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Abstract: The concepts of “ground bounce” or “noisy 
reference planes” or “voltage drops along ground” are all tied 
in with the idea that a ground plane (or just a length of wire for 
that matter) can be modeled as an equivalent lumped inductor. 
If care is taken to consider the entire circuit, and mutual 
inductances are properly taken into account, this inductor 
model works. However, it appears that this model is often 
interpreted too literally. One notices that in the literature, 
authors often refer to “voltage drops” along ground “I. Some 
even purport to be able to measure this voltage 1” 13]. Others 
claim that this voltage is real and causes “ground bounce” 14’. 
Still others claim that this voltage can be used to drive antenna 
elements I”. In this paper we show that this voltage is a fiction. 
The above inductor model is valid only when measuring a 
voltage from well-defined model “terminals” or “ports”. 
Misuse of the model can lead to erroneous conclusions. 

INTRODUCTION 

The literature indicates that much effort has been expended to 
model ground planes as equivalent lumped inductors. One 
recent example is by Holloway r61. While his methodology is 
fine, his conclusion that decreasing the “net inductance” of the 
ground plane, reduces the voltage across the ground plane, and 
in turn lowers the printed circuit board emissions is 
misleading. We maintain that, strictly speaking, the voltage 
drop across any ground plane (in which resistive losses are 
ignored) is zero. For a trace on a printed circuit board (PCB), 

I the emissions are indeed reduced when the trace is moved 
closer to the ground plane since the loop area is reduced. 
Holloway seems to imply that by moving the trace closer to the 
ground plane, the net ground plane inductance is reduced, and 
therefore the voltage drop across ground is reduced. This in 
turn (presumably) reduces radiation since ground drops are 
capable of driving antenna elements, such as cables. We 
believe, however, that a proper description of this result is 
better provided by electromagnetic (EM) field theory. This is a 
non-trivial distinction since using this “ground plane voltage” 
approach can lead to wrong conclusions. The “ground plane 
inductance” paradigm has lead many author astray. They 
describe ground plane voltages as “bouncing” due to voltage 
drops across these inductance’s leading them to the conclusion 
that something is “wrong” with their ground or that they have a 
“bad” ground. Ground plane net inductance is really a “partial” 
inductance” r71 (discussed later in this paper) and is only part 
of a total loop inductance. This inductance is a model, which 
yields correct results only when viewed from a well-defined 
set of “terminals” such as the driving port of a microstrip 

transmission line. If the ground plane is assumed to be a 
perfect electric conductor (PEC), that is, it has no electrical 
resistance, the voltage drop across it is zero at all frequencies. 

BASIC CONCEPT 

To understand these basic ideas consider figures 1, 2, and 3. 
Figure 1 shows an ideal (lumped) source driving a wire over a 
finite size ground plane, terminated with an ideal (lumped) 
resistor. Figures 2 and 3 show circuit representations or 
“models” of the physical representation in figure 1. Both 
models (figures 2 and 3) are equally valid. 

Figure 1. Physical representation of wire over finite size 
ground plane with source and termination represented by 
ideal lumped components. 

Figure 2. Ideal circuit representation of physical geometry 
shown in figure 1. 

Figure 3. Alternate (equivalent) ideal representation of 
physical geometry shown in figure I, where LT = Ll + L2 - 
2 L12. 
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The “lines” connecting the lumped elements in figure 1 
represent real wires with finite lengths. The “lines” connecting 
the lumped elements in figures 2 and 3, on the other hand, 
represent ideal connections that have no length. The 
inductances shown in figure 2 are “partial” inductances” [7], 
whereas the inductance in figure 3 is a loop inductance. 

The models representing the geometry of figure 1 are based on 
the well-known Faraday’s Law: 

(dynamic). This is the simple basis of our statement that the 
voltage drop across a ground plane or any wire in which the 
resistive losses are ignored is zero. How can this be when 
“everyone” knows that you can measure a voltage drop across 
an inductor? The answer to this is that you are measuring the 
voltage across the internal resistance of the voltmeter from a 
current flow, which is caused by an induced emf 
(electromotive force) into the measurement loop. The induced 
emf is caused by a non-conservative electric field, which 
results from a changing magnetic field. There can be a voltage 
drop across the internal resistor and not the rest of the loop 
(which includes the inductor) because, as we said above, the 
voltage drop around the loop is not zero for a non conservative 
field. 

