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Leakage current minimization is an important topic for event driven applications 

that spend most of their times in standby mode. Power gating technique is one of the most 
effective ways to reduce the standby leakage current. However, when power gating tech-
nique is applied to a functional unit, there exists a delay-power tradeoff, which can be 
characterized with the widths of sleep transistors. In this paper, we point out that: under 
the same target clock period, there are many feasible clock skew schedules; since differ-
ent clock skew schedules impose different timing constraints to functional units, different 
clock skew schedules may lead to different standby leakage currents. Based on that ob-
servation, we present an MILP (mixed integer linear programming) approach to formally 
formulate the problem of simultaneous application of optimal clock skew scheduling and 
power-gated module selection (i.e., sleep transistor width selection) in high-level synthe-
sis stage. Experimental data show that: compared with the existing design flow, our 
standby leakage current reduction achieves 29.3%. 
 
Keywords: electronic design automation, clock skew scheduling, high-level synthesis, 
power gating, mixed integer linear programming 
 
 

1. INTRODUCTION 
 

High performance and low power are the two important concerns in modern circuit 
design. For event driven applications, like a processor running X-server, spend most of 
their times in standby mode while no computation was performed, and therefore standby 
leakage current will account for a large fraction of total power consumption. Thus, mod-
ern event driven application designs face the following two challenges: the first chal-
lenge is to reduce the clock period for high performance (in active mode), and the second 
challenge is to reduce the standby leakage current for low power. 

For the first challenge, the clock skew is a manageable resource to reduce the clock 
period [1-7]. By properly scheduling the clock arrival times of registers, the clock period 
of a nonzero clock skew circuit can be shorter than the longest combinational delay. The 
optimal clock skew scheduling problem [1-6] is to obtain the smallest feasible clock pe-
riod and the clock arrival time of each register. Several graph-based algorithms [2-5] 
have been proposed to solve the optimal clock skew scheduling efficiently. Recently, 
Huang et al. [7] point out that the register binding in high-level synthesis has a signifi-
cant impact on the design of a nonzero clock skew circuit. Therefore, the utilization of 
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clock skew should be considered starting from the stage of high-level synthesis. 
For the second challenge, one technique, called multi-threshold CMOS (MTCMOS), 

is becoming more popular [8-15]. As shown in Fig. 1 (a), the technique utilizes a high 
Vth (threshold voltage) transistor (called sleep transistor or power gate) to gate the power 
supply lines for the entire functional unit when the circuit is in standby mode. Note that 
the determination of sleep transistor width has two opposing criteria. On the one hand, in 
the standby mode (sleep = 1), the sleep transistor is turned off. The standby leakage cur-
rent of the functional unit is proportional to the width of the sleep transistor. On the other 
hand, in the active mode (sleep = 0), the sleep transistor is turned on and works as a re-
sistor as shown in Fig. 1 (b). The normal current flowing through the sleep transistor pro-
duces a voltage drop that degrades the speed of the functional unit. Therefore, in high- 
level synthesis stage, we can construct many different delay-power characteristic power- 
gated modules for a same type of functional unit by changing the width of sleep transis-
tor. 

                
(a)                               (b) 

Fig. 1. (a) Functional unit with power gating; (b) Sleep transistor is modeled as a resistor in active 
mode. 

 
From the above discussions, there is a demand to design a nonzero clock skew cir-

cuit with power gating. However, in the existing design flow, optimal clock skew sched-
uling and power gating are two independent processes. Up to now, no attention has been 
paid to the interaction between optimal clock skew scheduling and power gating. In this 
paper, we point out that: under the same target clock period, there are many feasible clock 
skew schedules; since different clock skew schedules impose different timing constraints 
to functional units, different clock skew schedules may lead to different standby leakage 
currents. Therefore, we have the motivation to study the power gating of nonzero clock 
skew circuits. 

In this paper, we study the simultaneous application of optimal clock skew sched-
uling and power-gated module selection (i.e., sleep transistor width selection) in high- 
level synthesis stage. Note that our paper is the first work to deal with the problem. We 
conjecture that the problem is NP-hard. Therefore, an MILP (mixed integer linear pro-
gramming) approach is proposed to solve the problem optimally. Compared with the 
existing design flow, benchmark data show that our approach can save 29.3% standby 
leakage current. 
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The rest of this paper is organized as follows. Section 2 revisits the optimal clock 
skew scheduling. Section 3 studies the functional unit library with power gating consid-
ered (in high-level synthesis stage). Section 4 demonstrates our motivation. Then, in sec-
tion 5, we present our MILP approach. The experimental results are given in section 6. 
Finally, in section 7, we provide some concluding remarks. 

