.Y(rise))
=0.112 + 1.532 * N2.Load

Delay (I1.A=>11.Y(rise))
=11.Sg(A) + 1.Tg * N2.L (A)
=0.042 + 1.534 * 0.025 = 0.080

Delay (N2.A>N2.Y (fall))
N2.Sg(A)+N2. T * N2.Load
=0.051 + 1.153 * N2.Load

Delay (I1.A>N2.Y(fall))
= Delay(l1.A=>11.Y(rise))

+ Delay(N2.A>N2.Y(fall))
=0.131 +1.153 * N2.Load



Path Delays Graph Model (1)

Total delay from output pin of node i to the output pin of node j
w(i, j) = J.S(pin,) + j. T *j.Load
(output of node i is connected to pin; of node j)
Describing separate delays for rise & fall transitions :
w(i, J) = { wg(i, J), Wei, j) }
={[.Sgr(pin;)) + j.Tr *j.Load , j.Se(pin;) + j.T¢ *j.Load }
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Path Delays Graph Model (2)

Path delay from leaf node to root node
. Delay(2>13) = Delay(2>10) + w(10, 13)
. Delay(2>10) = Delay(2>4) + w(4, 10)
. Delay(2>4) = w(2, 4)
Path delay with separate rise / fall
. Delaygr(2>13) = Delay-(2>10) + wg(10, 13)
. Delay-(2>10) = Delayr(2>4) + w:(4, 10)
. Delayr(2>4) = wr(2, 4)
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Path Delays Graph Model (3)

Path delay calculation (identical rise / fall)
Delay(i = j) = Delay(i = k) + w(k, j)
where k is the child of j which is on the path j > j
Path delay calculation (seperate rise / fall)

> A negative unate input can only cause the opposite transition at the
output (all inputs of INV, NAND, NOR, AOI are negative unate inputs)

Delayg(i = j) = Delay:(i = k) + wg(k, j)
Delay-(i = j) = Delayg(i = k) + we(k, j)
> A positive unate input can only cause the same transition at the output
(all inputs of AND, OR, AO, 0-1 inputs of MUX are positive unate inputs)
Delayg(i = j) = Delayg(i 2 k) + wg(k, j)
Delay:(i = j) = Delay:(i 2 k) + we(k, j)
> A non-unate input can cause both same and opposite transition on the
output (all inputs of XOR, selector input of MUX)
Delayg(i = j) = MAX { Delayg(i = k), Delay:(i 2 k) } + wg(k, j)
Delay:(i =2 j) = MAX { Delayg(i = k), Delay:(i = k) } + we(k, j)



Arrival Time Calculation

. Arrival time : time when the last output transition occurs
> Leaf inputs are given a specified arrival time
> Arrival(i = j) : arrival time of leaf input / propagating to node j
Arrival(i = j) = Delay(i = j) + Arrival(i)
> Arrival(j) : latest arrival time of all leaf inputs propagating to node j

Arrival(j) = MAX {Arrival(i = j) | i : leaf input reachable to j }
= MAX { Arrival(k) + w(k, j) | k : child of j }

EX : Arrival(13) = MAX { Arrival(1) + w(1, 13), Arrival(10) + w(10, 13),
Arrival(12) + w(12, 13) }
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elay-Optimal Technology Mapping

Problem : Give a covering for the target NAND2-
tree so that the latest arrival time at the root node Is
minimum.

Can the dynamic programming technique used in
area-optimal technology mapping be used to
guarantee a delay-optimal solution??
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Delay Cost Calculation (1)

Copell) - minimum arriving time at node / on the optimal
covering of the subtree rooted at j

Crapli, p;) - minimum arriving time at node / on the optimal
covering of the subtree rooted at / when p; is used to cover j
2 Copt(i) = MIN{ Cmap(i’ pj) }

C (k, p;) - delay of cell pattern p;from the input connected to
node k

Cmap(Rv p1) = MAX{ Copt(A) + C(A, pq), Copt(B) + C(B, py) }
Cmap(Rs p2) = MAX { Copt(A) + C(A, p,), Copt(G) + C(G, py), Copt(H) + C(H, p,) }
Copt(R) = MIN {Cmap(R’ p1) + Cmap(R’ p2)}



Delay Cost Calculation (2)

C (k, p;) : delay of cell pattern p;from the input connected to node k

9

>

THIS COST CANNOT BE DETERMINED UNLESS THE OUTPUT
LOAD TO CELL p; IS KNOWN

Below : optimal covering cost C,,(A) is dependent on the patterns p,
and p, to cover R.

