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Abstract
ElectroMagnetic Interferences (EMI) are emerging problems in to-
day’s high speed circuits. There are several examples that these inter-
ferences affected the circuits and systems. This work tries to reduce
the abovementioned problems in synchronous systems by modifying
the clock signal such that it produces less interferers.

In this thesis first EMI and its sources and related definitions are
studied in Chap.1 and then a theoretical background is presented in
Chap.2, finally Chap.3 and Chap.4 are dedicated to circuit implemen-
tation and simulation results, respectively.

A novel multi-segment clocking scheme is presented in this thesis.
An analytical methods for formal verification of advantages of this
clocking method is presented in Chap.2. Chap.3 and Chap.4 also are
devoted to implementation, simulation and comparison of proposed
clocking method versus other methods.

Since proposed clocking method does not set any constraint on
timing (speed of the circuit) and does not impose very high extra power
consumption on the circuit, compared to the conventional clocking,
this method could be used to reduce interferences in system.
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Chapter 1

Introduction

ElectroMagnetic Interference (EMI) has been always a major concern
in circuit design. These problems can affect both marketing time and
the cost of final product, because packaging technologies are expensive
part of mass production. Also there are numbers of classic example
of products which ended up with failure in market and even caused
serious problems for military systems.

Sources of EMI are different including but not limited to radio
transmitter, power transmission lines, ignition systems in automotive
or aerospace industries and also tiny consumer electronic systems such
as Laptops, iPods, mp3 players and etc.

There are different standards which determine how much EMI is
allowed to be generated by system. The standards are different for
different applications as well as the place that the product is marketed.
A list of some of these standards is provided in ApendixB. As the
standards put a limit on the product which must be fulfilled before
marketing phase, wise designers must think about these problems from
the starting point of a design. This is very important issue when
designing a large system where the design effort is huge because usually
the company cannot afford backtrack which might change whole design
for the purpose of agreement with the standard.

It is useful to clarify some of related definitions before going in
details:
Electromagnetic compatibility (EMC) "is the capability of electrical
and electronic systems, equipments, and devices to operate in their in-
tended electromagnetic environment within a defined margin of safety,

1



2 Introduction

and design levels for performance, without suffering or causing un-
acceptable degradation as a result of EMI. EMC can generally be
achieved by suppressing EMI and immunizing susceptibility of the
systems and devices" [1].
Electromagnetic interference (EMI) is the process of production of un-
wanted signals which affect other devices of the system or even nearby
separated systems. EMI could flow by radiation or conduction or both
of them.
Susceptibility is a relative measure which shows how much the device
or system is disrupted or degraded by unwanted EMI exposure. It
is counter to the immunity. Immunity is a relative measure of the
system or device which reflects its ability to withstand EMI exposure
while maintaining intended performance [1].

As mentioned in [2] a system is electromagnetically compatible if
it fulfils these three criteria:

1. it does not produce interference to the other systems.

2. it is not susceptible to EMI produced by other systems.

3. it does not cause interference with itself.

In the subsequent sections, we will further study EMI, its sources
and some well-known approaches to manage these problems.

1.1 EMI Problems and Concerns
EMI problems have affected almost all electrical and electronic systems
ranging from domestic tools to industrial and military systems. One of
the classic examples of these problems is radio frequency interferences
which could be caused by other RF transmitter, on-chip and off-chip
digital circuits (used sometimes for digital processing of data in the
front-end), solar activities and cosmic rays, nearby fluorescent lamps,
ignition systems and etc.

Electromagnetic interferences generated by digital devices have in-
creasingly found significance. That is because the devices shrink and
the speeds constantly increase. It is known that pulses with lower tran-
sition time between "on" and "off" states (0 and 1 state) have wider
range of frequencies [2, 3].
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Figure 1.1. block diagram of general EMC problems

Another type of interference includes electromagnetic pulse (EMP),
which is a broadband, high intensity short burst of electromagnetic
energy. This phenomenon could be caused by lightning or nuclear ex-
plosion and electrostatic discharge (ESD), which is a transient event
involving static electricity friction [1].

In recent years, EMI problems gained more attention for a num-
ber of reasons including but not limited to: ever increase of electronic
systems in both domestic and industrial environments, miniaturiza-
tion of electronic systems which potentially decreases the propagation
path for EMI and increases the opportunity for interference, shrink
of electronic components which increases their susceptibility to inter-
ferences, ESD for microchips, marketing issues and cost, health risks,
military technologies and many other concerns [1].

There are three main items when dealing with EMI problems. First
is the transmitter which transmits the interferences, second is the re-
ceptor (target receiver) and finally the paths between the transmitter
and the receptor. Each of them could influence the strength of inter-
ference and one can optimize each of them to suppress EMI as much as
possible. Figure 1.1 shows a block diagram of abovementioned system
[2].

1.2 EMI Standards
Generally, there are two sets of EMI requirements and regulations to
be fulfilled before a product could be marketed:

1. Those set by governments.

2. Those imposed by manufacturer.

The regulation mandated by governments could not be waived and
they are to ensure that the product produces limited amount of EMI
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which does not harm other devices and systems. On the other hand
those rules which are defined by manufacturers intended to higher
quality and more reliable products so customer satisfaction [2].

As mentioned before a list of different standards are available in
AppendixB, however, here we will briefly overview and discuss about
some standards in US and outside of US.

1.2.1 EMI Requirements for Products in United
States

In the United States, the Federal Communication Commission (FCC)
regulates wire and communication related issues. Of course, an im-
portant portion of these duties is related to the interference problems.
Part 15 of FCC rules includes radio-frequency devices. The range of
frequencies which is defined by FCC to be "Radio frequencies" covers
the range of 9 KHz to 3000 GHz. The purpose of part 15 is to limit
radiation of interferences by devices which work in the range of radio
frequencies [2].

In 1979, FCC published part 15 as a reflection of the concern over
radiation interferences by devices. It covers devices or systems which
are clocked at a rate higher than 9KHz. For those violating FCC regu-
lations, charges in term of fine and/or jail have been considered. Also
FCC categorizes products into class A and class B. The former is for
commercial and business environments while the latter covers residen-
tial environments. Class B regulations are more stringent for number
of reasons like the closer distant of systems in residential environments
and less expertise of devices owner [2].

