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Abstract
Power converters are part of almost all electronic devices, and yet, there are still some
unknowns about them. Measuring the impedance of the power delivery network is a
common practice in designs based on the target-impedance approach. But what happens
when the impedance we observe changes depending on the location we measure? Or with
the converter sense point location? Also, one of the key parameters we can approximate
from the impedance is the stability of the converter, but can we still rely on the
impedance to back calculate the stability of the converter if it is location dependent?
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I. Introduction
The power distribution network for many of our electronic designs today can be
described with the simplified equivalent circuit of Figure 1. The DC source could be an
analog or switching DC-DC regulator, converting the incoming battery or main power
supply voltage to a regulated DC voltage matching the need of the Die. In a typical
scenario the DC source provides not only voltage translation, but also regulation, keeping
the output voltage constant, by compensating for varying input voltage and load current.
This is achieved by a feedback loop, which monitors the voltage at a specified location.
In Figure 1 this is represented by a single sense line, which can be tied to the power plane
under the Package or can be connected to the sense line if the Package has a dedicated
sense connection going all the way to the Die. In the figure we show only high-side
sense with the two potential connection locations, but voltage regulators are also
available providing differential high-side and low-side sense, in which case the regulator
can also compensate for voltage drops on the power return (ground).

Figure 1: Source-to-silicon simplified ladder model of a point-of-load PDN.

System and board designers have to design and validate this PDN by selecting the
components, building it, testing and characterizing it. The design has to be based on
specifications, among others the maximum allowed voltage fluctuation in response to
changing load currents.
We usually need the VAC AC transient voltage across the load to be much smaller than
the nominal DC rail voltage Vnom DC load voltage that we want to maintain across the
die. The typical ratio is one-and-half to two orders of magnitude: VAC is a few percent of
Vnom. With the point-of-load scheme we assume that noise at the silicon is primarily due
to the fluctuations in current demand of the silicon: ‘crosstalk’ noise initiated by other
loads in the system is neglected. Similarly, the noise generated by the power source is
assumed to be either negligible or just a small portion of the worst-case noise on the
supply rail. There are also series resistances along the path and the DC average current
of the load will produce a DC drop between the DC source output and the load, or for
cases where the DC source has a remote-sense connection, between the remote sense
point and the load. The DC source also has a finite tolerance and drift on its set output
voltage. This is illustrated in Figure 2. The DC set-point accuracy and any
uncompensated DC voltage drop is represented by the green bar on the voltage graph.

The transient noise as a result of load-current fluctuations plus any DC-DC converter
output ripple (in case the DC source is a switching regulator) are represented by the
orange bar. Altogether the DC voltage tolerance and DC drop together with the worstcase AC noise have to stay within the Vmax and Vmin voltage limits established for the
silicon. For sake of simplicity here we assumed no added margin, which can be easily
added to this calculation if needed. Without restricting generality, symmetric voltage
allocation was assumed, where the DC tolerance and AC tolerance bars are evenly placed
above and below the nominal voltage. Dependent on the actual circuit details, in some of
the real systems both the DC and AC tolerance bars may be arranged in an asymmetric
way around the nominal voltage. From the noise budget sketch of Figure 2, we can
calculate the maximum allowed voltage fluctuation V as a result of transient currents.

Figure 2: Voltage diagram of a supply rail, illustrating some of the major design
parameters.

Though the fundamental specification items are in the time domain, many designers
choose the frequency domain for the design process [1], based on the Target Impedance
concept. The Target Impedance is the ratio of the allowed voltage fluctuation V and the
maximum current fluctuation I.
∆
∆
This impedance target calculation works well to predict the worst-case noise as long as
we create a relatively flat and frequency independent PDN impedance at the load. With a
flat (resistive) PDN impedance with Ztarget value, we guarantee that for any arbitrary
sequence of I current steps the resulting transient noise will not be bigger than V [2].
Strictly speaking this also assumes that the entire PDN is linear and time invariant. In the
chain of components of Figure 1, the two ends may be nonlinear [5]: the DC source and
the Die. The discrete capacitors and PCB elements (including the package), however, are
sufficiently linear in most practical cases. Because the capacitors and the PCB cover
multiple decades of frequency, the frequency-domain Target Impedance approach is a

