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Abstract
With the continued trend in device scaling and the ever increasing popularity of hand held
mobile devices, power has become a major bottleneck for the development of future
generation System-on-Chip devices. As the number of transistors on the SoC and the
associated leakage current increases with every technology generation, methods for reducing
both active and static power have been aggressively pursued.
Starting with the application for which the SoC is to be designed, the proposed design flow
considers numerous design constraints at different steps of design process and produces a final
floorplanned solution of the cores. Voltage Island Design is a popular method for
implementing multiple supply voltages in a SoC. Use of multiple threshold voltages with
power gating of cores is an attractive method for leakage power reduction. This thesis
addresses the design challenges of implementing multiple supply and threshold voltage on the
same chip holistically with the ultimate goal for maximum power reduction.
Specifically, given the power-state machine (PSM) of an application, the high power and low
power cores are identified first. Based on the activity of the cores, threshold voltage is
assigned to each core. The next step is to identify the suitable range of supply voltage for each
core followed by voltage island generation. A methodology of reducing the large number of
available choices to a useful set using the application PSM is developed. The cores are
partitioned into islands using a cost function that gradually shifts from a power-based
assignment to a connectivity-based one.
Additional design constraints such as power supply noise and floorplan constraints can offset
the possible power savings and thus are considered early in the design phase. Experimental
results on benchmark circuits prove the effectiveness of the proposed methodology. On
average, the use of multiple VT and power gating can reduce almost 20% of power compared
to single VT. A proper choice of supply voltages leads to another 4% reduction in power.
Compared to previous methods, the proposed floorplanning technique on average offers an
additional 10% power savings, 9% area improvement and 2.4X reduction in runtime.
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CHAPTER 1 : INTRODUCTION
1.1. Motivation
With the advent of deep submicron technology, it is possible to integrate hundreds of millions
of transistors on the same chip. This enables applications to be implemented using System-onChip (SoC) design methodologies that utilize predesigned IP (Intellectual Property) blocks or
cores [1]. The increasing demand of wireless, third generation (3G), cellular mobility with a
wide variety of integrated applications (such as text messaging, email access, still and video
photography, digital music downloads and players, internet surfing, streaming video and video
games) and the increasing need for both wireline and wireless internet appliances in home and
small offices have further enhanced the demand for SoCs.

For over two decades, technology scaling has been following Moore’s law of doubling the
number of transistors on a chip every two years. With every technology generation, reducing
gate delay and having more transistors on the same chip allowed designers and consumers to
enjoy the benefit of faster, cheaper and yet more complex SoCs. In the past, the principle goal
of chip design was to deliver the maximum possible performance, often at the expense of area
and power. However, with continued technology scaling, the levels of integration enabled by
SoC design have inadvertently pushed the power profiles of such systems beyond acceptable
power density limits [2]. In fact, the combination of greater functional integration coupled
with higher clock speeds enabled by technology scaling have conspired to increase the overall
power density of the chips. As an indication of the potential severity of the problem, Figure
1.1 [3] shows a plot of the power density of microprocessor chips against successive
technology generations.
1

This trend depicted in the figure is extremely worrisome and has forced power to become an
important challenge for higher levels of integration due to further device scaling. Higher
power density has a negative impact on the performance as well as reliability of the chip [4].
Moreover, dissipating more heat has a large impact on the packaging and cooling technology
and the associated cost [5]. Thus, for almost all applications, reducing overall power
consumption and localized power density of SoC’s is essential for the foreseeable future.

Figure 1.1: Power density trend for future technology generations [3]

In addition, battery powered electronics, such as cellular phones, PDAs, and other hand-held
devices, account for a large and rapidly growing revenue market for semiconductor industry
[3]. One of the characteristics for such systems is the limited battery life that impacts the
systems’ utility as well as the duration and mobility. Unfortunately, battery technology is
unable to keep pace with what is needed to support the increasing complexity, functionality
and performance of the systems they power [6]. Figure 1.2 illustrates the widening gap
between the trends of processor power consumption and the improvement in battery power
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capacity. As these systems have fixed throughput requirements, a careful tradeoff between
power and performance is the key to extending battery life.

Figure 1.2: Trends in battery maximum power and chip power [6]

The pursuit of efficient methods for reduction in power consumption has moved to the
forefront of the SoC design challenge. Today, satisfying the power budget is one of the most
important design goals in SoC design. If not considered early in the design process, it becomes
a significant problem very late in the design cycle when evaluating first silicon results. At this
stage, it is almost impossible to redesign the part to fit into the market window due to stringent
design cycle time requirements. One could just ship the design even though it does not meet
the power specifications; however, exceeding the power budget can be extremely detrimental.
It might require the chip packaging to be redesigned or have unacceptable reliability issues or
insufficient battery power to run the device [7]. Furthermore, since energy issues have entered
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into the mainstream public debate, it is important to minimize power as much as possible. So,
from large desktop units to mobile devices, the drive today is towards “green” SoCs.

1.2. Research Directions
The aim of this research is reduction in power consumption of SoCs. For high performance
SoCs, this would lead to cooler chips, while hand-held devices would have a longer battery
life. Low-power design methodologies can be realized at different abstraction levels such as
physical, logical, architectural, algorithmic and system levels [8]. Figure 1.3 depicts the
different design levels that may be optimized for power savings. Each level offers a different
set of tradeoffs that must be understood before they can be used effectively.

Figure 1.3: Power reduction design space [8]

Power reduction through process and technology changes involves reducing capacitances and
leakage currents by scaling device geometry, improving interconnect materials, the use of
4

low-k dielectrics, the availability of multiple threshold voltages [9], etc. To minimize power at
the circuit level, designers focus on the reduction of circuit activity by performing logic and
clock gating [10], substrate biasing [11], bus loading and coding, and re-encoding of
sequential circuits. Moving up another level, the use of parallelism, pipelining, and power shut
off (PSO) for unused IP blocks [12] and multi-supply multi-voltage (MSMV) [13] are
common approaches for architectural level power reduction. Power savings at the algorithm
level involves data coding, and minimizing the number of operations in the context of
software or firmware running on the system. Specifically the use of dynamic voltage and
frequency scaling (DVFS) [14] is one of the popular approaches. Finally, power optimization
at the system level is achieved through hardware/software co-design and ultimately holds the
most promise. However, this also presents the highest level of complexity in minimization of
the overall power or energy profile.

The most effective approach to producing an energy-efficient design is to consider power
optimization throughout the top-down design process. A power-driven methodology must
begin from the system/algorithmic phase, continue through the architectural phase, be refined
through logic and circuit design and finalized in the physical implementation with poweraware synthesis, placement, and routing [15]. On the other hand, the size and complexity of
SoCs today has increased enormously. This leads to a larger number of constraints to be
considered in the design of these chips. If these constraints are considered only in the final
phase of the design, large opportunities for power savings available in the earlier phases would
be missed.

5

Among all the power reduction techniques discussed, the use of multiple voltages is one of the
most attractive solutions in core-based SoC design [16] and forms the centerpiece of the
research described in this dissertation. This technique necessitates delivering multiple supply
voltages to the same chip and requires the design of several power grids to deliver current to
the IP blocks. Theoretically, it is possible to have any number of supply voltages on the same
chip but only a few supply voltages are practical [17]. The selection of a specified number of
supplies is a key research topic pursued in this work.

With every new technology generation, device geometries are scaled by roughly 0.7X.
According to past history, the threshold voltage (VT) should also be scaled down by a
commensurate amount. However, due to the exponential relation between subthreshold
leakage current and threshold voltage, leakage power contributes significantly to the total
power consumption of the chip. It has been projected that the transistor off-state current per
micrometer of transistor width increases by ~5X per generation [18]. Thus, leakage power has
also become a critical design concern for any VLSI system today. One of the popular
techniques for reducing leakage power is the use of multiple threshold voltages (multi-VT).
This allows the designer to selectively apply low, high and standard threshold voltages to
different transistors depending on whether the goal is high speed or low leakage, or perhaps a
compromise between the two. The selection of the appropriate threshold voltages for different
blocks is also a key topic in this work.

Based on the above discussion, two different methods of power reduction of SoC designs are
pursued in this research, namely, chip-level dynamic power optimization using MSMV (or
voltage islands), and block-level leakage power optimization using multi-VT. While both the
6

techniques help in the reduction of power consumption, they also raise new challenges in the
design optimization process. Chip-level dynamic power optimization focuses on optimal
assignment of a supply voltage to each core and the generation of a voltage island-based chip
floorplan. Once the Intellectual Property (IP) blocks are placed, the next step is to identify the
leaky blocks and use a higher VT for further power reduction. The proper choice of VT is
dependent on the application being executed by the SoC. Although each of these techniques
provides some power reduction, implementing both of them concurrently provides additional
opportunities for design improvement. For example, if the MSMV technique is implemented
exclusively, then the choice of minimum supply voltage for each block is only based on delay
constraints. However, this will eventually make leakage power optimization a more difficult
task. Additionally, if VT selection for the individual blocks is done independently, then
information regarding the activity of block while executing the application is not exploited.
Depending upon the application, if the choice of VT and VDD can be made together with the
other design factors, then there exists a potential for maximizing the power savings.

A new challenge in voltage island design is the management of supply noise in multiple power
grids. With scaling of the supply voltage, there is a commensurate increase in noise problems
due to IR and Ldi/dt effects [19]. Typically, excessive voltage drops are reduced by the
insertion of decoupling capacitance (decap) to ensure that the supply voltage stays within the
noise budget. Solutions that meet power grid noise constraints require proper allocation of
these decaps within the voltage islands. The amount of decoupling capacitance needed in a
voltage island depends on the blocks assigned to the island, which is determined as part of an
iterative loop and therefore not known a priori. The additional space required by the decaps
can violate the overall area constraint of the chip. While this problem has not been addressed
7

directly, the importance of proper decap allocation with multiple supply voltages has been
demonstrated in [20]. Thus, such constraints have an impact on the potential power savings
that can be achieved. This work also addresses power grid noise constraints on the proposed
low power design methodology.

Classical floorplanners consider a single VDD in the entire SoC. In voltage island design, cores
with same VDD must be placed contiguous to one another. Thus to implement voltage island
design, the floorplanning methodology needs to be modified. As in [1][21], placement
requirement for island creation is implemented in a two-stage floorplanning technique: islandlevel floorplanning followed by chip-level floorplanning. This floorplanning technique is
heavily dependent on the voltage assignment of the cores and can consume significant portion
of the design time. Moreover, the number of IP blocks for future technologies is expected to
grow exponentially [22]. In comparison to a 130nm technology node, where the number of IP
blocks was about 100, the projected number of IP blocks in a 32nm is around 10,000. Aside
from the inherent complexity of SoC design with a large number of IP blocks, certain CAD
tools will face excessive runtimes as the number of IP blocks in a single SoC increases. To
understand the severity of the problem, HotSpot Floorplanner [21] was used to floorplan
voltage island based SoCs with the large number of cores. Figure 1.4 shows the runtime for
the floorplanning with increasing number of IP blocks and voltage islands. In the SoCs, the
cores1 and their connections were generated using a technique similar to [23]. With twice as
many cores and islands, it is observed that the time required for floorplanning increases by 3X.
Thus, performing floorplanning iterations at each step of a heuristic-based approach will be
very costly. As the number of cores in a SoC increases, the set of possible voltage assignments
1

The terms IP block and core are used interchangeably here and refer to the same circuit block that is integrated in the SoC.
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can also become quite large. The number of options would grow even further if more supply
voltages are permitted. Many of the possible partitions do not lead to an acceptable solution.
Attempting to floorplan assignments that do not meet power or area constraints wastes a lot of
valuable time. More efficient methods to partition and floorplan a large set of IP blocks into
voltage islands are needed and such methods are pursued in this work.

Figure 1.4: Floorplan time vs. number of IP blocks vs. number of islands

Voltage island design is dependent on the floorplanning of the IP blocks. During
floorplanning, it is common for designers to impose constraints on the placement of the
blocks. For example, a designer may want to place a constraint on the maximum separation
between two modules if there are many interconnections between them, or place blocks close
to power pins, or align them vertically in the middle of the chip for bus-based routing [24],
just to name a few. Methods that incorporate such constraints are developed in this thesis for
voltage island design.
9

1.3. Research Objectives
Having described the motivation and background for this research, a succinct thesis statement
is as follows: this research develops a holistic method of minimizing SoC power using voltage
islands while including design constraints such as area, performance, power grid noise and
placement requirements at multiple stages of the design flow.

The following research objectives were identified for this work:

1) To develop a new application-driven methodology for choosing optimal supply
voltages for each IP block of a SoC based on an application Power State Machine
(PSM). The goal is to identify the suitable threshold voltage and then establish the
supply voltage ranges that satisfy timing constraints for every IP block.

2) To propose a methodology for choosing the finite set of supply voltages to be
implemented on the chip. The novelty of the approach is in the voltage assignment
table generation approach and a cost function for voltage selection which incorporates
information about power and the connectivity among cores. Additionally, certain
placement constraints are to be applied to island formation in order to provide more
realistic scenarios in SoC design.

3) To develop a new fast floorplan-aware voltage partitioning approach to select the
most attractive solutions for floorplanning to reduce the power, area and run time.
Moreover, such solutions must satisfy the power grid noise budget.

4) Explore the effect of design constraints on the SoC. Specifically, placement
constraints and power grid noise constraint will be incorporated in the overall power
10

reduction methodology. In particular, the choice of proper amount of decoupling
capacitance in order to meet IR drop noise constraint has been addressed in this work.

Figure 1.5 compares the proposed design methodology with the previous techniques for SoCbased Voltage Island Design.

Figure 1.5: Voltage Island Design comparison

1.4. Thesis Organization
Chapter 2 identifies the different sources of power dissipation in synchronous CMOS circuits.
A comprehensive literature review of recent low-power design is provided. In particular,
multi-VDD and multi-VT techniques are described. In addition, a brief overview of the
floorplanning technique in physical design is provided.

Chapter 3 presents an application-driven approach for identifying the suitable threshold and
supply voltage for each IP block. The application to run on the SoC is first modeled as a
Power State Model and is considered as the starting point of the design methodology. Based
on the relative activity of the cores, the threshold voltage is assigned and the range of possible
supply voltage is identified as well. The next task is to identify a few supply voltages that can
11

be implemented on the chip. Ideally, the larger the number of supply voltages, the greater is
the potential power savings. However, in reality, only a small number of voltages can be used
on the chip due to the associated cost for power grid design and the usage of pins. Here, a
heuristic method is proposed for selection of the suitable supply voltages for the chip.

In Chapter 4, two additional constraints are considered. First, the challenges of satisfying the
power grid noise constraint are addressed. Designers typically focus on satisfying power grid
noise constraint after the final floorplan is available. Due to the higher complexity of power
grid design in multi-VDD chips, an early stage decap allocation methodology has been
proposed in order to guarantee that power supply noise issues can be avoided after the final
floorplan. Placement constraints, such as restricting memory blocks at certain corners of chip,
as well as many other similar constraints listed earlier, are becoming common practice. In this
chapter, the potential effect on power saving due to such constraints is explored as well.

Chapter 5 proposes a novel technique for voltage assignment to the cores as well as two-stage
approach for floorplanning. The area and power design space is explored and a technique
aimed at finding a valid solution that is close to the optimal solution in a fast manner is
developed. Moreover, the power savings achieved at different stages of the design are
quantified.

Chapter 6 provides conclusions and directions for future work.
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CHAPTER 2 : BACKGROUND
2.1. Overview of Chapter
This chapter provides a background and overview of the sources of power consumption on a
chip and presents several techniques for power optimization at different levels of the design
flow. As voltage island design imposes a constraint on the floorplanning of the IP blocks a
brief overview on floorplanning is provided. Classical floorplanning algorithms as well as
their extension to address the different emerging floorplan challenges are discussed as well.
Section 2.2 briefly reviews the components of power starting with the basic concepts. Section
2.3 discusses some of the relevant and most advanced methodologies for power savings.
Section 2.4 reviews the different methods of floorplanning.

2.2. Sources of Power Consumption
There are two sources of power dissipation in synchronous CMOS digital circuits: active and
static. Active power is consumed when the output of a CMOS circuit switches and static
power is the power consumed when the circuit is idle but powered on. Let Pactive be the active
power while charging or discharging parasitic capacitances during node voltage transitions
and Pstatic be the static power during idle mode of the circuit. Then, the following high-level
equation characterizes the key factors in the power dissipation on a chip [25][26]:

Ptotal = Pactive + Pstatic
Ptotal = (α .CL .VDD 2 + QSC .VDD ) f clk .1 + 1 (1 − α )VDD I leakage


 


Pactive

(2.1)

Pstatic

where α is the activity factor, CL is the average load capacitance per gate, Qsc is the shortcircuit charge flowing from supply to ground during transition of the output of the gate, fclk is
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the clock frequency, 1 is the effective number of 2-input NAND gates and Ileakage is the
average NAND leakage current. Note that this equation could be applied to different sections
or blocks of the chip and then summed up to produce more accurate results. This is due to the
fact that the effective values of α, CL, Qsc and 1 are difficult to quantify for an entire chip. In
the following subsections these power sources is analyzed in greater detail.

2.2.1. ACTIVE POWER
Active power is the power consumed during the switching of gates. Active power can be
further subdivided into dynamic power (including glitches) and short-circuit power. Both are
dependent on the switching activity. The CMOS complex gate structure considered here is
shown in Figure 2.1(a). The simplest example of such circuit is the inverter shown in Figure
2.1(b).

Figure 2.1: Active Power (a) CMOS Logic (b) Simple Inverter
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Dynamic power is dissipated by charging and discharging the output capacitance CL. During a
low-to-high transition at the output, supply current charges CL through one or more PMOS
transistors. The capacitance CL of a gate consists of the self-capacitance, wire capacitance of
the fanout net and the capacitances of the gates connected to the fanout net. During a high-tolow transition at the output, the stored charge at CL is discharged through one or more NMOS
transistors. In case of the inverter, after one input transition from 0 to 1 and back to 0 the
inverter has transferred a charge of CLVDD from the power supply to ground. Assuming that
the average switching activity of the inverter is α, the clock frequency being fclk, the average
dynamic power consumption of the inverter is:

Pdynamic = α C LVDD 2 f clk

(2.2)

For larger circuits, the CL is the total switching capacitance and α is the average of the fraction
of gates switching over all the clock cycles. The value of fclk, the clock frequency, is at
maximum the inverse of the critical-path delay (Dcrit) of the circuit. The critical-path delay can
be modeled as:
Dcrit = ∑
i

KiVDD
(VDD − VT )ϕ

(2.3)

which is the sum of all gate delays in the path, Ki and φ are fitting parameters similar to the
approaches in [27][28].

During a switching event short-circuit power is dissipated when there is a momentary direct
path from supply to ground. The finite slope of the input signal causes this current, ISC (dotted
line in Figure 2.1), to flow when the input voltage is between VTN and (VDD- VTP), when both
devices are turned on (VTN and VTP are the threshold voltages of NMOS and PMOS transistors

15

respectively). The amount of current flowing depends upon the relative size of the PMOS and
NMOS devices, the value of the output capacitance as well as the rise and fall times. The
following expression models short-circuit power with no external load [29]:
Pshort =

β
12

(VDD − 2VT )3τ f clk

(2.4)

where β is the gain factor of the MOS transistor and τ is the rise (or fall) time of the inverter.
As the short-circuit current is a strong function of the ratio of the input and output slopes, there
exists a tradeoff between dynamic power of the previous gate and short-circuit power of the
next gate [25]. At the circuit level, it is useful to keep the rise and fall time of all signals within
a constant range to minimize the power dissipation due to short-circuit current. For most
circuits, short-circuit power is approximately 10% of the active power [30].

