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Abstract— With each technology generation, the power de- power and noise constraints. Decoupling capacitors are-the
livery network becomes larger and more complicated, making fore also widely used as a locadservoir of charge which are
the system analysis process computationally complex. The rising self activated and supply current when the power supplyl leve

number of on-chip power supplies and intentional decoupling - ; . . .
capacitors inserted throughout an integrated circuit further deteriorates [8]. Inserting decoupling capacitors in®bwer

complicates the analysis of the power distribution network. Inter-  distribution network is a natural way to lower the power grid
actions among the on-chip power supplies, decoupling capacitors, impedance at high frequencies [4]. Tens of on-chip power sup
and load circuitry are investigated in this paper. The on-chip plies, hundreds-to-thousands of on-chip decoupling deapac

power supplies and decoupling capacitors within the power 5,4 mjllions-to-billions of active transistors are arpigied
network are simultaneously co-designed and placed. The effect of .

physical distance on the power supply noise is investigated. This 'r.] th(_e design of next generation high performance integra’[e
methodology changes conventional practices where the power Circuits [9]. A representative power delivery network wih-
distribution network is designed first, followed by the placement chip power supplies, decoupling capacitors, and load it&rcu

of the decoupling capacitors. is illustrated in Fig. 1. A high power efficiency, global pawe
supply provides the input voltage to the distributed ultra-
|. INTRODUCTION small voltage regulators. The regulators in each voltalgads

With technology scaling, power supply voltages beconiith the local decoupling capacitors and power distribitio
lower, clock rates rise, and greater functionality is inéegd hetwork, deliver current to the local circuitry.
on-chip, significantly increasing the power dissipatiop [2]. Power supplies and decoupling capacitors exhibit similar
Faster transition times and higher current demands prod§&@racteristics with some important differences such as th
larger voltage droop due to resistiV® and inductiveL di/dt response time, decay rate of the capacitor, on-chip areh, an
noise [3]. Due to the self- and mutual inductance of the powepwer efficiency. On-chip power supplies require greateaar
lines, the power grid impedance increases with frequenky [Provide limited power efficiency, and exhibit slower resgen
Lowering the target impedance of the power distributiome as compared to the decoupling capacitors [10]. Decou-
network has therefore become increasingly important [4ling capacitors, however, should be placed close to a power
Multiple decoupling capacitors are placed on-chip to pievi SUpply to recharge before the next switching event [8]. Ad-
local charge to the load circuitry, effectively reducinge thditionally, the placement of the decoupling capacitorsudtho
impedance between the power supplies and load circuits [gjonsider the resonance formed by the decoupling capacitbr a

Multiple power supplies are widely used in high perforthe power grid inductance which degrades the effectiveaess
mance integrated circuits to provide current close to tiael lothe decoupling capacitor [11]. Existing design methodigisg
circuitry in high performance integrated circuits [6]. ThdOr placing decoupling capacitors assume one or two on-chip
number of on-chip power supplies is increasing, requirigPWer supplies [8] or one decoupling capacitor interacting
innovative design methodologies to satisfy stringent amoidVith multiple power supplies [12]. These assumptions are
and power constraints of these high complexity integraté@gppropriate when point-of-load voltage regulation igein
circuits [1], [2]. Placing the power supply on-chip elimiaa 9rated with multiple on-chip power supplies and decoupling
losses due to the parasitic impedances of the packag€apacitors. Design methodologies are therefore requiced t
improving the quality of the delivered power [6]. simultaneously place multiple on-chip power supplies and

To provide multiple on-chip power supplies, linear voltag€®cOUpling capacitors. . .
regulators are typically used which require small area et~ ' ne effective ragjll of the decoupling capacitors have been
load regulation to realize point-of-load voltage delivdf. developed for a single current path between a current load

These power supplies alone, however, do not satisfy stiing@"d @ single decoupling capacitor in [8] and for a mesh
structure considering a single decoupling capacitor in].[12
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Fig. 1. Distributed power supplies with decoupling capasitutilizing an efficient on-chip buck converter and mutipiltra-small voltage regulators.
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Fig. 3. Simplified interactions among a power supply, decogptiapacitor,
and load circuit. The components are connected with the sjporeling
Fig. 2. Interactions among the on-chip power supplies, delewyicapacitors, equivalent impedance in the power grid modeled by (1). The lnadent
and load circuitry. Thicker lines represent greater ircéom. Note that the is modeled as a triangular current load with a rise tirpeand fall timet ;.
effect of a power supply or a decoupling capacitance on the Ikdrcuitry

depends strongly on the physical distance.

mesh is provided by Venezian in [13]. This expression is

interactions among the power supplies, decoupling cagagit slightly modified to include the inductance of the power gr&d
and current loads are investigated. A methodology is prefoshe power grid impedance depends strongly on the inductance
to simultaneously determine the optimum location of that high frequencies. A closed-form expression to deterriiae
distributed power supplies and decoupling capacitors iwitheffective impedance between two nodés,, ,, and N, ,,,
the overall power distribution network, providing an intagd is
approach to delivering power. 1