2. OPTIMAL CLOCK SKEW SCHEDULING 

In this section, we borrow the materials from [7] to address the optimal clock skew 
scheduling in high-level synthesis. A data path from register Ri to register Rj is defined as 
the combinational logic from register Ri to register Rj. Thus, if the input va Ri able of 
operation Ok is assigned to register Ri and the output variable of operation Ok is assigned 
to register Rj, the data path from register Ri to register Rj includes the functional unit that 
executes operation Ok. Since a data path may perform different operations at different 
control steps, a data path may include several functional units. As a result, the minimum 
delay (maximum delay) of a data path is the minimum delay (maximum delay) among all 
the functional units included in the data path. 

Given a scheduled DFG and a resource binding solution (including functional unit 
binding and register binding), we can model the hardware as a circuit graph, in which 
each vertex denotes a register and each directed edge denotes a data path. A special ver-
tex called the host is introduced for the synchronization with primary inputs and primary 
outputs. Each directed edge Ri → Rj is associated with a weight (min(Ri, Rj), max(Ri, Rj)), 
where min(Ri, Rj) and max(Ri, Rj) are the minimum delay and the maximum delay of the 
data path from register Ri to register Rj, respectively. 

Let Ti denote the clock arrival time of register Ri. For a data path from register Ri to 
register Rj, there are two types of timing constraints: setup constraint and hold constraint. 
To prevent the data reaching a register too late relative to the following clock pulse, the 
clock skew must satisfy the following setup constraint: Ti − Tj ≤ P − max(Ri, Rj), where P 
is the target clock period. To prevent the same clock pulse triggering the same data into 
two adjacent registers, the clock skew must satisfy the following hold constraint: Tj − Ti 
≤ min(Ri, Rj). We say that a circuit graph works with the target clock period P, if and 
only if there is a clock skew schedule (i.e., a solution of clock arrival times of registers) 
that satisfies all the timing constraints. 

The optimal clock skew scheduling problem [1-6] is to find the smallest feasible 
clock period of a circuit graph and the clock skew schedule for the circuit graph. Con-
ventionally, a constraint graph is used to model all the timing constraints of a circuit 
graph for solving the clock skew scheduling problem. In the constraint graph, each ver-
tex represents a register and each directed edge Ri → Rj associated with a weight wi,j 
corresponds to the constraint Tj − Ti ≤ wi,j. Therefore, each data path from register Ri to 
register Rj in the circuit graph G has the following two directed edges in the constraint 
graph Gcg(G): the setup constraint is modeled as a directed edge Rj → Ri associated with 
a weight wj,i = P − max(Ri, Rj), and the hold constraint is modeled as a directed edge Ri 
→ Rj associated with a weight wi,j = min(Ri, Rj). Note that, there is a feasible clock skew 
schedule for the circuit graph G to work with the target clock period P, if and only if the 
constraint graph Gcg(G) contains no negative cycle when the clock period is P. Based on  
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Fig. 2. A scheduled DFG. 

 
(a)                                       (b) 

Fig. 3. (a) Circuit graph G1; (b) Constraint graph Gcg(G1). 

 
this property, several algorithms, including the binary search strategy [2], the shortest 
path approach [3], and the cycle detection method [4], have been proposed to solve the 
optimal clock skew scheduling problem efficiently. 

Let’s use the scheduled DFG shown in Fig. 2 for illustration. Suppose that we are 
given two multipliers (MUL1 and MUL2), one adder (ADD1), and three registers (R1, R2, 
and R3), and the resource binding solution is MUL1 = {O2, O5}, MUL2 = {O3, O7}, 
ADD1 = {O1, O4, O6, O8}, R1 = {a, e}, R2 = {b, d, f}, and R3 = {c}1. Suppose that the 
minimum delay and the maximum delay of the multiplier MUL1 are 16 and 40, respec-
tively, the minimum delay and the maximum delay of the multiplier MUL2 are 16 and 40, 
respectively, and the minimum delay and the maximum delay of the adder ADD1 are 8 
and 10, respectively. As a result, we can derive a circuit graph G1 as show in Fig. 3 (a). 
The corresponding constraint graph Gcg(G1) is displayed in Fig. 3 (b). After the optimal 
clock skew scheduling is applied, we find that the smallest feasible clock period is 32 
under Thost = 0, T1 = 8, T2 = 16, and T3 = 8.  
 

