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Abstract

Rising integration increases the on-chip interference and causes systems to mal-
function. We propose a way to model this phenomenon and diminish its effects.
The possibilities of 3D-stacking are analyzed.

Context

The consumer electronic market is mainly driven by cost reduction, which is
facilitated by the increasing miniaturization of the transistors. More and more
functionality is therefore integrated on the same die. This leads to the prolifera-
tion of single-chip radio implementations which are also called Systems-on-Chip
(SoC). One of the most important drawbacks of such an implementation is the
substrate coupling, an on-chip interference which is caused by the fast switch-
ing of the digital circuitry and is transported by the common substrate. This
interfering signal is injected into the substrate, propagates through the common
substrate (this is why it is called substrate noise) and finally couples into the
sensitive analog/RF receivers residing on the same die. This perturbation can
severely affect the performance of these radios and can even lead to malfunction.

Goal

The purpose of this work is to give the analog designer a deep understand-
ing about how substrate noise propagates through the substrate and how it
couples into the analog circuitry.

Method

The propagation of substrate noise is complex and depends on the circuit
layout. Therefore we propose to use a 3D field solver to predict the propagation
of substrate noise. The isolation between the digital and analog circuitry can
be enhanced by the use of guard rings. Different types of guard rings are
investigated and guidelines are provided to help the designer to choose the
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guard ring that fits the best to his needs.
Further, the different substrate noise coupling mechanisms in a single active

device are revealed. Measurements and simulations point out that the impor-
tance of the coupling mechanism is determined by the resistance of the ground
interconnect.

To guarantee first silicon pass, it is mandatory to accurately predict the
impact of substrate noise into the sensitive analog circuitry. To this end, a
methodology is presented that combines both the strengths of the emerging 3D
field solvers and the circuit simulators. A large number of examples such as a
5GHz wideband receiver are modeled with this methodology. All the examples
are successfully validated with measurements.

Finally, this PhD has explored the opportunity of 3D-stacking to reduce the
substrate noise coupling. Measurements and simulations have pointed out that
a 3D-SoC offers 10x better substrate noise isolation than a traditional 2D-SoC.
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Chapter 1

Introduction

1.1 Introduction and motivation

The consumer electronic market is mainly driven by costreduction. This costre-
duction is facilitated by the continuously miniaturization of the transistor di-
mensions. More and more functionality can be integrated on the same die.
This leads to the proliferation of single-chip radio implementations which are
also called Systems-on-Chip (SoC). Such a SoC is for example present in a PDA
which include wireless internet access, mobile phone capabilities, GPS, cam-
eras, Touchscreen technology and various sensors. In such devices, analog/RF
and digital functionality are integrated on the same die. Although most of the
functionality is implemented by the digital or digital signal processing (DSP)
circuitry, analog/RF circuits are still needed at the interface between the digital
system and the outside (analog) world. Hence they are both integrated on the
same die for cost and performance reasons. Modern SoC designs are therefore
more and more mixed-signal. This will be more prevalent if we move toward in-
telligent homes, health care monitoring, automotive industry, etc. For example
such advanced SoC is a Wireless Sensor Network with which the body temper-
ature, heart rate and blood pressure can be monitored anytime for high-risk
individuals. This device is then wireless connected to the health care provider
which can trace the patient via satellite navigation. This example shows that
the integration of the analog/RF circuitry, the different sensors and the digital
circuitry offers many benefits and possibilities. Unfortunately, the integration
of the analog and digital circuits creates also technical problems, especially
in deep submicron CMOS technologies. Since, the analog circuits exploit the
low-level physics of the fabrication process, they are costly and difficult to de-
sign, but they are also vulnerable to any kind of noise coupling. The higher
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level of integration which includes adding more and more digital functionality
which are clocked at an ever increasing frequency, makes the mixed-signal sig-
nal integrity even more challenging. One of the most important problems is
the substrate coupling, caused by the fast switching of the digital circuitry via
the common substrate. The continuously ongoing increase in speed and com-
plexity of the digital circuitry on mixed-signal integrated systems also means
an increase of the amount of digital switching noise generated by this circuitry.

On a lightly doped substrate, the most important substrate noise genera-
tion mechanisms is the coupling of powersupply noise into the substrate [3].
When large digital circuits are switching simultaneously, high current peaks
are drawn from the power supply network which results in ringing on the sup-
ply lines. This ringing, commonly called switching noise, is injected into the
substrate in a resistive way through the substrate contacts. Those substrate
contacts connect the ground interconnect of the digital circuits to the sub-
strate. The switching noise then propagates through the common substrate,
and hence it is called substrate noise. When substrate noise couples into an
analog/RF circuit residing on the same die, it can severely affect their perfor-
mance. The performance and the precision levels required from the analog/RF
circuits increases as dictated by today’s applications such as WLAN, UMTS,
... This goes together with an increase of the sensitivity or the susceptibility
of the analog circuits to digital substrate noise. It is therefore important to be
able to predict the impact of substrate noise on the analog circuit performance
at the design stage of the integrated system, before the chip is taped-out for
fabrication. There are three aspects to such a substrate noise analysis and
simulation methodologies (see Fig. 1.1):

• Generation of substrate noise;

• Propagation of substrate noise;

• Impact of substrate noise;

The first is the modeling of the digital switching noise injected into the
substrate. This amount of switching noise injected into the substrate depends
on the switching activity (the amount of switching) of the digital gates, the
steepness of the transition time and the impedance of the power supply network
and the package. The higher the value of the inductance of the power supply
network and the package, the worse the ringing on the power supply lines and
the more switching noise is injected into the substrate. The higher the value of
the decoupling capacitors, the better the ringing is damped [4]. In this book,
the digital circuitry is replaced by a substrate contact. A substrate contact
is a resistive connection to the substrate and is connected via a bond pad to
the external world. Any signal can be applied to the substrate through such a
substrate contact in a very controlled way.

6



ImpactImpact
p+p+ n+n+

- +- +

p+p+n+n+n+n+p+p+ p+p+ n+n+n+n+ n+n+n+n+ p+p+ p+p+ n+n+p+p+

- +- +

Digital 
Generation

Analog 
Impact

Propagation
Substrate 20Ωcm

Figure 1.1: The substrate noise analysis can be divided into generation, prop-
agation and impact.

The second aspect is the propagation of substrate noise through the lightly
doped substrate from the aggressor (the substrate contact, the digital circuitry)
to the reception point (the victim analog circuitry embedded in the same sub-
strate). This requires a model of the substrate. A typical lightly doped sub-
strate consists usually of a 300µm high resistive substrate (20Ωcm) with on
top a 1.5µm conductive Pwell layer (800S/m). In such a lightly doped sub-
strate, the propagation of substrate noise is strongly influenced (sometimes
determined) by the adjacent layout details such as P- and N-doped regions.

Finally, the third aspect of the substrate noise analysis is the modeling of
the impact of substrate noise on the analog circuitry. The analog circuitry is
not a single noise reception point but has many noise sensing nodes that all
have a different sensitivity to the noise. Such an analysis is quite complex and
time-consuming for large analog circuits such as entire front-ends. Hence, some
simplifications might be needed in order to make this analysis tractable.

In addition to the analysis methodology, design guidelines and techniques
to reduce the substrate noise problem are developed. This can be done by
either decreasing the transmission or to increase the immunity of the analog
circuits. Guidelines are developed to increase or to alter the transmission be-
tween the aggressor and the victim by using guard rings. The immunity of the
analog circuitry to substrate noise can be effectively increased by shielding the
dominant substrate noise entry points. To this end, several layout and circuit
techniques are proposed.
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1.2 Book overview

The purpose of this book is to give the analog designer a good understanding
about how substrate noise propagates through the substrate and how it couples
into the analog circuitry. A deep understanding is provided through numerous
examples. Further, guidelines are provided to the designer to tackle substrate
coupling problems. Some of these guidelines should be taken into account
already at the architectural level.

To guarantee first silicon pass, it is mandatory to accurately predict the
impact of substrate noise into the sensitive analog circuitry. To this end, a
methodology is presented that combines both the strengths of the emerging
3D field solvers and the circuit simulators. A large number of examples are
modeled with this methodology which are all validated with measurements.

This book is structured as follows:

This book starts in Chapter 2 to provide insight in the propagation of sub-
strate noise in simple structures. Then, with each chapter the complexity of the
structures is increased. Chapter 3 analyzes the substrate noise propagation in
passive isolation structures such as guard rings. Then, in Chapter 4 also active
devices such as transistors are involved. Chapter 5 and Chapter 6 studies the
impact of substrate noise in analog/RF circuits. Finally Chapter 7 investigates
the impact of substrate noise in a front-end.

• Chapter 2, Propagation of substrate noise, gives a deep understanding of
how substrate noise propagates through the substrate and how small lay-
out details like Nwells influence this propagation. Insight in the substrate
noise propagation will determine what is required to bring simulations in
agreement with measurements. Consequently different techniques are
proposed that accurately model the substrate.

• Chapter 3, Passive isolation structures, proposes different isolation struc-
tures, also known as guard rings, to increase the isolation between the
aggressor (digital circuit) and the victim (analog circuit). The substrate
noise isolation provided by the different guard rings are compared against
each other. A properly designed guard ring can improve the substrate
noise isolation with more than 40 dB. Guidelines are formulated to design
efficient guard rings.

• Chapter 4, Noise coupling in active devices, proposes a simulation method-
ology to predict the impact of substrate noise in active devices such as
transistors. The different substrate noise coupling mechanisms in a tran-
sistor are revealed and compared. It is shown that the impedance of the
adjacent interconnects determines the importance of the coupling mech-
anisms.
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• Chapter 5, Measurement techniques to qualify the dominant coupling
mechanisms in analog/RF circuits, learns the designer different measure-
ment techniques that can be used to reveal and to quantify the domi-
nant substrate coupling mechanisms. In this way, the different coupling
mechanisms between a Power Amplifier (PA) and a Voltage Controlled
Oscillator (VCO) are revealed and quantified. This chapter also intro-
duces the concept of sensitivity functions. These sensitivity functions
determine how circuit properties such as gain, oscillation frequency, etc...
varies when a perturbation is applied on a reception node of the circuit.

• Chapter 6, Simulation methodologies to predict the impact of substrate
noise on analog/RF circuit, proposes different simulation methodologies
that are able to predict the impact of substrate noise in analog/RF cir-
cuits with an accuracy that is better than 3 dB. Further, it is shown that
the impact of substrate noise mostly results in ground bounce. Differ-
ent circuit and layout techniques are proposed to increase the immunity
of analog/RF circuits to substrate noise. Finally, simulations show that
3D-stacking offers an opportunity to reduce the substrate noise coupling.

• Chapter 7, Noise coupling in analog/RF systems, refines the methodol-
ogy such that it can handle large analog/RF circuits and even analog/RF
systems. It is shown that the refined methodology is able to accurately
predict the impact of substrate noise in a wideband receiver. The per-
formed simulations are validated with measurements on a silicon proto-
type. The methodology is able to predict the impact of substrate noise in
less than two hours with an accuracy that is better than 2 dB. [5, 6, 7]
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Chapter 2

Substrate noise propagation

2.1 Introduction

Current deep sub-micron technologies are using a lightly doped substrate. This
type of substrate has better substrate noise isolation properties than the epi-
type substrate [8, 9, 10] because the lightly doped substrate has a higher resis-
tivity. However, the substrate noise propagation in a lightly doped substrate
is much more complex [11] and depends on the layout [12].

The goal of this chapter is to get a better understanding of the signal propa-
gation in a lightly-doped substrate and to determine what is required to model
the substrate noise propagation accurately. There exists different simulation
tools that describes the propagation of substrate noise [6, 13, 14, 5, 15, 16, 17].
Most of these simulation tools implement either the finite difference method
(FDM) or the finite element method (FEM) [18] (see Tab. 2.1). The FDM mod-
els the substrate as a distributed RC network. FEM describes the substrate by
S-parameters [5] or an equivalent lumped network. Other techniques [17, 19]
are surfacing that addresses this complex modeling issue.

FDM FEM
SubstrateStormTM[6] HFSSTM[5]

SeismICTM[13] MEDICITM[15]
SPACETM[14] SequoiaTM[16]

Table 2.1: The simulation tools can be categorized into the FDM and the FEM
method.

To determine what is required to model the substrate noise propagation
accurately, both methods are demonstrated on a small silicon prototype. The
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FDM method is implemented by the simulation tool SubstrateStorm [20] and
the FEM method is implemented by HFSS [21]. The designer is taught how to
use the tools correctly. Both tools give insight in how substrate noise propagates
through the substrate and how layout details, such as metal traces and P+/N+

doped regions, influences the substrate noise propagation. The performance
of both tools are compared against each other and against measurements in
terms of accuracy, a priori knowledge and simulation time. Both tools are able
to describe the substrate noise propagation accurately but the HFSS simulation
tool that implements the FEM method shows to be much faster. Therefore, this
tool is used in the next chapter to characterize the substrate noise propagation
in complex isolation structures.

2.2 Modeling the substrate

In order to model the substrate, it usually suffices to solve the Maxwell equa-
tions. The current flow of the free carrier can be neglected due homogeneity of
the semiconductor [22].

The differential form of the Maxwell equations are [23]:

∇ ~E =
ρc

ǫ
(2.1)

∇× ~E = −∂ ~B

∂t
(2.2)

∇ ~B = 0 (2.3)

∇× 1

µ
~B = ~J + ǫ

∂ ~E

∂t
(2.4)

where ~E is the electric field vector, ~B is the magnetic field vector, ρc the
charge density, ǫ is the dielectric constant, ~J is the current density vector and
µ is the permeability of the semiconductor material.

The tools differ from each other in the way that they solve those equa-
tions. The FDM method approximates the differential Maxwell equations by
finite difference equations and then solves this equations. The FEM method
approximates the solution of the differential form of the Maxwell equations.

This section shortly rephrases how the FDM and FEM method works in
order to instruct the reader how the different tools model the substrate. An
in-depth understanding of the FDM and FEM method can be found in [23]
In the next section, both methods are implemented by a different tool on the
same simple silicon example. This allows us to assess the performance of the
different tools.
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2.2.1 Finite difference method

Figure 2.1: Cube around node i in the box integration technique.

The basic principle [24, 25] behind this modeling is explained in this section.
The substrate, without the diffusion/active areas, is considered to consists of
layers of uniformly doped semiconductor material of varying doping profiles.
In these layers, a simplified form of Maxwell’s equations is formulated:

∂

∂t
(∇ · ǫ · E) + ∇ · 1

ρ
· E = 0 (2.5)

Hereby the influence of the magnetic fields are ignored. There are several
ways to solve eq. 2.5. In the FDM technique, the substrate is represented as a
collection of square cubes as shown in Fig. 2.1. The electric field normal to a
contact plane of two adjacent cubes (i,j) with distance hij is given by:

Eij =
Vi − Vj

hij
(2.6)

with Vi and Vj the potential on the nodes i and j. hij is the distance between
nodes i and j. Using Gauss’s law under the assumptions of an uniform doping
concentration in the box integration method, it is possible to rewrite eq. 2.5
as:

∑

j

[
(Vi − Vj)

Rij
+ Cij(

∂Vi

∂t
− ∂Vj

∂t
)] = 0 (2.7)

where
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Rij = ρ · hij

wijtij
(2.8)

Cij = ǫ · wijtij
hij

(2.9)

are used in the lumped model in Fig. 2.1. The number of lumped elements
depends on the electrical field intensity. Although the electric field varies non-
linearly as a function of distance, the box integration method approximates this
variation as a piecewise constant function. In regions where the gradient of the
electric field is high, it is necessary to use fine grids to accurately approximate
the nonlinearity of the electric field. Hence, more lumped elements are needed
to correctly describe the substrate noise propagation. Elsewhere, coarse grids
can be used to reduce the overall number of grids. However, since the field
intensity cannot be determined before discretization, the density of the grid
needed is not known a priori.

The generated dens RC model can be approximated for a certain frequency
range by a smaller network that exhibits similar electrical properties by using
an order modeling reduction technique [26].

At sufficiently low frequencies, the RC model can be further simplified
without losing accuracy. First of all, the substrate can be approximated at
sufficiently low frequencies by a resistive mesh only. In order to determine
at which frequencies the capacitive behavior of the substrate should be taken
into account, the relaxation time of the bulk substrate outside of the active
areas and the well diffusions is calculated. This relaxation time is given by
τSUB = ρSUBǫSUB is of the order of 10−11 sec (for ρSUB = 15 Ωcm and ǫr,SUB

= 11.9, ǫ0=8.8510−12 F/m). Hence, it is reasonable to neglect intrinsic sub-
strate capacitances for operating speeds of up to a few GHz. From eq. 2.9
following relation can be derived for the capacitances and resistances in the
bulk substrate:

Rij · Cij = ρSUBǫSUB = τSUB (2.10)

The cut-off frequency at which the impedance associated to the capacitance
Cij becomes comparable to the resistance Rij is [27]:

fc,SUB =
1

2πτSUB
=

1

2π · ǫSUB · ρSUB
=

1

2πCijRij
(2.11)

As an example for the 20 Ωcm substrate used in this work fc,SUB equals
7.5 GHz. Other examples are given in Table 2.2. For noise frequencies below
7.5 GHz, a resistive mesh suffices.

Secondly, the skin-effect can also be neglected at sufficiently low frequencies.
The skin-effect is the phenomenon where at higher frequencies the signals don’t
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Doping level (cm−3) Resistivity ρSUB (Ωcm) fSUB
c (GHz)

1014 40 3.75
1015 5 30
1016 0.5 >1000

Table 2.2: Cut-off frequency for different substrate doping levels in a typical
lightly-doped substrate [2].

Frequency (GHz) Tskin in a lightly doped substrate (10Ωcm)(µm)
3 2906

7.5 1838
15 1300

Table 2.3: Skin depth versus frequency for a typical lightly-doped substrate [2].

penetrate in the substrate any more but stay at the surface of the substrate
within a depth called the skin depth, labeled Tskin. The field penetration depth
or skin depth in the substrate is given by the approximate expression [2]:

Tskin =

√

ρSUB

πµSUBf
(2.12)

Here µSUB is the substrate permeability and its value is 4π10−7(H/m),
ρSUB substrate resistivity and f the frequency of the signal propagating in the
substrate. For epi-type substrates, the skin depth is of the order of the wafer
thickness or even lower. In general, since the substrate currents in epi-type
substrates flow concentrated just under the epitaxial layer, the skin effect has
an influence at frequencies higher than:

f =
ρSUB

πµSUBT 2
skin

(2.13)

The wafer thickness used in all our examples is 11mil (≈ 300µm). As can
be seen in Table 2.3 the skin effect will not be a problem in the lightly-doped
substrates at the noise frequencies studied in this work.

Once the substrate itself is modeled, the capacitance from the depletion
regions of well diffusions are modeled. Those are usually modeled outside the
mesh using lumped elements [20].

2.2.2 Finite element method

The finite element method can be used to generate an electromagnetic field
solution for the substrate. The solution is a continuous piecewise function that
approximates as good as possible the exact solution [23]. The solution can be
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Figure 2.2: The FEM seeks a solution that approximates as good as possible
the exact solution.

either a potential or electromagnetic field values. In order to instruct the reader
how this approximated solution is found, assume a two dimensional problem
(see Fig. 2.2) where the solution, which is a priori not known, is given by:

V = V (x, y) (2.14)

where V is a continuous potential function. Its value depends on the spatial
coordinates x and y. The two dimensional space is meshed with triangles which
are called ’elements’ (see Fig. 2.2). The combination of triangles is referred as
the finite element mesh. Each triangle has three corners with and each corner
has a corresponding voltage Vi. The corresponding voltages of the three corners
of a triangle form a plane which approximates the exact solution in that region.
The different planes, formed by the voltages of the different triangles, is a good
approximation for the exact solution. The goal is to calculate the values of
Vi that approximates the exact solution as good as possible. Therefore, the
voltage function in each triangle is written as a weighted sum of the voltages at
the corners of each triangle. The voltage function in region k which corresponds
to triangle k can be written as:

Vk(x, y) =

3
∑

i=1

Vi,kαi,k(x, y) (2.15)

The voltage function Vk(x, y) corresponds to the voltages Vi,k at the corners
of triangle k weighted with a set of basis functions, referred as αi,k. Those basis
functions define the solution inside the triangle. The constraints on the func-
tion V (x, y) is that it needs to obey to the Maxwell’s Laws and the boundary
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conditions. The boundary conditions corresponds to a voltage on a corner of a
triangle with a user-given value.

The Laws of Maxwell are incorporated in the basis functions. For simplicity
reasons, we demonstrate how the FEM method enforces that the voltage func-
tion V (x, y) obeys to the first law of Maxwell in a region that has a constant
charge density (ρ):

∇2V (x, y) =
ρ

ǫ
(2.16)

Substituting eq. 2.15 in eq. 2.16 gives for triangle k:

Vk(x, y)∇2αi,k(x, y) =
ρ

ǫ
(2.17)

Thus the potentials at the corners of triangle k are weighted in such a way
that they obey to Maxwell’s law. In this way, the voltages at the corners of all
the other triangles can be solved since the basis functions are known a priori.

The mesh size is determined by the error between the shared corner of two
adjacent triangles. If the error is larger than specified in the error criteria,
the mesh needs to be refined. When the error criteria is met, this piecewise
triangulated function is a good approximation to the exact solution.

In a three-dimensional space, like in HFSS [21], the elements are represented
by tetrahedras. A tetraheder is a four-sided pyramid as shown in Fig. 2.3. This
collection of tetrahedra is also referred to as the finite element mesh. The field
quantities are solved at the nodes of the tetrahedra. In HFSS, the interface
between the EM simulator and the external world is formed by ports. The
S-parameters are solved at the boundaries of the ports.

Figure 2.3: The field quantities are solved at the nodes of the tetraheder.

The size of the mesh is a trade-off between speed and accuracy. The mesh
is refined till the maximum ∆S criterion is satisfied. The maximum ∆S is the
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maximum difference of S-matrix magnitudes at the ports between two con-
secutive passes. If the difference in magnitudes of the S matrices change by
an amount less than the maximum ∆S value from one pass to the next, the
maximum ∆S criterion is satisfied.

The FEM method can be used to solve the substrate. The substrate is also
assumed to be uniformly doped. In this case both the electrical and magnetic
fields are solved. Also possible skin-effects in the substrate are also automati-
cally taken into account although previous section pointed out that this is not
necessary for low frequency substrate noise.

2.3 The substrate modeled with FDM

By the means of a simple test structure, it is shown that the substrate can be
accurately modeled by the simulation tool ’SubstrateStorm’, which implements
the FDM method. The substrate noise propagation on this test structure is
interpreted. Simulations show that layout details, such as Nwell regions and
metal traces, influences the substrate noise propagation. Nwells are attracting
the substrate currents. Metal traces pick up substrate currents and inject them
again in the substrate at another location.

2.3.1 Experimental description

The goal of this experiment is to gain insight in the substrate noise propagation
in an lightly doped substrate and to determine to which extend layout details
influences the substrate noise propagation. Therefore, a simple test structure
is designed that contains most of the layout features such as Nwells and metal
traces that are present in any analog circuit. The test structure and its most
important features are shown in Fig. 2.4. It contains two resistive contacts to
the substrate with a size of 40x20 µm2 (black filled rectangles), indicated with
s1 and s2. In this experiment the substrate noise propagation between those
two substrate contacts is modeled and afterward measured to assess the accu-
racy of the obtained model. Also shown in Fig. 2.4 are the lowest level metal
wires present in the vicinity of the contacts. These wires pick up signal from
the substrate through capacitive coupling as will be discussed in section 2.3.2.
Metal wires L, R and Z are grounded during the S-parameter measurements.
Metal wires A, B, C are left floating. Also shown are two Nwells (indicated
with X and Y ) at the right edge of the die. The Nwells X and Y are connected
to ground via large decoupling capacitors. These peripheral structures are part
of a substrate noise sensor [28] (on top of wire R) that is not further used in this
experiment. The dimensions of the test structure are summarized in Table 2.4.

The experiment is performed in a 1P5M 0.25µm twinwell CMOS process,
with a lightly doped substrate (approximately 18Ωcm). The sheet resistance
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Figure 2.4: Test structure layout: only the layers closest to the substrate are
drawn. The propagation between P+ contacts s1 and s2 is investigated. The
white on gray letters identify metal wires and wells. Metal wires L, R, A, B
and C are split in 3 sections (left on the layout: S0S1, S1S2, S2S3) [1].

d1 d2 d3 d4 d5

250µm 500µm 150µm 125µm 125µm
w1 w2 w3 wcontact hcontact

100µm 80µm 150µm 40µm 20µm

Table 2.4: Dimensions of the test structure shown in Fig. 2.4 [1]

19



of the Nwell is approximately 400Ω/� and the sheet resistance of the Pwell is
approximately 800Ω/�. Both the Nwell and the Pwell are 1.2µm thick. The
properties of the substrate and the different wells are included into the doping
profile information. SubstrateStorm needs this doping profiles information in
order to predict the propagation of substrate noise. For simulating the 45
frequency points of Fig. 2.6, a simulation time of 144 hours on an HP-UX
L2000/4 (4 PA-8600 @ 540 MHz) server is required. The predicted substrate
noise propagation is compared in the next section against measurements.

2.3.2 Analysis of the substrate noise propagation

The contact to contact resistance is measured with a standard multimeter. The
forward propagation (S21), which reflects the substrate noise propagation, is
measured with a network analyzer on a Cascade probe station, where an acrylic
glass plate is inserted between die and chuck for isolation as in [29].

Contact to contact resistance

The measured DC resistance between contact s1 and s2 is 676Ω. The value
obtained by extraction with SubstrateStorm [20] is 613Ω, or a deviation of
approximately 8%. A possible explanation for this discrepancy is that the
technology parameters provided are nominal values that do not account for
process variability. A deviation of Pwell resistivity of 10% would for instance
explain the discrepancy.

To get a better understanding of the propagation at DC, a 3-D simulation
was performed with SubstrateStorm [20] and Spectre [30]. In Fig. 2.5 the result
of this simulation is shown. A 50Ω terminated DC source of 1 V is applied to
contact s1 and a 50Ω load is attached to sink contact s2. Fig. 2.5 shows the
equipotential surfaces. The surfaces are spaced linearly on a voltage scale.
Close to the contacts s1 and s2, the equipotential surfaces are spaced close
to each other, or the voltage drop in that region is very high. This signifies
a high current density. The surfaces are elliptic at the top of the substrate
(Pwell). This is consistent with a two dimensional current flow in a thin sheet
of conducting material, i.e. the Pwell. Note that the Pwell at the top of
the substrate is two orders of magnitude more conductive than the intrinsic
substrate. The equipotential surfaces extend down underneath the contacts.
This indicates that the current is penetrating into the lightly doped, highly
resistive, substrate layer. Further away the equipotential surfaces are fairly
close to vertical. At this point the current flow is horizontal in both Pwell and
the lightly doped substrate layer.

The above analysis suggests that current flow in lightly doped substrates
between medium size contacts is mostly two dimensional. Only a small portion
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S1S2

(V)

Figure 2.5: Equipotential surfaces at DC in the substrate when 1V is applied
to contact s1 by a 50Ω terminated DC source. Contact s2 is terminated with
a 50Ω resistance.
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of the current flows vertically between Pwell and intrinsic substrate layer. This
analysis confirms the results in [31] for lightly doped substrates.

Since most of the current flow takes place in a single layer (the Pwell layer),
the resistance between the two ports can now be approximated by the 2-D
spreading resistance in a thin conducting layer:

R =
ρPwell

π · tPwell
(0.25 + ln(

d + r

r
)) (2.18)

where r is the radius of the contact, d is the distance between the contacts,
ρPwell is the Pwell resistivity and tPwell is the Pwell thickness. The formula has
been derived for small thickness (t → 0) and infinitely extending thin layers.
When the rectangular contact is converted into an equivalent circular one by
(equal perimeter, because of 2-D flow): a resistance value of 770Ω is obtained.
This is a reasonable approximation, given that the current flowing in the lightly
doped substrate layer has been neglected.

S-parameter measurement (forward propagation)

S-parameter measurement (forward propagation) S-parameter measurements
have been performed on the test structure. The forward propagation is shown
in Fig. 2.6.
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)

 

 

Figure 2.6: Analysis of forward propagation: S21 plot of the test structure. The
blue • reflects the measurements and the red � the corresponds to simulations.
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At low frequencies (< 10 MHz) the S21 propagation is equivalent with a
floating 676Ω resistance between the two contacts. From 30 MHz on, the magni-
tude of the propagation decreases with a slope of approximately 10 dB/decade.
From 1 GHz on, the slope increases to 20 dB/decade. Above 5 GHz the propa-
gation magnitude increases again. The simulated forward propagation is shown
in Fig. 2.7(a). The difference between measured and simulated S21 is below 1
dB (appx. 8 %) at low frequencies, increases to 2 dB for medium frequencies
(100 MHz-3 GHz) and is 3 dB at 10 GHz.

To get a better understanding, a number of 3-D equipotential plots, ex-
pressed in dBV, are shown in Fig. 2.7. The simulations correspond to a forward
propagation measurement: the signal is applied to s1 and the load is connected
to the sink s2. The first observation is that with increasing frequency, the sig-
nal level in the substrate decreases. It suffices to check the scale values on the
surface plots.

At 100 MHz, the source and the sink are clearly visible. Also, the Nwells
(X and Y) are visible. The equipotential surfaces underneath indicate that
current is picked up by the Nwells. In Fig. 2.8, the magnitude of the currents
picked up by various parts of the test structures are plotted versus frequency.
The Nwells are indeed picking up current below 200 MHz. This current does
not reach the sink anymore, hence the decrease in S21.

From 100 MHz to 1 GHz, the metal wires pick up more and more current
(see Fig. 2.8, for a definition of the names see Figure 2.4). On the equipotential
plot shown in Fig. 2.7(b) at 1 GHz the metal1 wire sections L:S2S3 and R:S2S3
have silenced the substrate.

In the 10 GHz plot (Figure 2.7(c)), only the area close to the source is
still noisy, and almost all other parts of the structure are silent. The metal
wires closest to the source pick up most of the current, shielding the substrate
regions further away. The current picked up by the distant wires and Nwells
decreases. At approximately 10 GHz, the capacitance between substrate and
metal becomes a short, removing any frequency dependency in the (simulated)
propagation.

The increase in the propagation at 10 GHz is explained by direct capac-
itive coupling: the metal5 bondpad (connected to the source) injects current
capacitively into the substrate. A sensitivity analysis revealed that an increase
with 20% of the bondpad parasitic capacitance to the substrate increases the
propagation by more than 1 dB above 6 GHz.

A last observation is the effect caused by the floating metal wires A, B and
C. On the equipotential plots the substrate underneath these floating wires is
noisier than the Nwells (X and Y) and grounded metal wires (L and R). Check
for instance position [-750,0] on the 1 GHz plot (see Fig. 2.7(a)). An explanation
is found in (see Fig. 2.9). The floating metal1 wire A picks up current from
the substrate near the source (sections S0S1 and S1S2) and injects this current
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(a) Equipotential at 100MHz
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(b) Equipotential at 1GHz
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(c) Equipotential at 10GHz

Figure 2.7: 3-D equipotential surfaces when 1V is applied to contact s1 and 0V
is applied to contact s2. Note that the unit is dBV.
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Figure 2.8: Currents picked up by wires and Nwells.

into the substrate under wire A section S2S3. This current is maximal at
approximately 1 GHz (0.2 mA), and then decreases because the ground wires
L and R shield the source at higher frequencies. Similar observations (albeit
with a lower current level) apply for wires B and C in Fig. 2.4.

2.3.3 Conclusions

In this section, the finite difference method is used to study the substrate noise
propagation in a lightly doped substrate. The study of a test structure reveals
that the current flow in a lightly doped substrate is mostly two-dimensional
(horizontal current spreading). This two-dimensional current flow explains why
distant structures (like Nwells and metal traces) pick up currents and influence
the propagation. There is also a large interaction between metal and substrate.
Currents picked up by metal can be carried to other places and reinjected into
the substrate. Taking all these effects into account we have been able to match
simulation results with measured data from DC (< 8 % error) up to 10 GHz
with a maximal error of 3 dB. The main drawbacks of the simulation tool ’Sub-
strateStorm’ that implements the FDM method is the very long simulaton time
that is required to simulate this simple test structure. In addition, the doping
profiles must be provided by the foundries. Those drawbacks are circumvented
by the tool ’HFSS’ that implements the FEM method in the next section. Next
section models the substrate as a finite element model.
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Figure 2.9: Current carried by metal wire A.

2.4 The substrate as a finite element model

This section demonstrates the FEM method to study the propagation of sub-
strate noise. By the means of an EM simulator the propagation of substrate
noise is studied on the same test structure as the one used to demonstrate the
FDM method. This allows a fair comparison of the performance of the tools
that implements both methods. First, the reader is instructed step by step how
to use an EM simulator to predict the propagation of substrate noise. Then,
by the means of the test structure of the previous section, it is shown that the
tool that implements the FEM method predicts the propagation of substrate
noise with the same accuracy as the tool that implements the FDM method.
However, the tool that implements the FEM method shows to be much faster.

2.4.1 Simulation methodology

This section explains in a general way how an EM simulator can be used to
predict the propagation of substrate noise for any passive structure. The sim-
ulation methodology consists of three important steps:

1. Preparing the layout for the EM simulator;

2. Building the EM environment;

3. Setting up the EM simulations;
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Each of these three steps is explained in detail:

1. The simulation methodology starts from the layout. From a computa-
tional point of view, it is neither relevant nor possible to simulate all the
small details of the layout. Fortunately, this level of detail is not required
to characterize the propagation of substrate noise. Different simplifica-
tions are proposed that marginally influences the frequency response but
significantly speed up simulations:
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Figure 2.10: (1) The vias are grouped. (2) The edges are aligned.

• The different vias that connect the different metal layers are grouped
to one single via (see Fig. 2.10). The impedance of the interconnect
with and without grouped vias may not change drastically. Other-
wise either the area of the via or the conductivity of the vias material
need to be changed. A typical example where the vias can safely be
grouped is a bond pad. A bond pad usually contains hundreds of
vias connected in parallel. Grouping those vias to one single via that
has the size of the bond pad does almost not affect the impedance
of the corresponding interconnect and hence this will almost not
change the substrate frequency response.

• The edges of the interconnects are aligned (see Fig. 2.10). The small
metal overlap requires a lot of meshing by the EM simulator. This
is very CPU expensive. This small overlap can easily been removed
without changing the frequency response. Of course the overlap
should not be so large that it determines the capacitance of the
interconnect to a large extend.
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2. The simplified layout is imported into the EM environment and a simu-
lation model is built in this environment.

• Uniform boxes are added in the EM environment to model the sub-
strate, the Pwell, the silicon dioxide between the metal layers and
the air on top of the structures. The size of the boxes is chosen
equal to the dimensions of the die or sufficiently large that the elec-
tric and magnetic fields are negligible at the boundaries of the EM
environment. This ensures that the fields can smoothly radiate away
from the EM environment and that there is no interaction that sig-
nificantly influences the substrate noise propagation. As a rule of
thumb, the value of the electric or magnetic fields at the boundaries
should be at least three orders of magnitude smaller than in the core
of the EM environment.

• The conductivity and the permeability of the different layers is spec-
ified. Table 2.5 gives an overview of materials used in this book and
their properties. The properties of the substrate layers do not change
much with technology scaling. Hence, those values are good start-
ing values for many technology nodes. Note that the use of uniform
layers does not require the exact knowledge of the doping profiles.

• Silicon boxes with zero conductivity are added around the N-doped
regions to model the depletion layer of the PN-junction. Next sec-
tion is fully devoted to explain why and how those zero conductivity
regions should be chosen such that they model correctly the capac-
itive behavior of the PN-junctions.

• Ports are placed. The location of the ports depends on where the
designer requires the knowledge of the S-parameters.

3. The EM simulation is set up. The S-parameters are solved in the fre-
quency range of interest for a user defined accuracy.

