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1. INTRODUCTION 

Clock gating [1,2] is recognized as one of useful techniques to reduce the dynamic power 

consumption (i.e., the switching power consumption) of synchronous sequential circuits. To save power, 

clock gating requires extra clock control logic to prune the clock tree, thus disabling portions of the 

circuitry so that its flip-flops do not change their states. 

A clock gating architecture is shown in Figure 1. There is a clock control logic (i.e., an enable 

circuitry) to generate an enable signal En to control the output of clock gate (CG). If the enable signal 

En is 1, the clock signal will be transmitted to the register, and thus the combinational logic will operate 

normally. On the other hand, if the enable signal En is 0, the clock signal will not be transmitted to the 

register, and thus the combinational logic will have no operation. Therefore, if the enable signal En is 0, 

the dynamic power consumption goes to zero. Based on this clock gating architecture, the automatic 

synthesis of low-power finite state machine is studied in [3]. 

 
Figure 1: Clock Gating Architecture. 

The design of clock control logic should know which modules are idle, when, and for how long. 

Tellez et al. [4] and Farrahi et al. [5] find that this information can be obtained from the results of high-

level synthesis. From that observation, they [4,5] derive the clock control logics, called activity driven 

clock tree, for reducing the power consumption of clock tree based on the results of high-level synthesis. 

Furthermore, Cheng et al. [6] directly synthesize the clock control logic in the high-level synthesis stage. 
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In their work [6], an ILP (integer linear programming) formulation is proposed to find a module binding 

solution so that the power consumption of clock tree can be minimized. 

The physical implementation of clock tree for the distribution of clock gating has been studied in 

many literatures. Shen et al. [7] study the register placement of clock tree for low-power clock gating. 

Oh and Pedram [8] study the routing of clock tree for low-power clock gating. Donno et al. [9] 

demonstrate a practical clock tree design flow for low-power clock gating. Chang et al. [10] propose a 

type-matching clock tree structure to minimize the clock skew of clock gating. Furthermore, based on 

the type-matching clock tree structure, Huang et al. [11] propose a practical clock tree design 

methodology to minimize the NBTI-induced clock skew of clock gating. 

Although previous works [4-11] have paid many attentions to construct a low-power clock tree for 

the distribution of clock gating, they [4-11] ignore the clock control logic itself. In fact, the clock control 

logic also contributes area and power to the circuit. As a result, previous works [4-11] often causes 

complex clock control logic in which many enable signals are required to be generated. Complex clock 

control logic may have side effects below. 

(1) As clock control logic becomes more complex, the circuit area overhead is often larger. 

(2) As clock control logic becomes more complex, the power consumption of clock control logic is 

often larger. As a result, the benefit in the power saving of clock tree may be lost. 

Based on the above observations, in this paper, we consider both the clock tree and the clock 

control logic at the same time. Our objective is not only to conform to the constraint on the overall 

power consumption (note that the overall power consumption means the summation of the power 

consumption of clock tree and the power consumption of clock control logic), but also to minimize the 

area overhead of clock control logic. Our approach is an ILP formulation. We attempt to minimize the 

number of activity patterns (i.e., the enable signals) for controlling clock gates under a constraint on the 

overall power consumption. Compared with previous work [6], benchmark data show that our approach 
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can greatly reduce the circuit area overhead (on the clock control logic) under the same constraint on the 

overall power consumption.  

The remainder of this paper is organized as follows. The background materials are provided in 

Section 2. In Section 3, we demonstrate our motivation. In Section 4, we propose an ILP approach to 

minimize the number of activity patterns (i.e., the enable signals) for controlling clock gates under a 

constraint on the overall power consumption. Our experimental results are reported in Section 5. Finally, 

some concluding remarks are given in Section 6. 

2. PRELIMINARIES 

In the high-level synthesis stage, a behavior-level description is represented by a data flow graph 

(DFG) as shown in Figure 2. Each node corresponds to an operation, and each directed edge 

corresponds to a data dependency relationship. In Figure 2, this DFG has eight operations (four 

additions, two divisions, and two multiplications).  

 

Figure 2: DFG Example.  

Operation scheduling [12,13] assigns each operation to a proper control step to start its execution. 

In Figure 2, the scheduled DFG has four control steps. Operations O1, O2, O3 and O4 are scheduled at 
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control step 1, operations O5 and O6 are scheduled at control step 2, operation O7 is scheduled at 

control step 3, and operation O8 is scheduled at control step 4. Module binding [13] assigns each 

operation to a module that can execute it. If two operations are in the same type and scheduled in 

different control steps, they can share the same module. For example, the following is a feasible module 

binding solution: operations O1, O5 and O7 can share adder A1, operation O3 can be assigned to adder 

A2, operations O2 and O6 can share divider D1, and operations O4 and O8 can share multiplier M1.For 

the convenience of presentation, we represent this module binding solution as A1 = {O1, O5, O7}, A2= 

{O3}, D1 = {O2, O6}, M1 = {O4, O8}. Given a module binding solution, previous works [4-6] use the 

activity pattern to denote the control logic. Table 1 tabulates the activity patterns of modules. The 

activity patterns of modules A1, 2, D1, and M1 are 1110, 1000, 1100, and 1001, respectively. The 

activity pattern of module A1 is 1110, which means module A1 is active at control steps 1, 2, and 3; the 

activity pattern of module A2 is 1000, which means module A2 is active at control step 1; the activity 

pattern of module D1 is 1100, which means module D1 is active at control steps 1 and 2; the activity 

pattern of module M1 is 1001, which means module M1 is active at control steps 1 and 4.  

