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Abstract

The current generation of power management integrated circuits require fully integrated,
low cost and low power solutions for voltage regulation. As final blocks in the internal power
supply chain, excellent performance linear voltage regulators are required, especially in terms
of dynamic response and stability. Since many voltage regulators are used, the chip area
consumed by the regulators is a point of attention. Additionally, for some internal voltages the
load current or capacitive loading is much lower, such that a scalable compact solution would
be preferred. This project focuses on minimizing the on-chip area of voltage regulators while
maximizing their performance.

The proposed design incorporates a novel circuit technique for improving the dynamic re-
sponse of linear voltage regulators. In this thesis, the theory and analysis of current amplifier-
based NMOST linear voltage regulators is introduced. In order to maximize the dynamic per-
formance, multiple implementations are analyzed and their drawbacks are presented. Adap-
tive biasing has been implemented in order to improve the slew rate at the gate of the pass
transistor and to increase the voltage loop gain bandwidth. The current loop is stabilized by
means of bandwidth enhancement resistors, reaching a unity gain frequency of over S00MHz
at maximum load current condition.

The linear voltage regulator occupies an area of 0.0078 mm?, consumes a quiescent current
of 8.5uA and has a current capability of 10 mA. The circuit operates at supply levels varying
between 7 to 18V, provides an output regulated voltage of 1.8V and is scalable in terms of
the load capacitance and the load current. This design achieves a FOM of 0.613ps and is
comparable to state-of-the-art designs.
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Introduction

1.1. Background

Power management integrated circuits (power management ICs or PMICs) are solid-state
devices that control the flow and direction of electrical power. Many electrical devices have
multiple internal voltages (e.g., 5V, 3.3V, 1.8 V, etc.) and sources of external power (e.g., wall
outlet, battery, etc.), meaning that the power design of the device has multiple requirements
for operation.

PMICs are used to control external power MOSFETsSs that are used in power converters
such as boost converters, buck converters, buck/boost converters, and half-bridges. Power
management ICs add smart power functions to the converters that aim to maximize the effi-
ciency of the product in which it is being used, such as:

1. Protections:

(a) Overvoltage protection.

(b) Undervoltage protection.
(c) Overtemperature protection.
(d) Short-circuit protection.

(e) Overcurrent protection.

2. Dedicated control techniques that allow for different modes of operation, e.g., low-
/high-power modes of operation.

Several improvements to the overall design can be made by incorporating these functions
into one IC, such as: better conversion efficiency, smaller solution size, and better heat dissi-
pation [1].

The PMIC unit requires many linear voltage regulators (LVRs) with different output volt-
ages and load current capacities to support many applications, for example, tablet PC applica-
tions, laptops, adapters, video game consoles and many others.

The current generation of PMICs requires low area and therefore low cost solutions for
voltage regulation. This had the immediate effect of highlighting the need for an alternative
implementation of LVRs that can eliminate the conventional bulky off-chip capacitor. As the
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final blocks in the internal power supply chain, excellent performance linear voltage regulators
are required, especially in terms of dynamic response, such as line and load regulation, startup
time, and stability [2] .

Recent research focuses on the development of fully integrated LVRs, or output capacitor-
less LVRs, that target a higher integration level of System-on-Chip (SoC) power management.
Eliminating the bulky external capacitor saves pin count, and board space, reduces bond-wire
induced noise, and saves chip area as the number of pads is reduced. However, the trade-offs
among stability, regulation precision, quiescent current consumption, loop bandwidth, and
transient responses have imposed critical challenges on the design of CL LVRs [3] .

1.2. Application

An example of an application for which the proposed LVRs are meant to be integrated in is
a digital, configurable LLC & PFC (power factor control) combo controller for high-efficiency
resonant power supplies [4]. The targeted applications for this product are:

1. Industrial: Printers.
2. Mobile: Notebook Adapter.
3. Smart Home:

(a) Desktop and all-in-one Personal Computers.

(b) Video Game Consoles.

A simplified application diagram is illustrated in Fig. 1.1 [4].

EMI Filter  Full Bridge
Rectifier
Mains Voltage Vin
(230 Ve, 50Hz) ‘

Vsense

3 o

>
1/0 External
Pins

LLC Resonant Converter

Power Control Integrated Circuit

Figure 1.1: Simplified Application Diagram

A brief introduction to the principles behind PFC circuitry and LLC resonant converters is
given in the following subsections.
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1.2.1. Power Factor Control Principle
Three types of power, e.g., active, reactive, and apparent, relate to one another in a trigono-

metric form known as the power triangle. The relation between the triangles is illustrated in
Fig. [5].

i g S=P+jQ[VA]
\ﬂe‘@ S Isi=/P+ Q" [VA]
O
\Qo o P= Vrms X Irms X C05(¢') [W]
‘0(\ Q
% £ Q=Vims X lms X sin($) [VAR]
3 PF = =P
b 5 & cos(¢) S|

Active Power (P) & = arccos(PF) [rad]

Figure 1.2: Power Triangle [5]

* Real power (or active power), P, is the amount of power consumed by a load and is
measured in Watts.

* Reactive loads such as inductors and capacitors do not dissipate power, yet they drop
voltage and draw current. This is called reactive power, Q, and is measured in Volt-
Amps-Reactive (VAR).

* The combination of reactive power and active power is called apparent power, S, and it
denotes the amount of power transferred from a power supply. The unit of measure for
apparent power is Volt-Amps (VA).

The power factor (PF) is defined as the cosine of the phase angle between apparent and
active power:

p
PF = cos(¢) = — (1.1)

|SI
The phase shift between the voltage and current waveforms can be computed as:

¢ =arccos(PF)[rad] (1.2)

According to Fig. , the active power is given by:

P = VipsIrmscos(@)[W] (1.3)

For a DC input, the input current and input voltage are in phase and, as such, maintain a
PF equal to one.

For an electronic application that is powered from the AC grid, the input current does not
naturally follow the instantaneous AC line voltage. For a PF less than 1, a significant portion
of the generated power circulates in the system instead of being consumed by the load. More
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apparent power, i.e., more circulating current would be required to deliver the same amount of
real power to the load.

To achieve a PF equal to unity, yielding maximum efficiency, the phase shift between
voltage and current must be zero. However, it is not sufficient to bring the current and voltage
into phase. As described in the international standard, EN 61000-3-2 [6], there are limits
imposed on the values of harmonic currents up to the 40th harmonic current. Therefore, to
comply with the standard, the current and voltage waveforms must not only be in phase but
also the current needs to be sinusoidal.

The most common topology choice for active power factor correction is the DC-DC boost
converter [7]. In this topology, the inductor is on the input side of the converter, meaning
that the input current does not experience high dI/dt, making the topology better equipped to
achieve low input current distortion. European mains voltage is presently specified as being
230 Vyms £ 10% and since the PF control circuit is a boost converter, the output voltage must
be higher than the maximum input voltage, e.g., 253 V,,s or 356.73V. The industry standard
for the boosted voltage is 400V.

1.2.2. LL.C Resonant Converter Principle

Safety regulations impose that the apparatus must be isolated from the mains pins. This is
achieved using an isolation transformer (safety regulations) in combination with a LLC tank
(harmonic current regulations).

A LLC converter is a resonant inverter with three reactive elements where the boosted
DC input voltage is turned into a square wave by a switch network arranged as a half-bridge
that feeds the resonant LLC tank, effectively filtering out harmonics, providing sinusoidal-like
voltage and current waveforms [8].

Based on Fig. 1.1, the linear relationship between the input power and energy stored in
capacitor C; is briefly described as [4]:

* When the high-side switch is on, a primary current is flowing through the transformer
and resonant capacitor C;, as indicated by the red line.

» Half the energy the input delivers is transferred to the output. The other half charges
resonant capacitor C, = the voltage across the resonant capacitor increases.

* When the high-side switch is off and the low-side switch is on, the energy which is
stored in resonant capacitor, Cy, is transferred to the output and its voltage decreases.

The input power has a lienar relationship with the capacitor voltage difference, AC, [4]:

Pin = VgoosTt - Ipoost = Veoost -AVe, - Cr - fsw (1.4)

1.3. Technology

For this design, the chosen technology process is CMOS14P of NXP Semiconductors.
CMOS14P is a 140nm process family for power applications up to 30V. The key technology
features of CMOS14P are:

1. Low-resistive substrate.
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2. Deep N-wells (can eliminate substrate crosstalk/noise by placing a shield layer below
critical analog circuits).

Multiple gate oxides.

Low-k dielectric materials.

High-density logic.

Low- and high-voltage transistors (from 1.8V up to 30V).

A

Low leakage transistors (which enables high-temperature operation).

A key advantage of CMOS14P technology process is that it benefits from multiple wells
which can shield sensitive analog blocks from substrate crosstalk or noise. Cross-sections of
both NMOS and PMOS low-voltage transistors is illustrated in Fig. 1.3.

Drain/Source Body

Deep N-well

P-type Substrate

Figure 1.3: Low-voltage Deep N-well NMOS and PMOS Transistors Cross-Section

The P-type substrate is shared by all the circuits on the respective wafer and any noise
coming from the switching activity of the digital blocks can affect sensitive analog blocks,
such as current mirrors or differential pairs. It is important to note that only NMOS transistors
are affected by the aforementioned effects, as a PMOS transistor is already shielded by the
N-well that serves as its substrate (or body). To fix this issue, a deep N-well (DNW) is used
to shield (or isolate) the NMOS from the noisy P-type substrate. An isolated P-well serves
then as a noise-free substrate for the NMOS transistor. It can also be observed in Fig. 1.3 that
the DNW is connected to the N-well body of the PMOS transistor. Additionally, this feature
allows the bulk of the NMOS to be connected to arbitrary potentials, i.e., usually ground or
tied to the source such that the body effect is eliminated. Shallow trench isolation (STI) is
applied to isolate transistors from each other.

Parasitic diodes are also highlighted in Fig. 1.3. DNW is typically connected to a high
voltage potential to ensure that the diodes are reverse-biased. The P-type substrate is always
connected to the lowest potential available. Since the P-type substrate is shared by all the
circuits on the wafer, it is crucial to reverse-bias the parasitic diodes to isolate the devices
between each other.

It is important to mention that the CMOS14P process includes high-voltage PMOS tran-
sistors up to 16V whereas the high-voltage NMOS transistors includes a 30V model. The
cross-section of a high-voltage NMOS transistor is illustrated in Fig. 1.4.
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(o) Source

V222

P-type Substrate

Figure 1.4: High-voltage NMOS Transistor Cross-Section

Low-voltage transistors are symmetrical, meaning that the source and drain can be ex-
changed without changing the behavior of the transistor. The construction of a high-voltage
transistor is different. The drain is now separated from the channel by a lightly doped N-well
that prevents the voltage on the drain to appear across the sensitive gate oxide. Therefore,
high-voltage transistors are not symmetrical.

In the CMOS14P process, 20V/30V NMOS transistors do not benefit from shielding lay-
ers. Thus, the aforementioned devices will always have their body, the P-type substrate, con-
nected to the lowest available potential meaning that the transistors will suffer from the body
effect.

1.4. Research Objectives & Targets

A higher integration level of LVRs requires eliminating the large external (off-chip) ca-
pacitor. Although beneficial for the area, the key parameters that describe the performance of
a LVR (i.e., stability, quiescent current consumption, loop bandwidth, and transient response,
described in Chapter 2, Section 2.6.3, have all been degraded.

The correct functionality of the LLC resonant converter imposes a limited supply voltage
variation for the power control integrated circuit between 7V and 18V. Current generations
of NXP Semiconductors power control integrated circuits for PF control and resonant control
use multiple integrated LVRs for generation of 1.8V up to 5V regulated voltages.

The objectives of this work are summarized in the following:

* Multiple voltage levels are required:

— Aiming to reduce the chip area consumed by the LVRs is the first objective of this
work.

— To meet efficiency regulations during standby/low-power mode, a limited amount
of quiescent current is allowed for each LVR. An architecture that has a fast tran-
sient response with a low quiescent current reveals the second objective of this
work.
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* For some internal voltages, the load current or capacitive loading can vary significantly.
To achieve maximum area efficiency, providing an architecture that is scalable in terms
of the load current and the load capacitance highlights the third objective of this work.

According to the requirements, the targeted design specifications are listed in Table 1.1.

Table 1.1: Table of Specifications

Symbol Parameter Min | Typ. | Max | Unit
ViIn Input Voltage 7.0 - 18 \%
Vour Output Voltage 1.65 | 1.8 1.95 A\
AVour Dynamic Load Regulation -8.33 - 8.33 %
Io Quiescent Current (I; = 0, w/o band-gap) - - 10u A
I Load Current 0 - 10m A
Area - - — [0.0353 | mm?
Cr Load Capacitance 50 - 300 pF
1.5. Thesis Outline

This thesis project entails the conceptual analysis, architecture design, and circuit design
of the proposed linear voltage regulator. The rest of this thesis report is organized as follows:

Chapter 2 introduces the working principle of fully integrated linear voltage regulators, followed
by a detailed description of the key parameters, and ends with the associated output
stage choice problems, and solutions.

Chapter 3 presents the novelty of this work, i.e., a comprehensive mathematical description of
current amplifier-based LVRs, comprising design limitations, improvements and con-
clusions.

Chapter 4 provides the final schematic implementation of the LVR, highlights the compactness

and scalability of the design, presents the simulation results and the comparison with
state-of-the-art designs.

Chapter 5 summarizes this project, offers conclusions, and proposes a research direction for future
works.



