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new year. A new Technical Editor. During 2006,
AProfessor Robert Olsen decided to leave this column

and the EMC Society kindly asked me to take over in
this position. I would like first to thank Professor Olsen for
the meritorious work he has done during his many years of
running this technical section and for having introduced me
to this new job. Over the years, he passionately hunted for
contributions of interest for the Newsletter readership, and he
made this column very successful and appreciated by the
Society members. I can only hope to be able to achieve the
same results.

I will follow the footsteps of my predecessor, since I totally
agree with the approach he adopted for the papers selection.
Here, I repeat the policy statement that used to appear in the
introduction of this column: “The purpose of this section is to
disseminate practical information to the EMC community. In
some cases, the material is entirely original. In others, the mate-
rial is not new but has been made either more understandable
or accessible to the community. In others, the material has been
previously presented at a conference but has been deemed espe-
cially worthy of wider dissemination. While all material will be
reviewed prior to acceptance, it is not necessary that the paper
be original or archival; it is only necessary that the paper be use-
ful and of interest to readers of the Newsletter.”

While I will personally solicit contributions, I encourage
all readers to actively participate to this column, either sub-
mitting manuscripts they deem appropriate or suggesting
other authors who have something exciting to share with the
EMC community. I will follow up on all suggestions, and
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with the help of independent reviewers, I sincerely hope to
publish enjoyable and instructive papers. Please communicate
with me, preferably by e-mail at canavero@ieee.org.

The articles of the current and next issues still represent
the legacy of Professor Olsen; he invited the authors to con-
tribute, and conducted the review process. I gladly endorse
his decision since these papers have different characteristics
and specific merits that make reading them worthwhile.

The first paper is entitled “PDN Design Strategies: IV.
Sources of PDN Noise” by James L. Knighten, Bruce
Archambeault, Jun Fan, Giuseppe Selli, Abhilash Rajagopal,
Samuel Connor, and James L. Drewniak. This is the fourth in
a series of papers they wrote on a very significant problem
designers are facing in recent digital devices, where the bor-
der between Signal Integrity and EMC issues (that we used to
consider separately) becomes blurred. The second paper is
entitled “Electrocardiogram (ECG) Susceptibility to Interfer-
ence from Popular Electronic Devices” by Matthew Pinchuk
Meland and Anthony Dedes. The authors, at the time of writ-
ing, were Secondary II (Grade 8) students at West Island Col-
lege in Montréal, Quebec, Canada, and this paper represents
the report of research undertaken under the supervision of
their teacher, Mr. Martin Bailly, as a Science Fair Project for
which they were awarded the Gold Medal. The merit of this
paper is to increase the awareness of EMI in the healthcare
environment. Finally, the decision of publishing this contri-
bution is not only to reward these students for their nice
work, but also to stimulate the interest in and participation of
youngsters to our electromagnetic compatibility discipline.

PDN Design Strategies: IV. Sources of PDN Noise

James L. Knighten!, Bruce Archambeault?, Jun Fanl, Giuseppe Selli3, Abbilash Rajagopal’,

Samuel Connor?, and James L. Drewniak’

I. INTRODUCTION

This is the fourth in a series of articles on strategies for power dis-
tribution network (PDN) design for high-speed printed circuit
boards (PCB). Previous articles addressed: (a) the importance of
the specific capacitance values of decoupling capacitors to the
overall effectiveness of decoupling of the PDN [11; (b) the
importance of the location of the decoupling capacitor to its
decoupling effectiveness, i.e., global vs. local decoupling [2}; and
(c) the importance of power/ground layer spacing, relative per-
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mittivity, and dielectric loss to effective decoupling {3}. This
article addresses sources of noise on the PDN; hence it departs
somewhat from the overall discussion of noise suppression by
effective decoupling. Nevertheless, knowledge of the character-
istics of noise sources is important in achieving effective decou-
pling designs for PDN structures and in diagnosing PDN noise
problems.

Noise induced on a PDN containing active digital devices,
such as an integrated circuit (IC) is created by either (1) current
being drawn from, or supplied to, the PDN as the IC switches
between on and off states, or (2) by signals (or clocks) that are
routed on a PCB in such a manner so as to change layers in the
stack-up and in doing so, completely penetrate a plane pair (a
power/ground power bus or some other pair of planes) and there-
by excite the plane pair by causing the return current to jump
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Figure 1: A digital IC is powered by a PDN. Changes
between low and high states cause a changing current
demand from the 1C which causes the dc voltage across the
IC to fluctuate. This voltage fluctuation is inevitable and
represents an ac voltage ripple on the dc voltage level which
is a source of ac noise on the PDN.

between planes. While these noise mechanisms are different,
studies have shown that the relative levels of noise for either
mechanism can be similar {4, 5, 6]. Therefore, both mechanisms
should be included when estimating the noise on the PDN. The
convention of referring to a pair of power and ground planes as a
power bus and referring to an ensemble of power buses as a PDN
is maintained.

