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Supply Voltage Assignment for Power Reduction in 3D ICs

Considering Thermal Effect and Level Shifter Budget
Shu-Han Whi, Yu-Min Lee

National Chicao Tung University, 1001 University Road, Hsinchu, Taiwan

Abstract— Few of existing works on power reduction in 3D ICs discuss
the ability of supply voltage scaling techniques for power optimization.
In this work, a supply voltage assignment based method for minimizing
the power consumption of 3D ICs is presented. The proposed approach
includes three major headings: (1) 3D IC Voltage Assignment for power
reduction with including three factors–sensitivity, proximity effect and
level shifter (LS) budget; (2) 3D Electro-Thermal Analysis for the tem-
perature distribution of 3D IC; (3) Thermal Aware Static Timing Analysis
for thermal-related delay values of functional gates. The experimental
results have shown a great power reduction by the proposed method.

I. INTRODUCTION

In recent years, many researchers have shown that 3D ICs can

provide the powerful enhancement of system integration. However,

the heat removal is a great challenge in 3D IC design due to the

high power density and the low thermal conductivities of inter-layer

dielectrics. Moreover, the high temperature induces serious impacts

on the timing, power and reliability of circuit design [1]. Therefore,

it is necessary to reduce the power consumption of circuits for

mitigating the thermal problem of circuit.

Among the existing power reduction techniques, the multiple

supply voltage (MSV) [2]–[5] is an effective technique to reduce

dynamic power and leakage power. Intuitively, any MSV techniques

of 2D ICs can be extended to 3D ICs and the voltage scaling can be

performed tier by tier. However, without simultaneously considering

every tier in voltage assignment procedure might lead the power

consumption distribution of each layer to be off-balance and cause

the thermal problem.

In this work, based on [6], a grid-based post-placement MSV

method will be developed for reducing the 3D IC power consumption

and will be extended to explore more possibilities. This developed

technique will simultaneously consider the level shifter (LS) budget

and the thermal effect. Compared with previous works ignoring

the LS issue and using the thermal-unrelated models, the proposed

approach is more flexible and practical.

The rest of this work is organized as follows. First, the proposed

power optimization methodology is presented in section II. After

that, experimental results are given in section III. Finally, some

conclusions are drawn in section IV.

II. POWER REDUCTION METHODOLOGY VIA SUPPLY VOLTAGE

ASSIGNMENT

The proposed post-placement MSV based method for power reduc-

tion during the 3D IC design flow is shown in Fig. 1. Given a known

3D IC design placement, netlist, cell library and timing/leakage power

cell library. For the grid-based procedure, each tier is partitioned into

n grids as illustrated in Fig. 3.(a). Firstly, the initial supply voltage

of all gates is set to be the high supply voltage VDDH , and the initial

temperature of chip is obtained by 3D Electro-Thermal Analysis
(section II-A). Then, the Thermal Aware Static Timing Analysis
(section II-B) is performed with the temperature-related delay of gate

got from the initial temperature in 3D Electro-Thermal Analysis step.

After that, the Initial Voltage Assignment (section II-C) is executed,

Fig. 1. Flowchart of the proposed power optimization for 3D ICs

and the circuit timing might be violated due to aggressively assigning

low supply voltage VDDL to all gates. Then, a grid-based procedure

is developed for the 3D IC Voltage Assignment (section II-D) that

assigns an appropriate VDD for trading off the power consumption

penalty and the timing saving advantage. After executing the voltage

assignment procedure once, the power consumption and the delay

of each gate are changed; hence, the thermal and timing analysis

should be done again to update the temperature-related delay of gate

and leakage power. 3D IC Voltage Assignment is executed until no

grid can be selected or timing violation is rescued (section II-E).

The voltage assignment result got by the proposed method can be

applied to any voltage island generators. Moreover, 3D IC Voltage
Assignment method could be more beneficial for the voltage island

generation because of considering the proximity effect.

A. 3D Electro-Thermal Analysis

Generally, the dynamic power is independent of temperature but

the leakage power is significantly affected by temperature. Based on

the empirical model [7], the gate leakage current Igate is related to

the oxide thickness, and the subthreshold current Isub is related to the

channel length and temperature. Fixing the oxide thickness and the

channel length, the subthreshold current model of gate can be built

by utilizing the least square fitting method to the estimated results of

HSPICE under the 90nm technology as follow.