Glitch power is expended when the inputs to a gate do not arrive at the same time causing
unwanted transitions of the output signal before the final value is reached. This behavior is due
to different delays on signal paths leading to the different inputs of a gate. Glitches tend to
propagate through the fanout gates and cause unintended transitions in the subsequent stages,
increasing power dissipation even further [31]. For example, glitches are a major contributor
of power in complex structures such as adders and multipliers. In a typical combinational
circuit, glitch power can contribute up to 40% of the active power [32]. Both glitches and
short-circuit power can be incorporated in the “α” of the dynamic power in Eqn. (2.2).

In the past technologies, dynamic power was the major component of power consumption of
all VLSI circuits. However, with the emergence of deep submicron technology, power due to
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device leakage when they are off contributes significantly to the total power consumption [33].
This falls into the category of static power which is described in the next section.

2.2.2. STATIC POWER
Static power is associated with the non-switching periods of internal nodes of a circuit
between switching events. Therefore, this power consumption, caused by the various forms of
leakage currents of transistors, does not contribute to any useful computation and in this sense
is wasted energy. Device scaling, and the associated reduction of threshold voltage, channel
length and gate oxide thickness [33] have introduced the different forms of leakage current
and caused static power to be a dominant part of the total power consumption of the chip
power. Static power can be represented as:

Pstatic = I leakageVDD
I leakage = I SUBTH + I G + I REV + I GIDL

(2.5)

where Ileakage is the sum of subthreshold leakage (ISUBTH), gate leakage (IG), p-n junction
reverse bias leakage (IREV) and gate-induced drain leakage (IGIDL). An NMOS transistor with
the different leakage components are shown in Figure 2.2.

17

Figure 2.2: Leakage current components of an )MOS transistor [34]

Of the different sources of leakage current, subthreshold leakage is currently the main source
of static power [33]. This leakage current occurs in the weak inversion region of transistor
operation where current flows between the source and drain nodes even with a gate voltage
that is smaller than the threshold voltage. In Figure 2.3, subthreshold leakage current flows
through P1, indicated with a solid arrow, when the corresponding input is “1” and, likewise,
through N2 when the input is “0”.
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Figure 2.3: Subthreshold and Gate leakage in CMOS circuit

For a single gate, the subthreshold leakage can be modeled using a simplified expression [35]:

I leakage = Ae

q
(VGS −VT )
nkT

(1 − e

− qVDS
kT

)

(2.6)

where A is a technology-dependent constant, VGS is the gate-to-source voltage, and VDS is the
drain-to-source voltage. Due to exponential relation between Ileakage and VT, an increase in VT
would sharply reduce the leakage current, but would also slow down the device as a direct
consequence.

Due to thinning of gate oxide with technology scaling, leakage current through the insulator
(dotted line in Figure 2.3) is increasing in its contribution to the total static power [36]. Unlike
subthreshold leakage, which only exists in weakly turned-off transistors, gate leakage of some
form exists no matter whether the transistor is turned on or turned off [37]. Gate Leakage
current can be expressed as [38]:

19

I gate

3





V
 − B 1 − 1 − ox 2  

  Φ ox   

V


= Weff Leff A( ox ) 2 exp 

Vox
Tox


Φ ox







(2.7)

where Vox is the potential drop across the thin oxide, Φox is the barrier height for the tunneling
particles, Weff and Leff are the effective width and length of the gate, Tox is the oxide thickness
and A and B are physical parameters. As technology scales, Tox is reduced causing a significant
increase in gate leakage. With high-k dielectrics, this problem may be mitigated in future
technologies [39].

Other sources of leakage current such as junction tunneling current, bulk punchthrough and
gate-induced drain current are secondary sources of leakage current. However, one should
note that each of these terms may vary in relative importance in future technologies. For
leakage power reduction, the work presented in this dissertation aims at reduction of
subthreshold leakage current as it is the dominant source of leakage power today.

2.3. Low Power Design Techniques
As discussed in Chapter 1, low power design methodologies can be implemented at different
stages of the design process. The following subsections briefly describe these techniques from
dynamic and leakage power reduction perspectives. As multi-VDD and multi-VT design
challenges are explored extensively in this thesis, these power optimization methods have
been discussed in greater detail.
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2.3.1. DYNAMIC POWER REDUCTION TECHNIQUES
Dynamic power can be reduced by reducing any of the terms in Eqn. (2.2). Thus, designers
have devised methods of reducing one or more of the parameters that affect dynamic power.
Generally, there are two main approaches for power reduction: power supply reduction and
switched capacitance (Ceff) reduction; switched capacitance is the product of the activity α and
the total load capacitance (CL). These techniques can be implemented at the architecture, logic
design and circuit design levels. The following subsections provide an overview of these
techniques.

2.3.1.1. Clock Gating
A significant portion of the dynamic power in a chip can be due to the distribution network of
the clock. Because of the switching of clock buffers during every clock cycle, the clock
signals in a digital computer can consume between 15%-45% of the chip power [40].
Additionally, flip-flops and registers receiving the clock signal can also cause some gates
within them to dissipate dynamic power even though their primary inputs may not have
changed. The most common way to reduce this power is to turn off the clock when it is not
required. The benefit of using clock gating technique is two-fold. First, when the clock is
stopped, no power is consumed by the combinational logic, as their inputs remain unchanged.
Second, the gated clock-line as well as the flops and registers do not consume any additional
power.

Clock gating was first proposed in [41] and studied in greater detail in [10][42][43]. In [41],
using initial specification as a state transition graph of the circuit to be synthesized, conditions
under which the next state and the output signals do not change are identified first. In [10], the
authors presented a technique for saving power in idle circuits by stopping the clock fed to
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them. In [42], a precomputation-based methodology is used to generate a signal to control the
load enable pin of the flip flops in the data path. In [43], the authors use a latch to gate the
clock in control-dominated circuits. Though clock gating can be implemented using simple
control circuitry, caution must be taken on glitches, clock loading effects and additional clock
skews.

2.3.1.2. Operand Isolation
Operand isolation is another method of reducing unnecessary activity in the circuit and
thereby reducing dynamic power. This method prevents sections of the circuitry from
accepting changes in their inputs unless they are expected to respond to those changes [44].
This technique may not be as effective for primitive logic but it saves power in more complex
functions.

Adders, multipliers, etc., are likely candidates for implementation of isolation logic. Another
good application is circuit parts that have to be active only once after many clock cycles. One
of the key challenges in operand isolation is the availability of a signal to indicate that a
module is performing a computation that is not redundant. In [45], such a signal is extracted
from the logic description of the circuit based on the don’t care conditions of the modules to
be isolated. A comprehensive technique for automating operand isolation at the RT-level has
been proposed in [46]. Experimental results show up to a 30% reduction in dynamic power
using this technique [46].

2.3.1.3. Gate-level Transformation
Gate-level transformation is a logic optimization technique where a small group of gates are
replaced by a logically-equivalent set in order to reduce dynamic power. There are a number
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of techniques that can be implemented and the majority of them are performed by the
synthesis tools. Following is an overview of some of the methods.

Re-mapping: This technique optimizes the logic expressions in order to reduce dynamic
power. The idea is to “hide” nodes with higher switching activity within the cells, thereby
having smaller switching capacitance. In [47], a two-level approach for mapping has been
proposed. In the first step, the power-delay curve (power vs. arrival time) for each node is
computed. Next, a mapping solution is proposed according to the curves and the required time
at the primary inputs. Results in [47] show 18% reduction in power with 16% increase in area.

Pin Swapping: When gates with multiple inputs have different input capacitances, pin
swapping swaps the inputs in such a way as to map high activity nets to inputs with low
capacitance and low activity nets to inputs with high capacitance. The area cost here is low but
the overall improvement may not be significant, depending on the circuit.

2.3.1.4. Path Balancing
Path delay balancing is used to reduce glitch power. The connectivity among gates has a
strong correlation to the overall switching activity and hence the dynamic power dissipation.
To avoid spurious transitions, the delays of paths that converge to the same gate must be made
equal, or as close to equal as is practical. Another popular technique for path balancing is
inserting delay elements in the faster input paths so that the delay on each path equalized
[48][49][50]. This modification would not contribute any additional delay to the critical path
but would reduce the number of spurious transitions. Buffer insertion must be done in a
judicious manner as it increases the effective capacitance thereby increasing the dynamic
power. Glitches can also be eliminated using a hazard filtering technique [51]. Where a glitch
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might occur, the delay of the offending gate is increased such that it is at least equal to the
differential delay of the inputs.

2.3.1.5. Gate Sizing
Gate sizing determines the device widths for each gate. The basic rule is to use smaller
transistors that satisfy the delay constraints. Thus, to reduce dynamic power, gates with higher
toggle rates must be made as small as possible. The optimization method is especially
challenging when there is a chain of gates on a path as there are multiple choices for each gate
that can be used to realize the maximum delay. Each choice of gate provides a different areapower-delay cost and thus it is not immediately obvious which choice would provide the best
solution. A polynomial formulation using Elmore delay models is used in traditional gate
sizing approaches. Heuristic-based greedy approaches [52][53][54][55][56][57][58] can be
used to solve such a polynomial problem. In general, though heuristic algorithms are relatively
fast, they cannot guarantee to reach a global optimum. However, a linear programming
method is proposed [59] in which a piecewise linear delay model is adopted to achieve a
global optimal solution. A nonlinear programming approach [60] gives the most accurate
optimal solution but has a higher runtime cost.

Additionally, short-circuit power should be considered while sizing the gates. For a given
transition time, a larger gate would contribute to a larger short-circuit current. In contrast, the
output of a larger gate has sharper slope thereby reducing the short -circuit power of the fanout
gates. Some degree of circuit balancing is needed to produce an optimal solution. Thus,
careful sizing of gates should be used to reduce overall power as opposed to only dynamic or
short-circuit power.
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2.3.1.6. Transistor Sizing
Transistor sizing is similar to gate sizing with the exception that in gate sizing all the
transistors are sized together with the same factor while in transistor sizing each individual
transistor is sized individually. For a gate on a critical path, only a few of its transistors
contribute to the largest intrinsic gate delay, and so the rest of the transistors can still be sized
to reduce the capacitances. Optimizations by sizing individual transistors have been explored
in [61][62][63][64].

2.3.1.7. Voltage Scaling
Due to the quadratic relationship between VDD and active power (Eqn. 2.2), reducing the
supply voltage is perhaps the most attractive approach for active power reduction. The major
shortcoming of this solution is the increase in the delay of gates (Eqn. 2.3). The lost
throughput can be compensated using the following three methods [65]:

1) Redesign the circuit using pipelining and parallelism
2) Reduce VT in order to compensate for VDD reduction
3) Assign lower VDD values to non-critical paths
The first technique using pipelining/parallelism is an architectural optimization. Though the
lost speed can be regained in the form of higher throughput, the new implementation might
require more area and generate greater switching activity. In the second case, lowering VT
enhances the gate overdrive of the transistors but also causes an exponential increase in
leakage power. Thus, there is a complex tradeoff between the VDD and VT selection for total
power reduction. The third method poses challenges for power routing within blocks due to
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the use of multiple supply voltages, and requires careful consideration due to voltage level
shifting in these circuits.

Supply voltages can be reduced dynamically or in a static manner. Dynamic Voltage Scaling
(DVS) reduces supply voltage during circuit operation based on the throughput requirements
of the system. Multiple supply voltage implementation is a static technique that pre-assigns
different supply voltages to different IP blocks/subcircuits/gates based on the throughput
requirement. The following subsections discuss these techniques in further detail.

2.3.1.8. Dynamic Voltage Scaling
Dynamic voltage scaling [66] is used in systems where peak performance is not required for
the entire duration of circuit operation. This is seen in portable devices such as cell phones,
PDAs, etc., which typically contain three operating modes: computation-intensive mode, lowspeed deadline-driven mode and idle mode [67]. Compute-intensive tasks, such as MPEG
video and audio decompression, demand maximum throughput. In contrast, tasks such as text
processing, data entry, etc., have relaxed deadlines and require a fraction of the system
throughput. Finishing these tasks early has no benefits and thus dynamic voltage scaling can
be applied at the cost of reduced speed. DVS utilizes this slack time by lowering the supply
voltage as well as the clock frequency to achieve quadratic savings in energy. Commercial
chips like IEM926 have an Intelligent Energy Manager (IEM) that implements DVS. The
IEM has software as well as a hardware unit that monitors the system workload. Using
information from the operating system, as well as historical data from the execution of the
software, the IEM makes predictions on future workloads. Additionally on the hardware side,
there is an Adaptive Power Controller (APC) used for implementation of DVS [68]. Figure 2.4
shows the block diagram of how DVS is implemented in that particular chip. Depending on
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the task deadline the APC dynamically sets the corresponding supply voltage for the system
processor.

Figure 2.4: Implementation of DVS in the IEM926 [68]

2.3.1.9. Multi-VDD Approach
In comparison to DVS, multi-VDD design is a static approach for reducing dynamic power. A
separate supply voltage can be assigned to every module of the design (i.e., the voltage island
technique) or, in the extreme, on a gate-by-gate basis (Dual-VDD). First, the dual-VDD
approach is discussed followed by the voltage island technique.

Dual-VDD: This approach assigns supply voltages at a small granularity by setting the supply
voltage for each cell within a block. Every cell in a module can be assigned to one of the two
supply voltages, high-VDD(VDDH) or low-VDD(VDDL) [69]. Gates that are on the critical path of
the block are assigned to the VDDH while gates on the non-critical path are assigned to VDDL.
When gates operating at VDDL are fanins to gates operating at VDDH, level converters are
required in order to avoid short-circuit power. As level converters contribute to additional
power consumption, minimizing converters is an additional design issue [70]. The two
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methods for VDD assignment to gates are: 1) Clustered Voltage Scaling (CVS) [71] and 2)
Extended Clustered Voltage Scaling (ECVS) [72]. In CVS, the cells driven by each supply
voltage are clustered such that level conversion is only required at the output flip-flops. Figure
2.5 shows the basic implementation technique.

Figure 2.5: CVS implementation

Extended clustered voltage scaling (ECVS) [72] removes restrictions on level converter
assignment by allowing level conversion anywhere, and the supply voltage assignment to the
gates is much more flexible. Though the algorithm of ECVS is more complicated than that of
CVS, it provides greater dynamic power savings.

Voltage Island Design: The block-based multi-VDD design using voltage islands was first
proposed in [13]. This technique requires IP blocks with same supply voltage to form
contiguous groups called “islands”. This facilitates the use of different supply voltages for
different parts of the chip thereby reducing overall power consumption. Figure 2.6 shows a
SoC having 15 IP blocks before and after creating voltage islands. In Figure 2.6(a), all the
blocks are assigned to 1.5 V, while in Figure 2.6(b), the performance-critical blocks are
assigned to 1.5 V, and the other blocks are assigned to either 0.9 or 1.2 V, depending on their
speed requirements. The overall power dissipation of the design in Figure 2.6(b) can be far

28

less than that in Figure 2.6(a) due to reduced dynamic power. Available white-space is used
for placing level shifters, routing and the allocation of decoupling capacitance to reduce power
supply noise.

Figure 2.6: SoC with (a) Single Voltage Island and (b) Three Voltage Islands

Voltage island design can be implemented at either the floorplan/placement stage or postfloorplan/post- placement stage. Following is a brief overview of the different proposed
techniques for voltage island design in each stage.

Floorplan/Placement stage: Voltage island design challenges at the floorplan/placement stage
have been studied extensively in [13][1][21][73][74][75][76]. An approach involving
perturbation for voltage assignment of cores, and simulated annealing for floorplanning is
described in [1]. A similar approach is taken in [21] with the additional objective of achieving
a thermally-balanced, island-based SoC design. Partitioning based on genetic algorithms, and
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floorplanning based on simulated annealing have been used to reduce hotspots and achieve
more uniform temperatures across the chip. In [74], based on the block timing requirements,
voltage assignment is performed first. Next, level shifters are inserted and floorplanning is
performed using a power network “aware” floorplanner such that the sum of perimeters of
voltage islands is minimized. Fine-grained voltage assignment during placement of standard
cells has been proposed in [76]. Simultaneous voltage assignment, voltage island generation
and floorplanning have been considered in [75]. The work in [73] extends the idea by
incorporating timing constraints in the voltage assignment and floorplanning problem.

Post-floorplan/Post-placement stage: In [78][79][80][81], voltage islands are created from
fixed floorplans as shown in Figure 2.6. Considering placement adjacencies of the logic
blocks, in [78][80], voltage islands are created such that power versus design-cost tradeoffs
under performance requirement constraints is optimized. In [79], a 0-1 integer-linear
programming (ILP) method is proposed for voltage assignment to the cores in the SoC. Next,
from a finite choice of floorplan solutions, the candidate floorplan that allows island creation
based on the voltage assignment is chosen. In [81], delay budgeting and the corresponding
voltage assignment use a zero-slack algorithm and then, based on physical proximity, the
actual voltage islands are created.

The major impact of using multiple supply voltages is the need to treat the supply voltage as
another design constraint. In voltage island design, IP blocks assigned to unique islands
require proper delivery of the specific supply voltage. If the supply voltage is generated offchip, proximity to its corresponding supply voltage pins must be ensured. On the other hand,
on-chip supply voltage generation requires extra routing to each island. Similar to CVS and
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ECVS, communication between islands require level converters. Clock-tree generation must
take into account buffers residing in different islands. Designers must also account for
coupling noise between adjacent lines driven by high and low voltages arising from the
different VDD values.

2.3.2. STATIC POWER REDUCTION TECHNIQUES
One of the negative effects of aggressive device scaling is the relative increase in static power.
Lowering VT is one of the ways of achieving faster devices. As explained earlier, this causes
an exponential increase in static power due to the exponential relation between subthreshold
leakage current and VT (refer to Eqn. (2.6)). The problem becomes even worse when the
temperature of the chip increases. Higher temperature increases the subthreshold leakage and,
in the worst case, can exceed the power budget. Also, due to the reduction in gate-oxide
thickness for sub-100nm CMOS, gate leakage is also contributing significantly to the overall
leakage power. However, for future technology nodes, it is expected that high-k dielectrics
would mitigate the increase of gate leakage as it appears to be the only effective way of
reducing gate leakage [7].
In general, circuit blocks are constantly turning on and off, depending on the computation
requirements of an application. Due to this “bursty” nature of operation, spend a significant
amount of time in their idle mode. Different circuit techniques have been proposed to reduce
leakage power of such circuits. Leakage optimization can be performed at design time using
dual-VT and transistor stacking methods. Such approaches exploit the delay slack in noncritical paths to reduce leakage power. Runtime techniques such as standby input vector
selection, variable threshold CMOS (VTCMOS) and power gating reduce leakage power
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when circuits are not required to run at the highest performance level. These techniques are
discussed in the following sections.

2.3.2.1. Transistor Stacking
Leakage current flowing through two serially stacked off CMOS transistors is always less than
a single off device. This phenomenon is known as transistor stacking [38][82][83]. In Figure
2.7, turning off both M1 and M2 causes the intermediate node VM to have a positive value.
This causes the threshold voltage of M1 to increase due to body effect, and also reduces the
drain-source voltages on the two devices. All these effects contribute to a reduction of
subthreshold current flowing through M1 and M2.

