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Abstract—Analysis and design of on-chip power gridsare
complex problems. A typical grid consists of hundrds of millions
of transistors that act as current consumers. Typial algorithms
for power grid analysis or power grid automatic degn, model
the current consumers, namely the CMOS logic gatess ideal
current sources. In this study we offer a new mettaology for
modeling the power-consuming gates on the grid. Ouapproach
is based on the analysis of the total dissipated wer by these
consumers. We propose a new model for the currenbosumers,
based on effective impedance. In this model, only apsive
elements are employed. It relies on a calculationf dhe effective
capacitance and effective resistance of the logicatgs. Since
during each clock period the dissipated power andhe stored
energy are exactly represented, total energy and per are
exactly modeled. Methods from statistical/computatinal physics
can be adopted to represent clusters of consumers @ach sub-
grid as "macro-circuits". The interaction between the power grid
and the current consumers is taken into account irhis model
and an example for it is presented.

I. INTRODUCTION

The design of an efficient power distribution grid integrated
circuits is one of the key challenges in VLSI dasifhe complexity
of power grids raises the need for simple modeistie devices in
the grid and time-efficient algorithms for the aysi$ and design of
the grid.

A. The Challenges in Power Distribution Networks

As technology developed, the power requirementstegrated
circuits are rising — the current demand increasesyell as the
power density1]. The interconnect in the power grid is modedsdc
network of resistors and inductors. Because ofékistance and
inductance throughout the grid, there is a volgige between the
supply voltage and the logic gates. The voltage dan be classified
as IR-drop or Ldl/dt drop due to the parasitics&sice and the
parasitic inductance respectivéB}.

The voltage drop is an undesirable phenomenohavitssthe circuit
and therefore the performance and functionalitthefintegrated
circuit are compromised. If the voltage drop isessive, it can cause
logic errors. Therefore, the grid should be desibto have a low
voltage drop in all of the nodes.

In order to lower the fluctuations in the supplytage, decoupling
capacitors are connected between nodes in thegeasiapply grid
and ground grid throughout the network. The dedagptapacitors
store electric charge and supply the charge in cBfectuations in
the voltage and in this manner they reduce théuhtions. The basic
schematic for a power grid is shown in Figuri@).
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B. Current Consumer Conventional Model

Modern integrated circuits can contain billiongrafsistorg3].
Those transistors are the components of logic gafeish act as the
current consumers of the power grid. While switchievery logic
gate consumes current from the power supply throuigtine grid.
Since transistors are non-linear devices, the ativeal method for
modeling the transistors is to simulate individciatuit blocks,
including transistors and parasitic elements ingiver interconnect,
and then replace each block by an ideal currentsohe current
waveforms assigned to these sources serve astecsaurces for
the grid. This way the analysis problem becomesslif?], [4]. The
basic schematic for this model is shown in Figu(e).

Although this model is quite intuitive, the usetlos model is still
complex and simulations with this model take unoeable time
because of the large size of the network and tige laumbers of
current sourcefs]. Furthermore, the ideal current source modsl ha
several deficiencies. It is somewhat inappropiiatake an active
supply which adds energy to the system and useatraodel for a
consumer of power which actually dissipates ené@y the power
supply. The ideal current source model ignoresrtezaction
between the logic gates and the power grid, sutheashanges in the
consumed current due to supply voltage drop.

In order to estimate the current of the ideal aurspurce several
methods have been developed. One approach is tel tiadcurrent
as a random variable and use stochastic me{pdSther
approaches model the current as an average DGhtamd a peak
current by simplifying the model to a trianguladarapezoidal
current waveform§7]. Since the estimation of the current is
simplified and inaccurate, those models produdgraficant error in
the power grid analysi8]. Therefore, a simple model which is
accurate for large circuits, based on passive elemeould be
useful.