2.4.2 Dealing with N-doped regions

An EM simulator can intrinsically not handle N-doped regions such as an Nwell.
The Nwell is usually biased at a constant supply (either VDD or GND) and
forms a PN-junction with the P-doped regions that surrounds the Nwell. At
the boundaries of the PN-junction, there exists a charge-free region called the
depletion region. The width of this depletion region is defined by the drift-
diffusion equations, and those equations are not solved by the EM simulator.
Thus the EM simulator is not capable to handle PN-junctions. A possible way
out of this problem is to include such N-doped regions in the methodology as
follows: the depletion region is approximated by a silicon box of fixed geometry
that has zero conductivity (see Fig. 2.11). The voltage variations on the power
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Material Conductivity (S/m) Relative
permittivity

Copper (metal layers) 5.8 107 1
Silicon Dioxide 0 3.7

20Ωcm Substrate (lightly doped) 5 11.9
Pwell (PW) 800 11.9
Nwell (NW) 2300 11.9
Twell (TW) 2000 11.9

Deep Nwell (DNW) 1200 11.9
P+/N+ 625000 11.9

Table 2.5: Materials used to characterize the isolation structures.

supply are sufficiently small that they do not change the width of the deple-
tion region over time and thus the width of the depletion region can safely be
assumed to be fixed. Due to the inserted silicon box, substrate noise can only
couple capacitively into the inner part of the box.

Substrate 20Ωcm

Pwell 800S/m Nwell 2300S/m
200nm

1.1µm

Si 0S/m

Figure 2.11: The capacitive coupling through the Nwell can be approximated
by modeling its depletion region with a fixed silicon box.

The value of the PN-junction capacitance (C/A in F/m2) is used to calcu-
late the width (w) of the different depletion regions.

w =
ǫrǫ0
C/A

(2.19)

where ǫr reflects the relative permitivity of silicon (11.9) and ǫ0 is the dielec-
tric permitivity of free space (8.85 10−12F/m). The values of the PN-junction
capacitances can be found in most of the design kits.

Table 2.6 summarizes the different PN-junction capacitances that are used
to model the depletion regions of the different isolation structures. The capaci-
tances are given for a zero bias of the Nwell. When the Nwell is biased with the
power supply voltage, a different value should be chosen. As a rule of thumb,
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the value of the PN-junction capacitance is approximately four times higher.
Note that also the PN-junction capacitances are added in this table although
the test structure does not contain triple well regions. These values are added
because the simulation methodology is capable to handle complex triple well
regions.

CTW/NW 1.5 10−3 (F/m2)
CTW/DNW 1 10−3 (F/m2)
CPW/NW 5 10−4 (F/m2)

CNW/SUB = CDNW/SUB 1 10−4 (F/m2)

Table 2.6: PN-junction capacitances

In the case of the PN-junction that is formed between the P-substrate and
the Nwell, the width of the depletion layer is calculated as:

w =
11.9 · 8.8510−12F/m

110−4(F/m2)
≈ 1.1µm (2.20)

The calculated width of the depletion region at the lateral sides of the Nwell
is 200nm. The depletion width at the lateral side of the Nwell is much smaller
than on the bottom side of the Nwell because the Pwell has a higher doping
concentration than the lightly doped P-substrate. For small Nwell regions sub-
strate noise will couple more through the lateral sides of the Nwell than through
the bottom side of the Nwell. The given widths of the depletion regions are
good starting values for many CMOS technologies because the doping concen-
trations of the P-substrate, the Pwell and the Nwell do not change much with
scaling.

In the special case of the triple well isolation structure, two silicon boxes
with zero conductivity are inserted. The first one models the depletion layer be-
tween the Pwell/substrate and the Nwell. The second one models the depletion
layer between the Nwell and the P+ substrate contact (see Fig. 2.12).

2.4.3 Simulation setup for the test structure

The test structure is described in section 2.3.1. The corresponding layout is
simplified and streamed into the EM environment as explained in the previous
section. In our case, we use HFSS [21] as EM simulator. The 2D layout is
then converted into a 3D EM simulation model using a technology file. This
file contains the thicknesses of the different metal and vias. This technology
information can easily been found in the design kit. In this environment a Pwell
with a conductivity of 800S/m and 1.5µm thick is added on top of a 300µm thick
lightly doped substrate. This substrate has a resistivity of 20Ωcm. A silicon
dioxide layer with an ǫr is added on top of the Pwell layer. The thickness of
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Figure 2.12: Two silicon boxes with zero conductivity model the two PN-
junctions present in the triple well.

this layer varies with the technology node and the number of available metal
layers. The thickness is in this case approximately 8µm. On top of that layer
an air box of 100µm thick is included.

The simulation is set up as described in the previous section. Two ports
are placed at the two substrate contacts. The Pwell, the silicon dioxide, the
substrate and the air box are added. The PN-junction of the Nwell and the
Pwell/Substrate is modeled by a silicon box with zero conductivity.

The HFSS simulation environment is simulated from 50 MHz up to 20 GHz
with a ∆S of 0.001 The simulation takes half an hour on a HP DL145 server.

2.4.4 Comparison

The forward propagation (S21) obtained by both methods match (see Fig. 2.13)
with measurements. One can conclude that both methods predict the substrate
noise propagation with the same accuracy.

The electrical field distribution obtained by the HFSS allows to visualize
the substrate noise propagation in a similar way as the SubstrateStorm tool
(see Fig. 2.14). However, the HFSS obtains the results about 300 times faster
as the SubstrateStorm tool. It is also important to note that compared with
the simulation tool SubstrateStorm, the HFSS does not need doping profiles.

2.4.5 Conclusions

The FEM simulation tool HFSS is the preferred method to study the isolation
structures of the next section. Compared to the FDM simulation tool Sub-
strateStorm, the HFSS approach does not need doping profiles. In addition, it
has a similar accuracy and requires less simulation time.
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Figure 2.13: Comparison of the forward propagation between measurements
and both simulation tools. The blue • reflects the measured forward propaga-
tion. The red � and the black ▽ respectively denotes the simulations performed
by SubstrateStorm and HFSS.

2.5 Conclusions

This chapter studies the propagation of substrate noise on a simple test struc-
ture. The study reveals that the propagation of substrate noise in a lightly
doped substrate is rather complex. The propagation is determined by layout
details such a metal traces and Nwell regions. Therefore, it is impossible to
build a theoretical framework with simple formulas to predict the propagation
of substrate noise. Therefore, in order to study isolation structures, the designer
needs to rely on mesh-based solutions. Two mesh-based solutions are proposed
in this chapter: the Finite Difference Method and the Finite Element Method.
Both methods are implemented by different simulation tools. The simulation
tool SubstrateStorm was used to demonstrate the FDM method and the HFSS
simulation tool to demonstrate the FEM method. Both methods proved to
successfully predict the propagation of substrate noise with a good accuracy.
However the HFSS simulation tool showed to be much faster. Moreover, HFSS
does not need the knowledge of the doping profiles. Uniform doping profiles,
which are reflected by uniform layers with a pre-defined conductivity, are suf-
ficient to predict the propagation of substrate noise. Therefore the HFSS will
be used in the next chapter to study isolation structures, such as guard rings.
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Figure 2.14: Simulated electrical field distribution at 100MHz. The electrical
field distribution provides the same insight in the substrate noise propagation
as the equipotential surfaces do.
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Chapter 3

Passive Isolation Structures

3.1 Introduction

The most popular and straightforward way to shield analog circuits against sub-
strate noise is to use guard rings. Guard rings are passive isolation structures
which prevent that substrate noise currents reaches the analog circuitry [32].

The goal of this chapter is to give the designer a clear understanding
about how the substrate isolation is obtained for different types of guard rings.
Then, the substrate noise attenuation of the different guard rings are compared
against each other and the designer is advised which, when and how the guard
rings should be used. The different types of guard rings that are commonly
available to the designer are [33, 34, 15]:

• Pwell block isolation

• Nwell isolation

• P+ guard ring shielding

• Triple well shielding

In order to have a fair comparison between those different types of guard
rings, each type of guard rings is integrated in a separate isolation structure.
Each of the isolation structures is simulated by an EM simulator as explained
in the previous chapter. The resulting electrical fields provided by the EM
simulator gives a deep understanding how substrate noise propagates through
the substrate and how the substrate noise isolation provided by the different
isolation structures is achieved. The designer is taught in this chapter how to
interpret the electrical field distribution in complex isolation structures.
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Next, it is shown that the proposed simulation methodology can be used to
predict the substrate noise isolation between the analog and digital circuitry
provided by each of the isolation structures. Therefore the different isolation
structures are prototyped and then measured. Comparing the simulation with
measurements reveal that the simulation methodology is able to predict the
isolation of the different guard ring with an accuracy better than 2dB.

Then, the attenuation of the different isolation structures is compared
against each other. It is shown that P+ guard ring and the Triple well shielding
obtain at least 40dB of isolation compared to the reference structure which has
no isolation. The obtained isolation with the P+ guard ring and the Triple well
shielding strongly depends on the impedance of their ground interconnects.
The designer is instructed how to choose the isolation structure which fits the
best to his needs.

Finally, the designer is taught how to design an efficient P+ guard ring.
Such a P+ guard ring provides a good attenuation compared to the other types
of guard rings when it is properly designed. The different aspects of the P+

guard ring design are investigated and then guidelines are formulated for a
good P+ guard ring design.

3.2 Overview and description of the different
types of passive isolation structures

The previous chapter pointed out that in the nominal case (see Fig. 3.1(a))
most of the substrate noise flows from the aggressor (digital circuitry, power
amplifier) to the victim (analog circuitry) through the Pwell layer. Conse-
quently there are two approaches to enhance the isolation between the victim
and the aggressor. The first approach consists in forcing the current to flow
in the high-resistive substrate instead of the conductive Pwell. This can be
achieved by inserting Pwell block layers (see Fig. 3.1(b)) or Nwell isolations
(see Fig. 3.1(c)). The second approach consists in intercepting the substrate
currents and draining them to the off-chip ground through a dedicated ground
interconnect. Hence, those substrate currents do not reach the sensitive ana-
log circuitry. This is achieved by placing P+ guard rings (see Fig. 3.1(d)).
Both methods can be combined to obtain an optimal substrate noise isolation.
The Triple well shielding is an example of such a combined guard ring (see
Fig. 3.1(e)). In the Triple well shielding, the victim is embedded in a P-doped
triple well region which is shielded from the substrate by a Deep Nwell (DNW)/
Nwell region. Moreover a P+ guard ring surrounds the victim. This P+ guard
ring intercepts the substrate noise and drains it to the off-chip ground. Note
that the Triple well shielding can only be used to shield NMOS devices and not
an entire analog circuitry consisting of both NMOS and PMOS devices.
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Figure 3.1: Cross-section of the mainstream guard rings.

The Pwell block isolation, the Nwell isolation, P+ guard ring and the Triple
well shielding guard rings are analyzed in the next section. There, a deep under-
standing is given with EM simulations how substrate noise propagates through
the different guard rings and how the substrate noise isolation is achieved. In
order to have a fair comparison of the performance of the different types of
guard rings, each type of guard rings is integrated in an isolation structure.
It is important to first describe the isolation structures because the substrate
noise propagation is influenced by layout details as shown in the previous chap-
ter. This section describes those different isolation structures. All the isolation
structures start from the same template layout. After introducing the template
layout, it is shown how the different guard rings are integrated in the different
isolation structures.
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3.2.1 The template layout

Previous chapter has shown that the propagation of substrate noise is influenced
by layout details like for example metal interconnects. In order to have a
fair comparison of the performance of the different types of guard rings, the
different guard rings are integrated in the same template layout. In this way,
the performance of the different types of guard rings are influenced by the same
layout details.

The template layout consists of a square configuration with 150 µm pitch
Ground-Signal-Ground bond pads at each side. Hence, the layout consists of
four Signal bond pads which are referred in Fig. 3.2 as ports:

Port3

Port4

Port1 Port2

Aggressor

Victim

Figure 3.2: Chip photograph of the P+ guard ring isolation structure.

The four ports are defined as follows:

• Port1 is connected to a substrate contact and acts as the aggressor. This
substrate contact is shaped as a P+ ring that surrounds the victim. The
aggressor substrate contact has a radius of 140µm and is 10µm wide.

• Port2 is also connected to a substrate contact which acts as the victim.
The victim is shaped as a P+ round contact placed in the center of the
structure. The victim substrate contact has a radius of 20µm.

• Port3 and Port4 are left floating or are connected to a guard ring, depend-
ing on the isolation structure. For each isolation structure separately, it
is explained how Port3 and Port4 are connected.

For each isolation structure, a Pwell block region is inserted underneath
the bond pads such that they do not influence the substrate noise propagation
between the aggressor and the victim (see Fig. 3.3). Such a Pwell block region
is defined as a region without the Pwell. The interconnect between the victim
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substrate contact and its corresponding bond pad is shielded with a Metal4
(ME4) ground shield. This ME4 ground shield is connected to a Metal1 (ME1)
shield that connects the different ground bond pads. The victim and aggressor
substrate contact are connected to the bond pads through a Metal6 (ME6)
track. All those layout details influence the substrate noise propagation.

3.2.2 Integrating the different types of guard rings

This section describes how the different types of guard rings are embedded
in the isolation structures and shows a generic cross-section of the different
isolation structures.

1. Pwell block isolation: A Pwell block region is inserted between the two
substrate contacts. This Pwell block region removes the Pwell layer. Only
the lightly doped substrate is present in this region. In the Pwell block
isolation structure, Port3 and Port4 are left floating (see Fig. 3.6).

2. Nwell isolation: A N-doped region is inserted between the two substrate
contacts. The N-doped region is approximately 1.5µm thick. A cross-
section of this test structure is shown in Fig. 3.8. Port3 and Port4 are
also left floating in this test structure.

3. P+ guard ring : The victim is surrounded by two circular shaped P+-
doped regions. Both P+-doped regions are 5µm wide and 400nm thick.
The inner P+ ring has a radius of 95µm and the outer P+ ring 125µm.
The inner ring is connected to Port3 and the outer ring is connected to
Port4 (see Fig. 3.11)

4. Triple well shielding : The victim is surrounded by a circular N-doped
region which has a radius of 160 µm and is 5 µm wide. Underneath
the victim substrate contact a Deep N-doped region (DNW) is inserted
(see Fig. 3.15). The N-doped region is connected to Port3 through N+

contacts. The N-doped region is surrounded by a P+ region which is
5µm wide and has a radius of 95 µm. The P+ guard ring is connected to
Port4.

3.2.3 Simulation setup

All the isolation structures are simulated by an EM simulator as explained in
the previous chapter. This section explains how the simulation methodology
should be applied in order to characterize the isolation structures [35].

The EM simulator HFSS [21] is used to analyze the different isolation struc-
tures. The simulation setup start from the layout. The layout is originally
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drawn in Cadence, using the Virtuoso layout editor. The layout is slightly mod-
ified in the Cadence environment to fasten simulations. The via’s that connects
the different metal layers are grouped and the metal layers are aligned. This
modified layout is then imported into the EM environment.

In this environment a Pwell with a conductivity of 800S/m and 1.5µm thick
is added on top of a 300µm thick lightly doped substrate. This substrate has
a resistivity of 20Ωcm. A silicon dioxide layer with an ǫr of 3.7 is added on
top of the Pwell layer. The thickness of this layer varies with the technology
node and the number of available metal layers. The thickness is in this case
approximately 8µm. On top of that layer an air box of 100µm thick is included.
A silicon box with zero conductivity is added around the N-doped region. This
silicon box models the capacitive coupling through the PN-junction.

Then ports are placed. Four lumped ports are placed between the ME1
ground shield and the corresponding signal bond pad.

This simulation environment is simulated from 50MHz up to 20GHz with a
maximum error in the S-parameters of 0.01. The simulation takes half an hour
on a HP DL145 server.

3.3 Prediction and understanding

of guard rings

This section applies the proposed simulation methodology on the different iso-
lation structures presented in section 3.2. These are:

• Pwell block isolation

• Nwell isolation

• P+ guard ring

• Triple well shielding

The EM simulations allow to visualize the electric fields in the structure. The
electric field distribution allows to understand how the isolation is obtained for
the different types of guard rings. Moreover, the simulations are compared with
measurements. As the isolation obtained by the different isolation structures
is expressed by the forward propagation S21, the forward propagation S21 is
measured with a network analyzer. All the isolation structures are measured
with a 2-port network analyzer from 30kHz up to 20GHz. The P+ guard ring
and the triple well isolation structure are also measured with a 4-port network
analyzer from 30kHz up to 6GHz. All the performed simulations match with
the measurements with an accuracy that is better than 2 dB. Afterwards the
performances of the different types of guard rings are compared.
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3.3.1 Reference structure

The reference structure is the structure that does not contain any guard ring
(see Fig. 3.3). There are two reasons why it is important to analyze the refer-
ence structure. First, the reference structure contains the layout details that
are also present in the other isolation structures. Hence, this enables to inves-
tigate how the layout details influence the substrate noise propagation. Every
isolation structure will be influenced in the same way by those layout details.
Secondly, the reference structure allows us to analyze how much isolation that
the other isolation structure achieve compared with the reference structure
which has no isolation.

Substrate

AggressorVictimME6

ME4ME1

Pwell
(1)

(2)(2)

(3)

Figure 3.3: Cross-section of the reference structure.

Contact to contact resistance

The measured DC resistance between the substrate contact is 275Ω. Given
the circular layout, the resistance between the two substrate contacts can be
calculated as:

R =
ρPwell

2π · tPwell
ln(

d + r

r
) (3.1)

where r is the radius of the victim contact, d is the distance between the
contacts, ρPwell is the Pwell resistivity and tPwell is the Pwell thickness. The
calculated value of the resistance between the two substrate contacts is 265Ω,
which is close to the measured value. This is consistent with a two dimensional
current flow in a thin conducting sheet of material.

The propagation of substrate noise can be visualized by plotting the electric
fields in the EM environment [36]. Fig. 3.10(a) shows the electric field distri-
bution at 50MHz. The value of the electric field is two orders of magnitude
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higher through the Pwell layer than through the high resistive substrate. Re-
member that the Pwell on top of the substrate is two order of magnitude more
conductive than the intrinsic substrate.

S-parameter measurement

S-parameter measurements and simulations have been performed on the refer-
ence structure (see Fig. 3.4). At low frequencies substrate noise couples resis-
tively from the aggressor substrate contact toward the victim substrate contact.
Hence, the forward propagation is frequency independent. From 30MHz on, S21

decreases with a slope of 10dB/decade. From 3GHz on, the slope increases to
20dB/decade. In the frequency region from 30kHz up to 3GHz the error be-
tween the measurement and simulations is around 1 dB. For higher frequencies
the error is even smaller.
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Figure 3.4: Simulated and measured forward propagation of the test structure.

To get a better understanding of the substrate noise propagation, a number
of 3D plots are shown in Fig. 3.5. Those plots show the electric field distribution
on a logarithmic scale. The pseudo coloring in a logarithmic scale can be
interpreted as follows: the more red the arrows are, the higher the electric
field in that region. A blue arrow corresponds to a low value of the electric
field distribution. The propagation of substrate noise can be monitored by
the direction of the arrows. In more complex structures, it is more difficult to
visualize the propagation of substrate noise with arrows. Therefore, for more
complex structure, we will rely on 2D plots of the electric field distribution.
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As a first observation of the 3D plots (see Fig. 3.5), one can notice that the
magnitude of the electric field decreases with increasing frequencies.

(a) Electric field distribution at 50MHz (b) Electric field distribution at 300MHz

HIGH

LOW

(c) Electric field distribution at 20GHz

Figure 3.5: Electric field distribution at different frequencies

At 50MHz, substrate noise couples directly from the aggressor to the victim
(see Fig. 3.3(1)). The electric field distribution at 300MHz reveals that sub-
strate noise couples capacitively into the ME1 ground shield. Note the change
in color in the electric field vectors, located under the signal bond pads be-
tween Fig. 3.5(a) and Fig. 3.5(b). This ME1 shield is picking up substrate
noise currents (see Fig. 3.3(2)). Those currents do not reach the victim and
hence S21 decreases. At 20GHz the electric field distribution is not symmetric
anymore (see Fig. 3.5(c)). Note the electric field vectors that point toward
this ME4 shield. Here, substrate noise couples capacitively in the ME4 shield
(see Fig. 3.3(3)). This ME4 shield shields the interconnect between the victim
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substrate contact and its corresponding signal bond pad. Hence, with increas-
ing frequencies less substrate noise currents reach the victim substrate contact.
Capacitive coupling into the ME1 and the ME4 ground shield explains the
increase in the slope of the forward propagation.

3.3.2 Pwell block isolation

Pwell block isolation means that there is no Pwell present in that region (see
Fig. 3.6). Hence, at DC substrate noise currents are forced to flow from the
aggressor substrate contact to the victim substrate contact through the bulk
substrate. The resistance between the two substrate contacts can be calculated
as:

R =
ρsub

4r
· (1 − 2

π
arcsin(

r

r + L
)) (3.2)

with ρsub the substrate resistivity, r is the radius of the victim substrate
contact and L is the distance to the aggressor. The calculated resistance be-
tween the two substrate contacts has a value of 2272Ω while the measured DC
value equals 2416Ω. The error is only 6%. The value of the DC resistance in
the case of the Pwell block isolation structure is almost one order of magnitude
larger than the value of the DC resistance in the reference structure. In the
case of the Pwell block isolation, the isolation is thus achieved because the
current can not flow through the conductive Pwell region anymore.
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ME1
ME4
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Figure 3.6: Cross-section of Pwell block isolation structure.

Fig. 3.7 shows the simulated and measured forward propagation (S21) of
the ’Pwell block isolation’ structure. One can immediately see that there is a
very good agreement between measurements and simulations. Starting from a
few tens of MHz, the value of S21 starts to decrease at a rate of 20 dB/decade.
At 3 GHz, S21 starts to increase at a rate of 20 dB/decade till 10 GHz. Starting
from 10 GHz, S21 starts to decrease again.
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Figure 3.7: Measurement vs Simulation for the Pwell block isolation.

Similar as in the reference structure studied in Chapter 2, the study of
the electrical fields reveals that the decrease in value at low frequencies is
due to the capacitive coupling to the ME1 ground shield (see Fig. 3.6(1)). The
substrate currents that couples into this ground shield will not reach the victim
substrate contact and hence the isolation improves. Starting from 3 GHz, the
substrate itself behaves capacitive (see Fig. 3.6(2)). The cut-off frequency of the
substrate (fc,sub) is lowered from 7GHz to 3GHz because the Pwell is removed.
The capacitive behavior of the substrate provides a lower impedance path than
the capacitive coupling to the ME1 shield. This explains the increase in value
of S21 with 20 dB/decade. Above 20GHz, S21 decreases again in value.

3.3.3 Nwell isolation

In the case of the ’Nwell isolation’, an N-doped region is placed between the two
substrate contacts (see Fig. 3.8). At DC the substrate currents flows through
the bulk substrate from the agressor substrate contact toward the victim sub-
strate contacts. Similar to the case of the Pwell block isolation, substrate
currents cannot flow through the Pwell region and hence a better isolation is
obtained compared to the reference structure where this Pwell is indeed present.

Fig. 3.9 shows the measured and the simulated forward propagation (S21)
from 30kHz up to 20GHz. The very good agreement between measured and
simulated forward propagation shows that the depletion region of the PN-
junctions can be modeled by inserting zero conductive silicon boxes. Starting
from 100 MHz S21 increases with 20 dB/decade. At a frequency of 8 GHz,
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Figure 3.8: Cross-section of Nwell isolation structure.
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Figure 3.9: Measurement vs Simulation for the Nwell isolation.
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S21 decreases with a rate of 20 dB/decade. The behavior is fully explained by
inspecting the electric fields in the EM environment.

Plotting the logarithmically scaled electric fields in the Nwell for different
frequency values, reveals that from 100 MHz on, substrate noise couples capac-
itively through the Nwell isolation (see Fig. 3.8(2)). Fig. 3.10 shows the magni-
tude of the electric fields for different frequencies ((a)=50 MHz, (b)=200MHz,
(c)=2GHz, (d)=7GHz and (e)=20GHz). Red coloring corresponds to high val-
ues for the electric field, while blue coloring reflects low values of the electric
fields. From Fig. 3.10(a-d), the designer can observe the capacitive coupling
through the Nwell. The coloring of the electric fields changes from blue to-
ward red with increasing frequencies. At 20GHz (see Fig. 3.10(e)), the Nwell
colors less red, which corresponds to decreasing values of S21. The inspection
of the electric field vector reveals that the dominant substrate couping path
at 20GHz is capacitive toward the ME1 ground shield (see Fig. 3.8(2)). The
substrate currents that couple into the ME1 ground shield , do not reach the
victim substrate contact. The capacitive coupling to the ME1 ground shield
enhances the substrate noise isolation.

Note that for frequencies larger than 3GHz, the substrate noise isolation
of the isolating Nwell structure is worse than the substrate noise isolation of
the reference structure. This is because the Nwell is more conductive than the
Pwell.

3.3.4 P+ guard ring shielding

In the case of the ’P+ guard ring shielding’, two P+-doped ring shaped re-
gions are inserted between the aggressor and the victim substrate contact (see
Fig. 3.11). The cross-section of this isolation structure is shown in Fig. 3.11.
Both rings are connected to a dedicated port. Those ports have an impedance
of 50Ω. Fig. 3.12 shows the measured and simulated forward propagation (S21)
from 30kHz up to 6GHz. Again, there is a very good agreement between mea-
sured and simulated results. The error is smaller than 1.5dB. The EM simulator
is able to fully characterize the isolation structure.

Inspecting the electric fields reveal that the P+ guard ring attracts the sub-
strate currents. Fig. 3.13 shows the electric fields in the Pwell for a frequency
of 50MHz. Note that the Pwell is colored in red where the conductive P+ re-
gions are located. The substrate currents are picked up by the guard rings and
drained toward the corresponding ports (Port3 and Port4). Those currents do
not reach the victim substrate contact. Hence, a better isolation is achieved
compared to the reference structure. The behavior of the forward propagation
(see Fig. 3.12) is similar to the behavior of the propagation of the reference
structure: starting from a few tens of MHz, S21 decreases due to capacitive
coupling to the ME1 shield. From 3GHz on substrate noise couples also into
the ME4 shield that shields the interconnect of the victim substrate contact
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(a) Electric fields at 50MHz (b) Electric fields at 200MHz

(c) Electric fields at 2GHz (d) Electric fields at 7GHz

(e) Electric fields at 20GHz

Figure 3.10: The electric field distribution clearly visualizes the capacitive cou-
pling through the Nwell. Red dark regions corresponds to high values of the
electric field, blue light regions corresponds to low values of the electric field.
The pseudo-coloring reflects a logarithmic scale.
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Figure 3.11: Cross-section of the P+ guard ring isolation structure.
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Figure 3.12: Measurement vs Simulation for the P+ guard ring.
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and its corresponding bond pad. This explains the decrease of S21 at a higher
rate.

HIGH

LOW

Figure 3.13: Electrical field distribution in the Pwell of the P+ guard ring
isolation structure at a frequency of 50MHz. The red regions correspond to
high electrical field values. Blue regions correspond to low electrical field values.
The pseudo-coloring reflects a logarithmic scale.

Of course, in a practical context, the P+ guard rings are never connected
to a 50Ω impedance. Instead, the P+ guard rings are connected to the PCB
ground. The effect of grounding the P+ guard rings is demonstrated by the
following method:

• The resulting S-parameters are imported as an nport in a circuit simulator
like SpectreRF [30].

• In the circuit simulator environment, port3 and port4 of the nport are
connected to the ideal ground.

• An S-parameter analysis is performed on the resulting circuit.

This method will be used in the next section to quantify how low the
impedance of the ground interconnect should be chosen. The effect of ground-
ing port3 and port4 can also be demonstrated by shorting the bond pads of
port3 and port4 in the EM environment to the ME1 ground shield.

Fig. 3.14 compares the forward propagation in the case where port3 and
port4 are connected to a 50Ω impedance with the case where both ports are
connected to the ideal ground. Grounding port3 and port4 improves the isola-
tion with approximately 20dB [37].
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Figure 3.14: Effect of grounding the P+ guard rings.

3.3.5 Triple well shielding

In the case of the Triple well shielding, the victim substrate contact is fully
embedded in an N-doped region (see Fig. 3.15). Furthermore, a P+ guard ring
is located around the victim substrate contact. Here, the P+ guard ring and
the N-doped regions are shorted to the ME1 ground shield of the isolation
structure, in order to emulate the more realistic case where all the guard rings
are connected to ground.
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Figure 3.15: Cross-section of the triple well isolation structure.

Fig. 3.16 compares the measured forward propagation (S21) with simula-
tions. There is a very good agreement between both. The error is smaller than
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Figure 3.16: Measurements vs simulations for the Triple well shielding.

2dB. This clearly shows that the proposed methodology is able to predict the
substrate noise propagation of complex isolation structures like the Triple well
shielding.

Fig. 3.16 shows that S21 increases with at rate of approximately 20dB/decade.
This behavior is explained by inspecting the electric field distribution in the
isolation structure. Fig. 3.17 shows the electric field distribution of the Pwell,
Nwell and the Twell of the isolation structure at a frequency of 50MHz. Re-
member that high values for the electric field distribution correspond with red
coloring and low values with blue coloring. This complex field distribution
needs to be interpreted as follows: substrate noise is injected into Port1 which
is connected to the aggressor substrate contact. The substrate currents are
then attracted by the P+ guard ring. Note the red region in the inner side
of the aggressor substrate contact that spreads out until the P+ guard ring
is reached. A part of those currents are picked up by the P+ guard ring and
drained toward port4. Note that the copper connection of port4 colors green.
This means that current is transported through this connection. Thus a first
part of the isolation is obtained by the presence of the P+ guard ring. The
currents that are not drained by this P+ guard ring propagates further toward
the victim substrate contact. Approximately 10% of the currents reach the
region between the P+ and the N+ guard ring. Thus approximately 90% of
the currents are drained by the P+ guard ring drains. This corresponds to a
gained isolation of 20 dB.

The second part of the isolation is obtained by the Nwell and the DNW. The
Nwell and the DNW prevent the substrate current for reaching the victim sub-
strate contact. Only 0.1% of the total current reaches the Twell region. Most
of those currents are intercepted by the N+ guard ring and drained through
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Figure 3.17: Electrical field distribution at 50MHz.

Port3. Less then 0.01% of the total current reaches the victim substrate con-
tact. The combination of the Nwell/DNW and the N+ guard ring enhances the
isolation with 30 dB. This explains the isolation enhancement of 50 dB when
compared to the reference structure.

Most of the isolation is thus obtained by the Nwell and DNW region. How-
ever, this substrate noise barrier behaves capacitively. This is demonstrated
in Fig. 3.18. Fig. 3.18 shows the electric field distribution for three different
frequencies namely: 50MHz, 1GHz and 20GHz. With increasing frequency the
color of the victim substrate contact changes from deep blue toward green.
This means that with increasing frequencies more and more substrate cur-
rents reaches the victim substrate contact. Substrate noise couples capacitively
through the Nwell/DNW regions. This explains the increase the S21 with in-
creasing frequency.

The rate of increase is not exactly 20 dB/decade because different other
substrate coupling mechanisms influence the propagation of substrate noise:

• As more currents leaks through the Nwell/DNW, more current is drained
towards ground via the N+ guard ring. This can be seen in Fig. 3.18.
The color of the N+ guard ring changes from blue towards yellow.

• Similar to the other isolation structures, at 3GHz substrate noise couples
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Figure 3.18: Electrical field distribution at 50MHz.

into the ME1 shield of the isolation structure. Hence, the increase rate
of S21 diminishes.

• For frequencies larger than 7.5GHz, the substrate itself behaves capaci-
tively. This effect is clearly included in the simulation model. Comparing
the values of the electric field in Fig. 3.18, reveals that the value of the
electric field in the Pwell region between the aggressor substrate contact
and the P+ guard ring is similar. Both regions are colored in red. How-
ever at a frequency of 20GHz, the color of this region is orange. Above
the cut-off frequency of the substrate which equals to 7.5GHz, the bulk
substrate behaves capacitively. Less current flows through the Pwell and
thus less current is attracted and drained by the P+ guard ring. This
effect causes that the rate that S21 increases, diminishes.

3.3.6 Comparison and Conclusion

The previous section discussed, simulated and experimentally verified the main-
stream guard rings that are used by designers. The coupling mechanisms are
revealed and a clear understanding is given of how the isolation is obtained
for the different types of guard rings. The guard rings can be categorized in
power supply free guard rings and guard rings that need a dedicated ground
interconnect.

• The ’Pwell block isolation’ and the ’Nwell isolation’ guard rings are ex-
amples of the first category. Here, the isolation is obtained by forcing the
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substrate currents to flow in the high resistive substrate instead of the
conductive Pwell.

• The ’P+ guard ring’ needs a dedicated ground interconnect in order to
achieve a good substrate noise isolation. The low-impedance ground in-
terconnect and the dedicated bond pads need to be foreseen in an early
stage of the floorplanning.

• The isolation strategy of the two guard rings mentioned above can be
combined. The ’triple well’ isolation structure is an example of such a
combined guard ring. Of course, there exists a variety of combined guard
rings [38, 39]. The isolation of other types of combined guard rings can
easily been obtained with the proposed simulation methodology.

This section first proposes three methods that can be used to obtain the
substrate noise isolation for floating and grounded guard rings. Next, the
designer is advised which guard ring should be used.

Methods to obtain the substrate noise isolation for floating and
grounded guard rings

There are thee different methods to obtain the substrate noise isolation for
floating and grounded guard rings:

• Different measurements can be performed to obtain the substrate noise
isolation for both cases. In the case where the guard rings are left float-
ing, a two port VNA measurement between the aggressor and the victim
substrate contact is performed. The ports connected to the guard ring
are left floating. In the case where the guard rings are grounded, the
same VNA measurement is performed when the ports connected to the
guard ring are shorted to ground. The easiest way to short those ports
to ground, is to place an ’SMA-short’ on top of the probe that connects
those ports with the measurement equipment.

• The structures are measured with a 4-port network analyzer. The corre-
sponding S-parameters are imported as an n-port in the circuit simulator.
In the case where the guard rings are left floating, a resistor with a value
of 1MΩ is placed in the schematic at the guard ring connections (see
Fig. 3.19(a)). Then a two-port S-parameter simulation is performed be-
tween the aggressor and the victim substrate contact. In the case where
the guard rings are grounded, the guard ring connections are connected
to the zero potential ground (see Fig. 3.19(b)). Again a two-port S-
parameter simulation is performed between the aggressor and the victim
substrate contact.
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• The substrate noise isolation can be obtained for both cases with EM
simulations. In the case where the guard rings are left floating, no ports
are placed at the guard ring connections. In the case where the guard
rings are grounded, the bond pads of the guard ring connections are
shorted with the ground plane of the structure with a connection made
of ’perfect conductor’ material.

nport

50Ω 50Ω

1MΩ

1MΩ

(a) Schematic of a guard ring with
floating guard ring connections

nport

50Ω 50Ω

(b) Schematic of a guard ring with
grounded guard ring connections

Figure 3.19: Method to obtain the substrate noise isolation for floating and
grounded guard rings.

The three methods provide the same results. However, the second method
is the easiest and the fastest to implement. Therefore the second method is
used to compare the substrate noise isolation for the different types of guard
ring for both categories:

• Power supply free guard rings.

• Guard rings with a ground connection.

Power supply free guard rings

Fig. 3.20 compares the different types of guard rings when the guard ring con-
nections are left floating. One can note that at low frequencies (<10MHz), the
Triple well shielding provides the most substrate noise attenuation. Remember
that in the case of the Triple well shielding, the victim substrate contact is fully
shielded by an Nwell/DNW. However, already at frequencies as low as 15MHz,
the insertion of a ’Pwell block’ layer provides more attenuation, even when
compared to the ’Nwell isolation’. Note that the P+ guard ring do not provide
any isolation when compared to the reference structure. This is logical since
the P+ doped region that attracts the substrate currents, is not able to drain
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Figure 3.20: Comparison of the studied guard rings when the guard rings are
left floating. The blue ’◦’ reflects the forward propagation of the reference
structure, red ’△’ the ’Pwell block isolation, green ’�’ the Isolating Nwell,
black ’▽’ the P+ guard ring and the magenta ’⋆’ the Triple well shielding.
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those currents to the measurement ground because the ground connections are
left floating.