Figure 2.7: Transistor Stacking

Thus, replacing one off transistor with serially-connected, stacked transistors reduces leakage
current significantly [84][85]. The disadvantage of adding the extra transistor is performance
degradation and higher dynamic power due to increased capacitance.
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2.3.2.2. Standby Input Vector Selection
Due to the transistor stacking effect, leakage current also depends upon the input vectors
presented to a gate. Functional blocks such as NAND, NOR and complex gates inherently
have stacks of transistors. Thus, if the input vector of a circuit entering in the standby mode is
chosen carefully, then leakage power can be minimized by maximizing the number of stacked
transistors in the off state. Thus, selection of proper input vector is critical to leakage power
saving. Numerous techniques for choosing the sleep vector have been proposed in
[86][87][88][89][90]. Of course, applying such an input vector to minimize leakage consumes
additional dynamic power. This technique should be used only when this extra power can be
offset by the leakage power saving in the standby mode.

It must be noted that the leakage power reduction by natural/forced transistor stacking is
principally due to reduction in subthreshold leakage current. In fact, the traditional method of
stacking transistors to reduce subthreshold leakage current might increase thin-oxide gate
leakage power [38]. For example, in some cases a three-transistor stack (NMOS) with input
“100” may result in less leakage than the same gates with “000” inputs, even though “000”
inputs would maximize subthreshold leakage reduction. In the future, this may not be an issue
with high-к dielectrics that will reduce thin-oxide gate leakage.

2.3.2.3. Dual-VT Technique
Today’s ASIC designers can choose standard cells from cell libraries with different VT.
During design synthesis, a high VT is assigned to some cells in the non-critical paths and low
VT transistors are assigned to cells in the critical paths [91] so that performance is not
sacrificed. In this way, leakage power savings can be obtained while maintaining the desired
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performance. Figure 2.8(a) shows an example of a dual-VT implementation and Figure 2.8(b)
shows the path distribution of a 32-bit adder using dual-VT.

Figure 2.8: Dual VT implementation [91]

The potential saving that can be achieved using this technique depends on the number of gates
assigned to a high VT. Numerous deterministic [92][93][94][91] and ILP-based [95][96]
techniques utilize the slack in the non-critical paths to assign a high VT. It should be noted that
no additional circuitry is required to implement this technique. Additionally there is no
performance or power penalty. This technique is also effective in reducing leakage power in
standby mode. Design techniques to improve performance by increase the size of the high VT
transistors have been proposed in [92][93][96][97]. However, increasing the size of the
transistors increases dynamic power and area. Therefore, there is a tradeoff between dynamic
power and the use of low VT transistors.

In general, transistors with different values of VT differ in their doping profile. Additionally, a
higher oxide thickness, tox, can be used to obtain high-VT devices. Multi-tox CMOS can
optimize subthreshold as well as gate leakage. An algorithm for selecting and assigning
optimal transistor oxide thicknesses is described in [98].
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2.3.2.4. Variable Threshold CMOS (VTCMOS)
VTCMOS is a body-biasing technique for leakage power reduction [99]. The threshold
voltage of a short-channel MOSFET transistor in the BSIM model is given by [100]:

VT = VT 0 + γ ( φs − VBS − φs ) − θ DIBLVDD + ∆V1W

(2.8)

where VT0 is the zero-bias threshold voltage, the terms Φs, γ and θDIBL are constants for a given
technology, VBS is the voltage applied between the body and source terminals of the transistor
and ∆V1W is a constant model that models narrow-width effects. Using Adaptive Body Biasing
(ABB) [101][102][103][104][105], the threshold voltage of the transistors can be increased in
the standby mode while reduced dynamically in the active mode of operation depending upon
the required performance level. The threshold voltage is changed by controlling the VBS (in
Eqn. (2.8)) as shown in Fig 2.9(a). ABB can be applied to the entire die or it can be specified
on a block-by-block basis and controlled individually. There may be some limits on the
usefulness of this technique in future generations as large reverse biases on the drain/source
junctions will increase junction leakage, and perhaps force the junctions into the breakdown
region of operation. However, at present, it is still a viable option for leakage reduction.

Dynamic Threshold Voltage Scaling (DVTS) is a method of controlling the threshold voltage
using substrate biasing proposed in [106]. A block diagram of the DVTS method is shown in
Figure 2.9(b). The desired clock speed is decided by the clock speed scheduler. The DVTS
controller then adjusts the body-bias voltage to have the system run at the same clock
frequency.
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Figure 2.9: VTCMOS (a) Circuit implementation (b) System implementation

In order to provide the body-bias voltage to the appropriate circuits, routing of the body-bias
grid is required. This adds to the overall area of the chip and especially to routing congestion
in the metal layers. And, as mentioned above, recent results show that the effectiveness of
reversing the body biasing has decreased significantly due to the increase in band-to-band
tunneling leakage at the source/substrate and drain/substrate p-n junctions [107]. Another
method, which has the same effect as body-biasing is to raise the NMOS source voltage while
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tying the NMOS body to ground [108]. This method eliminates the requirement for a triplewell process because the substrate of the logic and the control circuit can be shared. In
addition to increasing the source voltage of the NMOS transistors, the body of the PMOS is
raised to keep the charge at the storage node constant. Figure 2.10(a) illustrates the circuit
implementation while Figure 2.10(b) shows the voltage values in active and standby mode.

Figure 2.10: Body Biasing by changing source voltage with respect to body voltage

2.3.2.5. Power Gating
Power Shut-Off is another major approach for leakage power reduction, which is also applied
in this work. This technique is implemented by inserting a high-VT transistor between the
power supply and the original circuit [109][110][111][112][113]. Figure 2.11 shows highlevel Power Gating implementation of IP blocks in a SoC.
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Figure 2.11: Power Gating

As shown in the figure, the sleep transistor can be implemented using a high-VT PMOS device
(or header) or a high-VT NMOS (or footer). However, footers are usually preferred because
the NMOS on-resistance is small and thus it can be sized smaller as compared to PMOS [114].
The goal is to switch between active and sleep modes by selectively turning the sleep
transistor on/off. Decisions on shutting down the power of a block can be embedded in
software as part of the operating system or can be enabled using hardware such as a systemlevel power management module. Figure 2.12 depicts the activity profile of a system where
only dynamic power optimization is performed using clock gating [7]. Fig 2.13 shows the
same example with power gating [7]. The response time between active (WAKE) and sleep
(SLEEP) mode is significant and cannot be ignored. The maximum leakage power saving is
obtained well into the sleep mode due to the thermal condition of the block before entering the
sleep mode. However, insertion of large sleep transistors incurs area and delay penalties.
Moreover, if data retention is required in the standby mode, then extra circuitry would be
needed to store the data [109].
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Figure 2.12: Activity Profile without Power Gating [7]

Figure 2.13: Activity Profile with Power Gating [7]
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2.4. Floorplanning
Floorplanning is one of the essential design steps of physical design. The classical floorplan
objective seeks to pack all IP blocks, such that the enclosing layout region has minimum area
(with no overlapping blocks) while satisfying the aspect ratio constraint of each block and
timing requirements of the chip.

Formally, the floorpanning problem can be stated as [115]: Let B = {b1,b2, …, bn} be a set of n
rectangular circuit modules, whose respective area, maximum and minimum aspect ratio are
Ai, ri and si. The connectivity matrix Cnxn specifies the connection between each module. With
the goal of minimizing the total chip area and wire-length, the floorplanning tool determines
the relative position of the n non-overlapping rectangular circuit modules in a SoC. Other
costs to improve routability, reduce IR drop and even out thermal variations across the chip
have been included in some of the modern floorplanners.

The topological representation of the floorplan is critical to the effectiveness and optimization
of the floorplanning algorithm. VLSI floorplans can be classified into two categories [116]: (1)
slicing floorplans (Figure 2.14(a)) and (2) non-slicing floorplans (Figure 2.15(a)). The
following subsections describe each of these floorplans in relative details.

2.4.1. SLICING FLOORPLANS
A floorplan that can be obtained by recursively partitioning a rectangle into two parts either by
a vertical line or a horizontal line is called slicing floorplan. Such a floorplan can be
represented in the form of a binary tree, called slicing tree (Figure 2.14(b)) [117]. Each
internal node of a slicing tree is labeled with either a V or H, denoting horizontal and vertical
cut, and each leaf represents a circuit module in the floorplan. Given a slicing tree, the
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corresponding Polish expression (Figure 2.14(c)) can be obtained by performing post-order
traversal of the tree [118]. It must be noted that a slicing floorplan can have more than one
slicing tree depending on the order of cutline selection.

Figure 2.14: (a) Slicing Floorplan (b) Slicing Tree and (c) )ormalized Postfix expression

2.4.2. NON-SLICING FLOORPLANS
A non-slicing floorplan cannot be represented by any valid slicing tree. Instead, a horizontal
constraint graph (HCG) and a vertical constraint graph (VCG) are used to model a nonslicing floorplan [119]. The HCG and VCG define the horizontal and vertical relationships
between the blocks, respectively. The HCG and VCG of Figure 2.15(a) are shown in Figure
2.15(b) and Figure 2.15(c).
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Figure 2.15: (a) )on-Slicing Floorplan (b) HCG and (c) VCG [119]

Some of the other classical floorplan representations are Corner Block List [120], Q-Sequence
[121] and Twin Binary Tree [122]. With technology advancement, designs are getting much
more complex. Floorplan representations that can handle larger circuit sizes are O-tree [123],
B*-Tree [124], Corner Sequence (CS) [125], Sequence Pair (SP) [126], Bounded-Sliceline
Grid (BSG) [127], Transitive Closure Graph (TCG) [128], Transitive Closure Graph with a
Sequence (TCG-S) [129] and Adjacent Constraint Graph (ACG) [130].

2.4.3. FLOORPLAN ALGORITHMS
The floorplanning problem is known to be NP complete and therefore a number of different
heuristic-based methods have been developed. Some of the popular approaches to
floorplanning are briefly mentioned in the following subsections. Details of the methods may
be found in the associated references.

2.4.3.1. Simulated Annealing
Simulated Annealing (SA) is one of the most popular and widely-used approaches for
floorplan optimization [131]. Starting from an initial solution, a cooling scheduled-controlled
walk through the search space is performed to find solutions with a lower cost, but
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occasionally accepting a result with a higher cost, until no sizeable improvement is obtained in
the cost function or the number of simulations exceeds a pre-specified value. The final
floorplan solution depends upon (1) the choice of initial solution (2) the choice of cooling
schedule (3) the perturbation function and (4) termination criteria. Area and wire length are
the two most commonly used costs in floorplanners based on SA.

2.4.3.2. Integer Linear Programming
In this method, the floorplanning problem is modeled as a set of linear equations using 0/1
integer variables [132]. As the area objective is nonlinear, this method attempts to minimize
the height for a given bound of floorplan width. In order to ensure that two blocks do not
overlap, an overlap constraint is included. This method is exponential in time complexity and
thus is not attractive for chips with large number IP blocks. To cope with the problem size,
methods such as progressive [133] and divide-and-conquer [134] approaches have been
proposed.

2.4.3.3. Genetic Algorithms
A Genetic (evolution-based) Algorithm for floorplanning has been developed in [135] and is
also a very popular approach in this application. Using suitable techniques for solution
encoding and setting the evolution function, crossover mechanism and mutation function, the
floorplanner attempts to create a good compact floorplan in an evolutionary manner. A unified
method to handle multiple constraints (such has pre-place constraint, range constraint and
alignment constraint) has been proposed in [24]. The thermal impact of the floorplan incurred
due to extremely high compaction have been investigated in [136].
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2.4.3.4. Knowledge-based Floorplanning
SoCs with a large number of IP blocks often have multiple objectives to be optimized. In such
a scenario, designers often use artificial intelligence, more recently referred to as knowledgebased methods, for floorplanning. An early rule-based expert system for floorplanning was
proposed in [137]. Placing blocks in a rectangular grid graph with a set of rules that take shape
and connectivity into account have been developed in [138]. PIAF [139] adopts a combination
of algorithmic and knowledge-based approach for a top-down floorplanning system.

2.4.4. MODERN FLOORPLAN CONSTRAINTS
As pointed in [140], classical floorplanning falls short of addressing the new circuit properties
and requirements. Some of the new emerging trends in floorplanning are discussed in the next
subsections.

2.4.4.1. Fixed-outline constraint
Classical floorplanning techniques assume variable-die model wherein the boundary of the
chip is not fixed. In a fixed-outline version, the dimensions of the bounding chip rectangle are
established before floorplanning. Thus, the aspect ratio of the chip boundary is an input
constraint rather than an optimization criterion. If the bounding rectangle is tight then the
floorplanning problem can become much harder to solve. To handle the fixed-outline
constraint, an aspect ratio penalty is included in the SA-based floorplan cost function [141].
Additionally, in order to better guide a local search, new perturbations are added in
[142][143].
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2.4.4.2. Hierarchical Floorplanning
One of the principle drawbacks of SA-based floorplanning technique is the lack of scalability
of SA-based technique with the number of blocks in the chip. A fast hierarchical floorplanner
based on recursive bipartitioning is developed in [144]. In order to address the lack of global
information among the different sub-regions in a hierarchical floorplanner, multilevel
floorplanning [145] performs floorplanning in two stages: bottom-up coarsening and top down
un-coarsening.

2.4.4.3. Power Supply Aware Floorplanning
As supply voltage scales with every technology generation, IR drop in power/ground networks
become an important concern. Placing power hungry cores far away from the power pads
exacerbates the problem. Thus, considering power and clock network at the floorplanning
stage is advantageous [146]. A methodology to simultaneously synthesize the power network
and carry out floorplanning has been proposed in [147]. Chips with more than one supply
voltage have additional placement constraints that must be included in the floorplanner.

Two different floorplanners have been used in this thesis. First, a SA-based thermal aware
floorplanner [21] is used for voltage island design. This floorplanner uses area, wirelength and
thermal factors while calculating the suitability of a floorplan solution. Thermal floorplanning
is performed in two stages: voltage island level floorplanning followed by chip level
floorplanning. As opposed to traditional floorplanning, thermal floorplanning incurs longer
run-time due to overhead of the temperature estimation tool. But, this approach achieves a
better thermal reduction of the final floorplan. The second floorplanner [24] allows designers
to plan the position of a set of IP blocks in the SoC. Simulated Annealing using a sequence
pair representation is used by the floorplanner. The placement constraints such as pre-place
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constraints, range constraints, boundary constraints etc. can be specified as a constraint graph.
Though originally intended for SoC with single VDD, this floorplanner was used in a two-step
design flow to be able to floorplan voltage island based SoC.

2.5. Summary
This chapter first described how power is consumed in conventional CMOS design. Next, an
overview of the different low power design techniques currently used for power reduction was
presented. These techniques are implemented at different stages of the design process. The use
of multiple VDD and multiple VT are attractive solutions for power optimization. Scaling the
supply voltage is the most effective way of reducing dynamic power. In throughput
constrained systems, lowering of VT might be necessary to maintain the required performance.
As leakage power increases exponentially with VT reduction, this leads to a potential conflict.
In the remainder of this thesis, a holistic methodology is proposed for optimization of both
dynamic and leakage power in a SoC design framework based on voltage islands.

Though all the power reduction techniques described in this chapter are promising, not all of
them can be implemented in this design framework. For example, gate-level transformations
to reduce dynamic power would require redesigning the IP blocks themselves, which is
beyond the scope of this work. Adaptive body biasing to reduce leakage would require special
circuitry to control the body bias that is also outside the scope of this work. Instead, this work
proposes power reduction based on different techniques for power reduction using multiple
VDD and VT. Though static allocation of VDD and VT is explored here, dynamic control may be
added for further power reduction. Based on the work described here, this would further
improve the power reduction and presents a potentially fruitful area for future work.
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This chapter also provided an overview of the floorplanning technique of SoC design. The
floorplanner identifies the relative position of the IP blocks in the SoC with area and
wirelength minimization as the principle goals. Simulated Annealing is the most popular
optimization algorithm used by the different floorplanners. A thermal-aware floorplanner and
a floorplanner supporting placement constraints have been used in the proposed design flow.
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CHAPTER 3 : SUPPLY AND THRESHOLD VOLTAGE
SELECTION
3.1. Overview
This chapter proposes a methodology for the selection of the supply (VDD) and threshold (VT)
voltages. Choosing suitable values for VDD and VT is crucial; these parameters have significant
impact on the power dissipation of the chip. In general, the value of VT primarily affects static
power, while the value of VDD has the largest impact on dynamic power. However, values for
these parameters cannot be chosen independently, since the optimum value of each parameter
depends on the value of the other. In this work, VT is chosen for each IP block assuming that
power gating techniques are employed, and voltage island technique is employed to support
different values of VDD in different parts of the chip.

This work provides a comprehensive power reduction methodology starting from the
application to be executed. The key is to use information about the application that is
embedded in the Power State Machine (PSM). The PSM represents the different states in
which the SoC can exist at any given point of time. In particular, the PSM is used to calculate
the relative activity of each core of the SoC. Based on the target delay of each IP block, its
activity is used to determine the suitable threshold voltages to be assigned to the blocks. The
VT selection implicitly determines the range of VDD for every core. A few preferred supply
voltages are identified for each IP in their associated ranges. Among these preferred supply
voltages of all the blocks, a finite number of supply voltages are chosen to be implemented on
the chip using heuristic techniques. Parts of this work have been published in [148].
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3.2. Preliminaries
This section describes the representation of an application running on an integrated circuit.
Though simple, this representation provides sufficient detail to expose the power behavior of
the system.

3.2.1. TASK GRAPH AND TASK MAPPING
The application to be implemented on an integrated circuit is often represented as a task
graph. A task graph [149] is a Directed Acyclic Graph (DAG), in which each vertex
represents a task that is to be performed by the application, and each edge represents either a
control or data dependency. Figure 3.1 shows an example task graph which consists of eight
tasks, along with start and end vertices. Data dependencies are represented as solid lines, and
control dependencies are represented as dotted lines. In this example, there is only one control
dependency; upon completion of the application, the system loops back to the start state.

Figure 3.1: Task Graph
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This task graph is implemented on a SoC using a set of IP blocks (often called cores). In
general, each core can implement one or more of the tasks in the task graph. Mapping of tasks
to cores is done either to maximize throughput (throughput-driven) for a power constrained
system or minimize power dissipation (deadline-driven) for a delay constrained system. This
work optimizes power for deadline-driven systems. Given each task to be completed within a
certain deadline, the goal is to minimize power of the overall system. Figure 3.2 shows an
example SoC that could be constructed to implement the task graph in Figure 3.1. In this
implementation, each task is assigned to a different core, and the cores are connected using a
generic interconnect. The power management unit (to be discussed later in this chapter)
connects to all cores, and controls the power modes of the system.

Figure 3.2: Generic System-level Design

3.2.2. CORE-LEVEL POWER MODELING
The power models that are used differ in the level of detail [150]. At the most abstract level,
the power of each IP block is considered to be a constant value. Obviously, this ignores the
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dynamic behavior of IP blocks during execution of the application but still provides useful
information for high-level modeling. Based on the set of tasks mapped to a core, the power
behavior of the core is then modeled. In this chapter it is assumed that each core can be in one
of the three possible states: active, idle and sleep. In the active mode of operation the core is
executing a task. The core is inactive in idle and sleep state. In the sleep mode the supply
voltage is cut-off from the core to reduce leakage power while in idle mode the core remains
connected to the power supply. Due to timing and power overhead, cores enter the sleep mode
only when it is expected to be inactive for a significant amount of time. Based on the tasks
performed, each IP block operates through different states as it interacts with the external
environment and the other blocks. Transition from one power state to the other is controlled by
the external inputs and the power manager. It would be possible to include other models as
well (such as “drowsy” mode [151]).
3.2.3. SYSTEM-LEVEL POWER MODELING
As described above, at any given time, each core in the system is in one of the three modes.
The set of modes of all cores at a given time is termed as power state of the system. Figure 3.3
shows an example of a system with three cores; in this example, C1 and C2 are in their idle
mode, while C3 is in its active mode.
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Figure 3.3: Different power modes of cores in a SoC

The dynamic behavior of the systems’s power modes can be captured in a Power State
Machine (PSM) similar to [152]. Such a model is similar to the representations proposed for
emerging Common Power Format (CPF) [153] and Unified Power Format (UPF) [154]
standards.

