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Fully Distributed Control and Its Analog IC Design
For Scalable Multiphase Voltage Regulators

Xin Zhang

(ABSTRACT)

Modern microprocessors require low supply voltage (about 1V), but very high current
(maximum current is 300A in servers, 100A in desktop PCs and 70A in notebook PCs),
and tighter voltage regulation. However, the size of a CPU Voltage Regulator (VR) needs
to be reduced. To achieve much higher power density with decent efficiency in VR
design is a major challenge. Moreover, the CPU current rating can vary from 40A to
300A for different kinds of computers, and CPU power supply specifications change
quickly even for the same type of computers. Since the maximum power rating of one
channel converter is limited, the VR channel number may vary over a large range to meet
VR specifications. Traditionally, VR design with different channel numbers needs
different types of VR controllers. To reduce the developing cost of different control ICs,
and to maximize the market share of one design, scalable phase design based on the same
type of IC is a new trend in VR design.

To achieve higher power density and at the same time to achieve scalable phase
design, the concept of Monolithic Voltage Regulator Channel (MVRC) is introduced in
this dissertation. MVRC is a power IC with one channel converter’s power MOSFETs,
drivers and control circuitries monolithically integrated based on lateral device
technology and working at high frequency. It can be used alone to supply a POL (Point of
Load). And without the need for a separate master controller, multiple MVRC chips can

be paralleled together to supply a higher current load such as a CPU.



To make MVRC a reality, the key is to develop a fully distributed control scheme and
its associated analog IC circuitry, so that it can provide control functions required by
microprocessors and the performance must be equal or better than a traditional a
centralized VRM controller. These functions includes: multiphase interleaving, Adaptive
Voltage Position (AVP) and current sharing.

To achieve interleaving, this dissertation introduces a novel distributed interleaving
scheme that can easily achieve scalable phase interleaving without channel number
limitation. Each channel’s interleaving circuitry can be monolithically integrated without
any external components. The proposed scheme is verified by a hardware prototype. The
key building block is a self-adjusting saw-tooth generator, which can produce accurate
saw-tooth waveforms without trimming. The interleaving circuit for each channel has two
self-adjusting saw-tooth generators. One behaves as a Phase Lock Loop to produce
accurate phase delay, and the other produces carrier signals.

To achieve Adaptive Voltage Position and current sharing, a novel distributed control
scheme adopting the active droop control for each channel is introduced. Verified by
hardware testing and transient simulations, the proposed distributed AVP and current
sharing control scheme meets the requirements of Intel’s guidelines for today and future’s
VR design. Monte Carlo simulation and statistics analysis show that the proposed scheme
has a better AVP tolerance band than the traditional centralized control if the same
current sensing scheme is used, and its current sharing performance is as good as the
traditional control.

It is critical for the current sensing to achieve a tight AVP regulation window and

good current sharing in both the traditional centralized control scheme and the proposed
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distributed control scheme. Inductor current sensing is widely adopted because of the
acceptable accuracy and no extra power loss. However, the Signal-to-Noise Ratio (SNR)
of the traditional inductor current sensing scheme may become too small to be acceptable
in high frequency VR design where small inductor with small DCR is often adopted. To
improve the SNR, a novel current sensing scheme with an accurate V/I converter is
proposed. To reduce the complexity of building an accurate V/I converter with traditional
Opamps, an accurate monolithic transconductance (Gm) amplifier with a large dynamic
range is developed. The proposed Gm amplifier can achieve accurate V/I conversion
without trimming.

To obtain further verification, above proposed control schemes are monolithically
integrated in a dual channel synchronous BUCK controller using TSMC BiCMOS 0.5um
process. Testing results show that all the proposed novel analog circuits work as
expected. System testing results show good interleaving, current sharing and AVP
performance. The silicon size of each channel is 1800x1000um®.

With proposed current sensing, interleaving, AVP and current sharing, as well as their
associated analog IC implementations, the technical barriers to develop a MVRC are
overcome. MVRC has the potential to become a generic power IC solution for today and
future POL and CPU power management.

The proposed distributed interleaving, AVP and current sharing schemes can also be
used in any cellular converter system. The proposed analog building blocks like the self-
adjusting saw-tooth generator and the accurate transconductance amplifier can be used as

basic building blocks in any DC-DC controller.
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Chapter 1. Monolithic Voltage Regulator Channel

1.1. The Challenges of Microprocessor Power Management

1.1.1. Power Requirements of Microprocessor

In 1965, just six years after the invention of the integrated circuit (IC), Gordon Moore
predicted the annual doubling of the number of transistors integrated in integrated circuits
[Al]. In the late 1980s, the doubling speed was adjusted to every 18 months for the
expected increases in the complexity of semiconductors [A2]. Moore’s Law has remained
valid for 4 decades [A3]. It has been recognized as the vision, driving force and roadmap
setter for the trillion-dollar semiconductor and electronics industry. Moore’s Law will
continue prevailing at least for the next decade, with continuous advancement in
processing technologies for Very Large Scale Integration (VLSI) [A4].

Not only the device counts rising, nearly all the parameters of microprocessor
technology improve as transistor counts climb according to Moore’s law [AS5].

For example, microprocessor speed and performance have ascended even more
sharply than has the number of transistors. The 1486 processor ran at 25 MHz, but today’s
Pentium IV processors run at 2.20 GHz, and the predicted billion-transistor processor in
will likely run at speeds approaching 20 GHz.

The consequence of higher transistor counts and higher clock frequency is higher
power consumption [A6]. For mainstream CPU in desktop PCs, although the core voltage
is scaled down to 1V, the current rising quickly to 100A results the total power
consumption up to 100W for the CPU in desktop PCs [A7]. And the power consumption

of a server CPU is much larger than that of the desktop CPU.



1.1.2. Evolution of Microprocessor Power Management

For a 386 or 486 processor, the CPU uses standard 5V Vdd. The power directly
comes from the silver box. Starting with Intel Pentium microprocessors, which were
released in 1990, microprocessors begin to use a nonstandard supply of less than 5V. A
dedicated non-isolated DC-DC converter called Voltage Regulator Module (VRM) is put
beside the CPU socket to power the microprocessor. The original version of the VRM
that accompanied the Pentium I and Pentium II was made up of a simple 5V input BUCK
converter, as shown in Fig. 1-1.

The Pentium III processor was released in 1999. Compared to the Pentium II, the
operating voltage was drastically reduced from 2.8V to 1.5V, and the current was
increased from 10A to 30A, and the current slew rate was increased from 1A/ns to 8A/ns
[A8]. The simple approach of one channel BUCK is not practical to power Pentium III
processor [A9] [A10]. This is simply because that not enough real estates is available on
the motherboard accommodate the increased bulk capacitors to meet Pentium III’s tighter

regulation window. Secondly, the cost increase due to the bulk capacitors is also not

acceptable.
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Fig. 1-1. One channel synchronous BUCK converter.
Fortunately, researchers in Center of Power Electronics System (CPES) at Virginia

Tech proposed a better solution for the microprocessor power supply in early 1997.
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Instead of paralleling a number of transistors to increase power rating, the team proposed
paralleling circuits. The new solution is widely called as multi-channel interleaving

synchronous BUCK converter [A11]. Fig. 1-2 shows such topology.
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Fig. 1-2. Multi-channel interleaving BUCK converter.

With multi channels of synchronous BUCK cells in parallel, each cell can use an
inductor that is about 1/10 smaller than the inductor used in the original one channel
BUCK converter, and the minimum number of output capacitance to meet transient
requirement is dramatically reduced without sacrificing the efficiency. Moreover, with
the interleaving operation, the minimum number of output capacitance to meet steady-
state voltage ripple requirement is also dramatically reduced because of current ripple
cancellation effect. In the same way, the interleaving approach can also significantly
reduce the input filter capacitor requirement.

Multi-channel approach can also benefit the thermal design because the power loss is
more evenly distributed on the board. And its power scalability characteristic makes it
very attractive in terms of its ability to keep up with the future microprocessor power

management design.



As a result, industry quickly adopted this solution. A number of companies (National
Semiconductor, Semtech, Intersil, Maxim, Linear Technology, Analog Device, Fairchild
Semiconductor, Texas Instruments and ST Microelectronics) have developed their IC
controllers to facilitate the implementation of the proposed multi channel approach
[A12]. And today, multi-channel interleaving synchronous BUCK converters become an
industry standard.

After the introduction of multi-channel interleaving synchronous BUCK converter,
there is little new evolution on the VR power stage. The only major change was the input
voltage of VR. The input bus voltage was changed from 5V to 12V in order to reduce the
input bus conduction loss that run across the motherboard [A13]. After Pentium IV
processor was released in 2004, all the VR products use multi-channel interleaving
synchronous BUCK converters with 12V input voltage as the power stage.

However, there are a number of improvements in VR controllers. The first generation
of multiphase VR controller only provided interleaving and pure voltage loop control,
which is already enough to meet Intel’s design guidelines. Active current sharing
between each channel is introduced later, and then the Adaptive Voltage Position
specifications are added [A14]. Adaptive Voltage Position means the dc output voltage of
a converter is dependent on its load. It is set to the highest level within the specification
window at no-load condition and to the lowest level at full load condition. This approach
increases the output voltage dynamic tolerance by as much as twofold, which thus
reduces the number of bulk capacitors required to meet the output voltage regulation.
More importantly, it reduces the average power the microprocessor or DSP consumes,

therefore reduces the cost on thermal design. Today, to meet newest Intel’s design



guidelines, interleaving, current sharing and AVP are three basic functions the VR
control chip needs to provide.
1.1.3. Challenge 1: to Achieve Higher Power Density

Microprocessor power management design is a tradeoff among efficiency, thermal,
size, and costs under the constraint of required voltage regulation window [A15]. Today’s
VR products are the results of such tradeoff. Today’s VRs use discrete 30V trench
MOSFETs as power devices. The switching frequency is 300~500KHz. And a lot of
electrolytic (Oscon) capacitors are adopted to meet the tight regulation window. [A16]

Driving by the customer and market, computers become more and more powerful
while the computer size becomes smaller and smaller. However, the size of the VR
changes in the opposite direction. The power consumption of today’s mainstream
microprocessor has already reached 1.6V/50A in laptops, 1.2V/80A in desktops and
1.0V/200A in severs. As shown in Fig. 1-3, to delivery enough power to the CPU, the VR
occupies 12~15% area on the motherboard. To achieve higher power density is an

immediate challenge in microprocessor power management.

.
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Fig. 1-3. VR on a typical motherboard.
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This challenge may become prohibitive in the future. Following Intel’s roadmap, in
2010 the processor will run at 20GHz clock frequency with over one-billon transistors. It
will require more than 200A current at a voltage level of around 0.7 V [A17]. To build a
0.7V/200A VR with today’s approach will occupy more than 30% motherboard area. It is

not acceptable.

The introduction of multi-core technology in microprocessor may temporarily solve
the issue and it is just for some certain types of microprocessors. In the long run, Moore’s
Law will continue prevailing for at least the next decade. To achieve higher power

density in VR design will continue to be the main challenge.

1.1.3 Challenge 2: to Achieve Scalable Phase Design

—

Péaptaasod

Controller

—

a. Typical application of ISL6561 b. Picture of ISL6561 evaluation-board

Fig. 1-4. A typical VR implementation.