In average, power supply free guard rings can provide a supplementary 15-
20dB of substrate noise isolation when compared to the reference structure.

Grounded guard rings
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Figure 3.21: Comparison of the studied guard rings when the guard rings
are grounded. The blue ’◦’ reflect the forward propagation of the reference
structure, red ’△’ the ’Pwell block isolation, green ’�’ the Nwell isolation,
black ’▽’ the P+ guard ring and the magenta ’⋆’ the Triple well shielding.

Fig. 3.21 compares the different types of guard rings when the guard rings
are connected to the zero ground potential. Of course, the ’Nwell isolation’ and
the ’Pwell block isolation’ cannot be connected to a ground connection since
they are power supply free guard rings but it is interesting to compare their
substrate noise isolation to the substrate noise isolation of the grounded P+

guard ring and the grounded Triple well shielding. From Fig. 3.21, the Triple
well shielding provides the most isolation at low frequencies. The isolation
is better than 40dB for frequencies lower than 10MHz when compared to the
reference structure. Starting from 50MHz, the P+ guard ring provides more
substrate noise isolation than the Triple well shielding. Remember that the
P+ guard ring structure has two P+ guard rings. The Triple well shielding
has only one P+ guard ring. Moreover, the leaking PN-junction provides a
conductive path for the substrate noise currents through the N-doped regions.
This worsens the substrate noise isolation when compared to the P+ guarding.
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The grounded P+ guard ring provides at least 10dB more isolation than the
power supply free guard rings.

Grounded guard rings can provide 30dB or more isolation when compared
to the reference structure. The main drawback of the grounded guard rings
is the expense of an extra bond pad and the need of a low-impedance ground
interconnect.

3.4 Design of an efficient P+ guard ring

The P+ guard ring is the most popular choice to shield analog circuits from
their digital aggressor. The P+ guard ring achieves a good substrate noise
isolation compared to other types of guard rings. Only the Triple well shielding
performs better at low frequencies. However, the Triple well shielding needs
an additional implant/mask processing steps, which increases cost and process
cycle time. P+ guard rings do not need any extra processing step, and thus
they provide a low cost alternative. Moreover, the Triple well shielding can
only be used to shield NMOS devices and not an entire analog circuit.

The substrate noise isolation provided by P+ guard rings, is achieved by
attracting the substrate currents and then draining them to the PCB ground
through a dedicated ground interconnect. Hence the isolation obtained by such
a guard ring depends on three parameters:

• The impedance of the ground interconnect.

• The width of the P+ region of the guard ring.

• The location of the guard ring i.e. the distance to the victim.

In this section, the designer is taught with measurements how those pa-
rameters needs to be chosen in order to obtain an efficient P+ guard ring. A
guideline is formulated for each of the three parameters that defines the effi-
ciency of the P+ guard ring. Each of those guidelines is only valid when it is
used together with the other two guidelines.

3.4.1 Impedance of the ground interconnect

The impedance of the ground interconnect determines to a large extent the
efficiency of a P+ guard ring. Indeed, substrate currents that are picked up by
the P+ region of the guard ring are drained toward PCB ground. Section 3.2
already pointed out that in the extreme case where the guard ring connections
are left floating (i.e. the value of the ground resistance is nearly infinite), the
P+ guard provides no isolation at all. This section shows with measurements
and simulations how low the resistance of the guard rings should be chosen.
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As an example, the P+ guard ring isolation structure of section 3.3.4 is chosen.
This example consists of two P+ regions which are 5µm wide. Each of the
guard rings has a dedicated ground connection. The resistance of those ground
connections is varied in the following way:

• The structure is measured with a 4-port VNA from 50MHz up to 6GHz.

• The measured S-parameters are imported as an nport in the circuit sim-
ulator.

• In the environment of the circuit simulator, the value of the resistance
of the ground interconnect is increased by adding a resistance at the
terminals of the nport which corresponds to the guard ring connections.

Fig. 3.22 shows the forward propagation of the P+ guard ring at a frequency
of 1 MHz for different values of the resistance of the ground interconnect. This
figure clearly shows that the forward propagation S21 increases with increasing
values of the resistance of the ground interconnect. Hence, the isolation (1/S21)
degrades for larger values of the resistance of the ground interconnect. For
a value of 3Ω the isolation is already degraded with 3dB. Hence, as a first
guideline, the resistance of the ground interconnect should be smaller than 1Ω.
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Figure 3.22: Forward propagation in the P+ guard ring isolation structure in
function of the resistance of the ground interconnect for a frequency of 1MHz.

In a real design, the P+ guard ring is connected to the PCB through a
bond wire or a solder bump in the case of flip-chip. Those connections to the
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PCB behave inductive. For increasing frequencies, the inductive part of the
impedance of the ground interconnect gains importance compared with the
resistance of the ground interconnect and the bond wire. Fig. 3.23 shows the
forward propagation with and without bond wire. The inductance of the bond
wire is chosen to be 1nH. This corresponds to a bond wire that is approximately
1mm long. From this figure, it can be seen that the inductance of the bond wire
limits the frequency range where the P+ guard ring is effective to 1GHz. This
frequency range can be extended by using multiple bond wires at the expense
of multiple bond pads or by using active noise suppression guard rings at the
expense extra power consumption [40, 41].
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Figure 3.23: Influence of a bond wire of 1nH on the forward propagation of the
P+ guard ring isolation structure.

3.4.2 Width of the P+ guard ring

In this section, the concept of a sizable guard ring is introduced. A sizable guard
ring is a P+ guard ring where the width can be varied without reprocessing the
guard ring with a different size. The latter is very expensive. The isolation is
measured for the different widths of the sizable guard ring. Measurements show
that the isolation of the guard ring against substrate noise does not increase
linearly with the width of the P+ layer. The isolation saturates with the width
of the P+ layer.
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A Sizable guard ring
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20Ωcm

Figure 3.24: Schematic of the sizable guard ring

This section introduces the concept of a sizeable guard ring [42]. The goal
of a sizeable guard ring is to help the designer to determine the optimal width
of the P+ guard ring. Such a sizable guard ring consists of a certain number of
P+ guard rings. The rings are connected to each other by NMOS devices that
act as switches. The outer ring is connected to the PCB ground by a bond
wire. The switches allow to enlarge the P+ region, and hence the guard ring.
Opening such a switch is a very good approximation to a reduction of the size
of the ring as section 3.3.4 showed that a grounded P+ guard ring provides
30dB more noise suppression then when it is left floating. A floating guard
ring will not drain the intercepted substrate noise. The on-resistance of the
switches is less than 1Ω and this guarantees a short circuit between the guard
rings and a low impedant connection to the PCB ground. The off-resistance of
the switches is higher than 10kΩ. The disadvantage of this setup is that the
high off capacitance of the switches results in a de facto connection of the guard
rings at high frequencies, even if the switch is off. This limits the usability of
the sizable guard ring to an upper frequency of 30MHz. This is not an issue,
since the goal of this experiment is to determine the optimal guard ring width.

Such a sizable guard ring is designed in a 0.13µm CMOS technology. The
sizable guard ring can be enlarged in four steps from 4.6µm to 71µm. To
this end, different guard rings of respectively 4.6µm, 9.3µm, 18µm and 39µm
are placed around a very sensitive RF circuit, in this case an LC-VCO (Fig.
3.25) (see Fig. 3.24). This emulates a more realistic case where the sizes of the
guard ring are chosen in order to protect a real analog circuit. Two substrate
contacts are foreseen. One substrate contact is placed inside the ring and the
other substrate contact outside the ring. Both the substrate contacts have a
size of 115µm x 58µm. In this way, the forward propagation (S21) between the
two substrate contacts is representative for the efficiency of the P+ guard ring.
The impact of substrate noise on the LC-VCO, that lies inside the guard rings,
is studied in Chapter 5.
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SUB1

SUB2

Figure 3.25: An LC-VCO is surrounded by 4 guard rings connected to each
other via switches

Effectiveness of the P+ guard ring

Measurement of the S-parameters for the different widths of the sizable guard
ring will provide insight to the analog designer in how the width of the P+

layer determines the efficiency of the P+ guard ring.

The S-parameters are measured from a substrate contact that is realized
outside the ring (SUB2) to another substrate contact that is placed inside the
ring (SUB1) (Fig. 3.25). Fig. 3.26 shows the S-parameters in a frequency
band ranging from 30kHz up to 300MHz for a guard ring width of 32µm. As
expected, the S-parameters are symmetrical for this passive structure. There
is no influence of the switches for frequencies lower than 10MHz. Starting from
10MHz, the off-capacitance of the switches determines the frequency behavior
of S21. S11 and S22 are frequency independent over the whole band as expected.

The S-parameters are measured for four different widths of the sizable guard
ring. Fig. 3.27(a) shows the transfer function that is computed between the
two substrate contacts based on the S-parameters measurements. Widening
the guard ring from 4.6µm to 71µm enhances the isolation between the two
substrate contacts by 10dB. The measurements indicate that the isolation of
the guard ring for widths above 16µm does not increase linearly with the width
of the guard ring but rather with the logarithm of the width as shown in
fig. 3.27(b). As a second guideline, the width of the P+ layer should be no
more than a 10-20 µm large. By making the guard ring larger, not much extra
isolation with be gained but a lot of expensive silicon area will be lost.
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Figure 3.26: Measured S-parameters for a guard ring width of 32µm. Note
that S21 and S12 are on top of each other
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Figure 3.27: The isolation of the P+ guard ring saturates with the guard ring
width.
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Structure I II III
Aggressor radius 160µm 160µm 160µm

Victim radius 20µm 20µm 80µm
d1 30µm 90µm 90µm
d2 10µm 70µm 10µm

Table 3.1: Description of the structures geometry

3.4.3 Distance to the victim

This section gives insight how the isolation provided by a P+ guard ring is
affected by the location of the guard ring. Therefore three isolation structures
are considered where the location and the size of the guard ring is varied (see
Fig. 3.28).

• Structure I considers a small victim which is protected by a small P+

guard ring that is located close to the victim substrate contact (see
Fig. 3.28(a)).

• Structure II considers a small victim which is protected by a large P+

guard ring that is located relatively far from the victim substrate contact
(see Fig. 3.28(b)).

• Structure III considers a large victim which is protected by a large P+

guard ring that is located close to the victim substrate contact (see
Fig. 3.28(b))

The distances between the victim and the aggressor substrate contact and
the P+ guard ring is summarized in Table 3.1. Distance d1 reflects the distance
between the center of the victim and the P+ guard ring and hence the size of
the guard ring. Distance d1 reflects the distance between the victim substrate
contact and the P+ guard ring.

Fig. 3.29 shows the measured forward propagation S21 for the three struc-
tures from 10MHz up to 1GHz when the P+ guard rings are connected to a
zero ground potential. Comparing structure I with structure II reveals that the
combination of making the P+ guard ring smaller and placing it closer to the
victim does not improve the isolation a lot. The forward propagation S21 of
structure I is only 1dB in average worse that in structure II. On the other hand
in structure III, the size of the victim substrate contact is increased such that
the victim substrate contact is located close to the P+ guard ring. This im-
proves the isolation with more than 7dB compared to the forward propagation
of structure II. In order to give a deep understanding how the location of the
guard ring affects the isolation, a lumped network representation is built for the
different structures. First, it is explained how to built such an lumped network
from S-parameters. Then the method is applied on the different structures.
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(d) Cross-section of the P+ guard ring isolation structure.

Figure 3.28: Influence distance
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Figure 3.29: Forward propagation of the three structures.

Method for deriving lumped networks from S-parameters.

A lumped network clearly represents how the lumped elements from the net-
work influence the behavior of the structure in general. The lumped network
is built from the S-parameters. One can use either simulated or measured S-
parameters. First, the S-parameters are converted into Y-parameters. The
Y-parameters reflect the different admittances between the nodes. In this case,
it is shown how to build such a network that consists of resistors only. This
network is only valid for low frequencies where capacitive and inductive ef-
fects can be neglected. The general resistive network that corresponds to a
Y-parameter matrix is a network where each node is connected to any other
node with a resistor. The value of every resistor separately corresponds to the
real part of an Y-parameter of the Y-parameter matrix. To be more concrete,
this method is applied on an example which is structure I (see Fig. 3.28(a)).
The S-parameters at 50MHz are:

S =

(

S11 S12

S21 S22

)

=

(

4 · 10−3 − 3 · 10−6 · i 0.1 − 2 · 10−6 · i
0.1 − 2 · 10−6 · i −0.4 − 3 · 10−7 · i

)

In this case, the imaginary part of the S-parameters matrix is negligible
with respect to the real part. Consequently the structure can be described at
50MHz by a resistive lumped network. The real part of the S-parameter matrix
is then converted into a Y-parameter matrix:
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Y =

(

Y11 Y12

Y21 Y22

)

=

(

0.02 −7 · 10−4

−7 · 10−4 0.05

)

This Y-parameter matrix corresponds to the lumped network that is shown
in Fig. 3.30. Now, the designer can map the values of the different elements on
the Y-parameters of the Y-parameter matrix. The resulting network describes
the structure for low frequencies. One can extend the lumped network in a
similar way with capacitors and inductors. 34567 3456879:;< 8=<>=<34567 34568R?@=-1/Y21

R@@ 1/Y@@ R?? 1/Y??
Figure 3.30: From the Y-parameters, a lumped network is built for structure
I.

Understanding how the location affects the isolation of the guard
ring.

The above method is also used to build a resistive lumped network for structure
II and structure III. Their lumped networks are shown in Fig. 3.31. In order
to have a good isolation from port1 to port2, the value of R21 should be as
high as possible, the value of R11 and R22 should be as low as possible. The
value R21 of structure I and structure II is 1.4kΩ and 4.3kΩ respectively. Note
that the value of R21 in the lumped network of structure II is thus almost
three times larger than the one in structure I. This is explained because the
P+ guard ring of structure II has almost five times the surface of the P+ guard
ring of structure I. Remember from the previous section, that the isolation of
the guard ring saturates with the width (or the surface) of the P+ guard ring.
Hence, an increase of a factor of five in guard ring surface only results in an
increase of a factor three of R21.

However, in structure I, the P+ guard ring is located much closer to the
victim substrate contact than in structure II. The proximity of the location of
the guard ring to the victim substrate contact mostly affects R22 in the lumped
network shown in Fig. 3.31. The value of R22 in structure I and structure II is
respectively 20Ω and 208Ω. The value of R22 in structure I is thus ten times
smaller than in structure II. Hence, the substrate and the Pwell underneath
the victim substrate contact are better silenced in structure I than in structure
II. Thus, as a third guideline: the closer that the P+ guard ring is located to
the victim, the better the substrate noise isolation.
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Structure I benefits from the proximity to the victim substrate contact and
structure II benefits from the large P+ guard ring. The proximity to the victim
and the large guard ring influences the isolation of the structures almost with
the same amount. Hence, the difference in isolation between structure I and
structure II is only 1dB.

Structure III benefits both from the proximity of the P+ guard ring (R22 =
77Ω) to the victim substrate contact and a large P+ guard ring (R21 = 10.9kΩ).
Hence the isolation of structure III is 7dB better than the isolation of structure
II and 8dB better than the isolation of structure I.ABCDE ABCDFEGHIJ FKJLKJ

(a) Structure I

MNOPQ MNOPRSTUVW RXYWZXW
(b) Structure II[\]̂ _ [\]̂ `_abcde ffe_aae

(c) Structure III

Figure 3.31: Influence distance

3.4.4 Guidelines for good P+ guard ring design

The P+ guard ring is the preferred guard ring for a designer. There are two
reasons for this:

• Good efficiency compared to other guard ring types.

• Low cost because a P+ guard ring does not need an extra processing step.

A P+ plus guard ring consists of a P+ region. This P+ region attracts the
substrate currents and drains them toward PCB ground. To design such a P+

guard ring, three guidelines can be formulated for the designer. It is important
to note that those guidelines are only valid when they are all used together.

1. The ground interconnect should be as low impedant as possible. Starting
from 1Ω for the resistance of the ground interconnect, the isolation pro-
vided by the guard ring start to degrade. The inductive behavior of the
connection from the chip through the PCB increases the interconnection
impedance and hence limits the frequency range where the P+ guard ring
is efficient.
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2. Do not make the P+ guard ring too large. The isolation provided by the
guard ring saturates with the guard ring width. As a guideline, the width
of the guard ring should be chosen around 10 and 20µm.

3. Place the P+ guard ring as close as possible to the analog circuitry. The
P+ guard ring will silence the substrate and the Pwell under the analog
circuitry.

3.5 Conclusions

This chapter discusses the different types of guard ring that are mostly avail-
able for the designer. It is shown that EM simulations are able to predict the
isolation provided by those different guard rings with a good accuracy. More-
over EM simulations can give a deep understanding of how the different types
of guard rings achieve substrate noise isolation. The guard rings are catego-
rized into power supply free guard rings and guard rings that need a ground
interconnect.

• Power supply free guard rings obtain substrate noise isolation by forcing
the substrate currents to flow into the high resistive substrate.

• Guard rings that need a ground interconnect attract the substrate currents
and drains them toward PCB ground.

Comparing the different types of guard rings with each other reveals that
if the designer does not want to spend a dedicated ground interconnect and
a corresponding bond pad, the ’Pwell block isolation’ guard ring provides the
most isolation. If a dedicated ground interconnect and a corresponding bond
pad is available, the ’Triple well shielding’ provides the most isolation. However
the Triple well shielding requires an extra mask set which increases cost. The
P+ guard ring provides then a low cost alternative. Moreover the Triple well
shielding can only be used to shield NMOS devices. The P+ guard ring can be
used to shield an entire analog circuit.

In this chapter, the designer is also taught how to design a good P+ guard
ring. To that end, three guidelines are formulated. Each of the guidelines are
established based on dedicated measurement experiments. The guidelines are
related to the impedance of the ground interconnect of the P+ guard ring, its
size and its location.

• The impedance of the ground interconnect should be lower than 1Ω.

• The isolation of the P+ guard ring saturates with the width of the P+

region. Based on measurements, the guard ring should be chosen around
10-20µm.

70



• The P+ guard ring should be placed as close as possible to the analog
circuitry.

In the previous chapter and in this chapter, the designer is taught how sub-
strate noise propagates through the substrate, how the propagation is affected
by layout details and how the analog circuitries can be shielded with passive
isolation structures. Next chapters focuses on the impact of substrate noise on
analog circuits. Chapter 4 studies the impact of substrate noise on a single ac-
tive device. Chapter 5 and Chapter 6 investigate the impact of substrate noise
on individual analog/RF circuits and finally Chapter 7 examines the impact of
substrate noise on complete analog/RF systems.
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Chapter 4

Noise coupling in active
devices

4.1 Introduction

Transceivers are mainly built from active devices, i.e. transistors. Before the
impact of substrate noise can be investigated on analog/RF circuits and even
on transceivers, one should start to predict the impact of substrate noise on a
single active device. Despite their modest size, these components are also prone
to substrate noise disturbances. In order to predict the impact of substrate
noise on these active devices, the methodology that is proposed in Chapter 2
to predict the impact of substrate noise on passive isolation structures, needs
to be refined such that it can handle active devices. One big challenge here
is that those active devices are the result of complex fabrication steps, partly
relying on the actual doping profiles of the die. Those doping profiles are
usually kept confidential by the foundry and therefore cannot be incorporated
as public knowledge in the substrate noise prediction. A possible way out of
this problem is to note that the impact of the doping profiles on the transistors
behavior is well included in the RF model. This RF model is validated up to
high frequencies. In the proposed methodology the actual active devices are
replaced by their RF model and thus there is no need for the explicit knowledge
of the doping profiles. Similar as in Chapter 2, the methodology describes the
passive part i.e. the substrate and the interconnects by a finite element model.
This chapter leads the reader through the complete process how to correctly
setup the simulation environment to characterize a single active device. Next,
it will be shown that this methodology is able to characterize accurately the
substrate together with the active devices that are integrated on this substrate.
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To this end, the impact of substrate noise on a single transistor is predicted.
This case study gives the analog designer the different paths where substrate
noise can couple in a transistor and how the adjacent interconnects determine
the nature of the dominant coupling mechanism. The next chapter will extend
the applicability of the methodology to CMOS analog/RF circuits.

4.2 Impact simulation methodology

In the previous chapter the EM simulator proved to be a very powerful tool
to analyze the propagation of substrate noise. Such an EM simulator only
solves the equations of Maxwell and not the drift-diffusion equations which
describes the behavior of the active devices. Hence, EM simulations are not
capable to model active devices. Moreover, in order to solve the drift-diffusion
equations, the simulator would require the in-depth knowledge of the doping
profiles used to fabricate the active devices. A possible alternative is to use the
device knowledge implicitly rather than explicitly. The behavior of the active
devices is well included into the RF models and hence the usage of the RF
models avoids the need to characterize the active devices all over again. In
the methodology proposed here, the active and the passive part of the design
are modeled separately. The active devices are described by the respective RF
models. The passive part i.e. the substrate and the interconnects are described
by a finite element model. Consequently the substrate and the interconnects are
described by small-signal S-parameters. The S-parameters obtained from the
EM simulation are then co-simulated with the RF models of the active devices
with a circuit simulator. The resulting waveforms on the different terminals
of the simulation model gives the designer insight in the different substrate
noise coupling mechanisms. The methodology proposed here contains the best
of both worlds: the excellent ability of the EM field solver to describe the
frequency dynamics of the substrate and the interconnects and the accurate
behavioral prediction of device level models are combined to solve the substrate
noise characterization problem of active devices. The implementation of this
co-operation between two different types of simulations is, as could be expected,
not a perfectly straightforward process. However, a clever combination of the
capabilities of the different tools enables the designer to obtain a very accurate
prediction of the substrate noise impact on active devices for an acceptable
effort. A block diagram representation of the methodology is given in Fig. 4.1.
The different simulations that are needed to predict the impact of substrate
noise on active devices are described in more detail and the user interaction
that is required is explained in detail.
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Figure 4.1: Impact simulation approach

4.2.1 EM simulation

The goal of the EM simulation is to extract a non-parametric model of the
interconnects and the substrate. The EM simulation starts from the layout.
First, the layout is simplified to speed up simulations. The idea used here relies
on the following simple observation: the EM simulation of the complete circuit
is so CPU expensive that it is not possible. Fortunately, this level of detail is
not required. If the layout is simplified, it is noted that this only marginally
influences the frequency response. The layout should not be oversimplified
because this can change the frequency response dramatically and cause a false
prediction of the substrate noise impact on active devices. The goal here is
to design a controlled heuristic procedure to simplify the layout as much as
possible without jeopardizing the accuracy of the frequency response.

• The different vias that connect the different metal layers are grouped to
one single via (see Fig. 4.2). The impedance of the interconnect with and
without grouped vias should not change drastically. A typical example
where the vias can safely be grouped is a bond pad. A bond pad usually
contains hundreds of vias connected in parallel. Grouping those vias to
one single via that has the size of the bond pad does almost not affect the
impedance of the corresponding interconnect and hence this will almost
not change the substrate frequency response.

• The edges of the interconnects are aligned (see Fig. 4.2). The small metal
overlap requires a lot of meshing by the EM simulator. This is very CPU
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expensive. This small overlap can easily been removed without changing
the frequency response. Of course the overlap may not be so large that
it determines the capacitance of the interconnect to a large extend.

• The ground plane that is slotted to satisfy the DRC rules, is filled with
metal.

Those simplifications can been automated.
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����
����

��������
Figure 4.2: (1) The vias are grouped. (2) The edges are aligned.

Furthermore, the transistors are removed from the layout. The substrate
contacts, which sets the potential of the bulk, are kept. In the case of a multi-
finger transistor, the different bulk regions, which are located underneath the
gate region, are merged into one large bulk region (see Fig. 4.3). This means
that the bulk is considered equi-potential underneath the transistor. This is a
safe assumption since the transistors are very small compared to the surface of
the IC. Moreover, this assumption is also made by other commercial available
tools [20, 13]. Next, this simplified layout is exported as a gds II file. This gds
II file is then imported into the EM environment.

The transistor, which is a 4-port device, is modeled in the EM environment
by 3 ports. The drain, gate and bulk connections of the transistor are replaced
by a port that is referred to the source connection of the transistor (see Fig. 4.4).
Furthermore, additional ports are placed at the position of the different external
connections, i.e. at the bond pads of the IC. Appendix B clearly explains how
a transistor can be modeled by 3 ports.

After the port placement, the substrate, the Pwell, the silicon dioxide and
the air box on top of the IC are included in the EM environment. The size of the
boxes is chosen equal to the dimensions of the die or sufficiently large enough
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Figure 4.3: (a) Typical layout of a RF-transistor. (b) The substrate contacts
are kept and the different bulk regions underneath the gates are merged.
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Figure 4.4: Port placement at the connections of the transistor. Here, the
drain, gate and bulk connections of the transistor are referred to the source of
the transistor.
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that the electric and magnetic fields are small enough at the boundaries of the
EM environment. It this way it is ensured that the fields can smoothly radiate
away from the EM environment and that there is thus no interaction that
significantly influences the substrate noise propagation. As a rule of thumb,
the value of the electric or magnetic fields should be at least three orders of
magnitude smaller than in the core of the EM environment.

Then the simulator is started and the equations of Maxwell are solved at
the boundaries of the different ports. The result of the EM simulation is an
nxn matrix of S-parameters where n reflects the number of ports.

4.2.2 Circuit Simulation

A simulation model that fully characterizes the active device is constructed.
The substrate and the interconnects are represented by the S-parameter box
resulting from the EM simulation. This S-parameter box is included into the
netlist together with the RF models of the different devices. It is important to
note that the n-port S-parameter box is used here as a 2n-terminal S-parameter
box, where 1 port consists of a set of 2 matching terminals. In this case the port
conditions still remain satisfied. Appendix B rehearses the port conditions.
The analog designer can apply any analysis on this simulation model. The
corresponding waveforms of the analysis will give insight in how and where
substrate noise couples into the active devices.

4.3 Transistor test bench

First, it will be shown that the methodology is able to accurately characterize a
test structure consisting of a common-source transistor. The designer is taught
how to set up the EM simulation and how to correctly connect the S-parameter
box to the transistor. In the next section, the impact of substrate noise on a
single transistor is investigated.

4.3.1 Description of the transistor under test

The transistor test bench consists of a common-source NMOS transistor real-
ized in a 90nm CMOS technology on a lightly doped substrate (20Ωcm). The
transistor is quite large in order to obtain a good SNR. Therefore it counts 40
fingers which each have a width of 1µm and a minimal length. The drain and
gate of the transistor can be accessed via external bond pads. The source and
the bulk are connected to the ground bond pads through a large ground plane.
The layout is constructed to be perfectly symmetrical (see Fig. 4.5).
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Transistor

Gate Drain

Figure 4.5: Layout of the transistor test bench.

4.3.2 Modeling the transistor test bench

The proposed methodology consists of two simulations:

1. An EM simulation that characterizes the substrate and the interconnects.

2. A circuit simulation to combine the previous simulation with the active
transistor models, to obtain a simulation model that fully characterizes
the transistor test bench.

This section explains how to setup both simulations in the case of the tran-
sistor test bench.

EM simulation

The goal of the EM simulation is to build a model for the substrate and the
interconnects. The EM simulation starts from the layout. The simplifications
mentioned above are performed: In this case the vias are grouped, the metal
traces are aligned and the slotted ground plane is filled with metal. Further-
more, the transistor is removed from the layout. Its substrate contacts are kept
and the different bulk regions are merged into one bulk region as explained in
section 4.2.1. The remaining geometry is then streamed in the EM simulator
(HFSS [21]). In the HFSS environment, the transistor leads are replaced by
three lumped ports. The drain, gate and bulk of the transistor are referred to
the source of the transistor as shown in Fig. 4.6. Further, a lumped port is
placed at each of the two external connections. The HFSS environment counts
therefore 5 ports (see Fig. 4.6).
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Figure 4.6: View of the HFSS environment. The red arrows denote the places
where the lumped ports are placed. The transistor is simplified to clearly show
how the designer should place the ports at the leads of the transistor.
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Once the ports are placed, a substrate of 20Ωcm, a Pwell of 800 S/m,
the silicon dioxide with an ǫr of 3.7 and an air box on top of the IC are
included in the EM environment. Since this test bench is meant to be validated
with measurements with on-wafer GSG (Ground-Signal-Ground) probes, it is
important to short the ground bond pads located on both sides of the Signal
bond pad (see Fig. 4.6 and Fig. 4.7). This short circuit is performed in HFSS
with a connection made out of ’perfect conductor’-material. This models the
fact that in the measurements, the current can flow back to the measurement
equipment through the two ground pins of the GSG probe.

This HFSS environment is simulated from DC up to 110 GHz with a mini-
mum solved frequency of 1 GHz and a maximum error of the S-parameters of
0.006. The HFSS simulation takes 47 minutes on a HP DL145 server. Fig. 4.7
shows the electric field distribution in the test structure. One can clearly see
that the electric field distribution is symmetrical as expected.

Short

Drain connection

Gate connection

Transistor

HIGH

LOW

Symmetry axis

Figure 4.7: The Electrical field distribution present in the transistor test bench.
The field distribution is symmetrical. The red darker regions corresponds to
the regions where the value of the electric field is high.
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Circuit simulation

A circuit simulation model is then constructed that fully characterizes the
transistor test bench. The interconnects and the substrate and the passive
components are represented by an S-parameter box resulting from the HFSS
simulation. The transistor is represented by its RF model and is connected
to the S-parameter box. The netlist below shows clearly how the S-parameter
box is connected to the transistor and the external ports. Those external ports
reflect the ports of the measurement equipment. The ports of the measure-
ment equipment are connected to the positive terminal of the first two ports
of the 5-port obtained by the EM simulation. The negative terminal of the
first two ports is connected to the ideal ground because it is assumed that the
ground of the measurement equipment is ideal. The transistor is connected to
the last three ports of the 5-port. The positive terminals of port 3,4 and 5 are
respectively connected to the drain (D), gate (G) and (B) bulk of the transistor
while the negative terminal is connected to the source (S) of the transistor (see
Fig. 4.8).

% Netlist of the Transistor test bench

% external connections

PORTGATE (Gate 0) port r=50 dc=0.5 type=dc

PORTDRAIN (Drain 0) port r=50 dc=1 type=sine

% transistor

NMOSname (D G S B) NMOS parameters l=, w=, nf= ...

% substrate + interconnects

Sparam ( Drain 0 Gate 0 D S G S B S) nport file= "filename"

On this simulation model an S-parameter analysis is performed with Spec-
treRF [30]. The analysis takes less than 1 minute on a HP Proliant DL145G1
platform. When an S-parameter analysis is performed,a DC analysis is per-
formed first. The DC operating point of the transistor is calculated based on
the DC results of the S-parameter box obtained by the HFSS simulation. HFSS
extrapolates the DC operating points from its minimal solved frequency which
is minimum 50 MHz. The HFSS tool sometimes suffers from the fact that this
extrapolation is not always performed correctly. However this problem can
easily been circumvented by placing an ideal bias tee at one of the leads of
the transistor. In this way the designer can set the correct DC potential. The
correct potential of the bias tee can for example be obtained from a limited
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Figure 4.8: Schematic of the transistor testbench. The 5-port resulting from the
EM simulations is properly connected to the transistor and the measurement
ports.

parasitic extraction of the test structure.

4.3.3 Experimental validation

To show that this methodology truly can handle active devices, experimental
validation is indispensable. Measurements are the only way to verify if the per-
formed simulations are correct. Therefore the transistor test bench is measured
using a VNA. The test bench is accessed with on-wafer probes and calibrated
up to the probe tips. The transistor is biased as in simulation: the drain is
biased at 1 V and the gate at 0.5 V. Then, the S-parameters of the test bench
are measured with the network analyzer from 1 GHz up to 110 GHz. Fig. 4.9
shows that there is a very good agreement between measured and simulated
S-parameters, both in amplitude as in phase.

The mean error is calculated as in [43]:

Error = (4.1)

100

N





2
∑

i=1

2
∑

j=1

|ℜ(Si,j,meas) −ℜ(Si,j,sim)|2 + |ℑ(Si,j,meas) −ℑ(Si,j,sim)|2
|S2

i,j,meas|





N reflects the number of measurements points. The index meas and sim
denote the measured and simulated S-parameters respectively. In the case of
the transistor test bench the error is less than 3%. Therefore it can be concluded
that this methodolgy can handle active devices.
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Figure 4.9: Measured S-parameters between the drain (port1) and the gate of
the transistor (port2). The magenta ’�’ reflects S11, blue ’O’ S12, green ’△’
S12 and red ’▽’ S22. The black lines are the corresponding simulations.

4.4 Substrate noise coupling mechanisms in a
transistor

Up to now it has been shown that the proposed methodology is able to accu-
rately characterize a transistor and its interconnects. This section also includes
the influence of the substrate, predicts the impact of substrate noise on active
devices and reveals the different coupling mechanisms.

Generally speaking, at low frequencies where capacitive and inductive effects
can be neglected, substrate noise can only couple resistively into the transistor.
There are two possible paths for this resistive coupling:
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• Resistively into the bulk of the transistor. Substrate noise then modulates
the bulk voltage of the transistor.

• Resistively into the P+ guard ring of the transistor. Here, substrate noise
couples into the ground interconnect of the transistor and causes ground
bounce.

Measurements cannot always reveal which of the above mentioned coupling
paths dominates. This is because only the external connections can be sensed
during measurements. The internal nodes like for example the bulk of the
transistor are not available during measurements. In this case, simulations can
provide supplementary information about the nature of the coupling mecha-
nisms. Simulations can also pinpoint which circuit parameters influence the
substrate noise behavior before the IC is fabricated. The designer can then
tune those parameters such that the IC is less sensitive to substrate noise per-
turbations.

Therefore the proposed methodology is used to predict the impact of sub-
strate noise on active devices. Here, an EM simulation characterizes the sub-
strate and the interconnects. The resulting EM model is connected to the RF
models of the transistors. The resulting simulation model is analyzed with a
circuit simulator. The designer can extract supplementary information about
the substrate noise coupling mechanisms from both the EM and the circuit
simulation:

• Propagation through the substrate: The electric field distribution provided
by the EM simulator gives the designer insight in how substrate noise
propagates through the substrate. Analyzing the substrate noise prop-
agation gives a good indication how and where substrate noise couples
into the transistor and which circuit parameters influence the substrate
noise coupling mechanism.

• Propagation through the transistor : The circuit simulator provides the
voltage and currents at the different nodes of the simulation model. An-
alyzing the voltages and currents and the different nodes give insight
in how substrate noise propagates through the transistor. Moreover the
designer can now modify the parameters of the simulation model. Mod-
ifying the parameters of the simulation model gives the designer insight
in which parameter influences the substrate noise coupling mechanism.

4.4.1 Analyzing the different coupling mechanisms in a
transistor

Above it was shown that at sufficiently low frequencies, where capacitive and in-
ductive effects can be neglected, substrate noise propagates resistively through
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the substrate. At such low frequencies substrate noise will couple resistively
into the transistor. Substrate noise can couple resistively either into the bulk of
the transistor or the P+ guard ring that surrounds the transistor. This section
presents a general theoretical framework which describes the different substrate
noise coupling mechanisms in the case where the transistor is common-source
coupled. Similar expressions can be found for other transistor configurations.
In the next section, this framework will be used to model the substrate noise
coupling mechanisms on a real-life example.

The proposed theoretical framework is based on the lumped equivalent net-
work that is shown in Fig.4.10. This lumped network is used to analyze the
low frequency substrate noise coupling mechanisms in a common-source cou-
pled transistor. For the sake of simplicity, substrate noise originates from one
single node. Hence, the voltage transfer function from the substrate contact
(SUB) to the drain (D) of the common-source coupled transistor is given by:

R¿ÀÁÂÃÄÅÆ
RÇÀ¿ÃÄÅÆ RÇÀ¿Ã¿ÀÁÂ

gÈvÄÇ
gÈ¿v¿ÇÉ

ÊËÉ

ÌÊ Í
P+ guard ring

RÄÅÆ ÎÏÏÐÑÒ ÓÔÔÕÖ×ØÙ ÚÛ
Figure 4.10: Lumped network that is used to model the different substrate
noise coupling mechanisms in a common-source coupled transistor. The S, D,
B and G reflects the source, drain, bulk and gate terminals of the transistors.
SUB indicates the equivalent node where substrate noise originates from.