To verify the compliance of system with the regulations, both con-
ducted and radiated EMI (for both vertical and horizontal polariza-
tions) are measured. It’s worth mentioning that conducted EMI mea-
surements are done within the range of 150 KHz to 30 MHz and for the
case of radiated EMI this range is 30MHz - 40MHz. Interested read-
ers can refer to [2] for more in depth discussions regarding differences
between class A and Class B EMI measurements.
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1.2.2 EMI Requirements for Products Outside United
States

International Special Committee on Radio Interference (CISPR) which
is a committee of the International Electrotechnical Committee (IEC)
has initiated most of governmental EMI regulations outside of USA.
Although these standards are not mandatory, most of countries follow
and adopt them. CISPR22 is the most widely used among others. This
standard sets limits on conducted and radiated EMI in information
technology equipments (ITE), which basically includes digital circuits.
This standard also categorizes devices into class A and class B with
the same meaning as FCC standard [2].

89/336/EEC (2004/108/EC) is a European directive, published on
December 31, 2004 to take effect on July 20, 2007 in EEA region. Man-
ufacturers and importers receive CE mark if their product is compliant
with 89/336/EEC in terms of EMC issues[2].

1.2.3 Regulations for military products in United
States

MIL-STD-461E is a standard which sets some limits for controlling the
electromagnetic interference (emission and susceptibility) characters of
electronic, electrical and electromechanical equipments [4].

Immunity of systems and devices in military products are much
more important than that in commercial products. The reason for
such stringent requirements is clear; it can affect the whole mission.
However, a key difference between military standards and commercial
standards is that a requirement in the military can be waived by con-
tracting officer. MIL-STD-461E is used not only in US but also in
some other countries.

1.3 EMI Propagation
We discussed some sources of EMI in previous sections, now we will
investigate on the propagation of interferences in more details. It is
clear from our discussions that EMC or EMI control is achieved by
reducing the emission of interferences at the source, modifying the
path of propagation and enhancing the immunity of the receptor [1].
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It is known that EMI can be propagated by radiation and con-
duction and usually dominated by one of them depending on coupling
path. Radiated EMI is transferred through the space to the receptor.
The source of radiated EMI could be in the same circuit as the recep-
tor or a completely isolated circuit. Conducted interferences happen
when the culprit (emitter) is connected to receptor by power lines,
signal cables or for example through substrate noise [1, 5].

Usually by reducing conducted EMI, radiated EMI also is lowered,
however, in the case of dominant radiated interferers, it is very difficult
to shield and these emissions can affect any signal path inside and
outside of the device/system [1].

In the subsequent sections, we will study conducted and radiated
EMI separately and will try to introduce their fundamentals, then we
will formulate some of concepts and finally some methods to deal with
these problems will be discussed.

1.3.1 Conducted EMI Emission
As mentioned before conducted interferers can affect a system/device
when emitter and receiver are in contact via conductors. There are key
sections in the circuits which can contribute to conduction of interfer-
ences. The most well-known section is the power supply conductors.
Also substrate noise can contribute to propagation of EMI [5].

There are two modes of propagation; differential and common
mode used to categorize Conducted EMI. Differential mode occurs
between conductor pairs, which form a current loop (return circuit).
Common mode emission takes place among a group of conductors and
either ground or another group of conductors. The origin of common
mode EMI could be electric or magnetic. The path of common mode
EMI usually contains parasitic capacitive or inductive coupling. Mag-
netically generated common mode EMI shows up when large dI

dt
in a

current loop has a significant coupling to ground or a group of other
conductors. Similarly electrically generated common mode EMI ap-
pears when circuit with large dV

dt
has capacitive coupling to ground

[1].
In addition to abovementioned modes, also there is an important

relation between two modes. This effect is known as differential-
common mode conversion. Several works have been done for modeling
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of EMI generation and propagation. These models are used for op-
timization of the design and EMI suppression by use of systems and
components such as EMI filters.

EU and MIL-STD-461E standards include conducted susceptibility
tests but FCC standards do not include it [2].

1.3.2 Radiated EMI Emission
There are three main parameters which decide the strength of radiated
interferences at destination; the source, the media surrounding the
source, and the distance between the source and receptor [1].

Radiated EMI propagates by developing electromagnetic waves.
These waves travel in all directions and in each point their electronic
component (E) and magnetic component (H) are perpendicular to
each other and to the direction of propagation. The characteristics
of the field in each point depend on the nature of generating source
and the distance of the source to that point. Usually, the strength
of electromagnetic waves decays with distance [1]. One should be
aware that there are exceptions to this statement like constructive
interference of waves in cavity.

The wave impedance is defined as the ratio of electronic component
to magnetic component E

H
. For free space or air E

H
= Z0 = 377 ohm.

Two more definitions are used when dealing with radiated EMI; "The
region close to the source is called the near or induction field, at a
distance greater than λ

2π , where λ is the wavelength, the region is
called far or radiation field" [1].

For air or free space, abovementioned waves are approximated by
plane waves. In far field also, all radiated waves lose their curvature so
they behave like plane waves. However, in near field as mentioned the
E
H

depends on source characteristics and the distance from the source.
Similar to conducted EMI, radiated EMI can also be categorized into
differential and common mode. Common mode radiations are orig-
inated from flow of electromagnetic current loops. Common mode
radiations are generated when voltage drops in circuit occur, which
causes some grounded nodes to rise above the referenced ground po-
tential [1].

EU and MIL-STD-461E standards include a radiated susceptibility
test but FCC standards do not include it [2].
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1.3.3 Electrostatic Discharge
ESD problems are becoming ever important by switching to sub-
micron technologies. This problem is becoming tougher in these tech-
nologies because the gate oxide thickness is being constantly lowered,
so devices are more susceptible to electrostatic discharges. The elec-
trostatic charges build up on person’s body or furniture and then can
be discharged to product when the chip is touched by person or fur-
niture. This can for example erase a memory or reset the machine
[2].