This equation says, essentially, that the voltage drop around a 
closed loop is not zero if there is a time changing magnetic 
field through the loop. Another way of saying this is that when 
the fields are time varying, the electric field is not conservative 
(or the curl is not zero). You may recall, that when the electric 
field is non-conservative, the voltage measured between two 
points is not unique but is dependent upon the path one takes 
between the two points. In evoking circuit theory, we put the 
effect of the right hand side of this equation into an equivalent 
inductor (or inductors) and forget about it. We must not forget 
however that the equivalent circuits (as shown in figures 2 and 
3 for instance) are just models that are valid only from a well- 
defined “port”. For instance, a well-defined port could be the 
terminals labeled “A” and “B” (which have zero length). If we 
interpret these models too literally, we immediately get into 
trouble. For instance, the model in figure 2, would indicate a 
“voltage drop” across the ground plane but the model in figure 
3 indicates no voltage drop across this ground plane. Which is 
correct? The answer is, that from the port point of view, both 
are correct. But (you mrght argue), figure 2 represents the 
valid model since the ground plane clearly has some 
inductance (or “partial” inductance). Well, we hope to 
convince you in this paper, that inductance only has meaning 
for closed loops. Indeed, Ruehli, in [7] points this out when he 
quotes Weber himself . [*I In Weber’s words, “It is important to 
observe that inductance of a piece of wire not forming a closed 
loop has no meaning.” We are reminded of this fact in 
equation (l), where the integral on the left is a closed-loop 
integral. 

To put this in perspective, examine figure 4. Here we show a 
conductive loop with a current flow due to an external 
changing magnetic field. The shaded part of the loop, on the 
left, labeled “R”, is a resistive material. The unshaded part (the 
rest of the loop) labeled “r” is a good, but not perfect, 
conductor. We give it a little resistance so that we have some 
small but non-zero fields in the conductor to illustrate our 
point. We can consider its resistance, however, to be very 
small compared to the shaded resistive area. Let’s assume that 
the B field is increasing out of the page due to the external 
source. An induced emf (non-conservative electric field) is 
generated which causes a clockwise current as shown (recall 
the well known Lenz’s Law [‘I ). Also recall that B = V x A , 
where A is the standard magnetic vector potential. We 
substitute this expression for B into equation (I), transform 
the result to point form (see [9], page 219), and obtain for the 
electric field, 

This is the total electric field. It consists of a conservative part 
( -V@)* and a non-conservative part (- aA/& ) as explained 

below. We label these, EC and EN=, respectively. This 
equation can be verified by back substituting into equation (1). 
It is the integral of this total electric field, according to 
equation (2), that is responsible for any potential difference. 

ELECTROMAGNETICFIELDCONCEFTS You mav recall that when the curl of the vector field A has 

The voltage drop or potential difference (PD) between two 
been de?med, we are free to specify its divergence. The 

points, A and B, is the work per unit positive test charge 
divergence of A is often chosen to be zero. This is the so- 

required to move the test charge from A to B. That is 
called Coulomb gauge (see [9], page 221). If this choice is 

FYI="&=-TE*dl. 

made, Q in equation (3) is the instantaneous Coulomb 

(2) 
potential (the potential due to free charge separation) and is 

A given by the familiar static field equation 

In statics, E is a conservative field and the PD is independent 
of the path from A to B. In dynamics, however, E is not 
conservative and the PD is path dependent. In other words, the 

(4) 

voltage drop around a closed loop is not zero. In a perfect 
electric conductor (PEC), the electric field is zero everywhere 
and the PD between any two points is zero, regardless of * Recall that the integral around a closed path of the gradient 
whether the field is conservative (static) or non conservative of any scalar field is identically zero. 
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where p is free charge density. Thus we can interpret E, 

(-VCD)), in equation (3), to be the conservative (static) field 
and, E, (- aA/& ), to be the non-conservative field. Note 

that in cross section (a), through the resistive region (figure 4), 
the conservative and non-conservative fields add. In cross 
section (b), through the conductive region, on the other hand, 
the fields subtract. We know that this must be so since the total 
electric field is almost zero here. The conservative field is due 
to free charge separation and free charge exists at the boundary 
between the resistive and conductive regions. Therefore the 
conservative field reverses direction at these boundaries as 
shown in figure 4. We are left with the conclusion that the 
potential drop around the loop is significant only across the 
resistor. All is as it should be. If we choose a path for equation 
(1) around the loop of the circuit, we see that E*dl is just the 
voltage drop across the resistor and there is no voltage drop 
anywhere else. This net voltage drop around the loop is equal 
to the time rate of change of the flux as given by the right side 
of equation (1). 