TFsub2drain ≈− Rbulk2gnd + Rgnd

Rsub2bulk + Rbulk2gnd + Rgnd
· gmb · Rload

+
Rgnd

Rsub2gnd + Rgnd
· gm · Rload (4.2)

where
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• Rbulk2gnd is the bulk resistance;

• Rsub2bulk is the resistance between the SUB-node and the bulk of the
transistor;

• gmb is the body transconductance of the transistor;

• Rload is the load resistance that is connected to the drain of the transistor;

• Rgnd is the resistance of the ground interconnect;

• Rsub2gnd is the resistance between the SUB-node and the ground inter-
connect of the transistor;

• gm is the transconductance of the transistor;

Eq. 4.3 can be simplified by the a priori knowledge that Rsub2bulk >>
Rbulk2gnd, Rsub2gnd >> Rgnd and Rbulk2gnd >> Rgnd:

TFsub2drain ≈ −Rbulk2gnd

Rsub2bulk
· gmb · Rload +

Rgnd

Rsub2gnd
· gm · Rload (4.3)

Similar expressions can be derived for other transistor configurations. This
is left as an exercise to the reader. One can identify two parts in eq. 4.3. The
first part is given by:

−Rbulk2gnd

Rsub2bulk
· gmb · Rload (4.4)

Eq. 4.4 represents the part of the transfer function that reflects the bulk
effect. The bulk effect is dominant in the case where the value of the impedance
of the ground interconnect is very small compared to the bulk resistance
(Rbulk2gnd).

The second part of eq. 4.3 is given by:

Rgnd

Rsub2gnd
· gm · Rload (4.5)

This term models the ground bounce as a coupling mechanism. Note that
ground bounce gets more important than the bulk-effect for higher values of
the impedance of the ground interconnect. When ground bounce dominates,
substrate noise couples directly into the P+ guard ring of the transistor and
causes a voltage variation on the internal ground interconnect node.

It is important to note in Eq. 4.3 that the two coupling mechanisms have an
opposite sign (see eq. 4.3). Hence, there exists an optimum where both coupling
mechanisms are canceled and the isolation is optimal. The only circuit element
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in Eq. 4.3 that can be easily adjusted by the designer is the resistance of the
ground interconnect Rgnd.

The optimal value for the resistance of the ground interconnect can be
calculated as:

Rgnd =
Rbulk2gnd

Rsub2bulk
· gmb ·

Rsub2gnd

gm
(4.6)

In order to quantify the value of the optimal ground resistance and to
check the validity of the derived equations, a dedicated test structure is built.
This test structure consists of a common-source coupled transistor designed
in a 130nm CMOS technology. Next section describes the test structure and
presents the corresponding measurements.

4.4.2 Description and measurement of the device under
test

Description of the device under test

In order to study the different coupling mechanisms that are present for a
single transistor, a simple test structure is designed. The structure consists of
8 parallel connected common-source NMOS transistors configured in a 130nm
triple well technology. The dimensions of the transistors are chosen large to
obtain a good signal-to-noise ratio. Consequently they each count 16 fingers
which have a minimal length and which are 3.6µm wide. The gate of the
transistor is ESD protected for measurement purposes. The P-type ESD diodes
are embedded in an N-well and the N-type diodes in a triple well. Hence
substrate noise can only couple capacitively through the PN-junctions. Thus
the ESD diodes will not influence the substrate noise coupling mechanisms into
a transistor at low frequencies.

The VDD which biases the Nwell of the triple well transistor (see Fig. 4.11) is
decoupled with MIM-capacitors. The corresponding chip photograph is shown
in Fig. 4.12.

A dedicated substrate contact with a size of 114µm by 58µm is placed next
to the transistor. A substrate contact act as a resistive connection between the
measurement equipment and the substrate. Hence, such a substrate contact can
be driven by a source to replace the digital switching noise in this experiment
in a very controlled way.

Two versions of this test structure are processed. In the first version the
NMOS transistor is shielded by a triple well. The second version is the twin
well version where this extra well is not present. This allows to assess the
effectiveness of the triple well option to shield a NMOS transistor.
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Figure 4.11: Cross-section of the triple well structure. The impact of substrate
currents are indicated by the red arrows comprising both ground bounce and
bulk-source effects.
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Figure 4.12: Die photograph of the test structure
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Figure 4.13: The triple well option enhances the substrate noise isolation with
18 dB at low frequencies when compared to the twin well version.

Measurement of the device under test

The device under test is measured using on-wafer probes. The gate of the
transistor is biased at 0.6 V. The drain and the VDD terminal are biased at
a power supply of 1.2 V. The S-parameters of the two versions of the test
structures are measured with a 4-port VNA from 1 MHz up to 6 GHz. The
calibration is performed up to the probe tips.

Fig. 4.13 shows the isolation between the substrate contact (port1) and the
drain of the transistor (port2) for the two versions of the test structure. The
isolation is here defined as 1/S21. The triple well enhances the isolation with
18 dB at low frequencies when compared to the twin well version. However,
starting from 5 MHz this isolation start to decrease because the shielding of
the N-well starts to leak due to its junction capacitance. For noise frequencies
larger than 300 MHz there is no difference in isolation between the two versions.

For both versions the phase shift of S21 is 180 degrees at 1 MHz, which
means that the bulk effect dominates in both cases. Since the low frequency
coupling mechanisms are the same for both versions, the next section will focus
on the twin-well version of the test structure only.

Measurements combined with the theoretical framework presented in pre-
vious section are able to pinpoint which substrate noise coupling mechanism is
dominant. However, these measurements can neither reveal nor quantify the
parameters that influences the coupling mechanisms. This is because the inter-
nal nodes of the test structure, like for example the bulk below the channel of
the gates, cannot be accessed during measurements. In that case simulations
can provide more information about the different coupling mechanisms as will
be shown below.
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4.4.3 Modeling different substrate noise coupling mecha-
nisms

In order to reveal and to quantify the parameters that determine the
dominant coupling mechanisms, a simulation model is built. To that end,
the proposed methodology of section 4.2 is used. This methodology uses
an EM simulator like HFSS [21] to extract a model of the substrate, the
passive devices and the interconnects. The active devices like the transistor
and the ESD-diodes are represented by their RF model as was explained before.

EM simulation

The EM simulation starts from the layout of the test structure. The transistors
are removed from the layout as was explained before. The P+ guard ring
surrounding each of the 8 RF-transistors is kept in layout. Each transistor
counts 16 fingers and thus has 16 separate bulk regions. Those different
bulk regions are merged into one bulk region like in [20]. Therefore the bulk
resistance will be slightly underestimated.

Further the layout is simplified to speed up simulations. The simplifications
consists in this particular case in grouping the vias that connect the different
metal layers and aligning the different metal layers. This modified layout is
then streamed into the EM simulator. In this case HFSS was used. In the
HFSS environment a substrate of 20Ωcm, a Pwell of approximately 800 S/m,
the silicon dioxide with an ǫr of 3.7 and an air box on top of the circuit
are included. Also the STI-regions (Shallow Trench Isolation) are included
in the EM environment (see Fig. 4.14). Those STI regions determine to a
large extend the value of the bulk resistance [44]. Here, the bulk resistance is
defined as the resistance between the bulk of the transistor and the P+ guard
ring that surrounds the RF-transistor.

Next, the simulation is set up and ports are placed. These ports form
the interface between the EM model and the external world. The interface
between the interconnects and the transistor is formed by three ports. A port
is placed at the internal gate, drain and bulk connection which is referred to
the internal source connection of the transistor. This source connection is
part of the ground interconnect of the test structure. Further ports are placed
at the four external connections of the test structure.

The PN-junctions of the different wells of the ESD diodes are modeled
by inserting a zero conductive silicon region between the different wells to
represent the depleted region. In this way substrate noise can propagate only
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Figure 4.14: Cross-section of the twin-well NMOS transistor. For simplicity
only the STI-regions between the source/drain regions and the P+ guard ring
are drawn.

capacitively through the different junctions. This is a known technique which
is also used in [35].

Consequently, the HFSS environment counts 7 ports. The S-parameters
are solved from DC up to 6 GHz with a minimum solved frequency of 50 MHz
and a maximum S-parameter error of 0.01. The HFSS simulation takes about
1.5 hours on a HP DL145 server.

Circuit simulation

A simulation model is constructed that fully characterizes the test structure. As
explained before, the interconnects, the substrate and the passive components
are represented by an S-parameter box resulting from the HFSS simulation.
The transistor and the ESD-diodes are represented by their RF model and are
connected to the S-parameter box. If the RF model of the transistor contains a
dedicated network for the substrate, this substrate network should be removed.
On this simulation model an S-parameter analysis is performed with SpectreRF
[30]. The analysis takes less than 1 minute on a HP Proliant DL145G1 platform.
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Experimental validation

It is important to validate the simulation model with measurements. This is
the only way to check whether the simulation model incorporates the dominant
coupling mechanisms. Fig. 4.15 shows that there is a very good agreement
between measurements and simulations both in amplitude and in phase. The
mean error, calculated as in [43], is 1 dB. At low frequencies the amplitude
error of S21 is 2 dB due to the underestimation of the bulk resistance. The
simulated bulk resistance has a value of 19 Ω. The value of the bulk resistance
of the RF model is approximately 23 Ω.

It can be concluded that the model incorporates the dominant coupling
mechanisms. The internal nodes of the test structure can now be accessed in
simulation. Hence, the designer can modify the parameters of the simulation
model and can reveal which parameters influence the coupling mechanism.

4.4.4 Quantifying the different substrate noise coupling
mechanisms

This section quantifies the different substrate noise coupling mechanisms.
First, the electrical field distribution provided by the EM simulation is used
to study the propagation of substrate noise and to determine the different
substrate noise entry points. Then, the parameters that define the different
substrate noise coupling mechanisms are quantified based on the theoretical
framework that is built in the previous section. The values of the parameters
are derived from the S-parameters that are obtained from the EM simulation.

Propagation of substrate noise

The propagation of substrate noise can be visualized by plotting the electric
fields in the HFSS environment [36]. Fig. 4.16 shows the electric fields at
100 MHz. Remember that red/orange regions correspond to high values of the
electric field. Low values of the electric field are colored in blue/green. From
fig. 4.16, it can be seen that substrate noise couples into the P+ guard rings
that surround the transistors and couples into the ground interconnect of the
transistors. Note the dark orange region at the P+ guard rings of the 8 parallel
connected transistors. The electric field distribution clearly shows that the
ground interconnect plays a dominant role in the impact of substrate noise.
Of course, the electric field distribution cannot reveal the different coupling
mechanisms in a transistor since the transistor itself is not included in the
EM simulation. Therefore the complete simulation model that comprises the
transistor-models, needs to be studied.

93



10
6

10
7

10
8

10
9

−100

−80

−60

−40

−20

0

Frequency (Hz)

A
m

pl
itu

de
 (

dB
)

10
6

10
7

10
8

10
9

−300

−200

−100

0

100

Frequency (Hz)

P
ha

se
 (

de
gr

ee
s)

 

 

Figure 4.15: Measured S-parameters between the substrate contact (port1)
and the drain of the transistor (port2). The magenta ’�’ reflects S11, blue
’•’ S21, green ’△’ S12 and red ’▽’ S22. The black lines are the corresponding
simulations. The measurement noise floor is around -80dB.
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Figure 4.16: Simulated electric fields at 100 MHz. The darker yellow regions
correspond to the regions where the value of the electric field is high i.e. where
the P+ guard rings of the transistors are located.

Analyzing the substrate noise coupling mechanisms

In the previous section a theoretical framework was built to study the different
coupling mechanisms in a source coupled transistor. This theoretical framework
is based on a simple lumped model that is shown again in Fig. 4.17. This
section uses the performed simulations to quantify the different parameters of
this lumped model. The substrate resistances and the resistance of the ground
interconnect are derived from the S-parameters provided by the EM-simulation
as explained in previous chapter:

1. The S-parameters are first converted into Y-parameters.

2. Yij with i6=j corresponds to the admittance between port i and port j of
the test structure. Hence, ℜ(1/Yij) corresponds to the resistance between
port i and port j.

The transistor parameters can be derived from the RF model of the transis-
tor. The values of the parameters that determine the substrate noise coupling
mechanism can be found in Fig. 4.17.

Remember that the transfer function from the substrate contact to the drain
of the transistor is given by:

TFsub2drain = −Rbulk2gnd

Rsub2bulk
· gmb · Rload +

Rgnd

Rsub2gnd
· gm · Rload (4.7)

In this case the load resistance (Rload) is the 50Ω resistance of the measure-
ment equipment. For this particular case this gives:
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Figure 4.17: Lumped model of the test structure. The S, D, B and G reflects
the source, drain, bulk and gate terminals of the transistors. SUB indicates
the substrate contact.

TFsub2drain = −23Ω

1kΩ
· 34mS · 50Ω +

Rgnd

262Ω
· 317mS · 50Ω (4.8)

In the nominal case, the bulk effect is dominant because the resistance of
the ground interconnect is only 0.1Ω. In that case, substrate noise currents
couple at frequencies lower than 50 MHz into the bulk of the transistors and
are drained toward the ground interconnect through the P+ guard ring of the
transistors (see Fig. 4.14).

Increasing the resistance of the ground interconnect, increases the impor-
tance of ground bounce when compared to the bulk effect because both effects
have an opposite sign (see eq. 4.7). There exists a value where both effects
cancel each other. Hence, the obtained isolation is optimal. The optimal value
for the resistance of the ground interconnect can be calculated with Eq. 4.6.
For this particular case the optimal value for Rgnd is approximately 0.65Ω.
This means that the substrate noise isolation is worse for lower values of the
resistance of the ground interconnect. This is very counterintuitive. One would
expect that the isolation improves with decreasing values of the resistance of
the ground interconnect. To demonstrate that this canceling effect really ex-
ists, a dedicated measurement experiment is set up that demonstrates that for
increasing values of the resistance of the ground interconnect, the dominant
coupling mechanism shifts from the bulk effect toward ground bounce.
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4.4.5 Experimental validation of the substrate noise cou-
pling mechanisms

It is important to show with measurements that the two coupling mechanisms
are present and that their importance depends on the resistance of the ground
interconnect. In the nominal case, it is already demonstrated that the dominant
coupling mechanism is the bulk effect, showing a phase shift of 180 degrees. In
this case the impedance of the ground interconnect is very low: approximately
0.1Ω. In order to demonstrate that for increasing values of the resistance of
the ground interconnect the dominant coupling mechanism shifts from the bulk
effect toward ground bounce, the resistance of the ground interconnect needs
to be increased. It is not possible to change the resistance of the on-chip
ground interconnect without reprocessing the test structure. To circumvent
this problem a dedicated PCB is made. The PCB has two SMA connectors
whose signal traces are shorted. A variable resistor is placed between their
ground connections. Consequently the resistance of the ground interconnect
can be increased from 0.5Ω up to 1.5Ω.
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Figure 4.18: Measured isolation as a function of the resistance of the ground
interconnect. The blue ’•’ reflects the amplitude and the red ’�’ the phase.

Such a PCB is connected between each probe and the corresponding port
of the measurement equipment. The S-parameters are measured for different
values of the resistance of the ground interconnect. Fig. 4.18 shows the mea-
sured isolation and phase at 100 kHz as a function of the resistance of the
ground interconnect. This figure shows that for low values, where the bulk
effect dominates, the isolation is 29 dB. The isolation starts to increase due to
the increasing importance of the ground bounce effect. At a ground resistance
of 0.8Ω, the isolation has an optimal value of 39 dB. This is an improvement
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of 10 dB. The corresponding phase is approximately 90 degrees. For ground
resistances larger than 0.8Ω ground bounce starts to dominate. The isolation
is decreasing. For a ground resistance of 1.4Ω the isolation is 27 dB. The cor-
responding phase shift is now close to zero. This corresponds to noise coupling
into the source of the transistor.

This shift in coupling mechanism versus the ground resistance suggest that
in some circuits the dominant coupling mechanism is the bulk effect while in
other circuits ground bounce dominates. Mm-wave circuits that make use of
a ground plane are more likely to suffer from the bulk effect. Circuit designs
where the resistance of the ground interconnect is larger that 1 Ω will suffer
from ground bounce.

In the next chapter, we will investigate the impact of substrate noise on
analog/RF circuits. It will be shown that the dominant coupling mechanism
in a 48-53 GHz LC-VCO is the bulk effect. This LC-VCO uses a ground plane.
This ground plane provides a very low impedance to the PCB ground. On the
other hand, the next chapter also demonstrates that the dominant coupling
mechanisms in a 900 MHz LC-VCO is ground bounce. Here the value of the
resistance of the ground interconnect is around 6 Ω.

4.5 Conclusions

In this chapter we presented a powerful methodology to predict the impact of
substrate noise on active devices. The proposed methodology requires a lot of
information that is easily available to the designer:

• The layout of the active devices and the interconnects.

• The conductivity of the doped regions and the metal layers. When N-
doped regions are considered, also the different PN-junction capacitances
are required.

• The RF models of the transistors

The impact of substrate noise on active devices is predicted by combining
two different tools. In order to use this methodology, the designer needs:

• An EM simulator: The EM simulator models the substrate and the in-
terconnects.

• A circuit simulator: the corresponding model of the EM simulation is
elegantly included into one simulation model together with the RF models
of the active devices. On this simulation model the analog designer can
apply any circuit analysis.
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The methodology is illustrated to the analog designer by the means of two
examples: First, it is demonstrated that the methodology is able to characterize
a single transistor up to 110 GHz. In the second example, the methodology
is used the predict the different coupling mechanisms in a transistor. For
this example it is shown that for values of the ground resistance lower than
0.65 Ω substrate noise couples in to the bulk of the transistor. For values of
the ground resistance higher than 0.65 Ω the dominant coupling mechanism
is ground bounce. As both effects have an opposite sign, the substrate noise
isolation is optimal for a value of the ground interconnect of 0.65Ω. This value
can be used as a guideline to determine whether the circuit will suffer more
from the bulk effect than from ground bounce.

Now that the designer has the means to characterize transistors and to
predict the impact of substrate noise on transistors, the complexity can be
increased and the methodology can be used to predict the impact of substrate
noise on analog/RF circuits.
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Chapter 5

Measurement techniques to
reveal the dominant
coupling mechanisms in
analog/RF circuits

5.1 Introduction

Analog/RF circuits are prone to substrate noise coupling. In general, a noise
signal which couples into an analog/RF circuit will modulate with the desired
analog/RF signal both in frequency and amplitude. Those modulation effects
cause sideband spurs to appear around the desired analog/RF signal and
its harmonics[45, 46]. Furthermore, the noise signal also couples directly to
the output in a linear way without frequency translation by the analog/RF
circuit. To illustrate that all those spurs are indeed present, a 900MHz (fLO)
LC-VCO is considered when a 304MHz sinusoidal is injected into the substrate
(fsub). Fig. 5.1 shows the spectrum at the output of the 900MHz VCO. Note
the sideband spurs around the Local Oscillator (fLO ± fsub) and its second
harmonic (fLO − 2 · fsub), and note also the direct coupled spur (fsub) at the
output of the VCO.

In general, the different spurs can be caused by two types of aggressors:

• switching activity of the digital circuitry;

• the signal of an adjacent analog circuit such as the transmitted signal of
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Figure 5.1: Measured spectrum of a 900 MHz LC-VCO when a sinusoidal signal
with a frequency of 304 MHz is injected into the substrate

a Power Amplifier;

By means of a real-life example of an analog/RF circuit that is perturbed
by each of the aggressors mentioned above, the reader is shown how severe the
analog/RF circuitry suffers from the presence of noise coupling. As an example,
an LC-VCO is considered as a victim which is perturbed by an aggressor.

In the first case, an LC-VCO is aggressed by the switching activity of some
digital circuitry. Fig. 5.2 shows the spectrum of a 3 GHz LC-VCO that is
perturbed by the switching activity of a 40k gate digital modem [45]. Note
the presence of several spurious tones close to the carrier.

In the second case, another LC-VCO is perturbed by a Power Amplifier.
Both circuits are part of a large transceiver. Fig. 5.3(a) shows the output
spectrum of the 4.8 GHz LC-VCO when the Power Amplifier is turned off.
Note the spectral purity of the oscillator. When the PA is turned on and
excited with a 2.4GHz WLAN signal, the spectral purity of the oscillator is
ruined (see Fig. 5.3(b))

In general, the type of spur that degrades the most the performance of the
analog/RF circuit depends on the analog/RF circuit itself. If one considers
a low-pass filter that is perturbed by the switching activity of the digital
circuitry, the direct coupled spur is the most harmful to the filter because this
spur may lie in the pass-band of the filter. In the case of a VCO, the sideband
spurs degrades the most the performance of the VCO [47]. This is why in
the examples shown above, only the sideband spurs are shown. Especially
the sideband spurs close the LO are very harmful, because they degrade
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Figure 5.2: The switching activity of the digital 40k modem creates many
unwanted spurs in the spectrum of the 3 GHz LC-VCO. The clock frequency
of the modem is 20 MHz.

the phase noise performance of the LC-VCO [46]. At higher frequencies the
sideband spurs around the LO and second harmonic of the LO and also the
direct coupled spurs can be very harmful. For example, FDD (Frequency
Division Duplex) transceivers are very prone to substrate noise coupling. Such
a transceiver transmits and receives simultaneously in different frequency
bands. Brenna et al. [48] reports an FDD receiver where transmit and receiver
band are separated by 130MHz. High frequency spurs of the VCO that are
transmitted by the PA, are located in the frequency band of interest of the
receiver. Hence, high frequency spurs can cause that the spectral masks are
violated. When an analog/RF design is malfunctioning because of substrate
noise coupling, the designer is often left without a clue of how to solve the
problem.

This chapter exploits different measurement techniques to retrieve the dom-
inant coupling mechanisms for two aggressor cases. In the first case, it is shown
that the combination of different types of measurements enables to extract a
large amount of information that is necessary to interpret how substrate noise
couples into a sensitive analog/RF circuit.

The second case considers an analog/RF that is aggressed by a Power Am-
plifier (PA). The transmitted signal of the PPA causes unwanted spurs to arise
in the spectrum of the analog/RF circuit. Those spurs are caused by differ-
ent coupling mechanisms. Dedicated experiments are performed to reveal the

103



4.8 4.814.79
−120

−100

−80

−60

−40

Frequency (GHz)

P
ow

er
 (

dB
m

)

(a) Spectrum of a 4.8 GHz LC-VCO when the
PA is turned off.
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(b) Spectrum of a 4.8 GHz LC-VCO when the
PA is turned on.

Figure 5.3: A 4.8 GHz LC-VCO is perturbed by the transmitted RF signal of
the Power Amplifier.

importance of the different coupling mechanisms between both RF circuits.
Both examples will determine what is required to model the noise coupling

mechanisms in analog/RF circuits accurately. The modeling of the noise cou-
pling mechanisms is the subject of the next chapter.

5.2 Measurement-based identification of the
dominant substrate noise coupling mecha-

nisms

An analog/RF circuit cannot be considered as a single noise reception node.
The analog circuitry has many reception nodes where substrate noise can cou-
ple into. Pinpointing the dominant noise coupling mechanism in a analog/RF
circuit based on measurements is a non-trivial task. The major difficulty is
that only the signals that are present at the connections of the PCB can be
sensed and thus the reception nodes themselves cannot be measured directly.
At first sight, it seems to be impossible to identify the on-chip substrate noise
phenomena based on the remote measurements. However, combining different
types of measurements enables the designer to extract a large amount of infor-
mation that is necessary to identify how the noise signal propagates and how
it couples into the sensitive analog/RF circuit [7].

The previous section, showed that when a substrate noise couples into the
analog/RF circuit, different spurs arise. First, different measurement tech-
niques are proposed to measure the different spurs and how to distinguish
whether the sideband spurs are modulated in amplitude or in frequency. Sec-
ondly, sensitivity functions are introduced. Sensitivity functions determine how
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the spurs are influenced when a perturbation is applied on a certain reception
node of the circuit [49]. Using sensitivity functions enables to determine the
dominant coupling mechanisms. Finally, it is shown how to determine the
influence of the PCB on the substrate noise coupling mechanisms.

In the next section, those measurement techniques are demonstrated on a
real-life silicon example.

5.2.1 Measurement of the different spurs

The aim of these measurements is to measure the transfer characteristic be-
tween the input signal (entering the substrate) and the output spectrum of
the analog/RF circuit. The amplitude information of the frequency response
provides information about the substrate noise behavior and about the type of
modulation of the sideband spurs. Measurements with a high dynamic range
are required due to the relatively high attenuation of the transfer characteristic.
This can be seen in Fig. 5.1 which clearly shows that in the special case of a
VCO a dynamic range of at least 60dB is required to accurately measure the
spurious tones. One will now consider two cases depending on the frequency de-
pendence between excitation and response. In the first analysis, the frequency
of the perturbation is equal to the frequency difference between the analog/RF
signal frequency and the response. In the general case those frequencies are
different. The output frequency, labeled fout, is defined by fout = kfRF ± fsub,
with fRF the frequency of the analog/RF signal, fsub the frequency of the
exciting substrate signal and k being zero or not.

The amplitude transfer characteristics of all spurs are measured using a
spectrum analyzer while the frequency of the substrate noise signal is varied.
The main advantage of the spectrum analyzer is its large available dynamic
range. The main disadvantage is the lack of phase information for the measured
tones.

The transfer function of the direct coupling (k = 0) can easily be measured
using classical vectorial network analyzers. These measurements provide both
amplitude and phase information at a high dynamic range.

The phase information of the modulated spurs (k 6= 0) cannot be deter-
mined, neither by a linear network analyzer, nor by a spectrum analyzer.
Therefore, the type of modulation can be revealed by feeding the output of
the VCO to a limiting amplifier and measuring the output of the limiter with
a spectrum analyzer. Such a limiter removes the spurs resulting from AM be-
cause the modulated signal does not have a constant envelope. However, the
limiter will not remove the spurs resulting from FM because the modulated
signal has a constant envelope. The spurious tones are caused by variations
of the zero-crossings at the output of the analog/RF circuit. When such a
limiting amplifier is not available, one can use a sampling oscilloscope to re-
veal the type of modulation. The output of the analog/RF circuit is measured
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with a sampling oscilloscope. In a first step, the measured output is Fourier
transformed using MATLAB [50]. In a second step, the measured output is
first limited using MATLAB and then Fourier transformed. Then both spectra
are compared with each other. The spurs that are suppressed by the limiting
operation are modulated in amplitude.

5.2.2 Sensitivity functions

In order to reveal the dominant coupling mechanisms in a certain frequency re-
gion, sensitivity functions are introduced. Sensitivity functions determine how
circuit aspects like the gain, oscillation frequency, cut-off frequency vary when
a perturbation is applied on a substrate reception node of the circuit. Sensi-
tivity functions can both describe the linear transfer characteristic from the
reception node to the output of the analog/RF circuit (direct coupled spurs)
as well as the transfer characteristic of periodically time-varying circuits (side-
band spurs). As the substrate perturbation can safely be assumed to be small,
this dependence can be linearized:

Γ(Viφ + ∆Vi) = Γ(Viφ, vtune) +
∂Γ

∂Vi

∣

∣

∣

∣

(Viφ)

· ∆Vi (5.1)

Γ(Viφ + ∆Vi) = Γ(Viφ, vtune) + Ki · ∆Vi (5.2)

The sensitivity functions are defined by sensitivity factors Ki: the sensitiv-
ity factor Ki related to a reception point in the analog/RF circuit i describes
the variation of the circuit aspect Γ due to a variation of the voltage Vi on
this reception point i with a nominal value Viφ. The chosen circuit aspect Γ
depends on the analog/RF circuit that is considered. Remember that only the
external voltages can be varied during measurements. In order to demonstrate
how to choose the sensitivity factors Ki, a few examples are given:

• The LNA is a sensitive RF circuit since every signal that couples into the
LNA is amplified through the whole receiver chain. Hence, the sensitivity
factor of an LNA due to a variation on the supply voltage (VDD) can be
defined as the variation of the LNA gain (G) due to a voltage variation
∆VDD on a reception point VDD:

KV DD =
∂G

∂VV DD

∣

∣

∣

∣

VV DDφ

(5.3)

where VDD,φ is the nominal value of the power supply.

• The sensitivity factor of a low-pass filter due to a variation on the ground
voltage VGND can be defined as the variation of the cut-off frequency (ωc)
due to a voltage variation VGND on a reception point GND:
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KGND =
∂ωc

∂VGND

∣

∣

∣

∣

VGNDφ

(5.4)

• The sensitivity factor of a VCO can be defined as the variation of the
LO-frequency (fLO) due to a voltage variation Vi on a reception point i.

In general, the circuit aspect Γ of an analog/RF circuit to a substrate noise
perturbation, is determined by every voltage Vi on any entry point i that
changes the value of Γ. Vi can be expressed as follows:

Vi(t) =

∫ t

0

(hi
sub ∗ Vsub)(t)dτ (5.5)

Here is hi
sub the transfer function from the point where substrate noise

originates (sub) to the reception point i of the analog/RF circuit. Vsub (t)
is the signal generated by the digital circuitry. For simplicity reasons, the
substrate noise signal consists of a sine wave that has an amplitude Asub and
frequency fsub:

VSUB(t) = Asub · cos(2πfsubt) (5.6)

The circuit aspect Γ of the analog/RF circuit subject to a substrate noise
signal (∆VSUB) can be expressed as follows (see Fig. 5.4):øùúûüýþÿ��ú���úûüý�ÿ��ú��þÿ��ú�� ø�úûüýþÿ��ú��øÿúûüýþÿ��ú��
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Figure 5.4: The degradation of a circuit aspect depends on the substrate noise
amplitude, the substrate transfer function and the sensitivity of the analog
circuitry to substrate noise.

Γ(Vsub) = Γ(Vsub,φ) +

n
∑

i

Asub · Hi
sub(fsub) · Ki (5.7)

From this equation we see that the importance of the contribution of a
sensitive node i, to the overall impact thus depends on the product of both the
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amplitude of the noise signal (Asub), the attenuation by the substrate Hi
sub(f)

and the sensitivity function Ki. Hence, in general, there are three ways to
reduce the substrate noise coupling:

1. Reducing the amplitude of the noise signal. There exists in literature
different ways to reduce the generation of substrate noise [4, 3].

2. Attenuating the propagation of substrate noise. Chapter 3 proposes dif-
ferent types of guard ring which isolates the analog circuitry from its
digital aggressor.

3. Making the analog circuitry more immune to the impact of substrate
noise.

The immunity of the analog circuitry to substrate noise can only be effec-
tively increased, if the dominant coupling mechanisms are revealed. Therefore
as much as possible information about the substrate noise coupling mechanisms
needs to be gathered.

5.2.3 Determining the influence of the PCB

The IC consisting of both the analog and digital circuitry are usually mounted
on a PCB. This PCB consists beside the IC itself other PCB components. The
behavior of the PCB components is frequency dependent and hence they can
influence the substrate noise behavior. Fortunately, at the PCB level, compo-
nents can easily be removed or replaced. To determine if the PCB components
influences the substrate noise behavior, we propose to remove certain PCB
components or to replace them by other PCB components. After this PCB
modification, the substrate noise spurs need to be remeasured. Comparing the
spurs before and after the PCB modification allows to determine if they in-
fluence the substrate noise behavior. For example, PCB decoupling capacitors
can easily be removed or changed by a decoupling capacitor with a different
value. In this way, one can check if the PCB decoupling capacitors change
the substrate noise behavior of the IC. If a certain PCB component influences
the substrate noise behavior, the component itself can be measured. Those
measurements can provide more information about how the substrate noise
behavior is influenced by the PCB components.

5.3 Example: 900MHz LC-VCO

A VCO has been chosen as an example since it is a very sensitive analog/RF
circuit and is therefore an ideal victim to study the noise sensitivity. In this
study, the focus is put on the analysis of the substrate noise coupling mecha-
nisms in the case where the VCO is perturbed by the digital switching activity.
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First, the design of the VCO is discussed. There are two reasons for this: an
in-depth understanding of the circuit is required to understand how a signal
propagates through the circuit and we want to show that the circuit has a
good performance and is therefore an good candidate to study the impact of
substrate noise. Then the three measurement techniques mentioned above are
applied on this example:

• Measurement of the different spurs;

• Using the sensitivity functions to determine the dominant coupling mech-
anisms;

• Determining if and how the PCB components influences the substrate
noise behavior;

5.3.1 Description of the LC-VCO

In order to understand the different substrate noise coupling mechanisms, it
is mandatory that the designer understands how the analog/RF circuit works.
Therefore the analog/RF circuit under test is briefly described. The analog/RF
circuit under test is a 900 MHz LC-tank VCO, designed in a 0.18µm CMOS
technology on a lightly doped substrate with 20Ωcm resistivity. It consists of
a cross-coupled NMOS-PMOS transistor pair and a PMOS current mirror (see
Fig. 5.5). This topology is popular for its low phase noise potential due to the
lower flicker noise of the PMOS devices when compared to NMOS and for its
reduced sensitivity to power supply noise. The VCO uses a fully integrated
inductor with an inductance of 16nH and a Q factor of 9. The VCO core draws
1.2mA supply current from a 1.8 V power supply. A worst case phase noise
of -90dBc/Hz @ 100kHz offset is achieved in this design. This is acceptable
given the low inductor Q factor and the rather low current consumption. The
accumulation mode NMOS varactors (Cmin = 1.5pF and Cmax = 4.5pF) are
used to tune the VCO frequency from 750MHz to 1.05GHz. The VCO core is
buffered by inverters. Bypass capacitors are added at the output to decouple
the DC. The output power level of the local oscillator is -12dBm.

The VCO is mounted on a PCB. External connections are foreseen on the
PCB to measure the output of the VCO and to inject a test signal into the
substrate through a dedicated on-chip substrate contact. An RF perturbation
signal of 10dBm is then injected in the substrate. This seemingly high power
level has been selected such that a sufficient signal to noise ratio (SNR) is
obtained for all the experiments but is still sufficiently low to maintain a linear
behavior of the VCO in response to the perturbing signal. Note that the
reflection coefficient of the substrate contact is as high as -2.2dB at 100MHz.
To avoid excessive reflections in the cables of the DC lines, bias tees are used
to provide an RF termination of 50Ω.
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Figure 5.5: Schematic of the 900MHz LC-VCO

The supply lines are optionally decoupled using 100pF, 100nF and 100µF
off-chip SMD decoupling capacitors to investigate the impact of the off-chip
decoupling. In addition, a fixed 19pF decoupling capacitor was foreseen on-
chip.

5.3.2 Substrate sensitivity measurements

The amplitude transfer function of all spurs is measured using a spectrum
analyzer when a 10dBm signal with frequency range from 100MHz to 900MHz
is injected into the substrate. Those measurements are performed first with
and then without the off-chip decoupling capacitors. Both the responses of
the LC-VCO are shown in Figures 5.6 and 5.7. The figures include the direct
coupling (fsub), the modulated spurs around the first harmonic of the VCO
(fLO±fsub) and the left sideband around the second harmonic of the VCO
(2fLO-fsub) These measurements clearly demonstrate the dependency of the
off-chip decoupling on the transfer characteristic. One can also observe that
at offset frequencies lower than 150 MHz, the sideband spurs are increasing at
a very high rate. In that frequency region, the substrate noise signal starts
to pull the Local Oscillator of the VCO. When the oscillator is perturbed by
a substrate noise signal close to the LO frequency, the LO frequency becomes
identical to that of the perturbing signal. The VCO locks to the perturbing
signal.