Fig. 1-4 shows today’s typical VR implementation [A18]. As we can see, the power
stage is a disturbed multiphase BUCK converter, which is controlled by a centralized VR
controller. The output voltage information and current sensing information of each
BUCK channel is fed back to the controller. The controller does the signal processing and
sends out PWM signals to the driver.

This centralized VR control approach has the following limitations:

1) As shown in Fig. 1-5, VR design with different channel numbers needs different

VR controllers. (The pin-out of the control IC is limited, but all the channels need

to send back current information to the control IC and receive PWM signals from

the control IC.)

To CRU
¥

—3

c. A four channel VR d. Typical diagram of two channel VR controller
Fig. 1-5. VR designs with different channel number.
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2) As shown in Fig. 1-5¢, for the design with large phase number, long current
sensing lines and PWM signal lines cannot be avoided, which is noise sensitive.
(The controller can be physically put close to one or two channels, but cannot be
close to all the channels.)

3) A control IC with channel number larger than 4 is not usually available in the
market. (Second source is always one of the top priority for motherboard
manufacturers to select VR control ICs.)

4) To design a controller with larger channel number to cover different channel
numbers will waste package pins, waste silicon, and is only reasonable when the

VR channel number is close to the controller channel number.

Basically, with traditional centralized controller, it is difficult for us to do flexible
phase design (increase or reduce channel number). For future CPU power management,
however, the CPU current rating will vary from 40A to 300A for different kinds of
computers, and the CPU current rating will change even for the same type of computers,
therefore the VR channel number can vary over a large range. To save the cost of
developing different kinds of VR controllers, and to achieve more orders of design
flexibility for better tradeoff of the system, and to maximize the market share of one
design, how to achieve scalable phase design with the same type of IC is another major

challenge in microprocessor power management.



1.2. The Technology Trend for Microprocessor Power Supply Design

1.2.1. Trend 1: Integration and High Frequency Operation
---- to Achieve High Power Density
Universities and industry researchers understand the limitation of traditional discrete
and low frequency approach as described in 1.1.3. A lot of researches have been
conducted to improve VR power density. The research shows that high frequency
operation and integration with lateral device technology is the way to achieve higher

power density [A19].
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Fig. 1-6. FOM values of VR devices.

Traditional VRs use discrete trench MOSFETs as power devices. Fig. 1-6 shows the
Figure of Merit (FOM) values of the state of the art trench MOSFETs. These values show
that the trench MOSFET is not suitable to work at high switching frequency. Therefore
today’s VRs work just around 300KHz to avoid high power loss. The control bandwidth
is also limited by the switch frequency, which results in the need for lots of OSCON caps
to meet the transient requirement. Fig. 1-6 also shows that lateral MOSFET has much
better FOM because lateral structure has much smaller Cgd [A20]. Using lateral

MOSFET as power device will enable the high frequency operation so that the profile of
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the converter can be reduced. More over, because the structure of the lateral power
MOSFET is compatible with normal CMOS or BiCOMS process, the lateral power
device can be integrated with the driver and control monolithically, which can further
reduce the parasitic hence facilitating higher frequency operations.

For the Voltage Regulator, which is a multiphase BUCK converter with each phase of
15~25A, with the thermal constraint of today’s IC package, the most straight forward
way of integration is to integrate one channel device and driver together as a power IC.
A company called Volterra takes this approach. Volterra released a 15A power IC
“VT1102” that integrates one channel device and driver together and can work beyond
IMHz with 85% efficiency [A21]. Because of the high frequency, small inductor can be
used. And only ceramic caps are used on motherboard, no OSCON needed. As you can
see from Fig. 1-7, high frequency and integration dramatically improve the power
density. Besides Volterra, other companies also introduce high power density VR
solutions by integration and high frequency operation. They may be based on different
advanced device technologies, for example Dr. MOS [A22], but the concept is the same -

--- integration and high frequency operation.

A Controller VT1102: a 15A power IC
' (one-channel Iateral MOSFETs + drivers)
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Yolterra VT1102 demo board (Fs=1MHz)

Traditional VRM (F's = 300K)

Fig. 1-7. Volterra’s VT1102 solution.
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1.2.2. Trend 2: Distributed Control ---- to Achieve Scalable Phase Design

Industry also realizes the limitation of the traditional centralized controller as
described in 1.1.4. To save the cost of developing different control ICs for VR with
different phase numbers, to cover different VR power ratings, and to achieve a better
system tradeoff without channel number limitation, industry has begun to explore the

scheme to achieve flexible phase design. Fig. 1-8 shows IR’s Xphase solution [A23].
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Fig. 1-8. IR’s Xphase solution.
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Developed specifically for multiphase, interleaved BUCK DC-DC converters, IR's
XPhase chip set consists of the IR3081 Control IC (master) and the IR3086 Phase IC
(local), and provides a high performance solution that exceeds the VRM or EVRD 10.x
requirements. Unlike other multiphase solutions that are limited in the number of phases
they drive, the IR XPhase architecture can support from 1 to "X" phases. Phases can be
added or removed without changing the fundamental design.

The key of IR’s chip set to achieve scalable phase design is the concept of
distribution. The original VR control circuitries are distributed in “1+N” units. Each unit
is integrated in different chips: 1 main controller chip, and N local controller chips. Each
channel’s PWM signals come from the local controller associated with this channel. Each
channel’s current information is only fed back to the local controller associated with this
channel. The output voltage information is fed back to the main controller. The
commutation between the main controller and local controllers depends on several bus
lines. Because of the distributed architecture, a channel can be added or removed by
adding or removing a local controller and one channel power stage without changing the
fundamental design.

However, this solution is not perfect. A master controller is still needed because it is
not a fully distributed system, too many external small resisters and capacitors are
needed. Besides the 4 components in each channel for current sensing and the
decoupling cap for the local control chip, there are still 7 components in each channel.
They cannot be integrated because the absolute values of these resistors and capacitors
need to be accurate, and they need to change if the channel number is changed. And too

many analog bus lines and connections make the layout complex.
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1.3. The Concept of Monolithic Voltage Regulator Channel

As described in sections 1.1 and 1.2, there are two major challenges for modern
microprocessor power management: one is to achieve much higher power density,
another is to achieve flexible phase design. To meet these challenges, a lot of
explorations have been done and will be done in universities as well as in industry.
However, the reported and published solutions need to be improved. For example,
Volterra’s solution can achieve much higher power density but it is difficult to achieve
flexible phase design. IR’s solution can achieve flexible phase design, but it has its
drawbacks. The motivation of this research is to achieve both scalable phase deign and
high power density for microprocessor power management. The following several

paragraphs describe my train of thoughts.

1.3.1. Centralized Control Architecture and Its Integration
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Fig. 1-9. Traditional centralized control architecture.
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Fig. 1-9 is a simplified diagram of the traditional centralized control architecture for
multiphase VRs [A18]. To achieve interleaving, a centralized interleaving block produces
phase shifted clock pulse signals and saw-tooth signals according to the pre-decided VR
phase number. To achieve current sharing, each channel’s inductor current is fed back to
a dedicated current sharing block (CS). The CS block produces error signals for each
channel’s PWM modulator by adjusting the voltage loop error signal according to each
channel’s current information. The CS block can be based on other current sharing
mechanisms. To achieve AVP, the total current information and output voltage are fed
back to the compensator, and the AVP performance is controlled by compensator design.
Traditionally, the control part in Fig. 1-9 is integrated into a monolithic controller IC, and
the driver for each channel’s power devices is integrated as a separate driver IC. The

power devices are discrete trench MOSFETs.
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Fig. 1-10. Integration with the traditional centralized control architecture.
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With the development of lateral power MOSFET, as discussed in section 1.2.1, each
channel’s driver and power devices can be monolithically integrated as a power IC and
working at higher frequency to reduce chip count and to achieve much high power
density. Fig. 1-10 shows the integration with the traditional centralized control
architecture. However, even with this integration, there is still something that needs to be
improved. Section 1.1.4 explained the need of scalable phase design and the challenge to
realize it with the centralized controller. To achieve scalable phase design, new control

architecture is explored in industry.

1.3.2. Partially Distributed Control Architecture and Its Integration
Fig. 1-11 shows the simplified diagram of IR’s Xphase solution [A23]. Basically it is

partially distributed control architecture.
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Fig. 1-11. Partially distributed control architecture.
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In this partially distributed control, the block to achieve interleaving is distributed
into N local control units and 1 main control unit. The block to achieve current sharing is
distributed into N local control units. The block to achieve AVP, the compensator, is kept
in the main control unit. By this way, each channel’s current information is only fed back
to the local control unit associated with this channel. And each channel’s driver gets
PWM signals from the associated local control unit. Therefore long current feedback
lines and PWM signal lines are avoided. The main control gets information only from bus
lines and sends information only to the bus lines. Therefore phases can be added or
removed by adding or removing a local control without changing the fundamental design.
To achieve high power density, each channel’s driver and power devices and the local
control unit can be monolithically integrated as a power IC. Fig. 1-12 shows the
integration.
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Fig. 1-12. Integration with the partially distributed control architecture.
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However, the CPU power management solution shown in Fig. 1-12 still has some
limitations. Some limitations are due to the partially distributed architecture and some are
due to limitations in today’s analog IC implementation.

Limitations due to the control architecture include:

For manufacturer: The power IC has to work with a particular control IC. Both ICs

have narrow application range, therefore small market.

For customer: A main control is still needed. And the power IC cannot be used alone
to supply a regular POL.

Limitations not due to the control architecture, but due to today’s implementation:

e Too many analog bus lines, which may be sensitive to noise.

e Large control silicon size due to the required building blocks for driving the bus lines.

e Too many external components.

1.3.3. Fully Distributed Control Architecture and Its Integration ---- MVRC

Based on the observation of the centralized control architecture and partially
distributed control architecture as well as their integration, a fully distributed control
architecture is proposed.

Following Volterra’s approach, we can integrate one channel device and driver
together based on lateral device technology so it can work at high frequency, which will
results in high power density. Then to achieve flexible phase design, instead of using
partially distributed architecture such as IR’s Xphase, the control circuitries are
completely and evenly distributed into each individual channel. Each channel’s current

information is only fed back to the control associated to this channel. The output voltage
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is fed back to each channel’s control. The communication between different channel’s
control is not through a master controller, but through bus lines or other simple wire
connections. With these connections, the control of each individual channel can work
together to offer the control function for the whole voltage regulator. And of course each
channel’s control can also work alone to control just one channel. Fig. 1-13 visually

shows this “fully distributed” idea.

Centralized control solution Fully distributed control solution
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Fig. 1-13. Fully distributed control architecture.

However, if each channel’s control part were built as a separate chip, the total chip
counts of the voltage regulator would increase a lot. The power density would decrease.
Then there is an interesting observation. The silicon size of each channel’s control is
normally much smaller than the power device and driver. If a very small piece of control

silicon is added into the original power IC, the package will not change much or even
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have no change. This is because the package of the power IC usually is thermally limited
instead of die-size limited, and the power loss of the control part can be ignored when
compared with the power MOSFET. By integrating the distributed control into the
original power IC, we can eliminate the large size master controller, whose package is
pin-out limited.

Then next step is to integration the distributed control into the original power IC. Fig.
1-14 shows the vision of this integration. The chip count is reduced and the power density
increase further increases. The new power IC has control, driver and devices. It is a
Monolithic Voltage Regulator Channel (MVRC), a generic IC that can be used alone to
supply a regular POL load or multiple MVRCs can be used together to supply a CPU

load. The MVRC is therefore a proposed solution for future CPU power management.