Since customers do not view these problems as normal operation
of well designed systems, manufacturers have to test their ICs for
susceptibility to ESD before marketing phase. EU standards include
ESD test, while FCC and MIL-STD-461E standards do not [2].

1.4 Summary
A short review of EMI concerns and different standards were presented
in this chapter. Different standards apply to different geographical
regions and they also differ for different environments i.e. domestic,
commercial and military environments. All standards put limitations
on the level of EMI generated by system, so producers of electrical
systems must always think about EMI when designing new products.

Three main sections involving in every EMI problem was intro-
duced to be source, coupling path and receptor. The source produces
EMI which can be radiation or conducted interferences or both of
them. EMI propagates through coupling path and harms receptor
which can be in the same system (chip) or a separate system (chip).

Three different kinds of EMI were investigated in this chapter. The
first one is conducted EMI which is interferences conducted by conduc-
tors in the circuit. Second kind of EMI propagation is Radiated EMI
which is the emission of interferences in term of EM waves. The third
type of EMI is electronic discharge which is the results of discharge of
electrostatic charges built up in person’s body or furniture.



Chapter 2

Theoretical Backgrounds

This chapter will investigate on mathematical discussions regarding
the clock generation and clock network, its spectrum and its impact
on power consumption.

Perhaps frequency content or spectrum is the most important and
powerful key in hands of engineers to verify the system to not only
assure the functionality and regulatory limits but also compatibility
of that system with environment (other electrical systems) [2].

Time domain signals can be categorized into two sets of signals.
The first category is the signals which occur repetitively in time and
are called periodic signals. Clock signals which are used to synchro-
nize the events in digital systems are example of this category. Second
family belongs to the family of signals which do not have repetitive na-
ture and occur in random time. These signals are called non-periodic.
Data streams in digital products belong to this family of signals. As
our main focus in this work is related to clock, we will investigate
mainly on periodic signals. Interested readers could refer to [2].

All synchronized signals (so periodic signals) in our work take on
one of two possible levels (0 or 1) during period intervals of clock.
Equation (2.1) shows the condition for a signal to be referred as a
periodic signal.

x(t± kT ) = x(t) k = 1, 2, 3, 4, . . . (2.1)

where T is the Period of the waveform. The reciprocal of period
is called Frequency. Another useful definition is angular frequency
which is connected to period and frequency by

9
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ω = 2πf = 2π
T
. (2.2)

The average power in a periodic signal could be calculated as

Pav = 1
T

t1+T∫
t1

x2(t)dt. (2.3)

where t1 here is some arbitrary time. It is clear from (2.3) that it
is enough to integrate over a time interval equal to one period of the
signal regardless of the starting time.

The energy of a signal is defined by

E =
∞∫
−∞

x2(t)dt. (2.4)

It should be noted that the energy of a periodic signal is infinite. That
is because this type of signals must be repeated infinite time. In math-
ematics periodic signals could be represented as linear combination of
more basic signals that are referred to as basis functions and denoted
as

x(t) =
∞∑
n=0

cnφn(t) (2.5)

To use the above statement we should first define linear systems.
A linear system has these two properties:

1. if x1(t)→ y1(t) we should have k · x1(t)→ k · y1(t).

2. if x1(t)→ y1(t) and x2(t)→ y2(t) we should have x1(t)+x2(t)→
y1(t) + y2(t).

In (2.5) the basis functions are also periodic with the same period
as x(t). cn’s are called expansion coefficients.

There is major advantage in using basis functions that is under
condition of a linear system the output of the system to x(t) could be
written as

y(t) =
∞∑
n=0

cnyn(t) (2.6)

here y1, y2, y3, . . . , yn are the response of the system to each of basis
functions. For example y1 is the response of the linear system to φ1(t).
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So now it should be clear that using above discussions it is possi-
ble to map a question from the domain of x(t) into domain of basis
functions. In the next section, we will use this technique to attain a
valuable tool in analyzing circuit and systems.

2.1 Fourier Series Representation of Pe-
riodic Signals

Using sinusoidal components as basis functions one can achieve Fourier
transform. In Fourier transform, each sinusoidal component has a
frequency which is a multiple of main frequency of the signal. First
component is called fundamental and the other multiples are referred
as harmonics.

The Fourier transform could be written in two forms: one is the
trigonometric form which has φ0 = 1 and φn = cos(nωt), sin(nωt)
as basis function. The other form is complex-exponential form. The
complex exponential form has φn = enω0t as basis.

These two representations of Fourier series are connected to each
other by Euler identity

ejθ = cos(θ) + j · sin(θ) (2.7)

Most of the time, it is easier to use complex-exponential form, as the
integration for computing the coefficients can be done easier for this
form. Using (2.5) complex conjugate form representation of x(t) could
be obtained as

y(t) =
∞∑
n=0

cne
(jnω0t) (2.8)

Each coefficient Cn in general is a complex number with magnitude
and angle. In order to calculate the coefficients, we multiply the sides
of (2.8) by φ∗m = e−jmω0t and integrate over a period

E =
t1+T∫
t1

e−jmω0t·x(t)dt =
∞∑

n=−∞
cn

t1+T∫
t1

e−jmω0t·ejnω0tdt = Cm·T (2.9)
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τ T
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Figure 2.1. block diagram of general EMC problems

This result is due to the property that when integrating e−jmω0t ·
ejnω0t over a period T, the result is zero unless for n = m where the
result is 1. So the coefficients could be written as

cn = 1
T

t1+T∫
t1

x(t) · e−jmω0tdt (2.10)

Setting n=0 in (2.10) gives c0 = 1
T

∫ t1+T
t1

x(t)dt which is a real
number corresponding to the average of x(t). Now that we know how
to calculate the coefficients of Fourier series, we will use it to compare
different clock signals spectrum.

2.1.1 The Spectrum of Rectangular wave
As a first example, we will investigate on the spectrum of a rectangular
signal. The calculation of the spectrum of this wave is straightforward
but it is an important wave since we usually use it as a reference in
our future comparisons.

