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Abstract- This paper describes an analytical delay model for 
transistor sizing. Two primitives are selected to be mapped for 
computing gate delay. These primitives model the short-channel 
effect and body effect in deep submicron CMOS circuits. A map- 
ping algorithm for arbitrary serial-parallel structures is adopted. 
The delay of complex gates using such mappings to primitives are 
found to be within 10% of' SPICE for most of the gates. The de- 
lay model is incorporated into a transistor sizing algorithm based 
on TJLOS. Also presented are the experimental results for several 
circuits from LGSynth9I benchmark suite. 

I. INTKODUCTION 

The transistor sizing problem is often formally defined as: 

( 1 )  
min Area or Power 
Subject to Delay 5 Tspec 

There have been many attempts to solve this problem [ I ,  2, 
4, 61. In [ I ] ,  a posynomial programming approach was de- 
veloped. The optimization problem is converted to a convex 
optimization problem where a local minimum is also a global 
minimum solution. Most of these published approachesuse the 
Elmore delay model 131 to compute timing. The advantage of 
these Elmore-based delay models is that the optimization prob- 
lem can be converted to a convex optimization problem. But 
as technology shrinks to Deep Submicron (DSM), it is widely 
accepted that the use of the Elmore delay model for transistor 
sizing becomes less accurate. It does not consider important 
factors such as input ramp time, position of the switching tran- 
sistor, the nonlinear on-resistance and the effect of fanout for 
on-resistance estimation. As a result, the solutions based on 
Elmore delay model may deviate considerably from the real 
optimal solutions. 

In [2 ] ,  a dynamic tuning method is used to solve thc opti- 
mization problem. It casts the optimization problem as a non- 
linear optimization problem and incorporates an inner SPICE- 
like package to accurately calculate timing information instead 
of using the Elmore model. Their result i s  nearly globally op- 
timal but the procedure is time-consuming for large netlist. In 
[ l  I ] ,  delay models for dynamic-logic are proposed, yielding 
a good trade-off for speed and accuracy. However, it's ques- 
tionable to be applied in static CMOS designs. ln [4], a new 
rich class of primitives is presented. The primitive is defined 
as a logic structure that can be mapped by some different cir- 
cuits. Each of them satisfies the convexity property. Thus, the 
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delay estimated by a sum of convex functions is convex and 
the TILOS-based algorithm can be used. The parameters for 
characterizing each primitive are pre-defined by curve-fitting 
the simulation data. This means that if another technology is 
needed instead, these parameters have to be re-calculated by 
selecting typical structures with various input conditions for 
simulation. In [4] about ten primitives are selected for map- 
ping arbitrary structures in order to accurately-estimate timing 
in DSM. 

In this paper, we propose an analytical delay tnodel. Two 
basic primitives are presented for mapping arbitrary gate struc- 
tures. Input signal transition time and switching transistor po- 
sition are considered in our delay modcl. The alpha-power law 
151 is used in order to accurately model transistor properties in 
DSM technology. We have verified that the delay calculated by 
solving the output waveform in a piecewise fashion for such 
primitives is within 10% compared with SPICE. In order to 
obtain the output voltage changes of an arbitrary CMOS gate, 
the serial-parallel connected transistors have to be replaced by 
some equivalent transistors. Several key points in order not 
to lose accuracy during mapping are considered in this paper. 
Such key points are the parasitic behavior of the conducting 
path (the only path of the gate that current flows from its fanout 
to ground or power) and the position difference of switching 
transistors. We incorporate the proposed model and the map- 
ping scheme to our transistor sizing algorithm. 

The paper is organized as follows: in Section 11, two prim- 
itive delay models are presented. In Section H I ,  the map- 
ping algorithm is presented and input position mapping is de- 
scribed. In Section IV, experiments on some benchmark suites 
are shown. Conclusions and future research directions are dis- 
cussed in Section V. 

