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Abstract 
Single-independent path (SIP) analysis is a quick and accurate 

method for estimating the optimized delay of a logic circuit as a 
function of power constraint. The technique is based on the 
realization that a certain class of networks, called SIP, can be easily 
and precisely optimized by analytic means and that other networks 
can be accurately approximated by a SIP network. SIP analysis 
optimizes gate sizes and handles both flat and hierarchical 
networks. Example results confirm the utility of the technique for a 
diverse range of applications including network selection, data 
path optimization, and BiCMOS versus CMOS comparison. 

1. Introduction 
Mathematical programming based approaches for gate sizing 

and buffer insertion optimization can successfully find the 
optimized design and performance of a given combinational logic 
network for a specified power constraint and component library 
[ 1.21. Such approaches, however, require significant computation 
and are not well suited for analysis type problems that a designer 
faces such as determining how optimized performance varies with 
changes in constraint setting and/or library data. As an alternative 
approach, this paper thus proposes an analysis oriented technique 
called single-independenl p a h  (SIP) analysis that efficiently and 
accurately estimates the optimized performance of a logic circuit. 

The technique is based on the realization that a certain class of 
networks, called SIP. can be easily and precisely optimized by 
analytic means. In particular, gate sizing optimization to minimize 
network delay subject to a power constraint is done by simply 
creating the plot of constant fan-out contours as output gate size 
and Lagrange multiplier value is varied. For a hierarchically 
structured SIP network where a node represents a block of gates, 
block level optimization of the network is found from a closed 
form expression exploiting the fact that the optimized network 
delay-power product is equal to the square of the sum of the square 
root of the block delay-power products. For a general (non-SIP) 
network, optimized performance is estimated by deriving and 
optimizing a representative SIP network. 

SIP analysis incorporates the results and extends the 
capabilities of a previous technique called logical @or[ [3]. 
Logical effort predicts the optimized delay of a logic circuit using 
the condition that after gate sizing all gates along the critical delay 
path have equal stage eflorl (i.e. fan-out delay) and the product of 
these stage efforts is equal to an optimization independent and 
easily calculated quantity called thepafh eflort. This same result is 
generated, as a special case of SIP analysis, when gate sizing a SIP 
network to minimize delay with no power constraint. 

2. The SIP Method 

2.1 SIP Networks 
The class of SIP networks is defined as those networks that can 

be mapped to a linear chain representation as per Fig. la. In the 
chain, a node corresponds to a logic component or set of 
equivalent components in the network while an arc corresponds to 
an interconnect wire or set of equivalents wires. As indicated, each 
of the D nodes in the chain has three parameters: d is the depth of 
the node from the input, b is the outdegree, and h is the number of 
equivalent components the node represents. Each arc in the chain 
has a wire capacitance parameter C,. The output arc has a load 
capacitance parameter C, . Examples of SIP networks and their 
chain representation are shown in Fig. lb. Note that many types of 
regular array, tree, and hypercube derivative networks used in 
computational systems are SIP [4]. 

2.2 Analytic Optimization of SIP Networks 
The goal of network optimization is to choose an 

implementation (from a set of available implementations) for each 
component such that network delay T is minimized subject to a 
constraint on network power P (or vice versa) and is in general a 
difficult task. As evident from its chain representation, however, a 
SIP network has just one independent delay path to be optimized. 
Network delay and power is then T = ZT’ and P = z h d p d  
where T’ (p‘ )  is the implementation dependent component delay 
(power) of node d .  Thus, by the theory of Lagrange multipliers 
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(e.g. see [5]), minimizing T for a SIP network such that P S P,,  
is equivalent to minimizing the Langrangian 
L = T + h ( P  - P,,,) where h is the Lagrange multiplier. 

For (continuous) gate sizing optimization. different realizations 
for node d correspond to a different gate size s (Fig. 2a). Node 
(gate) delay is modeled as T = a + yCou1/ (din) where a is the 
internal delay, y is the loaded delay factor, (Kin) is the input 
capacitance, and Coul is the output load capacitance or the input 
capacitance of the succeeding gates plus C,. Node (gate) power is 
modeled as p = SE where E is a constant. Minimizing L with 
respect to the unknown sizes ( s d  for d=2,3, ...,D) and ?L then yields 

ilL 
= c hd&dSd-- -  [ P , , , - P , ]  = 0 ,  

d =  1 

where Ctut = ( s d + ’ C ~ , . + ’ + C ~ )  with C:u, = C, and P ,  
accounts for power dissipated in the interconnect. 