Figure 2.1 shows a rectangular wave with the period of T and
active time of τ . The Fourier transform of this wave could be derived
as follow:

cn = 1
T

t1+T∫
t1

e−jnω0t · x(t)dt (2.11)
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= 1
T

τ∫
0

e−jnω0t · Adt+ 1
T

T∫
τ

e−jnω0t · 0dt (2.12)

= A

jnω0T
(1− e−jnω0τ ) (2.13)

Cn also could be written in the form of

= A

jnω0T
e
−jnω0τ

2 (e
jnω0τ

2 − e
−jnω0τ

2 ) (2.14)

= A

jnω0T
e
−jnω0τ

2 · 2j sin(1
2nω0τ) (2.15)

= Aτ

T
e
−jnω0τ

2 ·
sin(1

2nω0τ)
1
2nω0τ

(2.16)

Now it is possible to rewrite Cn in terms of its amplitude and angle.

|Cn| =
Aτ

T

∣∣∣∣∣sin(1
2nω0τ)

1
2nω0τ

∣∣∣∣∣ (2.17)

∠Cn = ±1
2nω0τ (2.18)

The amplitude of spectrum of rectangular function has been de-
picted in Figure 2.2. It can be seen in the picture that the amplitude
has zeros at 1

τ
and its multiples.

For the case of a symmetrical rectangular wave, by substitution of
ω0 = 2π

T
and τ = 1

2T (2.17) will be reduced to

|Cn| =
A

nπ

∣∣∣∣sin(1
2nπ)

∣∣∣∣ (2.19)

(2.19) is zero for all even n values and 1
nπ

for all odd values of n.

2.1.2 The Spectrum of Trapezoidal Wave
Digital signals are not ideal. They always have finite rise and fall times.
So it is more accurate to model them by trapezoidal waves comparing
to ideal rectangular waves. This wave is shown in the Figure 2.3.
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Figure 2.2. Amplitude of the spectrum of rectangular wave

T

A

Time

Amplitude

τA
2

τr τf

Figure 2.3. A more accurate trapezoidal-shape model for digital signals.

Trapezoidal waves are defined by an amplitude A, a rise time τr, a
fall time τf and their respective pulse-width which is the time differ-
ence between two 50% points on the wave. Rise and fall times could
be defined in different ways for different applications. Most of the
time in industry people use the transition time between 10% and 90%
points also 0% to 50% is used in some context.

For the sake of brevity, here we do not derive the spectrum but
only give the final expression for it, interested readers are referred to
[2]. The spectrum for trapezoidal wave could be calculated as
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Cn = −j Aτ2πne
−jnω0(τ+τr)

2

(
sin(1

2nω0τr)
1
2nω0τr

e
jnω0τ

2 −
sin(1

2nω0τf )
1
2nω0τf

e
−jnω0τ

2

)
(2.20)

(2.20) can be converted to a very useful expression by considering
simplifying assumption of tr = tf . For that case this equation reduces
to

Cn = Aτ

T

(
sin(1

2nω0τ)
1
2nω0τ

·
sin(1

2nω0τr)
1
2nω0τr

e
−jnω0(τ+τr)

2

)
τr = τf (2.21)

(2.21) can be used to obtain a single side spectrum

∣∣∣C+
n

∣∣∣ = 2·|Cn| =
2Aτ
T
·
∣∣∣∣∣sin(nπτ/T )

nπτ/T

∣∣∣∣∣·
∣∣∣∣∣sin(nπτr/T )
nπτr/T )

∣∣∣∣∣ τr = τf (2.22)

∠Cn = ±nπτ + τr
T

τr = τf (2.23)

In (2.22) and (2.23) we used ω = 2π
T
.

To grasp a better insight to (2.22) we will try to visualize it by
means of spectral bounds. Let us first consider the simpler case of the
envelope of magnitude for a simple sinc function having the relation

|sinc(x)| =
∣∣∣∣∣ x

sin(x)

∣∣∣∣∣ <
{1 for small x

1
|x| for large x

(2.24)

It should be noted again that this formulation is just for envelope
of the function, otherwise of course the sinc itself has periodic zeros
and maxims.

The last statement in (2.24) has been derived based on this fact
that for small values of x, sin(x) ≈ x so

∣∣∣ sin(x)
x

∣∣∣ ≈ 1 and for large
values of x, |x| � |sin(x)| so

∣∣∣ sin(x)
x

∣∣∣ ≈ ∣∣∣ 1
x

∣∣∣.
Figure 2.4 shows the Bode diagram for the simple sinc function.

As it can be seen in the picture for small value of x the function
is approximated by a horizontal line intersecting amplitude axis at
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Amplitude

x

1 -20 dB/decade

Figure 2.4. The Bode diagram for sinc function

0 dB and for the large value of x, it asymptotically decreases with
−20 dB/decade.

Now it is possible to use the same method to derive the spectral
bounds for (2.22). Let’s first rewrite (2.22) in terms of a continuous
wave by substituting f = 1

T
so the envelope of the wave would be

Envelope = 2Aτ
T
·
∣∣∣∣∣sin(πτf)

πτf

∣∣∣∣∣ ·
∣∣∣∣∣sin(πτrf)
πτrf)

∣∣∣∣∣ τr = τf (2.25)

By taking logarithm from (2.25) we can plot the Bode diagram for
our trapezoidal wave.

20 log10 (Envelope) = 20 log10 (2Aτ
T

) + 20 log10

∣∣∣∣∣sin(πτf)
πτf

∣∣∣∣∣
+ 20 log10

∣∣∣∣∣sin(πτrf)
πτrf

∣∣∣∣∣
(2.26)

It can be understood from (2.26) that the bode diagram should
contain three regions; starting with a DC level and then contributions
first by one pole and later both poles. Figure 2.5 shows the bode
diagram for trapezoidal wave.

It is now clear from the plot how the rise/fall time could influence
the high frequency content of the spectrum. A larger rise/fall time
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Figure 2.5. The Bode diagram for trapezoidal waveform

leads faster drop in high frequencies as expected. Following above
discussion it is possible to verify that the lowest possible amplitude
for Fourier coefficients could be achieved by increasing the rise and
fall time until the wave be converted to triangular shape.

Our next task would be to introduce our new clocking scheme and
compare it with waves which were discussed so far.