I1. DECOUPLING NOISE DUE TO CURRENT
DRAWN FROM THE POWER BUS

Between its power and ground pins, a digital IC and its load cir-
cuitry represents an impedance load to the PDN (and power bus)
that varies with time as the IC switches states. This impedance
is either high when the device is in the off-state, or low when the
device is in the on-state. The resulting current drawn from the
PDN is either low or high, respectively. As we have seen in pre-
vious articles, a goal of good decoupling is to lower the imped-
ance of the PDN, but this impedance is always greater than zero.
The voltage drop across the PDN impedance is either higher or
lower, depending on the impedance state of the IC. If the IC
changes states periodically, such as is the case with a clock, or
periodic signal, the voltage drop across the PDN impedance,
Vooise 18 also periodic and reduces the voltage across the IC
power/ground pins pair, V.. as seen in Figure 1. The voltage,
Vource 1s the PDN source dc voltage that is used to power active
devices on the PCB. DC voltage values are typically 3.3V, 5V,
1.8V, etc. The voltage across the power/ground pins of the IC
device is

Vdevice = Vsource - Vnoise (1)

V.oise 18 sometimes referred to as an ac ripple voltage that is
superimposed on the dc rail voltage that powers the
power/ground plane pair. (In real cases, dc resistance can also
reduce the dc voltage level at the IC device, but since our dis-
cussion focuses on ac noise voltages, this is ignored in this dis-
cussion.) This ac ripple voltage is switching noise. The ac ripple
on the power bus, or PDN, which is due to digital IC switching,
is inevitable. It cannot be avoided unless the impedance of the
PDN is reduced to zero, which is unrealistic. For the same
amount of current drawn from the PDN, the lower the imped-
ance of the PDN, as seen in Figure 1, the lower the resulting ac
noise voltage, V, ... that is generated.

noise

switch
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Figure 2: A typical totem pole CMOS IC output driver con-
tains two complimentary field effect transistors (FET)
between power (V) and ground. The 1C load represents
PCB traces and devices external to the IC or other circuitry
within the IC.

The previous paragraph demonstrates that the PDN or power
bus exhibits switching noise if it contains operating digital
devices, regardless of the type and number of these devices.
Power bus noise is inherent in the flow of current to and from the
digital IC and cannot be avoided. This power bus noise may be
reduced by designing the power bus/PDN in such a way as to
lower the complex impedance (transfer- or self-) of the PDN
through using thin power bus structures, effective decoupling,
and specialized materials between power and ground planes {2,
3}. In general, as implied in Figure 1, V.. is proportional to
PDN impedance.

There are other mechanisms that can contribute power bus
noise. The IC itself contains its own PDN that can suffer noise
generation internally. Also, it is well-known that complex ICs
can demand current more rapidly than some PCB PDNs are able
to supply it. Neither of these two possible sources of additional
noise is explicitly addressed in this work.

The IC has its own internal PDN that likely exhibits its own
internal switching noise. This noise may escape the IC in the
traditional ways that PCB switching noise escapes the PCB, i.e.,
direct radiation, crosstalk, PDN asymmetries that produce com-
mon-mode noise sources, etc. In cases where the IC is an aggres-
sive producer of switching noise, often through unfortunate
design choices, the presence of a low PDN impedance on the
PCB may minimize the consequences of this noise being intro-
duced on the PCB [3}]. Isolation of the noise on an IC and pre-
vention of its transfer to the PCB PDN requires careful design.
Design techniques that may be appropriate to achieve effective
isolation are not discussed in this work.

noise

The analyses of previous paragraphs presuppose that the PDN
has the ability to meet the timely current demands of the IC. A
legitimate concern of circuit designers dealing with fast switch-
ing ICs is the ability of the power bus to supply sufficient cur-
rent in a timely manner. It is generally accepted that failure to
deliver enough current quickly enough is an undesirable condi-
tion. If the power bus cannot meet the IC’s needs for sufficient
current during the time of need, the IC may fail to function
properly. Functional failure may produce altered signal and clock
waveforms. The noise voltage generated by the device may be
enhanced. During the time when current demands cannot be
met, the impedance of the IC on the power bus may attain some
value that is neither the on- nor the off-state value. Analysis of
IC behavior in the state of current starvation is complex and
beyond the scope of this article. All analyses presented in this
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Figure 3: When the I1C driver switches from low (Logic 0)
to high (Logic 1), the upper transistor closes and the lower
transistor opens. Current flows from V. to the 1C load
through the upper transistor. In addition, for a brief
moment when both transistors are in transitioning states,
they are simultaneously in low impedance states and shoot-
through current flows from V. through the transistor
pair to ground.

article are based on the assumption that sufficient charge is avail-
able when needed from the power bus.

Decoupling Noise from ASIC/IC power pins
While it is common knowledge that some ASIC/ICs (application
specific integrated circuit/integrated circuit) cause more noise
problems than others, it has been traditionally difficult to pre-
dict the amount of noise created by the ASIC/IC.

Since current drawn from the power bus is a primary source
of power bus switching noise, it is useful to focus on the current
demands of the ASIC/IC when predicting the amount of noise on
a power bus generated by that device. The resulting noise volt-
age depends on the power bus impedance at the point where the
ASIC/IC power/ground pins are located. (Note that some design
approaches for PDN design focus on targeting a maximum PDN
impedance {1}).

When examining current drawn from the power bus by a dig-
ital ASIC/IC, it is useful to consider the configuration of com-
mon IC output drivers and the manner in which they make
demands for current from the power bus. Figure 2 shows a typ-
ical “totem pole” output driver configuration for an I/O driver
for a CMOS IC. (This paper is focused on I/O current.) When
the output driver changes state from logic state 0 to logic state
1, the upper P-MOS transistor exhibits a low impedance and the
lower N-MOS transistor exhibits a high impedance. Therefore,
current flows from the IC’s power supply through the upper
transistor out onto the load, shown as an external trace transmis-
sion line on the PCB in Figure 3. As the two transistors switch
states, there is a moment when both transistors are in relatively
low impedance states, which allows current to flow from the IC
power supply directly to the ground-reference. This is usually
referred to as “shoot-through current” and occurs during both
the logic state O-to-logic state 1 and also 1-to-0 transitions. As
shown in Figure 4, there is no current required from the supply
during the logic state 1-to-logic state O transition except the
shoot-through current. Therefore, there are two important cate-
gories of current demanded from the power bus during switch-
ing: a load current demand, which occurs once during each clock
cycle; and shoot-through current, which occurs twice during
each clock cycle.
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Figure 4: When the 1C driver switches from bhigh (Logic 1)
to low (Logic 0), the upper transistor opens and the lower
transistor closes. Current flows from the IC load through
the lower transistor to ground. No load current flows from
Vee . Shoot-through current flows from Vo through the
transistor pair to ground in the same manner as in the
opposite state transition in Figure 3.

