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Abstract- An active on-chip circuit is demonstrated in 130nm This diminishing return is partially attributable to the supply
CMOS for the suppression of on-chip power supply noise due to rail oscillations due to the underdamped nature of the power
power distribution resonance. Testchip measurement results grid distribution network. Note that this low frequency
indicate up to 40% reduction in power supply noise during oscillation (Fig. 2) is a function of the chip and package, but
clock/power gating at a 2% power and 6% area overhead cost. excited by the step responses due to the clock/power gating.
Oscillation time is reduced by 50%. Simulation results show that Additional damping may be provided by introducing
comparable overshoot/undershoot and ringing control via on- ditionalemengray be p acided by Ji
chip decoupling would require significantly more area and power dissipative elements, rather than more capacitance. In 2003, Ji
due to leakage, particularly at 90nm and below. described a passive resistor in series with the decoupling
Keywords: power supply noise, L.di/dt noise, damping and capacitors, but this approach reduces the efficiency of the on-

decoupling capacitor chip capacitors for controlling high frequency, localized
power rail noise [4]. Gabara proposed the use of active devices

INTRODUCTION in series with the inductive bonding to introduce resistance;
however this is not applicable in high performance circuitsEven withe power pply voltage fo e ig where the JR drop would be significant [5]. Larsson discussed

adding a passive resistance in parallel with the decouplingperformance circuits has been projected to continue to capacitors, but deemed it infeasible due to excessive DC
increase for the foreseeable future (Fig. 1, [1]). Therefore, power dissipation [6].
such circuits generally include clock and power gating In this paper we describe the results for an active resistor inschemes to reduce power consumption [2]. However, when with the on-chip decoupling capacitors. This active
idle regions are switched back on as required under normal
operation, the current demand increases rapidly in a short resistor provides good damping in the AC domain at a

period of time (at most a few nanoseconds). Ultimately, this significantly reduced DC power dissipation penalty.
extra current has to be supplied by the board to the chip
through the inductive bonding connections between the chip, Power Consumption Projection for High Performance
package, and the board. This current step creates noise on the Microprocessors, [TRS 2004 Update
on-chip power rails, commonly called as L.di/dt noise, also 220

known as simultaneous switching noise. 200 200

The traditional solution for reducing power supply noise is 180 180
to use on-chip decoupling capacitors, along with on-package 3

and on-board capacitors to supply instantaneous current 160
... 14D- , 1l L~~~14 140demand [3]. However, addition of these capacitors causes 0 140

undesired resonances in the frequency domain, which translate 120 120
to oscillations in the transient response. The most dominant of 1 -100
these resonances is due to the package inductance and on-chip Year
decoupling capacitance that is generally observed around 100-
150MHz. Fig. 2 shows transient and frequency domain
simulation results for a simplified model of a microprocessor Fig. . Power consumption trend in microprocessors [1]
under clock gating. The positive and negative power rail peaks
in the transient simulation can result in timing and reliability 5 Pw0PweGid hpedancc filePPre[ejowersippiyNce
problems, as well as loss of stored data. Package
As power supply voltages scale down and noise margins

become tighter in new generation process nodes, even more E 10dt|
on-chip decoupling (generally in the form of MOS capacitors) 4 RDo

is required for high-performance circuits to supply enough B Ictors (2)
charge for noise suppression. Unfortunately, there are 11111
diminishing returns for adding more decoupling capacitors on
the chip. Fig.3 shows the simulated total power supply noise 70K iKiM 0M ic
overshoots in a 130nm test circuit for different values of on- Fi..Poesupyniedetrsnac
chip decoupling.
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Capacitor Area vs. Percent Overshootfor The choice of the amount of resistance to be added depends
130nm test chip (simulated) on the L and C values of the distribution. In an over-damped

60 system, where there are no oscillations present, 4should be
C|_apacitorSize greater than 1. From (2), we get the upper bound ofR as:

E 50

O 40 1 L 1L

(U
30 2RC 2C
2020 The lower the resistance, the lower the overshoots; however
lo10 that comes with an increased power consumption trade-off.

Adding a conventional resistor in parallel to the power grid
0

0 network would increase the power consumption significantly.0 0.1 0.2 0.3 0O4

Overshoot (V) In reality, damping is only required in the frequency domain
around the resonance frequency, rather than at all frequencies

Fig.3. Power Supply Noise vs. on-chip decoupling as provided by a conventional resistor. We can exploit this
damping requirement by using active devices.

+ The proposed active resistor topology is given in Fig. 5.

Transistors M2-M4 amplify the noise on the Vdd rail and apply
I c V~~~~~~~~~outthis voltage to the gate of MI, which behaves as a 1/gmR L 1 resistance. The total small signal resistance of M1-M4 block isI~~~~~~~ E I 1/(K.gml), where K (=gm4/gm2) is the amplification factor of
Fig.4. Simplified small-signal power grid network model M2-M4. M3 is added to increase gm4 while keeping gm2

smaller; hence increasing K and lowering R. MI is biased on
ACTIVE DAMPING the edge of conduction so that it only responds to positive

peaks on the Vdd with minimal DC power dissipation.
A simplistic small-signal model of an IC power grid Transistors M5-M8 are similar to M1-M4, but they respond to

distribution is a parallel RLC circuit (Fig. 4). L represents the negative peaks using a higher supply voltage (e.g. the I/O
inductive bonding connections, C is the on-chip decoupling supply), Vdd2. If Vdd2 is not available, M1-M4 and with MI
capacitance, and R is the added damping resistance. I is the biased above its edge of conduction will also respond to
step current disturbance caused by clock-gating. negative peaks, but at the cost of increased DC power

dissipation since MI is a relatively large transistor to provide
The transfer function from input I to output Vout is: sufficient gm,. This allows the elimination of the upper resistor

block. If the clock/power gating signal can be anticipated a
s/C priori, active resistors can be shut off when the transient noise

Z(S) = 22 (1) dies out and then turned on again before switching; saving
o o extra static power. Vbiasl,2 are referenced to ground, Vbias3,4 are

where: referenced to Vdd.