The impact of the decoupling capacitors is determined by measuring the
direct coupling for various decoupling configurations, namely :
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Figure 5.6: Measured output powers of the LC-VCO with 100µF, 100nF and
100pF off-chip decoupling capacitors.
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Figure 5.7: Measured output powers of the LC-VCO without off-chip decou-
pling capacitors.
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• without off-chip decoupling

• 100µF in parallel with a 100nF decoupling capacitor

• a set of 100µF, 100nF and 100pF capacitors

The various measurements shown in Fig. 5.8 clearly indicate an influence
of the off-chip decoupling onto the substrate sensitivity of the LC-VCO. In
spite of what is intuitively expected, adding 100pF in parallel with 100µF and
100nF does not improve the immunity against substrate noise. Also note that
the common practice of using a large decoupling capacitor in parallel with a
smaller one (e.g. 100µF in parallel with 100nF) does not lead to a significant
reduction of the substrate noise sensitivity either. This will be explained in
Section 5.3.5.
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Figure 5.8: Direct coupling for various decoupling strategies

To understand the impact mechanism of the substrate perturbation, a
better knowledge is required of the type of modulation which occurs in
the VCO. Fig. 5.9 shows that the spurs left and right of the LO have the
same amplitude below 10 MHz. This implies that both spurs result from
a single type of modulation, as one expects from pure AM and FM. The
modulation type changes at higher frequencies (10-100MHz) as can be seen in
the spectrum analyzer measurements. The measurements between 10 MHz
and 100 MHz reveal that the modulation is no longer symmetrical around
the carrier. Above 100MHz the spurs are again symmetrical around the LO.

112



The type of modulation can be revealed by feeding the output of the VCO
to a limiting amplifier. Such a limiting amplifier removes the AM modulated
spurs. Fig. 5.10 shows that the impact mechanism shifts from FM toward AM.
Starting from 10MHz the amplitude of the spurs after limiting is smaller than
the amplitude of the spurs without limiting. Above 100MHz the dominant
impact mechanism is AM.

The next sections reveal the dominant coupling mechanisms for both the
FM and the AM modulated spurs. Section 5.3.3 introduces FM sensitivity
functions. Studying those FM sensitivity functions will reveal the dominant
coupling mechanism for the FM modulated spurs. The nature of the AM mod-
ulated spurs is revealed in section 5.3.4. This section formulates an hypothesis
about the dominant AM coupling mechanism. This hypothesis is verified af-
terwards with measurements.
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Figure 5.9: The measured left and right spurs (k = −1 and k = 1) clearly show
the transition region between 10 and 100MHz.
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Figure 5.10: Limiter experiment which clearly illustrates that the modulation
type is changing from FM toward AM modulation.

5.3.3 Revealing the dominant coupling mechanism for
FM spurs

In order to reveal the dominant coupling mechanism in the frequency region
where the spurs are FM modulated, FM sensitivity functions are introduced.
The FM sensitivity function determines how much frequency modulation results
from a perturbation that is applied on a certain node of the circuit. The
sensitivity factor Ki is defined in the case of the VCO as the variation of the
oscillator frequency fLO due to a variation of the voltage Vi on this entry point
i with a nominal value Viφ.

Ki(vtune) =
∂fLO(vtune)

∂Vi

∣

∣

∣

∣

Viφ

(5.8)

As an example, the sensitivity of the VCO to ground disturbances is given
by the KGND of the VCO:

KGND(vtune) =
∂fLO(vtune)

∂VGND

∣

∣

∣

∣

VGNDφ

(5.9)

VGND is the voltage on the ground interconnect. VGNDφ is the unperturbed
version of this voltage. Similar expressions can be found for the sensitivity
with respect to the other external nodes of the circuit such as VDD, VTUNE

and VBIAS of the VCO.
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Those sensitivity functions can easily be measured when a small voltage
difference at the different terminals of the VCO is applied and observing the
shift in oscillation frequency (see eq. 5.10). This measurement is then repeated
for different values of the tuning voltage. Hence, eq. 5.9 is approximated by a
difference equation:

KV DD(vtune) =
∆fLO(vtune)

∆VV DD(vtune)
(5.10)

The measurement of the FM sensitivity function of the ground KGND is
more complex as it has to be performed indirectly. The VCO ground is con-
nected to the PCB ground with a bonding wire, which is considered as the
absolute reference, and no voltage source can be placed in between both. In
the absence of a substrate perturbation, the voltage on four nodes can modulate
the oscillation frequency: Vtune, VDD, VBIAS and VGND. In this case:

∆fLO = KGND · ∆VGND + ∆KV DD · ∆VV DD

+ KV TUNE · ∆VV TUNE + KBIAS · ∆VBIAS (5.11)

If ∆Vtune = ∆VDD = ∆VBIAS = ∆VGND = ∆V , the voltages present on
the VCO will remain perfectly constant despite the applied changes because
the behavior of the circuit depends on the applied voltage difference. Thus, if
one applies the same voltage difference ∆V at all the terminals of the VCO,
the behavior of the VCO remains unchanged and no modulation of the local
oscillation frequency will occur, and:

∆V · (KGND + KV BIAS + KV DD + KV TUNE) = 0 (5.12)

The sensitivity of the ground terminal KGND which reflects the sensitiv-
ity to ground bounce can be simply determined by summing the measured
sensitivities of the Vtune, VDD and VBIAS terminal:

KGND = −KV BIAS − KV DD − KV TUNE (5.13)

Fig. 5.11 shows the sensitivity function of the different terminals of the
VCO under test. This figure indicates that the VDD terminal of the VCO is
less sensitive than the other terminals.

In order to calculate the power of the FM induced spurs, we consider a
sinusoidal substrate noise signal with an amplitude Asub and frequency Vsub:

Vsub(t) = Asub · cos(2πfsubt) (5.14)

The output voltage Vout(t) of the VCO subject to FM can be expressed as
follows:
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Figure 5.11: The FM sensitivities of the different terminals of the 900MHz
LC-VCO.
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Vout(t) = ALO · cos(2πfLOt + 2π

n
∑

i

Ki(vtune)

∫ t

0

(hi
sub ∗ Vsub)(t)dt) (5.15)

Here ALO(V) represents the local oscillator amplitude and Ki (Hz/V), de-
fined in equation 5.9, the sensitivity of the local oscillator frequency to a voltage
variation Vi, defined in equation 5.5. N is the number of entry points via which
substrate noise can enter the VCO. hi

sub is the transfer function from the point
where substrate noise originates, to the reception point i in the VCO. Since
the substrate noise signals are small compared to the local oscillator signal,
narrowband FM can be assumed and the frequency domain expression for the
spurious tones in the output spectrum of the VCO becomes (see Appendix A):

|Vout(fLO ± fnoise)| = |
n

∑

i

Hi
SUB(fnoise)Ki(vtune)

ALO · Anoise

2fnoise
| (5.16)

From this equation we see that the importance of the contribution of a
sensitive node or entry point i, for example the VDD terminal, to the overall
impact depends on the product of the attenuation by the substrate Hi

SUB(f)
and the sensitivity function Ki(vtune). At very low frequencies (< 1 MHz) it
is assumed that Hi

SUB(f) is frequency independent. This means that substrate
noise couples resistively into the LC-VCO. Capacitive coupling is negligible for
frequencies lower than 1MHz since the VDD contact, the PMOS transistors and
the varactors are located in small Nwells that have a small capacitance to the
substrate. The coupling to the inductors in the tank is largely reduced by poly
shielding.

In order to reveal the dominant substrate noise entry point with measure-
ments, the sensitivity functions Ki(vtune) for all the entry points are com-
pared with the power of the spurs measured at 1 MHz offset frequency (see
Figure 5.12). As can be seen in figure 5.12 the voltage of the spurs is pro-
portional with the sensitivity function KGND. Therefore it can be concluded
that ground bounce is the dominant substrate noise coupling mechanism and
eq. 5.16 can be simplified. Eq. 5.17 can be used to calculate the power of the
FM modulated spurs.

|Vout(fLO ± fnoise)| = |Hi
SUBKGND(vtune)

ALO · Anoise

2fnoise
| (5.17)
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Figure 5.12: The spur voltage, marked with ’�’ is at a frequency of 1MHz
proportional with the KGND of the VCO, marked with ’•’.

5.3.4 Revealing the dominant coupling mechanism for
AM spurs

One can define AM sensitivity functions in order to reveal the dominant AM
coupling mechanism. Those sensitivity functions can be defined in a similar
way as the FM sensitivity functions :

KAM
i (vtune) =

∂ALO(vtune)

∂Vi

∣

∣

∣

∣

(Viφ)

(5.18)

However, it is very difficult to measure the very small amplitude variations
on the LO-signal. Therefore AM sensitivity functions are not used to reveal
the dominant AM coupling mechanism.

To reveal the dominant AM coupling mechanisms, the behavior of the spurs
is observed instead. An hypothesis is formulated to select the dominant AM
coupling mechanism. Then a dedicated experiment is set up to verify the
hypothesis.

Starting from 50 MHz the power of the spurs increases at a rate of
20 dB/decade (see Fig. 5.9). At high frequencies (> 100 MHz) the power
of the spurs is even increasing with a rate of 40 dB/decade. In order to reveal
why the spurs are increasing at such a high rate, the reader should note that:

• In a frequency independent system where the signals are modulated in
amplitude, the power of the spurs does not vary with the offset frequency.
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Remember that this is not the case when the spurs at modulated in
frequency. The power of FM spurs decrease with 20dB/decade.

• The substrate behaves resistively up to 7.5GHz [51], and hence the sub-
strate needs to be considered as frequency independent at the studied
frequencies.

Hence, the coupling mechanisms that cause an increase of the spurs at a
rate of 20 dB/decade and later on 40 dB/decade, are incorporated in the VCO
itself. The hypothesis made is that substrate noise couples resistively via Rsub

to the shield of the inductor (see Fig. 5.14). A part of the coupled substrate
currents are drained toward PCB ground through the ground connection of
the shield of the inductor. The impedance of the ground connection is deter-
mined by the resistance and inductance of the on-chip tracks and the bond
wire (Rbond and Lbond). At frequencies below 100MHz, the impedance of the
ground connection is dominated by the resistance Rbond. Another part of the
substrate currents couples capacitively into the large inductor of the LC-tank
via Cind, which is the parasitic capacitance of the inductor. Fig. 5.13 shows
that this inductor occupies a large area of the chip. This explains the increase
at a rate of 20 dB/decade of the AM spurs in the frequency region between
10MHz and 100MHz.

Substrate 
contact

Figure 5.13: A large part of the 900 MHz LC-VCO is occupied by the on-chip
inductor.

Above 100 MHz the impedance of the ground connection of the shield of
the inductor is determined by the inductance of the bonding wire Lbond. With
increasing noise frequencies, less substrate noise is drained toward the PCB
ground and more substrate noise couples into the inductor of the VCO. The
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inductance of the bond wire (Lbond) and the parasitic capacitance of the in-
ductor of the LC-tank (Cind) explains the increase at a rate of 40 dB/decade
of the AM spurs for noise frequencies larger than 100MHz.

 !"
#$%&'($%&' )*&'()+,-./

#01$234
Figure 5.14: Substrate noise can couple capacitively to the inductor of the
LC-VCO.

It is very difficult to verify the hypothesis with measurements. However a
dedicated experiment has been set up to show that above 100MHz power of
the substrate noise induced spurs increases with the impedance of the bonding
wire connected to the shield. In the VCO design, the shield of the inductor is
connected with a separate bonding wire to the PCB ground. Different PCBs
with different contact resistances of the bonding wires have been measured
in order to show the influence of this resistance on the impact of substrate
noise. The resistance of the bonding wires have been measured separately
with DC probes. DC probes have been placed on unused ground bonding pads
located close to the bonded ground pad. A DC current is then injected into
the non-ideal ground. It is assumed that most of the current flows through
the bonding wire. This is true since the impedance of the bonding wire is at
least one order of magnitude smaller than the impedance of the other current
paths. The measured DC resistance of one PCB is 6.6 times larger than for
the other PCB. The transfer function from the injected substrate noise signal
to the direct coupled spur at the output of the VCO is measured with a
network analyzer. The injected power is 10dBm. Measurements with different
injected power levels shows that the transfer function is independent of the
injected power level. The measurements are calibrated up to the connectors
of the PCB. Figure 5.15 shows that a PCB with a larger DC resistance of
the bonding wire shows a higher impact of 6 dB average. One can now safely
assume that the proposed mechanism is indeed the dominant one.

The next chapter validates the assumption that substrate noise couples
capacitively into the inductor with simulations.
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Figure 5.15: The impedance of the bonding wire plays an important role in the
AM coupling mechanism.
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5.3.5 Influence of the PCB decoupling capacitors on the
substrate noise impact

Fig. 5.8 clearly demonstrates the presence of a significant influence of the PCB
decoupling capacitors on the substrate noise impact. Adding the 100µF de-
coupling capacitors, creates a parallel resonance in the transfer function at a
frequency of 480MHz. This resonance clearly improves the substrate noise im-
munity of the VCO around this resonance frequency. However, at frequencies
around 300 MHz the decoupling capacitors worsen the substrate noise immu-
nity significantly. In order to better understand the mechanism that causes
those resonances, the different decoupling capacitors are measured with an
impedance analyzer.
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Figure 5.16: The measured admittance function from 1MHz up to 1GHz for a
100pF, 100nF and a 100µF SMD decoupling capacitor.

Fig. 5.16 shows the admittance of the capacitors from 1MHz up to 1GHz.
Those measurements reveal that the 100µF decoupling capacitors behaves al-
ready as an inductor for frequencies as low as 1 MHz. The 100nF and 100pF de-
coupling capacitors have their self-resonance frequencies at respectively 35 MHz
and 700 MHz. Above these frequencies, the components start to behave as an
inductor. The DC lines are also decoupled with on-chip MIM-capacitors. Those
capacitors have a self-resonance frequency that is higher than 5 GHz. The mea-
sured resonance at a frequency of 480 MHz is the result of an LC-resonance of
the parasitic inductance of the PCB decoupling capacitor, the PCB trace and
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the bond wire with the 19 pF on-chip decoupling capacitors (see Fig. 5.17).
The frequency of the resonance is given by:

fres =
1

2π ·
√

(2 · Lbond + Ltraces + L100µF ) · Con−chip

(5.19)

Adding the inductance values for the 100nF decoupling capacitors, together
with the 100µF capacitors elevates the resonance frequency up to 580MHz (see
Fig. 5.8). This is because the total parasitic inductance is lowered due to
the parallel circuit connection of the parasitic inductance of the 100µF and
100nF decoupling capacitors and their traces (see Eq. 5.19). The 100pF decou-
pling capacitors have almost no influence on the substrate noise impact. The
impedance of the 100nF decoupling capacitor is lower than the impedance of
the 100pF in the frequency region up to 700MHz.
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tracetrace

Figure 5.17: Circuit model for the decoupling and the bond wires when con-
sidering 2 decoupling capacitors C1 and C2.

5.3.6 Conclusions

In this section we have demonstrated that different types of measurements can
be combined to extract the large amount of information that is necessary to
interpret substrate noise coupling in analog/RF circuits in general.

The different measurement techniques have been used here to reveal the
coupling mechanisms in the case of an LC-VCO. Substrate noise coupling in
an LC-VCO causes spurs to appear. These spurs are modulated both in fre-
quency and in amplitude. Measurements reveal that when noise is injected
at low frequencies (<10 MHz) substrate noise coupling results in dominantly
FM modulated spurs. At intermediate noise frequencies (between 10 MHz and
100 MHz) the type of modulation changes toward AM modulated spurs. The
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spurs are AM modulated at high frequencies (>100 MHz). At those frequencies
the behavior of the substrate noise coupling is influenced by the parasitics of
the PCB devices. Measurements reveal that the parasitics of the decoupling
capacitors resonates with the on-chip decoupling capacitors.

The next section studies the case where the LC-VCO is aggressed by a
Power Amplifier. The transmitted signal of a Power Amplifier causes unwanted
spurs to appear in the spectrum of the VCO. Besides substrate noise coupling,
other coupling mechanisms are responsible for those unwanted spurs. The
next section will quantify the different coupling mechanisms and reveal their
importance with measurements.

5.4 Study of the coupling mechanisms between

a Power Amplifier and an LC-VCO

RF transmitters are designed to convert baseband signals into RF signals using
efficient modulation techniques. A VCO is thereby used as a Local Oscillator
(LO) for the up conversion. This modulated RF signal is then amplified and
transmitted by a power amplifier (PA). To maintain the high bandwidth of
such transmitters it is mandatory to minimize the length of the interconnects.
Hence the VCO and the PA must be placed close to each other on the same
die (see fig. 5.18). 56789:;<= >9?<= 66@

ABC BDEF:9GH
Figure 5.18: To maintain the high bandwidth of the transmitter, the VCO and
the PA must be placed close to each other. This results in a potential high
coupling of the PA with the sensitive VCO.

In such transmitters the PA acts as an aggressor while the VCO acts as a
victim. The transmitted RF signal couples into the VCO and causes unwanted
remodulation of the VCO and subsequent spectral spreading of the desired RF
signal. There are different possible coupling mechanisms that are responsible
for possible failure of the RFIC. Theoretically, the PA can couple resistively,
magnetically and capacitively with the VCO.

• Resistive coupling : The PA and the VCO share the same die. Therefore
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they can couple resistively with each other through the common substrate
(see fig. 5.19).
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Magnetic 
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gnd gnd vddvdd

PPA LC-VCO

Substrate noise

Figure 5.19: Different coupling mechanisms between a PPA en a LC-VCO.

• Magnetic coupling : The PA couples magnetically with the VCO (see fig.
5.19). Two main magnetic coupling mechanisms are present: the on-
chip coupling of inductors and the coupling between bond wires used to
connect the die to the PCB. The VCO is often realized as an LC-VCO.
The inductor of the LC-VCO will couple magnetically with the inductor
present in the last stage of a PA. This inductor is part of the output
matching of the PA.

Furthermore, the PA and the VCO are connected to a Printed Circuit
Board (PCB) through bond wires. Those bond wires also behave as
inductors. As the bond wires are often close to be parallel wires, they
can couple magnetically with each other.

• Capacitive coupling : The PA can couple capacitively with the VCO
through their respective traces. Capacitive coupling can occur both be-
tween the on-chip interconnects as the interconnects on PCB.

Different measurement experiments are set up to reveal which of the above-
mentioned coupling mechanisms is the most important. The importance of the
coupling mechanisms is obtained for a 4 GHz PPA and a 5-7 GHz LC-VCO [52].
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5.4.1 Description of the design of the PPA and the LC-
VCO

This section describes the design of the Pre Power Amplifier (PPA), which is
the aggressor, and the LC-VCO, which is the victim. Both circuits show good
performance. Therefore the circuits are representative candidates to study the
different coupling mechanisms in a practical context.

The PPA as an aggressor

The design of a fully integrated power amplifier in sub-micron CMOS tech-
nologies is challenging. The low breakdown voltage of the transistor limits the
output power and the low substrate resistivity reduces the amplifiers power
efficiency. Therefore only a PPA is realized in CMOS technology. This PPA
drives the actual off-chip power amplifier, realized in alternative technologies
like GaAs [53]. The latter technology offers a higher breakdown voltage and a
higher substrate resistivity and therefore better performance.

IJKLMNOMPQRJSTU VWXYMOZR[R\RJSJ]M̂ _`abLMKLMNOMPQRJS cYd K`_M]PMR_Jeff
ghd

Figure 5.20: Schematic of the 4 GHz PPA.

A Pre Power Amplifier operating at 4 GHz is designed in a UMC 0.13 µm
CMOS triple-well technology on a lightly-doped substrate (20 Ωcm). The PPA
consists of an NMOS power transistor loaded with an RF inductor of 0.8 nH
(see Fig. 5.20). This inductor serves to bias the drain of the transistor and is
also part of an L-match circuit which performs a conjugate match between the
transistors output impedance and the 50 Ω load impedance. The power tran-
sistor is stabilized at high frequencies with a feedback RC network and at low
frequencies with a 10 kΩ resistor to ground [54]. In this way, the power tran-
sistor is checked to be unconditional stable up to 20 GHz. An input matching
network is added for measurement purposes. The output of the PPA is ESD
protected.

From the measurements shown in fig. 5.21(a), the output matching of the
PPA is better then −10 dB from 3.25 GHz up to 4.1 GHz. Further, the PPA has
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(b) The IIP3 of the PPA is 13.7 dBm.

Figure 5.21: Performance measurements of the 4 GHz PPA.

a small-signal gain of 4 dB at 3.8 GHz. The input-referred 1 dB compression
point is 0.5 dBm and the IIP3 is 13.7 dBm (see Fig. 5.21(b)). The PPA draws
17.8 mA from a 1.2 V power supply when no input signal is applied.

Switched varactor bank LC-VCO as the victim

The VCO under test is a 5 − 7 GHz LC-VCO. The gain block of the oscillator
consists of a cross-coupled NMOS-PMOS transistor pair and a NMOS current
mirror (see Fig. 5.22). In this design, frequency tuning of the LC-VCO is
obtained by changing the capacitance value of the resonant LC-tank using
multiple varactors [55, 56]. This means that a small varactor is used for the
continuous fine tuning. The coarse discrete frequency changes are obtained by
digitally switching the varactors. The use of multiple varactors results in a
lower VCO gain, allowing easier Phase Locked Loop (PLL) design.
Compared to the VCO design described in section 5.3.1, this VCO design is
well shielded against substrate noise: The combination of a low VCO sensitivity
[45], the triple well isolation and a dedicated star shaped routing of the ground
net makes the VCO very immune to coupling with the PPA. When the PPA
carries no signal, the LC-VCO offers a worst case phase noise performance of
−111 dBc/Hz at 1 MHz offset frequency (see Fig. 5.23(b)) and a tuning range
of 30% (see Fig. 5.23(a)). The VCO core draws 2.1 mA from a 1.2 V power
supply.

5.4.2 Coupling mechanisms between the PPA and the
LC-VCO

When the PPA couples with the VCO it causes sideband spurs in the spectrum
of the VCO that are both modulated in amplitude and in frequency. Fur-
thermore the signal transmitted by the PPA will also couple to the output of
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Figure 5.22: Schematic of the switched varactor LC-VCO.

the VCO, without frequency translation. Those different spurs can be seen in
Fig. 5.24. This figure shows the measured spectrum at the output of the VCO
when it is operating at 5.1 GHz and when the PPA is excited with a sinusoidal
signal of 3.68 GHz. The spurs are caused by different coupling mechanisms:

A. Resistively through the common substrate

B. Magnetically between the on-chip inductors of the PPA and the LC-VCO

C. Magnetically through the bonding wires of both circuits

D. Capacitively between the traces of both circuits

This section describes the different coupling mechanisms and gives an order
of magnitude. Those estimations will be verified with measurements in the
next section.

Resistive coupling through the common substrate

When the PPA amplifies the RF signal, it draws high current peaks from
its supply lines. This results in ringing on the supply lines. This ringing is
injected into the substrate by a resistive coupling of the ground node of the
PPA via substrate contacts. It then propagates through the common substrate
as substrate noise.

To investigate the behavior of this coupling via the substrate, a dedicated
substrate contact of 114 µm by 58 µm has been placed next to the VCO. To
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Figure 5.23: Performance measurements of the 5-7 GHz LC-VCO.

measure the transfer function of the coupling, a large sinusoidal signal whose
frequency is swept between 10 MHz and 250 MHz, is injected through this
contact. The established power on the RF source is 14 dBm to guarantee
enough measurement accuracy. The reflection coefficient of the substrate is
−6 dB. To minimize reflections in the cables of the bias lines, bias tees are
used. The power of the sideband spurs is measured with a spectrum analyzer
(HP8565E). Fig. 5.25 shows the measured right sideband spur.

The coupling mechanisms are similar to those obtained in 5.3.2. For low fre-
quencies substrate noise coupling results in narrowband FM modulation of the
LO signal. The spurs are decreasing at a rate of 20 dB/decade with increasing
offset frequency.

Starting from 70 MHz, the spurs increase at a rate of 20 dB/decade with
increasing offset frequency. Those spurs are modulated in amplitude.

Magnetic coupling between the on-chip inductor of the PPA and the
LC-VCO

The on-chip inductor of the LC-VCO and the RF-choke of the PPA act as a
transformer. The mutual coupling will cause a voltage change in the LC-tank
of the VCO. This superimposed voltage results in modulated sideband spurs
and spurs without frequency translation. The mutual inductance, simulated
using the ASITIC software [57], is in this design 3.1 pH. Fig. 5.26 shows the
simulated mutual inductance versus the distance (d) that is measured between
the centers of the inductors.
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Figure 5.26: ASITIC simulations of the mutual inductances between the RF-
choke of the PPA and the inductor of the VCO versus the center distance
between both inductors.

Magnetic coupling between the bonding wires of the PPA and the
LC-VCO

The chip containing the PPA and the VCO is mounted on a PCB. Conse-
quently they are connected with bond wires to the PCB traces. The bond
wires of the PPA will also couple magnetically with the bond wires of the
VCO. A sensitivity analysis is performed to determine which connection
of the LC-VCO to the PCB is the most sensitive to bond wire coupling.
This connection will cause the largest degradation on the performance of
the LC-VCO. SpectreRF [30] simulations show that the VCO is the most
sensitive to bond wire coupling into the V dd connection of the VCO. This can
be explained by the absence of a tail transistor on top of the cross-coupled
NMOS/PMOS pair (see Fig. 5.22).

The mutual inductance between the closest PPA bond wire (output of the
PPA) and VCO bond wire (Vdd of the VCO) is computed using FastHenry
software [58]. The bond wire is 25µm thick and approximately 1 mm long. The
mutual inductance between both bond wires is as large as 205.7 pH. Fig. 5.27
shows the simulated mutual inductance versus the lateral distance (d) between
the bond wires.

The simulations of Fig. 5.26 and Fig. 5.27, show that the mutual inductance
between bond wires is almost two orders of magnitude larger then the mutual
inductance between the on-chip inductors. However, one has to keep in mind
that the amplitude of the spurs does not only depend on the mutual inductance
but also on the sensitivity of the node.
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Figure 5.27: FastHenry simulations of the mutual inductance of the bond wire
of the output of the PPA and the Vdd of the VCO versus the distance between
both bond wires.

Capacitive coupling

Capacitive coupling can occur between the on-chip traces as well as between
the PCB traces. The PPA and the LC-VCO are routed separately from each
other both on-chip and on PCB. Hence, the worst case capacitive coupling will
occur between the closest PCB trace of the PPA (output of the PPA) and the
VCO (Vdd of the VCO). Those two traces are simulated with the HFSS field
solver [21]. The resulting S-parameters are used together with the FastHenry
[58] model of the bond wire to model the behavior of the full circuit with
SpectreRF [30]. Fig. 5.28 shows that the largest capacitive coupling between
the PCB traces is still 30 dB lower at 4 GHz than the magnetic coupling
between the bond wires.

A parasitic extraction has been performed on the layout of the chip. This
reveals that the worst-case coupling capacitance between the on-chip traces is
smaller than 0.02 fF. Therefore, capacitive coupling can be neglected.

5.4.3 Measuring the dominant coupling mechanisms

In this section different experiments are carried out to reveal the dominant cou-
pling mechanisms. First, the measurement setup is discussed. Next, dedicated
experiments are used to measure the impact of the resistive substrate coupling,
the magnetic coupling between the on-chip inductors and the bond wires.

Measurement setup

The die, consisting of the PPA and the VCO (see Fig. 5.29), is wire-bonded
on a single PCB. The PPA and the VCO have separate on-chip supply lines
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Figure 5.28: Magnetic coupling between the bond wires dominates over the
capacitive coupling between the PCB traces.

and those lines are also kept separated on PCB to avoid capacitive coupling.
Both circuits are fed with a different voltage source. The transfer function
from the input of the PPA to a single output of the VCO is measured with
a network analyzer (HP8753ES). The modulated sideband spurs are measured
with a spectrum analyzer (HP8565E). The transfer function and the sideband
spurs are both measured when the PPA is excited from 3.5 GHz up to 4.1 GHz
because the PPA is matched at the output in that frequency region. One
single output of the VCO and the output of the PPA are terminated with a
50 Ω impedance. The injected power is −2 dBm to have enough measurement
accuracy. The output power of the PPA is 1 dBm at 3.8 GHz.

Impact of substrate coupling

The impact of the coupling through the substrate can be determined by phys-
ically separating the PPA from the VCO. This is done by dicing both circuits
(see Fig. 5.30). For that purpose die seals are foreseen in the design. Those
die seals prevent damage to the circuits due to cracks that appear during the
dicing process [59]. The performance of both circuits is checked after dicing.
No performance degradation is observed. After dicing, both circuits are sep-
arated by a 30 µm air gap. This air gap acts as a capacitor whose value is
sufficiently small. This assumption is validated in the next section. As the
width of the air gap is very small, the physical distance between the inductors
and the bond wires remains the same. Thus the magnitude of the magnetic
coupling is almost not affected.
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Figure 5.30: Dicing the PPA from the VCO removes the substrate coupling.
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Fig. 5.31 compares the transfer function from the input of the PPA to a sin-
gle output of the VCO before (Undiced) and after the dicing (Diced (30µm)).
The spurs are attenuated by 8 dB at 3.75 GHz. This significant attenuation
shows that the coupling through the substrate is the dominant coupling mecha-
nism. However it also shows that magnetic coupling cannot totally be neglected
as it is only a factor three lower than the resistive coupling.
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Figure 5.31: Measured transfer function from the input of the PPA to the
output of the VCO.

The dicing operation clearly demonstrates that the coupling through the
substrate is the dominant coupling mechanism. However, practical applications
do not allow this dicing operation. Therefore P+ diffused guard rings are often
used to reduce the substrate coupling.

Impact of magnetic coupling between the on-chip inductors

According to EM simulations, the magnetic coupling between the on-chip in-
ductors can strongly be reduced by increasing the distance between the PPA
and the VCO (see Fig. 5.26). Therefore the PPA was moved 200 µm away
from the VCO (see Fig. 5.32). According to simulations done with ASITIC
the mutual inductance is then reduced to 0.99 pH instead of 3.1 pH. Thus the
expected mutual coupling between the on-chip inductors is lowered by 10dB.

The difference in coupling between the bond wire is expected to be only
1dB lower. Due to the displacement, the bond wires of the PPA are rotated
over a small angle. Simulations done with FastHenry predict that this rotation
decreases the mutual inductance between the bond wire of the output of the
PPA and the Vdd of the VCO with only 1 dB.
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Figure 5.32: The PPA is moved 200µm away from the VCO in order to reveal
which type of magnetic coupling is more important.
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Moreover, the residual substrate coupling over the air gap will also be af-
fected by this displacement. Since the capacitance over the air gap is inversely
proportional with the width of the air gap, the displacement from 30µm to
200 µm result in a further attenuation of 16 dB.

Fig. 5.31 shows that increasing the distance between the PPA and the VCO
only reduces the spurs by 2 dB. Therefore it can be concluded that bond
wire coupling is more important than magnetic coupling between the on-chip
inductors and that the capacitance over the air gap can indeed be neglected.

5.4.4 Conclusions

In this section, we have analyzed the coupling of a transmitted PPA signal into
a state-of-the-art shielded LC-VCO. The transmitted signal of the PPA causes
unwanted spurs to appear in the spectrum of the VCO. The PPA can couple
in different ways with the VCO namely:

• Resistively through the substrate.

• Capacitively through the traces of both circuits.

• Magnetically through the bonding wires of both circuits.

• Magnetically through the on-chip inductors of both circuits.

The different coupling mechanisms are discussed and quantitative infor-
mation is given. Measurements of the transfer function between a dedicated
substrate contact and the output of the VCO points out that the substrate
noise behavior is similar to the results obtained in section 5.3.2. Furthermore,
the mutual inductance between the bonding wires and the on-chip inductors
of the PPA and the VCO is estimated. Those estimations show that the mu-
tual inductance between the bonding wires is almost two orders of magnitude
higher than the mutual inductance between the on-chip inductors. Further sim-
ulations show that the largest capacitive coupling between the PCB traces is
still 30 dB lower than magnetic coupling between the bonding wires. Therefore
capacitive coupling can be neglected.

Dedicated experiments reveal the dominant coupling mechanism between
the PPA and the VCO. Dicing both circuits shows that the coupling through
the common substrate is the dominant coupling mechanism. Enlarging the air
gap between both circuits points out that the remaining coupling is mainly due
to the magnetic coupling between the bond wires.
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5.5 Conclusions

Measurements are shown to provide reliable information about the noise cou-
pling in general, but they cannot reveal how noise couples into the circuit
because the internal nodes of the circuit cannot be accessed. Simulations are
mandatory to uncover how noise enters the analog/RF circuit and how it prop-
agates through this circuit. For aggressor cases which are related to digital
switching noise and PA coupling, the substrate plays a primary role. There-
fore, in order to predict the dominant noise coupling in analog/RF circuits, it
is necessary to build a methodology that includes a model for the substrate.
The modeling of the substrate noise impact on analog/RF circuit is the subject
of the next chapter.
Note that the measurements in this chapter have clearly demonstrated that
careful modeling of the assembly characteristics and the layout details of both
the chip and the PCB is required to bring simulations and measurements in
agreement. Once the simulation model is able to explain the measured behav-
ior, simulations can provide more information about the noise coupling mecha-
nisms. Only then, countermeasures can be proposed to increase the immunity
of the circuit against substrate noise.

138



Chapter 6

Simulation methodologies
to predict the impact of
substrate noise on
analog/RF circuit

6.1 Introduction

The previous chapter exploited different measurement techniques to obtain
a large information about the different substrate noise coupling mechanisms.
Those measurement techniques can only be used once the circuit is realized.
Moreover, measurements can not reveal how substrate noise couples into the
circuit and how it propagates toward the output of the circuit, since the inter-
nal nodes can not be accessed during the measurements. Therefore this chapter
focuses on simulation methodologies to predict the impact of substrate noise
before the chip is realized. Two simulation methodologies are proposed. The
first methodology uses the Finite Difference Method (FDM) to model the sub-
strate. The FDM method is implemented by the tool SubstrateStorm [20]. The
second methodology uses the Finite Element Method (FEM) to characterize the
substrate. The FEM method is implemented by HFSS [21].

The two methodologies are demonstrated on an analog/RF circuit. The
analog/RF circuits under test are chosen differently in order to show that the
substrate noise coupling mechanisms are not necessarily the same, although the
circuit topology is similar. Chapter 4 already pointed out that at low frequen-
cies, where capacitive and inductive effects can be neglected, substrate noise
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couples either through the bulk or the ground of the transistors. Through sim-
ulations and corresponding measurements, it will be shown that this statement
is also valid for complete analog/RF circuits. Both simulation methodologies
provide better insight into the different noise coupling mechanisms and help
the designer to take the appropriate countermeasures to increase the immunity
of his analog circuits.

Layout and circuit techniques are proposed which can significantly reduce
the noise coupling and increase the success rate of a first time right silicon pass.
Finally, it is shown that 3D-stacking offers a huge opportunity to reduce the
substrate noise coupling mechanisms.

6.2 The substrate modeled with FDM

The substrate is modeled here as a network consisting of lumped elements only.
First, a simulation model is built that incorporates the dominant substrate
coupling mechanisms. Secondly, we will illustrate how this approach can be
used to investigate the impact of substrate noise in analog/RF circuits. To
make this more practical, the approach is applied to a 900 MHz LC-VCO that
is perturbed by a substrate noise signal. The substrate coupling mechanisms
are revealed with simulations from DC up to LO frequency. Afterward the
simulations are validated with measurements.

6.2.1 Impact simulation methodology

In order to reveal the substrate coupling mechanisms, the model needs to
incorporate the dominant coupling mechanisms. Since the substrate noise
coupling mechanisms are influenced by the on-chip layout details and the
parasitics of the PCB, a simulation model is built up that consists of an
on-chip model and an off-chip model. The on-chip model includes the RF
models of the devices, the parasitics of the interconnects and the substrate.
The off-chip model includes the parasitics of the PCB components and the
interconnects. This section describes the on- and off-chip simulation model.
The complete workflow of the simulation methodology is given in Fig. 6.1.
Next section applies this impact simulation methodology on an example,
which is a 900 MHz LC-VCO.

On-chip simulation model

The extraction of the on-chip simulation model starts from the layout of the
analog/RF circuit. The circuit netlist containing models for the devices and
the parasitics of the interconnects are extracted. To this end an extraction deck
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Figure 6.1: Substrate noise simulation methodology
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is written in DIVATM [60]. The parasitic resistances of the interconnects are
determined based on the geometry and the sheet resistance of the interconnect.
The capacitance of the interconnect is determined based on its geometry and
the dielectric properties of the oxide. The interconnects are modeled as an RC
- mesh in the circuit netlist. It is important to note that those capacitors are
referred to the ideal ground. Hence, substrate noise can not couple capacitively
from the substrate into the interconnects. Including the capacitive coupling
from the substrate to each metal interconnect is too CPU intensive and not
feasible. Therefore only the capacitive coupling to large metal structures such
as inductors is taken into account.

