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Abstract 

Clocking frequencies continue to increase due to the de- 
mand for higher performance. Together with the larger 
die sizes, multiple clock cycles are now required to cross 
a chip. A routing tool must thus insert registers as well as 
buffers while minimizing the path latency. This paper ad- 
dresses optimal buffered path construction across multiple 
clock cycles using 2-phase transparent latches. We demon- 
strate the benefits of routing using latches over registers, 
and we present a polynomial routing algorithm. Our results 
confirm the correctness of our algorithm. 

1. INTRODUCTION 

Future SoC designs give rise to new problems in routing 
and buffer insertion. A particular concern is that multiple 
clock cycles are now required to cross a chip. This is due to 
the increase in die sizes and the continued demand for high 
performance and thus higher clocking frequencies. Another 
concern is the need to route through complicated terrains 
due to circuit blockages (e.g. IP blocks, memories - typi- 
cally used and reused to decrease time to market) and wire 
blockages (e.g. data paths). 

Routing and buffering long routes that require multiple 
clock cycles while using registers was recently addressed 
[4]. The authors introduce an algorithm that minimizes la- 
tency (or number of registers) along a route. The result- 
ing register-to-register delays are less than the clock period. 
The proposed algorithm is polynomial and builds upon the 
Fast Path framework proposed in[6]. 

We address in this paper the problem of buffered routing 
while using transparent (i.e. level-sensitive) latches. Such 
latches are typical in high-performance designs, and they 
can improve on the performance when compared to using 
registers[3]. We demonstrate the benefits of using latches in 
routing, and we present a polynomial algorithm to do such 
optimal routing. To find the optimal buffered-latched path 
between a sink t and a source s, we explore all routing and 
latch insertion points within a given routing area while con- 
sidering both physical and wire obstacles. Our models and 
algorithms builds on those developed in[6, 41. We restrict 
our discussion here to 2-phase clock schedule; the work, 
however, can be extended to handle any clock clock sched- 
ule. 

The remainder of the paper is partitioned as follows. Sec- 
tion 2 presents our routing and clocking models. Section 3 
demonstrates the use of 2-phase level-sensitive latches in 

routing and its benefit over registers. Section 4 defines our 
routing problem and presents our algorithm. We present ex- 
periments in section 5 and conclude in section 6. 

2. BACKGROUND 

2.L Clock Schedule Model 

We use the SMO clocking formulation[5] to model our 
clocks. A 2-phase clock schedule, @, is an ordered col- 
lection of 2 periodic signals, $1 and $2, having a common 
period x. Because phases are periodic, a local time zone 
of width IT is associated with each phase. Each phase @ 
is characterized by two parameters ei and wi. Parameter ei 
rep:resents the absolute time when +i begins (relative to an 
arbitrary global time reference). Parameter wi is the length 
of time that +i is active (latch is open). We assume that the 
design intention and thus the clock schedule specify that a 
signal departing from a latch k must be captured by the next 
latching edge (which occurs after the latching edge of k)  of 
the following latch 1. 

13ecause we perform our routing starting from the sink 
and moving towards the source, it is useful to translate a 
time measurement a from the local time zone of Cpi into the 
previous local time zone of + j .  To do so, we subtract from 
a a phase shift operator El i  defined as: 

if i < j F' , = 

E,! . is x less than the original Ei,j phase shift operator in[5] 
1 J.  which translates a time measurement a from the local time 

zone of $i into the next local time zone of $,. 
A 2-phase non-overlapping clocking scheme is demon- 

strated in Figure 1. If the clock period x is 10 time units, 
01 .= 7, 02 = 3, E;,2 = -7, E;,, = -3, then an arrival of 8 
in $ 2 ' ~  time zone translates to an arrival of 11 relative to the 
previous occurrence of $1 's time zone. 

The earliest arrival time at the output of a latch k clocked 
by c)i is at the opening edge: 7c - wi + latch-propagation. 
The latest arrival at the input of a latch clocked by @ is at the 
closing edge: n - setupAime. Both times are in reference 
to @'s time zone. 

e,i - ei - x 
e,, - ei otherwise. ' i , J  

2.2. Routing Model 

To model physical and wiring blockages, one may con- 
struct a grid (maze) graph G(V,E) over the potential routing 
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we are propagating from sink towards source, we compute 
arrival time at each grid point - in contrast to delays that 
were used in[4, 61. 