usually good design approximation. For testing and validation, on the other hand, the
dilemma is real: do we want to do it in the frequency or the time domain?
There are many instances when we cannot, or for some reason do not want to, create a
flat PDN impedance. As it was pointed out and explained in [3] and [4], for non-flat
impedances, not exceeding the target impedance, we pay a penalty of increased worstcase noise, where the penalty ratio depends on how much we distort the flat impedance.
When the impedance profile is not flat, the worst-case transient noise increases. We
illustrate this with the hypothetical PDN circuit of Figure 3. It is a resistive PDN with a
frequency-independent 0.1-Ohm value, except a single capacitor, whose Series
Resonance Frequency (SRF) is 1 MHz. The impedance profile is shown in the lower left,
the step response is shown in the lower right. The parameter is the impedance minimum
driven by the capacitor’s SRF.
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Figure 3: A simple PDN schematics (top), impedance and step response (lower left and right).

We can take the step responses with different impedance minimum values, and calculate
the worst-case transient noise as a function of the relative depth of the impedance
minimum; the calculated increase of worst-case noise with respect to its flat-impedance
baseline, is shown in Figure 4.

Figure 4: Relative noise increase as a function of relative max/min ratio of impedance
profile on a flat impedance with a single second-order notch.

The above illustration shows that though designers are usually concerned about
impedance peaks, but dips are equally bad.
The increase of worst-case noise is additive for each disturbance (dip or peak) of the
impedance profile, as long as the signatures are sufficiently separated in frequency. An
illustration is shown in Figure 5. The schematics (top) now has two capacitors, each
driving the impedance down at their particular SRF.
The impact of the dip in the frequency domain is the same in the time domain regardless
of where on the frequency axis the dip occurs. This includes zero frequency as well,
which means that the lack of voltage positioning in the DC source (low output
resistance), creates an additional ‘dip’ in the frequency domain, at DC. As we keep
adding dips in the frequency domain, the worst-case transient noise keeps going up.
These illustrations are intentionally simplified and exaggerated, just to show the effect.
Luckily in real designs having a large number of deep dips in the impedance profiles
would be hard to produce even on purpose, which puts a practical limit on how bad the
worst-case noise can be compared to what would be generated by a flat impedance. In
the following sections we will explore practical situations on two evaluation boards and a
system board. The evaluation boards are used because of their simple geometry, making
it easier to follow certain constraints and to understand the results.
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Figure 5: A simple PDN schematics (top), impedance and step response (lower left and
right with two notches in the impedance profile.

II. Time-to-frequency domain correlation
To show the correlation between time and frequency domain and its limits, we use a
small DC-DC converter evaluation module [10]. First we use the evaluation board
without changing anything on it and measure its output response in the time and
frequency domain with two different connection schemes. Figure 6 shows the preferred
connections and one of the possible wrong connections. The correct connection will
attach both the injection source and the response sense lines where the response is picked
up, at the same location, free of any voltage drop and filtering that is not part of the
intended power path to the load [11]. This particular evaluation board has small metal
turrets for connecting the input power and the load. At low frequencies, where we want
to test only the response of the DC-DC converter, the preferred connection is to attach the
source and response sense cables to those metal pins. If we want to make sure that the
resistance and inductance of metal turrets will not be part of the measured data, one cable
can connect on the top side of the board, the other connection on the bottom side of the

board. These rules uniformly apply for both frequency and time domain instruments. If
we make one or both of the connections for instance across a capacitor (as shown by the
red arrows in Figure 6), the pad and connection resistance and inductance of the
capacitor hook-up will create a frequency dependent transfer function for the injected
and/or the sensed signal. Figure 7 shows a simplified equivalent circuit and a typical
frequency response [12].

