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Chapter 1

Introduction

1.1 Backgrounds and Objective

Demands on high performance mixed-signal integrated circuits are increas-
ing because of the advancing of multimedia technologies. Modern process
technology enables integration of a large mixed-signal system on a relatively
small chip area. In the case of high performance mixed-signal integrated
circuits, both speed and precision have been the main demands. In order
to meet these requirements, integration of sensitive analog circuits together
with high-speed clocked digital circuits is the only solution.

Periodical behavior of digital circuits produces what so called digital
noise[1]-[19]. This noise appears as the fluctuation of substrate level and
has been observed in integrated circuits containing of digital circuits[20]-[26].
Thus, it is also called as substrate noise. The periodical operation of digi-
tal circuits will charge and discharge parasitic capacitances. These parasitic
capacitances then will couple the switching signal to the substrate. Since a
substrate can be assumed as a pure resistive network[27],[73] for frequencies
up to few gigahertz, then it will spread over the noise to the entire chip
[27],[28].

Many designers use physical approaches to improve the immunity to dig-
ital substrate noise on a mixed-signal circuit [53]-[58]. A passive guard ring
has been commonly used to reduce the substrate fluctuation [59]. However,
it only suppresses the noise coupled through a substrate’s surface and has
quite small effect on noise transfered through the deep portion of a substrate.
Other methods such as active decoupling[60], utilization of low noise digital
circuits[62, 63] are also introduced.

Active noise cancellation techniques have been introduced to suppress
the noise coupled through deep portion of a substrate[66]-[72]. The circuit
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proposed in [66] is an off-chip circuit. Circuits based on AC coupling are pro-
posed in [67]-[70],[72]. The circuits in [67]-[69] are on-chip although external
components are still needed. The circuits in [70] and [72] use small coupling
capacitances and thus incapable of reducing low-frequency noise. The circuit
in [71] uses a digitally driven well to reduce the substrate noise.

The implementation of a fully on-chip active guard band circuit is the
main objective of this research because the use of additional external elements
will degrade the cost performance.

1.2 Organization of The Dissertation

First, physical characteristic, the modeling of a substrate, and the basic
knowledge on digital noise suppression techniques will be explained in Chap-
ter 2. Layouts of a guard ring and diffusion bands for circuit evaluation are
also discussed in this chapter. Chapter 3 will introduce the conventional ac-
tive shield circuit followed by its main drawback. The proposed integration
method which enables the integration of an active shield circuit on a chip
will also be described in this chapter. A fully integrated active shield circuit
is proposed and its performance is confirmed by simulations and experimen-
tal chip measurements. Chapter 4 will describe a design methodology of an
active shield circuit based on the evaluation of the average noise transfer
function. The validity of the proposed design method is confirmed by simu-
lation. Chapter 5 will discuss different layouts for active shield circuit. It will
show the major shortcoming of the conventional layout and offer alternatives
to solve the problem. Chapter 6 will describe the utilization of an automatic
gain control scheme to improve the performance of the proposed active shield
circuit. Finally this dissertation will be concluded in Chapter 7.



Chapter 2

Basic Knowledge

This chapter will describe the physical (electrical) properties of a substrate
and how a model of substrate is derived from a layout of a guard ring and
diffusion bands. The basic knowledge of noise suppression techniques will be
introduced at the end of this chapter.

2.1 Substrate Modeling

2.1.1 Physical Characteristic

First, it is important to investigate the physical characteristic of a substrate
in order to understand its electrical properties. This characteristic can be
derived from the Maxwell’s equation

OE 0E
J—cmlH—eE—VxH—GE (2.1)

where J, H, E, and € are the current density, magnetic field, electric field,
and dielectric constant respectively. Taking the divergence from both sides
will give

OVE
VI =V x (VH) — ¢ gt | (2.2)
Since VH is zero and J = oE, then Eq.(2.2) will become
OVE
J = 2.

VI +e 5 0 (2.3)
E

oVE + eagt = 0 (2.4)

where ¢ is conductivity. Now assume that a substrate can be expressed by a
group of cubes as is shown in Fig.2.1, that the potential of two nearby cubes

3
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/

Figure 2.1: Discontinue representation of a substrate.

i and j are V; and Vj respectively, and that the total charge in each cube lies
on its center. If the distance between their centers of charge is [;; then the
electric field Ej;; which is perpendicular to the border plane of both cubes
can be defined as

V=V,

By = . (2.5)

If the impurity concentration in each cube is uniform, substituting Eq.(2.5)
into (2.4) and applying Gauss’ Law will result in

VimV;  1dp) _

ij lij
_ oV, —=V;)
2 (Riﬂvi ~Vi)+ cijTJ) =0 (27)
ij
where
li;
Ry = ;] (2.8)

p
C: = T 2.9
’ (Vi = V)l 29

Equations (2.8) and (2.9) denote the parasitic resistance and capacitance
between the center of cubes ¢ and 7. This means that the substrate can be
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Figure 2.2: Representation of a substrate as a parasitic
resistors and capacitors mesh.

represented by a mesh of parasitic resistors and capacitors as is shown in
Fig.2.2.

The typical parasitic capacitance of silicon is 10fF for 100um mesh size
[73]. The time constant for 50Q2cm substrate is 10ps regardless of mesh size.
This means that the substrate can be assumed as a pure resistive network
at frequencies up to few gigahertz [27]. Here a substrate model using only
resistors is used for the rest of this dissertation.

2.1.2 Guard Ring Layout and Modeling

In order to evaluate the circuit performance, a model of band layout will be
discussed in this section. In the modeling procedure, some assumptions are
made as followed :

1. The result from section 2.1.1 is used. Therefore the substrate is ex-
pressed by a resistors mesh.

2. The noise source is represented by a current source and only comes
from one direction.

3. The substrate resistive network is represented by horizontal and ver-
tical resistors. The values of the horizontal ones are determined by
the distance between two nodes. Thus two-node pairs with the same
distance between nodes are assumed to have the same resistances. The
vertical ones are proportional to the area of the guard ring or the dif-
fusion bands.



CHAPTER 2. BASIC KNOWLEDGE 6

The layout of the guard ring and diffusion bands is shown in Fig.2.3. Five
diffusion bands (A to E) are used in the evaluation of active shield circuits
as noise sense nodes and cancellation signal injection nodes.

DIGITAL
CIRCUITS

“DIGITAL: z
NOISE

Figure 2.3: Layout of the guard ring and diffusion bands.

Since the circuits in this dissertation will be evaluated using a circuit
simulator, it is necessary to implement the substrate layout shown in Fig.2.3
to a mesh resistive network. It is preferable to implement the substrate model
as a 3-dimensional resistive network with a detailed mesh since it will give a
more accurate result. However this will make the number of nodes increases
and thus will also increase the simulation time. Some methods of simulating
the substrate noise has been introduced|73]-[75]. This dissertation will use a
rough substrate model to reduce simulation time and to make the calculation
easier. Although the accuracy is decreased, the tendency is well preserved
and it will be enough to examine the properties of various noise suppression
techniques. The circuit model of the substrate is shown in Fig.2.4. The

GUARD RING
DIGITAL ANALOG .
A NODES B ¢ D NODES

EETRANRNIRN

Figure 2.4: Circuit implementation of the guard ring and bands.

diffusion bands are represented by nodes A to E while the guard ring is
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represented by connecting two nodes at each side of analog nodes. A few
number of nodes are used to represent the digital and analog nodes where the
noise will be injected and observed respectively. Furthermore the resistors
at the bottom of the model represent the noise transfer path at the deep
portion of a substrate. The model shown in Fig.2.4 is the complete model to
evaluate the performance of noise reduction techniques in this dissertation.
Since each technique uses different layout and does not use all of the nodes,
the unused nodes will be omitted to simplify the calculation.

2.2 Noise Suppression Techniques

This section will introduce two types of noise suppression techniques. They
are the passive guard ring and active noise cancellation techniques. Section
2.2.1 will explain the commonly used passive guard ring. Section 2.2.2 will
describe the fundamental of active noise cancellation technique.

2.2.1 Passive Guard Ring

A passive guard ring is a commonly used technique to reduce the digital
substrate noise. It is implemented simply by surrounding the analog circuits
with a guard ring which is connected to an analog ground as is shown in
Fig.2.5. The transfer function from the noise source 7,, to the noise amplitude
v, at the observation point a will be given by

% . R1R2R3R5(R3 + R7)

2.10
in a+f+y (2.10)
where
o = R5(R2 + R3)(2R2R3 + R2R6 + R3R6) (211)
ﬁ - R5R7{R2(R2 —|— 2R3> —|— RG(RQ —|— Rg)} (212)
¥o= Rl{Rg(QRg + R6 + R7) + Rg(R5R6 + (Rg + R7>(R5 + RG))

+Ry(2R2 + RsRg + (Rs + Rg) Ry + 2R3(Rs + Rs + R7))} (2.13)

If there is no noise path into the deep portion of the substrate (by removing
R, ~ Ry), then Eq.(2.10) will become zero which means that the noise will
be totally removed by the passive guard ring. In other words, the passive
guard ring will effectively reduce the noise transfered through the surface of
a substrate. However, the fact is that there is a noise path into the deep
portion of a substrate and therefore the digital noise is still observed inside
the guard ring. This also proves that the passive guard ring cannot reduce
the digital noise coupled through the deep portion of a substrate.
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=
GUARD RING

OBSERVATION
POINT

L
R1 R2 a R3
R1 R2 R3

Figure 2.5: Simplified model of a passive guard ring.

NOISE SOURCE

2.2.2 Active Noise Cancellation

Section 2.2.1 explains that a passive guard ring cannot totally remove the
digital noise because there is a noise path into the deep portion of a substrate.
The only way to furthermore reduce the noise is by reducing the noise which
is coupled through the deep portion of a substrate.

There are two approaches to reduce the noise coupled through the deep
portion of a substrate. The first method is by using a physical approach.
For examples, the use of SOI(Semiconductor On Insulator), process which
has a low-impedance back-plane connected to ground or a triple-well process
is known to have a good isolation of digital substrate noise. However these
methods commonly need a special process and thus increase fabrication cost.
The second approach is using a noise cancellation method by injecting a
cancellation signal into the substrate. This method reduces the noise using
the electrical properties and thus does not require special process. Indeed
this method is highly recommended to be used on a standard double-well
CMOS process which is relatively cheaper. The circuit used for this active
noise cancellation then will be called active shield circuit.

Digital substrate noise is the fluctuation in a substrate and therefore its
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bias level will be the same to the bias level of the substrate. For a p-type
semiconductor substrate it will be equal to the lowest power supply while
in an n-type semiconductor substrate it is the highest power supply. For
this reason, the earlier active shield circuits are not integrated on the same
chip and use a lower (or higher) power supply to drive the substrate of the
mixed-signal integrated circuits.

Researchers make an effort to integrate the active shield circuits with ap-
proaches from both digital and analog circuits. This dissertation will discuss
the approach from analog side in detail and therefore it will not be explained
here. A brief explanation on the digital approach of active shield circuit will
be given here. Figure 2.6 shows an implementation of active shield circuit
using digital circuit.

COMPARATOR

GAIN CONTROLLER

:' """"""""""""""""""""" ENABLE
_______________________________________ }__. SMTCH NOISE

DIGITAL ) SENSE
CIRCUITS L L L

_DIGITAL

v NOISE

N-WELL |

ANALOG
pt+ BULK

p- SUBSTRATE

Figure 2.6: Digital implementation of an active shield circuit.

Since substrate noise is caused by the injection of charges into the sub-
strate due to the periodical behavior of digital circuits, it is possible to create
the cancellation signal using the same principle. First the substrate noise will
be detected from a contact on the substrate between the digital area and ana-
log area. This noise then will be used as the input of the inverters array after
passed through a buffered comparator. The inverters then drive the n-well
and produce the charge injection to reduce the noise amplitude. The detected
noise amplitude will also be used as the input of a gain controller which then
will determine how many inverters should be turned on.



Chapter 3

Fully Integrated Active Shield
Circuit

This chapter will introduce the implementation of active shield circuits. The
reason why the conventional active shield circuits cannot be fully integrated
into a chip will also be described. Since external elements will increase the
manufacturing cost, it will be preferable if the active shield circuit is fully
integrated. The integration method will be explained and then followed by
the implementation of the proposed active shield circuit.

3.1 Conventional Active Shield Circuit

3.1.1 Circuit Principal

The conventional active noise cancellation is based on a signal cancellation
using its opposite signal as is shown in Fig.3.1. Here the transfer function
from v,, to the potential v, at node a will be given by
Ya _ u (3.1)
Up, R1 + R2
With an assumption that the resistances are symmetrical(R; = R»), then
Eq.(3.1) will become zero. The conventional active shield circuit uses the
assumptions that the substrate resistances are symmetrical and the noise is
injected exactly at the sense node. Furthermore it does not consider the
analog area inside the guard ring as is shown in Fig.3.2.

