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ABSTRACT

In order to improve p+ guard-ring performance for high frequency substrate noise
suppression, this thesis presents. an active guarding circuit employing noise
decoupling and inversion feedback for substrate noise suppression in high frequency
up to GHz. Proposed inversion feedback circuit can efficiently suppress high
frequency substrate noise up to GHz range by introducing a zero and an amplitude
controller. The noise decoupling circuit not only provides a decoupling path, but also
senses the noise level for the amplitude controller to perform noise cancellation. By
applying the proposed active guarding circuit implemented in 0.13um CMOS process,
the noise suppression of passive guard ring can be improved more than 14dB in the

frequency range from DC to 1GHz.
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Chapter 1

| ntroduction

The drive for lower cost, smaller size and more features has motivated the
combining of analog circuits with digital subsystems. However, continuous
down-scaling of CMOS technology has leaded VLSI design to “System-on-Chip”
(SOC) design, a single chip solution for both digital and analog circuits. Examples are
single chip cameras, cellular phones, and handheld computers or new generations of
combined telecommunication systems that ‘include analog, digital signal processing
circuitry. The analog circuits needed @ the interface between the electronic system
and the continuous-valued outside world are also being integrated on the same die for
motivations of price and performance. However, this single chip solution is facing the
problem of analog performance degradation due to impact of digital switching noise,
also called substrate noise. This substrate noise comes from digital circuit, as digital
circuit switches in the common substrate. The substrate noise will couple to analog
circuit on the common substrate and influence sensitive analog circuit integrity.
Hence such integration causes substrate coupling noise resulting in the degradation of

signal integrity. Substrate noise generation and coupling in 1Cs has been thoroughly



identified as one of these bad affairs. This situation becomes even worse as the supply
voltage lowers, and the operation frequency increases, especialy when the
components are placed more densely on a chip. Such as wireless system on chips,

mixed-signal on the same die will only exacerbate the issue.

S Wy

Digital circuit Analog circuit

Substrate

Figure 1 Illustration of substrate neisecoupling-from a digital circuit to analog
circuit

Substrate noise from the digital logic gates travels through the supply lines and
the conductive silicon substrate, as depicted in Fig. 1, degrading the performance of
sensitive RF/analog circuits. In order to allow more integration without interfering

from each component, we have to deal with substrate noise.

1.1 M echanism of Substrate Noise Coupling

Having known how a cause of substrate noise, the only thing left to discuss is

mechanism of substrate noise coupling. An important background is needed to
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understand how substrate noise couple and where coupling paths are. This section will
discuss, substrate noise coupling through substrate contacts, capacitive coupling and

transmission of substrate noise

1.1-1 Coupling Through Substrate Contacts

The body of atransistor in a CMOS circuit is typically tied to a well-defined bias
voltage. Generally, the body of the PMOS transistor is connected to the positive
power supply voltage and the body,of the NOMS transistor is connected to ground. In
a uniformly doped substrate, -the body of ‘the NMOS transistor is the substrate
surrounding the transistor channél; The biasing contacts of the NMOS transistors are
directly connected to the substrate.

Consider a device where a digital circuit and an analog circuit share the same
substrate. In digital standard cells, substrate contacts are normally present for latch-up
reasons. Therefore, the number of substrate contacts which illustrated in Fig.2 can be
large in a digital design. Accordingly, the digital ground has formed a very low

impedance path to the substrate surface within the region of the digital circuit [1].



¥ : substrate contact
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Figure2 Substrate contact of digital ground

Therefore, any voltage fluctuation on the digital ground is also present in the
substrate region of the digital circuit. This noise injection mechanism is normally the
dominant one in digital integrated circuits [1]. If the substrate contacts in the analog
region have a low impedance ‘path .to-the analog ground, this causes the substrate
noise, in the analog region, to be present-on the analog ground. If power supplies of
analog and digital circuit are connected together, a sufficiently high power supply
rejection ratio (PSRR) of the analog circuit is required to prevent lowered

performance degradation.

1.1-2 Capacitive Coupling

The nodes in a circuit on a chip are capacitively coupled to the substrate by

interconnects and parasitic PN-junctions. A capacitive coupling can both inject and

4



receive substrate noise. However, the main contribution to substrate noise normally

originates from the noise injected via substrate contacts [1].There are two types of

coupling ways : The first is capacitive coupling of interconnects ; The second is

capacitive coupling of PN-junctions.

Figure 3 Capacitive coupling of two adjacent interconnects

In the first place on-chip interconnects are capacitively coupled to the substrate and

adjacent interconnects as illustrated in Fig. 3. The capacitive coupling between the

two interconnects and the substrate is modeled with three capacitors (C1, C2, and C3).

The capacitive coupling of interconnects depends on, eg. which metal layer

interconnects are located in, the length and the width of interconnects and the distance

to other objects, e.g. interconnects, diffusion area, etc. However, interconnects in the

lower metal layers couple more to the substrate than interconnects in the upper metal

layers. Analog and digital circuits are normally placed in separate regions of the

silicon. Therefore, direct coupling between analog and digital interconnects is rarely

5



the case, only when digital and analog circuit use common power voltage line. From
this remarks one general point becomes very clear. The main coupling is through the
substrate.

In the second place, the different doping regions in MOSFETS form parasitic
diodes. For example each PN-junction in an NMOS transistor forms a diode as
illustrated in Fig. 4.

—

|
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Figure 4 NMOS:transistor with parasitic PN-junction

In CMOS circuit the PN-junctions are usually reverse biased. The parasitic
capacitance of areversed biased PN-junction is nonlinear and voltage-dependent. This

capacitance can be approximated to

A
C=
ézvael 1ouy2 0
€ i 5 vit:
g%, &Ny No g 8 Vo 5

[2]. A is the area of the PN-junction, V,; is the built in voltage, and V, is the
voltage over the diode. The doping levels for the p region and the n region are
denoted as N, and N, respectively. The gradient coefficient is denoted m, q is the

elementary charge, and ey isthe permittivity if silicon. Due to the PN-junction, both



the drain and the source of a MOSFET are capacitively coupled to the bulk in CMOS

circuit.