From (1) it is seen that sd can be solved recursively once sD 
and h are known. That is, 

1 

Hence, a ( sD, h) pair, where h 2 0 and sD > 0, corresponds to a 
solution of ( I )  for a particular Pmux and S I .  The 3-dimensional 
plot of s1 as a function of sD and h (Fig. 2b) thus contains all 
solutions of (1) while the solutions of (1) for a specified s1 are 
contained by a contour of constant s1 (Fig. 2c). Solving (1) using 
(2)  for points along such a contour hence generates a plot of 
optimum delay versus power (Fig. 2d). 

gate data 
for s=1 

In the special case of unconstrained delay minimization (with 
( Cw]=O), L reduces to T so (2) reduces to 

b d y d s d + l C f n + I  - b d + l f + l S d + 2  d + 2  

(3) 
Ci n - 

d + l  
sdc:’, ‘in 

a result that is equivalent to the method of logical effort. 
Graphically, the solutions of this case correspond to the points 
along the h = 0 axes in Fig. 2b and to the (delay-power) locus 
indicated in Fig. 2c. As well, note that if DB buffers are added to 
the path, differentiation of T with respect to = D +DE gives 
the ideal number of buffers needed to achieve minimum delay [3]. 
Specifically, b g  = In (FE) / l n p B  where path eflort FB and stage 
effort pR are defined by 

where aB and yB are buffer characteristics. 
In a hierarchically structured SIP network where a block of 

gates is treated as a component (Fig. 7). the optimization task 
concerns the selection of a block implementation for each node d. 
In the case that the choice of realizations for node d arise by gate 
sizing a component (for a fixed s1 and CL) ,  a reasonable 
component model is 7 = (K/p) +To where K and T~ are 
constants. Minimizing L with respect to the unknown component 
powers ( I / )  and h then yields the condition 

pd/pd+1 = n / ( h d + l K d ) / ( / / K d + 1 )  (5) 
and the following closed form expression for optimized delay 
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Fig. 2. SIP method for gate sizing optimizaton: (a) example network & library, 
(b) 3D-plot, (c) contour plot, (d) optimized network T & P (for s‘=l) 
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2.3 Analytic Optimization of General Networks 
A general (non-SIP) network will have many delay paths to be 

optimized and interdependence amongst these paths will exist 
since a component can belong to more than one path so the 
methods of Section 2.2 do not strictly apply. However, i t  may still 
be possible to use an analytical approach if a SIP network can be 
found that approximates the general network. 

Such a SIP network is derived from the delay graph of a general 
network (Fig. 3a) that lists the cumulative delay and delay slack at 
the output of each gate (when all gates are at their minimum size). 
Critical path(s) gates are identified as zero slack gates and a depth 
is assigned to each. A SIP crificalpolh network is then constructed 
(Fig. 3b) where hd is equal to the number of critical gates at depth 
d (assuming that all critical paths have the same total depth and 
that all critical gates at a given depth have equivalent complexity) 
and b", Cc are based on an arbitrarily chosen critical path. 
Application of (3) to the SIP critical path network yields the 
maximum archievable network delay reduction A 7' so near- 
crirical gates, defined as those gates with slack less than A T ,  are 
identified. Finally, the representative SIP network is derived by 
incrementing hd of the SIP critical path network to account for 
near critical gates at depth d (Fig. 3c). This SIP network attempts 
to incorporate those gates in the general network that may need to 
be sized upward and assumes all other gates stay at minimum size. 

3. Results and Applications 

3.1 Buffer Chain Problem 
As a first illustation of the capabilities and applications of SIP 

analysis, consider the classical buffer chain optimization problem 
of finding the number and size of buffers that minimizes delay for 
a given fan-out. The problem has a well known solution for the 
unconstrained cased [6] but no closed form analytic solution in the 
constrained case [7]. Using SIP analysis, however, the constrained 
case is easily solved by applying (2)  and generating the optimized 
delay versus power plots for different length chains (Fig. 4). 

