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Abstract— The complexity in timing optimization of high-

performance microprocessors has been increasing with the 

number of channel-connected transistors in various paths of 

dynamic CMOS circuits and the rising magnitude of process 

variations in nanometer CMOS process. In this paper, a 

process variation aware transistor sizing algorithm for 

dynamic CMOS circuits while considering the Load Balance 

of Multiple Paths (LBMP) is proposed. The proposed 

iterative optimization algorithm is a deterministic approach 

and is illustrated first by a 2-b weighted binary-to-

thermometric converter (WBTC) and of which the critical 

path was optimized from an initial delay of 355 ps to an 

optimal delay of 157 ps, which accounts for a 55.77% delay 

improvement. A 4-b unity weight binary-to-thermometric 

converter (UWBTC) was also designed and of which the 

critical path was optimized from an initial delay of 152 ps to 

an optimal delay of 103 ps, which accounts for a 32.23% 

delay improvement. Finally, a 64-b parallel binary adder 

was partitioned to a mixed dynamic-static CMOS style and 

the critical path and the power delay product were 

optimized to 632 ps and 84.17 pJ respectively. 

Index Terms— dynamic CMOS logic, transistor sizing, 

timing optimization, process variations, binary-to-

thermometer decoder, parallel binary adders. 

I. INTRODUCTION

The performance of microprocessors has been driven 

traditionally by dynamic CMOS technology and micro 

architectural improvements [1], and can be enhanced at 

the circuit level through design and physical organization. 

At the circuit level, dynamic logic style has been pre-

dominantly used in microprocessors, and the use of 

custom dynamic circuits in microprocessors has increased 

timing performance significantly over static CMOS 

circuits [1-2]. One of the challenges in timing 

optimization of dynamic CMOS circuits is transistor 

sizing due to charge sharing, noise-immunity, process 

variations and leakage, etc.  

Research has demonstrated that process variations 

have caused about 30% variation in chip frequency, along 

with 20X variation in chip leakage [17]. Integrated 

circuits have always been vulnerable to inherent die-to-

die (inter-die) and within-die (intra-die) parameter 

variations during the fabrication process [12]. With the 

continued scaling of CMOS technology towards the 45 

nanometer (nm) transistor channel length, the magnitude 

of relevant sources of environmental and semiconductor 

process variations have been increasing rapidly. This 

increased magnitude of process variations could lower the 

performance of a circuit by one generation [12], and 

might even result in design failure [13]. The magnitude of 

intra-die channel length variations has been estimated to 

increase from 35% of total variation in 130 nm, to 60% in 

70 nm CMOS process.  And, variations in wire width, 

height, and thickness are also estimated to increase from 

25% to 35% at the 70nm CMOS process [13].  

Transistor sizing and optimization affects delay and 

power of dynamic CMOS logic. However, designs 

optimized for power by transistor sizing are more 

susceptible to frequency impact due to within-die 

variations as they sharpen path delay distributions making 

a large number of paths and transistors critical [20]. This 

further highlights the importance of considering process 

variations while optimizing delay and power. 

II. PREVIOUS WORK

Many literatures exist on automating transistor sizing 

[3-9]. Most of the proposed methods focus on static 

CMOS circuits and technologies using multiple threshold 

voltages. TILOS [4] presented an algorithm used for 

iteratively sizing transistors by a factor in the critical 

path. This algorithm does not guarantee a convergence of 

timing optimization and is not a deterministic approach. 

MINFLOTRANSIT [5] is an algorithm proposed for 

transistor sizing based on iterative relaxation method but 

requires generation of directed acyclic graphs iteratively 

for timing optimization.  

Methods to limit the effect of process variations in 

CMOS process were proposed in [12-19]. These methods 

deal with statistical variations and are not optimal for 

designs with large number of parameter variations [21]. A 

technique called Adaptive Body Biasing (ABB) was 

presented in [17, 19] to compensate for variation 

tolerance. The ABB technique is implemented post-

silicon where each die receives a unique bias voltage thus 

reducing the variance of frequency variation. But, this 
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method does not address the intra-die variations issue as 

each block in the design requires a unique bias voltage. 

Another limitation of this method is the increased leakage 

power due to reduction of threshold voltage. Using 

keepers to compensate for process variations was 

proposed in [18]. This method works for designs with 

large number of parallel stacks similar to NOR gates, but 

is not optimal for designs without parallel stacks as it 

requires additional hardware to program the keeper 

transistors.   