 
1 The notation MUL1 = {O2, O5} means that operations O2 and O5 are assigned to multiplier MUL1. 
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3. FUNCTIONAL UNIT LIBRARY WITH POWER GATING  
CONSIDERED 

Up to now, in high-level synthesis stage, no attention is paid to construct the func-
tional unit library with power gating considered. In this section, we study this problem.  

We assume a single sleep transistor is employed to support the power gating of a 
functional unit.2 Note that, for each functional unit, determining the width of sleep tran-
sistor faces two but opposing design criteria. On the one hand, during active mode (i.e., 
the sleep transistor is turned on), the sleep transistor acts as a resistor (whose resistance 
value is R), as shown in Fig. 1 (b), which causes a voltage drop at virtual ground line and 
the voltage drop is equal to I × R, where I is the current flowing through the sleep tran-
sistor. Because of the voltage drop, the operating speed of the functional unit degrades 
more when the width of sleep transistor shrinks. To reduce the performance penalty, the 
value R should be as small as possible, which implies the width of sleep transistor should 
be as large as possible. On the other hand, during the standby mode (i.e., the sleep tran-
sistor is turned off), the leakage current flowing through the sleep transistor is propor-
tional to the width of the sleep transistor. To minimize the standby leakage current of the 
functional unit, the width of sleep transistor should be designed as small as possible.  

Since there is a delay-power tradeoff, in high-level synthesis stage, a same type of 
functional unit should be characterized with different power-gated modules (i.e., differ-
ent sleep transistor widths). In the following, we use the functional unit library shown in 
the Table 1 for illustration. The column Functional Type denotes the type of functional 
unit. The column Module Name denotes the names of power-gated modules. The column 
Transistor Width denotes the widths of sleep transistors. The multiplier type and adder 
type are both characterized with two different sleep transistor widths. The column Delay 
is a two-tuple (min, max), in which min denotes the minimum delay and max denotes the 
maximum delay. For example, the minimum delay and the maximum delay of functional 
unit ADD_fast is 8 and 10, respectively. The column Leakage Current denotes the 
standby leakage current. For the convenience of presentation, in the following, we use 
the form MUL1 ← MUL_fast to represent that we use the module MUL_fast to imple-
ment the multiplier MUL1. 

 

Table 1. Delay-power characterization of adder and multiplier. 

Functional Type Module Name Transistor Width Delay (min, max) Leakage Current 
ADD_fast Large (8, 10) 80 Adder 
ADD_slow Small (10, 12) 40 
MUL_fast Large (16, 40) 100 Multiplier 
MUL_slow Small (20, 42) 50 

4. MOTIVATION 
In this section, we demonstrate our motivation. Section 4.1 describes the existing de-

sign flow. Section 4.2 points out our observation: the existing design flow cannot mini- 
mize the standby leakage current. 
 
 
2 In this paper, we do not consider the distributed sleep transistor network [12, 13, 15]. 
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4.1 Existing Design Flow 
 

Velenis et al. [6] present a two-step process to design a nonzero clock skew circuit 
for both speed and power enhancement: in the first step, optimal clock skew scheduling 
is applied for clock period minimization; then, in the second step, low power techniques, 
such as supply voltage scaling and gate sizing, are applied to reduce the power consump-
tions of non-critical data paths. Note that Velenis et al. [6] do not mention the power gat-
ing. However, the application of power gating in the second step is straightforward. 

Therefore, intuitively, we can use the following design flow to implement the power 
gating of a nonzero clock skew circuit. In high-level synthesis stage, the fastest power- 
gated modules are selected for all functional units. Then, after high-level synthesis, the 
two-step process presented in [6] is adopted for speed and power enhancement. We 
elaborate the details as below. 

 
Step 1: Clock skew scheduling for clock period minimization.  

By selecting the fastest power-gated modules for all functional units, we derive a 
circuit graph. Based on the circuit graph, the optimal clock skew scheduling is applied to 
obtain the smallest feasible clock period and the clock arrival time of each register.  

 
Step 2: Power-gated module selection for standby leakage current minimization.  