The DIVATM deck recognizes all the devices in the layout and their RF-
models are added to the circuit netlist.

Next, SNATM [61] is used to extract an RC-netlist for the substrate based
on doping profile information. Those doping profiles need to be provided by
the foundry and are unique for each technology. The resulting substrate netlist
contains two types of external nodes. A first type are the nodes for the connec-
tions of the die to the devices in the circuit. A second type are the substrate
contacts used to inject disturbances in the substrate or the noisy nodes of a
digital circuit.

Finally, the circuit netlist and substrate netlist are connected and merged
into one single on-chip simulation model.

PCB simulation model

In order to build a simulation model that can predict the substrate noise
behavior over a broad frequency range, a model for the PCB needs to be build.
Previous chapter revealed that the substrate noise behavior is influenced by
the different devices on the PCB and the bonding wire which connect the
chip to the PCB. Therefore a model is built for the devices on the PCB, the
bonding wires and the PCB traces.

• The PCB devices can be easily modeled with measurements because they
are readily available in an IC design house. The different devices on
the PCB are measured with an impedance analyzer. The impedance
analyzer returns the impedance value Z as a function of frequency. This
impedance function Z(s) is then modeled as a linear transfers function
in the Laplace variable ’s’ [62]. This results in a rational function in ’s’,
which is identified by the MATLAB toolbox fdident[63]. The coefficients
of this transfer function are used to determine the RLC values of the
corresponding lumped network.

As an example, the modeling of PCB decoupling capacitors will be
demonstrated. Decoupling capacitors are always present on the PCB to
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decouple the bias lines. Those bias lines are generally decoupled off-chip
with Surface Mounted Devices (SMD) capacitors with a set of different
values (e.g. 100pF, 100nF and 100µF) in order to decouple in a broad
frequency range [64]. After measuring the capacitor, the measurements
are modeled as rational function in ’s’ by a frequency domain estimator.
In the case of an 100nF SMD decoupling capacitors this gives:

Z(s) =
2.6 · 10−17 · s2 + 1.7 · 10−9 · s + 1

8.8 · 10−8 · s (6.1)

This transfer function corresponds to a series connected RLC network:

Z(s) =
L · C · s2 + C · R · s + 1

C · s (6.2)

From Eq. 6.1 and Eq. 6.2, the RLC values can be determined. (see
Fig. 6.2) vwxyzv{|}~v||��

v||�� {||�zx|}~v||y�
��y� �x|�zx�|}~v||��

{x��
Figure 6.2: The decoupling capacitors are modeled by a frequency domain
estimator and mapped into an equivalent RLC network

Simulations of this equivalent network reveal that the mean error between
the model and the measurements is less than 1 dB in the frequency range
from 1 MHz to 1 GHz (see Fig. 6.3). The absolute error increases for
higher frequencies due to higher order poles which are not taken into
account in our lumped model.

• The PCB traces and the bond wires are modeled as transmission lines.
The values of the inductance and resistance of the bonding wires and the
PCB trances are determined based on their geometry [65]. The models
of the bonding wires, PCB traces and PCB decoupling capacitors are
merged into one single PCB simulation model.
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Figure 6.3: The 100 nF SMD decoupling capacitors is measured and modeled
as a linear transfer function.

6.2.2 Prediction of the impact of substrate noise from DC
up to LO frequency

The simulation methodology is modeled in a high-ohmic 0.18µm 1P6M CMOS
technology and is applied on the 900MHz LC-VCO design that is used in the
previous chapter to demonstrate some measurement techniques that enabled
to extract a large amount of information about the substrate noise coupling
mechanisms. The schematic of this VCO is shown in Fig. 6.5. The oscillation
frequency of the 900MHz LC-VCO is determined by the resonance frequency of
the LC-tank. The losses of the LC-tank are compensated by the NMOS/PMOS
cross-couples pair. The current through the VCO core is determined by the
PMOS current source. As already described in the previous chapter, this VCO
offers an acceptable performance.

The extraction of the model of the substrate and the interconnects takes
less than 1 hour on a HPUNIX server. This short simulation time could only
be obtained by neglecting most of the capacitive coupling from the substrate
to the interconnects. Only the capacitive coupling from the shield of the in-
ductor that is embedded in the substrate to the inductor itself is taken into
account. Including the capacitive coupling to every interconnect would increase
the simulation time drastically up to more than 100 hours.

The waveform resulting from substrate noise impact can be predicted on
all the nodes of the circuit. The simulated sideband spurs at the output of
the VCO are shown in Fig. 6.4. The behavior of those spurs is similar to
the measured spurs in section 5.3.2. Section 5.3.2 divided the substrate noise
behavior into four frequency regions:

1. Sideband spurs caused by low frequency perturbations result in FM spurs
around the LO. The spurs are decreasing at rate of 20 dB/decade.

2. At intermediate frequencies the dominant impact mechanism is moving
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from FM toward AM spurs. The behavior of the spurs change from an
decrease at a rate of 20 dB/decade to an increase at a rate of 20 dB/decade
and later on even a rate of 40 dB/decade.

3. AM spurs are dominant at high frequencies. The spurs are increasing at
a rate of 40 dB/decade.

4. Close to the LO frequency, pulling and locking of the LO determines the
behavior of the perturbation.

Simulations will now provide more insight into the different coupling mech-
anisms because the internal nodes of the circuit can now be accessed. This sec-
tion reveals how substrate noise couples into the VCO and how the substrate
noise signal is converted into FM and AM modulated spurs. Next section will
compare the measurements performed in section 5.3.2 with the corresponding
simulations performed in this section.
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Figure 6.4: Simulated left and right spur of the 900 MHz LC-VCO.

Impact at low frequencies

From DC to 10MHz the substrate noise signal couples resistively into the non-
ideal ground and causes ground bounce. This is in agreement with Chapter 4
which stated that when the resistance of the ground interconnect is larger than
0.65Ω ground bounce dominates. For values of the ground resistance lower than
0.65Ω the bulk-effect dominates. In this case, the resistance of this non-ideal
ground is around 7 Ω and hence ground bounce dominates. Ground bounce
causes a voltage fluctuation at the source of the NMOS transistors (see Fig. 6.5)
and modulates the voltage across the variable capacitances. The variable
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capacitances present in this design are the varactors of the LC-VCO and the
parasitic capacitances of the NMOS and PMOS transistors. The modulation of
those capacitances results in narrow band FM of the LO signal. The spurs are
decreasing at a rate of 20dB/decade with the offset frequency [66] (see Fig. 6.4).

����� �����
��� ���� ��������

Figure 6.5: At low frequencies substrate noise couples into the non-ideal ground
of the LC-VCO.

Impact at intermediate frequencies

At intermediate frequencies (10MHz to 100MHz) the amplitude of the spurs
does not decrease with 20dB/decade anymore but starts to increase with
20dB/decade. A part of the substrate noise signal is drained resistively by
the non-ideal on-chip ground toward the PCB through the ground bond wire.
Another part of the substrate noise signal couples resistively in the shield of
the inductor. This shield is connected to the PCB with a dedicated bond wire.
Part of the signal, picked up by the shield is drained toward that dedicated
bond wire. Another part of the signal flows through the parasitic capacitance
of the inductor (Figure 6.6). Hence the substrate noise signal couples capaci-
tively to the inductor. This signal is superposed on the oscillation signal across
the LC-tank. Due to the PMOS current source, the voltage swing of the VCO
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is limited by the current that is delivered by this current source. Thus, the
superposition of the substrate noise currents that couple in to the inductor
of the VCO, change the voltage swing of the VCO and modulates the LO in
amplitude. Capacitive coupling resulting in AM modulated spurs explains the
increase of 20dB/decade.

������ ¡ ¢�£¤ £¥¦§¨©ª«¬¨©ª«
Figure 6.6: Starting from 10MHz the substrate noise signal couples capacitively
through the inductor.
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Figure 6.7: The solid line reflects the simulation of the left sideband spur with
capacitive inductor coupling. The dotted line reflects the simulation of the left
sideband spur without capacitive inductor coupling.

Impact at higher frequencies

At higher frequencies the substrate noise impact is increasing with
40dB/decade. Above 100MHz the impedance of the shield toward the PCB
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is determined by the impedance of the bonding wire connected to the shield.
This can easily been shown by removing the capacitive coupling to the in-
ductor and re-simulating the simulation model. Fig 6.7 shows that without
capacitive coupling the spurs are increasing at a rate of 20dB/decade instead
of 40dB/decade. A larger part of the signal couples capacitively to the inductor
and less signal is drained to the PCB. The capacitive coupling to the induc-
tor together with the inductance of the bonding wire acts as a second order
system. This explains the increase of the substrate noise impact at a rate of
40dB/decade. The dominant impact mechanism above 100MHz is AM modu-
lation. DC decouple capacitors at the output of the VCO will attenuate the left
sideband spurs resulting of an injected substrate noise signal above 650MHz
(see Fig. 6.8) .

Impact close to the LO frequency

At an offset frequency of 150MHz from the LO frequency substrate noise starts
pulling and locking effects dominates the substrate noise behavior. Pulling
and locking are non-linear dynamical phenomenon and are not included in the
presented model. However non-linear macro models can be found in [67].

6.2.3 Experimental validation of the simulation method-
ology

This section compares the simulations of the previous section with the corre-
sponding measurements. Previous section already pointed out that the simu-
lated substrate noise behavior is similar to the measured one. The goal of this
comparison is to show how accurate the proposed methodology can predict the
power of the spurs caused by substrate noise coupling.

Validation of the different coupling mechanisms

The VCO is mounted on a PCB. A large sinusoidal signal is injected into the
substrate through a dedicated substrate contact. The size of the substrate
contact is 10µm by 20µm. The established power on the RF source is 10dBm
to guarantee enough measurement accuracy as before.

The power of all the spurs (the direct coupled spur and the spurs resulting
from mixing of the injected signal with the first and second harmonic of the
LO) are measured with the spectrum analyzer. The frequency of the injected
signal is varied from 1MHz up to LO frequency while the tuning voltage is
varied from 0V up to 1.8V.

In order to validate the coupling mechanism of substrate noise described in
Section 6.2.2 the bias lines are not decoupled on PCB.
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Figure 6.8 shows a good agreement between the measured spurs and sim-
ulation. The mean error between measurements and simulations is less than
3dB.
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Figure 6.8: The power of the direct coupled spur, left sideband spur of the
first and second harmonic are measured with a spectrum analyzer for a tuning
voltage of 0.9V. The ′o′ represent the measurement and the solid lines reflect
the simulations.

In section 5.3.4 a dedicated measurement was set up to show that above
100MHz the substrate noise impact is determined by the impedance of the
bonding wire that is connected to the shield of the inductor. Different PCBs
with different contact resistances of the bonding wires were measured in order
to show the influence of this resistance on the impact of substrate noise. Mea-
surements pointed out that the PCB with a DC resistance of the bonding wire
that is 6.6 times larger resulted in 6 dB higher impact. Figure 6.9 shows that
this effect is also predicted by simulations.

Validation of the influence of the PCB decoupling capacitors

As depicted in Section 5.3.5, the PCB decoupling capacitors influence the sub-
strate noise coupling at high frequencies (above 100 MHz). Decoupling the bias
lines with a 100µF decoupling causes a resonance at 480 MHz. This resonance is
because the PCB decoupling capacitor behaves as an inductor at those frequen-
cies and resonates with the on-chip decoupling capacitors. Figure 6.10 shows
that the accurate modeling of the PCB and the decoupling capacitor resulted
in an accurate estimate of the transmission zero of the transfer function.
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Figure 6.9: The impedance of the bonding wire and also the on-chip ground
resistance plays a major role in the substrate noise impact mechanism
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6.2.4 Conclusions

This section uses the FDM method to characterize the substrate for the
prediction and analysis of substrate noise on analog/RF circuits. The FDM
method is implemented by the tool ’SubstrateStorm’. The tool enables to
reveal the dominant substrate noise coupling mechanisms in an 900MHz
LC-VCO. At low noise frequencies (< 10 MHz) substrate noise causes ground
bounce. Since the resistance of the ground interconnect is larger than 0.65Ω,
the bulk-effect can safely been neglected. Ground bounce results in FM
modulated spurs. At high frequencies (> 100 MHz) substrate noise couples
capacitively into the on-chip inductor and causes AM modulated spurs. The
methodology is successfully validated with measurements.

Hence, ’SubstrateStorm’ which implements the FDM method is a powerful
tool to analyze the impact of substrate noise on analog/RF circuits but has a
serious number of limitations. Especially the need of doping profiles and the
limited capability to model the capacitive coupling from the substrate to metal
interconnects is an important disadvantage of the tool. The above mentioned
limitations are circumvented in the next section. The next section uses the
FEM method to predict the impact of substrate noise in analog/RF circuits.
The FEM method is implemented by the tool HFSS [21]. This tool does not
need doping profiles, it is more easy-to-use and is as accurate.

6.3 Substrate modeled by the FEM method

This methodology circumvents the shortcomings of the methodology of the pre-
vious section by combining the strengths of the EM simulator (like HFSS [21] or
Momentum [68]) and the circuit simulator (like SpectreRF [30]). Here, the sub-
strate and the interconnects are characterized by an EM simulator and are thus
represented by a finite element model. The finite element model is represented
by an S-parameter matrix. This S-parameter matrix is simulated together with
the RF-models of the active devices. The resultant waveforms provided by the
circuit simulator, gives the designer insight in the dominant coupling mecha-
nisms. To make this more practical, the substrate noise behavior is predicted
and the substrate coupling mechanisms are revealed on an example. Here,
the example is a mm-wave VCO that operates at frequencies between 48 GHz
and 53 GHz. The predicted substrate noise behavior is afterward verified with
measurements on a real-life prototype of the mm-wave VCO.

6.3.1 Impact simulation methodology

The simulation methodology is the same as used in Chapter 4 to analyze the
different coupling mechanisms in an active device. The simulation methodology
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consists of two simulations. First an EM simulation simulation is performed.
This simulation includes the on-chip interconnects, the substrate and the pas-
sive components. Since the substrate noise signals are sufficiently small, the
interconnects and the substrate can be considered to behave linear. Next, a
simulation model is built to fully characterize the analog/RF circuit: the re-
sults of the EM simulation are used together with the RF models of the devices
to perform a circuit simulation. The resulting waveforms that are present on
the different terminals of the simulation model will give the designer insight in
the different substrate noise coupling mechanisms. A complete block diagram
of the methodology is given in Fig. 6.11. This section shorty rephrases which
user interaction is required to properly set up the different simulations in order
to predict the impact of substrate noise. Next section applies this simulation
methodology on an example. ­®¯°±²³´ µ¶·±¸®²¶°¹º¹²»¼½°¹¹»½²·°¾»¸¿¶¼½±¶² µ¶·±¸®²¶°¹À¼»¾¶½²¶°¹ °Á µ±Âµ²¼®²»¹°¶µ» ¶·Ã®½²

ÄÅÆ·°¾»¸µÇ±Âµ²¼®²»·°¾»¸
Figure 6.11: Impact simulation approach

EM simulation

This step starts from the layout of the analog/RF circuit. First, the layout
is simplified. This simplified layout is then streamed into EM simulator.
Next, the EM environment is set up and ports are placed. Finally, this EM
environment is properly set up and afterward simulated.

• Simplifying the layout: It is mandatory to simplify the layout to speed
up the EM simulations. To eliminate as many details as possible without
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jeopardizing the accuracy of the result, the following rules are used:

– The transistors are removed from the layout since they can be rep-
resented by their respective RF-model.

– The different vias that connect the different metal layers are
grouped.

– The ground shield, that is perforated to meet the stringent DRC
rules, is filled with metal.

This simplified layout is then imported into the EM environment. In this
environment a substrate of 20Ωcm, a Pwell of 800 S/m, the silicon dioxide
with an ǫr of 3.7 and an air box on top of the chip are included.

• Placing ports:

All the transistors are removed from the replaced by three ports as
explained in Chapter 4. Further, ports are placed at the external
connections of the analog/RF circuit and at the substrate contact. This
substrate contact is used to inject substrate noise into the substrate and
hence replaces the switching digital circuitry in this experiment.

• The S-parameters are solved at the different ports of the EM environment
for a user-given frequency range and accuracy.

6.3.2 Prediction of the impact of substrate noise

In order to predict and to understand the different coupling mechanisms, it is
mandatory that the designer knows and understands how the analog/RF circuit
is designed. Therefore this section shortly describes the analog/RF circuit
under test. The analog/RF circuit under test is a 48-53 GHz LC-VCO that is
designed in a UMC 0.13µm CMOS technology. The gain block of the oscillator
consists of a cross-coupled NMOS transistor pair and a NMOS current mirror
(see Fig. 6.12). NMOS transistors are preferred over PMOS transistors because
they exhibit a lower parasitic capacitance for the same transconductance value.
In this way, a higher tuning range can be achieved. The frequency tuning of
the LC-VCO is obtained by changing the capacitance value of the resonant
LC-tank. The tunable capacitors are implemented as NMOS transistors whose
drain and source node are shorted. The inductor of the LC-tank is implemented
as a folded microstrip line [69]. The VCO is buffered by source followers.

The LC-VCO offers a phase noise performance of -84.2 dBc/Hz at 1 MHz
offset frequency (see Fig. 6.13(a)) and a tuning range of 10% (see Fig. 6.13(b)).
The VCO core draws 4.5 mA from a 1 V power supply.
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Figure 6.12: Schematic of the mm-wave LC-VCO

The simulation methodology as explained in the previous section is used
to predict the impact of substrate noise on this VCO. The tool HFSS is used
as the EM simulator. This HFSS environment is simulated from DC up to
60 GHz with a minimum solved frequency of 50 MHz and a maximum error in
the S-parameters of 0.01. The HFSS simulation takes about 7.5 hours on a HP
DL145 Server.

The EM simulations give the designer insight in how substrate noise prop-
agates through the different reception points of the analog/RF circuit. The
voltage and the current of the complete simulation model reveals how sub-
strate noise propagates through the output of the analog/RF circuit.

Revealing the dominant entry point

The dominant noise reception points can be identified by visualizing the
electric fields in the HFSS environment (see Fig. 6.14) [36]. Note the dark
red region in the VCO core that spreads out over the entire ground plane.
Substrate noise couples resistively through the bulk of cross-coupled NMOS
pair M1 (see Fig. 6.12). This can be demonstrated by connecting the bulk of
the NMOS pair M1 to the ideal zero potential ground instead of the non-ideal
ground plane and then resimulating the simulation model. The corresponding
sideband spurs are lowered with more than 25 dB (see Fig. 6.15). Thus in
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Figure 6.13: Measured performance of the LC-VCO: (a) Phase noise, (b) Tun-
ing range.

this case the bulk-effect is the dominant coupling mechanism. This is logical
since the ground plane provides a low impedance path to the off-chip ground.
This is consistent with Chapter 4. There it was pointed out that for ground
resistances lower than 0.65Ω the bulk effect dominates. For larger values of
the resistance of the ground interconnect ground bounce dominates.

VCO-core

Substrate
contact

Figure 6.14: Simulated electrical fields at 100 MHz.

When substrate noise reaches the bulk of transistor pair M1, it causes a
voltage drop at the bulk of those transistors. This voltage drop results in
modulation of the LO signal. The type modulation is revealed by placing an
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Figure 6.15: The bulk of transistor pair M1 is the most sensitive to ground
bounce.

ideal limiter at the output of the VCO. The limiter will remove the Amplitude
Modulated (AM) spurs since they do not have a constant envelope. However,
the limiter will not remove the spurs resulting from FM modulation because
the modulated signal has a constant envelope. The spurious tones are caused
by variations of the zero-crossings at the output of the VCO. Fig. 6.16 reveals
that the spurs are FM modulated up to noise frequencies of 100 MHz. For
this type of modulation the resulting sideband spurs are decreasing at a rate
of 20 dB/decade with the offset frequency. Starting from 100 MHz spurs are
modulated both in amplitude and frequency (see Fig. 6.16).
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Figure 6.16: Simulated left ’o’ and right ’�’ spur. The ’⋆’ line reflects the
spurs limited at the output.
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Modeling of the substrate noise impact

At low noise frequencies, the sideband spurs are FM modulated. Previous
chapter introduced FM sensitivity functions to describe the FM spurs. An
FM sensitivity function Ki(vtune) determines how much frequency modulation
results from a perturbation that is applied on a certain node of the circuit. In
the previous chapter it is shown that the power of the sideband spurs can be
described by [45]:

|Vout(fLO ± fnoise)| ∝ |Hi
SUBKi(vtune)

ALO · Anoise

2fnoise
| (6.3)

with Hi
SUB the transfer function of the substrate contact to the bulk of the

transistor pair M1, ALO the amplitude of the LO signal, Anoise the amplitude
of the substrate noise signal at the bulk of the transistor pair M1 and fnoise is
the frequency of the substrate noise signal.

The simulation methodology can be used to simulate the different FM sen-
sitivity functions and hence to determine for which values of the tuning voltage
the VCO is more immune to substrate noise. Fig. 6.19 shows the simulated
FM sensitivity function for the external nodes of the circuit because only those
sensitivity functions can afterwards be validated with measurements. One can
observe that for a value of the tuning voltage of 0.2V and 0.4V, the VCO is
immune to ground disturbances.

6.3.3 Verification with measurements

To prove the usefulness of the method it is mandatory to verify the simulation
results with measurements. This is the only way to check whether the simula-
tion model incorporates the dominant coupling mechanisms. This section uses
two measurement setups: the first measurement setup has a good SNR but
has been restricted to 50 GHz. This measurement setup is used to measure
the sideband spurs. The second measurement setup has a poor SNR but can
measure up to 77 GHz. This setup is used to measure the different sensitivity
functions.

Measurement of the sideband spurs

The LC-VCO is measured using on-wafer probes. To obtain a proper impedance
termination, one buffered output of the VCO is terminated with a 50 Ω load
impedance, while the other is connected through a bias tee to the spectrum
analyzer HP8565E. Since this spectrum analyzer can measure spectra up to
50 GHz, the oscillation frequency in this experiment was tuned below 50 GHz.
A large sinusoidal signal whose frequency is swept between 1 MHz and 800 MHz,
is injected through the substrate contact (see Fig. 6.17). The power generated
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by the RF source is set between -10 dBm and 10 dBm to guarantee sufficient
SNR.

OUT
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Figure 6.17: Die photograph of the 48-53 GHz LC-VCO.

Fig. 6.18 shows the sideband spurs for a tuning voltage of 0.5 V. The small
resonances starting from 10 MHz offset frequency are due to resonances in the
different 1 mm to 2.4 mm conversion pieces and the mm-wave bias tee. The
circuit simulations performed earlier predict an oscillation frequency that is
7 % higher than the measured value. Nevertheless, the measurements and
simulations of the spurs show a very good agreement both in behavior (-
20 dB/decade) as in value. The careful reader will notice that starting from
100 MHz the left and right spurs do not have the same power. This indicates
that those spurs in this frequency region are both modulated in frequency as
in amplitude, as predicted with our simulation approach. One can conclude
that our simulation approach correctly predicts the sideband spurs caused by
substrate noise impact.

Measurement of the different sensitivity functions

In order to measure the sensitivity functions of the different terminals of the
VCO (see Fig. 6.12) over the full tuning range, a single-ended output of the
LC-VCO is downconverted with a dedicated mm-wave mixer to baseband fre-
quencies. Then the down converted signal is measured with a spectrum ana-
lyzer. The mixer has a conversion loss of 25 dB and hence the measurement
setup has a poor SNR.

Fig. 6.19 shows the measured and simulated sensitivity functions for the
different terminals of the VCO. Considering the extremely high sensitivity of
this VCO and taking into account that the RF models of the transistors are
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Figure 6.18: Measured versus simulated sideband spurs for a tuning voltage of
0.5 V.

validated only up to 20 GHz, the agreement between the measurements and
the simulations is acceptable.

6.3.4 Conclusions

This section uses the FDM method to characterize the substrate in order to
predict the impact of substrate noise on analog/RF circuits. The methodology
uses an EM simulator to characterize the substrate and the interconnects. The
transistors are described by their RF models. The RF models of the transistors
are co-simulated with the finite element model of the substrate and the inter-
connects. The methodology is successfully applied on a 48-53 GHz LC-VCO. In
this particular case simulations have pointed out that substrate noise couples
into the bulk of the cross-coupled transistor pair. The bulk effect dominates
because this LC-VCO uses a ground plane which offers a low impedance path
to the off-chip ground.

The main drawback of the simulation methodology is the long simulation
time that is required to predict the impact of substrate noise on individual
analog/RF circuits. Next chapter relieves the simulation burden of the
EM-simulator and speeds up the total simulation significantly. Hence, the
proposed methodology can be used to predict the impact of substrate noise on
complete analog/RF systems.

Both simulation methodologies have shown to be able to provide the de-
signer with a large amount of information about the substrate noise coupling
mechanisms. This information can now be used to increase the substrate noise
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Figure 6.19: Measured versus simulated sensitivities of the different terminals
of the VCO versus the tuning voltage.

immunity of the analog/RF circuits. Next section proposes layout and circuit
techniques to improve the immunity against substrate noise. Further, the next
section explores if 3D-stacking offers an opportunity to reduce the substrate
noise coupling.

6.4 Techniques to reduce substrate noise cou-

pling

The impact of substrate noise depends on three aspects:

• The generation of substrate noise;

• The transfer function from the noise source to the reception point;

• The sensitivity of the reception point to substrate noise;

The noise source can be isolated from the reception point by using guard
rings. The use of guard rings is already covered in Chapter 3.

The reception points of the analog/RF circuit can be desensitized at two
stages of the design cycle namely on the layout level and the circuit level.
This section translates the insight that is gathered about the substrate noise
coupling mechanisms into layout and circuit techniques which makes the VCO
more immune to substrate noise.

Finally, the traditional SoC approach is questioned and it will be shown
that 3D-stacking offers an opportunity to reduce the substrate noise coupling.
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6.4.1 Layout techniques to reduce
the substrate noise coupling

This section present layout techniques to reduce the substrate noise coupling in
LC-VCOs. First, layout guidelines are formulated to reduce the FM modulated
spurs. Then, countermeasures are proposed to reduce the AM modulated spurs.

Reducing the FM modulated spurs

The FM modulated spurs are mostly caused by perturbations on the ground
interconnect. To reduce the power of the FM modulated spurs, the impedance
of the on-chip ground interconnect has to be small compared to the impedance
of the PCB ground network and the connection between the on-chip ground
and the PCB ground network. In the ideal case the impedance of the ground
connection is zero: no voltage fluctuation can occur at the leads of the transis-
tors of the VCO that are connected to the ground network. Consequently, no
perturbation on the ground interconnect is possible and thus no modulation
of the capacitance of the LC-tank. Hence, there are no spurs resulting from
ground bounce.

The impedance of the ground connection can be lowered by using wider
ground traces or using a thicker metal for the routing of the ground intercon-
nect. For a same amount of current, the voltage fluctuation over the ground
resistance decreases for decreasing values of ground resistance. It is interesting
to look at the evolution of the sheet resistance as a function of the technology
scaling. Tab. 6.1 summarizes the sheet resistance of the lowest metal layer for
technology nodes ranging from 0.25µm down to 45nm.

Technology node Sheet resistance (mΩ/�)
0.25µm 50
0.18µm 60
0.13µm 70

90nm 100
45nm 180

Table 6.1: The evolution of the sheet resistance of metal 1 for different tech-
nology nodes.

In order to obtain the same impedance of the ground interconnect, the
tracks in a 45nm technology should be 3.3 times wider than in a 0.25µm tech-
nology. This is of course contradictory with the scaling of the transistors dimen-
sions, where more and more transistors are integrated on a smaller area. Thus,
it can be concluded that the impact of substrate noise on LC-VCO worsens
with technology scaling.
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Reducing the AM modulated spurs

At intermediate frequencies substrate noise couples capacitively in the inductor
of the LC-VCO and causes AM modulated spurs. The parasitic capacitance of
the inductor can be lowered using a smaller footprint for the inductor. This is
not an easy task since the dimensions of the inductor determines the inductance
and the Q-factor of the inductor. Nevertheless, measurements show that a
reduction of the footprint of the inductor moves the corner frequency where
spurs change from FM toward AM modulated spurs to higher frequencies (see
Fig. 6.20). Of course, the position of this corner frequency not only depends
on the footprint of the inductor but also on the power of the FM modulated
spurs. Fig. 6.20 shows the 900 MHz LC-VCO that has an inductor with a
footprint of 700µm by 700µm. This inductor has a parasitic capacitance of
approximately 2 pF. The corner frequency is around 40 MHz. The 5-7 GHz
uses a smaller footprint which measures only 200µm by 200µm. The resulting
parasitic capacitance is approximately 200 fF. Fig. 6.20 shows that the resulting
AM-FM corner frequency is around 100 MHz. In the case of the 48-53 GHz
VCO the footprint of the inductor is only 50µm by 150µm. This inductor has
a parasitic capacitance of only 10 fF. In this case, the parasitic capacitance of
the traces are of the same order of magnitude as the parasitic capacitance of
the inductor. It is not sure that substrate noise couples at high frequencies into
the inductor. The AM-FM corner frequency is above 800 MHz.
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Figure 6.20: A smaller footprint moves the AM-FM corner frequency to higher
frequencies.
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6.4.2 Circuit techniques to reduce the substrate noise
coupling

This section presents circuit techniques to reduce the substrate noise coupling
in LC-VCOs. Circuit techniques are presented that reduce the FM and AM
modulated spurs. The first two techniques focus on reducing the FM sensitivity
to ground disturbances (KGND). Two circuit techniques are proposed to reduce
this sensitivity. The first circuit technique splits the varactors of the LC-tank of
the VCO in multiple varactors. In this way it will be shown that the capacitance
of the LC-tank is less sensitive to ground bounce. The next circuit technique
uses an NMOS current mirror instead of a PMOS current mirror to reduce the
sensitivity to ground bounce.

The last circuit technique proposes a limiter to remove the AM modulated
spurs.

Switched varactor VCO

The sensitivity of the LC-tank of the LC-VCO can strongly be reduced by
using a switched varactor VCO. In such a design, the frequency tuning of the
LC-VCO is performed by using multiple varactors. A small varactor is used for
continuous fine tuning. The coarse frequency tuning is performed by digitally
switching the varactors. A switched varactor VCO has a lower VCO sensitivity
(KV CO) which allows easier PLL design. This topology also benefits from a
reduced sensitivity to ground bounce. This can be visualized by simulating
the sensitivity of the varactor bank of the VCO in the case of a traditional
LC-VCO design and in the case of a switched varactor design.

In a traditional LC-VCO design, the varactors are all connected with one
terminal to the tuning voltage. In this case the varactor bank consists of 8 var-
actors connected in parallel. Figure 6.21 shows the simulated capacitance value
versus the tuning voltage for the varactor used in a traditional VCO design. It
can be seen that the capacitance value does not change much with the tuning
voltage at the edges of the tuning range. This is when the varactors are biased
at the power supply or the ground. The derivative ∂C/∂Vtune is representative
for the sensitivity of the LC-tank of the VCO (see Fig. 6.22). For a traditional
LC-VCO design, the VCO is particular sensitive for tuning voltages around
0.6 V. Even small levels of ground bounce are sufficient to change significantly
the capacitance value of the varactors and hence the oscillation frequency of
the LC-VCO.

To demonstrate the reduced sensitivity in the case of a switched varactor
VCO, seven out of eight varactors are connected to the power supply. Fig-
ure 6.22 shows the simulated capacitance value versus the tuning voltage for
the different settings of the digitally switched varactors. In this case, the curves
are much flatter. The first derivative shows that the sensitivity of the VCO
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Figure 6.22: Sensitivity of the varactor bank to changes in the tuning voltage.
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is strongly reduced with this topology (see Fig. 6.22). The sensitivity can be
reduced further using a smaller varactor for the continuous fine tuning. In that
case more digitally switched varactors are needed in order to cover the whole
tuning range. This makes the digital control unit of the varactor bank more
complex.

The analog designer probably wonders how small the varactor for the con-
tinuous fine tuning should be. This depends on the oscillation frequency of
the VCO. A VCO with a high oscillation frequency is much more sensitive to
ground bounce than a VCO with a low oscillation frequency. This is demon-
strated by comparing the sensitivity to ground bounce of the 900 MHz and
50 GHz VCO (see Fig. 6.23). The 50 GHz VCO is approximately 25 times
more sensitive than the 900 MHz VCO. In order to obtain the same sensitivity
to ground bounce for both VCO’s, the contribution of the varactor bank that
is required for fine tuning needs to be very small. Assume that ground bounce
causes 1% variation in the capacitance value of the LC-tank of the VCO. In
the case of the 900 MHz VCO this causes a shift in oscillation frequency of
5 MHz, while in the case of the 50 GHz VCO this causes a shift of 254 MHz.
The 50 GHz VCO will thus need a very small varactor to obtain the same
sensitvity as the 900 MHz VCO. This means that the digitally controlled part
of the varactor bank needs to be encoded with a high resolution in order to
cover the whole frequency range.
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Figure 6.23: The 50 GHz VCO is approximately 25 times more sensitive than
the 900 MHz LC-VCO.

Using a NMOS current mirror

The current mirror of the LC-VCO is often a PMOS current mirror. This
topology is popular for its low phase noise potential. The PMOS devices offer
lower flicker noise than the NMOS devices [70]. In order to increase the immu-
nity to ground bounce, one might use an NMOS current source. An LC-VCO
with an NMOS current source is approximately 6 dB less susceptible to ground
bounce than its PMOS counterpart. However, this will make the power supply
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lines more sensitive to any perturbation.

Limiter

Placing a limiter at the output of the VCO strongly suppresses the AM mod-
ulated spurs. It might not be necessary to design a dedicated limiter because
the VCO is often used in front of a switching mixer. Such a switching mixer
behaves also as a limiting circuit. If the AM modulated spurs are not suffi-
ciently suppressed, one might consider the design of a dedicated limiter. The
limiter, however, should be immune to substrate noise and not convert AM
signals into FM signals. Putting an extra limiter between the VCO and the
mixer will increase the overall power consumption of the receiver.

6.4.3 3D-stacking as a solution to substrate noise issues

Today’s mobile phone features a host of ICs ranging from analog/RF circuits,
memory, digital signal processors, etc... . New devices include image displays,
MP3 devices, image sensors. Given the large number of ICs, placing them on
printed-circuit boards (PCBs) and routing them to be properly interconnected
in a tight layout is a daunting task. Integrating all the functionality on a
single die is at this moment not possible. To further reduce the cost factor
of mobile phones, the semiconductor industry tends to move to 3D-stacked
IC’s. Such an IC is also known as a system-in-a-cube. A 3D-SoC is a chip
with more layers of active electronic components, integrated both vertically as
horizontally into a single system. The semiconductor industry is hotly pursuing
this promising technology in many ways. One way to stack 3D ICs is the Die-
on-die method [71, 72]. The electronic circuitries are built on two or more
dies, which are then stacked on top of each other. The different layers are
connected with each other through vertical connections, called through-silicon
vias (TSVs). This technology offers many significant benefits. First of all, 3D-
SoCs save on IC footprint area. Furthermore, thanks to the TSVs the signals do
not have to go off-chip anymore which greatly reduces the power consumption,
the propagation delay and extends the usable signal bandwidth. Also the cost
can be greatly reduced because in comparison with the SoC, the electronics
circuitries do not need to be integrated in the same technology. For example
the power management unit can be fabricated in a cheap 1µm technology and
the fast digital processor can be designed in an expensive 45nm technology.

section explores with simulations the benefits of 3D-stacking for reducing
the impact of substrate noise on an analog/RF circuit and to validate those
simulations with measurements. Therefore we consider a 3D-SoC consisting of
two dies. The bottom die contains the aggressor which is a substrate contact
that serves to emulate the switching activity of the digital circuitry [45]. The
top die contains an 48-53 GHz mm-wave LC-VCO that acts as the victim. The
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Figure 6.24: 3D-stacking increases the immunity against substrate noise.

aggressor on the bottom die and the victim VCO on the top die couples mainly
in two ways with each other:

• Capacitive from the bottom to the top die

• Substrate noise causes ground bounce on the bottom die. This ground
bounce is sensed by the non-ideal off-chip ground and couples through
this off-chip ground back into the ground interconnect of the VCO located
on the top die.