Selecting multiple corners to simulate a design 

accounts for systematic variations but not random 

variations. Monte Carlo method considers both 

systematic and random variations [23]. As variations in 

DL and DW are random and predicted to be major 

contributors towards total variations [13], Monte Carlo 

simulation results are promising when delay is the 

constraint. Although there are misconceptions that Monte 

Carlo method is slow, it is ideal when the number of 

sources of variations is significantly high [21]. The 

advantage of using Monte Carlo method is its theoretical 

accuracy. This method is also commonly used as a golden 

reference. Monte Carlo method can be used to clearly 

explain the behavior of a circuit. It can be easily extended 

to incorporate crosstalk and IR drop effects in simulation 

[21].  

Research has shown intra-die variations primarily 

impact the mean delay, and inter-die variations primarily 

impact the variance of delay [12]. So, design tools aimed 

towards optimization of timing and yield should consider 

both inter-die and intra-die variations. In addition to 

timing optimization by reducing delay, performance has 

to be improved by reducing the delay uncertainty and 

sensitivity due to process variations as depicted in (1) and 

(2), where TMax is the worst-case delay and TMin is the 

best-case delay,  is the mean delay,  is the standard 

deviation from Monte Carlo simulations. 

                     MinMaxyuncertaint TTT      (1) 

                                /s     (2) 

III. LOAD BALANCE OF MULTIPLE PATHS (LBMP) 

The delay of dynamic CMOS circuit is highly 

dependent on the number and size of transistors in the 

critical path. Increasing size of transistors in a path will 

increase the discharging current and reduce the output 

pull-down path delay. However, increasing the size of 

transistors to reduce one path delay may also increase the 

capacitive load of channel-connected transistors on other 

paths and substantially increase delays of respective 

paths. This level of complexity increases along with the 

number of paths in the design. In this paper, a 2-b 

Weighted Binary-to-Thermometric Converter (WBTC) as 

shown in Fig. 1 is used as a first benchmark to explain the 

path delay optimization complexity while considering 

process variations.  

Fig. 1 highlights two timing paths: path-A (T28 -T7 - T8

- T12 - T18 – T32) and path-B (T28 - T0 - T4 - T11 - T15 – T16

– T31). A test was performed to optimize path-A by 

gradually increasing sizes of T7, T8, T12 and T18. It was 

observed that the delay of path-A reduced by 4%, but 

delay of path-B increased by 9.3%.  This is a result of 

transistors on path-B being channel-connected to 

transistors on path-A.  For instance, T4 and T11 are 

channel-connected to T7 and T8, and T15 and T16 are 

channel-connected to T12 and T18. Increasing widths of 

T7, T8, T12 and T18 in path-A causes the capacitive load of 

T4, T11, T15 and T16 to increase and therefore increase 

delay of path-B. This shows that increasing size of 

transistors on one path to reduce its delay increases the 

capacitive load and delays of other paths.  

Conventionally, worst-case path is identified based on 

the mean from delay distribution which accounts only 

for intra-die variations. As inter-die variations are equally 

important, standard deviation  needs to be considered 

as well.  Consider two paths (path-1 and path-2) with 

different delay distribution as shown in Fig. 2. Path-2 has 

a high mean delay and path-1 has a high standard 

deviation. While considering only the mean )(  delay, 

path-2 would be chosen as the critical path for timing 

optimization. Optimizing the design by increasing size of  

transistors on path-2 may reduce the mean delay )( , but 

may not reduce the standard deviation )( . However, by 

considering the worst scenario, , path-1 would be 

the critical path to be optimized. As both inter-die and 

intra-die variations are to be considered during 

optimization, the proposed timing optimization algorithm 

ranks the critical path delays based on the sum of mean 

delay and standard deviation, .

Figure 1: 2-b Weighted Binary-to-Thermometric Converter
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The LBMP algorithm proposed for transistor sizing of 

dynamic CMOS circuits while considering process 

variations is depicted in Fig. 3. As shown in Fig. 1, 

discharge time of transistors near Gnd is longer compared 

to the transistors near outputs, as transistors near Gnd are 

usually driven by many paths. Therefore, path delay is 

optimized by increasing the size of transistors near Gnd 

the most and the size of transistors near outputs the least.   