According to the clock arrival time of each register (which is obtained in step 1), we 
minimize the standby leakage current of each functional unit by choosing the slowest 
power-gated module that can satisfy the timing constraints.  

 
Let’s use the scheduled DFG shown in Fig. 2 for illustration. Suppose that we are 

given two multipliers (MUL1 and MUL2), one adder (ADD1), and three registers (R1, R2, 
and R3), and the resource binding solution is MUL1 = {O2, O5}, MUL2 = {O3, O7}, ADD1 
= {O1, O4, O6, O8}, R1 = {a, e}, R2 = {b, d, f}, and R3 = {c}. In addition, suppose that we 
use the functional unit library as shown in Table 1. Then, in the existing design flow, we 
can use the two-step process presented in [6] to implement the power gating of nonzero 
clock skew circuits. 

 
Step 1: Clock skew scheduling for clock period minimization. 

We select the fastest power-gated module to implement each functional unit; i.e., 
MUL1 ← MUL_fast, MUL2 ← MUL_fast, and ADD1 ← ADD_fast. As a result, we can 
derive a circuit graph G1 as show in Fig. 3 (a). The corresponding constraint graph Gcg(G1) 
is displayed in Fig. 3 (b). After the optimal clock skew scheduling is applied, we find 
that the smallest feasible clock period is 32 under Thost = 0, T1 = 8, T2 = 16, and T3 = 8. 
 
Step 2: Power-gated module selection for standby leakage current minimization. 

According to the clock arrival time of each register (which is obtained in step 1), we 
implement each functional unit with the slowest power-gated module that can satisfy the 
timing constraints. We analyze each functional unit as below. 
 
• Consider the multiplier MUL1. The data path from host to register R1 includes the mul-

tiplier MUL1. According to the setup constraint, the maximum delay of multiplier MUL1 
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could not exceed 40 (i.e. P + T1 − Thost = 32 + 8 = 40). Therefore, we only can use fast-
est power-gated module to implement MUL1. 

• Consider the multiplier MUL2. The date path from host to register R3 includes the mul-
tiplier MUL2. According to the setup constraint, the maximum delay of multiplier MUL2 
could not exceed 40 (i.e. P + T3 − Thost = 32 + 8 = 40). Therefore, we only can use fast-
est power-gated module to implement MUL2. 

• Consider the adder ADD1, which is included in the data path from host to register R1, 
the data path from register R1 to register R2, and the data path from register R2 to host. 
Since Thost = 0 and T1 = 8, and T2 = 16, even if we implement adder ADD1 with the 
module ADD_slow, the timing constraints are still satisfied. Therefore, we can use 
module ADD_slow to implement adder ADD1. 

 
From above analyses, we obtain the following power-gated module selection solu-

tion: MUL1 ← MUL_fast, MUL2 ← MUL_fast, and ADD1 ← ADD_slow. For the con-
venience of readers, Fig. 4 (a) provides the new circuit graph G2, and Fig. 4 (b) provides 
the new constraint graph Gcg(G2). Note that, when Thost = 0, T1 = 8, T2 = 16, T3 = 8, and 
the target clock period is 32, all the timing constraints in the constraint graph Gcg(G2) are 
satisfied. According to the power-gated module selection solution, i.e., MUL1 ← MUL_ 
fast, MUL2 ← MUL_fast, and ADD1 ← ADD_slow, the standby leakage current of the 
circuit is 240 (100 + 100 + 40 = 240). 

 
(a)                                       (b) 

Fig. 4. (a) Circuit graph G2; (b) Constraint graph Gcg(G2). 

 
4.2 Our Observation 
 

In fact, in this example, there exists a solution, in which the standby leakage current 
is only 140 under the same target clock period (i.e., the target clock period is 32). Con-
sider the following solution: Thost = 0, T1 = 10, T2 = 20, T3 = 10, MUL1 ← MUL_slow, 
MUL2 ← MUL_slow, and ADD1 ← ADD_slow. Fig. 5 (a) gives the corresponding circuit 
graph G3. Fig. 5 (b) give the corresponding constraint graph Gcg(G3). When the target 
clock period is 32, all the timing constraints in the constraint graph Gcg(G3) are met. 
Since each functional unit uses the slowest power-gated module, the standby leakage 
current of the circuit is only 140 (50 + 50 + 40). 
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(a)                                     (b)  

Fig. 5. (a) Circuit graph G3; (b) Constraint graph Gcg (G3). 