Finally, since latches have a convenient local time zone 
notion, and a phase shift operator that translates from one 
local time zone to another, we will use the shift operator to 
update the arrival time at the latch input upon placing a latch 
at a grid point. To facilitate comparing partial solution, the 
expansion of candidate solutions from sink to source will 
proceed in waves of partial solutions wherein each wave 
corresponds to a different number of latches. 

The Latched-Buffered Path (LBP) algorithm is presented 
in Figure 3. Like the algorithms in[4,6], we wish to explore 
all buffering and latching solutions, and we need to prune 
solutions as we route the signal from the sink back to the 
source. The core data structures are two priority queues, 
Q and Q*, that sort candidates based on the latest arrival 
time. We also use two arrays A1 and A2 to mark whether 
a solution with m(v)  = 1 has been generated for node v to 
prevent multiple candidates with same-phase latches from 
getting inserted at v. 

The algorithm begins by initializing Q to the set contain- 
ing a single sink candidate, while Q* is empty. The current 
phase is set to be the one that must precede the phase of 
the latch at the sink. Candidates are then iteratively deleted 
from the Q and expanded either to add an edge (Step 5 )  or 
a buffer (Step 7) or a latch (Step 8). Buffers and latches are 
only inserted when p ( v )  = 1: when there is no overlap with 
a blocking physical obstacle (Step 6). 

When candidate solution expands via edges or buffers, 
the arrival time is updated by subtracting the necessary RC 
delay. The new solution is then only added to the current 
queue Q if no timing violation will occur. However, when 
a new latch is inserted, the arrival time is set to be the min- 
imum of n - setup(l) ,  the closing edge of the latch (i.e. a 
signal cannot possibly arrive at the output of the latch before 
then), or by subtracting the necessary RC delay. Moreover, 
to account for transforming into a previous time domain, 
the arrival time is updated by subtracting the phase shift op- 
erator E~urrenl_phase,previous_phase. This candidate solution is 
then added to the next queue, Q*,  if no timing violation will 
incur. 

If the source is reached, it is pushed onto the Q in Step 
5, and when it is eventually popped from the queue, it is re- 
turned as the optimum solution (Step 4). With each addition 
to either queue, candidates for the current node are checked 
for inferiority and then pruned accordingly. The complexity 
of the aglorithm is polynomial, as the one presented in [6] .  

R 
1000 
400 
250 

5. EXPERIMENTAL RESULTS 

Latency # Latches ## Buffers Run Time 
3000 4 12 100.36 
2800 12 2 82.3 
2875 21 0 59.03 

We implemented our algorithm in C and ran the exper- 
iments on a Sun Solaris Enterprise 250. We use estimated 
parameters for a 0.07,~ technology as reported by Cong and 
Pan [2]. We use a single buffer size of 100 times minimum 
gate width and triple wide wires, and assume delay charac- 
teristics for the latches to be identical to that of the buffer. 
As in [l], we use a 25 by 25 mm chip and place the source 
and sink 40 mm apart. These choices guarantee a significant 
number of clock cycles will be required to traverse from s to 
t .  We used a grid separation of OSmm, which corresponds 
to a 100 x 100 grid. 

IT 
1000.00 
400.00 

250 

Our results are presented in Table 1. For each clock pe- 
riod, we used a 2-phase symmetric schedule. We report the 
time latency, the number of latches, the number of inserted 
buffers, and the run time. As n decreases, more latches 
are needed but less buffers are used as latches are used as 
buffers to reduce RC delays. The run time decreases as n 
decreases as more aggressive pruning occurs with shorter 
clock periods. 

We then compare our results with routing using registers 
and without using any at the bottom part of the table. We see 
that when n is 250, the latches are able to achieve a smaller 
clock latency. The run times are smaller in the register case 
because one can prune more aggressively[4]. 

Table 1. Buffered Latched Routing statistics as a function 
of R and grid seoaration of 0.5 mm and a grid of l00x 100. 