As increasing the size of transistor that appears in the 

most number of paths reduces delays of most paths, the 

number of paths a transistor is present in is computed and 

denoted as “repeats”. The initial step in LBMP algorithm 

is to size adjacent transistors on every path with a fixed 

size ratio, e.g., 1.1, for optimization convergence. 

Thereafter, a weight is assigned to each transistor with the 

one near Gnd having the highest value and the one near 

the output having the least value. Once  the repeats and 

the weights of all transistors are computed, Monte Carlo 

simulations while considering process variation are 

performed to obtain delay profiles of each path. The 

transistors on the top 20% critical paths are grouped to 

set-x, and their sizes are increased and calculated by (3). 
      

As delay of the critical path is dependent on the 

capacitive load of channel-connected transistors, reducing 
this capacitive load reduces the overall delay. The 1st

order connection transistors in the set-x are identified and 

grouped to set-y. Then, transistors in set-y that are not in 
set-x of the current iteration are grouped to set-z.  For 

each transistor in set-z, it is checked if the transistor is 

present in set-x of previous iteration. If so, its size is 
decreased and calculated by (4) and (5). If not, its size is 

decreased and calculated by (6). 

Weight
Repeats1

Repeats
SizeOldSizeNew 1__             (3)   

Weight
Repeats1

Repeats
SizeOldNewTemp 1_        (4)

          
2

_
_

NewTempSizeOld
sizeNew                      (5) 

        Weight
Repeats1

Repeats
SizeOldSizeNew 1__                      (6) 

Once new transistor sizes are determined, Monte Carlo 
simulations are performed to identify the new top 20% 

critical paths. If the new worst-case path delay is higher 

than the delay in the previous iteration, sizes of 
transistors in set-z of the new worst-case path are changed 

to the average of old and new sizes. Iterations are 

repeated until the solution converges to an optimum.  
   

Figure 2: Comparison of delay distribution of two paths 

IV. TIMING OPTIMIZATION OF 2-B WEIGHTED BTC 

Fig. 1 depicts a 2-b Weighted Binary-to-Thermometric 

Converter (WBTC) used in parallel adders [24]. The 2-b 
WBTC has two 2-b inputs, (a1 a0) and (b1 b0) and of each 

the LSB a0 and b0 has a unity weight and the MSB a1 and 

b1 has a weight of two. The 6-b thermometric output can 

represent any number from 0 to 6. This design adds two 

2-b binary values and generates a thermometric output 

and of which the number of ‘1’ equals to its binary input.  

For an input, (a1 a0) = (1 0) and (b1 b0) = (0 1), the output 

is (c5 c4 c3 c2 c1 c0) = (0 0 0 1 1 1). The 2-b WBTC is 

chosen as a test case due to its complexity in transistor 

sizing. With just about 50 transistors, the 2-b WBTC has 

34 timing paths and of which the delays change 

dramatically with different transistor sizes. 

Figure 3: LBMP Transistor Sizing Algorithm 
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TABLE I. TIMING PATHS IN 2-B WBTC 