 
From this example, we find that the standby leakage current is not minimized in the 

existing design flow (i.e., the two-step process presented in [6]). The reason is that: in 
the existing design flow, optimal clock skew scheduling and power gating are two inde-
pendent processes. Therefore, in the existing design flow, the clock skew schedule is 
derived without the consideration of power-gated module selection. However, under the 
same target clock period, there are many feasible clock skew schedules; since different 
clock skew schedules impose different timing constraints to functional units, different 
clock skew schedules may lead to different standby leakage currents. As a result, in order 
to minimize the standby leakage current, there is a demand to study the simultaneous 
application of optimal clock skew scheduling and power-gated module selection. 

5. THE PROPOSED MILP APPROACH 

In this section, we propose an MILP approach to formally formulate the problem of 
simultaneous application of optimal clock skew scheduling and power-gated module se-
lection. Note that, under the target clock period, our MILP approach guarantees mini-
mizing the standby leakage current. 

First, we introduce the constants, notations, and variables used in our MILP approach 
as below.  
 
• For each register Ri, we define a real-value variable Ti, which denotes its clock arrival 

time.  
• The notation c(t) denotes the set of functional units in the type t. For example, if the 

number of multiplier and adder is 2 and 1 respectively, we have c(mul) = {MUL1, MUL2} 
and c(add) = {ADD1} (note that, here, multiplier and adder are abbreviated as mul and 
add, respectively).  

• The notation h(t) denotes the set of sleep transistor widths characterized for the func-
tional unit in the type t. Take the functional unit library given in Table 1 as an example. 
The set h(multiplier) is {large, small}.  

• The notation <t, w> denotes the following power-gated module selection: the type is t 
and the sleep transistor width is w.  
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• The constants d<t,w>, D<t,w>, and I<t,w> denote the minimum delay, the maximum delay, 
and the standby leakage current of the power-gated module <t, w>, respectively. Take 
the functional unit library given in Table 1 as an example. For the module MUL_fast, 
we have d<mul,large> = 16, D<mul,large> = 40, and I<mul,large> = 100. 

• The notation e(z) denotes the functional type of power-gated module z.  
• For each combination of functional unit z and the power-gated module selection <e(z), 

w>, we define a binary variable fz,<e(z),w>. If functional unit z is implemented by <e(z), 
w>, then the value of fz,<e(z),w> is 1; otherwise, the value of fz,<e(z),w> is 0. For example, if 
MUL1 ← MUL_fast, then the value of fMUL1,<mul,large> is 1; otherwise, the value of 
fMUL1,<mul,large> is 0. 

 
Next, we present the objective function and the constraints used in our MILP ap-

proach. The objective function is: 

Minimize , ( ), ( ),
( ( ))

.z e z w e z w
z Q w h e z

f I< > < >
∈ ∈

×∑ ∑                               (1) 

The constraints are as below. Each functional unit must be assigned to a power-gated 
module. Therefore, for each functional unit z, we have the following constraint: 

, ( ),
( ( ))

1.z e z w
w h e z

f < >
∈

=∑                                                (2) 

Let P be a constant that denotes the target clock period. Suppose that the input of 
operation Ok is variable u, the output of operation Ok is variable v, variable u is assigned 
to register Ri, and variable v is assigned to register Rj. Then, for the data path from regis-
ter Ri to register Rj, we have the following setup constraint: 

, ( ), ( ),
( ( ))

.i j z e z w e z w
w h e z

T T P f D< > < >
∈

− ≤ − ×∑                               (3) 

Suppose that the input of operation Ok is variable u, the output of operation Ok is 
variable v, variable u is assigned to register Ri, and variable v is assigned to register Rj. 
Then, for the data path from register Ri to register Rj, we have the following hold con-
straint: 

, ( ), ( ),
( ( ))

.j i z e z w e z w
w h e z

T T f d< > < >
∈

− ≤ ×∑                                   (4) 

Take the scheduled DFG shown in Fig. 2 as example. Suppose that the resource 
binding solution is MUL1 = {O2, O5}, MUL2 = {O3, O7}, ADD1 = {O1, O4, O6, O8}, R1 = 
{a, e}, R2 = {b, d, f}, and R3 = {c}, the target clock period is 32, and the functional unit 
library is as shown in Table 1. Then, our MILP formulation is as below. 