Figure 6: Top view of the evaluation board. The preferred connections to the
instruments are shown by the green arrows. One of the potential wrong connections are
shown by the red arrows.

Figure 7: Equivalent circuit of a connection across a capacitor (left) and its resulting
transfer function (on the right).

Figure 8 shows the frequency-domain response measured with a VNA with 0dBm source
power and 1.5A external DC load and the time-domain response with 0.5A 100ns current
step from 1.5A to 2.0A. In each response we also show the particular response backcalculated from the other domain. The data was taken with no change to the evaluation
board. The input voltage was 4.5V. The left graph shows multiple traces: step response
from rising current stimulus measured in the time domain (solid line), inverted and
shifted step response from falling current stimulus measured in the time domain (solid
line) and step response back calculated from the measured impedance profile (dashed
line). Note that all responses line up well, in fact the step responses from the rising and

falling current stimulus run on top of each other and only one color is seen. This suggests
that with this level of excitation the converter is sufficiently linear so that we can go
back-and-forth between time and frequency domains with high confidence. The bottom
plot in figure 8 shows the same step response, except plotted on logarithmic horizontal
scale. This reveals that the bandwidth of the excitation pulse extends to the rising slope
of the impedance profile above the series resonance frequency, creating a small blip.

Figure 8: Time-domain response (top left) and frequency-domain response (top right) of the
board with ‘good’ connections from Figure 6. In each plot the solid line is the response
directly measured; the dashed line is the equivalent response back-calculated from the other
domain. Rising (load-release) responses are mirrored and overlayed. Bottom plot: data from
top left, plotted on logarithmic horizontal scale.

Figure 9 shows the worst case transient noise for 0.5A current steps, based on the
Reverse Pulse Technique. On the left of Figure 9.a, the step response is shown with the
peaks and valleys identified with their time stamp and value in the table on the right. In
Figure 9.b the measured worst-case noise is shown in the time domain following the
worst-case pattern excitation. The worst-case noise calculated simply from the peaks and
valleys and the DC shift from Figure 9.a is 130 mVpp. The worst-case noise in Figure
9.b is 127 mVpp.

Figure 9.a: Step response for 0.5A step current (left) and the table of peak and valley
voltages and time stamps (on the right) for the case shown in Figure 8.

Figure 9.b: Measured worst-case noise based on the excitation pattern derived from the
table in Figure 9.a.

The effect of nonlinearity is illustrated in Figure 10. Using the same setup and same
DUT as for Figures 8 and 9, now the current step stimulus is increased to 1A. Note that
this converter has a maximum current rating of 3A and there is only a single ceramic
capacitor on the output. The current stimulus stepped from 1.0A to 2.0A. The figure
shows the step responses for the rising and falling current steps overlaid and normalized
to 0.5A. For sake of reference, the 0.5A step response from Figure 8 is also included
(purple trace).
Note that while the load-attack response (rising current step, blue trace) is effectively the
same, the load release response (green trace) is significantly different. To make the
visual comparison easier, not only the vertical values were scaled to the same 0.5A
response, but the load-release response was also inverted and shifted. This scenario
illustrates a case when due to nonlinearity the time and frequency domain data are not
interchangeable.

Figure 10: Rising and falling step responses with 1.0A to 2.0A current steps.