MVRC
(Distributed control +Devicet+Driver)

(projected pictire)
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+ Smaller chip counts (IN)
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+ Scalable design

* Generic Power IC

Fig. 1-14. Integration with the fully distributed control architecture ---- MVRC.
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1.3.4. Potential Benefits of MVRC

Table 1-1 and Table 1-2 show the comparison of the integration based on three

different control architectures ---- centralized, partially distributed and fully distributed

(MVRC). The MVRC solution based on fully distributed control architecture shows

potential benefits for both customers and manufacturers. Generally speaking, MVRC can

achieve both high power density and scalable phase design. It is also a generic power IC

for CPU and POL power management.

As shown in table 1-1 and 1-2, the benefits of MVRC solution depend on the

particular control schemes and analog circuitries. The objective of this thesis research is

to find out the suitable control schemes and analog circuitries for MVRC. Fig. 1-15

visually shows the research purpose of this dissertation.
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Layout difficulty | Difficult Easy Easy
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lines il feedback lines 3 analog BTIS lines implementation
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Tablel-1. Potential benefits of the MVRC approach for customers (N is channel number).
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Manufacturer's Centralized Partly distributed Fully distributed
Concerns (VT1102) (IR =PHASE) (MVRC)
Application range CPU power CPT power P and POL power
Potentially wider
Chip types 2 2 1

Chip complexity

Controller ; ~ B000

Controller: ~ 2000

Depend on

Power IC: ~300 Power IC: ~1000 1mplementation
COwerall developing cost | High Fair Potentially Lower
Mask sets 2 2 1
Chip Silicon size Controller: 217 mm? Controller ; 2mam? Depend on

Power IC: 25 mm? Power IC : 26mm? implementation
Total Silicon size 27H mm? (2 run) 2EH2 mm? (2 ru) Depend on

1nplementation

Total package needed T*¥QFN + N*C5P 1*QFN + W*CEP W*CSP
Trimtned needed Controller: 2 Controller: 2 Depend on
per chip PowerIC: 0 Power IC: 1 1mplementation
Overall production cost | High Fair Potentially Lower

Table1-2. Potential benefits of the MVRC approach for manufacturers

(N is channel number).
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Fig. 1-15. Research purpose.
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1.4. Research Scope and Dissertation Outlines

1.4.1. Research Scope

Inside the MVRC, there are power devices, drivers and control. For the integration of
lateral MOSFET, CPES has developed a 5A power IC [A19]. The chip demonstrates the
feasibility of multi-MHz operation with optimized lateral MOSFET. The result can be
scaled up to higher current ratings provided new packaging techniques are used. Industry
also has developed similar monolithic power ICs. Volterra’s VT1102 power IC is an
example.

To make MVRC a reality, the key is to define a fully distributed control and its
associated analog IC designs to achieve all required functions that are originally provided
by centralized VR controllers. These main functions include: interleaving, current sharing
and Adaptive Voltage Position. And since MVRC works at high frequency, today’s
current sensing needs to be improved to meet the requirement of high frequency
operation. Fig. 1-16 visually shows the research scopes of this dissertation.
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Fig. 1-16. Research scopes.
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1.4.2. Dissertation Outlines

MVRC (Monolithic Voltage Regular Channel) is a generic power IC proposed for
low voltage high current applications. MVRC chip has one channel power device, driver
and control circuit monolithically integrated in a single silicon die and working at high
switching frequency. It can be paralleled without a master control IC and without channel
number limitation to support CPU power, or can be used alone to support regular POL.
The objective of this research to find suitable control scheme and analog IC design
solutions to overcome potential technology barriers in implementing the MVRC concept.

There are three major technology barriers in implementing the MVRC concept: 1)
distributed interleaving; 2) distributed current and current sharing; 3) high frequency
current sensing.

Chapter 2 addresses the distributed interleaving. Section 2.1 identifies the basic
requirements to achieve good interleaving. Section 2.2 reviews the conventional
centralized interleaving scheme and its limitations. Section 2.3 reviews existing
distributed interleaving schemes. Issues of these approaches are also identified. In section
2.4, a novel distributed interleaving scheme is introduced, which can easily realize
scalable phase interleaving without changing any component. The key building block of
this scheme, a self-adjusting saw-tooth waveform generator is described in section 2.5.
Section 2.6 is the hardware testing results of a 3 channel interleaving system with each
channel working at 1IMHz switching frequency. Section 2.7 is the conclusion of the
chapter.

Chapter 3 addresses the distributed current sharing and AVP. Section 3.1 introduces

Intel’s design guidelines for microprocessor power management. Section 3.2 reviews the
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conventional centralized current sharing and AVP schemes to meet the design
specifications. The limitations in adopting these schemes for MVRC are also identified.
In section 3.3, a novel distributed current sharing and AVP scheme are introduced.
Section 3.4 presents the testing results of prototypes based on the proposed control
schemes. Section 3.5 is the tolerance analysis of the proposed current sharing and AVP
scheme. Monte-Carlo simulation results are also presented. Section 3.6 is the conclusion
of the chapter.

Chapter 4 addresses the current sensing issues. Section 4.1 reviews the current
sensing technologies currently used in VR applications. Section 4.2 identifies the issues
of the traditional inductor current scheme in high frequency application. Section 4.3
introduces a novel inductor current sensing scheme that is suitable in high frequency
application with small inductor DCR. The key building block of the proposed sensing
scheme, an accurate transconduance (Gm) amplifier is described in Section 4.4. Section
4.5 presents a number of current sensing configurations with the proposed Gm amplifier.
Section 4.6 discusses other applications of the novel Gm block. Section 4.7 is the
conclusion of the chapter.

To obtain further verification, the proposed schemes and analog building blocks are
integrated in a dual channel synchronous BUCK controller developed with TSMC 0.5um
BiCMOS process. Chapter 5 presents the design of this chip, including the design
objective, block diagram, design methodology, layout and die photo, as well as circuit
testing results and system testing results. Section 5.7 is the summary of Chapter 5.

Chapter 6 is the conclusion of the whole dissertation and the list of future work.

24



Chapter 2. Distributed Interleaving

2.1. Interleaving ---- Benefits and Requirements

2.1.1. Interleaving Benefits

Verified by industry, paralleling circuits (power stages/ converters) are usually better
than paralleling power devices to construct a supply with a large power rating [B1].
Especially for microprocessor power management, all the VRMs (Voltage Regulator
Modules) or VRDs (Voltage Regulator Downs) [B2] use multiphase topology to get high
current low voltage output with decent efficiency.

One of the primary benefits of multiphase converter is that the input and output ripple
cancellation can be achieved by interleaving operation. For microprocessor power
management, to meet the tight output voltage ripple specifications and voltage regulation
window [B2], interleaving operation of the multi-cell power stage (which is usually a

multi-channel synchronous BUCK converter, as shown in Fig. 2-1,) is mandatory.
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Fig. 2-1. Topology of N-channel synchronous BUCK converter.
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Fig. 2-2 shows the steady state current ripple reduction effect of interleaving
operation [B3]. The effect is defined as K= Airor /Ai,, where Airor is the peak-to-peak
value of the total inductor current in Fig. 2-1, and Ai, is the peak-to-peak value of the
individual inductor current. The ripple cancellation effect is a function of the phase
number and the steady state duty cycle. For a given input and output voltage, by proper
selection of the phase number, the ripple of the total current going through output
capacitors can be significantly reduced. Therefore, the output voltage ripple can be
dramatically reduced. More advantages of interleaving can be found in [B3]. And more

mathematic analysis can be found in [B4].
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Fig. 2-2. Current ripple reduction in an interleaving BUCK converter.
According to Intel’s roadmap [B5], future mainstream microprocessor needs lower
voltage, higher current, and tighter voltage regulation window. Moreover, the CPU
current rating can vary from 40A to 300A for different kinds of computers, and CPU
power supply specifications can change fast for the same type of computer. VR channel

number can vary in a very large range. As discussed in Chapter 1, to save the cost to
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develop different kinds of VR controllers, and to achieve more orders of design flexibility
for better tradeoff, scalable phase design with the same type of IC is the trend [B6].

To achieve scalable phase design, the first task is to achieve interleaving with scalable
phases. A conventional approach of interleaving is to use a centralized phase splitter
circuit to supply a properly phased clock or synchronization pulses to each individual
channel. This approach is not practical if there are a variable number of channels in the
system. The objective of this chapter is to introduce a concise practical scheme that can
achieve interleaving with scalable phases.

2.1.2. Requirements to Achieve Good Interleaving

There are three requirements to achieve good interleaving operation: 1) Accurate
phase shift; 2) Matched carrier signals; 3) Good layout for the output capacitor matrix.
This chapter focuses on the task 1 and 2. The following is the detailed explanation of
these requirements.

1) Accurate phase shift

To achieve interleaving operation of a N-channel power stage, each channel’s
switching clock must have the same frequency, and the phase of the clock should be
displaced with respect to one another by 2p/N radians. Any error in phase shift can lead
to large current ripple and voltage ripple at output capacitors. Fig. 2-3 shows the impact
of phase shift error. Fig. 2-3a shows the simulated carrier waveforms and output voltage
of a 4-channel BUCK converter with proper phase shift. Fig. 2-3b is simulation results
with a 10-degree phase shift error in one of the 4 channels. The output ripple in Fig. 2-3b

is about 2 times bigger than in Fig. 2-3a.
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Fig.2-3. The impact of phase shift error.
2) Matched carrier signal
For lots of VRM control schemes [B7], each channel also needs a carrier signal
synchronizing the phased clock, which is usually in a format of trailing edge saw-tooth

waveform. Any unmatching of the slopes and the valley or/and the peak values of the
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carrier waveforms can cause the current sharing problem or even the stability problem.
The impact of the nonideal carrier waveforms can be different and is dependent on the
system control architecture. Therefore, besides the proper phase shift, carrier signal
matching is another requirement to achieve proper interleaving operation for multi-
channel DC-DC converter used for microprocessor power management. Fig. 2-4 shows
the impact of nonideal carrier signals. Fig. 2-4a shows the simulation results of matched
carrier waveforms and inductor currents of a 2-channel synchronous BUCK converter.
Fig. 2-4b is the simulation results with 10% difference in each channel’s carrier slope.
Both simulations use a control scheme like HIP6301 [B8]. As shown in Fig. 2-4b, the

current sharing is sacrificed by only small error in the matching of saw-tooth signals.
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Fig. 2-4. The impact of nonideal carrier signal.

2.2. Issues of Centralized Interleaving Schemes

To meet the requirements described in section 2.1.2, a conventional interleaving
scheme uses a centralized phase splitter to produce a properly phased clock or
synchronization pulses for the individual channels. Typical implementation is to use a
shift register or a counter and decoder [9]. For a traditional VRM control scheme, a
centralized multiphase saw-tooth generator is adopted to produce saw-tooth carrier
waveforms for each individual channel, which synchronizes the associated pulses
produced by phase splitter. Typical implementation of the multiphase saw-tooth
generator is to use a series of matched current sources to charge a series of matched

capacitors. Fig. 2-5 shows the traditional interleaving scheme for VRM application.
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Fig. 2-5. Traditional centralized interleaving scheme.

