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Introduction

* In advanced technology nodes, routing resources significantly
determine routability in physical design stage.

* In this work, we propose a method to synthesize a standard cell
library that has two key features to increase routability in P&R stage.

e Offer more routing resources for the following P&R stage.
* Increase pin accessibility when synthesizing the cells.
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Spare Track

* To offer more routing resources, we define spare tracks before
synthesizing cell libraries.

* A spare track is an M1-layer routing track that is a specific track and

kept empty during cell routing as an available M1 routing track for the
upper-level routing.
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Pin Accessibility

* For evaluating the pin accessibility of a synthesized cell, we calculate
its on-grid access points of each pin metal.
 Vertical access points: access points that can be accessed by using a V1 via.

* Planar access points: access points that can be accessed by using the spare
track.




Example of P&R Results
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Problem Formulation

* Input: Cell netlist and design rule

 Qutput: Physical Cell Layout that is DRC-clean and passes LVS
verification with
1. Designated spare track unused.
2. Maximize the pin accessibility
3. Minimize the cell area, wirelength and M2 metal usage.
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Algorithm Flow
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Track Assignment Based Routing Estimation

* For each sub-chain, we use track assignment to get a fast routing
estimation without using the spare track.

* Generate segments by the current chain pin allocation.

* Use greedy algorithm to place segments onto a minimum cost track in non-
descending order of segment length.
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Optimal Cell Routing Territory (OCRT)

 After the transistor placement is done.

* For each net, we enhance the track assignment results to find a
possibly best topology quickly.
1. Track assignment results

2. Extend to 3D contour graph
3. Find a Steiner Minimum Tree (SMT) on the 3D contour graph

* The found SMT is an important implication for the following MILP
routing.



Track Assignment Results
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3D Contour Graph Example
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Steiner Minimum Tree (SMT)

* On a 3D contour graph, we use a mixed algorithm of Dijkstra’s
algorithm and Prim’s algorithm to find a Steiner Minimum tree.

* For a pin or a confirmed Steiner point => propagate using Prim’s
algorithm

* For a potential Steiner point => propagate using Dijkstra’s algorithm




SMT Result and OCRT Example
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MILP Cell Routing and |OPA

* MILP: Mixed Integer Linear Programming
* IOPA: 10 Pin Metal Allocation

* In our MILP formulation, spacing and short violations are allowed,
while the open violations are not allowed. To plan IO Pin metals more
accurately

* All nets are given starting solution based on the SMT results.
* All nets are constrained to only find solutions in the OCRT.



MILP Constraints

* On oHr routing graph, each net routing is expelled to use the spare track
initially.

* Forbidden Region Constraints Vn; € No, Vg (x,7,2) & Rr(n5), Hgsn(x,y, 2.15) = 0
* Prevent nets from routing outside OCRT.

* Connectivity Constraints e Moty = \/ .
UN sslgsn\X,Y,Z,Ng) = Uesn €, Mg

* Make sure the nets are not open. VeeE i (xy,2)
vy, z byp (vp) =1

Vnode vy €pf

(deg(x, v, Z, sn(pf)) + bfp(vp)) =0V (deg(x, v, Z, sn(pf)) + bfp(vp)) =2
deg(x,y,z,ns) =0Vdeg(x,y,z,ng) =2

* Pin Accessibility Constraints
* Make sure the length of each pin metal can be maximized legally.
e Single-Terminal Input Nets Constraints
e Cyclic Avoiding Constraints



Single Terminal Input Nets Constraints

* BFS propagation
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Single Terminal Input Nets Constraints

* Yedge e connects g4(xy,y1,2;) and g,(x,,y,,z,) in the routing region
(level of g; < level of g,)

* Uesn(€,Ms) = Vercg, of g, Hesn(€',Ms) . Ep => backtrack edges
* |f edge BCis used, edge AB must be used as well.
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Cyclic Avoiding Constraints

* For multi-pin 1/0 nets
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Cyclic Avoiding Constraints

* Yn, € multi-terminal I/O pin net, Vg(x,y,z) € R,(n,)
( 1,if deg(x,y,z,ns) =1

o len(x,y,z,ng) =< Lyax, if deg(x, }’»Z ns) =0

min len(x z'n)+1,0/w
kV(xl,y’,Z,)Eanr(x,y,Z) ( y S) /

. <
len(x,y,z,n;) < Lyax , , , , ,
'LMAXZSO —————— - o e e A e e e L o




MILP Objectives

* Minimize max and total short violations

s a,X max ). X,y,Z,n
2 vaGiyz) VnENﬂg( y )

) IBZX ZVg(x,y,Z)(ZVnENMg(xr y,z,n) > 1)
* Minimize spacing violations
* Y2X ZneN(ﬂg (X1, Y1, 21, M) A Viren n'«n Mg (%2, Y2, 22,1"))

* Maximize Pin Accessibility

O, lf Nap(n) > Nry

* Vnetn € 10 pins, slackqy, (n) = O, X (Np4 — Ngp(n)), 0/w
ap ’

* Minimize M2 Usage

* 02X Ynen 2e Me(e,n)

* Minimize Wirelength

* X DneN Leeky, He(€ 1)



Maze Routing Optimization

e After the MILP routing and IOPA, we use the maze router to eliminate
existing violations, with the lengthened pin metals remaining fixed.