Figure 3.4 shows an example PSM. Each vertex in the PSM represents a particular power state
(which, as described above, is characterized by the mode of each core in the system). In this
example, in State 1, C1 and C2 are both idle, and C3 is active, while in State 4, C1 is active, and
C2 and C3 are idle (the power states for other vertices are not shown in the diagram for clarity).
Edges represent transitions between the states. Additionally, Init is the initial state of the
system from which the chip can change to S1, S2 or S3.
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Figure 3.4: Power State Machine

More precisely, the PSM is represented as a directed graph of the form G = (∏, E, Ф, Γ),
where ∏ is the set of all states, E is the set of edges, Ф is the set of edge weights and Γ is the
set of state weights. Each state Si Є ∏ describes the state of the cores of a SoC at any given
time instant and each edge ai,j Є E represents a valid transition from state Si to Sj. It also
assumed that such transitions are controlled by inputs from both the power manager as well as
external inputs [155]. Each state in the PSM describes the operating mode of the cores in the
SoC. Weight w(ai,j) Є Ф is the transition probability from state Si to next states Sj (Si, Sj Є ∏
and i≠j ) such that

∑ w(a

i, j

) =1

j

(3.1)

with w(ai,j)=0 when no edge exists between Si and Sj.
To represent the relative time period the SoC remains in a particular state, weights W(Si) Є Γ
are also assigned to the individual states. The weight W(Si) represents the average time from
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entering state Si until leaving it. Thus, the PSM provides an application-driven abstraction of
the different power modes in which the cores might operate along with their respective
probabilities.

Using the PSM of an application and an estimate of the power dissipation by each core in each
power mode, it is possible to estimate the overall average power dissipation of the SoC. A
simulation-based approach is considered for power estimation. The weight W(Si) was assigned
to each individual state at the beginning of the simulation. For a given PSM, each simulation
starts at the Init state and the transition from one state to the other is governed by the
probability of each edge. Once a sufficiently large simulated data is obtained and all states
have been reached at least once, the overall activity factor (αi) and the overall idle factor (βi) of
each core Ci is calculated as follows:
q

αi =

∑W (simstate(j )) × mi, j
j =1

q

∑W (simstate(r ))

q

i, j

βi =

j =1

q

∑W (simstate(r ))
r =1

r =1

1,
mi ,k = 
0,

∑W (simstate( j )) × n

if Ci is Active in state Sk

(3.2)

otherwise

if Ci is Idle in state Sk
1,
ni ,k = 
0, if Ci is Sleep or Active state S k

where q is the total number of states visited in the simulation and simstate is list of the visited
states 2. Intuitively αi represents the proportion of time that the cores are in their active mode
(averaged over all states), and βi represents the proportion of time that the cores are in idle

2

It must be noted that PSM represents a Markov chain and this analysis can also be done using statistical methods [197].
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mode, again averaged over all states. The proportion of time that the cores are in sleep mode is
then (1 -αi - βi).
If the power dissipation of each core can be estimated in each power mode, then the overall
power dissipation by each core Ci can be represented as:

Pi = α i PA,i + β i PI ,i + (1 − α i − β i ) PS ,i

(3.3)

where PA,i, PI,i and PS,i are the average power consumptions of stand-alone in active, idle and
sleep modes, respectively. It must be noted that it is not necessary for each IP block to have all
the three modes of operation. Moreover, if there are other power modes available (such as the
drowsy mode described in [151]), the extension of this information is clear.

3.3. Power Optimization Framework
With the background provided, SoC power optimization through the use of multiple VDD’s
and VT’s, based on the PSM, can now be described. Based on timing constraints, every core Ci
in the SoC has a minimum supply voltage at which it can operate, VDDLi. The maximum onchip supply voltage, VDDH*, also termed as the chip-level supply voltage, is the minimum
voltage at which the timing constraints of all the cores are satisfied. The maximum possible
value of VDDH* is technology specific and is the maximum possible VDD for the technology
generation. Thus, any core Ci can operate with a supply voltage between VDDLi and VDDH*.
The first objective is to find VDDLi for each core in order to establish the range of possible
supply voltages. Here, similar to [21] and [1], it is assumed the inputs and the outputs of the
cores are registered so that no critical path will span across two different cores. Therefore, for
a given core Ci, the VDDLi must satisfy the timing constraints of that particular core. As delay is

55

related to VDD and VT, the VDDLi is based on the VTi for a given IP block. Thus, to identify the
VDDLi for each core Ci, the VTi for the block must be determined first.

3.3.1. BLOCK-LEVEL MULTI-VT DESIGN
With technology scaling below 90nm, the use of multiple-VT libraries is standard for reducing
leakage power. Many libraries today offer three versions of their cells: Low-VT (LVT),
Standard-VT (SVT) and High-VT (HVT) [7]. Each one has a different delay-leakage tradeoff,
as follows. HVT cells typically have higher delay but lower leakage power while the converse
is true for LVT cells. For SVT cells, the delay and power numbers lie between the HVT and
LVT cells. A dual-VT design technique selectively places low-VT devices only on the speed
critical paths of a circuit and high-VT devices on non-critical paths to reduce power [156].
A practical limitation of such an approach is that there can be many critical paths in a circuit
which reduces the effectiveness of the approach [157]. Process variations can also convert
non-critical paths to critical paths, and vice-versa. Moreover if the HVT and LVT cells are not
sufficiently far apart, some HVT transistors may be faster than some LVT transistors in the
presence of such variations [158]. Consequently, this leads to larger leakage. As device scaling
continues, the conventional dual-VT approach also suffers yield loss due to process variations
and would tend to overestimate leakage savings [159]. To avoid such design concerns, this
work assumes that all transistors within each IP block have the same VT (but transistors in
different IP blocks have different values of VT). This would make the design flow less
susceptible to such problems arising from process variations. Specifically, designers do not
have to perform additional simulations, beyond the usual set, to ensure the design constraints
are not violated in presence of process variations. In order to enable further leakage savings, a
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power gating technique is assumed in conjunction with the multi-VT approach. In this thesis,
the cores with LVT or SVT are power-gated using HVT sleep transistors.

3.4. VT selection
The lowest supply voltage for core Ci (i.e., VDDLi) is governed by the choice of VTi . To
understand how VDDLi changes for different VT libraries, the variable activity circuit [160] of
Figure 3.5 is considered. It has a NAND-based ring oscillator at the top level and NAND
chains in subsequent levels. Its internal nodes and select inputs are used to control the amount
of activity in the overall circuit. Initially, the circuit is simplified to consider only a single
level. By setting Select 0 = 1 and all other Select lines to 0, a ring-oscillator circuit is obtained.

Figure 3.6 shows HSPICE simulation results in 90nm technology of delay vs. supply voltage
for the ring oscillator using the HVT, LVT and SVT libraries, respectively. If the target critical
path delay is 1ns, then VDDLi for LVT, SVT and HVT are 0.67V, 0.82V and 0.98V,
respectively. This is highlighted with the arrows in Figure 3.6. Thus, the choice of VTi
influences the value of VDDLi.

Figure 3.5: Variable Activity Circuit
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Figure 3.6: Delay vs. VDD

IP blocks with different activity ratios are modeled by appropriately choosing the Select input
for subsequent levels of the circuit in Figure 3.5. The power consumption levels of the
variable activity circuit are shown in Figure 3.7 (for 1% activity) and Figure 3.8 (for 100%
activity). The minimum possible VDD to meet critical path delay of 1ns is denoted by the
intersection of the dashed line with the power curves. For 1% activity factor HVT cells
consume 70% less power than LVT cells. On the other hand, for 100% activity factor and 1ns
critical-path delay (Figure 3.8), LVT is a better choice than HVT as there is a 58% power
reduction.
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Figure 3.7: Power consumption for 1% activity

Figure 3.8: Power consumption for 100% activity

This provides the needed insight for VT selection: based on delay and activity of each core the
appropriate VT for each block can be chosen. Moreover, the range of supply voltages over
which the core is permitted to operate is identified. In typical high-performance IC’s, there are
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a few blocks with high activity while others have relatively low activity. Cores having low
activity (hence, higher leakage power) should be implemented using HVT with no power
gating. Cores having high activity (and thus higher dynamic power) should be designed using
SVT or LVT and lower supply voltages, with HVT power-gating transistors. However, if the
required supply voltage for HVT implementation is greater than VDDH*, the maximum
allowable supply voltage, SVT cells should be used instead of HVT cells. For example, in
Figure 3.8, if the VDDH* is 0.9V, the timing cannot be met using HVT and so SVT should be
chosen instead of HVT. Moreover, if the LVT cells are chosen and VDDLi is less than
(VDDH*/2), then LVT is replaced by SVT cells. This is because the gate overdrive of circuits
below (VDDH*/2) is too low to be useful. Also, circuits with such low VDD might encounter
noise issues from adjacent IP blocks operating at VDDH*.
Thus, the range of supply voltages that can be assigned to each core will depend upon the type
of VT-cell used for implementation and its overall activity. In general, the cores with high
activity must be realized using LVT cells while cores having low activity should use HVT
cells. Based on delay specifications and the maximum and minimum allowable supply
voltages, the designer may have to choose SVT instead of the HVT or LVT. At a high level,
the power and delay variation due to changes in supply and threshold voltage can be derived
for any arbitrary core using power and delay macromodels [161][162].

3.5. Challenges in Multiple Supply Voltage Design
Multiple supply voltages aim at reducing the overall chip power/energy. While a large number
of supplies would provide optimal results, there are a few practical limitations to the number
of supply voltages that can be realized on-chip. These problems include routing of multiple
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supply voltages, area and delay overhead of level shifters, and lack of design tools and
methodologies for implementation [163]. Due to the complexity of multiple voltage islands,
the tasks of floorplanning and power planning can be quite challenging. When the different
supply voltages are delivered from off-chip source, separate power pads are required for each
supply voltage. This would limit the number of possible power supplies. Additional power
rails are required when multiple supply voltages are delivered by on-chip voltage regulators.
This places an extra burden on power grid designers as they have to consider IR drop and
other power supply noise related issues of all the power grids. As libraries have to be
characterized for different supply voltages, timing analysis in multi-VDD is far more complex
than single-VDD design. Level shifters, isolation cells, enable level shifters, retention flip flops,
always ON cells, etc., not only add to the area of the chip but also make routing of signals
difficult. Moreover, clock tree synthesis must be aware of the different power domains.
Therefore, it is important to choose a small number of voltages.

A set of practical expressions for the optimal number of supply voltages was derived in [164].
It was concluded that three supply voltages should be used. When additional supply voltages
are used, the amount of achievable energy savings saturates. As the power supply is reduced
and VT/VDD increases, the effect of power reduction diminishes as well. In the next section, a
new heuristic method for choosing a small number of supply voltages is described.

3.6. VDD Selection
Depending upon the VT chosen for each IP block, the range of possible supply voltages is set.
The next step in the design process is to choose a finite number of supply voltages from this
range for each core and generate the voltage assignment table. As an example, a SoC with 8
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cores (C1, C2, …, C8) is considered. It is assumed that the chip-level supply voltage is VDDH* =
1.2V. The threshold voltage for each core is determined using the technique described in the
previous section. Next, VDDLi is identified using the target delay for each core, Ci.
Thus, any voltage assigned to core Ci between VDDH* and VDDLi is a valid assignment. From
the designer’s perspective, there are a few voltages in this range that are of some significance.
These are the voltages where the optimal value of one of the various products of power and
delay occur, such as power-delay product (PDP, or energy), energy-delay product (EDP)
[165], or the power-energy product (PEP) [166]. Of the three metrics, EDP prioritizes delay
over power while PEP optimizes power over delay, and PDP optimizes both equally [166].
The optimal value of each of these quantities would give rise to a different VDD. Based on
whichever metric is to be optimized, any of these metrics can be used to pick a VDD within the
voltage range. For the purposes of this work, the optimal PDP value was chosen for the
optimization [166]. This useful intermediate operating point is termed as VDDMi. Figure 3.9
plots power, delay and energy curves for different VDD values. VDDLi, VDDMi and VDDH* have
been identified in the plot.
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Figure 3.9: Power, Delay and EDP vs. VDD for a core

These types of graphs can be generated for a core if delay, dynamic power and leakage power
for a given (VDD, VT) pair is known. The accuracy has been shown to be within 10-20% of the
actual values across process and temperature ranges [162].
The VDD for the optimum energy point (VDDMi) can be located between VDDLi and VDDH*,
depending on how the degree of activity of the core and the target critical path delay. Figure
3.10 plots the energy versus VDD for the variable activity circuit with different activity as well
as frequency. Here the energy is normalized with the minimum energy possible for each
circuit. For each curve, VDDMi corresponds to the VDD with minimum energy value. In general,
with increased activity, VDDMi is closer to VDDLi. For example, when comparing any of the
circuits for 10% activity and 1% activity, it is observed that VDDMi decreases with higher
activity. On the other hand, a slower operating frequency and hence larger leakage, leads to a
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larger VDDMi. In Figure 3.10, the VDDMi of a circuit shifts towards VDDH* as one moves from
the variable activity circuit with 101-stage to 301-stage to 501-stage oscillators, each of which
has a lower frequency than the previous one. The threshold voltages for the circuits in Figure
3.10 are all the same.

Figure 3.10: Energy vs VDD for variable activity and delay

It is to be noted that if VDDMi is less than VDDLi, or VDDMi is greater than VDDH*, then only two
voltages, VDDLi and VDDH*, are used in subsequent steps of method. Some cores may satisfy
timing with only VDDH*, so only one voltage level is used.
The resulting values can be used to construct the Optimal Voltages Table. Table 3.1 shows this
for the 8 cores of the example considered here. The voltage values are rounded to the nearest
0.1V since minor variations do not greatly affect the results. For every core, the energy at each
selected supply is also stated in the table.

64

Table 3.1: Optimal Voltages Table

Cores
C1(HVT)
C2(LVT)
C3(LVT)
C4(SVT)
C5(HVT)
C6(LVT)
C7(LVT)
C8(HVT)

VDDL EVDDL VDDM EVDDM VDDH
(V)
(nJ)
(V)
(nJ)
(V)
0.6
7.8
1.2
0.7
4.7
0.8
4.4
1.2
0.6
7.1
0.7
6.8
1.2
0.6
4
0.8
3.4
1.2
0.6
2.3
1.2
0.8
2.8
1.2
0.9
2.4
1.2
1.2

EVDDH
(nJ)
10.7
8
10.4
5.3
5.5
4.6
3
6.5

In this table, a total of 5 different supply voltages are used implying that up to 5 islands could
be created; the larger the number of islands, the more the power savings. However, the
optimal power solution may create problems when attempting to generate the feasible
floorplan. The floorplanner attempts to reduce wire length by placing highly-connected blocks
close together, but the voltage islands prefer blocks with the same supply to be placed
contiguously. Even if floorplanning is successful, the design complexity of delivering a large
number of supply voltages to different parts of the chip may still be problematic, as mentioned
before. Thus, fewer supply voltages are usually selected.

3.6.1. VOLTAGE ASSIGNMENT TABLE GENERATION
To generate the voltage assignment table, the following voltage selection problem is to be
solved: Given n possible supply voltages, choose m voltages (where m ≤ n) that minimizes
chip energy.

In the example, n=5 and m=3 is considered. Of the possible set of supply voltages, one
automatic choice is VDDH* = 1.2V since C8 requires it. The next task is to choose m-1 = 2 other
voltages ranging between 0.6V and 0.9V. Of all the possible supply voltages, one possibility is
to pick the two lowest VDDs. However, cores that cannot be assigned to these two supply
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voltages are forced to operate at the highest voltage, thus reducing the achievable energy
savings. Therefore, the solution requires consideration of many other possibilities to determine
the other two voltages. Formally, the problem for choosing m supply voltages from n voltage
choices of a SoC having 1 cores can be defined as:
1

minimize

∑ (E (x
i

p

))

i =1
n

subject to

∑x

j

= m −1

j =2

(3.4)

1, if j voltage is chosen
∀ 0< j<n
where x j = 
0, otherwise
and p is the smallest value for which x p = 1 and di ( p ) ≤ Di
th

where Ei(xp) is the energy consumption of the ith core in the pth island, di(p) is the critical path
delay of core Ci with vp being the supply voltage, Di is the delay constraint for core Ci and the
first voltage (v1) is the chip-level supply voltage, in the list of ordered supply voltages (v1 > v2
> v3 >…> vn-1 > vn).

The voltage selection problem is an NP-hard problem and has been addressed in
[167][168][169]. A α2-approximation algorithm [167] and an optimal voltage selection
algorithm [168] attempts to choose a small number of supply voltages from a large voltage set.
In terms of time-complexity, the method proposed in [167] is more efficient than [168].
However, [167] is an approximation algorithm where the final solution can be α times worse
than the optimal solution. The value of α is the ratio of maximum to minimum supply voltage.
A removal-cost method for voltage selection for MPSoC designs under process, voltage and
temperature variation is proposed in [169]. The energy function considered in [167][168] is a
monotonic function as the dynamic component is only considered. Since the actual energy
function (comprised of both dynamic and leakage power) is not always a monotonically
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increasing function of the supply voltage in the (VDDLi-VDDH*) range, VDDLi is set to be equal to
VDDMi for the cases where (VDDLi < VDDMi < VDDH*). For example, as in Figure 3.9, the VDDLi of
the core is moved from 0.6V to 0.7V. By doing this, the problem is similar to that addressed
[167][168]. The voltage selection problem is now solved using an improved heuristic method,
outlined in Figure 3.11, using the following notation:



V: array of supply voltages chosen for implementation.

 min {Ei (V ( j ))} : Selects minimum energy of Ci for the m-permissible VDDs in the V array.
j =1 to m

The algorithm begins by choosing the m highest supply voltages and progressively replaces
them with the n-m lower supply voltages. If one of the higher supply voltages is replaced by a
lower one, then the higher VDD is not considered in the rest of the algorithm (rendering this
technique to be greedy). The process continues until the m voltages are selected. In the
algorithm itself, L2-L4 is used for initialization. Next, the n-m remaining lower supply
voltages (loop of variable “p”) are considered from high to low. When each new voltage vp is
introduced, each island in array V ranging from 2 to m (loop of variable “k”) is considered. In
order to compute the energy for new voltage choices, the array V is copied in a new array V’ in
line L10. Next, L11 replaces the kth entry of V’ with vp. In L12, a complete reassignment of the
cores to the supply voltages in V’ is done and then the total energy is recomputed. If, by
introducing vp, the new energy value is less than the previous minimum energy value then the
energy and the corresponding supply voltage is stored in lines L13-L15. To explore other
solutions, each of the m-1 supply voltages in V is replaced by vp. If vp gives a better solution,
the array V and the energy value esum(m,p) is updated in lines L16-L18. The final solution
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using the proposed heuristic technique for choosing m voltages from a set of n possible supply
voltages is emin* in line L19.