In the traditional centralized interleaving scheme, the phase splitter needs to know the
channel number of the system. Circuitries and interconnections between phase splitter
and saw-tooth generator need to be changed when the channel number is changed. A
centralized interleaving scheme that can offer a programmable number of phases within a
limited range is achievable but at the cost of unused or redundant die area. The
complexity of circuit and interconnection limits the centralized interleaving scheme to
produce properly shifted clock and carrier waveforms if the channel number of the
system can vary in a large scope. And to guarantee the matching of each channel’s saw
tooth, layout matching of current mirrors I1~IN and capacitors C1~CN in Fig. 2-5 is
mandatory. Therefore they usually occupy lots of silicon size and are put together using
particular patterns. Even so, to guarantee the slopes, and peak and valley values of these
saw-tooth waveforms are the same as specified, trimming is often needed for the current

source or/and the capacitor inside silicon.
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2.3. Issues of Reported Distributed Interleaving Schemes

The limitations of the traditional centralized interleaving scheme have led to the

exploration of distributed interleaving approach.

2.3.1. A Distributed Interleaving Scheme with Interleaving BUS [B10]

Fig. 2-6 shows the distributed interleaving scheme proposed in Perreault’s paper

[B10]. In this scheme, each cell (channel/converter) has its own clock generator. The

frequency and phase information of each cell is aggregated on the interleaving bus. Using

the analog signal on the interleaving bus, each cell adjusts the frequency and phase of its

local clock to achieve the desired value for proper interleaving. The implementation of

the clock generator in each cell is shown in Fig. 2-6b. Its basic building block is a Phase-

. Local

Lock Loop (PLL).
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b. Structure of the clock generator

Fig. 2-6. Distributed interleaving scheme proposed by Perreault’s paper.
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However, Perreault’s scheme can only generates right clocks for up to 3 cell
interleaving. The PLL may lock to a wrong phase state when there are more than 3 cells
in the system. A low pass filter H(S) is necessary to compensate the PLL. Because the
switching frequency for a regular converter is within a 10MHz range, the low pass filter
needs large passive components and cannot be monolithically integrated. Perreault’s
paper did not address the issue of how to get carrier signals matched among each cell,

which is very important in VRM application, as shown in Fig. 2-4.

2.3.2. A Distributed Interleaving without Interleaving BUS [B11]

Fig. 2-7 shows the distributed interleaving scheme proposed in Feng’s paper [B11]. In
each converter cell, switching signals of the power stage are fed back to each cell’s
control circuit to cancel the native pulses in the output voltage that are consistent in phase
with the corresponding switch signals. The implementation of each cell’s control circuit
is shown in Fig. 2-7b. The basic building block includes a phase-lock loop and a “shape
unit”, which is composed of a High Pass Filter, a high-speed comparator and a mono-

stable trigger.
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a. Distributed interleaving architecture without interleaving BUS
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Fig. 2-7. Distributed interleaving scheme proposed by Feng’s paper.

Feng’s paper demonstrates the interleaving operation of a 2-cell system with
switching frequency of about 100KHz. However, due to its approach to shaping output
voltage, this scheme is noise sensitive and is very difficult to be adopted in VRM
application, where the switching frequency can be beyond 1MHz, conduction time of
power MOSFET within a cycle may be smaller than 200ns, and di/dt on the gnd plane is
usually beyond 50A/us. From VRM cells to CPU, there is a complex decoupling loop
composed of different types of capacitors [B12]. It is difficult to find a feedback point to
get a signal contending the strong enough timing information of every switching event in
the system. However, to be able to feed back such a signal is the pre-requisite of this
scheme. The HPF in the shaping unit and LPF in the PLL need large passive components
that cannot be monolithically integrated. Feng’s paper did not address the carrier signal

matching issue either.

2.3.3. Distributed Interleaving Based on Two-Chip Architect [B6]
Fig. 2-8 shows the distributed interleaving scheme proposed by Huang’s paper [B6].

This scheme uses a master control IC to produce a triangle waveform with the same
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frequency as the switching clock. Each channel’s phase IC uses an accurate divider to
produce a DC voltage to tell the master controller which phase it has. As shown in Fig. 2-
8b, this DC voltage is compared with a triangle waveform to produce a pulse working as
the timing base for this channel’s clock and carrier.

Verified by hardware testing, this scheme meets the tight requirements of VRM
application up to 16 channels. However, this scheme is not perfect. Because each channel
needs to produce an accurate DC voltage to program the phase delay, each channel needs
2 external resistors to build the accurate divider. And to guarantee the carrier signal
matching, each channel needs 1 additional external resistor and 1 external capacitor.

When the channel number is changed, all these components need to be changed.
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Fig. 2-8. Distributed interleaving scheme proposed by Huang’s paper.

Table 2-1 shows the summary of the main limitations of the interleaving schemes

mentioned above.

Interleaving Perreault’s [B10] Feng’s [B11] Huang’s [B6]
scheme
Main Only works well Noise sensitive, not suited | Too many external
limitations up to 3 channels. for VRM application. extra components

needed. Two kinds

of chip needed.

Table 2-1. Summary of existing interleaving schemes.
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2.4. A Novel Distributed Interleaving Scheme
As shown in Table 2-1, the schemes reviewed in section 2.3 are not suitable or not
convenient to achieve scalable phase design in VRM application. A Novel distributed

interleaving scheme is developed to serve the purpose.
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l¢) o]
a. Scheme b. Waveforms

Fig. 2-9. A novel distributed interleaving scheme.

Fig. 2-9 shows the proposed interleaving scheme. For each cell, there is an InCLK
and OutCLK. And there is a phase delay between these two clocks. The phase delay is
controlled by Vph, which is set according to the phase number of the system. Each phase
need not tell others which phase they have because the InCLK and OutCLK have already
decided the relationship of each phase. If there is N phase, set up Vph to make phase
delay 360/N degrees between InCLK and OutCLK. In each channel, a saw-tooth
generator produces a saw-tooth waveform to synchronize the InCLK. By this way,
Interleaving among each channel is achieved.

The DC voltage Vph can be produced by an adjustable voltage reference like TL431,

or can be the output of a Digital-to-Analog Converter (DAC). For microprocessor power
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management, this DAC can be integrated in the IC that supplies the VID power [B2],
therefore no external chip/component needed for the proposed interleaving scheme.

The key of this scheme is how to generate an accurate phase delay according to Vph.
The most popular approach is to use PLL to get the voltage controlled phase delay. But as
mentioned in section 2.3, such PLL cannot usually be monolithically integrated since the
large outside capacitor is needed for the low pass filter within the PLL. In the proposed
interleaving scheme, as shown in Fig. 2-10, a monolithic saw-tooth generator and a
comparator are adopted to produce the voltage control delay. A leading edge saw tooth is
produced to synchronize the InCLK. Vph is compared with the leading edge saw tooth to
get the timing signal. A pulse generator reshapes the comparison results as a pulse

waveform, OutCLK, which is used as InCLK for next phase.

L M H

Ik | Sawgooth + '
L e > Conpertor Veh
Vph /\\//\\/
Qu(k
OutClk
a. Scheme b. Waveforms

Fig. 2-10. Implementation of the voltage controlled phase delay block.
However, to get the accurate phase delay, we need to make sure the saw-tooth
waveform accurate. And to achieve carrier matching between channels, and we also need
an accurate saw-tooth generator that is layout and process insensitive. A monolithic self-
adjusting saw-tooth generator that is accurate and layout/process insensitive will be
presented in next section. The saw-tooth generator is used as the key building block of

Figures. 2-9a and 2-10a.
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2.5. The Key Building Block --—- A Self-Adjusting Saw-Tooth Generator

As mention in section 2.2, the traditional saw-tooth generator needs layout matching
to match the saw-tooth of different channels, which cannot be done in scalable phase
design since in the distributed interleaving scheme, each carrier waveform is generated in
different silicon dies associated with each channel. The approach in section 2.3.3 is not
convenient either, since a lot of external discrete components are needed.

Fig. 2-11 shows the proposed self-adjusting saw-tooth generator. The output saw-
tooth waveform synchronizes the incoming CLK. The slope, amplitude, valley and peak
values of the saw-tooth waveform are automatically self-adjusted to the specified values,
and independent of the layout and process. No trimming is needed for this circuit. And it
can be easily monolithically integrated using just typical digital CMOS process without

any external component.

sample

I

Pulse

(LK o—] generator Ve

0 Vsaw

reset Csaw Levershift

T e
T v v %

Fig. 2-11. A self-adjusting saw-tooth generator.

The basic concept of this circuit is to use a changeable current Ich instead of a fixed
current to charge a capacitor to produce a saw-tooth waveform Vc. And Vc is lever-

shifted (if necessary) to produce the finial output voltage Vsaw.
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Fig. 2-12. Simulated waveforms of the self-adjusting saw-tooth generator.
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Fig. 2-12 shows the simulated waveforms that explain the work principle of this self-
adjusting circuit. The CLK defines the switching frequency and has a period T. In Fig. 2-
11, a pulse generator produces two narrow pulses synchronizing the incoming CLK. As
shown in Fig. 2-12a, the sample pulse is triggered by the rising edge of the CLK and has
a pulse width t1. The reset pulse is triggered by the falling edge of the sample pulse but
with a tiny delay 12 to guarantee there is no overlap between the sample pulse and the
reset pulse that has a pulse width t3. The sample pulse controls a sample and holds the
circuit to catch the value of Vc when sample = “1”. The reset pulse controls a switch to
reset the voltage across Csaw when reset = “1”. The sampled Vc value ---Vs and a
voltage reference Vamp are fed into an error amplifier to produce an error voltage Verr.
This Verr is then transferred to a current Ich by a transconductance amplifier. Csaw is
charged by Ich and reset by the switch controlled by the reset pulse to produce a saw-
tooth signal Vc across the Csaw. Since the Error amplifier is basically an integrator that
has an infinite DC gain, the amplitude of the V¢ will be settled down to the value defined
by Vamp after several switching cycle if the feedback loop is stable. Vc can be level-
shifted to be on top of Vvalley using Opamp circuit if the designed valley of the output
saw tooth is not GND. For the finial output saw-tooth signal Vsaw, the frequency is
synchronized with CLK; the amplitude is defined by Vamp; the valley value is defined by
Vvalley; the peak valley is defined by Vvalley + Vamp; the slope is defined by Vamp/(T-
13). Vamp and Vvalley can come from Bandgap reference. T is the same for each
channel, which is guaranteed by the connection shown in Fig. 2-9a and is usually set by
an external resistor. Therefore, Vsaw can be produced by setting voltage Vamp and

Vvalley. The accuracy of the slope, amplitude, valley and peak values, and the matching
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of different saw-tooth waveforms produced by different silicon chips can be guaranteed
by the schematic design and be insensitive to layout and process variations. The self-
adjusting process does not affect the system because the PWM or other control actions of
the system can be active only after the saw-tooth is settled down to the designed value,
which only takes several switching CLK periods.

In the implementation, the tolerance of Vamp, Vvalley, t1, 12, and t3 all are
unavoidable. Assume
Vamp-(1—g)<Vamp_real<Vamp-(1+¢), Vvalley-(1—¢&) <Vvalley _real <Vvalley-(1+¢),
1-(1-0)<7l_real<7l-(1+60), 12-(1-0) <12 _real <72-(1+86),
73-(1-0)<73_real <73-(1+0).

The phase shift error among different channels will be (fl+72+73)-0

e 360 degree.

The slope difference among different channels will be ((ﬂ * Tz; r3)-6 + gj ¢100% .

