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Abstract
As technology advances, on-chip PDN noise becomes a limiting factor in product
performance. Systematically characterizing on-chip PDN noise and quantifying its impact
on the circuit jitter and timing performance has become crucial for chip designers. A test
vehicle with an on-chip probe is built to characterize on-chip PDN noise. Switching
current patterns, including the worst-case scenario, are developed to characterize the onchip PDN noise systematically. A generic PDN noise generation technique is proposed to
represent a variety FPGA designs. A core logic-current profile is developed and
correlated to measurements to avoid a full chip-circuit simulation to extract the logicswitching current. This simple yet accurate current model is used to predict the worstcase and typical on-chip PDN noise. This enables quick, "what if" simulations for
optimization of chip and package PDN early in the design phase. The guidelines of
mitigating on-chip PDN noise are discussed with the understanding of PDN noise
mechanism. In addition, circuit jitter and timing implications of on-chip PDN noise are
experimentally demonstrated and briefly discussed.
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Introduction
As technology advances, on-chip power distribution network (PDN) noise becomes a
determining factor in product performance and reliability. According to the International
Technology Roadmap for Semiconductors (ITRS) as shown in Figure 1, the core voltage
has dramatically dropped from 1.5 V to 0.9 V from the 130-nm node to the 40-nm node,
and the trend continues. As a result, the circuits are more sensitive to PDN noise because
of the higher PDN noise to Vdd ratio. Meanwhile, the clock frequency is ever increasing,
so the jitter tolerance and timing margin are shrinking. It becomes ever challenging to
meet I/O jitter specifications and the core-logic timing closure with newer technology
nodes. To address this, the chip and package PDN must be optimized at the early design
stage to maintain acceptable on-chip PDN noise.
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Figure 1. ITRS roadmap of voltage rails vs. technology nodes

The printed circuit board (PCB) and package PDN are well understood and can be
modeled very accurately [1]. There are many commercial tools that can simulate the
package and PCB PDN quite well, such as Sigrity, Ansoft, CST, etc. These techniques
are often complex and involve electromagnetic (EM) solvers operating on large data
bases for the package and PCB structures. To address the on-chip PDN noise issue, the
entire power distribution system must be considered, including the chip, package, and
PCB [2] [3]. Apache has gone one step further to combine chip parameters along with the
package and PCB parameters to predict the quality of the on-chip power [4]. In most
cases, mature designs with artwork databases are required in order to do the analysis. For
IC designers and signal integrity engineers, the most important issue is to understand how
the on-chip transient current load interacts with the entire PDN system, and how the onchip PDN noise affects the circuit performance.
In this paper, we briefly discuss the mechanism of on-chip PDN noise associated with onchip capacitance, package inductance, and PCB PDN design. On-chip PDN noise
waveforms are measured with a test chip. Four switching current patterns, including a
worst-case scenario, are developed to characterize on-chip PDN properties and voltage
noise systematically. A generic core-noise injection technique is then proposed to
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represent a variety of designs using an FPGA. A simple yet accurate core logic-current
profile is developed and correlated to hardware measurements. Guidelines for mitigating
on-chip PDN noise are then summarized. Finally, the clock jitter and logic timing closure
resulting from on-chip PDN noise are demonstrated with measurements achieved under
different noise conditions.

Test Chip
One instrumental test chip is fabricated with 65nm technology node silicon.
Approximately 100,000 toggle flip-flops (TFF) are implemented in the core and a built-in
high bandwidth probe is used to monitor the real-time on-chip voltage noise. As shown in
Figure 2, a pair of package balls is connected directly to on-chip power and ground metal
network through package plated-through-hole (PTH) vias and chip bumps. This on-chip
sensing probe is isolated from the rest of the power and ground network in the package
and PCB. The impedance of the probe in the package and chip are well controlled, and
the bandwidth is beyond 1 GHz. At the bottom layer of the PCB, a 50-Ω coaxial cable is
connected to the probe. The signal wire of the coaxial cable is soldered to the chip power
probe, and ground shield of the cable is soldered to the chip ground probe. The PDN
noise measured with this probe is the difference between the on-chip power and on-chip
ground, which is known as “power supply compression”. Another coaxial cable is
soldered to a decoupling capacitor’s pads to monitor the PCB PDN noise.
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Figure 2. Cross section of chip mounted on package and PCB