But — if all the loads (gate capacitances) are same, then the cell
delay can be determined. - Can use dynamic programming for
delay-optimal covering

Strateqy : Compute the cell delays for several candidates of output
loads




Cell Library Example

output
symbol cell name area gate  switching transition
load delay coef

> INV 2 3 12 4
INVP 3 6 12 2

—} NAND2 3 3 25 6
— NAND2P 5 6 25 3
:} NAND3 4 2 40 8
— NAND3P 7 4 40 4
E} NAND4 5 2 60 8
— NAND4P 9 4 60 4
AOI21 4 3 60 8

AOI21P 7 6 60 4

* For simplicity, all input pins have the same load and switch
delay for each cell in this library

* In this library, candidates for output load values are 2, 3, 4, 6
« For more complex library, limit the number of candidates and
quantizing each cell gate load to the candidate load values




Delay-Optimal Tree Covering (1)

» Here, assume arrival times
are 0 at all leaf inputs

Arrival Time for different

output loads
A
—~

sub- el cell | .. | gate | switch | output | o Output loads total
tree area | ""PY load | delay | trans. 2 3 4 6 :| area

: NAND2 3 - 3 25 6 25 37 | 43 | 49 | 61 3

NAND2P | 5 - 6 25 3 25 31 |:34 :|: 37 |:43 5

5 NAND2 3 - 3 25 6 25 37 | 43 | 49 | 61 3

NAND2P | 5 - 6 25 3 25 31..1:34 ;| 37 .}:43 5

3 NAND2 3 1,2 3 25 6 59 71 )77 | 83 | 95 | 13

NAND2P | 5 1,2 6 25 3 68 74 | 77 | 80 | 86 | 15




Delay-Optimal Tree Covering (2)

sub- Output loads total
tree 2 3 4 6 area

31 | 34 | 37 | 43 5

31 | 34 | 37 | 43 5

80 |: 86 /15
sub- el cell nputs gate | switch | output | | Output loads total
tree area load | delay | trans. ) 3 4 6 | area

INV 2 - 3 12 4 12 20 | 24 | 28 | 36 2

) INVP 3 - 6 12 2 12 16 |:18 ;|20 |:24 3
NAND2 3 3,4 3 25 6 102 | 114 |.420 | 126 | 138 | 19

° NAND2P | 5 3,4 6 25 3 M1: | 117 | 120 | 123 | 129 | 23




Delay-Optimal Tree Covering (3)

sub- Output loads total
tree 2 3 4 6 area
31 34 37 43 5
2 | 31 |34 37 [(43 5
123.[11293 19/23
sub- | cell | . . | 9ate | switch |output | o O}{J’-ﬁ’ﬁt loads total
tree area P load | delay | trans. 2 4.3 4 6 | area
INV 2 3 12 4. 132 ,"‘1’4’10 144 | 148 | 156 | 21
s [INVP | 3 6 |i12:| 2 |H141:] 145|147 | 149 | 153 | 26
AOI21 | 4 , 3 60 8 94 © |'110 | 118 | 126 | 142 | 14
AOI21P 7 , 6 60 4 103 111 | 115 | 119 | 127 17




Delay-Opt

imal Tree Covering (4)

sub- cell | . gate | switch | output Output loads total
tree cel area | MPUIS | joad delay | trans 0-load 2 3 4 6 | area
, | NaND2 | 3 . 3 | 25 6 25 |37 | 43 |49 | 61| 3
NAND2P | 5 : 6 | 25 |.. 3..] 25 | 31.[34: 37 |i43] 5