Path 

No. 
Transistors 

Path 

No. 
Transistors 

1 T28, T0, T4, T11, T22, T26 18 T28, T7, T8, T12, T18

2 T28, T7, T11, T22, T26 19 T28, T7, T11, T15, T18

3 T28, T19, T22, T26 20 T28, T7, T11, T17, T21

4 T28, T24, T26 21 T28, T7, T11, T20, T21

5 T28, T0, T4, T11, T17, T23 22 T28, T14, T15, T18

6 T28, T0, T4, T11, T20, T23 23 T28, T14, T17, T21

7 T28, T0, T4, T11, T22, T25 24 T28, T19, T20, T21

8 T28, T7, T11, T17, T23 25 T28, T0, T1, T5, T13

9 T28, T7, T11, T20, T23 26 T28, T0, T4, T11, T15, T16

10 T28, T7, T11, T22, T25 27 T28, T7, T8, T9, T13

11 T28, T14, T17, T23 28 T28, T7, T8, T12, T16

12 T28, T19, T20, T23 29 T28, T7, T11, T15, T16

13 T28, T19, T22, T25 30 T28, T14, T15, T16

14 T28, T24, T25 31 T28, T0, T1, T2, T6

15 T28, T0, T4, T11, T15, T18 32 T28, T0, T1, T5, T10

16 T28, T0, T4, T11, T17, T21 33 T28, T7, T8, T9, T10

17 T28, T0, T4, T11, T20, T21 34 T28, T0, T1, T2, T3

TABLE II. REPEAT AND WEIGHT OF TRANSISTORS IN 2-B WBTC 

Rep-

eats 

Near 

Gnd 

Near 

Output 

16  T11      

12 T0,T7       

8  T4      

6    
T17,

T22

T15, T20 T23 T21

4   
T1, T8,

T14, T19
    

2    
T5,

T12

T2, T9,

T24

T13 T10

1      T6 T3, T27

Wei- 

ghts
0.5 0.4 0.3 0.2 0.15 0.1 0.05 

The 34 timing paths in 2-b WBTC are presented in 

Table I.  The transistor repeat and weight profiles are 

shown in Table II. Using minimum size transistors, the 

worst-case delay of 2-b WBTC was 355 ps from path-1. 

Sizes of all transistors are initially increased by a ratio of 

1.1 and simulations are performed to identify the critical 

paths. The top 20% critical paths are path-1, 2, 5, 8, 26, 

and 29. The set-x transistors and their initial sizes on 

these critical paths are T0 (311 nm), T4 (283 nm), T7 (311 

nm), T11 (283 nm), T15 (212 nm), T16 (176 nm), T17 (234 

nm), T22 (234 nm), T23 (193 nm), and T26 (193 nm). With 

these set-x transistors identified, based on repeat and 

weight profiles of transistors in 2-b WBTC as shown in 

Table II, these set-x transistor sizes are increased by (3) to 

T0 (454 nm), T4 (383 nm), T7 (454 nm), T11 (389 nm), T15

(239 nm), T16 (183 nm), T17 (274 nm), T22 (274 nm), T23

(209 nm), and T26 (208 nm). The 1st order connection 

transistors of set-x that are not in the top 20% critical 

paths are grouped to set-z.  They are T1 (257 nm), T8 (257  

TABLE III. CRITICAL PATH ORDER IN 2-B WBTC 

Min. 

size 
Iter-1 Iter-2 Iter-4 Iter-6 Iter-9 

Path 

Rank 
Path # Path # Path # Path # Path # Path # 

1 1 1 1 25 15 25 

2 2 2 2 31 19 31 

3 5 17 18 3 5 30 

4 8 21 17 34 8 34 

5 26 15 21 23 26 32 

6 29 19 15 24 29 26 

7 17 16 19 22 18 29 

8 21 20 16 11 22 22 

9 15 5 20 30 33 4 

10 19 8 25 32 30 24 

11 6 26 5 18 1 14 

12 9 29 8 1 2 13 

13 20 6 26 2 31 5 

14 16 9 29 33 11 8 

15 7 7 3 5 25 23 

16 10 10 33 8 27 33 

17 25 18 27 13 34 15 

18 18 25 7 27 16 19 

19 33 33 10 15 20 11 

20 31 3 31 19 17 27 

21 27 31 28 4 21 1 

22 34 27 34 16 32 2 

23 28 32 32 20 23 3 

24 32 34 24 12 3 7 

25 3 28 6 17 28 10 

26 11 24 9 21 4 18 

27 30 22 22 26 7 17 

28 24 23 23 29 10 21 

29 12 30 30 28 24 16 

30 22 11 13 7 6 20 

31 4 4 11 10 9 28 

32 23 12 12 14 13 12 

33 13 13 4 6 12 6 

34 14 14 14 9 14 9 

Delay 

(ps)
355 244 185 170 166 157 

nm), T12 (234 nm), T13 (193 nm), T14 (257 nm), T18 (193 

nm), T19 (257 nm), T20 (212 nm), T21 (176 nm), T24 (212 

nm), T25 (176 nm), and T27 (176 nm). Based on the repeat 

and weight profiles of each transistor from Table II, these 

transistor sizes are reduced by (4) to T1 (195 nm), T8 (195 

nm), T12 (202 nm), T13 (180 nm), T14 (195 nm), T18 (177 

nm), T19 (195 nm), T20 (184 nm), T21 (168 nm), T24 (190 

nm), T25 (168 nm), and T27 (171 nm). After the transistor 

sizing is complete, Monte Carlo simulations are 

performed to obtain the new critical path order. 

The critical path order profile over a few iterations is 

shown in Table III. With minimum size transistors, the 
worst-case path is path-1. After the first iteration of 

LBMP algorithm, its delay is reduced from 355 ps to 244 

ps. However, path-17 of which the transistor (T20, T21)
sizes were reduced came into the set of new critical paths. 