Igate = constant, (1)

Isub = s0 exp (s1T ) (2)

Here, s0 and s1 are fitting constants, and T is the operating

temperature of gate/cell.

Since the fitting constants and the supply voltage are dependent,

a look-up table is set up to store them for different supply voltages,

VDDH and VDDL. With (1) and (2), the gate tunneling leakage power

and the subthreshold leakage power are

Pgate = VDDIgate, (3)

Psub = VDDIsub. (4)
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Input: A set of sites
Output: A timing correctness circuit for power optimization.

First step: Grid-Based Procedure
1. Calculate weight of each grid.

1.1 Calculate sensitivity factor of each grid.
1.1.1 Calculate sensitivity of each site.
1.1.2 Calculate LS budget factor.

1.2 Calculate proximity factor of each grid.
2. Calculate accumulated weight of each compressed grid.
3. Select the grid i with maximum accumulated weight

Second step: Voltage Re-Assignment
1. Select the site with maximum sensitivity.
2. Assign VDDH to the selected site.
3. Update the sensitivity of gate.
repeat step 1∼3 until either no site in grid i or

all sites are selected at most.

Fig. 2. Algorithm of 3D IC voltage assignment.

The 3D Electro-Thermal Analysis is performed with an electro-

thermal iterative updating loop which is built by integrating (3)–(4),

the 3D IC statistically thermal simulator [6] and the 3D IC analytical

thermal simulator [8].

B. Thermal Aware Static Timing Analysis

The thermal-aware static timing analysis (STA) is a conventional

block-based STA. Each gate delay is thermal dependent and is built

as a canonical first-order form by applying the least square fitting

method to fit the Monte Carlo results of HSPICE under 90nm
technology. The general delay expression form of a specific gate is

Delay = (a0 + a1T )(a2 + a3CL) exp (a4CL) . (5)

Here, a0–a4 are VDD dependent fitting constants, and a look-up table

is constructed to store these coefficients for VDDH and VDDL. CL

is the load capacitance.

C. Initial Voltage Assignment

Given a timing satisfied circuit with the initial supply voltage being

VDDH , an Initial Voltage Assignment procedure is performed to save

the most power without considering the timing constraints. All gates

are assigned to operate at VDDL’s, and this step might cause the

timing violation. After the assignment, a Thermal Aware STA step

is executed to calculate the slack of each gate. With the updated

operating temperature of each gate from 3D Electro-Thermal Analysis
and (5), the updated delay of each gate can be obtained. Then, the

updated arrival time (AT), the updated required arrival time (RT) and

the slack of each gate are calculated. Finally, a gate is referred to as

a site if the slack of that gate is found to be negative, and a set of

sites is output to the next step.

D. 3D IC Voltage Assignment

The algorithm of 3D IC Voltage Assignment is shown in Fig. 2.

Given a set of sites from Initial Voltage Assignment, the Grid-Based
Procedure is executed to decide which grid should be firstly picked,

and then sites in this chosen grid are assigned to operate at VDDH to

rescue timing. Then, Voltage Re-Assignment is performed by selecting

several sites in the selected grid to operate at VDDH for timing rescue.

The above procedure is repeat until none of sites in the selected grid

can be re-assigned to operate at VDDH , or all sites in this grid have

been rescued successfully.

D.1. Grid-Based Procedure

We improve the idea of [6] to perform a grid-based procedure to

decide which grid is firstly picked, and then sites in this grid are

assigned to operate at VDDH to meet timing constraints under the

complex three dimensional structure. The goal of this decision is to

Fig. 3. A three-tier design example of the grid-based procedure for generating
the voltage assignment.

effectively trade off the power consumption penalty and the timing

saving advantage.

A three-tier design example of the grid-based procedure is illus-

trated in Fig. 3. Firstly, the weight of each grid is determined by

considering three factors: 1) sensitivity factor, 2) proximity factor, 3)

LS budget factor. Then, the three dimensional structure is vertically

compressed into a two dimensional planar illustrated in Fig. 3.(b), and

the weight of each compressed grid is obtained by accumulating the

weight of each grid of z-axis. After that, the compressed grid with

the maximum accumulated weight is selected, and this grid-based

decision step is finished. Finally, as shown in Fig. 3.(c), the selected

compressed grid is restored back to the original three layer structure.