Fully Integrated Linear Voltage Regulators

In this chapter, the generic NMOS and PMOS topologies of LVRs will be used as a mean to
introduce the static and dynamic state specifications. At the end of the chapter, the main design
challenge of the target LVR is addressed. Small-signal derivations are detailed in Appendix
B.1.

2.1. Static State Specifications

Generic LVR static state specifications are described in this section.

2.1.1. Quiescent Current
The quiescent current, I, is defined as the current consumed by the LVR’s control circuits.
The power efficiency, 1, of a linear voltage regulator can be expressed as in Eq. (2.1),
where I7pap is the current flowing into the load and Vpg = Vin - Voyr is the dropout voltage.

2.1

_ Eppriverep _ Vour-lroap  _ (1 B VDO) - Tioap
Esyppriep  Vin-Upoap + 1g) Vin) Iroap+1q
It can be observed that the efficiency can be increased by reducing Vpo and/or Ij,.

2.1.2. Line Regulation
Line regulation represents the ability of a regulator to withstand static variations from its
supply. It is defined as the gain between the regulated output and input supply AVoyr/AVinN.

2.1.3. Load Regulation

The load regulation is defined as the static output voltage variation, Vx, in response to
static load current changes, Ix.

2.2. Dynamic State Specifications

The ability of a LVR to withstand supply voltage and load current transients is the defin-
ing quality factor of a regulator. The output voltage spike and recovery time directly affect
the LVR’s output accuracy, therefore, small output voltage variations, i.e., voltage overshoot,
voltage undershoot and fast recovery time are desired and must be within the specified limits
in order to prevent causing permanent damage to the IC.

8
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The output voltage spikes occur in large signal domain, where strong non-linear slew-
ing effects occur and this makes the analysis not trivial and difficult to accurately define the
transient behavior [9].

2.2.1. Load Transient Response

Load transient response is defined as the LVR’s ability to regulate the output voltage dur-
ing fast load transients. The circuits loaded by the LVRs can unpredictably fast draw large
currents. Therefore, it is crucial that the LVR’s load transient response does not cause large
overshoot/undershoot peak voltages, which could permanently damage the IC. A fast settling
time is also desired due to its dependency on the overshoot/undershoot peaks [9].

2.2.2. Line Transient Response

Line transient response is the regulated output voltage variation in response to sudden
changes in the the supply voltage (V7). The most important parameters that describe the line
transient response are the settling time of the output voltage when a line transient occurs and
overshoot/undershoot peak of the output voltage.

2.3. High Frequency Behavior

2.3.1. Power Supply Rejection

The power supply rejection (PSR) of a LVR can be defined as the ability to maintain a
constant output voltage, Voyr, in the presence of a noisy supply voltage, Viy.

In comparison with static state line regulation specification, power supply rejection ratio
is in AC domain and can be defined as:

(2.2)

v
PSRR = '2010g10( OUT)

Vin

In the low frequency range, the supply variation that appears at the output can be treated
as a DC component, which is actually represented by the line regulation ability of the LVR.
As frequency increases, more noise or ripple from the supply line will show up at the output
of the regulator [9]. Using a cascode transistor between the supply line and the pass device
not only improve line regulation and the line transient response, it also improves PSR.

2.3.2. Noise

The output noise is an important specification when the LVR is driving a noise sensitive
analog/RF block. In this design, the noise requirement is included in the output voltage accu-
racy. The equivalent input referred voltage noise spectral density sources are portrayed in Fig.
2.1.

The noise of a LVR consists of three main contributors:

1. Band gap reference power spectral density (PSD), Vr% BG

2. Feedback elements PSD, V2,
JREQ

. P
3. LVR circuit PSD, Vn’ VR
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Vin
Vn,BG Vn,REQ —‘7
N N
o o Vour
Band gap Noise-free § R:
Voltage §RL =
Reference
Noise-free § R,

Figure 2.1: Equivalent Input Referred Voltage Noise Spectral Density Sources of a LVR

In LVRs, the most commonly used feedback elements are resistors, and in that case, their
thermal noise contribution to the input are accounted for as if their parallel connection is in se-
ries with the reference voltage source [10]. For a properly designed LVR, the main contributor
to noise should be the first stage of the OTA within the LVR [10].

2.4. Frequency Behavior

A LVR employs voltage negative feedback (series-shunt) in order to achieve the desired
output voltage level. The main consideration that needs to be taken into account for the LVR
design is that stability should be assured for the entire load current range. In other words, the

voltage loop gain magnitude should intersect the unity gain bandwidth (UGBW) with a slope
of -20dB/decade.

2.4.1. Output Impedance

The small-signal circuits for analyzing the output impedance (or dynamic load regulation)
for both pass device options is depicted in Fig. 2.2. The overlap capacitances, Cgs and Cgp,
have been omitted.

The output impedances of the LVRs are given by:

Y/ (9= ! (2.3)
S)=——(8§) = .
OUT,NMOST Ay IR AvBgmn+(L+SRGCG) gmN
ds,N 1+Ry 1+sRcCq
AVy 1
Zout,pmost($) = (s) = N 2.4
Alx Ly 14 5C; + Avbgme
rasp  Ri+R2 L™ T¥sRsCq

Assuming a very fast load current pulse (s — co), the output impedances can be approxi-
mated by:
1

AVx
lim Z §)=lim —— () x ——— 23
Jm ouT,NMOST(8) §—00 AIX() sCL+ 8gmN =
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- VFB%ngRL Vy

a) L b)

Figure 2.2: Small-signal circuits for output impedance analysis. a) NMOS-based LVR & b) PMOS-based LVR

AVx 1
l Y4 = 1 —_— 2.6
im oUT,PMOST(S) = im AL X5~ Co (2.6)

It can be observed that for the NMOST LVR, the output impedance is much smaller, en-
abling the regulator to respond faster to load current steps.

2.4.2. NMOST Output Stage

A NMOST output stage LVR with annotated poles and zeros is depicted in Fig. 2.3. The
voltage loop gain is sufficient to describe the stability of the system. The calculations are
detailed in Appendix B.2.

VReF o—— P1 Coo

It My

CGS =

Sy
L

P>

'“_’\/\/\I_‘ <

<
<
vs)
A
ey
|1
11
O
)
\

Figure 2.3: NMOS-based LVR

A left half plane zero, Z;, is generated by the transconductance of transistor My and the
overlap capacitance, Cgs. Its position is given by:

wz, = i":;][rad/s] 2.7

The first dominant pole, P, is due to the high output impedance of the operational transcon-
ductance amplifier (OTA) stage and the capacitance at the gate of the pass transistor and is
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located at:

1
wp, = —RGCG[rad/s] (2.8)

By using Miller’s approximation, we can define Cg as:

Cc =Cora+Cgp+(1—-Ay,cp) - CgslF] (2.9)

If the body of My is connected to the source of My, the body effect can be neglected
(AV,CD = 1), therefore C; = Cora+ Cop.
The second dominant pole, P», is located at:

1

wp, = — [rad]s] 2.10
2 1 gmnlI (R + Ro)IIRL-Cy (10
Eq. (2.10) can be further simplified if we assume that:
1
—||R, << R1 + Ry [Q] (2.11)

gmN
Condition (2.11) is true most of the time because both resistors, R; and R, are in the range
of hundreds of kQ to units of MQ. Usually, resistor R, is chosen in order to bias transistor
My at a certain current:

I = VREF
Qmy ~ R,

[A] 2.12)

Whereas resistor R; is chosen in order to meet the desired output voltage:

Vour =

1+i)'VREF[V] (213)
Ry

By comparing 1/g,n to Ry, we can deduce that:

1 Vos— V- Vi Vi
_Yes=Vru _ Yov __ Vour _ R[] (2.14)
gmN 211 21 It
Where Vpy is the overdrive voltage of transistor My and V7 is the threshold voltage of

transistor M.
Therefore, Eq. (2.10) can be simplified to:

wp, = —=——[rad/s] (2.15)

Comparing wz with wp, and considering that Cgs is much smaller than Cy, it can be
concluded that Z; is a non-dominant zero, making the system a second-order all pole system.

Therefore, we have the first dominant pole located at the gate of the pass transistor and a
second dominant pole at the output of the LVR. The position of the output pole, P,, increases
with the load current as given by Eq. (2.15).

The DC loop gain is given by:

R, gmN

) 1 1 1
R+ R, gmN * Tds,N + R. ' Ri+R:

Lpc=—-AvBgmNTour = —8mRc- (2.16)
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The last term in Eq. (2.16) can be approximated to 1, meaning that the DC loop gain is

given only by the feedback network and the OTA, hence, increasing I from Iy, ;;in t0 I max
does not affect the DC loop gain.

A conceptual bode plot of the voltage loop gain magnitude is depicted in Fig. 2.4.

Voltage Loop Gain
Magnitude [dB]
A

Low Current Load
== High Current Load

LDC
P1

> Log Angular
\ Frequency [rad/s]

Figure 2.4: NMOS-based LVR - Conceptual Loop Gain Bode Plot - Poles Movement

2.4.3. PMOST Output Stage
A PMOST output stage LVR with annotated poles and zeros is depicted in Fig. 2.5.

VIN
[}

VREF o——

T
Cop = II_ Me

cP
I .
I = °Vour

Figure 2.5: PMOS-based LVR

A right half plane zero, Z1, is generated by the transconductance of transistor Mp and the
overlap capacitance, Cgp. Its position is given by:

Wz, = i—’g[md/s] (2.17)
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The first dominant pole, Py, is due to the high output impedance of the OTA stage and the
capacitance at the gate of the pass transistor and is located at:

1
wp, = —RGCG[rad/s] (2.18)

By using Miller’s approximation, we can define Cg as:

Cc=Cora+Cgs+(1—Ay,cs) - Cop=Cora+Css+ 1+ gmprasp) CeplF] (2.19)

Cgp will be found at the output node as:

Cep,our =Cepn+ (1 - ) =~ CgplF] (2.20)

V,CS
The second dominant pole, P,, (neglecting Cpp) is located at:

wp, = — [rad/s] (2.21)

ras,pCL
The output impedance of transistor Mp can be written as:

0Vpsp  Lp

= Q] 2.22
O0lps,p  Alps,p (222)

Tds,p =

Where: A is a process dependent parameter and denotes the channel length modulation
effect.

Therefore, Eq. (2.21) can be rewritten as:

wp, = — LjILC ~[rad/s| (2.23)

Similar to the NMOST LVR, the second pole’s location moves with the load current. Con-
sidering that Cgp << Cy, it can be concluded that Z; is a non-dominant zero, making the
system a second-order all pole system.

The DC loop gain is given by:

Lpc=-AvBgmprour = —&mRc 8mpP Tas,pl|RLII(R1 + Ry) (2.24)

2
R1 + Rz

Usually, in PMOST LVR designs, the PMOS transistor is designed for very low ry;p,
which allows for low-dropout regulation, therefore, Eq. (2.24) can be simplified to:

Ry
Ri+Ry
In order to analyze the effect of the load current on the loop gain, we can substitute g,,p =
V2KI; and rggp = LI (AIL) in Eq. (2.25):

Lpc =-8mRc 8&mP " Tds,p (2.25)

Ny 2.26
R1+R2 /lm ( )

Eq. (2.26) reveals that the loop gain reaches the highest value at low current load and that

it reaches the lowest value at high current load, effect that is illustrated in Fig. 2.5.
A conceptual bode plot of the voltage loop gain magnitude is depicted in Fig. 2.6.

Lpc =-gmR¢
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Low Current Load
== High Current Load

I—DC 4\

\ > Log Angular
Frequency [rad/s]

Figure 2.6: PMOS-based LVR - Conceptual Loop Gain Bode Plot - Poles Movement

2.5. Pass Device Choice

The performance and characteristics of both NMOST and PMOST implementations for
the pass device are given in Table 2.1.

Table 2.1: Pass Devices Comparison

Pass Device NMOST PMOST
Configuration Common Drain | Common Source
Line Regulation| %] T T—r— gm,ptllss T ﬁﬁ
Load Regulation [ %] - m - m
DC Loop Gain - Ayp - Ay Bgm,passTds,p
Pq [rad/s] -FICG - FICG
P, [rad/s] ~ - —g’”g’L“” - rd&piss o
(Non-dominant) Z; [rad/s] - g"é‘—g;‘” %

A NMOST is chosen as the pass device for this design because it offers improved line
regulation, lower output impedance, no accuracy degradation in the voltage feedback loop
gain along with higher current capability (pe- > pe+) for a smaller area.

2.6. Transient Behavior

2.6.1. Capacitive Division

In addition to output voltage variation caused by load current steps, there is an additional
voltage step caused by a capacitive division between Cg and Cgs. The effect is illustrated in
Fig. 2.7. Because of the capacitive division, node Viy will move in the same direction as
Vout before recovering.

This effect can be mitigated by placing an additional capacitor in order to increase Cg.
The equation that governs this effect (detailed in Appendix B.3) is given by:
AVon . . Cgs

lim (s) =
s—oo AVoyr Ce +Cgs

(2.27)
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Voltage
p Large Cg Small Cg

— Vour — Vour

VReF o—

Time

a)

Time

Figure 2.7: a) NMOS-based LVR- Capacitive Division & b) Capacitive Division Transient Waveforms

The trade-offs for this method are:

* The slew rate at node Vg will decrease, according to:

AVgn _ IS_R
At Cg

K] (2.28)

N

* In addition, the bandwidth of the voltage loop is effectively decreased, as illustrated in
Fig. 2.8.