Latency #Latches #Buffers RunTime 
3000 2 13 49.93 
2800 6 7 36.08 
3000 11 0 27.20 

Routing without registers or latches t 00 11 2738.57 I I 16 I 48.65 

6. CONCLUSION 

Automated buffered routing is a necessity in modern VLSI 
design. Any CAD tools currently performing buffer inser- 
tion will eventually have to deal with synchronizer inser- 
tion. This paper described the important problem of routing 
signals and synchronizing them using transparent latches. 
The two contributions of this paper are the polynomial al- 
gorithm for latched buffered routing and demonstrating that 
latched buffered routing can achieve better performance than 
registered buffered routing. 

7. REFERENCES 

[ I ]  J. Cong. “Timing Closure Based on Physical Hierarchy”. InPro- 
ceedings of the International Symposium on Physical Desigrl pages 
170-174,2002, 

[2] J. Cong and Z. Pan. “Interconnect Performance Estimation Models 
for Design Planning”. IEEE Transactions on Computer-Aided Design, 
20(6):739-752, June 2001. 

[3] C. Ebeling and B. Lockyear. “On the Performance of Level-Clocked 
Circuits”. In Advanced Research in VLTI, pages 242-356, 1995. 

[4] S .  Hassoun, C. Alpert, and M. Thiagarajan. “Optimal Buffered Rout- 
ing Path Constructions 
for Single and Multiple Clock Domain Systems”. InProc. of the IEEE 
International Conference on Computer-Aided Design (ICCAD) 2002. 

[5 ]  K. Sakallah, T. Mudge, and 0. Olukotun. “Analysis and Design of 
Latch-Controlled Synchronous Circuit”. InProc. 27th ACM-IEEE De- 
sign Automation Cont. pages l 11-7, 1990. 

[6] H. Zhou, D. E Wong, I.-M. Liu, and A. Aziz. “Simultaneous Routing 
and Buffer Insertion with Restrictions on Buffer Locations”. IEEE 
Transactions on Computer-Aided Design, 19(7):8 19-824, July 2000. 

IV-690 



Latched Buffered Routing Algorithm (GIBlsltlmrlll@) 
Input: G(V,,E) 5 Routing grid graph 

B =- Buffer library 
s f source node 
t f sink node 
m’ =_ initial labeling with mr ( t )  = 1 
1 %  latch for clocking signal 

E given clock schedule: n, E{ ,2 ,  
Q f priority queue of candidates 
Q* 
cx = ( c ,a ,m,v )  z Candidate at v 
Ai f Marking of nodes with inserted l(@;),V; 6 Po 

, 01, 

Vars: 
queue holding next candidate wave 

Output: m Labeling of complete s-t path 
1 .  Q t ( ( C ( r ) ,  n, predecessor(phuse(m’(t))),m’ , t ) } .  

Q* = 0,  A;(.) = 0, Vv E V and Vi E PQ 
current-phase = predecessor(phase(m’ ( t ) ) )  

2. while ( Q # 0 )  or ( Q* # 0 )  do 
if ( Q = 0 )  then 

Q = Q * , Q * = 0 .  
current-phase = predecessor( current-phase) 

3. (c ,a ,m,u)  e exrructmin(Q) 
4. 

5. 

if U = s and a - K(1) - R(1) . c 2 Z - Ocurreat-phaSe then 

for each (U, v) E E do 
return labeling m. 

c’ e c+C(u,v)  
a’+ a - R ( u 1 v ) ~ ( c + C ( u , v ) ) / 2  
i f  a’ 2 Tc - Ocurrenr-phuse + K(1)  + min(R(B U 1))  . c’ then 

push (c’,a’,m,v) onto Q and prune 
6. 
7. 

if p(u) = 1 and m(u) = 0 then 
for each b E B do 

c’ t C(b) ,  m(u) = b 
a ’ t a - R ( b ) . c - K ( b )  
if a’ 2 7~ - ~,,,,~~-,,hu~~ + K ( b )  + R(b) - c’ then 

push (c’ ,a’ ,m,u) onto Q and prune 
8. ifAcurrent-phnse(u) = 0 and a - K(1)  - R ( 1 ) .  c 1 71- Ocurrenr-phase then 

m(u) = 1, Acurrent-phuse(u) = 1 

push (C(I) ,a’ ,m,u)  onto Q* and prune 
a’ = min(n - setup(‘), a - ‘ ( 1 )  - ‘ ( 1 )  ‘ C )  - ‘:urrent-~hase,pred(current-phase) 

Figure 3. The Latched-Buffered Path (LBP) Algo- 
rithm. 
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