4.37 

Fig. 3. Deriving SIP representation for general network 
(a) delay graph for cla network of Fi 5 (with all 
gates a t  s=l ,  CL=lOOfF, and (C ]=Oy' 
(b) SIP critical path network (c)%nal SIP network 
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Fig. 4. Optimized buffer chain erformance for different 
number of stages and kn-out (for case a&,) 

3.2 Network Selection Problem 
SIP analysis is also useful for solving network selection 

problems that require a designer to choose a network from among 
several alternatives. Such a problem is given in Fig. 5 that shows 
four 8-bit adder networks following [8]. The result of applying SIP 
analysis to each network is shown in Fig. 6. Also shown are the 
results obtained by an exact optimization approach that rigorousl! 
handles effects that are only approximated in SIP analysis such as 
the sizing of non-critical gates and the presence of size range 
constraints [ I ] .  It is evident that SIP analysis provides sufficient 
accuracy for networks selection purposes in the case of these 
general class networks. 

add8a addab add8c add8d 

Fig. 5. Alternative 8-bit adder networks 
(cW (ripple) 
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Fig. 6. Comparison of o timized 8 bit adders 
for gate data of Pig. 3a. 

3.3 Data Path Optimixtion Problem 

Data path optimization problems can also be efficiently solved 
by SIP analysis by exploiting its ability to handle hierarchically 
structured nelworks. Such a problem is given in Fig. 7 that shows a 
data path network comprising of adder and multiplier blocks that 
implement the DSP function of [9]. This block level SIP network 
is thus directly optimized using (5-6). 

addsb ( " " ) 

addsc ( " " ) 

in 

1.23 (1.18) 1.18 (1.16) 

1.21 (1.18) 1.17 (1.16) 

I' = p m  a x  I 

addsa (CL=400fF, (C,)#O) 

add8a (CL=lOOfF, (C,)=O) 

Fig. 7. Block level optimization of RGB video matrix function 

1.34 (1.23) 1.27 (1.20) 

1.17 (1.15) 1.16 (1.14) 

3.4 Technology Comparison Problem 
Another application for SIP analysis exists in technology 

comparison where a designer is given alternative libraries (i.e. 
different technologies) and must compare them based on the 
optimized performance each can deliver across a set of networks 
(i.e. different networks needed in a large system). For example, 
SIP analysis enables easy comparison of a CMOS library 
(containing CMOS gates) with a BiCMOS library (containing 
these same CMOS gates plus BiCMOS gates that can be described 
as a buffered form of the CMOS gates) [ I O ] .  More specifically, by 
using (3) and (4) for delay prediction in the CMOS and BiCMOS 
case, respectively, an expression is generated for the maximum 
speed advantage 3 of BiCMOS to CMOS. Namely, 

'x = -____ 
DFB1'DyB + Cad 

(7) 

If the CMOS library itself contains buffers, (4) applies to both 
CMOS and BiCMOS so that the relevant expression for '3 is 

PBYBBB + CY.,D, + Ea' 

P,.Y,.D, + "(.DC + Cad 
(8) @ =--. - 

P H Y B b B  + " B D B  + cud 

Table 1 : Performance advantage of BiCMOS versus CMOS 
(for aB=0.02, yB=0.02. c(c=0.07, yc=0.04) 

Network Numerical 1 M ,  1 Method 1 
% m*) 

addsa (CL=lOOfF, {C,)+O) I 1.26 (1.20) I 1.21 (1.17) I 

addsd ( " " ) I 1.19 (1.17) I 1.15 (1.16) I 

where a C (B) subscript indicates a characteristic for the case of 
CMOS (BiCMOS) buffering. Table 1 lists the performance 
advantage of BiCMOS predicted using (7-8) for the networks of 
Fig. 5 .  Results obtained by rigorous gate sizingbuffer insertion 
optimization are also shown [ 11. It is seen that SIP analysis using 
(7-8) is a simple and useful means for technology comparison that 
tracks well across changes in buffer characteristics, network 
topology, and parasitic loadings. 

4. Concluding Remarks 
SIP analysis gives a designer a quick way to optimize a logic 

circuit using simple means (e.g. hand calculator or mathematical 
spreadsheet). The results presented demonstrate the utility of the 
method for a diverse range of applications and highlight its 
complementary role to numerical based optimization approaches. 
SIP analysts is particularly suited for solving problems that arise 
in the initial stages of design such as choosing a network 
topology and technology. Once these decisions have been made, a 
numerical approach is useful for detailed design optimization. 
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