Fortunately, the performance degrading consequences of mitigating the capacitive division
effect can be improved by applying the adaptive biasing technique, which will be discussed in
detail in Chapter 3.

Voltage Loop Gain
Magnitude [dB]
A

Large Cg
=== Small Cg

CgIncrease
<—
Loc L
P,
. Log Angular
X\ Frequency [rad/s]

Figure 2.8: Capacitive Division Mitigation - Loop Bandwidth Reduction Effect

2.6.2. Consecutive Load Current Steps

Because of the limited amount of quiescent current allowed for this design, the feedback
resistors, R; and R, along with the load capacitance, Cy, can constitute a large time constant,
T = (Ry + Ry) - Cy, in the order of tens of us.
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An undesired effect might happen in the following scenario: assuming that the LVR is
recovering from a negative load current step and that the time constant is very large, the gate
potential, Vi, will be discharged, in some cases, below Vpyr, effectively turning transistor
My OFF. If a positive load current step then occurs at the point where V;; is at its minimum
value, Vpyr will face a very large undershoot voltage peak. This effect is illustrated in Fig.
2.9.

Voltage
Vin I\/_\_ Small RC Discharge
Time Constant
Ven RC
v V Vour N
REFo———+ GN
—Om Mn Large I
. . Undershoot i
ICG l Vout I » Time
- 4
Ves Rl ILmax I max
CL I
R2
IL,min IL,min
a) = = = b) » Time
Fast Load Current Pulse

Figure 2.9: a) NMOS-based LVR & b) RC Time Constant - Transient Waveforms

A LVR that consists only of an OTA, the feedback network and a NMOST output stage
does not have any other discharge path besides Ry, R, and C;. Therefore, in order to mitigate
this effect, another discharge path ought to be implemented. One possible implementation
is to replace the NMOST common drain output stage with a common drain push-pull output
stage. In this way, the output node, Vpoyr, will be discharged via the PMOST only during
negative load current stepts, as shown in Fig. 2.10.

Voltage
Veul—/

Vour ‘\/—N

Ver | N

Time
INmos

VREFo— |

IL,max

Vour lon lon

Time
lpmos

lcap

%CL @

R1

Ves

lSlnk

Re -0 | NerTime

I max

HE—AW— A

Main Discharge Path\

a) b)

0 9 . Time

Figure 2.10: a) NMOS-based LVR with Push-Pull Stage & b) Transient Waveforms
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The classical CMOS implementation for the common-drain class AB push-pull stage is
depicted in Fig. 2.11 [11]:

VDD

VB'—'I: M5

Ms j|_+4ll__, My

0 VOUT

M, :"_4“‘_‘ Ms

ViN o—|l: M,

Figure 2.11: Common-Drain Class AB Output Stage

Where:

Ve = Vgss + Vsge = Vgsa + Vsgs (2.29)

Vess+Vsgo= | —————+Vrus+/ ——————+ Vrm2 (2.30)
unC ox KpC ox
21M4
Vesa+Vsgs = | ———— t Vraa+ | ———~— + Vrus (2.31)
1nC ox ,up ox

Equating the previous two equations ylelds

21 21 21 21
L—+ V S = \/ P —+ LT (2.32)
tnCox (T)?, IJpCox (T)Z tnCox (T)4 /Jpcox (T)5
Assuming quiescent point operation, that is Iny4 = Ins = Ig and Voyr = 0, then

2
[ 1/\/pinCox(WIL)3+1//11,Cox(WTL),
Io=1Ip-

(2.33)
If we also assume that the transistors are matched, that is
:uncox(W/L)S = ,upcox(W/L)Z (2-34)

.unCox(W/L)4 = .Upcox(W/L)S (2-35)
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Then:

3 (WIL)4

T Wiy

In this design, the quiescent current of transistor M5 in Fig. 2.11 is chosen to be twice as

large (= 1 A) as the bias current (0.5uA) supplied by transistor Mg. It should be noted that

the effective transconductance of the output stage becomes G, = g5 + §ma. The push-pull
stage slightly increases the transconductance of the second stage of the OTA [10].

(2.36)

2.6.3. Response Time
The most challenging aspect of the design is to achieve a load current step response with
minimal overshoot/undershoot peaks in the output voltage with the following constraints:

* Small load capacitance (C; = 50pF),
 Limited quiescent current (Ig max = 10pA),
* Minimal controller area.

In [12], the response time has been defined as:

_ CrL-AVour s

R AL [s] (2.37)

Where:

* AVouyr represents the change in Vpyr, 1.e, either the undershoot or overshoot peak
voltage,

* AIp represents the change in the output current, I;.

Eq. (2.37) highlights the transient performance degradation for fully integrated LVRs, as
opposed to an external load capacitor LVR (up to 10° order of magnitude difference in Cr:
pF = uF) and is usually used to determine the required response time in order to achieve a
certain undershoot/overshoot in Vpy 7 for a given load current step variation.

In [13], the response time of a LVR has been further detailed as:

1 AVg
~ Cr —2 2.38
BWct T Isr ) (239

Tr
Where:
* BW¢| represents the closed-loop bandwidth of the LVR negative feedback,
* AV represents the voltage variation at the gate of the power transistor,

» Igp represents the slew rate current of the output stage of the EA that drives the capaci-
tance at the gate of the pass device, Cg.

The slew rate current, Isr, can be enhanced by using a push-pull stage, making use of the
current amplification ability [14]. The response time, Tg, can be improved (i.e., reduced) by
using an adaptive biasing scheme in order to enhance the closed-loop bandwidth of the LVR
during load step transients while also increasing the slew rate current, Igg.



Current Amplifier-based Linear Voltage
Regulator

The work presented in this chapter is complementary to a patented implementation of a
current amplifier-based LVR (CA LVR) [15], in the sense that it develops a theoretical frame-
work that contains comprehensive mathematical insight(i.e., provides design equations) and
proposes suggestions for improvements.

This chapter starts with the generalized concept of CA LVRs, an overview of the prior art
and its application. The subsequent sections introduce the working principle of CA LVRs and
its simplest implementation. Various implementations are all built on the previous, highlight-
ing the performance improvement and their associated design trade-offs (where applicable).
The last two sections of this chapter describe the working principle and the implementation of
a technique called adaptive biasing, that can be applied to all CA implementations, followed
by the conclusions of this chapter.

3.1. Concept & Prior Art
The concept of a current amplifier-based LVR is illustrated in Fig. 3.1 [15].

Power Supply

Linear \Voltage Regulator
Current Amplifier

|

|

| v v
|| Current Amplifier | o | Current Amplifier
|

|

|

Control Circuit | > Circuit

VREF

PR DU L 1
l v

Voltage Controller

v

Output Transistor

P Load

——— - - —

Figure 3.1: Current Amplifier-based LVR - Concept

20
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The concept was initially implemented via external, discrete components, around an inte-
grated LVR, as illustrated in Fig. 3.2 [16], in order to boost the current capability of the LVR
in cases where the output capability of the integrated LVR was insufficient (for example, the
load requires 10x more current than what the LVR can handle). Transistor Q; is controlled
by the voltage drop generated across the sense resistor, R;. The voltage drop is caused by the
current that the regulator is supplying to the load. When the regulator current, Igpg in Fig.
3.2, 1s high enough (i.e., IrgG > VBE,Q1/R1), transistor Q; will become biased and will be able
to provide the extra current that the load requires.

Incr;L_‘L Q1 BD536
1Q
R1 1 3 Output
WA MC78XX/LM78XX ——— O
30 IREG lo
T oszauF 2 T 0.1,F
R, = Ve
" lrea-lor Ban

lo =lrec +Bar {(laec-Veear/R4)
Figure 3.2: Current Boosted LVR [16]

The value of the sense resistor can be chosen such that, when the integrated LVR reaches
its maximum current capability, the voltage drop generated across the sense resistor would
turn transistor Q; ON, providing the additional required current.

3.2. Principle of Operation

Taking the idea further, integrating the current amplifier and using a local feedback out-
put stage (NMOST in the common drain configuration) can greatly improve the transient
response of the LVR. The idea, using a 180nm GPDK, is illustrated in Fig. 3.3. The over-
shoot/undershoot voltage spikes in Vo7 depend on the Ipsvs. Vs curve of the output NMOST.
The transient performance is enhanced by the fact that the current variation Alpg in transistor
My can be reduced by a factor equal to the CA gain, which in turn decreases the amount of
AVgs required to sustain Alpgs/K, and therefore, reduces the amount of undershoot and over-
shoot that the LVR suffers from during load current steps. The condition for the CA to be
effective is to design a threshold below which the CA loop gain is zero.

A first design consideration can be derived from the Ipg vs. Vggs plot of transistor My
in Fig. 3.3, i.e., transistor My should be designed to operate in the deep weak inversion /
subthreshold in order to maximize the transconductance efficiency (g,,/Ips). In the following
sections, practical implementations of CA LVRs will be presented in detail.
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Figure 3.3: a) Current Amplifier-based NMOST LVR & b) Mechanism Illustrated for Current Gain = 20

3.3. Current Amplifier - Type I

The simplest CMOS implementation of a current amplifier-based LVR is depicted in Fig.
3.4. The sense resistor, R4, and transistor M, form the additional current path from the supply
to the load.

3.3.1. Qualitative Analysis
The current loop formed by My, M and R4 is able to react very fast to sudden changes in
I;, greatly aiding the transient response of the LVR.

Voltage Voltage
VIN — Vesn
— Vser
I -
Time Time
Current Current
~h IPMOS
Itn :VRL:Z ] Loc = gm2Ra m
A
NLDC "
Time Time
Vour
Current Current
o e
Time - Time
b)
IT (8
tlj th llttat%;ts t7tg totio

Figure 3.4: a) Current Amplifier-based LVR - Type I & b) Conceptual Transient Waveforms

Load Current Step Transient Response:

1. t< fy:

* Att < f1, the LVR is in its quiescent state: I; = 0.
* At t; a very high speed load current pulse is being applied.

2.t< b



3.3. Current Amplifier - Type I 23

e Att =, the load current, I;, reaches its maximum value.

* The LVR is unable to react to such fast current pulses. The load current will be
provided by the charge stored on Cj.

* Node Vpyr will be discharged with a current that has the same rate of change as
Ir.

* Node Vsy, apart from the capacitive crosstalk between Cg and Cgs, remains con-
stant. Vg thus increases.
3.t 13
* Att < f3, the current through transistor M; increases causing a voltage drop across
resistor R4, which in turn causes a current to flow through transistor M>.

o Att=13, Inng = Ipgo.
4.t<1y

e At t = ty, the current through transistor M, is large enough to generate a voltage
drop across R4 that is equal to the treshold voltage of transistor M,, therefore
biasing M, in weak inversion, saturation.

5.ttty
e Att < fs, the current through transistor M, greatly increases as Vsgp is increased,

delivering most of the load current, I;.

* Att = 15, the current of transistors M; and M, stabilize according to:
Ingi+ Inz = I+ Icap (3.1)

* Icap is very small at this point and can be neglected in the equation above.
* The load current distribution between transistors M; and M, is governed by the
current loop gain of the fast loop, Lpc = gm2-Ra.

It
In=~— (3.2)
Lpc
It
Inpp=1p—Iyn = I — Inc (3.3)

6. t<tg

* Att < f, the load capacitance, Cr, does no longer have any contribution to I;.

* Att= tg, depending on the speed of the slow loop, Voyr will be brought up to its
nominal value.

* The recovery time of Vpyr is governed by the slew rate at node Vgn:

AVgN _ ITarL
At Co

3.4)

* Where: I74; is the bias current of the g, stage.
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T.t<t;

e Att < t7, the LVR is supplying a load current equal to I;.

* Att= t7, the load current suddenly starts to decrease.
8. t<13

* Att < tg, the LVR is not fast enough to react to the negative load current step (from
I; = 0) and transistors M; and M, are charging the output load capacitance
resulting in an increase of Vpyr.

* Node Vsy, apart from the capacitive crosstalk between Cg and Cgs, remains con-
stant. Vg thus decreases.

e Att = tg, the load current reaches its minimum value. It can be observed that the
current flowing into the load capacitance reaches a peak at a value lower than | Iy |
and can be approximated by a value lower than |Ipys0s].

9. t< 1

* Att < fg, the current supplied by M; and M, decreases significantly.
e Att = tg, the current in transistors M; and M, are equal. The rate at which Voyr
is charged decreases.

10. #o

e Att= t19, Voyr reaches its maximum value.
* Att > f9, if no discharge circuitry exists, Voyr will recover to its nominal value
by discharging via Ry, R, and Cj.

The qualitative analysis is similar for all the subsequent CA implementations.

3.3.2. Stability Analysis

In order to deduce design equations, the stability and interaction of the voltage loop and
the current loop is analyzed in this subsection, based on the circuit from Fig. 3.5.

* The poles and zeros of the current loop are found at much higher frequencies than the
poles and zeros of the voltage loop and therefore, do not interact with the voltage loop.

