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Abstract 

i 

 

 

 

 

Power consumption has become a major concern for usability and 

reliability problems of semiconductor products, especially with the 

significant spread of portable devices, like smartphone in recent years. 

Major source of dynamic power consumption is the clock tree which may 

account for 45% of the system power, and clock gating is a widely used 

technique to reduce this portion of power dissipation. The basic idea of 

clock gating is to reduce the dynamic power consumption of registers by 

switching off unnecessary clock signals to the registers selectively 

depending on the control signal without violating the functional 

correctness. Clock gating may lead to a considerable power reduction of 

overall system with proper control signals. 

Since the clock gating logic consumes chip area and power, it is 

imperative to minimize the number of inserted clock gating cells and their 

switching activity for power optimization. Commercial tools support clock 

gating as a power optimization feature based on the guard signal described 

in HDL and the minimum number of registers injecting the clock gating 

cell specified as the synthesis option (structural method). However, this 

approach requires manual identification of proper control signals and the 

proper grouping of registers to be gated. That is hard and 

designer-intensive work. Automatic clock gating generation and 

optimization is necessary. 

In this dissertation, we focus on the optimization of clock gating logic 
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based on switching activity analysis including clock gating control 

candidate extraction from internal signals in the original design and 

optimum control signal selection considering sharing of a clock gating cell 

among multiple registers for power and area optimization. An optimization 

method of single-stage clock gating logic for dynamic power reduction of 

registers is firstly proposed, and is enhanced to multi-stage clock gating to 

reduce also the power dissipation of clock gating cells. The proposed 

method supports automatic clock gating generation combined with the 

widely used commercial tool for real-life applications. 

In order to deal with the trade-off between power savings of gated 

registers and power penalty of synthesized clock gating logic, we newly 

formalize the control signal selection phase considering sharing of a clock 

gating control among multiple registers to minimize the number of 

inserted clock gating cells. A coefficient α is introduced to measure the cost 

of a clock gating cell depending on technology libraries. α is the ratio of the 

power consumption of a clock gating cell with respect to that of a flip-flop, 

measured as 0.6~0.8. We devise a switching activity based evaluation 

method of dynamic power consumption and in the experiments using a 

commercial tool, we confirm that our evaluation method has the same 

tendency with the actual power consumption after layout.  

The method has two steps: (1) clock gating control candidate extraction 

out of internal gate outputs of original designs and (2) optimum clock 

gating control signal selection. In the extraction phase, we devise methods 

based on Binary Decision Diagram (BDD) to check the satisfaction of clock 

gating condition, and to compute 1-probability (switching activity of gated 

registers) of each clock gating control candidate. In the selection phase, we 

modified the BDD package by adding a mechanism to compute the 

minimum cost path in BDD which corresponds to the optimum power 

reduction of a circuit and to show the path information for clock gating 
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control signal insertion based on the input probability. Control candidate 

pruning is also introduced to effectively speed up the method concerning 

BDD construction and cost computation. With the proposed method, 

19.1%-71.9% power reduction has been found on counter circuits after 

layout, and 2.3%-18.0% cost reduction on ISCAS89 and Opencore 

benchmark circuits. About 2% improvement compared with previous 

research has been achieved. By control candidate pruning, 69% candidates 

have been pruned on benchmark circuits. 

Secondly, we focus on the minimization of switching activities of clock 

gating cells. In single-stage clock gating, clock gating cell itself consumes 

power related to α (0.6~0.8 vs. F.F.). By multi-stage clock gating, 

unnecessary clock pulses to clock gating cells can be avoided by other clock 

gating cells at cascaded stages, so that the switching activity of clock 

gating cells can be reduced. Commercial tools can insert multi-stage clock 

gating, but that just depends on the described guard signal structure. So 

we enhance the single-stage method and propose an automatic multi-stage 

clock gating method. As the second part of this dissertation, an automatic 

multi-stage clock gating optimization method using ILP (Integer Linear 

Programming) formulation has been proposed and discussed. The method 

includes clock gating control candidate combination extraction, constraints 

construction in LP format and optimum control signal selection at cascaded 

clock gating stages considering the sharing of a clock gating control among 

multiple registers and clock gating cells. We find that any multi-stage 

control signal is also single-stage control signal, and that any combination 

of signals can be selected from single-stage candidates. We also develop an 

automated clock gating tool to automatically add guard conditions at 

cascaded stages into the structural Verilog and to determine the optimum 

minimum_bitwidth value, which will be translated into multi-stage clock 

gating logic by commercial EDA tools following the standard synthesis and 

layout procedures for real-life application. 
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By post-layout power estimation on 8 benchmark circuits (ISCAS89, 

Opencore and interface circuits) and a Low Density Parity Check (LDPC) 

Decoder (6.6k gates, 212 F.F.s) using Synopsys NanoSim, on average, 35% 

actual power reduction has been achieved compared with original designs 

and 31% improvement from structural gating approach has been obtained. 

CPU time for optimum multi-stage control selection using a commercial 

ILP solver (IBM CPLEX) is several seconds for up to 25K variables in LP 

format.  

In addition with actual power reduction, up to 30% area reduction has 

also been obtained compared with original designs without clock gating by 

the reduction of multiplexers for controlling register banks. By replacing 

these multiplexers with clock gating logic shared by those registers, 

corresponding area of the multiplexers is eliminated.  

In our research, multi-stage clock gating circuits are generated 

automatically by Synopsys DesignCompiler based on the guard signals 

selected by our method defined in the structural Verilog. At the same time 

both setup and hold check timing are performed with a tight timing 

constraint by Synopsys PrimeTime. Clock skew is managed by introducing 

buffers in clock tree synthesis. In the experiments, no setup and hold 

timing violation as well as skew violation was observed. 
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Chapter 1 

Introduction 
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1.1 Overview of Power Reduction Methods in 

LSI Design 

Semiconductor products are composed of electronic circuit arrangements. 

With the decrease of feature sizes and increase of clock frequencies in 

integrated digital circuits, power consumption has become a major concern 

for reliability problem of semiconductor product.  

Let’s think about the rapid growth of Smartphone technologies and 

significant spread of Smartphone devices as an example. Modern 

Smartphone models also serve to combine functions of portable media 

players, GPS navigation units, high-resolution touchscreens, web browsers 

and high-speed data access, etc. At the same time the battery life after a 

full charge has become a major concern in Smartphone technology as we 

enjoy the variable applications, together with high performance and device 

weight. 
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In order to reduce the power dissipation and chip area in current LSI 

design, various architectural techniques have been introduced and 

employed [1]-[27]. Power dissipation has a dynamic component and a static 

component. Dynamic power is caused due to the switching of active devices; 

while static power is due to the leakage of inactive devices. Our work 

relates to the field of low power and low area LSI design and more 

particularly, targets the dynamic power reduction.  

In the following part, we will give an overview on power dissipation of 

CMOS LSI and methods reported in the current literature on minimizing 

power consumption in digital CMOS circuits [31]. 

A. Power Consumption in CMOS LSI 

There are two main components of power dissipation in a digital 

CMOS circuit: static power and dynamic power. Power gating and clock 

gating are two techniques for static power and dynamic power reduction, 

which have gained the largest momentum recently. In the next two 

sub-sections, we will introduce these two techniques respectively. 

Static power dissipation is the product of the total leakage current and 

the supply voltage as shown in Equation 1.1, where VDD represents the 

supply voltage and Ileakage represents the current into a device. Ileakage 

mainly consists of sub threshold leakage and reverse-bias leakage between 

diffused regions and the substrate, etc. 

                      (1.1) 

Sub threshold leakage current is the current that flows between the 

source and drain in the MOSFET when the gate-to-source voltage is below 

the threshold voltage. Sub threshold leakage current is calculated 
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according to Equation 1.2, where K is a constant factor influenced by the 

process technology, Vgs is the gate-to-source voltage, Vt is the threshold 

voltage, VT is the thermal voltage, and Vds is the drain-to-source voltage.  

                  
      

        
 

   
    (1.2) 

Reverse-bias leakage current is caused by formation of reverse bias 

between diffusion regions and wells, wells and substrate, which is 

described in Equation 1.3. is represents the reverse saturation current, q 

represents the electronic charge, Vd represents the diode voltage, k is a 

constant value calculated as 1.38 x 10-23 J/K, and T represents the 

temperature. In modern process, diode leakage is much smaller compared 

to sub threshold leakage, which might be neglected for static power 

calculation. So in the next sub-section, power gating will be introduced as a 

sub leakage current reduction technique for static power reduction. 

                   
   
      (1.3) 

Dynamic power is composed of transient power dissipation and 

capacitive load power dissipation as shown in Equation 1.4. Transient 

power Ptransient occurs when the device changes logic states from 0 to 1 or 

vice versa; while capacitive load power Pcapacitance is dissipated by charging 

the load capacitance when they are switched. In Equation 1.4, α represents 

the number of transitions per data cycle, C presents the summation of the 

load capacitance and the internal capacitance, and f represents the clock 

frequency in a synchronous system. Therefore, in order to reduce the 

dynamic power consumption of a digital CMOS circuit, efforts and trails 

have been made on supply voltage reduction, physical capacitance 

reduction as well as switching activity reduction. However, there is a 

trade-off between the power consumption and the performance of a design. 
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According to Equation 1.5, circuit delay increases and the system slows 

down when trying to reduce the supply voltage and capacitance of a design. 

                                 
 

 
α    

   (1.4) 

       
     

 
 

   

         
 (1.5) 

In this dissertation, we focus on the dynamic power reduction of CMOS 

devices by decreasing the switching activity of a circuit design using clock 

gating technique. The static power reduction is also a problem on the 

sub-100nm process. The clock gating structure can be used for power 

gating as the work might contribute to the static power reduction. 

B. Power Gating for Leakage Power Reduction 

 

Figure 1-1. Power gating. 
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Power gating is a technique that uses sleep transistors as high Vt 

devices to disconnect low Vt logic cells from the supply or ground to reduce 

the leakage in the sleep mode [24][32]-[35][41]. Power gating can be 

implemented in fine-grain approach and coarse-grain approach depending 

on the number of gates controlled by one high Vt switch transistor.  

By fine-grain power gating approach, a sleep transistor is added to 

every cell and the power of each cluster of cells is gated individually. Since 

sleep transistors are inserted to every cell, this imposes a large area 

penalty to the original design. To reduce the area impact, in recent designs, 

fine-grain power gating is implemented only when the technology allows 

multiple Vt libraries and power gates will be used on the low Vt cells.  

The coarse-grain structure is a generalization of so-called MTCMOS 

technique, where a PMOS and/or NMOS sleep transistor is inserted to the 

shared virtual power networks of CMOS gates. The sleep transistors are 

high Vt devices and are turned off when the gate is in stand-by mode. Thus 

the high Vt sleep transistors will disconnect low Vt logic cells from the 

supply and/or ground to reduce the leakage current. Key questions to 

implement such sleep/wake up signal are how to reduce the power 

consumption and the wake-up time during the sleep-active mode 

transition.  

Based on the definition of the above two implementations of power 

gating approach, fine-grain gating has maximum overhead and largest 

optimization potential; while coarse-grain gating has smaller overhead and 

smaller optimization potential. 

Power gating affects design architecture more than clock gating and 

its adoption is very challenging. Normally its application involves solving 

the following problems [24]: 
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• Sizing of power gate: the size of power gate may affect the overall 

performance of the circuit design. A small transistor requires more 

wake-up time and will slow down the circuit in active mode; while a large 

one imposes a large area penalty to the circuit. 

• Physical design of the gating circuitry: since the size of the sleep 

transistor is far larger than that of any cell in the circuit, its placement 

without excessive routing overhead becomes trivial work. 

C. Clock Gating for Dynamic Power Reduction 

 

Figure 1-2. Clock gating implementation. 

Clock gating is to stop the clock pulse to a register when necessary. 
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Usually the assignment to a register might be guarded with some condition 

as shown in Figure 1-2. So if EN is 0, we can stop the clock to registers. In 

the logic synthesis, this kind of guarding assignment is manipulated as 

follows. Enable condition defined in Figure 1-2 allows registers to receive 

either new input data DATA_IN when enable signal EN takes value 1, or 

recycled data DATA_OUT stored in the registers when EN becomes 0 

through multiplexers. For each clock cycle, the registers have to switch 

states, which dissipate power.  

Clock gating is a technique to switch off clock signals when registers do 

not need new input assignments. The clock signal is propagated to the 

registers only when EN is 1, so that power consumption related to 

switching activities can be reduced. The enable signal EN is usually 

connected to a latch before passing the AND (or OR) gate for keeping the 

pulse width of the clock. By setting the –sequential_cell latch | none option 

in the synthesis script, such latch based clock gating will be implemented 

by commercial EDA tools. 

Since clock tree consumes up to 45% of the system power, reduction of 

this portion of power can lead to a considerable power reduction of the 

whole circuit design. In addition, major EDA vendors support clock gating 

as the power optimization feature, which will automatically translate 

enable conditions described at RT-Level in HDL into clock gating logic. 

Therefore, clock gating technique is by far the most widely used technique 

for dynamic power reduction in digital CMOS circuit designs.  

However, the optimum control signal selection and the optimum 

register grouping is a tedious and design-intensive work, especially for 

large designs. Besides, since clock gating circuitry consumes chip area and 

power, it is desirable to automatically optimize the power and area 

consumption of a circuit with clock gating.  
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Related works on clock gating technique will be discussed in the next 

section. Based on the previous research, we propose an automatic clock 

gating generation method for power and area optimization. 

1.2 Related Works 

The dynamic switching of the clock network typically accounts for 

30-40% of the total power consumption of a modern LSI design and clock 

gating technique is a widely used technique to reduce this portion of power 

dissipation with a limited penalty in area and in timing as discussed in the 

previous section [36]-[40].  

Most previous approaches on clock gating [10][16] is to manually 

identify architectural components that can be deactivated derived from the 

current and the next state functions of a register. However, they need to 

manipulate huge stage space, especially when multiple registers must be 

gated simultaneously. The inserted external control circuitry introduces 

additional power and area overhead to the original design.  

[20] shows application results of the method to several ISCAS89 

combinational circuits by converting them to sequential circuits, but the 

power evaluation of the clock gating logic including switching activity is 

different from the original method and seems to underestimate from our 

experiments. 

[18] introduces several combinations of clock gating options using a 

commercial tool. However, they do not propose any optimization. 

An automatic clock gating generation and optimization technique 

using candidate extraction and control signal selection [17] has been 

proposed recently and shows power cost reduction compared to structural 
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gating approach. However, the method includes greedy heuristic during the 

process of covering since there might be a lot of overlap of control signals on 

registers. Besides, it is dedicated to single-stage optimization and by 

single-stage clock gating, the inserted clock gating logic itself consumes 

power. Therefore it is desirable to automatically minimize the number of 

inserted clock gating cells and their switching activities for power 

optimization. 

 

1.3 Motivation and Contribution of the 

Dissertation 

In this dissertation, we focus on the automatic clock gating generation 

and propose a switching activity based optimization method including 

candidate extraction out of internal signals in the original design and 

optimum control signal selection considering sharing among multiple 

registers and clock gating logic for power and area optimization. The 

proposed method can be applied to multi cascaded clock gating stages. 

Thus power optimization is obtained by reducing both the number and the 

switching activities of the clock gating logic. We also develop an automated 

multi-stage clock gating tool for real-life application. 

An evaluation method of the dynamic power consumption of a circuit is 

devised using switching activity. The same tendency with the real power 

consumption after layout has been confirmed by experiments on a set of 

counter circuits. 

A coefficient α is introduced to cope with the difference of the power of a 

register and that of a clock gating cell, which depends on technology 
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libraries and affects to the final results. 

A clock gating control candidate extraction method based on [17] is 

developed to extract candidates out of signals in the existing logic network 

and at the same time calculate the 1-probability (cost) of each candidate 

which corresponds to the probability of applying clock signal to the 

registers. By this method, we do not need any external control circuitry, 

thus this part of power and area overhead can be reduced compared with 

previous research. 

Based on the evaluation method and 1-probability of each candidate, 

we propose an optimum sharing method of gating controls to consider the 

trade-off between power savings of gated registers and power dissipation 

by clock gating logic for more power reduction. The optimum sharing 

method can be formalized as to minimize the power cost (dynamic power 

consumption of a circuit) of a design under two constraints: i). A register 

can have only one clock gating control signal or no control signal; ii). If a 

control signal is shared among several registers, only one clock gating cell 

is needed. 