For example, if (71+72) <5ns, t3<10ns, T =1lus,

& =0.005 (a typical Bandgap Reference tolerance),
6 = 0.5 (a typical delay tolerance due to process variation)

Then, the phase shift error among different channels will be <3.6 degrees and the
slope difference among different channels will be 1.5%. This is good enough for the
requirements described in section 2.1.

In Fig. 2-11, since no layout matching is needed, Csh, Cea, Csaw all can be <IpF, (in
a traditional multi-channel saw-tooth generator, Csaw is usually larger than 10pF for
layout matching.) and Rea can be <100KQ. The silicon size of the self-adjusting saw-

tooth generator can be much smaller than the traditional scheme.
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2.6. Hardware Verification of the Proposed Interleaving Scheme

A 3 phase/1MHz prototype hardware is developed according the interleaving scheme
shown in Fig. 2-11. Fig. 2-13 shows the photo of the 3-channel interleaving prototype
hardware. Fig. 2-14 shows the testing results of 2-phase interleaving; Fig. 2-15 shows the

testing results of 3-phase interleaving.

testing point

ot
e

& Alg 5
Interleaving Inte-ri!ﬂving Interleaving
cell 1 cell 2 cell 3

Fig. 2-13. Photo of the 3-channel interleaving hardware.
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Fig. 2-14. Testing results of 2 phase interleaving.
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Fig. 2-15. Testing results of 3 phase interleaving.
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As shown in Figures 2-14 and 2-15, the proposed interleaving blocks produce
accurate shifted clock signals and matched saw-tooth signals to each channel. Figures. 2-
14d and 2-15d show the “self-adjusting” process of the proposed saw-tooth generator.
When the power of interleaving circuitry is just turned on, each channel’s saw-tooth
amplitude may have big difference. However, they settle down to the same value after
hundreds of microseconds. The waveforms in Figures. 2-14 and 2-15 demonstrate the
feasibility to use the proposed interleaving scheme for microprocessor power
management.

As explained in section 2.4, key building block of the proposed interleaving scheme,
a self-adjusting saw-tooth generator can be monolithic integrated without any external
components. As shown in Fig. 2-11, other building blocks of this scheme are regular
digital and analog circuitries whose monolithic integration has been verified by many
commercial available products. Therefore, for each channel, the whole interleaving unit
can be monolithically integrated without any external component. The monolithic

integration of the proposed distributed interleaving scheme will be verified in Chapter 5.
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2.7. Summary of Chapter 2

Interleaving is widely used in multi-cell converter systems especially for
microprocessor power management. This application requires not only a very small phase
shift error, but also strict carrier signal matching among different channels. Traditional
centralized interleaving scheme depends on layout matching and trimming to meet the
requirement and it is not practical for future’s systems with a flexible channel number.
The limitations of traditional centralized interleaving scheme have led to the exploration
of distributed interleaving approach.

However, existing distributed interleaving schemes are not suitable or not convenient
to achieve scalable phase design in microprocessor power management application. A
novel distributed interleaving scheme is developed to serve the purpose. The proposed
scheme can easily achieve scalable phase interleaving without changing many
components. The scheme is verified by a 3 phase/IMHz prototype hardware. The key
building block of the proposed interleaving scheme is a self-adjusting saw-tooth
generator, which demonstrates the feasibility of monolithic integration without any
external component. The proposed interleaving scheme can also be used in any cellular

converter system.
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Chapter 3. Distributed Adaptive Voltage Position
And Current Sharing

3.1. AVP and Current Sharing Design Specifications

3.1.1. VRM-CPU Power Delivery Loop

To keep CPU working properly, the voltage of the CPU silicon die needs to be kept
within a regulation window. However, the voltage across the CPU die cannot be directly
accessed by the VRM controller because of the CPU packaging. Even though the VR
controller can access the CPU die voltage directly, it cannot really control the voltage.
Because the VR current slew rate is limited by VR inductor and control bandwidth [C1],
it is an order lower than the current slew rate of the CPU die [C2]. The solution is to
design a decoupling loop between the VR and the CPU die [C3]~[C5]. Instead of getting
voltage feedback from the CPU die directly, the VRM gets voltage feedback from two of
CPU package pins. The regulation window of CPU die voltage is mapped to the
regulation window across these two package pins. The AVP specifications are defined at
these two pins.

To understand the VR design specifications, we need to understand the power
delivery loop from VRM to CPU first. From VR to CPU die, there is a long way to go.
The decoupling elements are put on the motherboard inside the CPU package or even
inside the CPU silicon die. The CPU packaging is no longer just a space transformer that
bridges the gap between the fine silicon die features and the coarse features of the
motherboard environment. It must be viewed as an integral part of the electrical solution

[C6].
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To design this complex power delivery loop, Intel developed a “3D distributed,
integrated, lumped model” for the power delivery path [C6]. In this model, power
distribution insider the CPU silicon die and the CPU package is modeled by a distributed
3D network in order to enhance prediction of the whole power system performance. This
network is connected to the system motherboard through several inductive and resistive
socket pin elements, which are terminated at one node on the motherboard. The
motherboard, represented by its L, R, and C parasitics, in turn is connected to a simple
VRM model consisting of the voltage regulator L, R, and C filters and input voltage
source. Using the 3D model, we can get the voltage distribution inside the CPU package
and even across the silicon die. We can also get the relationship between the voltage at
different CPU package pins and the voltage across the CPU die. Therefore, a voltage
budget can be done to meet the target regulation window on silicon die. And VR design
specifications can be defined at CPU package pins based on the requirement of CPU
silicon die.

The above 3D model can be simplified as a lumped model used for VR design
verification. Fig. 3-1 is such a model of the power delivery loop of Pentium4 in a 478-pin
socket. This lumped model does not provide the voltage distribution inside the CPU
package. However, using this model in simulation, we can get typical values of the
voltage across the decoupling elements at different locations on the power delivery loop.
And the results agree with the simulation results using 3D model. Such a lumped model

can be found in Intel’s VR design guide.
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Fig. 3-1. A lumped model for CPU power delivery. [C7]

3.1.2. AVP Design Specifications

Adaptive Voltage Position was first proposed by Analog Device, a company

producing VR controllers [C8]. As shown in Fig. 3-2, AVP means that the DC output

voltage of a converter is dependent on its load. It is set to the highest level within the

specification window at no-load condition and to the lowest level at full-load. This

approach increases the output-voltage dynamic tolerance by as much as twofold, and thus

reduces the number of bulk capacitors required to meet the output voltage regulation

window. More importantly, it reduces the average power the microprocessor consumes,

and therefore saves lots of cost of CPU packaging to deal with the heat. Now, AVP is

widely adopted by Intel, AMD and other microprocessor manufacturers. The AVP load
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line of CPU silicon die is optimized based on the tradeoff between CPU thermal cost and
CPU performance [C9]. Today, the VR load line is defined based on the AVP of the CPU

silicon die.

i,

es Yo 0.5x(V__-V
(Without AVP) | SV Vi)
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Yo
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(With AVP) vy

len o

Fig. 3-2.Transient with and without AVP.

Fig. 3-3 shows the mapping of CPU die’s AVP window that is defined at CPU die,
and VRM AVP window that is defined at CPU package pin. The blue region is CPU die’s
AVP window. The green one is VR AVP window. Based on the Monte-Carlo simulation
using the 3D model, to guarantee the voltage across CPU silicon die within the blue
region, the voltage across two specifically selected package pins (“the worst case pins”)
should be kept within the green region. In other words, if the voltage across the
specifically selected package pins can be controlled within the green region, in most of
the cases, as shown in Fig. 3-4, the voltage across CPU silicon die will be kept within the
blue region. But in some extreme case, as shown in Fig. 3-5, the voltage across CPU die
can be beyond the blue range even when the voltage at CPU package pin is kept within

the green range.
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Fig. 3-4. AVP transient at different locations of the power delivery loop [C7].
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Fig. 3-5. Transient response when the processor runs a testing program [C7].

Blue: voltage @ VRM output nodes; Green: voltage @ CPU die.
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Different CPUs may have different CPU AVP windows and VR AVP windows.
Today’s VR design guidelines from Intel provide the detailed description of VR AVP
window [C10]~[C14]. To keep CPU working properly, VR needs to have a well-
controlled load line defined by the line “Ry1” in the above picture. However, due to the
tolerance of components, temperature variation, and output voltage ripples etc, a
tolerance band is allowed. In high volume manufacturing, within 3o, VR output voltage
needs to be kept within MAXLL and MINLL in steady state. At transient, VR output
voltage needs to be kept within the range between the maximum 0 load voltage and the
minimum full load voltage. Many processors today allow the spike beyond the maximum
0 load voltage at current unloading step [C12]~[C14]. Today, VR AVP window
specifications, VID is about 1.5V; Ry is about 1.5mQ2; TOB is 25mV; in the future, VID

would be 0.8V, Ry be about 0.8V; TOB be 20mV. [C15]

3.1.3. Current Sharing Design Specifications
Today’s VRs all adopt multi-cell converters as the power stage. Current sharing
among each channel is required to get better thermal distribution across the board and to
reduce the current stress of the components. However, the value of current sharing
between two channels is not defined in Intel’s VR design guidelines.
Based on industry’s practice, current sharing index is define at full load condition:
CS=(Imaxchanne-Iminchannel)*N/Io,
where N is the channel number, and Io is the VR output current.

10% is a decent value of current sharing among each channel [C16].
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3.2. Investigation of Traditional AVP and Current Schemes

3.2.1. Generic Architecture of VRM Controller

To meet the requirements of AVP and current sharing specifications, there are
different control approaches. Because of the huge market, lots of companies join the
competition of VRM controller design and fabrication. Wellknown names such as
Intersil, Analog, Fairchild, Semtech, Onsemi, National, Maxim, Micrel, Ti, IR, ST and
Linear Tech are in this list. Different companies have different control approaches. New
designs appear each year in each company [A16].

It is difficult to have systemic comparison for all these controller architectures. Even
classification of these controllers is not an easy task. To meet the specifications for
desktop VRM9.X, VRD 10.X or to meet IMVP specifications for laptop, the controllers
have many control loops mixed together. The big three are voltage loop, current sharing
loop and AVP (Adaptive Voltage Position) loop. Some people think VR controllers can
be classified as linear and nonlinear ones. But almost all the VR designs saturate the duty
at large load step transient especially from heavy load to light load. The “linear” become
“nonlinear” at that time.

However, thinking from IC design point of view, the architecture of a VR controller
becomes clear. My research in this area does identify a generic VR architecture, as shown
in Fig. 3-6. The state of the art energy processor is a multi-channel interleaving
synchronous BUCK converter. The VR controller is the signal processor. The top-level
building blocks of this signal processor were identified, namely the modulator, the
compensator and the sensor. Together, they realize the three basic functions: active

current sharing, Adaptive Voltage Position and interleaving.
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To perform signal processing by electronic circuitry, signals (data/information) can
be formatted with one of the four following templates: A. analog voltage waveforms; B.
analog current waveforms; C. digital voltage waveforms; ( e.g. “Smaller than 0.5V = ‘0’
and “larger than 4.5V = “1°.) D. digital current waveforms. ( e.g. “Smaller than 0.5uA”

= ‘0’ and “larger than 4.5uA” = “1".)
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Fig. 3-6. Generic VR architecture.