The I/O current can often be found conveniently by using
commercial signal integrity analysis software programs. Not-
mally, signal integrity analysis software packages can be used to
simulate voltage waveforms on various transmission lines. Many
of these can also be used to find the current on the I/O trace. If
complex analysis tools are not available, estimates of I/O current
can be made for certain ASIC/IC types.

There are two general categories of ASIC/ICs to be considered
when designing PDNs. Each produces its own frequency spec-
trum of noise generated at the IC’s power pins. First, some
ASIC/ICs produce I/O currents that are repetitive, such as a clock
signal. An example is the clock buffer, which typically produces
a discrete frequency spectrum that includes a number of har-
monics, with each harmonic frequency clearly defined. Second,
large ASIC/ICs typically have many different I/O lines, both for
data and address busses. The resulting signal on any single I/O
line is not a regular bit pattern, like a clock, but is a bit pattern
that will vary with time. Depending on the ASIC/IC, the I/O
bit patterns are more akin to a pseudo-random bit pattern than
a repetitive bit pattern. The current spectra of the typical large
ASIC/IC are complex and may change from cycle-to-cycle.

For completeness, it must be noted that current demands
by an ASIC/IC can come from different types of circuits in the
device, not just the I/O circuits. Core circuits are used with-
in the ASIC/IC for internal switching and processing. The
current demand from core circuits can be complex and usual-
ly referred to as core current, which is not discussed in this

paper.

Table 1: Clock buffer parameters.

MPC905
C 19.5 pF per
FD output
Vee 33V
m (number of 6
outputs)
n (number of loads) 6
f (operating 100 MHz
frequency)
t: (20%-80%) 0.825 ns
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Figure 5: Power Pin Current Waveform for ASIC/ICs.

Clock Buffer Current Demand

Clock buffers are an example of the ASIC/IC whose current
demand is likely to be dominated by the I/O circuit current
demand. While commercial modeling software tools can often
simulate the current demand, not all designers have these avail-
able to them. Hence, there are alternative methods for estimat-
ing the current demand of devices dominated by I/O current
(such as the clock buffer).

The total I/O current demand can be estimated by simply
multiplying the individual trace current by the total number of
active I/O lines. The most accurate technique for determining
the pulse shape and to allow accurate determination of the fre-
quency domain harmonic content of the current pulse is to use
modeling software (typically, software intended to model the
fidelity or integrity of the signal or the clock) which allows for
inclusion of driver/receiver models (IBIS, for example). An alter-
native technique for estimating I/O current is to use a simple
capacitive load method given by the following equation.

_ CL”‘/CC (2)
L At1/2
where
Cr = the capacitive load, normally about 10 pF for CMOS
devices,
7 = the number of active loads,

Vee = the supply voltage, and
At = the charging time of the load IC device, and can be
approximated as the rise time (0-100% time to rise in
the example).
The current pulse shape can be approximated as a triangu-
lar pulse with the peak amplitude found from Equation (2).
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Figure 6: The total estimated 110 current for the MPC905
clock buffer during a single clock cycle includes both the
load current occurring once per clock cycle and shoot-
through current occurring twice per clock cycle.
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Figure 7: PCB configurations used for all calculations.

The width of the pulse at its base is assumed to be equal to the
0-100% rise time of the I/O voltage signal. While this method
is not expected to be as accurate as a commercial analysis soft-
ware tool with complex device models, this method can pro-
vide a reasonable estimate of the current demand.

For clock buffers and some other ICs, the peak amplitude of
the shoot-through current can be estimated using a vendor data
sheet parameter called power dissipation capacitance (Cyy).
Assuming the same triangular current waveform, the shoot-
through current pulse amplitude is found from the following
equation:

Cpa "m™ Ve,
2 Any (3)
where
m = number of I/O drivers, and
Aty = the switching time of the IC device, and can be approx-

imated as the rise time (0-100%)

The total ASIC/IC I/O current is the sum of the shoot-
through current and the load current. The simplified waveform
for the total power current is shown in Figure 5, where the peri-
od of both the total current and the load current is T, and Ip; =
Ipy+ 1.

As an example, this method of using the I/O load current
and the C,4 parameter to predict the noise voltage at the IC
power pins is applied to a standard clock buffer, the MPC905
clock buffer. Figure 6 shows the results for a clock buffer run-
ning at 100 MHz with a capacitive load of 10 pF. This device
was placed on the 10 in. by 12 in. PCB (Figure 7) that has been

Transfer Impedance (dBQ), Current (dBA)

200 400 600 800
Frequency (MHz)

Figure 8: The transfer impedance, Z,,; of the power bus
PCB in Figure 7 and the MPC905 clock buffer current
spectrum.
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Figure 9: The predicted discrete noise voltage spectrum at
port 2 of the PCB from Figure 7 caused by the MPC905
clock buffer.

used in previous articles in this series and analyzed using the
cavity-mode analysis method discussed previously in this series
[1-3, 7-9]. The power bus transfer impedances were calculated
in the frequency domain in a manner identical to that seen in
[1-31 to produce the plot of the magnitude of transfer imped-
ance vs. frequency seen in Figure 8. The IC is placed at port 1.
The noise voltage is observed at port 2. The frequency spectrum
of the IC current drawn by the IC at port 1 is discrete and its
magnitude is also shown in Figure 8. Both odd and even har-
monics of the clock are present with significant amplitudes due
to the asymmetry of the current waveform. The complex fre-
quency spectrum of the current is multiplied by the complex
transfer impedance between ports to produce a complex fre-
quency domain voltage at port 2, whose predicted spectrum is
also discrete and is seen in Figure 9.