The remainder of the paper is organized as folldwsectionll the
basic current consumer modeé(microcircuit) and the sub grid
problem definition ite. macro circuit) are described. In Sectidran
example for the interaction between the power gnd the current
consumer is presented. In sectivithe deviations from the model
being discussed and Sectidrcontains a summary of the paper.

Il. MICRO AND MACRO CIRCUITS

In this model each current consumer is represeagedmicrocircuit
and a cluster of microcircuits is represented siagle simple macro
circuit.
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Figurel.(a) An RLC model of an on-chip power distributiogtwork [11]. (b) A full RLC and conventional curtesonsumer model as

ideal current source [5].

A. Model Concept

Individual logic switching events do not affect th@wer supply
behavior since the power supply provides curremutmerous
current consumers and many decoupling capacitdriehveupply
charge to the nearby current consumers, spreadellthe grid and
averaging the supplied current. Therefore the chaimythe behavior
of the power supply are much slower in comparisah the clock
(which affects single switching elements).

The model is based on taking the current consuteavior
parameters from the integrated circuit clock tiroals (typically

Each resistor is connected in series with an isiw#@th. Therefore
the resistance of each microcircuit can be charaetkbas:

1 s
R(H |’

Whilei is the relevant index (1 or 2 for pull up and pldivn
respectively) and (C,+C,) is the equivalent time constant.
This basic microcircuit is shown in Figure 3 (a).

Transistor iisOn (1)

Transistor iis Off

C. Basic Switching Model

In order to develop the model and to calculatenieocircuit
effective impedance, first there is a need to dateuthe microcircuit

picoseconds or nanoseconfj)and transferring those parameters to effective impedance while fully togglinge. while the microcircuit is

the power supply time scale (typically microsecoadmilliseconds)
[2], without losing correctness because of energy@ower
conservation in the model.

Each current consumer is modeled as an effectsistoe and
capacitor in parallel, which represent the effextimpedance of the
current consumer in the power supply time scale.

Those calculations are based on finding the ensiaed by the

switching at its maximum frequency rate.

While toggling, one ideal switch is opened anddtieer is closed.
Assume a symmetric infinite toggling, with time joerof T, i.e.
everyT/2 a toggling occursT is in the integrated circuit clock time
scale; probablyl/2 equals the clock time period@l.is not necessarily
equal for all of the microcircuits and can varyrfronicrocircuit to
microcircuit.

current consumei.€. effective capacitance) and the power dissipatediVithout loss of generality, assume that pull u@ during the first

by the current consumeird. effective resistance). The model is
based on energy and charge conservation while gingréhe current
consumer behavior over the clock time period.

The methodology is to find the effective impedafarea maximal
switching rate of the current consumer, and thed fihe actual
effective impedance of the current consumer aactitm of the
maximal switching rate. A diagram of the curremisiemer modeling
process is shown in Figure 2. The figure showsuasistor-level
microcircuit, which is converted into a linearizeguivalent circuit
with ideal switches. In the traditional modelingpapach, the supply
current waveform is calculated from the detaileduit, and is
assigned to an ideal current source. In the prappee approach,
the circuit is represented by a parallel conneatiban effective
resistance and an effective capacitance, as shothe Aottom right
side of the figure.

B. Basic Microcircuit Model

The basic general microcircuit is a CMOS logic gatkich is
composed of a pull up path and a pull down patt,therefore can
be modeled by an equivalent inverter. The pull g ull down can
be represented by linearized resistances and tapees (the input
capacitances of the next logic stage). Pull ugstasce and

capacitance amg, andC, respectivel\9].

half of the cycle. This toggling form is shown irgére 3 (b).
Define the voltage oR; andR; at timet asV;(t) andV,(t)
respectively.