Methods based on BDD to implement our single-stage optimization 

algorithm are devised. A mechanism to cope with the probability of input 

variables is introduced in our BDD package and a function to compute the 

minimum cost path in BDD and to print out the path information based on 

the input probability is also added in our BDD package. 

By applying our single-stage optimization method to counter circuits 

and a set of ISCAS89 and Opencore benchmark circuits, 19.1% ~ 71.9% 

power reduction has been found on counter circuits after layout and 2.3% ~ 

18.0% cost reduction on benchmark circuits. Improvement compared with 

[17] on Opencore benchmark circuit (oc_ssram) has been achieved based on 
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VDEC Rohm 0.18μm technology library. 

As for the second objective, to reduce the switching activity of clock 

gating logic, we propose an automatic multi-stage clock gating algorithm 

with ILP formulation, including clock gating control candidate combination 

extraction, constraints construction for cascaded clock gating stage 

selection and optimum control signal selection. By multi-stage clock gating, 

unnecessary clock pulses to clock gating cells can be avoided by other clock 

gating cells, so that the switching activity of clock gating cells can be 

reduced. We find that any multi-stage control signals are also single-stage 

control signals, and any combination of signals can be selected from 

single-stage candidates. The proposed method can be applied to 3 or more 

cascaded stages. 

An automated clock gating tool is also developed to automatically add 

enable conditions at cascaded stages into the structural Verilog and to 

determine the optimum minimum_bitwidth value, which will be translated 

into multi-stage clock gating logic by commercial EDA tools following the 

standard synthesis and layout procedures for real-life application. 

By post-layout power estimation on a set of benchmark circuits and a 

Low Density Parity Check (LDPC) Decoder (6.6k gates, 212 F.F.s) using 

Synopsys NanoSim after applying our multi-stage optimization method, we 

have obtained On average, 31% actual power reduction compared with 

original designs with structural clock gating, and more than 10% 

improvement for some circuits compared with single-stage optimization 

method. CPU time for optimum multi-stage control selection is several 

seconds for up to 25k variables in LP format.  

Without clock gating, synthesis tools in general implement register 

banks by using a multiplexer when the new value assignment is guarded 
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by some conditions in HDL. By replacing these multiplexers with clock 

gating logic shared by those registers, corresponding area of the 

multiplexers can be eliminated. In the experiments up to 30% area 

reduction has been obtained compared with original designs without clock 

gating. 

In our research, multi-stage clock gating circuits are generated 

automatically by Synopsys DesignCompiler based on the guard signals 

selected by our method defined in the structural Verilog. At the same time 

both setup and hold check timing are performed with a tight timing 

constraint by Synopsys PrimeTime. Clock skew is managed by introducing 

buffers in clock tree synthesis. In the experiments, no setup and hold 

timing violation as well as skew violation was observed. 

 

1.4 Organization of the Dissertation 

This dissertation contains 5 chapters organized as follows: 

Chapter 1 [Introduction] summarizes power reduction methods in 

current LSI design, the background and the related works on clock gating 

technique. Based on the previous research, we show the basic idea of the 

proposed clock gating optimization method for power and area reduction, 

which can be applied for single and multi cascaded clock gating stages. The 

organization of the dissertation is also described in this chapter. 

Chapter 2 [Preliminaries] gives a detailed introduction on clock gating 

technique, such as latch-free and latch-based clock gating, enhanced clock 

gating, multi-stage clock gating and hierarchical clock gating. Binary 

Decision Diagram (BDD) is also introduced for logic function manipulation, 
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which is the basis of the proposed methods to check the satisfaction of clock 

gating condition and to compute 1-probability (switching activity of gated 

registers) of each clock gating control candidate for minimum cost 

computation. 

Chapter 3 [Switching Activity Based Single-Stage Clock Gating] 

discusses our switching activity based single-stage optimization algorithm 

using BDD. In order to deal with the trade-off between power savings of 

gated registers and power penalty of synthesized clock gating logic, we 

newly formalize the control signal selection phase considering sharing of a 

clock gating control among multiple registers to minimize the number of 

inserted clock gating cells. A coefficient α is introduced to measure the cost 

of a clock gating cell depending on technology libraries. α is the ratio of the 

power consumption of a clock gating cell with respect to that of a flip-flop, 

measured as 0.6~0.8. We devise a switching activity based evaluation 

method of dynamic power consumption and in the experiments using a 

commercial tool, we confirm that our evaluation method has the same 

tendency with the actual power consumption after layout. We develop 

methods based on BDD by adding a mechanism to compute the minimum 

cost path in BDD which corresponds to the optimum power reduction of a 

circuit and to show the path information for clock gating control signal 

insertion with input probability. Control candidate pruning is also 

introduced to effectively speed up the method. 

Chapter 4 [Automatic Optimization of Multi-Stage Clock Gating Logic] 

shows Integer Linear Programming (ILP) formulation based automatic 

multi-stage clock gating optimization method. 

In single-stage clock gating, clock gating cell itself consumes power 

related to α (0.6~0.8 vs. F.F.). By cascaded multi-stage clock gating, 

unnecessary clock pulses to clock gating cells can be avoided by other clock 
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gating cells at cascaded stages, so that the switching activity of clock 

gating cells can be reduced. Commercial tools can insert multi-stage clock 

gating, but that just depends on the described guard signal structure. So 

we enhance the single-stage method and propose an automatic multi-stage 

clock gating method. 

In this chapter, an automatic multi-stage clock gating optimization 

method using ILP formulation has been proposed and discussed. The 

method includes clock gating control candidate combination extraction, 

constraints construction in LP format and optimum control signal selection 

at cascaded clock gating stages considering the sharing of a clock gating 

control among multiple registers and clock gating cells. We find that any 

multi-stage control signal is also a single-stage control signal, and that any 

combination of signals can be selected from single-stage candidates. We 

also develop an automated clock gating tool to automatically add guard 

conditions at cascaded stages into the structural Verilog and to determine 

the optimum minimum_bitwidth value, which will be translated into 

multi-stage clock gating logic by commercial EDA tools following the 

standard synthesis and layout procedures for real-life applications. 

Finally, Chapter 5 [Conclusion] summaries the proposals and draws 

conclusion of this dissertation. Future work related to system level 

application of multi-stage clock gating in accordance with the newest 

semiconductor process technology has also been discussed. 
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2.1 Clock Gating Technique 

Advances in process technologies have enabled dense integration and 

higher operational frequencies in present VLSI designs, which, however, 

increase the power dissipation in the chip. Reduction of power consumption 

becomes one of important themes in VLSI design. The dynamic switching 

of the clock network typically accounts for 30-40% of the total power 

dissipation of a modern VLSI design. Among the methods for reducing 

dynamic power consumption in sequential circuits [1][2][3], clock gating 

technique is one of the most efficient and widely used techniques with a 

limited penalty in area and timing [24]. In clock gating, the clock signal is 

selectively switched off by the control signal for registers in the design 

when they do not need to change their state values. Thus the switching 

activity of the registers could be reduced so as to save the power 

consumption of the registers and the whole circuit. 

Without clock gating, commercial EDA tools in general implement a 
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register by using a feedback loop and a multiplexer as shown in Figure 2-1 

based on the guarded register assignment with some conditions like a 

specific state, a specific data value etc. The following is an example of such 

guarded register assignment: "always @(posedge clock) if (EN) 

DATA_OUT_A <= DATA_IN_A;". In this case, register reg_A should reload 

the same value when EN is at the logic value 0. Only when EN is at the 

logic value 1, new DATA_IN_A value is allowed to load at the input of reg_A 

by the multiplexer. 

 

Figure 2-1. Register without clock gating. 

 

Figure 2-2. Register with clock gating. 

Therefore, when the same value is reloaded in reg_A through multiple 

clock cycles (when EN equals 0), unnecessary power is consumed by reg_A. 

Besides, the multiplexer also consumes extra power and area, especially 

when multiple registers (for bundled data) are implemented by commercial 

EDA tools using multiplexers for each register. When a register maintains 
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the same state value through multiple clock cycles, such power dissipation 

associated with reloading the register can be avoided by applying clock 

gating technique to switch off the clock signal in these cases. Figure 2-2 

shows the circuit applying clock gating. CG is a clock gating cell which only 

output clock pulses when EN is 1. 

 

 

Figure 2-3. Latch-free clock gating using an AND gate. 

There are two common implementations of clock gating for positive 

edge-triggered registers: one is latch free clock gating style and the other is 

latch based clock gating style. For the latch-free clock gating style, as 

shown in Figure 2-3, clock signals to the registers are gated by a simple 

AND or OR gate (depending on the edge on which flip-flops are triggered).  

In case of AND clock gating for example, the EN signal must be stable 

during the rising edge of the clock. Otherwise glitches on the EN signal can 

corrupt the clock signal to the register as shown in Figure 2-3. Note that if 

EN changes only when clock is low, then such situation does not happen. In 

reality, OR gate is used for latch free clock gating for positive 

edge-triggered registers, where EN is negated. If the computation of EN 
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finishes during the rising edge of clock, then the correct behavior is kept 

without glitches. Note that the combinational delay of EN should be less 

than half clock cycle.  

 

Figure 2-4. Latch-based clock gating style. 

Latch-based clock gating style consisting of a latch and an AND gate 

can also avoid glitches as shown in Figure 2-4. The EN signal is propagated 

to the input of the AND gate at the falling edge of the clock signal and then 

the level-sensitive latch can hold the enable signal when clock is high. 

Different from the OR clock gating, in the latch-based clock gating, the 

combinational part of EN can use the full clock cycle.  

In our research latch-based clock gating is adopted for power 

optimization since EN can be extracted from anywhere in the circuit 

Table 2-1 shows the gate functionality for positive- and negative-edge 

triggered logic. OR or NOR gate is used for latch-free clock gating; and 

AND or NAND gate is used in latch-based clock gating. 

Table 2-1. Gate functionality for positive- and negative-edge triggered logic. 

clock-gating style positive-edge clock negative-edge clock 

latch-free OR Functionality NOR Functionality 

latch-based AND Functionality NAND Functionality 
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A register r should acquire a new value DATA_IN only when the value 

is not the same as the current state value DATA_OUT, so the maximum 

possibility to stop the clock can be obtained by taking EXOR of DATA_IN 

and DATA_OUT as shown in Figure 2-5. If the EXOR is 0, clock signal 

could be gated without violating the functional correctness of the circuit 

and unnecessary switching activity of r could be eliminated so as to reduce 

the dynamic power consumption caused by the reloading of r. Note that the 

maximum delay of the combinational part becomes large by adding extra 

EXOR gate and it is hard to apply for high speed circuits.  

 

Figure 2-5. EXOR based clock gating. 

In order to implement clock gating using DesignCompiler (a kind of 

commercial EDA tool), the set_clock_gating_style command should be used 

in a basic synthesis script to select clock gating options and to set clock 

gating conditions. Thus DesignCompiler will insert clock gating cells to 

registers that have the enable functionality as described in the RT-Level 

design. The set_clock_gating_style command has many options, by setting 

-sequential_cell latch | none to select latch-based or latch-free clock gating 

style and by setting minimum_bitwidth to set a minimum bit-width for 

registers to insert clock gating logic. If the number of registers controlled 

by one signal is less than the minimum_bitwidth value, then clock gating 

logic will not be generated. By default, the minimum_bitwidth option is set 

to 3. 
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The reason why minimum_bitwidth option exists is that it is not power 

efficient to insert one clock gating for each register due to the power 

consumption of clock gating logic. So the sharing of the clock gating circuit 

is very important. In this dissertation, we propose an optimization 

algorithm considering the cost of gating control circuits by which the 

circuit with optimum controls could be obtained in order to achieve the 

maximum power reduction of the circuit. 

 

Figure 2-6. Enhanced clock gating. 

Besides the single-stage clock gating, complex clock gating can be 

applied when multiple registers share hierarchical control signals at the 

same level. Figure 2-6 shows an example, where reg_A, reg_B and reg_C 

are 2-bit registers and they are guarded by EN&EN_A, EN&EN_B and 

EN&EN_C, respectively. If the minimum_bitwidth option value is 3, then 

regular single-stage clock gating cannot be generated. However, EN 

controls 6 registers and a clock gating cell for EN is generated. EN_A, 

EN_B and EN_C are managed by MUXs. This is called the enhanced clock 
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gating, and Synopsys tool can cope with this type of clock gating. But the 

control signal selection is up to designers.  

Scripts for 
Gate-Level 
Synthesis 

/* set clock gating */ 
set_clock_gating_style -sequential_cell latch -minimum_bitwidth 3 

-num_stages 2 
-positive_edge_logic{and} -negative_edge_logic{or} 
insert_clock_gating 
 
propagate_constraints -gate_clock 
compile 

Design 
Description 

always @(posedge clock or negedge reset) 
  begin 
   …  
    if (EN & EN_A)  

DATA_OUT_A <= DATA_IN_A; 
if (EN & EN_B)  

DATA_OUT_B <= DATA_IN_B; 
    if (EN & EN_C)  

DATA_OUT_C <= DATA_IN_C; 
  end 

Figure 2-7. Modifications to implement clock gating. 

Similar to the enhanced clock gating, multi-stage clock gating style 

exists, where the clock gating is cascaded. The structure is shown in Figure 

2-8. With the same clock-gating opportunities defined in HDL as shown in 

Figure 2-7, but the number of registers in reg_A, reg_B and reg_C is 3, then 

clock gating might be generated with EN_A, EN_B and EN_C.  

By implementing the multi-stage clock gating, the clock signal of the 

first stage clock gating (CG Stage 1) is gated by the second stage clock 

gating (CG Stage 2) as shown in Figure 2-8. We count the stage number of 

clock gating logic from the flip-flops to the primary input of clock signal 

[18]. Note that the gated clock signal should arrive at CG Stage 1 earlier 

than the enable signals EN_A, EN_B and EN_C to maintain the functional 

correctness of the circuit. That is if EN_A, EN_B and EN_C depend on the 

outputs of other flip-flops in the circuit, the minimum delay of enable 

signals EN_A, EN_B and EN_C should be larger than the gated clock 
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signal delays from the output of CG Stage 2 to the clock ports of CG Stage 1. 

Note that by multi-stage clock gating, the power consumption of clock 

gating logic at stage 1 can be reduced since clock pulse is only applied when 

EN is 1. Also note that the control signal is up to designers like the 

enhanced style. 

 

Figure 2-8. Multi-stage clock gating. 

In this dissertation, we propose an automatic multi-stage clock gating 

algorithm to reduce both the number of inserted clock gating cells and the 

switching activity of clock gating logic, considering sharing of a clock 

gating control by multiple registers and clock gating cells. 

 

2.2 Binary Decision Diagram (BDD) 

A Binary Decision Diagram (BDD) [21][22] is a directed acyclic graph 

to represent a Boolean function. A BDD has two leaves corresponding to 0 

and 1. Other nodes are labeled with a variable and two edges 
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corresponding to 0 value and 1 value of the variable. A BDD is shown for a 

Boolean function f(x1, x2, x3, x4) = x1x2 + x3x4 in Table 2-2.  

Table 2-2. Truth table for Boolean function f(x1, x2, x3, x4) = x1x2 + x3x4. 

 

 

 

 

 

 

 

 

 

 

 

 

A binary decision tree for function f is shown in Figure 2-9, where a 

node has two edges and leaf has no edge. The dashed line denotes the 

variable in the node takes value 0, and the solid line denotes the variable 

takes value 1. By arranging variable nodes as shown in Figure 2-9, a truth 

table can be represented. Leaves of the tree take the function value of the 

truth table from left to right. The left-most leaf corresponds to (x1, x2, x3, x4) 

= (0, 0, 0, 0), and the next corresponds to (x1, x2, x3, x4) = (0, 0, 0, 1), and so 

on. 

x1 x2 x3 x4 f = x1x2 + x3x4 

0 0 0 0 0 

0 0 0 1 0 

0 0 1 0 0 

0 0 1 1 1 

0 1 0 0 0 

0 1 0 1 0 

0 1 1 0 0 

0 1 1 1 1 

1 0 0 0 0 

1 0 0 1 0 

1 0 1 0 0 

1 0 1 1 1 

1 1 0 0 1 

1 1 0 1 1 

1 1 1 0 1 

1 1 1 1 1 
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Figure 2-9. Binary Decision Tree for Boolean function f(x1, x2, x3, x4) = x1x2 + 

x3x4. 