Figure 3 shows an equivalent circuit model of a typical PDN network. Package C4 bumps,
micro vias, PTH vias, and balls are modeled as lumped inductance. The PCB pin field
vias are modeled as a lumped inductance as well. PCB via inductance is usually the
dominant inductance for the system. PCB decoupling capacitors are modeled as lumped
RLC equivalent circuits. The self-impedance Z11 is the impedance as the active circuit
looks out.
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Figure 3. Equivalent circuit model of a typical PDN system including the chip, package, and PCB

Figure 4 shows simulation results of the test chip's self impedance. Different components
dominate the impedance at different frequency bands. Because it is possible for user
activity to stimulate the PDN at any clock sub-rate, it is desirable to choose components
that produce a flat target impedance [5]. For the test chip, the target impedance is
calculated as 10 mΩ. The most prominent impedance peak at 33 MHz is due to the on-die
capacitance (ODC) resonating with system loop inductance [6], which includes the
package inductance and PCB inductance. The peak impedance far exceeds the target
impedance, so any current stimulus that runs at this resonant frequency may cause a huge
PDN resonance noise.

Figure 4. Self impedance of the test chip core logic PDN, where different components control the
impedance in different frequency bands

Current Definition
On-chip PDN voltage noise is driven by the logic switching current. To understand the
nature of on-chip voltage noise, three important current terms are:
•
Clock edge current
•
Charge per clock cycle
•
Dynamic current
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Figure 5 illustrates these three terms. Clock edge current is an instantaneous current
drawn by the switching logic at the clock rising edge (or falling edge). The clock edge
current consists of a fast rising edge and an exponential falling edge. The fast rise time
and fall time of the edge vary according the implementation of on-chip circuitry.
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Figure 5. Schematic representation of on-chip current definition

The charge per clock cycle is the charge consumed by the circuit in one clock cycle,
which equals the integration of the clock edge current over one clock cycle:
T

Qcyl = ∫ i (t ) ⋅ dt
0

(1)

The dynamic current is the time-averaged current of the clock-edge current, and is
calculated as:
1 T
I dynamic = Qcyl / T = ∫ i (t ) ⋅ dt .
(2)
T 0

The rise time of clock edge current can easily be less than 1 ns and the peak current can
be easily a few tens of amperes, as shown in Figure 5. This fast-switching current dictates
the on-chip PDN noise, and it poses a great challenge to the on-chip PDN design. The
high-frequency components of the clock edge current are filtered by the on-die
capacitance and package/PCB inductance, so it becomes a time-averaged current
(dynamic current) when it shows up at PCB PDN. Dynamic current is used in target
impedance calculation to design the PCB decoupling and size voltage regulators. One
important property of the dynamic current is that it is proportional to the clock frequency.
In contrast, the charge per clock cycle remains constant over frequency. The charge per
clock cycle is an important parameter to size the on-die capacitance, which will be
discussed in later sections.

On-Chip PDN Noise Characterization Methodology
User activity from various logic designs can stimulate the PDN at any clock sub-rate. To
ensure the PDN robustness, it is vitally important to simulate or measure on-chip voltage
noise under types of current stimulus created by system use. In this section, fundamental
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current switching patterns are developed to systematically characterize the on-chip PDN
properties and voltage noise. Four fundamental PDN stimuli are impulse, AC steady state
stimulus, burst transient pattern, and periodic burst pattern at PDN resonant frequency,
which is the worst-case stimulus.
A. Impulse Stimulus
Impulse stimulus creates an impulse current drawn by triggering the circuitry to switch
only once. Impulse stimulus is used to characterize the impulse response of the system
PDN. Figure 6 shows a scope shot of on-chip voltage noise waveform with an impulse
stimulus. All major system PDN properties can be extracted from this system PDN
impulse response.