In the clock time scale, the supply voltage is tamiswith the value
Vcc (changes in the supply voltage occur in the paueply time
scale). Therefore The initial conditionsQ) are:

Vi(t=0)=V,(0), V, (t= 0)= Ve - \L(0) @)
In the first half of the togglingdt<T/2) the voltages are:
t
V, (1) =V,(0 S ——
® ()exr{ R(%Q)} @3)

t
V() =V -V(O)exg -t
© ”ex’{ Ri(mch

Since the current being consumed from the poweplgup the first
half of the toggling cycle is the current that flewhroughC,:
C ,exp[_ t } )
R(G+C) R( G+ G

dv, (1)
From (3) the voltages in the end of first half @efgling t=T/2) are:

Vi(T/2)) (B 0)( (0 (5)
V,(T12)) (1-E 1\ \%(0)

1t)=C, = 1) =Vy(0)-

capacitance arg; andC, respectively, and pull down resistance and \where e { T } )
L 2R

G+G)
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Figure 2. The modeling process of a current consug@gThe
basic current consumer is a CMOS logic gate, (k& Bdsic
microcircuit model is considering the pull up patid the pull
down path represented by a resistor and a capa@jorhe
conventional model is using an ideal current sourcenodel the
current consumer. (d) The roposed model is usifegtie
resistance in parallel to an effective capcitance.

Finding the solution fo¥,(t) andV,(t) for the second half of
toggling (T/2<t<T) leads to:

Vi(D) =v1(£) + \/Z(Tz){l— ex{—R:(‘qu 2)}}
T t-T/2
V,(t) =V, (= _—
® (2)exp{ R (C+ CZ)}

Since the current being consumed from the poweplgup the
second half of the toggling cycle is the curreiat ffows throughC;:

dV(t) o} _t-T/2 (7)
) RGh q)exp{ R(Gr c;)}
Combining (5) and (6) leads to:

o) [vo)
mere) TS T

D. Steady State Assumption

Since the microcircuit is continuously togglingmitst stabilize in a
periodic steady statee. the behavior of the microcircuit in every
toggling cycle is same as the other cycles. Tladdeo the boundary
conditions that the voltages in the beginning amdireg of each cycle

are equal:
Vi(M)_(1 0)(W(0)
V,(T) ‘[o 1] vz(O)J
V(0
(M- )[Vzio;}

Since the determinant &4-1 is 0,M-I is singular and therefore (10)
has non trivial solution.

(6)

®)

E, = exp{—

©)

From (8) and (9):
(10

E. Delivered Charge

The charge delivered to the microcircuit in evergdling cycle is
calculated based on the definition of charge asntiegral of the
current over t|me using (4), (6), (7) and (8):

Q- Jdtl(t) QO[1-E]- 2 +Qz(0)1 £S5

E G
Wherte(O) C1V1(0) ansz(O) CZVZ(O)
From (8) and (10) the ratio between the initiatages is:

(11)

(12)

1-E
V,(0)=E,- -V, (0
(0= B 4O
Inserting (12) to (1Brror! Reference source not foundleads to:

=(G+G)-\(0)-(1- B) (13)

F. Energy Dissipation

By definition, the energy being dissipated by therotircuit every
toggling cycle is the energy being dissipated Rl R in the first
and second halves of the toggling cycle respegtivel

£ j V() dt+— [y (14)
From (3), (6), (12) and (14) the energ)T/ i)elng gzted by the
microcircuit every toggling cycle is

~(G+C)WOF - B 9

G. Effective Impedance for Maximum Switching Rate

From (2) and (12) the initial voltages conditiomdze calculated in
term ofVcc:

_1-E 1-E (16)
V,(0)= Vees A c
O g Voo WO=Bpp¥
Inserting (16) to (13) leads to:
_ (-E)(1-E),, a7)
Q=(G+C) = %
Inserting (16) to (15) leads to:
_ (1-E)(1-E), . (18)
Vo =(Gr )T

The calculation above was done in the clock tinades(picoseconds
or nanoseconds) and presents the exact chargemeliand
dissipated energy.

The charge delivered can be modeled as the chafgg stored by a
capacitor and the dissipated energy can be modsléue total power
dissipation of a resistor. The impedance valudefresistor and
capacitor is constant in the clock time scale &#alue can be
calculated from the averaging of one toggling cycl&he
impedance value can be changed slowly in the pesweply time
scale.