While the cavity-mode modeling method is particularly
suited to power bus modeling, power bus transfer impedances
can be estimated using other means. A cursory examination of
Figure 8 reveals that the transfer impedance is a complicated
function. As such, simple equations are usually not sufficient to
describe the impedance. A variety of full wave Maxwell’s equa-
tions solvers can be used to calculate the power bus transfer
impedance. In the restrictive case where the frequencies of
interest lie below the lowest resonant frequency of the power
bus, a simple capacitor model may suffice. The first resonant
frequency of the cavity bus can be determined by:

ﬁ:l/zam (4)

it

Ip poeee

- v

Figure 10: Estimated power current waveform (load cur-
rent dominant, shoot-through ignored) for a large ASIC.
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Figure 11: A common configuration of a plane pair pene-
trated by a signal line which excites the plane pair with a
noise voltage. Return currents, especially at higher fre-
quencies, follow the signal current path closely and can
only return to the source through displacement current,
which excite the plane pair.

where a = the largest dimension of the plane (in meters)

€, i = permittivity and permeability of the power bus material

The C,q parameter is available for some clock buffers and
other ICs, but many IC clock buffer manufacturers do not spec-
ify this parameter. Depending on the complexity of the clock
buffer, a first-order approximation can be made using the I/O
drive current only. The agreement between measured and pre-
dicted values may not be as close as in the previous examples,
but it is still an adequate estimation for many purposes.

A more detailed comparison of calculated and measured
results for this and other ICs can be found in {10}.

Large ASIC/IC Current Demand

Design of large ASIC/ICs, such as processors, memory con-
trollers, bus controllers, etc., require the manufacturer to do
extensive simulations to insure the device operates properly.
Major ASIC/IC manufacturers, such as IBM, Intel, Server-
Works, AMD, etc., create SPICE models to simulate the
ASIC/IC under various load and operational conditions. Most
of these SPICE models are developed for signal/data flow in the
ASIC/IC, however, SPICE models are also created for the power
requirements of the device. While ASIC vendors seldom pro-
vide these models (or the model results) to companies using
these devices, these models can provide a very good indication
of the power current requirements for large ASIC devices.
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Figure 12: Input current for the clock signal applied to port 1.
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Figure 13: Magnitude of transfer impedance, Z,,, for the
PCB in Figure 7 for five different plane spacings.

The most important consideration to estimating the noise
associated with ASIC/IC power is to consider the current
required by the ASIC/IC. Many ASIC/ICs have hundreds of
pins, with one or more data/address busses. From one cycle to
the next cycle, the specific I/O drivers that are turned ‘on’
change, but the overall number of drivers switching from logic
state O-to- logic state 1 tends to be statistically about half of the
total number of drivers on that buss. This can provide a means
for a rough approximation of the peak current demand by the
ASIC/IC.

There are three levels involved to provide current to the I/O
drivers when it is needed. The closest charge storage to the I/O
driver is the capacitance on the silicon. Today’s ASIC technol-
ogy provides approximately 750 pF of capacitance per square
millimeter of silicon. This capacitance is the closest to the I/O
drivers and therefore has the least inductance. However, the
amount of charge stored in this on-chip capacitance is limited.

The next level of charge storage is contained within the
ASIC package. Different manufacturers will have different
numbers of discrete capacitors in the package, depending on
cost, space availability, and data requirements. The remaining
level of charge storage is on the PCB. This is the only level of
charge storage that many PCB designers can affect.

A rough rule-of-thumb that is often used to estimate power
current requirements is to assume that one-third of the total
power consumption for that ASIC is associated with the time-
varying current. For example, if the ASIC were a 60-watt device
operating with a supply voltage of 2.5 volts, we would estimate
that 20 watts of the power is time varying. For a first-order esti-
mate, from a simple triangle current waveform (as in Figure 10)
with the total pulse width twice the ASIC driver voltage output
rise time, we can find the average current using the following
relationship:

I - T
Ip=2- % )
Pnoise
where [yyg = —— (6)
VSuppl)/

and t, is the rise time of the output voltage.

In this example, P, ;,, which is the power consumption asso-
ciated with the time-varying current, is 20 watts. With a 200
Mb/s waveform, the period, T, is 5 ns. The rise time, t, is 1 ns.
This resules in [, = 80A.

Noise Voltage (mV)

Time (ns)

Figure 14: Noise voltage observed at port 2 for five differ-
ent plane spacings.

Once [, is determined, the frequency spectrum of the current
waveform can be obtained from either a discrete Fourier series
or an FFT. The impedance of the power/ground-reference plane
structure can be determined in an identical manner to that used
in the analysis of the clock buffer using cavity-mode analysis, or
by other means of estimation. Once the estimated current and
the power bus impedance is known, a calculation of the noise
voltage created at the power pins can be made by multiplying
the complex current by the complex impedance in the frequen-
cy domain. This calculated voltage provides a good first-order
estimate. Note that the full complex current and impedance
spectra must be used in order to determine the time-domain
voltage waveform.

1. VIA TRANSITION NOISE

Another source of noise generation on the power/ground plane
pair is the power bus excitation that occurs when a signal or
clock must be routed on multiple layers in a PCB and is forced
to completely penetrate a plane pair in order for the signal or
clock to run on a different layer. An example is seen in Figure
11. The return current for this signal or clock flows on the
plane adjacent to the current trace and, because of the change
in the plane carrying the return current, has no means of com-
pleting the return path other than to traverse the plane pair in
the form of displacement current. (Note that an actual PCB
will likely have decoupling capacitors connected between
power and ground planes. These capacitors provide a path for
some return current, but interconnection inductance often lim-
its this to low frequency return current.) The potential differ-
ence between the planes due to the displacement current flow
creates a voltage on the planes that is a noise voltage. Note
that this phenomenon and the resulting noise voltage between
the planes are independent of the schematic name for the
planes, i.e., the planes do not always have to be power and
ground. For example, this effect will occur between two planes
labeled as VCC(5v) and VDD(2.7v), not just a power and
ground plane pair.