Figure 6. Measured on-chip and PCB voltage noise with one switching event

The initial fast voltage sag is caused by the fast clock edge current drawn by the
synchronized TFFs. The fall time of this initial sag is less than 500 ps which is dictated
by the clock edge current. For such a fast switching event, all currents must be drawn
from on-chip capacitance due to its physical proximity and low inductance. The voltage
sag is 105 mV out of a 1.1-V nominal voltage rail. After the first dip, PCB planes and
decoupling capacitors start to provide charges to replenish the on-chip capacitance
through the package and PCB inductance.
The following peak is a 67-mV inductive overshoot. The voltage noise rings out in a
damped sinusoid fashion at the PDN resonant frequency. The on-chip peak-to-peak (pkpk) voltage noise is 172 mV, which is 16% of the 1.1-V nominal voltage rail. As a
comparison, the pk-pk voltage noise on PCB is only 11 mV, which is only 1% of 1.1 V.
This experiment shows that even though PDN noise at PCB level is well controlled, the
chip-level PDN noise could be much higher. Circuit designers have to consider this large
voltage noise when they design the on-chip PDN.
B. AC Steady State Stimulus
AC steady state is a condition where the circuit repetitively switches over many clock
cycles, and the PDN current/voltage reach a steady state. With AC steady state current
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stimulus, the on-chip PDN noise is modulated by the chip's self impedance. Figure 7
shows the on-chip voltage waveform under AC steady state at different clock frequencies.
Figure 8 shows the on-die pk-pk voltage noise over a wide clock frequency.
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Figure 7. Measured on-chip voltage noise with different clock frequencies under AC steady state stimulus
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Figure 8. On-die pk-pk voltage noise across different clock frequencies

As shown in both figures, the on-chip voltage noise reaches the maximum when the
circuit switches at the PDN resonant frequency, which is 33 MHz for this test chip setup.
Beyond 33 MHz, the on-chip noise amplitude exponentially decreases with frequency,
which matches the chip self-impedance profile shown in Figure 4.
Figure 9 shows the dynamic current and charge per clock cycle over clock frequency.
The dynamic current is calculated using the total current drawn minus the chip leakage
current measured by bench power supplies. The charge per clock cycle can be calculated
as:
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Qcycle = I dynamic / f clk .

(3)
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Figure 9 clearly shows that dynamic current is proportional to the clock frequency and
the charge per clock cycle is frequency independent.
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Figure 9. Dynamic current and charge per clock cycle over clock frequency

C. Burst Transient Pattern
Logic toggles according to input data vectors. A burst pattern is defined as a burst of
circuit toggling activity after an idle state. To mimic the realistic logic burst activity, a
special clock signal with a burst of square waves is fed into TFFs and forces them toggle
accordingly. Figure 10 shows one example of on-chip PDN noise under a burst circuitswitching stimulus. The third curve in the figure is the pre-defined clock signal. For the
first 10 ns, the clock signal remains low so there is no switching. After the first 10 ns of
idle state, a burst of 266-MHz clock signal is fed into the TFFs, which causes them to
toggle and draw current from the PDN.

Figure 10. Measured on-chip voltage noise waveform with a burst pattern stimulus
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The second curve in the figure shows the corresponding on-chip voltage waveform. The
on-chip voltage continues to sag for the first two TFF switching events because on-chip
capacitance is the only available source of charge in that period. The maximum voltage
sag is 137 mV, which is 12.5% of the 1.1-V nominal voltage.
At the third toggle, the on-chip voltage starts to recover as the package and PCB start to
provide sufficient current to the chip, and the on-die capacitance starts to replenish. When
the circuit stops drawing current at the end of the burst stimulus pattern, this abrupt
current change causes a strong inductive overshoot. The burst stimulus is used to
characterize the effectiveness of on-chip capacitance and the system PDN response time
and is intended to reflect burst activity in a circuit where idle logic becomes active and
returns to an idle state.
D. Worst-Case: Periodic Burst at PDN Resonant Frequency
A worst-case PDN stimulus is desirable to test the robustness of the system PDN. As
illustrated by the third curve in Figure 11, a periodic burst pattern is defined as a burst of
circuit switching following with the same number of idle states, and the whole pattern
repeats. When a periodic burst pattern repeats at the PDN resonant frequency, it
maximally stimulates and reinforces the current resonating between the on-die
capacitance and system loop inductance, including the package and PCB, due to its
parallel inductive and capacitive resonant circuit nature. A periodic burst pattern at PDN
resonant frequency is the worst case of PDN stimulus and it will cause the strongest onchip voltage swing.