11. PRIMITIVE DELAY MODEL 

Several analytical models [6, 12, 131 for estimating the de- 
lay of a gate have been proposed. Some of the papers ignore 
the factors such as input ramp time, different input arrival time, 
coupling capacitance between input node and output node, and 
so on. Also some of these papers have used quadratic I-V equa- 
tions for transistors which is unsuitable for DSM. Moreover, it 
is inappropriate to map gates with high fanins to simple invert- 
ers. The accuracy would degrade greatly for such mapping. 
In  [4], a new technique is used for modelling transistor chains 
for short channel devices. The proposed model is accurate for 
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Fig. 1. Nand2 primitive model 
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most cases in DSM, but it ignores the short circuit effect of the 
supporting MOS. For example, considering the falling input 
case for a nand2 structure, if the NMOS is always ignored, the 
falling signal delay will result in more than 15% error because 
in this case the gate acis like an inverter. 

In our scheme, two primitives are modelled separately, 
namely, a nand2 primitive and an inverter primitive. For the 
CMOS gate where there are more than one transistor in se- 
rial of the conducting path, the nand2 primitive is used for 
mapping. Otherwise, the inverter primitive is used. For the 
nand2 primitive, the body effect on threshold is considered. 
We noticed that the coupling capacitance could not be ignored 
in light-load case. We also observed that when the supporting 
MOS is ignored, the result still fits well with SPICE. How- 
ever, for the inverter primitive, the short circuit effect cannot 
be ignored.Thus, we follow the same approach as in [8] for the 
inverter primitive, the supporting MOS is first ignored so that 
the output waveform can be computed analytically. After that, 
an additional step for delay compensation is taken by estimat- 
ing the total charge and average current. Our compensation 
step is similar to the one in [8] but is simpler. 

A. nand2 primitive 

Let us consider the circuit in Fig. 1 .  The parasitic 
draidsource capacitances are included in CL. Assume that the 
signal is a ramp-inpui with a transition time T. The alpha- 
power law [51, which takes into account the carrier velocity 
saturation effect of short-channel devices, is used for the tran- 
sistor current. We assume a rising input for nand2 primitives 
in this paper. The drain-source current is given by: 

Fig. 2. Two cases of typical waveforms of the nand2 primitive 

where 10s is the drain-source current, VD-SAT is the drain 
saturation voltage, KL,  Ks are the transconductance param- 
eters, W and L are the width and length of the transistor. a 
is the carrier velocity saturation index, and VTN is the thresh- 
old voltage which is expressed by the first-order Taylor series 
approximation around 0 . 1 V o ~  as Eq.(3) 

where VTO is the zero bias threshold, y is the body modula- 
tion effect factor, 2 4 ~  is the bulk potential, Vs, is the source 
to substrate voltage and 6, B are technology dependent param- 
eters. 

In [9], it is stated that the transistor Meq (see Fig. I )  is 
always in the linear mode while A4, may switch between the 
saturation and linear region. Our approach is to first model the 
inner node V, in a piecewise fashion,then use Eq.(2) to solve 
for V,. Typical input-output waveforms are shown in Fig. 2 .  

In this figure, tl is the time when the transistor M, begins to 
conduct (for NMOS Me, always conducts first and then Mu),  
t 2  is the time when Mu starts to exit the saturation region and 
enter the linear region and 7 is the input ramp time. According 
to the relation between t2  and T,  there are two cases. If t2  2 T ,  

it is the fast case (Fig. 2(a)). Otherwise, it is the slow case 
(Fig. 2(b)). 

In [7], it is stated that in the fast case, the inner node V,, is 
in a “plateau” state. The “plateau” voltage V, can be calculated 
using 

L L 
(4) 

Where Weq,Wu are the transistors in serial (see Fig. 1). 
V T N ~  is the zero bias threshold of NMOS. Thus V, can be 
modelled in a piecewise manner. In [O ,T ] ,  V, = mi, where 
m = V p / ~ .  In [ T J ~ ]  , V, = V,. In the slow case, there is 
no “plateau” state, but the slope for V, is nearly the same as 
that in the fast case so V, can still be modelled in a piecewise 
manner. In [0, t z ] ,  V, = mt, where m is the same value as in 
the fast case. 

