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ABSTRACT
In many consumer products, e.g., cellular phones and handheld computers,
both digital and analog circuits are required. Nowadays, it is possible to
implement a large subsystem or even a complete system, that earlier required
several chips, on a single chip. A system on chip (SoC) has generally the
advantages of lower power consumption and a smaller fabrication cost
compared with multi-chip solutions. The switching of digital circuits
generates noise that is injected into the silicon substrate. This noise is known
as substrate noise and is spread through the substrate to other circuits. The
substrate noise received in an analog circuit degrades the performance of the
circuit. This is a major design issue in mixed-signal ICs where analog and
digital circuits share the same substrate.
Two new noise reduction methods are proposed in this thesis work. The first
focuses on reducing the switching noise generated in digital clock buffers.
The strategy is to use a clock with long rise and fall times in conjunction with
a special D flip-flop. It relaxes the constraints on the clock distribution net,
which also reduce the design effort. Measurements on a test chip
implemented in a 0.35 µm CMOS technology show that the method can be
implemented in an IC with low cost in terms of speed and power
consumption. A noise reduction up to 50% is obtained by using the method.
The measured power consumption of the digital circuit, excluding the clock
buffer, increased 14% when the rise and fall times of the clock were increased
from 0.5 ns to 10 ns. The corresponding increase in propagation delay was
less than 0.5 ns corresponding to an increase of 50% in propagation delay of
the registers.
The second noise reduction method focuses on reducing simultaneous
switching noise below half the clock frequency. This frequency band is
assumed to be the signal band of an analog circuit. The idea is to use circuits
that have as close to periodic power supply currents as possible to obtain low
simultaneous switching noise below the clock in the frequency domain. For
this purpose we use precharged differential cascode switch logic together
with a novel D flip-flop. To evaluate the method two pipelined adders have
been implemented on transistor level in a 0.13 µm CMOS technology, where
the novel circuit is implemented with our method and the reference circuit
with static CMOS logic together with a TSPC D flip-flop. According to
simulation results, the frequency components in the analog signal band can
be attenuated from 10 dB up to 17 dB using the proposed method. The cost is
mainly an increase in power consumption of almost a factor of three.
i

Comparisons between substrate coupling in silicon-on-insulator (SOI) and
conventional bulk technology are made using simple models. The objective is
to get an understanding of how the substrate coupling differs in SOI from the
bulk technology. The results show that the SOI has less substrate coupling if
no guard band is used, up to a certain frequency that is dependent of the test
case. Introducing a guard band resulted in a higher attenuation of substrate
noise in bulk than in SOI.
An on-chip measurement circuit aiming at measuring simultaneous switching
noise has been designed in a 0.13 µm SOI CMOS technology. The
measuring circuit uses a single comparator per channel where several passes
are used to capture the waveform. Measurements on a fabricated testchip
indicate that the measuring circuit works as intended.
A small part of this thesis work has been done in the area of digit
representation in digital circuits. A new approach to convert a number from
two’s complement representation to a minimum signed-digit representation is
proposed. Previous algorithms are working either from the LSB to the MSB
(right-to-left) or from the MSB to the LSB (left-to-right). The novelty in the
proposed algorithm is that the conversion is done from left-to-right and rightto-left concurrently. Using the proposed algorithm, the critical path in a
conversion circuit can be nearly halved compared with the previous
algorithms. The area and power consumption, of the implementation of the
proposed algorithm, are somewhere between the left-to-right and right-to-left
implementations.
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1
INTRODUCTION
1.1 Motivation
CMOS technology has continuously evolved toward smaller feature sizes,
allowing more electronic circuits to be integrated on a single silicon die. In
1965 Gordon Moore predicted that the number of transistors would grow
exponentially in time [78], which later has become known as Moore’s Law.
For each new technology generation the number of transistors per unit area is
in general doubled. Hence, more complex circuits can be implemented on the
same silicon area if replacing one technology with a newer. Furthermore, the
parasitic capacitances are decreased with smaller transistor sizes while the
maximal current through the transistors are increased due to the shorter
effective channel lengths. In general these effects yield faster and less power
consuming circuits. Nowadays it is possible to implement very large
subsystems or even a complete system on a chip (SoC). A SoC have many
advantages compared with systems implemented in several integrated circuits
(ICs). First, communication is less power consuming and faster on-chip than
off-chip. Therefore, a SoC can obtain low power consumption and high
speed. Second, the size of the SoC is much smaller than a system consisting
of several ICs. Third, with a SoC the cost of mounting the system on a printed
circuit board decreases since the number of parts to mount is smaller. The
printed circuit board can also be made smaller with fewer traces and solder
areas. SoC designs target to low cost for high volume products. Most
electronic consumer products, contain both analog and digital circuits are
required, e.g., cellular phones and handheld computers. In such systems,
circuits such as amplifiers, filters, digital-to-analog and analog-to-digital
converters, and high speed processing elements share the same silicon die in a
SoC implementation [104]. An IC where analog and digital circuits share the
same silicon die is commonly referred to as a mixed-signal IC.

1

Introduction

1.1.1 Substrate Noise in Mixed-Signal ICs
When a digital circuit is operating, a large number of nodes rapidly change
voltages. For instance, a node may switch from ground level to the power
supply voltage in tens of picoseconds. The rapid switching generates large
current spikes in the power supply lines. In the interconnect from on-chip to
off-chip there are parasitic impedances in terms of inductance and resistance
due to the package (e.g., bonding wires and lead frames) and the printed
circuit board. There are also parasitic impedances in the on-chip power
supply lines. The current spikes together with the power supply impedance
result in voltage fluctuations on the on-chip power supply lines. These
voltage fluctuations are known as simultaneous switching noise (SSN). In
digital designs, SSN can result in degraded performance or malfunction.
In mixed-signal ICs, signals are processed both in the digital and the analog
domain on the same chip. The chip typically consists of a silicon substrate in
which the circuits are implemented. The silicon substrate is mainly resistive,
meaning that different areas on the chip are resistively coupled to each other.
The ground lines are in general directly coupled to the substrate and the other
nodes are capacitively coupled to the substrate. Hence, a switching digital
circuit generates noise that is injected into the silicon substrate. This noise is
called substrate noise and it is spread through the substrate to other circuits.
Analog circuits are in general more sensitive to substrate noise than to
classical analog device noise sources (i.e., thermal, flicker, and shot noise).
The substrate noise can easily be orders of magnitude larger than the device
noise. Therefore, substrate noise may seriously degrade the performance of
analog circuits. For instance, the substrate noise can result in degradation of
the signal-to-noise ratio (SNR) and spurious-free dynamic range (SFDR).
Consequently, the substrate noise is a major problem in mixed-signal circuits.
The degradation of analog performance due to substrate noise and the goal of
mixed-signal SoC have pushed researchers to find methods to mitigate the
problems. There are in short three approaches to reduce the substrate noise
problem. First, the noise generated due to the switching of the digital circuits
may be targeted for reduction. Second, the coupling between the digital and
the analog circuits may be reduced. Third, the analog circuit may be designed
for a lower sensitivity to substrate noise. The main part of this thesis work
focuses on the generated switching noise while a smaller part focuses on the
coupling between circuits.

2
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1.1.2 Representation of Integers in Digital Circuits
The digit representation in digital circuits can affect, e.g., speed, resolution,
power and the required silicon area of a circuit. Therefore the choice of
representation is significant. The binary two’s complement representation is
commonly used in arithmetic circuits such as adders and multipliers. The
multiplier is a common processing element in most digital applications, e.g.,
digital filters and digital signal processors. Multiplication is in general
realized by shifts and additions. The number of required additions is in most
algorithms determined by the number of nonzero digits in the multiplier
coefficient. In several cryptographic algorithms (e.g., RSA), modular
exponentiation of large integers is used both for encryption and decryption
[59]. The number of modular multiplications, required to calculate the
modular exponentiation, is determined by the number of nonzero digits in the
binary representation of the exponent. In the signed-digit representation each
digit can have either a positive or a negative sign, which can reduce the
number of nonzero digits. Using a signed-digit representation can save
computation effort by means of, e.g., fewer additions in multipliers and fewer
multiplications in modular exponentiations. In conversion of two’s
complement to a signed-digit representation in a dedicated hardware, a carry
(or carry-like) signal propagates from the least significant bit to the most
significant bit (or vice versa). The propagation delay of the carry signal sets
the speed of the conversion. A small part of this thesis work is made on
conversion from two’s complement to signed-digit representation.

1.2 Contributions
In this thesis work the main part is performed within the area of substrate
noise reduction. A noise reduction strategy that focuses on reducing the noise
generated in digital clock buffers is presented. The strategy is to use a clock
with long rise and fall times, which reduces both the high frequency
components of the clock signal and the current peaks generated in the power
supply lines. A robust D flip-flop, earlier presented in [110], is designed,
investigated, and used in a test chip intended for evaluation of the noise
reduction strategy. Some considerations on how to design the D flip-flop are
described. Timing characteristics are given for a wide range of fall times. A
test chip has been designed and manufactured in a 0.35 µm CMOS process to
evaluate the strategy. The test chip contains two analog filters used for
studying the noise reception and a digital filter used as a noise source.
3
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According to measurements on the test chip, the digital filter works well with
long rise and fall times of the clock with low costs of power and speed,
showing that it is possible to use the strategy in a real implementation. The
generated switching noise in the digital circuit was reduced when using
longer rise and fall times of the clock. Furthermore, the received noise in the
analog circuit was also reduced.
The design of a clock distribution network in a digital IC is challenging in
terms of obtaining low power consumption, low waveform degradation, low
clock skew and low SSN. Generally, the clock edges must be sharp which
require large clock buffers, repeaters, and wide interconnects. Therefore, the
design effort of the clock distribution net commonly is high. The strategy to
use long rise and fall times of the clock signal is also used to relax the
constraints on the clock distribution net. With this method small clock
buffers, narrow interconnects, few or no repeaters may be used. Hence, the
design effort of the clock distribution net is reduced.
CMOS bulk technology has during the last decades been dominating in many
areas owing to its high cost effectiveness in comparison with other
technologies. The silicon-on-insulator (SOI) CMOS has during the recent
years become an increasingly interesting technology. The manufacturing cost
of SOI is still higher than for bulk technologies, but the relative difference in
cost has decreased during the last years. In SOI, the active area is a thin-film
of silicon, which is isolated from the substrate by a buried layer of, e.g.,
silicon oxide. Isolating sensitive circuits using SOI in mixed-signal circuits is
effective up to a certain frequency, where the capacitive coupling through the
insulator comes into play. In this thesis work comparisons between substrate
coupling in SOI and conventional bulk technology are made by the use of
simple models. The goal is to get an understanding of how SOI differs from
bulk regarding the substrate coupling. The used models of the substrates are
based on results obtained from modeling and simulating with the tool
FEMLAB. According to simulations, SOI gives high isolation between
different circuit areas for low frequencies. A guard band placed in between
the analog and the digital region may be more effective in the bulk CMOS
technology than in the SOI technology.
SSN is generally the main contributor to substrate noise. Therefore, it is of
interest to measure SSN in a digital circuit, e.g., during evaluation of an SSN
reduction method. In measurement of substrate noise several factors will
affect the results. If the load of the measurement equipment is not negligible
the measured waveform will differ from the actual waveform. For instance, if
a ground line is connected to an oscilloscope with a coaxial cable the cable
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adds capacitance and inductance, which affects the transfer function and the
measurement result. Furthermore, the impedance from on-chip to off-chip
also affects the transfer function and therefore the measurement result. To
affect the node of interest as little as possible the use of an on-chip
measurement circuit with small input parasitics would be favorable instead of
an off-chip measurement equipment. An on-chip measurement circuit aiming
at measuring SSN has been designed and implemented in a 0.13 µm SOI
CMOS process. A variable-reference generator and a comparator are used to
capture the waveform of a periodic signal. Several passes are made where the
waveform is compared with a different reference level in each pass. The
comparator output is stored in a memory and is used to reconstruct the
waveform when the capture is completed. In the measurements on the
manufactured test chip, the data processing is made off-chip. The results from
measuring switching noise of a digital circuit indicate that the on-chip
measurement circuit works as intended.
Interfering frequencies present outside an analog signal band can be
attenuated by filtering. However, interfering frequency components in the
signal band are impossible to attenuate without distorting the signals. In, e.g.,
digital-to-analog converters it is a problem that switching of digital circuits
generates frequency components within the analog signal band. Here the
digital circuits are required for signal processing (e.g., filtering) and
conversion, e.g., from binary to thermometer code. We focus on reducing the
noise in the frequency band from zero to half the digital clock frequency. This
frequency band is assumed to correspond to the analog signal band. The
proposed method to obtain the noise reduction is to use circuits drawing a
periodic current. In brief, if each circuit draws the same current
independently of input data then the frequency content of the generated noise
would be located above the clock frequency.
A small part of this thesis work has been performed in the area of digit
representation in digital circuits. A new approach to convert a number from
two’s complement representation to a minimum signed-digit representation
(MSD) is proposed. Previous algorithms are working either from the LSB to
the MSB (right-to-left) or from the MSB to the LSB (left-to-right). The
novelty in the proposed algorithm is that the conversion is done from left-toright and right-to-left concurrently. Hence, the execution time is significantly
decreased. The idea in our proposed algorithm is to split the input word into
two parts, where each part is converted separately using a left-to-right
algorithm for the MSBs and a right-to-left algorithm for the LSBs. Then the
results are combined and adjusted so that the final result is guaranteed to be
an MSD representation. Results show that the algorithm always results in an
5
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MSD representation. Simulation results show that the algorithm results in
shorter conversion time than the conventional algorithms.
The ideas behind the research presented in this work have been obtained
during close collaboration with my supervisor Mark Vesterbacka, where the
investigations of the ideas have been performed by me. The digital FIR-filter
and the adjustable clock buffer included in the first test chip were designed by
me. The analog filters on this test chip were made by Robert Hägglund and
Emil Hjalmarsson. The first printed circuit board for evaluation of the first
test chip was designed by Anders Nilsson. The second printed circuit board
designed for the measurement equipment in the laboratory of Infineon in
Linköping was designed by me with valuable advices from Anders Nilsson
and Jacob Wikner. The evaluation of the first test chip was performed by me.
The second test chip containing the on-chip measurement circuit was
implemented by Erik Säll. The printed circuit board for the second test chip
and the measurements on the second test chip were performed by me. The
investigations of reduction of in-band noise were performed by me. The novel
return-to-zero D flip-flop was invented by Mark Vesterbacka. Oscar
Gustavsson suggested the idea of investigating if the right-to-left and left-toright algorithms could be combined. This investigation was performed by me
and Erik Säll where the corresponding paper were written by all the three
authors. The rest of the papers were written by me with valuable feedback
from Mark Vesterbacka.

1.3 Publications
This thesis work has resulted in the papers [11]-[23]. The papers that are not
included in the thesis are overlapping with the other papers or the content in
this thesis.
The paper, “A strategy for reducing clock noise in mixed-signal circuits”
presented on the IEEE Midwest Symposium on Circuits and Systems, Tulsa,
Oklahoma, Aug. 2002, was recognized to be one of the top ten student papers
of about 200.
I was invited to contribute to the special session on “Substrate and Switching
Noise in Mixed-Signal ASICs” on the European Conference on Circuit
Theory and Design (ECCTD) 2007. This special session is organized by
Antonio Rubio (UPC, Spain) and Antonio Acosta (IMSE-US, Spain). The
paper “Reduction of simultaneous switching noise in analog signal band”
have been submitted to this session.
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Papers included in this thesis:
•

E. Backenius and M. Vesterbacka, “A strategy for reducing clock noise
in mixed-signal circuits,” Proc. 2002 IEEE Midwest Symposium on
Circuits and Systems, Tulsa, Oklahoma, Aug. 2002.

•

E. Backenius and M. Vesterbacka, “Design of Circuits for a Robust
Clocking Scheme,” Proc. IEEE Mediterranean Electrotechnical Conf.,
Dubrovnik, Croatia, May 2004.

•

E. Backenius and M. Vesterbacka, “Evaluation of a clocking strategy
with relaxed constraints on clock edges,” Proc. IEEE TENCON,
Chiang Mai, Thailand, Nov. 2004.

•

E. Backenius and M. Vesterbacka, “Introduction to substrate noise in
SOI CMOS integrated circuits,“ Proc. Radiovetenskap och
Kommunikation, Linköping, Sweden, June 2005.

•

E. Backenius, E. Säll, and O. Gustafsson, “Bidirectional conversion to
minimum signed-digit representation,” IEEE Int. Symp. Circuits Syst.,
Kos Island, Greece, May 2006.

•

E. Backenius and M. Vesterbacka, “Reduction of simultaneous
switching noise in digital circuits”, IEEE Norchip Conference,
Linköping, Sweden, Nov. 2006.

•

E. Backenius, E. Säll, K. O. Andersson, and M. Vesterbacka,
“Programmable reference generator for on-chip measurement”, IEEE
Norchip Conference, Linköping, Sweden, Nov. 2006.

•

E. Backenius, R. Hägglund and M. Vesterbacka, “Effect of
simultaneous switching noise on an analog filter,” Int. Conf.
Electronics Circ. Syst., ICECS2006, Nice, France, Dec. 2006.

•

E. Backenius, M. Vesterbacka, and V.B. Settu, “Reduction of
simultaneous switching noise in analog signal band,” Invited paper to
special session on “Substrate and Switching Noise in Mixed-Signal
ASICs” on ECCTD 2007, Sevilla, Spain, Aug. 2007.
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Papers not included in this thesis:
•

E. Backenius, M. Vesterbacka, and R. Hägglund, “Reduction of clock
noise in mixed-signal circuits,” Proc. Radiovetenskap och
Kommunikation, Stockholm, Sweden, June 2002.

•

E. Backenius and M. Vesterbacka, “Characteristics of a differential D
flip-flop,” Proc. Swedish System-on-Chip Conf., Eskilstuna, Sweden,
Apr. 2003.

•

E. Backenius and M. Vesterbacka, “A digital circuit with relaxed
clocking,” Proc. Swedish System-on-Chip Conf., Båstad, Sweden, Apr.
2004.

•

E. Backenius and M. Vesterbacka, “Pin assignment for low
simultaneous switching noise,” Proc. Swedish System-on-Chip Conf.,
Tammsvik, Sweden, Apr. 2005.

1.4 Thesis Outline
The thesis can be seen as divided into two parts where the main part consider
substrate noise and clock design considerations in mixed-signal ICs (Chapter
2-3, Paper I-VII). A small part of the thesis work considers conversion of
two’s complement to a signed-digit representation (Chapter 4, Paper VIII). In
Chapter 2, an introduction to substrate noise is given where the cause of
substrate noise is discussed and examples of how analog circuits are affected
are given. Substrate modeling is also briefly introduced. Chapter 3 gives an
overview of substrate noise reduction methods. In Chapter 4, the signed-digit
representation is discussed together with examples of applications. In Chapter
5, the appended papers are summarized. The work is concluded in Chapter 6.
Finally, the nine included papers follow.
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2
SUBSTRATE NOISE
IN MIXED-SIGNAL CIRCUITS
2.1 Substrate Noise
In mixed-signal ICs both analog and digital circuits share the same silicon
substrate. When a digital circuit is switching, the voltages in the circuit nodes
change rapidly and switching noise is generated. The noise is spread through
the substrate and is received by other circuits, which is illustrated in Fig. 2.1.
The noise in the substrate is referred to as substrate noise. Due to the
substrate noise the performance of sensitive analog circuits is seriously
degraded when analog and digital circuits are integrated [6] [99] [106] [41]
[35]. Substrate noise that originates from digital circuits is generally orders of
magnitude larger than device noise (i.e., thermal, flicker and shot noise) in
high-speed mixed-signal circuits [56]. Hence, the device noise is generally a
minor problem compared to substrate noise in the design of an analog circuit
for a mixed-signal IC.

V

V

t

Digital
Circuit

t

Analog
Circuit

Figure 2.1: Illustration of substrate noise in a mixed-signal circuit.
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2.2 Substrate Types in CMOS Technologies
In conventional bulk CMOS technologies, there are mainly two types of
substrate that are used [94]. The first substrate type consists of a thick layer of
heavily positively doped silicon (p+) with a thin lightly positively doped
silicon (p−) on top as illustrated in Fig. 2.2(a). This kind of technology is
referred to as epitaxial substrate or heavily doped substrate. The thickness of
the epitaxial layer is typically about 10 µm [109]. The thickness of a chip is
commonly from 300 µm to 600 µm. In modeling, the layer of the heavily
doped silicon may be approximated to a single node due to its high
conductance [99]. As a consequence, the substrate noise in heavily doped
substrates tends to be uniform over the chip area [99]. Historically, heavily
doped substrates have been widely used due to the low risk of latch-up [30].
The second substrate type is the uniform lightly doped substrate, which is
illustrated in Fig. 2.2(b). In this substrate the resistivity is higher than in the
heavily doped substrate, due to that the doping level is lower. Therefore, the
substrate coupling is smaller in the lightly doped substrate. For this reason the
lightly doped substrate is considered to be a better choice for mixed-signal
ICs than the heavily doped substrate [7].
Silicon on insulator (SOI) is a technology where a thin-film of silicon is
placed on a buried insulating layer (e.g. silicon oxide). Under the insulating
layer a thick layer of lightly doped silicon is commonly used. The profile of
an SOI substrate is illustrated in Fig. 2.3. The SOI technology results in
smaller parasitics than a conventional CMOS technology, since the pnjunctions are shallower in SOI owing to the thin-film. Hence, the circuits
implemented in the SOI technology is in general somewhat faster and less
power consuming than in conventional bulk technologies. The insulator layer
also reduces the coupling between circuits, which is beneficial in mixedsignal applications. For these reasons SOI is believed to be widely used in the
future [49] [9].

2.3 Substrate Modeling
To predict the coupling between circuits that are placed on the same chip, a
proper substrate model is required. Typically the height of a chip is about 300
to 600 µm, which is significant with respect to the horizontal dimensions of a
chip. Consequently, in modeling of the electrical properties of a lightly doped
substrate the model must be based on the three dimensions in space.
10
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epitaxial
layer (p-)

p-

p+
Substrate
(a)

Substrate
(b)

Figure 2.2: (a) Heavily doped substrate, and (b) lightly doped substrate.

Thin-film of silicon
Insulator (e.g. silicon oxide)

p−
Substrate

Figure 2.3: Silicon-on-insulator (SOI) substrate.

For low frequencies (below a few GHz) the substrate is mainly resistive. For
high frequencies (typically above a few GHz) the dielectric behavior of the
substrate comes into play. Hence, for these frequencies the capacitive
coupling in the substrate must be added to the substrate model. The coupling
through a substrate is both resistive and capacitive. However, for low
frequencies the substrate can be approximated as purely resistive [82], which
is used in paper I. The substrate is mainly resistive for frequencies up to
1
f c = ------------------------ ,
2πρ sub ε Si

(2.1)

where ρ sub and ε Si are the resistivity and the permittivity of the substrate,
respectively [82]. For example, assuming a lightly doped substrate with a
resistivity of 0.10 Ωm yields according to (2.1) that the substrate is mainly
resistive for frequencies up to 15 GHz. Neglecting the capacitive coupling,
the model is reduced from an RC net to a resistor net. Consequently, the
complexity of the net is reduced, which saves time in simulations.
A resistive model of the substrate consisting of N ports (i.e., substrate areas)
and a number of intermediate nodes can be reduced without lack of accuracy.
For instance, a reduced but still full model contains only the N ports and M
11
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resistors that all are connected so that each port is connected with all the other
ports. Hence, in a full model with N ports the required number of resistors is
N –1

M =

∑

j=1

N
j = 1 + 2 + 3 + … + ( N – 1 ) = ---- ( N – 1 ) .
2

(2.2)

For a substrate with an uniform doping level, it is straightforward to extend a
resistive model to include the capacitive coupling. The coupling through the
substrate can be modeled with elements consisting of a resistor in parallel
with a capacitor, which is further described in Section 2.3.1. The ratio
between the impedance from the resistive part R and the capacitive part
1 ⁄ ( ωC ) are always equal for a given frequency. Hence, for a determined
resistive coupling the capacitive coupling can easily be calculated by using
ρ sub ε Si
C = ---------------- .
R

(2.3)

This means that a modeling technique of a uniformly doped substrate that can
accurately determine the resistive coupling also can accurately determine the
capacitive coupling.
In the research area of substrate modeling there are some different objectives.
Some modeling techniques are focusing on achieving high accuracy while
others are focusing on fast estimation with some relaxation in accuracy. For
instance, the substrate models based on the finite element method (FEM) and
finite difference method (FDM) can be very accurate but slow in computation
[91] [112], while the boundary element method (BEM) generally is faster.
Using FEM, a discretization of the substrate is made by a mesh of elements.
The partial differential equations are then solved for each element [117] [39].
Using FDM, the substrate is divided into a number of nodes and the electric
field vector between adjacent nodes is approximated using a finite difference
operator [107]. In BEM each port (i.e., surface area) are divided into a
number of smaller areas [108]. Laplace’s equations are then solved with the
boundary conditions using Green’s function [96]. The boundary element
method (BEM) is generally faster than FEM and FDM, but it has some
limitations in accuracy as soon as regions with different doping (e.g., n-wells)
are included [91].
In [107] FEM and BEM are combined to obtain a fast and still accurate
model. Here FEM is used to model the layout dependent doping patterns,
while BEM is used for the rest of the substrate. In [65] a surface potential
12
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model is used to estimate the substrate coupling between different ports.
Analytic expressions are used together with superposition techniques. Today
there are commercial tools developed for extracting substrate couplings, e.g.,
Substrate Storm which is included in Cadence [116].

2.3.1 A Substrate Model Derived from Maxwell’s Equations
The basic Maxwell’s equations can be used to describe the substrate.
However, a closed form solution to these equations does not exist as soon as
geometries of different doping levels (e.g., n-wells) are included in the
substrate or different layers of the substrate have different doping levels (i.e.,
non-uniform substrate doping) [6]. To overcome this problem the substrate
may be divided into a number of smaller elements where each element is
assumed to have a constant doping level. Hence, the resistivity and the
permittivity are assumed to be constant within each element. The equations
can then be solved for the element so that a model of each element is
obtained. Ignoring the magnetic field, a simplified form of Maxwell’s
equations can be written as
1
∂
ε ( ∇•E ) + --- ∇•E = 0
ρ
∂t

(2.4)

[98]. Here, E is the electrical field, ρ the resistivity, and ε is the permittivity
of the silicon within the element. A cube shaped element with the volume V
and the side 2d is shown in Fig. 2.4. The closed surface of the cube is denoted
S. Gauss’ law gives that the divergence of the electrical field in a point equals

3
2

i

1

4
2d

5

2d

6
2d

Figure 2.4: A cube shaped substrate element.
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a constant [36]. Hence, the divergence in node i in the cube is
∇•E = k .

(2.5)

We integrate ∇•E over the volume V formed by the cube in Fig. 2.4, and then
rewrite (2.5) as

∫ ∇•E dV

=

V

∫ k dV

3

= 8d k .

(2.6)

V

The divergence theorem [36] gives

∫ ∇•E dV

=

V

∫ E dS

.

(2.7)

S

Hence, (2.6) can be rewritten as
1
--------3- ∫ E dS = k .
8d S

(2.8)

1
∇•E = --------3- ∫ E dS .
8d S

(2.9)

Therefore,

The integral in (2.9) can be approximated as
6

∫ E dS =
S

∑ E ij 4d

2

(2.10)

j=1

and the electrical field from node j to i can be approximated [98] as
Vi – V j
E ij = ----------------- .
d⁄2

14
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Hence,
6
Vi – V j 2
1
∇•E = --------3- ∑ ------------------ 4d =
8d j = 1 d ⁄ 2

6

Vi – V j

∑ ----------------2

.

(2.12)

d

j=1

Using (2.12) in (2.4) gives
1
--ρ

Vi – V j
V i – V j
∂
- + ε  ∑ ----------------- = 0 .
∑ ----------------2
2
∂t
d 
d
j=1
j=1
6

6

(2.13)

We rewrite (2.13) as
6

∑
j=1

(V i – V j)
∂V ∂V
----------------------- + C  --------i – ---------j

R
∂t
∂t 

= 0

(2.14)

where R = ρ ⁄ ( 2d ) and C = 2εd [98]. Equation (2.14) corresponds to that
the sum of the currents flowing into node i is zero. The resulting model is
shown in Fig. 2.5, where each impedance from a surface to the middle node i
is modeled as a resistor in parallel with a capacitor with the values R and C,
respectively. For high frequencies (above ten GHz) this model can be
expanded to include loss in the dielectric behavior of the substrate to increase
the accuracy. In [83] a resistor is added in series with the parallel coupled
capacitance and resistance to make the model valid for frequencies up to 40
GHz.
3
2

i

1

4

5
6

Figure 2.5: A model of the cube shaped substrate element.
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Discretizing a substrate results in a mesh of elements. To obtain reliable
results from a model, the mesh should be fine (i.e., small elements) in regions
where the gradient of the doping level is large and also where the gradient of
the electrical field is large. Due to the large number of nodes required in the
mesh, it is not suited for hand calculations and therefore a simulator is
required. By using a circuit simulator (e.g., SPICE) the coupling between
different areas of the substrate can be analyzed.