N | 2 | 7 | 3 |12 4 |t46:| 54 fiss62 | 70 | 7
TP | 3 | 7 | 6 |i127| 2 |%55%] 50| 61 | 63 | 67 8
NAND2 | 3 | 8 3 |i25:| 6 83 | 95 |.4017[ 107 | 119 | 10
NAND2P | 5 8 6 |:25 3 92 | 98 | 101|104 | 110 | 13

> ["NanD3 | 4 . 2 | 40 8 40 | 56 | 64 | 72 | 88 | 4
NAND3P | 7 . 4 | 40 4 40 | 48 | 52 | 56 | 64 | 7




Delay-Optimal Tree Covering (5)

sub- Output loads total
tree 2 3 4 6 area
3 80 ;| 86 /15
4 16 :| 18 |20 | 24 3
6 115 119 |i1273 14117
o |48 52| 56764 7
sub- cell cell | . .| gate | switch | output | o Qdtput loads total
tree area | P load | delay | trans. 2 3 4 6 |area
NAND2 | 3 | 6,9 3 25| 6 | :140: 152 | 158 | 164 | 176 | 27
.0 o ““ ..... M ‘-.,‘T__
NAND2P | 5 6,9 6 225 3 ‘{152,: 158.1 161 | 164 | 170 | 29
10 et et
NAND3 4 13,49 2 40 8 111 127 | 135 | 143 | 139 | 27
NAND3P | 7 |3,4,9 4 40 4 120: | 128 | 132 | 136 | 144 | 32




NAND2P % |

NAND2P |

INVP

Retrieving the Delay-Optimal
Covering Solutions

.

NAND2P_:
)¢

_._

NAND2P:

O

Total area = 27

.....

}NAN D2P
3 b

INVP

1>o

Total area = 32

Load >3

sub- : gate Output loads total
tree cell inputs load 2 3 4 6 area
NAND2 - 3 37 | 43 | 49 | 61 3
1 NAND2P - 6 31 34 37 43 5
NAND2 - 3 37 | 43 | 49 | 61 3
5 NAND2P - 6 31 34 37 43 5
NAND2 1,2 3 71 77 83 95 13
> NAND2P 1,2 6 74 77 80 86 15
INV - 3 20 24 28 36 2
: INVP - 6 16 18 20 24 3
NAND2 8 3 95 | 101 | 107 | 119 3
NAND2P 8 6 98 | 101 | 104 | 110 5
? NAND3 - 2 56 64 72 88 4
NAND3P - 4 48 52 56 64 7
NAND2 6,9 3 152 | 158 | 164 | 176 27
NAND2P 6,9 6 158 | 161 | 164 | 170 29
10 NAND3 | 3,4,9 2 127 | 135 | 143 | 159 27
NAND3P | 3,4,9 4 128 | 132 | 136 | 144 32




Slack Time (1)

o Arrival time : time when the last output transition
OCCuUrs
> Leaf inputs are given a specified arrival time

(Here, assume the arrival times are 0 for all leaf inputs)
Arrival(j) = MAX { Arrival(k) + w(k, j) | k : child of j }

Arrival = 34

Arrival = 0 [p1y—PT: 1) =34 1\ w(1, 3) = 37
HM@, 10) = 56

Arrival =0 [p2) w(p2, 1) = 34 P )
Arrival =0 [p3) w(p3, 2) = 34 5\ w(2)|3) = 37 Arrival = 71

Arrival = 0 W\ w(p4, 2) =34 ;riva/ iy 10 rrival = 127
=16 |1~ 4.10) = 56
Arrival =0 [pB-R2: 4 =16 4/0 w(4, 10) .
Arrival = 16

Arrival =0 [p6) w(p6. 9) = 4|8_
Arrival = 0 @ w(p7,9)=48 | 9 w(9, 10) = 56

Arrival = 0 @ W(p8, 9) = 4'8_ Arrival = 48




Slack Time (2)

. Required time : time required to satisfy the given timing constraints
Required(k) = Required()) - w(k, j)
(node j is the parent of node k)
> Root output is given a specified required time and load value.
> For non-tree graph (output can have more than 1 fan-out) :
Required(k) = MIN {Required(j) - w(k, j) | j : destination of output of k }