For brevity, the detailed expressions for Vo(t)  are given in 
[14]. The propagation time and the nsing/falling time are 
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Fig. 3(a). Inverter primitive circuit 

‘i 
G 

- 
The additional compensation delay is t ad  = hh , where 

t ,  is the time when the NMOS begins to conduct. I,, 1, are 
the average currents during the switching event for PMOS and 
NMOS, respectively. In order to model the NMOS average 
current, we select a time point when the input is 0.5 VOD, and 
the NMOS is assumed to be in the saturation region. We select 
V, = I&, V, = for the average PMOS condition. We 
also assume that the PMOS is working in the linear region. 
The equation is stated below: 

1,- - 

- 

= ~ L p ( % ) p ( v o D  - vtn - l ~ p l ) ?  + (5) 
- 

t a d  = $ . tn 

vo ‘ output w i t h o u t  considering Ip 

I shifted waveform 

where KSN,  KLP, V,,, K,, (WIL),, W/L)p are the con- 
ductance factor for the NMOS in the saturation region and 
the PMOS in the linear region, threshold for the NMOS and 

+ 
t 

t n  

Fig. 3(b). Shifted waveform for the inverter primitive 

determined after the determination of the proposed analytical 
waveform. 

B. Inverterprimitive 

The equivalent clrcuit for the inverter primitive is shown in 
Fig. 3(a). For the inverter, if the supporting current (PMOS 
current in Fig. 3(a)) is ignored, the result will deviate by more 
than 15% compared with SPICE simulation. So the PMOS ef- 
fect is considered in our scheme. In 171, a detailed but complex 
analytical method is introduced by considering both transistors 
simultaneously. There are many possibilities which must be 
examined in order to determine the timing sequence for these 
transistors. Because the main goals for timing calculation are 
the delay (O.tiV0, input to 0.5V~o output) and the transition 
time (2(t0.5vD, - to.gv,,)), only the 0.5.v~~ and 0 . 9 V ~ o  
points are needed to be accurately computed. We therefore, 
use a method similar to [8]. First, the PMOS current is ignored 
in the setup current equations. Then, the fast and slow cases are 
determined accordingly. The output waveform is piecewisely 
solved and t 0 . 9 ~ ~ ~  and t 0 . 5 ~ ~ ~  are computed. The next step 
is to compute the extra time due to the PMOS for t 0 . 5 ~ ~ ~ .  The 
final delay is the sum of the original delay and the additional 
delay. The final waveform is only the shift of the original wave- 
form, thus the output transition time is the same as in the first 
step. 

For brevity, the procedures to solve the initial output wave- 
form are not described in this paper. One can refer to [SI for 
details. Here, the emphasis is on how to calculate the addi- 
tional delay. In our scheme, we use a different step from that 
in [SI and still achieve a good compensation effect. 

PMOS, size ratio of the NMOS and PMOS, respectively. tad 
is the additional delay. 

111. MAPPING ALGORITHM 

‘For an arbitrary CMOS gate structure, one should select a 
corresponding primitive for timing calculation. For any serial- 
parallel CMOS gate, only one conducting path exists in any 
given time. The non-conducting transistors behave as parasitic 
capacitances. Even if the conducting path is selected, we still 
should consider several important factors when using the prim- 
itives, The straightforward method for this mapping is to find 
an equivalent “inverter”. The size of the pull-down NMOS 
transistors and the pull-up PMOS transistors of this inverter 
reflect the real pull-down or pull-up path in this gate. Another 
straightforward method is to estimate the “on-average” resis- 
tances and parasitic capacitances so that an Elmore delay path 
is modelled. However, the first method ignores the inner para- 
sitic capacitance effect for the inverter. The second one ignores 
the fact that when the transistor work in different regions, the 
on-resistance value will greatly fluctuate. If the “average-on- 
resistance” is used, it may lead to an erroneous result. Also, 
both of these two methods ignore the position factor for the 
switching transistor. Consider the nand2 gate example. Even 
if all other parameters are the same , the delays are different 
for the two logic equivalent input pins. 