Figure 11. Measured on-chip voltage noise waveform with periodic burst pattern stimulus

Figure 11 shows a 533-MHz periodic burst clock signal with a pk-pk on-chip voltage
swing of 577 mV, which is +/-26% over 1.1 V. The on-chip voltage noise under this
worst-case PDN stimulus is dependent on the system PDN q-factor and clock frequency.
Lower PDN q-factor and clock frequency result in a lower voltage noise. Note that this
measurement is for illustration purposes only. In real designs, it is unlikely to have all of
the logic synchronously toggling in a perfect periodic burst pattern at the PDN resonant
frequency.
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Table 1 summarizes and compares the voltage noise amplitude under different PDN
stimuli. One important finding is that even with a well-decoupled PCB PDN, the on-chip
voltage noise is much higher than PCB PDN noise. Typical practice assumes that AC
steady state type stimulus at the PDN resonant frequency is the worst case [4], but we
have demonstrated that this is not the case. The periodic burst pattern at the PDN
resonant frequency stimulates the worst-case PDN noise, and the noise amplitude is far
higher than the others.
Table 1. On-chip and PCB voltage noise amplitude under different PDN stimuli
Impulse
Clock
On-Chip
(mV)
PCB
(mV)

pk-pk
sag
pk-pk
sag

172
105
11
7

AC Steady
State
33 MHz
232
139
18
9

AC Steady
State
500 MHz
70
36
7
3

Burst
266 MHz
228
146
36
28

Burst
533 MHz
402
216
69
59

Periodic Burst
@ 33 MHz
533 MHz
577
281
48
24

On-chip PDN noise can be categorized into two major types according to the nature of
current stimulus patterns and properties of voltage noise waveforms. One type is the AC
steady state voltage noise, which is modulated by the chip's self impedance and steady
state current stimulus. AC steady state noise reaches to the maximum when the current
stimulus runs at PDN resonant frequency, and exponentially decays afterwards. For AC
steady state noise, even though circuit toggling at higher clock frequency will draw more
dynamic current, the resulting on-chip voltage noise actually becomes smaller.
The other type is the transient voltage noise. It can be further sorted into sub-types as
impulse, burst, and periodic burst at the PDN resonant frequency. Transient voltage noise
is a product of the interaction between the time-domain transient switching current and
the non-ideal system PDN network. Transient PDN noise is usually higher than AC
steady state noise, especially when the clock frequency is beyond the PDN resonant
frequency. Transient voltage noise is clock-frequency dependent. With a same transient
switching pattern, a higher clock frequency will cause a higher on-chip PDN noise
because the logics will draw more charge from the on-die capacitance with a higher clock
frequency within the PDN response time.
PDN Voltage Noise

Transient

Impulse

Burst

AC Steady State

Periodic Burst

Figure 12. Types of on-chip PDN voltage noise
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Generic Core Noise Injection Technique
When designing the chip and package PDN and analyzing the circuit timing closure, the
circuit designer and signal integrity engineer have to know the typical and worst case ondie voltage noise. In previous section, we defined the worst-case current switching
pattern. In this section, a generic core noise injection technique is proposed to represent
the variety of logic activity for user designs. As illustrated in Figure 13, for a typical
circuit design, all logics in a block are clocked with regular square waves, and the input
vector from I/Os are random in nature, as a result, the core logic toggling activity is
random in time. On top of that, FPGAs are programmable, so different user designs can
exhibit a different signature of core logic switching activity. To represent the
“randomness” of logic switching current, a PRBS signal is used as the clock signal to
drive the circuit inside the core. In this case, the PRBS clock signal drives TFFs
implemented in the test chip. The PRBS clock signal defines the logic-switching current
pattern since the circuit only switches at the rising edge of the clock signal.
Customer
Random

I/O

I/O

Core
Logic
clock
Random
toggling

Altera

Core
Logic

PRBS
clock

Pseudo random
toggling

Figure 13. Configuration of proposed PRBS core noise to represent various designs