* Therefore, the voltage loop gain (denoted as Ly) (deduced in Appendix B.4) can be
approximated by a simplified expression, given by:

BAy gmNReq
(1+sCgRg) - [1 + (sCr+ gmNReq)]

Ly(s)= (3.5)
With:

Lypc = BAy (3.6)
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Figure 3.5: CA LVR Type I - Stability Analysis
Where:
* [ is the negative feedback gain:
Ry
= 3.7
'B R+ Ry ( )
* Ay is the voltage gain of the OTA stage:
Ay =gm*Rg (3.8)
* Rg is the output impedance of the g, stage.
* Req is the equivalent output resistance, given by:
Req = (Ri+ R)IIRLIT452[Q (3.9)
* (C,4 is the total capacitance between the gate and source of transistor Mo:
Ca= ng2[F] (3.10)
The current loop gain (denoted as Lj) (detailed in Appendix B.4) is given by:
Li(s) = ,BAvgmNReq +(1+5CcRG)gmNReq . gm2Ra G.11)
With

Lipc = gm2Ra (3.12)
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Where:

* The first pole is given by:

R
wpy = — P8mEmn Req [radls) (3.13)
Co(1+ gmnReq)
* The first zero is given by:
1+ﬁAV
=— dl 3.14
wz1 CoRo [rad/s] (3.14)
* The second pole is given by:
=———([rad/ 3.15
wp2 CiReq [rad/s] (3.15)

* The third, non-dominant, pole is given by:

=— dal 3.16
WP = o [rad/s] (3.16)
Current Loop Gain
Magnitude [dB]
A
P1
L
I,0C 7, P,
o Log Angular
Wy Frequency [rad/s]
P3

Figure 3.6: CA LVR Type I - Loop Gain Bode Plot

Based on the bode plot from Fig. 3.6, the unity gain frequency can be written as:

w, = —LLDC-%-wpg[rad/s] (3.17)
wz1

A phase margin design equation is deduced:

(3.18)

w 180°
PM:90°—tan_1( 4 )

wp3 T
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For a phase margin of 60°:

w 180° b4 w
30° = tan‘l( “ ) = — = tan_l( = ) (3.19)
wp3 /4 6 wp3
Leading to:
w 1l w w
P3=\/§:>LI,DC:_’ﬂ'£ (3.20)
wy V3 wp2 wpi
Or its equivalent expression:
1 CL 1 wy
Lipc=— ! (3.21)

V3 8mn CaRa wp1
Several conclusions can be drawn:

1. The performance of the CA is dependent on both the DC loop gain and the unity gain
frequency.

2. In order to increase the loop gain:

» Sense resistor, R4, can be increased, pulling pole P; closer to the unity gain fre-
quency, decreasing stability.

 Transistor M, can be made wider in order to increase g,,2. However, this choice
has the effect that it will decrease stability = capacitance C4 is dependent on
the width of M>:

2
CA = ngg ~ gWZLZCox [F] (3.22)

* Both methods successfully increase the DC loop gain of the CA at the expense of
a lower overall bandwidth.

3. Generally, the DC loop gain of this implementation is large, but suffers from bandwidth
limitation = the non-dominant pole, Ps, is given by two fixed parameters, C4 and R4.

4. Transistor M must be designed such that it can sustain the load current without caus-
ing reliability issues (for example, self-heating), meaning that capacitance C4 will be
relatively large.

The voltage loop has a direct effect on the current loop, as can be seen that pole P; and
zero Z) are dependent on the voltage feedback gain and on the voltage gain of the g,, stage.
A modified implementation is presented in the following section, aiming to solve the speed
limitation of CA Type 1.

3.4. Current Amplifier - Type II
A solution to CA Type I's bandwidth limitation is to utilize a simple current mirror, as
depicted in Fig. 3.7.
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Figure 3.7: Current Amplifier-based LVR - Type II - Stability Analysis
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3.4.1. Stability Analysis
The current loop gain (denoted as Ly) (detailed in Appendix B.5) is given by:

Li(s) = ﬂAngNqu +(1+ SCGRG)gmNRec] . ngRA,tot (3 23)
! (1+5C6RG)(1 + SCLReg + gmNReq) + BAvgmNReq 1+ 8(Ca+ gm3)Rator .
With:

Lipc~&ms (3.24)
8m2

It can be observed that the first term of Eq. (3.23) is the same as the first term of Eq. (3.5)
and is responsible for Py, P, and Z;. It describes the voltage loop influence on the current loop
and will be, therefore, denoted by H;(s), for simplicity.

BAvgmNReq+ (1 +SCoRG)gmNReq

Hi(s) =
I (1+5CGRG)(1+ SCLRoq + 8mnReq) + BAV 8mnReq

(3.25)

Where:

» Capacitance C4 is now given by:

Ca= ng2 + ngS [F] (326)

* The total resistance between the source and gate of transistor M3 is now given by:

1
Rator = g—||rd52||RA[Q] (3.27)

m2
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to:

* The third, non-dominant, pole is given by:

wp3 = —@[md/s] (3.28)
Ca
A similar procedure as for the CA Type I, for a phase margin equal to 60° is done, leading
1 wp3 wzn
Lipc=————— (3.29)
™3 wpr wp

Or its equivalent expression:

1 C. 8me wn
Lipc=—— . .

. 3.30
V3 8&nn Ca wpr ( )

Several conclusions can be drawn:

1. The DC loop gain can now be approximated by the ratio of the transconductances of the
current mirror formed by transistors M, and Ms.

2. The non-dominant pole is now a function of the load current, eliminating the bandwidth
limitation caused by the fixed non-dominant pole for CA Type I.

3. Sense resistor, R4, is necessary to be placed in order to limit the quiescent current of the
current mirror transistors, M, and Mj.

4. The only method to increase the DC loop gain is to increase the g—""; ratio. However,

capacitance C4 will be increased, via making transistor M3 wider, marflking the limitation
of this CA Type II.

5. This implementation has a faster reaction time than CA Type 1. However, the DC loop
gain is limited by the total capacitance between the source and the gate of the current
mirror, Cg x Ws, W3,

The next section aims to introduce a configuration that overcomes the DC loop gain limi-

tation.

3.5. Current Amplifier - Type III

A solution to CA Type II’s DC loop gain limitation is to utilize another current mirror, as

depicted in Fig. 3.8 [15].

3.5.1. Stability Analysis

The current loop gain (denoted as Lj) (detailed in Appendix B.6) is given by:

gm3Raror[1+ (SCg + gma + &ms) R, tot]

L;(s)=Hj(s)- (3.31)
[1+5(Ca+ 8&m3)Rator] - [1 + (SCB + gma) R, rot|
With:
Lipc~ &m3 (1 + ng) ~ 8m3 8ms (3.32)
ng gm4 ng gm4



3.5. Current Amplifier - Type III

30

R
M. ] [~ Ms
Loop

A
||F—————;§}§Eﬂ \/Ghij_ I[:hAN “A;:j [: Ms
Re =Co Re v
t[. ! ouT
= = Vep % R,
a::(:L EEFQL
% R2

Figure 3.8: Current Amplifier-based LVR - Type III [15] - Stability Analysis

Where:

» Capacitance Cp is given by the total capacitance between the gate and source of transis-

tor Ms:

Cp= Cgs4 + Cgs5 [F]

1
RB,tor = ——IITasalIRBIC2]

m4

This configuration adds a fourth non-dominant pole, given by:

g

=— dl
wpy Cs radl/ s]

This configuration adds a non-dominant zero, located at:

Wy = — (8&ma+ &ms)RB,ror +1 . 8ma + 8ms5

2 [rad/s]
CBRB,tor Cs

Based on the bode plot from Fig. 3.9, a phase margin design equation is deduced:

w 180° w 180°
PM:90°—tan_1( u) —mn_l( u)

wp3 T Wpg V4

For a phase margin of 60°:
1 1 wpswpy wz

Lipc=—=" :
V3 Wp2 Wp3+Wps Wp

The total resistance between the source and gate of transistor M5 is given by:

(3.33)

(3.34)

(3.35)

(3.36)

(3.37)

(3.38)
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Figure 3.9: Current Amplifier-based LVR - Type III - Loop Gain Bode Plot
Or its equivalent expression:
1 C w
Lipc=— L 8m28ma Z1 (3.39)

V3 8mN 8m2Ca+8gmaCp wpi
Several conclusions can be drawn:

1. Placing another current mirror introduces an out of band zero, Z,, and another non-

dominant pole, Py.

2. The DC loop gain can now be approximated by the ratio of the transconductances of the

current mirror formed by transistors M», M3 and My, Ms, respectively.

3. Sense resistor Rp is necessary to be placed in order to reduce the overshoot in Voyr

after a negative load current step.

4. Spreading the current gain among two current mirrors allows for smaller sizes for tran-
sistors M, M3, My, M5, meaning that the capacitances C4 and Cp are also much smaller

implying an improved frequency and transient behavior.

5. This implementation offers a good compromise between current gain and bandwidth.

A brief mathematical description that explains the benefits of spreading the current gain

across multiple current mirrors is given below:

* Suppose another current mirror is added, consisting of two PMOS transistors, Mg and

M.

* Each current mirror gain is denoted by F;, F> and Fs.

* The new current mirror will add both a non-dominant zero and a non-dominant pole.
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Assume that the new current gain is designed to be the same as the old one:

Fio Fo=FNFnN-FN (3.40)

* Choose F o such that it is equal to Fj n. This implies that:

Fo=FnN-F3n (3.41)

* Therefore, the new capacitance between the gate and source of the second current mirror
is effectively decreased.

Ca0=CanNIF] (3.42)
Cp,0 <CpNIF] (3.43)
* More detailed:
Cgo=0+F0) CgsunitlF] (3.44)
Cgn =1+ FN)Cgsunit[F] (3.45)

* Furthermore, an analysis of the non-approximated DC loop gains of a CA with two
current mirrors (denoted L0, pc) with a CA with three current mirrors (denoted L n,pc)

yields the following:
Liopc= gms (1 + @) (3.46)
m2 Em4a
LI,N,DC:@’ 1+@'(1+@)] (347)
m2 8m4 8me6

— Unless the ratios are not greater than 10, the + 1 terms are not negligible.

— Therefore, L; n,pc > L1,0,pc With current mirror ratios that respect the following
equation:

Fio-Bo=Fn-Fon-F3N (3.48)

* The same current gain but with improved stability, or, a higher current gain for the same
stability can be achieved.

3.6. Current Amplifier - Type IV

An extension to CA Type III that aims to improve both gain and bandwidth of the current
loop is presented in this section and is illustrated in Fig.3.10.
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Figure 3.10: Current Amplifier-based LVR - Type IV - Stability Analysis

3.6.1. Stability Analysis
The current loop gain (denoted as Lj) (detailed in Appendix B.7) is given by:

T1(8)+ T5(S)
L1(s) = Hi(s)- gm3Ra ror - IT;;T)Z (3.49)

With:
T1(8) = [(gma + &ms + SCB)Rp tor + 1] [(gme + SCARe,ror + 1] [(8ms + SCp) Rp,10r + 1] (3.50)

T>(s) = 8maRa,tot8msRB, 1ot &m7RC tor - [(§ms + &mo + SCp)Rp, 1o + 1] (3.51)

T3(s) = [(gmz +SCA)RAtor + 1] [(gm4 + SCB)RB, 1o + 1] [(gmG +SCc)Rc,tor + 1] [(gmg +SCp)Rp,tor + 1]
(3.52)

1+@)]} (3.53)
8ms

LI,DC:@.{]‘_FM.

m2 8ma4

1+@.

8me6

Where:

* Capacitance Cc¢ is given by the total capacitance between the gate and source of transis-
tor M7:

Cc = Cys6 + Cys7F] (3.54)

» Capacitance Cp is given by the total capacitance between the gate and source of transis-
tor My:

Cp= CgsS + Cgs9 [F] (3.55)
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The total resistance between the source and gate of transistor M5 is given by:

1
Re,r0t = —|Irasel|Rcl€] (3.56)

mo6

The total resistance between the source and gate of transistor Mg is given by:

1
Rp,tor = —ITrassl|Rp[€] (3.57)
8ms
* Two poles are added:

Wps = —@[md/s] (3.58)

Cc
Wpe = —@[md/s] (3.59)

Cp

The zeros that are introduced are out of band.

As described in the previous subsection, multiple current mirrors allow for smaller gate-
source capacitances, increasing the bandwidth of the CA. The limitation on the number of
current mirrors used is given by the voltage headroom of the structure.

3.6.2. Voltage Headroom

Voltage headroom issues are most likely to occur in the branch that contains the PMOST
diode that conducts the most current (compared to the other PMOST diodes) because of the
lower mobility of holes. An example is the branch containing transistors Mg and M7 in Fig.
3.10.

ViN,min—Vout = Vsge + Vovs = Vin,min— Vour = Vrue + Vove + Vovs (3.60)
I I
BF BF
Vin,min— Vout — Vrae = Vovs + Vove = — e+ o (3.61)
unCox (T)E) upCox (T)s

For simplicity, consider that every transistor in the CA has an unit size (V—Lv)u Then the

following relation holds:
w w w
(—J=B(—)=B(—) (3.62)
5 6 Ly

v, % 1% 2l + 211 (3.63)
IN,min— Vout — VrHe = .
FFFunCox (%)u F3F4upCox (%)u
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Further calculations yield:

2
1

(ViN,min — Vout — Vru,p)?

(3.64)

(W) _2q 1,1
L), FsFCox \VEp /Fun
The headroom voltage issue can be overcome by either increasing the current mirror gains,
F3 and F; or by increasing the unit size width of the transistors.
In the following subsection, an effect of improper values for the sense resistors will be
discussed.

3.6.3. Sense Resistors Discussion
The sense resistors are essential, as they set current thresholds for each current mirror:

V-
Ity = % [A] (3.65)

However, large resistor values can bias the current mirrors at low load currents implying
that the non-dominant poles will be found below or near the unity gain frequency of the loop,
risking instability. Smaller resistor values should be chosen in order to mitigate this effect, as
shown in Fig. 3.11.