Table 1: The corresponding activity patterns of modules. 

Module Step1 Step 2 Step 3 Step 4 Activity Pattern 

A1 O1 O5 O7  1110 

A2 O3    1000 

D1 O2 O6   1100 

M1 O4   O8 1001 
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3. MOTIVATION 

We use the DFG shown in Figure 2 to describe our motivation. Suppose that the power 

consumptions of an adder, a multiplier, a divider, and a clock gate at an active control step are 10, 30, 30, 

and 10, respectively. The objective of previous work [6] is to find a module binding solution so that the 

power consumption of clock tree can be minimized. By applying previous work [6], we have an activity 

driven tree CT1 displayed in Figure 3. Since the activity pattern of module A1 is 1110, the power 

consumption of A1 is 310 = 30. Similarly, the power consumptions of modules A2, D1 and M1 are 10, 

60 and 60, respectively. Thus, the power consumption of modules is 30+10+60+60 = 160. In the internal 

nodes of clock tree, its activity pattern is calculated by ORing (bitwise OR operation) the activity 

patterns of its children. Thus, the activity patterns of clock gates v1, v2, v3, v4, v5, v6, and v7 are 1110, 

1100, 1000, 1001, 1110, 1001, and 1111, respectively. Since the activity pattern of clock gate v1 is 1110, 

the power consumption of clock gates v1 is 310 = 30. Similarly, the power consumptions of clock 

gates v2, v3, v4, v5, v6, and v7 are 20, 10, 20, 30, 20, and 40, respectively. Thus, the power 

consumption of clock gates is 30+20+10+20+30+20+40 = 170. Thus, the power consumption of clock 

tree CT1 (including modules and clock gates) is 160+170 = 330. 

 

Figure 3: Activity driven clock tree CT1. 
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Figure 4: Clock control logic of clock tree CT1. 

The main drawback of previous work [6] is that it does not consider the area and power of clock 

control logic. The corresponding control logic for activity driven clock tree CT1 is displayed in Figure 4. 

Note that the area and power of clock control logic is approximately linearly proportional to the number 

of activity patterns (i.e., the number of enable signals). Suppose α and β be two constant factors for the 

area and power estimation (with respect to an activity pattern), respectively, and here we let α = 20 and 

β = 10. There are five activity patterns: 1110 (denoted as En1), 1100 (denoted as En2), 1000 (denoted as 

En3), 1001 (denoted as En4), and 1111 (denoted as En5). Then, the power of clock control logic for 

clock tree CT1 is 510 = 50. Thus, if the power of clock control logic is taken into account, the overall 

power consumption becomes 330+50 = 380. Furthermore, the area of clock control logic for clock tree 

CT1 is 520 = 100. 

Suppose that the constraint on the overall power consumption is 390. Obviously, the activity driven 

clock tree CT1 is a feasible solution. However, the area of clock control logic for clock tree CT1 reaches 

100. Therefore, we are motivated to find a smaller-area feasible solution. Since the area of clock control 

logic is approximately linearly proportional to the number of activity patterns, our objective corresponds 

to find a solution in which the number of activity patterns is minimized under the constraint on the 



 8

overall power consumption. Note that, intuitively, if there is no clock gating (i.e., the activity pattern of 

each clock gate is 1111), the area of clock control logic is 0. Unfortunately, this intuitive solution (i.e., 

no clock gating) will result in huge power consumption on the clock tree. As a result, this intuitive 

solution (i.e., no clock gating) is often an infeasible solution.  

 

Figure 5: Our operation scheduling result. 

In this example, our solution is below. Figure 5 displays our operation scheduling result. Our 

module binding solution is A1 = {O1, O5, O7}, A2= {O3}, D1 = {O2, O6}, and M1 = {O4, O8}. In 

order to minimize the number of activity patterns, we may let a module be active at a specific control 

step even though no operation is assigned to it for execution2. In this example, although no operation is 

assigned to module A2 at control step 4, we still let module A2 be active at control step 4. Thus, we 

have the activity patterns of modules shown in Table 2. Figure 6 gives our activity driven clock tree CT2. 

Figure 7 gives our clock control logic. There are three activity patterns: 1110 (denoted as En6), 1001 

(denoted as En7), and 1111 (denoted as En8). With an analysis, we find that the power consumption of 

modules is 170, the power consumption of clock gates is 190, and the power consumption of clock 

                                                                 
2 For detailed implementation, please refer to the Appendix. 
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control logic is 30. The overall power consumption is 170+190+30 = 390, which meets the constraint on 

the overall power consumption. The area of clock control logic for clock tree CT2 is only 320 = 60. 