PWMI1~PWMn: Pulse Width Modulation signals;

f(err): VR voltage error signals;

f(Vo): sensed VR output voltage signals;

f(Itot): sensed VR output current signals;

f(IL1)~f(ILn): sensed inductor current signals for each channel;

Vo: VR output voltage;

Vx1+ ~Vxn-: voltage across current sensing element for each channel;
f(Itot) may not exist in some controller if f(IL1)~f(ILn)exist;
f(IL1)~f(ILn): may not exist in some controller if f(Itot) exists;

For the VR controller, the outputs of the signal processors (PWM1~PWMn in Fig. 3-
6) have to be in format C. The sensor inputs of the controller (Vo, Vx1+, Vx1-, ... Vxn+,

Vxn- in Fig. 3-6) have to be in format A. (The controller gets inductor current
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information from the voltage across the sensing element in the power stage.) And the
reference input has to be in format C. ( e.g. 6 bit VID in VRD 10.x)

Most of today’s available commercial controllers only process signals in format A
(often called analog VRM controller and usually f(vo) = Vo in Fig. 3-6). Some of them
can process signals in format C (often called digital VRM controller and ADCs needed in
the sensor block in Fig. 3-6). However, the signals inside the controller (e.g. f(Vo),
f(Itot), f(err), f(iL1) ~ f(iLn) in Fig. 3-6 ) can be in any of the four formats mentioned
above. For simplicity, in the following controller review sections, I only draw the scheme
of analog voltage controller.

3.2.2. A short review of VRM controller

According to the generic VRM architecture in section 3.2.1, we can classify VR

controllers by modulator, by compensator and by current sensor. Fig. 3-7 shows such a

classification.

1. Voltage E djustment
fl. Voltage mode Modulation { oflage Lrror adjustmen

2. Saw tooth adjustment

1. Peak current modulation

Classify by Modulator c< 2. Current mode Modulation < 2. Valley current modulation

3. Charge modulation

3, Enbanced V: Modulation
~ 4. Hysteretic Modulation

1. Finite DC gain Voltage Compensator
Classify by Compensator
2. Infinite DC gain Voltage Compensator

1. By external resistor

2. By MOSFET Rdson

3. By Inductor parasitic ESR {
4. By Rdson and L-ESR

Classify by Sensor 1. With Passive filter

2, With Active filter

Fig. 3-7. Classification of VR control approaches.
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A. Modulator

The modulator makes the comparison between the error signal and the carrier signal
produce a digital PWM signal. For voltage mode modulation, the carrier signal is built in
the controller chip and often in the format of a voltage saw-tooth waveform. For current
mode modulation, the carrier signal comes from the power stage current information.

In today’s VR controller products, current sharing performance is often decided by
modulator design. Using current mode modulation, the current balance among each
channel is guarantied. This includes peak current modulation [C17] as in Fig. 3-8, valley
current modulation [C18] as in Fig. 3-9 and charge modulation [C19] as in Fig. 3-10. To
achieve current sharing with voltage mode modulation, special techniques need to be
adopted. The popular ways to do it are “voltage error adjustment” [C20] as in Fig. 3-11
and “saw-tooth adjustment” [C21] as in Fig. 3-12.

People also use nonlinear modulation to improve the transient performance of a
converter. This includes enhanced V* modulation [C22] as in Fig. 3-13 and hysteretic
modulation.
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Fig. 3-8. Peak current modulation .
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Fig. 3-13. Enhanced V> modulation.

B. Compensator

The compensator tries to add pole and zero and/or gain to the system. It could be a
voltage Opamp surrounded by RC network, as shown in Fig. 3-14. Or it could be an
operational transconduance amplifier (OTA/GM) with RC load, as shown in Fig. 3-15.
Or it could be a digital filter implemented by DSP / FPGA/ ASIC if in digital VRM
controller.

In today’s VR controller products, AVP performance is decided by compensator
design. A finite DC gain compensator is often used with current mode modulation to

achieve AVP while an infinite DC gain compensator is often used with voltage mode
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modulation to get AVP. The detailed design approach of the compensator can be found in
[C23] and [C24]. The basic principle is the same: design a compensator to achieve

constant close loop output impedance of the VR.

Rf

Vo+R, *lo
R'L Opam —0
Verr

Vref 1:

Fig. 3-14. Compensator implementation based on Opamp.
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Fig. 3-15. Compensator implementation based on OTA.

C. Sensor

The sensor gets output voltage and inductor current and /or load current information
of the power stage from the sensing elements and sends the information to modulator and
compensator. The sensor also scales the information so that the signal can be in the
operational range of the modulator and compensator.

Because large voltage drops on PCB trace, differential output voltage sensing is need
in VRM controller.

For current sensing, we have resistor current sensing, Rdson current sensing, inductor

current sensing [C25] and the combination of Rdson current sensing and inductor current
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sensing [C26]. Resistor current sensing is most accurate, but it has huge power loss on
the sensing resistor. Rdson current sensing adopts the on resistor of power MOSFET as
sensing element, therefore no extra power loss. But the on resistor of power MOSFET
has 30% variation due to the silicon process. Inductor current sensing adopts the DCR of
each channel’s inductor as sensing element, therefore no extra power loss. And the
variation of the inductor DCR can be controlled within 5%. To meet the strict
requirements of the tight VR AVP window, Intel only suggests resistor current sensing
and inductor current sensing. And inductor current sensing is becoming more and more
popular today due to the acceptable accuracy and 0 additional power loss. More detailed
discuss of current sensing is provided in chapter 4.

Each company has its own combination of modulator, compensator and sensor. New
controllers could be new combinations of the “old” blocks, or could be new designs of

the blocks themselves. Table 3-1 is the summary of some popular VR controller products.

Modulator Compensator Sensor
Voliage Mod. Current Mod. Enhanced | Finite infinite DC gain By |Rds | Ind | Com | Int
V2 DC Res | CS | ¢S | ¢s | cs
Erx Saw | Peak | Valley | conimol gain A B c §
HIFia301 - - s
(Intersil)
ADFP3168 . - -
(Analog)
SC2424 P ~ -
(Senviech)
Fans091 - v v
(Fairchild)
€S5307 - v v
(Onseni)
ADP3160 P v v
(Analog)
SC2643 - o -
(Senviech)

Table 3-1. Summary of some popular VRM controllers.
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3.3. Issues of Centralized AVP and Current Sharing Schemes

Although all the commercial VRM controllers are acceptable for today’s VRM
application, they have limitations to achieve scalable phase design because of the
centralized architecture. Section 2.2 has already identified the limitations of traditional
interleaving scheme. The following will address the issues of the traditional AVP and
Current sharing scheme.

3.3.1. Limitations of the Traditional AVP Scheme to Achieve Scalable Phase Design

To achieve AVP, traditional controls adopt a dedicated AVP loop. Two of the most
popular AVP approaches are: 1) Current mode modulator with a finite DC gain
compensator; 2) Voltage mode modulator with an infinite DC gain compensator.

3.3.1.1. AVP Approach 1
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Fig. 3-16. AVP approach 1

---- Current mode modulator with a finite DC gain compensator.
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Fig. 3-16 shows AVP approach 1 ---- Current mode modulator with a finite DC gain
compensator.

This approach adopts current mode modulator (including peak current modulation, as
shown in Fig. 3-8, valley current modulation, as shown in Fig. 3-9, and charge
modulation, as shown in Fig. 3-10) with a finite DC gain compensator to build the AVP
loop. In steady state, seen from the input of this finite DC gain compensator, we have

Verr = A-(Vref —Vo), where A4 is the finite DC gain. Because current mode modulation

is adopted, Verr has its physical meaning and is proportional to the inductor current. The
inductor current is equal to the output current within the control bandwidth. Then we
have lo = K -Verr, K 1s a constant value.

Based on the two equations: a. Verr = A-(Vref —Vo) b. lo=K -Verr,

Then, we have Vref =Vo+ (Kl AJ'IO. A well-controlled load line is achieved and the

. : 1 . )
droop resistance is equal to (Hj By proper compensator design according to [C27],

good AVP transient performance can also be achieved.

However, this AVP scheme cannot be distributed according to Fig. 1-13 to achieve
scalable phase design. This is simply because the Verr comes from a single compensator
and cannot be distributed into each channel (although the multiphase current mode

modulator can be evenly divided to N parts).

3.3.1.2. AVP approach 2
Fig. 3-17 shows AVP approach 2 ---- Voltage mode modulator with an in finite DC

gain compensator.
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Fig. 3-17. AVP approach 2

---- Voltage mode modulator with an infinite DC gain compensator.

This approach adopts a voltage mode modulator and an infinite DC gain compensator
to build the AVP loop. In steady state, seen from the input of this infinite DC gain

compensator, we have Vref = Vo + Ri-iLtot , where iLtot is the total inductor current and

Ri is the current sensing gain. The total inductor current is equal to the output current

within the control bandwidth. Then we have Vref =Vo+ Ri-lo. A well-controlled load

line is achieved. And the droop resistance is equal to Ri. By proper compensator design
according to [C28], good AVP transient performance can also be achieved.

However, this AVP scheme cannot be distributed according to Fig. 1-13 to achieve
scalable phase design. This is because Verr comes from a single compensator and it
cannot be distributed into each channel. And the “adder block” needs to get current

information from each channel.
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There are other AVP schemes in today’s VRM controller products. But they are similar
to the approaches described above and cannot be distributed according to Fig. 1-13 to
achieve scalable phase design.
3.3.2. Limitations of Traditional CS Schemes to Achieve Scalable Phase Design

To achieve current sharing among each channel, traditional controllers depend on
modulators instead of using active current sharing buses. Two of the most popular current
sharing approaches are: 1) Current mode modulation; 2) Improved voltage mode
modulation with current balance function.

3.3.2.1. Current Sharing Approach 1
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Fig. 3-18. Current sharing approach 1 ---- current mode modulation.
Fig. 3-18 shows current sharing approach 1 ---- Current mode modulation. Current
mode modulation can provide the current sharing function if each channel has the same
current reference [C29]. In Fig. 3-18, the output of the voltage loop compensator Verr

works as this current reference for each channel.
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However, this current sharing scheme cannot be distributed according to Fig. 1-13 to
achieve scalable phase design. This is simply because Verr comes from a single
compensator and cannot be distributed into each channel (although the multiphase current
mode modulator can be evenly divided into N parts).

3.3.2.2. Current Sharing Approach 2
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Fig. 3-19 Current sharing approach 2
---- Improved voltage mode modulation with current balance function.

Fig. 3-19 shows current sharing approach 2 ---- improved voltage mode modulation
with current balance function. As described in section 3.2.2, there are many ways to
improve original voltage mode modulation to achieve the current sharing function. Fig. 3-
19 just shows the implementation with “error signal adjustments.”

To achieve the current sharing function, this scheme adopts an “average” block to get
average value of different channels’ inductor current information, and then use the

difference of each channel’s current and this average value as an index to adjust the
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original Verr signal. If each channel’s inductor current is the same, this scheme is equal
to the original voltage mode modulation. If there is current difference among different
channels, this scheme can force current balance according to the above “error signal
adjustments” mechanism.

However, this current sharing scheme cannot be distributed according to Fig. 1-13 to
achieve scalable phase design. This is because Verr comes from a single compensator and
it cannot be distributed into each channel. And the “average block™ needs to get current
information from each channel.

There are other current sharing schemes in today’s VRM controller products. But
they are similar to the approaches described above and cannot be distributed according to
Fig. 1-13 to achieve scalable phase design.