30 |

mmm Ry = 10kQ
20 | = R = 3kQ

10

0 02 04 06 038 10 1.2 14
100
60 |

40

0 02 04 06 08 10 12 14

200 |
Unity Gain
Frequency 100 :
[MHZz]

0 02 04 06 08 10 12 14
Load Current [mA]

Figure 3.11: CA LVR - Type IV - Sense Resistors Stability Effects - Simulation Results

3.7. Improvements
3.7.1. Bandwidth Enhanced Current Mirror [17]

A well known technique to enhance the bandwidth of current mirrors is via a resistor
placed between the gate and drain of the diode connected transistor [17], as depicted in Fig.
3.12, for a simple NMOST current mirror.
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Figure 3.12: Current Mirror Compensation [17]
The resistor adds a zero, /3, at:
Wy =— [rad]s] (3.66)
gsl

The resistor also generates a complex pair of poles, P; », at:

4gm1RCy1C
1+4/1- 8mi gsl g;‘Z
(Cgsl + Cgsz)

Cgsl + Cgsz
2chsl Cgsz

wp1,2 = [rad]s] (3.67)

The compensated current mirror current gain transfer function can be described by a gen-
eral second-order system transfer function [17]:

w? s+Z
H(s)=—} 2 (3.68)
Z  s*+2{wos + wj
With:
8m1
wg= ——|rad/s] (3.69)
0 chslcgsz
Cos1+C
(: gsl gs2 (3.70)
2\/ gmlRCgslcgsz
Where:

* wy represents the resonant (or natural) frequency,

* ( represents the damping factor.

It can be seen from Eq. (3.70) that increasing the resistor’s value, the system becomes
underdamped (0 < { < 1) and thus it becomes faster. The compensation resistors can be used
in the CA LVR current mirrors, enhancing the CA transient response. This technique can also
be used to stabilize the system via the zero that it adds.
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3.7.2. Adaptive Biasing

Adaptive biasing aims to increase the voltage loop bandwidth (by increasing the transcon-
ductance of the error amplifier), increase the slew rate at the gate of the pass transistor (by
increasing the bias current of the error amplifier) without affecting the no-load condition qui-
escent current, but at the expense of decreasing the voltage loop DC gain. The discussion
below is based on a NMOST LVR.

A conceptual voltage loop bode plot is illustrated in Fig. 3.13.

The voltage loop DC gain for a NMOST LVR is equal to:

Ly,pc=pBAy = -8&mRg (3.71)

2
Ri+Ry

* g, represents the transconductance of the OTA and is proportional to v/Ips.

Loop Gain

Magnitude [dB]
A

Therefore, the voltage gain, Ay = g,,Rg

Resistor Rg represents the output impedance of the OTA and is proportional to Fls

Where Ipg is the bias current of the OTA.

VIps
Ips

, will decrease with an increase in Ipg.

Low Current Load

—— High Current Load

z » Frequency [rad/s]

P>

Bm,out /

Figure 3.13: Adaptive Biasing - Conceptual Voltage Loop Bode Plot

Principle of operation:

1. For low load currents, adaptive biasing is not active and the system is compensated by a
large capacitor, Cg (that also reduces the capacitive coupling effect).
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2. For high load currents, adaptive biasing is active and an additional bias current (I4p) is
supplied to the OTA (denoted by gy, aifr)-

(a) Pole Py, given by 1/R;Cg [rad/s], is pushed to higher frequencies due to the de-

crease of the output impedance of the g, 4irr stage, Rg, because of the increase
in the bias current.

(b) The unity gain frequency, denoted as GBW (gain bandwidth product) in Fig. 3.13,
given by gm aiff/Cc [rad/s], is also pushed to higher frequencies, because of the
increase of g, qiff o< v IaB.

(c) Non-dominant output pole, P,, approximated by g,.0u:/Cr [rad/s] is inherently
pushed to higher frequencies because of the increase of Ir, g our < V1.

Adaptive biasing can be implemented in the CA using any PMOST current mirror, as
depicted in Fig. 3.14, for CA Type II.

Vin
% Ra v Vriaw
|V| 3
z_j_II 'I: 1 lapapPTIVE
1: F1 M
6

oy o,

V7a Re % '|:CG

Figure 3.14: Current Amplifier-based LVR - Type II - Adaptive Biasing

The amount of extra bias current supplied to the g,, stage can be fixed by ratios N; and
NZI

* The current in transistor M 18 Inso = I/ Lipc = I/ (8m3! &m2)-

e The current in transistor Mg can then be written as:

Inie = Iz - Ny - No[A] (3.72)



3.8. Conclusions 39

Several conclusions can be drawn:

1. The widths of transistors M, and M, should be chosen small, Wy < Wy = Ip4 < Ipg2,
in order to maintain a high current efficiency at a non-zero load condition:
Bl In+1 Q

0 (3.73)

Where I represents the sum of the bias current of the g, stage and the bias current of
Mpy;.

2. The adaptive biasing loop does not require frequency compensation because of the small
sizes of the additional transistors: My, M5 and Mg.

3. Adaptive biasing increases the slew rate at node Vi and enhances the bandwidth of the
voltage loop, overcoming the limitations initally caused by capacitor Cg.

3.8. Conclusions

Four types of current amplifier-based LVRs have been introduced, analyzed and discussed.
CA Type I provides a large amount of current gain at the expense of slow reaction to load
current steps. The subsequent implementation, CA Type II, proposes a solution to enhance the
reaction time of the CA, however, at the expense of small DC loop gain, limited by stability.
A good compromise between current gain and bandwidth was presented as CA Type 111, and
based on the same principle applied to extend CA Type II to CA Type III, CA Type IV was
introduced. Limitations that occur in each CA have been discussed.

Techniques to improve the transient behavior have been proposed. Current mirror compen-
sation decreases the reaction time of the CA. Adaptive biasing provides a solution to overcome
the voltage loop bandwidth reduction due to the necessity of Cg. CA Type IV benefits from
enhanced bandwidth for similar (or larger) current gain as CA Type III.



1.8V NMOST Current Amplifier-based
Linear Voltage Regulator

4.1. Final Schematic
The final schematic is shown in Fig. 4.1.
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VDDHC J
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— l = j j I:
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< l O Vour
M3 V MF’
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M: = M L Current Loop Compensation
1= 2 =
Veero——T— Ves = Push-Pull Output Stage
Tail Voltage Loop Compensation
Igias R> Adaptive Biasing
1pA 1pA 6.5 A

Figure 4.1: Current Amplifier-based LVR - Architecture

The operational amplifier formed by the OTA and the common-drain push-pull stage op-
erates at a low voltage supply. The power transistors, Mg, M9 and M>, enable the circuit

40
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to operate at a high-voltage supply. Apart from high-voltage operation, the power transistors
also increase the power supply rejection of the LVR.

The body connections of transistors M; and M are tied to ground in order to increase the
unity gain bandwidth of the voltage loop (proven in Appendix B.2.1). The body of transistor
My 1s connected to ground in order to push the bandwidth of the current loop to higher fre-
quencies (proven in Appendix B.4.2) and also pushing the non-dominant pole of the voltage
loop to higher frequencies. The body of transistor Mp is connected to node Vg in order to
increase the threshold voltage, limiting its quiescent current.

4.2. Compactness

Due to the low current variation through the output NMOS transistor, My, its size can be
very small. This in turn has the immediate effect of requiring only a small 3pF gate capacitance
to mitigate the capacitive coupling effect and to compensate the voltage loop. The transistors
that form the current amplifier are also designed with small unit sizes in order to minimize the
gate-source capacitances of the current mirror.

4.3. Scalability
4.3.1. Load Capacitance Scalability

A method to scale the design is to scale the current amplifier according to the load capaci-
tance. A larger load capacitance will allow for a larger loop gain without sacrificing stability.
This, in turn, increases the current capability of the current amplifier:

* Increase the load capacitance to shift the second dominant pole to lower frequencies.

* Increase the current mirror gain, Fy, of the current mirror formed by transistors Mg -
M7, to shift the non-dominant pole to lower frequencies.

* Therefore, the loop gain can be increased without stability issues and also relieves the
voltage headroom of the CA as most of the load current will be conducted by transistor
M.

* For simplicity, consider the loop gain bode plot of CA Type III, as illustrated in Fig. 4.2.

— The relation between the load capacitance and the loop gain, for a phase margin
equal to 60°, can be described as:

Lipe = 1 1 wpswpy wz 1 Cp 8m28ma w71
LDC=—=- ) . _ . ) .
V3 wp2 wpz+wps wpr /3 &mN &m2Ca+&maCp wpi

4.1)

* It can be observed that as Cy, is increased, a higher loop gain can be achieved for the
same phase margin of 60°.



4.3. Scalability 42

Current
Loop Gain
Magnitude [dB]
A

Small C,
== | arger C,

L, P
Loc |- ! L P,

CL\ P2\ Lpc/ P34\

: Log Angular
x Frequency [rad/s]

Figure 4.2: Load Capacitance Scalability - Bode Plot

4.3.2. Load Current Scalability

It is possible to scale the design up to effectively double the current (or any number of
times) at the expense of extra area and stability degradation. To avoid headroom problems,
the transistors that constitute the current amplifier (and the high-voltage NMOS transistors)

should be designed twice as large (VGS x ILWS) however, stability will be affected. To better
illustrate the effect of scaling, consider the schematic illustrated in Fig. 4.1. The pole of the
current mirror constituted by tranistors M7 and Mg is located at:

w=- gmi =— Em1 [rad/s] 4.2)

ng? + ng8 ng? + Fl ng?

In Eq. (4.2), F; represents the current mirror gain. The gate-source capacitance can be
approximated by:

2
Csg = 5 WLCox|F] (4.3)

Where:

* Cox represents the gate oxide capacitance.

€0€r

Cox = [F/m?] (4.4)

ox

* ¢ represents the electric permittivity in free space and is approximately equal to 8.85
10712 [F/m]

* ¢, represents the relative permittivity of silicon dioxide and is equal to 3.9

* tox represents the gate oxide thickness



4.4. Performance Evaluation 43

The transconductance can be approximated as:

w 1
gm7= Zue+Cox(—) L s 4.5)
L);Lipc

Therefore, a LVR that operates at twice the load current and with CA transistors sized
twice as large would theoretically result in unchanged pole positions for the system.

However, the stability of the loop will be affected at smaller load currents. Even though the
transconductances of the transistors will increase with v, the capacitance remains fixed and
proportional to 2W, meaning that the poles position are degraded (shifted to lower frequencies)

by a factor equal to % = ﬁ highlighting the necessity of increasing the load capacitance
in order to maintain stability.

4.4. Performance Evaluation

Performance of the proposed design is evaluated and the results are reported in this section
under the following simulation conditions:

* Load Capacitance = S0pF
* Temperature = 27°C

* Typical Corner
4.4.1. Line Regulation

Output Voltage [V]
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Figure 4.3: NMOST CA LVR - DC Line Regulation

As can be seen in Fig. 4.3, the LVR is able to operate at a minimum supply of 4V while
providing a current of 10mA to the load.
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4.4.2. Load Regulation

Output Voltage [V]
1.806
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1.804 .
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Figure 4.4: NMOST CA LVR - DC Load Regulation

As can be seen in Fig. 4.4, the LVR is able to provide load currents up to at least 15mA,
providing a good margin that covers corner variations and temperature variations.

4.4.3. Voltage Loop Stability
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Figure 4.5: NMOST CA LVR - Voltage Loop Stability

The voltage loop bode plots for loop gain and phase, at no load condition, are depicted in
the first column of Fig. 4.5. The DC loop gain is around 44 dB, the unity gain frequency is
around 250kHz with a phase margin of above 60°.

The voltage loop bode plots for loop gain and phase, at maximum load condition, are
depicted in the second column of Fig. 4.5. Because of adaptive biasing, the DC loop gain
drops from 44 dB to around 35 dB, the new unity gain frequency is 1.6MHz, with a phase
margin of above 85°.
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4.4.4. Current Loop Stability

Fig. 4.6 presents the current loop bode plots for loop gain magnitude and phase. At a
maximum load current of 10mA, the current loop has a current gain of 34 dB, achieving a
unity gain frequency of 539MHz, with a phase margin of 54°.
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Figure 4.6: NMOST CA LVR - Current Loop Stability

Fig. 4.7 summarizes the current loop performance over the load current range. A minimum
phase margin of 49.587° is reached at I} = 1.074mA. The phase margin at I; = 10mA is 54.3°.
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Figure 4.7: NMOST CA LVR - Current Loop - Performance
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4.4.5. Load Current Step

In order to verify the LVR’s performance during load current step transients:
* 10ns, 0A — 10mA and 10mA — OA current pulses are applied in the top plot of Fig.4.6.

— For a load current step of 0-10mA with rise time of 10ns, the LVR suffers from an
undershoot of 143mV. The recovery time is approximately 1.4us.

— For a load current step of 10mA-0 with fall time of 10ns, the LVR suffers from an
overshoot of 117mV. The recovery time is approximately 1.7us.

1v8a; 0-10mA Load Step in 10ns @VDD =12V, nominal, T = 27°C
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Figure 4.8: NMOST CA LVR - Load Current Step Transient

* Ins, 100uA — 10mA and 10mA — 100uA current pulses are applied in the bottom plot
of Fig. 4.6.

— For a load current step of 100uA-10mA with rise time of 1ns, the LVR suffers
from an undershoot of 122mV. The recovery time is approximately 600ns.

— For aload current step of 10mA-100upA with fall time of 1ns, the LVR suffers from
an overshoot of 96mV. The recovery time is approximately 900ns.