Table 2: The corresponding activity patterns of our approach. 

Module Step1 Step 2 Step 3 Step 4 Activity Pattern 

A1 O1 O5 O7  1110 

A2 O3   V 1001 

D1 O2   O6 1001 

M1 O4   O8 1001 

Compared with the solution of previous work [6], our solution greatly reduce the circuit area 

overhead (from 100 to 60) under the same constraint on the overall power consumption (i.e., suppose 

that the constraint on the overall power consumption is 390). In next section, we formally present our 

approach. 

 

Figure 6: Activity driven clock Tree CT2. 



 10

 

Figure 7: Clock control logic of clock tree CT2. 

4. OUR ILP APPROACH 

In this section, we propose our ILP formulation. Our objective is to minimize the number of 

activity patterns under the constraint on the overall power consumption. As a result, our solution not 

only conforms to the constraint on the overall power consumption, but also achieves the minimum area 

overhead on clock control logic. 

4.2 ILP Formulation 

We use an ILP approach to perform the simultaneous application of operation scheduling and 

module binding to minimize the number of activity patterns under a constraint on the overall power 

consumption. Note that, to minimize the number of activity pattern, we may let a module be active at a 

specific control step without executing any operation in the DFG. Take Table 2 for example. Module A2 

is active at control step 4 without executing any operation in the DFG.  

The notations used in our ILP are below. 

(1) The notation Xn,c is a binary variable. If operation n is scheduled at control step c, then Xn,c = 1; 

otherwise, Xn,c = 0. 
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(2) The notation Yn,i is a binary variable. If operation n is assigned to module i, then Yn,i = 1; otherwise, 

Yn,i = 0. 

(3) The notation Fi,c is a binary variable. If module i is active at control step c, then Fi,c = 1; otherwise, 

Fi,c = 0. 

(4) The notation ASAP(n) is a constant that denotes the earliest possible control step of operation n. We 

can use the ASAP (as-soon-as-possible) schedule [13] to determine this value. 

(5) The notation ALAP(n) is a constant that denotes the latest possible control step of operation n. We 

can use the ALAP (as-late-as-possible) schedule [13] to determine this value. 

(6) The notation Bv,c is a binary variable. If clock gate v is active at control step c, then Bv,c = 1; 

otherwise, Bv,c = 0. 

(7) The notation Zi,v is a binary variable. If clock gate v controls module i, then Zi,v = 1; otherwise, Zi,v 

= 0. 

(8) The notation Hv is an integer variable that denotes the activity pattern (expressed in decimal integer) 

of clock gate v. 

(9) The notation Gj,v is a binary variable. If the activity pattern of clock gate v is decimal value j, then 

Gj,v = 1; otherwise, Gj,v = 0. 

(10) The notation Gj is a binary variable. If we use the decimal value j as an activity pattern, then Gj = 1; 

otherwise, Gj = 0. 

(11) The notation parent (v) denotes the parent of clock gate v. The notation Pi is a constant that denotes 

the power consumption of each module i at an active control step. The notation PGv is a constant 

that denotes the power consumption of clock gate v at an active control step. The notation β is a 

constant that denotes the power consumption of an activity pattern. 

(12) The notation T denotes the set that includes all the control steps. The notation U denotes the set that 

includes all the modules. The notation M denotes the set that includes all the possible activity 
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patters. The notation I(n) denotes the set that includes all modules that can execute operation n. The 

notation W denotes the set that includes all clock gates at the bottom level of clock tree. The 

notation V denotes the set that includes all clock gates. 

(13) The notation Power is a constant that denotes a constraint on the overall power consumption (i.e., 

the summation of the power consumption of clock tree and the power consumption of clock control 

logic). 

Our objective is to minimize the number of activity patterns for controlling clock gates. Therefore, 

the objective function is: 

Minimize 
Mj

j
G                    (1) 

The overall power consumption must be less than or equal to the constant value Power3. Thus, we 

have the following constraint: 

, ,i c i v c v j
i U c T v V c T j M

F P B PG G Power
    

                       (2) 

Each operation n must be scheduled at one control step. Thus, for each operation n, we have the 

following constraint: 
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,

1
nALAP

nASAPc
cn

X                    (3) 

Each operation n must be assigned to one module. Thus, for each operation n, we have the 

following constraint: 
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,
1

nIi
in

Y                     (4) 

                                                                 
3 In order to minimize the number of activity patterns, we may let a module be active at a specific 

control step even though no operation is assigned to it for execution. However, the overall power 
consumption still must be less than or equal to the constant value Power. 
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If operation n is assigned to module i and scheduled at the control step c, module i must be active at 

control step c. Thus, for each operation n, each module i, and each control step c, we have the following 

constraint: 

ciincn
FYX

,,,
1                    (5) 

The dependency relationship in the DFG must be preserved. Thus, for each dependency 

relationship form operation a to operation b, we have the following constraint: 
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XcXc                  (6) 