10
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Figure 3.1: Basic of active noise cancellation technique.

Cy R Cs

GUARD RING(g)
NOISE SOURCE(n)

BEARXN

/ NODE(c)

NODE AT DEEP PORTION
\ OF SUBSTRATE(p)

Figure 3.2: Conventional active shield circuit.

CANCELLATION
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At a relatively high frequency, the transfer functions from v, to the po-
tential v, at node g and to the potential v, at node p will given by

Vg 1

— & — 3.2
Un, A (3.2)
Up R,

- r — 3.3
2o g (3.3)

where A is the open loop gain of the operational amplifier and R, is
R’R
R, = L2 (3.4)

(2R1 + R)(2R; + 3Ry)

respectively. Equations (3.2) and (3.3) show that the noise suppressions at
nodes g and p are determined by the operational amplifier’s open loop gain
A and feedback resistance Ry respectively. Noise suppression at node g can
be improved using a high-gain operational amplifier while noise suppression
at node p is improved by increasing feedback resistance.

3.1.2 Drawbacks in Conventional Active Shield Circuit

There are some drawbacks in the conventional active shield circuit as is given
below.

1. Tt uses an operational amplifier and needs a high gain to improve the
noise suppression performance. This means that it is difficult to im-
prove the speed of the circuit.

2. It needs a large feedback resistance R; in order to achieve a proper
suppression for the noise coupled through the deep portion of a sub-
strate.

3. It uses capacitors C7 and C5 to separate the common mode level of the
operational amplifier from the substrate bias. In order to guarantee
that low frequency noise is not attenuated by the coupling capacitors,
large capacitances are required (in fact it requires capacitances in the
order of micro Farads).

The needs of large coupling capacitances and a feedback resistance make the
conventional circuit not practically suitable for a fully on-chip implementa-
tion.
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3.2 Inverter-Based Active Shield Circuit

3.2.1 DC Offset Technique

In order to integrate the overall circuit into the chip, AC coupling method
using large capacitances should not be used. Therefore the active shield
circuit should directly drive the substrate. Consider the block diagram in
Fig.3.3. Assume that the circuit has a gain of -1 and the output bias level is
zero. The output voltage v, then will be given by

Vbp vn < —=Vbp
Up=14¢ —v, —Vpp<uw,<O0. (3.5)
0 v, >0
Note that the circuit output cannot excess the power supply range(0O~ Vpp).
Therefore when v, > 0 the output voltage will always become zero and the
circuit cannot work properly. It means that although the circuit can directly

drive the substrate, it will not work properly as long as the output bias level is
equal to the substrate bias level. In order to make the circuit work properly,

VDD

T

ACTIVE

o—1 SHIELD o
vn CIRCUIT i(~SVO

leced

Figure 3.3: Active shield circuit without DC offset.

a DC offset is added to the output of the circuit as is shown in Fig.3.4. In
this case, the output voltage of the circuit will be given by

Voo vn < =Vpp + Vg
Uo = § ~Un —Vbp + ‘/;)ff < v, < ‘/;)ff- (36)
0 Uy > ‘/off
It shows that the noise source v,, may have a maximum positive value of V, ;¢
and the circuit is still able to work properly. As a result, the use of DC offset

technique will enable the integration of an overall active shield circuit into
the chip.
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VDD

T

ACTIVE

o— SHIELD + Vo

Vn -
CIRCUIT

T Voff

—

Figure 3.4: Active shield circuit with DC offset.

3.2.2 Circuit Implementation

This section will introduce the implementation of the active shield circuit
based on an inverter. The DC offset technique is applied to make the entire
proposed circuit able to be integrated on the chip.

Large Signal Analysis

Recall the conventional circuit in Fig.3.2. Under an ideal condition it can
be redrawn as an inverting amplifier as is shown in Fig.3.5. It can be easily
found that the transfer functions from v, to the potentials v, and v, at nodes
g and p will become zero. The implementation of the inverter-based active

ol R1 R1 c
I W
V' Vi R»> R3 R»>
Rt P Ry

Figure 3.5: Inverter based active shield circuit.

shield circuit is shown in Fig.3.6. As is shown in Fig.3.6, the active shield
circuit is realized using 4 current mirrors as the main part. Assume that when
a noise source Vy is detected at node n, the drain currents of My and Mg
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are equal to Iy, and I; flows through M; and M5. Assuming ideal matching
between transistors will make the drain currents of M3 and My to be equal to
I;. In the same way, drain currents of M and Mg will be equal to I5. These
will result in Vg1 = Viggs and Vigso = Vigsa. The relations between gate to

Voo

= 05| [15) [

S

— — — —
Ml J }— MQ —| j—
L= e rate
A M2 ~ e 3 4] ~=
_Ves. Ve _Vess VoS,
nl R 0 R C l
W~ —
wt R
- \Vc

.

R PR

Figure 3.6: Inverter based active shield circuit with DC offset.

source voltages of NMOS transistors are

Ves1 = Ves2+ Vn (3.7

Ve+Vass = Vopp + Vigsa. (3.8)
Since Vigs1 = Vigss and Vigse = Vigsy, substituting Eq.(3.7) into Eq.(3.8) gives
Ve = Vopr—Vn (3.9)

Ve = Vp= % (3.10)

Since V,;; is a constant voltage source, Eq.(3.9) shows that the proposed
circuit works as an inverter because it produces —Vjy at the cancellation
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band (node c¢) as an output. From Eq.(3.10) it is clear that the potential
levels of nodes g and p will be constant.

Assume that Vi moves from 0 to a positive voltage. When it reaches
Vorr/2, then Vo = V,rp/2 which is the same level with Vi; and Vp. Here
nodes n, g, p and c are at the same potential level, and no current flows
through substrate resistances. This means no current flows in M3z, M7, My
and the circuit is not working anymore for any input level bigger than V, /2.
On the other hand, when Vy moves to a negative voltage, such a limitation
does not exist. Thus the input voltage range is limited by V, /2.

Simulation Results

This section will show simulation results of the circuit in Fig.3.6 using HSpice
and 1.2pum standard CMOS process parameters. Transistor sizes and the
other parameter values are shown in Tables 3.1, 3.2, and 3.3.

Table 3.1: Transistors’” W/L

MOS | W(um) | L(pum)
M1..M8 6 1.2
M9 60 1.2

Table 3.2: Voltage sources

Table 3.3: Substrate resistors

N Value|(2
Name Value[V] jgne alue] 12)0
1
Vbp 5 R 50
Vvoff 50m Rg 20

The frequency characteristic of the active shield circuit is shown in Fig.3.7.
Here the low-frequency noise suppression level of 22dB is obtained. Transient
characteristic simulation is performed using a sine wave as an input signal.
The results are shown in Figs.3.8 and 3.9. Fig.3.8 shows transient charac-
teristic with 1MHz input frequency. Here the voltage fluctuation of node p
is relatively small. This respects the small-signal simulation result where a
noise suppression level of 22dB is obtained for input frequency up to 1MHz.
On the other hand, voltage fluctuation of node p is observed from Fig.3.9
because there is no noise suppression effect at 100MHz. The total current
dissipation is 874uA.
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Noise Level (vp/vn)
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-25

ORIGINAL NOISE LEVEL
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001

0

-0.01

0.02 |-
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e 3.7: Simulated noise suppression level at node p.

0.06 -
0.05
0.04

0.03 Vp

5E-6 7TE-6 1E-5

Time[s]

Figure 3.8: Simulated transient characteristic (Input signal : 20mV,,, at

1MHz).
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0.06 -
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T

o

o

=
T

0.03F Vp

0.02 -

0.01f
Vn
° /
-0.01
5E-8 TE-8 1E-7
Time[s]
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Figure 3.9: Simulated transient characteristic (Input signal : 20mV,, at
100MHz).
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Power Supply Rejection Ratio and Effect of Unideal Offset Voltage
Source

Note that M, and Mg in Fig.3.6 are diode-connected MOS transistors between
the power supply and the sense node. The bias current of the circuit then
will be determined by the supply voltage Vpp and transconductances of M,
and Mg. This makes disadvantages of the active shield circuit in Fig.3.6.
First, any fluctuation in the supply voltage causes fluctuation in bias
current and will greatly affect the circuit performance. Second, note that I,
changes with the fluctuation in input signal. Since it flows into the reference
voltage Vs, any internal resistance existence will cause the reference voltage
fluctuation. This will reduce the circuit performance as is shown in Fig.3.10.

dB N1
[dB] I I T A R
R orernenenenens ocenenenenenae oo befeeeee]
PP I N S R S
[ H H H H
2 -
o ] : : : :
IR — R Ty — = AR—
o ] T T ' !
3 ] . . ! .
9
pr L I
& ]
>
L S 2 A
_ 1000
Yo B | SO L B
g C10Q :
] : 1Q :
10K 100k ™M 10M 100M 1G

Frequency[Hz]

Figure 3.10: Effect of unideal reference voltage with various internal resis-
tances
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Circuit improvement

In the previous section, it is found that the active shield circuit in Fig.3.6
has poor characteristics versus a power supply and the internal resistance of
a reference voltage. In this section, an active shield circuit with an improved
Power Supply Rejection Ratio(PSRR) characteristic will be introduced.

Since the pair of the diode-connected My and Mg is the main cause of
a poor PSRR characteristic in the active shield circuit in Fig.3.6, removing
one of them is expected to improve the PSRR. Here, Mg and its pair Mg are
replaced by constant current sources as is shown in Fig.3.11.

f«ﬂ o ﬁ”.itjl.l o
E&f

\ [3|_J51 M JZ”H_JE—“L
4 A M2 M3 /‘ N M
m;VGSl Vesz\n R ' Vess VoS Ty
YV VY CRE |
VN+ R> T

- Vc

.

R PR

Figure 3.11: Active shield circuit with improved PSRR.

Except for the current sources, the rest of the circuit is the same as the
circuit in Fig.3.6. This implies that the proposed circuit in Fig.3.11 still
works as an inverter. Furthermore, bias currents of the proposed circuit are
determined by Ig only. This results in a power-supply independent bias-
ing and therefore improving PSRR. In addition, since the current flows into
voltage reference is constant, the internal resistance of the voltage source will
not have any effect on the noise suppression performance of the active shield
circuit. This will make the design of the circuit become easier.
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The simulation result of the gain of the inverter when Vpp is varied £10%
is shown in Fig.3.12. Here the conventional and proposed circuits are the ones
shown in Figs.3.6 and 3.11 respectively. Note that the gain of the circuit in
Fig.3.6 is greatly affected by the fluctuation of power supply. On the other
hand, the inverter gain of the circuit in Fig.3.11 is relatively constant even if
the power supply is varying.

af . L s i S i iR
O E—

0= et S

Inverter Gain (v./vy,) [dB]

T T
10k 100k M 10M 100M 1G

Proposed Frequency [Hz]

Figure 3.12: The inverter gain when Vpp varies +10%.
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3.2.3 Design Optimization

The design optimization of the active shield circuit with consideration on
device mismatch and frequency characteristic will be discussed in this section.
The simplified active shield circuit shown in Fig.3.13 will be used. Here MOS
transistor M; works as a V-I converter. The drain current of M; then will
be copied by the current mirror M3-M, such that the drain current of M,
is equal to that of My. Finally My will convert its drain current to output
voltage. Since this circuit directly drives the substrate and creates a DC
offset, it needs an extra bias current. This current will be supplied by Mj5
while it will also fixed the drain voltages of My and My.

Vb
N _
_.__'.l ¢ |.'__.:| Ma
Ms [ =
—'
|\/|5|:‘_'|'|
— M1 | M2
1 | L
— —
Vsh1 7 ”LVShz
nf R 9 R |c
VWA
+ T
VN_ R, Rs R2 Ve

R P R

Figure 3.13: Simplified inverter-based active shield circuit with DC offset.

Here the operation of the circuit will be analyzed in order to make sure
that the circuit still have the same performance to the circuit in Fig.3.11.



CHAPTER 3. FULLY INTEGRATED ACTIVE SHIELD CIRCUIT 23

Under the assumption that all MOS transistors operate at the saturation
region, the drain current of M; will be given by

Ipi = Ki(Vgsi — Vran)? (3.11)
= Ki(Vy + Vasni — Vran)? (3.12)

where K,,(n = 1,2,3,..) is the MOS transistor’s transconductance parameter
and given by

1Cox %

K, = .
2 L,

(3.13)

Under an additional assumption that M3 and M, make an ideal current
mirror, then the drain current of My is

Ipy = Ky(Vase — Vrun)? = Ips. (3.14)
Solving Eqs.(3.12) and (3.14) for Vizgo will give

K K
Vas2 = ?;(VN + Vsn) — (\/ ?; - 1) Vrun. (3.15)

Finally, the output voltage V¢ is
Vo = Vsne— Vase (3.16)

K K
= VSh2 - F;(VN + VShl) - ( F; — 1) VTHN (317)
K K K
= (VSh2 —/ f;Vsm) + (\/ ?; — 1) Vrun — 4/ f;VN' (3.18)

If it is assumed that the transconductance parameters of M; and M, are
equal, then

Vo =Vory —Vn (3.19)

where V, ¢y = Vspo — Vi1 Here the output of the circuit contains a DC offset
Vorr and the inverted noise —Vy. Thus the circuit works as an inverter.