 

Figure 2-10. Binary Decision Tree with good variable ordering. 

A BDD is called ordered BDD if variables appear in the same order on 

all paths from the root. A BDD is said to be reduced BDD if the reduction 
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rules have been applied. The isomorphic subgraphs of a BDD, which 

corresponds to the same Boolean function, can be merged to one subgraph. 

The term BDD usually refers to the reduced ordered BDD (ROBDD) in the 

literature. 

BDD describes the truth table as shown in the above example. The size 

of BDD depends on both the Boolean function it describes and the ordering 

of the Boolean variables. We still use the Boolean function f(x1, x2, x3, x4) = 

x1x2 + x3x4 as an example. Using the variable ordering x1 < x3 < x2 < x4, the 

BDD needs 8 (22+1) nodes to represent the function; while using the 

ordering x1 < x2 < x3 < x4, the BDD needs only 4 (2 * 2) nodes to represent 

the function. “<” represents the upper node in Binary Decision Tree. As the 

number of variables increases, the number of BDD nodes will increase 

exponentially in the worst case. Therefore, it is of crucial importance to 

care about variable ordering when constructing a BDD. ROBDD with good 

variable ordering of function f(x1, x2, x3, x4) = x1x2 + x3x4 is shown in Figure 

2-10. 

In this dissertation, we devise methods based on BDD to check the 

satisfaction of the clock gating control to extract clock gating control 

candidate out of internal gate outputs in a circuit. 1-probability 

corresponding to the switching activity of the gated register when the clock 

signal propagated to this register is gated by the clock gating control 

candidate is computed at the same time for minimum cost computation. We 

then construct BDD’s of logic functions of our optimization algorithm. We 

modified the BDD package by adding a mechanism to cope with the 

probability of input variables and a function to compute the minimum cost 

and to print out the path information based on the input probability.  

A problem of BDD is that when the circuit size of an LSI design 

increases, the logic function becomes complex, which may cause BDD node 
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explosion. In our research, we implement clock gating candidate pruning to 

reduce the number of BDD nodes so as to deal with the scalability issue 

and to speed up our BDD package for minimum cost computation. 
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3.1 Introduction 

Reduction of power consumption becomes one of important themes in 

present VLSI design. Among the methods for reducing dynamic power 

consumption in sequential circuits, clock gating technique [1]-[6] is one of 

the most efficient and widely used techniques due to its significant power 

reduction with a limited penalty in area and timing [24][37]. Commercial 

tools support clock gating as a power optimization feature based on the 

guard signal for each register (structural method). Its implementation is 

straightforward. Since there exists the trade-off between the power 

reduction of the gated registers and the power consumption of the inserted 

clock gating cells, power consumption after applying the structural method 

might increase conversely due to the power penalty of inserted clock gating 

logic. So the clock gating control for registers should be carefully selected, 

and the number of inserted clock gating cells should be reduced by sharing 

at the same time. 
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In previous research the most common approach on clock gating 

generation [10][16] is to identify architectural components that can be 

deactivated based on the current state and the next state function. Their 

methods need to manipulate huge state space. Another method is to use 

the EXOR of the current and next values of a register as the clock gating 

control to the register. This gains the necessary and sufficient condition by 

inserting one clock gating cell for each register. However, this introduces 

extra delay and also extra power. A shared signal can be generated by 

taking OR of those EXOR for several registers, but the delay problem 

cannot be solved, and the stopping cases are reduced. An automatic 

technique has been proposed recently [17] using candidate extraction and 

control signal selection. The method shows reduction compared to the 

structural gating approach, however the method includes non-optimum 

greedy heuristic during the process of covering registers by control signals 

and we might be able to improve the power reduction. [20] shows 

application results of the method to several ISCAS89 combinational 

circuits by converting them to sequential circuits, but the power evaluation 

of clock gating logic including switching activity is different from the 

original method and seems to underestimate from our experiments. 

In this chapter, we newly formalize the control signal selection process 

in the automatic clock gating logic generation based on [17] and propose an 

optimization algorithm using BDD. Due to the trade-off between the power 

reduction of the register and the power consumption of the inserted clock 

gating element, we should carefully select a clock gating cell for each 

register with sharing. A coefficient α is introduced to cope with the ratio of 

the power of a register and that of a clock gating cell, which depends on 

technology libraries and affects to the final results. We devise an 

evaluation method of dynamic power using switching activity and α, and 

propose a new automatic clock gating logic generation method. In the 
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experiments on synthesized circuits using Synopsys NanoSim, we confirm 

that our evaluation method has the same tendency with the actual power 

consumption after layout.  

The method has two steps: (1) clock gating control signal candidate 

extraction and (2) clock gating control signal selection. For both steps, we 

devise methods based on BDD. In the selection phase, we modified our 

BDD package by adding a mechanism to cope with the 1-probability of 

input variables and a function to compute the minimum cost and print out 

the path information based on the input probability. On a control signal, 

the 1-probability represents the probability applying clock, and can be used 

as the power cost. 

With the proposed method, total power cost is minimized considering 

the sharing of a control signal by several registers. Besides, control signal 

candidate pruning is implemented which effectively speeds up the BDD 

package concerning BDD construction and cost computation. The method 

is applied to counter circuits to check the relation between the cost 

evaluations and the power simulation results. The method is also applied 

to ISCAS89 and opencore benchmark circuits. 

The rest of this chapter is organized as follows: Section 3.2 presents 

the optimization algorithm. Section 3.3 describes BDD based method. 

Section 3.4 shows the implementation of the optimization algorithm. The 

experimental results and conclusions are shown in Section 3.5 and Section 

3.6. 

 

3.2 Optimum Clock Gating Algorithm 
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3.2.1 Automatic Clock Gating Candidate Extraction 

 

Figure 3-1. Candidates extraction [17]. 

In this section, we present the clock gating control signal candidate 

extraction method based on paper [17]. Let r be the current state value and 

FNS(r) be the next state function of a register r as shown in Figure 3-1. 

When the current state value r and the next state value FNS(r) of the 

register are the same, we can switch off the clock signal. In this chapter, we 

use lowercase r for both register r and its current state value. To maintain 

the functional correctness of the circuit, the gating condition ENCG as the 

EXOR of r and FNS(r) described in Equation 3.1 shall be satisfied if an 

internal gate output can be extracted as a clock gating control candidate. If 

ENCG is 1, the clock signal should be applied.  

ENCG = FNS(r) ⊕ r (3.1) 

The clock gating control signal candidates are extracted using ENCG 

as shown in Figure 3-1. In the figure, the satisfaction of the logic AND of 

ENCG and an internal signal gi in a circuit  gi   ENCG   0 is checked, 

where gi is a gate output of combinational logic in the circuit, “¬” 

represents logical NOT and “ ” represents logical AND. In other words, 

this condition corresponds to ENCG →gi. That means if ENCG is 1 then gi 

is 1. In this case, gi can be used as a clock gating control signal. We can 
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check that by using SAT procedure or BDD. Note that the on-set of gi 

includes the on-set of ENCG. We can use ENCG as the clock gating control, 

but it is not effective because of the extra power and delay by EXOR. 

If gi is selected as a single-stage clock gating control, the real circuit 

with single-stage clock gating controlled by gi is shown in Figure 3-2. There 

are no EXOR gate and AND gate in the real circuit. They are only used for 

candidate extraction. 

 

Figure 3-2. Real circuit with single-stage clock gating controlled by gi. 

For each candidate gi, we compute the 1-probability Pi for power 

optimization analysis. 1-probability Pi corresponds to the probability of 

applying clock signal to the registers. Details of 1-probability computation 

are explained in the next section.  

By the automatic clock gating control extraction method, we obtain a 

single-stage clock gating control signal candidate set with 1-probability of 

each candidate for all registers in the circuit. Note that candidate sets of 

some registers can be the empty set and some candidate might be included 

in the several candidate sets of different registers. 

In [17], a method is shown to select the clock gating control candidates 

based on covering problem. However, this method may cause overlapping 
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problem when there are some AND gates of the original control candidates 

and some other signals. To avoid such overlapping problem, in the next two 

sections we propose a new selection method useful when the same signal 

might be candidates on many registers. 

3.2.2 Switching Activity Analysis 

By inserting clock gating logic, the power consumption of gated 

registers can be reduced with additional power dissipation of a latch and 

an AND gate (a latch-based clock gating cell). Due to this additional power 

dissipation, the insertion of a clock gating cell for each register is not 

effective for power reduction. In our research, we devise an evaluation 

method of dynamic power consumption using switching activity analysis to 

deal with the trade-off between power reduction of gated registers and 

power penalty by inserted clock gating logic. The main objective of this 

power module is on one hand to maximize the power savings of gated 

registers and on the other hand to minimize the number of clock gating 

cells considering sharing among multiple registers for less power penalty. 

Without clock gating, clock signal is propagated to the registers at each 

clock cycle. In this case, registers have to switch their states regardless of 

new input assignment. This reloading activity of registers consumes power. 

We assume that the switching activity of an original register with clock 

propagation at each clock cycle is 1.0. Thus the total switching activity of 

registers without clock gating is defined as 1.0 * #F.F., where #F.F. means 

the number of registers. 

If the clock propagation to a register is controlled by a signal gi, the 

clock signal is switched off when gi is 0. The register switches its state only 

when gi becomes 1 and power is consumed only in the case instead of each 
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clock cycle. Therefore the switching activity of a gated register controlled 

by gi is reduced to Pi, which is the 1-probability of signal gi from 1.0. 

1-probability Pi of signal gi corresponds to the probability of applying clock 

signal to the registers and can be used as the power cost of the register. The 

probability is calculated as the number of 1’s in the truth table of gi divided 

by the number of all input patterns. BDD describes the truth table so we 

can compute the 1-probability by a recursive procedure using BDD.  

In Figure 3-3, we show an example on 1-probability computation using 

BDD, where 1-probability is computed from leaves to the root. The 

1-probability of a node is the addition of the 1-probability of the node 

pointed by 0-edge and that of the node pointed by 1-edge multiplying the 

value appearance probability. We assume that each variable takes 0 and 1 

evenly (with the probability 0.5 (1/2)) in this example. So for a node 

labelled “c”, the 1-probability is 0.5 * 0 + 0.5 * 1.0. We can associate 

1-probability for each variable if the variable has the inequality of value 

appearance. 

 

Figure 3-3. 1-probability computation using BDD. 
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When the register is clock gated, we need to insert a clock gating cell 

with a latch and an AND gate, which consumes additional power. The 

switching activity of a clock gating cell shows the power consumption of it 

compared with that of a usual flip-flop. Thus the switching activity of a 

clock gating cell depends on the technology library, which affects the total 

evaluation result. In our research, we use coefficient α to denote the ratio of 

the power of a clock gating cell w.r.t. that of a flip-flop. The value of α 

depends on different technology libraries, which ranges from 0.6 to 0.8. 

Note that the ratio can be used as the power cost of the clock gating cell. 

For registers with clock gating, the total switching activity of the gated 

registers and their corresponding clock gating cells becomes 

∑((1-probability of the control signal) * (#gated F.F.s)) + ∑α * (#clock gating 

cells), which reflects the trade-off between power reduction of gated 

registers and power penalty of clock gating cells. 

Based on this switching activity analysis, we newly formalize the clock 

gating control selection phase for dynamic power optimization of LSI 

design in the next section. 

3.2.3 Optimum Clock Gating Control Selection 

By arranging registers and their candidate sets, we can obtain a 

2-dimensional table as shown in Table 3-1. Each line corresponds to a 

register and each column corresponds to a control signal candidate. The 

cross point of a row and a column shows the relation between a register 

and a control candidate. 

At line i and column j, we put a variable xij, taking a value of 0 or 1. xij 

= 1 denotes that the register ri accepts control candidate Cj as a clock 

gating control. Note that the value of some xij can be set to 0 at the 
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candidate extraction step. 

Table 3-1. Relation between registers and control candidates. 

 

For each line i, we put a variable zi and zi=1 shows the case when the 

register ri has no clock gating. Since each register can have only one clock 

gating control signal or no control signal, the summation of xij (0 ≤ j ≤ m) 

and zi should be 1. We represent this constraint by Equation 3.2. 

           (3.2) 

For each column j, variable yj is added to note where there needs a 

clock gating circuit of Cj. When Cj is shared among several registers, only 

one clock gating cell is needed. For each column, the summation of xij (0 ≤ i 

≤ n) decides the value of yj. The column constraint for control candidate Cj 

is defined in Equation 3.3. Variables xij, zi and yj are all binary variables. 

If       > 0, then yj = 1 (3.3) 

In Table 3-1, Pj denotes the 1-probability of each candidate Cj. If xij is 1, 

register ri is controlled by Cj, then the register ri’s switching activity can be 

control 

register  

C0 

P0 

C1 

P1 

… 

… 

Cj 

Pj 

… 

… 

Cm 
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r0 
x00  

0/1  

x01  

0/1  
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x0j  

0/1  
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0/1  
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0/1  
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x1j  

0/1  
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0/1  
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…
 

…
 

…
 

…
 

…
 

…
 

…
 

…
 

ri 
xi0  

0/1 

xi1  

0/1 
… 

xij 

0/1 
… 

xim  

0/1 
zi 

…
 

…
 

…
 

…
 

…
 

…
 

…
 

…
 

rn 
xn0  

0/1  

xn1  

0/1  
… 

xnj  

0/1 
… 

xnm  

0/1  
zn  

 y0 y1 … yj … ym  
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Pj. If zi is 1, then there is no clock gating control for ri, and the switching 

activity of ri is 1.0. When xij=1, we need a clock gating circuit for Cj and the 

switching activity of the clock gating circuit is measured with the 

coefficient α. By preliminary evaluation using power simulation by 

Synopsys NanoSim, α is measured as 0.8 on VDEC Rohm 0.18µm library. 

We would like to minimize the cost as shown in Equation 3.4.  

       α                      (3.4) 

The optimization method can be formalized as follows. The objective of 

the optimization method is to minimize the cost presented by Equation 3.4, 

under the condition defined by Equation 3.2 and Equation 3.3.  

Minimize                          

 

Under                

           If       > 0, then yj = 1 

           xij, yj, zi ∈{0,1} 

 

3.3 BDD Based Methodology 

We devise a method based on BDD to implement our single-stage 

optimization algorithm.  

For a circuit of n registers with m potential candidates of gating 

control signal, the number of variable x would be m*n.  

The flow of the BDD based method is as follows: (1) Extract clock 

gating control signal candidates and compute their corresponding 
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1-probability based on BDD. (2) Construct BDD’s of logic functions for 

constraints. Note that each constraint can be represented by logic formulae, 

and we can apply the logic operations in the formulae on BDD’s [22]. (3) 

Evaluate the cost on BDD satisfying the constraints using the extracted 

probabilities of the candidates.  

In the following part we focus on the step (2) and (3) for control signal 

selection. 

3.3.1 Logic Functions for Constraints on BDD 

To perform optimum control signal selection on BDD, the two 

constraints Equation 3.2 and Equation 3.3 should be rewritten to logic 

functions for which BDD can be constructed. 

Logic functions of Equation 3.2 are described as: 

Flc_i(x,z) = xi0’xi1’…xij’…xim’zi + xi0xi1’…xij’…xim’zi’ + … +  

xi0’xi1’…xij…xim’zi’ + … + xi0’xi1’…xij’…ximzi’ (3.5) 

Flc(x,z) = Flc_0(x,z)Flc_1(x,z)… Flc_i(x,z)…Flc_n(x,z) (3.6) 

where Flc_i(x,z) is the logic function for constraint of each line in Table 3-1, 

and Flc(x,z) is the logic function for constraints of all lines with variables 

x=(x00, x01, …, x0m, x10, x11, …, x1m, …, xn0, xn1, …, xnm) and variables z=(z0, 

z1, …, zn) in Table 3-1. The symbol “ ’ ” denotes logical NOT. 

The constraint formula by Equation 3.3 is described as: 

Fcc_j(x,y) = x0j’x1j’…xij’…xnj’yj’ + x0jyj + x1jyj + … + xijyj + … + xnjyj (3.7) 

Fcc(x,y) = Fcc_0(x,y)Fcc_1(x,y)… Fcc_j(x,y)…Fcc_m(x,y) (3.8) 
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where Fcc_j(x,y) is the logic function for constraint of each column in Table 

3-1, and Fcc(x,y) is the logic function for constraints of all columns with 

variables x and variables y=(y0, y1, …, ym) in Table 3-1. An example of the 

formulae is shown in Section 3.4. 