If two operations are scheduled at the same control step, they cannot share the same module. Thus, 

for each pair of operation a and operation b, each control step c, and each module i, we have the 

following constraint: 

)(3
,,,, cbcaibia

XXYY                   (7) 

If clock gate v is active at the control step c, then clock gate parent (v) must be active at the control 

step c. For each clock gate v and each control step c, we have the following constraint: 

cvparentcv
BB

),(,
                    (8) 

Each clock gate v at the bottom level can only control one module. Thus, we have the following 

constraint: 





Ui

vi
Z 1

,
                     (9) 

Each module i can only be controlled by one clock gate. Thus, we have the following constraint: 





Wv

vi
Z 1

,
                    (10) 

If module i is active at the control step c and clock gate v controls module i, then clock gate must 

be active at the control step c. Thus, for each clock gate v at the bottom level of clock tree, each module 

i, and each control step c, we have the following constraint: 
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1
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cvvici
BZF                   (11) 

Sine Hv denotes the decimal value of the activity pattern of clock gate v, we have the following 

constraint: 

vcv

c

Tc

HB 



 ,

1

2                  (12) 

If the activity pattern of clock gate v is decimal value j, then Gj,v = 1; otherwise, Gj,v = 0. Therefore, 

if Gj,v is 1, then Hv (i.e., the decimal value of activity pattern of clock gate v) is equal to j. Thus, for each 

clock gate v, we have the following constraint: 





Mj

vvj
HGj

,
                  (13) 

Each clock gate must have an activity pattern. Thus, for each clock gate v, we have the following 

constraint: 





Mj

vj
G 1

,
                        (14) 

If Gj,v is 1, then Gj must be 1. Thus, for each activity pattern j and clock gate v, we have the 

following constraint: 

jvj
GG 

,
                        (15) 

4.2 EXAMPLE 

Take the DFG shown in Section 2 as an example. Suppose that the design constraints are four 

control steps, two adders (A1, A2), one divider (D1), and one multiplier (M1), and the power 

consumptions of adder, divider, and multiplier at an active control step are 10, 30 and 30, respectively. 

Figure 8 and Figure 9 display the ASAP schedule and ALAP schedule, respectively. From Figure 8, we 

find ASAP(O1) = 1, ALAP(O1) = 1, ASAP(O2) = 1, ALAP(O2) = 1, and so on. 
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We illustrate the calculation of the decimal value of an activity pattern. Take the activity pattern 

1110 for example. If the activity pattern of a module is 1110, then this module is active at control steps 1, 

2, and 3. Therefore, the corresponding decimal value is 7 (21-1×1+22-1×1+23-1×1+24-1×0). Since the 

number of control steps is 4, the number of possible activity patterns is 15. The possible activity patterns 

are 1000, 0100, 1100, 0010, 1010, 0110, 1110, 0001, 1001, 0101, 1101, 0011, 1011, 0111, and 1111. If 

expressed in decimal values, these possible activity patterns are 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 

and 15. According to equation (1), our objective function is to minimize (G1 + G2 + G3 + G4 + G5 + G6 + 

G7 + G8 + G9 + G10 + G11 + G12 + G13 + G14 + G15).  

The constraints are below. 

Suppose that the value of constant Power is 390. Thus, the overall power consumption must be less 

than or equal to 390. According to equation (2), we have the constraint FA1,1×10 + FA1,2×10 + FA1,3×10 + 

FA1,4×10 + FA2,1×10 + FA2,2×10 + FA2,3×10 + FA2,4×10 + FM1,1×30 + FM1,2×30 + FM1,3×30 + FM1,4×30 + 

FD1,1×30 + FD1,2×30 + FD1,3×30 + FD1,4×30 + { ( BV1,1 + BV1,2 + BV1,3 + BV1,4 + BV2,1 + BV2,2 + BV2,3 + 

BV2,4 + BV3,1 + BV3,2 + BV3,3 + BV3,4 + BV4,1 + BV4,2 + BV4,3 + BV4,4 + BV5,1 + BV5,2 + BV5,3 + BV5,4 + BV6,1 

+ BV6,2 + BV6,3 + BV6,4 + BV7,1 + BV7,2 + BV7,3 + BV7,4 ) ×10 }+10×(G1 + G2 + G3 + G4 + G5 + G6 + G7 + 

G8 + G9 + G10 + G11 + G12 + G13 + G14 + G15) ≤ 390. 

Operation O1 must be scheduled at one control step. From Figure 8 and Figure 9, we know that 

ASAP(1) = ALAP(1) = 1. According to equation (3), we have the constraint XO1,1 = 1. Similarly, we 

have the constraints XO2,1 = 1, XO3,1 + XO3,2 + XO3,3 = 1, XO4,1 + XO4,2 + XO4,3 = 1, XO5,2 = 1, XO6,2 + XO6,3 

+ XO6,4 = 1, and XO8,4 = 1.  