Figure 4. Changing flux from external B field causes an 
electric field to he induced around a conductive loop. The 
total E field can be broken into a conservative (due to 
charge separation) EC (-V@) and non-conservative Enc 
( -aA / at ) portion. 

INDUCTANCEANDCIRCUITTHEORYCONSIDERATIONS 

The non-conservative nature of the electric field takes some 
getting used to. We are used to thinking about voltages as 
balancing around a loop. After all, circuit theory tells us that 
the voltage around a loop is zero, even for the dynamic case. 
Lumping the non-conservative nature of the field into an 
inductive element allows us to do this. We assume that the 
magnetic flux through the closed loop (defined as 
@e = AB l dS ) given in equation (1) is proportional to the 

current, which produced B . In this case it’s an external 

current since B is assumed to be external. That isCDB = LZ, . 

The proportionality constant is called the inductance. Now we 
can write equation (1) as 

Since I is an external current, L is a mutual inductance. If I 
were an internal current, L would be the self inductance. 
Because the right side of equation (5) has units of voltage, we 
can conceive of it as a voltage drop and model it as a lumped 
component, placed somewhere in the loop which develops a 
“voltage” in response to a changing current. The important 
point is that equation (5) tells us nothing about where to place 
the lumped inductance! Equation (5) tells us that the voltage 
around the loop is not zero but is proportional to a changing 
current. We, however, take the right hand side of equation (5), 
move it to the left side, conceive of a lumped inductor with a 
voltage across it and then say that the voltage around the loop 
is zero. This is a circuit theory approximation of field theory. 
Applying equation (5) to figure 4, we come up with the circuit 
theory representation shown in figure 5. Figure 5 is an ideal 
circuit representation of the actual geometry of figure 4. The 
lines representing wires in figure 5 have no length. Figure 5 is 
a model of figure 4 where the voltages around the loop now 
balance. We have “hidden” the non-conservative nature of the 
field in a lumped component where we can forget about it. Or 
can we? 

r 

L dlext/dt 

Figure 5. Ideal circuit representation of figure 4. 

LOOP INDUCTANCEANDPARTIALINDUCTANCE 

A very useful concept is that of partial inductance [7]. It comes 
from substituting equation (3) into equation (5), whereby we 
obtain 

4 A.dl 
L=L- 

I * (6) 

The numerator of the right side of equation (6) is equivalent to 
the magnetic flux through the closed loop r , but is in the form 
of a line integral of the magnetic vector potential around the 
loop. This form (a path integral as opposed to an area flux 
integral) leads to the natural inclination to break the integral 
into pieces. The integral over the closed path is broken up into 
multiple integrals over parts of the path allowing us to use 
formulas for so-called “partial” inductance’s (such as those in 
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Grover t”‘). This is very useful and commonly done in with wire bond or package lead inductance [3]. Not only is the 
complex environments and allows us to calculate the rest of the loop inductance ignored but the inductance is taken 
inductance for complex geometries from a limited number of literally and it is said to cause a potential difference between 
relatively simple formulas. Consider a simple example such as two points. Figures 6b and 6c illustrate this fallacy. Both 
two wires in a ribbon cable or twin lead as shown in figure 6a. figure 6b and figure 6c are equally good and valid models 
Let’s assume that bottom wire is our “reference” or “ground” when viewed from a “port” on the left (or the right). In 6b we 
or “return” wire with the current returning through that wire have put all the inductance in the upper (signal) leg and in 6c 
when viewed from the left side. This is indicated by the ground we have put it in the lower leg. All three of these models 
symbol. Also let’s assume that this is a section of a long would indicate a different “ground bounce”. Again, we 
transmission line so we are not interested in end effects (e.g. emphasize that these inductors are models for the non- 
we are considering inductance per unit length values). conservative field effects. 

