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Abstract—A well defined power supply tolerance specification is
very important for designing processor circuits with sufficient
performance margin. We introduce a design flow to derive the
voltage tolerance specification by including power noise
components due to the significant contributors, namely, voltage
drop, voltage gradient, middle frequency chip package resonance
noise, high frequency simultaneous switching noise (SSN), and
voltage regulation module (VRM) tolerance. This method has
been serving well for power tolerance specifications of multiple
generations of IBM processor designs. However, the methodology
needs further refinement to design the off-chip serial interfaces.
As the interfaces are increasing in frequency, the voltage levels
and swings are minimized to meet the performance criteria of
maximizing the data transfer rate per watt.
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1. INTRODUCTION

There are several voltage domains in a processor chip. Core
logic circuits and static random access memory (SRAM) are
powered to different voltage levels (Vdd & Vcs) for improved
SRAM stability and writability [1]. In addition, there are
voltage domains for input/output (IO) circuits such as the
double-data-rate (DDR) memory or the peripheral component
interconnect express (PCle), which need independent voltages
to meet the circuit voltage level requirement and noise isolation
from the other voltage domains such as the core and SRAM
digital power supplies. In addition, there are special analog
circuits that need a very quiet power supply. Two examples are
the phase lock loop (PLL) and phase rotator circuits for the
high-speed serial interfaces.

The various voltage domains have different chip
characteristics. The first level packaging and board level
packaging for these domains are also different. Before a
processor chip including all these circuits is designed, a voltage
tolerance specification needs to be derived. The specification
not only considers the noise requirement of these circuits, but
also considers the characteristics of the power delivery network
for these voltage domains so that a trade-off of packaging cost
and chip performance can be performed. Under-estimating the
potential voltage variation results in a challenging module and
board decoupling effort, which is particularly difficult if it is
found after the prototype hardware is built. Conversely, over-
estimating the voltage variation presents a difficult timing and
typically adds cost to the design for package planes, decoupling
capacitors, and design time.

From a VRM to silicon circuits, the power delivery network
(PDN) includes several components which include the printed
circuit board (PCB, including backplane), package (both

organic and ceramic substrates), and chip level power grids.
Typically, decoupling capacitors are implemented on each
level. The voltage variation from a VRM to silicon circuits is
caused by at least three factors. The first is the resistance of the
PDN, the second is the inductance of the PDN, and the third is
the VRM regulation tolerance. In the case where voltage
transformation modules (VIM) are used on PCB or module
level, the three contributors still apply. The resistance and
inductance will include both the parts before and after the VTM
modules which are associated with different voltage levels of
the VIM input voltage and output voltage.

The rest of the paper is organized as follows. In section 2,
we introduce a method to derive voltage tolerance specification
for processor circuit design. All three contributors
aforementioned will be included in the derivation. In section 3,
all the mechanism based components will be discussed. The
methods and tools to determine these components will also be
discussed in this section. Section 4 concludes the paper..

II.  DERIVE VOLTAGE TOLERANCE SPECIFICATION

The resistance in a PDN causes a DC drop. Due to the
distributed properties of a PDN, the voltage also has spatial
variations across the chip. The variations include on-chip IR
drop, module level IR drop, and PCB level IR drop. The
absolute IR drop can be regulated by VRM. The spatial
gradients of IR drop need to be factored into the voltage
tolerance specification. Like inductance, the PDN resistance
also generates an AC term voltage variation when chip power
changes due to work load variation. This AC term can be
categorized as middle frequency noise which is associated with
package resonance frequency (usually at a few MHz) and high
frequency simultaneous switching noise which is associated
with core or IO switching frequency above GHz frequencies.
The regulation tolerance depends on the precision of the VRM
regulation loop. It is typically in low frequency range (<50
KHz). Fig 1. illustrates the flow for the derivation of voltage
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Fig. 1. Voltage tolerance specification derivation flow.
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tolerance specification. In this flow, we first run DC analysis
for all levels of a PDN to get the on-chip, module, and board
level IR gradient at nominal chip power. Then, we apply AC
noise to get the minimum and maximum voltages at circuits as
voltage tolerance specification.

III. COMPONENTS INCLUDED IN VOLTAGE TOLERANCE
SPECIFICATION

Let us examine the individual components that are included
in the voltage tolerance specification.