Operation O1 must be assigned to one module. Thus, according to equation (4), we have the 

constraint YO1,A1 + YO1,A2 = 1. Similarly, we have the constraints YO2,D1 = 1, YO3,A1 + YO3,A2 = 1, YO4,M1 

= 1, YO5,A1 + YO5,A2 = 1, YO6,D1 = 1, YO7,A1 + YO7,A2 = 1, and YO8,M1 = 1. 
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Figure 8: ASAP (as-soon-as-possible) schedule. 

 

Figure 9: ALAP (as-late-as-possible) schedule. 

Consider operation O1. If operation O1 is assigned to adder A1 and scheduled at the control step 1, 

according to equation (5), we have the constraint XO1,1 + YO1,A1 ≤ 1 + FA1,1. Similarly, we have the 

constraints XO1,1 + YO1,A2 ≤ 1 + FA2,1, XO2,1 + YO2,D1 ≤ 1 + FD1,1, XO3,1 + YO3,A1 ≤ 1 + FA1,1, XO3,2 + YO3,A1 

≤ 1 + FA1,2, XO3,3 + YO3,A1 ≤ 1 + FA1,3, XO3,1 + YO3,A2 ≤ 1 + FA1,1, XO3,2 + YO3,A2 ≤ 1 + FA1,2, XO3,3 + 

YO3,A2 ≤ 1 + FA2,3, XO4,1 + YO4,M1 ≤ 1 + FM1,1, XO4,2 + YO4,M1 ≤ 1 + FM1,2, XO4,3 + YO4,M1 ≤ 1 + FM1,3, XO5,2 

+ YO5,A1 ≤ 1 + FA1,2, XO5,2 + YO5,A2 ≤ 1 + FA2,2, and so on. 
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The dependency relation from operation O1 to operation O5 must be preserved. Thus, according to 

equation (6), we have the constraint 1×XO1,1 < 2×XO5,2. Similarly, we have the constraints 1×XO2,1 < 

2×XO5,2, 1×XO3,1 + 2×XO3,2 + 3×XO3,3  < 2×XO6,2 + 3×XO6,3 + 4×XO6,4, 1×XO4,1 + 2×XO4,2 + 3×XO4,3  < 

2×XO6,2 + 3×XO6,3 + 4×XO6,4, 2×XO5,2 < 3×XO7,3, and 3×XO7,3 < 4×XO8,4. 

If operation O1 and operation O3 are scheduled at the same control step, they cannot share the 

same module A1. Thus, according to equation (7), we have the constraint YO1,A1 + YO3,A1 ≤ 3 − XO1,1 − 

XO3,1. Similarly, we have the constraints YO1,A2 + YO3,A2 ≤ 3 − XO1,1 − XO3,1, YO3,A1 + YO5,A1 ≤ 3 − XO3,2 

− XO5,2, YO3,A2 + YO5,A2 ≤ 3 − XO3,2 − XO5,2, YO3,A1 + YO7,A1 ≤ 3 − XO3,3 − XO7,3, and YO3,A2 + YO7,A2 ≤  

3− XO3,3 − XO7,3. 

Clock gate v1 is the child of clock gate v5. According to equation (8), we have the constraints 

BV1,1≤BV5,1, BV1,2≤BV5,2, BV1,3≤BV5,3 and BV1,4≤BV5,4. Similarly, we have the constraints BV2,1≤BV5,1, 

BV2,2≤BV5,2, BV2,3≤BV5,3, BV2,4≤BV5,4, BV3,1≤BV6,1, BV3,2≤BV6,2, BV3,3≤BV6,3, BV3,4≤BV6,4, and so on. 

Since clock gate v1 is at the bottom level, it can only control one module. Thus, according to equation 

(9), we have the constraint ZA1,V1 + ZA2,V1 + ZM1,V1 + ZD1,V1 = 1. Similarly, we have the constraints 

ZA1,V2 + ZA2,V2 + ZM1,V2 + ZD1,V2 = 1, ZA1,V3 + ZA2,V3 + ZM1,V3 + ZD1,V3 = 1, and ZA1,V4 + ZA2,V4 + ZM1,V4 + 

ZD1,V4 = 1. 

Module A1 can only be controlled by one clock gate. Thus, according to equation (10), we have the 

constraint ZA1,V1 + ZA1,V2 + ZA1,V3 + ZA1,V4 = 1. Similarly, we have the constraints ZA2,V1 + ZA2,V2 + 

ZA2,V3 + ZA2,V4 = 1, ZM1,V1 + ZM1,V2 + ZM1,V3 + ZM1,V4 = 1, and ZD1,V1 + ZD1,V2 + ZD1,V3 + ZD1,V4 = 1. 