1.1-3 Transmission of substrate noise

Substrates play the role of coupling of noise from one device to another. Over the
past few years a considerable number of studies have been made on substrate model.
Although a large number of studies have been made on substrate model, what seems
to be lacking, however, is the accurate model and parasitic value of resistance and
capacitance for any frequency-and manufacture: To understand the occurrence of
substrate coupling, it is important to determine the-dominant mechanisms for current
flow in the substrate. Substrate model usually can be constructed with resistance and

capacitance parallel or series connection.

1.1-4 Effect of receiving substrate noise

MOSFETS have four terminals. The drain current is mainly controlled by the gate
source voltage. In analog circuits implemented in CMOS most of the transistors are

normally biased in the saturation region. A first order approximate of a long channel



NMOS transistor in the saturation region is

C,W
Iy :%T(VGS -V )2 (1+| VDS) (1.3)
Vin :\/tho+g(\/vse+2f|:'\/2f|:) 1.2)

In (1.1) and (1.2) it is seen that the drain current is affected by the threshold voltage
(V,,), which is dependent of the source body voltage. This effect is known as the body
effect. Any voltage fluctuation in the body of a circuit can result in a drain current
fluctuation, and further influence NMOS I-V characteristic. Hence, the body effect
which is the conjunction of substrate noise may.degrade the performance of analog

circuit.

1.2 Substrate Noise Suppression Technigue and

Circuit

Over the past few years a considerable number of studies have been made on
substrate noise suppression. A great deal of effort has been made on substrate noise
reduction method, what seems to be lacking, however, is the ability for wide band
frequency cancellation. Then the purpose here is to explore a little further into

substrate noise reduction methods for earlier physical and circuit methods and other



techniques.

1.2-1 Physical methods

A guard ring surrounding the noise receiver or sensitive analog contactsis shown in
Fig.5[3]. The p+ guard ring is connected to the ground pads using a low-ohmic

contact.

Guard ring

Noise Source Receiver

Guard ring Guard ring

Noise Source Receiver

Substrate

Figure 5 Layout and cross-section of Guard ring surrounding the receiver contact [3]

The ring is a surface-region heavily doped with the majority-carrier doping and is

intended to form a Faraday shield around any sensitive device needs to be protected

against substrate noise. Guard ring provides the lower impedance path to ground



compare to other paths for substrate noise in chief and the guard ring steers the

substrate currents to signal ground. Substrate noise in a sensitive circuit can be

reduced if a guard ring is inserted in between a noisy circuit and a noise sensitive

circuit. It is one of the most commonly used isolation schemes and seems to be the

best suited for preventing crosstalk at operating frequencies. In other case of most

modern CMOS technologies use a heavily-doped p+ substrate to diminish latch-up

susceptibility. However, the lower resistivity of the substrate creates unwanted paths

between various devices in the circuit, thereby corrupting sensitive signals. The guard

ring even provides a lower impedance path to ground, but the ratio of heavily-doped

substrate and guard ring is not-more than the ratio of lightly-doped substrate. From

this viewpoint one may say that the ‘guard ring-maybe not efficiency for substrate

noise suppression, but it is sure to have some isolation ability.

Often theses guard rings are supplemented by placing annular n-type regions

around their peripheries as shown in Fig.6 [5]. The n-well guard diffusion acts to

detach the sensitive analog circuit by interrupting the low resistance channel-stop

implant and forcing the substrate current to flow through the high resistance bulk.

10



Digital N-well Analog N-well

l P+ guard ring

!

substrate

P+ guard ring l

Figure6 Guard-ring supplemented by placing annular n-type regions around
peripheries[5].

Thisway breaks the low resistance path for the substrate noise current by forming a
reverse-biased p-n junction and provides better isolation by forcing the current to flow
through the more resistance p° substrate. In [5], simulation indicate that an n-well
guard diffusion, which breaks the (p*r channel stop implant, has almost no effect
because most of the substrate current ‘flows in-the heavily doped bulk and not in the
channel-stop diffusion near the die surface. On the other hand, the simulation show
that n-well guard rings are effective when most of the induced substrate current flows
through the p* field implant region close to the wafer surface of p~ substrate[3]
There are usually good performances by using method of p* guard ring and n-well
guard ring together for low frequency below 1 GHz. From GHz to far frequency, this
performance decreases rapidly like an exponential decay. Beyond this frequency the
isolation is degraded as frequency increases due to the capacitive nature of the
substrate behavior that kicks in beyond the cutoff frequency.

Another approach, shown in Fig.7, consists of etching a gap between analog and

1



digital circuits from the back of the wafer. Using an inexpensive mask, a trench can

be etched using potassium hydroxide, KOH, from the backside of the wafer all the

way to the under-surface of the field oxide, resulting in a structure like a trench. [6].

Experiments show that an interference coupling of 35dB above the noise floor is

completely removed when a gap is etched around the analog circuit. The issue of the

approach is the need for and extra mask processing causes extra cost and process

cycle time.

oxide

Noisy circuit

‘ sensitive circuit '

P- epi

P+ bulk

Figure 7 Using KOH to form:a trench to protect sensitive circuit [6]

The essentiality of this method must be carefully considered in the design of

SOC because the cost for total processing cost.

Then other papers published the buried substrate shield to go a step further protect

sensitive device. The buried substrate shields can be categorized in three major types.