* If there are still violations after maze routing, we insert a dummy poly
for this placement candidate and deal with next placement candidate.
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Environments

* Machines
e 2.1 GHz twenty-core CPU and 252GB of memory

e MILP Solver
* CPLEX

* Open source ASAP 7nm PDK.
* https://github.com/The-OpenROAD-Project/asap?7

* LVS/DRC verification

e Mentor Calibre

* Cell characterization
* Synopsys SiliconSmart
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Spare PMOS Track Example
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Spare NMOS Track Example
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Cell Quality Comparison

NCTUcell

ASAP7 PDK

|

Booster P 1 [10] [ J ASAP_ | Booster N
Baseline Values | _.I | __}LSE_J
4T | #C | I M WIR |# | M| W|M|W| M| W| R | #F

INVBUE | 13 | 23 | 1863 047 28| 0 [ o | 1 [ o [ 1 Joes| 1 4 | o
AND/OR | 12 | 17 | 5022 o046 49 | o [0.13]098| o [101[1.25] 1 [296 | 2
NAND/NOR| 8 | 16 | 18.14 [583] 25| 0 | 0 [096]| 0 [096|154] 1 |46 | 1
AO/AOI | 15 | 14 | 7.884 |7.88 733 0 1096 0 [097]39[099[194] 0
OA/OAI | 14 | 14 | 66.26 |718| 101 1] 0 |098] 0 [0.980.37|1.01 324[{]
MAJ/MAJL | 13 | 3 | 2948 [151]475| 1 | 0 [093] o [092]0.78]0.96 384 2
XOR/XNOR | 13 | 4 | 3127 [2.11]587] 1 [0.66 097079108113 1 [247] 1
HAFA | 17 | 2 | 29.16 |1.24[7208] 1 [1.27| 1 [115| 1 |098| 1 [7231] 1
DFF/Latch | 24 | 14 | 1993 |13.2|532| 0 [1.29]1.07 138 |1.11]1.13| 1 |551| 0
SDF/ICG | 30 | 6 | 117.1 |7.45|7363] 0 |1.53|1.112.05]0.96|1.12]0.98 [8212] 1

[10] Y.-L. Li, et al., “NCTUcell: A DDA-Aware Cell Library Generator for FinFET Structure with Implicitly Adjustable Grid Map,” In Proc. of DAC, Jun, 2019
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P&R Results

e IWLS'O5 benchmarks

TABLE 3. P&R RESULT COMPARISON AMONG FOUR LIBRARIES.

Circui|Booste |Booster_P_No_PinAc|  ASAP_ASU 1[10] ll NCTUeell
t r B -

#DRC | #DRC| WL | #Via |#DRC|WL| #Via |#DRC| WL | #Via

b10 0 12 1.14 | 1.09 0 [1.03] 1.01 34 1,13 | 1.22
b12 0 11 1.04 | 1.04 0 |1.03] 1.01 | 218 | 1.09 | 1.19
b14 0 35 1.06 | 1.04 1 |1.01f 1.01 | 319 | 1.14 | 1.23
b15 0 90 1.07 | 107 0 (098 1.01 | 1013 | 1.05 | 1.16
b20 0 36 1.04 | 1.05 0 1 | 1.04 62 1.02 | 1.06
b20_1 0 1093 | 1.28 1.1 0 |1.02] 0.99 | 542 | 1.12 | 1.13

[10] Y.-L. Li, et al,, “NCTUcell: A DDA-Aware Cell Library Generator for FInFET Structure with Implicitly Adjustable Grid Map,” In Proc. of DAC, Jun, 2019
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Conclusions

* We present a cell synthesis methodology that allows us to keep the
spare track unused during cell synthesis.

* The proposed MILP can efficiently lengthen the |/O pin metals to
improve pin accessibility.

* The experimental results show that the synthesized cell library
successfully outperforms the handcrafted cell library that has very
high pin accessibility.
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Thanks for listening.
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Appendix



Routability-Aware Transistor Placement (RATP)

e Use dynamic programming to do transistor placement
* Permutate possible transistor pairs for pMOS and nMOS transistors.

* DP state: S[n, k], the minimum cost transistor placement result of n transistor
pairs with the k" transistor pair placed at the rightmost of the placement ( a

sub-chain)

SwIIIIIHI SMIIIIIH
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Why Not Using Prim’s Directly

/ / / / / / / / / / / /
_1'_1___7 __________________

-re=-=--=-rtT=-=---r-==-/i-=-=7-==-r =-=Tr-==-Ir==-T
/ / / / / / / / / / / /

Weight=25
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Why Not Using Prim’s Directly

Weight=25
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Why Not Using Prim’s Directly

Weight=23 < 25
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SMT Finding Example
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SMT Finding Example
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SMT Finding Example
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SMT Finding Example
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SMT Finding Example
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SMT Finding Example
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Single Terminal Input Nets Constraints
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