III. Transient response and impedance distortions
There are multiple ways how the impedance profile and transient response can become
distorted. Some effects are real, some are just measurement artifacts. In this section we
look at some of the major options.
III.1 Wrong connections
First we show how making the wrong choice about the connection to the DUT can create
deep impedance notches. We use the DUT from Figure 6 and use the wrong connections
of the cable picking up the response, on top of a capacitor, marked by the red arrows. We
can often see this suggestion in application notes of power converters, recommending to
pick up the output signal across a capacitor body. While this makes the signal less noisy
by attenuating any high-frequency ringing, this also creates a strong frequency
dependence near the series resonance frequency of the capacitor (see Figure 7). For this
illustration the source connection, both for the VNA and for the transient injector, was
left at the base of the turrets where they were positioned for Figure 8. Figure 11 shows
the result in the frequency and time domains with 0dBm VNA source power and 0.5A
current steps. The unrealistically deep notch could be accidentally confused with the low
ESR of the output capacitor, which is clearly not the case; the deep notch is just a
measurement artifact. Interestingly though the measurement artifact equally impacts the
passive impedance as well, when we measure the DUT without input power. In that case
we expect to measure only the impedance of the capacitor on the output. This is
something to keep in mind for component characterizations as well. The step response
waveforms look very similar for the good and bad connections (compare the top right
plots of Figure 8 and 11), however, the step responses must be different because
transforming them to the frequency domain reveals the same difference at the resonance
frequency. The reason why we do not see a more dramatic difference in the step
response (and in the worst-case noise) is because the 0.2-Ohm peak at 50 kHz dominates
the response. The effect of the notch depth is more pronounced when the impedance is
more flat, as will be shown next.

Figure 11: Time-domain response (top left) and frequency-domain response (top right)
of the board and connections from Figure 8. In each plot the solid line is the response
directly measured; the dashed line is the equivalent response back-calculated from the
other domain. Rising (load-release) responses are mirrored and overlayed. Bottom plot:
same step response with logarithmic horizontal scale.

With logarithmic horizontal scale the step response does not exhibit the initial dip that we
see in Figure 8. However, by comparing the two step responses more closely, we notice
that the main dip is also slightly different. With reference to Figure 3, we can note that
we changed two things simultaneously: while the low-frequency portion below 1 MHz
remained the same, the bad connection created not only a deeper dip, it also lowered the
impedance above the series resonance frequency.
Our next DUT was another evaluation board with a single-phase DC-DC converter with
15A max DC current rating. Some early measurement data on this DUT was included in
[8], reproduced here in Figure 12. The figure caption identifies the permutations. The
evaluation board was just a couple of inch square in dimension, the output capacitors
were all MLCC parts in a tight array on the top and bottom side of the board placed in
between the converter output (location 1) and the board edge (location 2). This board
was extensively re-measured in many different variations and connection options. In
addition to the changes in the Gain-phase curve and output impedance due to the phase

shift created by the spatial plane resistance and output capacitors (as reported in [7]),
another possible measurement connection error was also discovered. Often times in
reworks, or in what-if measurements the sense-point connections are moved around to
different locations by replacing PCB traces with twisted pairs.

Figure 12: Output impedance curves at three different combinations of sense-point and
measurement locations (from [8]). Red curve: measure at point 1, sense connected to
point 2. Green curve: measure at point 2, sense connected to point 1. Blue curve:
measure at point 2, sense connected to point 2.

From the large number of cases measured, here we show three scenarios (Case A, Case B
and Case C), all three used connections along the edge of the evaluation board. The three
connection geometries are shown by the sketch of Figure 13. The sketches show the
edge of the board where the connections were made. The top side of the board had solid
power plane, the back side was solid ground plane. The measurement cables were
RG178 with approximately 200-mil open pigtail at the end for the soldered connections.
The sense lines were carried to the edge of the board by a twisted pair. The two coaxial
cables were left at the same connection points for the three variants, the only change was
the location of sense wire connections. In Case A the twisted pair was solder to the
planes in between the two coaxial cables. In Case B is was outside of the two coax
cables, still close. In Case C the twisted pair was further removed by approximately one
inch.

Cable 1

Cable 2

Cable 1 Cable 2

A:

B:

Twisted pair for sensing

Twisted pair for sensing

Cable 1 Cable 2

C:

Twisted pair for sensing

Figure 13: Connection sketch on the board edge of the evaluation module.

The impedance profile in Case A exhibited a sharp and deep notch as shown in Figure
14.a, pushing the impedance minimum to very low values.
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Figure 14.a: Impedance profile with connection scheme A from Figure 13.