2.3.2 Substrate Modeling with FEMLAB
In the finite element method (FEM) the objects are divided into a number of
elements, where the equation system is numerically solved for each element.
The finite element method is used in the commercial tool FEMLAB [117],
which can model and simulate physics in the 3 dimensional space. In the tool,
a mesh of finite elements is generated and the partial differential equations of
each element are then solved. In this thesis work FEMLAB was used to
model lightly doped substrates.
In paper I and paper IV, FEMLAB is used to build models of substrates. In
paper I, only the resistive coupling through the substrate is considered. In
paper IV, both the resistive and the capacitive couplings of the substrate are
considered. The results obtained from FEMLAB are used to derive full
models of the substrates consisting of resistors and capacitors. To
demonstrate the used substrate modeling method, an example is given below.
Two circuits with surfaces 50 µm by 50 µm present on a substrate are
shown in Fig. 2.6. The two circuit’s areas and the bottom area are labeled A,
B, and C, respectively. The substrate backside is assumed to be metallized.
A B
50
500

500

50
50

500

[ µm ]

500

500

[ µm ]

C

Figure 2.6: A lightly doped substrate with two circuit
regions of 50 µm by 50 µm and a metallized backside.
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The silicon resistivity and the relative permittivity are assumed to be 0.20
Ωm and 11.8, respectively. A mesh of the substrate shown in Fig. 2.6 is
generated using FEMLAB is. The resulting mesh is shown Fig. 2.7, where it
can be seen that the mesh is made finer close to the circuit areas than close to
the bottom of the substrate. The tool can automatically select a finer mesh
close to smaller objects, but the mesh can also be controlled by the user. The
4
mesh shown in Fig. 2.7 consists of approximately 7 ⋅ 10 elements. To
estimate the substrate coupling between the areas A, B, and C, a sinusoidal
signal is applied on circuit area A while the other circuit area B and the
backside contact C are grounded. In Fig. 2.8, the result of a simulation of the
voltage potential in the generated mesh is shown. The currents (in complex
form) obtained from the simulation are used to calculate the resistive and the
capacitive coupling. The full model of the substrate coupling between the
areas A, B, and C is shown in Fig. 2.9. Here, the capacitor and the resistor
values are
R 2 = 2.27 kΩ ,
R 3 = 6.31 kΩ , C 2 = 9.20 fF, and
C 3 = 3.31 fF. This simple model can easily be included in simulations for
investigations on how the substrate coupling affects, e.g., an analog circuit.

A

B

[ mm ]

C
Figure 2.7: A mesh of the substrate shown in Fig. 2.6.
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A

B

C

Figure 2.8: Visualization of a simulation result in FEMLAB.

A

B
C3

C2 R2

R3

R2

C2

C
Figure 2.9: A full model of the capacitive and resistive coupling
between the three nodes in Fig. 2.4.
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2.4 Simultaneous Switching Noise
2.4.1 Cause of Simultaneous Switching Noise
The parasitic impedance in the power supply interconnects between on-chip
and off-chip plays a big role in ICs. The parasitics are inductance and
resistance coming from traces (e.g., leadframe) and bonding wires (or solder
balls) within the package. Normally, the critical parasitic of IC packages is
the inductance in the current paths [100]. In Fig. 2.10, a simple model of the
power supply parasitics of a package is illustrated. Parasitic capacitances and
typically decoupling capacitors are present between the on-chip positive
power supply and the ground line. The sum of these capacitances can be
modeled as a lumped capacitor C eff . When digital circuits are switching,
large current peaks are generated. The current peaks together with the
parasitic inductance and the resistance generate voltage drops on the on-chip
power supply voltage. The drop on the on-chip power supply voltage is
dI
V supply = L eff ----- + R eff I ,
dt

(2.15)

where Leff and Reff are the parasitic inductance and resistance of the power
supply current path. The dominant part of the impedance is in general the
inductance due to the large values of dI ⁄ dt . When a current peak occurs in
the power supply, a damped voltage oscillation is initiated [84]. For
simplicity, let L 1 = L ⁄ 2 , R 1 = R ⁄ 2 and C eff = C , giving L eff = L and
R eff = R . The damped oscillation, after the appearance of the current spike,
can be described by
V supply = e

L1

L1

– ζω 0 t

k sin ( ωt + θ )

(2.16)

R1

R1

Digital
C1 Circuit

Figure 2.10: A simple model of the impedance in the power supply lines of a
digital circuit.
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where
R C
ζ = --- ---- ,
2 L

(2.17)

1
ω 0 = ------------ ,
LC

(2.18)

and
ω = ω0 1 – ζ

2

.

(2.19)

ζ is known as the damping factor which in general is less than unity. θ and k
depend on the values of R, L, and C and the waveform of the current spike. In
a digital circuit, the number of generated current peaks and their distribution
in time depend on which nodes that are switching within the circuit.
Therefore, the waveform and the frequency content of the power supply
voltage are data dependent [53]. The damping of the sinusoidal is, as seen in
(2.16), determined by
R
ζω 0 = ------ .
2L

(2.20)

Hence, the smaller L and the larger R the faster is the attenuation of the
voltage fluctuation. A smaller L also results in a smaller initial voltage drop
according to (2.15). On the other hand a larger R results in an increased initial
voltage drop. The frequency of the damped oscillation is, according to (2.16)
and (2.19),
2

1–ζ
f osc = ------------------- .
2π LC

(2.21)

However, the oscillation frequency is often approximated with
1
f osc ≈ ------------------- .
2π LC

(2.22)

The described voltage fluctuation on the power supply is known as
simultaneous switching noise (SSN) or dI ⁄ dt -noise. In digital designs, SSN
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can result in malfunction or degraded performance [88]. In mixed-signal ICs
the performance of analog circuits is seriously degraded by the SSN that is
spread through the substrate [6] [99] [106] [41] [35].

2.4.2 Switching of an On-Chip Load
In Fig. 2.11, charging of an internal node within a digital circuit is for
simplicity illustrated by an inverter. The parasitic capacitances in the node are
modeled by C1 and C2. While C1 is charged, C2 is discharged. The current
discharging C2 is only within the loop Iinternal, as illustrated in Fig. 2.11.
Therefore, Iinternal does not contribute to the total SSN. The charge required
from the power supply due to the charging of C1 is C 1 V DD . This charge is
taken from the power supply whose current is denoted Ipower. As seen in
Fig. 2.11, the currents through the positive power supply and the ground line
are equal. Hence, the voltage transients on the power supply lines are
antisymmetrical if Z 1 = Z 2 . The discharging of the internal node is
illustrated in Fig. 2.12. During the discharging a similar behavior can be seen

I power

Z1

VDD
I internal
M2

C2

V1

V1

GND

I power

Z2

M1

C1
t

Chip
Package

Figure 2.11: Charging of an on-chip node in a digital circuit.

I power

Z1

VDD
M2

GND

I power

Z2
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C2
I internal

V1

V1
C1
t

Chip
Package

Figure 2.12: Discharging of an on-chip node in a digital circuit.
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as during the charging. The charge taken from the power supply is C 2 V DD .
The discharging current of C1 is local on chip and is denoted Iinternal in
Fig. 2.12, while the charging current of C2 goes through the power supply
lines. Hence, voltage transients are seen on the power supply lines both while
charging and discharging of an internal node.

2.4.3 Switching of an Off-Chip Load
To drive a digital output of an IC, cascaded inverters are commonly used as a
driver. The output load consists of the parasitic capacitance of the bonding
pad, the inductance and capacitance of the interconnect from on-chip to offchip, and the load on the printed circuit board (PCB), e.g., wire trace plus the
input of another IC. The current required to charge or discharge an off-chip
load can be large, especially in the case of a high-speed communication. As a
consequence, the output drivers of a digital circuit generally generate a
considerable amount of the total SSN [101] [62]. The power supply lines for
the output buffers are normally separated from the power supply lines for the
chip core. Hence, the current paths of the output drivers differ from the paths
of the power supply to the chip core. For instance, the current path of a single
ended output inverter is data dependent. While charging, the current path is
through the positive on-chip power supply line and through the output load,
which is illustrated in Fig. 2.13. In this case, the current through the on-chip
ground line is approximately zero. While discharging, the current path goes
through the ground supply line and through the output load. The currents in
the power line and the ground line between of the chip core are always
approximately equal as described in Section 2.4.2. Therefore, the assignment
of pins for power supply of single ended output buffers is more complicated
I power

Z1

VDD
M2

Z3

Vout

out

M1

GND

I power

Z2

t
Cout

Chip
Package
Z4

Figure 2.13: Charging of an off-chip load.
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than for the chip core. However, if a differential signaling is used for an
output, the current path is always through the differential pair of
interconnects as in low voltage differential signaling (LVDS), which is
further described in Section 3.5.4.
In [89] experiments were made where the number of simultaneous switching
output drivers was varied. The conclusion was that the SSN was not a linear
function of the number of switching drivers. SSN increased in proportion to
the number of switching drivers, as long the number of drivers was small,
while for a large number of switching drivers the SSN showed a saturation
behavior.

2.4.4 Modeling of Power-Supply Lines
In Fig. 2.14, a model of the power supply lines of a digital circuit is shown.
This model is more detailed than the model shown in Fig. 2.10, but it is still a
rather simple model. On the printed circuit board there are also parasitic
inductance and resistance. Decoupling capacitors are commonly used close to
the package on the PCB to decrease the voltage fluctuations. However, a real
capacitor is only behaving as a capacitor up to the resonance frequency where
the parasitic inductance of the real capacitor comes into play. The decoupling
on the PCB is modeled by R2, L2, and C2. The parasitics in the on-chip power
supply distribution net also affect the on-chip SSN. The impedance from onchip to off-chip can be made small using an advanced package in conjunction
with many pins dedicated for the power supply. For high frequencies it is
required to design the on-chip power supply distribution net with the
emphasis on low inductance, low resistance, and sufficiently large decoupling
capacitance. The need for carefully designed on-chip power supply
distribution nets is expected to increase with technology scaling [74], since

L1

VDD

L3

GND

L4

R1

R3

L7

R4

R2

R8

L2

L8

C2

PCB

L6

R6

Package

C8

R7

Digital
Circuit
L9

R9

Chip

Figure 2.14: A model of the power supply lines of a digital circuit.
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the scaling results in faster circuits with sharper current spikes with higher
dI ⁄ dt . Parasitics on the printed circuit board (PCB), decoupling capacitors,
package impedance and impedance in the on-chip power supply lines are
included in Fig. 2.14. These different parts all affect the result in estimations
of SSN.

2.5 Inductance in Power Supply Lines
In Section 2.4 the parasitic inductance in the power supply lines was pointed
out to be critical in consideration of SSN. The inductance for a linear medium
is given by
Φ
L = ---I

(2.23)

[36], where I is the current in a closed loop and Φ is the magnetic flux
through the area within the closed loop. Inductance can be divided into three
contributions. The first is the internal inductance L int , the second is the
external L ext , and the third is the mutual inductance L mutual . The internal
inductance is within the conductor. The external inductance originates from
the magnetic flux through the area of the closed loop. Mutual inductance
comes from neighboring magnetic fluxes that interact with the flux within the
loop. The mutual inductance can either increase or decrease the effective
inductance of a loop. The sum of the internal and the external inductance is
often referred to as self-inductance, i.e.,
L self = L int + L ext .

(2.24)

The sum of the self-inductance and the mutual inductance is referred to as the
effective inductance of the current path, i.e.,
L eff = L int + L ext + ∑ L mutual ( j ) .

(2.25)

j

Two parallel wires with radius a and distance d are shown in Fig. 2.15. The
wires are assumed to connect a chip to a power supply. To simplify
calculations, the length of the wires are assumed to be long in comparison
with the distance d. Bonding wires normally have a turn radius, but to keep
derivations simple, straight wires are considered. The currents are equal in
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x

a

d

Figure 2.15: Two wires running in parallel.

magnitude in both wires but with opposite direction. The internal inductance
per unit length L' int is independent of the radius of the conductor and can be
shown to be
µ
L' int = -----08π

(2.26)

–7

[36], where µ 0 = 4π ⋅ 10 H/m is the permeability of free space.
Consequently, the internal inductance in the current path of the two wires is
L' int = 0.1 nH/mm. The external flux linkage Φ' , which is the total flux in
the area in between the wires per unit length, becomes
Φ' =

µ0 I ( d – a )  1
µ0 I  d
1 
--------------- ln --- – 1 ,
B
⋅
d
s'
=
-+
----------d
x
=
∫s'
 x d – x

2π ∫a
π a

(2.27)

where s' is the area in between the wires. Hence, the external inductance per
unit length can be expressed as
µ0 d
Φ'
L' ext = ----- = ----- ln  --- – 1 .

π a
I

(2.28)

Hence, the total self-inductance per unit length of the two wires is equal to
µ0 1
d
L' self = L' int + L' ext = -----  --- + ln  --- – 1  .



π 4
a

(2.29)

In (2.29), it is seen that the ratio between the distance d and the radius a is
critical. The self-inductance can be minimized by placing the wires as close
to each other as possible.
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2.6 Injection of Digital Switching Noise
2.6.1 Injection via Substrate Contacts
The body of a transistor in a CMOS circuit is typically tied to a well defined
bias voltage. Normally the body of the PMOS transistor is connected to the
positive power supply voltage and the body of the NMOS transistor is
connected to ground. In a uniformly doped substrate, the body of the NMOS
transistor is the substrate surrounding the transistor channel (see Fig. 2.16).
The biasing contacts of the NMOS transistors are directly connected to the
substrate. In each gate in a digital circuit there is commonly at least one
substrate contact. Therefore, the number of substrate contacts can be large in
a digital design. Consequently, the digital ground may have very low
impedance to the substrate surface within the region of the digital circuit [53].

In
Gnd

Vdd
Out
NMOSFET

Substrate
Contact

PMOSFET

n-well
substrate

(a)

NMOSFET

Gnd

Out

PMOSFET

In
p+

n+

Vdd

In
n+

p+

p+

n+

n−
n-well

Substrate
Contact
p−

substrate
(b)

Figure 2.16: An inverter (a) seen from above, and (b) seen from a vertical cut.
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Hence, any voltage fluctuation on the digital ground is also present in the
substrate region of the digital circuit. This noise injection mechanism is
normally the dominant source of substrate noise in digital integrated circuits
[53] [54]. If the substrate contacts in the analog circuit are connected directly
to the analog ground, the substrate in the analog region has low impedance to
the analog ground. This causes the substrate noise in the analog region to be
present on the analog ground. In this case, a sufficiently high power supply
rejection ratio (PSRR) of the analog circuit is required to prevent a poor
performance.

2.6.2 Injection via Capacitive Coupling of PN-Junctions
The different doping regions in MOSFETs form parasitic diodes. For
example, each pn-junction in an NMOS transistor forms a diode as illustrated
in Fig. 2.17. In CMOS circuits the pn-junctions are normally reverse biased.
The parasitic capacitance of a reversed biased pn-junction is nonlinear and
voltage-dependent. This capacitance can be approximated to
A
C = --------------------------------------------------------------------------------------mV D
2
1
1 1 ⁄ 2
---------V bi  ------- + --------
1 – ------


qε Si
NA ND
V bi

(2.30)

[6], where A is the area of the pn-junction, q is the elementary charge, ε Si is
the permittivity of silicon, NA and ND are the respective doping levels of the p
region and the n region, Vbi is the built in voltage, VD is the voltage over the
diode. Due to the pn-junctions, both the drain and the source of a MOSFET
are capacitively coupled to the body of a CMOS circuit. The body of the
PMOS transistor is normally an n-well region (see Fig. 2.16). The n-well has

NMOS
p+

n+

n+

n+
p−

p-

substrate
Figure 2.17: NMOS-transistor with parasitic pn-junctions.
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resistive couplings from the regions near the drain and source to the region
near the substrate. The n-well is capacitively coupled to the substrate via pnjunctions between the n-well and the substrate.

2.6.3 Injection via Impact Ionization
In sub-micron technologies the electrical field in the channel of the MOSFET
is strong when the transistor is saturated. With smaller feature sizes the
electrical field becomes stronger, since the power supply voltage is scaled less
than the channel length [102]. The strong electrical field makes the carriers
(i.e., electrons in NMOS and holes in PMOS) near the drain to acquire high
kinetic energy. The higher energy the carriers have the higher is the likelihood
that they will collide with atoms in the silicon crystal lattice and generate
electron-hole pairs. The process where charges collide with atoms that
thereafter become ionized is known as impact ionization [31]. A result of
impact ionization is a current flowing out from the body of the transistor,
which is illustrated for an NMOSFET in Fig. 2.18. Hence, impact ionization
generates a substrate current. The effect of impact ionization on the substrate
potential is similar to the effect of capacitive coupling, i.e., in proximity to the
where impact ionization occur a voltage spike can be seen [113]. Impact
ionization is a minor contributor to the total substrate noise and it is believed
to still be a minor contributor when feature sizes are scaled down [26]. The
impact ionization currents of MOSFETs are included in standard transistor
models [10] (e.g., BSIM3 and BSIM4 [118]). Hence, the impact ionization is
normally included in standard circuit simulators.

2.6.4 Injection via Capacitive Coupling of Interconnects
The nodes of an on-chip circuit are capacitively coupled to the substrate by
interconnects and parasitic pn-junctions. A capacitive coupling can both
inject and receive substrate noise. However, the main contribution to substrate
noise normally is the noise injected via substrate contacts as described in
Section 2.6.1.
On-chip interconnects are capacitively coupled to the substrate and adjacent
interconnects as illustrated in Fig. 2.19. The capacitive coupling between the
two interconnects and the substrate is modeled with three capacitors (C1, C2,
and C3). The capacitive coupling of an interconnect depends on, e.g., which
metal layer the interconnect is located in, the length and the width of the
interconnect and the distance to other objects (e.g., interconnects, diffusion
areas, etc.). For instance, interconnects in the lower metal layers have a
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Figure 2.18: Illustration of impact ionization in an NMOSFET.
C2
C1

C3

substrate

Figure 2.19: Capacitive coupling of two adjacent interconnects.

stronger coupling to the substrate than interconnects in the upper metal
layers. Analog and digital circuits are normally placed in separate regions of
the silicon area. Therefore, direct coupling between analog and digital
interconnects is seldom the case. The main coupling is through the substrate.

2.7 Reception of Substrate Noise
2.7.1 Reception via Substrate Contacts and Capacitive Couplings
In analog circuits the substrate is, as in digital circuits, biased via substrate
contacts. Consequently, noise is received via the substrate contacts in analog
circuits in a similar way as noise is injected via substrate contacts in digital
circuits. Furthermore, if the analog ground is used to bias the substrate, noise
can couple directly to the ground making the performance degradation of the
analog circuit highly dependent on the power supply rejection ratio (PSRR)
for the frequency components of the substrate noise.
Substrate noise is also received in the analog circuits via capacitive coupling
of interconnects and pn-junctions. In analog circuits passive, components as
resistors, inductors and capacitors may have large capacitive couplings to the
substrate, making them sensitive to substrate noise.
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2.7.2 Body Effect of MOSFET Transistors
The NMOSFET and PMOSFET are four terminal devices as indicated by the
transistor symbols in Fig. 2.20. The drain current is mainly controlled by the
gate source voltage. In analog circuits implemented in CMOS most of the
transistors are normally biased in the saturation region. A first order
approximation of the drain current of a long channel NMOS transistor in the
saturation region is
µ n C ox W
2
I D = --------------- ----- ( V GS – V tn ) ( 1 + λV DS ) ,
2 L

(2.31)

where the threshold voltage can be calculated as
V tn = V tn0 + γ ( V SB + 2φ F – 2φ F ) .

(2.32)

In (2.32) it is seen that the threshold voltage is dependent of the source body
voltage ( V SB ). This effect is known as the body effect. In (2.31) it is seen that
the drain current is affected by the threshold voltage V tn . Hence, a voltage
fluctuation on the body results in a drain current fluctuation due to the body
effect [6]. Therefore, the body effect in conjunction with substrate noise
degrades the performance of analog circuits.

2.7.3 Effects of Substrate Noise on Analog Circuits
Effects of substrate noise in an analog differential architecture are analyzed in
[75]. Here, a generic model of a differential architecture is used, from which
interesting conclusions are drawn. In the differential architecture the substrate
noise can be divided into two contributions. One contribution is the common
mode noise that is received equally in the two signal paths of the differential
circuit. The other contribution is the differential noise that can be described as
drain
gate

bulk

source
gate

bulk

source

drain

NMOS

PMOS

Figure 2.20: Symbols for NMOS and PMOS transistors.
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the difference between the received noise in the two signal paths. The
frequency components of substrate noise that are received differentially
appear with unchanged frequencies at the analog output. The magnitudes of
the frequency components are scaled with some factor. Common-mode noise
is intermodulated with the differential analog input signal. Hence, the
resulting frequency components on the analog output due to common mode
noise will appear with shifted frequencies. Therefore, a frequency component
outside the analog signal band may due to the intermodulation fall into the
analog signal band at the analog output. For instance, consider the case where
the analog signal band is from 0 Hz up to 50 MHz. A signal with a frequency
of 39 MHz is intermodulated with an interferer with the frequency 85 MHz,
which results in the frequency components 46 MHz and 144 MHz. This case
is illustrated in Fig. 2.21, where the lower frequency component from the
intermodulation is within the analog signal band and cannot be filtered out.
In a flash analog-to-digital converter (ADC) both analog and digital circuits
are commonly integrated on the same chip. An N-bit flash ADC consists of
N
2 – 1 comparators where all the outputs are connected to a digital circuit
that converts the thermometer code to a binary representation. One problem
here is that the digital circuits generate substrate noise that disturbs the
comparators, which may result in false output values [95]. To solve this, the
sampling of the analog input signal may be done after the switching of the
digital circuits if the sampling rate is sufficiently low. On the other hand, if
processing of the data from the converter is performed on the same chip, it
may be difficult to avoid activity in the digital parts while the ADC samples
its input. The risk of false output values is especially high for the comparators
with reference levels near the input level. When comparators have false
outputs the ADC yields a reduced number of effective bits. In [107] an
industrial video ADC is presented where the initial design had a differential

Output
Magnitude

Analog signal band
Signal
Result due to
intermodulation

Interferer

f
Figure 2.21: Example of intermodulation of a signal and an interferer
where a resulting frequency component falls into the analog signal band.
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nonlinearity (DNL) larger than ± 1 LSB. It turned out that it was mainly the
digital output buffers on the chip that injected substrate noise causing false
triggering levels of the comparators. The converter was redesigned using
several noise reduction methods, resulting in a design fulfilling the
specification where the DNL was lower than ± 0.5 LSB.
Substrate noise does also affect circuits used for synchronization, e.g., phase
locked loop (PLL) circuits and ring oscillators [56] [55]. The substrate noise
results in an uncertainty of the phase of the synchronization signal (i.e.,
jitter). The jitter degrades the performance of all circuits that are connected to
the PLL. In digital to analog converters, clock jitter results in reduced
performance such as a higher noise floor (i.e., lower SNR) and a distorted
output signal giving a lower spurious-free dynamic range (SFDR) [8].
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NOISE REDUCTION METHODS
3.1 Reduction of Digital Switching Noise
3.1.1 Multiple Power Supply Interconnects
Multiple power supply interconnects are commonly used to reduce the
inductance of the power supply lines from off-chip to on-chip. An interesting
question is how the total inductance is affected if, e.g., two pairs of
interconnects are used instead of one pair of interconnects. If the distance
between the two pairs of interconnects is large, the mutual inductance can be
neglected. Consequently, the total effective inductance is simply the half of
the original.
In Fig. 3.1, two pairs of interconnects that are placed adjacent to each other
are shown. The distance between the interconnects is d and their radius is a.
The interconnects labeled 1 and 3 are connected so that they have the same
current direction. The interconnects labeled 2 and 4 are connected so that the
currents have the opposite direction with respect to interconnects 1 and 3.
Owing to the symmetry the currents in the two outermost interconnects are
equal. For the same reason, the currents in the two innermost interconnects
are equal. Hence, we have two closed current loops with the internal wire

1

a

2

3

4

x
d

2d

3d

Figure 3.1: Four wires running in parallel.
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distances of d and 3d, respectively. The self-inductance per length unit of the
inner current path and the outer current path are denoted L' 1 and L' 2 ,
respectively. Hence,
µ0 1
d
L' 1 = -----  --- + ln  --- – 1 
a

π 4

(3.1)

µ0 1
3d
L' 2 = -----  --- + ln  ------ – 1  .
a

π 4

(3.2)

and

Owing to the symmetry, the mutual inductance per unit length of the two
loops may be calculated as
µ ( 2d – a ) 1
µ
1
2d ⁄ a – 1
--- d x = – -----0 ln  ---------------------- .
L' 12 = --- ∫ B ⋅ d s' 12 = – -----0 ∫
I s12'
π (d + a) x
π  d⁄a+1

(3.3)

The effective inductance per unit length of the paths are
µ0 1
2d ⁄ a – 1
d
L' 1eff = ----- --- + ln  --- – 1 – ln  ----------------------



π 4
d⁄a+1
a

(3.4)

and
µ0 1
3d – a
2d ⁄ a – 1
L' 2eff = ----- --- + ln  --------------- – ln  ---------------------- .
 a 
 d⁄a+1
π 4

(3.5)

The effective inductance of the four wires corresponds to two inductors in
parallel with the value of L' 1eff and L' 2eff , respectively. Hence, the effective
inductance per unit length of the four interconnects is
L' 1eff L' 2eff
L' eff = ------------------------------- .
L' 1eff + L' 2eff

(3.6)

Another configuration is shown in Fig. 3.2. In this case, the interconnects
labeled 1 and 2 are connected so that they have the same current direction.
The interconnects labeled 3 and 4 are connected so that their currents have
the opposite direction with respect to the currents in wire 1 and 2. We can
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Figure 3.2: Four wires running in parallel.

solve the problem in the same way as the previous one, except that we have to
consider that the current direction of the inner loop is changed. Therefore, we
can reuse the previous calculations in (3.1) to (3.6) with the exception that the
sign in (3.3) is changed.
In Table 3.1, the effective inductances are shown for the three cases
corresponding to the illustrations in Fig. 2.15, Fig. 3.1, and Fig. 3.2,
respectively. Three different values of d ⁄ a are used. It is seen that the
effective inductance is somewhat less than half of the original when four
wires are used as in Fig. 3.1, instead of two wires as in Fig. 2.15. The
effective inductance is significantly larger using the assignment in Fig. 3.2
compared with the effective inductance for the assignment shown in Fig. 3.1.
Hence, the effective inductance depends not only on the number of
interconnects, but also on how the interconnects are arranged. Consequently,
doubling the number of pins for a power supply does not automatically result
in an inductance that is reduced to the half of the original. However, it is a
good strategy to place power supply interconnects so that the currents are in
opposite directions in adjacent interconnects.
Inductance (nH/mm)
d
--- = 10
a

d
--- = 20
a

d
--- = 100
a

Configuration according to Fig. 2.15

0.98

1.28

1.94

Configuration according to Fig. 3.1

0.47

0.61

0.93

Configuration according to Fig. 3.2

0.69

0.86

1.21

Mutual inductance (Fig. 3.1 and Fig. 3.2)

0.219

0.248

0.271

Table 3.1: Effective inductance of current paths for three different examples and
mutual inductance for the cases where four wires are used.
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3.1.2 Double Bonding
One technique aiming at reducing the impedance between on-chip and offchip is the double bonding. Instead of using one bonding wire from the onchip pad to the off-chip interconnect (e.g., a leadframe or a trace on a PCB)
two bonding wires are used, which is illustrated in Fig. 3.3(a) and Fig. 3.3(b),
respectively. In [3] two metal areas, with a ground plane beneath, are
connected with bonding wires. In this case the ground plane serves as a
current return path, which significantly reduces the inductance of the double
bonding. On the other hand, in the case of conventionally connected power
supply lines, the current path is normally through the bonding wires. Hence,
the effectiveness of using double bonding for a power supply may be small.
However, with double bonding the parasitic resistance is reduced to the half.
This can be beneficial especially for high frequencies, where the resistance of
a conductor increases with f due to the skin effect [92]. A thick bonding
wire may also be used for the same purpose.

3.1.3 On-Chip Decoupling
On-chip decoupling capacitors are commonly used to form low impedance
paths to reduce the voltage fluctuations on the power supply lines. By adding
a decoupling capacitor, the SSN can be attenuated, but the added capacitor
also lowers the resonance frequency as seen in (2.2). In the past, digital ICs
were normally designed so that the resonance frequency of the on-chip power
supply was well above the clock frequency to prevent an oscillation to grow
during the clock cycles. Nowadays, it is common with designs where the
resonant frequency is well below the clock frequency. To prevent oscillations
to grow damping techniques, e.g., based on adding resistance in series with
the decoupling can be used [32] [27]. On-chip decoupling has earlier

(a)

(b)

Figure 3.3: (a) Illustration of single bonding and (b) double bonding.
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commonly been added as a single capacitor. Nowadays with circuits
operating at high frequencies it is preferable to distribute the decoupling
capacitors over the whole chip area [3]. The decoupling may be designed as
an individual cell in a standard cell library or it may be included within each
standard cell.

3.1.4 Reduction of Main Peak in Power Supply Impedance
The resonance frequency of the on-chip power supply lines is seen as a peak
in the impedance frequency domain. In [58], a simple circuit is used to
eliminate the peak in impedance at the resonance frequency. The circuit
consists of a resistor, a capacitor, and an inductance in series. The inductance
and the capacitor are chosen so that the resonance frequency is placed at the
same frequency as the impedance peak of the original power supply. In this
way the original impedance peak can be reduced. The inductance is
implemented by bonding wires and the resistor and capacitor are placed offchip. The resistor in the circuit makes it possible to avoid new peaks in the
impedance characteristic by selecting a proper resistance.

3.1.5 Reduced Supply Bounce CMOS Logic
In [79] reduced supply bounce (RSB) CMOS logic is proposed. The digital
circuits are implemented in static CMOS together with a simple circuit for
reducing SSN on supply lines. The circuit is illustrated in Fig. 3.4, where the
transistors in series with the power supply lines are serving as resistors to

Z1
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Vbp
Z2

GND

C2

Digital
Circuit

C1

Z3
GND

Vbn
Chip
Package

Figure 3.4: Reduced supply bounce CMOS logic.
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dampen the SSN. The capacitors C1 and C2 serve as decoupling to reduce the
SSN. Measurements on a test chip show a noise reduction of 67% when
compared to conventional static CMOS.