After BDD construction of logic functions for constraints, we then 

compute the minimum cost with the optimum sharing of control signals. 

3.3.2 Algorithm Formulation and BDD Manipulation 

After constructing a BDD of the AND of the two constraints, the 

minimum cost can be computed on BDD. For the optimization, our BDD 

package is modified by adding a mechanism to manipulate 1-probability of 

input variables and two internal functions to compute the minimum cost of 

true path and to print out the path information respectively in accordance 

with Equation 3.4. The cost of a path is defined as the sum of true variables 

on the path. 

Figure 3-4 shows a pseudo-code of the recursive function 

“cost_calculation”. In the function (bddptr == TRUE) represents the 1-leaf, 

while (bddptr == FALSE) represents the 0-leaf in BDD. The minimum cost 

of a true path is computed from leafs to the root. The cost of 0-leaf is 0, and 

that of 1-leaf is ∞. Since our BDD package uses the negative edge, where 

the logic value is negative, we compute the cost of true path to 1-leaf and 

false path to 0-leaf. If we path the negative edge, the costs are exchanged. 

In the cost_calculation function, for each given node in BDD pointed by 

bddptr, we define variable cost to store the minimum cost of paths going to 

1-leaf and variable direction for the direction information. In order to 

obtain the minimum cost for each given node, the cost of the node 

connected with 0-edge (cost_low) and that with 1-edge (cost_high) are 
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computed on BDD. If the true path follows the 1-edge, the cost 

corresponding to the variable (var_prob) should be added, where var-prob 

denotes the probability (showing switching activity) related to the variable 

of the node. Probability Pj is associated to variable xij, which corresponds to 

the power cost of register ri, when ri is clock gated by control signal Cj. And 

probability α is associated to variable yj, which corresponds to the power 

cost of clock gating logic. Note that the probability represents the 

normalized cost where a register with no clock gating has the cost 1.0.  

 

Figure 3-4. Function for minimum cost calculation. 

During the cost calculation, both the cost to 0-leaf and that to 1-leaf 

should be computed since there are negative edges as shown in Figure 3-5. 

We use the computed cost for the repeated traversal to the same node. 

These mechanisms are implemented in one function. Let 1-cost be the cost 

double cost_calculation(BDD *bddptr){ 

if ( bddptr == TRUE ) then return ( 0 ); 

if ( bddptr == FALSE ) then return ( ∞ ); 

 

if ( bddptr → cost is defined ) then return ( bddptr → cost ); 

 

cost_low = cost_calculation(bddptr → low); 

cost_high = cost_calculation(bddptr → high) + var_prob(bddptr → variable); 

 

if ( cost_low < cost_high ) {  

  bddptr → direction = 0; 

bddptr → cost = cost_low; } 

else { 

bddptr → direction = 1; 

bddptr → cost = cost_high; } 

 

return ( bddptr → cost ); 

} 
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to 1-leaf and 0-cost be the one to 0-leaf. 1-cost of node 2 is 1.0, since 1-edge 

is used to 1-node. 0-cost of node 2 is 0, since node 2 uses 0-path to go to 

0-leaf. For node 3, if 0-edge is used, then the 1-cost becomes 1.0. On the 

other hand, if 1-edge is used, then the cost is 0.5 + 0. 0 is the 0-cost of node 

2. The direction of node 2 is “1” denoting 1-edge. 0-cost of node 3 is min{1.0, 

0.5+0}, and the direction of node 3 is 0. 

 

Figure 3-5. BDD structure for minimum cost calculation. 

 

 

 

 

 

 

 

 

Figure 3-6. Function to print path information with minimum cost. 

int min_path(BDD *bddptr){ 

  if ( bddptr == TRUE) || bddptr == FALSE ) then return; 

    

  if ( bddptr → direction == 0){ 

    print ( bddptr → variable, low ); 

    min_path(bddptr → low); } 

  else { 

    print ( bddptr → variable, high ); 

    min_path(bddptr → high); } 

} 
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We add another function “min_path” as shown in Figure 3-6, where we 

print out the path (variables and its value) with minimum cost to show the 

optimal selection of controls with maximum power savings. 

 

3.4 Switching Activity Based Power Estimation 

and Candidate Pruning 

The proposed single-stage optimization algorithm is implemented in 

BDD, applied to binary counter circuits and tested with power simulation 

after layout and RC extraction using Synopsys NanoSim.  

In this section, we take the 4-bit binary counter circuit as an example 

to explain the special features of counters and how to apply the 

optimization algorithm and the BDD-based method for cost evaluation. 

A. Clock Gating Control Candidate Extraction 

The first step consists of extracting a set of clock gating control signal 

candidates for each register, which satisfies the clock gating condition 

defined in Equation 3.1. In Table 3-2, registers and all clock gating control 

signal candidates have been listed. Let (r3, r2, r1, r0) be registers (and the 

outputs of the registers) of a 4-bit binary counter, where r3 is the MSB 

(Most Significant Bit) and r0 is the LSB (Least Significant Bit). (r3, r2, r1, r0) 

takes the value of (0,0,0,0), (0,0,0,1), (0,0,1,0), (0,0,1,1), (0,1,0,0) and so on 

repeatedly. For a register r0, we have no clock gating control signal 

candidate. For a register r1, we have the clock gating control signal 

candidate C0 = r0. For a register r2, we have the clock gating control signal 
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candidate C0 and C1 = r0 r1. Note that when C1 is 1, then C0 is 1. In the 

counter case, the gating control signal Ci is defined as the conjunction of up 

to i registers as shown in Equation 3.9, where “∏” represents logical AND.  





0...ik

ki rC

 (3.9)

 

B. Control Signal Selection Based on Switching Activity 

Analysis 

Table 3-2. Cost evaluation with 4-bit binary counter. 

 

 

 

 

 

 

 

 

After extracting a set of clock gating control signal candidates as 

shown in Table 3-2, the constraints are constructed according to Equation 

3.2 and Equation 3.3 with variables xij, zi and yj. As we explained in the 

previous section, for the 4-bit binary counter, there are candidates C0, C1, 

C2, C3 with corresponding 1-probability P0 = 0.5, P1 = 0.25, P2 = 0.125 and 

P3 = 0.0625 respectively. Since x00 → x03, x11 → x13, x22 → x23 and x33 

are 0 from the candidate property, these variables are not used. 

C  
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The followings show the line constraints: 

z0 = 1 

x10 + z1 = 1 

x20 + x21 + z2 = 1 

x30 + x31 + x32 + z3 = 1 

and the followings are column constraints: 

if x10 + x20 + x30 > 0, then y0 = 1 

if x21 + x31 > 0, then y1 = 1 

if x32 > 0, then y2 = 1 

The line constraints can be represented as the following logic 

functions: 

Flc_0(x,z) = z0 

Flc_1(x,z) = x10’ z1 + x10z1’ 

Flc_2(x,z) = x20’x21’ z2 + x20x21’ z2’ + x20’x21z2’ 

Flc_3(x,z) = x30’x31’x32’ z3 + x30x31’x32’ z3’ + x30’x31x32’ z3’ + x30’x31’x32z3’ 

Flc(x,z) = Flc_0(x,z) Flc_1(x,z) Flc_2(x,z) Flc_3(x,z) 

The column constraints are represented as: 

Fcc_0(x,y) = x10’x20’x30’y0’ + x10y0 + x20y0 + x30y0 

Fcc_1(x,y) = x21’x31’y1’ + x21y1 + x31y1 

Fcc_2(x,y) = x32’y2’ + x32y2 

Fcc(x,y) = Fcc_0(x,y) Fcc_1(x,y) Fcc_2(x,y)  

Based on these logic functions, BDD satisfying these constraints can 

be constructed. The construction flow is shown in Figure 3-7. There are two 

steps: one is the control candidate extraction and the other is control signal 

selection. We implement 2 programs based on the BDD package. In the 

extraction phase, we manipulate usual circuit data like in SLIF (Standard 
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Logic Interchange Format) or BLIF (Berkeley Logic Interchange Format) 

format, an example for 4-bit binary counter is shown in Figure 3-8.  

 

Figure 3-7. BDD construction flow. 

 

Figure 3-8. SLIF format input file. 

An enhanced BLIF format is shown in Figure 3-9 containing Boolean 

variables with their probabilities. The formulae represent the constraints 

corresponding to Equation 3.2 and Equation 3.3. The file is generated based 

on Table 3-2 by our tool. In the following explanation, the term BLIF is used 

as the enhanced form of BLIF.  
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.model counter4 

.inputs z0((1.000000)) x10((0.500000)) z1((1.000000)) x20((0.500000)) 

x21((0.250000)) z2((1.000000)) x30((0.500000)) y0((0.800000)) x31((0.250000)) 

y1((0.800000)) x32((0.125000)) y2((0.800000)) z3((1.000000))  

.outputs f 

.names z0 cc0 

1 1 

.names z1 x10 cc1 

10 1 

01 1 

.names z2 x20 x21 cc2 

100 1 

010 1 

001 1 

.names z3 x30 x31 x32 cc3 

1000 1 

0100 1 

0010 1 

0001 1 

.names y0 x10 x20 x30 cc0 

-000 1 

1--- 1 

.names y1 x21 x31 cc1 

-00 1 

1-- 1 

.names y2 x32 cc2 

-0 1 

1- 1 

.names cc0 cc1 cc2 cc3 cc0 cc1 cc2 f 

1111111 1 

.end 

Figure 3-9. Enhanced BLIF of 4-bit counter. 

In Figure 3-9, variables are listed after .inputs in BLIF. Note that the 

ordering of the input variables is specified to reduce the size of BDD nodes. 



Optimization of Clock Gating Logic for Low Power LSI Design                   

 

 

- 46 - 

 

We add the probability for each input variable within the symbol “(( ))”. 

Logic functions of Equation 3.5 and Equation 3.7 for each line and column 

respectively are presented as sum of product terms in BLIF. Output 

variable f takes the value of AND of two constraints.  

Variable xij takes the probability of Pj for each register ri accepting Cj 

as a control signal; zi takes the probability of 1.0 in case when there is no 

control signal selected for register ri; and yj takes the probability of α in 

case a clock gating logic is applied on Cj. The value of α is a constant 

depending on technology library. α is used as the probability for variable yj 

in BLIF generation. Our optimization method can be adapted by modifying 

α for different technology libraries. 

 

Figure 3-10. Min cost computation in BDD. 

Minimum cost is then computed on BDD for BLIF. In Figure 3-10 we 

show a part of the BDD path of nodes with minimum cost going to 1-leaf 

calculated from the bottom to the top on BDD. Note that if we follow the 
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1-edge, we should add the probability (cost) related to the variables. 

C. Clock Gating Control Candidate Pruning 

Before the control signal selection, control signal candidate pruning is 

applied in order to speed up the selection process. A register set Rj refers to 

the maximum set of registers controlled by the candidate Cj. Based on 

candidate extraction results, a register set Rj can be obtained. For example 

of Table 3-2 with 4-bit counter circuit, R0 for C0 is {r1, r2, r3}, R1 for C1 is {r2, 

r3} and R2 for C2 is {r3}. Under the following conditions the control signal 

candidates shall be removed from consideration for speeding up the BDD 

package: 

 

Figure 3-11. Candidate pruning. 

1) if Pj * |Rj| + α >= |Rj|, Cj is removed from candidate set of Rj. The 

condition the switching activity after applying clock gating will be equal to 

or larger than that without clock gating.  

2) In case when 2 register sets Rj1 and Rj2 contain the same group of 

registers which can be controlled both by Cj1 and Cj2 with probability of Pj1 

and Pj2 respectively. If Pj1 < Pj2, which means switching activity of register 

set Rj1 (i.e. Pj1 * |Rj1| + α) will be smaller than that of register set Rj2 (i.e. 

Pj2 * |Rj2| + α), the control signal candidate Cj2 shall not be kept.  
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3) In case when 2 register sets Rj1 and Rj2 contain m common registers. 

If ( (Pj2 * (|Rj2| – m) + α >= |Rj2| –m) && (Pj1 < Pj2) ), then control signal 

candidate Cj2 shall be removed. That means, for the rest registers in the 

register set Rj2, the switching activity after clock gating logic applied will 

be equal to or larger than that without clock gating logic applied, and 

meanwhile the probability of control signal candidate Cj2 is larger than 

that of Cj1, which means the switching activity by Cj2 will be larger than 

that by Cj1. In such cases to obtain larger power savings, Cj2 need not be 

kept.  

4) In case when all registers in Rj2 are included in Rj1 (i.e. |Rj1| > 

|Rj2|), if ((|Rj2| * Pj2 + α < |Rj2| * Pj1) && ((|Rj1| – |Rj2|) * Pj1 + α < |Rj1| 

– |Rj2|)), such common registers shall be removed from Rj1 as Rj2 with 

probability Pj2 could achieve larger power savings. 

 

Figure 3-12. RT-Level Verilog with enable condition defined. 

In case of counter circuits, they do not contain any register set 

satisfying the pruning conditions. On the other hand, we found a lot of 

register sets satisfying the pruning conditions in the benchmark circuits. 

Based on the cost function (switching activity) of a circuit defined by 

Equation 3.4, the cost of original circuit without clock gating is calculated 
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as 1.0 * (#F.F.). Without clock gating, the clock signal is propagated to the 

register at each clock cycle, therefore the switching activity of a register 

without clock gating is 1.0. Thus Cost of the 4-bit counter circuit without 

clock gating is measure as: 

cost (4) = 1.0 * 4 = 4.0 

After optimum control signal selection as shown in Figure 3-13, the 

upper 3 registers r3~r1 are controlled by the output of r0. The switching 

activity applying the clock to r3~r1 is 0.5. Note that we can share one clock 

gating control circuit for r3, r2 and r1, and its activity can be measured as 

0.8 compared to the usual register. Here, switching activity of a register ri 

corresponds to the probability applying the clock signal to ri. Without clock 

gating, the clock signal is applied to register ri at each clock cycle, in this 

case, the switching activity of ri is 1.0. When ri is clock gated by a clock 

gating control signal Cj, which means the clock signal is propagated to ri 

only when Cj takes the value 1, the switching activity of ri becomes the 

1-probability Pj of Cj which is computed during control candidate extraction 

phase. Pj is calculated as the number of 1’s in the truth table of Cj divided 

by the number of all input patterns. Based on Equation 3.4, the minimum 

cost of the 4-bit counter circuit with optimum single-stage clock gating is 

calculated as: 

cost (3 1) = 1.0 + 0.5 * 3 + 0.8 = 3.3 

Compared with the costs, 17.5% (= 1 – 3.3/4.0) cost reduction has been 

obtained. 

After optimum clock gating control selection by our optimization 

algorithm, RT-Level Verilog description with enable signal defined is 

obtained as shown in Figure 3-12. The RT-Level Verilog description is then 

elaborated by DesignCompiler to create clock gating logic with optimum 
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sharing. The minimum_bitwidth of clock gating options as explained in 

Chapter 2 is set to the minimum number of gated F.F.s in order to avoid 

generating extra clock gating cells which will cause additional power 

dissipation. The outputs at this stage are a clock-gated netlist and power 

and timing reports. Circuit structure of the 4-bit counter circuit after clock 

gating implemented is shown in Figure 3-13.  

 

Figure 3-13. Circuit structure of 4-bit counter with clock gating. 

A floorplan and a placement are initialized by Astro to perform clock 

tree synthesis, following a very tight skew constraint. 

 

3.5 Experimental Results 

We implemented the optimization method in C, tested on binary 

counter circuits with power simulation and applied to ISCAS89 and 

Opencore benchmark circuits. In the power simulation for counter circuits, 

we use VDEC Rohm 0.18µm library as technology library and Synopsys 
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Design Compiler as synthesis tools. After layout with Astro and the 

parameter extraction with calibre, Synopsys NanoSim is used for timing 

and power simulation. All experiments were done on AMD Opteron 852 

(2.6GHz x2, 32GB Memory) Linux Operating System.  

Table 3-3. Optimization results and power consumption for counter circuits. 