The rest of this paper is organized as follows. The problem D = 2 % o * In(n® +m?) + 0.51469, (1)
is formulated in Section Il. Interactions among the on-chip
power supplies, decoupling capacitors, and load circlatey here
analyzed and a methodology for simultaneous power supp\)/Yy
and decou.pling cap_agitor pIa_cement_ is presented in Sel¢tion m = |z, — x2| andn = |y — yal. )
Case studies examining the interactions among the power sup
plies, current loads, and decoupling capacitors are peavid

Section IV. Some specific conclusions are drawn in Section ¥.1S the impedance of one segment of the grid. Applying
this effective impedance concept, multiple current patles a

Il. PROBLEM FORMULATION considered without increasing the computational complexi

Power distribution networks are typically modeled as @f the power grid analysis process.
uniformly distributed RL mesh structure. By exploiting the The complex power distribution network schematically il-
uniform nature of the power grid, the euclidean distandastrated in Fig. 2 is simplified to a network consisting ofyon
between the circuit components can be used to determine duyeiivalent impedances among the power supplies, decguplin
effective impedance between arbitrary nodes. A closedt-forcapacitors, and load circuitry. Multiple current paths efie
expression for the effective impedance in an infinite rast ciently considered using the simplified model describedl)y (
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capacitor, and current load are illustrated in Fig. 3. The -~ .-".- Z RN S o
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power supply and decoupling capacitor, power supply and;  © :IiD;cionﬁn;; - *ng;e;@ ) ] I
. . . . . . /
load circuit, and decoupling capacitor and load circuit are *« . _ o L capacitor SHECR . y
represented, respectively, &, and L,4, R, and L,;, and AR T
Ry and Ly;. The load current; is Tl
Iy = iq + iy 3

Fig. 4. Elliptic structure to illustrate the effective regi of a decoupling

; ; ; pacitors with a single power supply. The short raditi9 &nd long radius
The current supplled from the decoupllng capacitor and IDOW(‘%) depend upon the size of the capacitor and the effective iampErlbetween

supply is represented, respectively, i@s and i,;. The ratio  the capacitor and power supply. Note that the effectiveoregs greater when
of the current supplied to the active circuits from the poweire maximum tolerable noise target increases.

supplies and decoupling capacitors depends upon the jglhysic

distances, the parasitic impedance among these compgpnents .

and the size of the decoupling capacitargli; increases for ¢@n be determined as

greaterR,; and L,;, enhancing the effect of the decoupling r _ K« C (4)
capacitors on the load circuit as compared to the effect®f th ) Ry + k% Linn)

power supplies on the load circuit. _ where C' is the decoupling capacitance and the effective
The effective region of a decoupling capacitor depends Upfiistance and inductance between the decoupling capacito

the location of those power supplies, decoupling capagitoy g the power supply are represented, respectivel as,)

and load circuits in close proximity as well as the power, L(m,n)- The horizontal and vertical distance from  the

grid impedance, and the transition time of the load Cu”e”ﬁecoupli’rng capacitor to the power supply is represented,

A uniform current distribution is assumed in this paper tPespectiver asn and n. The effect of the transition time
simplify this analysis. The analysis can however be geireehl of the load current is embedded into the equation uing

to a non-uniform load current distribution. The effectiegion ,5qels the noise constraints., a smallerk is used for more

for a single decoupling capacitor with a single power supPlringent noise constrained circuits. For instance, aterda

is illustrated in Fig. 4. The effective region is not a unifor ;g chosen for a maximum noise target of 15% as compared to a
circle as previously proposed in [8], [12], but exhibits ag,ayimum tolerable noise target of 10% or 5% (see Fig. 4). The
elliptic shape due to the non-uniform location of the powgkgyitingr, is greater for the 15% maximum tolerable noise
supplies. This elliptic shape can be explained intuitively (5rqet as illustrated in Fig. 4, is also determined utilizing
examining Fig. 4. The current supplied to the load circuit ifhe transition time of the load current, the distance betwee
this elliptic region is provided by the decoupling capacitgq decoupling capacitor and the power supply, and the size
and the local power supply. When the load circuit is ngs tne capacitor, similar ta;.

!onger _within.this elliptic region, most of the load curre.nt The effective region for a local power supply with four de-
is provided either by the local power supply or decouplinggpiing capacitors is illustrated with a dark shaded medifi
papautor due to thg increased parasitic impedance of @ﬁptic shape in Fig. 5. Since the power supply interactiwi
interconnect conn_ectmg the load to the source of chargenWhg,r gifferent decoupling capacitors, the effective regjo the

the load current is supplied both by the local power supplyeriap of the four different elliptic shapes. Since theeef
and the decoupling capacitor, the response is faster and Mgy 5 decoupling capacitor on, is limited, the effective region

effectively suppresses the switching noise. of the power supply can be described with four different
The elliptic shape also depends upon the technology parafamted as1, o, 713, and 7, to represent, respectively,

eters and the noise constraints. The area of the elliptiomegho effect of C1, Cy, Cs, and Cy. A similar analysis can