3.1.6 Clock Skew
In synchronous digital circuits the clock signal synchronizes the operation of
the clocked elements (e.g., registers). On the triggering clock edge each
output of the registers are updated and the following logic starts to evaluate
simultaneously, resulting in SSN. In [24] a clock net is divided into four clock
regions where each region has its individual and dedicated delay (i.e., clock
skew) from the nominal clock, which is illustrated in Fig. 3.5. In this way the
triggering clock edge appears at different time instances in the different
regions preventing the switching of the circuits in respective region to start
simultaneously. With this method the resulting current peak can be
smoothened, which results in a lower SSN. Measurements on a test chip in
[24] show a reduction of SNN with more than a factor of 2. Care must be
taken with signals that originate from one clock domain and ends in another
domain to prevent the timing window of the registers from being violated. If
there is a risk of violating the hold time of the registers, inserting extra delay
in the logic can prevent the hold time from being violated. The technique may
be effective if the timing constraints allow it to be used.

3.1.7 Modulation of Clock Frequency
When SSN is analyzed in the frequency domain the clock frequency and the
harmonics are clearly seen [53]. If the clock frequency is varied a small
φ1
φ1

φ2

φ2
φ3

φ3

φ4
(a)

φ4
(b)

Figure 3.5: (a) A chip divided into four clock regions, and (b) four clock signals
with same frequency, but different phases.
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fraction, the energy at the clock frequency and its harmonics are spread over a
wider bandwidth. This approach yields lower, but wider peaks in the
frequency domain which is illustrated for the clock frequency and it first
harmonic in Fig. 3.6. In [50] the clock on a PCB is frequency modulated to
reduce the radiated emission. The measured reduction of the peaks in the
frequency domain of the radiated emission was up to 13 dB. The frequency
deviation of the clock was up to 2.5%. Note that the total spectral power is not
changed, but more distributed on the frequency axis. In [25] a frequency
modulated clock is used together with intentional clock skew (see 3.1.6) to
reduce the spectral peaks on the on-chip ground. Simulation results show
attenuation with more than 26 dB. Using only the frequency modulation, the
attenuation was more than 14 dB.

3.1.8 Timing and Sizing of Output Buffers
Output buffers are often main contributors to SSN [101] [62]. When an
output change value the current peak can be high and the corresponding
dI ⁄ dt can be large yielding a high SSN. To prevent output buffers from
switching simultaneously, they can be designed with different propagation
delays from the first stage to the final stage in each buffer. This approach
reduces the maximal dI ⁄ dt . The difference in timing of the outputs must be
within a certain bound so that the circuit can communicate properly with
other circuits. It is also important that the output buffers are not oversized in
terms of propagation delay and rise and fall times that are shorter than
necessary. Oversized buffers result in larger area, higher power consumption
and more SSN when compared to properly sized buffers.

Amplitude

Without Modulation
With Modulation

f
fclk

2fclk

Figure 3.6: Illustration of frequency spectrum with and without frequency
modulation of the clock.
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3.1.9 Reduced Power Supply Voltage
Power supply voltage scaling is commonly used to lower the power
consumption of digital circuits [34]. Reducing the power supply voltage
reduces the effective gate voltages (i.e., V GS – V Tn and V SG – V Tp ,
respectively) giving smaller drain currents. This yields longer rise and fall
times on the gate inputs and therefore a decrease in peak current and dI ⁄ dt .
Hence, a reduced power supply voltage results in a reduced SSN. In [72] a
mixed-signal test chip is evaluated, which consist of a digital circuit and
analog comparators. The experimental results show that scaling down the
power supply voltage effectively reduce the substrate noise, as expected
considering the drain currents of the transistors. Another benefit of using a
reduced supply voltage is the reduced dynamic power consumption, which is
2
in proportion to V dd . The static power consumption also decreases.
However, the cost is a decreased throughput, which may be compensated by,
e.g., pipelining or interleaving [34]. Pipelining and interleaving both require
extra hardware that may contribute to the noise. Hence, the gain of decreasing
the power supply voltage on the substrate noise depends on what changes that
must be done in the architecture to fulfill the requirement on throughput.

3.1.10 Reduced Package Impedance
Chips are commonly placed in packages that are mounted on a PCB. The
parasitic impedance differs between different types of packages. Generally,
the inductive part of the impedance is the critical part. Consequently, the
choice of package is very important, since a low impedance package yields a
low SSN [46]. On the other hand, the lower impedance of the package the
higher is generally the cost. Hence, it is a trade off issue for the designer to
choose a package that will not suffer too much from the interconnect
impedance or the cost of the package.
A few distinctions between different packages can be made when considering
how the package is connected to a printed circuit board (PCB). The package
can either be placed into a socket or directly soldered on the PCB. By placing
the package into a socket (e.g., a processor on a motherboard) instead of
permanently soldering it, a higher flexibility is obtained with the cost of more
parasitic capacitance and inductance. If the package is directly soldered on
the PCB it could either be soldered on the top metal layer of the PCB (i.e.,
surface mounted) or mounted with the pins of the package placed into holes
through the PCB (i.e., pin-through-hole). The latter mounting style results in
more parasitic inductance and capacitance. The required area on a PCB is
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smaller for a surface mounted package compared with a pin-through-hole
package. Instead of packaging the silicon die it is also possible to connect the
silicon die directly to a PCB via bonding wires or solder balls. One advantage
with this approach is that the interconnects from the PCB to the chip can be
kept very short and therefore the parasitics are low.
The dual in line (DIL) package has the pins on two opposite sides of a
rectangular package. DIL packages are pin-through-hole mounted. This kind
of package has large parasitics both from the bonding wires and the long
paths in the lead frame and the solder filled holes in the PCB. The lead pitch
of a DIL package is typically 100 mil (1 mil = 0.0254 mm) or more. DIL is
not suited for high performance circuits or when a small package area is
required. Pin-through-hole packages have since the 1990s been less used in
favor of surface mounted packages [51].
Plastic leaded chip carrier (PLCC) and J-leaded chip carrier (JLCC) are
similar packages with some small difference in shape of pins and package
corners. The pins are located at the sides of the rectangular package and the
pitch is typically 50 mil. A PLCC or a JLCC package can either be placed
into a socket or surface mounted on a PCB. The parasitics of a JLCC or a
PLCC package are smaller than in a DIL package. The parasitic inductance
from on-chip to off-chip differs between different pins. For example, consider
the JLCC package shown in Fig. 3.7. Due to the distance between pin and
pad, the pins in the middle have the smallest inductance and the pins at the
corners have the largest inductance. Therefore, the pins in the middle should
be used for power supply lines to obtain low SSN. It is also important that
pins dedicated for a high frequency are not placed at the corners. The package
shown in Fig. 3.7 was used for the first test chip in this thesis work. It has six
adjacent pins dedicated for the power supply voltage of the digital core as
indicated in the figure.
The quad flat package (QFP) has the pins at the perimeter of the package.
QFP has less package size and smaller pin pitch than PLCC and JLCC [51].
Consequently, the parasitics are smaller in a QFP than in a PLCC or JLCC.
QFPs can have up to about 300 pins.
A pin grid array (PGA) consists of an array of pins connected to a substrate
on which the silicon die is attached with bonding wires or a flip-chip
technique. This package is common for high performance microprocessors
where a socket is used to enable an exchange of the processor. The pin count
can be high and it is feasible to use more than 1000 pins.
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Figure 3.7: A test chip in a 68-pin JLCC package.

Ball grid array (BGA) packages consist of an array of solder balls connected
to a substrate on which the silicon die is attached with bonding wires or a flipchip technique. The size of the package can be very small and the parasitics
are therefore also small. BGA packages are smaller in size and have less
parasitics than PGA packages. If the area of the package is at most 20-30%
larger than the chip, the package is said to be a chip-sized package (CSP).
In flip-chip packages the chip is mounted upside down using solder balls to
connect the chip to the package. Using solder balls instead of bonding wires
the package can be made smaller than a conventional package. Flip-chip
packages can effectively reduce the impedance from on-chip to off-chip.
Hence, by using flip-chip packages the substrate noise can be reduced [54].
Instead of packaging the silicon die it is also possible to connect it directly to
the PCB via bonding wires or solder balls. With this technique, the
interconnects from the PCB to the silicon die can be kept short and therefore
the corresponding parasitics are small. The second test chip in this thesis
work (see Paper VII), was directly bonded on the PCB as seen in Fig. 3.8.
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Figure 3.8: Test chip directly bonded on the PCB.

3.1.11 Constant Current Logic
In constant current logic the circuits are designed with the target on making
the power supply currents as constant as possible. The main idea is to steer
currents so that only the paths change but not the magnitude of the currents.
In practice, a constant current is impossible to achieve due to that the currents
can not be perfectly balanced during the switching of the current paths.
In Fig. 3.9 current steering logic (CSL), current balanced logic (CBL),
complementary current balanced logic (C-CBL), and folded source-coupled
logic (FSCL) are shown. In [1] simulations are made on extracted layouts of
conventional static CMOS logic, current steering logic (CSL) circuit, current
balanced logic (CBL), and complementary current balanced logic (C-CBL).
The authors also investigated how the different logic styles did compare for
different inductances in the power supply. An example shows that the relative
difference between the circuits depends on the inductance in the power
supply lines. For a small inductance the noise of CSL and CNL are lower than
of CMOS. For a larger inductance CSL becomes noisier than both CBL and
static CMOS. With the CMOS circuit as reference and assuming a power
supply inductance of 10 nH, CBL results in the best noise reduction
corresponding to 60%. C-CBL reduces the noise with 45% while CSL
reduces the noise with 15%. For a power supply inductance below 1 nH, CCBL reduces the noise with 50% while CSL and CBL reduce the noise with
20%. In [2] measurements on a manufactured test chip indicated a noise
reduction up to 60% for CBL when compared to CMOS, which is in good
agreement with the simulation results in [1]. In [4] simulation results indicate
that the use of FCSL results in power supply current spikes of two orders of
magnitude smaller than the current spikes in CMOS. However, SSN is mainly
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Figure 3.9: (a) Current steering logic (CSL), (b) current balanced logic (CBL),
(c) complementary current balanced logic C-CBL, and (d) folded sourcecoupled logic (FSCL).

determined by the value of dI ⁄ dt and not the peak-to-peak value of the
current spike. Therefore, it is hard to draw conclusions on how much the
reduction of the current spikes in FSCL reduces the SSN.
The cost of the noise reduction using constant current logic may be high in
terms of high static power consumption, which may make the technique less
suitable for battery powered products. The constant current logic circuits also
tend to occupy somewhat larger silicon area than, e.g., static CMOS.
However, if increased power consumption and somewhat increased area are
afforded then constant current logic may be suitable.

3.1.12 Asynchronous Circuits
In asynchronous circuits no clock is used. Asynchronous circuits have a
favorable switching noise compared with synchronous circuits since the
switching in asynchronous circuits is more distributed in time than in
synchronous circuits. This results in a power supply current with less noise
[29]. In [44] Philips 80C51 processor was implemented in an asynchronous
and a synchronous version in the same CMOS technology. The circuit
designed in asynchronous logic yielded up to 30 dB smaller peaks in the
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frequency spectra of the power supply current compared with the circuit built
using conventional synchronous logic [29]. However, the design of
asynchronous circuits is not as well supported as the design of synchronous
circuits. Therefore, designing asynchronous circuits can be challenging from
a designers point of view.

3.2 Reduction of Coupling
3.2.1 Separate Power Supply Lines
The power supply lines of digital circuits do always suffer from some voltage
fluctuations (i.e., SSN) during the switching. To prevent the switching noise
from being directly coupled to other circuits, it is common to use separate
power supply lines for analog and digital circuits as illustrated in Fig. 3.10.
Even if the power supply lines to an analog and a digital circuit originate
from the same off-chip power supply source, it is still efficient to separate
them on chip from a noise reduction point of view [6] [106]. This is due to
that the package impedance is located in between the common nodes outside
the chip and the separate nodes on chip. Therefore, the package impedance
causes the power supplies to be less coupled for high frequencies. In the test
chips used in this thesis work, separate power supply lines are used for the
digital and the analog circuits. If separating power supplies the designer must
consider all the connections between the different power supply domains.
When a signal is transmitted between two circuits with separate grounds it is
important that the ground voltages do not differ too much in voltage levels. If

Z1
VDD
Z2
GND

Digital Circuit

Z1
Z2

Analog Circuit
Chip
Package

Figure 3.10: Illustration of separate power supply
lines.
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the ground voltages differ, e.g., during a transition, then the signal may be
misinterpreted and the receiving circuit may malfunction. The increased
impedance in the current return path of the signal may slow down the
propagation delay significantly if a common ground is divided into two
separate grounds. In simulations on a circuit level, models of the impedance
between separated ground regions must be included if there are high-speed
signals connected between them.

3.2.2 Separate Packages
One method to avoid substrate coupling is to separate the analog circuits from
the digital circuits by simply placing them on separate chips in separate
packages, as illustrated in Fig. 3.11. Hence, the analog circuit does not suffer
from the digital switching noise that is spread through the substrate. A
drawback of using separate packages is that the communication between the
packages consumes a considerable amount of power. The communication
between the chips is also slower compared to on-chip communication. To
obtain low power consumption, the number of packages should generally be
as few as possible. The mounting area on a PCB increases as well for an
increased number of packages.

3.2.3 Multi-Chip Module and System-in-Package
In a multi-chip module (MCM) or a system-in-package (SiP) several silicon
dies share the same package. SiP can simply be described as an MCM with a
more pronounced focus on implementing a whole system in a package. In an
MCM, separate silicon dies can be used for a sensitive analog circuit and a
noisy digital circuit. In this way the substrate coupling is avoided [93].
Another advantage is that the yield is larger for silicon dies of less area. In
comparison with an approach using separate packages for analog and digital
circuits the MCM yields lower power consumption and occupies a smaller
area on a PCB. Furthermore, the communication between the chips is faster

chip

chip

package

package

Figure 3.11: Two chips packaged in separate packages.
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within a package than between ICs on a PCB. The MCM technique has been
used in, e.g., microprocessors where memory has been placed in the same
package as the processor [28]. MCM has also been used for mixed-signal
systems such as cellular phones [42]. The benefits are, e.g., decreased area,
fast communication between chips, as well as good isolation between
sensitive and noisy circuits.
In Fig. 3.12 three different MCM techniques are illustrated. In Fig. 3.12(a),
two chips are placed adjacent to each other and interconnected with bonding
wires or solder balls and strip lines in a substrate (not to be mixed with a
silicon substrate). In Fig. 3.12(b), two stacked chips are shown that are
interconnected using bonding wires. In Fig. 3.12(c), three stacked chips with
through chip interconnects are shown. In [27], six chips were stacked and
interconnected using through chip interconnects together with small solder
joints. Here, the chips have been thinned down to about 10 µm in height
resulting in a package with small height.

3.2.4 Distance
One intuitively and straightforward approach to reduce the coupling between
circuits is to place them with some extra distance in between as illustrated in
Fig. 3.13. This approach is effective in lightly doped substrates where the
impedance is significantly increased with distance. The cost of increasing the
distance between the circuits is mainly the increased silicon area. In heavily
doped substrates, increasing the distance between the circuits is inefficient as
soon as the distance is more than about four times larger than the thickness of

chip chip
package

chip
chip

(a)

(b)

solder joints

chips

(c)
Figure 3.12: (a) Two chips in a package, (b) two stacked chips interconnected
with bonding wires, and (c) three stacked chips interconnected with solder
joints and through chip interconnects.
47

Noise Reduction Methods

Digital
Circuit

Analog
Circuit

Digital
Circuit

Analog
Circuit

d1

d2

(a)

(b)

Figure 3.13: (a) Two circuits with short distance in between,
and (b) two circuits with an increased distance in between.

the epitaxial layer [99]. This is due to that the p+ layer has a high conductance
and can therefore be approximated as a single node. Consequently, the
substrate noise is approximately uniform on the entire chip area [99]. The
influence of distance on coupling is briefly discussed in paper IV.

3.2.5 Floorplanning
When different circuits are integrated on the same chip there are many ways
to place the circuits. The placement of the circuits affects the couplings
through the substrate. Therefore, the floorplan is an important design step in
mixed-signal designs where substrate noise is an issue [76]. Floorplanning
can be done manually, which may require a high design effort. In an
automatic florplanner a larger design space can be explored. In [37] an
algorithm for floorplanning is presented. During floorplanning there must be
some information about the noise a circuit generates and how much noise a
circuit can tolerate. It is normally hard for the designer to make such noise
estimations in an early design phase. This problem is targeted in [71], where
an early estimation is made with the use of system C and behavior level
descriptions of the circuits. With an early estimation of which circuits that are
likely to be the most noisy and most sensitive to substrate noise, it is possible
to make good decisions in the floorplanning in the early design phase. In
Fig. 3.14, a floorplan is shown where a sensitive circuit has been placed as far
as possible within the chip bounds from the noisy circuit. Areas of silicon
without circuits can also be added together with guard bands to obtain less
coupling. With a careful floorplanning, it is possible to minimize the received
substrate noise in the sensitive circuits.
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Sensitive Circuit
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Figure 3.14: Illustration of an on-chip floorplan.

3.2.6 Silicon-on-Insulator
In a silicon-on-insulator (SOI) technology, a thin-film of silicon is placed on
an insulating layer (e.g., silicon oxide) as illustrated in Fig. 3.15. Beneath the
insulating layer a silicon substrate is used. An advantage of a thin-film of
silicon instead of a conventional bulk is the reduced parasitic pn-junctions.
The lower amount of parasitic capacitance yields faster and less power
consuming circuits [66]. With an ideal isolator no substrate coupling would
exist in the SOI technology. In reality, the isolator is not perfect, since the thin
film is capacitively coupled to the substrate. Consequently, substrate noise is
effectively attenuated for low frequencies while higher frequencies are less
attenuated [85].
The efficiency of increasing the distance between the circuits in SOI depends
on what type of substrate that is used. Normally, a lightly doped substrate is

MOSFET
Gate
Source

Drain
Thin film of silicon
Insulator
Substrate
Substrate

Figure 3.15: Illustration of a cross-section of a
MOSFET in the silicon-on-insulator technology.
49

Noise Reduction Methods

used, which makes it possible to increase the impedance between two circuits
by increasing the distance [85]. The coupling can be effectively reduced by
increasing the resistivity of the substrate. However, increasing the resistivity
does not significantly reduce the coupling for frequencies above the
frequency where the capacitive coupling through the substrate starts to
dominate [18].
In [5] a low resistivity substrate is used instead of a high resistivity substrate.
By using a good grounding of the substrate the crosstalk through the substrate
can be made lower than for a high resistivity substrate. In [5] a test chip
consisting of two square areas ( 100 × 100 µm2) separated with 200 µm
distance was used. A 50 Ω signal source and a 50 Ω network analyzer were
connected to the test chip during the measurements. One interesting
conclusion is that the common medium resistivity substrates are worse than
both low and high resistivity substrates considering the crosstalk through the
substrate. However, it is hard to draw conclusions on how these results
translate in the case with a digital circuit as the noise injector instead of the
50 Ω signal source.

3.2.7 Guard Band
A guard ring or a guard band is intended to provide a low impedance path to
the off-chip ground (or the off-chip positive supply) for the substrate currents.
Substrate noise can be reduced if a guard is inserted in between a noisy circuit
and a noise sensitive circuit, as illustrated in Fig. 3.16. A guard can be
effective in a lightly doped substrate [45].
In a heavily doped substrate the effect of guard rings is limited due to that the
current path is mainly through the highly conductive p+ layer [45]. Therefore,
guard rings are ineffective for suppressing noise in heavily doped substrates.
The suppression that still may occur from the use of a guard is mainly due to
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Circuit

Guard

Analog
Circuit

Substrate

Figure 3.16: A guard placed between a digital and an analog circuit.
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that the interconnect impedance between on-chip and off-chip is reduced. A
similar effect is obtained if the extra pins that are dedicated for the guard are
dedicated for the power supply instead.
A guard band may consist of either p+ substrate contacts tied to ground or nwells tied to ground (or the positive supply), as illustrated in Fig. 3.17(a) and
Fig. 3.17(b), respectively. With p+ contacts, the guard is directly connected to
the substrate. With an n-well as guard the substrate region surrounding the
guard is capacitively coupled to either ground or the positive supply. The
impedance from the substrate via the pn-junction to the n-well and through
the n-well to the n+ contact is much higher than the impedance from the
substrate through the p+ substrate contact. Therefore the p+ guard is
preferable.
In CMOS processes a channel stop implant layer of about 1 µm is normally
used in the top of the substrate to prevent the substrate from forming a
parasitic transistor channel [84]. The channel stop implant is highly doped
and may be the main path of the substrate currents. By inserting an n-well in
a p substrate the channel stop implant is interrupted by the higher resistivity
of the n-well and the coupling is reduced [60].
Separate package pins should be dedicated for guards, otherwise the guards
may even increase the coupling between circuits. For instance, if an analog
guard is located at some distance from the analog circuit and the guard is
connected to the analog ground on-chip, then the noise at the location of the
guard will be spread via the interconnect to ground in the analog circuit. In
the first test chip used in this thesis work, guard rings are used both for the
digital circuit and the analog circuits. The guard rings have separate pins to
obtain low coupling between the guards and the respective ground lines.

Guard
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n+
n−

p−

p−

Substrate

(a)

Substrate

(b)

Figure 3.17: (a) A p+ guard in a lightly doped substrate, and (b) an n-well guard
in a lightly doped substrate.
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In SOI technologies a guard band cannot be connected directly to the
substrate due to the insulating layer beneath the thin-film. In SOI, guard
bands consist of regions where the thin-film is connected to ground as
illustrated in Fig. 3.18(a). The parasitic capacitance between the thin film and
the substrate is here acting as a decoupling capacitance. In paper IV,
simplified comparisons between the substrate coupling in SOI and
conventional bulk technology are made.
With additional process steps and an increased cost in manufacturing it is
possible to use guards that are directly connected to the silicon substrate
beneath the insulator layer as illustrated in Fig. 3.18(b). This has been shown
to be effective according to the results in [57].

3.2.8 Active Guard Band
In [73] an active guard band was presented to suppress substrate noise. Here
an amplifier is used to sense the substrate noise and cancel it, as illustrated in
Fig. 3.19. Measurements on a test chip show that the received substrate noise
is decreased from 5 mV to 1.5 mV for frequencies up to 10 kHz. Noise
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Figure 3.18: (a) Guard band in a conventional SOI,
and (b) guard band in SOI with extra process steps.
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suppression was observed for frequencies up to 10 MHz, with low
suppression for higher frequencies. In [114] the technique in [73] is used
resulting in noise suppression of more than 5 dB and up to 20 dB in the
frequency band from 4 MHz to 200 MHz. The improved suppression for the
higher frequencies is explained by the 400 MHz bandwidth of the amplifier
used in [114], to compare with lower than 10 MHz in [73]. Hence, the
efficiency of the technique depends much on the bandwidth of the amplifier.
The inductance is normally the dominant part of the power supply impedance
and the corresponding SSN is approximately in proportion to di ⁄ dt . In [80]
di ⁄ dt on the power supply line of a digital circuit is measured with the use
of an on-chip inductor. The measured di ⁄ dt is used for canceling substrate
noise in [80], where an amplifier injects a current via a substrate contact (i.e.,
guard band) in between the digital circuit and the noise sensor. A substrate
noise reduction of 30% was measured when the digital circuit had an
operation frequency of 500 MHz. The power consumption of the amplifier
was 14 mW.
In [103] a guard with an active decoupling is used. The circuit is illustrated in
Fig. 3.20, where the effective capacitance seen in the guard node is due to
miller-effect ( A + 1 )C [61], where A is the gain of the amplifier and C the
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Figure 3.19: Illustration of an active guard band.
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Figure 3.20: Illustration of a guard with active decoupling.
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capacitance in the feedback loop. Measurements on a test chip containing a
shift register, showed a noise reduction of 31% with the active decoupling
enabled. The shift register was operated at 200 MHz. In this case two active
decoupling circuits were used that together consumed 11 mW.

3.2.9 Deep Trench Isolation
A deep trench isolation structure consists of a trench filled with undoped
polysilicon. The trench serves as a high impedance wall in the substrate. In
Fig. 3.21 an illustration of a deep trench is shown where the trench depth is
15 µm. The method has been proven to be effective up to 2 GHz in [97]. For
frequencies above 2 GHz the isolation is degraded by the capacitive coupling
through the trench.

3.3 Reduction of Sensitivity to Substrate Noise
In high performance analog circuits, fully differential circuits with
differential signal paths are often used. In general, differential architectures
are less influenced by substrate noise than single ended architectures [72]. A
high rejection of substrate noise can be obtained with this technique if the
circuit is built in a symmetrical manner. The symmetry of the circuit could in
an ideal case result in that the differential paths are affected in the same way
by the substrate noise. Hence, the noise is ideally eliminated since only the
difference between the signals is of interest in a differential architecture [61].
In reality there are effects that limit the rejection of the substrate noise. For
example, the differential signal paths on a fabricated chip are not equal due to
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Figure 3.21: A deep trench placed between an analog and a digital circuit.

54

Planning in Frequency and Time Domain

component mismatches. Furthermore, the noise is not injected symmetrically
due to asymmetries of the layout with respect to the paths of the substrate
currents. This means that differential architectures may lower the effects of
the received substrate noise but not entirely eliminate them.

3.4 Planning in Frequency and Time Domain
3.4.1 Frequency Planning
Instead of reducing the magnitude of the substrate noise it is in some cases
possible to move the substrate noise to higher or lower frequencies. By
moving the frequency of the noise it may be possible to place the critical
frequency components outside the analog signal band. However, even if the
frequency components of the noise is outside the signal band, effects of the
noise may still be seen in the signal band due to intermodulation as described
in Section 2.1.
The analyses of substrate noise in the frequency domain can be used for
frequency planning of radio front-ends [53]. For example the intermediate
frequency band in, e.g., a receiver can be allocated where the power spectral
density of the substrate noise is low. In this way the effect of the substrate
noise on the analog circuits can be reduced and consequently a better
performance can be obtained.

3.4.2 Planning of Switching Events
Analyses of the substrate voltage in the time domain can be useful during the
design of mixed-signal ICs. For example, the sampling instance of an analogto-digital converter can be located in a time window where the substrate noise
is small [52]. In a similar way, switching of, e.g., output buffers may be
planned in the time domain so that they switch when the corresponding
substrate noise has the least impact on the sensitive circuits.

3.5 Reduction of Noise on Printed Circuit Board
Today ICs may operate at high frequencies on a PCB. In general, the higher
frequencies on board the higher is the electromagnetic radiation. Electronic
consumer products must radiate less than the legal requirements [77].
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Therefore, the radiation of the PCB must be taken into account during the
design. With increasing frequencies and decreasing rise and fall times on
PCBs the task to design a PCB that is silent enough in an electromagnetic
compatibility (EMC) point of view can be challenging. However, shielding of
the PCB with the use of a Faraday’s cage, e.g., a metal shell or a metallized
plastic shell, reduces the electromagnetic radiation.
The impedance in the power supply lines on the PCB affects the on-chip
SSN. For instance, a power supply with a too small decoupling capacitance
may be unable to deliver the required current when a digital circuit switches.
The consequence is a power supply that drops in voltage and the on-chip SSN
is worsened. The impedance in the power supply lines depends on how the
PCB is designed. Hence, a design that targets low digital switching noise
must be designed with this target in all the levels, i.e., on-chip, the package
and the PCB.
There are some rules of thumbs that may be followed to avoid designs that
result in too high switching noise. A shared ground plane is commonly used
together with separate positive power supply lines for different ICs.
Sometimes the ground plane is cut into smaller regions to prevent a noisy
ground node from affecting the ground node of a sensitive analog circuit [68].
To decide if separate ground planes on a PCB should be used may be
cumbersome. For instance the location of the current loops that will be
present during signaling between different ground domains must be
considered. If the impedance between the ground domains is too high and the
signaling is single ended there is a risk of large loop areas of the current loop
formed by the signal and the current return path. If the current loop becomes
large using separate ground planes then separate ground planes should be
avoided. Considering the radiated electrical field, the interconnects should be
as short as possible and the rise and fall times of the signals should not be
shorter than necessary. Below a few common noise reduction methods for
PCBs are described.

3.5.1 Off-chip Decoupling
A decoupling capacitor is commonly used to form a low impedance path for
fluctuations on the power supply lines. With the use of decoupling capacitors
the SSN on the PCB can be lowered [43]. In Fig. 3.22, a model of a surface
mounted ceramic capacitor of 120 pF (size 1.5 × 0.8 × 0.5 mm3) is shown
[119]. The parasitic inductance and the main capacitance form a resonance
circuit. The parasitic inductance of the capacitor becomes dominant above the
resonance frequency giving a less effective decoupling. The resonance
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Figure 3.22: A model of a 120 pF ceramic capacitor.

frequency is unchanged when identical capacitors are connected in parallel
since the product of the corresponding capacitance and series inductance
remains constant.
A rule of thumb of the placement of decoupling capacitors is that the higher
resonance frequency a capacitor has, the closer to the IC it should be placed
to make use of its good quality factor. With a large distance the decoupling is
degraded by the inductance in the current path between the capacitor and the
IC. A capacitor with an electrolyte as dielectricum has a low resonance
frequency. Therefore, it may be placed at a longer distance from the IC than a
small surface mounted ceramic capacitor with a higher resonance frequency.