4.4.6. Supply Voltage Transient

In order to verify the power supply rejection of the LVR, a 100mV amplitude, 10MHz
square wave signal has been superimposed on a supply voltage of 12V. The results are shown
in Fig. 4.9.
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1v8a; 10MHz 100mV Amplitude Square Wave @VDD =12V, nominal, T = 27°C
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Figure 4.9: NMOST CA LVR - 100mV Amplitude 10 MHz Square Wave at Vpp = 12V

4.5. Performance Summary

Table 4.1: Overall Performance Summary of NMOST Current Amplifier-based Linear Voltage Regulator

Symbol Parameter Min | Typ. | Max | Unit
Vin Regulator Input Voltage 7.0 — 18 \Y
Vour Output Voltage 1.65 1.8 1.95 \Y
AVour Dynamic Load Regulation -8.33 - 833 | %
Io Quiescent Current (I, = 0, w/o band-gap) - 8.5u — A
I Load Current 0 - 10m | A

Area — - 0.0078 | — | mm?
Cr Load Capacitance - 50 - pF

The regulator is fully scalable and can be accommodated for any combination of load
capacitance and load current, according to the scalability features explained previously.

Due to the mathematical analysis, the limitation of the CA has been understood and the de-
sign has been optimized by proper sizing of the transistors, allowing for an obtained estimated
area of = four times smaller than the specification.
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4.5.1. Comparison with State-of-the-Art
Table 4.2: Comparison with State-of-the-Art
Parameter This Work [18] [19] 120] 21] 22] 23]
Technology [nm] 140 130 350 65 65 65 65
Chip Area [mm*] 0.0078 0.008 0.077 0.01 0.017 0.0105 0.02¢¢
Quiescent Current I [pA] 8.5-39 112 66 50-190 0.9 14 27-82
Max Output Current Iy, mayx [MA] 10 25 100 50 100 100 20
Min Output Current I, ,,in [HA] 0 120 10 (for PM > 30°) | 100 (for PM> 37°) 0 0 5
On-chip Cap [pF] 3 0.73 4 04 75 6 16.75
Load Capacitance Cy, [pF] 50 0-25 0-100 0-2000 0-100 (PM drops for C, > 100pF) 0-100 300
Teage [ns] 10 0.3 400 2 300 220 rising, 45 falling 0.8
Response Time (Tg) [ns] 0.721 0.2 14 0.113 (Cr, =2pF) 6.25 (Cr, = 100pF) 10 0.9
Undershoot [mV] 143 322 255 80 65.1 230 59
Overshoot [mV] 117 227 170 77 0 133 71
Al [mA] 0= 10 | 0.12 = 25 0.01 =100 0.1 = 50 0 = 100 0 = 100 0.1 = 20
Load Regulation [mV/mA] 0.187 0.173 0.06 0.04 0.3 0.09 0.015
Line Regulation [mV/V] 0.00193 225 0.8 1 4.7 12 N/A
Recovery Time [ps] 1.7 0.19 0.7 1.25%7 6 3.2 0.2
FoM = Ty 'llfjm [ps] 0.613 1.86 462 0.11 0.0562 1.4 1.45
The time response, Tg, has been computed as:
_AVourCp 4
Tpr=————Is], Tr > TEage (4.6)
Aly
And as [18]:
2CAVout TEage
Tg = [s, Tr < TEdge 4.7)
Alp

Eq. (4.7) is used to correct the initial T estimation from Eq. (4.6), in cases where the
measured waveform respected the condition that Tr < Tggge. In this design, T has been
computed with Eq. (4.6). Several state-of-the-art designs are listed in Table 4.2 and a number
of conclusions can be drawn:

1. One advantage of this design is that it does not require a minimum amount of load
current in order for the LVR to be stable, such as [18], [19], [20] and [23].

2. Another advantage is that the design does not require an excessive amount of quiescent
current, such as [18], [19] and [20].

3. A feature of this work is that it is scalable, both in terms of the load capacitance and of
the load current. Some state-of-the-art designs are unstable for high load capacitances.
The recovery time is also scalable, by accurately controlling the amount of current fed

into the error amplifier via adaptive biasing, at the expense of degraded accuracy.

4. Design [21] has truly state-of-the-art performance in all aspects, except for degraded
stability when driving high capacitive loads.

5. This design is comparable to state-of-the-art in terms of small area, low amount of
quiescent current consumption and fast transient response.



Conclusions

5.1. Summary

This paper presents a current amplifier-based linear voltage regulator. In order to find an
optimum architecture for the system, unwanted transient effects, i.e., capacitive coupling and
consecutive load current steps limitation, have been identified and solutions have been im-
plemented in order to overcome these effects. The current amplifier technique is introduced,
different current amplifier implementations are discussed and analyzed, highlighting design
trade-offs. The design focuses on minimizing the controller area and on maximizing the tran-
sient performance. Since the current amplifier concept is based on the Ips vs Vs curve of
the output transistor, maximizing the current gain minimizes the required size of the NMOST
output stage, which in turn minimizes the capacitance required both for decoupling and for
stability. The interaction between the voltage and current loops is analyzed, offering a simple
design procedure. The performance of the current amplifier is enhanced via the compensa-
tion resistors and an adaptive biasing technique has been proposed to overcome the bandwidth
limitation caused by the decoupling capacitance.

This design has been implemented in a 140nm high voltage CMOS process and occupies
an estimated area of 0.0078 mm?. The simplicity of the architecture makes the system robust
against PVT and the performance is comparable to state-of-the-art, fully integrated LDOs.

5.2. Future Work

The current amplifier technique is proven to be very powerful in aiding the transient re-
sponse of the linear voltage regulator. A future study that would focus on a low voltage
implementation of a current amplifier that will allow low dropout operation would extend the
applicability of the current amplifier technique from usage in power control ICs to low voltage
applications, ideally resulting in a simple, robust, fast transient and area efficient LDO.
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Loop Gain Analysis Method

The measurement of loop gain in a closed loop by voltage injection or by current injection,
as described by Middlebrook [24], provide a simple method to analyze the loop gain transfer
function of a given circuit, taking into account the loading effects. Equations for the unilateral
loop analysis have been used.

The voltage loop gain is given by:

Vy

My :=-—— (A.1)
VX ly:()
Condition iy, = 0 means that node y is an open.
The current loop gain is given by:
ly
y:=-—+ (A.2)
1% Vy:()
Condition vy, = 0 means that node y is shorted to ground.
The loop gain is then given by:
1 1 1
— =t (A.3)
mn Iy, I

A.1. Approximations

Consider the cases from Fig. A.1.
Case 1:

* Neglecting Cgs, Cgq, a current source into the gate of a MOSFET (infinite impedance)
will generate a potential Vi = oo.

e This in turn will lead to i), = oo, where i, # 0.

ly
;=——=-00 (A4)
Ix
1 1 1 1
—_— st — = — (A.5)
o Iy II; Iy

50
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Current source VCCS into an open
into infinite impedance (infinite impedance)
V i
— ¢ I:" V,
i\/ \ 4 ix E \7\/
1 -

Figure A.1: Loop Breaking Points - Approximations

* Therefore, the loop gain is approximated by the voltage loop gain.

Case 2:

* A voltage controlled current source into an open (infinite impedance) will generate a
potential v, = oo, where vy # 0.

¢ This in turn will lead to: ”
My=--—2=-c0 (A.6)

1 1 1 1

—_—t — = — (A7)
n my 0, I

* Therefore, the loop gain is approximated by the current loop gain.

Voltage loop gain is sufficient to evaluate the loop gain of the LVR voltage loop.
Current loop gain is sufficient to evaluate the loop gain of the LVR CA loop.



Small-signal Derivations

B.1. Static Parameters

V|N VIN
o

VREF o—] VREF o——

VOUT VOUT

a) b)
Figure B.1: a) NMOS-based LVR & b) PMOS-based LVR
Vin Vin
o Q

MN % Fds,N Mp % lds,p

Vg %Rl Ves %Rl
Rz RZ
a) b)

o Vour o Vour

Figure B.2: Small-signal circuits for static line regulation analysis. a) NMOS-based LVR & b) PMOS-based
LVR
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B.1.1. NMOS Topology - Line Regulation

The small-signal analysis corresponding to Fig. B.1 a) can be done based on the small
circuit domain circuit illustrated in Fig. B.2 a).

R,

AVeny=—-g2,Rc-AVrg=—Ay -
GN EmIiG FB 1% Ri+ Ry

‘AVoyr = —AvBAVour (B.1)

AVgs = AVgn — AVour = —AvBAVout — AVour = —AVour - (BAV +1) (B.2)
Applying Kirchhoff’s current law (KCL) at the output node yields:

AViN—AVour 1 AVour
NAVG5+ :AVOUT'( +—) = (B3)
gm Fasn Ri+R, Ri)  Req
Where:

Req = RLII(R1 + R)[Q] (B.4)

Rearranging the equations:
AVour _ 1 (B.5)

AVin '

1+7gs N [R%q+gmzv-(ﬁAv+1)]

Ay represents the open loop gain of the error amplifier and is assumed large enough such
that the following simplification can be made in Eq. (B.5):

1
gmNPAy >> T T 8mN (B.6)
eq

Therefore:
AVour 1
AViN  BAv-gmN-TasN

(B.7)

B.1.2. PMOS Topology - Line Regulation

Therefore, based on Fig. B.1 b), the corresponding small-signal domain circuit is presented
in Fig B.2 b). The AVpyr/AV;y relationship can be derived as:

R,
Ri+Ry

AVgp = 8m R AVrp = gmRG AVour = AvBAVour (B.8)

AVs =AVin—AVgp = AVin - PAvAVouT (B.9)
KCL at the output node yields:

AViN—AVoyr _ AVour
T'ds,p Req

8mprAVsG + (B.10)

Where:

Reg = RrII(Ry + R2)[Q)] (B.11)

Rearranging the equations, we arrive at:
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AVour _ L+ gmprasp
L + ngﬁAV)

T'ds,p

(B.12)

T'ds,p- (R%q +
Ay represents the open loop gain of the error amplifier and is assumed large enough such
that the following simplifications can be made in Eq. (B.15):

1 1
gmpPBAy >> —+ (B.13)
Req  Tasp
gmpTasp>>1 (B.14)
Therefore:
AV, 1
our (B.15)
AVin  BAy

It can be concluded that for the NMOS topology, the line regulation, given by Eq. (B.7), is
improved by a factor equal to the intrinsic gain of the NMOS transistor, compared to the line
regulation for the PMOS topology, given by Eq. (B.15).

The conclusion can also be reached by inspection. In the case of the NMOS topology, the
pass device acts as a common gate (CG), or in other words, as a cascode device. Any voltage
variation on the drain of the device will be attenuated by a factor equal to the intrinsic gain of
the transistor when referred to the source of the device. Similarly, in the case of the PMOS
topology, the pass device also acts as a CG or as a cascode device. Any voltage variation on
the source of the device will be amplified by a factor equal to the intrinsic gain of the transistor
when referred to the drain of the device.

B.1.3. NMOS Topology - Load Regulation

' Ven W— -
S [ My % ésN !

Ves % Ri

SR Vx
% R2
L b)

?1 SR (~) Vy

a)

Figure B.3: Small-signal circuits for static load regulation analysis. a) NMOS-based LVR & b) PMOS-based
LVR

Based on Fig. B.1 a), the corresponding small-signal domain circuit is presented in Fig.
B.3 a). The AVx/AlIx relationship can be derived as:

R,

AVeny=—-€mRc-AVEg=—-Ay-
GN EmhiG FB v Ri+ R,

AVy = —AyBAVy (B.16)
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AVgs = AVgn—AVyx = — Ay AV — AVyx = —AVx - (BAy +1) (B.17)
KCL at the output node yields:

1
Alx =AVx- +—+ - AV, B.18
X N\ea i TR Faan 8mNAVGs (B.18)
AV;
Aly = =%+ g NAVx(BAy +1) (B.19)
Rearranging the equations:
AVy 1 1

S ~ (B.20)
Alx 1+R_eq+gmN:5AV gmNPAy

B.1.4. PMOS Topology - Load Regulation

In a similar fashion, the small-signal analysis corresponding to Fig. B.1 b) can be done
based on the small-signal domain circuit illustrated in Fig. B.3 b).