The impedance of the ground connection determines the importance of both
coupling mechanisms. Both coupling mechanisms are quantified with measure-
ments on a real-life silicon prototype.

Description of the 3D-SoC experiment

The 3D-SoC experiment is set up based on the Die-on-die method of stacking.
This method consists in building the different circuitries that are possibly re-
alized in different technologies, on two or more dies. In our case we consider
the stacking of two identical dies without using any TSV. Both dies consists
of a substrate contact and a mm-wave VCO. In this way we can also simulate
and measure the substrate isolation in the case of a 2D-SoC. This allows a fair
comparison of the substrate noise isolation between a 2D-SoC and a 3D-SoC.

The bottom die in the case of the 3D-SoC acts as the aggressor. The VCO
of the bottom die is thus not active. In this experiment a substrate contact is
used to emulate the switching activity of the digital circuitry (see Fig 6.25).
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Figure 6.25: Set up of the 3D-SoC experiment.
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The top die consists of the 48-53 GHz LC-VCO that is already used in this
chapter (see Fig 6.25). The substrate of the top die is thinned to 25µm (see
Fig 6.25). Usually the thinning varies from 25µm up to 50µm. Thus, our case
considers the worst case where the bottom circuitry is the closest to the top
circuitry. Further, the substrate contact located on the top die is removed by
a dicing operation (see Fig 6.25). This allows us, during measurements, to
reach the bondpad connected to the substrate contact of the bottom die with
on-wafer probes. Then, the die is glued with a polymer material - called BCB -
on the bottom die (see Fig 6.25). The polymer layer is a non-conductive layer
with a thickness of approximately 1µm and a ǫr of 3.

Impact simulation methodology

A similar simulation methodology is used as described in section 6.3. However,
this methodology is extended to 3D-SoCs. The simulation approach consists
of two simulations. First an EM simulation [21] simulation is performed. This
simulation includes the on-chip interconnects, the substrate and the passive
components. Next, the results of the EM simulation are used together with
the RF models of the devices to perform a SpectreRF [30] simulation. The
resulting waveforms on the different terminals of the simulation model will give
the designer insight in the different substrate noise coupling mechanisms. This
section discusses the different simulations that are needed to characterize the
3D-SoC experiment.

• EM simulation: The simulation setup is similar to section 6.3. The lay-
outs of the bottom and top circuitries are streamed into the EM envi-
ronment. In this environment the substrate, the silicon dioxide and the
Pwell are added for each die (see Fig. 6.26). An air box is added on top
of the top die and a BCB layer connects both dies with each other. Fur-
thermore, one port is placed at the substrate contact of the bottom die.
On the top die, ports are placed at the connections of the different bias
lines, at the terminals of the transistors and the differential output of the
VCO. A complete cross-section of the experiment is shown in Fig. 6.26.

This EM model is simulated from DC up to 60 GHz with a minimum
solved frequency of 50 MHz and a maximum ∆S of 0.01. It takes 7.5 hours
on a HP DL145 Server to simulate the S-parameters at the different ports.

• Circuit simulation: A simulation model is constructed that fully char-
acterizes the 3D-IC. The interconnects, the substrate and the passive
components of both dies are represented by a S-parameters box resulting
from the EM simulation. The transistors are represented by their RF
model and are properly connected to the S-parameter box. On this com-
plete simulation model the designer can apply any circuit analysis. The
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goal of this experiment is to predict the power of the substrate noise in-
duced sideband spurs. To that end, a Periodic AC analysis is performed
on this simulation model with SpectreRF. The analysis takes 2 minutes
on a HPUX9000 platform.
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Figure 6.26: Cross-section of the 3D-stacked experiment.

Reducing the impact of substrate noise

An LC-VCO is very sensitive to substrate noise coupling [45, 6]. A substrate
noise signal which couples into a VCO will modulate the oscillator signal both
in frequency as in amplitude. These modulation effects cause sideband spurs
to appear around the local oscillator. In this section the power of the sideband
spurs in a 3D-SoC design is compared to the traditional 2D-SoC solution.

In Ref.[5] where the impact of substrate noise was predicted on the same
VCO in an 2D-SoC context, all the ground bond pads were shorted to a zero
potential ground. This makes sense since all the ground bond pads do share
the same ground plane. This is not the case when the 3D-SoC is considered.

170



The amount of gained isolation however strongly depends on the grounding
scheme. We consider two different grounding schemes (see Fig. 6.27):

• The digital/analog ground (bottom/top die) are perfectly separated. This
is the ideal case because both grounds needs to be connected anyway. The
connection is usually made on the PCB.

• The digital/analog ground are connected together on the PCB and there
exists a resistance between the point where both grounds meet each other
and the ideal zero potential ground. In a real scenario, this is the earth
of the building.

Separate analog/digital ground Shared analog/digital ground

Figure 6.27: The substrate noise isolation is determined by the impedance of
the ground connection.

Substrate noise is injected into the substrate contact of the bottom die while
the power of the spurs that appear at the output of the VCO, located on the
top die, is sensed. The power of the spurs versus the frequency distance to the
local oscillator of the VCO is simulated for both the 3D-SoC as the 2D-SoC
case and also for the two different grounding schemes. Next section discusses
the different simulations.

6.4.4 Separated analog/digital ground

In the first case both dies are connected separately to the ideal ground. This
means that the impedance between the node where the digital and analog
ground meet each other and earth (i.e. ideal ground), is zero. This is the ideal
case. Substrate noise is injected into the substrate contact of the bottom die.
From there on, it propagates through the substrate of the bottom die and then
couples through the silicon dioxide and the BCB-layer capacitively to the top
die (see Fig. 6.28). In the 2D-SoC case, the spurs are decreasing at a rate of
20dB/decade because the spurs are mainly modulated in frequency [5]. Due to
the capacitive coupling the spurs are not decreasing at a rate of 20dB/decade
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anymore in the 3D-SoC case. Due to capacitive coupling the power of the spurs
does almost not vary with the frequency of the injected signal.

Compared to the 2D-SoC solution, 3D-stacking improves the immunity with
100 dB for a substrate noise signal of 1 MHz. For a noise signal of 800 MHz
the immunity improves with 40 dB (see Fig. 6.28). A huge amount of isolation
can be achieve because the capacitance between the two dies can be made as
small as 70fF.
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Figure 6.28: First case: Simulation results in the case of a ideal PCB-ground.
Substrate noise couples capacitively to the VCO.
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6.4.5 Shared analog/digital ground

In the case where both the analog and digital ground are connected to each
other, a small resistor of only 0.5 Ω is placed between the node where both
ground connections meet each other and the earth (see Fig. 6.29). In this
case, less substrate noise isolation is obtained (see Fig. 6.29). Compared to the
traditional SoC solution the substrate noise isolation improve only with 20 dB
for a noise signal of 100 MHz. For a noise signal of 800 MHz the improvement
is only 10 dB. Moreover no change is observed in the behavior of the spurs. In
both the 2D-SoC and the 3D-SoC, the spurs are decreasing with 20dB/decade.

In the case of a shared analog/digital ground, substrate noise is injected
into the substrate contact of the bottom die. This causes ground bounce on
the bottom die. This ground bounce is sensed by the PCB ground and causes a
voltage fluctuation over the 0.5 Ω resistance. The ground bounce on the PCB
ground is directly sensed by the VCO ground on the top die. Ground bounce
on the VCO ground also causes FM modulated spurs that are decreasing by
20dB/decade (see Fig. 6.29).

6.4.6 Experimental validation

The only way to determine which of the coupling mechanisms is the most
important in a practical context, is to perform measurements on a real-life
silicon prototype. To that end, a 3D-stacked experiment is set up as described
in section 6.4.3. Fig. 6.30(a) shows the top view of the 3D-stacked experiment.
Note the almost perfect alignment of the two dies. The black horizontal line
on the photograph reflects the transition region from the top die to the bottom
die. Fig. 6.30(b) is a 3D-picture that zooms in on this transition region. The
height difference between the top and the bottom die is 27µm.

The 3D-stacked experiment is measured using on-wafer probes. To obtain a
proper impedance termination, one buffered output of the VCO is terminated
with a 50 Ω load impedance, while the other is connected through a bias tee
to the spectrum analyzer HP8565E. Since this spectrum analyzer can measure
spectra up to 50 GHz, the oscillation frequency in this experiment was tuned
below 50 GHz. A large sinusoidal signal whose frequency is swept between
1 MHz and 800 MHz, is injected through the substrate contact. The power
generated by the RF source is set between -10 dBm and 10 dBm to guarantee
sufficient SNR. The measurement noise floor is -65dBc.

The performance of the VCO in the 3D-SoC case is comparable with the
2D-SoC case. Only 1% of deviation in the oscillation frequency is observed.
Hence, on can conclude that the thinning and the stacking does not have a
visible effect on the performance of the stacked VCO. Fig. 6.31 compares the
measured spurs both in the case of a 2D-SoC and a 3D-SoC. At low frequencies
a 3D-SoC improves the substrate isolation with 20dB when compared with the
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Figure 6.29: Second case: Simulation results in the case of a shared ana-
log/digital ground. Substrate noise couples back from the PCB toward the
VCO.
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Figure 6.30: Picture of the 3D-stacked experiment.

2D-SoC approach. However at frequencies of 300MHz, there is no difference in
the power of the spurs between a 2D-SoC and a 3D-SoC.
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Figure 6.31: Measured spurs 3D-SoC vs 2D-SoC.

During measurements, a high sensitivity of the power of the spurs to the
impedance of the ground connection was observed. Together with the fact that
at low frequencies the spurs measured on the 3D-SoC are decreasing at a rate
of 20dB/decade, we are confident that substrate noise that is injected into the
substrate contact of the bottom die causes ground bounce on the measurement
ground. This ground bounce couples back to the ground of the VCO on the
top die and causes spurs in the output spectrum of the VCO.

The measured resistance from the measurement ground (i.e. ground of the
wafer probe station) to the earth is 0.5Ω. Therefore one can conclude that at
low frequencies there is a good agreement between measurements and simula-
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tions. However at frequencies as low as 30 MHz, there is a discrepancy between
measurements and simulation. From 30MHz on, the spurs are frequency inde-
pendent. This is probably due to the inductive nature of the ground connection.
As the impedance of the ground connection has a distributed nature and could
not be directly measured, it could not be included into the simulations.

6.4.7 Conclusions

In this section, we have shown that the insight in the substrate noise coupling
mechanisms that is provided by the different simulation methodologies can be
translated into different layout and circuit techniques that reduces the substrate
noise coupling. The proposed layout techniques consist in widening the traces
of the ground interconnect to reduce the FM modulated spurs and to shrink
the footprint of the inductor to reduce the AM modulated spurs. Three circuit
techniques are proposed to reduce the substrate noise coupling:

• Use a switched varactor VCO to reduce the sensitivity of the VCO to
ground bounce.

• Use a NMOS current source instead of a PMOS current source in the
design of the LC-VCO.

• Place a limiter at the output of the VCO to remove the AM modulated
spurs.

Further, this section shows that 3D-stacking has a potential to improve
the substrate noise immunity of analog/RF circuits. However special attention
should be paid to the PCB grounding scheme. The ground interconnects of
the different wafers should be connected on the PCB as close as possible to the
ideal ground.

6.5 Conclusions

Simulations are shown to be adequate to predict the impact of substrate noise in
analog/RF circuits with a good accuracy when compared with measurements.
Moreover simulations are able to retrieve the nature of the different coupling
mechanisms. This chapter proposes two simulation methodologies:

• The first methodology models the substrate with the FDM method.
This methodology enables to reveal the different substrate noise cou-
pling mechanisms for a 900MHz LC-VCO: At low frequencies (<10MHz)
substrate noise couples into the non-ideal ground of the VCO and causes
ground bounce. The resulting spurs are FM modulated. At higher fre-
quencies (>100MHz) substrate noise couples capacitively into the induc-
tor of the LC-VCO and causes AM modulated spurs.
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• The second methodology models the substrate with the FEM method.
This methodology is applied on a challenging example which is a 48-
53 GHz mm-wave VCO. Here, substrate noise couples dominantly into
the bulk of the cross-coupled pair of the VCO.

Both methodologies conclude that at low noise frequencies, substrate noise
usually results in ground related problems.

The information about the different substrate noise coupling mechanisms
that is obtained by the two methodologies is translated into circuit and layout
techniques which reduces the sensitivity of the VCO to substrate noise. Hence,
the methodologies prove to be very useful during the design phase and opens
the way toward a substrate noise aware design. The second methodology is
extended toward 3D-stacked ICs. Simulations show that 3D-stacking offers a
potential to reduce the substrate noise coupling when compared to the 2D-SoC
solution.

This chapter compares the performance of both methodologies and argues
that the second methodology is the preferred methodology to study the im-
pact of substrate noise on analog/RF systems because it circumvents most
of the shortcoming of the first methodology. Next chapter refines the second
methodology with the a priori knowledge that substrate noise coupling in ana-
log/RF circuits usually results in ground related problems and applies this
refined methodology on a small receiver.
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Chapter 7

Noise coupling in
analog/RF systems

7.1 Introduction

The previous chapter proposed a methodology to predict the impact of sub-
strate noise in analog/RF circuits. This methodology combines the strengths
of the EM simulator and the circuit simulator. The passive part which consists
of the substrate and the interconnects is simulated with an EM solver. The re-
sulting S-parameters are elegantly combined with the RF models of the active
devices in one simulation model. The impact of substrate noise is predicted by
an evaluation of this simulation model with a circuit simulator. Although the
simulation methodology predicts the impact of substrate noise on analog/RF
circuits with a good accuracy that it is quite easy to use, the long simulation
time hampers the methodology in being applied on large analog/RF circuits or
even analog/RF systems. The bottleneck is formed by the simulation burden
of the EM solver. The EM simulator needs to solve all the small details of the
interconnects and this is a very CPU intensive process. This chapter relieves
the simulation burden of the EM simulator and significantly reduces the total
simulation time. This is possible by taking advantage of the a prior knowledge:
at low frequencies substrate noise couples in to the ground interconnect of the
analog circuitry [45, 5, 73, 6, 74]. Hence, the EM simulator only needs to solve
the substrate together with the ground interconnect. The other interconnects
can easily been modeled by a parasitic extraction and included as an RC-mesh
in the simulation model. In this way the simulation time can be significantly
reduced. Hence, the improved version of the methodology is capable to predict
the impact of substrate noise in analog/RF systems with a good accuracy and
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a reasonable simulation time.
This chapter leads the reader through the complete simulation and extrac-

tion process of how to correctly set up the simulation environment to predict
the impact of substrate noise on analog/RF systems. Further, the performance
of the improved simulation methodology is compared to the performance of the
simulation methodology of the previous chapter. Both methodologies are used
to predict the impact of substrate noise on the same analog/RF circuit. The
improved simulation methodology shows to be at least an order of magnitude
faster without compromising the accuracy. Finally, it will be shown that the
improved simulation methodology is able to predict the impact of substrate
noise in complex analog/RF systems with a good accuracy and a reasonable
simulation time.

7.2 Impact simulation methodology

The simulation methodology of the previous chapter showed to have one ma-
jor drawback which is the long simulation time of the EM solver. Indeed, the
EM simulator needs to simulate all the geometric details of the interconnects
and the substrate and this is very CPU intensive. Therefore, the EM simula-
tor needs a lot of CPU power and needs several hours to characterize all the
interconnects and the substrate. Due to this, the methodology is limited to
(small) analog/RF circuits only. In order to predict the impact of substrate
noise on large analog/RF circuits and even on complete analog/RF systems,
the simulation burden of the EM simulator needs to be reduced.

The simulation time of the EM simulator can only be reduced if approx-
imations are made. To obtain good quality simulations using a streamlined
approximation process, one has to take advantage of a priori knowledge. Here,
we know that substrate noise couples at low frequencies into the ground inter-
connect of the analog circuitry. The frequency range where this is valid depends
of course on the analog/RF system under test. As a rule of thumb, one can
assume that for noise frequencies lower than 100MHz substrate noise couples
into the ground interconnect of the analog/RF circuit. Hence the analog cir-
cuit either suffers from the bulk effect or ground bounce. In order to describe
the propagation of substrate noise from the noise source to the different re-
ception points of the analog/RF system only the substrate with its different
doped regions and the ground interconnect need to be taken into account by
the EM simulator. Hence, the EM simulator does not need to simulate all the
small details of the other interconnects. This significantly simplifies the EM
simulation test bench and reduces the EM simulation time significantly. Hence,
the substrate and the ground interconnect are characterized by an S-parameter
model.

Of course, there is still a need for a model of the signal interconnects to
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obtain a full simulation model of the circuit. Here, the idea is to trade the full
EM model for a lumped equivalent circuit of the connections. Fortunately, a
commercially available tool can be used to model the signal interconnects. A
parasitic extraction models the signal interconnects as an RC-mesh. This model
of the interconnects can easily being integrated into the complete simulation
model. Note that the simulation model now uses three types of models: EM,
RC-meshes and transistor models.

The RF models of the active devices are elegantly combined with the model
of the interconnects and the model of the substrate and the ground intercon-
nect in one simulation model. This simulation model characterizes the whole
analog/RF system. This simulation model can be used by the designer to apply
any circuit analysis. ãäåæçèéê ëìíçîäèìæï ðäñäëìèìòóôèñäòèìæïõïèóñòæïïóòèíæöóî÷ìñòçìè ëìíçîäèìæïðñóöìòèìæï æøëçùëèñäèó ïæìëóìíúäòè

ûüýíæöóîëþçùëèñäèóíæöóî
Figure 7.1: Block diagram of the proposed methodology

A block diagram representation of the methodology is given in Fig. 7.1. The
different simulations that are needed to predict the impact of substrate noise
on analog/RF systems are described in more detail and the user interaction
that is required is explained in detail.

7.2.1 EM simulation

The goal of the EM simulations is to characterize the propagation of substrate
noise from the noise source towards the different reception points of the ana-
log/RF system. Similar to the simulation methodology used in the previous
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chapter, the EM simulation starts from the layout of the analog/RF circuit.
The conversion from the layout to the EM environment involves four steps:

• Simplifying the layout;

• Building the EM environment;

• Setting up the EM simulation;

• Approximating the substrate transfer function;

Each step requires a certain amount of user interaction as will be explained
below in detail.

Simplifying the layout

The layout is simplified to reduce the simulation burden of the EM simulator.
In contrast with the simplifications of the previous chapter, this simulation
methodology does not characterize all the interconnects anymore. The layout
is stripped down until the ground interconnects and their connections to the
substrate remain. The remaining geometry can be further simplified by ap-
plying the same simplifications as used in the simulation methodology of the
previous chapter. The simplifications are summarized below but we refer to
Chapter 6 for more details of how to perform those simplifications.

• The different vias that connect the different metal layers are grouped.

• The edges of the interconnects are aligned.

• The ground plane that is slotted to satisfy the DRC rules, is replaced by
a filled metal layer.

• The transistors are removed from the layout as the EM simulator is not
able to solve the drift diffusion equations which are needed to characterize
the behavior of the transistors. Similar as in the previous chapter, the
idea is to place ports at the remaining transistor leads.

Building the EM environment

The simplified layout is then streamed into the EM environment. The sub-
strate, the Pwell, the silicon dioxide and the air box on top of the circuit are
included in this environment. Silicon boxes with zero conductivity are inserted
around the Nwells to model the depletion region of the corresponding PN junc-
tion.

Then, ports are placed. These ports form the interface between the EM
model and the external world. In this simulation methodology each transistor
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can be described with only one port. It is instructive to illustrate the reduc-
tion of the total number of ports on a small example. Consider a common
source transistor. In the previous chapter all the interconnects were modeled
in the EM environment. To characterize this transistor three ports were placed.
The drain, bulk and gate of the transistor were referred to its source. In the
methodology used here, the gate and drain connections of the common source
transistor are modeled by a parasitic extraction tool and therefore no ports
need to be placed at those connections. Only one port is placed at the bulk of
the transistor referred to its source.

A circuit consisting of n transistors and one substrate contact therefore
needs only n+1 ports. Consequently the EM simulator needs to solve (n+1)2 S-
parameters. Compared to the simulation methodology of the previous chapter,
this is a significant reduction of the total number of ports. The simulation
methodology of the previous chapter needs 3n ports per transistor and thus
the EM simulator solves (3n + 1)2 S-parameters. Reducing the number of
ports lowers the complexity of the simulation and also prohibits convergence
problems.

Finally ports are placed at the external ground connections.

Setting up the EM simulation

Once the EM environment is built, the EM simulation can be set up. The
S-parameters are solved at the different ports for a user given frequency range
and tolerance. The resulting S-parameters characterize the substrate and the
ground interconnect.

Approximating the substrate transfer function

This last step is not always necessary. This step guarantees smooth conver-
gence of the circuit analysis and ensures good extrapolation to DC of the S-
parameters. Therefore a lumped model is built that approximates the transfer
function from the aggressor (the substrate contact) to the different reception
points of the analog circuit (the victim). Therefore the resulting S-parameter
matrix is converted into a Y-parameter matrix. In this Y-parameter matrix Yij

reflects the admittance from node i to node j. The different Yij ’s are approx-
imated by a lumped network. Since the EM environment consists of a large
number of ports, this may require a lot of modeling. However, one can define a
global admittance function for a set of ports that share the same ground plane.
The admittance Yij between the nodes that share the same ground plane is
close to infinity (resistance close to zero) because the different nodes are al-
most shorted by the ground plane. Hence, the global admittance function from
the aggressor (the substrate contact) to the set of nodes that share the same
ground plane can be approximated as
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Yglobal =
∑

i

Yi,j (7.1)

where i reflects the nodes that share the same ground plane, j reflects
the aggressor node. Since the aggressor is in our case a substrate contact,
substrate noise origins from one single node. This global admittance function
is then approximated by a lumped network. Working with global admittance
functions reduces the modeling effort.

7.2.2 Parasitic extraction

The parasitic extraction also starts from the layout (see Fig. 7.1). The inter-
connects are meshed into rectangles. Each of the rectangles is then modeled as
an RC-network. The capacitance of the interconnect is determined based on
its geometry and the dielectric properties of the oxide. The parasitic resistance
of the interconnect is determined based on its geometry and its sheet resis-
tance. The different RC-networks are then automatically connected to each
other and to the active and passive devices. Such a parasitic extraction can be
performed with software like Calibre [75] PEX. The resulting RC network can
be simplified by using a order reduction modeling technique.

7.2.3 Circuit simulation

A simulation model that fully characterizes the analog/RF circuit is con-
structed. The three models, The substrate and the ground interconnect are
represented by an S-parameter box resulting from the EM simulation or are
represented by an approximated lumped network. The model for the substrate
and the ground interconnect is included into the netlist together with the RF-
models of the different devices and the lumped model of the parasitics of the
signal routing provided by the parasitic extraction. The analog designer can
apply any analysis on this simulation model. If the system under test is dif-
ferential, the mismatch between two identical transistors must be considered
as well. Mismatch is caused by the process variability on the width (w) and
threshold voltage (vth) between two identical transistors. The statistic nature
of these variations implies that it is not possible to include the exact amount of
mismatch [76]. Rules of thumb were used to estimate the mismatch, namely:

σvth =
5mV µm√

W · L
and

σβ

β
=

0.02µm√
W · L

(7.2)

where W and L are respectively the width and the length of the MOS
transistor. σ is the standard deviation, β is the current factor [76]. Eq. (7.2)
shows that mismatch increases when the transistor scales down. To include
mismatch effects the width of one of the two identical transistors is changed.
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Furthermore, an ideal DC voltage source is placed at the gate of this transistor
to model the mismatch on the threshold voltage of the transistor.

The corresponding waveforms of the analysis will give insight in how sub-
strate noise couples into the ground interconnect of the circuit and how the
resulting ground bounce affects the performance of the circuit. How this anal-
ysis is performed, is the subject of the next section.

7.3 Analyzing the impact of substrate noise in
analog/RF systems

Once the simulations are performed, the designer can start to analyze the
impact of substrate noise in the analog/RF system under test. Remember that
the impact of substrate noise is determined by three aspects:

• The generation of substrate noise

• The noise propagation mechanism is described by the transfer function
from the noise source to the reception point;

• The sensitivity of the reception point to substrate noise;

The product of these three aspects determines the impact of substrate noise
in an analog/RF system. The first aspect is not covered in this book. The dig-
ital circuitry is replaced by a substrate contact that is excited with an external
signal. Hence, the analysis of the impact of substrate noise in analog/RF sys-
tems focuses on the latter two aspects. This section explains how the different
performed simulations give insight in the propagation of substrate noise and
the different substrate noise coupling mechanisms.

7.3.1 Analysis of the propagation of substrate noise

Substrate noise propagation is mainly an electric effect. Hence, the propaga-
tion from the substrate contact toward the different reception points of the
analog/RF circuit is proportional to the electric field strength. Therefore the
substrate noise propagation can be visualized by plotting the simulated electric
fields in the HFSS environment. Analyzing the electrical fields values in the
whole structure, determines how much substrate noise couples into a reception
point.

7.3.2 Analyzing the substrate noise coupling

The complete simulation model allows the designer to apply any circuit analy-
sis. Combining different types of circuit analysis allows to reveal how substrate
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noise couples through the analog/RF system. Moreover, since the designer has
a simulation model to characterize the whole analog/RF system, he can start to
manipulate the simulation model to gain insight in the substrate noise coupling
mechanisms like for example:

• Sensing the voltages and currents at the different nodes allows to monitor
the propagation of substrate noise through the analog/RF circuit.

• Disabling coupling mechanisms. If the designer suspects that the domi-
nant substrate noise coupling mechanism occurs through the ground in-
terconnect of a particular transistor, he can connect the ground of this
transistor to the ideal ground and monitor if the power of the spurs is
decreased. If the power of the spurs is decreased, the designer has iden-
tified the transistor that needs to be shielded the most against substrate
noise. In this way the substrate noise immunity of the whole analog/RF
system can be improved in an iterative way.

• Removing mismatch. If the designer suspects that the mismatch of a
particular transistor contributes to the generation of a certain spur, he
can remove the mismatch on that transistor and again monitor if the
power of the spurs is decreased.

Of course, there are much more manipulations of the simulation model
possible that gives insight in the substrate noise coupling mechanisms. The type
of manipulation depends on the analog/RF circuit itself and on the experience
of the designer.

7.4 Substrate noise impact on a 48-53 GHz LC-

VCO

The proposed methodology is first applied on a small analog circuit. The reason
for this is threefold: first, it allows to show the proposed methodology under
practical constraints. The second reason is that this circuit is small enough
to allow to verify if the prior knowledge that the substrate noise coupling at
low frequencies happens mainly in the ground interconnect of the circuit is
applicable. Further, it also allows to determine if this approximation does not
compromise the accuracy of the power of the predicted spurs. To that end, the
proposed methodology is applied on the same analog circuit as the one used
in the previous section. This allows us also to assess the performance of the
proposed methodology to the simulation methodology of the previous chapter.

186



7.4.1 Description of the LC-VCO

The VCO under test is described in the previous chapter. The VCO shows
to have a good performance and therefore is a good candidate to study the
impact of substrate noise. This section shortly rehearses the most important
properties of this VCO. The VCO under test is a 48-53 GHz LC-VCO that
is designed in a UMC 0.13µm CMOS technology. The frequency of the VCO
is determined by the resonance frequency of the LC-tank. The losses of this
LC-tank are compensated by the gain of the cross-coupled NMOS transistor
pair. The current through the core of the VCO is determined by an NMOS
current mirror (see Fig. 7.2). The VCO is buffered with source followers.

The LC-VCO offers a phase noise performance of -84 dBc/Hz at 1 MHz
offset frequency and a tuning range of 10%. The VCO core draws 4.5 mA from
a 1 V power supply.
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Figure 7.2: Schematic of the mm-wave LC-VCO

7.4.2 Simulation setup

The proposed methodology consists of three simulations discussed in detail
next:

1. An EM simulation that characterizes the substrate
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2. A parasitic extraction that models the parasitics of the interconnects

3. A circuit simulation that fully characterizes the impact of substrate noise
on the circuit.

Vtune

Substrate
 contact

(a) (b)

Figure 7.3: (a) The original layout (b) The stripped layout

EM simulation

A finite element model of the substrate and the ground interconnect of the mm-
wave VCO is built. The layout of the VCO is stripped until only the ground
interconnect and the connections to the substrate remain (see Fig. 7.3). This
means that all the other interconnects are deleted in the layout editor. In this
case the ground interconnect is layouted as a ground plane. This ground plane
shields the long interconnects from the substrate. In order to demonstrate this
shielding effect, the transfer function between the substrate and the V tune
interconnect of the VCO, which is approximately 500 µm long (see Fig. 7.3),
is simulated with and without the ground shield. The simulation results are
shown in Fig.7.4. Note that a ground plane enhances the isolation of the inter-
connect with approximately 30 dB in the frequency range of interest. Similar
results are obtained in [77]. Remember that the impact of substrate noise does
not only depend on the isolation but also on the sensitivity of the perturbed
node.

After simplifying the layout, the remaining geometry of Fig.7.3b is imported
into the EM simulator (HFSS) as explained in Chapter 2. In the HFSS envi-
ronment, one lumped port is placed for each transistor. An additional lumped
port is also placed at the substrate contact. This substrate contact is used
to inject substrate noise into the substrate and hence replaces the switching
digital circuitry. Consequently, the HFSS environment counts 9 ports. This
environment is simulated from DC up to 60 GHz with a minimum solved fre-
quency of 50 MHz and a maximum error of the S-parameters of 0.01. The
HFSS simulation takes about 37 minutes on a HP DL145 server.
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Figure 7.4: Influence of the ground shield on the transfer function between the
substrate and the V tune interconnect.

Parasitic extraction

An RC parasitic extraction is performed on the original layout with Calibre
PEX [75]. The RC-extraction takes 10 minutes on an HP Proliant DL145G1
platform.

Circuit simulation

The resulting S-parameter box from the HFSS simulation and the RC-mesh
of the parasitic extraction are merged with the RF-models of the devices into
one netlist. In this example, it was not necessary to model the S-parameter
box as a lumped network. A periodic AC analysis is performed on this netlist
with spectreRF [30]. This analysis takes 2 minutes on a HP Proliant DL145G1
platform. The resulting waveforms at the different nodes of the circuit reveal
the dominant substrate noise coupling mechanisms.

Fig. 7.5 shows that the relative power of the sideband spurs match both
for the simulation methodology of the previous chapter as the newly proposed
simulation methodology. Similar conclusions about the substrate noise cou-
pling mechanisms can also be drawn. However in the simulation methodology
of the previous chapter the EM simulator needed to simulate all the details of
the interconnects and the passive devices. As a consequence the EM simulator
had to solve the S-parameters at 28 ports instead of 9. The EM analysis took
7.5 hours on the same HP DL145 server. This means that our newly proposed
methodology is 15 times faster. Furthermore, it is much easer to set up the EM
environment. However, compared to the simulation methodology of the previ-
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ous chapter an additional parasitic extraction needs to be performed. This does
not form an obstacle as analog/RF and mm-wave designers routinely perform
a parasitic extraction on their designs to estimate the capacitive loading of the
circuit.
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Figure 7.5: (a) Predicted sideband spurs with the newly proposed methodology.
(b) Predicted sideband spurs with the simulation methodology of the previous
chapter. Both methodologies obtain similar results.

7.4.3 Conclusion

The refined simulation methodology is used to predict the impact of substrate
noise on a 48-53GHz LC-VCO. The power of the spurs is predicted as accurate
as the simulation methodology of the previous section. However, the newly
proposed methodology is 15 times faster. This clearly shows that the prior
knowledge that substrate noise couples at low frequencies into the ground in-
terconnect is applicable. Hence, the proposed methodology can be used to
analyze the impact of substrate noise in larger analog/RF circuits and even
on analog/RF systems. The next section uses this methodology to predict the
impact of substrate noise on a 5GHz wideband receiver.
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7.5 Impact of substrate noise on a DC to 5GHz

wideband receiver

The main goal of the proposed methodology is to predict the impact of substrate
noise on analog/RF systems in general. To that end, the general applicability
of the proposed methodology is demonstrated on a DC to 5GHz wideband re-
ceiver. This receiver is totally different than the mm-wave VCO of the previous
section and thus the noise coupling mechanisms can be expected to be totally
different. The receiver is integrated in a UMC 90nm technology on a lightly
doped substrate of 20Ωcm. Note that this is technology is different than the
one used for the mm-wave VCO of the previous section. This shows that our
proposed methodology is technology independent.

An overview of the complexity of the receiver is given first. The receiver
achieves state-of-the-art performance and is therefore a representative candi-
date to study the impact of substrate noise. Next, the proposed methodology
is applied and a simulation model is constructed in a way that is similar to the
simulation setup of the LC-VCO. The different substrate coupling mechanisms
are discussed and finally the simulations are validated with measurements.

7.5.1 Description of the wideband receiver

In order to predict and to understand the different substrate noise coupling
mechanisms, it is mandatory to understand how the analog/RF system is
built. Therefore this section shortly describes the different analog/RF circuits
of which the wide band receiver consists. The receiver is realized in a 90nm
digital CMOS technology and offers an acceptable performance for a low area
of 0.06 mm2. �� ��� ���������
Figure 7.6: The receiver is a cascade of an LNA, a balun, a mixer and an output
buffer.

It consists of a cascade of an inductorless LNA, a balun, a downconversion
mixer and an output buffer (see Fig. 7.6). Every circuit of the receiver is briefly
described below.

• The LNA consists of a cascode amplifier with source follower feedback
path[78] (see Fig. 7.7a). Resistive degeneration in the feedback improves

191



�
������� �� ! �� "

#$ %&'���
()* (+,-.

/
#$0 #$1

�23�24564�27
8�! 8�!8�" 8�" 9

���#$ :#;<%&'1 %&'0(+,-. (+,-.(.=))

#$0 #$1
���%&'0 %&'1>

Figure 7.7: Schematic of the different subcircuits.

the linearity.

• The balun consists of a differential pair (see Fig. 7.7b). The differential
pair is loaded with resistors whose value is chosen to maintain the high
bandwidth at the price of gain.

• A mixer has been designed for low 1/f-noise (see Fig. 7.7c). Very low
current biases the switches while the transconductor stage draws the main
current for high conversion gain. A common-mode feedback ensures DC
stability of the mixer.

• The output buffer consists of a differential source follower (see Fig. 7.7d)
that drives the 50 Ω load of the measurement equipment while maintain-
ing the linearity of the overall circuit.

All the circuits of the receiver do share the same ground. The different
bias and supply lines are decoupled toward that ground with a large amount of
MOS-based capacitors and MOM-capacitors. A custom IO-ring is made which
provides sufficient ESD-protection for bonding purposes.

The whole receiver provides DC-to-6 GHz amplification and downconver-
sion. The receiver achieves an overall conversion gain of 33 dB (see Fig. 7.8)
and a NF down to 3.7 dB.

The measured OIP3 is 2.4 dBm at 1 GHz and the 1dB compression point
is -41dBm (see Fig. 7.9). The linearity of this wideband receiver is studied in

192



0.5 1 2 3 4 5 10
10

20

30

40

RF frequency  (GHz)

C
on

ve
rs

io
n 

ga
in

 (
dB

)

Figure 7.8: Measured and fitted conversion gain for a fixed IF frequency of
10 MHz

detail in [79].
Gaining insight in the different coupling mechanisms is complicated due to

the large number of devices, the different feedback loops and the frequency
translation introduced by the mixer. Moreover the nature of the coupling can
be either be resistive or capacitive or both. When the designer lacks insight in
the different substrate coupling mechanisms, it is very difficult - and close to
impossible - to improve the immunity against substrate noise.

7.5.2 Simulation setup

EM simulation

The EM simulation setup is similar to the simulation setup of the LC-VCO.
The layout of the receiver is also stripped until only the ground interconnect
and the connections to the substrate remains.