This phenomenon is illustrated in an emulation based on the
configuration in Figure 11. The PCB used in the emulation is
seen in Figure 7. A clock current changes layers by means of a
via and the return current must traverse the plane structure by
means of displacement current. In the emulation, the via carry-
ing a clock current at the location of port 1 is emulated by a
trapezoidal clock current waveform of peak amplitude of 10 mA
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Figure 15: A large ASIC/IC placed on the PCB from Fig-
ure 7 has an array of pins that fit within a 16 mm square.
Any of these pins may be power or ground pins.

between the two planes, seen in Figure 12. Using a cavity-
model approach to model the plane pair, the transfer impedance
between ports 1 and 2 is determined, as seen in Figure 13. Five
different thicknesses, d, of the spacing between the two planes
(5 to 35 mils) are examined. The transfer impedance is lower
for small values of d than for higher values of d [3}].

The resulting time domain ac noise voltage observed at port
2 is seen in Figure 14. The noise voltage has the same period-
icity as the port 1 clock current. The amplitude of the noise
voltage is higher for the larger plane spacing, d. The spectrum
of the noise voltage at port 2 contains the same discrete fre-
quencies as the input clock current at port 1.

The peak-to-peak noise voltages seen in Figure 14 increase
substantially as the plane spacing, d, increases, which is consis-
tent with the noise voltage being proportional to plane spacing
over frequency. Increasing the plane spacing from 5 to 35 mils
yields an increase in noise voltage of almost 17 dB. Doubling
the plane spacing from its lowest value of 5 mils to 10 mils
results in a 6 dB increase in ac noise voltage. Tripling the plane
spacing from 5 to 15 mils results in almost 10 dB increase in ac
noise voltage. Clearly, noise voltage induced by a via transition
through a plane pair is greatly influenced by the spacing
between the planes.

A 10 mA signal current on a trace is a value of current mag-
nitude that is appropriate for many PCB situations. Resulting
ac noise voltages of peak amplitudes between one and three mV
is an indication that this noise mechanism is an important one
that should be considered in PCB designs. The results in Fig-
ure 14 and Figure 9 can be compared, although one is a time
domain voltage and the other a spectral plot of voltage. This
example of via transition noise voltage is described in mV. The
ASIC/IC induced noise from the clock buffer example has spec-
tral components on the order of 100 dBmV (tenths of mV).
While these comparisons are difficult to make precisely without
both results described in the same domain, it can be said that,
for these two examples, the via transition noise source appears
to be as important a potential noise source on the power bus as
is ASIC/IC current draw.

12,,] (dBQ)

Frequency (MHz)

Figure 16: At any frequency that exhibits an impedance
peak, the impedance at the center point in a grid under a 16
mm square ASIC is never more than approximately 5 dB
lower than the maximum power-bus impedance at any
point in a grid. Therefore, power-bus impedance for any
powerlground pin pair may be estimated at the center point
and adjusted upward by 5 dB to obtain a working estimate
of maximum power-bus impedance seen by the ASIC/IC.

IV. EFFECTS OF LARGE ASICS AND

POWER/GROUND PIN POSITION

Large ASIC/ICs typically have hundreds of pins for connection
to the printed circuit board. Many of these pins are assigned
as power or ground-reference pins and these pins are usually
distributed across the entire ASIC. Previous articles in this
series [1-3] have indicated how to determine the power bus
impedance at any specific location on the PCB. Is it necessary
to calculate the power bus impedance at each specific
power/ground pin location on a large ASIC/IC, or is there a
way to adjust the power bus impedance to account for the vari-
ations in location of power/ground pins under a large
ASIC/IC?

The total noise voltage induced between the power/ground-
reference consists of all the independent contributions due to
the current drawn from each ASIC/IC pin. According to the
investigation results presented in {11}, the sum of all these
contributions can be replaced by an equivalent current drawn
located at the center of the ASIC/IC itself. Also, this assump-
tion is shown to be accurate up to a frequency corresponding to
ten times the diagonal length of the ASIC/IC device.

A study was conducted of the variations in power bus imped-
ance experienced by a generic ASIC/IC that has a pin field 16
mm squate placed on the same 10 x 12 inch PCB used in other
examples (Figure 15). Cavity-mode analysis was used to calcu-
late the power bus impedance at 25 locations equally spaced in
a grid 4 mm apart within the 16 mm square pin field of the
ASIC/IC.

Figure 16 shows a comparison of the maximum impedance
at any of the 25 locations compared with the impedance at the
location that is in the center of the 16 mm square area. Exam-
ining the peaks off the impedance curves (ignoring the valleys),
the results indicate that the impedance at any location under the
ASIC/IC is no more than 5 dB higher than the impedance at the
center location, and often 2 dB or less. This indicates that a sin-
gle estimation of power bus impedance under a large ASIC/IC
may provide a sufficient basis to estimate the induced noise
voltage on the power bus.
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V. DESIGN IMPLICATIONS

An important source of noise voltage on the power bus is the
dominant active devices, i.e., ASIC/ICs. Designers of PCBs sel-
dom have significant influence on the noise characteristics of
the ASIC/IC, i.e., the number of decoupling capacitors placed
either on the silicon within the package, placement of
power/ground pins, or any other design features that could
influence the noise properties of the device. Getting accurate
information on the time-varying current requirements at the
ASIC/ICs pins from the vendor is often either extremely diffi-
cult or impossible. Therefore, simple, fast, and reasonably accu-
rate methods for generating an estimation that is suitable for
making engineering PCB design decisions is very valuable.