R
AVGp = gm* Rg AVrp = gmRo— —AVx = Ay fAVx (B.21)
1+ Ry
AVsg=0-AVgp=—-PAyAVx (B.22)
KCL at the output node yields:
Alx =AYV, ( ! + ) AV, (B.23)
x =AVx RitR: R Tasp 8mpPAVsG .
1
AIX:AVX'( +gmpﬁAv) (B24)
Where:
Req = RilI(R1 + Ro)llras,p (B.25)
Rearranging the equations:
AVx 1 1

= ~ (B.26)
Alx R%q—l_ng'BAV gmpPAV

Based on the obtained results, it can be concluded that the static load regulation for either
the NMOS topology or the PMOS topology is the same.
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Figure B.4: NMOST-based LVR - Loop Gain Derivation

B.2. NMOST-based LVR - Loop Gain
KCL at node V yields:

1
_ng‘Vx:VG'(R_+5CG)
G

From which V; can be written as:

Vi v Rg
G= &m0 Vx 1+SCGRG
Rg
U = ‘/ — = — .|/  _
gs1 ¢—Vo 8mo - Vx 1+ sCoRo Vo

KCL at the output node yields:

1
gmi1-Veo=Vo- (— +sCp,

Where:

Req = (R1 + R)IIRL

Vo can be extracted:

Rg 1
Vo=-V, R '
(o) x8mo8mi eql-{-sRGcG 1+(5CL+gm1)Req
R,
Vy=Vo-
Ri+Ry

The voltage loop gain is therefore given by:

L(s)—Vy— L R
_V =—8mo GR1+R2gm1 eq

X

(1+SCGRG) - [1+ (SCL+ &m1) Reg]

Yielding two poles:

(rad/s]

wp, =
CeRg

Vo

RL

(B.27)

(B.28)

(B.29)

(B.30)

(B.31)

(B.32)

(B.33)

(B.34)

(B.35)
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wp, = @[rad/s] (B.36)
CL
Lbc = —gmoRo—2— g R (B.37)
DC = —8mo GR1+R2gm1 eq .
B.2.1. Body Effect on Poles Position
Vin R
Simplified
Small-Signal
Equivalent
. Omb1Vbs1 V:sl
Vo = VO
Figure B.5: NMOST-based LVR - Body Effect on Poles Position
KCL at node V yields:
1
—8&mVx = VG'(—+SCG) (B.38)
Rg
This results in:
Ay Vx
Vg=——"— B.39
¢ 1+ sCgRg ( )
Where:
AV =8m- RG (B40)
Therefore:
Ay Vy
=Ve-Vop=—7—"—"7""--YV, B.41
vgs1 = Ve — Vo 1+ sCoRe /0 (B.41)
Ups1 =0—-Vo=-Vo (B.42)
KCL at the output node yields:
1
8m1Vgs1 + &mbVbs1 = Vo - Ri+ Ry +R_L+SCL (B.43)
Substituting vgs and vy :
Ay Vy ( 1
- _— Vo — Vo=Vo- +—+sC B.44
gM11+SCGRG gm1Vo — 8mm Vo = Vo Rt R sCr (B.44)

Therefore:
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AVVX 1
— g ————— =V +—+SCL+ g1 + B.45
8m1 1+ sCoRo 6} Ri+R, R, LT 8m1 T 8mbl ( )

Multlply by (R1 + Ry)Ry:

Ay V-
— gm———% (R, + Ry)R. = Vo R+ (R + Ro) + (Ry + R)) Ry - (5CL + &1 + &)
1+sCgRg
(B.46)
R, Vy
V, = Vo = BV, Vo =— B.47
yR1+R20'BO:>O,B (B.47)
Then:
— M-(R +Ry)R :&-[R + (R1+ R2) + (R1 + R2)Rr - (SCL+ §m1 + &mp1) ]
gm11+ch,~RG 1 2) Iy, B L 1 2 1 2) g Lt 8ml mbl
(B.48)
Multiply by B:
BAy Vx B
—8mi——————(R1+R2) R = V)[R + (R + Rp) + (Ry + R2) Ry - (SCp + &m1 + &mp1)] (B.49)
1+sCgRg

Then V,/V, can be found as:

VWw___ BAv gm1(R1+ R)Rp (B.50)
Vi 1+sCcRc Rp+(R1+R)+ (Ri+Ro)Rp-(sCpL+ gm1+ &mb1)
The DC loop gain is given by:
R +Ry)R
Lpc=—PAy- gm1(R1+ R2)Ry (B.S1)
Rp+ (R1+ Rp) + (R + R2) R - (§m1 + &mb1)
Which can be approximated by:
Lpc=—pAy- —m (B.52)
8m1 + 8mb1
Dominant pole given by:
1
wp, = _CGRG [rad/s] (B.53)
Second, non-dominant pole deduction:
Rp+(Ry+Rp) + (Ri+ R2)R - (SCL + m1 + &mp1) =0 (B.54)
(R1+ Ro)RL- (sCL+ &m1 + &mb1) = —Rr — (R1 + Ry) (B.55)
(SCL+ Gt + o) =~ (B.56)
SCL* 8m1t+ 8mbl) = Ri+R RL .
Then
1 1 8m1+ 8mb1

sSCL=———————8m1—8&mb1 = —(&m1+ &mp1) = Wp, =— [rad/s] (B.57)
L

Ct
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B.3. NMOST-based LVR - Capacitive Division

VIN
Simplified
v Model i=-gmoX Vg CGS
REFo—| I Vg o J_ 1 i o Vo
Rg Ce C.
|
Re
Figure B.6: NMOST-based LVR - Capacitive Division
R,
AVpg = -AV B.58
B R, MVO (B.58)
B2 avp=av, (1 +C)+AV C (B.59)
- = |—+s s .
8gmo Ri+ Ry 0] G Ro G coSCgs
AV RyRG + (Ry + R2)sCgsR
AVe 5o 8moR2RG + (R, + R2)sCgsRg (B.60)
AVo (R + Ry) - [1+s(Cs + Cgs)Rg])
By considering a very fast voltage variation at the output, we obtain:
AV C
lim —2(s) = ——— 20— (B.61)
s—oo AVp Ce+Cgs

B.4. CA - Type I - Loop Gain

Simplified :
Small-Signal —=Ca SRa Vs Om2Vsgz S Toz
Equivalent 7 |
'

ly
Om1Vgs1

CLsRL
%Rz J'C %RL

Figure B.7: Current Amplifier-based LVR - Type I - Loop Gain Derivation

Neglecting CLM of transistor M, the loop can be analyzed by measuring the current loop
gain between the drain of transistor M; and the gate of transistor M.
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1
ix= VA'(—+SCA) (B.62)
Ry
Ry
Vazmjpe— 2 B.63
A=k 1+SCARA ( )
Where:
Potential Vip is given by:
Ry
Vig = -V B.65
R R, O ( )

The potential V; can be found as:

1
(O—VEB) - g&mo = V- (R_G + sCG) (B.66)

Ry Rg
Ri+Ry 1+sCgRg

VG =—8mo- Vo (B.67)
Therefore, vgs1 = Vo is given by:

gmoRe s + (1+ sCGRG)

Vgs1 =Vgo=Ve—Vo=- 1+ sCoRe Vo (B.63)
It can be noticed that:
iM1=8m1- Vgs1 = _iy (B.69)
. . 8m2Ra
= . SRRy S - L s B.70
IM2 = 8m2 " Usg2 Ix 1+ sCaRA ( )
From Equation (B.69):
J 1+ sCgR
Vy=— ML &SGG (B.71)
8m1 ngRGm+(1+SCGRG)
By applying KCL at node Vp we find:
iv+ Vi Cp+ + ! + ! (B.72)
i in2=Vo-|s —+— .
M1+ Ip2 = Vo L Ri+R ra R
Where:
Req = RilIT021I(R1 + R2) (B.73)

Current iy and potential Vo are described in terms of i,,. Current iy, is described in
terms of iy. Therefore, the current loop gain can be found from Equation (B.71) as:
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. R
l_y __ gmogmlRsz&RGReq +(1+ sC6RG)gm1Req . gm2Ra (B.74)
Ix  (1+SCGRG)(1+SCLReq + &m1Req) + gmogm%]cheq 1+SCaRA
Where:

Ca= CgsZ + ngz (B.75)

Vi
Rp=—2 (B.76)

It
Lpc=—8me2-Ra (B.77)

B.4.1. Poles/Zeros Approximation
Taking the denominator of the first term in Equation (B.74), expanding the equation and
making it equal to O results in:

Ry
SZCLReqCGRG + $(CLReq + CGRG + CoRGEm1Req) + 1+ m1Req + 8m18mo 55— RoReq =0

Ri+Ry
(B.78)
With:
a=CrReqCcRg (B.79)
b=CLReq+ CcRG+ CcRGEm1Req (B.80)
R,
c=1+8mReq+ 8m18mo5—7 RGReq (B.81)

Ri+Ry
The following approximations hold:

* CL =pF

® CGZpF

Cr > Cg

Reg = Q

RG:MQ

gmo = US

gm1 = mS
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Sum of the poles is:
b CrReq+ CgRg+ CGR R
P +Py=—2=— Liteq GG GItGE8mi1lteq (B.82)
a CLReqCGRG
Making use of the previously mentioned approximations:
CcRg +CgR R Reg +1
P+ Py — ¢hig + LghigEmilieq _ _ 8mifteq (B.83)
CLReqCGRG CLReq
Product of the poles is:
1+g 1R +8m18 OLRGR
ppy=—=— 2 N MO R (B.84)
a CLReqCGRG
Making use of the previously mentioned approximations:
L L
p,p, ~ S8R oleq  Bm8moT iR, (B.85)
CLReqCGRG CiCq
Assuming that one of the poles is much larger than the other, then:
Rog+1
Pi+Pr,= P :_gml—eq (B86)
CLReq
From the product of the poles P, can be found as:
R>R
Pz ~_ 8m18mo L2 eq (B.87)
Co(Ry+ R2)(1+ gm1Req)

B.4.2. Body Effect on Poles Position

Simplified I J_ i
Small-Signal Vsg2 OmaVsg2 Ca Ratot Vsgs OmaVsgs fo3
Equivalent i T i
Ra

o

Vrer +g

ix
£ = =
+ Y +
Co vgsr Ymi1Vest Imb1Vbst Vg
L 1
Vo = C
= = R
Ves S l C SR Ves Ry

Figure B.8: Current Amplifier-based LVR - Type I - Body Effect on Poles Position

KCL at node V;; yields:

1
—8&mVrB=V5" (— + SCG)
R¢

Where:

(B.88)
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Ry
Veg = Vo =BV, B.&9
FB= R R, O BVo ( )
This results in:
BAy Vo
Vog=———— B.90
¢ 1+ sCgRg ( )
Where:
Av=gmRg (BI91)
Therefore:
BAy Vo ( BAy )
=Ve-Vo=—————-—-Vog=-Vop- | ———+1 B.92
Vgst ¢ o 1+sCgRg © o 1+sCgRg ( )
BAy + (1+sCgRg)
=—Vy- B.93
Vgst © 1+ sCgRg ( )
vps1 =0-Vo=-Vp (B.94)
Current I is:
Inn = —Iy = —(8m1Vgs1 + 8mb1 Vbs1) (B.95)
ﬂAV +(1+sCgRg) ﬁAV +(1+sCgRg)
Inin = 8m1Vo- + gm1 Ve I =Vo- +
M1 = 8m1VYo 1+ sCoRg Emm Vo = Im 0°|8mi1 1+ sCoRg 8mb1
(B.96)
A + + -(1+sCgR
L1 = Vo BAvgm1 + (&m1+ &mp1) - (1 + sCGRG) (B.97)
1+ sCgRg
From which V, is obtained:
1+sCgR
Vo = —iy - 676 (B.98)
BAVEm1+ (&m1 + &mp1) - (1 + sCcRG)
1 1+sC4R
ix = VGZ-(SCA+—) = Ggﬂ (B99)
Ry Ry
Ry
Vor=ixy ———— B.100
G2=ix 77 SCiRa ( )
Rp
= Vi = —fy e —2 B.101
Usg2 G2 Ix 1+sCRy ( )
) . gm2Ra
=—jy — B.102
M2 X 1+ sCaR4 ( )

KCL at the output node yields:
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1
iM1+iM2:VO'(—+SCL) (B103)
Where:
Reg = RrII(Ry + R2)|1gs52[€2] (B.104)
Substituting iy :
. 1 .
lMZZVO'(—+SCL)—ly (BIOS)
1+sCgR 1+sCiR
ingp = —iy - GG ( L “’)—iy (B.106)
BAvEgm1 + (8m1+ &mp1) - (1 +sCGRG) Req

(14 SCGRG)(1+ SCLReq) + Req [BAVEm1 + (&m1 + &mb1) - 1+ sCGRG) ]

ipM2=—ly- (B.107)
Req [BAVEm1 + (8m1 + &mp1) - 1+ SCGRG)]
. - 1+ sCgRp)(1+ SCLReq) + ReqﬂAvgml + Req(8m1+ &mp1) - (1 + sCGRg)
IpM2=—ly: (B.108)
Req [BAVEm1 + (8m1 + &mp1) - (1 + SCGRG)|
. . (1+SCRG)(1+ SCLReq + Reg8m1 + Req&mb1) + ReqBAv §m1
IM2=—ly" (B.109)
Req [ﬁAvgm +(8m1+ 8mp1) - (1 + SCGRG)]
Substituting ipso:
. gmeRa i (1+sCoRG)(1+ SCLReq + Reg&m1 + Reqg&mu1) + ReqBAv &m1
x 1+sCaRp ! Req [ﬁAvgml+(gml+gmb1)'(1+SCGRG)]
(B.110)
Therefore:
i_Y _ 8m2Ra RegBAv gm1 + Req(8m1 + &mp1) - (1 + sCGRG) B.111)

ix 1+SCaRa . (14+5C6RG)(1+SCLReq + Reg&m1 + Req&mpb1) + ReqgBAV &m1

The pole will be pushed to higher frequencies because of the body effect, increasing sta-
bility. The pole position is approximated using the procedure from CA - Type I loop gain
derivation.