With a PRBS signal as the clock, the time intervals between two clock rising edges are
variable, e.g., 2 Tο and 6 Tο as shown in Figure 14, and the corresponding circuit
switching frequencies are f clk / 2 and fclk / 6 respectively. With a full sequence of PRBS
signal, the circuit switching frequency spectrum will extend to all sub-rates of the
fundamental clock frequency. The highest toggling frequency is f clk / 2 , and lowest
toggling frequency is f clk /( 2 n − 1) , where ( 2 n − 1 ) is the PRBS sequence length. Note that
the y-axis of the bottom chart in Figure 14 is the probability of specific circuit switching
frequencies, not the power or amplitude of PRBS harmonics.
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Figure 14. PRBS waveforms in the time domain and the corresponding circuit switching frequency
spectrum when a PRBS signal is used as a clock signal

Because of the wide circuit-switching frequency spectrum, the proposed PRBS core noise
can always stimulate the system PDN resonance, no matter where system resonant
frequencies are. Figure 15 shows the on-chip voltage noise (the middle curve) with a
PRBS 15 clock (the bottom curve). It clearly shows that when two sections of similar
PRBS patterns drive the TFFs at a time interval of 30 ns (33 MHz), a strong PDN
resonance is stimulated. In this case, the pk-pk core noise is 251 mV.

Figure 15. Measured on-chip voltage noise waveform when TFFs are driven with a PRBS clock signal

PRBS core noise, one type of transient PDN noise, is frequency dependent and increases
over frequency, as shown in Figure 16. Since the PDN resonance frequency is fixed with
13

a given system, a higher clock frequency forces more switching current within a fixed
PDN resonance period, which in return causes a stronger PDN resonance noise. To
represent various designs, an average clock frequency is chosen for the PRBS signal from
large sample of real user designs.
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Figure 16. Comparison of AC steady state and PRBS core noise over frequency, with a PRBS 15 signal
used as the clock signal to generate PRBS core noise

On-Chip PDN Noise Modeling
Commercial EDA tools have evolved very fast in recent years in modeling on-chip PDN
noise including active circuitry and the entire chip, package, and PCB passive PDN
network. These tools usually require mature designs with artwork databases to do the
analysis, and the simulation setup is very complex and time consuming. They may also
require hardware correlations to fine-tune the model parameters. Due to this complexity,
it is desirable to have a simple yet accurate model to predict on-chip PDN noise at early
design stage.
A simplified logic switching current model is one critical element for fast "what if" PDN
noise simulations. The probability density function (PDF) of the gamma distribution is
chosen to represent the on-chip current drawn due to the waveform nature and the
flexibility of adjusting rise and fall time. Synchronous digital logic behavior typically
consists of a large number of non-critical paths that finish shortly after the arrival of the
clock edge with a decreasing number of paths continuing to draw current as time
progresses. The equation defining the PDF of a gamma-distributed random variable x is:
− x /θ
k −1 e
f ( x; k , θ ) = x
for x > 0 and k , θ > 0 .
(4)
θ k Γ (k )
The gamma distribution is a continuous probability distribution with two parameters of
scale θ and shape k. By adjusting θ and k, as shown in Figure 17, a variety of waveforms
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with different combinations of rise and fall time are easily generated to mimic on-die
current drawn for different types of circuitry.
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Figure 17. PDF of the gamma distribution

With the current profile represented with a PDF of the Gamma distribution, a current
controlled resistor model is used to model the circuit switching current load accurately.
The transistors draw less current under a lower voltage. The advantages of using a current
controlled resistor model are that the current drawn by the resistor dynamically adjusts
according to the instantaneous on-die voltage, and the resistive load provides resonance
damping. The leakage current is modeled as a lumped resistor in parallel with the current
load resistor. For the TFF circuitry implemented on the test chip, the rise and fall times of
the clock edge current are 400 ps and 900 ps respectively, which are extracted from
circuit timing analysis and validated through model to hardware measurement correlation.
Figure 18 shows the equivalent circuit model of the die load and system PDN. The
current at the package, on-die capacitance, and the die load are monitored, as well as the
on-chip PDN noise. Figure 19 shows a comparison of the measured on-die voltage noise
(left scope shot) and the simulation results (right figure) under the worst-case periodic
burst switching pattern. Table 2 summarizes the major parameters of the measurement
and simulation results in terms of voltage sag, pk-pk amplitude, and PDN resonant
frequency. The difference between these measurements and simulation results are within
a few percent. A good model to hardware correlation is achieved.