2.1.3 The Spectrum of Proposed Multi-Segment
Clocking Scheme

A multi-segment digital clock signal is the one which has two or more
rise and fall time. Figure 2.6 shows an ideal two-segment periodic
digital signal. Note that the rise/fall time in sharp edge is infinitely
small (ideal section) and there is a finite rise/fall time in slow edge.

The wave shown in Figure 2.6 can be formulated in the form of

f(t) =
{0.5+ t

T
0<t≤T2

1
|x| for large x

(2.27)

The spectrum of such wave could be driven using (2.10)

Cn = A

T
[

T
2∫

0

(0.5 + t

T
)e−j 2πn

T
tdt+

T∫
T
2

(1− t

T
)e−j 2πn

T
tdt] (2.28)
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Figure 2.6. An Ideal two segment digital clock signal

We will expand the first term and second term in (2.28) separately.
Let’s call the first term I1 and the second term I2, then we will have

I1 = 1
T

[ 0.5T
−j2nπe

−j 2πn
T
t )

T
2
0 + jT

2nπte
−j 2πn

T
t )

T
2
0 −

T
2∫

0

jT

2nπe
−j 2πn

T
tdt]

= 1
T

[j0.5T (−1)n
2πn − j0.5T

2πn + jT (−1)n
4nπ + T (−1)n

4n2π2 −
T

4n2π2 ]
(2.29)

And I2 would be

I2 = 1
T

[ T

−j2nπe
−j 2πn

T
t )TT

2
− jT

2nπte
−j 2πn

T
t )TT

2
−

T∫
T
2

jT

2nπe
−j 2πn

T
tdt]

= 1
T
{ jT2πn −

jT (−1)n
2πn − [ jT2nπ −

jT (−1)n
4nπ + T

4n2π2 −
T (−1)n
4n2π2 ]}

(2.30)

Now I1 and I2 could be added together to give Cn

Cn = −j
4nπ + j(−1)n

4nπ − 1
2n2π2 + (−1)n

2n2π2 (2.31)

Finally, we can write (2.31) in a more compact form
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Cn =
{0 when n is an even number

−j
2nπ−

1
n2π2 when n is odd

(2.32)

One can compare (2.32) and (2.19) to see that ideal two segment clock
signal has significantly lower radiated emission spectrum. However as
we will see in last chapter this gain would not be as high as expected
because neither the rectangular clock nor the two segments clock are
ideal.

So far we have studied the spectrum of conventional (ideal and non-
ideal case) and proposed clock signals. Our next task in this chapter
is to briefly investigate the power consumption in different clocking
schemes. This study is needed to provide a more complete insight
into the advantages and side effects of different clocking methods.
This problem will become clearer in last chapter, where although some
methods offer significant improvements in electromagnetic radiation,
they cannot be used as they impose huge power consumption on the
system.

2.2 Power Consumption in Clocking Net-
works

Power consumption in clocking network is mainly divided into two
parts

1. Power is needed to generate the clock signal.

2. Variation in power consumption of buffers and logics connected
to clock due to clocking scheme.

It might seem a bit unclear why we count the load power consump-
tion in clocking network. This is because as we will see, the clocking
scheme influences the power consumption in target clocked loads. The
difference in contribution is mostly due to short circuit power at loads.

There are several studies on designing low power clock networks.
However not many studies combined clock generation and clocked
loads power consumption together. Here it must be noted that there
is always dynamic power consumption in load side which is not de-
pendent on clock shape but the frequency of the clock, input data (or
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data activity) and the logic itself. This contribution to total power
consumption can be reduced by many different methods in system,
logic, circuit and devices level. Our task here is not related to this
part of power consumption but the variation in short circuit power
due to different clocking schemes.

Recently, resonant clocking has gained attention as it significantly
reduces the power consumption in clock distribution network [6]. Also
it decreases EMI propagation because of its relaxed rise/fall time.
However, it suffers from different problems e.g. complexity of the de-
sign, frequency variation by logic activity, higher power consumption
in loads which are connected to clock (will be discussed in more detail
soon) and less available logic time. The last case is because the avail-
able time slot between low and high levels are reduced comparing to
conventional rectangular wave.

In this study, we will emphasize more on short circuit power which
is highly affected by clock shape. The leakage current is also influenced
by clock shape as for example tunneling effect is dependent on the size
of potential barrier (which can be changed during transition phase
of the clock), however this is of minor interest because the major
contribution of leakage current to total power consumption is due to
static leakage current. It can be simply explained by considering the
fact that the difference between transition time in conventional and
our proposed clocking scheme is small comparing to the static time
of the logics. This might be a bit more critical in resonant clocking
because it has very relaxed transitions but in this thesis, we will not
investigate static power consumption in resonant clocking and leave
this study open to interested researchers.

Short circuit power for an inverter clocked by trapezoidal waveform
has been formulated in [7]. It has the form

Psc = β

12(Vdd − 2Vt)3 · tr
T

(2.33)

where Psc is the short circuit power dissipation, β is the gain factor
of a MOS transistor and it is assumed to be identical for NMOS and
PMOS, tr is the rise (fall) time of the clock, T is the period of the
clock, Vdd is the power supply, and Vt is the threshold voltage of the
transistor and here it is assumed to be identical for NMOS and PMOS
transistors [3].
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Figure 2.7. A more realistic picture of two segments clock (0 < α < 1
and ki is the slope of the segment).
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Figure 2.8. A relaxed edge trapezoidal clock.

So far we have discussed the ideal two segments clock signal. The
practical multi segment clock signal has finite rise/fall time. Figure 2.7
represents a more practical view of two segment clock signal. A relaxed
edges trapezoidal clock has been depicted in Figure 2.8. This clock
has exactly the same slope as the relax section of our proposed wave.
Now our task is to compare the short circuit power consumption for
the proposed clock and the clock shown in Figure 2.8. Based on (2.33)
and Figure 2.7 the ratio of short circuit power for proposed clocking
scheme and conventional clocking can be formulated as

Psc,prop
Psc,conv

= K2

K1
− K2 −K1

2K1

(
(1− α)Vdd − Vt

0.5Vdd − Vt

)3

(2.34)
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By substituting α = 0.5 in (2.34) the ratio reduces to

Psc,prop
Psc,conv

= 0.5(1 + K2

K1
) (2.35)

According to Figure 2.7, K1 > K2 , so short circuit current reduces
comparing to relaxed conventional clock. Also it can be understood
that the sharperK1 is the lower short circuit power would be. However
sharper edge also means higher amount of EMI in the circuit. Also
from (2.34) it can be derived that higher value for α also reduces the
power consumption but then we will end up with something very close
to conventional clocking.