The sharp notch was very sensitive to the cable orientation and loop size. By slightly
rearranging the cables it became clear that the coupling between the sense-wire loop and
injection-cable loop created the variation and there was minimal or no effect from the
coupling to the response pickup cable loop. This is understandable, since the small loop
at the end of the injection cable is terminated in virtual short, producing strong magnetic

field and magnetic coupling. The response pickup cable loop is terminated in 50 Ohms,
the magnetic coupling from that loop is much smaller.
The Gain-phase plots were also measured, the phase margin was 72.5 degree, the data is
shown in Figure 14.b.
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Figure 14.b: Gain-phase plot with connection scheme Case A from Figure 13.

In Case B the impedance notch stays the same whether the converter feedback loop is ON
or OFF. When the coupling was minimized by moving the sense wires further away from
the injector cable loop, the impedance minimum was pushed up, creating a very shallow
dip instead (see Figure 16.a). The measured Gain-phase plot indicates that the phase
margin has not changed.
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Figure 15.a: Impedance profile with connection scheme Case B from Figure 13.
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Figure 15.b: Gain-phase plot with connection scheme Case B from Figure 13.
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Figure 16.a: Impedance profile with connection scheme Case C from Figure 13.

The measured Gain-phase plot shown in Figure 16.b tells us that the phase margin has
not changed.
In all three cases the impedance measurement was performed at the same location and
when the active control loop of the DC-DC converter was not working (OFF), the
impedance reading was the same. It is important to note that while the measured Gainphase plots are very similar and the phase margins are identical, any approximation of the
phase margin based on the measured impedances will show different results. NISM [13]
is not applicable in this case since there is no impedance peaking around the crossover

frequency. The Gain-phase curves back calculated from the ON and OFF impedances
can be applied, but it will produce different results for the three cases.
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Figure 16.b: Gain-phase plot with connection scheme Case C from Figure 13.

In the above illustrations the impedance profiles were relatively flat except the dip at the
series resonance frequency of output capacitors. In such cases the variation of the depth
of the impedance minimum will create a worst-case noise variation depicted in Figure 4,
suggesting that the noise prediction can be 100s of percents in error.
The DC-DC converter in Figures 12 through 16 also had only ceramic capacitors at the
output, but the lower-loss power components and different active loop created a naturally
low, flat impedance profile. When the converter does not inherently provides this, we
can add extra capacitors across the output. We illustrate this option by taking the 3Arated evaluation board from Figure 6 and re-measured in the time and frequency domain
with an extra 1500uF polymer tantalum capacitor across its output terminals. Here we
show the results with ‘bad’ connections, connecting the response pickup cable across the
output ceramic capacitor. Figure 17 shows the impedance plot on the left and the step
response on the right. The left graph shows multiple traces: step response from rising
current stimulus measured in the time domain (solid line), inverted and shifted step
response from falling current stimulus measured in the time domain (solid line) and step
response back calculated from the measured impedance profile (dashed line). Note that
all three responses line up well, in fact the step responses from the rising and falling
current stimulus run on top of each other and only one color is seen. The VNA source
power was 0dBm, the transient excitation current step was 0.5A, stepping from 1.5A to
2.0A. The added capacitance reduced the 55 kHz peak; it moved to 5 kHz with a peak
magnitude of 50 mOhm instead of 0.2 Ohm. Note that though this impedance profile is
not as flat that we showed in Figures 12 through 16, nevertheless the impact of notchdepth variation will create more uncertainty in the worst-case noise predictions.

Figure 17: Time-domain response (on the left) and frequency-domain response (on the
right) of the board with ‘bad’ connections from Figure 6, with a 1500uF polymer tantalum
added to its output. In each plot the solid line is the response directly measured; the dashed
line is the equivalent response back-calculated from the other domain.