The initial layout (a) and the simplified layout (b) are shown in Fig. 7.10.
Then, the layout is streamed in the HFSS environment.

The careful reader notices that the VCO only contains NMOS devices and
thus the EM simulation did not have to deal with the N-doped regions like for
example the Nwell of the PMOS device and the MOS-based capacitors. As
explained in Chapter 2, the capacitive behavior of the PN-junction is modeled
by inserting a silicon box with zero conductivity around the Nwell. The width
of the silicon box is determined by the PN-junction capacitances as explained
in Chapter2.
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Figure 7.9: Measured 1dB compression point at 1 GHz

The width of the depletion region at the lateral sides of the Nwell is 200nm
and at the bottom side 1.1µm. The depletion width at the lateral side of the
Nwell is much smaller than on the bottom side of the Nwell because the Pwell
has a higher doping concentration than the lightly doped P-substrate. For
small Nwell regions substrate noise will couple more through the lateral sides
of the Nwell than through the bottom side of the Nwell.

The wideband receiver counts a large number of Nwell’s. Not only the
PMOS devices do have an Nwell, also the MOS-based decoupling capacitors
are shielded by an Nwell (see Fig. 7.10b). The Nwell’s of the decoupling ca-
pacitors are biased at the ground potential. An Nwell biased at the ground
potential still behaves capacitive [35]. In the EM environment, all the Nwell’s
are surrounded by a silicon region which models the depletion region of the
PN-junction. Further, the HFSS environment is finalized with an airbox, the
substrate and the Pwell similar to the HFSS environment of the VCO (see
Fig. 7.12).

Afterwards ports are placed at the transistor locations and at the substrate
contact. This HFSS environment is simulated from 100 MHz up to 2 GHz
with a minimum solved frequency of 100 MHz and a maximum error of the
S-parameters of 0.02. The HFSS simulation takes 1 hour and 33 minutes on a
HP DL145 server which is very acceptable considering the complexity of the
receiver.

194



(a)

Substrate contact

(b)

Nwell NCAP

Figure 7.10: (a) Original layout (b) Stripped layout
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Approximating the substrate transfer function

To guarantee smooth convergence of the circuit analysis and to ensure good
extrapolation of the S-parameters, the resulting S-parameter box is approxi-
mated by a first order RC-network as explained in section 7.2.1. Fig. 7.11 shows
the global transfer function between the substrate contact and the ground in-
terconnect at the input transistor of the LNA (see 7.7a). The error made by
this approximation is less then 1 dB. This RC-network and the RC-mesh of
the parasitic extraction is merged with the models of the passive and active
devices into one netlist.
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Figure 7.11: Overall transfer function between the substrate contact and the
ground plane of the receiver.

7.5.3 Parasitic extraction

The second simulation is a RC parasitic extraction. It is performed with
Calibre PEX and takes 15 minutes on a HP Proliant DL145G1 server. The
resulting RC meshes are automatically connected to the transistors in the
simulation model.

7.5.4 Circuit simulation

The third and final simulation is a circuit simulation. The models of the
substrate and the interconnects are merged with the RF-models of the different
devices. Then mismatch effects are introduced as explained in section 7.2.3
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Figure 7.12: View of the HFSS environment

because they play an important role in the propagation of substrate noise
through the receiver. Once the simulation model is complete, the simulation
environment is setup and a transient simulation is performed as explained
below.

Exciting the receiver

The receiver is excited by a sine wave with a frequency that is chosen to be
1.04GHz. Its power is chosen to be -50dBm. The power of the sine wave
is well below the 1 dB compression point of the receiver. This sine wave is
downconverted to IF frequencies with an LO-signal of 1.02 GHz and a power
of -3 dBm. The IF frequency band of interest is centered around 20 MHz. The
substrate can be excited independently by any signal of the designers choice.
Since the substrate can be considered to behave linear, the power of the spurs
scale linearly with the applied power. Note that the substrate behaves linear
but that substrate noise couples through a nonlinear receiver. In this case we
excite the substrate with a square wave of 12.5 MHz because such a signal has
a large number of harmonics which are visible in the IF band of interest. This
square wave has an overall power of 0 dBm, a rise and fall time of 200ns and
a duty cycle of 60%. The square wave is modeled based on measurements as a
multitone of 8 tones.
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Transient simulation

A transient analysis is then performed using SpectreRF [30] on the simulation
model of the receiver. The transient simulator is set up correctly: a small
simulation step is mandatory to sample the high-frequency signal accurately.
The simulator can only be stopped when the transient effects are faded away
and when enough periods of the fundamental frequency are captured. The
transient analysis takes about one hour on a HP Proliant DL145G1 platform.
The resulting waveforms are discussed in the next subsection.

7.5.5 Revealing the dominant coupling mechanism

First, this section builds up insight in the propagation mechanisms of substrate
noise. Next, the coupling of substrate noise into the receiver and the generation
of spurs will be discussed.

Propagation of substrate noise

Since substrate noise propagation is known to be mainly an electric effect,
the propagation from the substrate contact toward the ground plane of the
receiver is proportional to the electric field strength. Therefore the substrate
noise propagation can be visualized by plotting the simulated electric fields
in the HFSS environment. Fig. 7.13 shows the electric fields evaluated at the
bottom of the Pwell, the ground plane and the Nwells at the minimum solved
frequency of 100 MHz.

From this figure, it can be seen that the magnitude of the electric fields
in the ground plane increases in the neighborhood of the substrate contact.
This seems to be counterintuitive. At low frequencies one would expect that
substrate noise couples resistively into the receiver. In the region that is close
to the substrate contact there is no resistive connection from the ground plane
of the receiver to the substrate. The only resistive connections to the sub-
strate are located nearby the transistors of the receiver and these are located
further away from the substrate contact. This means that substrate noise
coupling is already dominated by capacitive effects at frequencies that are as
low as 100 MHz. Substrate noise couples dominantly through the Nwell’s of
the MOS-based decoupling capacitors to the ground interconnect and causes
ground bounce. Remember that the Nwell’s of the decoupling capacitors are
biased at the ground potential. Since it is a good design practice to decou-
ple the bias lines as much as possible, there are many MOS-based decoupling
capacitors and consequently a large amount of Nwell’s where substrate noise
can couple through. It is also interesting to see that substrate noise couples
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Figure 7.13: Simulated electric field in the ground interconnect, the Pwell and
the Nwell’s

more through the lateral side of the Nwell than through the bottom side (see
Fig. 7.13). The Nwell regions of the PMOS transistors are much smaller. Their
effect is at least 30 dB lower and can safely be neglected.

As a consequence, substrate noise couples mainly capacitively into the
ground plane. A part of the substrate noise is then drained through the two
main connections (A and B on Fig 7.13) from the ground plane toward the
PCB. Yet another part of the substrate noise reaches the transistors of the
receiver, where it jeopardizes its performance.

In conclusion, the propagation of substrate noise is shown to be quite
complex. The substrate flow is multi-dimensional as is shown in Fig. 7.14.
This figure shows the magnitude of the electric fields in the substrate. Small
layout details such as Nwell’s clearly do influence the substrate noise prop-
agation. In this case the Nwell’s even dominate the substrate noise propagation.

Substrate noise coupling

When substrate noise couples into the receiver, spurs are created by different
mechanisms. Therefore it is interesting to first identify the origin of the spurs.
In order to do this, it is important to rephrase that the receiver is excited at
its input (RF ) with a sine wave of 1.04GHz (=fRF ) and its LO input (LO)
with a sine wave of 1.02 GHz (=fLO). Furthermore the substrate (SUB) is
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Figure 7.14: The current flow in the substrate is multi-dimensional

excited with a square wave of 12.5MHz (=fSUB). Fig. 7.15 shows the simulated
differential output spectrum of the receiver from DC up to 50 MHz.

One can immediately identify the wanted tone located at 20MHz (fRF −
fLO) and its second harmonic located at 40MHz (2 ·fRF −2 ·fLO). The other -
unwanted - spurs are created by the impact of substrate noise. Only the spurs
with a differential output power higher than -76 dBm are considered because
those spurs can be later on validated with measurements. The measurement
noise floor is -76 dBm. Table 7.1 summarizes the frequency mixing process
behind those unwanted spurs. The spurs can be classified into two groups.
According to Table 7.1 the first group of spurs is the result of an up-conversion
with the RF-tone of the receiver followed by a down-conversion by the LO-tone
of the receiver. Hence the spurs lie in the IF band. To get more insight in
the generation of these spurs, the single-ended simulated output is compared
with the differential output spectrum (see Fig. 7.15) . For the first group of
spurs the single-ended simulated power lies 6 dB lower than for the differential
power. This means that the first group of spurs propagates through the circuit
as a differential signal. Hence, they are very harmful because they can not be
distinguished from the desired signal (fRF − fLO). The second group of spurs
contains all spurs that couple directly to the output without frequency transla-
tion. Here, the single-ended output power lies much higher than the differential
output power. This indicates that those spurs propagate as a common-mode
signal and can be removed by additional circuitry. Note that in the single-
ended output spectrum of Fig. 7.15, those spurs reach the highest power levels
and will thus create the most distortion in the receiver.

At this point, the spurs are categorized and now the substrate coupling
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Figure 7.15: Simulated output spectrum of the receiver. The red ’•’ is the
differential output. The blue ’�’ is the single-ended output. The black line
represents the measurement noise floor.

Frequency Power Origin
(MHz) (dBm)

Group 1
17.5 -72 fRF -fLO-3xfSUB

5 -66 fRF -fLO-2xfSUB

7.5 -58 fRF -fLO-fSUB

32.5 -58 fRF -fLO+fSUB

45 -66 fRF -fLO+2xfSUB

Group 2
12.5 -67 fSUB

25 -71 2xfSUB

Table 7.1: Spurs generated by substrate noise from DC up to 50MHz.

201



mechanisms will be revealed for each group of spurs separately. The nonlinearly
induced spurs (group 1) are generated by capacitive coupling of substrate noise
into the ground plane, causing ground bounce (see Fig. 7.11). The source of
the input transistor of the LNA is the most sensitive to ground bounce because
any signal that couples into this device is converted to a differential signal by
the Balun and is amplified throughout the whole receiver chain. This explains
the differential nature and the high power of the spurs.

The linear feedthrough group (group 2) of spurs is generated by a differ-
ent coupling mechanism. Here, mismatches between the LO-transistors are
responsible for the unwanted spurs in the differential output spectrum. Those
mismatches involve variations in the threshold voltage vth and in the width w
of the LO-transistors but also phase mismatches in the external Balun which
is used to generate the differential LO signal. Fig. 7.16 compares the simu-
lated output spectrum without mismatches with the one where mismatches are
considered. Without mismatch, the common-mode spurs cancel each other per-
fectly (see Fig. 7.16b). When mismatch effects are included, this common-mode
cancellation is incomplete, and thus the power of those spurs, is the residual of
an imperfect cancellation (see Fig. 7.16a). This shows that it is mandatory to
include mismatch induced effects in simulation in order to be able to accurately
characterize all the unwanted spurs.
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Figure 7.16: (a) Simulation with mismatches (b) Simulation without mis-
matches. The black lines reflects the measurement noise floor.

7.5.6 Experimental verification

Experimental verification is indispensable. Measurements on real-life IC’s are
indeed needed to build up the confidence in the proposed methodology. First,
it will be demonstrated that the impact of the aggressor, which is a square
wave of 12.5MHz, is correctly modeled. Next, the measured output spec-
trum of the full receiver will be compared against the corresponding simulation.
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Verification of the properties of the aggressor

The aggressor signal is a 12.5 MHz square wave that contains 0dBm power. A
perfect symmetrical square wave has only odd harmonics. In order to create
also even harmonics the duty cycle is set to 60%. The signal is generated
by a waveform generator and is measured with a oscilloscope to obtain both
amplitude and phase information. The corresponding complex spectrum is
modeled in the circuit simulator up to the 8th harmonic by 8 current sources
connected in parallel and terminated with a 50Ω resistor. The latter sets
the output impedance level of the source. There is an excellent agreement
between the time domain waveforms of the used model and the oscilloscope
measurements (see Fig. 7.17). Injecting such a square wave into the substrate
contact that is located close to the receiver, is therefore representative to
verify the performed simulations.
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Figure 7.17: Measured versus modeled substrate signal. The black line cen-
tered around zero, reflects the error between the measured and the simulated
waveforms.

Verification of the output spectrum of the receiver

The IC of the wide band receiver (see Fig. 7.18) is mounted on a PCB. The
receiver is excited with the same signals as the ones used during simulation.
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Figure 7.18: Chip photograph of the DC-to-5GHz wideband receiver

The RF-input is excited with a 1.02GHz sine wave signal with a power of -
50dBm. This signal is provided by a continuous wave generator. The LO
signal has a frequency of 1.04GHz and -3dBm power is also provided by a
continuous wave generator. The substrate is excited by the square wave as
shown above. The positive and the negative output of the receiver are combined
with a Balun. The differential output spectrum is measured from DC up to
50 MHz with a spectrum analyzer. As the spectrum analyzer only provides
amplitude information, we can only compare the amplitudes of measured and
simulated spectra. All the sources are synchronized with the 10MHz reference
frequency of the spectrum analyzer to avoid frequency drift.

Fig. 7.19 shows the measured and simulated differential output spectrum.
The error in dB is marked on top of each spur. There is a very good agreement
for the nonlinearly induced spurs (group 1). A good agreement is also obtained
for the linear feed trough group of spurs (group 2) when an amount of mismatch
is introduced that is equal to 1.3σ according to eq. 7.2.

Therefore it can be concluded that the methodology successfully incorpo-
rates the dominant substrate coupling mechanisms of the complete receiver.

7.6 Conclusions and discussion

7.6.1 Conclusions

This chapter reduces the long simulation time that is inherent to the simulation
methodology of the previous chapter by taking advantage of the prior knowl-
edge that substrate noise usually couples at low frequencies into the ground
interconnect of a analog/RF circuit. The newly proposed methodology shows
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Figure 7.19: Measured versus simulated differential output spectrum. The
error in dB between simulations and measurements is marked on top of each
spur

to be at least one order of magnitude faster and can be used in an early stage
of the design cycle. The main stronghold of this methodology is that it can
easily be used by analog/RF designers. Indeed, this methodology combines the
strength of three commercially available tools that are often used by analog
designers: the EM simulator, the parasitic extractor and the circuit simula-
tor. Moreover, the designer does not have to worry about doping profiles. The
capabilities of the methodology are demonstrated by means of two examples.
First the substrate coupling mechanisms are revealed on an mm-wave LC-VCO.
The second example is a wideband receiver. In just a few hours, the impact of
substrate noise can be predicted on such a large circuit. As a proof of concept,
all the performed simulations are successfully validated with measurements.

7.6.2 Discussion

The proposed methodology implicitly assumes that substrate noise couples at
low frequencies into the ground interconnect. From our experience this is usu-
ally the case but one can think of specific cases where this assumption is not
valid. Fortunately, the designer can involve any other interconnect in the EM
simulation. For example: if the designer suspects that substrate noise couples
dominantly into the input interconnect of the LNA, the designer can easily in-
clude this interconnect into the EM environment and check with the proposed
methodology if the input interconnect of the LNA influences the substrate noise
coupling mechanisms or not. Adding the input interconnect of the LNA into
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the EM environment will not affect the simulation time too much.
In any case, if substrate noise does not couple dominantly into the ground

interconnect, there is still no need to involve all the interconnects of the ana-
log/RF system in the EM environment. In worst case, the designer will need a
few try-outs based on the insight in the analog/RF system, before the dominant
substrate noise coupling mechanisms can be revealed.

Further, the total of number of ports can drastically been reduced. If the
impedance of the ground interconnect is larger than 1Ω it is not necessary to
place one port per transistor. One can assume that substrate noise will cause
ground bounce. Hence the bulk-effect can be neglected. One can then divide
the entire ground interconnect in a number of regions. Each region is then
assumed to be equi-potential. The designer needs to place one port per region
and hence the number of ports does not depend anymore on the number of
transistors but one the number of user-defined regions. The number of regions
is a trade-off between accuracy and complexity/simulation time. This has been
tried on the example of the wideband receiver. As the receiver uses one ground
plane, the transfer function from the substrate contact to the ground plane can
be modeled with two ports only. Depending on the location of the port on the
ground interconnect, this results in a worst case error of 10%.
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Chapter 8

Recommendations for
future work

8.1 Major achievements

Throughout this work, we developed a methodology to predict the impact of
substrate noise on analog/RF systems. However, the ultimate dream of the
designer is not realized. It is not (yet) possible to obtain a simulation tool that
can be fed with any SoC-design with all his details. After a few minutes (or
less) the simulation tool responds with an accurate prediction of the impact
of the digital switching activity on the analog/RF system. Even if this dream
is not fulfilled, this work contributes to its realization. The most important
achievements in this work are:

• An EM simulator can be used to analyze the substrate noise problem:
With the recent developments of the EM simulators, the EM solver be-
came a viable candidate to model the substrate noise propagation.

• Combining the capabilities of the EM simulator together with the circuit
simulator enables to include active devices in the substrate noise analysis.
In this way, it is possible to predict the impact of substrate noise on
analog/RF systems with a reasonable ease and a good accuracy.

• Revealing the coupling mechanisms between a Power Amplifier (PA) and
an LC-VCO : Up to now, the dominant coupling mechanisms between a
PA and a VCO were never revealed, nor quantified in a CMOS technol-
ogy. This work revealed with measurements that the dominant coupling
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path between a PA and a VCO is through the common substrate. Ex-
perimental validation by real measurements shows that after silencing
the substrate, the dominant coupling mechanism becomes the magnetic
coupling between the bond wires of the PA and the VCO.

• Accurate prediction of the impact of substrate noise on analog/RF sys-
tems is possible: Never before, the impact of substrate noise is predicted
in detail on large systems with hundreds of devices, with such a good
accuracy and in such a short simulation time. The methodology was able
to predict, the impact of substrate noise on a 5GHz wideband receiver
with an accuracy of less than 2dB in less than two hours simulation time.
The gained insight in the substrate noise coupling mechanisms leads to
better layout and circuit design techniques that increase the immunity of
the analog/RF system to substrate noise.

• The benefits of 3D-stacked systems to reduce the substrate noise coupling :
Up to now, the benefits of 3D-stacking in terms of substrate noise isolation
were never investigated, nor quantified. Simulations predict that there is
a potential for 3D stacked systems to reduce the substrate noise coupling.
But they also warn that the substrate noise currents can travel from one
die to the other through the PCB interconnects. If no attention is paid to
the proper routing of the PCB interconnects, almost all the enhancement
of the substrate noise isolation is lost.

There is a strong belief that the proposed methodology to solve the substrate
noise problem has much more to offer! Therefore recommendations are made
for future work as shown below.

8.2 Recommendations for future work

8.2.1 Triple well shielding in analog circuits

In Chapter 3, it is shown with measurements and simulations that the triple
well option has a huge potential to shield analog circuits. Chapter 3 shows
with an example that at a frequency of 50MHz, the triple well guard ring
offers an additional 50dB of isolation. However, I am personally wondering if
the 50dB of isolation would be obtained in the more realistic case where an
analog/RF circuit is shielded with the triple well option. My skepticism has
different reasons:

• Only NMOS transistors can be shielded with the triple well option. If the
dominant substrate noise coupling path is through another device, this
triple well option is useless. For example, the dominant coupling path in
the case of the wideband receiver in Chapter 7 is through the decoupling
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Figure 8.1: Die photograph with the twin well and the triple well VCO’s.

capacitors. In this particular case, no extra isolation would be gained by
shielding the NMOS transistors.

• In Chapter 4, the substrate noise isolation of a common-source configured
NMOS transistor is investigated in the two cases where the NMOS tran-
sistor is shielded by a triple well and where this extra well is not present.
Chapter 4 shows with measurements that the triple well option enhances
the isolation at low frequencies with 18dB. One would expect an isolation
enhancement of 50dB as was shown in Chapter 3 with measurements of
the triple well guard ring. I suspect that at very low frequencies, the
PN-junction acts more as a resistor than as a capacitor. This can be
explained by dopant imperfections of the PN-junctions. The value of
this resistance is not included in the design kits and is thus difficult to
integrate in the substrate noise methodology.

In order to decide whether it is worth to purchase the triple well option
or not, a dedicated experiment is designed. The experiment consists of two
VCO’s (see Fig. 8.1): in the first VCO the NMOS transistors are shielded
with a triple well option. In the second VCO this triple well option is not
present. The two VCO’s were processed and measured. The performance of
the VCO is summarized in table 8.1. From this table it can be seen than the
VCO has a good performance. Unfortunately, a row of via’s was missing in the
substrate contact and thus no substrate noise could be directly injected into
the substrate. This mistake is fixed in a respin and the VCO’s are currently
reprocessed. Once reprocessed, one can asses the triple well option for analog
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circuits and use the methodology to predict the isolation enhancement of the
triple well option (if there is any).

Frequency Range 2.176GHz-4.284GHz
Phase Noise -118.5dBc/Hz at 1MHz offset

Power Consumption 4.4mA
Output Power -3dBm

Table 8.1: Performance summary of the VCO’s.

8.2.2 The use of a limiter to remove AM spurs

In Chapter 5, it is shown that a limiter removes the AM spurs caused by
substrate noise coupling. The limiting operation was performed with MAT-
LAB software. I am wondering to which extent an integrated CMOS limiter
would limit the AM spurs. Therefore a CMOS limiter is designed consisting
of three stage differential common-source logic inverter chain (see Fig. 8.2).
Such a limiter is placed behind the VCO of the preceding section (see Fig. 8.3).
Measurements show that the limiter offers a full swing square wave output.
Unfortunately, also this experiment suffered from the same problem as in the
previous section: a row of contacts is missing in the substrate contact and thus
no substrate noise could be injected in the substrate. Also this experiment is
currently reprocessed.

Z[\]Z[\^
_`a b̀`cd e`feg b̀hij

kllmno mnpZ[\pZ[\oqmrs tnu
Figure 8.2: The limiting circuit consists of a three stage differential common-
source logic inverter chain.

8.2.3 Modeling the coupling between a PA and a VCO

As pointed out in the previous section, the methodology to predict the impact
of substrate noise has much more to offer. To my opinion, it is possible to use
the methodology to model all the coupling mechanisms between a PA and a
VCO with a reasonable ease and a good accuracy. Here, the EM simulators
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Figure 8.3: Die photograph with the VCO with the limiting circuit.

have the advantage compared to other substrate noise tools like SubstrateStorm
[20] that also the magnetic fields are solved. Therefore, the magnetic coupling
between the on-chip inductors and the bond wires of the PA and the VCO can
be modeled altogether with the common substrate.

In order to obtain the more realistic case of PA-VCO coupling, a full PA is
designed and not just a last stage of a PA like the PPA described in Chapter
5. This PA is already measured as a stand-alone device and showed to have
good performance [80]. The PA covers the frequency range from 100MHz up to
6GHz and delivers an output power of 0dBm at 2.4GHz. The 1dB compression
point is 5.8dBm at 2.4GHz and the IIP3 is 15.5dBm at 2.4GHz. This PA is
integrated on the same die as the VCO described in the previous section. Using
the same VCO as in the previous section offers many benefits:

• The impact of substrate noise can be first analyzed on a stand-alone ver-
sion of the VCO. This experiment is described in the previous section.
One can then check if the frequency behavior of the spurs is similar with
the case where the VCO is aggressed by the PA. If the frequency be-
havior is similar, this is a good indication that the dominant coupling
path is again through the substrate. Otherwise, magnetic coupling is the
dominant coupling mechanism in this PA-VCO experiment as capacitive
coupling can again be safely neglected.

• One can use the stand-alone version of the VCO as an intermediate step
to model the coupling between the PA and the VCO. The modeling of
the impact of substrate noise on the stand-alone version can be reused to
model to different coupling mechanisms between the PA and the VCO.

211



Similar to the PPA-VCO experiment of Chapter 5, die seals are foreseen
between the PA and the VCO. By dicing both circuits, the coupling path
through the substrate can be eliminated. The remaining coupling between the
PA and the VCO is due to magnetic coupling between the on-chip inductors
or the bonding wires. Repeating the measurement experiments of Chapter 5
is a good check to determine if the conclusions of the PPA-VCO experiment
of Chapter 5 still hold. I suspect that substrate coupling will be even more
important than in the PPA-VCO experiment of Chapter 5. The reason for
this is that the bond wires of the PA and the VCO are located in such a way
that bond wire coupling between the PA and the VCO is minimized. The
countermeasures that are taken in this design to minimize bond wire coupling
are:

• The bond wire of the output of the PA is located as far as possible from
the VCO (see Fig. 8.4).

• The bond wire of the output of the PA is shielded by bond wires which
carry DC current like VDD and GND.

• The angle between the closest bond wire of the VCO and the bond wire
of the output of the PA is 90 degrees. The magnetic coupling between
two orthogonal bond wires is theoretically zero.

8.2.4 Conclusions

This section proposes three recommendations for future work. In this way,
one can get a step closer to the realization of the designers dream: one super-
tool that can analyze all the coupling mechanisms for any circuit in a short
simulation time with a good accuracy. The three recommendations for future
work are:

• Assessing the triple well option in analog/RF circuits.

• Investigating the efficiency of a limiter to remove AM spurs.

• Modeling the coupling mechanisms between a PA and a VCO.

For each of the recommendations for future work, a dedicated experiment
is set up and a silicon prototype will be soon available. However the ideas
for future work presented here are challenging, both in terms of measurement
and modeling, I believe that with the insight and methodologies built up in
this work are big step toward the ultimate dream of the designers, but that a
significant improvement and extension is still possible.
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Figure 8.4: Die photograph VCO and the PA on the same die.
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Appendix A

Narrowband Frequency
modulation of LC-tank
VCO’s

Low frequency substrate noise that couples into an LC-VCO causes Narrow-
band Frequency Modulated spurs. This appendix derives an equation that can
be used to calculate the power of the FM spurs.

Consider a sinusoidal disturbance Vnoise(t) in the substrate:

Vnoise(t) = Anoise · cos(ωnoiset) (A.1)

If Vnoise(t) is applied on a linear LTI system with one input and n outputs
and with impulse response hi

SUB(t) the response Vi(t) will be, considering zero
initial conditions:

Vi(t) =

∫ t

0

hi
SUB(τ) · Vnoise(t − τ)dτ = AV icos(ωnoise + φV i) (A.2)

According to [81] the amplitude AV i and the phase φV i of Vi(t) can be
expressed as follows:

AV i = |Vi(t)| = |Hi
SUB(ωnoise)|Anoise (A.3)

φV i = ∠Hi
SUB(ωnoise) (A.4)

The equation describing the output of a VCO subject to frequency modu-
lation by n perturbations is:
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Vout(t) = ALO · (ωLOt +
n

∑

i=1

2πKi

∫ t

0

Vi(t)) (A.5)

with Vi(t) = 0, t < 0. Here Ki(vtune) (∈ ℜ) is the FM sensitivity function
with unit (Hz/V) of node i of the VCO defined as:

Ki(vtune) =
∂fLO

∂Vi
(A.6)

Here fLO is the local oscillator frequency, and vtune is the tuning voltage
of the VCO.

Substituting equation A.2 in equation A.5 gives:

Vout(t) = ALO · cos(ωLOt + ∆ωLOt) (A.7)

with

∆ωLOt =

n
∑

i=1

2πKi

∫ t

0

Anoise|Hi
SUB(ωnoise)| · cos(ωnoiset + ∠Hi

SUB(ωnoise))dt

(A.8)
When the frequency of Vout(t) is integrated previous expression becomes:

Vout(t) = ALO · cos(ωLOt + χ)

= ALO · cos(ωLOt) · cos(+i) − sin(ωLOt) · cos(χ) (A.9)

with χ = ωLOt+
∑n

i=1 2πKiAnoise|Hi
SUB(ωnoise)|· sin(ωnoiset+∠Hi

SUB(ωnoise))
ωnoise

Since the disturbance in the substrate is assumed to be small compared to
the local oscillator signal and assuming that
∑ n

i=1
2πKiAnoise|H

i
SUB(ωnoise)|·sin(ωnoiset+∠Hi

SUB(ωnoise)))

ωnoise
<< 1 following as-

sumption can be made:

cos(

∑n
i=1 2πKiAnoise|Hi

SUB(ωnoise)| · sin(ωnoiset + ∠Hi
SUB(ωnoise)))

ωnoise
) ≈ 1

(A.10)
and

sin(

∑n
i=1 2πKiAnoise|Hi

SUB(ωnoise)| · sin(ωnoiset + ∠Hi
SUB(ωnoise)))

ωnoise
)

=

∑n
i=1 2πKiAnoise|Hi

SUB(ωnoise)| · sin(ωnoiset + ∠Hi
SUB(ωnoise)))

ωnoise
(A.11)
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Using Simpson’s rule, this expression can be rewritten as:

Vout(t) = ALOcos(ωLOt)+
∑n

i=1 2πKiAnoise|Hi
SUB(ωnoise)|

2 · ωnoise
· cos(ωLOt + ωnoiset + ∠Hi

SUB(ωnoise)

− cos(ωLOt − ωnoiset + ∠Hi
SUB(ωnoise))) (A.12)

Thus, at frequencies fLO ±fnoise spurious tones will occur around the local
oscillator signal with amplitude (divided by ALO):

Vout(fLO ± fnoise) = ±
∑n

i=1 KiAnoise|Hi
SUB(ωnoise)|

2 · fnoise
(A.13)

This equation can be used to calculate the power of the sideband spurs
caused by low frequency substrate noise coupling.
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Appendix B

Port conditions

Designers often use n-port networks in their design. For example, an amplifier
is often described by a 2-port network [82]. Such a 2-port network has four
terminals and four port variables (a voltage and a current at each port)(see
Fig. B.1). A pair of terminals is a port if the current that flows into one
terminal is equal to the current that flows out of the other terminal. This
current is determined by the network itself and the applied voltage difference
at the terminals.

2-port

i� i 
i i�v� v 

Figure B.1: General 2-port network description

A transistor can be described by a 3-port network. Remember that this
network describes in our case the interconnects and the substrate and not
the transistor itself. The drain, gate and bulk terminal of the transistor are
referred to the source of the transistor. If the transistor is connected to this
3-port network, its drain-source current IDS is equal to:

IDS =
µCox

2

W

L
(VGS − VT )2 (B.1)

in the active region, with VT proportional to VSB and

IDS =
µCox

2

W

L
(2(VGS − VT )VDS − V 2

DS) (B.2)

in the triode region. Eq. B.1 and B.2 point out that the current through a
transistor with a given W/L is fully determined by the applied voltages VGS ,
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VDS and VBS . In our case is the W/L of the transistor included in the RF-
model and the applied voltages are determined by the external bias voltages
and currents and the voltage drop over the interconnects determined by the n-
port network. Moreover the current that flows into the drain of the transistor
leaves through the source of the transistor. Therefore our approach satisfies
the port conditions.
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Nomenclature

AC Alternating Current

AM Amplitude Modulation

CMOS Complementary Metal Oxide Semiconductor

DC Direct Current

DIV A Dynamic Implementation Verification Architecture

DNW Deep Nwell

DRC Design Rule Check

ESD Electro Static Discharge

FDD Frequency Division Duplex

FDM Finite Difference Method

FEM Finite Element Method

FM Frequency Modulation

GSG Ground-Signal-Ground

HFSS High Frequency Structural Simulator

IF Intermediate Frequency

IO Input-Output

KV CO VCO gain

LNA Low Noise Amplifier

LO Local Oscillator
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MOM Metal-Oxide-Metal

MOS Metal Oxide Semiconductor

NF Noise Figure

OIP3 Output referred 3th order modulation product

PA Power Amplifier

PAC Period AC

PCB Printed Circuit Board

PEX Parasitic Extraction

PLL Phase Locked Loop

PPA Pre Power Amplifier

PSS Periodic Steady State

RF Radio Frequency

S − parameters Scattering parameters

SMA SubMiniature version A

SMD Surface Mounted Device

SNA Substrate Noise Analyst

SNR Signal to Noise Ratio

SoC System-on-a-Chip

STI Shallow Trench Isolation

TF Transfer function

TSV Through Silicon VIA

UMTS Universal Mobile Telecommunications System

V CO Voltage Controlled Oscillator

V NA Vector Network Analyzer

WLAN Wireless Local Area Network
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3D-stacking, 166–176
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Balun, 191
Bond wire, 60, 119, 131, 142, 146
Buffer, 191
Bulk resistance, 91
Bulk-effect, 84, 97, 154, 206

Capacitor
MIM, 88
MOM, 192
MOS, 198
Parasitic, 147, 162
SMD, 110, 142

Circuit simulation, 78, 142, 155, 169,
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CMOS
twinwell, 18

Conductivity, 28
Coupling

Capacitive, 23, 44, 47, 53, 125,
146, 170, 198

Inductive, 117, 125
Resistive, 22, 44, 84, 117, 124, 145

Cross-talk, see Coupling
Current mirror, 165

Depletion region, 28, 182, 193
Dice, 133
Die seal, 133
Die-on-die method, 167
Differential, 199

Diode, 88
Direct coupling, 102
Doped region

Conductivity, 28
Junction capacitance, 28

Doping profile, 18, 74, 142

Electrical field distribution, 31, 42, 93,
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accuracy, 17
basis functions, 16
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ports, 17

Field solver, see EM simulations
Filter, 106
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Ground interconnect, 87, 96, 161
Guard ring, 36–37

Floating, 55
Grounded, 55
Nwell isolation, 45
P+ guard ring shielding, 47
Pwell block isolation, 44
Triple well shielding, 51
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Immunity, see Substrate noise immu-
nity

Impedance function, 142
Inductor, 129, 162

Parasitic, 123
Insulator

Relative permittivity, 28

LC-VCO, see Voltage Controlled Os-
cillator

Limiter, 105, 155, 166
Low Noise Amplifier, 106, 191
Lumped network, 86, 140

Magnetic coupling, see Coupling
Maxwell equations, 12
Metal

Conductivity, 28
Mismatch, 184, 199
Mixer, 158, 191
Mm-wave, 153
Modeling

Bond wire, 143
Capacitor, 142
Interconnect, 76, 142
Interconnects, 198
Substrate, 12, 15
Trace, 143

Modulation
AM, 101, 112, 146, 162
FM, 101, 112, 145, 155, 161, 170

MOM-capacitor, 192
MOS-based capacitor, 198

Nport, 55
Nwell isolation, 45–47

On-wafer probes, 90, 157
Order reduction modeling, 184

P+ guard ring shielding, 47–50, 59
Parasitic extraction, 132, 184, 196
Passive isolation structure, see Guard

ring

Phase Locked Loop, 127
PN-junction, 28, 45, 91, 182, 193
Port, 38, 76
Port condition, 78
Power Amplifier, 102, 124
PPA, see Power Amplifier
Pre Power Amplifier, see Power Am-

plifier
Printed Circuit Board, 108, 170

Decoupling capacitor, 108, 110,
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Trace, 143
Pwell block isolation, 38, 44–45

Relative permittivity, 28
Resonance, 142, 158
RF model, 74

S-parameters, 22, 42, 95, 183
Scaling, see Technology scaling
Sensitivity factor, 106
Sensitivity function, 106–108, 158

AM, 118
FM, 114, 157

Sheet resistance, 161
Sideband spurs, 102, 128, 144, 154
Sizable guard ring, 61
Skin-effect, 14
Substrate

Cut-off frequency, 14, 44
Lightly doped, 6
Relaxation time, 14
Transfer function, 183, 196

Substrate contact, 6, 18, 38, 88, 128,
148, 167, 203

Substrate Noise
Propagation, 11–32

Substrate noise, 6
Substrate noise immunity, 161–166
SubstrateStorm, 18
Switching activity, 102
System-in-a-cube, 166
Systems-on-Chip, 5
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Technology scaling, 161
Tooling, 11
Transfer function, 87, 105
Transistor, see Active device
Triple well shielding, 30, 51–88
Twin well, 90

Varactor, 163
Voltage Controlled Oscillator, 101,

109, 144, 153, 186
Switched varactor, 127, 163

Wideband receiver, 191

Y-parameters, 67, 95, 183
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