This procedure helps us to decide which grid is firstly assigned for the

next stage Voltage Re-Assignment. The weight of a grid i is defined

as

Wi
def
= c1αi + c2βi, (6)

where αi is the sensitivity factor and LS budget factor, and βi is

the proximity factor. There are two main concerns for the definition

of αi. The first concern (Ssite) is how to make an assignment

decision can obtain the most rescue of timing and the least penalty of

power saving. The second concern (λi) is how to make a assignment

decision can lead to fewer LS overheads (# level shifters). The βi

factor considers clustering. We hope more gates in clusters in a

single grid, and all gates in a cluster operate at the same VDD . The

sensitivity factor αi and proximity factor βi are defined as follows.

αi
def
=

Sgridi

max{Sgridk , k = 1 ∼ n}λi (7)

βi
def
=

Ni −NH
i

Ni
=

NL
i

Ni
, (8)

where Sgridi is the sum of site sensitivities Ssite’s in grid i, Ni is the

number of all gates in grid i, NH
i is the number of gates with VDDH ,

NL
i is the number of gates with VDDL, and λi is the LS budget

factor that indicates whether the estimated Sgridi is appropriate. As

the operating voltages of all sites in the selected grid are determined,

the needed number of level shifters is determined, and λi can be

defined as

λi
def
= min

{
1,

NLSa
i

NLSn
i

}
. (9)

Here, NLSn
i is the needed number of level shifters if all sites are

assigned to operate at VDDH in grid i, and NLSa
i is the available

number of level shifters in grid i that is estimated by the attainable

white space of grid i.

Finally, the grid sensitivity Sgridi and the site sensitivity Ssitej

are defined as follows.

Sgridi

def
=

∑
sitej∈gridi

Ssitej (10)

Ssitej

def
=

ΔD

ΔP
|Slacksitej |, (11)
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Fig. 4. Schematic of LS budget rescue

where ΔD = DVDDL
site −DVDDH

site and ΔP = P VDDH
site − P VDDL

site +
PLS are the delay and the power dissipation difference between

VDDL and VDDH , respectively; Slacksitej is the slack of site j,

and PLS is the power of LS.

D.2. Voltage Re-Assignment

Based on the decision of grid-based procedure, a Voltage Re-
Assignment procedure is performed to obtain the best timing rescue

and the least power saving penalty within the selected grid i. Two

factors, sensitivity and LS budget, are considered for selecting the

site to operate at VDDH . To start with, the site with the maximum

sensitivity is selected. Then, the number of usage level shifters is

checked if the site is assigned to operate at VDDH . If the number of

usage level shifters is larger than the LS budget of the selected grid,

the selected site is not assigned to operate at VDDH , and a new site

with the second largest sensitivity is selected until the site meets these

two constraints at the same time. After that, the selected site in grid i
is assigned to operate at VDDH for rescuing the timing. When the site

is assigned to operate at VDDH , the timing and sensitivity information

of gates are affected and should be updated. The number of sites in

gridi can be reduced during the assignment procedure. After the

updating procedure, the next site with the maximum sensitivity is

selected, and the assignment step is executed repeatedly. In this step,

the selection and updating procedure are executed repeatedly until no

site in grid i, or all sites in grid i have been selected and assigned.

Therefore, the maximum possible times for executing re-assignment

procedure are equal to the initial number of sites in grid i, and the

computation load of updating sensitivity is reduced.