If module A1 is active at control step 1 and clock gate v1 controls module A1, then clock gate V1 

must be active at control step 1. According to equation (11), we have the constraint FA1,1 + ZA1,V1 ≤ BV1,1 

+ 1. Similarly, we have the constraints FA1,2 + ZA1,V1 ≤ BV1,2 + 1, FA1,3 + ZA1,V1 ≤ BV1,3 + 1, FA1,4 + ZA1,V1 

≤ BV1,4 + 1, FA2,1 + ZA2,V1 ≤ BV1,1 + 1, FA2,2 + ZA2,V1 ≤ BV1,2 + 1, FA2,3 + ZA2,V1 ≤ BV1,3 + 1, FA2,4 + ZA2,V1 

≤ BV1,4 + 1, and so on. 
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The integer variable Hv1 denotes the decimal value of the activity pattern of clock gate v1. Thus, 

according to equation (12), we have the constraint 20×BV1,1 + 21×BV1,2 + 22×BV1,3 + 23×BV1,4 = HV1. 

Similarly, we have the constraints 20×BV2,1 + 21×BV2,2 + 22×BV2,3 + 23×BV2,4 = HV2,  2
0×BV3,1 + 21×BV3,2 

+ 22× BV3,3 + 23×BV3,4 = HV3,  2
0×BV4,1 + 21×BV4,2 + 22× BV4,3 + 23×BV4,4 = HV4, and so on. 

Integer variable Hv denotes the decimal value of the activity pattern (expressed in decimal integer) 

of clock gate v. According to equation (13), we have the constraint 1×G1,V1 + 2×G2,V1 + 3×G3,V1 + 

4×G4,V1 + 5×G5,V1 + 6×G6,V1 + 7×G7,V1 + 8×G8,V1 + 9×G9,V1 + 10×G10,V1 + 11×G11,V1 + 12×G12,V1 + 

13×G13,V1 + 14×G14,V1 + 15×G15,V1 = HV1. Similarly, we have the constraints, 1×G1,V2 + 2×G2,V2 + 

3×G3,V2 + 4×G4,V2 + 5×G5,V2 + 6×G6,V2 + 7×G7,V2 + 8×G8,V2 + 9×G9,V2 + 10×G10,V2 + 11×G11,V2 + 

12×G12,V2 + 13×G13,V2 + 14×G14,V2 + 15×G15,V2 = HV2, 1×G1,V3 + 2×G2,V3 + 3×G3,V3 + 4×G4,V3 + 5×G5,V3 

+ 6×G6,V3 + 7×G7,V3 + 8×G8,V3 + 9×G9,V3 + 10×G10,V3 + 11×G11,V3 + 12×G12,V3 + 13×G13,V3 + 14×G14,V3 

+ 15×G15,V3 = HV3, and so on.  

Each clock gate must have an activity pattern. For clock gate v1, according to equation (14), we 

have the constraint 1×G1,V1 + 2×G2,V1 + 3×G3,V1 + 4×G4,V1 + 5×G5,V1 + 6×G6,V1 + 7×G7,V1 + 8×G8,V1 + 

9×G9,V1 + 10×G10,V1 + 11×G11,V1 + 12×G12,V1 + 13×G13,V1 + 14×G14,V1 + 15×G15,V1 = 1. Similarly, we 

have the constraints, 1×G1,V2 + 2×G2,V2 + 3×G3,V2 + 4×G4,V2 + 5×G5,V2 + 6×G6,V2 + 7×G7,V2 + 8×G8,V2 + 

9× G9,V2 + 10×G10,V2 + 11×G11,V2 + 12×G12,V2 + 13×G13,V2 + 14× G14,V2 + 15×G15,V2 = 1, and so on. 

If the activity pattern 1000 (decimal value 1) is used by clock gate v1, then the activity pattern 

1000 exists. Thus, we have the constraint G1,V1 ≤ G1. Similarly, we have the constraints G2,V1 ≤ G2, G3,V1 

≤ G3, G4,V1 ≤ G4, G5,V1 ≤ G5, G6,V1 ≤ G6, G7,V1 ≤ G7, G8,V1 ≤ G8, G9,V1 ≤ G9, G10,V1 ≤ G10, G11,V1 ≤ G11, 

G12,V1 ≤ G12, G13,V1 ≤ G13, G14,V1 ≤ G14, G15,V1 ≤ G15, and so on. 

After solving the ILP, we have G7 = G9 = G15 = 1, and G1 = G2 = G3 = G4 = G5 = G6 = G8 = G10 = 

G11 = G12 = G13 = G14 = 0. Thus, the number of activity patterns for controlling clock gates is minimized 

to be 3. The detailed solution is below. The operation scheduling result is displayed in Figure 5, and the 
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module binding solution is A1 = {O1, O5, O7}, A2= {O3}, D1 = {O2, O6}, M1 = {O4, O8}. The 

corresponding clock tree is shown in Figure 6. The activity patterns are 1110, 1001, and 1111. Note that, 

although no operation is assigned to module A2, we still let module A2 be active at control step 4. The 

overall power consumption is 390, which meets the constraint on the overall power consumption. The 

area of clock control logic is only 60. 