Therefore, the effective impedance for maximum cluittg rate is a
capacitor in parallel to a resistor. The effectepacitance for
maximum switching rate is by definition the chadjéded in the
supply voltage, using (17) leads to:

1- 1-
Cozg:(cl_'_cz)( El)( EZ)
Vcc 1- E1E2
The effective resistance for maximum switchingagualated from
the energy dissipation, using (18):
Vcc2 . 1- E1E2 _ T
WD

(19)

R - (20)
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While the result in (20) is simple, it is not obug It is reasonable to
assume that the productRf and G is a constant; however, this
constant is not necessarily From (20) one can determine the model
parameters only from two parameters out of th€, 33 and G).
Furthermore, since the value®f andE, is in most cases small, the
effective capacitance is similar to the sunCefand G, so knowing

T, C, and G is enough for most cases.

H. Macro Circuit

Subject to the assumptions above, this microciroaitlel exactly
represents the energy consumption of the origiatd gircuit, and

this main feature is naturally expandable to hudslef thousands or
millions of microcircuits, which acts in paralldlhis is the essence of
the model.
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The extension of the model can be done for a laugeber of
microcircuits with similar/identical switching cleaterization (the
same clock, close one to each other, connectdubtsame node in
the grid).
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Figure 4. Two macro circuits connected to a powi gith
resistance oR, (a) The macro circuits are modeled in the proposed
model with effective resistand® andR,, the effective capacitance
not mentioned since it is disconnected in DC. (b& ™acro circuits
are modeled as ideal current souil; andl,.

zero (can not store any energy) and the effectisistance is infinity
(can not dissipate any power). The dynamic behafitine power
grid and can be analyzed by characterization oi§fmamic behavior
of the switching functiom(t) at the time scale of the power supply.

I1l. FEEDBACK BETWEEN THEPOWERGRID AND CURRENT
CONSUMER

Assume there afd microcircuits connected to the same node in the Voltage drops in the grid are caused by currenigifig through the

grid (all of them are connected in parallel), waih effective
resistance and effective capacitance for maximuitcking rateRy ,
Cy, for thei microcircuit {=1,...,N). This situation equivalent to a
single macro circuit connected to the node withdfiective
impedance for maximum switching rate:

R =Rull Rl IRy

Co=GCou+ Co o+t Cyy

(21)

I. Activity Function and Effective Impedance

The actual toggling rate of different macro cirsu# typically not the
maximum rate, but a portion of it. Since the effezimpedance
indicates the total energy dissipation and stotedge of the macro
circuit, the activity factor of the macro circuithich indicates its
switching rate as a fraction of the maximum switchiate, can be
used[8], [11].

In the clock time scale the switching rate in syestéte is constant,
i.e.the time constant is constant:

R4 Co = CONst (22)

In the power supply time scale the fraction fronximaum switching
rate can change and therefore it is more apprepgatescribe that
fraction as activity function, rather than activictor.
In order to model the actual behavior of the marecuits, the
effective capacitance for maximum switching ratenidtiplied by
the activity function of the macro circuit and tféective resistance
for maximum switching rate is divided by the adiviunction of the
macro circuit. Therefore the effective impedance is

Cu=Coral), Ry= R

a(t)

WhereC, andR, are the effective capacitance and resistance for
maximum switching rate, respectively, calculate@ih) andu(t) is
the activity function of the macro circuiti§ the time in the power
supply time scale).
Equation (23) shows that (22) is being observedeithe macro
circuit is at maximum switching rate modet) equals 1 and
therefore the effective impedance equals the éffieanpedance for
maximum switching rate from (21). When the macrouit is off (no
switching at all)x(t) equals 0, no power being dissipated and no
energy being accumulated, in this case the effect@pacitance is