The first is Faraday shield [7]; the second is dielectric shield [8]; the third is junction

shield [9]. Firstly, a highly conductive layer under the switching devices may provide

a low-impedance path to ground for the substrate noise. However, if used improperly,

this low-impedance path may also cause noise coupling between neighboring devices
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[7]. Fig.8 shows layout and cross-section of this way. An experiment done in [7]

shows the effectiveness of this method. Results of the test structure are presented in

Table.1.
P- Well
P+ Guard ring
Noise Source Receiver
Guard ring ‘ Guard ring |
Noise Source Receiver
P- Buried Layer
Substrate
Figure8 Faraday Shield Layouts and Cross-Section [7]
Method With deep contacts Without deep contacts
Without buried layers N /A
& 248mVpp
Buried layers only under the
Y y 105mVpp 183mVpp
digital section
Buried layers only under the
& y 75mVpp 232mVpp
anaog section
Buried layers only under all
& y 26mVpp 165mVpp
circuitry

Table 1 Comparison of the Different Implementations of Buried Layer [7]

Secondly, dielectric isolation is used to isolate the nodes from substrate. This
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approach physically increases the impedance between the injector and the receiver by

increasing the resistivity of the substrate that surrounds either of the two nodes. This

method is implemented in Silicon-On- Insulator (SOI). In these substrates, bulk

silicon is isolated from the thin active surface silicon layer, by means of buried oxide

layer. The layout and cross-section of this method is shown in Fig.9. This method

provides very good isolation, but it adds to processing costs, since it requires the use

of special silicon substrate [8].

P- Well
e

P+ Guard ring

Noise Source Receiver

Guard ring Guard ring

Noise Source Receiver

Buried Oxide Layer

Substrate

Figure 9 Junction Shield Layouts and Cross-section [8]

Thirdly, a buried minority-type of carrier enclosure around the device plays the role

of an isolator. Fig.10 shows cross-section and layout of junction shield. Comparison
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between junction shield and dielectric shield is pointed out in Table.2 and showed in

Fig.11[9].
N- Well
P+ Guard ring
Noise Source Receiver
VDD
A
Guard ring : Guard ring
Noise Source ‘ Receiver
N- Buried Layer
Substrate
Figure 10 Junction Shield Layouts and Cross-section [9]
Frequency Didectric (SOI) Shield Junction Shield
100MHz -66 dB -55dB
200MHz -54 dB -51dB
400MHz -48 dB -46 dB
700MHz -49 dB -41dB
1000MHz -48 dB -37dB

Table 2 Comparison between Junction Shield and Dielectric Shield [9]
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Figure 11 Simulation Result of Comparison between Junction Shield and
Dielectric Shield Done by Medici [5]

In [10], this paper reports the effec.t..cn)f usi ng a p-minus substrate guard ring (psub
GR) structure to reduce substrady |1l'()nise"rpq;>qpl:i.ng.:n‘:'rhe structure of cross section and
magnitude of S21 versus freque:,rjcy ae shcwv_emhn Fi g 12 and Fig.13. It was found that
integrating the psub GR into coél\)ér'\t-ional QR“’ desugns can improve substrate noise

isolation capabilities of conventional p+ guard rings and n-well guard rings by -15dB

and -5dB, respectively.

P+ GR /Psub GR P+ GRJ NW GR/ Psub GR

-
P+ GR

Noise source Portl Receiver Port2 MNoise source Port1

Figure 12 Cross section of psub GR inserted into (a) p+ guard ring scheme
(b) Conventional NW GR with p+ guard ring scheme [10]
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Figure 13 Magnitude of S21 versus frequency at an isolation distance of
10um for reference (without any GR) [10]

From results above, although psub GR improve conventional guard ring, it creates

a high resistance surrounding in the receiver port. It will increase latch-up risk in the

real application. The parasitic.bipolan transistors:.and resistors create a parasitic

silicon-controlled rectifier, or SCR. The-schematic for the SCR and its behavior are

shown in Fig.14.

P_tub Rw A A
A

X- N_well

Rs

Figure 14 Parasitic that cause latch-up

The switching point of the SCR is controlled by the values of the two power
supply resistances R, and R, . Because of p-minusincreased R,, the less stray current
through the tub is required to cause a voltage drop across the parasitic resistance that

can turn on the associated transistor. Then the current flowing through it floods the
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tubs and prevents the transistors form operating properly.

fa) Single guard
band.

- 2.6 pm
(d})  Rectangular

guard ring.

Two  guard Four

)
bands.

guard

(e} Circular guard
ring.

(f) Distributed
ground contacts.

Figure 15 Schematic layout of different grounding structure [11]
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Figure 16 The surface potential along the center line through the aggressor ground
structure (a) Surface potential illustrating the local and global effects of the ground
structure (b) Magnification of the surface potentials inside the ground structure [11]

Two conclusions can be drawn from Fig. 15. Firgt, it is better to distribute the

grounded areas in order to reduce the total ground resistance shown in Fig 16. Second,

the local surface potential is reduced by distributing the ground contacts. It is

represented that its structure provides a similar ideal ground.

In [12], band connection employed in active cancellation circuits for effective

reduction of digital substrate noise is proposed. Excess cancellation by those band

connections is more effective for noiserreduction in. a guard ring than a cancellation

by the two bands. The active cancellation circuit:shown in Fig. 17 employs an

amplifier with a relatively small finite;gain. In order to reduce substrate noise into a

guard ring, noise is detected at a detection band. A cancellation signal is generated by

inverting and amplifying the detected noise. The noise in a guard ring is canceled out

by the cancellation signal. For design of an active cancellation a circuit, a design

guideline that noise at the center of a guard ring is made equal to zero have been

proposed [12].
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Figure17 Active cancellation circuit [12]

Using an optimum gain in an active cancellation circuit, a simulation result of a
noise characteristic on a surface of a substrate along the x-axis is illustrated in Fig 18
where the vertical axis shows the noise magnitude normalized with an input noise and
a negative magnitude means an inverted noise is observed. The noise on a guard ring
is zero since aguard ring is grounded. Els
Because of using inverting and amplifyj ng, ‘:‘the noise is about zero at the center of a

guard ring and fluctuates in the analog area. Thus the noise characteristic in a guard

ring is approximately odd-symmetrical with respect to the center of a guard ring.