Algorithm for Voltage Selection:
Begin
L1: Given energy information and possible supply voltages of all cores;
L2: 1 := number of cores /* set 1 to the total number of cores */
L3: V := [v1,..., vm] /*Initialize the V array with m-highest voltages */
L4: esum(m, m) := 1 min{E (V ( j ))} /* Sum min. energy of each core */

∑
i =1

j =1 to m

i

L5: for p:= m+1 to n do
/* for rest of the possible lower voltages */
L6: esum(m,p) := esum(m,p-1)
/*copy previous value*/
L7: emin* := esum(m,p) /* assume it is the min energy */
L8: k* := 0
L9: for k := 2 to m do /* keep v1, loop through rest of the cases */
L10:
V’ := V
/* initialize V’ array */
L11:
V’(k) := vp /*replace kth entry with next possible voltage*/
L12:

emin :=

1

∑ min {E (V '( j ))} /*Recompute sum of min. energy*/
i =1

j =1 to m

i

L13:
if (emin* > emin) /* If emin is lower, then store it and */
L14:
emin* := emin /* the supply voltage to be replaced with vp */
L15:
k* := k
L16: if (k* > 0)
L17:
esum(m,p) := emin* /* update with a lower energy value */
L18:
V(k*) := vp
/* update the voltage choice array */
L19: emin* := esum(m,n) /* final energy with m islands */

end
Figure 3.11: Outline for Supply Voltage Selection Algorithm

To use this algorithm, the energy values of the cores at all the n supply voltages must be
computed. At this stage, any core may be assigned to any of these voltages as long as the
timing constraints are satisfied. So the Voltage-Energy Table is generated, as shown in Table
3.2 based on the earlier Table 3.1. However, due to the additional constraint on VDDLi, not all
possible supply voltages are considered for all cores. For example, in case of C3, the energy at
VDD= 0.6V is omitted as minimum energy is reached at VDDMi = 0.7V. So VDDLi is set to 0.7V.
Similar effects are seen on C2 and C4.
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Table 3.2: Voltage-Energy Table

Cores
C1
C2
C3
C4
C5
C6
C7
C8

Energy (nJ)
@0.6V @0.7V @0.8V @0.9V @1.2V
7.8
2.3
-

8
6.8
3.8
-

8.2
4.4
7.0
3.4
3.9
2.8
-

8.4
5.7
7.5
3.9
4.1
3.2
2.4
-

10.7
8
10.4
5.3
5.5
4.6
3
6.5

Figure 3.12 shows the step-by-step results of applying the proposed technique to the example
in Table 3.2. The supply voltages for the voltage islands are included with each energy value.
Results from the proposed approach for three different cases: m = 1, 2 and 3 are shown. For
example, in the first square, 54 nJ is the total energy assuming only one island with
VDD=1.2V. The square with the lowest chip energy is 37.2 nJ and the resulting supply voltages
are 0.6V, 0.8V and 1.2V. These supply voltages are the permissible voltages that can be
implemented on the chip. As discussed before, the lowest two supply voltages were not the
best choice to minimize power.

Figure 3.12: Energy-Based voltage choice
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After running a large number of cases, it was found that any deviations from the optimal
solution incurred by the use of a greedy algorithm, as well as setting VDDLi to VDDMi (for the
non-monotonic cores to make them monotonic), are relatively small. On average, the energy
found by the proposed solution is 1% greater than that by the optimal solution when 3 islands
are chosen, and is indistinguishable from the globally optimal solution when the number of
islands is 4 or more. Practical situations where this method gives a suboptimal solution are
unlikely to occur. Because VDD values below VDDH*/2 are not practical, certain solutions are
ruled out. Further, the range between the minimum possible VDD (= VDDH*/2) and VDDMi is
small and thus there is lower probability that the optimal solution is significantly better.
However, if the energy curves are not steep below VDDMi, then the constraint is limiting the
ability to find the optimal solution. In the above example, the greedy heuristic technique
actually produces the correct globally optimal solution.
Although any voltage between VDDH* and VDDH*/2 can be chosen as a feasible solution, in
reality, the voltage levels are discretized. This limits the maximum number of possible supply
voltages to be equal or less than 10. When complete enumeration is performed in order to
choose the best possible voltage set, the total number of cases that have to be explored is 126
(n=10 and m=5). Formally, the complexity of voltage selection problem reduces to
O ( 1mT + 1 ( n −1Cm −1 )) where T is the time overhead to determine the energy consumed by a
particular running at a certain VDD. Thus, due to the restriction on the possible set of supply
voltages, the voltage selection problem is reduced to a polynomial time problem as opposed to
a NP-hard problem.
Using the permissible voltages, a Voltage Assignment Table can be constructed from Table 3.2
to produce Table 3.3. Each core can be assigned to any one the possible choice of voltages
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during floorplanning. For example after floorplanning is done the VDD of C1 can be 0.6V or
0.8V or 1.2V. On the other hand C7 and C8 must have VDD = 1.2V. The proposed method for
VDD assignment to each core during floorplanning is discussed in Chapter 5.
Table 3.3: Voltage Assignment Table
Cores
C1
C2
C3
C4
C5
C6
C7
C8

Supply
Voltages (V)
0.6,0.8,1.2
0.8,1.2
0.8,1.2
0.8,1.2
0.6,0.8,1.2
0.8,1.2
1.2
1.2

It is to be noted that if a core’s lowest supply voltage is not permissible, it must be replaced by
a higher voltage that is on the permissible list. The highest voltage is always available in this
case and included in the table.

3.7. Summary
In this chapter, the methodology for selection of permissible VDD and VT values to be
implemented on the SoC has been developed and described in detail. The activity of each IP
block is extracted from the application using a Power State Model. The technique of assigning
VT to each IP block using the activity information has been illustrated. In general, HVT cells
are used for low activity cores while LVT cells are used for high activity cores. Based on the
maximum and minimum supply voltage constraint, HVT or LVT cells are replaced by SVT
cells. For each core, depending upon the delay constraint and the activity factor the suitable
threshold voltages should be chosen.

Using the assigned VT and the target delay, the range of VDD that can be assigned to each core
is identified. Next, a few meaningful supply voltages are identified in this range. The supply
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voltage that satisfies the delay constraint of the IP block and the maximum supply voltage for
the given technology are the two limits of this voltage range. This work uses the energy curve
to identify the third supply voltage in the voltage range. Other design metrics can be used as
well. In fact, a mix of EDP, PEP and PDP might produce a better result than using a single
design metric. A full investigation of suitable choice of metric is considered as future work. If
the preferred set of supply voltages of all IP blocks is less or equal to the number of supply
voltages possible on the chip, then this set of voltages is considered in the next design phase.
For the case where the preferred set is larger, a novel approach for voltage selection has been
proposed. It is to be noted that the minimum difference in voltage among islands is considered
to be 0.1V. Additionally, the range of supply voltage is considered to be between VDDH* and
VDDH*/2. Due to these constraints the number of islands is not significantly high and total
enumeration of all possible solution can be performed in order to find the best choice for
supply voltages. Using the chosen voltage set, the Voltage Assignment Table is constructed.
This table is the starting point for majority of the published work on Voltage Island Design.
This chapter showed how such a table should be generated considering the application to be
executed as well as the different threshold voltages that can assigned to each IP block.
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CHAPTER 4 : SUPPLY NOISE AND VOLTAGE
SELECTION ISSUES IN FLOORPLANNING
4.1.

Overview

This chapter focuses on two issues related to voltage island-based floorplanning of the IP
blocks in the SoC. First, power supply noise is addressed by ensuring enough white-space
would be available to insert decoupling capacitances after the final floorplanning is completed.
Second, a further enhancement of the voltage selection methodology is proposed such that
highly-connected blocks are placed in the same island in order to reduce the total wirelength
of the SoC and increase the likelihood that the floorplanner can produce a feasible solution in
fewer iterations. Considering such constraints not only affects the total chip area but also
contribute to the energy savings. Moreover, the time required for floorplanning the IP blocks
can be significantly reduced.

Floorplanning is the step in the CAD flow in which cores are assigned positions relative to
each other within a SoC. Typically, algorithms which perform floorplanning attempt to
minimize the total white-space in the final layout. In this work, floorplanning of the cores is
attempted once the suitable supply voltages to be implemented on the chip have been
identified. After floorplanning, any available white-space can be utilized for level shifter
insertion and decoupling capacitance (decap) placement. Decap allocation is crucial for
satisfying power supply noise. Typically, the amount of white-space left after floorplanning is
not sufficient to allow enough decoupling capacitance, leading to power supply problems
[170]. When this occurs, the designer must manually modify the floorplan to create the extra
white-space. In this thesis, an early estimation method of decap area allocation is proposed
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such that extra white-space can be reserved in advance for decaps in individual islands. This
alleviates the designer from making changes to the floorplan in the late stage of the design in
order to insert decaps.

In order to estimate the required decap area, some idea of the current levels and voltage drops
in the power grid are required by the CAD tool. However, early in the design phase, it is
almost impossible to have an accurate model of the current profile of the different cores of the
SoC. In such a situation, modeling the current profile as a triangular waveform is common
practice [171]. Experimental results have been demonstrated based on a large number of
configurations to guide the development of a CAD tool that performs early voltage-island
planning (eVIP) [20]. This approach uses a 1-D analysis which is essentially an early stage
simulation of the power grid.

Additionally, the choice of the supply voltage for each core has direct impact on the
floorplaning problem. Cores with similar supply voltage must be placed adjacent to one
another to form islands, leading to additional constraints that must be satisfied by the CAD
tool. Choosing supply voltages such that cores with high connectivity are most likely to be
assigned to the same island would tend to allow the floorplanner to generate a floorplan with a
smaller area. Island creation, total area/wire-length reduction, power optimization and other
floorplan constraints are related to one another and must all be considered during the supply
voltage selection process. The voltage selection technique discussed in the previous chapter
considered energy minimization only. Since it ultimately impacts the floorplanner, a better
approach to voltage selection by including connectivity in the algorithm is proposed in this
chapter. Parts of this work have been published in [20][172].
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4.2. Decoupling Capacitance Allocation
Power grid design in multi-voltage chip has been addressed in [173][174][17]. Design
challenges related to dual-supply voltage power grids have been addressed in [173][17]. A
new floorplanner supporting voltage islands with special consideration of the power delivery
integrity and the proximity of cores to suitable power pads was proposed in [174]. However,
decoupling capacitance and inductance was ignored in [174]. This section addresses the
problem of choosing the proper decap values to suppress power grid noise of each voltage
island before floorplanning is attempted.

To perform simulations of voltage island-based power grids at the pre-floorplan stage of
design, a tool that models each voltage island as a 1-D power grid has been developed. Such a
model is similar to the power delivery model in [173][175][176][177]. In this tool, the cores
are assigned to each voltage island in some manner (discussed in details in Chapter 5) and then
modeled as current sources. Power grids are modeled as RLC networks and simulated in
HSPICE. Depending upon the peak and average noise, the decap allocation problem is
addressed using methods described in this section. The goal is to find a methodology to
distribute decaps to produce supply noise within the budgeted limits.

4.2.1. POWER GRID NOISE
Power grid noise can be attributed to two major factors, namely IR drop and Ldi/dt effects
[178]. Current flowing through imperfect conductors with nonzero resistance comprise the IR
drop term. The Ldi/dt voltage variations at package pins, due to increased rate of switching,
have made the situation worse. Together, the voltage drop at any point on the grid can be
expressed as:
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dV = IR + L

di
dt

(4.1)

where dV is the voltage drop, R is the total resistance from the power supply to the switching
node and L is the inductance of the power supply network. Decoupling capacitance is
allocated when dV is greater than 10% of VDD [179].
4.2.2. VOLTAGE ISLANDS AND 1-D POWER GRID REPRESENTATION
In this work a simple representation for power grid analysis of a SoC is required. Recall that
the voltage assignment table developed in the previous chapter provides the list of possible
voltage assignments for each core. Table 4.1 shows one such table for an SoC with 12 cores,
each of which can be assigned to between 1 to 3 different voltage grids, GVDD1, GVDD2, and
GVDD3. The assignment process requires multiple iterations of decap allocation until an
acceptable solution is found. For each core (Ci), early estimation of the area and average
power consumed is usually available, and this is assumed in this work. The required
decoupling capacitance would be added to the total chip area. The objective of this work, in
such a scenario, is to find the suitable amount of decap for each possible assignment such
that the area overhead can be minimized and accounted for at the floorplanning stage of each
island. Since this is done iteratively where many assignments will be evaluated, a simple
network representation of each power grid is required.
Table 4.1: Voltage Choices For Different Cores
Core )ame
C1, C6, C7, C10
C3, C5, C9
C2, C11, C12
C4, C8,

Voltage Island Choices
GVDD1,GVDD2
GVDD2
GVDD2,GVDD3
GVDD3

Figure 4.1 shows a schematic of a power distribution network in a voltage island design
environment. A macromodel of the entire power grid and its corresponding elements, logic
blocks, decaps and I/O is approximated as a simple one-dimensional network. The package
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leads are represented as a combination of inductors (LVDD and LVSS) and resistors (RVDD and
RVSS). In this work, a flip-chip style packaging is assumed and typical values from such
packaging are used to implement them. The power grid is represented as resistors (RmeshVDD
and RmeshVSS). The mesh resistance and the package intrinsic values (such as the number of
solder bumps, etc.) are distributed among the grids based on the area ratio of the cores
assigned to each grid. The cores (whether memory, logic, I/O or analog) are represented as
time-varying current sources. Further discussion on the modeling of IP blocks as current
sources is provided in the next section.

Figure 4.1: 1-D analysis of Voltage Island

In order to obtain a high-level assessment of the worst-case and average voltage drops of the
power grid, transient analysis of the 1-D grid is performed in HSPICE. This provides initial
estimates of worst-case peak current, supply noise encountered in the power grid as well as the
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amount of decap required for a given design. While the use 1-D power grid model (Figure 4.1)
can lead to a certain degree of over design, a suitable scale factor can be applied relative to a
more accurate 2-D power grid simulation used later in the design cycle based on correlating 1D and 2-D simulations to bound the error, and hence limit the degree of over design.

4.2.3. CURRENT MODEL AND NOISE CORRELATION
Modeling the current profile of each core as a triangular or trapezoidal-based waveform is
common for this type of early analysis [171][180]. In this thesis, each core is modeled as a
single current source with a triangular waveform. However, the triangular waveform must be
modified for different supply voltages. To determine the nature of those changes, simple
HSPICE simulations of the variable activity circuit were performed (Figure 4.2). The selected
supply voltages were 1.8V, 1.5V and 1.2V. As seen in Figure 4.2, the rise and fall times of the
current and the peak current change significantly with VDD. The new model for the triangular
waveform was developed and adjusted based on this type of simulation performed on a
number of different circuits until a good correlation was obtained.

Figure 4.2: HSPICE simulation of current waveform
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As shown in Figure 4.3, the current of each IP block is modeled as a symmetric triangular
waveform, for which the peak value and time-to-peak change linearly as a function of VDD.
The representation has three parameters: the peak current, Ipeak, the time-to-peak, tpeak and the
total time required for charging and discharging the capacitance, tperiod. Normally Ipeak is
modeled as 3-7 times the average current, Iavg [146]. In Figure 4.3, Ti is the time when the
current reached its maximum value (Ipeak). Each core has a parameterized triangular waveform
as part of its model. The parameters can be adjusted to select any one of the waveforms shown
in Figure 4.3. When the cores are assigned to different voltage islands, their corresponding
current waveforms are modified in this manner to reflect the change in supply voltages. By
using such current profile models and including the other power grid parasitics, a somewhat
pessimistic supply noise estimate can be obtained from HSPICE simulations.

Figure 4.3 : Voltage Island current model

As discussed earlier, there are two sources of power grid noise: IR drop and Ldi/dt. To
understand the effect of the current parameters on each of these components, a fixed time
window is considered. In this amount of time, the increase in the average current drawn in by
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the cores (keeping all other parameters constant) would lead to an increase in the total current
demand. This will directly cause an increase in the current flow through the power grid
causing the increase in the IR drop noise factor. Reducing tperiod causes a larger amount of
current to flow through the power grid in the same amount of time. This would also cause an
increase in IR drop. The effect of Ldi/dt can also be understood by changing tperiod. With a
shorter tperiod, the steepness of the triangular curve, as it reaches Ipeak, increases. As the Ldi/dt
noise factor is dependent on the slope of the waveform, the Ldi/dt noise level is smallest when

t peak =

t period
2

(4.2)

since this value minimizes the steepness of both the rising and the falling edge [171].
Moreover, the steepness of the waveform depends on tpeak. Variations in the peak value would
cause variations in the noise contributed to the power grid due to the di/dt factor. Thus, the
variation of these parameters would enable the designer to understand how the noise in power
grid is changing and thus have a quantitative estimate of the amount decoupling capacitance
needed to reduce it.

Next, a correlation between the triangular waveform and top-level design parameters is
established. Since this analysis is being carried out at a very early phase of design, only rough
estimates of power and area of the different cores are available to the designer. The relation
between average dynamic power and average current (Iavg) of a circuit is expressed as:

Pdyn−avg = α CVDD 2 f = I avgVDD

(4.3)

Thus, the relationship between the average current drawn by the circuit, the total load
capacitance, activity factor and frequency of operation is:
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I avg = α CVDD f

(4.4)

For a fixed supply voltage and a fixed frequency of operation, the factor (αC) decides how
much current the circuit is drawn from the supply rail. In other words, (αC) is the amount of
capacitance that is being charged and discharged. So the amount of charge (Q) that needs to be
delivered in one clock cycle is:
Q = (α C )∆V

(4.5)

This charge is delivered from the capacitors nearby which will cause a drop in voltage (∆V),
the noise in the power rail. If this noise is more than 10% of VDD, then it can be reduced by the
insertion of decoupling capacitance and Eqn. (4.5) can thus be re-written as:
Q = (α C + Cdecap )∆V ′

(4.6)

where ∆V' is the new noise value. The relation of charge (Q) and current drawn by the circuit
is given by:
t period

Q=

∫

I (t )dt

(4.7)

0

where I(t) is the current profile for one clock period. Once the required Cdecap is found from
HSPICE simulation, it can be translated to the amount of white-space required as:
Adecap =

Cdecap
Cox

(4.8)

where Cox is the unit area capacitance of a MOS capacitor [170]. For each island, this
additional area is added to the silicon area of the cores in that island.
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In a SoC with single VDD, Iavg is fixed. In voltage island design, cores can be assigned to more
than one VDD. To find the best voltage assignment to the cores, in the floorplanning stage, the
cores are moved from one island to the other. This leads to change in the Iavg of the core,
thereby affecting the supply noise as well. To understand how such variations affect noise and
decap amount, Figure 4.4 shows the variation of power supply noise versus amount of
decoupling capacitance and the average current. For a fixed decap, the power supply noise
increases linearly with Iavg. For a fixed Iavg, the power supply noise can be reduced by
increasing the decap amount by a commensurate amount. Based on the noise tolerated by the
power grid and the amount of current drawn by the circuit, appropriate amount of decap can
be calculated using Figure 4.4.

Figure 4.4: Power Grid )oise vs. Decap vs. Iavg
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4.2.4. DECAP SELECTION IN VOLTAGE ISLAND SOCS
Before floorplanning the voltage islands, the individual IP blocks are each assigned to
different legal voltage islands and the appropriate amount of decap for each individual island
is determined. Three different techniques: linear increment, binary search and exponential
method, have been developed for finding the suitable amount of decap. Before providing the
details of each technique, a representative example of a voltage island-based SoC is described.

An industrial design

3

with 21 logic cores and 32 memory cores is used as the case study.