E. Timing and LS Budget Rescue

E.1. Timing Rescue

The 3D IC Voltage Assignment result might lead the circuit timing

to be violated because the LS budget is limited. Hence, we can not

arbitrarily assign VDDH to the site. Therefore, a timing rescue is

executed to rescue the timing of circuit. For example, the gates with

red color are sites and the gates with blue color are operating at

VDDL as shown in the circuit schematic of Fig. 4.(a). Firstly, we

compute the gain of each site and sort them. The gain is the delay

difference between VDDH and VDDL. The site with the maximum

gain is selected firstly and assigned to operate at VDDH . Then, the

fan-in gates of the site are selected. For example, we firstly select

the fan-in gate C with the maximum AT to operate at VDDH , and

update its timing information. If the maximum AT is changed from

gate C to gate D after gate C is assigned to operate at VDDH , we

must assign VDDH to gate D again. In this way, all gates of fan-in

of the site are checked until the dominant gate is found. Although

the timing is rescued, the number of level shifters might be over

the LS budget due to executing the timing rescue procedure without

considering LS budget. Therefore, we have to sacrifice the power

consumption by assigning more gates with VDDL to be VDDH for

reducing the number of level shifters. In the following, we are going

to perform our method for rescuing the level shifter usage to meet

the LS budget.

E.2. LS Budget Rescue
Intuitively, we can start with the fan-in gate of the LS, and assign

VDDH to it. This way not only reduces the usage of level shifters but

also maintains the correctness of circuit. In Fig. 4.(a), the gates with

yellow color are level shifters, the red color gates operate at VDDH ,

and the blue color gates operate at VDDL. The LS budget rescue step

finds out all level shifters, and checks whether their fan-in gates with

VDDL can be changed to VDDH for reducing the number of level

shifters. For example, Fig. 4.(a) shows that gate C is the fan-in of

LS (No. 1 and No. 2), and gate D is the fan-in of LS (No. 3). The

gain of gate C is equal to −2 + 1 = −1, and the gain of gate D is

equal to −1 + 2 = 1. Obviously, gate C reduces one LS but gate D
increases one LS. Therefore, we should select gate C to operate at

VDDH for reducing the usage of level shifters as shown in Fig. 4.(b).

Similarly, the gains of gate A and D in Fig. 4.(b) are checked again.

The rescue procedure stops until no gate can be assigned to operate

at VDDH for reducing the usage of level shifters.

III. EXPERIMENTAL RESULTS

We implement our proposed method in C++ language and apply

the algorithm to a set of ISCAS89 benchmark circuits and private

designs. Firstly, Design Compiler is used to synthesize the benchmark

circuits with the UMC 90nm standard cell library. Next, the initial 2D

placement of each test circuit is generated by the SOC Encounter,

and its related 3D placement is obtained by transforming the 2D

placement with Z–Place [9]. The timing/leakage power cell library

with temperature effect is generated by evaluating the average leakage

current and the delay of gate based on H-SPICE simulation for

various types of logic gates. After getting the H-SPICE simulation

results, based on the least square fitting method, the fitting constants

of the leakage current and delay models are obtained. For simplicity,

a single type of LS is used in the experimental results.

A. Comparison of Voltage Assignment Results

TABLE I lists the results of voltage assignment in different phases.

The number of sites after Initial Voltage Assignment is listed in

column 4. Columns 5–6 show the number of sites and the usage of

level shifters after 3D IC Voltage Assignment. The results of Timing
Rescue and LS Budget Rescue are listed in columns 7–8 and column

9, respectively. Finally, the summarization is listed in columns 10–11.

Firstly, the results of 3D IC Voltage Assignment show that the

timing rescue after initial voltage assignment is limited significantly

by the LS budget. Most circuits cannot meet timing constraints after

3D IC Voltage Assignment procedure under the limited LS budget

constraint. Next, to deal with this problem, we try to rescue the

sites of circuit by Timing Rescue. After executing Timing Rescue
procedure, all circuits meet timing constraints finally. However, the

usage of level shifters is more than LS budget because the timing

rescue procedure only considers the influence of voltage assignment

on timing and does not take LS budget into consideration. Finally,

we try to rescue the circuit again by LS Budget Rescue. The results

of column 11 show that it still has three circuits that are rescued

unsuccessfully.

For reducing the problem size, 3D IC Voltage Assignment method

limits the voltage assignment decision to the sites, and obviously

the number of sites should not be large in a circuit. Moreover, we

think that the site is the most important gate for rescuing the timing.

However, based on sites, it is not enough for the timing rescue

because of the LS budget constraint.