 
Dynamic Power After Synthesis 

Bit 
Min 

Cost 

Min-Cost 

Grouping 

#Nodes in 

BDD 

CPU 

Time 

(sec) 

Dynamic 

Power of 

Original 

Counter (μm) 

Dynamic 

Power 

with CG 

(μm) 

Power 

Reduction 

8 4.23 5  2  1 2978 0.01 38.7 24.2 37.3% 

10 
4.48 6  3  1 

9557 0.01 45.4 
25.2 44.6% 

4.48 7  2  1 25.2 44.6% 

16 4.69 11  3  2 683934 2.05 65.9 25.8 60.8% 

20 
4.82 14  4  2 

11470509 14.73 79.6 
26.4 66.8% 

4.82 15  3  2 26.4 66.8% 

30 4.98 24  4  2 149151102 7845.70 114.0 26.7 76.6% 

 

Table 3-3 shows the optimization results and corresponding power 

consumption for counter circuits after logic synthesis. Column 1 shows the 

bit-width of the counter circuits. Column 2 shows the minimum cost 

evaluated based on Equation 3.4 after applying our optimization method. 

Column 3 presents the circuit structure of clock gating control with 

minimum cost. For example, (11 3 2) on 16-bit counter circuit means that 

upper 11 registers (r15-r5) are controlled as one group, the next 3 registers 

(r4-r2) are controlled as another group, and the lower 2 registers (r1r0) 

remain no control. Two clock gating cells are inserted in this case. Column 

4 presents number of nodes in BDD’s and Column 5 shows the CPU time 

for cost computation using BDD. Column 6 collects the dynamic power 

consumption of the original counter circuits, while column 7 shows the 

dynamic power consumption after clock gating applied.  
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By the experiments, we confirmed that the evaluation method with 

switching activity has the same tendency with the power estimation after 

logic synthesis of no concern with wire-load and buffers. On 8-bit to 30-bit 

counter circuits, 37.3% to 76.6% power reduction has been found.  

Table 3-4. Effect of layout structure on power consumption. 

 Average Block Power After Layout 

Bit Cost Grouping 

Average Block 

Power of Original 

Counter (μm) 

Average 

Block Power 

with CG (μm) 

Power 

Reduction 

8 
4.23  5  2  1 

40.9 

33.1 19.1% 

4.35  4  3  1 32.7 20.1% 

10 
4.48  6  3  1 

47.7 
32.3 32.4% 

4.48  7  2  1 31.4 34.2% 

16 
4.69  11  3  2 

76.2 

36.3 52.3% 

4.76  10  4  2 32.3 57.7% 

20 

4.82  14  4  2 

92.0 

43.7 52.5% 

4.82  15  3  2 51.6 43.9% 

4.95  13  5  2 37.1 59.7% 

5.15  12  6  2 37.9 58.9% 

5.37  11  7  2 42.0 54.4% 

30 

4.98  24  4  2 
130.9 

36.8 71.9% 

5.19  22  6  2 48.9 62.7% 

 

Table 3-4 shows the average block power with clock gating after layout 

phase for counter circuits. This includes the wire-load and inserted buffers 

after the placement and routing phases. The circuit is first synthesized by 

Synopsys Design Compiler to obtain a gate-level circuit with clock gating. 

Several variations of register grouping are tested in the experiment. A 

floorplan and a placement are then initialized by Astro to perform clock 
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tree synthesis. Finally, power estimation was performed using Synopsys 

NanoSim. The whole synthesis process was timing driven and mapping 

was done on VDEC Rohm 0.18µm technology library (Kyushu University). 

Clock tree synthesis was performed with a very tight skew constraint and 

no skew violation was observed. By experiments on 8-bit, 10-bit, 16-bit, 

20-bit and 30-bit counter circuits with single-stage clock gating, we 

confirmed that our evaluation method using switching activity has the 

same tendency with the actual power consumption after layout as shown in 

Figure 3-14. 

 

Figure 3-14. Comparison of power cost evaluation and actual power consumption of 
counter circuits. 
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(a)  Clock signal is connected to the buffer directly. 

 

(b)  Gated clock signal is connected to the buffer. 

Figure 3-15. Effect of layout structure on switching activity. 

By checking several different grouping of registers, slight difference 

between the power after synthesis and the power after layout are shown in 

Table 3-4. The reason why less power reduction is obtained after layout 

phase compared with that after logic synthesis is because the power 

consumption of wire and buffers is concerned. In such cases, the minimum 

cost and the power after layout becomes different. If the gated clock signal 

is connected to the buffer rather than the clock signal itself as shown in 

Figure 3-15, then larger power reduction can be obtained. However it is 

hard to control the position of buffers at RT-Level description. The layout 

tool seems to insert buffer if the number of flip-flops is larger than or equal 

to 4. 

We also applied our method to ISCAS89 (s344 ~ s1512) and Opencore 

(oc_ssram) [17] benchmark circuits. Table 3-5 shows the optimization 

results. Columns 1 and 2 show the name and the number of flip-flops of a 

benchmark circuit. Columns 3 and 4 are the number of product terms and 

number of nodes in BDD’s respectively. Column 5 shows the minimum cost 
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evaluated by Equation 3.4. The cost of original circuit with no clock gating 

is 1.0 * (# of F.F.s). On the other hand, the cost becomes ∑((1-probability) * 

(# of gated F.F.s)) + ∑α * (# of clock gating circuits) + ∑1.0 * (# of no-gated 

F.F.s) by applying our method. Note that we use α = 0.8 in our experiment 

which is measured based on the used library. For example, a benchmark 

circuit s344 has 15 F.F.s, so the original cost is 15.0. After applying clock 

gating based on our optimization method, we obtain the minimum cost of 

12.3 (= 0.125 * 4 + 0.8 * 1 + 1.0 * 11), which corresponds to 18.0% cost 

reduction (= 1 – 12.3/15.0) as collected in Column 6. Column 7 shows the 

CPU time for cost computation using BDD after candidate pruning. Note 

that for several benchmarks, it is hard to construct BDD without pruning 

because of memory expiration of BDD package. 

Table 3-5. Optimization results for benchmark circuits. 

Circuit #F.F.s 
#Product 

Terms in BDD 

#Nodes in 

BDD 

Min 

Cost 

Cost 

Reduction 

CPU Time 

(sec) 

s344 

s349 
15 922 46393 12.3 18.0% 0.01 

s526 

s526n 
21 512 363114 20.1 4.5% 0.78 

s382 

s400 
21 292 31165756 20.5 2.3% 38.47 

s444 21 236 31165756 20.5 2.3% 38.47 

s1269 37 730 1783603 33.2 10.3% 2.60 

s1512 57 1698 86709 54.7 4.0% 0.12 

oc_ssram 95 1104 565294672 80.3 15.5% 11032.10 

AVG 38 785  34.5 8.1%  

 

The cost reduction reaches from 2.3% to 18.0% for ISCAS89 

benchmark circuits and 15.5% for oc_ssram using our optimization method. 

Compared with the results of the reduction (13.7%) for oc_ssram in [17], we 
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have obtained 15.5% with about 2% improvement. Note that this result is 

based on VDEC Rohm 0.18µm library with α = 0.8, while according to [20] α 

= 0.67 based on their technology library, in such cases more improvement 

shall be achieved. 

Table 3-6. Candidate pruning on benchmark circuits. 

Circuit #F.F._org #candidates_org #F.F._sim #candidates_sim 

s344/s349 15 92 14 3 

s526/s526n 21 77 12 14 

s1269 37 54 18 14 

s1512 57 171 48 10 

oc_ssram 95 22 32 22 

 

Table 3-6 shows the results after control signal candidate pruning. The 

column #candidates_org shows the number of control signal candidates 

extracted direct from each benchmark circuit, while the column 

#candidates_sim (sim corresponds to simplified) presents the number of 

control signal candidates after candidate pruning. The column #F.F._sim is 

the number of flip-flops that may gain power savings after clock gating 

being applied. The candidate pruning is quite fast and can effectively speed 

up the BDD package. 

 

3.6 Summary 

This chapter describes our proposed optimization algorithm using 

switching activity considering the cost of clock gating circuits. A coefficient 
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α is introduced in the cost computation to cope with evaluation of clock 

gating logic which depends on technology libraries. The algorithm has two 

steps. At first step, a set of clock gating control signal candidates is 

extracted, while at the next step the selection of the control signals is done. 

For the selection phase, we show a novel formalization and a BDD based 

optimization method. We modified the BDD package by adding a 

mechanism to cope with the probability of input variables and functions to 

compute the minimum cost and to print out the path information based on 

the input probability. In control signal selection, the control signal 

candidate pruning is introduced which could effectively speed up the BDD 

package.  

The total power is minimized considering the sharing of a control 

signal by several registers. By applying to 8-bit, 10-bit, 16-bit, 20-bit and 

30-bit counter circuits and a set of benchmark circuits, the minimum cost 

and the circuit structure with the minimum cost have been obtained. 

Power simulation after layout has been implemented using Synopsys 

NanoSim for counter circuits which confirmed the co-relation and 

correctness with our switching activity based evaluation method. On 

counter circuits, 19.1% to 71.9% actual post-layout power reduction has 

been found. And for benchmark circuits, 2.3% to 18.0% cost reduction has 

been obtained. Compared with [17] about 2% improvement has been 

achieved on Opencore benchmark circuit based on VDEC Rohm 0.18µm 

library (Kyushu University). 
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Chapter 4 

Automatic Optimization of Multi-Stage 

Clock Gating Logic 

- 59 - 

 

 

 

 

4.1 Introduction 

Clock gating can reduce the switching power of registers and 

combinational part connected to the registers [1]-[20]. Commercial tools 

support clock gating insertion based on the guard signal described in HDL 

and minimum_bitwidth of registers specified in the synthesis script 

(structural method). The option controls how many clock gating cells are 

inserted. As described before, the identification of control signals for gated 

registers is hard and designer-intensive work. Besides, the clock gating 

cells also consume power, about 60%~80% of a register, it is imperative to 

minimize the number of inserted clock gating cells and their switching 

activities for power optimization.  

In [18], several combinations of clock gating options using a 

commercial tool, such as enhanced clock gating, multi-stage clock gating 

and hierarchical clock gating are shown, but they do not propose any 
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optimization. If a number of registers is controlled by one same guard 

signal, it is better to implement one clock gating cell than multiple 

multiplexers. 

An automatic clock gating generation and optimization technique 

using candidate extraction and control signal selection [17][28] has been 

proposed recently and shows reduction compared with structural method. 

However, they are both dedicated to the single-stage optimization and by 

single-stage clock gating, the inserted clock gating logic itself consumes 

fixed amount of power w.r.t. clock changes. If the following, the power 

reduction of clock gating cells are realized by cascading clock gating cells. 

The cascaded clock gating cells can reduce the clock changes to the cells. 

In this chapter, an automatic multi-stage clock gating optimization 

with ILP formulation is proposed, where the total switching activity of 

register and clock gating cells are optimized. The method has three steps 

as follows: (i) single-stage candidates and multi-stage candidate 

combinations extraction; (ii) constraints construction for cascaded clock 

gating stage selection of multi-stage candidate combinations and (iii) 

optimum clock gating control selection. By multi-stage clock gating, the 

switching activities of the cascaded clock gating cells can be reduced by 

gating unnecessary clock pulses to them; and by optimum sharing of clock 

gating controls among registers and clock gating cells, the number of clock 

gating cells is minimized at each cascaded stage. 

In the extraction phase, gating condition is checked and the 

1-probabilities of single-stage candidates and multi-stage candidate 

combinations are computed. We find that any multi-stage control signals 

are also single-stage control signals, and any combination of signals at 

cascaded stages can be selected from single-stage candidate sets instead of 

all signals in the circuit. The proposed method can be applied to the control 
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signal selection for multi cascaded clock gating stages.  

In the selection phase, minimum cost, reflecting the dynamic power 

consumption of a circuit is computed using commercial MIP (Mixed Integer 

Problem) optimizer (IBM CPLEX) based on the constraints formulated in 

LP format considering the optimum sharing of clock gating controls among 

registers and clock gating cells. Cascaded clock gating stage order is 

decided at the same time for the selected combination of signals in the 

extraction phase. Without clock gating, synthesis tools in general 

implement register banks by using a multiplexer when the new value 

assignment is guarded by some conditions in HDL. By replacing these 

multiplexers with clock gating logic shared by those registers, 

corresponding area of the multiplexers can be eliminated. In the 

experiments up to 30% area reduction has been obtained compared with 

original designs without clock gating.  

We also develop an automated clock gating tool to automatically add 

enable conditions at cascaded stages into the structural Verilog and to 

determine the optimum minimum_bitwidth value, which will be translated 

into multi-stage clock gating logic by commercial EDA tools following the 

standard synthesis and layout procedures.  

By post-layout power estimation on a set of benchmark circuits and a 

Low Density Parity Check (LDPC) Decoder (6.6k gates, 212 F.F.s) using 

Synopsys NanoSim after applying our multi-stage optimization method, we 

have obtained on average 31% power reduction compared with structural 

method and more than 10% improvement compared with single-stage 

optimization method for some circuits.  

CPU time for optimum multi-stage control selection is several seconds 

for up to 25k variables in LP format. 
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In our research, multi-stage clock gating circuits are generated 

automatically by Synopsys DesignCompiler based on the guard signals 

selected by our method defined in the structural Verilog. At the same time 

both setup and hold check timing are performed with a tight timing 

constraint by Synopsys PrimeTime. Clock skew is managed by introducing 

buffers in clock tree synthesis. In the experiments, no setup and hold 

timing violation as well as skew violation was observed. 

The rest of this chapter is organized as follows: Section 4.2 introduces 

multi-stage clock gating. Section 4.3 and 4.4 introduce our multi-stage 

optimization algorithm with ILP formulation and automated multi-stage 

clock gating tool for real-life application. Experimental results on power, 

area and timing are discussed in Section 4.5 and Section 4.6 summarizes 

this chapter. 

 

4.2 Preliminary 

A. Multi-Stage Clock Gating 

Clock gating is a power reduction method by stopping the clock pulse to 

registers using AND (or OR) gate of the clock and a control (enable) signal. 

The control signal is usually connected to a latch before passing the AND 

(or OR) gate for keeping the pulse width of the clock. 

By multi-stage clock gating, unnecessary clock pulses to clock gating 

cells can be avoided by other clock gating cells, so that the switching 

activity of clock gating cells can be reduced. 

Commercial tools implement clock gating by identifying groups of 
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registers which are controlled by a common enable term as shown in Figure 

4-1. If a control signal in HDL is EN1 & EN2 as shown in Figure 4-1, and 

the number of stages is specified as 2 in the synthesis script as shown in 

the upper side of Figure 4-1, then the cascaded clock gating logic is 

generated, where “&” denotes logical AND. By logical AND of enable 

signals “EN1” and “EN2”, the clock signal is propagated to the first stage 

clock gating cell (CG1 as shown in Figure 4-2 and Figure 4-3) only when 

EN1 = 1. When “sequential_cell none” is specified, then non-latch based 

clock gating is generated as shown in Figure 4-2. Original clock is gated by 

EN1 and the gated clock is applied to the clock gating cell CG1 controlled 

by EN2. Note that there is cascaded stage order of EN1 and EN2 for 

multi-stage clock gating. Also note that we count the stage number of clock 

gating logic from the inner-most flip-flops (registers) to the primary input 

of the clock signal [18]. The control signals for CG1 and CG2 are decided by 

the order of description (EN1 & EN2) in this example. 

Scripts for 

Gate-Level Synthesis 

/* set clock gating */ 

set_clock_gating_style -sequential_cell latch 

-minimum_bitwidth 3 

-num_stage 2 

-positive_edge_logic{and} -negative_edge_logic{or} 

insert_clock_gating 

compile 

Design Description 

always @(posedge clock or negedge reset) 

     begin 

         …  

         if (EN1 & EN2) DATA_OUT <= DATA_IN; 

         …  

     end 

Figure 4-1. Modifications to implement multi-stage clock gating. 

By setting the stage number of clock gating in the –num_stage option, 

multi-stage clock gating can be generated according to the minimum 

number of registers specified in the –minimum_bitwidth option, below 

which a multiplexer instead of clock gating logic will be inserted. The 
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default value of the minimum_bitwidth option is 3. There are two clock 

gating styles as shown in Figure 4-2 and Figure 4-3 with multi-stage clock 

gating. By setting the “–sequential_cell latch” option, clock gating uses a 

latch style to gate register clocks as shown in Figure 4-3. 

 

Figure 4-2. 2-stage latch-free clock gating. 