Figure 18 shows the step response with the peaks and valleys identified in the table on
the right together with the worst-case noise waveform.
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Figure 18: Step response for 0.5A step current (top left) and the table of peak and valley
voltages and time stamps (top right) for the case shown in Figure 17. Bottom plot:
measured worst-case noise based on the excitation pattern derived from the table.
III.2 Impedance profile variations by design choice
In the frequency range we have shown in the illustrations above (up to 10 MHz), we may
tend to think about the power distribution network as a lumped network showing no
spatial frequency-dependent effects. This is based on the assumption that in the PCB the

planes connect all components solidly, with negligible phase shift due to time-of-flight
delay. It is true that our typical PCB geometries are much smaller than the wavelength.
Also, the phase shift due to the time of flight delay (say 0.5 ns for a few inches of
distance) is negligible compared to the period of our highest frequency that we look at
here (100 ns for 10 MHz). However, the resistance of the planes in the series path
together with low-impedance bypass capacitors in the parallel path can create appreciable
filtering and phase shift even at low frequencies. The horizontal plane resistance will
also increase under large components with multiple pins/vias perforating the planes.
Some of these effects are illustrated in this section by using one supply rail on a memory
card. The selected power rail has a DC-DC converter in between two ASICs with a plane
shape connecting them. There were three different kind of capacitors on this rail: 470uF
9mOhm polymer tantalum capacitors near the source, 47uF MLCCs also near the source
and a large number of 4.7uF 0402 MLCCs in the pinfields of the two ASICs, bridging
adjacent power/ground pins on the back side of the board. An approximate sketch of the
power rail is shown in Figure 19. Note that the ASICs are bigger than shown by the blue
rectangles; those highlight only the pin array connected to this particular rail.
4”

1.6”

DC-DC
converter

ASIC
2

ASIC
1

Figure 19: Sketch of a power rail with one DC-DC converter and two ASICs. The blue
rectangle shapes indicate the pin array of the ASIC connected to the plane shape.

The DUT board had the ASICs unpopulated, giving the possibility to measure in the
pinfield either on the top pads or on the bottom pads. This power rail had high and low
side sense lines for the DC-DC converter with a choice through jumper resistors to
connect the lines at different locations: Case 1) ASIC-1 pinfield, Case 2) ASIC-2
pinfield, Case 3) averaging the ASIC-1 and ASIC-2 pinfield sense voltages and Case 4)
at the center of the plane shape near the DC-DC converter. Within the ASIC pinfields a
number of connection permutations were tested; three of them are marked on the close-up
sketch of Figure 20. Option 1 used two adjacent pad pairs on the top and it approximates
self impedance in that area. Option 2 used two pad pairs on the top side a little bit further
apart, which approximates a transfer impedance through part of the pinfield. For Option
1 the bridging capacitors on the back side of the board were moved out to nearby
locations. Option 3 used connections on the bottom side (shown with top view), one

probe on a capacitor pad (the capacitor was moved away) and the other probe connected
on top of the capacitor (the capacitor was left in place).

Figure 20: Close-up sketch marking the three connection point pairs in the ASIC
pinfield. Options 1 and 2 pads are on the top side, marked by yellow and white arrows,
respectively. Option 3 pads are on the bottom (shown as top view).
The layout is symmetric and identical in the pinfields of the two ASICs. This was first
verified by measuring all connection permutations in the two pinfields.
For the measurements ferrite-covered flexible coax cables were used with semirigid coax
probes. When bottom pads were involved, to avoid the coloring of the measurement
results, the bridging 4.7uF MLCC was removed from that site and was soldered on top of
the adjacent capacitor. Due to the large number of bridging capacitors in each of the
ASIC pinfields, this preserved the total capacitance in the area but otherwise had a
negligible effect on the impedance profile. A top-side connection is shown in Figure 21.
The close-up photo of the two semirigid probes connected to the DUT.

Figure 21: Semirigid probes landed in the ASIC pinfield on the top side of the board (left
photo) and bottom side of the board (right photo).

The following three figures show the measured impedance values for the three options,
each summary charts containing data for the four cases described above for the sense
point connection.