As addressed in chapter 1, scalable phase design with the same type of ICs is the
technology trend to meet the quickly changing specifications of CPU power requirements
and to reduce the cost of developing different control ICs. It also provides engineers the
flexibility to optimize the number of phase to achieve better system design tradeoff.
However, as discussed in this section, today’s VR control ICs have their limitation to
achieve scalable phase design due to the centralized architecture. Some ICs may offer a
programmable number of phases within a limited range (usually 2~4) at the cost of
unused or redundant die area and package pins. Distributed control architecture needs to
be developed to achieve scalable phase design for the microprocessor power

management.
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3.4. A Novel Distributed AVP and Current Sharing Scheme

As addressed in section 3.3, traditional AVP and current sharing schemes cannot be
evenly divided into N parts according to Fig. 1-13 to achieve scalable phase design. New
schemes need to be developed to serve the purpose.

3.4.1. Distributed AVP Scheme Development
3.4.1.1. Build a Well-Controlled Load Line to One Channel

Since each MVRC chip described in section 1.3 can work alone as a POL power
supply. The control part of the MVRC chip needs to have all the necessary building
blocks to realize the one-channel control. Since AVP is adopted not only in CPU power
management, but also widely in POL application, the MVRC chip needs to provide the
AVP function even when used alone to supply a POL load.

As shown in Fig. 3-20, there are basically 4 approaches to build a load line with a
one-channel converter, that is, a. Voltage modulation + infinite DC gain compensator +
droop resister; b. Voltage modulation + finite DC gain compensator; c. Current
modulation + Finite DC gain compensator; d. Non-current modulation with load-

dependent reference voltage + Infinite DC gain compensator.
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a. Voltage modulation + infinite DC gain compensator + droop resister
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Fig. 3-20. Different AVP approaches.

68



However, not all of these four approaches meet the tight requirements of modern POL
and CPU power management. Approach a has huge power loss because a resistor with
the value equal to the specified VR load-line resistance is put in the power stage.

Approach b has huge load-line variation. The input voltage, the efficiency, and the
compensator DC gain variation all have impact on the load line realized.

Approach c is widely used in VR controller products as described in section 3.2. This
approach has no extra power loss but a good AVP window. The droop variation is only
related to Ri variation and compensator DC variation. The challenge is cycle-by-cycle
current sensing needed.

Approach d becomes more and more popular to achieve AVP in today’s VR
controller products. The benefit is no extra power loss but even better AVP window. The
droop variation is only related to Ri variation. Although current sensing is needed, but
cycle-by-cycle current sensing is not necessary, as long as the sensed signal can follow
the large current transient within the control bandwidth.

Based on the discussion above, approach d is selected to build a well-controlled load
line for a one channel BUCK converter. Instead of using a load-dependent reference
voltage, I use the equivalent scheme, as shown in Fig. 3-21, in which a constant reference
voltage is adopted. The sensed inductor current and output voltage are added together and
sent to the compensator. With proper compensator design, we can get a well-controlled
output impedance within the control bandwidth so that when we look from the output
side, the one channel BUCK converter is equivalent to a voltage source in series with a

resistor. The value of this voltage source is equal to the voltage reference and the
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resistance is equal to current sensing gain Ri. Both Vref and Ri can be well controlled in

IC design.
71 L Vot
0 : G

[ 4

[ 4

- 1

= = RIILT —_ Vref—— Vol ‘D| 1
A(S) == Infinite DC gain compensator : -

Vref

Verr 1 o
PWMI Al A(S; 4_"_' b +
' “— M -1sum 1

sawtooth 1

Fig. 3-21. One channel active droop control.

An infinite DC gain compensator is necessary in Fig. 3-21. The compensator design
begins from the derivation of the small signal model of the power plant. Fig. 3-22 shows
the small signal model of a synchronous BUCK converter. The top three perturbations of
the power stage are output current, input voltage, and duty cycle. The state variables
selected here are the inductor current and the output voltage. Table 3-2 shows the transfer

functions used in Fig. 3-22.

Fig. 3-22. The small signal model of VRM power plant.
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Gid (s) = Vg - s-C .
1+ 42
0 -wo wo
R,'= R, + Rdson 145
Gvd (s)=Vg wz_cap 5
1+ > 47
O -wo wo
-C
wo:# Giv(s)=D i 5
NL-C 7P 1+ 42 5
; wo  wo
=
D s
0 L 1 é 1+
7o) = [— wz _cap
5 C (Re+RN| & | WP
~+ v + +
g ’E 0 -wo wo
< P = ;
[ant : _ M [ 1+
oz ind =—*= ™
F- - L = | Giigs)=——2% C“p2
L+ s
Q a)o
1 s
wz_cap = ( wz capJ (1+a)z indj
RC'C zo(s) =R = =
+
Q ®wo o’

Table 3-2. Transfer functions (Assume Rdson of all the devices is the same).

Fig. 3-23 shows the small signal model of AVP design with the scheme shown in Fig.
3-21. Vpp is peak-to-peak amplitude of the saw tooth inside the controller. Rdroop
specifies the required AVP load line. Rdroop is also the current sensing gain in this
scheme. And A(s) is the compensator needed to be designed. To analyze AVP design, the

input voltage perturbation can be ignored.
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Fm=1/Vpp

Fig. 3-23. AVP design scheme.

Using S.J.Mason’s formula, we have:

A

zout(s) = — VOA(S)

io(s)
_ zo(s)- (l + Gid(s) - Rdroop - A(s) - Fm)+ Gii(s) - Rdroop - A(s)- Fm - Gvd(s)
- 1+ Gvd(s)- A(s) - Fm + Gid(s) - Rdroop - A(s)- Fm

If we define
Current loop gain Ti(s) = Gid(s) - Rdroop - A(s) - Fm,
Voltage loop gain Tv(s) = Gvd(s)- A(s)- Fm , and

Tv(s)
1+ Ti(s)’

Out loop gain T2(s) =

zo(s)- (1 + 7 i(s)) + Gii(s) - Rdroop- Tv(s)

The close loop output impendence zouf(s) = 1+ Tits) £ T(s)
+11(s)+ N

To force zout (s) = Rdroop , the compensator needs to be:

B zo(s) — Rdroop
- Rdroop- Fm- (Gvd(s) + Rdroop- Gid(s) — zo(s) - Gid(s) — Gii(s) - Gvd(s))

A(s)

In practice, simplification of the above equations is achievable [C1] [C24] [C27] [C28].
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Fig. 3-24. The simplified model with active droop control.

Assume the system shown in Fig. 3-21 has a high bandwidth current-loop gain Ti(s),
and then when the current loop is closed and the voltage loop is open, the BUCK
converter operates as an ideal current source, as shown in Fig. 3-24. Its output impedance
can be approximately represented as:

N

. 1+
Zoi(s):—+Rc:M
s-C s-C

When the voltage loop is closed, the closed-loop output impedance is:

Zoi(s)

20c) =1 )

With a logarithm union, the closed-loop output impedance is:

Zoi(dB) - T2(dB) (T2 >>1)

Zoc(s) = { Z0i(dB) (T2 <<1)

Based on above equations, if the system loop 72 is designed with a -20dB/dec slope

and a bandwidth wc equal tow cap, the close loop output impendence Zoc(s) will be

equal to Rec.
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Fig. 3-25. Constant output impedance design with wc =@ cap .
However, in practice, Zoc(s) needs to be designed according to specified VR load-
line droop resistance Ryr. In many cases, it is not practical to design @ _cap = R,, , and
wc =w _cap . For example, in high frequency application, ceramic capacitors are often

adopted as output capacitors. The ESR zero of ceramic capacitor is beyond 1 MHz. It is

not practical to achieve the IMHz 72 bandwidth.

Therefore a design strategy, as shown in Fig. 3-26, is often adopted for active droop

control with ceramic output capacitors.

dB#4

N

0dB

-20dB/dec

AN

L J

mESR

Y

Fig. 3-26. A practical AVP design strategy.

74



According to Fig. 3-26, 72 bandwidth is @wc <@ cap. The close loop output

impedance is constant within the control bandwidth, and the impedance beyond the
bandwidth is smaller than that in the lower frequency range. The phase margin at
wcneeds to be beyond 60° to achieve a good AVP transient. For a system loop T2
designed with a -20dB/dec slope, there is no problem because the phase margin is about
90°.

The 72 of the control scheme shown in Fig. 3-21 can be simplified as

1+S

T2(s) = %, which is just in the shape we want to achieve according to the above

design strategy. If we design current sensing gain Ri equal to the specified load-line
resistance Ry, the close output impedance will be equal to R;; within 72 bandwidth.

Therefore, the compensator design becomes simple. Typically we can design

1+ 2
Av(s) =K . wo
s
s-(1+—)
wp
An integrator is used to eliminate the steady state error. A zero is put to compensate
the system double pole. A pole in the high frequency range can be used to further
attenuate the switching noise, but it can be omitted to simplify the circuitry.
Based on the above discussion, by proper but not critical compensator design, within

the control bandwidth, the converter with active droop control shown in Fig. 3-21 is

equivalent to a voltage source Vref'in series with a resistor Ri.

3.4.1.2. Build a Well-Controlled Load Line to Multi-Channels
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If there are many channels and we do active droop control for each channel, as shown
in Fig. 3-21, we can get the same equivalent circuit. Even the power stages between each
channel have huge variation. If we design Vref and Ri the same, they would have the
same equivalent circuits within the control bandwidth. As shown in Fig. 3-27, if all the
channels share the same input and output, their equivalent circuits would be connected
together.

Vg1 L
b »

o
3 4 L1
- c .
driver
<—| L. '
= = Ri*iL1 +

-_— Vref L 1 1
A(S) --—= Infinite DC gain compensator —|_I Vot <> -

Vref

iTa +
PWNH Vet A(S; j_"_. I t,
: *_/Vl 1 Tsum 1 @‘

sawtooth 1

=2
2

-
* 4

<
[=]
=

VgN L
VTVt 3

© A ILN

- c
driver 1

= RI*iLN
A(S) --— Infinite DC gain compensator = Vref—
Vref
- +
Verr N + =
PWMN - —4—{ ¢ ‘||—|' Y.
CoM TR g ———
=M um N
sawt.

ooth N

Ri

e
2

ﬁ

min

VoN ‘DI_N

Fig. 3-27. Multi-channel active droop control.

Fig. 3-27 can be redrawn as Fig. 3-28. The overall equivalent circuit can be further
simplified as a voltage source in series with a resistor. The value of the voltage source is
Vref, and the value of the resistance is Ri/N. By this way, a well-controlled system load
line is achieved. And this scheme can be fully distributed according to Fig. 1-13 to

achieve scalable phase design.
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Vg

The key of this scheme is to build a well-controlled load line for each channel to

Although each channel’s Vref and sensing gain can be well controlled, in reality they
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Fig. 3-28. Redrawn Multi-channel active droop control.