Due to Formula (1), the objective function is: 
 
Minimize fMUL1,<mul,large> × 100 + fMUL1,<mul,small> × 50 + fMUL2,<mul,large> × 100  

+ fMUL2,<mul,small> × 50 + fADD1,<add,large> × 80 + fADD1,<add,small> × 40. 
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Due to Formula (2), we have the following constraints:  
 
fMUL1,<mul,large> + fMUL1,<mul,small> = 1; 
fMUL2,<mul,large> + fMUL2,<mul,small> = 1; 
fADD1,<add,large> + fADD1,<add,small> = 1. 
 
Due to Formula (3), we have the following setup constraints: 
 
Thost − T1 ≤ 32 − (fADD1,<add,large> × 10 + fADD1,<add,small> × 12); 
T1 − T2 ≤ 32 − (fADD1,<add,large> × 10 + fADD1,<add,small> × 12); 
T2 − Thost ≤ 32 − (fADD1,<add,large> × 10 + fADD1,<add,small> × 12); 
T2 − T2 ≤ 32 − (fADD1,<add,large> × 10 + fADD1,<add,small> × 12); 
Thost − T1 ≤ 32 − (fMUL1,<mul,large> × 40 + fMUL1,<mul,small> × 42); 
T1 − T2 ≤ 32 − (fMUL2,<mul,large> × 40 + fMUL2,<mul,small> × 42); 
T3 − T2 ≤ 32 − (fMUL2,<mul,large> × 40 + fMUL2,<mul,small> × 42); 
Thost − T3 ≤ 32 − (fMUL2,<mul,large> × 40 + fMUL2,<mul,small> × 42); 
Thost − T2 ≤ 32 − (fMUL1,<mul,large> × 40 + fMUL1,<mul,small> × 42). 
 
Due to Formula (4), we have the following hold constraints: 
 
T1 − Thost ≤ (fADD1,<add,large> × 8 + fADD1,<add,small> × 10); 
T2 − T1 ≤ (fADD1,<add,large> × 8 + fADD1,<add,small> × 10); 
Thost − T2 ≤ (fADD1,<add,large> × 8 + fADD1,<add,small> × 10); 
T2 − T2 ≤ (fADD1,<add,large> × 8 + fADD1,<add,small> × 10); 
T1 − Thost ≤ (fMUL1,<mul,large> × 16 + fMUL1,<mul,small> × 20);  
T2 − T1 ≤ (fMUL2,<mul,large> × 16 + fMUL2,<mul,small> × 20); 
T2 − T3 ≤ (fMUL2,<mul,large> × 16 + fMUL2,<mul,small> × 20);  
T3 − Thost ≤ (fMUL2,<mul,large> × 16 + fMUL2,<mul,small> × 20);  
T2 − Thost ≤ (fMUL1,<mul,large> × 16 + fMUL1,<mul,small> × 20). 
 
After solving the MILP formulation, we find that: fMUL1,<mul,large> = 0, fMUL2,<mul,large> = 

0, fADD1,<mul,large> = 0, fMUL1,<mul,small> = 1, fMUL2,<mul,small> = 1, fADD1,<mul,small> = 1, Thost = 0, T1 
= 10, T2 = 20, and T3 = 10. Therefore, we have MUL1 ← MUL_slow, MUL2 ← MUL_ 
slow, and ADD1 ← ADD_slow. Note that the standby leakage current of the circuit is 
only 140. 

6. EXPERIMENTAL RESULTS 

In our experiment, we use synthesizable intellectual properties provided in Synop-
sys DesignWare library to implement the following types of functional units: ALU, mul-
tiplier, divisor, selector, and comparator. Without loss of generality, these functional 
units are assumed to be 16-bit designs and they are targeted to TSMC 0.18μm process 
technology. The logic synthesis tool is Synopsys Design Compiler, and the placement 
and routing tool is Synopsys Astro. 

Note TSMC 0.18μm process technology does not support MTCMOS. The standard 
threshold voltage in TSMC 0.18μm process technology is 0.52V. In our experiment, we 
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assume the threshold voltage of functional unit is 0.52V (i.e., low Vth is 0.52V) and the 
threshold voltage of sleep transistor is 0.61V (i.e., high Vth is 0.61V). 