The small-signal equivalent circuit in Fig.3.14 is used to calculate the
transfer function of the active shield circuit in Fig.3.13. The substrate re-
sistance is replaced by an equivalent resistor Ry, in order to simplify the
evaluation. Here the transfer function from v, to v. is given by

k ~ gm3 (TdSZ + Tds4) + gmlgm4(1 - gm5rds2)rds4Rsub (3 20)

Up, - gm3(rds2 + Tds4) + gm29m3(1 + gm57nds4)rds2Rsub .
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Rsub
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7 L% w3 P TR e

Figure 3.14: Small-signal equivalent circuit

If g;uras > 1, then the transfer function from v, to v. will be approximately

Un Im29m3

If the matching between transistors is ideal, then the transfer function from
v, to v, is

Ue
— = —1. 3.22
- (3.22)

Effects of Mismatch Between Devices

Figure 3.13 shows that M; and M play a role of a V-I and an I-V converter
respectively, while M3 and My compose a current mirror. This means that
any mismatch between M; and My or M3 and My will degrade the circuit
performance. From Eq.(3.21) it is clear that the transfer function is deter-
mined by the transconductances of M; ~My. Therefore mismatches in these
transistors will greatly affect the circuit performance.

The mismatch between MOS transistors is mainly caused by the mismatch
in their threshold voltage Vry and transconductance parameter K. If the
mismatch of Vrpy is AVry and mismatch of K is AK, then the mismatches
are known to be given by [77]

Avrtox
AV, = — 3.23
i VIW (3.23)
AK Ax

X = 7w (3.24)
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where L and W are the channel length and channel width of a MOS transis-
tor. For 0.6pum process, typical values of Ayrtox and Ag are 14pum-mV and
10~20nm respectively.

First, consider the effect of mismatch between M; and M,. From Eq.(3.18),
Ve becomes

K K K
Vo = Vsnz — 4/ ?lvsm +4/ ?IVTHI — Vrme — ?IVN- (3.25)
2 2 2

Since the terms without Vi will be a DC offset voltage, then the ratio between
the change in output voltage and input voltage T} is given by

Rz

K
To=C =2t 2
T ovy K, (3:26)

Thus, the output voltage error due to mismatch between M; and My can be
calculated as

TI \/Kl/Kl .
_ K~ K, | _AK 1 (3.28)
Ky + VK K, K 1+ /1+AK/K '

where AK = |K; — K»|. Since AK/K < 1, then output voltage error due

to mismatch between M; and My will be given by
AT,  AK

— 3.29

T 2K ( )

Now assume that M; and M are perfectly matched and there is mismatch be-
tween M3 and My so that the currents flow through M; and M, are different.
The output current error in a current mirror is given by

AT AVrg  \? AK\ 2
— =4 m— :
I ¢ (M) (AK) 50

If K1 =Ky =Ky and Vrg, = Vrge = Vrgy then the drain currents of M;
and My will be given by

I = Knx(Vsp + Vs — Vrgn)? (3.31)
I+AI = Kn(Vsna — Vo — Veun)2 (3.32)

Defining AI/I = « and substituting Eq.(3.31) into (3.32) will result in

VC = VSh2 —V 1 + OéVShl — (1 —V 1 —+ Oé)VTN —V 1 + OéVN. (333)
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Since only the last term contains the input signal, the ratio of Vo and Vy,
T, is given by

_ Ve __ it (3.34)
oV

Therefore, the output voltage error due to mismatch in Mz and My is

15

AT:
=2 _ 11— vV1+q| (3.35)
T
AT 1 (3.36)
I 14+/1+AI/T| '
If AI/I < 1 then AT,/T, is approximately
AT, AT
— . 3.37
Ty 21 ( )

Thus the total output voltage error ratio AT/T due to the device mismatch

1S
AT ATV\? (AT’
T \/< T1> +<T2> (335
1 AV AK\’

Substituting Eqs.(3.23) and (3.24) into (3.39) will give the total output volt-
age error as

AT 1 Avrtox \°
i — 4 [ TOxX 2A2 3.40
T 2/ LW\/ <VGS — VTH) 2k (3-40)
108 7.8
= 8 3.41
2VIW\ Vi * (3.41)

where Vi = Vigg — Vg is the overdrive voltage of Ms.

Frequency Characteristic

A simplified model of the proposed circuit is shown in Fig.3.15. Here the
substrate resistances are represented by an equivalent resistance Ry, in order
to simplify the calculation. T'(s) and Zp denote the transfer function of
the proposed circuit without load impedance (substrate resistance Rg,;) and



CHAPTER 3. FULLY INTEGRATED ACTIVE SHIELD CIRCUIT 27

Rsub
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Figure 3.15: Circuit model to calculate the frequency characteristic

output impedance of the proposed circuit respectively. Only gate-source
capacitances are considered in the calculation of the frequency characteristic.
Small-signal equivalent circuits to find 7"(s) and Z are shown in Figs.3.16
and 3.17. From Fig.3.16, T"(s) = v./v, is given by

’ _ —9m19m4(9m57”d2 - 1)Z1Z2Z3

T'(s) = 3.42
(5) Taz + Zo + (1 4 Gmara2) (1 + gmsZ2) Z3 ( )
where
Z = ! (3.43)
! 9m3 + 5(0953 + C1954) .
T'da
Zy = T 3.44
? 1 + 3Cfgs57qd4 ( )
Tds
Zy = —————. 3.45
’ 1 + 3Cfgs57qd2 ( )
If gmaoras, gmsrae > 1 then T'(s) is approximately
“YmiYmdaYYm Z Z Z
T'(s) ~ Im19magmsTd241 4243 (3.46)

a2 + Zo + gmaraz(1 + gmsZ2) Zs
Substituting Eqs.(3.43),(3.44),(3.45) into (3.46) and assuming g,u2 = gm1, Gma =

Gm3, Cgs2 = Cys1, Cgea = Cyez will result in

—9Im19m39ms
T’ S ~ —— X
( ) 9m3 + S2Cg33
1

0931093582 + ngCgs53 + Im19ms ‘

(3.47)

The assumption that g,,2742, gmsrqe > 1 will also make the output impedance
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rd2
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Figure 3.16: Small-signal equivalent circuit to calculate T"(s)

Zo calculated from Fig.3.17 to be

o 75) 7.
Z, = Yo (ra> + 22) Zs (3.48)
to  Taz + Zo+ (1 + gmaraz)(1 + gmsZ2) Z3

(rao + Z9)Z3

~ . 3.49
Ta2 + Zz + gmaraz (1 + gmsZ2) Z3 (3.49)
Substituting Eqs.(3.43),(3.44), and (3.45) into (3.49) will give
(14 5Cgs57a3)rar + Tas
7o ~ . 3.50
? rdlrd3(0951098582 + gmlcgsE)S + gmlng) ( )
If wCyssrar, wCyssras > 1, then Zp will be given by
SC s5
Zo ~ g . 3.51
9 Cgslcg3582 + gmlcgst')s + 9m19ms ( )
From Fig.3.15, the final transfer function T'(s) = v./v, is
ZO + RsubT,(S)
T(s) 70+ R (3.52)
- v (3.53)

gm3 + 209838
20983098582 +gm3cgs53 — 9m19m39ms RBsub
RSb{Cgsl Cgs552 + ( Riub +gm1)Cgs53 +gmlgm5}




CHAPTER 3. FULLY INTEGRATED ACTIVE SHIELD CIRCUIT 29

rd2

—~W—
-gm2 Vo

L
+ o

ZZE \’/jiL g'{‘,g QZS \jo

Figure 3.17: Small-signal equivalent circuit to calculate Zp

Optimization Function

Note that the inverse of Eq.(3.41) seems like a gain of an amplifier. Therefore the
evaluation function £’ can be defined as the product of the gain and the bandwidth.
Thus function F is defined as

T
w
= M% (3.55)

where |T'| = 1 for an ideal inverter and w,, is the dominant pole of the active shield
circuit. In Eq.(3.53) there are three poles and two zeroes. However, the zeroes do
not have much influence to the circuit bandwidth. Therefore only the poles are
considered here. The poles obtained from Eq.(3.53) are

dm3
wy = — , 3.56
pl 2Cg83 ( )
w - _ Im1 Rsub+ 1
Po 2Rsungsl
U [ gmi1Rsup+1 > 2 Agmigms
+— — . 3.57
2 \/( Rsubcgsl C’gsl CgsS ( )

Assume that the bias currents of My ~ My are I; and bias current of My is I5.
Using gm = 2VKI(K = pCoxW/2L), Cys = %COXLW and L; = L(i=1~5) will
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give

3 ppli
_ o/ Hhr 3.58
ot 2V 2CoxWsL’ (3.58)
3,/ 2nCoxWi R 41

Wp23 = —

2]:isub2610X WIL
41 3/ X Wi Ry 41 7 9 [papplidy " (3.59)
2 2Ru2Cox W1 L 2CoxL\ WiWs ' '

Note that the first pole is only determined by the parameters of M3. Furthermore,
the change in parameters of M3 do not affect the other two poles. The typical
threshold voltage for 0.6um process shown in Table 3.4 and the bias settings shown
in Table 3.5 are used in the evaluation.

Table 3.4: Device parameters

Name Value Table 3.5: Bias settings
—3 2
Cox | 2.1x10 125‘/m Name Value
[ 0.024m?/V.s
Ly 0.007m*/V.s > 0.05 V
Vrmn 0.7V off '
Vrup 0.9V

Furthermore, the other parameters are given by

W n (Vasi — Vi 2
Was _  _Hn ( GS1 THN> (3.60)
Wi i Virs
2L1I
Ws = 722 (3.61)
MpCOXVEff
CoxW.
Vorr
I, = — —1. 3.63
? Rsub ( )
As a result, wp1 can be expressed as
RN
Wyt = _Z% (3.64)

which will be constant for a given Vg and device length L. For the values given
above and L = 0.6pm, wy,; = 7.3% 10°rad/s. From Eq.(3.60), Vgs1 = 1V will result
in W3 =~ 1.2W;. Next, assume that the equivalent substrate resistance Rg,; = 50€2
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(actually it depends on the layout) and from Eq.(3.59) the last two poles will be
given by
1
LW
+ V{T.L(L+75 x 10 4W)}2—22x10 W2}

Wy 3 { —71(L+75x 107'W) (3.65)

where W =W;. Now all poles are expressed by device parameters L and W. For
L = 0.6pum, the position of each pole versus W is shown in Fig.3.18. This figure
shows that only the consideration of wy is necessary since it is the lowest pole.

[rad/s]

1013' \\\

1012] N

1011,

1010,

(Upl ————————————
109, ———————————————
, 0 20 30 4 0

W[um]

Figure 3.18: Pole position versus W.

From Egs.(3.41) and (3.65) an evaluation function F' is obtained. The plot
of this evaluation function is shown in Fig.3.19. It shows that the evaluation

function gives better results for bigger W (channel width) values. However, from
Eqs.(3.61)~(3.63), the channel width of M5, W5 will be given by

2L Vory

Ws = - W. 3.66
° NpCOX VEsz Rsub ’ ( )
2L V.
— — 2L _1ow (3.67)
MpCOX VEff Rgup

and thus increasing W will reduce W5. As a result, a zero or negative values of Wj
will be obtained from the equation for a quite big W although it is not realistic.
The possible value of W will be given by

L
W < 2.27 x 104R—b. (3.68)
SU
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Furthermore, the equivalent substrate resistance Rg,; also affects the optimization
result. From Eq.(3.63), I> becomes smaller when Ry, increases and therefore W
will decrease.

Figure 3.20 shows the noise level at node g with various W when Rg,; = 501).
Here a greater value of W gives a better noise suppression performance. This
result is predictable from the analysis result shown in Fig.3.19. The result of the
optimization says that a greater channel width W will give a better performance.
However it should be noted that there is a limitation on the size of the channel
width. In addition, since increasing W will also increase the bias current then the
power consumption should also be considered.

1011}

1010

Evaluation Function

W[um]

Figure 3.19: Evaluation function versus W.
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Figure 3.20: Frequency characteristic with various W (R, =5012)

3.3 Simulation Results

The circuit shown in Fig.3.13 is simulated using a circuit simulator HSpice and
level 2 device parameters for 0.6m CMOS process. MOS transistors aspect ratios,
voltage sources, and the other parameters values are shown in Tables 3.6, 3.7, and

3.8.