First, the choice of voltages is restricted to 0.8, 1.0V, 1.2V and 1.5V. Next, cores are assigned
to the different islands such that the assignment meets the power and timing budgets. Then,
the power grids are simultaneously simulated using HSPICE and the power supply noise is
noted. If the power grid noise satisfies the noise budget then no decap allocation is needed.
Otherwise, a decap value needs to be assigned to each island. The objective is to find a
methodology that will quickly calculate the decap value for this purpose.

The following subsections describe each of the iterative techniques followed by plots of the
decap and voltage noise traces.

4.2.4.1. Linear Increments
As the name suggests, in this technique, the decap value for each power grid is increased from
an initial value by a fixed amount (normally a few nanofarads) until the noise margin of the
each grid is within acceptable limits. If the noise in any grid is above the acceptable limit at
the beginning, then it slowly decreases with the addition of decap. The stopping criterion is
when the average noise in every grid is below the 10% of the supply voltage of the particular

3

Details of the chip are not revealed due to IP restrictions
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grid The traces of how decap value and corresponding noise levels change for one unique
voltage assignment to the grids is shown in Figure 4.5. As shown in Figure 4.5(a), the decap
amount is increased progressively until the noise budget is satisfied. For VDD=0.8V, the decap
value stays fixed since the noise level is about 0.04V (only 5%) as seen in Figure 4.5(b). For
the other voltages, the increase of decap value stops at a higher value (see inset of Figure
4.5(a)) once the noise margin is within the 10% of the supply voltage of the particular grid.
The amount of time required to calculate the appropriate decap amount depends upon the step
size. Larger step size would require less time for computation but may result in over design
while a smaller step size would give a more accurate result with longer design time. In general

noise (V)

Decap value (F) (log)

this method of computation is very time consuming.

Figure 4.5: Results for Linear Incremental increase in decap value

4.2.4.2. Binary Search
In this technique, the maximum and minimum decap for each power grid is provided. A
conventional binary search technique is applied to find the required decap value. Figure 4.6(a)
shows one such trace of the decaps and Figure 4.6(b) shows the corresponding noise trace.
The first two simulations, 1 and 2, establish the noise levels for the minimum and maximum

84

values. In this case, the minimum and maximum values symmetrically bound the solution.
Since the maximum amount of decap of simulation 2 is very high, with each simulation step,
the amount of decap allocated steadily decreases (Figure 4.6(a)) until the noise margin is
approximately equal to the 10% of the supply voltage, at which point the decap value is no
longer reduced any further (horizontal lines in Figure 4.6(a)). Another stopping criterion is
when the amount of decap is below a certain margin to have any significant effect on area. In
that case, the simulation stops (as in case for VDD= 0.8V), since the power grid noise is already
well below the 10% budget. Clearly, the binary search approach provides about an order of
magnitude of runtime improvement based on these results.

Figure 4.6 : Results for Binary Search method for decap selection

4.2.4.3. Exponential Increase
From Figure 4.4, it was noticed that noise decreases rapidly with the increase in the decap
amount. Starting from a small decap amount, it seemed appropriate to use an exponential
stepping algorithm to change the decap amount. Figure 4.7(a) shows the decap trace while
Figure 4.7(b) shows the voltage noise trace. Unlike the previous cases, the rate of increase of
the decap values will not be same for the different grids. This is because the absolute value of
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the noise in each grid is used to calculate the new decap amount for each particular grid using
the exponential relation. The previous two techniques used the absolute value to decide
whether to increase the decap amount or stop. The actual amount of increase was not
dependent on the noise. However, only a few iterations were needed to produce the correct
results.

Figure 4.7: Results for Exponential Search method for decap selection

These techniques were performed on a large number of different voltage assignments and
solutions for three different SoC were used to illustrate the three techniques. To obtain a more
general comparison of each method, Table 4.2 compares the average number of simulations
needed to obtain the decap from some initial estimate. As seen in the results, the exponential
methodology is much more efficient than the other two techniques so this method is used for
decap allocation.
Table 4.2: Comparison Of Search Techniques
Technique used

Average )umber of
Iterations Required to
Reach Solution.
~20
~66
~6

Binary Search
Linear Increase
Exponential Increase
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4.2.5. EFFECT OF CORE REASSIGNMENT ON DECAP VALUE
In order to find the best set of voltage assignments during voltage island design, multiple
floorplanning attempts must be made with cores reassigned from one grid to another during
the process. Each iteration would likely cause a change in the average current demand in
corresponding power grids. As a side-effect, any change in the noise levels will require
changing the amount of decoupling capacitance to satisfy the noise constraints. The
exponential method of finding the required amount of decap is suitable before the first
floorplanning attempt. For subsequent floorplanning attempts, the relationship between noise,
average current and decap can be utilized to more accurately estimate the needed amount of
decap. This can reduce the full design time by diminishing the number of HSPICE simulations
necessary to find the appropriate decap value.

To understand how all these factors interact with one another, a very simple situation in which
a single core is moved from one power grid (GVDD1) to another grid (GVDD2) is considered
and no other change is made to the configuration. In that case, the amount of average current
in the grid GVDD2 would increase, assuming GVDD2 is higher than GVDD1. This would also
cause the noise in GVDD2 to increase by an amount that can be determined from Figure 4.8. In
order to illustrate the process further, Figure 4.8 plots the noise contour (as % of supply
voltage of GVDD2) with current on the x-axis and decap value on the y-axis. Each straight line
in the plot signifies the decap-current combination needed to have the fixed amount of noise.
The point “A” shows a combination of average current and decap amount for having 10%
noise margin. Now when a core is added to the grid, the average current increases and the
design moves to point “B”. Here, the noise has also increased to 15% of the supply voltage.
To return the noise level back to 10% limit, an additional decap must be placed on the grid.
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The amount is exactly the difference between “B” and “C”. The new solution would be at
point “C” where the noise budget is satisfied. Similarly, it is possible to track the change in the
average current, noise and decap value for grid GVDD1 and adjust the decap value based on the
noise margin. In that case, the decap value would be reduced since a core has been removed
from the grid.

Figure 4.8: Effect of moving IP block from one island to the other

4.2.6. FIXED DECAP ALLOCATION PROBLEM
In the early phase of design, designers may decide on the total area of the chip. In such a case,
a slightly different problem arises in terms of decap distribution. If an estimate of the area of
each core is available and the total chip area is known then this implicitly places a constraint
on the maximum area available for decaps. Given that a fixed amount of decap is available,
the problem is to find the best method of splitting the total amount of decap into the different
grids such that the minimum noise in each grid is achieved. This section addresses this fixed
decap distribution problem.
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For each voltage assignment, three distribution techniques for decap assignment were
attempted: one based on power, one based on area and a third based on power density
(power/area). For the unique voltage assignment with minimum power of the industrial
design, the maximum noise percentages of all the voltage islands are provided in Table 4.3.
From noise perspective, splitting decap based on power density ratio is the only option since
the others do not satisfy the noise constraint.
Table 4.3: Comparison of )oise and Power
Distribution factor

Max. )oise
(% of VDD)

Area
Power
Power Density

17
12
8.5

Satisfies Power
Grid )oise
Constraint
no
no
yes

For each voltage assignment, the allocation ratio for each grid was also noted. The allocation
ratio is the percentage of the total amount of decap allocated to a particular grid. The results
are shown in Figure 4.9 for the grid with supply voltage at VDD=1.0V. For every allocation
ratio up to 50%, the amount of noise in the power grid is least if power density is used as the
metric. Beyond this point, the power metric crosses the density metric but both exceed the
noise budget. Thus, it is evident that the best way of fixed decap distribution is to use the
power density of the cores.
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Figure 4.9: Comparison of three metrics

4.3. Floorplan Constraints
As the number of cores on a single chip increases, the number of supply voltages required by
cores may be greater than the number of supplies that are realizable on a single chip.
Arbitrarily increasing the number of voltage domains does not necessarily improve the power,
and sometimes may even reduce the impact of power optimization [167]. Thus, a method for
carefully choosing a finite number of supply voltages from a large set of choices was proposed
in the previous chapter. The choice of supply voltage was based on reduction of the overall
chip energy. Precise information about the floorplan was unavailable at that stage of the
design. Therefore, the choice of supply voltages was made assuming that every core is placed
at the lowest possible island. As cores with same supply need to be placed contiguously,
supply voltage selection effectively decides if two cores should be placed in the same island
and in the vicinity of one another. However, during floorplanning, the primary goal is to
reduce the wire-length/area while satisfying the timing constraints. This increases the potential
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of cores with high connectivity being placed in the same island and it seems worthwhile to
include this as part of the voltage selection process. Therefore, this work proposes to
incorporate connectivity information during voltage selection in order to determine if it has
any useful impact on improving the overall energy consumption.

In the floorplanning step, it is common that a designer will want to control or lock down the
positions of some modules for various reasons thereby affecting the final chip floorplaning
and voltage island formation [12]. Such requirements arise from the various emerging design
constraints such as placing analog blocks in certain sections of chip where the noise is
relatively low, or lining up modules horizontally or vertically in order to facilitate pipeline
data transfer [182]. Additionally, designers might impose boundary constraints on some IP
block pairs in order to facilitate the input-output connections [183]. Figure 4.10 shows an
example of SoC design with placement constraint imposed on two IP blocks (C5 and C7).

Figure 4.10: A SoC with placement constraint

In the figure, every core Ci, is associated with a pair of supply voltages (VDDLi, VDDH*) where
VDDLi is the minimum supply voltage that meets the timing constraints of the core and VDDH*
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is the chip-level supply voltage. Core Ci could be assigned to an island with VDD between
VDDLi and VDDH*. Additionally core C5 and C7 have placement constraints and are required to
be placed at the specified locations. Being at the two far ends of the chip, it is highly unlikely
that cores C5 and C7 will eventually end up in the same island. In the previous chapter, such
placement constraints have not been considered while choosing the supply voltages. In [1],
these constraints have been imposed on the floorplanner after the initial voltage choice for
individual cores have been already made. In this work, such constraints have been
incorporated into the voltage selection process.

4.3.1. CONNECTIVITY-AWARE SUPPLY VOLTAGE SELECTION
As connectivity among the cores is an important factor in the floorplanning, Figure 4.11
shows a hypothetical set of connections between the cores as a weighted graph. The edge
weight wij is the number of wires between core Ci and Cj.

Figure 4.11: Connections among the cores

In order to incorporate the placement constraints and connectivity information, a new cost
function fi for every core Ci in a SoC with r cores is proposed as:
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r

f i = ∑ (γ ij ev ( i , j ) + sij )

(4.9)

j =1

where γ ij =

∑ edges to/from C to core C
∑ edges to/from C
i

j

,

j ≠ i and

i

ev (i , j ) = energy of core Ci in the lowest permissible supply
where both Ci and C j can be placed

where sij is the extra cost due to placement constraint imposed on the core Ci with respect to
Cj. Formally, the problem for choosing m supply voltages from n voltage choices of a SoC
having r cores can be redefined as:
1

minimize

∑ ( f (x
i

p

))

i =1
n

subject to

∑x

j

= m −1

(4.10)

j =2

1, if j th voltage is chosen
where x j = 
∀ 0< j<n
0, otherwise
and p is the smallest value for which x p = 1 and d i ( p ) ≤ Di

The larger the value of γij, in Eqn. (4.9), the higher the chances of Ci and Cj being placed in the
same island. Hence, the function fi includes the connectivity information among the cores
when deciding the total energy consumption of the chip. Also, the value of si depends upon the
constraints for a particular core. For example, during voltage selection, if any possible supply
voltage can be assigned to both cores Ci and Cj , sij represents the additional cost of placing the
cores in dissimilar islands due to the placement constraint.

The voltage selection problem with the new cost function is solved using the same heuristic
technique discussed in the previous chapter. The energy values of Table 3.2 in the previous
chapter and the connectivity information of Figure 4.11 are used for calculating the cost
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function in Eqn. (4.9). Figure 4.12 shows the step-by-step results of the voltage selection

No. of voltage
islands

method using the modified cost function in Eqn. (4.9).

Figure 4.12: Connectivity-based voltage choice

The results are produced one column at a time from left to right. The optimal supply voltages
for the voltage islands are included with each energy value. The first row and first column are
trivial solutions as only one supply is chosen. The final solution is the square containing the
minimum energy. In Figure 4.13, the fi for each core is calculated and sum of all cores is
minimized to compute z. The calculation of f1 for the cell (2,2) is shown below:
z = f1 + f 2 + f 3 + f 4 + f5 + f 6 + f 7 + f8 + s57
= 8.8 + 5.6 + 7.8 + 3.9 + 4.1 + 3.4 + 2.5 + 6.3 + 1.4 = 43.8

f1 =

19
4
11
13
12
8.4 + 8.4 + 10.7 + 8.4 + 8.4
59
59
59
59
59

Figure 4.13: Function calculation

Similarly, fi was calculated for all other cores. When placement constraints are considered, the
assignment of cores to the islands is further restricted. For the example in Figure 4.13, it is
ensured that C5 and C7 are always in different islands. The values of s57 are set such that C5
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and C7 are most likely to be connected to different supply voltages. In order to do so, in Figure
4.13, C7 is placed in the island with VDD= 1.2V while C5 is placed in the island with VDD
=0.9V. The cost of forcing C7 to be placed at a higher voltage has been included in s57.

Using the Energy-based cost function from the previous chapter, the optimal set of VDD’s to
be implemented on the chip were {0.7V, 0.8V, 1.2V}. The new optimal set using the proposed
Connectivity-based cost function is {0.8V, 0.9V, 1.2V}. Comparing the two cases, the optimal
energy using the new cost function is larger than the previous cost function but it is more
likely to produce a suitable floorplan. Although some higher supply voltages are chosen in the
new approach, it was found that for a predetermined die size, the final floorplan solution in
new approach consumes less energy and area compared to previous techniques (discussed in
Chapter 5). This is because assigning cores to the lowest possible VDD leads to an area that is
over-budget. For an acceptable final floorplan solution, some cores have to be assigned to a
higher VDD leading to higher chip power/energy. Figure 4.14 shows the final floorplan
solution of the above example.

Figure 4.14: Voltage Island Floorplan with placement constraints
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A compromise between the energy and connectivity objectives computes the energy of Ci as
follows:
r

f i = η eiv (l ) + (1 − η )∑ (γ ij ev ( i , j ) + sij )

(4.11)

j =1

where η is between 0 and 1, eiv(l) is the energy consumption of Ci in it’s lowest possible island.
The variation of energy consumption as a function of the number of voltage islands for three
different cases is shown in Figure 4.15.

The maximum number of islands is considered to be 20 and the SoC is composed of 100
cores. Except for the case where there is only one supply voltage, the Connectivity-based
assignment predicts larger energy consumption than the Energy-based case. In the third case,
where η = 0.5, the energy consumption lies between the two boundary conditions. To generate
the Voltage Assignment Table, a suitable value of η should be chosen based on the
power/energy budget, area budget and the number of possible supply voltages to be realized
on the chip.
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Figure 4.15: Comparison of three voltage assignments

4.4. Summary
This chapter has focused on the design constraints that need to be addressed at the floorplan
stage of the design. As the time required for floorplanning is increasing significantly with the
increase in the number of IP blocks in the SoC, the steps described in this chapter would
produce a feasible floorplan and reduce unnecessary floorplan iterations due to area over
budget.

The inter-relationships between noise in the power grid, decap allocation and average current
have been explored. There is a linear relation between noise and average current. The
methodology to be adopted to meet the power budget when a single core is moved from one
grid to the other has also been described. Based on the results presented in Section 4.2.4, the
exponential search should be applied to find the bounds on the decap value and the binary
search can be applied to obtain the suitable value.
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Next, placement restrictions on the cores in the SoC were addressed. Due to such constraints,
not all cores can be placed in the voltage island with minimum possible VDD. This would not
only increase the energy consumption of the core/s on which the restriction is imposed but
also affect the neighboring cores that are connected to it. These factors have been included in
the cost function used for voltage selection, and hence in the overall floorplanning process.
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CHAPTER 5 : VOLTAGE ISLAND FLOORPLANNING
5.1.

Overview

The contribution of this thesis is a voltage island aware floorplanning algorithm. The Voltage
Assignment Table developed from the previous chapters provides a starting point for the
selection of supply voltages for each core. In this design phase, the cores are assigned to
unique islands and floorplanning is performed. To find a feasible solution that meets the
design constraints, a very large design space needs to be explored. Due to the numerous
choices of voltage assignment to each core, this task must be performed in a judicious manner.
The seemingly better solutions, purely from a power perspective, are the ones that have more
voltage islands. However, these solutions have a higher area cost, hence the tradeoff. Thus, the
power and area budget should be included in the assignment process. Furthermore,
connectivity between cores plays an important role in the quality or ability to complete the
floorplanning operation and should also be included in the approach.

Due to the existence of an enormous number of choices for voltage assignment to the cores,
not all possible solutions can be explored. A two-phase voltage assignment methodology has
been proposed in this work that attempts to floorplan only those assignments that can
potentially lead to a good solution with a high probability of completing the floorplan
operation. The intuition behind a two-phase voltage assignment is that aggressive power
optimization of high power cores would maximize the benefits of power optimization while
connectivity-aware voltage assignment of low-power cores would yield floorplan solutions
with a smaller area overhead.
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After the assignment phase, floorplanning is performed hierarchically. First, the islands are
floorplanned to form macroblocks and then the chip-level floorplanning is performed. During
island floorplanning, the area overhead for decap allocation is included. This ensures that the
designer will not have to make late changes in the floorplan to include extra decoupling
capacitance. Parts of this work have been published in [184].

Results from all of the proposed techniques from the previous chapters as well as the
floorplanning methodology are included in this chapter. The power savings at different stages
of the design have been included as well to identify the aspects of the approach that have the
highest impact.

5.2. Design Exploration
This section discusses the different optimization goals that govern the floorplanning of voltage
islands. The principal design objectives are power and area reduction while ensuring that
timing constraints are satisfied. The timing constraints have been considered in the voltage
table generation process. Therefore, all solutions that do not meet timing are automatically
removed from the Voltage Assignment Table (VAT) during the generation process. The
constraint on the number of supply voltages has also been included in the VAT. The supply
noise issue in terms of decap area requirements is included while exploring different
assignments of cores to islands. It is tempting to prefer the solution that would provide the
lowest chip power consumption. However, there are also other system level considerations
that will drive the final decision. In order to facilitate the selection process, two cost functions,
one for power (CP) and one for area (CA), are defined:
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C P = PC + PLS + PI
and C A = AC + ALS + Adecap + A VI

(5.1)

where PC, PLS and PI are the power values of the cores, level shifters and interconnect,
respectively, while AC, ALS, Adecap and AVI are the areas of the cores, level shifters, decap and
power grid layout for the voltage islands, respectively. From a power perspective, the voltage
assignment solutions that meet the system power budget can be considered as the set of
feasible assignments. Of these feasible solutions, the ones that require the fewest voltage
islands should be considered first. This is because of the high cost associated with adding each
extra island. It implies either extra power supply voltages for the chip or additional on-chip
voltage generation circuits. Moreover, the power grid routing and additional level shifting, as
well as the placement of the blocks within the voltage island presents further problems.