As we have tried to emphasize above, the loop inductance* 
represents the non-conservative induced emf and is a model of 
this effect with no real voltage drop across the wire. This is 
confusing enough. Now we further add to the confusion by 
breaking the loop inductance into parts. We can use equation 
(6) to break the total loop inductance into parts as follows 
(assuming that Z = 1 ): 

L, =4 A.61= jA.dl+ JAWI= 
r Wl w2 

IA, .dl+ IA, .dl+ IA@+ IA, l dl 
(7) 

wl WI w2 w2 

where A is the total vector potential due to the current in both 
wires, A, is the vector potential due to the current in wire 1 

only, and A2 is the vector potential due to the current in wire 
2 only. In equation (7) “WI” and “~2” refer to integrations 
over wire 1 and wire 2, respectively. Equation (7) can now can 
be written as 

L,=L,+L,,+L,,+L,, (8) 

where L, is the so-called partial self inductance of wire 1 and 

is obtained from the integral of A,, the vector potential due to 

the current in wire 1, over the length of wire 1. L,, is the 

partial mutual inductance due to vector potential A,, due to 
the current in wire 2, integrated over the length of wire 1, etc. 

This segmentation is very convenient since it allows us to use 
closed form solutions for these partial inductors. Thus an 
infinite number of closed loop geometries can be modeled 
from a finite number of formulas. However we must be careful 
to remember (again) that the loop inductance is the only 
meaningful concept. It not uncommon to see in the literature 
references to only one of the partial self inductances in a loop; 
as if it were the total loop inductance. This is sometimes done 

* In the example shown in figure 6, our “loop” inductance is 
actually the “down and back” inductance. We assume that the 
lines have no end effects (E.G. the fields are TEM and the 
ends don’t contribute to the loop inductance). 

, 
c, 

’ c 
, 

+ F -\I 

Figure 6. Three different representations of the inductance 
of a two wire line. 

SIMIJLTANEOUSSWITCHINGNOISEORGROIJNDBOUNCE 

Simultaneous switching noise is the voltage one measures on 
an integrated circuit (IC) at the output of a quiescent device 
when other devices are switching (see [3], page 71). The 
“noise” voltage which is measured is sometimes attributed to 
“ground bounce”. In fact the U.S. department of defense, in 
Mil Standard 883e”‘l, describes simultaneous switching noise 
as being due to ground bounce noise. They describe ground 
bounce as “noise generated across the inductance of a package 
pin as a result of the charge and discharge of load capacitance 
through two or more transitioning output pins”. 

Figure 7 shows a simplified top view of CMOS output driver 
circuits on an IC. Also shown are some of the important 
components of the path involved when the drivers switch state, 
such as wire bonds, package leads, etc. Gl is assumed to be 
the switching gate. G2 is the quiescent gate. Capacitors Cl and 
C2 represent the input capacitances to gates on another IC. 
The discharge path is labeled PI, the victim path is labeled P2. 
Note that these are completely closed paths. They are best 
guesses as to where current flows in complete paths. We don’t 
know the exact path. In fact there is generally more than one 
path involved. For instance the lead frame (package pin) has 
some capacitance to the PCB ground which may dominate Cl 
and C2 in figure 7. Also, some current may flow through Vdd 
because of bypass capacitors between power and ground. It is 
generally very difficult to determine all the loops and their 
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associated parasitics. It is much easier to calculate the partial 
self inductance of a ground pin and assume that this is a 
sufficient model. As we have emphasized above, however, the 
closed loop paths are important, because it is the flux through 
one of these loops which induces an emf into the other loop. 
This shows up as a unwanted “noise voltage” across a sensitive 
component. 

Vdd 

gnd 

die pad 

wire bond 

lead frame 

Figure 7. Top view of a pair of CMOS output drivers (top) 
on an IC and a pair of inputs to another IC (bottom). Path 
Pl is the discharge current path for Cl when gate Gl 
switches low. Path P2 is a “victim” path, which is coupled 
to the path, Pl. The heavy dash and dash-dot lines 
represent current flow in the PCB ground plane. 