Our approach is to map the conducting path to one of our 
two primitives. We assume that the conducting path is an 
NMOS chain from the gate output to ground (Fig. 4, the top- 
most transistor i s  not shown). In our transistor sizing proce- 
dure, we use a static timing analysis method to identify the 
critical path. During the static timing analysis step, all the 
input-output pairs need to be computed in order to find .the 
worst case delay for this gate. At any time, only one tran- 
sistor is switching. Based on the previous discussion, only the 
topmost NMOS switches between the saturation and the linear 
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Fig. 4. Elmore RC-chain rclr a large fanin perh 

regions, the other transistors always work i n  the linear region. 
Therefore, if we map the other serial n - 1 transistors (Fig. 
4) to equivalent ones (hi,, in Fig. I )  except the topmost one, 
the error is negligible. The widths of these new transistors are 
referred to as the equivalent widths. Accordingly, if two “on” 
transistors of widths w1 and w2 are in parallel, the new tran- 
sistor’s width is w1 -t- wq. If these are connected in series, 
the width of the new transistor is (tu;’ + w;’)-’. After this 
mapping, the conducting chain is either mapper! to a nand2 
(more than one transistor in the conducting path) or mapped to 
an inverter(on1y one transistor in the conducting path). If it is 
mapped to a nand2, either A or B is selected as the switching 
input. Here we do not consider the other R - 1 possibilities 
of switching position. Since all these transistors always work 
in the linear region, the on-resistance for these transistors does 
not vary much. Thus, the error due to the ignored position dif- 
ference is tolerable. 

A. Parasitic capacitance effect during mapping 

During the above parallel-serial mapping procedure, the in- 
ner parasitic capacitances cannot be ignored. If’ the conducting 
path has n transistors in serial (Fig. 41, we replace the other 
n - 1 transistors except the topmost transistor to an equiva- 
lent one (Ecq in Fig. 4). We use the “effective capacitance” 
[ I O ]  notation, that is , we try to replace the other n - 1’s inner 
parasitic capacitances with an equivalent one (C,, in Fig. 4). 

i = l  

where C, is the parasitic capacitance of the inner node. 

B. Weight calculation in the mapping algorithm 

Another issue that rnust be considered in the mapping proce- 
dure is how to map switching signals onto normalized signals 
as shown in Fig. I .  That is, for a given input pattern,(given 

Fig. 5. Waveforms comparison for Nand4, CL=30ff 

position and ramp time of the signals), a coefficient c,,ight 

which corresponds to the position of the switching transistor 
is proposed to measure the relation between the original input 
ramp and the normalized input. 

We adopt the same normalization schemes as in [7]. That is, 
we consider the latest arrival signal as the starting point, and 
compares that signal to the chain with all input signals switch- 
ing at the same time and with the same ramp (the normalized 
input). Then, a factor is obtained as a “weight” for this pattern. 
We assume only one transistor is switching at any given time. 
In our nand-primitive the conducting path has only two tran- 
sistors, the computation for this step reduces to the following 
equation: 

iT I c m e ( t ) d t  =’ IT ~a,ait)dt (8) 
g o  

where Ic,,,,(t) is the current of studied input patlern, Iall ( t )  is 
the current when all the input signals to the whole conducting 
path arrival at the same time with the same ramp T .  The factor 
g is an empirical coefficient and normally g 5 1 because the 
higher V,, is, the higher is the drive ability of the transistor. 
The factor g can be obtained by selecting typical input condi- 
tions to simulate a given technology. 