Figure 18. Die current load and system PDN model with current and voltage probes
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(a) Scope shot
(b) Simulated on-die voltage noise
Figure 19. Comparison of measurement to simulation results with a periodic burst repeating at PDN
resonant frequency of 33 MHz, where each burst consists of six toggling followed by six idle states
Table 2. Comparison of simulation results and measured on-die voltage PDN noise
Voltage sag (mV)
Pk-pk (mV)
Measurement
291
508
Simulation
290
512

Figure 20 shows the simulated package current (top) and the corresponding measured ondie voltage (bottom). When the circuit starts to toggle, there is very little package current
due to its large inductance, and most charges are provided by the on-die capacitance. The
on-die voltage keeps decreasing because of the on-die capacitance discharge. Due to the
voltage difference between the on-die voltage rail and PCB voltage rail, the PCB
decoupling capacitors slowly start to provide charge to on-die capacitance, and the
package current exponentially increases. After five clock cycles, the package current is
large enough that the on-die capacitance starts to re-charge so the on-die voltage recovers.
Because the system PDN is a LC resonant circuit in nature, the package current
overshoots and resonates for a few cycles before it reaches an AC steady state. Note that
the average current at AC steady state is 18 A, which matches the bench power supply
current. The 18-A dynamic current corresponds to the 533-MHz clock frequency. For a
typical user design, the clock frequency is around 200 MHz, which results in a lower
dynamic current. At AC steady state, the current ripples become very small, thus, the
voltage fluctuation becomes small as well.
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Simulation – Package Current
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Figure 20. Simulated package current (top) and its corresponding measured on-die voltage (bottom) under a
burst transient stimulus

Figure 21 shows simulation results of the currents for the die load, on-die capacitance,
and the package under a periodic burst pattern at the PDN resonant frequency, 33 MHz.
The simulation condition is the same as the measurements. Under this worst-case PDN
stimulus, the package current resonates from +30 A to -18 A. The large negative current
is the resonating current flowing out of the on-die capacitance, which results in a large
voltage sag. The die load current waveform shows a burst of eight current switching
events followed by eight cycles of idleness. The current amplitude decreases when the
on-chip voltage decreases due to the voltage sag created by the previous circuit switching
events. For the on-die capacitance current, its envelope follows the package current
exactly, but shows fast spikes of opposite current in contrast to the die load current. This
simulation shows that the high-frequency current of the switching circuit must be
provided by on-die capacitance, and only the low-frequency current is provided by the
PCB PDN through the package.

Figure 21. Simulated die load current, package current, and on-die capacitance current under periodic burst
stimulus at 533 MHz
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Jitter and Timing Implications
On-chip PDN noise can dramatically increase I/O jitter and reduce core-logic timing
margin. A clock network is used as a victim to understand the impact of on-chip voltage
noise to clock jitter. The clock network is routed to external pins so the clock period jitter
can be directly measured. Figure 22 shows a scope shot of the clock period jitter with
respect to the on-chip voltage noise. The second curve in the figure shows the on-chip
voltage noise waveform with an impulse stimulus. The bottom trace is the clock period of
each clock cycle measured by the scope.