Furthermore, we do not force all types of functional units to have the same sleep 
transistor length. The reason is that: according to [14], we know the sleep transistor length 
has an impact on the sleep transistor efficiency3. Therefore, for each type of functional 
unit, we use the following two steps to determine its sleep transistor length: first, we per-
form circuit-level simulation by using Synopsys EPIC tool with respect to many combi-
nations of sleep transistor lengths and sleep transistor widths; second, we choose the 
sleep transistor length with the consideration of sleep transistor efficiency. Table 2 gives 
the sleep transistor length of each type of functional unit used in our experiment.  
 

Table 2. Sleep transistor length of each type of functional unit. 
 ALU Multiplier Divisor Selector Comparator 

Sleep Transistor Length 0.80μm 0.60μm 0.80μm 0.60μm 0.80μm 
 

Table 3. Sleep transistor widths of each type of functional unit. 
Sleep Transistor Width ALU Multiplier Divisor Selector Comparator 

Largest 4.80μm 3.00μm 1.20μm 4.20μm 4.80μm 
Large 3.20μm 2.40μm 1.00μm 3.00μm 3.20μm 

Medium 1.60μm 1.20μm 0.80μm 1.80μm 1.60μm 
Small 0.80μm 0.60μm 0.60μm 1.20μm 0.80μm 

Smallest 0.40μm 0.30μm 0.40μm 0.60μm 0.40μm 
 

Next, we report the sleep transistor widths of each type of functional unit used in 
our experiment. Note, for the power-gated modules that are in the same type, we suppose 
they have the same sleep transistor length. Thus, for the power-gated modules that are in 
the same type, their differences are only in their sleep transistor widths. In our functional 
unit library, each type of functional unit has five different power-gated modules (i.e., five 
different sleep transistor widths). Table 3 gives the five sleep transistor widths of each 
type of functional unit. For the convenience of presentation, we also use the five terms 
Largest, Large, Medium, Small, and Smallest to name these five sleep transistor widths. 

Table 4 tabulates the delay and the standby leakage current of each power-gated 
module. We perform circuit-level simulation by using Synopsys EPIC tool to measure 
these values. The detailed methods are as below. 
 
• Delay measurement. We use the following two steps to measure the delays. In the first 

step, we do not consider the sleep transistor. We use Synopsys PrimeTime to find the 
minimum delay path and the maximum delay path. Then, we use the pattern generation 
method [16] to derive the patterns for sensitizing these two paths. In the second step, 
we suppose that the sleep transistor is present. We make the following assumption: 
even if the sleep transistor is present, these patterns (derived in the first step) still cause 
the minimum delay and the maximum delay. Thus, by feeding these patterns, we can 
use circuit-level simulation to measure the minimum delay and the maximum delay. 

 
3 In [14], the sleep transistor efficiency is defined as ION/IOFF, where ION denotes the drain current when the 

sleep transistor is turned on, and IOFF denotes the drain current when the sleep transistor is turned off. 
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Table 4. Functional unit library used in our experiment. 

ALU Multiplier Divisor Selector Comparator Sleep  
Transistor 

Width 
Delay (ns) 
(min, max) 

Leakage 
(nA) 

Delay (ns) 
(min, max) 

Leakage 
(nA) 

Delay (ns)
(min, max)

Leakage 
(nA)

Delay (ns)
(min, max)

Leakage 
(nA) 

Delay (ns) 
(min, max) 

Leakage
(nA) 

Largest (0.31, 3.88) 1.064 (0.13, 7.08) 0.821 (2.49, 8.40) 1.551 (0.16, 0.33) 1.201 (0.14, 1.91) 1.146 
Large (0.35, 3.92) 0.403 (0.34, 7.29) 0.412 (2.82, 38.73) 0.781 (0.19, 0.36) 0.758 (0.14, 1.91) 0.741 

Medium (0.49, 4.06) 0.093 (0.79, 7.74) 0.211 (4.79, 40.70) 0.215 (0.22, 0.39) 0.421 (0.17, 1.94) 0.221 
Small (0.71, 4.28) 0.040 (1.70, 8.65) 0.110 (7.81, 43.72) 0.095 (0.25, 0.42) 0.222 (0.31, 2.07) 0.042 

Smallest (1.21, 4.78) 0.013 (3.24, 10.19) 0.051 (15.05, 50.96) 0.039 (0.33, 0.49) 0.103 (0.50, 2.27) 0.014 

 
• Standby leakage current measurement. We assume the value of each input is 0 in the 

standby mode. Thus, the standby leakage current can be measured through circuit-level 
simulation. 