 

Figure 4-3. 2-stage latch-based clock gating. 

For the correct functionality of the circuit, the gated clock signal 

should arrive at CG1 earlier than the enable signals EN2. That is if EN2 

depends on the outputs of other flip-flops in the circuit, the minimum delay 

of enable signal EN2 should be larger than the gated clock signal delays 

from the output of CG2 to the clock ports of CG1. 

In the single stage clock gating, all clock gating cells consume the same 

power with respect to all clock pulses. However, by applying multi-stage 
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clock gating, the power consumption of CG1 in Figure 4-3 can be reduced to 

the one proportional to the switching activity of control signal EN1, and 

that of the register Ri can be reduced to the one proportional to the 

switching activity applying logical AND of EN1 and EN2. Therefore, in 

addition with power reduction of registers, in this chapter, we enhance the 

single-stage optimization method to the multi-stage optimization method to 

reduce also the power consumption of clock gating cells. 

B. Single-stage Optimization Method 

Let gi be an internal signal (a gate output of combinational logic) in a 

circuit, ri be the current state value of a register Ri and FNS(ri) be the next 

state function for Ri. For the correct behavior of Ri, the clock signal must be 

propagated to Ri when the EXOR of ri and FNS(ri) becomes 1. Let ENCGi   

ri ⊕ FNS(ri), where “⊕” denotes the EXOR. As mentioned in Chapter 3, if  gi 

  ENCG   0, then we can use signal gi as the control signal of the clock 

gating cell for Ri, where “¬” represents logical NOT and “ ” represents 

logical AND. That means the on-set of gi includes the on-set of ENCGi to 

guarantee the correct clock propagation to register Ri. Note that we can use 

the ENCG directly as the clock gating control, but it is not effective because 

of the extra power and delay by the EXOR gate. Also note that the 

formulation is only used for candidate extraction. 

By extracting all candidates for all registers, then we can formulate the 

optimum selection problem based on Table 4-1, where Cj is a clock gating 

control candidate and Pj is the 1-probability proportional to the clock 

propagation to the gated registers.  

In Table 4-1, if variable xij is 1, register Ri is controlled by Cj, then the 

switching activity of Ri becomes Pj. Otherwise, if zi is 1, there is no clock 
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gating control for Ri, then the switching activity of Ri is 1.0. when xij = 1, a 

clock gating cell is needed for Cj, and the switching activity of the clock 

gating cell relates to coefficient α, which shows the power consumption of a 

clock gating cell with respect to that of a flip-flop depending on technology 

libraries. 

Table 4-1. Logic variables for cost evaluation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Equation 4.1 describes the constraint that each register Ri can have 

only one clock gating control or no clock gating control. That means one and 

only one variable among xij (0 ≤ j ≤ m) and zi at each line can take value 1.  

           (4.1) 

If       > 0, then yj = 1 (4.2) 

Equation 4.2 describes the condition that when the clock gating control 

is shared among multiple registers, only one clock gating cell is needed. 

That means the summation of xij (0 ≤ i ≤ n) decides the value of yj for each 

column. For the whole circuit with clock gating, ∑α   is the part of the 

power cost of clock gating cells. Therefore, in order to achieve maximum 
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power savings with clock gating, sharing a clock gating control by several 

registers is important. 

The optimization method can be formalized as follows. The objective is 

to minimize the cost (switching activity) of a circuit represented by 

Equation 4.3, under the row constraint Equation 4.1 and the column 

constraint Equation 4.2. 

Minimize                           (4.3) 

Under                  

If       > 0, then yj = 1        

           xij, yj, zi ∈ {0,1}   

 

4.3 Multi-Stage Clock Gating Optimization 

In single stage clock gating, clock gating cells (logic) are connected 

directly to the clock signal, they are active and consume power at each 

clock pulse related to α. α accounts for about 60%~80% compared to that of 

a flip-flop. By multi-stage clock gating, the number of clock pulses 

propagated to the clock gating logic can be reduced by cascaded gating 

circuits. Thus the switching activity of clock gating logic can be reduced. In 

the multi-stage optimization, the optimum sharing of clock gating controls 

among registers and clock gating cells is both considered to minimize the 

number of clock gating cells at each cascaded stage. 

For multi-stage clock gating case, more complex control extraction and 

optimization should be considered. For the clock gating in Figure 4-3, 

 EN1   ( ri1 ⊕ FNS(ri1) )   0 and  EN2   ( ri2 ⊕ FNS(ri2) )   0 should be 
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satisfied for the correct clock propagation to the registers and also the 

switching activity reduction for register Ri1, Ri2 and clock gating cell CG1. 

In this case, the switching activity of CG2 is α; but that of CG1 is reduced 

to P(EN1) *α, where P(EN1) is the probability of EN1. In the multi-stage 

clock gating, this kind of control signal combination should be managed. 

 

Figure 4-4. Multi-stage cascaded clock gating. 

Let (Cj1, Cj2) be a multi-stage candidate combination for Ri. The 

cascaded stage order of Cj1 and Cj2 is shown in Figure 4-4. That is the clock 

signal gated by Cj1 is used as the clock signal of the first stage clock gating 

cell CG1, whose control signal is Cj2. By multi-stage cascaded clock gating, 

the clock signal is propagated to CG1 only when Cj1 = 1, and is propagated 

to Ri only when Cj1   Cj2 = 1. Thus the switching activity of CG1 is reduced 

to (α * P(Cj1)) from α and the switching activity of register Ri becomes P(Cj1 

  Cj2) from P(Cj2) compared with single-stage clock gating. 

4.3.1 Multi-Stage Candidate Combination Extraction 

Let Cj1 and Cj2 be internal signals in the circuit. For correct behavior of 

Ri, the clock signal gated by Cj1 and Cj2 must be active to guarantee the 

clock propagation to Ri, when Ri needs to receive a new value which is 
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different from the current state value. To satisfy the gating condition, 

 (Cj1   Cj2)   ENCG   0 is checked for multi-stage candidate 

combination extraction. Note that at multi-stage candidate combination 

extraction phase, there is cascaded stage order of Cj1 and Cj2 as shown in 

Figure 4-5. The order is decided in the selection phase based on the 

constraints constructed in LP format. 

 

Figure 4-5. Cascaded stage order of multi-stage candidate combination (Cj1, Cj2). 

If (Cj1   Cj2) satisfies the gating condition of Ri, then Cj1 satisfies the 

gating condition of Ri and Cj2 also satisfies the gating condition of Ri. on the 

other hand: If Cj1 and Cj2 satisfy the gating condition of Ri respectively, then 

(Cj1   Cj2) also satisfies the gating condition of Ri. The following lemmas 

show the fact. In other words, the multi-stage clock gating control is also a 

single stage clock gating control, so we just extract the single-stage clock 

gating control and the optimum combination and stage order is considered 

at the selection phase. 

Lemma 1: If Cj1 and Cj2 satisfy the gating condition of register Ri, then 

(Cj1 ∧ Cj2) also satisfies the gating condition of register Ri.  
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Gating condition of Ri for a signal x: ¬x ∧ (ri   FNS(ri) ) ≡ 0, where “ ” 

represents EXOR. 

Proof:  

Let ri   FNS(ri) be a function G. 

Based on the definition of gating condition, Cj1 and Cj2 satisfy the 

gating condition of Ri means  

¬ Cj1 ∧ G ≡ 0 (4.4) 

¬ Cj2 ∧ G ≡ 0 (4.5) 

On the other hand,  

¬ (Cj1 ∧ Cj2) ∧ G  

= (¬ Cj1 ∨ ¬ Cj2) ∧ G  

= (¬ Cj1 ∧ G) ∨ (¬ Cj2 ∧ G) (4.6) 

Taking Equation 4.4 and Equation 4.5 into Equation 4.6, 

¬ (Cj1 ∧ Cj2) ∧ G ≡ 0 (4.7) 

is satisfied, i.e. (Cj1 ∧ Cj2) also satisfies the gating condition of register 

Ri.■ 

Lemma 2: If (Cj1 ∧ Cj2) satisfies the gating condition of register Ri, Cj1 

satisfies the gating condition of Ri and Cj2 also satisfies the gating condition 

of Ri.  

Proof:  
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Based on the definition of gating condition, (Cj1 ∧ Cj2) satisfies the 

gating condition of Ri means 

¬ (Cj1 ∧ Cj2) ∧ G ≡ 0 (4.8) 

So the left-hand side  

¬ (Cj1 ∧ Cj2) ∧ G  

= (¬ Cj1 ∨ ¬ Cj2) ∧ G  

= (¬ Cj1 ∧ G) ∨ (¬ Cj2 ∧ G) ≡ 0 (4.9) 

So  

¬ Cj1 ∧ G ≡ 0 (4.10) 

¬ Cj2 ∧ G ≡ 0 (4.11) 

are satisfied, i.e. Cj1 satisfies the gating condition of Ri and Cj2 also 

satisfies the gating condition of Ri.■ 

In the experiments, combination of clock gating control candidates at 

cascaded stages for register Ri are extracted from single-stage candidate 

set of Ri instead of all internal signals in the circuits. Cascaded stage order 

of candidate combination will be decided in the selection phase based on 

the ILP formulation of constraints. Extended from 2-stage cascaded control 

candidate extraction, the extraction method can be applied to 3 or more 

cascaded clock gating stages. 

4.3.2   Integer Linear Programming Based Cascaded 

Control Selection with Power-Optimal Sharing 
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Table 4-2. Multi-Stage logic variables. 

C 

 

 

R  

… 

Cj 

… 

 

Cj
0 Cj

1 Cj
k 

… 

Cj
qj 

 

P (Cj∧Cj
0) P (Cj∧Cj

1) P (Cj∧Cj
k) P (Cj∧Cj

qj) 
 

R0 

… 

ej
0 0 ej

0 1 ej
0 k … ej

0 qj 

… 

z0 

R1 ej
1 0 ej

1 1 ej
1 k … ej

1 qj z1 

…
 

…
 

…
 

…
 

 

…
 

…
 

Ri ej
i 0 ej

i 1 ej
i k … ej

i qj zi 

…
 

…
 

…
 

…
 

 

…
 

…
 

Rn ej
n 0 ej

n 1 ej
n k … ej

n qj zn 

 

 mj
0 mj

1 mj
k  mjqj  

  

After single-stage candidate sets and multi-stage candidate 

combinations extraction for registers, control signals with cascaded stage 

order will be selected based on the ILP formulation considering the 

optimum sharing of control signals among registers and clock gating cells. 

At first, we start from a single-stage clock gating formulation with 

variables xij, yj and zi based on Table 4-1. In the 2-stage clock gating, we 

need a gated clock by the single stage clock gating. the 2-stage clock gating 

is formulated based on Table 4-2. Please note that the table only shows the 

2-stage part. For each single stage clock gating control Cj, Cj
0, Cj

1, …, Cj
qj 

can be combined. 

For a multi-stage candidate combination (Cj, Cj
k), binary variable ej

ik = 

1 denotes that (i) register Ri is controlled by a multi-stage clock gating; (ii) 

cascaded stage order of Cj and Cj
k is decided as the clock gated by Cj is used 

as the clock signal for CG1 which is controlled by Cj
k as shown in Figure 
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4-6. Binary variable mj
k is used to compute the switching activity of CG1. 

Note that CG1 might share Cj with registers and other clock gating cells. 

 

Figure 4-6. Variables for cascaded clock gating stage. 

If some of ej
ik (0 ≤ i ≤ n) take value 1, mj

k and yj become 1 corresponding 

to the cascaded clock gating cells of Cj and Cj
k. This column constraint can 

be described by Equation 4.12. If (mj
k = 0 and yj = 1), there needs a 

single-stage clock gating circuit for Cj, whose switching activity is 

measured as α; otherwise if (mj
k = 1 and yj = 1), there needs a multi-stage 

clock gating circuit cascading CG2 and CG1 with Cj and Cj
k, whose 

switching activity is measured as α + α * Pj. Note that if a control signal is 

shared by several registers, only one clock gating cell is needed. 

If     
 

  > 0, then mj
k = 1 and yj = 1 (4.12) 

If xij is 1, a single-stage clock gating controlled by Cj is selected for 

register Ri, and the switching activity of Ri is Pj; If ej
ik is 1, a multi-stage 

clock gating controlled by (Cj ∧ Cj
k) with cascaded stage order as shown in 

Figure 4-6 is selected for Ri, and the switching activity of Ri is P(Cj   Cjk). 

If zi is 1, no clock gating is applied for Ri, and the switching activity of Ri is 

1.0. Since each register can have either only one single-stage gating control 

or only one multi-stage gating control or no gating control, the summation 

of xij (0 ≤ j ≤ m), ej
ik (0 ≤ j ≤ m, 0 ≤ k ≤qj) and zi for Ri should be 1 which is 

defined as row constraint by Equation 4.13. 



Optimization of Clock Gating Logic for Low Power LSI Design                   

 

 

- 74 - 

 

         
  

          (4.13) 

Minimum cost function with cascaded clock gating is defined by 

Equation 4.14. 

      α           
 
                         

  
         

 
        

 (4.14) 

Note that the computational complexity to obtain the minimum cost 

including multi-stage clock gating is ((#registers) * (#candidates) * 

(#candidates)) at the worst case, where (#candidates) ≤ (#gates).  

The multi-stage optimization algorithm can be formalized as follows, 

to minimize the cost represented by Equation 4.14 under a row constraint 

of Equation 4.13 and two column constraints of Equation 4.2 and Equation 

4.12. 

Minimize  α           
 
                    

                
  

         
 
       

Under              
  

          

           If       > 0, then yj = 1 

           If     
 

  > 0, then mj
k = 1 and yj = 1 

           xij, yj, zi, ej
ik, mj

k ∈ {0,1} 

By adding variables and column constraints for each cascaded clock 

gating stage, the 2-stage optimization algorithm can be extended to 3 or 

more stages. Note that the number of candidates and column constraints 

become O(N2) for 2-stage clock gating where N is the number of single 
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stage candidates. For 3-stage clock gating, the number of candidates and 

column constraints become O(N3) and so on. 

 

4.4 Automated Clock Gating Tool 

 

Figure 4-7. Implementation flow. 

Figure 4-7 shows the implementation flow of our automated 
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multi-stage clock gating tool for real-life applications. The input of the 

automated clock gating tool is the RT-Level Verilog description of a circuit 

design, which is synthesized to a structural (gate-level) Verilog on some 

library. Our optimization method is applied to the structural Verilog and 

the optimized structural Verilog is obtained where flip-flops are guarded by 

optimum multi-stage clock gating signals. An example of such structural 

Verilog description for a 4-bit counter circuit is shown at the bottom of 

Figure 4-7. Note that the structural Verilog depends on the library, so we 

firstly analyze the library and know about the functionality of each cell as a 

kind of table. By modifying the table we can cope with different libraries. 

In the following, we show the details of our proposed method. 

1) Step 1 (Multi-stage Candidate Extraction): The first step is 

executed using BDD to extract combinations of clock gating control 

candidates at cascaded stages satisfying the gating condition of each 

register. 1-probability is computed at the same time for single-stage 

candidates and multi-stage candidate combinations. Note that a 

multi-stage candidate combination might be included in the multi-stage 

candidate sets of different registers.  

The input of this step is the RT-Level Verilog description of the original 

designs, which will be converted to the gate-level structural Verilog 

representation as shown in Figure 4-8 using Synopsys DesignCompiler. For 

multi-stage candidate extraction and 1-probability computation, the 

structural Verilog will be firstly converted to the SLIF format using our 

converter 1, which can be read by the BDD package. Later after optimum 

control signal selection with cascaded stage order, the structural Verilog 

with optimum control signal defined can be generated automatically based 

on the structural Verilog created at this step for clock gating insertion. The 

whole process is implemented automatically. 
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Figure 4-8. Circuit data of 4-bit counter at Step 1. 

2) Step 2 (Constraints Construction into LP Format): This step 

consists of constructing all constraints into LP format for minimum cost 

computation using MIP optimizer. MIP optimizer is used because all 

variables are constrained to have only integer values at the optimal 

solution and all variables are specified as binary integer variables in LP 

format. We formulate the two column constraints into the LP format. 