Previous papers in this series have shown the effects of PCB
plane separation, dielectric constant variation and decoupling
capacitor location [1-3}. These papers focused on the response
of the passive PCB without consideration of the amount of noise
created by active devices. Lowering power bus impedance is the
single, most effective, goal in reducing PDN noise. (Note that
a low power bus impedance will not assure that an adequate
amount of charge will be available to a specific ASIC/IC in a
timely manner. The effects of charge starvation on a device and
its associated contributions to power bus noise are not analyzed
in this paper.)

With techniques indicated in this paper, it is possible to esti-
mate the time-varying noise current source from an ASIC/IC.
When the current is coupled with the techniques and methods
from the previous papers referenced, the noise voltage created at
the IC power pins can be estimated and the effects coupled with
the known benefits of decoupling capacitor value, location,
plane spacing, power bus dielectric constant, etc.

Power bus noise is caused by either device switching, or by a
clock, or signal transitioning through power and ground layers
with a via. When attempting to diagnose the source of power
bus noise, the spectrum of the noise may provide a hint as to the
dominant culprit.

When a device switches states, no matter whether it transi-
tions from logic state O-to-logic state 1 or the reverse, from
logic state 1-to-logic state 0, shoot-through current flows from
the power plane through the device to ground. Shoot-through
current of a clock buffer, for instance, occurs twice during each
cycle of the clock, at every rising and falling edge. Therefore,
the noise voltage and current exhibits strong even harmonics of
the clock frequency that the original clock waveform may not
exhibit. Hence, observations of PCB EMI noise at even har-
monics of clock frequencies indicate that the source of EMI
noise is likely to be the power bus, rather than some other
source. Many other sources of PCB EMI noise result in stronger
odd harmonics than even harmonics.

For ASIC/ICs that have I/O circuits with relatively small
load currents, the shoot-through current may dominate the
total current drawn from the power plane by the device. In such
cases, the generated power bus noise will have much stronger
even harmonics than odd harmonics of the clock frequencies.

For ASIC/ICs with I/O circuits that have larger load cur-
rents, the shoot-through and load currents both exist in more
balance than in the example in the previous paragraph. The load
current, as shown in Figure 3, only occurs at the rising edges of
the voltage waveform, which brings in the fundamental clock
frequency and its odd harmonics into the noise spectrum. Even
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Figure 17: An example of diagnosing a PCB radiated
emission spectrum to understand the source mechanisms.

harmonics result from shoot-through current. The distribution
of energy among the odd and even harmonics may vary with the
ratio of the shoot-through current to the load current; however,
the magnitudes of the odd and even harmonics are generally in
the same order.

Clock or other signals that transition (change layers) com-
pletely through a power/ground plane pair with a via can also
generate noise on the plane pair. The current returns as a dis-
placement current through the power/ground plane pair,
which creates noise in the power bus. The generated noise
will have the same frequency components as the signal being
transferred through the via. For instance, if the clock has an
approximately 50% duty cycle, the spectral components of the
power bus noise have much stronger odd harmonics of the
clock frequency.

The cause of the power bus noise can sometimes be
divined by studying the noise spectrum for some simple
cases. In reality, the noise spectrum might be complex due to
multiple clocks, multiple devices, and data patterns. How-
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ever, observing these spectrum characteristics might help
identify the worst noise sources and point toward appropri-
ate fixes.

As a case study based on an actual PCB design, Figure 17a
shows a 100MHz clock buffer mounted on a multi-layered
PCB. This case study is created in a way to be instructive, but
is based on an actual EMI experience. The clock buffer I/O
trace penetrates a plane pair as its trace changes layers. The
PCB exhibits significant levels of radiated emissions at
numerous frequencies.
undertaken to determine the sources of noise on the PDN. A
decoupling capacitor on the primary power bus was removed
in order to provide convenient power and ground connections
to permit attachment with a voltage-sensing device, such as a
spectrum analyzer. A measurement at the decoupling capaci-
tor location with a spectrum analyzer and a probe connecting
between power and ground can provide a good indication of
the behavior of currents on the planes and, in this case, shows
spectral peaks at 100 MHz, 200 MHz, 300 MHz, 400 MHz,
etc. The 200 MHz spectral peak is relatively high in the sense
that it is comparable to the level of the 100 MHz peak. This
is consistent with the overall radiated emission profile

For this reason, investigations were

observed. What are the mechanisms that cause this radiated
noise and can anything be done to mitigate the problem? The
first step in diagnosing the situation is to cut the clock I/O
trace that penetrates the plane pair (or, temporarily reroute it
with an external signal and return path so that it does not pen-
etrate the plane pair). The resulting power bus measured spec-
trum is shown in Figure 17b, which shows that the funda-
mental and the other odd harmonics of the 100 MHz clock
vanish, leaving a strong 200 MHz and other even harmonics
in the power bus spectrum. What does this imply? The fun-
damental and odd harmonics of the clock in the spectrum are
probably caused by the clock I/O via transition through the
plane pair. (The clock waveform has half-wave symmetry so
that it only has odd harmonics.) The remaining even har-
monics are probably caused by shoot-through current in the
clock buffer (frequency doubling). Notice that we have not
identified the function of the planes, i.e., power, ground, etc.,
nor do we need to know their function to understand the noise
generation mechanisms. What, then, are some noise mitiga-
tion strategies?
Possible Via Transition Noise Mitigation Strategies:
e Reroute the clock I/O line so that it does not penetrate the
entire plane pair and, hence change reference planes for the
return current.
Alter the PCB stack-up so that the plane spacing, d, is
smaller [3}].
Locate one of the decoupling capacitors to be near the clock
1/O signal via to assist the flow of return current. Some refer
to these capacitors as “reference” capacitors in that the
intended benefit is more complex than that of a capacitor
whose sole intended function is to lower power bus imped-
ance. This is usually effective only over a limited frequency
range.
Possible Shoot-Through Current Noise Mitigation Strategies:
e Select a different clock buffer that exhibits less shoot-
through current noise (lower Cpd value).
e Add decoupling capacitors in the vicinity of the IC. The
effectiveness of this is dependent on power bus thickness [2}.

e Lower the inductance associated with the decoupling capaci-
tors. In other words, provide lower interconnect connections,
lower inductance pads and maybe lower ESL capacitors.

e Alter the PCB stack-up so that the plane spacing, d, is
smaller {3}.