0.15
0.1

DETECTION BAND CANCELLATION BAND

GUARD RING
0.05

{
-0.05
0.1
-0.15

-0.2 1 t l t l t t 1

X

Noise Magnitude

Figure 18 Noise characteristic on a substrate surface in the
conventional active cancellation circuit. [12]
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Fig. 19 shows a layout of bands and band connection and a guard ring and

corresponding noise characteristics. Since a noise between detection band and a guard

ring is positive and that near a cancellation band is negative from the characteristic. A

noise current gathering at the band placed between a detection band and a guard ring

passed to another added band and does little below an analog portion. Thus

propagating into analog circuits becomes smaller.

DETECTION GUARD RING

CANCELLATION
BAND

Noise Magnitude

Figure 19 Noise characteristic when two bands are used [12]

1.2-2 Active circuit noise reduction methods

Passive methods may not be effective enough under noisy situation and may cause

condition like latch-up and cause a large number bankroll. However active methods
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have higher noise suppression level and compensate ability than physical methods.
The resonant forward-biased guard ring diodes for suppression of substrate noise

are proposed in [13], seen in Fig.20.

&

_I +uhius

Figure 20 Model of coupling through substrate in a mixed-mode circuit
showing guard-ring diode [ 13]

The paper has verified that by creating a band-pass filter, using the inductance of
the bond wire and the capacitance of a forward biased diode, the substrate noise can
be reduced [13]. In other words, the resonance creates a very low impedance path to
ground that suppresses the substrate noise. The frequency of the filter is adjusted by
changing the current through the diode and its capacitance. These components form a
band-pass filter, the resonant-frequency of which depends on diode current and is

given by
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1
W =
° JLt.1/25W (13)

Where L is inductance of the bound wire, 7 is the transit time and | is diode current.

Fig.21 shows substrate noise voltage in two different circuits of with forward-biased

guard-ring and circuit without forward-biased guard-ring.

S M Geand Ring
a— Whith Guard Risg | |

“ 0.5 1 15 4 a5

z 25 3
Fregueniy (GHEL

Figure21 Effectiveness of Forward-Biased Guard circuit [13]

In [14], this study is based on linear feedback loop theory. Consider a typical
mixed-signal design composed of an analogue portion and a digital portion. The
digital portion of the circuit consists of m different noise sources, and the analogue
portion of the circuit consists of n different noise receivers. Let S denote the noise
source set and N denote the set of noise receivers. At any given time r, the amount of
noise received at the ith noise receiver r, can be calculated by r; (s) = ST_gs; () * H (9) .

If a negative feedback back loop is added to the system as Fig.22 shows and we
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assume that the H.(s) are close enough to be replaced by a singleH (s), the noise r;

can be expressed as

—em  S(9FH(9
r(s) =S5 1+ F(9)H(9)) (1.4)

Where H(s) isthe transfer function of the substrate and F(s) is the gain of the

negative feedback loop. The noise to be measured form the noise sensor will be

reduced to 1/(1+F(s)H(s)) of the original noise value if a negative feedback loop

with sufficient gain-band-width product can be implemented in the system.

refergnce line
s —1_F < A
I Rn
) Eﬂlsgl T Sn'I] |/ Tr JFE |HI
) |
r-._ rl N dE =|1
re-inject : sample
—_—d H e
digital porticn analogue portion

Figure22 Linear system model for analyzing substrate coupling noise with
feedback loop [14]

An active guard band filters to suppress substrate coupling noise has been
introduced [15]. An active guard band filter creates a feedback loop using the

substrate resistance as a feedback factor. It introduces an ac coupling configuration,

24



seen in Fig. 23. CB1 and CB2 were p+ guard bands or guard rings that were
resistively coupled to the substrate. Capacitor C2 was inserted between GB1 and the
input of the amplifier to detect the AC components of the substrate noise. Capacitor
C1 was inserted between the output of the amplifier and GB2 to supply an AC noise

cancellation signal.

+V DD

2 Cl

_di_glteil_j W . 1\[:'.7 dnaiﬂE: _L_ “kqj’u
.\:(\{\ E /\Fj CEI Ci

substrate noise
Vi —-

ook

substrate p- R3 Vs Rl

Figure 23 Ac coupling in the on=chip active guard band filter configuration and
simplified circuit model [15]

The substrate was represented by resistance R1 and R3. Resistance R2 connected
between the input and output node of the amplifier made the dc operating point stable.
The noise suppression ratio could thus be estimated by using the ratio of Vs to Vi

expressed by

(1+SCR)(1+ A+SC,R))
{1+S(CR +CR+C,R) +SCC,R(R +R,)} A

Ve -
Vi
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- ) 5))a+A)
) (1- %1)(1- %2)A -

Since R; and R; were almost equal, the zero and pole frequencies are expressed

1 1+A 1
asw, =——,W,, = andw

CR"?CGR P JCCR(R*R)

than Ry, w,, is always larger thanw . However, if A is sufficiently large, the substrate

. Since R; and R; are smaller

noise can be suppressed to % above w,, to the amplifier open-loop gain
bandwidthw, .

It is found that the conventional AC coupling technique will require large coupling
capacitances which will disable an.on=chip implementation of the circuit. In this paper
[16], an active guard band circuit based ona signal cancellation using its opposite
signal is shown in Fig.24. Since the substrate resistances are symmetrical, the transfer

function from node sto nodes g and d will be
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Figure 25 Active guard band circuit using DC coupling technique [ 16]

A basic circuit is shown in Fig: 25: Firstly, assume that a noise sourceV,,, which
causes voltage fluctuation of substrate level, is detected a node n. Let the drain
current of transistors M, and M, bel,.At this time, when the drain current
of M,isl, andM,, M, M,, M;have equal aspect ratios, then both drain currents
of Myand M, will be equal to I, and I, respectively. Thus their gate-source
voltages will be equal to Ves1 and Vs, respectively. Here the relation between
gate-source voltages of transistors M; and My is given by Equ.12 and the relation
between V s3 and V gss can be expressed as Equ.13.