1 1 L Vdd2
= H i -(2)
LC 2R C

The step response of this system iS: Xba3 i ~ ]M
Vdd (noisy)

L ebia12 2 V-a M4

VOUt() A e12 iw ( ) t) (3) /Vbia^ o~ M3_M? Ml

One can determine that as the damping ratio tincreases, the
overshoot in the step response decreases. For the parallel RLC
circuit, this can be achieved by a low R value. Adding extra Fig. 5. Active resistor topology
damping reduces the impedance of the power grid distribution
in the frequency domain and that translates to smaller peaks TEST RESULTS
with shorter duration in the transient response. The peaks of
the impedance profile (Fig. 2) are reduced, resulting in a A test chip in 13Onm CMOS has been designed and
flatter response. fabricated to verify the proposed method. The test chip
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consists of high frequency (HF) ring oscillators (at 2.3GHz) The die photograph is given in Fig. 7. The top three metal
that are gated in the chain with an AND gate that can be layers in the process are used for the power grid distribution
connected to either an on-chip low frequency (LF) ring and they are strapped at each layer using vias. There are
oscillator (at 5MHz, Fig. 6) or an external gating signal. HF redundant Vdd/Gnd pads on the chip to be connected to the
oscillators emulate the high speed switching circuits that are package that can either be connected to the board
being gated in a modern processor, whereas the LF oscillator power/ground or left alone (to control total inductance).
provides a clock gating signal at a low enough frequency to Control signals carried to the die allow selective turning on a
act as a step disturbance to observe the oscillations without certain number of high frequency ring oscillators (to control
switch-on and switch-off events affecting each other. The di/dt) and the selection of either on-chip or external clock
gating signal is distributed across the chip in an H-tree routing gating signals. Several internal Vdd/Gnd pads are provided for
to provide the turn on of all HF oscillators at the same time. possible wafer probing.
The switch-on event provides enough di/dt to observe the The chip is packaged in a 44-pin LQFP package and
noise on the chip. soldered onto a 4-layer PCB where two intermediate layers are

used for power/ground (Fig. 8). Bias voltages are generated by
nverters an external DC source, and measurements are taken using a

Agilent 54855A oscilloscope with Agilent 1 134A high
Buffer - n impedance probe to prevent loading. Both on-chip decoupling

Gated Ring in the form of nMOS capacitors (25OpF) and on-board
Clock

+Oscillator decoupling (c0805 capacitors with values ranging from lOpF
Gater (High F--q) /to 1OtF) are used. On-board capacitors are soldered as close

(Ring10s).: L = 1
as possible to the Vdd/Gnd pins of the package on the PCB to
minimize the inductance of the PCB routing path. On-board
ESD protection circuits are also implemented. Sense nodes on
the board are connected to the chip rails, but not to the board
rails, to provide access points for transient measurements.

Fig. 6. Chip Diagram Positive peaks are reduced by 40%, whereas negative peaks
are reduced by 15% (Fig. 9). Oscillation duration directly
determines when the circuits are usable (when Vdd is stable),
and since the resonance frequency is considerably lower than
the clock frequency by a minimum of approximately ten
times, longer oscillation times are highly undesirable. Longer
oscillation durations result in the waste of many clock cycles.
Positive peaks incur longer oscillations due to lower damping
of the system, so the active resistors are very beneficial in this
case providing around 50% reduction in oscillation time. The
asymmetry in the droop and overshoot reduction is partially
attributable to the inherent on-chip damping when all gates are
actively switching.
For the measurements shown, Vdd=1 .2V, Vdd2=2.2V, full

current consumption of digital switching blocks is 49.53mA,

Fig.7.Die photograph and total current consumption of all active resistor circuits isFig.7. Die photograph 1.04mA. This translates to approximately 2% power overhead

due to active resistors. The total area of the circuits and on-
2chip decoupling, including the active resistors, is 0.115mm .

Active resistors consume 6% of this area. It should be noted
that in a production design, the same switching current would
be realized by a larger die area since the activity factor of the
ring oscillators is high, which would translate into a smaller

From the simulation results of the test-chip we observe that
50% more decoupling capacitance would be required for 20%
reduction in power rail overshoot. If the same design were
implemented in 45nm CMOS, this would correspond to a 50%
increase in gate area, hence gate-leakage current (which would
be expectedi to be as high as 1 iSmA for this diesign, [1]),

Fig.8. PCBphotograph whereas the active resistors would still require only 6% of
extra gate area while providing 40% overshoot reduction.
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CONCLUSIONS

An active resistor circuit is demonstrated for decreasing on-
chip power supply noise. Peak noise amplitudes are reduced
by 40% for overshoots and 15% for undershoots with power
and area overheads which is substantially less than that
required for comparable control with on-chip decoupling.
Furthermore, the active control can be switched on and off in
anticipation of clock/power gating for further power reduction.

Power Supply Noise with/without Active Damping
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Fig. 9. Transient domain measurement results
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