(23)

grid. The decrease in the voltage supplied to lggies lowers the
current drawn from the current supply and therefbege is negative
feedback between the power supply current anddhepsupply
noise.
The ideal current source model ignores this intevacand therefore
the voltage drop predicted by this model is unstigklly high.
In the proposed model, since only passive elenaetsised, when
the supply voltage is lowered, the current is redudue to Ohm's
law.
A toy example demonstration is shown in Figure gsu#me that two
macro circuits are connected to a power grid witbsistanc&, and
a negligible inductance. In the initial conditidnsevery macro
circuit the currents flowing arg and
I, and effective resistances &gandR,, respectively. In order to
get compatibility between the two models the curflenwn in each
current consumer satisfies Ohm's law. The initadtageV, is equal
in both models and it is a simple voltage divider:
RIIR
Vo=V (L + )R, =—F"—"2—"V,
0 cC (1 2)0 R0+R||B cC
Now, assume a change occurs only in one macroitiitsueffective
resistance is lowered (higher activity functionjiaherefore it
consumes more current. The parameters of the senaoc circuits
are unchanged.
In the new proposed model, the change in the tiozui be described
by the change in the first macro circuit effectiesistance:

R=R-AR (25)
The voltageV, is a simple voltage divider with the new valueshaf
resistors:

24

__(R-8RIR
0 cC
R+(R-ARIIR
In the ideal current source model, the curteig unchanged and the
value of the new curremf is:

(26)

L. Ve RIR
""R+RIIR R-AF

And the voltage/, in the ideal current source model is:

@7)
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Figure 5. The results for the interaction examflghis example
Vce=3.3V, R=50 ohm R;=1kohm R,=1kohm(a) The calculated
voltage drop for the old and new models for varichianges in the
effective resistance of the first macro circuitddase irR,). (b)
The ratio between the voltage drop in the new maddlthe old
model. It is almost constant with an average rati90.6%.

IRy {1_ R _R R-ARr Fs} (28)

o~ Ycc

R+RIBR R-AR R R

The voltage drop is the difference between theevafithe initial
voltage in (24) and the value of the voltage atfterchanges in (26)
and (28), respectively.
In Figure 5 and Figure 6 the results for this cageshown. The
voltage drop of the proposed model is lower thawuitage drop in
the old model. The negative feedback phenomenosiig in power
grids with higher impedance (high valueRy), as the resistance of
Ry is rising, the difference in the voltage drop betw the model
increases (up to 50% in our exampléigure 9.

IV. DISCUSSION

In the microcircuit model we did not take into aenbdecoupling
capacitors and those capacitors needs to be takeargof the
effective capacitance of the microcircuit.

The activity function of a macro circuit is a sséital function. In
order to get realistic effective impedance, thévégtfunction needs
to be characterized, based on real integrateditsrand to be
determined as a statistical function. Furthermibiis,reasonable to
believe that it is possible to determine an eqenameta-macro
circuit with a meta-activity function that deterragthe behavior of
the whole macro circuits together.

V. CONCLUSION

A new model for current consumers in power grids annew
methodology for automatic design of power grids presented in
this paper. The current consumer model is basedepeargy
conservation. In the current consumer model, miocoits are
determined as the effective impedance of the cto@msumer, while
toggles at maximum switching rate and macro ciscaie determined
as a cluster of microcircuits, while it is togglimgits actual toggling
rate.

An example of how the proposed model takes intoowtc
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Figure 6. The results for the interaction examfighis example
Vce=3.3V, delta_R=100 ohpR,=1kohm R,=1kohm(a) The
calculated voltage drop for the old and new moftelsarious
changes in the resistance of the grid (changBg)ir(b) The ratio
between the voltage drop in the new model and ldhenodel. The
negative feedback phenomenon is rising as thebgdmes less

optimal (highemRy).

interactions between the power grid and the curoemsumer has
been presented. The voltage drop in the proposetdin®lower than
the voltage drop in the old model and the diffeemnimcrease as the
power grid resistance is rising.
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