Required = 34

Required =0 |p1) w(p1. 1) = 34 1\ w(1, 3) =37
3\, w3 10) =56

Required =0 [p2y- (P2 1) =34 |NAND
o w(p3, 2) = 34 —
Required =0 [p3) (p3. 2) 2 \W(2|3) = 37Required = 71

red=0 [p4 w(p4, 2) = 34 2 quired = 127
Required =0 [p4 ~_ equired = 34 10
o w(pb, 4) =16 |4 w(4, 10) = 56
Required = 55 p§> /O C=2
Requ

Required = 23 [p6) w(p6, 9) = 4|8_ ired = 71 e 1
Required = 23 [p?) w(p7,9)=48 | 9 w(9, 10) =

Required = 23 [p8) w(p8, 9) = ¢#8 equired = 71

/




Slack Time (3)

Slack time :

Slack(j) = Required(j) — Arrival())
Nodes with O slack times is said to be on a critical path

(critical nodes)

Nodes with positive slack times (non-critical nodes) can be
changed into slower cells in order to reduce circuit area

Stack=0 [piy-RL11 =34

Slack =0 @ w(p2, 1) = 34
Slack =0 [p3) w(p3, 2) = 34

Slack =0 [p4y w(p4, 2) = 34

Slack = 55 [pBy-Xp2.4) =16

Slack = 23 [p6) w(p6, 9) = 48

Slack =0
A\ 9 =3
; 3\, w3 10) =56
_//
2 \W(2|3) =37  Slack=0
g Slack =0
Slack =0 10
i~ _
4 w(4, 10) = 56 Do—l
e C=2

A\

lack = 55 1

B L |
Slack = 23 [p7) w(p7, 9) = 48
Slack = 23 [p8) w(p8, 9) = 48

w(9, 10) = 56

E

Slack = 23




Area Recovery

> Change the covering such that the circuit area is reduced but
the arrival time at the root is not changed (still delay optimal).

> Below :

> Change INVP to INV at node 4 (save 1 unit area)
> Change NAND3P to NANDP at node 9 (save 3 unit area)

Slack =0 [p1y-2RL. 1) =34

Slack =0

Slack =0 @ w(p2, 1) = 34
Slack =0 [p3) w(p3, 2) = 34

Slack =0 [pdy-W(p4. 2) = 34

Slack = 51 [p5y—(E> 4) =16
Slack = 15 [p6y—W(RS. 9) =48

41\ W(1,3) =37
P 3 ),

L~

_//
2 w(2, 3) =37
S.‘ack 0

“. w(4, 10) = 56

Slack =0

w(3, 10) = 56

Slack =0

\
L :
e Slanka s

Slack = 15 [p7y—(R7. 9) =

*
.O

0 -
» .
' .

- .
T YT T L

b‘ 9 > “w(9, 10) = 56
S/ack & 15

10>
Cc=2

il



Summary of Delay-Optimal
Tree Covering (1)

1. Cell delays are dependent on output loads,
therefore the Principle of Optimality does not apply
directly.

> Compute the delay-optimal covering assuming a number
of candidate load values (each solution itself retains the
Principle of Optimality for that particular load value)

> In general, there may be too many load value candidates.
In such cases, limit the number of candidates, and for all
cells in the library, quantize the gate loads to one of those
candidate values.
2. Delay-optimal area-minimum tree covering can be
obtained by applying area recovery on the non-

critical nodes in the delay-optimal tree covering.



Summary of Delay-Optimal
Tree Covering (2)

2. Inreal designs, there are a number of conditions and
constraints which makes the delay-optimal tree covering
problem more complex :

A) Arriving times at the leaf inputs are not necessarily 0, but may
depend on the covering results on other trees. Or worse, they
may depend on the load connected to the leaf inputs (which
would be the general case)

B) Switching delays are generally different for rise and fall
transitions - need to examine the transition polarity

C) Switching delays (internal delays) and gate load values are
generally different among the input pins. Examining all valid
permutations of input pins will lead to faster circuit but can
become very time consuming.

D) Not all trees need to be delay-optimal, merely needs to satisfy
some delay constraint.