\Y =V

GS1 GS2 +VN (16)
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Vy +Vegs =V +Voss (L.7)
Because Vgss=Vas1 and V(354:V(352.Eq.13 can be written into
Vy +Veq = Vg Vs, (1.8)

Substituting (1.6) into (1.8) gives

V, +V =V, Vg - Y, (1.9)
Vy =Vg - Vy (1.10)
and
Vs =Vp —VB :VN Vs (1.11)
2 2

Since Vg is aconstant voltagereference, negative:Vy will appear at the output node
Vx. This means that the substrate noise can be suppressed.

For active method, active decoupling circuit [17] is proposed by using decoupling
capacitor to suppress substrate noise. Its capacitance, C, is multiplied by the gain, A
(w), through the Miller effect. Its active decoupling compared with conventional
capacitor decoupling shows in Fig.26. The decoupling effect in terms of the noise

level with and without decoupling is shown in Fig.27.
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Figure 26 Content of on-chip active decoupling and capacitor decoupling [17]
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Figure 27 Simulated decoupling effect [17]

In [18], this study demonstrates a feed-forward active substrate noise canceling
technique using a power supply di/dt detector. Since the substrate is tied to the ground
line, the substrate noise is closely related to the ground bounce which is caused by
di/dt when inductance is dominant on the ground line impedance. This active

canceling technique detects the di/dt of the power supply current and injects an
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anti-phase signal into the substrate so that the di/dt proportional substrate noise is
cancelled out. A block diagram of the feed-forward active substrate noise canceling
system is shown in Fig. 28. The ground noise is caused by the power supply di/dt and
Lgna- Since the substrate noise is proportional to the di/dt, the di/dt detector inverted
output has anti-phase against the substrate noise. If the anti-phase signal is injected

into the substrate, it can cancel the original substrate noise.

Vdd_[ﬁ- Vdd_Canceller
-AM(dil dt)
di/dt _?_
Vdd_A
| —— —
digital co| | | @nalog
Lgnd circuit —|— circuit
Gnd_D pe— | T Gnd_A
” L(diig) | -m ===k - =
AWM
! |
AWM,
! 1
| VWA VWA— WA !
\ [
\ substrate !

Figure 28 Structure of feed-forward active substrate noise cancellation [18]

1.2-3 Summary

Over the past few years, many literatures have been devoted to the study of
substrate noise for sources of digital noise, the propagation path to the sensitive

analog/RF portions, the modeling of the substrate, the amount of noise coupling, as
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well as suppressing substrate noise methods. Here this dissertation focuses on

substrate noise suppression. Many techniques have been investigated to aleviate this

problem for suppressing substrate noise as shown in appendix. Among them, either

passive or active method is used. For the passive method, different guard ring types

are proposed [3], [5-12]. For the active method, feed-back [14], feed-forward [5-19],

[20] and also [17] are proposed.

Among those techniques, passive methods [3], [5-10] may not be effective enough

under noisy situations and may require either special substrate materials or extra

implant/mask processing, which increase cost and process cycle time. In [10], it will

increase latch-up risk in the real application-and is not effective in higher frequency.

In [11], these predictive physical researches are-valuable reference materials for

circuit designers implementing protection structures for reducing substrate noise.

Other research [12] provides an idea using physical method for enhancing ability of

active guard band circuit and total suppression ability for substrate noise suppression.

Nevertheless such bands located between a guard ring and a cancellation band make a

load impedance of an amplifier in an active band. As a result, a problem of increasing

an output current of the amplifier arises.

On the other hand, although active methods have higher noise suppression level,

there are several limitations and drawbacks still. For example, in [15], [16], and [19]
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and [20], the frequency response and the delay of the amplifier restricts the bandwidth

of the noise being cancelled, so that the noise reduction ratio is not enough for

practical applications and the effective noise suppression bandwidth is only about

100MHz. In [21], dthough a high noise suppression bandwidth as 400MHz is

achieved by employing a high bandwidth SIGE HBT amplifier, the hetero-junction

bipolar technology is not suitable for the SOC design. In [18], the higher noise

suppression bandwidth as 600MHz is achieved by using power supply di/dt detector,

however, the di/dt device needs mutual inductor to detector. Therefore, this method

needs large area. Finally, in [17] an active decoupling circuit is designed for a wide

operation frequency from 40MHz to 1GHz,-but it requires a power-consuming high

gain amplifier and also an area-consuming on-chip’ capacitor as large as 10-30pF to

obtain a noise suppression level of 6-14dB at most. The summary table of active

methods is shown in Table.3. Because these methods based on different substrate

situation, the isolation ability can’t be compared.
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Reference | Technique | Bandwidth | Isolation Power Area

[21] 0.8um 10M-400M |-12~-3dB | 13.5mW

[16] 0.6um IM-100M | -13~-11dB | >3mwW Only MOS

[18] 0.35um | 100M-600M | -1.6 ~-3.8dB | >3.3mW >238500un’

[17] 0.13um | 40M-1G -60dB (max) | 9.9mwW >10000um?
-14dB (max) >30000um?

1.3 Motivation

Table 3 Summary table of active methods

In terms of physical level:method, its drawback are increasing processing costs

and area and not effective for *high” frequency. -Furthermore existing circuits are

designed for low frequency and does not perform well for wide operation frequency

to reach Giga-Hertz. At present these active circuits require large power and area.

Accordingly, the thesis proposes a new substrate noise suppression circuit with

active guarding technique that employs noise decoupling and inversion feedback to

reduce and suppress the substrate coupling noise. This circuit needs only a few active

devices (PMOS and NMOS), and no capacitors or inductors are needed. Therefore,

with proper design, the area required for this active guarding circuit can be very small,

and the power consumption is very small.
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1.4 Organization

The organization of this thesis is overviewed as follows. Chapter 2 describes active
guarding technigue of noise decoupling and inversion feedback and how to design the
noise suppression circuit. The circuit design and optimization will be described in the
same chapter. Chapter 3 shows the implementation and performance results and
measurement. Chapter 4 concludes with a summary of contributions and suggestions

for future work.