3.5.2 Minimizing Off-Chip Inductance
To obtain a low inductance, a well known guideline is to keep current loop
areas as small as possible [77]. For example, each bit line from a chip to
another chip must have a close current return path, or else the inductance
originating from the loop will be increased, which slows down the
propagation of the signal. Ringing can also be a problem that comes into play
due to the inductance of a signal path. Another important aspect is the
radiated magnetic field, which may interfere with other signals on the PCB.
Generally, the larger loop area the larger is the radiated magnetic field [38].
One approach to ensure that each signal or power line has a nearby current
return path is to use a so called ground plane, which is a whole or almost a
whole metal layer dedicated for ground. To prevent coupling between ICs
separate ground planes can be used on the PCB. However, ICs that
communicate with each other must have their ground planes properly
electrically connected. Otherwise the signals from one IC may float with
respect to another IC, which results in the risk of misinterpreting a signal.
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3.5.3 Power Planes and Buried Capacitance on PCB
To ensure that the power supply lines on the PCB have a low inductance, a
power plane can be used in conjunction with a ground plane. Placing the
planes in adjacent metal layers forms a high quality factor capacitor with a
high resonance frequency. The second test PCB used in this work has four
metal layers. The top and the bottom metal layers are used as ground planes.
The two intermediate layers are used as signal layers and power planes.
In Fig. 3.23(a) a conventional PCB is shown. In a high performance PCB,
special metal layers are dedicated for the power supply [33]. Here the
thickness of the insulator between the power supply metal planes is made
much smaller than the thickness of the insulators between signal layers as
illustrated in Fig. 3.23(b). A small distance increases the capacitance and
reduces the parasitic inductance, which yield a high quality of the achieved
decoupling [51]. The distance between the metal layers in a conventional
PCB is about a few hundreds of micrometers. In a PCB utilizing buried
capacitance technique the distance between the power and ground plane
layers can, e.g., be as small as 8 µm [120]. A similar technique with power
planes can also be used in the substrate of, e.g., a BGA package [40].

3.5.4 Low Voltage Differential Signaling
In Fig. 3.24(a), a current path for a single ended signaling is illustrated. With
a differential signaling as illustrated in Fig. 3.24(b) the current path is always
through the differential signal lines. Low-voltage differential signaling
(LVDS) is an IEEE standard for digital signaling [115]. This standard is
mainly intended for high-speed communication between packages. By using
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Figure 3.23: Cross sections of (a) a standard 4-layers PCB and (b) a PCB
with special power planes.
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Figure 3.24: Illustration of a current path for (a) single ended signaling, and (b)
differential signaling, between two ICs.

low swing signaling (at most 400 mV) and also differential signaling the
amount of radiated electromagnetic energy can be kept low [115]. The
differential interface requires two dedicated pins on the package for each
signal. The shorter distance between the interconnects, the lower is the
effective inductance, as described in Section 2.4. The worst loop area is
generally larger in single ended signaling than in LVDS. Hence, the
maximum data rate is generally lower in single ended signaling than in
LVDS.
At least four good properties may be obtained with the LVDS compared with
single ended signaling. First, a low effective inductance of the signal path
yields a high maximal data rate. Second, a low inductance of the path yields a
low magnetic flux through the loop, which results in a low radiated magnetic
field. Third, with two signals making transitions with opposite polarities but
equal magnitudes, the radiated electrical field is effectively reduced in
comparison with a single ended signaling. Fourth, in a similar way as
described in Section 3.3, the differential signaling results in a higher noise
rejection, which makes the signaling less sensitive to noise.
One, at least intuitively, obvious cost of LVDS is the double number of
required signal pins. In LVDS the current return path is always within the
balanced pair, but in the single ended case the current return path is normally
via the common ground pins. Consequently, single ended signaling requires a
larger number of ground pins than LVDS meaning that the increment in
number of required pins for using LVDS may be smaller than what is first
expected.

59

Noise Reduction Methods

60

4
DIGIT REPRESENTATIONS
IN DIGITAL CIRCUITS
A smaller part of this thesis work has been done in the area of digit
representation in digital circuits. The digit representation can affect, e.g.,
speed, resolution, power and the required silicon area of a circuit. Therefore
the choice of representation is of great importance in digital circuits. In this
chapter a brief introduction to digit representations in two’s complement and
signed-digit representations is given. Examples of applications for signeddigit representations are given where modular exponentiation in
cryptographic algorithms seems to be the most suitable application. Two
conventional algorithms, for converting a number in two’s complement to a
signed-digit representation, are described. Finally, a conversion algorithm
that combines the two conventional algorithms is proposed.

4.1 Digit Representations
4.1.1 Two’s Complement Representation
The two’s complement representation is commonly used in arithmetic
operations such as addition and multiplication [64]. With the radix-2 (e.g.,
binary) two’s complement representation, an integer C of N digits can be
written as
N –2

C = –2

N –1

c0 +

∑ ci 2

i

(4.1)

i=1

where c i ∈ { 0, 1 } .
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4.1.2 Signed-Magnitude Representation
In the signed-digit (SD) representation each digit can have either a positive or
a negative sign. A signed-digit representation of C can be written as
N –1

C =

∑ ci 2

i

(4.2)

i=0

where c i ∈ { 0, ± 1 } . The hamming weight of C is the number of non-zero
digits in the representation of C. SD representations are not unique. For
example, the integer 3 can be represented by { 10 – 1 } and { 011 } where
both representations have two nonzero digits. These two representations both
have the minimum hamming weight. An SD representation that has the
minimum hamming weight is said to be a minimum signed-digit (MSD)
representation. For instance, an SD representation of the integer 3 that is not
MSD is { 1 – 1 0 – 1 } . For each integer C there is at least one minimum MSD
representation. It can be shown that a signed-digit representation with no
adjacent nonzero digits is both minimal and unique for any given value of C
[86]. This special type of MSD representation is called canonical signed-digit
(CSD). For example, the CSD representation of 3 is { 10 – 1 } . Signed-digit
representations find application in several different areas of arithmetic
computations [81] [64]. Of particular interest are often representations with a
small number of nonzero digits. These representations have applications in,
e.g., multipliers [64], modular exponentiation [59] [47], and digital filters
[69] [70].

4.2 Applications for Signed-Digit Representation
4.2.1 Multiplier
The multiplier is a common processing element in digital applications, e.g.,
digital filters and digital signal processors. Multiplication is in general
realized by shifts generating partial products that are added together.
Multiplication of two N -bit two’s complement numbers yields N partial
products. If conventional two input N-bit additions are used, N – 1 additions
are required to sum the partial products, since each addition reduces the
number of partial products with one. To accelerate the calculation of the sum
of the partial products a carry save adder or a Wallace tree can be used [111].
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The number of nonzero partial products is determined by the number of
nonzero digits in the multiplier coefficient. With the use of MSD the number
of nonzero digits in the coefficient is at most N ⁄ 2 , rounded to the nearest
larger integer, compared with N digits for the two’s complement
representation. Consequently, by converting the coefficient into MSD the
number of nonzero partial products can be reduced. For example, consider a
multiplier with 5 digits in the coefficient. The two’s complement coefficient
{ 01111 } (in decimal 15) is represented by { 1000 – 1 } in MSD. With the
use of MSD this multiplication results in only two nonzero partial products
compared with four for the original two’s complement representation. This
multiplier with an original 5-bit two’s complement coefficient that is
converted to MSD yields at most three nonzero partial products. Hence, by
using MSD, a multiplier with less hardware, less power consumption, and
less propagation delay can be obtained. On the other hand, the conversion of
the coefficient from binary to MSD must also be taken into account in terms
of hardware, power consumption, and propagation delay.
Multipliers with constant coefficients may benefit more from a signed-digit
representation than a multiplier with variable coefficients, since many values
can be represented by fewer digits than the nearest integer to N ⁄ 2 . In, e.g., a
digital filter with a fixed specification all multipliers have constant
coefficients. By carefully choosing the values of the filter coefficients so that
they have a small number of non-zero digits, still fulfilling the filter
specification, the number of nonzero partial products can be minimized [48].

4.2.2 Modular Exponentiation
Exponentiation of an integer m with the power of the integer e, i.e.,
x = m

e

(4.3)

can be calculated with the square-and-multiply algorithm [59]. Here
e = e n – 1 e n – 2 …e 0 is an integer represented in binary. The number of
required multiplications is determined by the number of nonzero digits in e.
e
Modular exponentiation, i.e., x = m mod(N), of large integers is used both
for encryption and decryption in several cryptographic algorithms [59].
Furthermore, the modular exponentiation is often one of the most time
consuming parts in cryptosystems [63].
In [87] a cryptographic algorithm which uses modular exponentiation
together with public keys was proposed. The algorithm has become known as
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the RSA algorithm and it is commonly used in servers and desktops [32]. In
this algorithm, the message M is represented by an integer between 0 and
e
N – 1 . The encryption is to compute C = M (mod N), where the result C is
d
the encrypted message. The decryption is to compute D = C (mod N),
where d is a large integer that is prime. With proper selected integers N, e, and
d the decrypted message D will be equal to the original message M (for
details, see [87]).
A common algorithm for calculating the modular exponentiation is the square
and multiply technique [59]. The algorithm can be described according to the
e
pseudocode below for calculating x = m
(mod N), where
e = e n – 1 e n – 2 …e 0 is an integer represented in binary.
Let x = 1
For i = n – 1 to 0
2
{set x to ( x (mod N));
if ( e i = 1 ) then set x to ( x ⋅ m (mod N))}
end;
The number of modular multiplications by m is, as can be seen in the
algorithm above, determined by the number of nonzero digits in the binary
representation of e. Hence, a signed-digit representation of e can decrease the
number of modular multiplications. In [59] a slightly modified modular
exponentiation algorithm is used in conjunction with a MSD representation
of e . Here the number of multiplications is minimized giving shorter
computation time and lower power consumption when compared to the case
where a binary representation is used.

4.3 Conventional Conversion to MSD Representation
In [86] an algorithm for converting two’s complement numbers to a binary
CSD representation was proposed. This algorithm works from the least
significant bit to the most significant bit. With the most commonly used
representation this corresponds to working from right to left. Hence, this
algorithm is denoted either right-to-left or least significant digit first. There
are also algorithms that convert the most significant digit first, i.e., converting
left-to-right [71], [72]. These algorithms result in MSD representations that
are not CSD representations. Therefore the result may contain adjacent
nonzero digits.
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4.3.1 Right-to-Left Conversion
The conversion of a two’s complement number into a CSD representation can
be performed according to Table 4.1. The bi:s are the bits of the two’s
complement number B to be converted and the yi:s are the CSD
representation after the conversion. The ci is the carry generated in step i – 1
and c i + 1 is the carry out in step i. As seen in Table 4.1, the algorithm takes
two bits in B (i.e., b j + 1 and b j ) together with the carry cj as inputs and
returns the resulting digit yj and the carry out c j + 1 . In the next conversion
step the bits b j + 2 and b j + 1 are taken as inputs together with c j + 1 . The
conversion can be illustrated, as in Fig. 4.1, by a sliding window that is two
bits wide corresponding to the number of bits in B that are read in each
conversion step. During a complete conversion the window starts with
containing the two LSBs of B. For each new conversion step the window is
moved one bit position to the left and the procedure is repeated until B is
completely converted. Hence, the algorithm converts the two’s complement
bi + 1

bi

ci

yi

ci + 1

0

0

0

0

0

0

0

1

1

0

0

1

0

1

0

0

1

1

0

1

1

0

0

0

0

1

0

1

–1

1

1

1

0

–1

1

1

1

1

0

1

Table 4.1: Right-to-left conversion algorithm.

input from the LSB towards MSB, which may be denoted as converting rightto-left. When using the right-to-left algorithm the carry ci propagates from
LSB to MSB. This carry propagation is generally the critical path of the circuit
performing the CSD encoding.

4.3.2 Left-to-Right Conversion
The left-to-right conversion algorithm proposed in [70] is summarized in
Table 4.2. The bi:s are the bits of the two’s complement number B to be
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bN1 bN2

b3

b2

b1

b0

y2

y1

y0

Figure 4.1: Illustration of the right-to-left conversion algorithm.

converted and the yi:s are the CSD representation after the conversion. The di
is the carry-like signal generated in step i – 1 . As seen in Table 4.1, the
algorithm takes three bits in B (i.e., b j + 1 and b j ) together with dj as inputs
and returns the resulting digit yj and d j + 1 . The conversion can be illustrated,
as in Fig. 4.2, by a sliding window that is three bits wide corresponding to the
number of bits in B that are read in each conversion step. During a complete
conversion the window starts with containing the three MSBs of B. For each
new conversion step the window is moved one bit position to the right and the
procedure is repeated until B is completely converted. The carry-like signal dj
propagates from MSB to LSB. This propagation is generally the critical path
of the circuit performing the left-to-right conversion.
di

bi

bi – 1

bi – 2

yi

di – 1

0

0

0

x

0

0

0

0

1

0

0

1

0

0

1

1

1

1

0

1

0

0

–1

1

0

1

0

1

0

1

0

1

1

x

0

0

1

0

0

x

0

0

1

0

1

x

–1

0

1

1

0

x

1

0

1

1

1

x

0

0

Table 4.2: Left-to-right conversion algorithm.
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bN1 bN2 bN3

b1

b0

yN1 y
N2 yN3

Figure 4.2: Illustration of the left-to-right conversion algorithm.

4.4 Bidirectional Conversion
The novelty in this work is that the conversion is done from left-to-right and
right-to-left concurrently. Therefore, the execution time is significantly
decreased, while the area overhead is small. The proposed algorithm is
illustrated in Fig. 4.3, where the input word is split into two parts, where each
is converted separately using the left-to-right algorithm for the MSBs and the
right-to-left algorithm for the LSBs. The results from the conversions are
added and then the three middle digits are adjusted so that the result becomes
an MSD representation. MATLAB simulations verify that our proposed
approach gives a valid output and that it results in a MSD representation. The
conversion circuits were implemented in VHDL and synthesized using AMS
0.35 µm standard cells. The proposed algorithm is faster than the two
conventional algorithms. The area and power consumption is somewhere in
between the left-to-right and right-to-left implementations. For details see
paper IX in this thesis.
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0

bN-1 bN-2 bN-3
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yN/2-1/sN/2-1

Figure 4.3: Illustration of the bidirectional conversion algorithm.
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CONTRIBUTIONS
In this chapter papers written during the thesis work are summarized. The
first eight papers are within research in substrate noise and relaxation of clock
distribution. The last paper considers conversion of two’s complement to
signed-digit representation.

Paper I: Strategy for Reducing
Clock Noise in Mixed-Signal ICs
Digital switching noise is of major concern in mixed-signal circuits due to the
substrate coupling between circuits located on the same die. A significant
noise source in this context is the digital clock network that generally has a
high switching activity. Switching of the clock generates current peaks on the
power supply lines, causing SSN. In Paper I we present a noise reduction
strategy focusing on reducing the digital switching noise that is generated due
to clock buffers. The strategy is to use a clock with long rise and fall times,
which reduces both the high frequency components of the clock signal and
the current peaks generated in the power supply lines. A model of the
resistive substrate coupling between two circuit’s areas and the backside
contact is developed with the use of FEMLAB. Simulation results show that
high frequencies are less attenuated than low frequencies when inductances
corresponding to the bonding wires are included in the model. Furthermore, a
simplified example of a clock buffer indicates that the substrate noise in an
analog region can be reduced by increasing the rise and fall times of the clock
in the digital region. A test chip designed in a 0.35 µm CMOS process
intended for evaluation of the noise reducing strategy is also briefly
described. In the test chip, the rise and fall times of the clock edges in a
digital FIR filter can be varied. A special D flip-flop that operates well with
long rise and fall times on the clock is used in the registers of the digital filter.
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Paper II: Design of Circuits
for a Robust Clocking Scheme
The design of a clock distribution network in a digital IC is challenging in
terms of obtaining low power consumption, low waveform degradation, low
clock skew and low simultaneous switching noise. Generally the clock edges
must be sharp, which normally requires large clock buffers, repeaters, and
wide interconnects. In the work presented in Paper II, we continue to
investigate the strategy presented in paper I, now with the focus on how the
design effort on the clock distribution net can be reduced by allowing long
rise and fall times of the clock. A clock buffer with reduced size and a D flipflop circuit with relaxed constraints on the rise and fall times of the clock are
used. With this approach, repeaters and wide interconnects in the clock
distribution net can be avoided. Hence, the design effort of the clock
distribution net is reduced. The robust D flip-flop, earlier presented in [110],
is designed and investigated. Some considerations on how to design the D
flip-flop are presented together with characteristics of the D flip-flop.
Common parameters as set up time, hold time, propagation time and energy
dissipation are presented for a wide range of rise and fall times. According to
simulation results, the energy dissipation of the D flip-flop, implemented in a
0.35 µm process, increases with only 21% when the fall time of the clock is
increased from 0.05 ns to 7.0 ns. Considering that smaller clock buffers can
be used, there is a potential of power savings when the suggested clocking
strategy is used. Initial measurements on the test chip indicate that the
strategy works even with a clock that has a reduced swing due to the long rise
and fall times.

Paper III: Evaluation of a Clocking
Strategy with Relaxed Constraints on Clock Edges
In the work presented in Paper III we investigate, throughout measurements
on the fabricated test chip, how a digital circuit is affected by the rise and fall
times of the clock. The test chip has earlier been presented in Paper I and
Paper II. We point out that the digital FIR-filter also contains registers with no
logic in between corresponding to the worst case considering the risk of
violating the requirement on hold time. Hence, results from measurements on
the digital circuit should also be applicable on other digital implementations
that use the same D flip-flop. The actual rise and fall times of the on-chip
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clock are estimated by measuring the dissipated energy. The simulation and
the measurement results of the clock edges show good agreement for long
rise and fall times. The measured energy dissipation of the digital circuit,
excluding the clock buffer, increased 14% when the rise and fall times of the
clock are increased from 0.5 ns to 10 ns. The corresponding increase in
propagation delay was less than 0.5 ns corresponding to an increase of 50%
in propagation delay of the register. The results in this paper show that the
long rise and fall times of the clock can be used in a digital circuit with small
cost in propagation delay and power. Taking into account that small clock
buffers can be used there is a potential of power savings compared to using a
conventional clock with sharp clock edges.

Paper IV: Reduction of Simultaneous
Switching Noise in Digital Circuits
In Paper IV the noise reduction method presented in Paper I is evaluated by
measurements of the SSN on the manufactured test chip. The noise generated
when the test pattern generator changed outputs was found to be significant.
The input pads on the chip have large capacitive coupling to the substrate and
the input pads are also connected to input buffers. Therefore, a transition on
an input signal results in a significant SSN. If the test pattern generator
changes data at the same time as the digital circuit switches, the two
respective noise contributions will interact. We present a method that
separates the noise originating from the digital circuit from the noise
generated due to the change of test vectors. This method was used when
measuring the substrate noise in the digital circuit. Two different cases of
parasitic power supply inductance of the digital circuit were studied. The
measurement results show a noise reduction between 20% and 54% when the
noise reduction method was used. We discuss how the measurement results
are affected by the used clock buffer in the manufactured test chip. We
conclude that the noise reduction would be more pronounced in
implementations where the clock buffer consist of a proper number of
cascaded inverters for the chosen rise and fall times of the clock.
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Paper V: Effect of Simultaneous
Switching Noise on an Analog Filter
In Paper V the noise reduction method presented in Paper I is evaluated with
respect to analog performance. An analog filter included in the test chip is
described in detail. The used noise reduction methods are described, where
conventional substrate noise reduction methods such as separate power
supplies, guard rings, and multiple pins for power supplies are applied on the
test chip. Simulation of the magnitude response of the analog filter shows that
the power supply rejection ratio is low or even negative for frequencies above
the pass-band. Measurements on the output of the analog filter and different
nodes of the test chip show that the waveform of the voltage fluctuation is
altered along the propagation. We also investigate the reduction of substrate
noise on the analog filter by using the method described in Paper I. The
measured noise on the output of the analog filter was reduced by 30% up to
50% using the proposed method. The noise reduction would probably be even
larger in an implementation with a clock buffer that is designed and
optimized for the targeted rise and fall times.

Paper VI: Introduction to Substrate
Noise in SOI CMOS ICs
In the SOI technology, the active area is located in a thin-film of silicon that is
isolated from the substrate by a buried insulating layer (e.g., silicon oxide).
The use of a thin-film instead of a conventional bulk results in smaller
parasitic capacitances. This is mainly due to the less deep pn-junctions. The
smaller parasitic capacitances yield faster and less power consuming circuits.
Owing to the insulating layer, the coupling to the substrate is small for low
frequencies. In Paper VI, comparisons between the substrate coupling in SOI
and conventional bulk technology are made. The focus is on the magnitude
response from a digital circuit to an analog circuit. The simulation results
show that the SOI technology has less substrate coupling when no guard band
is used, up to a certain frequency that is dependent of the chip structure.
Introducing a guard band, bulk resulted in much higher attenuation compared
with SOI technology. One advantage of SOI technology is that a higher
resistivity of the substrate can be used, which increases the impedance of the
substrate. Therefore, the substrate coupling is lowered up to the frequency
where the capacitive coupling through the substrate becomes dominant.
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Paper VII: Programmable Reference Generator
for On-Chip Measurement
SSN is generally the main contributor to substrate noise and therefore it is of
interest to measure it in a digital circuit, e.g., to evaluate an SSN reduction
method. In the measurements of substrate noise several factors will affect the
results. For a load of the measurement equipment that is not negligible the
measured waveform will differ from the actual waveform. For instance,
connecting a circuit node to an oscilloscope with a coaxial cable adds offchip capacitance (in series with inductance) to the measuring node, which
affects the transfer function and the measurement result. Furthermore the
impedance from on-chip to off-chip also affects the transfer function and
hence also the measurement result. To affect the node of interest as little as
possible an on-chip measurement circuit with small input parasitics would be
favorable to use instead of an off-chip measurement equipment.
In Paper VII we present a measurement circuit that uses a special reference
generator. The reference generator consists of a programmable circular
resistor string. All output nodes in the resistor net are connected directly to a
set of comparators where each comparator measures a periodic waveform.
The resulting measurement circuit uses multiple passes to capture the
waveform. Little hardware is required to implement the circuit, which is good
for on-chip evaluation of a design. A test chip has been manufactured and
tested. The SSN of a buffer chain located on the test chip was measured with
the use of the presented circuits. A sample frequency of 2 GHz was used for
the wave capture circuit, resulting in a power consumption of 22 mW. The
output data was post-processed using MATLAB. The measured results
showed typical SSN waveforms, indicating that the measurement circuit can
be used for this purpose.

Paper VIII: Reduction of Simultaneous
Switching Noise in Analog Signal Band
Interfering frequencies present outside an analog signal band can be
attenuated by filtering. Interfering frequency components that are located
within the signal band are impossible to attenuate without distorting the
signal. In, e.g., digital-to-analog converters it is a problem that switching of
the digital circuits generates frequency components that are located in the
analog signal band. Here the digital circuits are used for signal processing
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(e.g., filtering) and conversion (e.g., from binary to thermometer code). In
paper VIII, we focus on reducing SSN in the frequency band below half the
clock frequency. This frequency band often corresponds to the analog signal
band of a digital-to-analog converter. The method is to use circuits drawing
periodic currents from the power supply. In brief, if each circuit draws the
same current during each clock cycle independently of input data then the
frequency content of the generated noise is located above the clock
frequency.
To evaluate the method two pipelined adders have been implemented on
transistor level in a 0.13 µm CMOS technology, where the novel circuit is
implemented with our method and the reference circuit with static CMOS
logic together with a TSPC D flip-flop. According to simulation results, the
frequency components in the analog signal band can be attenuated from 10
dB up to 17 dB using the proposed method. The cost is mainly an increase in
power consumption of almost a factor of three.

Paper IX: Bidirectional Conversion to Minimum
Signed-Digit Representation
In Paper IX, we present an algorithm to convert binary numbers in two’s
complement to minimal weight signed-digit (MSD) representation. Here we
combine two different algorithms that can be described with a sliding window
that is moved from one side to the other. One algorithm converts right-to-left
(i.e., from the LSB to the MSB) while the other algorithm converts left-toright (from the MSB to the LSB). The idea in our proposed algorithm is to
split the input word into two parts, where each is converted separately using
the left-to-right algorithm for the MSBs and the right-to-left algorithm for the
LSBs. The two algorithms both result in MSD representations, but when
combining them the two LSBs in the right part and the MSB in the left part
must be adjusted so that the combined result always becomes an MSD
representation. This operation is performed by a small algorithm. Simulations
in MATLAB verify that our proposed approach gives a valid output and that it
results in an MSD representation. The conversion circuits were implemented
in VHDL and synthesized using AMS 0.35 µm standard cells. Using the
proposed algorithm, the critical path in a conversion circuit can be nearly
halved compared with the previous algorithms. The area and power
consumption, of the implementation of the proposed algorithm, are
somewhere between the left-to-right and right-to-left implementations.
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In this thesis, an introduction to substrate noise was given where the noise
injection sources, the propagation of substrate noise, and the reception of
substrate noise were discussed. Examples on how performance of analog
circuits can be degraded by substrate noise were given. An overview of noise
reduction methods were also given.
Two new noise reduction methods were proposed in this thesis work. The first
focused on reducing the switching noise generated in digital clock buffers.
The method was to use a clock with long rise and fall times in conjunction
with a special D flip-flop. This method also relaxed the constraints on the
clock distribution net and may be used for reducing design effort. The
measurements on a fabricated test chip implemented in a 0.35 µm CMOS
technology showed that the method can be used in a real implementation,
with small cost in power and speed. However, taking into account that power
can be saved in the clock buffers using the method, there is a potential of
power savings. By using long rise and fall times of the clock both the
generated noise in the digital circuit and the received noise in an analog
circuit were reduced by up to 50%. We concluded that the noise reduction
would probably be larger in an implementation with a clock buffer that is
designed and optimized for the targeted rise and fall times.
The second noise reduction method focused on reducing simultaneous
switching noise below half the clock frequency. The idea is to use circuits that
have as close to periodic power supply currents as possible to obtain low
simultaneous switching noise below the clock in the frequency domain. For
this purpose we used precharged differential cascode switch logic together
with a novel D flip-flop. To evaluate the method two pipelined adders were
implemented on transistor level in a 0.13 µm CMOS technology, where the
novel circuit is implemented with our method and the reference circuit with
static CMOS logic together with TSPC D flip-flop. Simulation results
indicated that the frequency components in the analog signal band can be
attenuated from 10 dB up to 17 dB using the proposed method. The main cost
75

Conclusions

was an increase in power consumption of almost a factor of three and a higher
transistor count.
Substrate coupling in silicon-on-insulator (SOI) technology and conventional
bulk technology were compared. Simulation results from two simple test
structures indicated that SOI has significantly less coupling compared to bulk.
This discrepancy in coupling between SOI and bulk was valid up to
frequencies of 500 MHz and 2 GHz for the respective structures. Hence, the
frequency where the coupling in SOI becomes approximately the same as that
in bulk depends much on the chip structure. Increasing the distance between
the circuits was effective to decrease the substrate coupling in both bulk and
SOI. One test structure was analyzed with and without a guard band in
between the circuits. Introducing a guard reduced the coupling between the
circuits more drastically in bulk than in SOI. In SOI, a substrate with a higher
resistivity can be used which decreases the substrate coupling up to the
frequency where the capacitive coupling through the substrate becomes
dominant.
An on-chip measurement circuit aiming at measuring SSN was designed in a
0.13 µm SOI CMOS technology. The measuring circuit used a single
comparator per channel where several passes are used to capture the
waveform. SSN of a buffer chain located on the test chip was measured with
the use of the presented circuits. The measurements indicated that the
measuring circuit can be used for its intended purpose.
A new approach to convert a number from two’s complement representation
to a minimum signed-digit representation was proposed. Previous algorithms
are working either from the LSB to the MSB (right-to-left) or from the MSB
to the LSB (left-to-right). The novelty in the proposed algorithm is that the
conversion is done from left-to-right and right-to-left concurrently. The
algorithms were implemented in VHDL and synthesized using AMS 0.35 µm
standard cells. Using the proposed algorithm, the critical path in a conversion
circuit can be nearly halved compared with the previous algorithms. The area
and power consumption, of the implementation of the proposed algorithm,
are somewhere between the left-to-right and right-to-left implementations.
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A STRATEGY FOR REDUCING CLOCK
NOISE IN MIXED-SIGNAL CIRCUITS
E. Backenius, M. Vesterbacka, and R. Hägglund

ABSTRACT
Digital switching noise is of major concern in mixed-signal circuits due to the
coupling of the noise via a shared substrate to the analog circuits. A significant noise source in this context is the digital clock network that generally has
a high switching activity. There is a large capacitive coupling between the
clock network and the substrate. Switching of the clock produces current
peaks causing simultaneous switching noise (SSN). Sharp clock edges yields
a high frequency content of the clock signal and a large SSN. High frequency
noise is less attenuated through the substrate than low frequencies due to the
parasitic inductance of the interconnect from on-chip to off-chip. In this
work, we present a strategy that targets the problems with clock noise. The
approach is to generate a clock with smooth edges, i.e. reducing both the high
frequency components of the clock signal and the current peaks produced in
the power supply. We use a special digital D flip-flop circuit that operates
well with the clock. A test chip has been designed where we can control the
rise and fall time of the clock edges in a digital FIR filter, and measure the
performance of a fifth-order analog active-RC filter.

1. INTRODUCTION
A major problem in mixed-signal circuits is the noise injected into the analog
circuits by the switching digital circuits, which is illustrated in Fig. 1. The
noise is degrading the performance of the analog circuits [1]. In this paper we
will present a strategy aiming at reducing the noise originating from the digital clock network. We will start by reviewing noise injection mechanisms,
noise reception mechanisms and a few common techniques for reducing
noise in mixed-signal circuits. The noise reduction strategy and a simple
model of a mixed-signal circuit is presented. A test chip aimed at evaluating
the proposed noise reduction strategy is presented. Finally we summarize the
work.
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Figure 1: Noise injected into the analog circuit
due to the switching of the digital circuit.

