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Abstract—With the introduction of ultra-small on-chip voltage if available resources such as the physical area, number of
regulators, novel design methodologies are needed to determinemetal layers, and power budget were not severely limited.
the location of these on-chip power supplies and decoupling The continuous demand over the past decade for greater

capacitors. In this paper, the optimal location of the power . . L . .
supplies and decoupling capacitors is determined for different functionality within a small form factor has imposed tight

size and number of components. Facility location problems are resource constraints while achieving aggressive perfocama
applied to determine the optimum location of power supplies and and noise targets [14].

decoupling capacitors in the proposed methodology. Several techniques have been proposed for efficient power
delivery systems, typically focusing on optimizing the mow
network [14], [15] and the placement of the decoupling

Power consumption has become one of the primary des'@ébacitor [16], [17]. Recently, Zeng al. [18] proposed an
bottlenecks with the proliferation of mobile devices aslvasl optimization technique for designing power networks with

server farms where the performance per watt is the prim Lltiple on-chip voltage regulators. The design tradeoffs

benchmark [1], [2]. The power generated and regulated by t§g i \oltage regulators and the effect of these regigato
off-chip and on-chip voltage regulators is distributed itbdns on high frequency voltage fluctuations and mid-frequency

Ot: load circuits throdughout afpc;]wer distrib(;;ltiopbsystemelm resonance have been analyzed. The interactions between the
the parasitic impedances of the power distribution netsiork, ;e supplies and the decoupling capacitors are, however,

voltage fluctuations in the supply voltage occur. ThesedRict . ¢onsidered, which can significantly affect the perfaroea
tions depend on the characteristics of the load current démay¢ o, integrated circuit [18]. These interactions are quite
and the behavior of the power distribution network. The oW it in producing a robust power distribution netwof].
supplies are also supported by locally distributed dedngpl Decoupling capacitors and on-chip power supplies exhibit

capacitors ‘;]Vh'(l:h SErve as a res§rv0|r oflch_argef ta pL‘?V'ggveral distinct characteristics such as the response, time
current to the load circuits [3]. The complexity of the highy o, requirements, and parasitic output impedance. €ircui

performgnce power dgllvery systems has mt_:reased S_'gnrtﬂbdels for these components should accurately capture thes
cantly with the integration of diverse technologies on &n o514 cteristics while being sufficiently simple to not dyer

die, forming an heterogeneous system. The required SuPBB’mplicate the optimization process
vpltage levels and.the hoise constraints vary significafaty this paper, facility location optimization algorithmslw
different technologies. Novel voltage regulator topo&sgf4l— o analyzed to determine the optimum location of power sup-

[10] have recently been proposed, enabling not only on-Chies and decoupling capacitors to minimize power nois@-{19
power supply integration but also multiple on-chip poift-0 1511 The constraints of this power network co-design peabl
load power supplies [10]-[12]. These on-chip point-0fdoayenend on the application and specifications of the perfor-

power supplies provuje the requwgd vpltage close to thd og, ;e objectives. The optimization goal can be to minimize
circuits, greatly reducing the effective impedance betwibe the maximum voltage drop, average voltage drop, total area,

load circuits and power supplies [13]. response time for particular circuit blocks, or total power

Next generation power delivery networks for hetemgeneoﬂénsumption. Multiple optimization goals can also be aabli
circuits will contain tens to hundreds of on-chip power SURgr smaller or mid-size integrated circuits

plies supported by thousands of on-chip decoupling caaCit g rest of the paper is organized as follows. A recently

to satisfy the current demand of billions of load circuitsdeveloped point-of-load voltage regulator is briefly dése
The design of these complex systems would be enhanGgdsection 11, The facility location problem is introduced
with some exemplary applications in Section Ill. A proposed
This research is supported in part by the National Sciencedration under methodology to determine the optimum location of the power
Office of Science, Technology and Academic Research to theaeC€dor The optimum location of the power supplies and decoupling

Advanced Technology in Electronic Imaging Systems, and bytgrérom I i i > :
Intel Corporation and Qualcomm Corporation. capacitors, determined for a sample circuit, is presented i

I. INTRODUCTION




distance from the facilities to the customers, determire th
minimum number of facilities that serve a particular number
of customers at fixed locations, or maximize the minimum
distance from a facility to the customers.
The design of on-chip power delivery networks for hetero-
‘ geneous circuits exhibits significant similarities to thesidn
: of electrical distribution networks in larger scale system
such as the electric power distribution grid of a city. The
electricity generated at a power plant is downconverted and
distributed to substation transformers, typically outsacity.
The output voltage of these substation transformers isdurt
downconverted and regulated by the local power supplieis. Th
voltage can be either delivered to industrial customers at a
B iinfie ‘ high voltage level or further downconverted and regulated a
ERIERIREEY smaller substations and distributed to the local city power
‘ grid. Large capacitors are integrated within this eleatric
distribution system to reduce voltage fluctuations. Aléern