Chapter 2

Active Guarding Circuit Design
and Optimization

2.1 Active Guarding Technique

The proposed active guarding technique is shown in Fig.29. The noise source is
assumed to be a distance away and:its current flows through both the surface and the
deep portion of the substrate to 'the sensitive analog circuit. The active guarding
circuit is in different well from the sensitive analag circuit. In addition, the substrate
model is both resistive and capacitive for high frequency characteristics.

The proposed active guarding circuit composed of noise decoupling and inversion
feedback is inserted by two contact rings between the noise source and the sensitive
analog circuit. These two contact-rings named sense and feedback are applied to
perform noise decoupling and inversion feedback. The noise current flowing through
the sense ring is sensed and averaged then decoupled to the active guarding circuit.
After that, the active guarding circuit re-injects an amplitude-controlled

phase-inversed noise current into the substrate to cancel the substrate noise. Therefore,
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with the proposed active guarding circuit, only little noise current and only a few
transistors can reach better performance for the guarded analog circuit and the area is

small.

Active
Guarding
Circuit
Noise Inversion
Decoupling Feedback
Guard Ring
4
Feedback v
N Ring /\J —
’ Sense ’
Ring y
Noise \
Source

Sensitive Analog Circuit

Sefise’ Feedback. =
/e A
p H M e FLe i !
e L L L] L

Figure29 The proposed active guarding technique

2.1-1 Noise Decoupling

As shown in Fig. 30(a), for the noise current that flows through the substrate to the
sensitive analog circuit, a low impedance path is created for noise decoupling. The
noise current is drained away to the noise decoupling path of the active guarding
circuit. Therefore, the effective noise current that flows toward the sensitive analog

circuit is reduced. In Fig.30 (a), assume the noise current that flows into the input
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node is lin, the input impedance of the proposed circuit is Zi, «, and the equivalent

impedance of the substrate network at the circuit input node is Zin_sub.

Active Guarding Circuit

Low impedance path_T Noise decoupling

Zin_ckt Ickt

Iin )

S Bl

Active Guarding Circuit
Inversion feedback

Ickt] l Ifeedback
Iin Isub

- 'S Z [——71 Y
? M Wﬂigd in S
.
] R ! L

(b)
Figure 30 Concepts of active guarding technique
(a) Noise decoupling, (b) Inversion feedback

By applying the low impedance path of Z;, o on the substrate network, the original

noise current is separated into two parts, |« and |, Which are expressed as

(2.1)
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x Zin_ckt 2,

Isub =G
gzin_ckt +Z

I 2.2)
in_sub @&
where |« presents the current that being drained away by the active guarding circuit
while 1., presents the noise current that flows to the analog circuit. Since the
effective noise current that flows toward the sensitive analog circuit is lowered by a
fraction of Z,| 4 /(Z, a« +Zn an) » the noise level at the concerned node X is
effectively reduced.

Furthermore, under a given substrate model, Z, , is considered as a known

parameter. Therefore, the only design parameter in equation (2.1) and (2.2) isZ;,

the input impedance of the proposed-circuit. .The: smaller the Z, .. is, the more

noise current will be drained away from‘the substrate and the smaller noise level will

affect the analog circuit to be protected.-However, in actual circuit implementation

using MOS transistors Z;, ,, cannot be arbitrarily small. The smaller Z, . is, the

larger the MOS transistor size is required, leading higher power consumption. The

design example of proper transistor size will be discussed in later section.

2.1-2 Inver sion Feedback

Assume the Z4 in Fig. 30(b) is very small which can be realized in layout level (i.e. to

set the sense and feedback ring very close). Most of the noise current |4, will flow to
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the feedback node rather than to the deep portion of substrate and then to the node X.
The simplified inversion feedback mechanism of the active guarding circuit is

depicted in Fig. 31.

T Voo

Mi;J ;|\1M3

Ickt

Amplitude Controller

22 l ekt lteedback = ~lsub
Feedback
Sense

Figure 31 Inversion feedback mechanism

In order to inverse the phase of the noise current sensed from the circuit input, a
current mirror is applied. The phase-inversed noise current is sent to an amplitude
controller to keep the magnitude of the feedback current the same as lg. Finally, the
magnitude-matched and phase-inversed feedback current is re-injected to the substrate
to cancel the substrate noise current at the feedback node Y.

To design the amplitude controller, the current gain AC(s) of the controller can be
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determined using following equation

e AC(S): | s

b A (s)= 'Iwb = 23

ckt in _sub

However, high frequency inversion feedback performance is limited by the bandwidth
of the current mirror and the amplitude controller. When noise frequencies are higher
than the designed bandwidth, the losses and phase shifts will degrade the noise

suppression performance.

2.2 Circuit Design and Optimization

Fig. 32 shows the schematic of the proposed active guarding circuit. The input
common-gate transistor M, creates a low impedance path for the sense node and the
impedance value is 1/gm;. Unlike other designs [21] that use the common source
configuration as the input stage to sense the substrate noise voltage from gate, M1 not
only senses the noise current but also drains it away leading to lower noise level for
cancellation in the later stage.

To drain most of the noise current, the input impedance, 1/gm: should be designed
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as small as possible. However, smaller 1/gmi, indicates larger transistor size (W/L)4,

which consumes large area and power. To determine the proper size of M;, the noise

suppression improvement per milli-Watt power consumption as the numbers of the

width increment of M7 from 40mm is studied.
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Low Input
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Figure 32 Proposed Active Guarding Circuit

Figure.33 shows almost no further improvement of noise suppression is achieved

after the M; width exceeds 400mm when the noise frequency is 1GHz. The 7"

increment of MOS width, i.e. 320mm is chose as the width of M4, since the

improvement is less than 1dB/mW for width larger than 320mm.
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To redlize the inversion feedback mechanism, transistor M>~M- and MR are

added to construct the current mirror and the amplitude controller.