As a case study, an industrial chip having 52 cores has been used for this analysis with design
parameters for 90nm technology was considered. Figure 5.1 plots each voltage assignment in
terms of power consumption and the corresponding number of islands. Each point in the plot
represents a unique voltage assignment. Those solutions above 15mW can be removed from
consideration as they violate the power constraint. In this example, there is no voltage island
configuration consisting of only one voltage that satisfies the power budget. With two or three
islands, the budget can be satisfied, but many of them exceed the power limit and are not
further considered. As mentioned earlier, the best solution purely from a power perspective is
the one that has the maximum number of islands. However, the goal is to identify
configurations with fewer islands, as specified by the designer to reduce the overall design
complexity.
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Figure 5.1: Power vs. number of Voltage Islands

The number of voltage level converters is another important factor that needs to be taken into
account. With more islands, there is a requirement for more level converters between the
islands. They contribute to the total area as well as the overall chip power consumption. A
solution with fewer level converters is preferable. The total chip area is composed of the core
area, the level shifters, the power grid routing, and the additional area for decaps. The core
area is fixed for all the cases. The power grid routing and level shifters vary depending on the
size of each island and the number of connections between them. The decap area is also
variable and depends on the power grid noise in each configuration. Again, the configuration
with the lowest amount of decap is the better solution in terms of overall area.
Based on the above analysis, a methodology for assigning the cores to the different islands is
as follows. The first step is to determine whether the voltage assignment solution is feasible
from the power and timing perspectives. All assignments that do not satisfy the power
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constraint are removed from further consideration. Starting with the assignment that would
consume lowest possible power, the number of level shifters needed must be calculated. Then,
using the 1-D simulation tool, the configuration is simulated to estimate the decap
requirements. A calculation of the total chip area, including core areas, area of the level
shifters and additional area for the voltage island generation as well as power routing is
performed. All solutions that meet area and power budgets are considered in the floorplanning
stage.

Figure 5.2 shows the solution space using the power-area cost factors. Each “o” is a valid
voltage assignment. Solutions near the origin are highly desirable. Therefore, the designer (or
in this case the floorplanning tool) should start from origin and move diagonally away and
consider each assignment in that sequence.

Figure 5.2: Comparison of design exploration

103

The sequence of solutions attempted using the proposed approach is shown using solid lines
while solutions attempted using genetic algorithm [21] has been shown as dotted lines. As an
overview of the proposed technique, solutions are explored from lowest-power solutions and
work upwards from there. In the figure, the first attempted solution and the final optimal
solution for the proposed technique as well as for the genetic algorithm-based approach have
been identified. The optimal solution is also marked in the figure. Note that voltage
assignments far from optimal are often attempted by the genetic algorithm. The proposed
technique is specifically targeting low power, low area partitions to avoid any floorplan
attempts that are unlikely to produce a desirable result and result in long runtimes. The next
subsections discuss the methodology for voltage assignment as well as floorplanning in detail.

5.3.

Voltage Assignment for Floorplanning

As mentioned throughout this thesis, floorplanning in presence of multiple voltage islands is
much more complex than floorplanning of IP blocks with a single VDD. The complexity stems
primarily from the need for cores with similar supply voltage to be placed contiguous to one
another in order to form islands. Different floorplan techniques have been proposed at
different stages of the design. In [80][79][185] voltage islands were created starting with a
fixed floorplan. Floorplanning techniques considering the thermal distribution during voltage
island design have been proposed in [186][21].

Based on the voltage assignment table, cores are assigned to one of the permissible voltage
islands. Next the islands are floorplanned individually and then the floorplaning of all the
islands at the chip level is considered. From power/energy perspective, assigning cores to their
minimum possible supply voltage is an attractive option. However, the final floorplan may
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contain more white-space than permitted due to chip area budget. In such a situation, voltage
assignment is performed again to get the next best solution and then the floorplanning process
is repeated.
A two-step approach of voltage assignment and floorplanning in [1][21] are summarized in
Figure 5.3.
Algorithm [21]:
Begin
L1: Given the voltage assignment table and power value
L2: Use Heuristic Based Approach for voltage assignment
to each core.
L3: Use Simulated Annealing for Floorplanning each island
L4: Perform cost calculation for each newly formed island
L5: Attempt chip level floorplanning.
L6: If termination criteria are not met go to L2
end
Algorithm [1]:
Begin
K1: Given the voltage assignment table and initial floorplan
K2: Perturb initial floorplan solution
K3: Attempt to merge islands.
K4: Perform cost calculation for each newly formed island
K5: If termination criteria are not met then go to K2
end
Figure 5.3: Comparison of design exploration

The algorithms for voltage island implementation in [21] and [1] attempt floorplanning in the
inner loop of a heuristic-based voltage assignment algorithm. Unfortunately, as the number of
IP blocks in a single chip increases with technology scaling [2], runtimes associated with
floorplanning can increase significantly [25]. Both [1] and [21] note that their approaches
require multiple floorplanning steps and that the execution time is only acceptable for small
number of cores. Thus, the efficiency of the floorplanner is crucial for reducing the design
time and this was a key consideration in this work in identifying only the best candidates
before floorplanning. Voltage assignment of the IP blocks is considered an important step in
this design flow. In the proposed approach, careful voltage assignment places highly-
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connected cores in the same island thereby reducing the total wirelength of the chip and
increases the likelihood of a successful floorplanning process. Next, the island formation
process, cost function and the floorplanning operations are all described in the following
sections and subsections.

5.3.1. PROPOSED VOLTAGE ASSIGNMENT METHODOLOGY
With the background discussion of the overall methodology fully described, the details of the
proposed approach to voltage island formation at the floorplanning stage are described. The
actual assignments of voltages to cores are performed at the island formation stage of the
design. In typical high-performance IC’s, there are a few blocks with high activity while
others have relatively low activity [187]. Additionally, on investigating the power
consumption of cores in chips designed for different applications it was found that the number
of high power consuming cores was approximately 10-20% of the total number of blocks in
the SoC [188][189][190]. This work uses such power consumption profiles among the cores
for voltage assignment purposes. Using methods described in previous chapters, the power for
each core is computed and ordered from highest to lowest power. Starting with 1 cores, the
VDD assignment is carried out in two phases.

1. High-Power Blocks (Phase I): The first k out of 1 cores that have the largest
contribution to the total chip power is selected. The lowest available VDD from Voltage
Assignment Table is assigned to each of the high-power cores and the design flow
proceeds to Phase II. On the next iteration of Phase I, the core that results in the
lowest increase in power is moved to its next highest VDD. This process continues on
subsequent iterations until all voltage options are exhausted.
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2. Low-Power Blocks (Phase II): Voltage assignment for the remaining (1-k) cores that
have a relatively smaller contribution to the overall power is performed using a cost
function (described in the next subsection) that considers both connectivity and power.

Voltage Assignment in Phase I is related to power optimization. The deterministic process
sequences through the cores and voltages in a pre-determined order in an attempt to provide
maximum gain in reducing power. The value of k should be in the range of 50-60 or less since
the deterministic approach can potentially explore all possible combinations until a suitable
result is found. The heuristic technique in Phase II is more focused on the floorplan
challenges. If there are a large number of cores, the permutations and combinations are
exponentially large, so a heuristic approach makes the assignment a tractable problem. In
some cases, a low power block may be moved from its lowest possible supply voltage to a
higher voltage due its greater connectivity to the blocks in the higher voltage island. Using
Phase I and Phase II, voltage assignment is repeated until the floorplan with an acceptable
chip area is found. On every new assignment, the total achievable power reduction is
diminished as the high power cores are progressively assigned to higher supply voltages.
Thus, the sooner the floorplan provides an acceptable solution, the better is the solution. The
power penalty for assigning some of the low power cores to the higher supply voltage is
amortized by the reduced number floorplan attempts to meet area budget, thereby reducing the
overall power of the SoC and runtime of the iterative process. The cost function used for
voltage assignment is Phase II is discussed next.
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5.3.2. COST FUNCTION
For the k highest-power cores, which should comprise 70-90% of the total power, initial
islands are based on their lowest permissible voltages listed in the VAT. For the remaining 1-k
cores that have smaller activity and lower power, voltage assignment is done using a cost
function that progressively chooses better connectivity over lower power. From a
floorplanning area perspective, solutions that produce the highest connectivity within voltage
islands, and fewest connections between them (i.e., requiring the fewest level shifters) are
preferred. The proposed cost function is designed to prioritize power for the initial cores, and
then place an increasing emphasis on connectivity for the rest of the cores to ensure that a
feasible floorplan can be generated.

The remaining 1-k cores are sequenced in a sorted order, with the highest power cores
assigned first followed by the lower power cores. Taking each core in the sequence, the
incremental chip power increase for each possible assignment to a permissible island is
calculated. The ratio of wires connected to the core from a permissible island to the total
number of wires connected to the core is also calculated. Given certain weighting factors to
these power and connectivity terms, the cost of assigning the given core to each of the islands
is computed. The core is then assigned to the island with the lowest cost. Formally, if “s”
blocks have been pre-assigned to different islands (including the first k cores from Phase I)
and C is the next core to be placed, then the assignment problem with cost estimate (Ei) can be
represented as:

min Ei = χ1

PC (i)
s

∑P

− χ2

WCi
, i = 1 to r
WCtotal

Cj

j =1
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(5.2)

where the block can be placed in r permissible islands, PC(i) is the power consumption of the
block when placed in ith island, PCj is the power consumption of a previous jth block that has
already been assigned, WCi is the number of wires from core C to island i and WCtotal is the
total number of wires of core C. As more cores are assigned to the islands, the denominator of
the power term will grow and, therefore, the second term will dominate the first term in Eqn.
(5.17). Eventually, connectivity will take control of the assignment over power.

By adjusting χ1 and χ2, the assignment of the (1-k) blocks can be entirely power-based (χ1=1
and χ2=0) or connectivity-based (χ1=0 and χ2=1), or any combination in between. The resulting
chip power, area and required number of level shifters depend on the choice of χ1 and χ2. To
illustrate this for a chip comprised of 1000 cores, a number of experimental runs were carried
out using different values of χ1 and χ2. The results of these experiments in terms of chip power
and the number of level shifters are shown in Table 5.1.
Table 5.1: Power vs. Level Shifters
χ1

χ2

Power
(W)

# Level Shifters

1

0

13.6

243

0.67

0.33

13.8

192

0.5

0.5

14.0

172

0.33

0.67

14.2

154

0

1

14.3

137

To balance the two factors, equal values of χ1 and χ2 (=0.5) were used for most of this work.
However, the effect of using other values, depending upon the relative importance of power,
area is also explored in the later sections.
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5.4. Floorplanning
Once the IP blocks are assigned to unique voltage islands and the amount of required decap
for the individual islands is estimated, the next task is to perform floorplanning. Similar to the
floorplanning technique in [1][21], floorplanning is performed in two stages as follows:

1. Island Floorplanning: Except for the island with the chip level supply voltage (usually
it is the highest supply voltage, i.e., VDDH*), each island is floorplanned individually.
The total area for each island and the amount of extra white-space is noted. The whitespace required for the power supply noise constraint is compared to the existing whitespace in the islands. Accordingly either the total area of the island is increased or
remains same. Placement constraints can be included in the floorplanning of the cores
in the island.

2. Chip-level Floorplanning: This is the final stage of floorplanning for the entire SoC.
Since all but one of the islands that have already been floorplanned, they are
considered as hard macro blocks. It is assumed that the chip-level supply voltage (i.e.
VDDH*) is available throughout the chip and thus contiguous island formation is not a
strict criterion for the cores residing in the island with VDDH*. In case of on-chip VDD
generation, such a condition holds true. If the different supply voltages are delivered
from off-chip sources via dedicated pins then the cores with VDDH* must be contiguous
as well and must be performed in the previous floorplanning stage. In this case, chip
level floorplanning involves the floorplaning of all the islands in the SoC.

Similar to the previous floorplan stage, any new constraints can be included in this stage of the
design. If the constraint is on a core that has already been placed within the island, then the

110

constraint is imposed with respect to the entire island. Once the final floorplan is obtained, the
pre-placed islands are reinstated by the cores in the respective island. Decap allocation for the
chip level supply voltage is performed next. Similar to the previous step, the total area of the
chip might be increased to accommodate the total decap. Finally, the level shifters are placed
at appropriate locations to complete the design.

Figure 5.4 shows the two phased floorplanning methodology for voltage island design.
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Figure 5.4: Voltage Island Floorplanning

At the end, if the total chip area is greater than the chip budget, then the floorplan is discarded
and voltage assignment is performed again. It should be noted that for subsequent floorplan
attempts, if cores form islands that had already been created at some previous stage, then the
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floorplan of the island is reused. This results in fewer floorplans iterations and thus reduces
total design time.

5.5.

Overall Design Flow

The overall design flow for voltage island design using multiple VDD and multiple VT is
provided in a detailed algorithmic format in Figure 5.5.

Algorithm: Voltage Island Design:
Begin
L1: Given the PSM of the cores of an SoC, calculate the relative
activity of each core;
L2: Assign threshold voltage to each core based on activity factor;
L3: Calculate the possible supply voltages and corresponding energy
consumptions for every core;
L4: Generate the Voltage Option Table;
L5: if the number of required voltage choice is greater than the number
of VDD that can be implemented on the chip then
L6:
Use Voltage Selection Methodology to choose the supply
voltages in order to minimize the total chip energy;
L7: Generate Voltage Assignment Table;
L8: Phase I: Assign best possible supply voltage, that is yet to be
attempted for floorplanning, to the cores with higher activity for
power optimization;
L9: Phase II: Assign cores having small activity (and thus nominal
contribution to overall chip power) to the existing islands using the
cost function based algorithm;
L10: Use HSpice simulation to allocate white-space to each island for
placing decoupling capacitance;
L11: Attempt the voltage assignment solution for floorplanning;
L12: if feasible floorplan reached then
L13: Solution reached;
L14: Output Voltage Assignment and Floorplan;
L15: Return;
L16: else
L17: Go to Step L8;
end
Figure 5.5: Overall design flow

This approach was tested on a number of MCNC [191] and GSRC [192] benchmark circuits.
As the designs in the benchmarks were not originally intended for voltage islands, additional
information was added. For all the circuits, a 90nm CMOS design kit was used in order to
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model dynamic power, leakage power, threshold voltage, power and area of level shifters. A
representative (but artificial) PSM was generated for each benchmark using an approach
similar to [193]. The power consumption and delay of each core at 1.2V was randomly
assigned between 1mW and 2W, similar to the approach used in [194]. The activity of each
core was derived from the PSM. Next, the VT was assigned to each core (L2). Table 5.2
compares the power saving obtained using multiple VT and power gating technique as
opposed to a single VT.
Table 5.2: Power saving due to Multi-VT Design
Power
Power
(multi VT &
power
(single VT)
gating)

Circuit

)o. of
HVT
cores

)o. of
SVT
cores

)o. of
LVT
cores

apte

3

5

1

1.85

1.15

37

n10

0

9

0

1.32

1.21

8

xerox

3

6

1

1.88

1.7

10

hp

3

6

2

2.11

1.79

15

n30

9

18

3

1.70

1.33

21

ami33

15

14

4

2.08

1.60

23

ami49

14

30

5

4.12

3.70

12

n50

3

45

2

1.72

1.53

11

n100

36

54

10

4.95

3.099

37

n200

18

160

22

6.70

4.95

26

n300

54

216

30

10.77

8.55

20

Power
Saving (%)

AVG

20

On average 20% of total power can be saved when multiple VT and power gating are used in
place of single VT design. Note that n10 did not result in any savings due to the use of
different VT libraries. The ony savings were achieved by the use of power gating. It must be
noted that the savings can vary considerably with changes in these values.
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The next task is to identify the range of allowable VDD for each core and obtain the 3
interesting supply voltages (L3). Voltage selection is performed in L4-L6 of Figure 5.5. The
previous voltage selection technique was compared to the proposed approach [167]. As [167]
selects only 3 supply voltages, comparison for 3 VDD’s is considered here. Each technique
chooses a distinct set of supply voltages. The power savings obtained using the proposed
algorithm for voltage selection as compared to the previous approach in [167] is shown in
Table 5.3. The power consumption for each circuit is the sum of power of each individual core
when paced in the lowest possible supply voltage from the chosen set. The average power
savings using the new approach is an additional 4% in comparison to the previous approach in
[167].
Table 5.3: Comparison of Voltage Selection Algorithms
Circuit

Power (Previous
approach [167])(W)

Power (Proposed
approach)(W)

Power
Savings (%)

apte

1.39

1.37

1

ami33

1.70

1.65

3

n50

1.69

1.64

3

n100

3.31

3.05

8

n200

5.51

5.51

0

n300

9.71

8.82

11

AVG

-

-

4

For some circuits, this work has occasionally resulted in the use of more than three supply
voltages. Using the chosen VDD’s, the Voltage Assignment Table is generated in L7. Step L8
and L9 performs voltage assignment to the cores using the two-phase approach discussed in
the previous section. Step L10 attempts to estimate the average IR drop and the corresponding
decoupling capacitance requirement in each island prior to floorplanning. Since there is no
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floorplan available during this step, a simple 1-D power grid that satisfies worst-case IR drop
for each island is used. For each voltage assignment, dynamic IR drop simulation is carried
out and the decaps are adjusted until the average voltage drop satisfies the allotted budget (510%) for each grid. The total amount of decap is then translated to the amount of required
white-space.

Finally, floorplanning is attempted with the partitioned cores to create voltage islands. In each
island, additional white-space is reserved for decap allocation after completing the
floorplanning operation. If a feasible floorplan is obtained, then it is considered to be a
desirable solution and the results are accepted. If not, the design flow goes back to Phase I and
repeats the process.

The floorplanning methodology was implemented on the same benchmark circuits as in Table
5.2. Similar to [1], the possible number of supply voltages allowed on chip was assumed to be
proportional to the number of cores. The proposed approach was tested using the HotSpot
Floorplan Tool that included the LAPACK package [195]. The experiments were run using
Intel Pentium 4, 2.4 GHz machine with 2GB RAM running on Debian Linux (version 2.6.18).

The flow presented in [21] is the main comparison point due to the availability of the
floorplanning tool as well as their use of the same benchmark circuits. As the Voltage
Assignment Table is the starting point in [21], the same table generated in step L7 is used as a
starting point for their design flow. In the proposed approach, equal importance was given to
both power and area by assigning χ1= χ2=0.5. Similar priorities were given to the coefficients
in the fitness function in [21].
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Table 5.4 compares the runtime and the quality of results (number of voltage islands, area, and
power) of proposed approach with [21]. Both methods were required to use the same number
of islands. Columns 10-12 compare the savings of the proposed technique against [21]. The
power and area values of the new method are significantly better than those obtained using the
flow in [21] with an average improvement of 8-10%. This is due to the fact that the approach
properly accounted for high power blocks and high connectivity blocks in the cost function
when making the voltage assignment of cores to islands.
Table 5.4: Power and Area Comparison

Circuit
apte
n10
xerox
hp
n30
ami33
ami49
n50
n100
n200
n300
AVG

Flow in [21]

)o. of
Cores

#vi

9
10
10
11
30
33
49
50
100
200
300

3
3
3
4
6
6
6
6
9
15
20

Area
(µm2)
49.15
3.70
20.10
9.08
6.27
1.55
45.10
4.07
2.27
2.40
4.18

Power
(W)
1.71
1.82
2.1
2.23
1.92
2.07
4.46
2.26
4.53
8.2
12.4

Proposed Flow
CPU
(min)
17
13
15
35
40
41
50
59
90
160
180

Area
(µm2)
47.00
3.16
20.10
8.92
5.45
1.34
39.87
3.83
2.14
2.11
3.81

Power
(W)
1.51
1.89
2.1
2.06
1.41
1.86
4.02
2.04
4.09
7.31
10.88

CPU
(min)
5
8
5
15
20
22
20
25
31
60
90

Savings
Area
(%)
4.3
14.5
0
1.8
13
13.5
11.6
5.8
5.9
13.7
12.1
8.7

Power
(%)
11.6
-3.8
0
7.6
26.5
10.1
9.8
9.7
9.7
10.8
12.2
9.4

The runtime is 2.4X better on average. This is due to the reduced number of floorplan
iterations required to generate a feasible floorplan. Note that voltage assignments far from the
optimal are often attempted in the genetic algorithm [21]. The new approach is specifically
designed to avoid such floorplan attempts, as they would only add to the runtime. The
incremental cost is relatively small for ordering the cores and finding the preferable voltage
assignments for which floorplanning should be attempted.
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CPU
(X)
3.4
1.6
3
2.3
2
1.8
2.5
2.3
2.9
2.7
2
2.4

In the case of xerox, the two techniques produced the same power and area solution though the
technique proposed in this thesis was much faster than in [21]. For the circuit n10 the power
consumption was slightly higher for the proposed result. Such anomalies are possible for the
smaller circuits. Figure 5.6 compares the floorplans of n50 obtained using [21] and the
proposed approach. Both floorplans used 6 islands, but the power consumption and specific
cores assigned to the islands were different. The new solution in Figure 5.6(b) had an area that
is 5.8% less and a power that is 9.7% less than the corresponding result of Figure 5.6(a).