Possible ASIC/IC Load Current Noise Mitigation Strategies:

e Add decoupling capacitors in the vicinity of the IC. The
effectiveness of this is dependent on power bus thickness {2}.

e Lower the inductance associated with the decoupling capaci-
tors. In other words, provide lower interconnect connections,
lower inductance pads and maybe lower ESL capacitors.

o Alter the PCB stack-up so that the plane spacing, d, is
smaller {3}.

Notice that in all cases, reducing the plane spacing, d, is a
design strategy. In fact, it is the most powerful noise reduction
technique available {3]. But, PCB designers may not always
have the luxury of altering a PCB stack-up to provide a closely
spaced plane pair. When they do have that flexibility, reducing
plane spacing should be a design priority.

V1. SUMMARY & CONCLUSIONS

There are two important potential sources of ac noise on the
power bus of a PCB containing digital circuitry. The current
requirements of ASIC/ICs can induce significant noise onto the
planes. In addition, running signals or clocks through a via
that penetrates a plane pair can also induce noise into the
planes that may be comparable in magnitude to the noise
induced by an ASIC/IC.

The time-varying current demand from large ASIC/ICs are
difficult to predict, but a simple, rough approximation can be
made based on a power consumption model. The time-varying
current demand from ASIC/ICs of the clock buffer type can be
made by estimates based on device capacitances. The ac noise
voltage created by signal via transitions can be calculated based
on estimates of the transfer impedance of a plane pair multiplied
by the return current through the plane pair. AC noise genera-
tion by via transition does not require that the two planes be
used for power and ground.

The nature of ASIC/IC shoot-through current occurring
twice per cycle creates a noise spectrum on the power bus that
doubles the frequency of the ASIC/IC. This fact can provide a
powerful diagnostic tool in examining and understanding PCB
noise characteristics.

Keeping plane spacing small is a powerful noise generation
mitigation method for every noise generation mechanism dis-
cussed in this paper. Keeping the inductance associated with
capacitors across the plane pair low is another important noise
generation mitigation method.
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Electrocardiogram (ECG) Susceptibility to
Interference from Popular Electronic Devices

Matthew Pinchuk Meland and Anthony Dedes, West Island College — Secondary 11 (Grade 8),

Montréal, Quebec, Canada

Abstract

This experiment investigates the susceptibility of an ECG
machine to emissions from unintentional emitters such as a
GameBoy™ and iPod Nano™, and intentional emitters such as
a Cell Phone, Portable 2.4 GHz Phone, Portable 5.8 GHz
Phone and Walkie-Talkie. Experiments were conducted both in
a “lab” and hospital environments. The authors demonstrate
that all of the above popular electronic devices can interfere
with an electrocardiogram (ECG) and corrupt the readings.
Heartbeat changes ranging from 14 to 28 beats per minute were
recorded due to EMI from these devices. Although Doctors and
Medical Technicians have been alerted to the possibility of
interference from intentional emitters, they are generally
unaware that popular unintentional emitters can corrupt their
equipment. These results clearly illustrate the need for includ-
ing both intentional and unintentional emitters in the EMI con-
trol of hospitals, medical offices and home care environments.

I. Introduction

It is well known that electromagnetic field emitters can
interfere with medical equipment; consequently wireless com-
munication devices are not permitted in hospitals or Doctor’s
Offices. Notwithstanding, some hospitals are challenging the
extent of interference and are considering removing their bans
on telecommunication devices {11]. In this research, the authors
verify whether portable telecommunication devices (intentional
emitters) interfere with medical devices; furthermore, they
investigate if popular unintentional emitters such as a Game-
Boy™ and iPod Nano™ can also cause interference.

Home care is becoming more and more common, and people
are relying on medical equipment for either monitoring, med-
icating or relieving medical conditions. Generally people are
not aware of the possibility that popular electronic devices can
interfere with their medical equipment. Patients are generally

not warned which home electrical equipment should, or should
not, be used in proximity of the medical device. In the home
setting EMI from many intentional and unintentional emitters
can result in faulty operation of the medical device and possibly
lead to grave consequences for the home care patient.

Even in a hospital environment a kid in a children’s hospital
may be monitored for a long period of time, during that time
the child may choose to listen to music on his iPod™ or play
GameBoy™: Possibly, when he presses the “A” button to shoot
the bad guy, his heart rate monitor goes crazy which can set off
an unnecessary alarm and trigger an emergency response. Are
these possible stories or just myths?

Il. Background Information

A. Electrocardiogram

In 1791, the scientist Luigi Galvani discovered that electricity
could make a muscle contract. The body emits electrical cur-
rents. The heart is the muscle that receives the most currents to
make it contract. The skin is an isolator and therefore people
do not feel these small electric currents. An Electrocardiogram
uses sensitive conductors to detect these currents, amplifies
them and displays them on a screen as well as calculating the
heart beat rate. There is a universal system for this machine,
every second, the line on the graph moves 12.5mm and for
every milivolt recorded by the ECG, it grows by 5 mm.