Repeated iterations of the LBMP algorithm reduced the 

worst-case path delay and solution finally converged to 
an optimum of 157 ps while accounting for a 55.77% 

delay improvement.  
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Table IV shows the 2-b WBTC delay convergence 

profile over 10 iterations. The first column represents the 

iteration number, the second column represents the worst-

case critical path number based on the delay of  + , the 

third column represents the minimum delay of the worst-

case path due to process variations, the fourth column 

represents the maximum delay of the worst-case path due 

to process variations, and the fifth column represents the 

delay  of the worst-case path.  

      Efficiency of the LBMP algorithm is illustrated 

through reduction in delay sensitivity as shown in (2). 

Table V lists the percentage reduction in delay sensitivity 
at four different temperatures from 27 oC to 120 oC. Table 

V shows that although delay sensitivity has reduced in 

majority of the paths, it has also slightly increased for 
some paths (4, 5, 13 14, 18, 28 and 31). The ranks of 

these paths based on their delays are shown in Table VI. 

The increase in delay sensitivity of these paths is very 
much acceptable as most of the paths except path-31 do 

not fall in the set of critical paths. 

A comparison of applying the LBMP algorithm to a 2-

b WBTC with and without consideration of process 

variation during the timing optimization is shown in the 

Table VII. The 2-b WBTC designed without considering 

process variations has the delay of 161.37 ps [24], while 

occupying an area of 2.054 m2. By accounting for 

process variations, the delay was reduced from 161.37 ps 

to 144 ps, and area occupied reduced from 2.054 m2 to 
1.695 m2. This accounts for 10.8% of delay 

improvement and 17.4% of area improvement. 

V. LBMP FOR 4-B UNITY WEIGHT BINARY-TO-

THERMOMETRIC CONVERTER

Another circuit used to validate the LBMP algorithm is 

the 4-b Unity Weight BTC (UWBTC) used in digital-to-

analog-converters as shown in Fig. 4. The UWBTC takes 

a 4-b binary input and generates a thermometric output 

and of which the number of ‘1’ equals to its binary input.  

For example, for a binary input (b3 b2 b1 b0) = (0 1 0 1), 

the 4-b UWBTC generates an output (c14 c13 c12 c11 c10 c9

c8 c7 c6 c5 c4 c3 c2 c1 c0) = (0 0 0 0 0 0 0 0 0 1 1 1 1 1 1).  

Along with the increase in the number of transistors in 

this 4-b UWBTC, the number of timing paths has also 

increased to 83.  With minimum size transistors, the 

worst-case delay of the 4-b UWBTC was 152 ps.  

After the first iteration of the LBMP algorithm, the 

worst-case delay reduced from 152 ps to 114 ps. 

Repeated iterations of the algorithm has reduced its delay 

to 103 ps, which accounts for 32.23% delay 

improvement.  Table VIII shows the delay convergence 

profile of the 4-b UWBTC demonstrating that LBMP 

algorithm works effectively for complex designs with 

large number of timing paths. 

TABLE IV. 2-B WBTC DELAY CONVERGENCE PROFILE

Iteration 
Critical 

Path 

Min Delay 

(ps) 

Max Delay 

(ps)

 + 

(ps)

0 1 178 290 355 

1 1 156 236 244 

2 3 131 215 185 

3 25 124 201 171 

4 19 119 195 170 

5 25 121 193 166 

6 21 126 191 166 

7 25 119 186 161 

8 8 119 176 157 

9 25 117 179 157 

TABLE V. PERCENTAGE OF DELAY SENSITIVITY ( / )