Figure 8 shows a simplified equivalent circuit of the system 
shown in figure 7. Only some of the salient features are 
included. For instance, the transmission lines are not included. 
The inductors, labeled Lp, represent the partial inductance of 
the wire bond and package leads. The inductors, labeled Lt, 
represent the partial inductance of traces on the IC. Not 
explicitly shown, but important, are partial mutual inductors, 
which exist between each partial inductor and all others. Note 
that an inductor is not explicitly shown for the PCB ground. As 
figure 7 indicates, current is flowing in the ground plane only 

in the microstrip transmission line region. A complete model 
should include these transmission lines if their lengths are 
significant. 

It is sometimes assumed that the upper left package ground 
pin (partial) inductor in figure 8 provides the dominant 
coupling effect between the two loops, path Pl and P2 
[3],[4],[11]. It is the “voltage” across this inductor that is 
perceived to be cause of a difference in potential between 
circuit board ground and the IC ground causing “ground 
bounce”. The use of just this single inductor could lead to 
model errors since the partial inductance of the package 
ground pin is only part contribution to the total mutual 
inductance that link the two loops. Note that the lower left 
partial inductor in figure 8, which represents the package 
ground pin of the receiver IC, appears to be just important in 
coupling the two loops. In addition, the partial mutual 
inductances between the package pins may add significant 
coupling. It is very convenient to use just the package ground 
lead (partial) inductance since it can easily be calculated using 
formulas in [lo]. Using the correct self and mutual loop 
inductance is a much more difficult task because it is not 
always clear where return currents 
what defines the complete path. 

PCB 
gnd 

are flowing and therefore 

Lt I I-!- r.$ 
i.-.-m 

pas? 
p2 I 

1 LP i 43 
I i 

i 
I i 

I I. 4J i LP 

f.L&& 

I i 
I Cl i C2 

- - ----- i 

Lt Lt 

Figure 8. Simplified equivalent circuit of system in figure 
7. When gate Gl (see figure 7) switches to the low state, 
capacitor Cl discharges through path Pl. Tbe current 
flowing in Pl creates a changing flux though P2, induces 
an emf which shows up as a measured voltage across C2. 

MEASUREMENTSANDMEASUREMENTPORTS 

Holloway in [6] points out that “there is limited measured data 
of the ground plane net inductance”. We believe that there is a 
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good reason for this. The measurement has no meaning 
because it is not unique. Microwave engineers have been using 
the idea of measurement “ports” for many years [lzl. Such a 
port is necessary for several reasons. One reason, relevant to 
our discussion here, is that one needs to decouple the device 
under test (DUT) with the measurement system. Otherwise one 
is measuring the DUT and the measurement system, together. 
Consider the measurement depicted in figure 9 where one is 
trying to measure the voltage drop across a ground plane. As 
everyone knows, who has attempted such a measurement, the 
voltmeter probes are an intimate part of the measurement. 
Rearranging the probe cables greatly affects what the 
voltmeter will read. This measurement is actually sensing the 
changing magnetic flux through the loop shown as a dotted 
line in figure 9. The points A and B, between which one is 
trying to make this voltage measurement, do not constitute a 
valid port. 

conservative induced emf but two things should be 
remembered. First, is that the induced emf is a property of a 
loop. Therefore the inductor which represents the induced emf 
is also a property of the loop. Partial inductance must not be 
interpreted too literally. We must remember that, ultimately, it 
is the loop inductance that is important. Second, if we ignore 
resistive losses, the voltage drop across any conductor is zero 
because the electric field (inside the conductor) is zero. 
Therefore ground bounce is a misconception. 

When measuring in an electrodynamic environment, one 
should introduce measurement ports into the problem. These 
ports are generally far removed from the device one is 
measuring and are effectively in a TEM environment where 
voltage measurements are valid. 
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The potential drop along a path is defined as the integral of 
E l 61 along that path. It is unique (and therefore useful) only 
for static fields or for TEM fields. In electrodynamics, 
inductor models are useful to take into account the non- 

* Recall that a transverse electromagnetic (TEM) transmission 
line obeys Laplace’s equation in the cross section of the line. 
Therefore the electric field is conservative in the transverse 
plane and the potential difference is uniquely defined. 
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