Table 3.6: MOS transistors aspect ratio

Transistors W /L
M » 15um/ 0.6um
M; 4 30pum/ 0.6pm
M5 200pm/0.6m
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Table 3.7: Voltage sources

Table 3.8: Substrate resistors

Name Value
Vob 3V
Vsni 0.8V
‘/off 50 mV

Name Value[Q]
Ry 100
Ry 50
Rs 30

The simulation will be performed to confirm the basic operation of the im-
proved active shield circuit. Therefore low level MOS device parameters are used

instead of more complicated ones.

The large-signal, small-signal and transient

characteristic of the active shield circuit will be simulated and the results then will

be compared to the measurement results in section 3.4.
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3.3.1 DC Characteristics

The DC characteristics is simulated by varying the input voltage Vi from —30mV
to 30mV. The result is shown in Fig.3.21. Since the offset voltage is set to 50mV,

0.08

V(output)

o
o
o

o

o

SN
T

Vs(guard ring)

V,(deep portion of substrate)

o
T

V,(input)

Nodes Voltage [V]
o
N

—0.02

-0.04 I I I I I
-0.03 -0.02 -0.01 0 001 0.02 0.03

Input Voltage [V]

Figure 3.21: DC characteristics simulation results.

according to section 3.2 the circuit is expected to work for input signal from —25mV
to 256mV. Figure 3.21 shows that when Vj increases the output node voltage
decreases. This holds for Viy up to approximately 24mV. Vi and Vp are almost
constant between this input range. When Vi increases further, Vi, V7, and Vp
also increase. This means the circuit cannot handle the input signal anymore.

This simulation result confirms the large signal analysis in section 3.2.2. It
also shows that the proposed DC offset technique enables the implementation of
a fully integrated active shield circuit.
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3.3.2 Frequency Characteristics

The frequency characteristic is simulated by adding a small signal to node n. The
result is shown in Fig.3.22. The amplitude of v,/v, shows the noise amplitude
at node p compared to the original noise while v./v,, shows the gain of the ac-
tive shield circuit. Here a noise suppression level of about 30dB is obtained at
frequencies up to 1IMHz. Figure 3.22 shows that although the gain of the active
shield circuit is not greatly changed at frequencies up to 10MHz, the noise level
starts to increase when the frequency goes higher than 1IMHz. This is due to the
delay of the cancellation signal. Note that the phase of the output signal of the
active shield circuit starts to decrease from 180° at frequencies higher than 1MHz.
This delay makes the noise remain although the cancellation signal has the same
amplitude to the noise.

5. 180
0 160
s 140
m —
120 D
S, 10 5]
Qo O,
S 100
S -15 %
£ 3
-20
g 60 -
=25 40
-30 20
35 Sl il il )
10k 100k M 10M 100M 1G

Frequency [Hz]

Figure 3.22: Frequency characteristics simulation results.
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3.3.3 Transient Characteristics

The transient characteristics are simulated using sine waves with various frequen-
cies and amplitudes. First, a 20mV,_, and 100kHz sine wave is added to node n.
The result is shown in Fig.3.23. Here an inverted sine wave relative to the input
appears at node ¢ and the potential of node p only varies in small amounts.

0.06 Ve

005

©
o
=

o

)

@
T

0.02

Nodes Voltage [V]

0.01

_001 | | | |
0 20u 40u 60u 80u 100u

Time [S]

Figure 3.23: Transient characteristics simulation results (20mV, ,@100kHz).

Next, a 20mV,, and 10MHz sine wave is added to node n. The result is
shown in Fig.3.24. Here a delay can be seen at the output signal v.. Therefore,
the cancellation effect is reduced and the noise signal remains large at node p.
This can also be confirmed from the frequency characteristic simulation result in
Fig.3.22. A noise suppression level of about 30dB is obtained at frequencies up
to 1IMHz. However, the effect is weakened as the frequency increases. The noise
suppression level at 10MHz is only about 10dB.

In order to find the transient characteristic for a large amplitude input signal,
a 60mV,_, and 100kHz sine wave is added to node n. The result is shown in
Fig.3.25. In this case, since the input signal excesses the allowable range, there are
parts of the input signal that the circuit cannot handle. As a result, input signal
still appears at node p.
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Figure 3.24: Transient characteristics simulation results (20mV, ,@10MHz).
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Figure 3.25: Transient characteristics simulation results (60mV, ,@100kHz).
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3.4 Measurement Results

This section will show the measurement results to confirm the basic operation of
the active shield circuit and the validity of the proposed implementation method
using the DC offset technique. The experimental chip is fabricated on 1.2pum
standard CMOS process with p-type substrate. Figure 3.26 shows the layout of a
guard ring, diffusion bands and measurement pins on the chip. The applied power
supply is 5V and the offset voltage V,r; is set to 50mV.

CANCELLATION DETECTION
BAND GUARD RING BAND

Figure 3.26: Layout of guard ring, bands, and measurement pins.

3.4.1 DC Characteristics

Figure 3.27 shows the characteristic of the circuit for DC operation. The output
voltage decreases when the input voltage increases. On the other hand, the guard
ring voltage only varies in a small amount even if the input voltage reaches 30mV.
Guard ring voltage starts to increase faster when the input voltage goes over
30mV. Figure 3.28 shows measurement results of voltages from four measurement
pins inside the guard ring.

Figure 3.27 gives an abstract about how the active shield circuit works for large
signal inputs. Since the reference voltage is 50mV, the initial voltage levels of the
output node and the guard ring should be 50mV and 25mV (theoretical values).
The measurement result shows that the initial voltage levels of the output node and
the guard ring are approximately 50mV and 23mV. Since the substrate resistances
are biased by the drain currents of M3 and My, the bias point of the output node
will be strongly determined by the amount of current which M3 and Mg can supply.
Therefore it could be smaller than the offset voltage V,,;y when the current supply
is insufficient. The other factor which determines this bias point is the variation
of substrate resistances. Since the actual substrate resistances are not exactly
symmetrical, the bias point of the guard ring may vary between a few millivolts
from the theoretical value.
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Figure 3.27: Measured DC operation of proposed circuit.
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Figure 3.28: Measured voltage of measurement pins.
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3.4.2 Frequency Characteristics

Next, frequency characteristics are measured. The result is shown in Fig.3.29. The
reference means the signal amplitude measured at the measurement point when
the active guard band circuit is not activated. The actual reference amplitude
is not at 0dB, however it is set to 0dB in order to make a comparison between
simulation and measurement results.

The solid lines show the amplitudes in decibel while the dashed lines show the
phases. It can be observed that the measured and simulated frequency character-
istics are quite similar. Figure 3.29 shows that the actual circuit has a lower cutoff
frequency while the noise suppression level is better than the simulation result.
This difference may be caused by the precision of the device parameter used in the
simulation.
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Figure 3.29: Frequency characteristics measurement results.
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3.4.3 Transient Characteristics

A few transient characteristics are measured by using a 10mV_, and 10kHz sine
wave as an input signal. The offset voltage V,r; is 30mV in this case. Figure 3.30
shows the transient characteristic measurement result at the output node (cancel-
lation band). Here, an inverted sine wave relative to the input can be observed
at the output node. Figure 3.31 shows the transient characteristic measurement
result at a measurement pin inside the guard ring using the same input signal.
Note that the voltage fluctuation at the measurement point is relatively small.

Figure 3.32 shows the transient characteristic measurement result of the same
pin with an input signal amplitude of 17.5mV,_,. Since the input signal ampli-
tude is bigger than the allowed maximum input range, the voltage fluctuation at
the measurement pin should increase. The increase in voltage fluctuation at the
measurement pin can be observed in Fig.3.32.

At last, a 20mV,_, sine wave at 10MHz is applied to the sense band. The
offset voltage V, is set to 50mV for this case. The measurement result is shown
in Fig.3.33. Here the residual signal observed at the measurement pin is still
large. The frequency characteristic measurement result in Fig.3.29 will explain
this result.

Al 1000 e e £ D.00s 1008s Fat STOP

[10mV/div]

[100 1 s/div]

Figure 3.30: Measured transient characteristic at output node a(10mV,, @
10kHz).
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[L0mV/div]

a2 10,00

£ 0.00s 100Y- [N Fst STOP

[100 /2 s/div]

Figure 3.31: Measured transient characteristic at pinl (10mV,_, @ 10kHz).

[10mV/div]

a2 1o.00s

£ 0.00s 100%- gm Fat STOP

[100 12 s/div]

Figure 3.32: Measured transient characteristic at pinl (17.5mV,, @ 10kHz).
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FEREREREEG A2 5 10.07- £ -1.52T 1000

_________ . _testpin (inside guard ring)

Voltage [10mV/div]

Time [100ns/div]

Figure 3.33: Measured transient characteristic at pinl (20mV,, @ 10MHz).
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3.5 Discussions

3.5.1 Comparison Between Feedback and Feedforward
Techniques

It has been introduced that there are two approaches of implementing active shield
circuit. They are the feedback and the feedforward approaches. In this section,
the comparison between both techniques will be discussed in order to examine
the proper structure for an active shield circuit. First, consider a simple feedback
structure used in the conventional active shield circuit as is shown in Fig.3.34.

R1 R

vn

Figure 3.34: A simple feedback structure.

Assume that the gain of the operational amplifier A,, is given by

AopO

Ap=—""F—
P 1+ 8/wep

(3.69)

where A,,0 and w,, are the DC gain and the cutoff frequency of the operational
amplifier respectively. Here the transfer function from v, to v, will be given as

1

% - (3.70)
Un 1+ (1+ Agp) 7

14 s/wep

(L4 £+ Agpo) + (14 B2)s/wop

(3.71)

The frequency characteristic estimation of Eq.(3.71) is shown in Fig.3.35. Here
the cutoff frequency of the operational amplifier will determine the effective noise
suppression bandwidth. For a given specification of noise level NL and noise
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suppression bandwidth wjy, the requirement on the operational amplifier will be
given by

1 R
A = w7~ <1 + R_;> (3.72)
Wop = WN. (3.73)
dB &
|Aop0|
0 &
| i+R /1 A | A
R, op0 (l+ op0 ) @,
‘ 1+R/R,” 7

Figure 3.35: Estimated frequency characteristic of a feedback structure.

Commonly, the DC gain and the cutoff frequency of an operational amplifier are
affected by manufacturing tolerance. Let the maximum manufacturing tolerance
is given by a(0 < a < 1) and thus the DC gain A,y and the cutoff frequency
wep of the operational amplifier in the worst case will be given by A,,0(1 — a) and
wop(l — ) respectively. As a result, Eqs.(3.72) and (3.73) can be rewritten as

1 R\ 1
Apo = ——— (142 3.74
P NL(1 — «) ( +R2>1—a (3.74)
WN
wWop = T (3.75)

Next, consider the simple feedforward structure shown in Fig.3.36. If the gain
of the inverter A;,, is given by

A.
Ajpy = ——0__ 3.76
1 + S/Wim, ( )
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then the transfer function from v, to vy will be obtained as

Vg Ry — Ajpp R1
- = — 3.77
Up, Ri+ Ry ( )
Ry — Aim;ORl + RZS/Wim;
= . 3.78
(Rl + R2)(]- + S/Wim;) ( )
_ % _Aim)O"‘%S/winv (3 79)
(L4 Z2)(1 + 5/wim)
_ Aopt — Ao + Aopts/winv (3 80)
(]- + Aopt)(]- + S/Wim)) -

(]- + Aopt)(]- + S/Wim;)

where Ay = Rz/R; is the optimum gain value to make v, = 0 and ¢ is the
gain error of the inverter respectively. The estimated frequency response of the

Figure 3.36: A simple feedforward structure.

feedforward structure is shown in Fig.3.37. Here the noise suppression bandwidth
not only determined by the cutoff frequency of the inverter w;,,, but also by the
ratio of inverter gain error ¢ to the optimum gain value A,,;. Recall the term of
noise level N L and noise suppression bandwidth wp, and the requirement on the
inverter will be given by

5 = NL(L+ Agy) (3.82)
A,
Winy = 5pth‘ (383)

If the inverter is implemented by the circuit in Fig.3.11, then the gain accuracy
will be determined by the mismatch between devices. On the other hand, the
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inverter Wiy
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inv0| |
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v

Figure 3.37: Estimated frequency characteristic of a feedforward structure.

frequency characteristic depends on the manufacturing tolerance. Again assume
that the manufacturing tolerance is given by «, thus the inverter’s cutoff frequency
at the worst case is given by win,(1 — ). As a result, Eq.(3.83) will become
1 A

Winy — E%MWN (384)
In addition, the inverter’s gain error will be equal to the total device mismatch.
For example, consider the specification in Tab.3.5.1 and assume that Ry = Ro.
From Egs.(3.74), (3.75), (3.82) and (3.84), the operational amplifier’s DC gain

Table 3.9: System specification example.