REDUCTION IN 2-B WBTC PATHS AT DIFFERENT TEMPERATURES

 Temp=27 Temp=75 Temp=100 Temp=120 

Path-1 21.86 20.48 19.74 18.9 

Path-2 21.86 20.48 19.74 18.9 

Path-3 17.6 21.24 16.12 17.07 

Path-4 -6.89 13.93 -6.39 -7.03 

Path-5 16.26 -9.08 14.88 15.03 

Path-6 14.36 17.12 14.02 13.87 

Path-7 6.23 14.68 6.89 7.78 

Path-8 16.26 3.98 14.88 15.03 

Path-9 14.36 17.12 14.02 13.87 

Path-10 6.23 14.68 6.89 7.78 

Path-11 6.93 1.62 5.62 5.75 

Path-12 6.31 6.94 4.25 4.19 

Path-13 -0.97 6.52 -1.23 -1.03 

Path-14 -10.86 -9.35 -11.03 -10.6 

Path-15 14.95 5.97 14.45 14.58 

Path-16 15.16 14.5 15.09 14.94 

Path-17 15.2 11.84 14.71 14.22 

Path-18 15.19 -0.17 10.01 9.92 

Path-19 14.95 29.77 14.45 14.58 

Path-20 15.16 14.5 15.09 14.94 

Path-21 15.2 11.84 14.71 14.22 

Path-22 7.9 14.88 8.91 9.01 

Path-23 9.81 6.87 9.84 10.29 

Path-24 8.37 4.9 8.51 8.4 

Path-25 4.45 6.92 2.52 1.72 

Path-26 10.7 14.37 12.87 12.49 

Path-27 4.38 2.57 3.79 3.58 

Path-28 4.14 -5.07 5.97 6.18 

Path-29 10.7 17.49 12.87 12.49 

Path-30 4.29 7.48 7.91 8.71 

Path-31 2.27 -7.1 1.78 1.29 

Path-32 5.43 6.77 4.62 4.58 

Path-33 7.7 1.85 7.1 6.82 

Path-34 2.49 3.06 2.68 2.94 

Average 9.35 8.92 9.00 8.98 
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VI. LBMP FOR A MIXED DYNAMIC-STATIC ADDER

      An optimal balance of delay and power can be 

achieved by partitioning the design to a mixed dynamic-
static circuit style [3]. A 64-b adder architecture used as a 

test case for timing optimization is shown in Fig. 5, and is 

divided into two blocks operating in parallel for 

performance in timing [24]. Block-1 comprises of a 64-b 

Carry Convergent Tree (CCT) and a Carry Generator 

(CG) and block-2 comprises of eight 8-b carry-select 

adders. Each 8-b carry select adder comprises of four 2-b 

Thermometric Adders (TA) as shown in Fig. 6. Block-1 

of 64-b adder computes the seven intermediate carry 

outputs (C8, C16, C24, C32, C40, C48, C56) which are the 

select lines of carry-select adders in block-2. Upon 

receiving the intermediate carry inputs from block-1, 

block-2 selects the corresponding pre-computed partial 

sum as the end result. The 2-b TA consists of an 

improved Binary to Thermometric Converter (BTC) [11] 

and a Final Sum (FS) block. The FS block is comprised 

of a Thermometric-to-Abacus Converter with add-1 logic 

(Fig. 7), a Thermometric-to-Abacus Converter with add-0 

logic, two Abacus-to-Binary Converters (Fig. 8), and 

multiplexers.  

Figure 4: 4-b Unity Weight Binary-to-Thermometric Converter  

TABLE VI. 2-B WBTC PATH RANKS AT DIFFERENT ITERATIONS 

AND TEMPERATURES

Temp=27 Temp=75 Temp=100 Temp=120 

Iter-

1

Iter-

10

Iter-

1

Iter-

10

Iter-

1

Iter-

10

Iter-

1

Iter-

10 

Path-

4
23 8 24 9 25 10 25 10 

Path-

5
5 12 5 15 5 16 5 17 

Path-

13
25 11 25 10 24 9 24 9

Path-

14
26 10 26 11 26 11 26 13 

Path-

18
9 21 9 22 9 4 9 4 

Path-

28
17 24 17 24 17 23 17 23 

Path-

31
13 2 13 2 13 2 14 2 

Ratio did not decrease 
Ratio decreased and path became 

critical 

TABLE VII. LBMP IMPLEMENTATION ON 2-B WBTC 

w/o Process 

Variations 

w/ Process 

Variations 

Improvement 

(%) 

Delay 161.37 ps 144 ps 10.8 

Senstivity 7.87 % 7.4 % 6.0 

Area 2.054 m2 1.695 m2 17.4 

Average 

Power 
16.9 W 16.4 W 3.0 

TABLE VIII. 4-B UWBTC DELAY CONVERGENCE PROFILE

Iteration 
Critical 

Path

 + 

(ps) 

Tuncertainty 

(ps)