B. Power Reduction

TABLE II summarizes the optimization results. TABLE I shows

that three circuits are failed, and six circuits are successful after

executing the proposed power reduction method. Therefore, the

average of improvement is the average of the six circuit results.
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RESULTS OF THE PROPOSED VOLTAGE ASSIGNMENT METHOD

Initial 3D IC Timing LS Budget Final
Voltage Assignment Voltage Assignment Rescue Rescue Result

Circuit # Gates LS Budget # Sites # Sites # LS’s # Sites LS’s # LS’s # Sites # excess LS’s

s1488 288 11 86 65 10 0 28 15 0 4

s1494 294 11 14 0 7 0 7 7 0 0

s1423 343 16 83 76 15 0 59 42 0 26

s9234 1 596 32 60 31 29 0 47 45 0 13

s5378 710 46 26 3 22 0 44 44 0 0

s13207 919 63 20 15 16 0 23 23 0 0

s38417 5208 287 23 9 27 0 37 37 0 0

s35932 5496 290 15 15 15 0 1 1 0 0

s38584 5581 222 59 33 48 0 51 51 0 0

TABLE II

RESULTS OF POWER OPTIMIZATION

Initial Power (μW ) Optimized Power (μW ) Improvement (%)

Circuit Dynamic Leakage Dynamic Leakage LS Dynamic Leakage Total Temp.

s1488 309.30 9.18 235.61 4.32 6.03 23.82 52.94 24.66 22.85

s1494 309.30 9.48 212.74 3.99 5.90 31.22 57.86 32.01 23.72

s1423 395.74 17.12 298.87 8.87 24.54 24.48 48.22 25.46 20.48

s9234 1 795.46 31.25 549.18 14.64 27.79 30.96 53.15 31.80 21.02

s5378 1028.97 41.96 712.65 20.20 25.42 30.74 51.86 31.57 20.53

s13207 1375.25 57.61 951.69 27.06 21.65 30.80 53.03 31.69 20.57

s38417 15410.30 619.59 10344.40 213.45 46.47 32.87 65.55 34.14 27.86

s35932 17984.40 822.01 12121.80 267.10 5.77 32.60 67.51 34.12 29.47

s38584 16002.80 1614.49 10755.60 259.93 61.14 32.79 83.90 37.47 35.88

Avg. 31.84 63.28 33.50 26.34

TABLE III

LEAKAGE POWER ESTIMATION

With Temperature Without Temperature Difference (%)

Circuit Temp. Leakage Temp. Leakage Leakage

s1488 57.91 4.32 27.00 2.33 46.12

s1494 57.34 3.99 27.00 2.14 46.30

s1423 48.18 8.87 27.00 6.17 30.46

s9234 1 50.26 14.64 27.00 8.96 38.82

s5378 52.13 20.20 27.00 12.24 39.42

s13207 48.88 27.06 27.00 16.60 38.66

s38417 71.02 213.45 27.00 81.54 61.80

s35932 74.86 267.10 27.00 94.98 64.44

s38584 81.73 259.93 27.00 71.10 72.65

Avg. 53.88

The initial power and average temperature of the circuit are listed

in columns 2–4, the power and average temperature of the circuits

and the power of level shifters after optimization are listed in columns

5–8. The improvement percentages of the dynamic power, the leakage

power and the total power are listed in columns 9–11, respectively.

The temperature decrement of each circuit is listed in column 11.

The improvement columns indicate that the proposed 3D IC Voltage
Assignment method can provide almost 33.50% total power saving

and 26.34 degree decrement of temperature in average. It can

be observed that the leakage power reduction is greatly improved

because of the temperature decrement.

TABLE III shows the leakage power and temperature estimation

with the simulated temperature in columns 2–3 and without the

simulated temperature in columns 4–5, and the percentage differences

of leakage power in column 6. As shown in TABLE III, the full

chip leakage power analysis without accurate temperature can lead

to 53.88% error in average. If the leakage power is underestimated,

the power reduction can be dominated by the dynamic power, which

is quite impractical.

IV. CONCLUSION

In this work, a 3D IC Voltage Assignment method with the

combination of selecting grid by Grid-Based Procedure and Voltage
Re-Assignment is proposed to minimize the total power consumption

of 3D IC design. By employing the temperature-related gate delay

and leakage power models, the more accurate estimation of circuit

performance can be obtained. Although it has three unsuccessful

circuits, the experimental results have shown a great power reduction

by the proposed method.
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