Parameter Value
Noise level 0.1(-20dB)
Noise bandwidth 100MHz
Manufacturing tolerance +20%
(total) (40%)

Aopo and cutoff frequency wy, , the inverter’s gain error ¢ and cutoff frequency
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Winy are
Ao = 13.34 (= 22.5dB) (3.85)
wep = 167TMHz (3.86)
b = 20% (3.87)
Wine = S34MH. (3.88)

In the case of feedback structure, an operational amplifier with a gain-bandwidth
product of about 2.2GHz is required to fulfill the specification. On the other
hand, an inverter with cutoff frequency of 834MHz and mismatch tolerance of
20% is sufficient to achieve the same performance. These results show that the
speed requirement of the feedforward structure is easier than the feedback one. The
required noise suppression performance then will determine the allowable mismatch
or the gain error of the inverter. In other words, the device mismatch will limit the
noise suppression level. In the contrary, the noise level on the feedback structure
is determined by the gain of the operational amplifier. The higher the gain the
smaller the noise level will be. However the feedback structure suffers from speed
requirement that will limit the noise suppression bandwidth.

3.5.2 Circuit Placement

Since the active shield circuit is also placed on the same chip, it is important to
investigate the effect of substrate noise on the performance of the circuit. Again
consider the active shield circuit in Fig.3.13. If the circuit is implemented on a
double-well p-type substrate, then the digital noise will appear on the bulk of the
NMOS transistors as is shown in Fig.3.38. Here the output voltage Voyr will be
given by

Vour = Vsni — Vsne — Vin + Vru1 — Vrme. (3.89)

where Vppi(i = 1,2) is the threshold voltage of the NMOS transistors. The
threshold voltage Vrp of a MOS transistor with consideration of the body effect
can be written as

Ve = Vrmo +Y(V Vs + 120r8| — V/[26r]) (3.90)

where Vs, Vrho, or are the source-to-substrate voltage, the threshold voltage
when Vgp = 0, the electrostatic potential of p-type substrate respectively, and
is given by

\% 2qN g€

3.91
Cox (3.91)

")/:

Here Ny, €4, and Cox are the substrate doping, the dielectric constant of silicon
and the channel capacitance per unit area respectively. As a result, if the substrate
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Figure 3.38: Considering the effect of substrate noise.

noise V1 and Viyo are correlative, the last two terms in Eq.(3.89) will be

Ve — Vera = v(V Vi + 126r] — Ve + [20F]) (3.92)
VN1 — Ve

= . 3.93

7(\/VNl-l-|2¢F|+\/VN2-+-|2¢F|> (39

Here, when V1 = Vo, the substrate noise will not appear at the output of the
active shield circuit. As a result, the active shield circuit can be placed outside
the guard ring without suffering from the bulk fluctuation caused by the digital
substrate noise.
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3.6 Conclusions

The necessity to use external elements is the main drawback in earlier active shield
circuits. The use of DC offset technique is proposed to enable the implementation
of the overall active shield circuit on a chip without any external elements. Sim-
ulation results show the validity of the proposed circuit and noise suppression of
30dB is achieved.

The measurement results of the active shield circuit show that the DC offset
technique is applicable and the circuit is successfully implemented on the chip
without any external components. It also can be confirmed that the proposed
circuit characteristics are consistent with the simulation results. Measurement
results show that the active shield circuit gives noise suppression performance
of 25B while the simulation results only give 20dB. In addition, the measured
frequency characteristic is worse than the simulated one. These results will occur
when the bias current in the active shield circuit is reduced. Thus the precision of
the model parameters used in the simulation can be considered as the cause.

The implementation of an active shield circuit using feedback and feedforward
structures are examined too. As a result, a feedback structure can provide a high
noise suppression performance while it will be a hard task to improve the speed of
the active shield circuit. On the other hand, the feedforward structure promises
an easier speed improvement while the noise suppression performance will depend
on the matching between devices. Furthermore, the proposed active shield circuit
uses a circuit structure which is less sensitive to the substrate noise and thus it
does not need any particular protection to keep the noise suppression performance.
As a result, it can be placed outside the guard ring.



Chapter 4

Design Methodology Using
Average Noise Evaluation

Figure 4.1 shows the inverter-based active shield circuit introduced in section 3.2.
This circuit assumes that the digital noise is injected exactly at the sense node
and the area inside the guard ring is zero. The gain of the amplifier is set to
—1 and since the resistances are symmetrical, the transfer function from v, to v,
becomes zero. Unfortunately, in the actual mixed-signal integrated circuits the
area of analog circuits inside the guard ring is not zero and digital noise appears
at arbitrary positions instead of the sense node. When these considerations are
taken into account, it is hard to say that the gain of —1 is a reasonable value.

When the area inside the guard ring is expanded to a nonzero value, it will
be found that the active shield circuit will only give a proper noise suppression
performance on a relatively narrow area. The fact that the noise source position
is arbitrary makes the assumption of the symmetrical layout improper.

4.1 Evaluation Method

Figure 4.2 shows the active shield circuit to be optimized. The guard ring is
connected to the ground and the amplifier gain is given by A instead of a fixed
value of —1. The noise source is represented by a current noise source. Since the
purpose of the active shield circuit is to make the transfer function from i, to v,
becomes zero, then solving vy, /i, = 0 for gain A will give

(Rg + Ra)Rb

A=—
RsR.

(4.1)

52
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SEN\SE GUARD RING AR
DIGITAL ANALOG
CIRCUITS /
/ /
SUBSTRATE |

Figure 4.1: Inverter based active shield circuit.

where
Ry Ry
R, = ——F——— 4.2
@ Ry + Rs+ Ry ( )
R, = (Re + R13)(R5 + Ri2) + RsR12 (4.3)
Ria
R, = (Re + R3)(R4 + Rip) + R4Rio (4.4)
Rip
Rs(2R; + R7)
R, = R,4 28\ A7) 4.5
I 2 2Ry + R7 + Rg (45)
RoRy,
R, = ——F——5. 4.6
Ro+ Ry + Ry ( )

Equation 4.1 shows that the optimum gain A depends on the values of Ry and
Rs5 which are determined by the position of the observation point inside the guard
ring. In other words, when A is fixed for a given values of R4 and Rs, a sufficient
noise suppression performance will only be obtained in a narrow area around the
position represented by those resistances.
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CANCEL
SEN\SE GUARD RING
DIGITAL ANALOG
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VWA

RL RR R3 R4[ RS R6
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Figure 4.2: Active shield circuit for optimization.

In order to represent the positions of the noise source and the observation point
inside the guard ring, the resistances Ri, Ro, R4, and R are rewritten as

R o= (1- a)Rdigital (4.7)

Ry = aRiigital (4.8)

Ry = bRanalog (49)

Rs; = (1 - b)Ra'rLalog (410)
where

Raigitas = Ri+ Ry (4.11)

Ranalog = R4+ Rs (4.12)

and 0 < a,b < 1. Using the typical resistances given in Table 4.1, the transfer
functions from v, to v, for various gain values are shown in Figs.4.3 and 4.4. Figure
4.3 shows the transfer function characteristic versus the noise source position for
a fixed observation point. Here when the arbitrary noise source position is taken
into account, the noise transfer function differs from one to another noise source.
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Figure 4.3 also shows that different gain values will also give different noise transfer
characteristics.

Table 4.1: Typical resistances.

Name | Value[(2] | Name | Valuel(]]
Rdigital 400 RS 100
Ranalog 200 Rg 30
R3 50 | Ry 10
Ry 100 | Ryy 100
0.01
0.005 \M _
. XA e e s
KKK KKK KoK KK KKK K
S Nt N N S W - o -5
-0.005 | o oeEa e
> S S R E AAAA EI
x 0 g =
IS a8
-0.01 io ,_
i
-0.015 o |
A=-05 ——
-0.02 . A=-1 -
A=-2 - ¥
A=-4 - B
-0.025 & .
0 0.2 0.4 0.6 0.8 1

Noise Source Position (a)

Figure 4.3: Transfer function from v, to v, for b = 0.5.

Figure 4.4 shows the noise transfer function for various observation points (the
noise source is fixed at a = 0.5). Here when the area inside the guard ring is taken
into account, it can be found that the noise transfer functions are different for all
points in the area across the guard ring. For a given gain value, the zero noise
transfer function will only be obtained at one b value and therefore a sufficient noise
suppression performance can only be obtained in a relatively narrow area. Note
that when A becomes more negative, the observation point position with the zero
noise transfer function will move to a smaller b value. As a result, there is a value of
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the gain A,,q; where the position of the point with the zero noise transfer function
lies on the guard ring area. The essential point is that for 0 < |A| < |4mazl,
there always be a point (which is the value of b) where the noise transfer function
becomes zero. Furthermore the zero noise transfer point drifts with the variation
of the gain value. It seems that any gain value is reasonable because an area
with zero noise transfer function can always be obtained although the position is
different. However as is shown in Fig.4.4, when the gain varies, the noise transfer
function is decreased for a particular area while another area has an increased
noise transfer function. Therefore in order to optimize the performance of the
active shield circuit, an evaluation method considering the overall noise transfer
function characteristic in the whole analog area is required.

0.006

0.004

0.002

0
-0.002

va/vn

-0.004
-0.006

-0.008 - A=-0.5
-0.01 =2

-0.012 - i
0 0.2 0.4 0.6 0.8 1

Observation Point Position (b)

Figure 4.4: Transfer function from v,, to v, for a = 0.5.

Recall Eq.(4.1) which shows that the optimum gain value depends on the re-
sistances and therefore it will be very useful to examine the sensitivity of the gain
to the resistances. Here the sensitivity of the gain to the resistances is defined by

4 _0AR

The results are shown in Fig.4.5. Note that the gain has a large sensitivity to the
variation of the values of R3, Rg, R19, R12, and R13. The sensitivities to the other
resistances are small and can be ignored. As is shown in Fig.4.2, R3 and Rg, R
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and Rpo create two pairs of resistances that will have the same value when the
layout is symmetrical. Assuming Rg = R3 = R, will make the sensitivity of the
gain to R, as the sum of the sensitivities of the gain to R3 and Rg. Thus for a
relatively large R, the gain sensitivity will become lower. Next, assuming that
Ri2 = Rig = R, will make the sensitivity of the gain to R, becomes negligible as
is shown in Fig.4.6. Now it is clear that only Rj3 and R3(= R,) are left for the
consideration. Fortunately, Ri3 will be fixed for a given layout and therefore will
have less contribution to the noise suppression performance.

2 1 T 1 1 T 1 1

LSE

Gain Sensitivity

100 200 300 400 500 600 700 800 900 1000
Resistance [Ohm]

Figure 4.5: Gain sensitivity to resistances (a = b = 0.5).

The gain insensitivity to the values of Rgnu09 and Rgigita is an advantage
since it means that the optimum value of the gain will not be affected by the size
of analog and digital area. When the noise source position (a value) varies in
the active shield circuit in Fig.4.2, the noise amplitude at the sense node and the
part of the noise coupled through the deep portion of the substrate will also vary.
Therefore the sensitivity of the gain to the variation of the noise source position will
be small. On the other hand, since the value of the optimum gain highly depends
on the observation point position (b value), the gain will have a high sensitivity to
the variation of the noise source position. These characteristics can be observed in
Fig.4.7. Note that when A = 0 (thus there is only the conventional guard ring), the
noise transfer function from a noise source to any point inside the guard ring will
always be positive. Next, when A < 0, then the noise transfer function will move
to negative values as the gain becomes more negative. Since the point of interest
is the amplitude of the noise, the absolute value of the noise transfer function then
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Gain Sensitivity

100 200 300 400 500 600 700 800 900 1000
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Figure 4.6: Gain sensitivity to resistances (a = b = 0.5, R3 = Rg = R, R1p =
Ri3 = Ry).

will be considered. Remember that in the range of 0 < |A| < |Aynaz| there always
be a zero noise transfer function at an observation point inside the guard ring.
When A becomes more negative than A,,.;, a noise transfer function to every
point inside the guard ring becomes negative (remember that the cancellation
signal itself is a “noise”) or in other words the amplitudes are larger than zero. As
a result, the sum of the absolute value of the noise transfer functions will always
have a minimum value at a gain value between 0 and A,,,,. Based on the property
that the sum of the noise transfer functions for a specific noise source will always
have a minimum value, an evaluation term by averaging the noise transfer function
which is called Average Noise Transfer Function(ANTF') is introduced. In case of
the active shield circuit as is shown in Fig.4.2, the ANTF will be given by

Ual Va2 VaN

1
ANTF = —||— — 4.14
N Un, Un + + Un ( )
N
1 N Vai
= — = 4.15
V2l (o

where v,, is the noise amplitude at the noise injection point, v,; is the noise ampli-
tude observed inside the guard ring, and N is the number of observation points.
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Figure 4.7: Gain sensitivity to noise source and observation point positions.

Under assumptions that Ris = Rig, R13 = Rg, Rg = R3 and using the typical
resistances shown in Table 4.1, the ANTF values with different gain values and
noise source positions are shown in Fig.4.8.