Column constraint Equation 4.2 for single-stage clock gating is 

formulated into LP format as shown in Equation 4.15. 

yj – xij >= 0 (4.15) 
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Column constraint Equation 4.12 for 2-stage cascaded clock gating is 

defined in Equation 4.16 in LP format, which reflects the sharing condition 

among registers and cascaded clock gating cells. 

yj – mj
k >= 0  

mj
k – ej

ik >= 0 (4.16) 

3) Step 3 (Optimum Control Signal Selection with Cascaded Stage 

Order): At this stage, multi-stage clock gating controls with optimum 

sharing among registers and clock gating cells are selected and cascaded 

stage orders are decided for multi-stage candidate combinations. Minimum 

cost is calculated using MIP optimizer following the ILP formulation of 

multi-stage optimization algorithm. The output result of minimum cost 

computation is the decision values of all variables at the optimal solution, 

based on which using our converter 2, clock gating control signals will be 

defined automatically according to their cascaded stage orders in the 

structural Verilog generated at Step 1. The optimum minimum_bitwidth 

option will be specified according to the minimum number of registers that 

share one clock gating control in order to avoid generating extra clock 

gating cells.  

With guard signals defined in the structural Verilog as shown in Figure 

4-7 and the optimum minimum_bitwidth option specified, synthesis and 

layout procedures using commercial EDA tools are followed for clock gating 

insertion and clock tree synthesis, details of which are explained in the 

experiment section. 

The following shows an application example for cost evaluation. Figure 

4-9 shows the application result of a 16-bit binary counter. The upper 10 

registers r15~r6 are controlled by the output of r5r4 and the next 2 registers 

r5r4 are controlled by the output of r3r2 via the first stage clock gating logic 
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CG1_1 and CG1_2. The switching activity applying the gated clock to r15~r6 

is 0.015625 and that applying the gated clock to r5r4 is 0.0625. Here, 

switching activity of a register Ri corresponds to the probability applying 

the clock signal to Ri. Without clock gating, the clock signal is applied to 

register Ri at each clock cycle, in this case, the switching activity of Ri is 1.0. 

When Ri is clock gated by a clock gating control signal Cj, which means the 

clock signal is propagated to Ri only when Cj takes the value of 1, the 

switching activity of Ri becomes the 1-probability Pj of Cj which is 

computed during control candidate extraction phase as explained in 

Section 4.2. Pj is calculated as the number of 1’s in the truth table of Cj 

divided by the number of all input patterns. The next 2 registers r3r2 are 

controlled by the output of r1r0 via the second stage clock gating logic CG2 

and the switching activity applying the gated clock to r3r2 is 0.25. The 

lower 2 registers r1r0 remain no control, and the switching activity 

applying the clock to r1r0 is 1.0. Switching activity of CG2 is measured as 

0.8 compared to that of a usual register; while that of CG1_1 and CG1_2 

applying the gated clock signal controlled by r1r0 via CG2 is measured as 

(0.8 * 0.25). Note that registers r3r2 and the first stage clock gating logic 

CG1_1 and CG1_2 share the second stage clock gating logic CG2. 

 

Figure 4-9. 16-bit counter circuit with multi-stage clock gating. 
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Based on Equation 4.14, the minimum cost of the 16-bit binary counter 

circuit with multi-stage clock gating is calculated as: 

cost_MCG (2 2 2 10)  

= 2 + 0.25*2+0.8 + 0.0625*2+0.2 + 0.015625*10+0.2  

= 3.98125 

 

Figure 4-10. 16-bit counter circuit with single-stage clock gating. 

With single-stage clock gating as shown in Figure 4-10, the upper 11 

registers r15~r5 are controlled by the output of r4~r2 and the next 3 registers 

r4~r2 are controlled by the output of r1r0. The switching activity applying 

the gated clock to r15~r5 is 0.03125 and that applying the gated clock to r4~r2 

is 0.25. The lower 2 registers r1r0 remain no control, and the switching 

activity applying the clock to r1r0 is 1.0. Switching activities of two CGs are 

both 0.8 since they both connect to the clock signal directly.  

The minimum cost of the 16-bit counter circuit with single-stage clock 

gating is calculated as  

cost_SCG (2 3 11)  

= 2 + 0.25*3+0.8 + 0.03125*11+0.8 

= 4.69375 
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Based on the cost function (switching activity) of a circuit defined by 

Equation 4.14, the cost of original circuit without clock gating is calculated 

as 1.0 * (#F.F.). Without clock gating, the clock signal is propagated to the 

register at each clock cycle, therefore the switching activity of a register 

without clock gating is 1.0. Thus cost of the 16-bit counter circuit without 

clock gating is measure as: 

cost (16) = 1.0 * 16 = 16.0 

Comparing the costs, by multi-stage clock gating 75.1% (1 – 

3.98125/16) cost reduction compared with designs without clock gating is 

obtained and 15.2% (1 – 3.98125/4.69375) cost reduction compared with 

designs applying single-stage clock gating is achieved. 

 

4.5 Experimental Results and Discussion 

We implemented the optimization method in C and applied to a set of 

benchmark circuits and an LDPC Decoder which is designed in our 

university. Gating condition is checked and 1-probability of each candidate 

is computed using BDD. Minimum cost is computed using commercial MIP 

optimizer (IBM CPLEX). We use VDEC Rohm 0.18µm library (Kyushu 

University) as technology library and Synopsys Design Compiler as 

synthesis tools. After layout with Astro and parameter extraction with 

Calibre, Synopsys NanoSim is used for actual power estimation. All 

experiments were done on AMD Opteron 852 (2.6GHz x2, 32GB Memory) 

Linux Operating System. 

We first applied our multi-stage optimization method to 4 binary 

counter circuits (8, 16, 32 and 64 bits), ISCAS89 benchmark circuits (s526), 
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interface circuits (SPI, RS-232 and I2C_slave), Opencore benchmark 

circuits (oc_ssram, oc_sdram and oc_i2c) and the central part of an LDPC 

Decoder [30], the processing engine PE_12. 

 

Figure 4-11. Architecture of PE (Processing Engine). 

Processing engine PE_12, which deals with the message updating, 

contains 6.6k gates and 212 F.F.s. The main register array in PE_12 

contains 24 * 6-bit registers, which is divided into two blocks, each 

containing 12 * 6-bit registers. In each clock cycle 12 messages are updated 

by Updater 1 and stored into one block of registers, while simultaneously, 

12 messages which are stored in the other block of registers are read by 

Updater 2 for message updating, as shown in Figure 4-11. 

4.5.1 Post-Layout Power Estimation Results 

Table 4-3 reports the clock gating structure of counters, benchmark 

circuits and PE_12 for optimized single-stage and multi-stage clock gating 

respectively. Column 2 shows the number of flip-flops of the original circuit. 

After applying the single-stage and multi-stage optimization method, the 

resulting number of the single-stage clock gating cells and the 

corresponding gated flip-flops are listed in columns 3 and 4; while that of 



                     Automatic Optimization of Multi-Stage Clock Gating Logic 

 

 

- 83 - 

 

the multi-stage clock gating cells and the corresponding gated flip-flops are 

shown in columns 5, 6 and 7 respectively. Column “St 1” refers to the 

number of clock gating cells whose outputs work as the gated clock signal 

arriving at the flip-flops; while Column “St 2” refers to the number of clock 

gating cells whose outputs work as the gated clock signal arriving at the 

first stage clock gating logic. In some circuits, more clock gating cells are 

inserted compared to single-stage clock gating because of the power 

reduction of clock gating cells. 

Table 4-3. Clock gating structure. 

circuits 

org SCG MCG 

#F.F.s #CG #gated F.F.s 
#CG 

#gated F.F.s 
St 2 St 1 

counter8 8 2 7 1 1 6 

counter16 16 2 14 1 2 14 

counter32 32 2 30 1 2 30 

counter64 64 3 63 1 3 63 

s526 21 1 7 1 1 7 

SPI16 90 4 57 2 3 57 

async_rxd 41 5 26 3 3 26 

async_txd 29 5 20 2 3 20 

i2c_slave 17 3 15 2 3 15 

oc_ssram 95 2 32 - - - 

oc_sdram 108 11 86 6 12 92 

oc_i2c 128 7 79 - - - 

pe_12 212 2 144 1 4 187 

 

Table 4-4 and Table 4-5 show the optimization results on counters, 

benchmark circuits and PE_12 with single-stage and multi-stage clock 

gating respectively. 
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Table 4-4. Single-stage power cost optimization results. 

Circuits 
SCG 

# registers #gates #candidates Min Cost 

counter8 8 29 13 4.23 

counter16 16 53 44 4.69 

counter32 32 102 92 5.01 

counter64 64 201 188 5.24 

s526 21 446 77 20.10 

spi16 90 652 43 68.52 

async_rxd 41 562 96 27.53 

async_txd 29 731 111 20.90 

i2c_slave 17 460 91 12.60 

oc_ssram 95 597 22 80.30 

oc_sdram 108 3586 357 65.71 

oc_i2c 128 2070 92 118.57 

pe_12 212 6600 97 87.60 

 

Table 4-4 shows the result by single-stage clock gating. Columns 1, 2 

and 3 show the name, the number of flip-flops and the number of gates of 

the circuits, respectively. Column 4 shows the number of candidates 

extracted in the candidate extraction phase. Column 5 gives the 

optimization results with single-stage clock gating. 

Table 4-5 shows the result of multi-stage clock gating. Column 2 shows 

the minimum cost with optimized multi-stage clock gating. Columns 3 and 

4 show the cost reduction by multi-stage optimization method compared 

with the original designs without clock gating and designs applying 

single-stage optimization method respectively. Columns 5, 6 and 7 show 

the number of variables, line constraints in accordance with Equation 4.13 

and column constraints in accordance with Equation 4.15 and Equation 
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4.16 in LP format respectively. Column 8 shows CPU seconds for minimum 

cost computation using MIP solver.  

Table 4-5. Multi-stage power cost optimization results. 

Circuits 

MCG 

Min 
Cost 

Reduction 
vs. org 

Reduction 
vs. SCG 

#variables 
#line 

constraints 
#column 

constraints 
CPU 

seconds 

counter8 3.75 53.1% 11.2% 1411 8 689 0.11 

counter16 3.98 75.1% 15.2% 11506 16 10399 4.19 

counter32 4.23 86.8% 15.5% 91293 32 90679 151.61 

counter64 4.42 93.1% 15.7% 164855 64 160629 427.93 

s526 19.83 5.6% 1.3% 3407 21 2060 0.13 

spi16 61.02 32.2% 10.9% 11024 90 10188 1.38 

async_rxd 25.86 36.9% 6.0% 20094 41 18669 2.75 

async_txd 16.17 44.2% 22.6% 24422 29 21642 3.89 

i2c_slave 8.84 48.0% 29.8% 12500 17 10523 1.11 

oc_ssram 80.30 15.5% 0.0% 4695 95 4256 0.09 

oc_sdram 63.55 41.2% 3.3% 338192 108 301895 406.83 

oc_i2c 118.57 7.4% 0.0% 9075 128 7661 0.66 

pe_12 79.73 62.4% 9.0% 7325 212 72134 0.36 

AVG 
 

46.3% 10.8%  
 

  

 

The cost reduction from original designs without clock gating reaches 

from 6% to 93% with an average of 46%. Improvement compared with 

single-stage optimization method has been obtained up to 30% with an 



Optimization of Clock Gating Logic for Low Power LSI Design                   

 

 

- 86 - 

 

average of 11%. Compared with the reduction results from original designs 

(21.6%) by multi-stage clock gating in [18] for SPI circuit, we have obtained 

32.2% with about 10.6% improvement and almost the same result by 

hierarchical clock gating. compared with the reduction results in [17] on 

oc_ssram (13.7%) and oc_sdram (34.38%), 2% and 7% improvement has 

been obtained respectively. 

Using CPLEX MIP solver for minimum cost computation, the CPU 

time takes a few seconds for up to 25K variables. When the number of 

variables is larger than 90K, it takes several minutes for up to 300K 

variables. For circuits with more variables in LP format, we can apply 

random simulation to compute the 0/1 probability (approximate value) for 

candidate identification as shown in [17] for variable reduction. 

We then estimate the actual power reduction using Synopsys NanoSim 

with the placed and routed netlists of the circuits. To this purpose, the 

circuit is first elaborated by Synopsys Design Compiler to obtain a 

RT-Level structural representation with clock gating inserted based on the 

control signals selected by our optimization method. A floorplan and a 

placement are then initialized by Astro to perform clock tree synthesis. 

Finally, power estimation was performed using Synopsys NanoSim. The 

whole synthesis process was timing driven and mapping was done on 

VDEC Rohm 0.18µm technology library (Kyushu University). Clock tree 

synthesis was performed with a very tight skew constraint and no skew 

violation was observed. By experiments on 8-bit, 10-bit, 16-bit, 20-bit and 

30-bit counter circuits with single-stage clock gating, we confirmed that 

our evaluation method using switching activity has the same tendency 

with the actual power consumption after layout as shown in Figure 4-12. 
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Figure 4-12. Co-relation of power cost evaluation and actual power consumption. 

Due to the trade-off between the power reduction of the gated F.F.s and 

the power consumption of the inserted clock gating logic, in order to obtain 

the maximum power savings, less clock gating cells with maximum sharing 

by the F.F.s are desired. Commercial tools insert clock gating logic for F.F.s 

that are qualified for clock gating based on both enable functionality (e.g. 

control signal EN) described in the RT-Level design and clock gating 

options set in the synthesis script (structural method). An example of such 

enable condition for the guarded register is “always @(posedge clock) if 
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(EN) DATA_OUT <= DATA_IN”. The value of minimum_bitwidth option is 

set to 3 as default when applying structural method.  

Using our optimization method, control signals with optimum sharing 

by several registers are obtained. The optimum value of 

minimum_bitwidth option is also obtained as the minimum number of 

gated F.F.s by the selected control signal. Note that different number of 

clock gating cells will be generated with different value of 

minimum_bitwidth option set in the synthesis script. The dynamic power 

consumption might be varied depending on the inserted clock gating logic. 

In general it is not feasible to implement such trial-and-error method to 

find the optimum value of minimum_bitwidth option for large designs by 

hand. Using our optimization method, it is easy to set the value of 

minimum_bitwidth option in accordance with the minimum number of 

gated F.F.s by control signals. 

Table 4-6 collects actual power estimation results and compared them 

among original designs without clock gating, designs applying structural 

gating approach, single-stage optimization method and multi-stage 

optimization method respectively. Columns 2, 3, 4 and 5 show actual power 

consumption of original designs without clock gating, those after applying 

structural gating approach, single-stage and multi-stage optimization 

method, respectively. Columns 6, 7 and 8 show actual power reduction of 

MCG compared with original designs, designs with structural gating 

approach and designs with optimized single-stage clock gating respectively. 

In the evaluation, up to 85% with an average of 35% actual power 

reduction has been obtained compared with original designs without clock 

gating. Up to 85% with an average of 31% improvement and up to 13% with 

an average of 6% improvement have been achieved compared with 

structural gating approach and single-stage optimization method 
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respectively on counters, benchmark circuits and PE_12. CPU time for 

optimum multi-stage clock gating control selection takes several seconds 

for circuits with up to 25k variables in LP format and several minutes for 

those with up to 300k variables. 

Table 4-6. Actual power estimation results. 

Circuits 

Power 

Org 

(μW) 

Power 

Struct CG 

(μW) 

Power                   

SCG 

(μW) 

Power                  

MCG 

(μW) 

Red. 

vs. org 

Red.vs. 

Struct CG 

Red. vs. 

SCG 

counter8 56.61 56.61 48.54 43.88 22.5% 22.5% 9.6% 

counter16 108.13 108.13 54.19 48.23 55.4% 55.4% 11.0% 

counter32 231.23 231.23 58.42 50.87 78.0% 78.0% 12.9% 

counter64 456.45 456.45 75.95 67.93 85.1% 85.1% 10.6% 

s526 163.03 163.03 157.34 153.66 5.7% 5.7% 2.3% 

SPI16 464.28 358.13 219.82 209.18 54.9% 41.6% 4.8% 

async_rxd 276.10 242.22 208.60 191.71 30.6% 20.9% 8.1% 

async_txd 231.00 207.18 180.67 170.10 26.4% 17.9% 5.9% 

i2c_slave 134.40 168.20 100.49 99.58 25.9% 40.8% 0.9% 

oc_ssram 841.98 841.98 749.75 749.75 11.0% 11.0% 0.0% 

oc_sdram 664.24 633.74 603.33 536.09 19.3% 15.4% 11.1% 

oc_i2c 766.49 777.79 736.66 736.66 3.9% 5.3% 0.0% 

pe_12 4510.10 3121.20 2995.80 2840.90 37.0% 9.0% 5.2% 

AVG 
 

 
  

35.1% 31.4% 6.3% 

*SCG: Single-stage Clock Gating 

*MCG: Multi-stage Clock Gating 

*Struct CG: Structural Gating Approach 
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4.5.2 Area Estimation Results 

Table 4-7 reports the area estimation results as μm2. Area estimation 

results are listed in Columns 2, 3 and 4 for circuits without clock gating, 

those with optimized single-stage clock gating and optimized multi-stage 

clock gating respectively. Area reduction compared with original designs 

without clock gating is obtained by replacing multiplexers for each register 

with clock gating cells shared among these registers. Reduction results are 

shown in Column 5. 