A. IR drop and gradient

IR analysis is straight forward. The difficult part is to get a
good estimation of chip power density to macro level. For on
chip IR drop analysis, a power density map is generated. The
on-chip power grid information is imported to the ALSIM [2]
tool as a technology file. The IR drop from circuit macros to
C4s can be simulated in the ALSIM tool as the voltages shown
in Fig. 2. The C4 current map is provided as by product of this
analysis. In addition, the C4 pattern for the power delivery is
optimized to reduce the on-chip IR drop and meet the specified
C4 maximum current limit. Since the interconnection of
adjacent C4s in the same domain in a processor module has
much lower resistance than the on-chip power grid. The
package does not need to be included in this analysis. The
current distribution irregularity is dominantly caused by the
details in the chip floor plan, power grid placement, and C4
pattern.
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Block 0804 Y12 12307188 XH: 2320052 YH: 12434108 Totall: 3.53382 mA Net: v
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Fig. 2. POWER 7 core power supply Vdd on chip IR drop.

Module level DC analysis can be done with the
aforementioned C4 current map a key input. For a glass-
ceramic multi-chip module (MCM), the module level is done
without a PCB model because the major noise components are
contained in the MCM. Fig. 3. shows the Vdd IR drop from C4
to the land grid array (LGA) connector in a P7-IH system
processor module [3]. The IR drop varies from 42 to 57 mv.
For single chip modules, the analysis can be done with the PCB
included. LGA sockets and power connectors are significant

contributors to the IR voltage drop and spatial voltage variation
and are an integral part of the model [4]. The resistance
specification for sockets and connectors are determined during
the connector qualification phase to include the increase of
resistance due to length of use. During the DC analysis phase,
the bottom surface metal (BSM) pattern of a module and
connector pin assignment are well studied to ensure the current
carrying specifications are met. Similarly, the via current
density and plane current density is also analyzed to ensure
meeting the specifications. The current in the PDN is provided
to the thermal engineer to determine the temperature
distribution to ensure that temperature specifications are met.

The IR drop and spatial gradient data are then part of the
voltage tolerance specification of Fig. 1.
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Fig. 3. P7-IH system processor module Vdd IR drop.

B.  Middle frequency noise

Building on or middle frequency noise methodology [5],
the model of the module and PCB is built in SpeedXP to
perform the time domain simulations. The processor chip delta-
1 events are simulated using a voltage dependent resistor model
[6]. The resistance of the PDN provides a passive load line and
it is important to place the voltage sources to correctly simulate
the effect of the load line since the simulation time is less than
the VRM regulation loop time. The delta-I current signature
must be correctly specified over approximately 20us to
accurately determine the middle frequency noise component of
the overall voltage regulation specification.

The design reuse from one generation of design to the next
allows us to use PDN extraction tools to extract s-parameters of
PDN including module/PCB level capacitors. The s-parameter
can be used directly in circuit simulators to understand the
noise impact due to various chip delta-I scenarios. This also
allows examining the trans-impedance between two different
voltage domains, e.g., Vdd and Vcs, and therefore the coupled
power noise due to delta-I in another voltage domain. Since
IBM POWER?7 chip introduced eDRAM, deep trench (DT)
capacitors are available for on chip decoupling [7]. This
enables a significant increase of on-chip capacitance so that the
Vdd/Ves impedance or trans-impedance can be greatly reduced
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from previous generations. Consequently, middle frequency
noise is greatly reduced. The so-called first droop is suppressed
by the DT capacitors and the second droop becomes the
dominant chip-package oscillation. Figs. 4 shows the
impedance comparison between the P7 processor Vdd domains
and if DT is changed to thick oxide (TOX) capacitors. Due to
DT capacitance, both self and trans impedance are significantly
reduced.

DT impact to self and trans impedance
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Fig. 4. Fig. 4. Self and trans impedances for P7 with DT or
TOX capacitors

The s-parameter PDN models can also be used directly by
the chip design team to evaluate details of design options such
as various implementations of clock-gating for power
management to quantify the impact on voltage variation of the
circuits.

‘ Vcs p-p
] V_diff_min V_diff_max
VDD p-p
Vmin Vmin > x, V_diff_ mm >y, V_diff max<z

Fig. 5. Vdd and Vcs tracking requirements for processor
core power supplies.

Most of our server systems have VRM set points on PCB
level under processor modules. The passive loadline (the
parasitic resistance from silicon circuit to setpoint) provides a
compensation so that the peak to peak middle frequency noise
is smaller than having set point at chip level given the same
delta-I event. The reduced peak to peak Vdd/Vcs noise would
make it easier to meet the V_diff min and V_diff max
requirements as shown in Fig 5 for maintaining the stability
and writability of SRAM circuits.