5. EXPERIMENTAL RESULTS 

In our experiments, we use the synthesizable intellectual properties provided in Synopsys 

DesignWare library to implement the following six types of functional units: adder, subtractor, 

multiplier, divider, selector, and comparator. These functional units are assumed to be 16-bit designs 

and they are targeted to TSMC 0.13μm process technology. The power consumptions of an adder, a 

subtractor, a multiplier, a divider, a selector, a comparator, a clock gate at an active control step are 

estimated to be 9.1 mW, 9.2 mW, 35.4 mW, 31.4 mW, 0.6 mW, 0.7 mW, and 0.3 mW, respectively. The 

power consumption of an activity pattern is estimated to be 0.7 mW. 

Eleven benchmark circuits are used to test the effectiveness of our approach. Benchmark circuits 

Hal, Fir, Jian, G2, G5, BF and AR are popular DSP applications, benchmark circuit Mul is adopted from 

[14], benchmark circuit R1 is adopted from [15], and benchmark circuits IDCT1 and IDCT2 are 

representative functions adopted from the MediaBench suite [16]. Table 3 tabulates the characteristics of 

these circuits. The second column #ops gives the number of operations. The third column #steps denotes 

the number of control steps. The fourth column #levels gives the number of levels of clock tree. The 

fifth column gives 6-tuple (#add, #sub, #mul, #div, #sel, #com), which are the constraints on the 

numbers of adders, subtractors, multipliers, dividers, selectors, and comparators, respectively. The sixth 

column gives the overall power consumption (i.e., the summation of the power consumption of clock 

tree and the power consumption of clock control logic) obtained by previous work [6]. 
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Table 3: Characteristics of benchmark circuits. 

Circuit #ops #steps #levels Design Constraints
Overall Power Obtained by [6] 

(mW) 

Hal 11 4 4 (1,1,2,0,0,1) 365.3 

Fir 13 8 3 (2,0,2,0,0,0) 423.39 

Jian 16 5 4 (4,0,0,0,1,1) 250.9 

G2 24 8 5 (3,0,4,0,1,1) 686.5 

G5 28 7 5 (7,0,0,0,1,1) 519.7 

BF 29 8 4 (2,2,3,0,0,0) 842.8 

AR 28 8 5 (4,0,8,0,0,0) 1022.63 

Mul 15 6 3 (3,0,0,0,1,1) 220.75 

R1 82 5 6 (17,0,4,0,3,4) 1980.6 

IDCT1 48 12 5 (4,2,6,1,0,0) 1659.8 

IDCT2 96 24 6 (6,3,7,1,0,0) 2093.7 

We use Extended LINGO Release 11.0 as the ILP solver. First, we use the overall power 

consumption obtained by previous work [6] as the constraint of our approach. Table 4 tabulates the 

comparisons on the numbers of activity patterns between our approach and previous work [6]. The 

column Red denotes the percentage of the reduction of our approach on the number of activity patterns. 

Compared with previous work [6], our approach can reduce 15.2% number of activity patterns without 

any penalty on the overall power consumption. Furthermore, we use TSMC 0.13 μm process technology 

to implement the clock control logics. Table 5 tabulates the comparisons on the areas of clock control 

logics. Compared with previous work [6], our approach can reduce 14.5% area of the clock control logic 

without any penalty on the overall power consumption.  With an analysis to Table 4 and Table 5, we 

find that the area of clock control logic is indeed approximately linearly proportional to the number of 

activity patterns. Therefore, in order to minimize the area of clock control logic, it is reasonable to use 

the minimization of the number of activity patterns as the objective function. 



 21

Table 4: Comparisons on the number of activity patterns (under the overall power consumption obtained 
by previous work [6]). 

Number of Activity Patterns 
Circuit 

[6] Ours Red. 

Hal 7 4 42.9% 

Fir 5 4 20.0% 

Jian 7 6 14.3% 

G2 11 8 27.3% 

G5 9 9 0.0% 

BF 9 9 0.0% 

AR 14 11 21.4% 

Mul 5 4 20.0% 

R1 13 13 0.0% 

IDCT1 22 20 20.0% 

IDCT2 24 21 12.5% 

Table 5: Comparisons on the areas of clock control logics (under the overall power consumption 
obtained by previous work [6]). 

Area of Clock Control Logic 
Circuit 

[6] Ours Red. 

Hal 1118.60 672.17 39.9% 

Fir 1201.76 942.06 21.6% 

Jian 1534.45 1094.82 28.7% 

G2 2951.83 2603.81 11.8% 

G5 2374.66 2374.66 0.0% 

BF 2583.46 2583.46 0.0% 

AR 3905.72 3257.31 16.6% 

Mul 1648.18 1293.42 21.5% 

R1 2581.92 2581.92 0.0% 

IDCT1 8223.90 7475.35 9.1% 

IDCT2 9362.39 8426.75 10.0% 
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Next, we use 5% penalty on the overall power consumption obtained by previous work [6] as the 

constraint of our approach. Table 6 tabulates the comparisons on the numbers of activity patterns 

between our approach and previous work [6]. Compared with previous work [6], our approach can 

reduce 38.6% number of activity patterns with only 5% penalty on the overall power consumption. 