Table 4-7. Area estimation results. 

Circuits 
Area org. 

(μm
2
) 

Area SCG 

(μm
2
) 

Area MCG 

(μm
2
) 

Area Red. vs. org 

counter8 912.0 959.2 935.6 -3% 

counter16 1918.4 1942.0 1965.6 -2% 

counter32 3931.2 3946.9 3978.4 -1% 

counter64 7956.7 8051.1 8074.7 -1% 

s526 3027.0 2968.1 3117.4 -3% 

SPI16 9977.4 9938.1 10016.7 0% 

async_rxd 5421.1 5118.4 5177.4 4% 

async_txd 4269.3 3927.3 3919.4 8% 

i2c_slave 2669.3 2641.8 2716.5 -2% 

oc_ssram 11373.0 11231.4 11231.4 1% 

oc_sdram 16974.9 16982.8 17472.1 -3% 

oc_i2c 24259.7 16766.6 16766.6 31% 

pe_12 80919.8 74598.5 70993.5 12% 
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Figure 4-13. Multiplexers replaced by one clock gating cell. 

Without clock gating, synthesis tools in general implement register 

banks by using a multiplexer when the new value assignment is guarded 

by some conditions in the RT-Level Verilog description. This is the original 

designs without any clock gating logic inserted. Using the clock gating 

generation, such multiplexers can be reduced as shown in Figure 4-13. If 

the number of registers controlled by a clock gating cell is large, then the 

reduction becomes large, so data path circuit can reduce area by clock 

gating. In our research, sharing of a clock gating control among several 

registers and clock gating cells are considered. In addition with actual 

power reduction, after applying our multi-stage clock gating optimization 

method, up to 31% area reduction has also been observed compared to 

designs without clock gating. 
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4.5.3 Timing Issue after Implementing Multi-Stage Clock 

Gating 

During multi-stage clock gating generation by Synopsys 

DesignCompiler based on the guard signals selected by our method, both 

setup and hold check timing are performed by Synopsys PrimeTime on 

clock path, clock-gating path and data path as shown in Figure 4-14.  

 

Figure 4-14. Timing path types. 

 

Figure 4-15. Data path types. 

Each timing path starts at a data launch point (startpoint) as shown in 

Figure 4-15, passes through some combinational logic and ends at a data 

capture point (endpoint). When there are different timing paths connecting 

the same startpoint and endpoint, a setup check would consider the path 

with longest delay, whereas a hold check would consider the path with the 
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shortest delay. Each path in the design has an associated timing slack, 

which is measured as the difference between the data required time and 

data arrival time. The timing path that has the worst slack (maximum 

delay) is called the critical path. If there are no timing violations, the 

critical path is the one with the smallest slack (maximum delay) among all 

timing paths in the design.  

Table 4-8. Delay of critical path. 

Circuits 

Delay of Critical Path 

SCG 

(ns) 

MCG 

(ns) 

counter8 0.90 0.59 

counter16 1.55 1.48 

counter32 3.25 3.25 

counter64 6.12 6.18 

s526 1.55 1.44 

SPI16 1.88 1.89 

async_rxd 1.48 1.46 

async_txd 1.89 1.79 

i2c_slave 0.94 0.94 

oc_ssram 0.58 - 

oc_sdram 2.33 1.71 

oc_i2c 2.58 - 

pe_12 6.66 6.71 

 

In Table 4-8, delay of critical paths after single-stage clock gating and 

multi-stage clock gating being applied for counters and benchmark circuits 

is listed respectively. All critical paths shown below are composed of 

CLK-to-Q (data change on the flip-flop output after arrival of the clock edge 

at the F.F.) delay and combinational logic delay. Note that CLK-to-Q delay 
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does not include the delay of a level sensitive latch. Also note that since the 

selected enable signals are inserted at RT-Level by our automated clock 

gating tool, circuit structure and critical path may change after 

implementing clock gating by Synopsys DesignCompiler. Take binary 

counter circuits as an example, without clock gating, the critical path of 

original circuit is the path starting at the data launch point of LSB, ending 

at the data capture point of MSB. After implementing clock gating using 

Synopsys DesignCompiler, only the enable signal of a clock gating circuit 

depends on the output of LSB, the timing path arriving at pin MSB/reg/d, 

the input pin of MSB is curtailed. 

Using Synopsys PrimeTime, on VDEC Rohm 0.18μm library, timing 

delay of a F.F. is measured as 0.20 whereas that of a clock gating logic is 

measured as 0.06. Until 3-stage clock gating circuits, whose accumulated 

path delay is 0.18, clock gating path delay is smaller than a CLK-to-Q delay. 

When the number of clock gating stages becomes more than 4, the clock 

gating path delay might affect the maximum delay of the critical path. 

Therefore, even if a most tight clock period is set with slack of 0, in the 

experiments, multi-stage clock gating can still be generated by Synopsys 

DesignCompiler without any timing violation. 

 

Figure 4-16. Timing path of 16-bit counter circuit with multi-stage clock gating. 

To implement multi-stage clock gating insertion, for the functional 
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correctness without any timing violation, in case when the enable signal of 

CG1 depends on the output of other F.F.s in the circuit, the gated clock 

signal must arrive at CG1 earlier than the enable signal. That means the 

delay of enable signal should be larger than that of the gated clock signal.  

Table 4-9. CLK-to-D2 delay of 1-stage clock gating control. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Circuits Delay of EN of CG1 

counter8 EN1: 0.36  

counter16 
EN1: 0.38 

EN2: 0.42  

counter32 
EN2: 0.48 

EN1: 0.42  

counter64 

EN1: 0.26 

EN2: 0.31 

EN3: 0.42  

s526 EN1: 0.58  

SPI16 

EN1: output of combinational logic 

EN2: 0.41 

EN3: 0.50  

async_rxd 
EN1: 0.24 

EN2: 0.42  

async_txd 

EN1: 0.51 

EN2: 0.31 

EN3: 0.31  

i2c_slave 

EN1: 0.33 

EN2: 0.26 

EN3: 0.31  

oc_ssram -  

oc_sdram 

EN1: 0.32 

EN2: 0.85 

EN3: 0.31 

EN4: 0.38 

EN5: 0.26 

EN6: 0.31 

EN7: 0.69 

EN8: 0.55 

EN9: 0.26 

EN10: 0.33 

EN11: 0.31 

EN12: 0.34 

oc_i2c -  

pe_12 Outputs of combinational logic 

Clock gating circuit 0.06 
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We still use the 16-bit counter circuit as an example shown in Figure 

4-16. CLK-to-D2 (the change in signal data caused by a clock transition at 

the first F.F. is propagated to the next F.F.) Delay ABCD through r3r2 

should be larger than the clock-gating path delay AE and CLK-to-D2 delay 

FGHI through r5r4 should be larger than the clock-gating path delay AJ. 

On VDEC Rohm 0.18μm library, a latch-based clock-gating path delay is 

measured as 0.06 and the Library setup time is set to 0.05. We collected all 

the CLK-to-D2 delay for enable signals of CG1 in Table 4-9. For the correct 

behavior of the circuit, clock period is set to be at least the maximum delay 

plus Library setup time, in case when the enable signals are the outputs of 

combinational logic or primary input of the circuits, from the experimental 

results of the maximum delay of critical path, such enable signals shall be 

held long enough until the gated clock signal arrive at CG1 and before the 

change of the next input vector occurs. 

 

Figure 4-17. Buffers on clock path to manage clock skew. 

Supposing that multi-stage clock gating circuits introduce timing 

overhead to the clock-gating path, buffers shall be added to the clock path 

by Astro to manage clock skew during clock tree synthesis as shown in 

Figure 4-17. In the experiments, we specified the same buffer cell and 

compared the number of buffers inserted by Astro to manage clock skew to 
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the clock path without any clock gating circuit. As shown in Table 4-10, the 

number of buffers has not been increased due to the multi-stage clock 

gating circuits. 

Table 4-10. Number of buffers on clock path during clock tree synthesis. 

Circuits 
#buffers on Clock Path 

SCG MCG 

counter8 2 2 

counter16 4 2 

counter32 4 2 

counter64 4 2 

s526 2 2 

SPI16 4 4 

async_rxd 2 2 

async_txd 2 4 

i2c_slave 4 4 

oc_ssram 3 - 

oc_sdram 5 4 

oc_i2c 5 - 

pe_12 6 4 

 

4.6 Summary 

In this chapter, we propose a multi-stage clock gating optimization 

algorithm with ILP formulation to minimize the number of clock gating 

cells and their switching activities for power optimization. With the method, 

optimum combinations of guard signals for all registers are obtained, and 

then a gate level description with guarded registers is obtained from the 

original circuit. The method is applied to binary counters, a set of 
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benchmark circuits and an LDPC Decoder with up to 6600 gates. Actual 

power consumption after layout is estimated using Synopsys NanoSim. In 

the evaluation, on average 35% actual power reduction has been obtained 

compared with original designs without clock gating, and 31% average 

improvement has been achieved compared with designs applying 

structural clock gating. More than 10% power reduction for several 

benchmark circuits has been obtained compared with single-stage clock 

gating, and 6% reduction in average. CPU time for optimum multi-stage 

control selection is for several seconds for up to 25k variables in LP format, 

and about 450 seconds are necessary for two problems with more than 

100,000 variables. When applying clock gating, we need extra clock gating 

cells but the multiplexors controlling register inputs can be reduced, and 

area can be reduced compared with circuits without clock gating. In this 

chapter we show the details on 2-stage clock gating optimization, which 

can easily be extended to 3-stage or more. Variable reduction in the 

constraints of ILP format is one of our future works. 
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A. Conclusion of this Dissertation 

In this dissertation, we focus on the automatic clock gating generation 

and propose a switching activity based optimization method of clock gating 

logic including candidate extraction from internal signals in the original 

design and optimum control signal selection considering sharing among 

multiple registers for power and area optimization. The proposed method 

can be applied not only to the single-stage clock gating but also to the multi 

cascaded clock gating stages. We develop an automated multi-stage clock 

gating tool for real-life applications. 

Since the clock gating cells consume power and area, it is imperative to 

minimize the number of inserted clock gating cells and their switching 

activities for power optimization. 

We first propose a BDD based single-stage optimization algorithm 

using switching activity for dynamic power reduction considering the 
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sharing of clock gating controls among multiple registers to minimize the 

number of inserted clock gating cells.  

In order to deal with the trade-off between power savings of gated 

registers and power penalty of synthesized clock gating logic, we newly 

formalize the control signal selection phase considering the cost of gating 

circuits.  

We develop methods based on BDD to extract clock gating control 

candidate out of internal signals of the original design and to compute the 

1-probability for each candidate. We modify our BDD package by adding a 

mechanism to cope with the probability of input variables and a function to 

compute the minimum cost and to print out the path information based on 

the input probability and constraints constructed in BDD. 

A coefficient α is introduced to cope with different technology libraries. 

α is measured as the power consumption of a clock gating cell with respect 

to that of a flip-flop. The value of α may affect the final optimization results 

and can be easily changed during enhanced BLIF generation by BDD 

package. 

We devise an evaluation method of dynamic power consumption using 

switching activity. By applying to 8-bit, 10-bit, 16-bit, 20-bit and 30-bit 

counter circuits, in the experiments using Synopsys NanoSim, we confirm 

that our evaluation method has the same tendency with the actual power 

consumption after layout. 

With the proposed method, 19.1%-71.9% power reduction has been 

found on counter circuits after layout, and 2.3%-18.0% cost reduction on 

benchmark circuits. 2% improvement compared with [17] has been 

achieved on Opencore benchmark circuit based on VDEC Rohm 0.18 μm 
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library. 

As the second main part of this dissertation, together with the number 

of clock gating cells, we also focus on the minimization of switching 

activities of clock gating logic. We propose a multi-stage clock gating 

optimization algorithm with ILP formulation.  

The optimization algorithm for optimum multi-stage clock gating 

control selection has 3 steps: (1) clock gating control candidate combination 

extraction; (2) constraints construction in LP format for the selection of 

cascaded clock-gating order of multi-stage candidate combinations and (3) 

optimum control signal selection considering sharing of a cascaded clock 

gating control among registers and clock gating logic.  

We find that any multi-stage control signals are also single-stage 

control signals, and any combination of signals can be selected from 

single-stage candidates. The proposed method can be applied to 3 or more 

cascaded stages. 

We also develop an automated clock gating tool to automatically add 

enable conditions at cascaded stages into the structural Verilog and to 

determine the optimum minimum_bitwidth value, which will be translated 

into multi-stage clock gating logic by commercial EDA tools following the 

standard synthesis and layout procedures for real-life applications. 

By post-layout power estimation on a set of benchmark circuits and a 

Low Density Parity Check (LDPC) Decoder (6.6k gates, 212 F.F.s) using 

Synopsys NanoSim, on average, 35% actual power reduction has been 

obtained compared with original designs and 31% improvement has been 

achieved compared with the structural gating approach. More that 10% 

improvement has been achieved for some circuits compared with 
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single-stage optimization method. CPU time for optimum multi-stage 

control selection is several seconds for up to 25K variables in LP format, 

and about 450 seconds are necessary for two problems with more than 

100K variables. 

In addition with actual power reduction, in the experiments up to 30% 

area reduction has also been observed compared with original designs 

without clock gating. Without clock gating, synthesis tools insert 

multiplexers for register banks when the new value assignment is guarded 

by some conditions in HDL. By replacing these multiplexers with a clock 

gating cell shared by those registers, corresponding area of the 

multiplexers can be eliminated. 

No setup and hold timing violation as well as skew violation was 

observed after implementing multi-stage clock gating. 

In this dissertation, we show the details on 2-stage clock gating 

optimization, which can easily be extended to 3-stage or more. Variable 

reduction in the constraints of ILP format is one of our future works. 

B. Future Work 

The clock gating is highly related to the timing behavior of the circuit 

and the proposed method with the latch based clock gating cell can be 

implemented without timing penalty, such as the guard signal based 

structural method. There exist other ways for clock gating, one is using the 

EXOR of the current and new values directly for each register or the OR of 

EXOR for the register banks; the other is ODC (Observability Don't Care) 

based clock gating, where the usage of the value of registers are checked. 

EXOR based method needs additional delay compared to the original 

design, so it is hard to apply to the critical parts. ODC based clock gating is 
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hard to implement since it depends on the values of the previous clock cycle. 

We will study and compare the effectiveness of both methods on stopping 

probability of the clock signal and to combine these two methods for an 

optimal result on power and timing. 

In this dissertation, we apply our optimization method on circuits 

mapped onto VDEC Rohm 0.18μm library (Kyushu University). The 

parameter α for measuring the power ratio of the clock gating cell with 

respect to a register is introduced to cope with the library and by just 

modifying it we can apply our method to other process technology. We 

would like to apply our multi-stage clock gating optimization method 

mapped onto finer process technologies in the future. 

For CMOS technologies less than 100nm, we should care about not 

only the dynamic power consumption but also the leakage power 

dissipation, which might be almost the same importance as the dynamic 

power consumption. To reduce the leakage power, power gating is an 

important technique, where a power switch transistor controls the power 

supply to some circuit block. 

Clock gating and power gating techniques have the relation, and can 

be combined. If a register is clock gated, then the new value to the register 

is not necessary and could be powered down. In the application of power 

gating, isolation gates should be inserted. The combination and automatic 

implementation of these two techniques is a future work for dynamic and 

static power reduction. 

Finally, the proposed method can be applied to the system level power 

control for VLSI. This contributes the reduced impact of information 

systems to our environment. Such enhancement is one of our future works. 

We also would like to make every effort if any contribution could be made 
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to the environment and to the efficiency of our life. 
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