Figure 5.6: Floorplan of n50 using (a) technique in [21] (b) proposed approach

Investigating the thermal effects on the floorplan of each benchmark (reported from the
HotSpot floorplanner), it was found that the average temperature in the proposed approach is
approximately 9-10% lower than [21]. Additionally, the peak temperature was approximately
13% lower. The reason is that the new approach assigns more cores to islands with lower
supply voltages. This leads to an overall reduction in dynamic and leakage power which, in
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turn, lowers the on-chip average and peak temperature [196]. A comparison of average and
peak temperature of six benchmark circuits is shown in Figure 5.7.

Figure 5.7: Average and Peak temperature comparison

The floorplan solutions of all the benchmarks were carefully inspected and it was observed
that, in some cases, there were blocks that belonged to one island but were surrounded on
three sides by other islands. This problem can be seen in circuit (n100), as shown in Figure
5.8(a). Voltage island design not only requires floorplaning of blocks belonging to similar
islands in a contiguous fashion but also must ensure that there are no power grid design
problems due to the final floorplaning. Such floorplans may produce an IR drop problem
when a 2-D power grid analysis is performed during the final validation of the design. To
avoid such potential problems, this block is moved to another adjacent islands and the
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incremental cost in power, level shifters and power grid design is assessed. The lowest cost
solution is used, as long as only two sides are adjacent to other islands. The solution selected
for this case is shown in Figure 5.8(b) and indicates the final adjustment to a different island.

(a) Floorplan of n100 with potential IR-drop problem

(b) Floorplan of n100 without IR-drop problem

Figure 5.8: IR drop consideration

To investigate the decap allocation problem, two floorplan solutions involving 3 voltage
islands were considered. In the first case, Figure 5.9(a), the floorplanning does not incorporate
decaps. In the proposed approach, Figure 5.9(b), IR drop analysis was already carried out and
extra white-space was included for decap allocation in each island. Though Figure 5.9(a)
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requires a slightly smaller area, there is an IR drop violation. However in the latter case,
proper allocation of decaps to each island ensures that the supply noise constraint can be met,
along with power, thermal and area constraints.

Figure 5.9: Floorplan solutions from (a) without and (b) with decap consideration

In all the previous results reported here, the value of χ1 and χ2 were both 0.5. The value of
these two parameters has a considerable effect on the power of the chip. Moreover, for a fixed
area budget, the amount of permissible overhead affects the voltage island formation. This
indirectly affects the power savings possible. Figure 5.10 shows the relation between the
parameters (χ1 and χ2), power consumption and area overhead.
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Figure 5.10: Design parameters vs. Power vs. Overhead

The greater is the chip area, the higher is the power savings. Power is directly related to the
ratio of (χ1 /χ2). For overhead ranging between 6-16% the total chip power consumption can
vary by as much as 40%. Thus, based on the allowable overhead and the target power budget,
the proper values of the parameters should be chosen carefully to satisfy these design
tradeoffs.

5.6.

Connectivity-Aware Voltage Island Design

In Table 5.4, the energy-aware cost function of Chapter 3 (Equation 3.4) was used for the
voltage selection algorithm rather than the connectivity-aware cost function of Chapter 4, as
given in Eqn. (4.9). Results obtained using the cost function in Chapter 4 are discussed in this
section. There were no placement constraints on the IP blocks to be placed in the SoC in the
previous results in Table 5.4. However in reality, such constraints exist and can limit the
amount possible power saving. Therefore, typical floorplan constraints were imposed on the
design to provide more realistic results. Due to unavailability of benchmark circuits with
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floorplan constraints, random assignment of constraints was performed on the benchmark
circuits used in the previous sections. The floorplanner proposed in [183] was used in this case
due to the capability of including placement constraints on the cores.

Table 5.5 compares the results when connectivity-aware cost function is used instead of
energy-aware cost function for voltage selection. The voltage assignment of the cores in the
floorplanning stage is identical to the approach discussed in the previous sections in both
cases.
Table 5.5: Connectivity Aware vs. Energy-Aware

Circuit

)o. of
islands

apte
hp
ami33
ami49
n50
n100
n200
n300

2
2
2
3
3
4
5
5

Flow using Energy-Aware
Technique
Power Area Overhead
(W)
(%)
1.1
2.6
10.6
6.6
15.7
13.0
19.0
18.7

2.7
9.3
7.7
9.4
5.9
7.0
11.9
12.6

Flow using Connectivity
Technique
Power Area Overhead
(W)
(%)
1.0
2.2
9.7
6.3
15.1
12.4
17.5
17.9

2.7
5.1
7.6
7.5
4.4
6.5
10.9
11.6

Savings
Power
(%)

Area Overhead
(%)

9.0
15.3
8.5
4.5
3.8
4.6
7.8
9.6

0
4.2
0.1
1.8
1.5
0.5
1
1

Columns 7-8 compare the savings of connectivity-aware approach to energy-aware technique.
For simplicity, the placement constraints were randomly assigned to a subset of the cores in
the design. The results show that the power values are significantly better than those obtained
using the previous voltage selection scheme with an average power improvement of 7%. In
comparison to the energy-aware methodology higher supply voltages were chosen for the
connectivity-aware methodology. However as smaller number of cores were required to be
placed in the highest VDD for the connectivity-aware solution, the total power consumption of
the SoC was less than that of the energy-aware technique. The die size for each circuit was
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predetermined and the area overhead is reported. On average, in the new approach the area
overhead is less than the previous technique. This implies more area can be allocated for other
resources such as test logic, buffers, etc. Figure 5.11 compares the floorplans of hp obtained
using the two methods. A pre-placement constraint has been imposed on one of the cores. The
solution in Figure 5.11(b) has an area that is 4.2% less and a power that is 15.3% less than the
corresponding result of Figure 5.11(a). These results make intuitive sense and demonstrate that
connectivity and energy should be used in both voltage selection and island formation to
produce the highest-quality results. This is a key research result of the work in this thesis.

Figure 5.11: (a) Energy-aware (b) Connectivity-aware floorplan

5.7.

Summary

In this chapter, the final phase of design process has been described. The design space
exploration also provided some insight into the parameters that control the final results of
voltage island designs. A two-phase voltage assignment technique has been used in the new
approach. Next, a two-stage floorplanning operation, beginning with the islands and then the
chip-level floorplanning is performed. Depending upon the white-space available, the area of
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the islands is adjusted to include the area for decaps. Experimental results for the entire design
flow have demonstrated the improved quality in the overall results. On average, the use of
multiple VT and power gating can reduce almost 20% of power. On average, a proper choice
of supply voltages leads to another 4% reduction in power. The floorplanning technique
proposed here offers another 10% in reduction of power. However, it must be noted that in the
entire design flow a fixed area and power budget were considered. These constraints
significantly affect the savings obtained. Based on the given design budget, proper choice of
design parameters is essential to obtain high-quality results using these techniques.
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CHAPTER 6 : CONCLUSIONS AND FUTURE WORK
Technology scaling offers excellent opportunities for enhanced circuit performance and higher
levels of integration. However, the adverse effects of scaling are higher power consumption
and increased design complexity. With the growing popularity of battery-driven, hand-held
devices as well as the push for high-performance processors, it has now been established that
power optimization is central to all chip designs. The increasing gap between battery
technology and integrated circuit design, as well as the consumer demand for enhanced
performance and functionality for mobile devices has made power the principle design
constraint. Moreover, due to higher device and interconnect density, increase in power density
is also an important concern for future technologies. Local hotspots due to large temperature
gradients within the die lead to degradation in the reliability and performance of the SoC.
Thus, power reduction is now at the forefront in the design of high performance integrated
circuits. Low power and, indeed, low energy design methodologies are increasingly becoming
the primary focus for current and future generation VLSI chips.

There are several power reduction techniques that can be applied at different stages of the
system-on-chip design. Proper design choices early in the design phase usually have a more
significant impact on the different design goals than those made late in the design process.
However, in fact, the most design methodologies now incorporate suitable techniques at every
phase of the design process. Ideally, optimization achieved at any stage of the design process
should not be offset by changes made in the latter stages of the design process. Realization of
such low-power design methodologies increases the design complexity of chips. In this
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dissertation, a comprehensive methodology for power reduction has been proposed for voltage
island-based SoC design.

This work proposes a floorplan methodology for voltage islands in SoCs that selectively
emphasizes chip power reduction and overall chip area reduction. Using this new
methodology, the solutions obtained in this research are far better than preexisting techniques
in terms of power and area as well as reducing the amount time invested for floorplanning
thereby reducing the total design cycle. Reducing design time and focusing on the numerous
floorplanning design challenges that are critical to successful System-on-Chip design are
fundamental contributions in this thesis. Due to the increased number of cores, the
floorplanning time has increased considerably and is projected to get worse. The new
approach significantly reduces the number of floorplan iterations. The final floorplan solution
satisfies all design constraints, meets area budget and reflects all the power optimizations
performed at the earlier design phases.

6.1.

Research Summary and Contributions

Multiple supply and threshold voltage techniques are widely used for low power SoC design.
By taking a holistic approach to this problem, the goal is to reduce the overall power
consumption of the SoC. The main focus of this thesis is to address the different design
challenges of multiple supply and threshold voltages early in the design process. At first, the
application is modeled as a Power State Machine (PSM). Such a representation portrays a true
picture of the working of the different components of the SoC while executing the application.
To the best of the author’s knowledge, this work for the first time proposes a design
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methodology that begins with the application PSM to be executed and ends at the floorplan
stage of the SoC.

A new method of extracting the activity of every core in the SoC from the PSM has been
proposed. Next, the activity of the cores is used as a guiding factor to decide the different
threshold voltages. The availability of three different threshold voltages, namely HVT, LVT
and SVT, has been assumed in this work. Cores having high activity are assigned to LVT
while cores with smaller activity use HVT cells. During this design phase, it is assumed that
the critical paths of the cores exist from the input to output of the cores only and do not span
across two or more cores. If the minimum supply voltage satisfying the delay requirements is
less/more than the minimum/maximum allowable VDD for a given technology, then SVT cells
are used instead. Additionally, the power consumed by each core to execute in the application
is calculated and used in the latter stages of the design. Compared to earlier designs with
single VT, the average power savings of about 20% can be achieved using a different VT for
each core and using power gating technique for shutting of idle cores.

Supply voltage selection is performed after the threshold voltage for each core has been
established. The minimum possible VDD for every core is determined by the delay constraint
and the maximum VDD is the chip-level supply voltage. Any voltage between these two values
is legal for the given core. This work further investigated this range to identify a few other
interesting supply voltages. The minimum VDD is preferred if power optimization is the
principle objective. The overall goal is the reduction of the energy or energy-delay product, or
any other power-delay metric preferred by the designer. Based on the designer’s optimization
goals, the important supply voltages are identified for every core in the SoC. This thesis uses
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the minimum energy point as the preferred VDD for each core, along with the lowest and the
highest possible VDD, as the possible set of supply voltages Therefore, as many as three values
of VDD may be associated with each core, but only one voltage will ultimately be selected for
the core.

If each core in the SoC is allowed to have it’s preferred VDD, then the required number of
supply voltages may be quite large. Typically, the number of possible VDD’s on the SoC does
not exceed over three or four distinct supply voltages in designs today. This constraint is due
to the added complexity in the generation and distribution of the power supplies, as well as
verification of the entire SoC. This work proposed a novel algorithm for voltage selection.
Given the large set of preferred VDD’s, the algorithm identifies the supply voltages that should
be implemented on the chip. Two different cost functions have been used in the selection
process. Depending upon the design constraint, the cost function can be entirely power-driven
or connectivity-driven, or some combination of the two. Reduction in overall power
consumption of the SoC is the focus for power-driven cost function.

In the case of the connectivity-driven function, the focus is on area and other floorplan
constraints that may require some cores be placed at specific location on the chip. Results
show that overly-constrained floorplan requirements can easily offset the potential power
savings achievable during voltage selection. Moreover, proper voltage selection affects the
final floorplan solution and thereby affects the final power and area savings as well. Thus, this
work considers such constraints early in the design process. The proposed voltage selection
technique described here is on average 4% better than the pre-existing methodology for
voltage selection.
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Once the VDD’s to be implemented on the chip have been identified, the next task is to attempt
floorplanning of the cores. For simple chips with a single supply voltage, if the available
white-space is insufficient for decap allocation, then the cores are manually shifted to create
the extra white-space. However, floorplanning of chips with multiple supply voltages is far
more complex. Due to the power grid design challenges, cores with similar supply voltage are
placed contiguous to one another. This leads to the formation of voltage islands which have
the same power supply value.

For voltage island design, floorplanning is done in two stages. First, the islands are
floorplanned individually and then the final chip is floorplanned considering each island as a
macro block. The area overhead for floorplanning is due to decaps, level shifters, isolation
cells and power gating cells. The chip area reserved for level shifters, isolation cells and power
gating cells can be computed in advance. The decap area depends upon the power grid noise
as well as the available white-space after the floorplanning of the cores. Identifying extra
white-space becomes a difficult task in such island-based floorplans. Moreover, as opposed to
the chips with single VDD, the white-space at the boundary of two islands cannot be shared.
Thus, the white-space allocation becomes a non-trivial task.

To ensure that such difficulties do not arise, a 1-D power grid design methodology has been
proposed to calculate the amount of decap required by each island. The extra white-space for
decaps is compared to the amount of white-space available after floorplanning of each island
and the area of the islands are adjusted accordingly. If the total area overhead required for
decap allocation, level shifters, power gating cells violates the area budget, then chip-level
floorplanning of cores would be a useless task. In effect, it constitutes a wasted iteration and
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increases the design time. The proposed technique ensures that only valid solutions are
attempted for floorplanning by checking for such violations and removing them from further
consideration.

Finally, the voltage assignment of the cores to the different islands is performed in two stages.
Optimization for the high power cores, identified from the PSM, is solely based on power. For
the rest of the cores, voltage assignment is performed from high to low power cores in a sorted
fashion using a cost function that progressively gives higher importance to connectivity over
power. The rationale behind this two-stage approach is to focus on power optimization for the
subset of cores which have maximum impact on the total power consumption of the chip and
focus on connectivity-based island formation for the rest of the cores in order to satisfy the
needs of the floorplanner constraints. At first, voltage assignments that consume least power
are attempted for floorplanning and, if the final floorplan solution violates the area budget,
then the next best voltage assignment of the cores is used with a commensurate, but
incremental, increase in power. The first floorplan solution that satisfies the area budget
constitutes the final solution for the SoC. This proposed approach leads to a further 10%
reduction in power, 9% reduction in area and over 2X reduction in floorplan time compared to
previously reported results in the literature.

6.2.

Research Limitations

The entire design flow requires designers to specify a number of design parameters at different
stages of the design process which is typical of all design flows. Parameters for mapping
applications to PSM, the states in which each core can exist, the number of possible VDD and
VT values that can be implemented, source and distribution methodology of VDD, and the
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overall power gating methodology are some of these parameters. Due to the complexity of
exploring all such parameters only a handful of them have been included in the analysis. To
understand the entire design scope, all such parameters should be analyzed separately and
thoroughly to have a better understanding on their individual effects on power, area and
timing. Another issue is that, due to the lack of appropriate industrial benchmark circuits to
test the effectiveness of the approach, synthetic benchmark circuits were created and used in
this research. Though it is common practice to use such methods in an academic setting, it is
clear that implementing these solutions on chips in the industry would give more insight into
the practicality of the optimization techniques.

Assumptions used in this work related to timing constraints are not always valid in all designs.
For example, it is assumed that the critical path can be determined by examining the paths
within each core, since their I/O’s are registered; however, the critical path of many designs
can span over two or more IP blocks. Then, the timing constraint used for each IP block would
become difficult to predict due to the dependence on other cores. Additionally, the clock
design issues relating to power and area have been ignored. The power consumed for clocking
individual core is assumed to be included within the power consumption of each core. Clock
distribution across different islands must be investigated as well to determine if there is an
additional impact on the overall design.

The source of the different VDD’s and the mechanisms of power gating signal generation have
been ignored as well. The different VDD’s may be generated on chip or be supplied externally.
The power management system that is expected to turn different cores ON/OFF based on their
operating state has been considered to be readily available. Such design complexities should
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be included in the refinements to the design flow as they may potentially affect the different
design decisions.

6.3.

Future Work

During the latter stages of the work described here, new directions for further research and
new ideas have surfaced that would expand the scope and impact of the work. Some of these
ideas that represent as possible future work are discussed in this section:

1) Multi-Clock Design: As the clock tree consumes significant power, the clock design
should be done in a judicious manner. Due to different timing requirements, voltage island
designs inherently require multiple clocks. Thus, in addition to voltage islands, use of
frequency islands is a common feature in low-power chips. Research in this direction should
investigate the challenges in clock design in multi-VDD SoC and address the multiple clock
tree design technique, clock skew management and inter-clock domain communication
infrastructures.

2) 1-D vs. 2-D Power Grid Analysis: The decap allocation problem was addressed using a 1D power grid model. However, the actual design is a 2-D structure. The assumption here is
that, once the floorplan has been completed, a 2-D power grid verification step is performed to
ensure that the noise budgets are met. However, on average, the predicted amount of decap
using the 1-D tool would be pessimistic in comparison to the 2-D tool. In order to have the 1D tool provide a more accurate solution, the noise metric needs to be calibrated to a 2-D tool
and adjusted accordingly so that excessive over design does not occur for the decap
requirements. Also, the 2-D current profile of the core could be mapped in an appropriate
manner to the 1-D model.

132

3) Dynamic vs. Static Voltage Control: Dynamic control of supply and threshold voltage is
also a useful technique for power reduction. The complexity of dynamic control is far more
than static control. The benefits of dynamic control as opposed to static control of voltage
islands need to be investigated. Additionally, the possibility of having a mixture of dynamic
and static control of different sets of cores on the same chip must be explored. By using such a
technique, few tasks can be assigned to static voltage islands while others can be executed on
cores whose supply voltage can be tuned to the changing performance requirements. This
opens up an interesting array of new topics to pursue as future work.

4) Power Management Verification: As different low-power techniques are incorporated
into more and more designs, designers are left wondering how to verify the effectiveness of
these power saving strategies. Some combinations of low-power design options could
inadvertently produce errors that are bound to the typical logic failures. Due to verification
challenges of such errors, aggressive implementation of low-power techniques at the micro
level of design still remains to be realized. This work would effectively merge two computeraided design methodologies in VLSI by building novel formal techniques that perform global
and local verification of low-power techniques. This would not only reduce verification time
and increase design confidence but also would create new opportunities for further aggressive
power reduction in future nanoarchitectures.
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