 
Nine benchmark circuits, including HAL, Autoregressive Filter (AR), Bandpass Fil-

ter (BF), Elliptic Wave Filter (EWF), R1, R2, IDCT1, IDCT2 and Motion, are used to test 
the effectiveness of our approach. Benchmark circuit HAL is adopted from [17]; bench-
mark circuit AR is adopted from [18]; benchmark circuit BF is adopted from [19]; bench- 
mark circuit EWF is adopted from [20]; benchmark circuits R1 and R2 are adopted from 
[21]; and benchmark circuits IDCT1, IDCT2, and Motion are the representative func-
tions adopted from the MediaBench suite [22]. For each benchmark circuit, the sched-
uled DFG is derived by the scheduling approach proposed in [17], the functional unit 
binding solution is derived by the left edge algorithm [23], and the register binding solu-
tion is derived by the approach proposed in [7].  

Table 5 tabulates the characteristics of benchmark circuits. The column #ops gives 
the number of operations. The column #vars gives the number of variables. The column 
#steps gives the number of control steps. The column Resource gives 6-tuple (#alus, 
#muls, #divs, #sels, #comps, #regs), where #alus, #muls, #divs, #sels, #comps, and #regs 
are the number of ALUs, the number of multipliers, the number of divisors, the number 
of selectors, the number of comparators, and the number of registers, respectively. The 
column Period gives the target clock period.  

 

Table 5. Characteristics of benchmark circuits. 

Circuit #ops #vars #steps Resources Period (ns) 
HAL 11 8 4 (2, 2, 0, 0, 1, 4) 6.955 
AR 28 30 8 (4, 4, 0, 0, 0, 8) 6.955 
BF 29 30 8 (3, 2, 0, 0, 0, 6) 6.955 

EWF 34 47 14 (4, 2, 0, 0, 0, 11) 6.955 
R1 82 91 11 (7, 7, 0, 2, 3, 45) 6.955 
R2 108 114 12 (8, 10, 0, 2, 2, 62) 6.955 

IDCT1 48 60 12 (6, 3, 2, 0, 0, 24) 38.270 
IDCT2 96 200 24 (9, 8, 2, 0, 0, 46) 38.090 
Motion 290 430 42 (12, 15, 8, 2, 0, 190) 38.090 
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Table 6. Our experimental results and comparisons. 

Leakage (nA) CPU Time (s) 
Circuit 

Existing Ours Imp Existing Ours 
HAL 1.682 1.273 24.3% < 1 < 1 
AR 3.336 2.927 12.3% < 1 < 1 
BF 1.681 1.272 24.3% < 1 < 1 

EWF 1.694 1.285 24.1% < 1 < 1 
R1 6.086 3.776 38.0% < 1 < 1 
R2 8.548 6.503 23.9% < 1 < 1 

IDCT1 3.333 1.997 40.1% < 1 < 1 
IDCT2 3.627 2.291 36.8% < 1 < 1 
Motion 13.535 8.191 39.5% < 1 < 1 

 
The platform of our experiment is a personal computer with AMD K8-4200+ CPU. 

We use Extended LINGO Release 10.0 as the MILP solver. Table 6 tabulates our experi-
mental results. For the purpose of the comparisons, we also report the results of the ex-
isting design flow (i.e., the two-step process presented in section 4.1). The column Leak-
age denotes the standby leakage current of the circuit. The column Existing denotes the 
existing design flow. The column Ours denotes our MILP approach. Benchmark data 
show that our approach can greatly reduce the standby leakage current. The column Imp 
denotes the relative improvement of our MILP approach over the existing design flow. 
Compared with the existing design flow, the average improvement of our approach 
achieves 29.3%. The column CPU Time denotes the CPU time in seconds. Both the CPU 
time of existing design flow and the CPU times of our approach are within 1 second. 

7. CONCLUSIONS 

In this paper, we present the first work to deal with the power gating of nonzero 
clock skew circuits. Given a target clock period, our objective is to minimize the standby 
leakage current of a circuit. We propose an MILP approach to formally formulate the 
simultaneous application of optimal clock skew scheduling and power-gated module 
selection. Compared with the existing design flow, experimental data show that the im-
provement of our approach achieves 29.3%. 

The main limitation of our paper is that we assume the power gating of functional 
block is employed by a single sleep transistor. Our future work will extend our approach 
to the distributed sleep transistor network for further power reduction. 
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