1

Option 1
Impedance magnitude [ohm]
0.1

0.01

Case 1: dark blue
Case 2: light blue
Case 3: green
Case 4: red

1.07E+03,
0.002296241

1.13E+03,
0.001930966
1.00E+03,
0.00144163

0.001

0.0001
1.E+2

1.E+3

2.00E+06, 8.05E‐04

1.E+4
1.E+5
Frequency [Hz]

1.E+6

1.E+7

Figure 22: Impedance magnitude for the four sense-point connection cases for Option 1.

Figure 22 refers to Option 1, when we measure at ASIC-1 across adjacent pad pairs, with
the bridging capacitors removed on the bottom. The impedance minimum at 2 MHz is
0.8 mOhm, which is the cumulative effect of the bridging ceramic capacitors on the back.
Above 100 kHz the sense-point connection does not make any difference. Below 100
kHz the impedance curves deviate and we get the lowest impedance when the sense point
connection is closest to the measurement point. The difference is the spatial plane
resistance among the various components.
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Figure 23: Impedance magnitude for the four sense-point connection cases for Option 2.

Figure 23 shows Option 2, which is a transfer impedance measured on the top, across
part of the pinfield’s diagonal. The cumulative series resonance frequency of the
bridging capacitors has shifted from 2 MHz to 2.82 MHz and the impedance dip dropped
to 0.18 mOhm. Below 100 kHz we see a separation of the impedance curves similar to
Figure 22.
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Figure 24: Impedance magnitude for the four sense-point connection cases for Option 3.

Figure 24 refers to Option 3, which represents a ‘bad’, not preferred connection, when at
least one of the connections is across a capacitor. Note that in this case the impedance
minimum at the series resonance of the bridging capacitors is very sensitive to the sensepoint location. The impedance minimum has a spread of 28 microOhm to 325
microOhm. The low-frequency variation is similar to the variation in the other two
options.

Conclusions
In this paper we documented that DC-DC converters with just one ceramic capacitor on
the output can operate linearly for light and moderate transient loads to a degree that
rising and falling step responses when mirrored and superimposed will line up within
measurement error. It was also illustrated on multiple scenarios that in such cases time
and frequency domain measurements are equivalent, namely time domain step response
can be converted into frequency domain impedance profile and vice versa and the results
overlap within measurement error. For sufficiently linear (and time invariant) systems
we can apply the Reverse Pulse Technique to calculate the worst-case transient noise.
It was shown that for any given impedance limit the worst-case transient noise is
minimized by minimizing the deviation of the impedance profile from a flat (resistive)
impedance. It was also shown that driving minima (notches) into the impedance profile
will also increase the worst-case transient noise even if the maximum bound of the
impedance profile stays the same. A single dip increases the worst-case noise by up to
200% as the max/min ratio of the impedance profile gets large. If impedance dips are
separated in frequency enough that in between the dips the impedance comes up to the
maximum bound, the noise increase will be additive and each impedance dip further
increases the worst-case noise.
Impedance dips can occur in PDN impedance profiles either by design (intentionally) or
by measurement artifacts (unintentionally). The paper showed two scenarios when an
impedance dip becomes seemingly deeper due to measurement error. One scenario was
due to the filtering effect when a measurement connection happens across a low-ESR
capacitor (MLCC). Another scenario for unintentional change (increase or decrease) of
impedance dip value is when converter sense lines get coupled to active measurement
cables. This can happen during tests or bringup or when open pigtail connections of
measurement cables get close to surface traces carrying sense signals. In either case the
predicted worst-case noise will have an error due to the measurement artifact, and it
happens whether we measure in the time or frequency domain. Variation of impedance
spatially with fixed sense-point connections and when sense points are moved can occur
when the resistance of connecting horizontal metal structure’s resistance is not negligible
compared to the impedance of capacitors on the rail. Low output impedance forced by
high-gain converter loops are counter-balanced by series plane resistance: at locations
close to the sense connections the control loop dictates the impedance and the location of
low-frequency bulk capacitors will have little influence on the impedance. Further away
of the sense points the impedance will also be influenced by the plane resistance and
bulk-capacitor impedance. In perforated plane areas in larger pin arrays with bringing
capacitors on the back side of the board the impedance variation can be substantial.
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