C. SSN on high-speed serial interfaces

As the high-speed serial interfaces, such as PCle and DDR
move to higher frequency designs, the PDN for the PCle and
DDR circuits need to be simulated as well and the noise margin
specified. The decoupling capacitors in these IO domains have
direct impact to the size of IO silicon area, and therefore chip
size. For these interface circuits, the delta-I current signature as
shown in Fig 6(a) is provided by the PCle team to simulate the
middle frequency noise. Due to the introduction of an idling
feature of PCle for power saving, the middle frequency noise
jitter impact can be significant. The correct on-chip decoupling
needs to be designed so that the jitter impact can meet the
specification. Fig 6(b) shows the middle frequency noise
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Fig. 6(a) PCle lane idling IO current signature. (b) Vpci
noise due to lane idling (c¢). Vpci noise sensitivity to on-
chip capacitance.

generated by the PCle idling event, and Fig. 6(c) shows the
middle frequency noise sensitivity on on-chip decoupling
capacitance. Similarly, due to the bi-directional feature of DDR
signaling and dynamic on-die termination design, the delta-I
events in the DDR interface are significant and frequent.
Middle frequency noise simulation is also needed to determine
the correct on-chip decoupling for a manageable jitter impact to
total jitter budget. Fig 7(a) shows the amplitude of middle
frequency noise and high frequency SSN of a DDR interface
due to on-chip dynamic terminations(ODT) turning on and off.
Fig 7(b) shows the jitter impact due to middle frequency power
noise for a DDR interface.

Since we cannot simulate all possible workloads, it is
important to carefully define the simultaneous switching events
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to simulate and a methodology to define the voltage tolerance
to ensure the operation of the circuits.

VDDR noise due to ODT
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Fig. 7. (a) Power noise due to DDR ODT. (b) Jitter impact
to a DDR interface due to power noise

D. Simultaneous switching noise

Simultaneous switching noise theoretically includes
frequency harmonics from low to high. The reason we separate
middle frequency harmonics out is that it involves both chip
and packaging level design. For the middle frequency noise,
the power domain of the chip is treated as a whole. The chip
scale power fluctuation determines the middle frequency noise.
For high frequency SSN, it’s dominated by chip level design
including on-chip power grid properties and on-chip
decoupling. Managing high frequency SSN involves chip floor
plan and decoupling capacitor placement. The local macro or
unit level scale determines the high-frequency SSN.

As explained in [8], core performance is less impacted by
high frequency noise in the range of core frequencies. We skip
the SSN simulation for core voltage and SRAM voltage and
don’t include it in the voltage tolerance specification. Instead,
simple formulas and spreadsheets have been developed to
check if there is adequate on-chip capacitance in each macro.
We focus SSN specification for IO voltage where the jitter
impact due to SSN is more significant. Fig. 7(b) shows the
jitter impact due to high frequency SSN on a DDR interface.

Follow the method presented in [6], we extract RLC
parameters for the on-chip power grid. The IO driver, receiver,
and clock tree circuits are simulated by the 10 designer. Piece-
wise linear (PWL) current signatures for the circuit blocks are

provided for the full cross section of an 10O interface. The PWL
current sources then are connected to the correct nodes of the
RLC power grid model. The simulation results guide the 10
floor plan and decoupling capacitor requirement and the
resulting SSN becomes an integral part of the voltage tolerance
specification.

E.  VRM Regulation Tolerance

VRM tolerances are mainly provided by VRM suppliers.
For typical VRMs we have used in IBM servers, the regulation
tolerance is < +/-3%. A lot of bulk capacitors have to be used
to reduce the regulation tolerance and therefore drive the cost
of VRMs up. Also, fast response time is needed to maintain
tight VRM regulation tolerances. We include this item in the
total voltage tolerance specification to account for the
nonidealness of VRMs. There are many publications in the area
of power electronics can be referred to for more detailed
understanding of this component and the latest technologies to
keep it tight. However discussion of these details is out of
scope of this paper.

IV. CONCLUSIONS

We extended a method to derive a voltage tolerance
specification for processor core and 1O circuit design. The IR
gradient, middle frequency noise, 10 simultaneous switching
noise, and VRM regulation tolerance are considered in the
derivation. The method has served well for previous
generations of IBM processors. The ability to specify a voltage
tolerance to maintain jitter limits on high-speed off-chip
interfaces and the trans-impedance specification between two
supplies is an essential enhancement for robust design.
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