is small when _the noise constraints of the power distributiq, performed when the system includes multiple decoupling
network are high. For example, when the maximum targefnacitors and multiple power supplies. Each decoupling ca
noise of the power distribution system is 5% of the supplyaitor is affected by the remaining decoupling capacitors
voltage, a smaller .elllpse |s.formed as .the effective regigfhwer supplies. The effective region of a decoupling capaci
around the decoupling capacitor. Alternatively, the arkie , nower supply can therefore be described as the overlap of

elliptic region increases when the noise Constrain_t i_seiasec_j the elliptic equipotential surfaces caused by each powaplgu
to 10% of the supply voltage. Consequently, elliptic equipg,q decoupling capacitor, as illustrated in Fig 5.
tential shapes are formed around the decoupling capacitors

and power supplies, denoting identical power supply veltag IV. CASE STuDY

levels. The proposed method of overlapping elliptic equipotential
An elliptic region is described by a long and short radiusurfaces to determine the effective region has been verified

represented, respectively, asandr, as shown in Fig. 4r; with SPICE simulations. A uniforniRL grid structure with 20
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. - \ Fig. 6.  Effective region for a local power supply &t 10) with four

I ST decoupling capacitors a7 17y, N1s.2), N(s,5), and N(g 14y. Note the

C; effective region elliptic shapes around the decoupling capacitors and mddéikptic shape

C; effective region around the local power supply.

Fig. 5. Modified elliptic structure to illustrate the effa region for a local

power supply and decoupling capacitors. Note that the &ffecegion for a " . . .
local power supply is the overlap of the effective region lué surrounding transition times of the load current are increased, resfdyt

decoupling capacitors. to 200 ps and 600 ps. Note that the area of the effective
region of the decoupling capacitors becomes smaller. The
cause of the reduced effective region around the decoupling
horizontal and vertical lines (a 20 x 20 mesh) is assumed dapacitors is that the equivalent transition times prodace
the analysis. The supply voltage is 1 volt and the uniformiesonance [11] formed by the decoupling capacitor and the
distributed current loads switch at a 1 GHz frequency Withower grid inductance. Also, note that the capacitors canno
rise and fall times of 100 ps and 300 ps, respectively. fylly recover before the next switching event. The resoranc
power distribution system with a local power supply and foyshenomenon is considered in (4) with The effective region
decoupling capacitors is initially considered. The powsspsy  around the on-chip power supplies is not significantly aédc
is placed atV 1,10y and the decoupling capacitaf§, C2, Cs3, by the change in transition time. Considering all of these
and C, are placed, respectively, at nodé&e 14y, Ni7,17), distinct properties of the decoupling capacitors and power
Ns,5), and N(y5.2). A simulation of the power distribution supplies (such as resonance and the decay rate of the capacit
network is illustrated in Fig. 6. can significantly improve the quality of the power delivery
Since the closest decoupling capacitor to the local powgfocess.
supply isC1, the effective region of the power supply extends
towards C;. Alternatively, the effective region of the local
power supply is limited towardé’, sinceC) is farther from V. CONCLUSIONS
the local power supply. The long radius of the effective oegi
for Cy and Cy is shown in Fig. 6, respectively, as, and A change in the design process of power distribution
ri,. The ratior,,/r, is 1.2 as compared to 1.15 from (4)networks is necessary with the increase in the number of
exhibiting an error of less than 5%. The ratjg/r;, is used for on-chip power supplies. This paper addresses the analysis
a comparison since an error parameter is easier to incdgoorand simultaneous co-placement of on-chip power supplids an
within the proposed model by comparing the ratios. decoupling capacitors in high performance integratedugsc
The effect of the transition time of the load current offhe effectiveness of a decoupling capacitor depends d§rong
the effectiveness of the decoupling capacitors and powan the distance between that decoupling capacitor and the
supplies has also been investigated. A 20 x 20 power grid witlkeighboring on-chip power supplies. A closed-form expgoess
five decoupling capacitors placed &ts 3), N(3,17), N(10,10), 1S provided to determine the effective impedance between
Na7,3), andN(,7,17) and four on-chip power supplies locatedwo nodes in a unifornRL power distribution network. The
at Ns.10)» Nao,3)» Neio,iry, and Ng 10y IS evaluated. For effective region for decoupling capacitors and power siegpl
rise and fall times of the load current of 50 ps and 150 pexhibits an elliptic shape. A closed-form expression teedet
respectively, the effective region for the decoupling cipas mine the long radius of this elliptic shape is also provided.
and power supplies is illustrated in Fig. 7a. Note that thEhe error of this closed-form expression as compared to
effective region of the power supplies and decoupling capaSPICE is less than 5%. The validity of the proposed method
tors exhibits a similar elliptic shape. No resonance ocamc of overlapping equipotential elliptic surfaces is verifigith
the decoupling capacitors are sufficiently close to the powBPICE. The effective region of the decoupling capacitors is
supplies to be recharged before the next switching event. significantly affected by the transition time of the load reut
The effective region of the power supplies and decouplirdue to the resonance formed by the power grid inductance and
capacitors is depicted in Fig. 7b when the rise and fallecoupling capacitors.
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