Noise suppression
improvement (dB) per mW

Numbers of Increment of MOS width (step size: 40 um )

Figure 33 Noise level improved per mW versus M1 width with 40um increment at
1GHz

My copies and reverses the phase of the noise currentl . The phase-inversed

current is sent to the amplitude controller composed of Ms~M7 and Mg. The current is

converted to voltage via diode-connected Ms and Me. The transconductance stage M~

adjusts the current gain and converts the voltage back to current to re-inject the

current into the substrate.

2.2-1 Bandwidth Extenson
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To improve the noise suppression at high frequencies, a zero is introduced by
inserting a triode-region transistor Mg to extend the effective bandwidth of the active

guarding circuit. Introducing of Mg creates a zero and a pole [22] which can be

expressed as
ZR =- gm6 ’ 1 ’
gm5 + gm6 RngR
1 (2.9
" RCpg

where R presents the resistance value of Mg and Cyr iS the parasitic capacitance of
Mg.
Moreover, the bandwidth of the active‘guard circuit can be extended by designing
the zero Zr to be closed to the dominant pole Pp of the circuit without Mg. The
bandwidth is extended until Prx becomes to affect the frequency response. The

dominant pole Py of the circuit without Mg can be approximated as

1

P, @
"= R(Cy IICp) 3

, Tu IS the output resstance of My

where R, =r,,[I[{g,, +1/9,]

Cy =Cs +[C, I (Cy; +Cy) IC;1, Cs @nd Cs are the parasitic capacitance of Ms and

Ms, and C, is the equivalent capacitance of substrate seen from the source of M-
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CP = ng4 + (CgS4 ” Cgs3 ” ngl ” ngz) )

2.2-2 Amplitude Controller

Fig. 34 shows the equivalent circuit of the amplitude controller. Transistor Ms and Mg
are modeled as resistor 1/gms, 1/gme With their parasitic capacitance Cs, Cs. MR is
modeled as a resistor R with its gate-drain parasitic capacitance C,, and

gate-source parasitic capacitanceC_, . And M7 is a simply transconductance stage.

osR *

From. Current Mirror
@)

I(:kt

Zc

= oo %1/ gms== Cs+Cysr| £5
[% 1/ gme=F

gmy W
l I feedback -

o
N

O
Feedback

Figure 34 Equivalent circuit of the amplitude controller

Equation (2.6) shows the transfer function of | ;.. /1 - The small-signal current



gain A.(s) of the amplitude control circuit can be designed using following

equations
| feeak _®  RZ 0
S)= = > ___+Z7. <
Ab( ) Ickt §R+ZS+ZC 6!2) gm7 (29
For low frequency current gain, i.e. A.(0) can be obtained
I feedback g m
Ac (0) = | = 2.7

ckt gm6

Refer to equation (2.3) and (2.7), the current gain can be determined as shown in

(2.9).

I O pe 9
A (0)=—2= ! = S = gm7 2.8)

I ckt I%n_s:ub I ckt

Asaresult, foragiven R, o, and 1/gmi, the ratio of gmz/gme is designed to match

thecurrent of 1., andlg, .
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Chapter 3

| mplementations and L ayout
3.1 Simulation Setup

In order to simulate circuit performance in substrate, a substrate model must to be
established. UMC provided 130nm substrate noise isolation p+ to p+ characterization
and simple structure report and is shown in Fig 35[23]. Therefore, the substrate model
used in the dissertation is built By simulating the model structure shown in Fig 37 (a)

to fit the p+ guard ring characteristic in'Fig 36.

P+ GA

P

duiver Nolka RnETa
G Gromn
.—T T—I —
molation distancc
Tl J_. T el e 0
F i Paarell = LS A
i R I.'”" ! = Pl
Fikcr Rubsiraie: manpding I_l :-"'
path Y 1
Pl Snisttaa 10 mupling pah

Figure 35 Schematics of the reference p+ guard ring, schemes used in the substrate
noise characterization [23].
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0.13um p+ to p+ for P+GR vs. Freq.

-10
-20
-30 TT EE EE]T TLILIIN
- 40 :
m
- i
— B— e
w20
%]
60 —p P +GR@ 10um
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-70
—ik— P+GR@50um
-80
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90 L1 I I Y|
01 1.0 100 1000
Frequency(GHz)

Figure 36 Isolation performance of P+GR schemes vs. frequency for different
isolation distance [23].
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(b)
Figure 37 (a) Substrate model structure and (b) Simulation result

To demondtrate the performance of the proposed active guarding circuit, we
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compare substrate noise suppression of the circuit (Sample A) and the passive guard
ring (Sample B), and the simulation setup is shown in Fig.38. Therefore, when circuit
is switched on and off, the simulation results can be compared to show the isolation

result provided by active guarding circuit.

Sample A

Active

Guarding

Circuit

Sample B
|—||—| |_| Sense Feedback/ < Out =
H rn%%rnﬁ%rlh A 5 A
L L W I -

Passive Guard Ring

Figure 38 Simulation setup of the proposed active guarding circuit

3.2 M easurement Environment

In order to measure active guarding performance, the noise source contact connects
to ESG signal generator and receiver connects to spectrum analyzer. Using one tone
signal and showing output in the spectrum analyzer to measure the circuit

performance with the guarding circuit switched on or off. Fig.39 shows measurement
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setup.