1.1 Noise injection mechanisms
The AC behavior of the pn-junctions between the MOS-transistors and the
substrate is mainly capacitive [1]. Hence, a signal transition causes noise to
be injected from the transistors into the substrate via the capacitive coupling.
The noise is then spread in the substrate due to the conductivity of the substrate. Another source of noise is the interconnect, that also is capacitively
coupled to the substrate. Hence, a transition in a digital node will be capacitively coupled to the substrate by both the pn-junctions and the interconnect in
that node.
The switching of digital circuits produces current peaks, which results in fluctuations on the power supply lines due to the inductive behavior of the interconnect from on-chip to off-chip. This kind of noise is known as
simultaneous switching noise (SSN). SSN in the power supply lines in digital
circuits is directly injected into the substrate through the biasing substrate
contacts.
The strong electrical field between drain and source in submicron transistors
makes the carriers (electrons in nMOS, holes in pMOS) to acquire enough
energy to become what is called hot. In nMOS devices these hot electrons
impact the drain of the transistor and produce ionization and dislodging holes
that are spread in the substrate [1]. The result is a current flowing from the
bulk of the transistor into the substrate, leading to voltage fluctuations in the
substrate.
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1.2 Noise reception mechanisms
Since an analog circuit similarly to a digital circuit contains transistors, interconnect, and biased substrate contacts, the noise in the substrate will be
received by the analog circuits via the same type of coupling as in the noise
injection.
Another noise reception mechanism is the threshold voltage dependence of a
transistor on the bulk-source voltage VBS. When substrate noise reaches the
transistor, the voltage VBS is affected, and hence the drain current and the
drain-source voltage VDS. This is observed as noise in the analog signal.

1.3 Noise reduction techniques
In lightly doped substrates it is possible to reduce the substrate noise in the
analog circuit by increasing the distance to the digital circuit. This is due to
the increased impedance in the substrate. In heavily doped substrates,
increasing the distance between the digital and the analog circuit is inefficient
as soon as the distance is more than four times larger than the thickness of the
epitaxial layer [2]. This is due to that the noise is spread via the highly conductive p+ layer. A drawback of increasing the distance between the circuits is
the increased area cost.
By inserting a guard ring between the circuits, the substrate noise can be suppressed if a lightly doped substrate is used. This is due to that a guard ring is
a low impedance path to ground or Vdd. In the case of a heavily doped substrate the effect of guard rings is limited due to the highly conductive p+ layer.
SSN may be reduced by the use of an on-chip decoupling capacitor. The
design of the decoupling capacitor is critical due to the fact that a poorly sized
capacitor can result in a resonant circuit with increased SSN. To prevent SSN
at the analog power supply lines, it is common to separate the digital power
supply lines from the analog. Even if a common supply voltage source is
used, it is preferable to use separate pins when taking the parasitic impedance
of the interconnect from on-chip to off-chip into account.
In a mixed-signal circuit it is recommended to use lightly doped substrates
instead of heavily doped, due to the fact that noise is easily spread over the
entire chip via the highly conductive layer of p+ [1].
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2. A STRATEGY FOR REDUCING CLOCK NOISE
Digital circuits commonly use a clock for global synchronization. When a
large clock distribution network is used, the clock is strongly coupled to the
substrate via the parasitic capacitance, and it will also require large drivers
that are capacitively coupled to the substrate. When the clock buffer charge or
discharge its large capacitive load, a large current peak is produced in the
power supply line causing SSN. Hence, the distribution of the clock generates
a considerable amount of the substrate noise that reduces the performance of
the analog circuits.
With longer rise and fall times of the clock signal, the time derivative of the
generated current peaks will decrease, resulting in lower SSN. The longer rise
and fall times also yields a lower frequency content of the clock signal.
Therefore we propose a strategy for reducing the noise by the use of a clock
signal with smooth clock edges, i.e. reducing both the high frequency components of the clock signal and the current peaks produced in the power supply.
Reducing the rise and fall time of the clock, or ultimately using a sinusoidal
waveform would achieve this. The proposed strategy requires a D flip-flop
that can operate with long rise and fall times of the clock. Such a D flip-flop is
presented in [4], which is used in this work. The efficiency of the strategy will
be evaluated in a test chip that is currently being fabricated.

3. A SIMPLE MODEL OF A
MIXED-SIGNAL CIRCUIT
A mixed-signal circuit consisting of an analog circuit and a digital circuit
occupying equally large area is shown in Fig. 1. The biasing of the analog and
the digital substrate is assumed to be uniform within their respective areas of
the circuit. The substrate is also biased by a highly conductive backside contact. In the model of the substrate we only consider three nodes, namely the
digital ground, the analog ground, and the backside contact. A standard 0.35
µm CMOS process with a lightly doped substrate is assumed. The thickness
of the substrate is 725 µm and it is considered to be uniformly doped.
The substrate can be modeled as mainly resistive for frequencies from DC up
to a cut-off frequency, fc, which is defined as
1
f c = -----------------------2πρ sub ε Si
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(1)

where ρ sub and ε Si are the resistivity of the substrate and the permittivity of
silicon, respectively [3]. The resistivity of the substrate is 0.1 Ωm which
according to (1) leads to that the behavior of the substrate is mainly resistive
for frequencies up to 15 GHz.
The finite element method is used to simulate the substrate. With the tool
FEMLAB, a mesh of the substrate shown in Fig. 2 can be created. In our simulations, the generated mesh of the substrate consists of 8 ⋅ 10 4 nodes.
In Fig. 3, the model of the substrate, the parasitic inductances of the interconnect from chip to off-chip, and a clock buffer is shown. VA is the voltage in
the analog ground and VD is the voltage in the digital ground. The three resistors form a full model of the resistive coupling between the three nodes of
interest.
By a simulation in FEMLAB, the values of the resistors can be estimated to
R1 = 13.8 kΩ and R2 = R3 = 27.7 Ω. The package inductances L1, L2, L3 and
L4 are all assumed to be 5 nH. The capacitances C1 and C2 are both equal to 2
pF.
Digital Analog
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Figure 2: Substrate with a digital and an analog circuit.
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Figure 3: A simple model of a mixed-signal circuit.
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The magnitude response from the digital ground VD to the analog ground VA
is shown in Fig. 4. It is seen that a high frequency is less attenuated than a low
frequency and that the noise increases with 40 dB per decade in the frequency
range of 2 MHz to 300 MHz.
In Fig. 5 the root mean square (rms) value of the voltage at the analog ground
is shown as a function of the rise and fall time of the clock signal. It is seen
that the noise is approximately the reciprocal of the rise and fall time of the
clock signal. In the result, only the contribution from switching of the clock
net is considered. When switching logic is also taken into account the rms
value of the voltage at the analog ground will be larger and the dependency of
the rise and fall time of the clock signal will not be as large as shown in
Fig. 5.

4. TEST CHIP
We have designed a test chip to evaluate the proposed strategy. The chip contains a digital circuit, a clock driver with programmable rise and fall time, and
an analog circuit. The test chip is currently being manufactured in a 0.35 µm
CMOS process with two poly layers and three metal layers. The substrate is a
lightly doped p-substrate. Separate power supply lines are used for the analog
and digital parts to avoid direct injection of SSN from the digital circuit into
the analog circuit. The chip will be packaged in a JLCC 68 pin package.
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Figure 4: Magnitude response from the digital
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Figure 5: Root mean square of the voltage at the analog ground as
a function of the rise and fall time of the clock signal.

4.1 The digital circuit
An FIR filter was chosen for the digital part of the test chip, since this is a
common component in signal processing applications. The filter is a low pass
filter of order 13 with an external word length of 16 bits, realized in direct
form. Each delay element in the structure is implemented with 16 parallel D
flip-flops. The addition and multiplication are implemented by hard wired
shifts and a carry-save adder-tree which is an efficient implementation
approach [5]. A pipelined ripple-carry adder implements the vector-merging
adder (VMA), which is the final adder in the carry-save adder-tree. The number of full adders and D flip-flops are approximately 630 and 350, respectively.
With the use of pipelining of the carry-save tree the throughput of the filter
could be increased. In this case we are interested of keeping the amount of D
flip-flops at a reasonable level to have realistic results. The full adders in the
carry-save adder tree are realized using static differential cascode voltage
switch logic (DCVS).
The differential D flip-flop presented in [4] is chosen due to its robustness
against long rise and fall times on the clock. The only difference between the
D flip-flop in [4] and the D flip-flop in the test chip is that the multiplexer at
the input is substituted by the two pull-down transistors M 0 and M ′0 as shown
in Fig. 6.
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Figure 6: The robust differential D flip-flop.

Separate power supply pins are used for the digital output buffers and the digital filter. A guard ring, surrounding the digital filter, with a separate pin is
also used.

4.2 The adjustable clock buffer
The last stage in the adjustable clock buffer consists of 256 unit buffers. The
unit buffer is realized using a tri-state buffer where the pMOS and nMOS
devices can be activated independently. Two binary vectors with a word
length of 8 bits are used to control the number of active nMOS and pMOS
devices. This makes it possible to individually adjust the rise and fall time of
the clock signal.

4.3 The analog circuit
The analog circuit is a fifth-order low-pass leapfrog filter without finite zeros
implemented in the active-RC technique. The filter is derived from a doubly
resistively terminated LC ladder network to achieve low sensitivity for variation in the component values [6]. The integrators in the active RC filter consist of two operational amplifiers. In the filter, the inverting and non-inverting
integrators are implemented with the proposed structures in [7]. The operational amplifiers are implemented as ordinary two-stage amplifiers with a
common drain amplifier as an output buffer.
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The cut-off frequency of the filter is programmable and can be adjusted offchip by placing additional capacitors in parallel with the integrator capacitor.
The range for the cut-off frequency is 1.5 to 3 MHz.
To reduce the effect of the substrate noise, the analog filter is shielded from
the digital part utilizing p+ guard rings connected to the analog negative
power supply [8], [9].

4.4 Test setup
The test chip will be evaluated in a test setup where a DC voltage will be used
as the input signal to the analog filter. The noise will be measured at the output of the analog filter. A series of measurements is planned to be performed
where the rise and fall times of the internal clock connected to the digital FIR
filter are varied. Also different clock frequencies for the filter will be tested.

5. SUMMARY
We have briefly described the noise injection and reception in mixed-signal
circuits. Simulation of a simple substrate model yields that a high frequency
is less attenuated in the substrate compared to a low frequency and that SSN
generated by the clock buffer is in inverse proportion to the rise and fall time
of the clock signal.
A strategy for reducing the noise caused by the digital clock was proposed.
The strategy uses a clock with long rise and fall times, and a special D flipflop that can operate with the special clock. Using longer rise and fall times
decreases both the magnitude of high frequency components in the clock signal and the current peaks produced in the power supply. A test chip, containing an FIR filter and an analog filter, is currently being manufactured in a
0.35 µm CMOS process. Results from measurements on the fabricated circuits are expected in the near future.
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DESIGN OF CIRCUITS FOR A
ROBUST CLOCKING SCHEME
E. Backenius and M. Vesterbacka

ABSTRACT
The design of a clock distribution network in a digital integrated circuit is
challenging in terms of obtaining low power consumption, low waveform
degradation, low clock skew and low simultaneous switching noise. In this
work we aim at alleviating these design restrictions by using a clock buffer
with reduced size and a D flip-flop circuit with relaxed constraints on the rise
and fall times of the clock. According to simulations the energy dissipation of
a D flip-flop, implemented in a 0.35 µm process, increases with only 21%
when the fall time of the clock is increased from 0.05 ns to 7.0 ns. Considering that smaller clock buffers can be used there is a potential of power savings
by using the suggested clocking scheme.

1. INTRODUCTION
The design of a clock distribution network in a digital integrated circuit introduces severe challenges [1]. Generally the clock edges must be sharp which
require large clock buffers. When a clock buffer charge or discharge its large
capacitive load, a large current peak is produced in the power supply line
causing high power dissipation and simultaneous switching noise (SSN) [2].
The noise will cause delay variations in the digital circuits and it will also disturb analog circuits, especially if they are located on the same silicon die [3].
By reducing the requirements on the rise and fall times of the clock, smaller
clock buffers can be used and narrower wires may also be used in the clock
distribution net.
In earlier work [4] we have aimed at reducing the substrate noise by the use
of a clock with smooth clock edges, i.e., reducing both the high frequency
components of the clock and the current peaks in the power supply. A D flipflop [5] that can operate with a clock with long rise and fall times were used.
That D flip-flop is also used in this work. The D flip-flop is negative edgetriggered and it uses a single-phase clock. The difference between the D flipflop in [5] and the D flip-flop used in this work is that the multiplexer at the
input of the master latch is here substituted by the two pull-down transistors
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M 0 and M ′0 as shown in Fig. 1. The two cross-coupled inverters form the
memory element of the static master latch. If the transistors M2 and M’2 are
omitted a dynamic master latch is obtained instead. The slave latch is semistatic and is shown in Fig. 2. When the clock is low the slave latch is in a
static state and when the clock is high the slave latch is in a dynamic state.

In this work we present a clocking scheme for digital circuits aiming at relaxing the constraints of the rise and fall times of the clock. The design of a D
flip-flop that can operate with a clock with long rise and fall times and a clock
buffer with adjustable drive strength are presented. We investigate how the
performance parameters of the D flip-flop are affected by the rise and fall
times of the clock, which is of interest from a design point of view, and
present results from Hspice simulations and measurements on a test chip.
Some design considerations for the D flip-flop are presented in Section 2. The
design of the adjustable clock buffer is presented in Section 3. Performance
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Figure 1: Master latch of the D flip-flop.
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Figure 2: Slave latch of the D flip-flop.
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Q
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parameters based on simulations of the designed D flip-flop are presented in
Section 4. A test chip is described in Section 5 together with results from
measurements. Finally, the paper is concluded in Section 6.

2. DESIGN OF THE D FLIP-FLOP
The design of the D flip-flop is critical due to that the transistors must be
sized properly to operate correctly. For example, in the master latch, the pulldown net formed by M0, M1, M’0 and M’1 must be strong enough to pull
down one of the inverters outputs below a certain voltage where the positive
feedback of the cross-coupled inverters makes the circuit to change state. M3
and M’3 form the pull-up net. In Fig. 3, the voltages of the internal nodes n1
and n2 (indicated in Fig. 1), are plotted for different sizes of the pull-up net.
The data input d changes value from low to high while the clock is kept high.
The solid lines and the dashed lines correspond to the voltages of node n1 and
n2, respectively. In the first case, corresponding to the two waveforms labeled
a, the pull-up net is too strong in comparison with the pull-down net, which
results in that the voltage Vn1 is not reduced enough to force the latch into a
new state. As soon the clock goes low, the memory element returns to its previous state. In the second case, corresponding to the waveforms labeled b, the
pull-up net is weaker, which permits the memory element to change state.
The waveform of Vn1 falls slowly between 0.5 ns and 1.2 ns. During this time
the pull-up transistor M’3 and the pull-down transistors M’0 and M’1 are on
simultaneously, which results in a power consuming short-circuit current.
When Vn1 falls below the threshold voltage of the inverters, Vn1 starts to drop
more rapidly due to the positive feedback of the cross-coupled inverters. In
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Figure 3: Simulated waveforms for different sizing of the
master latch.
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the third case, corresponding to the waveforms labeled c, the pull-up net is
weak enough to allow a fast discharging of n1, but yet strong enough to allow
a fast charging of the complement node n2. Node n1 is forced below the
threshold voltage of the inverters quickly. Therefore, the effect of the positive
feedback is hardly visible. In the last case, corresponding to the waveforms
labeled d, the pull-up net is the weakest. The discharging is the fastest, but the
charging of the complement node takes longer time than in case c. Of this
four cases, case c should be targeted in the design since the master latch is
updated in the smallest amount of time, yielding the smallest set up time of
the D flip-flop.

3. DESIGN OF THE ADJUSTABLE CLOCK BUFFER
Our objective is to use a clock with relaxed constraints on the rise and fall
times. From a design point of view it is required to know how the performance parameters of the D flip-flop are affected by the rise and fall time of
the clock. Therefore a clock buffer with adjustable driving strength is
required. A straightforward design of a clock buffer can be obtained by using
ordinary cascaded buffer stages except for the last buffer stage which is constructed of a number of parallel connected unit buffers. Each unit buffer can
be realized using a tri-state buffer, which is shown in Fig. 4. The pMOS and
nMOS devices can be activated independently, which makes it possible to
individually adjust the rise and fall times of the clock.

4. SIMULATION RESULTS
In this section the performance parameters of the D flip-flop are estimated
from Hspice simulations for different cases of fall times of the triggering
clock edge. The test set up consists of two identical cascaded D flip-flops.
The measurements are performed on the first D flip-flop, whose data output is
loaded by the data input of the second D flip-flop. The BSIMV3 models for

M1
PMOSon

M2

f in
NMOS on

fout
M3
M4

Figure 4: The unit buffer.
106

the AMS 0.35 µm technology with typical mean process parameters are used
in the simulations. The power supply voltage Vdd is 3.3 V. However, the D
flip-flop works well also with lower power supply voltages. The netlist used
in the simulations was extracted from a layout of the D flip-flop.
The time from that the input data d rises or falls to 50% of Vdd, to that the
clock has fallen to 50% of Vdd is in the following denoted t dc . The time from
that the clock has fallen to 50% of Vdd to that the input d has propagated to
the output q is denoted t cq . The sum of t dc and t cq is denoted t dq . Rise and
fall times are measured on 10% and 90% of the supply voltage. The rise and
fall times of the input data of the first D flip-flop are 0.18 ns.

4.1 Set Up Time and Propagation Delay
The set up time t su is defined as the minimum time that the input data must
be stable before the triggering clock edge, which in this case is the falling
edge. The clock period T of a digital circuit must fulfill the relation
T ≥ t su + t cq + t p log ic

(1)

where t p log ic is the worst case propagation delay of the logic in between the
D flip-flops. The sum of t su and t cq in (1) determines how long time of the
clock cycle that is occupied for the data propagation through the D flip-flop.
Hence, from a performance point of view it is of interest to minimize
t su + t cq .
In Fig. 5, t dc , t cq , and t dq are shown as functions of t dc , where the fall time
of the clock t f , clk is set to 1.4 ns. The minimal time t dc that results in a correct data output is 0.31 ns. However, this time of t dc causes the circuit to go
into a state where the circuit is close to metastability and failure. Further, the
propagation delay from the triggering clock edge to the data output is in this
case large. The closer the operation of the D flip-flop is to metastability, the
longer is the propagation delay. t cq reaches its minimum when t dc is large,
meaning that the input data is stable a long time before the triggering clock
edge. The minimum value of t cq is 0.30 ns and it is approximately reached as
soon as t dc > 1.0 ns. The sum of t cq and t dc , which is denoted t dq , is the
propagation delay of the D flip-flop. It is seen in Fig. 5 that t dq has a minimum for a certain value of t dc . This minimum is found where
dt cq ⁄ dt dc = – 1 , which corresponds to that the D flip-flop operates on its
optimum from a delay time point of view. We let this value of t dc define the
set up time t su [6]. We denote the minimum value of t dq as t dqmin , which is
obtained when t dc = t su . For the case shown in Fig. 5 we get t su = 0.39 ns
and t dqmin = 0.87 ns.
107

* dff r=64, set up time

[s]

1.6n

1.5n

1.4n

1.3n

1.2n

tdq

1.1n

Measures (lin)

1n

900p

tdc

800p

700p

600p

500p

400p

tcq

300p

200p

100p
0
0

200p

400p

600p
800p
Measures (lin) (t_set_up)

1n

1.2n

tdc

1.4n

[s]

Figure 5: t dc , t cq and t dq as functions of t dc .

In Fig. 6, the set up time t su and the minimal propagation delay t dqmin are
shown as functions of the fall time of the triggering clock edge t f , clk . The
range of the fall time of the clock is here from 50 ps to 14 ns. The minimal
propagation delay t dqmin is in this case 0.66 ns. When the fall time is
increased 28 times to 1.4 ns, the minimum propagation delay t dqmin
increases with 32% to 0.87 ns. Further, if the fall time is increased from 50 ps
to the more extreme fall time of 7 ns, t dqmin increases with 72% to 1.18 ns.
We see that t dqmin increases when the fall time of the clock is increased. We
also see that the increase in t dqmin is modest even for a large increase of the
fall time of the clock. The longer propagation delay, when using a longer fall
time of the clock, is due to that the gate overdrive voltages of the clocked
transistors do not reach their maximal values as quick as in the case of short
rise and fall times. However, considering designs where the combinational
circuit dominates the critical path, the impact of the increased propagation
delay in the D flip-flops may be negligible.

4.2 Hold Time
The hold time t h is defined as the minimum time that the data must be stable
after the triggering clock edge when the input data just fulfills the requirement on set up time. The hold time t h is affected by how close the D flip-flop
is to metastability and failure for the used value of t su . Hence, different values of set up time will result in different values of hold time for the same D
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flip-flop. Here we use the set up times that were found in the previous subsection. The hold time and the set up time form a window in which the data input
must be stable to guarantee a proper function of the D flip-flop. In the previous subsection the input data was considered stable as long time after the triggering clock edge that the influence of a new data transition was negligible.
The propagation delay t dq is affected by the time that the input data is stable
after the triggering clock edge. We choose to define t h as the minimum time
that the input data must be stable after the triggering clock edge to guarantee
that the propagation delay t dq does not increase more than 5% in comparison
with t dqmin . In Fig. 7 the hold time t h for the case where t dc = t su is shown
as a function of t f , clk . The hold time is in the range from −0.26 ns to 0.24 ns
when t f , clk is varied from 50 ps and 14 ns.

4.3 Energy Dissipation
With a longer fall time of the clock edge, a longer time to read the input data
into the master latch is required. This means that the two cross-coupled
inverters take longer time to change state. While the cross-coupled inverters
change state, short circuit currents occurs. Hence, longer fall time of the
clock results in larger short-circuit currents in the master latch. The energy
dissipation of the D flip-flop per clock cycle due to the load of the clocked
transistors is about 0.17 pJ. The energy dissipation of the D flip-flop as a
function of t f , clk is shown in Fig. 8, where it can be seen that the energy dissipation increases little with increased t f , clk . For example, the energy dissipation increases with only 21% when the fall time of the clock is increased
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from 0.05 ns to 7.0 ns. Considering that smaller clock buffers can be used in
the clock distribution net, when longer rise and fall times are used, there is a
potential of power savings in using the suggested clocking scheme.
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5. TEST CHIP
A test chip has earlier been designed [4] where we use the D flip-flop
described in section I and the adjustable clock buffer described in Section 3 to
implement a clock distribution network in a digital filter. The purpose of the
test chip is to evaluate how a digital circuit and an analog circuit sharing the
same substrate are affected by relaxed constraints on the rise and fall times of
the clock. In this work we focus on the clock distribution in the digital part.
The chip is manufactured in the AMS 0.35 µm CMOS process with two polysilicon layers and three metal layers. The substrate is a lightly doped p-substrate. An FIR filter was chosen for the digital part of the test chip, since this
is a common component in signal processing applications. The filter is a low
pass filter of order 13 with an input word length of 16 bits. The addition and
multiplication are implemented by hard-wired shifts and a carry-save addertree [7]. A pipelined ripple-carry adder implements the vector-merging adder
(VMA), which is the final adder in the carry-save adder-tree. The number of
full adders and D flip-flops are approximately 630 and 350, respectively. The
full adders are realized using static differential cascode voltage switch logic
(DCVS) [8].
Measurements on the digital part on the test chip indicate that the clock
scheme works well. For example, the digital circuit operates well even with a
clock buffer that is so weak that the clock only reaches a swing of 60% of Vdd
at a clock frequency of 74 MHz. The propagation delay of the critical path
increases with 0.5 ns when the nominal rise and fall times of the clock are
increased from approximately 0.5 ns to 10 ns.

6. CONCLUSIONS
An adjustable clock buffer and a special D flip-flop were designed. The circuit were aimed at relaxing the constraints on the rise and fall times of the
clock in digital circuits. Simulation results indicated that the effect of long
rise and fall times were mainly longer propagation delays. For example, when
the fall time of the triggering clock edge is increased from 50 ps to 7.0 ns, the
propagation delay increases with about 72% and the energy dissipation
increases with 21%. Considering the sizing of the clock net and the smaller
clock buffers that can be used, the relaxed clock scheme has a potential of
power savings. Measurements on a test chip implies that it is feasible to
design digital circuits with the presented clocking scheme.
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CONSTRAINTS ON CLOCK EDGES
E. Backenius and M. Vesterbacka

ABSTRACT
A strategy that aims at relaxing the design of the clock network in digital circuits is evaluated through simulations and measurements on a test circuit. In
the strategy a clock with long rise and fall times is used in conjunction with a
D flip-flop that operates well with this clock. The test circuit consists of a digital FIR filter and a clock buffer with adjustable driving strength. It was
designed and manufactured in a 0.35 µm CMOS process. The energy dissipation of the circuit increased 14% when the rise and fall times of the clock
increased from 0.5 ns to 10 ns. The corresponding increase in propagation
delay was less than 0.5 ns, i.e. an increase of 50% in propagation delay of the
register. The results in this paper show that the clocking strategy can be
implemented with low costs of power and speed.

1. INTRODUCTION
The design of the clock distribution in a digital circuit can be challenging [1].
For example, the clock edges must generally be sharp, which require large
clock buffers and wide interconnects in the clock net. The use of wider wires
reduces the parasitic resistance, but it also increases the parasitic capacitance.
When the clock buffer charge or discharge its capacitive load, a current peak
is produced in the power supply line causing simultaneous switching noise
(SSN), which is particularly cumbersome in mixed-signal circuits [2]. The
clock distribution may generate a considerable amount of the digital switching noise that can degrade the performance of an analog circuit placed on the
same die. When the clock path is long, repeaters can be used to lower the degradation of the clock waveform with an added cost of increased area and
higher power consumption. The clock distribution does also contribute significantly to the total power consumption in many digital circuits due to that the
clock makes two transitions every clock cycle and that the clock load generally is large.
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The shapes of the clock edges affect both timing and power consumption.
With smooth clock edges, smaller clock buffers can be used, which results in
less internal load capacitance, smaller currents and less silicon area. With
smaller currents in the clock distribution net narrower interconnects can be
used which also reduces the capacitive load, but the required interconnect
widths in the different paths in the clock net are still limited by timing constraints and the peak currents. However, compared with e.g. power supply
lines the clock interconnects have less sensitivity for electromigration, due to
the alternating current.
If long rise and fall times of the clock are used, a D flip-flop that can operate
with this clock is required. To guarantee that a D flip-flop works properly, the
input data must be stable within a time window defined by the set up time and
the hold time [3]. The highest risk of violating the set up time is found in the
registers that are placed at the end of the critical path. The highest risk of violating the hold time is found where registers are cascaded without logic in
between. The longer rise and fall times of a signal, the longer time the voltage
is in the range where both NMOS and PMOS transistors conduct simultaneously. Hence, longer rise and fall times of the clock result in a higher power
consumption in the registers due to increased short circuit currents. The propagation delay does also increase due to that the gate voltage of a clocked transistor will not reach its maximal value as quick as in the case of short rise and
fall times.
In earlier work [4] we have aimed at reducing the digital noise originating
from the clock buffers by the use of a clock with smooth clock edges, i.e.
reducing both the high frequency components of the clock and the current
peaks produced in the power supply. A D flip-flop [5] that can operate with a
clock with long rise and fall times was used. In [6] we presented the design of
circuits for a robust clocking scheme.
In this work we present results from measurements on a manufactured test
chip containing a digital filter where we use the D flip-flop presented in [5].
The measurements consider performance parameters as energy dissipation
and minimal clock period as functions of the driving strength of the adjustable clock buffer. The clocking strategy is described in Section 2. In Section 3
the test set up is described and in Section 4 the results from the manufactured
test circuit are presented together with some simulation results. Finally, the
work is concluded in Section 5.
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2. CLOCKING STRATEGY
Our clocking strategy is to use a clock with long rise and fall times in conjunction with a D flip-flop that can operate with such a clock. With long rise
and fall times of the clock, the constraints of the distribution of the clock are
relaxed in terms of that smaller buffers can be used and that the need for
repeaters and wide interconnects is reduced. In mixed-signal circuits there is
a potential of reducing the digital switching noise, hence improving the performance of analog circuits.

3. TEST SET UP
To evaluate the clocking strategy a digital low pass FIR filter has been implemented. The filter is of order 13 with an external word length of 16 bits. The
filter is realized in direct form [7], where the additions and multiplications are
implemented by hard-wired shifts and a non-pipelined carry-save adder-tree
[8]. The full adders in the tree are realized using static differential cascode
voltage switch (DCVS) logic [9]. A pipelined ripple-carry adder implements
the vector-merging adder (VMA), which is the final adder in the carry-save
adder-tree. The number of full adders and D flip-flops are approximately 630
and 350, respectively.
In the vector merging adder there are cascaded registers with no logic in
between which represent the highest risk for violating the hold time. The critical path of the digital filter corresponds to a certain path through the carrysave adder-tree. This path represents the highest risk for violating the set up
time. Hence, results from measurements on the digital circuit should also be
applicable on other digital implementations that use the same D flip-flop. The
chosen D flip-flop [5] is shown in Fig. 1. It uses a single-phase clock and it
can operate with long rise and fall times of the clock.
The clock buffer in the digital circuit has adjustable rise and fall times to evaluate effects of using long rise and fall times of the clock. The clock buffer
consists of cascaded buffers of increasing size where the final buffer consists
of 255 unit buffers. The PMOS and NMOS net in each unit buffer can be activated independently with the circuit shown in Fig. 2. If the NMOS net is
enabled, the gate source capacitance of M3 and the shared diffusion area of
M3 and M4 will be added to the clock node. In the same way, gate capacitance
and diffusion area will be added to the clock node when the PMOS net is
enabled. Hence, the capacitive load of the clock node is dependent on the
number of enabled NMOS and PMOS nets.
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Figure 1: Differential D flip-flop.
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The actual rise and fall times (measured from 0% to 90% of final value) of the
clock on chip can be estimated by measuring the energy dissipation of the
clock node. The rise time is estimated by the following procedure. First the
number of enabled PMOS nets are chosen. Then, a number of enabled NMOS
nets are chosen so that the clock node always is fully discharged before it is
recharged in each clock cycle. For long clock periods the clock node will
have full swing (ranging from ground to VDD). If the clock period time is
decreased so that the energy dissipation of the clock decreases with 10%,
then the swing of the clock is reduced to 90% of VDD. This means that the
clock is charged to 90% of VDD after one half of the clock period time.
In the same way the fall time of the clock is estimated. However, when a short
rise or fall time is measured, differences in the symmetry of the input of the
unit buffers will highly affect the accuracy of the estimation. Further, when
shorter clock periods are used the SSN dependence of the clock frequency
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tends to be larger of the reason that the fluctuations on the power supply lines
have not as long time to be smoothened out between the current peaks as
when a longer clock period is used. For these reason the estimation method
described here is expected to be applicable only for estimation of long rise
and fall times.
With the purpose to measure the energy dissipation in the digital filter as
function of the driving strength of the clock buffer, random vectors with four
different transition activities were constructed. Here we define the transition
activity α as the average number of transitions during one clock cycle. Each
test case corresponds to 104 binary input vectors that are periodically
repeated, where each input bit is independent of other input bits. The used
transition activities are 0, 0.10, 0.20, 0.30, and 0.40.
In order to estimate how the propagation delay of the critical path is affected
by the rise and fall times of the clock, the minimal clock period is measured
for different cases of driving strengths of the clock buffer.