From [7], for our special case for Fig. 1. we obtain following 
results for the coefficient: 

IV. EXPERIMENTAL RESULTS 

Fig. 5 shows the typical comparison results between SPICE 
simulations and analytical computing. 30ff capacitance is as- 
sumed. The left part is the fmt case while the right part is the 
slow ones. It shows the computed curves fit well with SPICE 
simulations. 
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Fig. 6. Delay comparison for Nand4 CL=3Off 
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Fig. 7. Deiay uompariron for Nand4 ~ ~ 0 . I n s  

Fig. 6-7 show the gate delay difference between SPICE sim- 
ulations and analytical computations. In Fig. 6, we assume 
C L  = 30ff and change (W/L)  from I to 5, comparing with 
input ramp-time tr = O.lns, and tr = l+Ons; respectively. In 
Fig. 7, we assume tr = 0 . 1 ~ ~  and change ( W / L )  from I to 
5. with C L  = O,I0ff,IOOff, respectively. Again, it shows the 
gate delay difference between SPICE and computing is within 

To verify whether we achieve rcasonable accuracy for our 
model we experimented with the benchmark C17 from IS- 
CASU. In Table I ,  the  unsized delay and sized delay coin- 
puted by our scheme are compared to SPICE simulation. (Out- 
put capacitance is 30ff, delay without any constraint is X7Xps 
(compute). XlOps (SPICE), initial area i s  12.0). 

The delay model and our mapping algorithm have been in- 
corporated in TILOS like programs. It should be noted here 
that our timing expressions may not be convex as in [4]. Our 
procedurc for transistor sizing is &sed on [ I ] .  It is written in C 

10%. 

TABLE 1 
COMPARISON WITH SPICE FOR C l 7  

12.34 
-4.03 12.85 

599 640 -6.4 1 16.33 
516 520 -0.79 26.98 

C499 5.50 1 

TABLE I1 
RESULTS FOR TIIF SELECTED THRFE CIRCUITS 

9538.0 0.85 5.26 0.81 5 
I I I I 

0.75 1 32.9 1 7.99 I 21 I 166 

and consists of about 2 thousand lines of code. This program 
ran on several circuits from the ISCAS85 benchmark suite. We 
started the initial nctfjst from its minimal size ($ = E). 
The area we measured is the sum of widths of all transistors. 

In order to verify the effectiveness of our mapping algorithm 
with the proposed delay model, we select three circuits to com- 
pare our result with the result in  [4]. We first measured the 
unsized delay and used a reduction goal varying from 0.7 to 
0.95. The results are shown in Table I1 (Output capacitance 
=O for all cases). The delay-area relations vary with those in 
[4]. The execution time is measured from SUN ultra-5 work- 
stations. The delay estimation for the path by our static-timing 
analysis i s  the upper bound. Meanwhile, the execution time 
by no means takes advantage of that in 141, for both of the 
methods use TILOS based method. Only one gate is adjusted 
in each iteration. In each iteration! we use deterministic de- 
lay calculation to analysis the “sensitivity” of the each gate, 
and the most sensitive gate is adjusted. The advantage of our 
method is it is more efficient for deterministic method in delay 
estimation. The proposed techniques are still acciirate enough 
even in DSM. If another technology is used, only small amount 
of featured parameters needed. 

Finally, several circuits from LGSynth9 1 benchmark suite 
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TABLE 111 
SIZINGRESULTS FOR CIRCUITS FROM LOGSYN91 BENCHMARKS, 

DELAY REDUCTION GOAL=0.8  

are experimented. The results are shown in Table 111. Again, 
zero output capacitance Is assumed. Column 2 is the unsized 
delay measured by our static timing analysis program. Column 
3 is the unsized area. Column 4 is the percentage of increased 
area in order to attain the delay reduction goal (0.8 for all the 
experiments). Column 5 is the measured running time. On av- 
erage, we spend 15.3?’0 extra area to reduce the original delay 
by 20%. The average running time is 15.4ns. 

v. CONCLUSION 

In this paper, an analytical primitivemodel for delay calcu- 
lations is presented. ‘Then a mapping algorithm for arbitrary 
structures is presented. Experiments on our final scheme by 
mapping arbitrary gate to our primitive are within 10% with 
SPICE. The scheme is incorporated in a TILOS like algo- 
rithm and experimental results for circuits from LOGSYN9I 
are shown. 
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