Power Supply : VDD & Bias

T HY seeaw

l
TR 0
_ =
ESG : RF Signal
i
- -'.-_-_"“":"ll'. 19 8 :;::_1:-0 = o

Spectrum

Figure 39 Measurement setup

3.3 Implementation and simulation results

3.3-1 First implementation

Two implementations were done. The former includes an extra capacitor as shown

in Fig 40. Due to the extra capacitor, this circuit performs different from the circuit
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discussed in previous chapter. The capacitor would shift the introducing pole to low
frequency location and decrease performance. The circuit layout is shown in Fig 41.
Five different distances from the noise source to the guarding circuit are considered to
measure the substrate suppression capacity in Fig.42. Cy serves as the receive contact
and C;~Cs serve as the noise source inputs. The simulation of DUT1 is shown in Fig
42. The circle symbol (- ) of trace indicates isolation of guard ring and the pulse
symbol (+) of trace indicates the improved performance of the active guarding ckt

compared with guard ring. The measurement results are shown in Fig.43.

S w7

vbiaso—”: My MG:I}_JI_ 1;: )

C

1 o
o o -

Sense Feedback -

Figure40 PreviousActive Guarding Circuit
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Figure 42 Previous circuit simulation result
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dBE

FrwaihHz)

Figure 43 Previous circuit measurement result data arrangement

From Fig.43, it shows that the measurement and simulation results are not matched.
The mismatch may due to inaccurate substrate’ model, improper substrate model
resistance and capacitor values,.circuit layout or:circuit bias. Observe the circuit
layout, a 0.28 um wide VDD line in transistor M7 shown in Fig.44, because 0.28um
VDD line would not tolerate more than 1mA current. Open VDD line is simulated to
verify. The cross symbols of trace indicate the VDD line cut off in Fig.45. Fig.45
show in higher frequency trajectory is similar to measurement data result. But in low
frequency two trajectories of simulation and measurement data are similar. The
mismatch in lower frequency may due to ac couple below 20MHz in the spectrum
analyzer. Therefore, in the second implementation, the spectrum must be adjust dc

couple and add dc block to receive low frequency couple and circuit provides a
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suitable VDD line for the second measurementation.

iimp 43

i i i §

l

1GHz, —|40.28dB

|
MHz, -45.17dB"1GHz, -45%. 1908

st

47.240B
—

-4&. 3208

10MHz, -51.97

- freg (Hz)

Figure 45 Simulation result

3.3-2 Second implementation
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Fig.46 shows the noise suppression level of both the passive guard ring and the
active guarding circuit with passive guard ring. The cross symbol of trace indicates
the isolation when the active guarding circuit turned off. And thus other trace
indicates the isolation when it turned on. The result shows that more than 14dB
improvement of noise suppression is achieved by the active guarding circuit
compared with guard ring in the frequency range from DC to 1GHz. The total power

consumption is about 2.86mwW

BEa2v fout; ac dB200) Bl fout; ac dB2ad)

=124k

53.66!:13\ 10MHz, -532

Hz, -55.28 Elﬂ B
109 10° 1010
freq (Hz)

Figure 46 Simulation results of noise suppression versus frequency for both passive
guard ring and the active guarding circuit

The circuit layout of active guarding circuit is shown in Fig.47 and circuit layout
area is only 1386 unt. The total layout area is 1.32 mm? shown in Fig.48. The total

layout placement use four input source nodes and one receiver node which use bigger



p+ contact. The areas of noise source and receiver p+ contact region are both 7.4 x 13
um? which is referred to 0.13 um UMC Logic 1P8M Process Substrate NOISE
Isolation P+ to P+ Characterization Report. The isolation distances are varied from
15um to 100um. This placement is referred to the situation similar to 0.13 um UMC
Substrate NOISE Isolation P+ to P+ Characterization Report all the same. This layout
placement is shown in Fig.49 and two different receiver contacts with guard ring and
without guard ring are applied, the comparison of pre- and post-layout simulation is
shown in Fig.50. The plus and cross symbol of traces show the pre- and post- layout
simulation of the active guardln%yﬁ%"tiﬁﬁﬁgthe comparison table is shown in

Table.4. Fig 51 shows the no 'sgpp [

1edE degradation points of the noise

noise level at the sense node

suppression for 1GHz are about 88mV.

Figure 47 Layout of active guarding circuit
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Figure 51 Noise suppression versus input noise level at 1GHz for both passive guard
ring and the active guarding circuit.
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Technique |Bandwidth [Isolation Power  |Area
[21] 0.8um 10M - 400M}-20(max) 13.5mwW
(SGe) ~ -3dB
[16] 0.6um DC-100M |13 ~-11dB(sm) [P3mW [Only MOS
[18] 0.35um  |100M-600M|-1.6~-3.8dB >3.3mW [238500um?2
(measurement)
[17] 0.13um [40OM - 1G |-6dB (max)(sim)  [9.9mW  [>10000um?2
-14dB (max)(sim) (one capacitor)
-3.17dB(max) >30000um?2
(measurment) (three capacitor)
Proposed [0.13um [DC - 1GHz |-15~14dB(sm)  [2.86mW |~ 1386um?2
wor k (Only MOYS)
Table 4 Comparison table




Chapter 4

Conclusions and Future Work
4.1 Conclusions

An active guarding circuit for giga-hertz substrate noise suppression has been
implemented in UMC 0.13 CMOS process. With the proposed active guarding circuit,
substrate noise suppression of passive guard ring.can be improved more than 14dB in
the frequency range from DC-to 1GHz. And L'ow power and small chip area is
realized with the proposed active guarding Circuit for substrate noise suppression. As
a result, this active guarding circuit is suitable for noisy environment with high noise

frequency up to GHz.
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4.2 Futurework

As for the future work, | will focus on the current mirror of active guarding circuit.
As described in chapter 2, the current mirror pole would be settling down higher more
than P frequency. The pole position will decrease performance for higher frequency
suppression shown in circle symbol of Fig.52. Therefore, high frequency inversion
feedback performance is limited by the bandwidth of the current mirror and the
amplitude controller. This circuit can be improved from current mirror to achieve

better performance in high frequency.

\;"DD

M?:jr__ M s

[ v

‘ | it J [R— —

) O
Sense Feedback

Figure 52 Current mirror pole
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