4. RESULTS
A test chip has been manufactured in a 0.35 µm CMOS process. The chip has
an area of 11 mm2 and a microphotograph of it is shown in Fig. 3. It contains
a digital circuit, a clock driver with adjustable rise and fall time, and two analog circuits. Separate power supply lines are used for the analog and digital
parts to avoid direct injection of SSN from the digital circuit into the analog
circuits. The chip is packaged in a JLCC 68 pin package. A power supply
voltage of 2.5 V was used.

Figure 3: Microphotograph of the test chip.
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4.1 Ranges of rise and fall times of the clock
The ranges of the rise and fall times of the adjustable clock buffer have been
simulated in HSpice where the estimated parasitic impedances of the power
supply lines have been included. In Fig. 4, the simulated and the measured
rise time, as functions of the number of enabled unit buffers, are shown as the
solid line and the dashed line, respectively. In Fig. 5, the simulated and the
measured fall time, as functions of the number of enabled unit buffers, are
shown as the solid line and the dashed line, respectively. The ranges of the
rise and fall times estimated from simulations are from 0.5 ns to 25 ns and
from 0.4 ns to 20 ns, respectively. The measured rise and fall times of the
clock on the test chip shows good agreements with the simulation results for
long rise and fall times.

4.2 Propagation delay
The propagation delay of the D flip-flop loaded by an identical D flip-flop is,
according to Hspice simulations of a netlist extracted from the layout, about
0.94 ns for a fall time of the clock of 0.2 ns. If the fall time of the clock is
increased to 10 ns the propagation delay increases to 1.9 ns, corresponding to
an increase of 100%.
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Figure 4: Simulated and measured rise time of the clock as
functions of the number of enabled PMOS-nets.
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Figure 5: Simulated and measured fall time of the clock as
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In Fig. 6, propagation delays of the critical paths of three test chips are shown
as functions of the number of enabled unit buffers. The delay of the critical
path is estimated by measuring the minimal clock period that the circuit can
operate with. The respective propagation delays of the test chips varies less
than 0.5 ns when the rise and fall times of the clock are within the range of
about 0.5 ns to 10 ns. Considering the simulation results of the D flip-flop
mentioned above, a larger variation in the propagation delay in the critical
path could be expected.
In the case of two unit buffers enabled and a clock period of 13.5 ns (corresponding to 74 MHz), the clock has a decreased voltage swing that reaches
only 1.5 V, which is 60% of the power supply voltage (VDD = 2.5 V). With
these long rise and fall times, the clock is approximately triangular wave
shaped. The digital circuit even works when only one unit buffer is enabled,
which correspond to rise and fall times of about 20 ns, but in this case the
propagation delay increases to 15 ns.

4.3 Maximal clock pulse width
The D flip-flop is in a dynamic state when the clock is high which gives an
upper bound on the pulse width of the clock. According to measurements on
the test chip the upper bound on the pulse width is about 250 ns.

121

Propagation delay
14
ns
13.9

13.8

13.7

13.6

13.5

13.4

13.3

13.2

13.1

13
10
10

1

10
10

2
100
10

Number of enabled unit buffers
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If a normal clock is used where the pulse width is equal to the half of the
clock period the minimal clock frequency is then 2 MHz. However, as long as
the pulse width is no longer than 250 ns it is possible to choose an arbitrarily
low clock frequency or even stop the clock.

4.4 Energy dissipation
The energy dissipation of the digital circuit, including the clock distribution,
as function of the number of enabled unit buffers (Nbuff) for different transition activities are shown in Fig. 7. The clock period used here is 20 ns. For α
= 0, the input of the digital filter is constant and the energy dissipation is in
this case only due to the clock distribution (the contribute from leakage currents is 50 fJ which is negligible). The swing of the clock is less than VDD for
N buff < 4, which results in a reduced dissipated energy. The increased dissipated energy seen for an increased number of enabled unit buffers for
N buff > 4 is mainly due to the diffusion capacitance and the gate source
capacitance which are added to the clock node for each enabled unit buffer as
described in Section 3.. For α ≥ 0.1 , the energy dissipation varies with N buff
due to both the short circuit currents in the D flip-flop and the variation in
clock load.
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In Fig. 8 the energy dissipation per clock cycle of the digital circuit excluding
the clock distribution is shown. Here, it can be seen that the dissipated energy
increases in the D flip-flops when a less number of unit buffers are used.
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For example, the energy dissipation is increased with 11% when the number
of unit buffers is decreased from 255 to 2 when α = 0.1 . According to
simulation results, this corresponds to that the fall time of the triggering clock
edge is increased from about 0.4 ns to 10 ns. For the case of α = 0.4 the
corresponding increase in energy dissipation is 14% which is the largest
increase of the four cases of different transition activities.
The presented results from the test circuit indicate that the clocking strategy
works well and that it can be implemented in digital circuits with a low cost
of propagation delay and power consumption.

5. CONCLUSIONS
In this work effects of the shapes of the clock edges have been discussed. A
clock distribution strategy that relaxes the constraints on the clock edges has
been presented. According to simulations and results from the manufactured
test chip, the clocking strategy works well. Simulation results indicates that if
the rise and fall times of the clock are increased from about 0.5 ns to 10 ns,
the propagation delay of the D flip-flop approximately doubles from 0.94 ns
to 1.9 ns. Measurements on the test chip indicate that the propagation delay of
the critical path in the implemented digital filter increases with 0.5 ns for the
corresponding case. The energy dissipation was increased with at most 14%
when the rise and fall times of the clock were increased from 0.5 ns to 10 ns.
With the relaxed constraints on the clock edges the design effort can be
reduced. There is also a potential of that the clocking strategy reduces the
digital switching noise, hence the performance of analog circuits placed on
the same die may be improved.
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REDUCTION OF SIMULTANEOUS
SWITCHING NOISE IN DIGITAL CIRCUITS
E. Backenius and M. Vesterbacka

ABSTRACT
In this paper we present results from measurements on a test chip used to
evaluate our method for reduction of substrate noise that originates from the
clock in digital circuits. We use long rise and fall times of the clock signal and
a D flip-flop that operates well with this clock. With this approach, smaller
clock buffers can be used, which results in smaller current peaks on the power
supply lines and therefore less switching noise. The measured substrate noise
on the test chip was reduced by 20% and up to 54%. With optimized clock
buffers this method has a potential of an even larger noise reduction.

1. INTRODUCTION
In mixed-signal integrated circuits (ICs) analog and digital parts share the
same substrate. When digital circuits are switching they generate noise that is
spread through the silicon substrate to other circuits. Substrate noise is a
major problem in mixed-signal ICs where it seriously degrades the performance of sensitive analog circuits [1]. The substrate noise generated by digital circuits mainly originates from the current peaks that are produced on the
power supply lines when the circuits are switching. The current peaks
together with the interconnect impedance of the supply lines result in voltage
fluctuations both on the supply and ground lines on chip. These voltage fluctuations are known as simultaneous switching noise (SSN) [2]. In digital circuits SSN can lead to lower speed and lower reliability. In mixed-signal ICs
performance parameters of the analog circuits such as spurious-free dynamic
range (SFDR) and signal to noise ratio (SNR) can be seriously degraded [3].
The substrate in digital circuits is commonly biased by a large number of substrate contacts that are connected to ground. Therefore the voltage fluctuations on the on-chip ground will be directly coupled to the substrate. This
substrate noise injection mechanism is normally the dominant one in digital
integrated circuits [4].
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The clock signal is used to synchronize all the clocked elements in synchronous circuits. Consequently, the load of the clock signal is large. Furthermore, the clock edges must generally be sharp (i.e., short rise and fall times),
which require large clock buffers and wide interconnects. The use of wide
wires in the clock net reduces the parasitic resistance, but it also increases the
parasitic capacitance. When the clock path is long, repeaters can be used to
lower the degradation of the clock waveform with an added cost of increased
area and higher power consumption. With relaxed constraints on the clock
edges (i.e. long rise and fall times), smaller clock buffers can be used, which
results in less internal load capacitance, smaller currents and smaller silicon
area. The smaller currents in the clock distribution net, enables the use of narrower interconnects, which also reduces the load. When the clock buffer
charge or discharge its large capacitive load, a large current peak is produced
in the power supply line resulting in SSN.
This work is a part of a larger project where we investigate how SSN is generated by a digital circuit and propagated to an analog circuit through the substrate. Here we focus on the generation and reduction of SSN. In the second
part we focus on the propagation and reception of SSN, and its effect on an
analog filter [5].
In the next section of this work we present a method to reduce the noise originating from the clock. In Section 3 the test set up for measurement of switching noise is presented. Measurement results are presented in Section 4, where
it is seen that our method reduces the noise. In Section 5, we discuss the how
an optimized clock buffer would affect the result of using the method. Finally
we conclude the work in Section 6.

2. NOISE REDUCTION METHOD
We have earlier proposed a method aiming at reducing the noise generated by
the clock in digital circuits [6]. The method is to use a clock with long rise
and fall times together with a D flip-flop that operates well with this clock. In
this way the current peaks produced by the clock buffer can be made smaller.
Hence the switching noise of the clock buffer may be reduced. In [7] we presented measurement results showing that long rise and fall times of the clock
can be used with a low cost in propagation delay. With longer rise and fall
times of the clock the power consumption of the D flip-flops increases, but
the clock buffer can be made smaller, which results in a lower power consumption in the clock buffer leading to a potential of power savings.
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3. TEST SET UP
3.1 Test Chip
To evaluate the noise reduction method a test chip was manufactured in a 0.35
µm CMOS process with two poly layers and three metal layers. The silicon
substrate of the test chip is lightly positively doped. The chip is shown in
Fig. 1. It contains a digital circuit that is used in this work and also two analog circuits that are not used in this work. The chips were packaged in JLCC
68 pin packages, where six pins were dedicated for the power supply and
ground lines of the chip core.

3.2 Test Cases
In test case I, four pins of the original six power and ground pins on the package were removed to obtain a higher impedance on the power supply and
ground lines. In test case II, all of the six pins for power supply and ground
were used. In this way, cases with different power supply impedances and
resonance frequencies could be investigated.

3.3 Digital Circuit
The digital circuit is a low pass FIR filter, which is realized in direct form.
The filter order is 13 and the input word length is 16 bits. The additions and
multiplications are implemented by hard wired shifts and a carry-save addertree. A pipelined ripple-carry adder implements the final adder in the carrysave adder-tree. The number of full adders and D flip-flops are approximately
630 and 350, respectively. The full adders in the carry-save adder tree are
realized in static differential cascode voltage switch logic (DCVS). The differential D flip-flop presented in [8] is used due to its robustness against long
rise and fall times on the clock. The D flip-flop uses a single phase clock and
it triggers on the falling edge.

Digital circuit

Figure 1: Microphotograph of test chip.
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The clock buffer is shown in Fig. 2 and it consists of seven cascaded inverters
followed by a final buffer. This final buffer consists of 255 unit buffers, which
are all realized as tri-state buffers where the pMOS and nMOS nets can be
activated independently. Two binary vectors with both the word length of 8
bits are used to control the number of active nMOS and pMOS nets. Therefore, it is possible to individually adjust the rise and fall times of the clock
signal.
The digital circuit is surrounded by a p+ guard ring [9], which can be
grounded on the test PCB or used as a measure point. In this work we measure the received SSN on the digital guard ring.

3.4 Test Pattern
In Fig. 3 the measurement test set up is illustrated, where a test pattern generator is connected to the input of the digital circuit. Input pads on chip have
generally large capacitive couplings to the substrate and the input pads are
also connected to input buffers. Therefore, any transition on an input signal
results in SSN and substrate noise. If the test pattern generator changes data
at the same time as the digital circuit switches, the two respective noise contributions will interact. In this case the substrate noise depends much on when
the triggering clock edge on chip appears with respect to the change of input.
To separate the noise that originates from the test vectors from the noise that
is generated on chip, we use the following method. We use two signal genera255 unit
buffers
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Figure 2: The adjustable clock buffer used in the FIR filter.
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Figure 3: Measurement test set up.
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tors (see Fig. 3), where the first is used as clock input of the test chip and the
second is used to synchronize the test pattern generator. By adjusting the
phase difference between the two signals, the noise originating from the test
pattern generator can be separated from the noise of the digital circuit. We use
a long clock period so that the switching noise from the test pattern has sufficient time to be reduced to small levels before the digital circuit switches.
With this method it is possible to measure the noise that originates from the
switching of the digital circuit on chip.
Four different test patterns were used as input on the digital filter. The average transition activities (i.e., the average number of transitions during one
clock cycle) on the outputs of the D flip-flops are for the different patterns 0,
0.21, 0.32 and 0.45.

3.5 Output Buffers
The output buffers of the test chip can be turned off, which makes it possible
to exclude the effect from the output buffers and output pads on the measured
switching noise. For each test pattern, the output is first checked and then the
output buffers are turned off. Then we measure the noise on the digital guard.

3.6 Measurement of Substrate Noise
The peak to peak voltage of the largest voltage fluctuation is measured on the
pin connected to the digital guard ring with a Tektronix TDS 620, which is a
6 GHz digitizing oscilloscope. We use a high impedance probe (1 MΩ resistance, 2 pF load capacitance, 1 GHz bandwidth). By measuring the noise on
the guard ring surrounding the digital circuit, a measure of the substrate noise
near the digital circuit is obtained.

4. MEASUREMENT RESULTS
A power supply voltage of 2.5 V and a clock frequency of 6.8 MHz were used
during the measurements. This long clock period was chosen to be able to
separate the noise originating from the switching in the digital circuit from
the noise that originates from the input signals. In this work were only interested in the noise that originates from the digital circuit. In Fig. 4 the voltage
on the guard ring surrounding the digital circuit is shown. The first, third and
the fourth boxes all contain SSN that originates from the switching in the digital circuit. The box labeled “Test pattern” contains the switching noise originating from the input signals. As seen in Fig. 4, the noise contributions are
separated on the time axis.
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Figure 4: Voltage on digital guard ring.

4.1 Test Case I
The first test case has the higher package impedance on the power supply and
ground lines. In Fig. 5, the maximal peak to peak voltages on the digital
guard are shown as functions of the number of enabled unit buffers in the
clock buffer. The four different input patterns correspond to the four different
curves where the transition activities are denoted. Approximately rise and fall
times, denoted tLH and tHL are also shown in Fig. 5 for some of the different
numbers of enabled unit buffers N.
It is clearly seen that the peak to peak value increases with the transition
activity. The higher activity, the more circuits are switching giving larger current peaks and higher noise. The relative differences in noise between the difGuard−ring of digital circuit
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Figure 5: Peak to peak voltage on digital guard ring.
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ferent transition activities are higher for longer rise and fall times of the
clock. A trend that a longer rise and fall times result in a lower peak to peak
value is also seen. When using eight or less of the unit buffers (i.e. N ≤ 8 ) the
reduction of noise is approximately from 20% up to 54%, depending on the
transition activity.

4.2 Test Case II
The second case has the lower package impedance on the power supply and
the ground lines. In Fig. 6, the maximal peak to peak voltages on the digital
guard are shown as functions of the number of enabled unit buffers in the
clock buffer. The noise is here roughly the half of that in the previous case
due to the lower impedance. Here it is also seen that for low activities the
SSN decreases with longer rise and fall times. When using eight or less of the
unit buffers (i.e. N ≤ 8 ) the maximal reduction of noise is approximately
from 32% up to 48%, depending on the transition activity. In Fig. 6 it is also
seen, when the transition activity is high, that longer rise and fall times than 3
ns result in a larger noise than the minimal noise. For example, with the highest transition activity (i.e., α = 0.45 ), the peak to peak voltage is large for
the longest rise and fall times. This effect is not seen in test case I.
The high peak to peak voltage for the longest rise and fall times, and the highest transition activity, can be explained by analyzing the curve shapes of the
voltages. The voltage on the digital guard when the constant test pattern (i.e.,
α = 0 ) is applied, is shown in Fig. 7 for N = 2 . Here, the voltage fluctuation originates from the switching of the clock. In Fig. 8 the voltage is shown
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Figure 6: Peak to peak voltage on digital guard ring.
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when the test pattern with the highest transition activity is used instead of the
constant test pattern. When comparing the curve shapes of the voltages in
Fig. 7 and Fig. 8, it is seen that they are similar from t = 0 to t = 4 ns. It
can be seen that the curve in Fig. 8 has a larger time derivative between
t = 4 ns and t = 6 ns than the curve in Fig. 7. This is explained by that the D
flip-flops start to switch after about 4 ns after that the clock buffer has started
to switch. The switching of the D flip-flops is followed by the switching of
the logic. The noise contribution from the clock buffer and the noise contribution from the D flip-flops and the logic are here added resulting in the large
peak to peak voltage.
Case I has a higher package impedance and therefore a lower resonance frequency. Consequently, the second rise of the voltage originating from the
clock buffer will not occur at the same time as the switching of the D flipflops start. For the highest transition activity an optimum is located someα = 0
N = 2
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Figure 7: Voltage on digital guard ring.
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Figure 8: Voltage on digital guard ring.
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where around N = 16. Here the switching of the D flip-flops and logic start
on the first falling slope of the voltage shown in Fig. 7. This results in that the
rise in voltage, originating from the switching of the register and the logic, is
damped by the fall in voltage originating from the clock.

5. DISCUSSION
The measurement results showed that the switching noise was lowered by the
use of a clock with long rise and fall times. If our noise reduction method is
used together with clock buffers optimized for low power, the effectiveness of
using the method will differ from the presented results due to the following
reason. The number of cascaded inverters in the clock buffer on the test chip
is seven for all the possible rise and fall times of the clock. The final stage in
the buffer consists of a constant number of tri-state buffers. When a small
clock buffer is used the number of required cascaded inverters in the buffer is
smaller than if a large clock buffer is used. For example, when the rise and
fall times of the clock signal in the test chip is longer than 2 ns, an optimized
clock buffer without the ability to adjust the rise and fall times, three or four
cascaded inverters could be sufficient. The decreased number of cascaded
inverters results in smaller capacitance when compared with a larger clock
buffer. Therefore, we believe that our noise reduction method would be even
more effective than what has been shown in the presented measurement
results.

6. CONCLUSION
In this work a substrate noise reduction method has been evaluated by measurements on a test chip. The method uses a clock with long rise and fall
times in conjunction with a D flip-flop that operates well with this clock. We
also presented a method that separated the noise originating from the digital
circuit from the noise originating from the input signals. This method was
used to study the substrate noise in the digital circuit. The measurement
results showed a noise reduction between 20% and 54%, when the method
was used. We discussed how the measurement results were affected by the
clock buffer in the manufactured test chip. We conclude that the noise reduction would be more pronounced in implementations where the clock buffer
contains a proper number of cascaded inverters.

137

REFERENCES
[1]

X. Aragonès, J. L. González, and A. Rubio, Analysis and solutions for
switching noise coupling in mixed-signal ICs, USA, 1997.

[2]

J. M. Rabaey, A. Chandrakasan, and B. Nickeled, Digital integrated
circuits: A design perspective, 2nd ed., Prentice Hall, 2003.

[3]

X Aragonès, J. L. González, F. Moll and A. Rubio, “Noise generation
and coupling mechanisms in deep-submicron ICs” IEEE Design & Test
of Computers, vol. 19, pp. 27-35, 2002.

[4]

M. van Heijningen, J. Compiet, P. Wambacq, S. Donnay, M.G.E.
Engels, and I. Bolsens, “Analysis and experimental verification of digital substrate noise generation for epi-type substrates,” IEEE J. SolidState Circuits, vol. 35, pp. 1002-1008, 2000.

[5]

E. Backenius and M. Vesterbacka, “Effect of Simultaneous Switching
Noise on an Analog Filter,” Submitted to ICECS 2006.

[6]

E. Backenius and M. Vesterbacka, "A strategy for reducing clock noise
in mixed-signal circuits," Proc. 2002 IEEE Midwest Symposium on
Circuits and Systems, vol. 1, pp. 29-32, 2002.

[7]

E. Backenius and M. Vesterbacka, "Evaluation of a clocking strategy
with relaxed constraints on clock edges," Proc. IEEE TENCON, vol. 4,
pp. 411-414, 2004.

[8]

M. Vesterbacka, “A robust differential scan flip-flop,” Proc. 1999 IEEE
Int. Symp. on Circuit and Systems, vol. 1, pp. 334-337, 1999.

[9]

H. Chen, et. al., “The study of substrate noise and noise-rejection-efficiency of guard-ring in monolitic integrated circuits,” IEEE Int. Symp.
Electromagnetic Compatibility, vol. 1, pp. 123-128, 2000.

138

Paper V

Effect of Simultaneous Switching Noise
on an Analog Filter
E. Backenius, M. Vesterbacka, and R. Hägglund
Proc. International Conference on Electronics, Circuits and
Systems, ICECS2006, Nice, France, December 2006.

139

140

EFFECT OF SIMULTANEOUS SWITCHING
NOISE ON AN ANALOG FILTER
ABSTRACT
In this work a digital filter is placed on the same chip as an analog filter. We
investigate how the simultaneous switching noise is propagated from the digital filter to different nodes on a manufactured chip. Conventional substrate
noise reduction methods are used, e.g., separate power supplies, guard rings,
and multiple pins for power supplies. We also investigate if the effect of substrate noise on the analog filter can be reduced by using a noise reduction
method, which use long rise and fall times of the digital clock. The measured
noise on the output of the analog filter was reduced by 30% up to 50% when
the method was used.

1. INTRODUCTION
Integrating analog and digital circuits on the same chip is a challenging
design task. A major problem is that the digital circuits generate simultaneous
switching noise (SSN) that is spread through the substrate to analog circuits
[1]. This substrate noise is orders of magnitude larger than device noise in
high-speed mixed-signal circuits [2]. Consequently, substrate noise limits the
performance of analog circuits.
The substrate in digital circuits is commonly biased to ground via a large
number of substrate contacts. Hence, the digital ground has generally a low
impedance to the substrate surface within the region of the digital circuit [3].
Therefore, any voltage fluctuation (i.e., SSN) on the digital ground is also
present in the substrate region of the digital circuit. This noise injection
mechanism is normally the dominant in digital integrated circuits [3]. If the
substrate contacts in the analog circuit are connected directly to the analog
ground, then the substrate noise in the analog region will also be present on
the analog ground.
In mixed-signal systems, converters between the analog and the digital
domains are commonly used. One problem here is that the digital circuits
generate substrate noise that may disturb, e.g., the comparators in analog-todigital converters (ADC), which can result in false output values [4]. When
comparators have false outputs the ADC yields a reduced number of effective
bits. Substrate noise also affects circuits used for synchronization, e.g., phase
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locked loop (PLL) circuits [2]. The noise results in an uncertainty of the
phase (i.e., jitter) of the synchronization signal, which degrades the performance of all circuits that are connected to the PLL. In digital-to-analog converters, clock jitter results in a higher noise floor (i.e., lower signal to noise
ratio) and more distortion on the output signal, giving a lower spurious-free
dynamic range [5].
Effects of substrate noise are analyzed in [6], where a generic model of differential architectures is used, from where two conclusions are drawn. The frequency components of differential noise appear directly at the analog output,
but scaled with a gain factor. Common-mode noise is intermodulated with the
differential analog input. Therefore, a frequency component outside the analog signal band may, due to the intermodulation, fall into the analog signal
band. The power-supply rejection ratio (PSRR) expresses how much noise
that are suppressed through the power supply lines to the circuit’s output. The
PSRR may be high for low frequencies, but for higher frequencies the rejection ratio may fade. In single-ended architectures substrate noise will more
severely affect the analog signal due to the lower PSRR.
In this work a digital filter is placed on the same chip as an analog filter. We
investigate the substrate noise in different nodes on a manufactured test chip.
Conventional substrate noise reduction methods are used, e.g., separate
power supplies, guard rings, and multiple pins for power supplies. We also
investigate if the effect of substrate noise on the analog filter can be reduced
by using a noise reduction method that is described in section II. In section III
the test set up is described. Measurement results from the test chip are presented in section IV, where the results indicate that the disturbance on the
analog output of the filter can be reduced by using the noise reduction
method. We conclude the work in section V.

2. NOISE REDUCTION METHOD
We have earlier proposed a method aiming at reducing the noise generated by
the clock in digital circuits [7]. The method is to use a clock with long rise
and fall times together with a D flip-flop that operates well with this clock. In
this way the current peaks produced by the clock buffer can be made smaller.
Hence, the simultaneous switching noise may be reduced. In [8] we presented
measurement results showing that long rise and fall times of the clock can be
used with a low cost in propagation delay. With longer rise and fall times of
the clock the power consumption of the D flip-flops increases some, but the
clock buffer can be made smaller, which results in a lower power consumption in the clock buffer leading to a potential of power savings. In this work
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we investigate how the SSN is propagated from the digital filter to different
nodes on the chip. We investigate how the output of an analog filter is
affected by varying the rise and fall times of the clock signal in a digital filter.

3. TEST SET UP
To investigate how the noise in the digital circuit affects an analog filter, a test
chip was designed. A standard 0.35 µm CMOS technology with two poly layers and three metal layers was used. The substrate is lightly positively doped.
The chip contains a digital circuit and two analog circuits. Separate power
supply lines are used for the analog and digital parts to avoid direct injection
of SSN from the digital circuit into the analog circuit. The chips were packaged in JLCC 68 pin packages, where six pins were dedicated for the digital
power supply and ground lines. Four pins were dedicated for the analog
power supply and ground lines.

3.1 Analog circuit
The analog circuit is a fifth-order low-pass leapfrog filter without finite zeros
implemented in the active-RC technique. The filter has a cut-off frequency of
3 MHz. The design was derived from a doubly resistively terminated LC ladder network to achieve low sensitivity for variation in the component values
[9]. Further, the variations in the pass band of the LC network is proportional
to the product of the frequency ω , and the group delay τ g [9]. The sensitivity
of the LC network is minimized by minimizing ωτ g , given that the filter
specification is met. The minimization of the sensitivity of the LC ladder network will also decrease the sensitivity of the pass band variations in the leapfrog implementation due to finite Q-values of the integrators [10].
Ten operational amplifiers are used in the analog filter. Each integrator in the
active RC filter consists of two operational amplifiers. The use of two amplifiers in an integrator increases the Q-value and decreases the phase and gain
errors [11]. In the filter the inverting and non-inverting integrators are implemented with the proposed structures in [11]. The operational amplifiers are of
two-stage type with a common drain amplifier as an output buffer. This will
decrease the output resistance with the cost of a decreased output swing.
Using pMOS instead of nMOS transistors as input devices will increase the
unity-gain frequency, slew rate, and decrease the flicker noise of the amplifier
[12]. Further, using pMOS input transistors may reduce the effect of substrate
noise injected to the input transistors since all pMOS transistors are placed in
n-wells. The analog filter is shielded from the digital filter utilizing a p+ guard
ring connected to ground via a separate pin. Choosing a p+ guard ring instead
of n-type will decrease the noise introduced in the analog part of the circuit
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[13]. Further, substrate contacts are connected to each transistor to decrease
variations in the threshold voltage. The body effect has been shown to be a
minor contributor to the substrate noise effects in analog circuits [14]. The
main contributor is the substrate noise received on the analog ground supply
line. For this reason we let the body and the substrate contacts have the same
voltage. The magnitude response from the input to the output corresponds to
the solid line in Fig. 1. The dashed line corresponds to the magnitude
response from ground to the output. Here it is seen that the PSRR decreases
for higher frequencies.

3.2 Digital Circuit
The digital circuit is a low-pass finite impulse response filter, which is realized in direct form. The filter order is 13 and the input word length is 16 bits.
The additions and multiplications are implemented by hard wired shifts and a
carry-save adder tree. A pipelined ripple-carry adder implements the final
adder in the carry-save adder tree. The number of full adders and D flip-flops
are 630 and 350, respectively. The full adders in the carry-save adder tree are
realized in static differential cascode voltage switch logic. We use a D flipflop that can operate with long rise and fall times on the clock [8]. This D flipflop uses a single phase clock and it triggers on the falling edge.
The clock buffer is shown in Fig. 2 and it consists of seven cascaded inverters
followed by a final buffer. This final buffer consists of 255 unit buffers, which
are all realized as tri-state buffers where the pMOS and nMOS nets can be
activated independently. Two binary vectors with both the word length of 8
50
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Figure 1: The magnitude response from the input to the output and from
negative power supply to the output, indicated with solid and dashed lines,
respectively.
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Figure 2: The adjustable clock buffer used in the FIR filter.

bits are used to control the number of active nMOS and pMOS nets. Therefore, it is possible to individually adjust the rise and fall times of the clock
signal. The digital circuit is surrounded by a p+ guard ring [9], which can be
grounded on the test PCB for normal operation or used as a measure point to
estimate the noise at the source.
The digital output buffers of the test chip can be turned off, which makes it
possible to exclude the noise originating from the switching of the output
buffers and output pads on the measured switching noise. For each test pattern, the output is first checked and then the output buffers are turned off and
finally we measure the noise on the node of interest.