Furthermore, we use TSMC 0.13 μm process technology to implement the clock control logics. Table 7 

tabulates the comparisons on the areas of clock control logics. Compared with previous work [6], our 

approach can reduce 39.9% area of the clock control logic with only 5% penalty on the overall power 

consumption. With an analysis to Table 6 and Table 7, we also find that it is reasonable to use the 

minimization of the number of activity patterns as the objective function for the minimization the area of 

clock control logic. 

Table 6: Comparisons on the number of activity patterns (under 5% penalty on the overall power 
consumption obtained by previous work [6]). 

Number of Activity Patterns 
Circuit 

[6] Ours Red. 

Hal 7 3 57.1 % 

Fir 5 2 60.0 % 

Jian 7 3 57.1 % 

G2 11 7 36.4 % 

G5 9 8 11.1 % 

BF 9 6 33.3 % 

AR 14 9 35.7 % 

Mul 5 3 40.0 % 

R1 13 7 46.2 % 

IDCT1 22 17 22.7 % 

IDCT2 24 18 25.0 % 
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Table 7: Comparisons on the areas of clock control logics (under 5% penalty on the overall power 
consumption obtained by previous work [6]). 

Area of Clock Control Logic 
Circuit 

[6] Ours Red. 

Hal 1118.60 451.51 59.6 % 

Fir 1201.76 648.41 46.1 % 

Jian 1534.45 641.62 58.2 % 

G2 2951.83 1968.98 33.3 % 

G5 2374.66 2362.78 0.5 % 

BF 2583.46 1643.27 36.4 % 

AR 3905.72 2597.02 33.5 % 

Mul 1648.18 473.57 71.3 % 

R1 2581.92 1286.63 50.2 % 

IDCT1 8223.90 6324.51 23.1% 

IDCT2 9362.39 6819.84 27.2% 
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Figure 10: Percentages of area Reduction with respect to different power constraints for circuit ICDT1. 

Our approach provides a tradeoff between the area of clock control logic and the overall power 

consumption. For the convenience of readers, in Figure 10, we use benchmark circuit IDCT1 as an 

example. The x-axis gives the penalty percentage on the overall power consumption (compared with 
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previous work [6]). The y-axis gives the reduction percentage on the area of clock control logic 

(compared with previous work [6]). Note that, even the penalty percentage on the overall power 

consumption is 0%, the reduction percentage on the area of clock control logic still achieves 10%. 

Our platform is Windows 2003x64 with Intel Xeon E5345 2.33GHz CPU and 24GB Memory. 

Table 8 tabulates the comparisons between our approach and previous work [6] on the CPU times. Note 

that both our approach and previous work [6] can solve each benchmark circuit in minutes. Even in the 

largest circuit IDCT2, both our approach and previous work [6] still can solve it within one hour. 

Table 8: Comparisons on the CPU Times. 

CPU Time (sec) 
Circuit 

[6] Ours 

Hal 46 52 

Fir 127 205 

Jian 142 173 

G2 418 463 

G5 626 691 

BF 726 781 

AR 789 792 

Mul 216 241 

R1 967 1042 

IDCT1 1243 1298 

IDCT2 2991 3177 

6. CONCLUSIONS 

In this paper, we study the synthesis of clock control logic. Our approach considers both the clock 

tree and the clock control logic. To overcome the drawback of previous work, our strategy is to 

minimize the number of activity patterns under the constraint on the overall power consumption. As a 
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result, our solution not only conforms to the constraint on the overall power consumption, but also 

achieves the minimum area overhead on clock control logic. Benchmark data show that our approach 

can reduce 14.5% area of the clock control logic without any penalty on the overall power consumption. 
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APPENDIX 

In this Appendix, we demonstrate that we may let a module be active at a specific control step even 

though no operation is assigned to it for execution. We use the simple scheduled DFG example shown in 

Figure 11 (a) for illustration. This example has three addition operations: O1, O2, and O3. Suppose that 

we are given two adders ADD1 and ADD2, and the module binding solution is ADD1 = {O1, O3} and 

ADD2= {O2}. Figure 11 (b) gives the corresponding circuit implementation, in which MUX1 and 

MUX2 are multiplexers, REG1 and REG2 are registers, and en1 and en2 are enable signals. 

 

Figure 11: (a) A simple scheduled DFG example. (b) The circuit implementation. 

Since module ADD2 is idle at control step 2, we may use the clock gating technique to turn off 

module ADD2 for power saving. The corresponding control signals (for clock gating) is below: the 

activity pattern of enable signal en1 is 11, the activity pattern of enable signal en2 is 10, both the signals 
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sel1 and sel2 are 0 at control step 1, and both the signals sel1 and sel2 are 1 at control step 2. 

On the other hand, we may also let module ADD2 be active at control step 2 even though no 

operation is assigned to module ADD2 for execution. The corresponding control signals (for clock 

gating) is below: the activity pattern of enable signal en1 is 11, the activity pattern of enable signal en2 

is 11, both the signals sel1 and sel2 are 0 at control step 1, and both the signals sel1 and sel2 are 1 at 

control step 2. 