Figure 22. Measured clock period jitter under an impulse on-chip voltage noise

As shown in the figure, the clock period directly correlates to the on-chip voltage
waveform. The first voltage sag causes a big jump of clock period due to the big voltage
difference between two clock edges. When the on-chip voltage resonates back to a
higher-than-nominal voltage, the clock period becomes smaller than nominal 2-ns period.
The 169-ps pk-pk clock period jitter is caused by the 160-mV on-chip voltage fluctuation,
and the overall shape of the clock period waveform inversely tracks to the on-chip
voltage noise. This experiment clearly demonstrates the correlation between the on-chip
voltage noise and the clock period jitter.
Core logic fMAX is the maximum frequency at which the logic can still properly operate.
The impact of on-chip PDN noise to core logic fMAX is very different from its impact to
the clock period jitter because the core circuit involves two paths: the logic critical data
path and the clock path. In an extreme case, if the data path correlates to the clock path
exactly, then the jitter on two paths cancels out. For a clock network, the voltage
difference between two clock edges (i.e., ΔV / T ) causes the period difference. A clock
network does not show any period jitter with a lower or higher DC voltage. However,
with a lower core voltage level, core logic fMAX reduces almost linearly within a certain
range because transistor propagation delay becomes longer under lower voltage.
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The impact of on-chip transient voltage noise to the core fMAX is very complex and is
beyond the scope of this paper, but it is noted here as a consequence of the voltage noise.
The shape of the noise waveform, the clock propagation delay, critical data path delay,
and transistor types impact the core fMAX. Figure 23 shows fMAX of a core logic design at
different DC voltage levels. For example, if the DC voltage is 100 mV lower than the
nominal 1.1 V, the core logic fMAX decreases by 9%.
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Figure 23. Core logic fMAX at different DC voltage levels, where the core logic pattern consists of two
registers clocked by the core clock network, and sequential logics between two registers

Guidelines to Mitigate On-Chip PDN Noise
In previous sections, we show that on-chip PDN noise is much higher than PCB PDN
noise, and the clock jitter, or core logic fMAX, is directly affected by the on-chip PDN
noise. A well-decoupled PCB PDN is no guarantee of acceptable on-chip PDN noise, so
the system PDN, especially the chip and the package PDN, has to be optimized at early
design stage to mitigate on-chip PDN noise according to the worst-case and typical-case
scenarios.
According to the frequency bandwidth, on-chip PDN noise can be sorted into two types:
first dip noise and PDN resonance noise. First dip noise is the fast initial voltage sag
caused by the clock edge current, and it has a strong impact on clock period jitter rather
than logic fMAX. The bandwidth of the first dip noise is usually in the Gigahertz range. In
this frequency band, the majority of charge is drawn from the on-die capacitance. To
mitigate the first dip noise, increasing intentional on-die capacitance is the only solution.
If the charge per cycle is known from either circuit current simulation or measurements,
the first dip noise amplitude can be estimated as:
Qcyl
ΔV =
(5)
Codc
where Qcyl is the charge per cycle, and Codc is the total on-die capacitance. This rule-ofthumb calculation is very useful to estimate first-order noise amplitude at the early design
stage.
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PDN resonance noise is caused by LC resonance between on-die capacitance and
package and PCB inductance. PDN resonance noise has a strong impact on core logic
fMAX. The bandwidth of PDN resonance noise is typically in the 10-MHz to 100-MHz
range for core power. The options to mitigate PDN resonance noise are:
• Increase intentional on-die capacitance
• Reduce package and PCB inductance
• Add on-package decoupling capacitor to damp high q-factor resonance peaks
Adding more intentional on-die capacitance is effective to mitigate both first dip noise
and PDN resonance noise. However, intentional on-die capacitance is very expensive
since it consumes physical die area. Comprehensive PDN noise and circuit timing
simulations are required to determine how much on-die capacitance is adequate.

Conclusions
The transient on-chip voltage noise is usually much higher than PCB PDN noise, even
with a well-decoupled PCB PDN. Four current switching patterns are defined to
characterize the system PDN properties and voltage noise systematically. The worst-case
switching pattern is the periodic burst at the PDN resonant frequency, rather than the AC
steady state at PDN resonant frequency. A PRBS clock pattern is proposed as a generic
core-noise injection technique to represent a typical user activity. A simple, yet accurate,
core noise model is correlated with hardware measurements. The model is very useful to
predict PDN noise and perform "what-if" analysis during the early design stage. We
experimentally demonstrate that clock jitter and core logic fMAX are directly dictated by
the on-chip PDN noise. On-chip PDN noise can be mitigated with intentional on-die
capacitance, reduced package inductance, and on-package capacitance through an
understanding of on-chip PDN noise mechanisms.
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