2.3 Summary
A theoretical background needed for understanding the ideas behind
the work was presented in this chapter. Also the conventional clock
and multi-segment clock were compared with each other in terms of
EMI generation and short circuit power consumption in loads con-
nected to them.

High potential in multi-segment clock was observed, which can be
used to remedy EMI concerns. According to information presented in
this chapter the best EMI expected from a triangular wave. How-
ever, this clock is not suitable for today’s high speed circuits. A
multi-segment clock was shown to be something between a triangu-
lar wave and conventional rectangular clock (practically trapezoidal
wave), having good timing behavior and generating low EMI at the
same time.

The short circuit power in loads connected to network was also
investigated in this chapter. Some useful formulas for calculating these
power consumptions also were derived.

The background which is obtained in this chapter will be used
in next chapters to along with some practical facts, provide a good
knowledge needed when designing a clock network.



Chapter 3

Implementation

In this chapter we will review the implemented system. Since this
study covers the conventional and resonant clocking as well as our
proposed clocking scheme, we will first give a brief introduction to
the clock generation for each case, then we will review their advan-
tages and weaknesses. Following the mentioned discussions the circuit
implementation of each case will be treated.

3.1 Conventional Rectangular Clocking
As we also discussed in previous chapter the easiest and the most
common way to clock the circuits is to use rectangular (in practice
trapezoidal) shaped clock. This clock can be generated in different
ways but usually it is produced by use of cascaded inverters, which
are placed after an oscillator. The inverter chain is designed such
that the output wave meets the requirements of the design in terms of
timing issues, power consumption, silicon area, skew and other param-
eters. This method of clocking has been studied very well in literature
and there are standard procedures to design a conventional clocking
network [8].

There are many different ways for arrangement of conventional
clocking network. Although good engineering experience is needed to
design such networks but still designing this network is relatively easy,
comparing to for example resonant clocking network.

It is also worth mentioning that usually each of different network
arrangements in convetional clocking is developed to optimize one or

23
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From 

Oscillator

To 

Load

Figure 3.1. Conventional inverter-chain based clocking.

few parameters while keeping the rest in an acceptable range [8].
Figure 3.1 shows a typical conventional clock buffer circuit. As it

is clear from the picture, this circuit is placed between the load and
the oscillator to boost the output power of the primary clock which
is generated by the oscillator. However this view is too simplistic and
the distribution of the clock involves several buffer chains for example
in a H-tree network [8].

Although as discussed, Figure 3.1 provides a simplistic view of
clocking network but it gives an overall intuition about the conversion
of sinusoidal oscillator output into high power rectangular wave suit-
able for clocking high speed low power circuits. However these good
characteristics don’t come for free, as the clock generation power and
EMI on clocking network is significant in this scheme.

3.2 Resonant Clocking Network
A resonant clocking network is usually an LC oscillator which has
its capacitance replaced with the clocking network capacitance. Fig-
ure 3.2 shows a typical oscillator placed in resonant clocking network.
Note how load (clock network) is connected to the oscillator.

The frequency of oscillation for this network would be
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Ibias

L

Figure 3.2. A typical LC oscillator architecture which is used in resonant
clocking.

f = 1
2π
√
LCload

(3.1)

It is clear from Figure 3.2 that this circuit clocks two symmetric
loads. In fact this is not an advantage since it puts a limit on floor
plan of a digital chip. This problem can be addressed with a good
design such that the loads can be put into multiples of two number of
regions (in case of multiple clocks).

One more problem with resonant clocking is the dependence of
clock frequency on the logic. It means the designer should be very
careful when designing the chip for a certain frequency. Furthermore
the frequency can be varied by the data activity in logics. This last
effect is due to change in the input capacitance of transistor based on
its operating region [8].

Yet another important shortcoming of resonant clocking is its slow
rise and fall time which impose high short circuit power dissipation
to connected loads. As we discussed in previous chapter the short
circuit power in an inverter (which is a building block of digital logics)
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increases linearly by rise/fall time.
It might be asked, if resonant clocking has this many problems, why

it is still attractive for designers? The answer lies mainly on low power
consumption and EMI generation of resonant based networks [6],[3].
Usually clock generation in VLSI circuits is one of major contributors
to total power consumption. Also in very sensitive circuits keeping the
EMI in a very low level is critical. These characteristics of resonant
clocking made it the design of choice for some circuits.

Now that we gained required knowledge to judge about different
trade-offs in clocking scheme, in next section we will introduce our
proposed clocking method and we will try to give a possible circuit
implementation of that.

3.3 Multi-Segment Clocking Network
We introduced a multi-segment clock in Chap. 2. Here we try to
compare a network implemented using a multi-segment regime (in
this case a simple two-segment clock) with two other networks which
were discussed before.

In section. 3.1 and 3.2 we saw the advantages and limitations
of two popular clocking schemes. Let us now see how different the
performance is for the case of proposed clocking method. For the sake
of simplicity let us again consider our symmetrical wave with trigger
point at half of the supply voltage. Furthermore, with no loss of
generality we assume the logics connected to clock have also threshold
at half of supply voltage. Considering these assumptions it is clear
that, this clock does not impose any timing limitation on the clocked
logics. That is because, it has sharp rise/fall time up to threshold of
the logics connected to it.

The level of EMI generated by this clock was investigated in Chap. 2
where its potential to reduce interferences was proven. Also we saw
the short circuit power consumption in the circuits clocked with a two-
segment clock signal. As we will see, the clock generation power is also
not much higher comparing to conventional clock and this increase is
mainly due to logics which are responsible for decision making for
clock edge switches.