3.3 Test Pattern
Input pads on chip generally have a large capacitive coupling to the substrate.
Therefore, any transition on a pad is coupled to the substrate. Furthermore,
each data input pad is connected to four cascaded inverters followed by a wire
connected to the input of a D flip-flop. Hence, the input data of the digital circuit may inject noise into the substrate. If the test pattern generator changes
data at the same time as the digital circuit switches, the two respective noise
contributions will interact. In this case the substrate noise depends much on
when the triggering clock on chip appears with respect to the change of input.
To separate the noise that originates from the test vectors from the noise that
is generated in the digital filter, we use the following method. With a long
clock period the switching noise from the test pattern has sufficient time to be
reduced to small levels before the digital circuit switches. We use two signal
generators where the first is used as clock input of the test chip and the second is used to synchronize the test pattern generator. By adjusting the phase
difference between the two signals, the noise originating from the test pattern
generator can be separated from the noise of the digital circuit. The digital filter can operate with clock frequencies up to 75 MHz (corresponding to 75
Msamples/s), but here we choose a much lower clock frequency.
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With this method it is possible to measure the noise that originates from the
switching of the digital filter. Four different test patterns were used as input
on the digital filter. The used test patterns have a period time equal to four
times the clock period. The average transition activities (i.e., the average
number of transitions during one clock cycle) on the outputs of the D flipflops are for the different patterns 0, 0.21, 0.32 and 0.45.

3.4 Measurement method
The voltages of different test points were measured with a Tektronix TDS
620, 6 GHz digitizing oscilloscope. We use a high impedance probe (1 MΩ
resistance, 2 pF load capacitance, 1 GHz bandwidth). By measuring the noise
on the guard ring surrounding the digital circuit, a measure of the substrate
noise near the digital circuit is obtained. By measuring the noise on the analog guard a measure of the substrate noise in the digital region is obtained.
Finally, by measuring the output of the analog filter it is possible to see the
effect of the present substrate noise. The guard rings and the bottom plate are
all connected to the proper ground except the node that is measured.

4. MEASUREMENT RESULTS
A power supply voltage of 2.5 V and a clock frequency of 6.8 MHz were used
for the digital circuit. A power supply voltage of 3.3 V was used for the analog circuit. The test chip has a chip area of 11 mm2 and is shown in Fig. 1. A
small voltage fluctuation of about 4 mV in peak-to-peak and a period time of
3.5 ns was seen even when the probe was grounded and the test chip turned
off. The source of this voltage fluctuation was not found.
In Fig. 4(a) the measured voltage on the guard ring surrounding the digital
circuit is shown when the digital circuit is switching. The shape of the curve
is similar to a damped sinusoidal where the peak-to-peak voltage is 118 mV.
In Fig. 4(b) the voltage on the bottom plate is shown. Here it is seen that the

Analog circuit

Digital circuit

Figure 3: Microphotograph of the test chip.
146

[mV]

[mV]

40

40

20

20

−20

−20

−40

−40
0

10

20

30 [ns]

0

10

(a)

30 [ns]

20

30 [ns]

[mV]

[mV]
40

40

20

20

−20

−20

−40

−40
0

20

(b)

10

20

(c)

30 [ns]

0

10

(d)

Figure 4: Measured voltage on (a) digital guard,
(b) bottom plate, (c) analog guard, and (d) analog output.

shape of the curve is different and that the peak-to-peak voltage is 86 mV.
The bottom plate covers the whole bottom area of the chip. Hence, the voltage on the bottom plate gives an estimate of the average substrate voltage. In
Fig. 4(c), the voltage of the analog guard is shown. The shape of the curve has
changed from a fluctuation where the damping is high and the maximal peakto-peak voltage is high to a fluctuation with less damping. The peak-to-peak
voltage is here reduced to 28 mV. In Fig. 4(d), the output of the analog circuit
is shown when the analog input is grounded. Here it is seen that the substrate
noise is amplified when compared to the voltage on the analog guard. The
peak-to-peak voltage is here 44 mV. Note that the SSN measured on the digital guard (see Fig. 4(a)) is small after 20 ns, while the damped oscillation on
the analog output (see Fig. 4(d)) becomes small after about 40 ns. When the
digital circuit is turned off the peak-to-peak voltage of the analog output is
about 4 mV, which is the same voltage as when the probe is grounded.
In Fig. 5, the maximal peak-to-peak voltages on the analog output are shown
as functions of the number of enabled unit buffers in the digital clock buffer.
Approximately rise and fall times of the clock signal, denoted tLH and tHL are
also shown in Fig. 5 for different numbers of enabled unit buffers N. The four
different input patterns correspond to the four different curves where the transition activities are indicated. For rise and fall times of about 3 ns the peak-topeak voltage is low. The drastic increase in peak-to-peak voltage for rise and
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Figure 5: Peak-to-peak voltage on analog output for different
rise and fall times of the clock signal in the digital circuit.

fall times longer than 6 ns can be explained by that the switching of the registers starts when the time derivative of the voltage fluctuation, originating
from the clock buffer, is positive. In this way the contributions of SSN from
the clock buffer and the registers are added resulting in a larger voltage fluctuation. This effect is dependent on the resonance frequency of the power
supply, which is about 130 MHz for the digital circuit used in this work. By
using longer rise and fall times of the clock signal the peak-to-peak voltage of
the disturbance on the analog output can be reduced from 30% up to 50%,
depending on the transition activity of digital input.

5. CONCLUSION
In this work a digital filter was placed on the same chip as an analog filter.
Conventional substrate noise reduction methods were used, e.g., separating
power supplies, guard rings, and multiple pins for power supplies. We investigated how the SSN was propagated from the digital filter to various nodes on
a manufactured test chip. We saw that the noise wave form differed in the different nodes on the test chip. The effect of SSN on the analog output existed
during a longer time than the SSN on the digital ground. We also investigated
a noise reduction method, which use long rise and fall times of the digital
clock. With the used method the measured noise on the output of an analog
filter was reduced by 30% up to 50%.
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INTRODUCTION TO SUBSTRATE NOISE IN
SOI CMOS INTEGRATED CIRCUITS
E. Backenius and M. Vesterbacka

ABSTRACT
In this paper an introduction to substrate noise in silicon on insulator (SOI) is
given. Differences between substrate noise coupling in conventional bulk
CMOS and SOI CMOS are discussed and analyzed by simulations. The efficiency of common substrate noise reduction methods are also analyzed. Simulation results show that the advantage of the substrate isolation in SOI is
only valid up to a frequency that highly depends on the chip structure. In
bulk, guard bands are normally directly connected to the substrate. In SOI,
the guard bands are coupled to the substrate via the parasitic capacitance of
the silicon oxide. Therefore, the efficiency of a guard may be much larger in a
conventional bulk than in SOI. One opportunity in SOI is that a much higher
resistivity of the substrate can be used, which results in a significantly higher
impedance up to a frequency where the coupling is dominated by the capacitive coupling of the substrate.

1. INTRODUCTION
The conventional bulk CMOS technology has during the last decades been
the dominating technology in many areas owing to its high cost effectiveness
in comparison with other technologies. Silicon on insulator (SOI) has during
the recent years become an increasingly interesting technology. The manufacturing cost of SOI is still higher than for CMOS, but the relative difference in
cost has decreased during the last years and the use of SOI is expected to be
increased in the future [1].
In silicon on insulator, the active area is a thin-film of silicon that is isolated
from the substrate by a buried isolating layer (e.g. silicon oxide). The use of a
thin-film instead of a conventional bulk results in smaller parasitic capacitances. This is mainly due to the less deep pn-junctions. The smaller parasitic
capacitances yield faster and less power consuming circuits [2]. Owing to the
insulating layer, the achieved quality factors of inductors are generally higher
in SOI than in bulk.
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There are some unwanted effects in SOI circuits that does not exist in bulk
CMOS circuits. The special SOI effects that must be considered during a
design depends not only on the design, but also on the chosen type of SOIprocess [2]. However, in this work we focus on a conventional bulk substrate
and a SOI substrate where the buried layer consists of silicon oxide.
In mixed-signal ICs, the integration of digital and analog circuits is a challenging task. The digital switching produces current peaks on the power supply voltage. The parasitic inductance of the interconnect from on-chip to offchip together with the capacitance between the power supply nodes on-chip
form a resonance circuit. Therefore, current peaks on the power supply lines
result in fluctuations of the power supply voltage. This kin of fluctuations are
known as simultaneous switching noise (SSN).
The digital circuits generate noise which is spread through the substrate and
received by sensitive analog circuits. The propagation of noise through the
substrate severely degrades the performance of analog circuits, e.g., lower
signal to noise ratio (SNR) and lower spurious free dynamic range (SFDR).
In the analog circuits, the frequency components of the substrate noise can be
observed as either attenuated or amplified in the analog nodes. Substrate
noise may also be intermodulated with analog signals, which results in
appearance of new frequency components. Consequently, substrate noise that
lays outside an analog signal band may, due to intermodulation, fall into the
analog signal band [3]. Therefore, the coupling between different regions on
a chip must be carefully analyzed during the design of a mixed-signal circuit.
Isolating circuits with the use of SOI may seem to be a very good idea, but the
isolating layer is not a perfect insulator. The parasitic capacitance of the silicon oxide layer results in that higher frequency components are partially bypassed. Therefore, lower frequencies are effectively attenuated in SOI, while
higher frequencies are less attenuated.
In Section 2., a brief description of the used modeling method is given. In
Section 3., substrate noise in SOI and bulk are discussed together with test
structures that are simulated and analyzed. In Section 4., conclusions are
made.

2. SUBSTRATE MODELING
To compare bulk with SOI, reliable models of the substrates must be used.
For this reason we use the tool FEMLAB, which use the finite element
method to model 3D structures. In this tool we include the shape, the resistivity, and the permittivity of the substrates. In this way, both the resistive and
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the capacitive coupling through the substrates are modeled. The results
achieved in FEMLAB are used to derive full models of the substrates consisting of resistors and capacitors.
The substrates considered in this work have all the thickness of 500 µm . The
silicon resistivity is assumed to be 20 Ωcm , if nothing else is mentioned. The
relative permittivity of silicon is assumed to be 11.8. The thickness of the buried oxide (i.e. the insulator) in SOI is 0.4 µm .
The capacitive coupling per area unit between the active area and the substrate in SOI is approximated to C = ε r ε 0 ⁄ d ox . The backside of the chip is
assumed to be metallized and connected to ground. To take package impedance into account, inductors are added in series with resistors where the values are 0.20 nH and 20 mΩ , respectively.
In Fig. 1, a result of a simulation in 3D is shown where the difference in surface voltage potential is visualized. From the simulation, both the resistive
and the capacitive couplings can be calculated by postprocessing the achieved
data.

Figure 1: A simulation result in FEMLAB.
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3. SOI VS. BULK
To compare SOI with bulk processes with a focus on substrate noise, different
test structures are designed, modeled, and simulated. In each test structure a
digital and an analog region are assumed to be placed on the same die. The
magnitude response from the digital region to the analog region for each test
structure are studied both for the case of bulk and SOI.

3.1 Two Different Test Structures
Two test structures are used to point out that the discrepancy in substrate
noise in SOI and bulk are highly dependent on the chip structure. In Fig. 2,
the two test structures are shown where two circuits are placed on each die.
The full RC model of the SOI test structure is shown in Fig. 3. The circuit in
the dashed box is the full model of the substrate derived with FEMLAB. The
inductors in series with resistors model the package impedance. In Fig. 4, the
magnitude response from the digital region to the analog region is shown for
the two test structures for both bulk and SOI. The coupling is significantly
lower in SOI than in bulk for low frequencies, as expected. For test structure
1, the difference between SOI and bulk is small for frequencies above 2 GHz.
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Figure 2: Two test structures.
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Figure 3: A full model of the SOI test structure.
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* bulk model 20 ohm cm, inductance included
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Figure 4: Magnitude responses from the digital to the
analog region for two different test structures.

For test structure 2, the difference between SOI and bulk becomes small for
frequencies above 500 MHz. The coupling for test structure 2 is significantly
higher. The longer distance between the edges should give some extra impedance through the substrate, but on the other hand the larger areas of the circuits increase the coupling significantly. From these two test structures we
see that the frequency where the coupling is approximately equal for SOI and
bulk is very dependent on the chip structure. Regarding the substrate coupling, it is interesting for the designers to know for which frequency bulk is
comparable with SOI. If a conventional CMOS process may be used instead
of a SOI process, money can be saved.

3.2 Distance for Increased Substrate Impedance
In lightly doped bulk substrates it is possible to reduce the substrate noise in
the analog circuit by simply increasing the distance to the digital circuit. With
an increased distance between the circuits, a higher impedance through the
substrate is achieved. A drawback of increasing the distance between circuits
is the increased cost in area. In heavily doped substrates, the substrate noise is
almost uniform due to the highly conductive layer of p+. Increasing the distance between circuits in heavily doped substrates is inefficient as soon as the
distance is more than four times larger than the thickness of the epitaxial
layer [4]. However, in this work we only consider lightly doped substrates.
To investigate the influence of distance on the substrate coupling, three test
structures are analyzed for SOI and bulk. The first test structure is shown in
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Fig. 5, where the distance between the two circuits is 0.2 mm and the sizes of
them are 0.9 mm by 2 mm. The second and the third test structure have both
the same circuit sizes, but the distances are here 0.1 mm and 0.4 mm, respectively. The corresponding chip areas for the three test structures are 3.8 mm2,
4.0 mm2 and 4.4 mm2. In Fig. 6, the magnitude responses are shown for the
three different cases of distance. It is seen that the distance significantly

Figure 5: Two circuits with edge to edge distance of 0.2 mm on a
1.9 mm by 2.0 mm chip with wafer thickness of 0.50 mm.

* bulk model 20 ohm cm, inductance included
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Figure 6: Magnitude responses from the digital to the analog
region for three different distances.
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affects the coupling through the substrate. For frequencies of about 500 MHz
and above, the influence of the distance is small. This effect originates from
that the impedance through the inductors are high for these frequencies.

3.3 Guard Band
In a bulk substrate, inserting a guard band between circuits can suppress the
coupled noise if a lightly doped substrate is used. This is due to that a guard
band works as a low impedance path to ground or Vdd. In lightly doped substrates, guard bands generally consist of substrate contacts. In the case of a
heavily doped substrate the effect of guard bands is limited due to the highly
conductive p+ layer. Here, the substrate noise is almost uniformly distributed
over the entire silicon area. Due to the insulator layer in SOI, substrate contacts can not be connected directly to the substrate. For this reason, guard
bands in SOI CMOS IC’s consist of regions where the thin-film is connected
to ground. The parasitic capacitance between the thin film and the substrate is
here acting as a decoupling capacitance where higher frequencies are
damped. If a guard band is connected to the analog ground on the chip, all
noise received in the guard will be seen at the analog ground. If a guard is
connected to a digital ground, all digital ground noise will also be seen in the
guard. For these reasons, guard bands should be connected to separate pins.
A guard is added in between the circuits in the test structure that was shown
in Fig. 5. The resulting structure is shown in Fig. 7. The guard band has the
width of 100 µm and the length of 2 mm. The full model of the substrate
coupling is shown in Fig. 8. As in previous test structures, inductors in series
with resistors model the parasitic impedance of a package.
The magnitude responses for the test structure with and without a guard band
are shown in Fig. 9, where it is clearly seen that the SOI does not benefit as
much as the bulk does from the use of a guard band. The reason for this is that

Figure 7: A guard band between two circuits.
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Figure 8: A full model of the substrate in the test
structure using a guard band.
* bulk model 20 ohm cm, inductance included
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Figure 9: Magnitude responses for a test structure
with and without guard band.

the impedance from the substrate to the guard in SOI is capacitive and therefore lower frequencies see a large impedance. Higher frequencies are bypassed through the silicon oxide layer. A dip in the magnitude response can
be seen for the SOI in Fig. 9. This is due to the resonance frequency of the
capacitor in series with the inductor. For frequencies higher than 2 GHz, the
bulk has approximately the same coupling as SOI.

3.4 High Resistive Substrate
In conventional bulk processes the substrate is commonly used to bias the
NMOS bodies. The substrate in SOI is not used for any biasing purposes.
Therefore, much higher resistivity of the substrate can be used in SOI, which
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is beneficial for increasing the impedance in the substrate noise path [5].
Hence, the opportunity to use a higher resistivity substrate in SOI should
translate to less substrate noise coupling up to some frequency where the
capacitive coupling is dominating. In Fig. 10, the magnitude responses of the
test structure shown in Fig. 5, are shown for 20 Ωcm, 200 Ωcm, and 200
Ωcm. It is seen that a higher resistivity of the substrate reduces the coupling.
When the resistivity is increased from 20 Ωcm to 200 Ωcm, the magnitude
response is significantly decreased for the frequency range from 20 MHz up
to 7 GHz. When the resistivity is further increased from 200 Ωcm to 2000
Ωcm, the magnitude response is significantly decreased up to only 700 Mhz.
This is explained by that the capacitive coupling is dominating for frequencies above 760 MHz for the resistivity of 200 Ωcm.

3.5 Packaging and pin assignment
The magnitude response from one region to another region on-chip is highly
dependent on the parasitic impedance of the die package. The impedance
from off-chip to on-chip differs between different types of packages. Consequently, the choice of package is very important when considering SSN. By
choosing a low impedance package, as for example a ball grid array (BGA)
package, the amount of SSN in the digital circuit can be minimized. Furthermore, with a low impedance from the analog ground on-chip to the ground
off-chip, the substrate noise in the analog region can be further attenuated.

* soi model 20 ohm cm, inductance included
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Figure 10: Magnitude responses for a test structure in SOI
with resistivity of 20 Ωcm, 200 Ωcm, and 2000 Ωcm.
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Instead of packaging the silicon die it is also possible to connect the die
directly to a PCB via e.g. solder balls or bonding wires. The advantage is that
interconnects from the PCB to the silicon die can be kept very short and
therefore the parasitics can be kept low. For a more in depth analysis of packaging we recommend[6].
A straightforward method to decrease the inductance of the power supply is
to use several dedicated pins and by this way reduce the effective inductance.
SSN can be further reduced, if the pins are placed so that adjacent interconnects have currents pointing in opposite directions which minimize the current loop areas.

4. CONCLUSIONS
In this work we analyzed the magnitude response from a digital region to an
analog region for SOI and bulk for different test structures of substrates. Simulation results from two simple test structures indicated that SOI had significantly less coupling compared to bulk. This discrepancy in coupling between
SOI and bulk was valid up to frequencies of 2 GHz and 500 MHz for the
respective structures. Hence, the frequency where the coupling in SOI
becomes approximately the same as that in bulk, is very dependent on the
chip structure. Increasing the distance between the circuits was effective to
decrease the substrate coupling in both bulk and SOI. The cost of increasing
distance is mainly the increased area. One test structure was analyzed with
and without a guard band in between the circuits. In bulk, the guard reduced
the coupling between the two circuits more drastically than in SOI. In SOI, a
substrate with a high resistivity can be used which decreases the substrate
coupling up to the frequency where the capacitive coupling becomes dominating. The importance of a proper package and pin assignment for low substrate noise was also discussed.
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PROGRAMMABLE REFERENCE
GENERATOR FOR ON-CHIP
MEASUREMENT
E. Backenius, E. Säll, K. O. Andersson, and M. Vesterback

ABSTRACT
In this work, circuits for on-chip measurement and periodic waveform capture are designed. The aim is to analyze disturbances in mixed-signal chips
such as simultaneous switching noise and the transfer of substrate noise. A
programmable reference generator that replaces the standard digital-to-analog converter is proposed. It is based on a resistor string that is connected in a
circular structure. A feature is that the reference outputs to the different comparators in the measurement channels are distributed over the nodes of the
resistor string. Comparing with using a complete digital-to-analog converter,
the use of a buffer is avoided. Hence, there is a potential reduction in the parasitic capacitance and power consumption as well as an increase in speed. We
present results from a test chip demonstrating that simultaneous switching
noise can be measured with the presented approach.

1. INTRODUCTION
Many applications benefit from low-cost, on-chip measurement capabilities
that are used to evaluate the circuit performance. For example, a small measurement circuit could monitor the operation of the application, detecting or
even correcting faults. In this work we aim at designing a measurement circuit for capturing the characteristics of disturbances like simultaneous
switching noise (SSN) and noise transfer in mixed-signal chips. A goal is that
the implemented circuit should have low overhead in terms of hardware.
Hence the use of a measurement circuit that operates at the full application
speed is avoided. Instead we have designed a circuit for capturing a periodic
waveform in multiple passes in the application nodes of interest. Examples on
similar circuits are evaluations of delay and noise, early capture and multipass waveform capture [1][2][3].
Our work as well as others’ are typically based on measurement channels
constructed from a variable-reference comparator depicted in Fig.1. As
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vin
lvl

DAC

vref

dout

Figure 1: Variable-reference comparator.

shown, a comparator is used to compare the input vin with a level vref that is
programmed from the digital control word lvl. To capture the waveform of a
periodic signal, several passes are made where the waveform is compared
with a different reference level in each pass. The comparator output is stored
in a memory and is used to reconstruct the waveform when the capture has
completed. In an implemented circuit described towards the end of the paper,
the result of the comparison will be stored in an off-chip memory, but it could
of course be stored on-chip if the extra hardware required for the memory can
be afforded.
In this work, we will in particular present a voltage reference generator circuit
that replaces a standard digital-to-analog converter (DAC) in the measurement channels. The proposed circuit generates the voltage references directly
from a special resistor string and uses the different nodes of the resistor string
to obtain a distributed set of voltage references. The references can be used
concurrently in the different channels. Hence the load on the resistor string is
distributed and the buffer that a standard DAC would have required can be
eliminated. Another feature of the suggested approach is that the switches
used to program the references are only connected directly to the voltage reference supply lines, hence eliminating further switches in the reference signal
path.
The paper is organized as follows. In Section 2 the reference generator is presented. In Section 3 the design of a measurement circuit using the resistor
structure described in Section 2 is presented. In Section 4, a test chip implemented in a 0.13 µm SOI CMOS process is described. Measurement results
are presented in Section 5. Finally the work is concluded in Section 6.

2. REFERENCE GENERATOR
To be able to program a specific node of the resistor net to all the different
reference voltages without switches in the reference signal path, we use a circular structure for the resistor string. The structure of this resistor net has earlier been used in a recent work [4] in the context of analog-to-digital
conversion. In [4] the dynamic element matching technique was introduced in
a flash analog-to-digital converter by using the circular, programmable structure to select different hardware paths over time for processing a certain
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quantization level. This technique reduces the signal dependency of the
errors, involving randomization in the program. In this work, we have reused
the structure in a different context, i.e., to generate different reference levels
to different measurement channels according to a deterministic program.

2.1 Circular resistor string
A well-known technique to design a monotonic DAC is to use a resistor string
connected to a reference voltage supply at the ends [5][6][7][8]. To obtain
programmability, a number of switches are connected to the different nodes
in between the resistors that depending on binary input, connect one of the
nodes to an output buffer.
In the approach used here, we instead use the circular structures illustrated in
Fig.2. This approach yields simple hardware at the loss of monotonicity.
There are N input pairs (sk+, sk–), k = 1, 2, …, N where the input reference
voltage is applied with switches. There are also N output nodes ri, i = 0, 1, …,
N–1 that may be used as the programmable reference outputs. The structure
in Fig.2 a) are used for odd N and the structure in b) for even N. By connecting the reference voltage to the different input pairs, all levels can be generated in all output nodes.
In 2, an example is given where all different possibilities of connections and
the resulting output voltages are listed for N = 3 . To cycle between all levels
for all outputs we can, e.g., connect the switches according to the sequence of
cases I-V-III or IV-II-VI. Both these sequences allow us to connect switches
to only half of the nodes.
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Figure 2: Circular resistor string with a) an odd and b) an even number N
of output nodes and levels.
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A formula for calculating the reference voltages of a net with a general number of levels N have been derived by transforming an equation describing a
linear increase of the reference voltage with increasing node number. The
transformations involved folding of the original equation into a periodic pattern by taking the fractional part and magnitude of the linear function with
proper scaling and offsets. Connecting the voltage reference supply vref to
input sk for the first N levels, and the negative voltage reference 0 to input
s ( k – N ) for the remaining N levels, the formula for calculating the output voltage reference in node i for ri(k) is
2k – 4i – 1
2k – 4i – 1 1
r i ( k ) = 2v ref -------------------------- – -------------------------- – --4N
4N
2

.

(1)

2.2 Reference generator structure
Adding switches to the different input pairs (sk+, sk–) obtain the programmability of the circuit. In Fig.3, a general generator structure has been outlined
with a set of switches that connects the reference supply to the circular resistor string, and the reference outputs connected to a block of comparators.
Note that the indices in Fig.3 do not agree with the notation above to simplify
the figure. To the left in the figure, there are N inputs denoted vi that are connected directly to the comparators. Each comparator is connected to its own
reference node in the circular resistor string. The comparators are designed to
sample the comparison at times determined by the clock clk, which is distributed to the comparators. Programming the circuit is obtained by connecting
the reference supply to the proper nodes in the resistor net with the switches
clk
v0
v1
v2

d0
d1
d2

vN1

dN1

+
vref

Figure 3: General structure of a reference generator
connected to a comparator block.
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in the bottom of the figure. Assuming the use of a CMOS implementation
technology, the switches with connection to reference ground and supply can
be implemented as nMOSFETs and pMOSFETs, respectively. Hence, a low
impedance path is obtained.
Investigating the different choices of programming, it is seen that only half of
the switches are required to implement all possible levels. Compare with the
example given in Table 2. Hence, only N nMOSFETs and N pMOSFETs are
required to generate all levels in all nodes. Which switches to keep do of
course need to be selected during the design, but is not considered critical as
long as all reference levels may be generated.
Connection
Case

0

Reference voltage

v ref

r0

r1

r2

3
--- v ref
6

5
--- v ref
6

I

s 1–

s 1+

1
--- v ref
6

II

s 2–

s 2+

3
--- v ref
6

1
--- v ref
6

5
--- v ref
6

III

s 3–

s 3+

5
--- v ref
6

1
--- v ref
6

3
--- v ref
6

IV

s 1+

s 1–

5
--- v ref
6

3
--- v ref
6

1
--- v ref
6

V

s 2+

s 2–

3
--- v ref
6

5
--- v ref
6

1
--- v ref
6

VI

s 3+

s 3–

1
--- v ref
6

5
--- v ref
6

3
--- v ref
6

Table 2: Reference voltages for N = 3.

2.3 Control
A simple algorithm for controlling the switches is to loop through a number
of cases in order. The control unit can be implemented with low complexity
using a shift register with a circulating one that activates the switches in the
determined order, or as a counter and a 1-of-N decoder.

3. ON-CHIP MEASUREMENT CIRCUIT
To illustrate the design and hardware required in an on-chip measurement circuit we have outlined an example circuit with N = 3 and four captured samples describing the waveform of the three measured nodes. The hardware
used in the example is given in Fig.4. As shown in the figure, there are four
functional blocks; I, a comparator block; II the programmable reference generator; III the control unit providing the program and other control; and IV a
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Figure 4: Principal design of 3-channel measurement circuit with functional
blocks indicated: I comparator block, II reference generator, III control unit, and
IV data processing unit.

simple data processing unit. Blocks I and II essentially follow the earlier
description in Section 2, with elimination of MOSFETs that are not needed
corresponding to the use of the case sequence I-III-V in 2. Block III, the control unit uses the approach with a counter and a decoder to program the
switches. Besides producing the program sequence, it also produces the output rdy that is active high when the result becomes available from the data
processing unit, and the binary output (o1, o0) that indicates what waveform
sample that currently are output.
In the control unit, there is also an SR-latch that is used to capture a triggerpulse on the input tr. After an active high trigger signal has been detected,
four cycles of the free running clock clk will be forwarded to the internal circuits, causing one pass of comparisons to be performed and forwarded to the
data processing unit. Note that in this simple outline, the trigger pulse and the
external clock must be synchronized for the circuit to work properly.
Block IV, the data processing unit, collects comparison results and adds them
to previous stored sample data in a shift register. As can be seen in the figure,
the three inputs are connected to three identical subcircuits. The first Boolean
operations in the subcircuit perform an addition between the input bit and a
previously 2-bit sample in the shift register. This adder circuit has been simplified with respect to the short sample word length. Next, there is an AND
gate that is used to clear the contents of the following shift register during the
final pass, hence preparing for the next measurement. The output samples
(Di1, Di0) are output during this pass as indicated by the state of (o1, o0).
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4. TEST CHIP
A test chip with N = 63 has been implemented in a 0.13 µm SOI CMOS
process. The test chip contains a measurement circuit and a buffer chain. A
layout of the chip is shown in Fig.5. The general structure in Fig.3 has been
used without removing redundant switches. The control unit is implemented
as a shift register with a circulating one. Separate power supply lines are used
to avoid that SSN from the buffer chain is directly coupled to the measurement circuit. The measurement circuit has two channels which are connected
to the power supply lines of the buffer chain. In this way SSN of the buffer
chain can be measured. The subsequent data processing will be performed off
chip. The measurement circuit occupies a core area of 0.48 mm2, including
the logic for controlling the reference generator, 126 switches and resistors,
and two comparators.