Figure 4.8 shows that there is a gain value where ANTF' from a noise source at
a given position becomes minimum. However this value depends on the substrate
resistances. For example, Fig.4.9 shows the sum of ANT'F's for a = 0.1,0.3,0.6,0.9
with different R3 values. The larger the value of Rj3 is, the minimum value of the
total ANTF becomes smaller. When Rz > 1002, the total ANTF for every
gain value becomes smaller. Note that when R3 becomes larger, the equivalent
resistance between the noise source and the observation point becomes larger and
this means an increase in the distance between these two points. The farther the
noise source is, the noise amplitude observed inside the guard ring will be smaller
and it explains the result in Fig.4.9. However, since this result is based on the
calculation of a 2-dimensions resistive network, it does not reflect the area of the
sense and the cancellation bands. In fact, a smaller diffusion area will give a larger
value of R3 without increasing the distance between noise source and guard ring.
Since it is too complicated to perform a numerical evaluation of this property, it
will only be shown by simulation results in section 4.2.
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Figure 4.9: Total ANTF versus gain.
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Figure 4.10 shows the value of the gain A at which the minimum total ANTF
is obtained. Note that when Rz > 30Q the optimum gain value becomes |Agp| < 1.
The result in Fig.4.10 agrees with the fact that the optimum gain value has a large
sensitivity to R3 when the resistance is small and the sensitivity is smaller when R3
increases(Fig.4.6). As is explained above, since a large R3 means wasting chip area
then medium Rj3 values are more preferred. Figure 4.10 shows that for Rz > 8052
the gain fluctuation becomes smaller. Therefore choosing the optimum gain when
R3 = 8012 will be reasonable since larger R3 will not greatly change the optimum
gain value. In this case the optimum gain value will be —0.8.
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1.4
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< 12 X‘
£
8 1.1

1 \4\
0.9 2N

0.8 —+

A~

0.7

20 40 60 80 100 120 140
R3 [Ohm]

Figure 4.10: Optimum gain for various R3 values.
Figure 4.11 shows the ANTF of the conventional guard ring and the active
shield circuit for various noise source positions (a values). Here the active shield

circuit gives a lower ANTF' than the conventional guard ring. A maximum ANTF
improvement of about 40% is achieved using the active shield circuit.

4.2 Simulation Results

4.2.1 Simulated Substrate Model

A 3-dimensional resistive network as is shown in Fig.4.12 is used to evaluate the
performance of the active shield circuit more accurately. The top view of the
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Figure 4.11: Optimum gain for various noise source positions.

substrate model with detailed resistances is shown in Fig.4.13. Nodes n and p are
the nodes where the noise is injected and observed respectively. Nodes si-so-s3
and cj-co-c3 are connected together with small resistances R.’s and represent the
sense and cancellation bands respectively. Resistances are shown in Table 4.2.
Here R+ is the resistance of the vertical resistor in the 3-dimensional model
(Fig.4.13). The guard ring, sense and cancel bands are represented by connecting
0.1mf2 resistances. Furthermore, a and ¢ will represent the position of the noise
source while b and d represent the position of the observation point inside the
guard ring (0 < a,b,c,d < 1).

Table 4.2: Resistances for substrate model

Name Q Name Q

Rah 2k Rdh 4k
Rav 2k Rdy 2k
R, 0.lm | R, 100

R, 400 | Ryert 100
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Figure 4.12: Simulated substrate model.
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Figure 4.13: Substrate model top view.
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4.2.2 Average Noise Transfer Function

Figure 4.14 shows the ANTF versus gain values for various noise source positions.
Here the minimum ANTF values are obtained at around A = —0.8 regardless
of the noise source position. Noise sources at a considerable distance will only
contribute small ANT F's and become less significant as is shown in Fig.4.15. It
also shows that the ANTF obtained with the active shield circuit is about half
of the one when using the conventional guard ring. However, the proposed circuit
(A = —0.8) only has a lower ANTF around 5% of the conventional circuit (A =
—1).
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Figure 4.14: Simulated ANT'F for various gain values.

As is shown in Fig.4.10, the optimum gain becomes smaller with the increasing
in R3 value which will give the advantage for speed improvement. It is written
in section 4.1 that increasing the distance between noise source and the guard
ring will increase R3. However this is not preferred since it will increase the area
consumption of the active shield circuit. Another way to increase R3 is reduction
in the area of the sense and cancellation bands. This property can be implemented
by removing the small resistances R.’s which connecting nodes si-so-s3 and ¢i-co-
c3 thus the input and the output of the active shield circuit are only connected
to nodes so and co respectively. The variations of the area of the sense and
cancellation bands are reflected by changing the resistances Rg’s connecting nodes
so and ¢ to the guard ring.
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Figure 4.15: Simulated ANT'F for various noise source positions.
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Figure 4.16: Average noise transfer function for smaller sense and injection
diffusion areas.
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As an example, the resistances Ry’s connecting nodes s, and ¢, to the guard
ring are increased ten times larger. In addition, the optimum gain for this case is
found to be —0.4. Figure 4.16 shows the average noise level for the conventional
circuit (A = —1) and the proposed circuit (A = —0.4). It shows that the proposed
circuit gives the best improvement of about 28% for @ = 0.1 and an improvement
of 10% is achieved at a = 0.9.

4.3 Conclusions

A design methodology of active shield circuit based on average noise evaluation is
proposed. An investigation on the sensitivity of the gain to the resistances shows
that only Rs which should be considered in the design methodology to find the
optimum gain value. As is shown in Fig.4.10, choosing R3 > 502 will give a gain
value which is less sensitive to the variation of Rjs.

A further design with consideration on the area of the sense and cancellation
bands shows that the optimized gain is found to be —0.4. The active shield circuit
designed with the proposed optimization method gives a maximum improvement
of about 28% compared to the conventional circuit. In addition an ANTF im-
provement of about 10% is achieved for noise sources at a far distance from the
guard ring.



Chapter 5

Layout Consideration

This chapter will discuss the optimum layout of the active shield circuit. First
the drawback of the conventional layout will be shown and then followed by the
explanation of the cause. For speed improvement of an active shield circuit, some
of the layouts that require an operational amplifier will not be discussed. Active
shield layouts proposed in this chapter will only need an active shield circuit with
a small gain.

5.1 Conventional Active Shield Layout

The previous chapters introduce the active shield circuit which senses the noise at
a node between digital circuits and guard ring, and injects the cancellation signal
into a node on the other side of the guard ring. Consider the active shield circuit
in Fig.4.2. Equations (4.1) ~ (4.6) show that the optimum gain value A depends
on the values of Ry and Rs5. Since these resistances represent the position of the
noise observation point inside the guard ring, this also means that for a fixed A,
a proper noise suppression will only be obtained at a relatively narrow area. This
can be explained briefly using Fig.5.1.

Figure 5.1 shows that the conventional active shield layout reduces the noise
after it reaches the analog bulk. This means that the noise will be effectively re-
duced only when the amplitude of the cancellation signal is equal to the amplitude
of the noise and its phase perfectly differs 180° from the noise phase. Since both
the noise and the cancellation signal are attenuated across the substrate, the area
where the noise is canceled out will be very narrow. Furthermore, since the can-
cellation signal itself is a noise this layout will add a noise at the other side of the
guard ring. Define the effective noise suppression as the ratio of noise amplitude
inside the guard ring between passive guard ring and active shield circuit.

67
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Figure 5.1: Conventional active shield layout.

Effective Noise Suppression Level [dB]

0 0.2 0.4 0.6 0.8 1
Observation Point Position (b)

Figure 5.2: Effective noise suppression of the conventional layout.

The effective noise suppression when A = —0.8 and Rz = 802 is shown in
Fig.5.2. This figure shows that the active shield circuit reduces the noise to half
of the noise level for about 26% of the entire area inside the guard ring when a
conventional passive guard ring is used. Furthermore it will reduce the noise level
to one tenth for 2.2% of the area inside the guard ring.
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5.2 Proposed Active Shield Layout

Section 5.1 describes that the conventional active shield layout will be only effec-
tive for a narrow area since the noise is reduced after it reaches the analog area.
Therefore, the key of the solution is how to reduce the noise before it reaches
analog area. This section will show two alternatives to improve the effective noise
suppression area of the active shield circuit.

5.2.1 Basic Idea

The first solution is canceling out the noise at the digital area instead of analog
area by injecting the cancellation signal into a node on the other side across the
digital area as is shown in Fig.5.3. Here the gain of the amplifier A required to

1 u=
R2 | Rs
in sVAVAVAE SVAVAVAS AV
% RS% m%p@ R11
VAVAVAereVAVAVA
szRs

4 Rs

&

E

R1

Figure 5.3: Active shield layout with cancellation node in digital area.

make the transfer function from 4,, to v, becomes zero is given by

(Rs+ Ra)Rp

A=—
RsRc

(5.1)
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where
Ry Ry
R = - 5.2
A Ry + Rs + Rp (5.2)
R Rg)(R R RoR
Ry — (R1+ Rg)(R2 + R7) + RoRy (5.3)
Ry
RsRp
R = — 5.4
“ Ry + Rgs + Rp (5.4)
(R1 + RG)(RQ + R7) + RoR7
R = . 5.5
b R1 + Rg (5:5)

Equation (5.1) shows that the optimum gain value is independent of the values of
R4 and Rs which means the noise suppression performance is not affected by the
position of the observation point inside the guard ring. In other words, a proper
noise suppression performance can be obtained for the entire area inside the guard
ring.

Unfortunately the proposed circuit layout in Fig.5.3 has a shortcoming. Com-
monly the digital part in a mixed-signal integrated circuit usually has a much
larger area than the analog part. In case of the layout in Fig.5.3, the sense node
should be placed between the guard ring and the digital part while the output
node should be placed at the opposite edge of the digital part. It means that the
cancellation signal should be transmitted across the digital part which in most
cases would be a long transmission line and thus produce a significant delay. This
will reduce the performance of the active shield circuit.

Based on the study of the conventional circuit layouts, in order to obtain a
proper noise suppression for the entire area inside the guard ring, the method
which suppresses the noise before it reaches analog part is chosen. Furthermore,
in order to reduce the delay of the transmission line, the output of the active shield
circuit should be placed near its input. The proposed layout is shown in Fig.5.4.
In this case, the optimum gain will be given by

(Re + Ra)R1o

A=— 5.6
RoRn (5.6)
where
R1Rg
Ry = ———— 5.7
A 2R1 + R7 + Rg (5:7)
R Ro)(R R R3R
Rp = (R2 + Ro)(R3 + Ro) + Rz Ry (5:8)
Ry
(R1+ R7)Rg
Re = ————. 5.9
¢ 2R1 + R7 + Rg (5.9)

Since the optimum gain is determined by the substrate resistances, it will be
very useful to examine the sensitivity of the optimum gain value to the variation of
substrate resistances. The sensitivities for typical resistances are shown in Table



CHAPTER 5. LAYOUT CONSIDERATION 71

Ra Rs Re

In R7 Rs%Rg%Rlo%Ru%Rlz Ri3
WML ANN- AN
R R f

Ra Rs Re

Figure 5.4: Active shield layout for optimum performance.

5.1. It shows that the optimum gain value has a high sensitivity to the values
of Rs, R3, Rg, and R19. However, since they are fixed for a given layout, the
sensitivities to these resistances can be ignored. The values of Ry and Ry will vary
with various noise source positions and injection area. Fortunately, since the gain
sensitivities to these resistances are low, the variation of noise source position and
injection area will not have great effects on the active shield circuit performance.
The optimum gain value for various resistances is shown in Fig.5.5. Using the initial
resistance in Table 5.1, for a given resistance range from 10 to 1002, the optimum
gain value never exceeds —1. On the other hand, it reaches -2 for Ry = 1012.
Note that since the horizontal and the vertical resistances depend on the distance
between two nodes and the size of the substrate contact respectively, a careful
layout which also means carefully selecting the resistances will guarantee that the
optimum gain value will always be smaller than —1. Therefore an attenuator will
be required instead of an amplifier. This will give an advantage for improving the
active shield circuit’s bandwidth.

Table 5.1: Gain sensitivity to substrate resistances.

Name | Value[(}] S# | Name | Value[()] Sa

Ry 100 | -0.095 | Rs 50 | 0.175
Ry 50 | 0.924 | Ry 50 | 0.36
Rs 50 | -0.64 | Ry 20 1

Ry 100 | 0.124
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Figure 5.5: Optimum gain for various substrate resistances.