Finally it is also important how costly the implementation of such
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Figure 3.3. A possible implementation of two-segment clock generator.

network is in term of silicon area. As it will become clearer soon this
overhead would not be very large comparing to conventional buffers.
Figure 3.3 depicts a possible implementation of two-segment clock.
Proposed circuit has a main buffer which is always connected to load
and some parallel auxiliary buffers, responsible for switching the clock
edges. When Auxiliary buffers are on the load is driven with high
power which make the clock edge sharp (here with no loss of generality,
we assume it is exactly as sharp as conventional clock).On the other
hand when these buffers are off the clock edge is relaxed as, low current
is delivered to load.

An important property of this circuit is that the buffers are not
directly connected to sinusoidal input (generated by oscillator), but
instead are controlled with the signals which are extracted from input.
Based on these signals the buffers are always either fully on or fully
off. The last argument is done by decoupling the NMOS or PMOS
from the output during charge or discharge respectively. To do so,
four transmission gates are employed. We will study these circuits
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when we grasped the block level behavior of our system.
Let us consider a period of the clock to understand how the system

works. Assume the clock is coming from an LC-oscillator and we
convert it into rectangular wave by an inverter. Further assume the
positive half period is just started i.e. Vrect just turned to high level
and Vrectbar to low level. Since the buffers are nothing but inverters the
output should at this time start to reach to highest level(like Vrect),
assuming the output is still at low voltage, so C1 is low and C2 is
high. This would cause selp and selnbar to be in high level and
seln and selpbar to be in low level. This combination as we will see
soon, forces the auxiliary buffers to strengthen the output current
delivered to capacitance which is currently provided only by main
buffer. This trend will continue until the output voltage raises to
Vref2. At this moment C2 drops to low level and this affects selp and
selpbar such that they would consequently turn the auxiliary buffers
off. The effects of turning these buffers off will be relaxed charging of
the output capacitance. Finally it is worth mentioning that depending
on the strength of main buffer the output would arrive at the highest
possible voltage earlier or exactly at the end of half period (for a
system functioning correctly) and it is clear that at least in term of
EMI it is beneficial to relax this transition as much as possible which
means the latter case is preferred.

Now consider the low half period is just started i.e. Vrect is just
turned to low and Vrectbar to high levels. At this moment the output
should be quickly discharged. Note that since Vout is still in its highest
level C1 would definitely be in high level and since Vrectbar is just turned
to high seln will transition to high and selnbar to low levels. This
combination will turn on discharge section of auxilliary buffers to help
the main buffer which also started discharging the output capacitance.
This will continue until Vout drops below Vref1 where again the relax
phase starts.

We have explained how the system works in block level, now it is
the time to see what is inside the blocks. Here we are only interested
in buffers and decision circuits and also to see how buffers are con-
nected to the decision circuits; the other circuits are well explained
in literature, for example [8]. Since the circuit for main buffer is very
similar to auxiliary buffers and decision circuits, we will first consider
auxiliary buffer and decision circuit and then with slight modifications
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Figure 3.4. A possible implementation of two-segment clock generator.

the main buffer circuit will be explained.
A transmission-gate based implementation of decision circuit and

its connection to auxiliary buffer has been shown in Figure 3.4. It
is clear in Figure 3.4 that in final inverter, either NMOS or PMOS
transistor is on and the other one is off. This results in zero short
circuit current. However, mismatch in control signals or inequality in
HTL (High To Low) and LTH (Low To High) transition delays can
cause the short circuit current to flow from power supply to ground.

The circuit goes to charge phase by setting selp and selnbar to
high level and selpbar and seln to low level. On the other hand this
circuit starts to discharge the output when selp and selnbar are set
to low level and selpbar and seln are set to high level. This circuit
has also another phase, which is when it is decoupled from the output.
This last phase happens when seln, selp and selpbar, selnbar are low
and high respectively.

The circuit for inside of main buffer is exactly the same as for
auxiliary buffer. The only difference is in the controlling signals which
are generated differently for these two cases. For main buffer the
controlling signals are generated with two fast inverters which generate
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the transmission gates controls. The inverters could be fast comparing
to main buffer and auxiliary buffers since they are not connected to
large load. The only load connected to fast inverter is the transmission
gates capacitances.

In Figure 3.4 Vlow and Vhigh can be varied to manually control the
sharpness of the edges.

Finally the comparators can be implemented in different ways but
here in this project they have been implemented using simple inverters.
The threshold voltage of inverters could be tuned by sizing. From [8]
the relation between the sizes and threshold voltage could be written
as

VM =
(VTn + VDSATn

2 + r(VDD + VTp + VDSATp
2 )

1 + r

with r = KpVDSATp
KnVDSATn

= νsatpWp

νsatnWn

(3.2)

where, VTn and VTp are the threshhold voltage for NMOS and
PMOS transistors respectively, Wn andWn are the transitor width for
NMOS and PMOS, Kn and Kp are two coefficients related to oxcide
thickness of the transistors, VDSATn and VDSATp are the velocity sat-
uration voltage for NMOS and PMOS and finally νsatn and νsatp are
the saturation speed of electron and holes respectively.

Implementing comparator with single stage inverter helps to have
fast decision circuit suitable for high frequency clocks. However noth-
ing comes for free as usual; the shortcoming would be less control over
the threshold voltage. This becomes more clear by looking into (3.2).
It can be seen that at beginning the threshold voltage could be varied
considerably. However as we change r to much higher values no longer
we gain much.

3.4 Summary
In this chapter different clocking methods and circuits were studied
and a circuit implementation for each of them was investigated. The
advantages and drawbacks of these methods were also discussed.

These properties of three clocking networks could be summarized
as
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• Rectangular Clocking has very good timing properties, low short
circuit power dissipation at loads and high EMI generation.
Clock generation is power consuming in this method and the
network is easy to implement.

• Resonant Clocking has poor timing properties, high short cir-
cuit power dissipation at loads and it generates low EMI. Clock
generation consumes relatively low power in this method and it
has relatively complicated implementation and load dependent
frequency.

• Multi-Segment Clocking has good timing properties, relatively
low short circuit power at loads (can be tuned based on the
trigger point of edges), low EMI, stable frequency and clock
generation is power consuming in this method. Finally, multi-
segment clock is easy to implement.