5. MEASUREMENT RESULTS
A sample frequency of 2 GHz was used for the wave capture circuit, resulting
in a power consumption of 22 mW. The power supply voltage of the buffer
chain and the measurement circuit were 0.9 V and 1.2 V, respectively. The

II

I

III

Figure 5: Chip layout with blocks indicated:
I comparators, II reference, and III control.
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generated reference voltages were from 0.55 V to 1.05 V. This voltage range
was divided into 63 voltage levels, corresponding to voltage steps of 7.9 mV.
The output data from the comparators were post-processed in MATLAB. In
Fig. 6, the measured power supply voltage of the buffer chain is shown as a
function of time. In this case the input to the buffer chain is held low. The
measured voltage is nearly constant at 0.9 V. However, the small difference in
measured voltage that can be seen between different samples is 7.9 mV,
which corresponds to one step in the voltage reference generator.
In Fig. 7, the measured power supply voltage of the buffer chain is shown
when the input signal is a square wave with 100 ns in period time. A typical
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Figure 6: Power supply voltage of buffer chain with a
constant input.
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Figure 7: Power supply voltage of buffer chain with a
square wave input.
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SSN waveform is seen in the figure. First the voltage drops due to the current
peak, then a damped voltage fluctuation can be observed. The maximal peakto-peak voltage is here 200 mV.

6. CONCLUSIONS
The design of a measurement circuit was discussed, which used a special reference generator. The reference generator consisted of a programmable circular resistor. All output nodes in the resistor net could thereby be distributed
directly to a set of comparators. The resulting measurement circuit uses multiple passes to capture the waveforms. Little hardware is required to implement the circuit, which is good for on-chip evaluation of an application. A
test chip has been manufactured and tested. The SSN of a buffer chain located
on the test chip was measured with the use of the presented circuits. The
described data processing unit was not included in the test chip. Therefore,
the data was post-processed using MATLAB. The measured results showed
typical SSN, indicating that the measurement circuit can be used for this purpose.
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REDUCTION OF SIMULTANEOUS
SWITCHING NOISE
IN ANALOG SIGNAL BAND
E. Backenius, M Vesterbacka, and V. B. Settu

ABSTRACT
In this work we focus on reducing the simultaneous switching noise located
in the frequency band from DC up to half of the digital clock frequency. This
frequency band is assumed to be the signal band of an analog circuit. The
idea is to use circuits that have as periodic power supply currents as possible
to obtain low simultaneous switching noise below the clock in the frequency
domain. We use precharged differential cascode switch logic together with a
novel D flip-flop. To evaluate the method two pipelined adders have been
implemented on transistor level in a 0.13 µm CMOS technology, where the
novel circuit is implemented with our method and the reference circuit with
static CMOS logic together with a TSPC D flip-flop. According to simulation
results, the frequency components in the analog signal band can be attenuated
from 10 dB up to 17 dB when using the proposed method. The cost is an
increase in power consumption of almost a factor of three and a higher transistor count.

1. INTRODUCTION
Digital switching noise is a major issue in mixed-signal circuit designs. The
rapid switching of nodes in digital circuits generates switching noise that is
injected into the substrate and spread through the substrate to other circuits.
The substrate noise seriously degrades the performance of sensitive analog
circuits [1]. In conventional CMOS technologies, there is commonly at least
one substrate contact per digital gate that biases the substrate to ground. Consequently, the digital ground may have very low impedance to the substrate
surface within the region of the digital circuit. Therefore, the voltage fluctuation on the digital ground is also present in the substrate region of the digital
circuit. Hence, the simultaneous switching noise (SSN) is injected into the
substrate. This is normally the dominant source of substrate noise in digital
integrated circuits [2]. Therefore, the SSN on the digital ground should be targeted for reduction in mixed-signal circuits.
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Analyses of substrate noise in the frequency domain can be used for frequency planning. For instance, the intermediate frequency band in a receiver
can be allocated where the power of the substrate noise is low [3]. In this way
the effect of the substrate noise on the analog circuits can be reduced and consequently a better performance can be obtained. Interfering frequency components located outside the analog signal band can be attenuated by filtering,
while interfering frequency components located within the signal band are
impossible to remove without distorting the signals.
In mixed-signal circuits some digital circuits are typically required for signal
processing. For instance, digital circuits are used for upsampling, interpolation, filtering and conversion (e.g., from binary to thermometer code) before a
digital-to-analog conversion. Here the clock frequencies of the DAC and the
logic are often equal and the switching of the digital circuits generates frequency components in the analog signal band.
In this work we focus on reducing SSN in the frequency band from DC to
half the digital clock frequency. The idea is to use circuits drawing currents
that are as periodic as possible with the same period as the digital clock. Ideally, a circuit drawing equal current in each clock cycle independently of the
input data would have the frequency content of the generated SSN above the
clock frequency. We use precharged differential cascode voltage switch logic
(DCVSL) together with a new D flip-flop to obtain this property. In Section
II, we present our method. Here, we describe the used circuits and present the
new D flip-flop. In Section III the simulation set up is described, in Section
IV simulation results are presented, and finally we conclude the work in V.

2. PROPOSED NOISE REDUCTION METHOD
A combinational static CMOS gate may switch only if the data input is
changed. For instance, an inverter with an input that changes value each
fourth clock cycle, generates a frequency component at one fourth of the
clock frequency plus harmonics. Hence, SSN will be present below half of
the clock frequency which is undesired.
The idea in this work is to use circuits drawing currents that are periodic with
the same period as the digital clock, which would place the SSN above the
clock frequency. To obtain this, the currents through the circuits should ideally be independent on the input data. We choose precharged DCVSL for this
purpose since it has complementary outputs and inputs and can be build in a
symmetric manner. Normally, the two precharged outputs start on Vdd and
during evaluation one of the nodes drops down to ground, then during the
precharging this node is charged back to Vdd. Due to the symmetry the SSN
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should ideally have frequency components located on and above the clock
frequency. We propose a new differential D flip-flop circuit intended to be
used with precharged DCVSL. This D flip-flop targets a data independent
current and it is described in Subsection B.

2.1 Precharged Differential Cascode Voltage Switch Logic
In Fig. 1, the schematic of a precharged multiplexer realized using DCVSL is
shown [4]. Here, the pull down net is symmetrical. The outputs (F and F) are
zero during the precharge phase and during the evaluation one of the outputs
goes high while the other output remains low.
We add the transistors M1 and M2 to precharge the intermediate nodes n1 and
n2 to get a less data dependent power supply current. Omitting M1 and M2
results in a voltage difference between n1 and n2 after the precharge phase,
making the current through the circuit depend on the inputs. We choose to
implement the logic with multiplexers only, since they are good candidates of
yielding periodic power supply currents and can realize any function.

2.2 Return-to-Zero D Flip-Flop
The idea is to use a differential D flip-flop where the differential nodes always
return to the initial voltages in each clock cycle. In this way it is possible to
achieve a periodic current. Our proposed D flip-flop consists of two latches of
the same type connected in a master-slave configuration, where the master
latch uses the complement of the clock signal and the slave latch uses the
original clock. The output of the D flip-flop returns to zero during the precharge phase

Ø
F
Ø

F

M1 a
s

n1

n2

a

a

b M2

Ø

s

Ø
Figure 1: Precharged multiplexer in DCVS logic
with precharged internal nodes.
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2.3 Return-to-Zero Latch
In Fig. 2, the novel latch is shown which has complementary inputs and outputs. The function of the latch can be understood with the following example
corresponding to the first clock cycle in the timing diagram in Fig. 2. Initially,
the signal u and u are high and the clock is low. Now, let the input data d go
high while d stays low. This force node u to be discharged which changes v
from low to high turning on M7. When the clock goes high the input d and d
both return to zero. M11 starts to conduct which in turn starts the discharging
of w. As soon as w drops below V dd – V Tp , M5 starts to conduct which raises
the voltage in node u. M7 continues to discharge w until u has reached the
threshold voltage of the inverter labeled inv1. Here, M7 and M11 must supply a
current that is large enough to discharge w before M7 is turned off. This can
easily be obtained due to the higher transconductance of NMOS transistors
compared with PMOS transistors. The signal u continues to rise until Vdd is
reached. During this scenario the nodes on the complementary side are
unchanged since u stays high meaning that v stays low and w stays high (see
Fig. 2). On the low clock w and w are precharged and the outputs q and q
return to zero. A similar scenario will take place for the case of inverted input
as seen in the timing diagram in Fig. 2. The current through the circuit will
not be affected by the value of the data input since the circuit is symmetric.
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M4 M6
u
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Figure 2: Return-to-zero latch.
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3. SIMULATION SET UP
3.1 Test circuit
To evaluate the proposed method we implement a pipelined 16-bit ripple
carry adder (RCA) in two versions on transistor level in a standard 0.13 µm
CMOS technology. One version of the circuit is implemented in static CMOS
as a reference and the other is implemented with the proposed method using
precharged DCVSL and the new D flip-flop. The pipelined 16-bit adder consists of two 8-bit RCAs together with pipeline registers as illustrated in
Fig. 3, where the registers in total contain 25 D flip-flops. An on-chip clock
buffer, consisting of four cascaded inverters, is also included in the simulation
set up as seen in Fig. 3.
The reference circuit is designed in static CMOS logic together with true single phase clocked logic (TSPCL) D flip-flop [5]. The circuit implemented
with the proposed method uses multiplexer based logic, where each full adder
consists of three multiplexers [6]. Here, each multiplexer is implemented in
DCVSL with precharging of the intermediate nodes as described in Section
II. Since differential logic is used the number of input and output lines of the
16-bit adder is doubled when compared to the reference circuit. The transistor
count for the reference and the proposed adder circuit are 684 and 1190,
respectively.
The power supply is modeled by the circuit formed by L1, L2, R1, R2, R3, and
C3. The impedance of the interconnect between on-chip and off-chip is modeled by the resistors R 1 = R 2 = 1 Ω and the inductors L 1 = L 2 = 1nH. An
on-chip decoupling capacitor corresponding to C 3 = 2 pF is assumed to be
included together with the resistor R 3 = 10 in series, used for damping the
a 15...8 b 15...8
f in
L1

R1

R2

8

Reg

Vdd
R3

L2

8

f

a 7...0 b 7...0
8

f

8-bit RCA

C3

8-bit RCA
f

Vgnd
s 16

8
s 15...8

8

Reg
Chip
8
s 7...0

Figure 3: Simulation set up of a pipelined 16-bit adder.
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SSN [7]. All the circuits in the shaded box are assumed to be placed on-chip
and therefore they are connected to the non-ideal power supply corresponding to Vdd and Vgnd.

3.2 Input data
We consider two test cases, where in the first case the two inputs a and b are
random numbers corresponding to 0.5 transitions in average per bit and clock
cycle. In the second test case the two inputs are two sinusoidals of equal frequencies and phases but different amplitudes. The frequency is 0.125fclk,
where fclk is the clock frequency and the respective amplitudes are 0.25 and
0.125 of the full scale.

4. SIMULATION RESULTS
In this section all the power spectral density plots are normalized with 0 dB
referring to the corresponding power of a sinusoidal of 1 mV in amplitude on
the on-chip ground node. The clock frequency is 500 MHz and the analog
signal band is assumed to be located below 225 MHz.

4.1 First Test Case - Random Inputs
In the first test case, the two inputs of the pipelined adder are random numbers as described in Section III. In Fig. 4, the power spectral density of the
on-chip ground of the reference circuit is shown, where the analog signal
band is illustrated with the solid box. The largest frequency component in the
analog signal band has a magnitude of – 37.5 dB. In Fig. 5, the power spectral
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Figure 4: Power spectral density of ground line of
static CMOS with random inputs.
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Figure 5: Power spectral density of ground line of
precharged DCVS with random inputs.

density of the on-chip ground of the precharged circuit is shown. Here, the
largest frequency component has a magnitude of – 49 dB. Hence, the precharged circuit has the dominant frequency component about 12 dB below
the dominant frequency component of the static circuit.
For frequencies above the clock frequency we expect larger frequency components on the digital ground in the precharged circuit than in the static
CMOS circuit. In Fig. 6 and Fig. 7, the power spectral densities are shown on
a frequency axis ranging from DC to 10 GHz for the static CMOS circuit and
the precharged circuit, respectively. The largest frequency component is
located on the third harmonic of the clock (i.e., 2 GHz) corresponding to 18
dB and 31 dB in magnitude for the static CMOS and the precharged version,
respectively.
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Figure 6: Power spectral density of ground line of
static CMOS with random inputs.
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Figure 7: Power spectral density of ground line of
precharged DCVS with random inputs.

4.2 Second Test Case - Sinusoidal Inputs
In the second test case, the two inputs of the pipelined adder are sinusoidals
as described in Section III. Here both inputs have the frequency of 62.5 MHz.
In Fig. 8, the power spectral density of the on-chip ground of the reference
circuit is shown. The frequency component of 62.5 MHz and the harmonics
can easily be identified. Here the critical frequency component has a magnitude of – 30 dB. It is located on the first harmonic of the input signals corresponding to 125 MHz. In Fig. 9, the power spectral density of the on-chip
ground of the precharged circuit is shown. Here the critical frequency component has the magnitude of – 47.5 dB located on the second harmonic of the
input signals corresponding to the frequency of 187.5 MHz. Hence, the precharged circuit has the dominant frequency component about 17 dB below
the dominant frequency component of the static circuit.
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Figure 8: Power spectral density of ground line of
static CMOS with sinusoidal inputs.
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Figure 9: Power spectral density of ground line of
precharged DCVS with sinusoidal inputs.

4.3 Power and Propagation Delay
The power consumption of the circuits was simulated at the clock frequency
of 500 MHz and the case with random inputs. The reference circuit consumes
0.28 mW while the proposed circuit consumes 0.77 mW. Hence, for this case
the precharged version consumes 2.8 times more power than the static CMOS
circuit. The propagation delay of the static circuit and the precharged circuit
are 0.78 ns and 0.43 ns, respectively.

5. CONCLUSION
In this work we proposed a method to reduce SSN in an analog signal band.
We focused on reducing the frequency components below half of the clock
frequency. We proposed the use of precharged DCVSL with precharging of
internal nodes in conjunction with a new D flip-flop. Simulation results indicate noise reduction from 10 dB up to 17 dB with the proposed method. The
transistor count for the reference and the proposed adder circuit were 684 and
1190, respectively. The power consumption of the reference circuit and the
proposed circuit were 0.28 mW and 0.77 mW, respectively. This corresponds
to a factor of 2.8 in increased power consumption for the reference circuit
compared to the reference circuit.
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BIDIRECTIONAL CONVERSION TO
MINIMUM SIGNED-DIGIT
REPRESENTATION
E. Backenius, E. Säll, and O. Gustafsson

ABSTRACT
In this work an approach to converting a number in two’s complement representation to a minimum signed-digit representation is proposed. The novelty
in this work is that this conversion is done from left-to-right and right-to-left
concurrently. Hence, the execution time is significantly decreased, while the
area overhead is small.

1. INTRODUCTION
The N-digit radix-r signed-digit representation of an integer C can be written
as
N –1

C =

∑ ci 2

i

(1)

i=0

where c i ∈ { 0, ± 1, …, ± r – 1 } . Signed-digit representations find application
in several different areas of arithmetic computations. For an overview we
refer the reader to [1] [2].
Of particular interest are often representations with a small number of nonzero digits. These representations have applications in, e.g., multipliers [2],
modular exponentiation [3] [4], and digital filters [5] [6]. Much work have
been focusing on finding the representations with a minimum number of nonzero digits, i.e., representations with minimum (Hamming) weight. Already
in 1960, Reitwiesner proposed an algorithm for converting two’s complement
numbers to a minimum weight radix-2 (binary) signed-digit representation
[7]. This algorithm works from the least significant bit to the most significant
bit. With the normally used representation this corresponds to working from
right to left. Hence, this algorithm can be denoted either right-to-left or least
significant digit first.
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Since then several other algorithms for the same purpose has been proposed
[6] [8]−[10]. Some of the algorithms can be applied for arbitrary radix [9]
[10]. Furthermore, some algorithms are able to convert taking the most significant digit first, i.e., converting from left to right [6] [8]. Also, significant
work has been done on finding other properties of signed-digit number systems, such as the average number of nonzero digits [11].
In this work we introduce a new algorithm for conversion of two’s complement numbers to a minimum weight binary signed-digit representation. This
algorithm works from both directions concurrently, and, hence, the conversion time is essentially halved (except for a small overhead merging circuit),
with a small, constant overhead. Hence, as opposed to previous speed-up
techniques for which the area complexity increases more than linear we can
obtain a significant decrease of execution time, still using an area that
increases linearly to the word-length.
This paper is organized as follows. The background covering the left-to-right
and right-to-left algorithms used in this work is found in Sec. 2. Our proposed
bidirectional algorithm is presented in Sec. 3. Results of MATLAB simulations and synthesized circuits are given in Sec. 4. The results are followed by
the conclusions in Sec. 5.

2. BACKGROUND
2.1 Right-to-Left Conversion
The canonical signed-digit representation (CSD) is a minimum weight
signed-digit representation, i.e., it has a minimum number of nonzero digits,
and it contain no adjacent nonzero digits [7]. The conversion of a two’s complement number into CSD representation is done according to Table 1 [7].
The bi:s are the bits of the two’s complement number to be converted to CSD
representation and the yi:s are the CSD representation after the conversion.
The ci is the carry generated in step i – 1 and c i + 1 is the carry out at step i.
The two’s complement to CSD conversion algorithm presented above is illustrated by Fig. 1. This figure illustrates that the algorithm converts the two’s
complement input from the LSB towards MSB, i.e., right-to-left, by a two bits
wide sliding window. As can be seen from Table 1, the carry bit is identical to
that of a full adder. Hence, the same techniques used for accelerated binary
adders [2] can be used for accelerating the right-to-left CSD conversion [12]
[13].
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bi + 1

bi
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ci + 1
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0
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0
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0
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1

1

1
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1

1

0
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Table 1: Right-to-left conversion algorithm.
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y0

Figure 1: Illustration of the right-to-left conversion algorithm.

2.2 Left-to-Right Conversion
There also exist conversion algorithms that converts the input from left to
right, i.e., by scanning from the MSB towards the LSB [6] [8], yielding a minimum signed-digit (MSD) representation. Since it is not a CSD representation
the output may therefore have consecutive nonzero digits.
The left-to-right conversion algorithm used in this work is summarized in
Table 2. The sliding window is in this case three bits wide, as illustrated in
Fig. 2.
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Table 2: Left-to-right conversion algorithm.

bN1 bN2 bN3

b1

b0

yN1 y
N2 yN3

Figure 2: Illustration of the left-to-right conversion algorithm.

Using the algorithm the conversion of, e.g., B = 〈 0, 1, 1, 1, 0, 1〉 yields the
signed power-of-two output Y = 〈 1, 0, 0, 0, 1, 1〉 . The same input B converted to CSD would give the output Y = 〈 1, 0, 0, 1, 0, 1〉 , i.e., there are no
consecutive nonzero digits.
It should be noted that the algorithm in [8] could have been used instead. The
algorithms are not defined identically, although the output MSD representations are identical, as verified by extensive simulations.
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3. PROPOSED BIDIRECTIONAL CONVERSION
ALGORITHM
The unidirectional algorithms illustrated by Fig. 1 and Fig. 2 both have a signal that ripples through the whole chain. The critical path is through this signal. Hence, to reduce the propagation delay of the conversion this critical path
should be reduced.
The idea behind our proposed algorithm is to split the input word into two
parts, where each is converted separately using the left-to-right algorithm for
the MSBs and the right-to-left algorithm for the LSBs. This would reduce the
critical path to near half of the original length, and therefore reduce the propagation delay of the conversion. Our proposed bidirectional algorithm is illustrated by Fig. 3 and will be explained next.

3.1 The Bidirectional Algorithm
Assume
an
input
and
an
output
B = 〈 b N – 1, …, b 1, b 0〉
Y = 〈 y N – 1, …, y 1, y 0〉 . The input is an N bit two’s complement number
and the output is an N bit minimum signed-digit number. The algorithm we
propose is;
(i)

Split B into two parts, the left B L and right B R part, given by
B L = 〈 b N – 1, …, b k 〉 , B R = 〈 b k , …, b 0〉 ;

0

bk1 bk2

b3

b2

b1

b0

y2

y1

y0

+
bN1 bN2 bN3

bk+1

yN1

bk

Adjustment

yN2
yk+1

yk

yk1

Figure 3: Illustration of the bidirectional conversion algorithm.
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(ii) Add one position in MSB in B R and insert a zero in that position,
B R = 〈 0, b k , …, b 0〉 , i.e., the right part becomes a positive two’s complement number;
(iii) Convert B L and B R by the left-to-right and right-to-left conversion
algorithm, respectively. This gives a N – k bits encoded left part Z L and
a k + 1 bits encoded right part Z R ;
(iv) Add the MSB from Z R to the LSB of Z L . Note that the MSB can only
be 0 or 1 as the right part is positive.
The only case that can cause an error when adding the MSB from Z R is if the
two least significant bits of Z L are 〈 1, 1〉 . It will later be proven that this
case never occurs.
The MSBs and the LSBs of the preliminary output now consists of Z L and the
k LSBs of Z R , respectively. The preliminary output is then adjusted so that an
MSD representation is achieved. This is done in the following steps;
(v) If the two LSBs of Z L are equal to 〈 1, 1〉 , then assign the two lowest bit
positions of Z L to 〈 0, 1〉 .
(vi) If the new LSB of Z L and the k – 1 digit of Z R is equal to 〈 1, 1〉 , then
assign them to 〈 0, 1〉 .
(vii) The MSBs and LSBs of the final output Y is Z L and the k LSBs of Z R ,
respectively.
To prove that Z L never is equal to 〈 1, 1〉 is equivalent to showing that the
magnitude m i of the two lowest bits in the output of the left-to-right algorithm, 〈 m 1, m 0〉 , never are one at the same time as the sign of the lowest bit,
s0, is one. Hence, show that m 1 = 1 , s 0 = 0 , and m 0 = 1 never occur
simultaneously, i.e., show that the boolean expression m 1 s 0 m 0 always is
equal to zero.
The magnitude of the second lowest bit position in the output of the left-toright algorithm, m1, is given by
m 1 = c in, 1 ( b 1 ⊕ b 0 ) + c in, 1 ( b 1 ⊕ b 0 )b 0

since b i < 0 = 0 .
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(2)

The sign bit of the lowest bit position is given by
s 0 = b 0 ( b 1 ⊕ b 0 )c in, 1 .

(3)

Using (2) and (3) yield that m 1 s 0 = 0 , which implies that m 1 s 0 m 0 = 0 .
Hence the two lowest bit positions of Z L are never 〈 1, 1〉 . The second lowest
bit position of Z L can thereby be assigned to logic one if a carry is generated
when adding the LSB of Z L and the MSB of Z R , without considering what
the second lowest bit position of Z L is. This also implies that not any MSD
representation can be used for Z L . Furthermore, the resulting MSD representation from the left-to-right algorithm also ensures that it is enough to inspect
the three bits considered in the correction step to provide an MSD representation of the complete word. Especially, we avoid MSD representations on the
form 〈 1, 1, 0, 1, 0, 1, …, 0, 1, 0〉 and 〈 1, 0, 1, 0, 1, 0, …, 0, 1, 0〉 as these
would require a complete carry propagation from the adjustment block to
obtain a minimum representation. For more details on properties of the resulting MSD representation we refer the reader to [8].

3.2 The Proposed Circuit
To speed up the conversion we merge the adding and the adjustment into one
combinational block, denoted K as illustrated in Fig. 4. This block has as
inputs the carry-like signal d k + 1 from the left-to-right algorithm, the carry
c k – 1 from the right-to-left algorithm, and the input bits b k + 1 , b k , and
b k – 1 . The outputs of K are the bits y k + 1 , y k , and y k – 1 .
The block K is realized by the following equations, where m i and s i are the
magnitude and sign, respectively, of the output bit y i . The output bit y i is
positive if s i is equal to one.

bN1 bN2

bk+1

bk+2

Left-to-right
yN1 yN2

yk+2

dk+1

bk

bk1
ck1

K
yk+1

yk

bk2

yk1

b1 b0

Right-to-left
yk2

y1

y0

Figure 4: Illustration of the circuit topology for the proposed algorithm.
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mk – 1 = bk – 1 ⊕ d k + 1

(4)

sk – 1 = bk + bk + 1 + d k + 1

(5)

mk = bk bk – 1 ck – 1 + bk + 1 bk d k + 1 ( ck – 1 + bk – 1 ) + bk bk – 1 ck – 1

(6)

sk = bk + 1 + d k + 1 + bk – 1 d k + 1

(7)

mk + 1 = bk + 1 bk ( bk – 1 ck – 1 + d k + 1 ) + bk + 1 bk ( ck – 1 + bk – 1 + d k + 1 )

(8)

sk + 1 = bk + 1 ⊕ d k + 1

(9)

To further speed up the bidirectional conversion, the faster circuit, implementing the left-to-right or the right-to-left algorithm, should operate on a
larger number of input bits than the slower one. This balances the propagation
delays between the two sides and minimize the overall propagation delay of
the bidirectional conversion. This technique is applied to the synthesized
example circuits in Section 4.2.

3.3 Accelerated Conversion Circuit
To reduce the propagation delay of the right-to-left algorithm a carry-lookahead circuit is introduced [12]. The carry acceleration is realized by
ci + 3 = bi + 3 ( bi + 4 + bi + 2 ) + bi bi + 2 bi + 4
+ ci ( bi bi + 3 + bi + 2 ( bi + 3 + bi + 4 ) )

(10)

A block diagram of the accelerated right-to-left sub-circuit used in this work
is shown in Fig. 5. The carry out c i + 3 is accelerated to reduce the carry propagation time of the whole chain of sub-circuits. The intermediate carry bits,
c i + 1 and c i + 2 , are not accelerated since they are not in the critical path of
the intermediate sub-circuits.
An accelerated left-to-right conversion circuit is achieved in a similar way as
for the right-to-left conversion circuit. The sub-circuits of the accelerated leftto-right conversion circuit each converts three bits and the acceleration of the
carry-like signal di is implemented by the use of
d i = ( bi ⊕ bi – 1 ) ( bi + 1 ⊕ bi ) + d i + 3 ( bi ⊕ bi – 1 ) ( bi + 2 ⊕ bi + 1 )
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(11)

ci+3

ci

Acceleration
bi+3 bi+2

bi

bi+1
ci+1

ci+2
yi+2

yi+1

yi

Figure 5: Sub-circuit with carry acceleration for the right-to-left conversion
algorithm.

4. RESULTS
4.1 MATLAB Simulations
The left-to-right, right-to-left, and our proposed bidirectional algorithm were
all implemented in MATLAB to verify the functionality of our proposed
algorithm and to verify that it results in a minimum signed-digit representation.
To evaluate the bidirectional algorithm we converted an extensive set of two’s
complement numbers using our algorithm for different word-lengths. As a
reference we also converted the input using the right-to-left algorithm, which
gives a CSD output. The simulations verify that our algorithm gives a correct
result, and a minimum number of nonzero digits.

4.2 Synthesized Circuits
To further evaluate the performance and compare our proposed algorithm
with the two original algorithms, the algorithms were implemented in VHDL
and synthesized using AMS 0.35 µm standard cells.
The results from synthesis tools much depend on the settings and the choice
of which parameters to optimize. We therefore kept the hierarchy used in the
descriptions of the different cells throughout the synthesis. This may however
result in larger, slower, and more power consuming circuits than necessary.
Although, it makes it easier to make fair comparisons between the implementations.
When implementing the bidirectional algorithms the left and right part were
split according to the propagation delay ratio between the right-to-left and
left-to-right algorithms. This balances the propagation delay for the left and
right part, which give the shortest overall propagation delay. For example, in
the unaccelerated bidirectional algorithm the unaccelerated left-to-right algo199

rithm converts the 17 MSBs, and the 12 LSBs are converted with the unaccelerated right-to-left algorithm. The three remaining intermediate bits are
converted by the block K.
Random 32 bit input test vectors were used in the simulations of the synthesized circuits, and the data rate was 40 MHz. The results from the synthesizes
are presented in Table 3, where the area, power consumption, and propagation delay are listed for six different implementations.
Area
[µm2]

Power
[µW]

Delay
[ns]

Right-to-left

8600

350

12.7

Left-to-right

16200

680

9.6

Bidirectional

13300

550

6.2

Accelerated right-to-left

10700

400

5.9

Accelerated left-to-right

17700

760

4.9

Accelerated bidirectional

14500

590

3.4

Table 3: Simulation result for the 32 bit unaccelerated and accelerated right-to-left,
left-to-right, and bidirectional conversion circuits.

As seen in Table 3, when comparing the original algorithms, the circuit for
the right-to-left algorithm yield the smallest area and the lowest power consumption, but the propagation delay is longer than for the implementation of
the left-to-right algorithm.
The bidirectional circuit, which combines the left-to-right and right-to-left
algorithms, is even faster, and the area and power consumption are somewhere between the left-to-right and right-to-left implementations.
To further decrease the propagation delay the left-to-right and right-to-left
algorithms were accelerated. The synthesis yield that the propagation delay is
reduced to the cost of a larger area. In addition the power consumption of the
accelerated circuits is higher than for their unaccelerated counterparts.
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5. CONCLUSIONS
In this paper we propose a bidirectional two’s complement to minimum
signed-digit representation conversion algorithm. The bidirectional algorithm
combines a left-to-right and a right-to-left two’s complement to MSD conversion algorithm to convert a two’s complement input vector to MSD representation. By combining these two algorithms the critical path can be nearly
halved, compared with the original two. MATLAB simulations verify that our
proposed approach gives a valid output and that it results in a minimum
signed-digit representation for all tested two’s complement inputs.
The conversion circuits were implemented in VHDL and synthesized using
AMS 0.35 µm standard cells. Simulation results show that the bidirectional
algorithm gives a shorter propagation delay, independent on if the conversion
circuits are accelerated or not, than if using either of the unidirectional conversion algorithms.
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