5.2.2 Circuit Implementation

An alternative implementation of the amplifier for an active shield circuit is shown
in Fig.5.6. This circuit is derived from the circuit in Fig.3.13. Transistor M;
works as a V-I converter which converts the input voltage to current. This current
then will be inverted by the current mirror and converted to the output voltage
by My. The MOS transistors M, to My construct a current switch to control the
gain of the amplifier while keeping the bias current constant. Assume that Vi and
the input voltage are zero (the input node is grounded) and therefore the gate to
source voltages of My, My and M3 are equal (Vgs1 = Vigsa = Vigss = Vo). Here
their drain currents will be given by

Ipsi = Ips2=2K(Vy—Vry)? (5.10)
Ipss = L15K(Vo—Vrn)* (5.11)
Under the assumption of an ideal current mirror, I1 and I become

1 1
L =1, = EIDSI + §IDSQ (512)

= 2K (Vo — Vrw)?, (5.13)
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Figure 5.6: Proposed circuit.
therefore the drain current of My is
ID54 = IZ —ID53 (514)
= 2K(Vp— Vrn)? — 1.5K(Vy — Vrn)? (5.15)
= 05K (Vo — Vrn)2 (5.16)
The gate to source voltage of M then will be given by
Vosi = /2250 4 vy (5.17)
0.5K
= V. (5.18)
Thus the bias voltage of the output node is
Vour = Vorr+Vo—Vasa (5.19)
_ v, (5.20)

In order to produce this offset voltage, a constant bias current is injected into the
substrate. The transistor My will supply this bias current while forming a feedback
loop to fix the drain voltage of My.
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5.2.3 Poles and Zeros Estimation

In this section, the poles and zeroes of the circuit in Fig.5.6 will be estimated as
a consideration to improve the frequency performance of the active shield circuit.
Note that the frequency characteristic of noise suppression performance is deter-
mined by the dominant pole of the active shield circuit. Since the gain of the
active shield circuit needs to be tuned to achieve a proper noise suppression, it is
preferable that the dominant pole of the circuit is not affected by the variation of
the gain. Therefore it is necessary to find which circuit parameters determine the
dominant pole. First, consider the input stage shown in Fig.5.7. Here the transfer

MIN V1
A0 515 e
O Vin

Figure 5.7: Input stage of the active shield circuit.

function from vy, to v; will be given by

U1 Imin T SCgs_in

~ . 5.21
Uin Im_in + S(Cgs_in + C’gsl) ( )

Here gy, and Cys are the transconductance and the parasitic capacitance between
gate and source of a MOS transistor respectively. The first pole and zero will be

given by
Wy A gj”—m (5.22)
gs_in
w1 A _ Imein (5.23)

Cgs_in + Cgsl ‘
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Figure 5.8: Gain control stage.

Next, the second pole can be obtained from the the drain node of M; as is shown
in Fig.5.8. Here it will be given by

Ima + Gmb
Wpoy RE — . 5.24
v C’gsoc + Cgsb ( )

The third pole will be the pole of a current mirror and is commonly given by

wp3 A . (5.25)

gsem

The fourth and fifth poles can be estimated from the output stage in Fig.5.9. They
will be given by
gm4gm5Rsub
w R~ , 5.26
P (1 + gm4Rsub)Cg35 ( )
ImAa9m5Tds3Tds4
(Tds?) + Tds4)Cgs4

Wps (5.27)
respectively. When ¢4 Rsyp < 1 is assumed, the fourth pole given by Eq.(5.26)
will be the dominant pole of the active shield circuit. In order to keep the speed of
the circuit, it is necessary to make the transconductances g4 and g5 constant.
This can be achieved by applying a constant bias current to My and Ms. Assume
that Ms, M., and My are removed from Fig.5.6. When the gain is changed by
varying V¢, the bias currents flow through My and M5 will also be changed. The
cutoff frequency of the circuit will become lower when the gain is decreased. In
order to avoid this problem, My, M., and M, are added. These transistors provide
an additional bias current which will increase when the gain is decreased. Thus
the bias current of My will always be constant.
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Figure 5.9: Output stage of the active shield circuit.
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5.2.4 Simulation Results
Simulated Substrate Model

Resistive networks with 11 nodes are used to represent the area of the digital part
and analog part inside the guard ring as is shown in Fig.5.10. The noise source
is injected at nodes d; ~ di; while the noise level inside the guard ring will be
observed at nodes a; ~ aj;. The unlabeled horizontal resistances and vertical
resistances are 5002 and 100€) respectively. The other resistances are shown in
R2
CC dyd Sw \ CR3

11 nodes 11 nodes

Figure 5.10: Simulated substrate model.

Table 5.2: Resistances for substrate model

Name | Q2 | Name | 2 | Name | Q
R, 50 | Rg 50 | Ry 50
Ry 50 | Ry 80 | Ry 30
R 50 | Ry 50 | Ry 50
R, 50 | Ry 50 | Ri3 80
Rs 50

Proposed Circuit Characteristic

The proposed circuit is simulated using HSpice circuit simulator with 0.35um
CMOS process parameters. The supply voltage is 3V and the output offset voltage
Vors is set to 50mV. Figure 5.11 shows the gain characteristic of the proposed
circuit versus the gain control voltage V. Here the gain varies from -46dB to
9dB when Vi is changed from -0.5V to 0.5V. Figure 5.12 shows the frequency
characteristic of the variable gain amplifier. Note that the cutoff frequency of the
variable gain amplifier does not change even when the gain is varied. This result is



CHAPTER 5. LAYOUT CONSIDERATION 78

confirmed by the analysis of the dominant pole in section 5.2.3. It is proved here
that the speed of the variable gain amplifier will not decrease as long as the bias
currents of My and Mgy are kept constant.
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Figure 5.11: Gain versus control voltage.
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Figure 5.12: Frequency characteristic of variable gain amplifier.
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Active Shield Circuit

Figure 5.13 shows the frequency characteristic of the conventional passive guard
ring and the proposed active shield circuit. A current noise source is injected into
node dg and the noise level inside the guard ring is observed at node ag. Since
the guard ring is connected to the ideal ground, the frequency characteristic is
flat. The conventional passive guard ring suppresses the noise level to -52dB. On
the other hand, the active shield circuit gives a minimum noise level of -85dB
for Vo = —0.31V. Under an assumption that Vo varies in a range of +10mV,
the active shield circuit still gives a noise level 18dB lower than the conventional
passive guard ring.
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Figure 5.13: Frequency characteristic of the proposed active shield circuit.

Figure 5.14 shows the noise level at each node inside the guard ring. It shows
that the conventional layout reduces the noise only for a relatively narrow area. On
the other hand, the proposed layout effectively reduces the noise level on the entire
area inside the guard ring. It seems that the proposed layout shown in Fig.5.3
might have a better performance than the proposed layout in Fig.5.4. However,
with the given substrate model the proposed layout in Fig.5.3 needs an amplifier
with a gain of 72dB. Since the implementation is impractical, it is simulated using
ideal components. Practically, noise source positions in a mixed-signal integrated
circuit are arbitrary and it is necessary to inspect the performance of the proposed
active shield circuit considering this property of a noise source position. The
simulation result is shown in Fig.5.15. It shows that the noise levels inside the
guard ring when using the passive guard ring, the conventional layout and the
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Figure 5.14: Noise level observed at each node inside the guard ring.

proposed layouts decrease with the increase of the distance from the noise source
to the guard ring. The proposed layout in Fig.5.3 gives the lowest noise level for the
optimized noise source position but noise from different position is not properly
reduced. The difference between the lowest and the highest noise level for the
layout in Fig.5.3 is about 70dB while the layout if Fig.5.4 only has a difference of
about 30dB.

Since the noise level inside the guard ring is reduced proportionally with the
increase in the noise source distance to the guard ring, it will be more effective to
optimize the gain of the active shield circuit with a noise source injected at node
d;. Figure 5.16 shows the simulation result of the noise level inside the guard
ring for various noise source positions when the gain of the active shield circuit is
optimized for a noise source at node d;. Similar to the characteristic in Fig.5.15,
the layout in Fig.5.3 has lowest noise level for the noise in the optimized position
( dy). Although reduced, the difference between the noise level for the optimized
noise source position and the worst noise level is 20dB. On the other hand, the
difference between the noise level for the optimized noise source position and the
worst noise level of the layout in Fig.5.4 is only 3dB. As a conclusion, in order
to obtain the optimum noise suppression performance for arbitrary noise source
positions, the gain of the active shield circuit should be optimized to suppress the
noise from the nearest source to the guard ring.
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Figure 5.16: Noise level observed at node ag with various noise source position
(optimized for noise injected at node dy).
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In the previous simulations, it is assumed that there is only one noise source
while there are actually multiple noise sources. Fortunately, since superposition
principle is adaptable, multiple noise sources can be represented as a single equiv-
alent noise source. Therefore the above simulation results is also well applied with
multiple noise sources.

5.3 Consideration on Bulk Potential Gradi-
ent

As is explained in section 3.2.1, the DC offset technique is applied in order to
enable the full integration of the overall active shield circuit on the chip. This
method will apply a DC voltage to the substrate and therefore it may cause a
substrate potential gradient on the analog area. Since the bulk potential gradient
is a serious issue when device matching is critical, it should be fairly examined.
The potential gradient is simulated using the substrate model in Fig.5.10. A DC
bias offset of 50mV is applied at node ¢y and the potentials at nodes a;(i=1 ~ 11)
are observed. The simulation result is shown in Fig.5.17. Here the maximum bulk

3m — T T 1 T T T T T T
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3

1.5m
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[EEY
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al a2 a3 a4 a5 a6 a7 a8 a9 aldo all
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Figure 5.17: Bulk potential gradient on the area inside the guard ring.

potential difference is found to be as small as 2.23mV. Since devices which need
good matching should be placed nearby, the bulk potential difference will be less
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than 2.23mV. As a result, the DC bias offset applied on the substrate will not
greatly affect the matching between devices.

5.4 Conclusions

It is revealed that the conventional active shield layout only has an effective noise
suppression performance on a narrow area inside the guard ring because the noise is
canceled after it reaches analog bulk. A new layout of an active shield circuit based
on the noise cancellation before the noise itself reaches analog bulk is proposed.
The proposed layout is able to suppress the noise at the entire area inside the guard
ring. Simulation results show that the proposed layout gives a noise level of -85dB
while the passive guard ring suppresses the noise to -52dB. The deterioration of the
noise suppression performance due to the fluctuation in the gain control voltage of
the amplifier can be reduced by reducing the voltage-to-gain conversion parameter
value.

A brief estimation on the dominant pole of the proposed active shield circuit
is performed. The dominant pole position is kept constant by applying a bias that
does not depend on the gain of the circuit. The layout of the proposed active
shield circuit should be chosen carefully in order to keep the optimum gain of the
amplifier as low as possible and thus gives a possibility for speed improvement.

The effect of applying a DC bias offset onto the substrate is also investigated.
A simulation result shows that the maximum bulk potential difference is 2.23mV
when an offset of 50mV is applied. Since devices need to have a good matching
are commonly placed nearby, the bulk potential difference then will be less than
2.23mV and therefore the DC bias offset will not cause a significant effect on the
matching between devices.
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Automatic Gain Controlling

6.1 Drawback in Proposed Layout

This section will describe the drawback of the proposed active shield layout. Con-
sider the proposed active shield layout shown in Fig.5.4 and redraw it to a simplified
circuit block as is shown in Fig.6.1. This simplified circuit block will be used to

GUARD RING
e

' va

vn °'|' K1
K2

vp

Figure 6.1: Simplified circuit block of active shield layout in Fig.5.4.
analyze the transfer function of the proposed active shield layout in Fig.5.4. Here
Up, Up, Uq and K;’s(i =1 ~ 4) are the noise source, the noise at the deep portion

of the substrate, the noise at an observation point inside the guard ring and the
transfer parameters which are determined by the substrate resistances respectively.

84
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The transfer function from v, to v, then will be given by
v
£ = K1 K3A1 + K. (61)
Un
The noise transfered to the analog portion will become zero when v, = 0, that will
result in the optimum gain value A; of
K

A =— .
! K1 K3

(6.2)

The above result shows that as long as the gain of the amplifier Ay is set to the
value given by Eq.(6.2), the transfer function from v,, to v, will always become zero.
It is clearly stated that the optimum gain of the active shield circuit is determined
by substrate resistances. In order to set the gain of the active shield circuit to a
proper value, it is necessary to know the substrate resistances in advance. The
practical problem is that the values of substrate resistances and thus the values
of K;’s are unknown until the chip is fabricated because they highly depend on
physical characteristics of the substrate. Since the physical characteristics of the
substrate are affected by the fabrication process itself, process variation also has
a significant effect on the performance of the active shield circuit. As a result
when the gain of the active shield circuit differs from the optimum value given by
Eq.(6.2), then the absolute value of the noise transfer function from v, to v, will
become larger as is shown in Fig.6.2.
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Figure 6.2: Noise transfer function versus the gain of the active shield circuit.
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6.2 Automatic Gain Control Principle and Im-
plementation

Since the process variation will vary the substrate resistances and thus change the
optimum gain value which is required to make the transfer function from v, to v,
become zero, the utilization of an automatic gain control technique will compensate
this problem.

Assume that the gain control is given by the circuit block G as is shown in
Fig.6.3. Next, rewrite the gain A as

G

Figure 6.3: Circuit block for automatic gain scheme.