Chapter 4

Simulation and Results

This chapter summarizes simulation results in CMOS 65nm ST tech-
nology. The simulations were done for three frequencies, 200 MHz,
500 MHz and 1 GHz. Also for the frequency of 200 MHz two different
cases for the clock having trigger points at 50% and 70% of supply
voltage were simulated. It should be noted that in higher frequen-
cies, achieving low trigger points for inverter-based comparators was
not easy as the propagation delay of inverter is no longer negligible
comparing to the rise/fall time of the clock. This problem was also
disscused in previous chapter that inverter-based comparators have
low flexibility. However one can remedy the problem by designing fast
comprator which have large tunning range.

The circuit for all simulations was the same as the circuits which
were disscused in previous chapter and only the sizing of transistor
were taken as parameters of the design. The short circuit current was
measured in Cadence Virtuso and the output of transient simulation
was analysed in MATLAB to extract the spectrum of the signal.

As for the load of the network, 1728 D-Flip-Flopes (DFF) were
used. These DFFs were put in a parallel architecture in which each
DFF is directely connected to clock signal and contributes to total
output capacitance. Also all DFFs are connected to the same input
and finally one of the DFFs’ outputs was checked (because all were
the same) to see if the circuit is working properly. Figure 4.1 shows
the implemented network.

Figure 4.2 shows the output of the network shown in Figure 4.1
when clocked with a conventional buffer chain at the frequency of 200
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Figure 4.1. A DFF based load, simulating the clock network.

MHz. Also Figure 4.3 shows the results of simulation for the network
clocked with a two-segment clock with trigger point at aproximately
half of supply voltage working at the same frequency.

As also was indicated before at higher frequencies having a low
trigger point for multi-segment clock is not trivial. Yet acceptable
two-segment clock with trigger point at about 70% of the power supply
voltage and at the frequency of 1 GHz was achieved in this work. This
is shown in Figure 4.4.

Now that we have generated the desired clocks, in Section 4.0.1
these clocks will be compared in terms of spectrum and short circuit
power consumption in clocked circuits.

4.0.1 Comparison Between Different Clocking Schemes
To compare different clocking schemes, as discussed, a network of
DFFs was used. However, without having an accurate model of the
floor-planning of the chip, it was impossible to simulate a real reso-
nant clocking network. This argument means, although it is possible
to measure EMI and short circuit power in resonant clocked circuits,
measuring the power needed to generate the clock cannot be done ac-
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Figure 4.2. The simulation results for a DFF-based clock network, clocked
by buffer chain at the frequency of 200 MHz.

Figure 4.3. The simulation results for a DFF-based clock network, clocked
by a two-segment clock with trigger point at half of supply voltage for the
frequency of 200 MHz.
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Figure 4.4. Two-segment and conventional clock simulation results for a
DFF-based clock network at frequency of 1GHz.

Table 4.1. Specifications of the simulated clocks.

Clocks K1(mV/ps) K2(mV/ps)
Conv. - 2.5
Prop. (70%) 2.4 0.15
Prop. (50%) 2.11 0.24
Relax1 - 1
Relax2 - 0.625

curately. The most important feature in the model of the resonant
clocking network which highly affects the clock generation power was
found to be the resistance of the network. So here in this thesis, we
will not study resonant clocking and only give a brief example of short
circuit power simulation for a special network. It should be noted
that two-segment clock generation was found to be 8-11% more power
consuming than the conventional clock.

We introduced a two-segment clock and compared it with a relaxed
edges trapezoidal clock in Section 2.2. Here the simulation results for
conventional clock will be taken as a reference and EMI and short cir-
cuit power consumption for two two-segment clocks, having breaking
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Figure 4.5. Normalized harmonic content with respect to conventional
clock.
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Figure 4.6. Nomalized short-circuit power dissipation for different clocks.

points at 70% and 50%, and two kinds of relaxed trapezoidal clocks
is compared. The specification of these clocks are given in Table 4.1.
The frequency of all simulations was 200 MHz in this comparison.

We tried to generate two-segment clocks such that they have edges
as sharp as conventional clock for the fast period of the clock. Fig-
ure 4.5 and Figure 4.6 show the simulated normalized harmonic con-
tent (with respect to conventional clock) and normalized short circuit
power consumption (with respect to relax2), respectively.

A Brief Example of Resonant Clocking Network

As discussed before for the case of resonant clocking, without having
a model of floor-planning, accurate simulations would not be possible.
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Table 4.2. Specifications of the simulated clocks.

Clocks Short Circuit Power (mW)
Conv. 20.29
Prop. (70%) 21.24
Resonant 30.34

So we only here compare, short circuit power dissipation for an ideal
sinusoidal clock. It is clear that there is no information in the spectrum
of an ideal sinusoidal wave that we already know, it is a single tone at
the frequency of sine wave.

Table 4.2 represents the simulation results of short circuit power
consumption in DFF-based network (as discussed before) at the fre-
quency of 500 MHz.



Chapter 5

Conclusion and Future work

5.1 Conclusion
Multi-segment clocking technique was presented in this paper. The
comparison of conventional clocking and multi-segment approach showed
that this method could be used as an alternative to reduce interfer-
ences in the circuit. The proposed circuit, has very good timing prop-
erties and does not impose large power consumption on the system.
However, here we do not emphasize much on the implementation sug-
gested in this work, but more on the multi-segment clocking itself.
The circuit implementation could be optimized for lower power con-
sumption and faster response time.

Since the Fourier transform derivation does not depend on whether
radiation or conduction is being investigated, the presented circuit
could reduce both types of the interferences. Furthermore, since we
did not make any assumption on the interferer, substrate noise and
power supply noise also expected to be reduced by using multi-segment
clocking.

5.2 Future Work
The future work in this area can investigate following issues which
were not adressed in this thesis:

• A thorough comparison between power consumption and EMI in
resonant clocking and those of conventional and multi-segment
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clocking.

• Study of simultaneous switching noise and influence of multi-
segment clocking on this noise.

• Investigation on substrate noise for different clocking schemes.

• A study on the frequency dependence of different clocking tech-
niques i.e. to find the appropriate technique in terms of power,
EMI and timing for different ranges of frequencies.
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