0 28 152 75 

1 36 114 27 

2 28 111 28 

3 27 110 34 

4 51 109 29 

5 52 107 42 

6 58 103 28 

7 35 103 27 

8 35 104 28 

9 35 103 28 

10 35 103 27.3 

Improvement (%) 32.23 63.6 

      The 64-b adder is partitioned to a mixed dynamic-

static circuit style and designed in four combinations as 

shown in Table IX. The 64-b adder designed with CCT, 

CG and BTC using dynamic CMOS and FS using static 

CMOS has the least delay of 632 ps and power of 133.19 

mW.  Changing the BTC to static CMOS, the power 

reduced from 133.19 to 125.34 mw, which accounts for a 

5.8% of power improvement.  However, delay increased 

from 632 to 1462.33 ps, which accounts for a 131.38% 

increase. Furthermore, changing the CG to static CMOS, 

the power reduced from 133.19 to 125.02 mw, which 

accounts for a 6.3% of power improvement. However, 

delay increased from 632 to 1646.5 ps, which accounts 

for a 160.52% increase. Keeping CCT and BTC in 

dynamic CMOS and CG and FS in static CMOS, the 
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power is 133.45 mw. However, delay increased from 632 

to 862.4 ps, which accounts for a 36.45% increase.

A comparison of applying the LBMP algorithm to the 

CCT blocks and BTC of the 64-b adder with and without 

consideration of process variation in the timing 

optimization is shown in Table X.  When the CCT block 

and BTC are optimized without considering process 

variations, the worst-case delay of 64-b adder in case-1 

was 686 ps. Considering process variations in LBMP 

resulted in further reduction of delay from 686 ps to 632 

ps, and power delay product from 91.6 pJ to 84.17 pJ, 

which accounts for an 8% improvement in both delay and 

power delay product. Similarly, accounting for process 

variations resulted in the worst-case delay of 64-b adder 

in case-4 to reduce from 890.56 ps to 862.4 ps, and power 

delay product reduced from 118.98 pJ to 115.08 pJ, 

which accounts for a 3.16% improvement in delay and a 

3.36% improvement in power delay product.  

VII. CONCLUSION

In this paper, it is shown that the importance and 
complexity in timing optimization of dynamic CMOS 

circuits increases as the number of timing paths and the 

number and magnitude of process variation increases. A 

solution addressing these issues is presented through a 

process variation aware transistor sizing algorithm for 

dynamic CMOS circuits while considering the load 

balance of multiple paths in a design. 

A 2-b weighted binary-to-thermometric converter was 

first analyzed, and the worst-case delay was reduced from 

355 ps to 157 ps while accounting for 55.77% delay 

improvement. In addition to reducing the worst-case path 

delay, it was shown that the proposed LBMP algorithm 

also reduces the sensitivity and uncertainty due to process 
variations. A 4-b unity weight binary-to-thermometric 

converter used in digital-to-analog converters was also 

analyzed, and the worst-case path delay was reduced 
through the LBMP algorithm from 152 ps to 103 ps, 

while accounting for 32.23% delay improvement. 

Furthermore, through implementation on a 64-b parallel 
binary adder and partitioning the design to a mixed 

dynamic-static CMOS logic, the critical path delay was 

optimized to 632 ps and the power delay product was 

optimized to 84.17 pJ. 

Fig 5: 64-b Adder Block Diagram 

TABLE IX. PARTITION OF 64-BIT ADDER FOR MIXED DYNAMIC-
STATIC CMOS STYLE

 CCT CG BTC FS 
Delay 

(psec) 

Power 

(mW) 

PDP 

(pJ)

Case-1 Dy Dy Dy St 632.0 133.19 84.17 

Case-2 Dy Dy St St 1462.23 125.34 183.28 

Case-3 Dy St St St 1646.5 125.02 206.37 

Case-4 Dy St Dy St 862.4 133.45 115.08 

Note: Dy-Dynamic, St-Static 

TABLE X. DELAY PROFILES OF 64-BIT ADDER (W/ AND W/O
CONSIDERING PROCESS VARIATIONS)

Without

Process 

Variations 

With

Process 

Variations 

Improv-

ement 

(%) 

Delay 686.11 ps 632.0 ps 8 

Avg 

Power 
133.5 W 133.2 W - Case-1 

PDP 91.6 pJ 84.17 pJ 8 

Delay 890.56 ps 862.4 ps 3.16 

Avg 

Power 
133.6 W 133.45 W - Case-4 

PDP 118.98 pJ 115.08 pJ 3.36 

Fig 6: 2-b Thermometric Adder

Figure 7: TAC with add-1 logic 

Figure 8: Abacus to Binary Converter 
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