Al = Ao — G’Ua (63)
= Ay — GKquvp, (6.4)

where Ay is an initial gain of VGA and G is a gain control parameter. Substituting
Eq.(6.4) into (6.1) and solving it for v, will give
(Ao K1 K3 + Ka)u,

_ , 6.5
U = L GK, KsKao, (6.5)

It can be derived from Eq.(6.5) that v, = 0 when Ag set to the optimum gain value
given in Eq.(6.2). However it is assumed that the initial value of the amplifier
cannot be set to the optimum value because of process variation. Fortunately,
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increasing the value of G will make v, approaches zero. This shows that G' will
need a high-gain circuit block such as an operational amplifier. Refers to Fig.6.3,
the input of the circuit block G is the residual noise v, detected at one node inside
the guard ring while its output is the gain control voltage of the VGA A;. Since
a DC bias is more preferred as the gain control voltage of the VGA, the circuit
block G will also need an integrator. In order to prevent the integrator output
from converging to zero value, a wave rectifier preceding the integrator is needed.
As a result, the circuit block G will be given by the circuit in Fig.6.4.

VA VC

4 G -

\

VA VC
OPAMP RECTIFIER INTEGRATOR —>

Figure 6.4: Implementation of circuit block G.

In order to calculate the integrator output, assume that the noise waveform, op-
erational amplifier gain and the integrator transfer function are given by Vysin(wt),
Ay, and 1/(1 + sCR) respectively. Here the integrator input v;n.(t) will be given
by

vine(t) = Ay|Vnsin(wt)| (6.6)
—A,Vysin(wt) (-Z <t <0) 6.7)
A Vysin(wt)  (0<t< D) '
where T' = 27 /w. Here the Fourier series of v;,;(t) will be given by
a oo oo
Vine(t) = 30 + Z ancos(nwt) + Z bpsin(nwt) (6.8)
n=1 n=1
where
4
ap = ;AvVN (6.9)
24, 1— (=t 11— (=1n!
a, = Yy ) _1-CD (6.10)
T (n+ 1w (n—1)w

by = 0. (6.11)
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Note that when n is an odd number, a, = 0 and for an even number n = 2m, a,
is
4A, VN 1

T 1—4m?

(n = Qo = (6.12)

Substituting Eqgs.(6.9) and (6.12) into (6.8) will give the output voltage of the
integrator v (t) as

2A VN cos(2muwt)
Vint () = < 2 Z 13 ) : (6.13)
The Laplace transform of Eq.(6.13) will be given by
24,V (1 G 1 s
V = -+2 . 6.14
TNT(8) - X <S + z:: (1= am?) (4m2w2+82)> ( )
The integrator output Vi (s) then can be found as
1
= —_ . 1
Ve(s) V[NT(S)l T oCR (6.15)
Substituting Eq.(6.14) into (6.15) will give
2A, VN 1
Ve = -
c(s) - <s (1+ sCR)
o
1 2 1
2 6.16
* mzzl (1 —4m?) (4m?w? + s2) (1 + sCR)) (6.16)

because a lossy integrator, or a 1lst-order RC circuit is assumed as an integrator
in Fig.6.4. This can be rewritten into
2A,Vn (1 CR

s

Vels) = ~ (1+sOR)

s

2mw 1 CR
n Z |: Am2w 2+S ) ‘I’ QmWCR(4m2w2+52) -3 (1+SCR)] (6 17)
(1 — 4m?)(1 + 4m2w2C?R?) S

Finally, the output of the integrator can be found as the inverse Laplace transform
of Eq.(6.17) as

ve(t) = 24, Vy <1 — e e

s

% 4 [Cos(2mwt) + 2mwCRsin(2mwt) — e~ RO]
+3 (6.18)
(1 —4m?)(1 + 4m>w?C?R?)

m=1
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Assuming that w > 1/(CR) will make the second term of Eq.(6.18) approaches
zero and v, (t) becomes

2A
Uc (t) ~ v VN t

(1—e CR) (6.19)
which is in fact the step response of the circuit in Fig.6.4. Equation (6.19) shows
that the settling time of the gain control circuit can be roughly estimated by
calculating its step input response. Now rewrite Eq.(6.5) as

(AoKlKg + KQ)’Un(t)

™

t 2

u(t) 1+ K1 K3K1Gon(t) (6:20)
ApK1 K3 + Ko)un(t

_ (AoFaKs + Ks)un(t) (6.21)
1+ K1K3K4’Uc(t)

Substituting Eq.(6.19) into (6.21) will give

AoK K + K

op(t) ~ (AoFL K, + Ky n(t). (6.22)

1+ K K3 Ky 222V (1 — ¢~ o)

For t > 1/(CR), e Cr ~ 0 and therefore the noise level at the deep portion of
the substrate v, (t) is

(AoKlKg +K2)
v, (t) =~ vUn(t). 6.23
»(t) 14 K K3, 24V () (6.23)

When A, is large enough, then Eq.(6.23) will approximately equal to zero. This
result gives a proof that the active shield circuit with automatic gain scheme can
effectively reduce the noise regardless of process variation.

Furthermore, investigating the transient characteristic of the gain of the VGA
Aq will give an additional explanation to the mechanism of the gain control feed-
back loop. Substituting Eq.(6.5) into (6.4) will give the gain of VGA as

A[) — K2K4G’Un(t)

A = 6.24
YT 1+ KKKy Guy () (6:24)
which can be rewritten as
Ao — K2K4Uc(t)
At 6.25
1®) 1+ K1 K3K400(t) (6.25)
Ag — KoK 222VN (1 — ¢~ cr
_ A KRR e or) (6.26)

1+ K1K3K42AUTVN(1 — 6_#)
Here when ¢ = 0 then A;(0) = Ap which is the initial gain of the VGA. For
t > 1/(CR) and assume that K1K3K42A”TVN > 1, then A;(t) becomes
Ao Ko

Ai(t) = — .
1( ) K1K3K42AUTVN KIKB

(6.27)

Note that the second term of Eq.(6.27) is equal to the optimum gain value given
in Eq.(6.2).
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6.3 Simulation Results

HSpice simulation using a circuit model as is shown in Fig.6.5 is used to confirm
the performance of the proposed system. The substrate model is given by the
resistive network shown in Fig.5.10. The circuit parameters are given in Table 6.1.

Rint
Ruga ABS

int

Sl A

UBSTRATE

Figure 6.5: Simulated model of the proposed circuit.

Here the cutoff frequency of the integrator f;,; and the gain of the operational

Table 6.1: Circuit parameters

Name Value
Gm 100 uS
VGA gain | -1~0
fint 1 Hz
Ao 112 dB
fop 100 Hz
K, -2 V-
amplifier A, are given by
1
fint R Cor’ (6.28)
Ay
A4, = — 9 (6.29)

1+ s/(2mfop)’
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and K, is the voltage-to-gain conversion parameter of the VGA. The initial gain
of the VGA is set to zero.

0.12
//
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S
> 0.06
o
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o /
£
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0
0 0.05 0.1 0.15 0.2 0.25
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Figure 6.6: Transient characteristic of the gain control voltage Vi (sine wave

200pA, ,@1kHz).
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Figure 6.7: Noise level inside the guard ring observed at Vs (sine wave
200pA, ,@1kHz).
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The noise source is represented by a current source of a sine wave with an
amplitude of 200puA,, at 1kHz which is injected at node dg. The gain control
voltage Vo and the noise amplitude at node ag are observed. The results are shown
in Figs.6.6 and 6.7 respectively. After the system is settled, the noise amplitude is
17V while the noise amplitude without active shield circuit is 83V. This means
a noise reduction ratio of 14dB is achieved when the active shield circuit is used.

In an actual mixed-signal ICs there are multiple noise sources with different
amplitudes. Figure 6.8 shows the circuit model to simulate this case. Here iy1, in2,
and i,3 are given by 1kHz sine waves with amplitudes of 200 A, 300uA, and 400 A
respectively. The result is shown in Fig.6.9. It shows that the control voltage V¢
keep tracking the change of noise source position and amplitude. As a result, the
noise amplitude Vg is kept small although it increases slightly at the transition
period of the VGA gain.

UBSTRATE

Figure 6.8: Active shield circuit model with multiple noise sources.

Table 6.1 shows that the cutoff frequency of the integrator is set to 1Hz. Al-
though it may depend on the implementation of the integrator, a large capacitance
might be required and thus consumes chip’s area. Let the ratio between the cut-
off frequency of the integrator f;,; and the frequency of the noise f, be m. The
transient characteristics of the automatically controlled active shield circuit for
different m values are shown in Fig.6.10. Here m is varied from 10 to 10000 and
the noise frequency is 1MHz. It shows that the active shield circuit converges even
if the cutoff frequency of the integrator is only one tenth of the noise frequency.
Equation (6.18) shows that the gain control voltage of the active shield circuit
Vo contains the noise component whose amplitude is inversely proportional to the
value of m. Thus the fluctuation of Vi will increase for smaller m values. As
a result the gain of the active shield circuit will vary and the noise suppression
performance is degraded. However Fig.6.10 shows that the noise level does not
increase much for small m. The reason is that the voltage-to-gain conversion pa-
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rameter of the active shield circuit is small and thus the fluctuation of the gain
control voltage will not cause a great variation of the gain.

6.4 Conclusions

The noise suppression performance of the proposed active shield layout in Fig.5.4
is found to have a high dependency on the gain of the active shield circuit. An au-
tomatic gain control scheme is applied in order to obtain an optimum gain which
will give a proper noise suppression performance without a priori knowledge of
substrate resistances. The proposed active shield circuit with automatic gain con-
trol gives an improvement on the noise suppression performance of 14dB compared
to the guard ring.

The behavior of the proposed system under the condition of multiple noise
sources is also simulated. The proposed circuit shows capability to track change
in noise source position and amplitude as well. A consideration on the relation
between the integrator cutoff frequency and the noise frequency is also examined in
order to ease the design requirement of the proposed system. As a result the cutoff
frequency of the integrator can be set as high as one tenth of the noise frequency
without causing any significant degradation in the noise suppression performance.
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Figure 6.9: Active shield circuit model with multiple noise sources.
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Chapter 7

General Conclusions

Various substrate noise suppression techniques are discussed. A commonly used
passive guard ring effectively reduces the noise transfered through the surface of a
substrate. However it cannot reduce the noise coupled through the deep portion of
a substrate. Noise suppression using active shield circuit is proposed as a solution
to reduce the noise coupled through the deep portion of the substrate on a standard
double-well CMOS process.

The earlier active shield circuits are either implemented off-chip or need exter-
nal components. This is not preferable that the substrate noise is once brought out
of the chip because it may affect other devices. The integration of the active shield
circuit is enabled by the use of the proposed DC offset technique. The validity
of the proposed technique is confirmed by both simulations and measurements.
Measurement results show that the active shield circuit gives a noise suppression
performance of about 25dB or in other words the noise is reduced to approximately
5% of its original amplitude.

The simulation using substrate model which considers the area of digital and
analog circuits shows that the active shield circuit implemented using an inverter
with a gain of —1 is no longer valid. A design methodology for the active shield
circuit by evaluating the average noise transfer function is proposed. The simula-
tion results show that the active shield circuit with optimized gain gives a lower
average noise transfer function than the one with gain of —1. The improvement
is found to be as large as 28% for noise sources near the guard ring to 10% for
noise sources far from the guard ring. The noise suppression improvement for noise
sources far from the guard ring is smaller, however it will not be a great matter
since the farther the noise source is the noise amplitude when it reached analog
bulk will become smaller.

The conventional layout of the active shield circuit is found to be effective
only for a narrow area inside the guard ring. A new layout based on the principle
of noise cancellation before it reaches analog bulk is proposed. Analysis results
show that the proposed layout is capable of reducing the noise on the entire area
inside the guard ring. A brief estimation on the dominant pole of the proposed

96
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active shield circuit is performed. The dominant pole position is kept constant by
applying a bias that does not depend on the gain of the circuit. The proposed
active shield layout provides a noise suppression improvement of more than 30dB
compared to a passive guard ring. The layout of the proposed active shield circuit
should be chosen carefully in order to keep the optimum gain of the amplifier as
low as possible and thus gives a possibility for speed improvement.

The noise suppression performance of the proposed active shield layout highly
depends on the gain of the active shield circuit. An automatic gain control scheme
is proposed in order to tune the gain of the active shield circuit and to obtain
a proper noise suppression regardless of substrate resistances. Simulation results
show that the proposed system gives a noise suppression performance of 14dB or
more compared to that of passive guard ring. The behavior of the proposed system
under the condition of multiple noise sources is also simulated. The proposed
circuit shows capability to track change in noise source position and amplitude
as well. A consideration on the relation between the integrator cutoff frequency
and the noise frequency is also examined in order to ease the design requirement
of the proposed system. As a result the cutoff frequency of the integrator can
be set as high as one tenth of the noise frequency without causing any significant
degradation in the noise suppression performance.
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