In the Operating room there is often an electromagnetic field
of electronic strength of 30V per meter or higher: In certain
medical procedures it is common that the ECG makes unrealis-
tic readings of the heart. The doctors at that time must guess if
the patient’s heart is functioning correctly or not.

B. EMI and Medical Devices
The standard of electromagnetic shielding for medical equip-
ment applies to all medical devices that operate at frequencies
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ranging from 26 KHz to 1GHz. They must be shielded against
an electromagnetic field up to 3V per meter. Those standards do
not even apply to ECGs {2]. The army has much higher and
more restrictive EMI standards and possibly if they would be
adopted for hospitals, there would be much less interference [2}.

It is very complicated to shield a medical device whose job is
to measure the heart’s electrical current produced to make it
contract and pump the blood. The ECG has to pick up small
currents. The ECG leads and electrodes can pick up an interfer-
ing electromagnetic field or the field may interfere directly with
the monitor circuitry; consequently, the interfering currents can
combine with the reading for the heart’s real pulse. As a result,
the heartbeat may appear to be either totally corrupted or have
a normal appearance with a wrong value. This faulty operation
will continue until the interfering electrical device is removed,
which may not be for a very long time period.

For interference between two objects, the following condi-
tions must apply:
e There must be a source that creates electromagnetic energy.
e There must be an object susceptible to the EM energy.
e There must be a physical relationship between the two

objects, which means, they must share the same electromag-
netic energy.

I11. Experiment
The experiment was performed in a secluded cabin - an envi-

ronment that is less polluted with electromagnetic waves than

in the city. All electrical equipment in the cabin was turned off.

A Silogic EC60 Four lead ECG was used for the experiment.

The potential interfering devices used during the test were: a

Portable Telephone at 5.8 GHz, a Portable Telephone at

2.4GHz, a Cell Phone, a GameBoy Advance SP™, an iPod

Nano™, and a Walkie-Talkie. The experiments were conduct-

ed over a period of several days.

The following experimental procedure was used:

1. For the initial setup, the four ECG leads were applied to
Anthony while Matthew examined the ECG display for
interference. The electrodes were placed with one on each
inner thigh and one below each shoulder. If ambient inter-
ference was noticed, then the ECG was moved within the
cabin to a place that did not show any interference.

2. For each potentially interfering device under test, the leads
were applied to Anthony and the ECG control was posi-
tioned ON.

3. Each electrical device, one by one, was placed at a distance
of 15 cm away from the ECG. Then the device was moved
over a period of 45 seconds to try to get interference. For all
the devices with antennas, the antenna was pointed towards
the ECG and the opposite way.

4. The ECG display was video taped and heart beat readings
were recorded.

The interfering devices were tested as follows:

1. Portable Phones that ring due to an outside call. Both 2.4
and 5.8 GHz phones were tested. The chargers (base sta-
tions) for the phones were placed 2m from the ECG.

2. A Cell Phone that rings due to an outside call.

. A GameBoy™ that is ON but with nobody playing it.

4. An iPod Nano™ that is ON at maximum volume. The ear-
phones were moved around the ECG and its leads without

(S8}

touching them.
5. A Walkie-Talkie that rings in response to a page.

IV. Experiment Results

Figures 1(a)-1(d) show typical ECG displays with and without
interference. Table 1 lists the recorded Heartbeats with and with-
out the various interfering devices energized. Figure 1 shows that
in these cases, the EMI caused the ECG heartbeat to change;
however, the waveform retained a normal appearance.

Device iPod Cell Portable Walkie-Talkie | GameBoy™ | Portable
Nano™ | Phone | Telephone Advanced Telephone
2.4 GHz SP 5.8Ghz
Heartbeat* | 67>81 | 61>74 | 58->73 6795 6590 5277
Change in | +14 +13 +15 +28 +25 +25
Heartbeat I

* Heartbeat recorded in beats per minute. Device OFF
Device ON

Table 1: Recorded changes in ECG heartbeats due to inter-
ference from popular electronic devices.
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Figure 1(c): ECG with iPod™ OFF.
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Figure 1(d): ECG with iPod™ ON

V. On-Site Hospital Experiment

Matthew had the occasion to further test their results at the
Montreal Children’s Hospital. During a routine Cardiology
appointment he had to undergo an ECG test. Seizing the
opportunity, he asked the Medical Test Technician if, after the
test, he could experiment by using his GameBoy™ to try to
interfere with the ECG (Hewlett Packard Model #M1700A).
The technician’s reply was “Sure, but you won’t get any inter-
ference because only a cell phone can interfere with an ECG.”
As shown in Figures 2(a) and 2(b), there was a considerable
amount of interference caused by the GameBoy™. Later on, he
showed his results to the Cardiologist and the doctor’s reply
was, “Thank you very much for telling me this, I never knew
that a GameBoy™ could interfere with an ECG.”
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Figure 2(a): Hospital ECG GameBoy™ OFF.
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Figure 2(b): Hospital ECG GameBoy™ ON.

VI. Conclusion

We proved through our experiments that modern hospital
equipment, in particular the ECG, is susceptible to electro-
magnetic interference from many different popular electronic

devices including unintentional emitters such as a GameBoy™
and iPod Nano™. Doctors and Medical Technicians are not
aware of these sources or interference that can lead to equip-
ment malfunction. According to the signage in the hospitals
we have visited, iPods™, GameBoys™ and even the Game-
Boy™ Advance DS (with wireless) are not banned. Especially
in a Children’s Hospital kids will play these games or listen to
their iPod™ to pass time while undergoing lengthy tests and
procedures. Air Lines know that these devices should not be
used during critical operations. Now we are proving that the
same applies to Hospitals, Home Care and Doctor’s Offices.
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