Fig. 1. Microphotograph of the hybrid voltage regulator. [8]

Section V. The paper is concluded in Section VI. tively, in an heterogeneous integrated circuit, the onrboa
voltage regulators downconvert the output voltage of trerdbo
[I. POINT-OF-LOAD VOLTAGE REGULATORS level power supply unit. This voltage is delivered to the on-

Placing multiple point-of-load power supplies is challewgg chip voltage regulators or directly to the on-chip powerdgri
since the area occupied by a single power supply should WBich provides current to the load circuits. The required
small and the efficiency sufficiently high. Gebal. proposed Voltage levels and noise constraints are technology andries
an output capacitorless low-dropout regulator which occdependent. The on-chip power delivery system is designed
pies 0.019 mrh on-chip area [6]. The authors also recentlyo deliver different voltage levels within noise consttain
proposed a hybrid point-of-load voltage regulator, océngy Decoupling capacitors are distributed throughout the fuip-c
0.015 mn? on-chip area [8]. A microphotograph of this hybridpower delivery network to support the power distribution
point-of-load regulator is shown in Fig. 1. These area effiti system. A parallel can be drawn between the transformers
voltage regulators provides a means for distributing mult@nd off-chip voltage regulators, the small substations @md
ple local power supplies across an integrated circuit, avhithip voltage regulators, and the large capacitors and gm-ch
maintaining high current efficiency and small area. With théecoupling capacitors. Additionally, the voltage requiests
proposed voltage regulator, on-chip signal and power iitfeg of different technologies within an heterogeneous intigra
is significantly enhanced while providing the capability focircuit vary in a similar manner as the voltage requirements
distributing multiple power supplies. Design methodoésgi of industrial and residential regions within a city.
are therefore required to determine the location, size, andSeveral optimization algorithms have been proposed which
number of these power supplies and decoupling capacitazensider possible constraints to provide an optimal swiuti
to this problem. Due to the similarity between the electrica
distribution network of a city and the power distribution
network of a heterogeneous circuit, analogous algorithams c

Every complex system is composed of small componentse applied to the design of these systems. Since facility
typically with simple structures. The interactions and regg |ocation algorithms are widely used to design electricatrdi
gation of these components form a highly complex systemution networks, these city planning algorithms are legeca

The efficiency of this system strongly depends upon thg designing on-chip power networks within heterogeneous
physical location of these components, which significantjrcuits.

affects the interactions. In most systems, these compsnent
can be grouped into two categories; (1) facilities, and (2)
customers. The location, size, and number of facilitied tha
minimize the cost of providing a high quality service to the These existing optimization techniques and methodologies
customers are the design objectives [19]. provide a near optimal solution for the location of the on-
Mathematical models of the location have been used ¢bip power supplies and decoupling capacitors that mirémiz
determine the optimal number, location, and size of thbe average (or maximum) power noise. The focus of this
facilities as well as allocate facility resources to thetoosers paper is to determine the optimal number and location of
that minimize or maximize the objective function [19]-[21]the on-chip power supplies and decoupling capacitors that
The problem can be categorized depending upon the netwarkiimize the average power noise. A closed-form model of
(discrete or continuous) and the input (static or dynamidhe impedance, proposed in [13], is utilized to determire th
The objective is to minimize the average (or maximumgffective resistance from the power supplies and decogplin

IIl. FACILITY LOCATION PROBLEM

IV. PROPOSEDOPTIMIZATION METHODOLOGY



capacitors to the load circuits. The constraints of the lerb

are as follows,

o The total area of the power supplies and decoupling

capacitors is maintained constant

o All power supplies must be larger than the minimum

sized power supply

TABLE |
DEFINITION OF THE PARAMETERS IN (1)-(10).