B 1+ (gm1+ &mb1) Req
CLReq

wp, = [rad/s] (B.112)
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v
N Simplified I J_
Small-Signal Vsg2 Om2Vsg2 C

A
Equivalent i T

OmaVsgs Toz

ly

Vrer +
9, Im1Vgs1

Figure B.9: Current Amplifier-based LVR - Type II - Loop Gain Derivation

B.5. CA - Type II - Loop Gain

Potential Vip is given by:

The potential V; can be found as:

1
(O—VEB) - &mo= V- (— + SCG)
Rg

R Rc
Ri+Ry, 1+sCgRg

Ve = —8mo- Vo

Therefore, vgs1 = Vo is given by:

Ry
gmoRc x5 + (1+5CGRG)
ngIZVGO:VG—Voz— Ri+Ry -VO
1+ SCGRG

It can be noticed that:

ix=Va- ( + SCA) — 8m2VUsg2

A tot

. RA,tot
1+8(Ca+gm2)Ra ot

VA = ix
Where:

VA= —VUsg2 = —Vsgg3
Ra,tor = To2||Ra

iM1=8m1* Vgsl = _iy

. gm3RA,t0t
1+8(Ca+ gm2)Ra,tor

iM3= &m3- Usg3 = — iy

(B.113)

(B.114)

(B.115)

(B.116)

(B.117)

(B.118)

(B.119)

(B.120)

(B.121)

(B.122)
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From Equation (B.121):

iMl 1+ sCgRg

Vo =— . - (B.123)
8m1 gmoRGRszlh +(1+ SCGRG)
By applying KCL at node Vp we find:
irvi+ivs=Vo-|sCr+ +1+1 (B.124)
M1 +1im3= Vo L Ri+R 1o R .
Where:
Reg = RrlIT03l|(Ry + R2) (B.125)

Current ip71 and potential Vo are described in terms of i,. Current ip3 is described in
terms of i,. Therefore, the current loop gain can be found from Equation (B.123) as:

N gmogm1 7y, RaReq + (1+SCGRG) g1 Reg _ gmRarer
Ix (1+5CGRG)(1 + SCLReq + §miReq) + 8mo&m1 %RGR“, 1+ $(Ca+ gm2)Ra ot
(B.126)
Where:

Ca= Cgsz + CgsS + ng3 (B.127)

1%
Ry =2 (B.128)

I
Lpc~-8m (B.129)

8m2

B.5.1. Poles/Zeros Approximation

Since only the non-dominant pole is now shifted in frequency, the poles/zeros approxima-
tion is the same as for CA - Type L.

Non-dominant pole:

1+(SCA+gm2)RA,t0t:0 (B130)

From which:

_ 1+ gmoRa tot

s= (B.131)
CaRaxtor
The following approximations hold:
* Raor = kQ
* gm2 = mS
Therefore:
g m2
wp, = ———[rad/s] (B.132)
Ca

The non-dominant pole is now pushed further away in frequency.
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B.6. CA - Type III - Loop Gain

Sr

Simplified
small-Signal Vagz <9
Equivalent 1

2Vsgz == Ca Ra

Vsga

Current
Loop Gain

ImaVsga

Figure B.10: Current Amplifier-based LVR - Type III - Loop Gain Derivation

Neglecting CLM of transistor M1, the loop can be analyzed by measuring the current loop
gain between the drain of transistor M; and the gate of transistor M.

Following a similar procedure as for Current Amplifier I and II:
Potential Vip is given by:

The potential V; can be found as:

1
(0—VEB)-8mo=Vi- (— + SCG)
Rg

R, Rg
R+ Ry 1+sCgRg

Ve=—-8mo- Vo

Therefore, vgs1 = Vo is given by:

gmoRo gz + (1+ sCGRG)

Vgs1 =Vgo=Ve—Vo=- I+ sCoRg

It can be noticed that:

Ix= VA'( +SCA) — 8m2Vsg2

A,tot

Ra,tor
14+s(Ca+ ng)RA,tot

VA = ix :
Where:

VA= —Vsgo = —Usg3
RA,tot = r02||RA

iM1= 8m1- Vgs1 = &m1- Voo =—ly

Vo

(B.133)

(B.134)

(B.135)

(B.136)

(B.137)

(B.138)

(B.139)

(B.140)

(B.141)
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. . gm3Ra tor
- . =g, - Vi=—i,- d B.142
IM3 = 8ms3 * Usg3 8m3- VA Ix 1+ (sCat ng)RA,tot ( )
B,tot
From which we can extract vgg:
. RB tot
Vgsa = LM3 " - B.144
g M (sCa+ 8ma)RB tor ( )
Current ips5 can be found as:
in5 = Ems-Vess = in 8msRB tor - 8m3Ra tor 8msRB tor
5= 8m5"Vgs5 = LM3" ==l .
e 1+ (sCp+8gma)Rpror 1+ (sCa+gm2)Rator 1+ (SC+ gma) Ry, o1
(B.145)
From Equation (B.141):
J 1+sCgR
Vo= —ML. bl Chh (B.146)
8m1 ngRGRszlb +(1+sCgRg)
By applying KCL at node Vp we find:

vl iz +i Vo-|sCr+ +1+1 (B.147)

Im1+im3tipms = Vo |SCL —+ .

! ] ° 1+R2 ro5 R
Where:
Reg = Rrl|7o51|(Ry + R2) (B.148)
The sum of currents iys3, ip5 can be found as:
R |11+ (sCg + + )R

ng + iMS _ —ix' 8m3 A ror [ BT 8ma+ Ems B,tot] (B.149)

[1+ (sCa+ gm2)Ra,tor] - [1+ (sCp + gma) R, o]
Current iy, and potential Vg are described in terms of i,. Current ips3 and current ips5 are

described in terms of iy. Therefore, the current loop gain can be found from Equation (B.147)
as:

Lo 8mogm1 7 RoReq + (1+ SCGRG) g1 Reg  gmsRasor (15 (5Ca + gima + Gns
(B.150)
Where:
Ca= Cgsz + CgsS + ng3 (B.151)
Cp= Cgs4 + CgsS + ngS (B.152)
Vi
Rp=—2 (B.153)

:IL
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LDC:_%.(1+gm5):_gm3.gm5 (B.154)

8m2 8ma 8m2 8m4
Rator = Rallroz (B.155)
RB,tor = RBllTo4 (B.156)

B.6.1. Poles/Zeros Approximation
An extra pole and an extra zero are obtained:
8maRp tor +1 8m4
=- ~— dl B.157
wp, CuRs Cs [rad/s] ( )
+ R +1

w0y = — (8ma + 8ms)Rp ror +1  &ma+ &ms (rad/s] (B.158)

2 C BR B C'B
The following approximations hold:

* Rp, o+ = hundreds of Q kQ
* gm4)8&ms = MS
* 8maRpror>1

* gmsRB ror>1

B.7. CA - Type 1V - Loop Gain

Figure B.11: Current Amplifier-based LVR - Type IV - Loop Gain Derivation

Neglecting CLLM of transistor M, the loop can be analyzed by measuring the current loop
gain between the drain of transistor M) and the gate of transistor M.
Following a similar procedure as for CA - Type [, II, & III:

Rator = To2l|RA (B.159)
Rp,tor = Tos4l|Rp (B.160)

Rp,tot = Tosl|RD (B.161)
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RE tor = Tosl|Rg (B.162)
ix:VA'( +SCA)—gm2Usg2 (B.163)
A tot
R
Viy=iy- Aot (B.164)
14+s(Ca+ ng)RA,tot
Where:
Potential Vip is given by:
R,
Vig = -V B.166
BB R, O ( )
The potential V; can be found as:
1
(O—VEB) - &mo= V- (R_ + SCG) (B.167)
G
R R
Ve =—8mo" —— C _ v (B.168)

R +R, 1+sCGRg
Therefore, vgs1 = Vo 1s given by:

gmoRG e + (1+5CGRG)

Vgs1=Veo=Vs—Vo=- 1+ sCoRe Vo (B.169)
It can be noticed that:
im = 8m1 - VUgs1 :gml'VGO:—iy (B.170)
. . 3Ry,
iM3=8m3 " Vsgs =—8m3 - Va=—lx Em rof (B.171)

1+(sCa+ ng)RA,tot

IM3=Ugsa' |8ma+ +5Cp (B.172)
B,tot
From which vgg can be extracted as:
R
Vgsa = i3 Bitot (B.173)

1+ (sCg+ gma)RB tot
Current iys5 can be found as:

ints = B Vss = bt 8msRB, ot _ 8m3RAtor 8msRB, ot
5— 5° 5 — 3° - —ix* :
s 1+ (sCs+8ma)Rp,ror 1+ (sCa+&m2)Rasor 1+ (sCs+ &ma) R, 101
(B.174)

—im5=—8meVsge+ VD

1
—+SCD) (B.175)
Rp
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Where:

From which vgge can be extracted as:

Rp

Vsog = —Vp = ipys5- B.177
sg6 D M5 [1 i (SCD n gmG)RD] ( )
Current i,s7 can be found as:
. . gm7Rp
= . = . B.178
iM7 = 8m7 " Usg6 = ImM5° T Co + 2o Rp ( )
iy = =iy 8m3Ra tor _ 8msRp tor _ &m7Rp (B.179)
1+(sCa+gm2)Rator 1+ (SCp+gma)Rp,tor 1+ (SCp+ &me)Rp]
. 1
lM7:gm8Vg38+Vg38'(R_E+SCE) (B.180)
From which vggg can be extracted as:
Rg
Vosg = Ip7° B.181
Current iys9 can be found as:
. . ngRE
IpM9 = Vgsg = ip7- B.182
M9 = 8m9Vgs9 = im7 [T+ (5Cr+ gna) Re] ( )
PR 8m3Ra,tot 8msRB,rot 8m7RD 8moRE
M9 = — g . . .
1+ (sCa+gm2)Raror 1+ (SCp+ gma)RE,ror [1+ (sCp+ gme)Rp| [1+ (SCg+ gms)RE|
(B.183)
From Equation (B.170):
j 1+sCgR
Vo= ML e (B.184)
8mi1 ngRGm +(1+ SCGRG)
By applying KCL at node Vp we find:
1 1
ii+ims+ivs+ipr+ivg=Vo-|sCr+ +—+— (B.185)
Ri+Ry 199 Rp
Where:
Reg = Rpl|ro9l|(Ry + Rp) (B.186)
The sum of currents iyss, ips5, ip7 and iy can be found as:
. . . . . T+ T
in3 + ivgs + iz + it = i §maRa ror - —— (B.187)

T3
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Tv = gm3Ratot - [(ma+ &ms + SCe)Rp + 1] - [(gms + SCp)Rp + 1] - [(gms + SCr)Rg + 1]
(B.188)

T2 = gm3Ratot&msRe&m7RD - [(§ms + &mo + SCg) Rg + 1] (B.189)

T3 = [(gm2+ SCARAtor + 1] [(gma+ sCp)Rp+1] - [(gme + SCp)Rp + 1] - [(gms + SCE)Rp + 1]
(B.190)

Current ips; and potential Vi are described in terms of iy,. Currents iys3, ims, ip7 and
ipo are described in terms of iy. Therefore, the current loop gain can be found from Equation

(B.185) as:
We can call:
Ry
gmo8m1 - RGReq + (1 + SCoRG)gm1 R
TF(s) = MO RytRy e T (B.191)
(1+SC6RG)(1 + SCLReq + Em1Req) + nggmlRlTZRbRGReq
i W+ T
L(s) = L = ~TF () gm3Ra ror ——— (B.192)
Iy T3
Where:
Cp= CgsG + Cgs? + ng? (B.195)
Ve
Ry =2 (B.197)
I
LDC:_@.{I_}_@. 1+@(1+@)]}:_gm3 .ng .gm7 .gm9 (B198)
8m2 8ma 8me6 8ms 8m2 8m4 8mé6 8Ems
B.7.1. Poles/Zeros Approximation
We obtain an extra pole and an extra zero:
R +1
wp, = —SMEALOL T L 821 hd)s) (B.199)
CaRator Ca
R +1
wp, = —EmaTBrot T 8mi i adys) (B.200)

CBRB,tot B
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Rp,ror+1
wp, =~ BmETDI0t T D 86 1) (B.201)
CpRp, ot Cp
Rp.tor +1
wp, = - SMEREt0t T 2 8 aays) (B.202)

CeRE,ror Ce

The following approximations hold:

* &mi ®mS

Rl' = kQ
° ngRA,tot > 1
* ZmaRp ror>1

* gmeRp,ror >1

gmBRE,tot > 1

B.7.2. Matlab Simulation

The loop gain equation has been implemented in Matlab and verified against the Cadence
simulation for Cy = 50pF, I; = 10mA, Voyr = 1.8V, Viy = 5V. It is important to mention that
R; requires to be modified to 320Q from 180Q2 in order to properly match the pole-zero pair
caused by the voltage loop. This could be caused by the simplified small-signal model. The
parameters are:

gmo = 1.78uS; g,m1=3.78mS; g,2=783uS; gm3=1.69mS; g,,,4=2.06mS; g,,5=4.505mS;

gme=2.38mS; g,,7=5.008mS; g,,5=4.190mS; g,,9=8.884mS;

ro1=22.38KQ; 1y2=96KkQ2; 1y3=126.257KQ); 1,4=28.217KQ; r,5=17.439kQ; r,6=21.889kQ;

r97=26.739kQ; r58=10.31kQ; ry9=8.038kQ; Ry = 50kQ; Rp = rp4; Rp = o6

R = ro8; Ry = 77kQ; R, = 200kQ; Rg = 394.288MQ;

Cgs2 =18fF; Cgs3 =36.28fF; Cgd3 =9.135fF; Cgs4 = 18.878fF; Cgd4 = 4.886fF; Cgs5
= 37.72fF;

Cgd5 = 9.931fF; Cgs6 = 38.1fF; Cgd6 = 9.796fF; Cgs7 = 76.18fF; Cgd7 = 19.64fF;
Cgs8 = 28.451F;

Cgs9 = 55.96fF; Cgd9 = 15.8fF; C4 = 63.5fF; Cp = 66.529fF; Cp = 133.92fF; Cr =
100.21fF; Cg = 3pF;
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