7
« All decoupling capacitors must be larger than the mini-R.;;(node1, nodez) | Effective resistance betweerde; andnode;

mum sized decoupling capacitor
The proposed objective function is

Minimize
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Parameter | Definition
P; ith power supply
D; it" decoupling capacitor
L; ith circuit block
(z1,91) Coordinates ofiodey
(z2,y2) Coordinates ofiodes
r Unit resistance within the power grid
n Number of power supplies
k Number of decoupling capacitors
m Number of load circuits
Rout (P;) Output resistance of® power supply
Resr(D;) Effective series resistance df* decap
Gij Equivalent conductance
K; Weighting parameter
Cp,; Contribution ofit” power supply toj** load
Cp,, Contribution ofit" decap toj** load
capp, Capacity ofi’™ power supply
capp, Capacity ofi’™ decap
Nt’"LJ Normalized transition time of thg”" load circuit
I; Current demand of;;, load
(Grid size) x Power grid size in horizontal direction
(Grid size)y Power grid size in vertical direction

V. CASE STuDY

The voltage drop maps of the related circuits with the
decoupling capacitors and power supplies located at the pre
determined locations are obtained using SPICE. The node
voltages, which are determined by the SPICE simulatiorss, ar
produced from MATLAB.

The optimum number and location of the power supplies
and decoupling capacitors that minimize the voltage drop
and response time within certain blocks are determined for
a small sample circuit, as shown in Fig. 2, to provide an
intuitive understanding of the proposed methodology. The
sample circuit is composed of nine circuit blocks with diéfiet
current profiles. The third and seventh blocks have current
profiles with a faster transition timé.€., 20 ps) than the rest of
the circuits which have a relatively slower transition tithe.,

100 ps). Since the decoupling capacitors provide immediate
charge, intuitively, the decoupling capacitors should laeed
close to those blocks with a fast transition time to provide a
fast response to transient changes in the current. The optim
location of the power supplies and decoupling capacitcas th
minimizes both the maximum voltage drop and response time
for certain blocks (the third and seventh blocks) is usedreh
K, Ko, and K3 are set to one. The optimum location of
one large on-chip power supply and ten decoupling capacitor
(case a) is shown in Fig. 2a. The power supply is located at a

where the definition of the aforementioned parameters arentral location to reduce the maximum physical distance to

listed in Table I.

each of the circuit blocks. The decoupling capacitors, hawe

In heterogeneous systems, where the slew rate, operatimg placed physically close to the third and seventh blocks.
frequency, and supply voltage vary significantly over défg Most of the current demand of these blocks is provided by
portions of a circuit,/; provides the flexibility to optimize the surrounding decoupling capacitors. The optimum locati
the power distribution system for different technologies.

of the four relatively low current power supplies and 20 dmal



decoupling capacitors (case b) is also determined, as shown
in Fig. 2b. In this case, the third and seventh circuit blocks
are surrounded by local decoupling capacitors whereas the
power supplies are distributed to ensure that the maximum
distance from the power supplies to the remaining blocks is
minimized. The voltage drop map for these two cases is shown
in Fig. 3, where increasing the number of power supplies
and decoupling capacitors significantly reduces the veltag
drop. The maximum voltage drop is 133 mV and 77 mV,
respectively, for cases a and b. More than a 40% reduction
in the maximum voltage drop is achieved by increasing the
number and distributing the location of the power supplies
and decoupling capacitors.

The area of an on-chip power supply is typically dominated
by the output pass transistors [22], where the size of these
pass transistors changes linearly with the maximum output
current demand. The size of an on-chip power supply thezefor
changes linearly with the maximum output current capacity.
Additionally, when the on-chip power supplies are suffitien
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small, the ultra-small power supplies are combined to form[a
larger power supply with a higher output current. In thisgrap
the size of a power supply is assumed to change linearly w

20 mA
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the maximum output current capacity.
The general algebraic modeling system (GAMS) is used
as the optimization tool [23]. The proposed optimizatio
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methodology is modeled as a mixed integer nonlinear prg-2oma
I
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decoupling capacitors that minimizes the objective fiorcti
is determined for different number of power supplies and
decoupling capacitors. The total area of the power supplies
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the test cases to provide a fair comparison.
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VI. CONCLUSIONS

The similarity between the facility location problem ane th
design of heterogeneous integrated circuits is exploifed.
objective function based on the effective resistance betwi

Fig. 2.

(b)

Floorplan of the example circuit with two differentvper delivery
enetworks, a) one large power supply with ten decoupling ciépa, and b)

the power supplies, decoupling capacitors, and load ¢&@sli four relatively smaller distributed power supplies with 2@al decoupling
proposed that minimizes the average voltage drop throughégpPacitors.

a heterogeneous integrated circuit. This objective famcti
considers the contribution of current from different power
supplies and decoupling capacitors to a circuit block a$ agel
the size of the individual circuit blocks. The optimal looat

of the on-chip power supplies and decoupling capacitors is

[4] K. N. Leung and P. K. T. Mok,

“A Capacitor-Free CMOS Low-

Dropout Regulator with Damping-Factor-Control Frequenaynipen-

determined for a sample circuit.
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