3.5 will provide the tolerance analysis.

current sensing gain = N mQ if we have N channels.
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realize a well-controlled system load line. If we need design a VR with ideal 0 load,

output voltage=1V and R;;=1mQ, we just need to design Vref=1V, and each channel’s

still have some tolerance so that the load line of the whole system have a tolerance band
(TOB). As we have already seen in section 3.1 that the TOB specifications for AVP is
very strict. Tolerance analysis is needed to verify the ability of this control scheme to

meet the specifications of today or even future’s CPU voltage regulation window. Section



3.4.2. Distributed Current Sharing Scheme Development
Now, we have already had a control scheme for AVP. According to [C30]~[C32], this
kind of active droop scheme has the current sharing function. The reason is simple: if the
load line of each channel is exactly the same, the current going through each channel
should be the same because the outputs are tie together.
However, as shown in Fig. 3-29, if there are tolerances of each channel’s Vref and Ri,
the current in each channel will be different.
I
F 3
Vref,
Vref-ideal
Vref,
Vo

Ri—i{le al

: : . .“I

Fig. 3-29. Current sharing with droop control.

And for the case of VR, the total AVP droop is just about 10% of the normal output
voltage; the impact of Vref tolerance is dominant. Fig. 3-30 shows the relation of current
sharing and load current with different Vref tolerances assuming each channel’s Ri is
exactly the same. In Fig. 3-30, Kvid is the tolerance of each channel’s voltage reference.

The current sharing index is defined as CS = MaxAl

, where Al is inductor current
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difference between two channels, and / is the average value of all the channels’ inductor

current.

MaxAl'l

0.

In
T

D2

K\ p=0.3%

0 m ey A0 20 1w [o

0

Fig. 3-30. Impact of Vref tolerance on the current sharing.

As we can see from Fig. 3-30, the current sharing becomes worse at light load and
becomes better if Vref tolerance is smaller. Before the year 2001, VR controllers often
use 1.5%, or 1% Vref, and the current sharing at half load is only 50% using the scheme
of Fig. 3-28. Therefore people don’t think the current sharing by this droop mode is a
practical way to share current between two VRMs. However, today’s VR controllers all
use 0.5% voltage reference, and 0.35% is also easily achievable.

And we can do better. If we tie each channel’s Jref together, we can completely
bypass the impact of Jref tolerance on current sharing. And the current sharing will not
change with load. It only depends on how well each channel’s current sensing gain can be
controlled. Fig. 3-31 shows the scheme with each channel’s Vref tied together. Fig. 3-32
explains the improvement of current sharing. Fig. 3-33 shows the impact of current
sensing gain tolerance on current sharing. Compared to the scheme in Fig. 3-28, the

configuration in Fig. 3-31 will sacrifice AVP performance, and it has better current
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sharing performance. More importantly, it can still be fully distributed according to Fig.

1-13 to achieve scalable phase design.
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Fig. 3-31. Tie each channel’s Vref together to achieve better current sharing.

Ri—ille al

Fig. 3-32. Current sharing with scheme shown in Fig. 3-31.
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Fig. 3-33. Impact of current sensing gain tolerance on the current sharing.

Figures 3-32 and 3-33 just conceptually describe the impact of nonideal components
on current sharing. In reality, the values of each channel’s current sensing gain are not in

a uniform distribution. Section 3.5 will provide more strict tolerance analysis.

3.4.3. Proposed MVRC Control Scheme

Until now, we have a scheme, as shown in Fig. 3-31, which can achieve AVP and
current sharing, and can be fully distributed according to Fig. 1-13 to achieve scalable
phase design. Combing Fig. 3-31 and Fig. 2-9 together, we have a fully distributed
control scheme for scalable phase design with MVRC chips.

Fig. 3-34 shows the combined scheme. For AVP and current sharing, it uses droop in
each channel with voltage references tied together. For interleaving, it uses voltage
controlled phase delay with self-adjusted saw-tooth generators. It can realize unlimited
phase design and no master controller needed. It is my proposed MVRC solution for CPU

power management.
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Fig. 3-34. Proposed MVRC solution for CPU power management.

3.4.4. Simulation Results

A lot of visional designs with the scheme in Fig. 3-34 are simulated to verify the
distributed control. Fig. 3-35 shows the transient simulation results with a 4-phase design.
The input voltage is 12V. The switching frequency is IMHz. The specified VR load-line
resistance is 1.5mQ. Voltage reference is 1.5V. The inductor in each channel is about
200nH with 0.4mQ DCR. The total output capacitor is 2000uF with 1m€ ESR. The

Rdson of power device is 5~8mQ and unevenly distributed. The output current changes
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from OA to 100A at t =100us, and changes from 100A to OA at 160us.The di/dt=100A/us
at both loading step and unloading step. As shown in Fig. 3-35, the proposed control has
good interleaving, AVP, current sharing performance. More tolerance simulation results

will be provided in section 3.6.
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Fig. 3-35. Transient simulation results.
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3.5. AVP and Current Sharing Tolerance Analysis

3.5.1. Tolerance Analysis Approaches [C33]

As mentioned in the above sections, tolerance analysis is necessary to verify the
proposed AVP and current sharing schemes. To do the analysis, we need to know the
procedure first. Basically, there are three popular ways to do mathematic tolerance
analysis: 1) worst case analysis; 2) standard error analysis; 3) the combination of 1) and
2).
3.5.1.1. Worst Case Analysis

One appealing definition of how good a solution a hysteretic gets is to see how bad a
hysteretic can possibly be. If we know that the hysteretic is never worst than, say, 1%
above the optimal, we do not have to worry about which instances we have to solve.

Worst case analysis is to find the worst case impact due to the tolerance of
parameters. It just uses each parameter’s boundary values in the calculation and does not
require the knowledge of parameter distribution. Due to the over simplification, the
results of worst case analysis are usually too pessimistic. Quality control based on worst
case analysis will lead to huge overdesign. However, because the worst case analysis is
easy to implement and does not require the prior knowledge of parameter distribution, it
is widely used in industry as a tool to roughly evaluate the design quality.

Fig. 3-36 shows the general steps to do worst case analysis. First, we need to do the
modeling of the system so that the relationship of outputs and design parameters can be
described by mathematic equations. Second, we need to identify stochastic variables and
their maximum tolerances. Then, we derive the output function, whose tolerance is the

objective of the study. Notice that not all the design parameters have big impacts on the
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output function. Last, the maximum tolerance of the output function can be calculated

using the general propagation equation for maximum tolerance.

System modelng

JL

Identify stochastic variables and thew maximum tolerance:
X{» Xq, ... X, are stochastic variables,

A, LA, 4, are maxumum tolerance of each variables

L

Dertve output function:
v= f(x x5 X )

¥

Calculate the maxunum tolerance of the output function:
af af aF

1, dx, a

b= b+ b+ L+ -

Fig. 3-36. General steps to do worst case analysis.

3.5.1.2. Standard Error Analysis

The calculation in the above worst case analysis is equivalent to that assuming each
parameter of the system is in a uniform distribution. In manufacture, real values of most
components are in Gussian distribution instead of uniform distribution. To analyze the
impact of these stochastic variables, it is more accurate to calculate the overall
manufacturing tolerance with standard error (mean-square deviation) instead of
maximum error. Standard error analysis is a way to evaluate the design quality more

accurately.

85



System modeling
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vo= flx; x5, x,)

iy

Calculate the maxunum tolerance of the output function:

. 4@}' {z}' +___+[z]iﬁ:
dr 2x, dx,

Fig. 3-37. General steps to do standard error analysis.

Fig. 3-37 shows general steps to do standard error analysis. First, we need to do the
modeling of the system so that the relationship of outputs and design parameters can be
described by mathematic equations. Second, we need to identify stochastic variables and
their standard error tolerances. Then, we derive the output function, whose tolerance is
the objective of the study. Notice that not all the design parameters have big impacts on

the output function. Last, the tolerance of the output function can be calculated using the

general propagation equation for standard error tolerance.

3.5.1.3. The Combination of Worst Case Analysis and Standard Error Tolerance
In reality, not all deign parameters are in Gussian distribution. And the distribution of

some parameters is simply unknown. The combination of worst case analysis and

standard error analysis is more practical to evaluate the design quality.
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Fig. 3-38. Combination of worst case analysis and standard error analysis.

Fig. 3-38 shows such a procedure. First, we need to do the modeling of the system so
that the relationship of outputs and design parameters can be described by mathematic
equations. Second, we need to identify stochastic variables and their maximum tolerances
or standard error tolerances. Then, we derive the output function, whose tolerance is the

objective of the study. The function should be in a format y = f(x,x'). The function x

contains and only contains stochastic variables, whose distribution are unknown or too
complicated. The function x’ contains and only contains stochastic variables in Gussian

distribution. The overall tolerance of the output function y can be calculated using

(AN

Ox

L

8x

TOB, = -0 ., where A, and o, are calculated using propagation equations

for maximum error and standard error respectively.
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3.5.2. AVP and Current Sharing Worst Case Analysis
3.5.2.1. AVP Worst Case Analysis
A. AVP with the traditional control scheme
In steady state, the traditional AVP scheme the adopting active droop control, as

shown in Fig. 3-17, can be modeled with the signal flow diagram shown in Fig. 3-39.

|
. As i Rs; |«—i,
X+_| As I—H Rs, |«—i,

ASNH Rsy |<—iN
I
| R
———>{on}—{

+

=Vref <—®‘/

4-‘\ | Vo
Inside VR control chip < | —» Outside VR control chip

+

|
Vdroop |
I

Fig. 3-39. Steady state model for the traditional AVP scheme.

In Fig. 3-39, Vref'is the voltage reference inside the VR controller; As/ ~ AsN are the
current scaling gain and Rs/ ~ Rsn are the effective sensing resistance of each channel’s
current sensing element. Gm is the transconduance gain. Rd is the droop resistor outside
the VR controller, and N is channel number.

From Fig. 3-39, it is easy to get the output function:

N
Vo =Vref —Vdroop =Vref —Gm - Rd -Z(Rsi - As, -il.)

i=1
Since the current sharing function (not shown in Fig. 3-39) forces

Rs, - As, i, =Rs, - As, i, =...= Rs,, - As,, -iy,, we have:

(Rs, - As,-i,)=Rs, - As,-N-i, = Rs, - As, N -i, =....= Rs,, - As,, - N -i,,. Therefore,

M=

1
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\ Vo=Vref —Gm-Rd-Rs, - As, -N-iy, =i, =

1

([ Vo=Vref —Gm-Rd-Rs,-As,-N-i, =i, =

Vref —Vo

< Vo=Vref —Gm-Rd -Rs, - As, - N -i, =i, =

Gm-Rd-Rs,-As,-N~

Vref —Vo

. . Vref —Vo 1
L +i,+..+iy= e RA N

- Vo = Vref — Gm-Rd-N-lo

_l’_
Rs,-As, Rs,-As,

Gm-Rd-Rs,-As, -N’

Vref —Vo
Gm-Rd-Rs, -As, -N

1
+.+—|=lo
RSN-ASNJ

G-1)

! + ! +...+ !
Rs,-As, Rs, - As, Rs, - Asy

The partial derivatives of (3-1) are the following:

Vo
oVref
oVo —Rd-N-Io
oGm 1 1 1

- fob————
Rs, - As, Rs,-As, Rs, - Asy,

oVo

B —-Gm-N-Io
ORd ! + ! +ot !
Rs - As, Rs,-As, Rs, - Asy,
p oVo —Gm-Rd-N -Io . 1
ORs, 1 1 1 : Rsl2 - As,
+ +..+
Rs,-As, Rs,-As, Rs, - Asy
oVo —Gm-Rd-N -lo ‘ 1
\ ORs, 1 1 1) Rsy-dsy
+ +..+
Rs,-As, Rs,-As, Rs, - Asy
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p oVo —Gm-Rd-N-lo ‘ 1
04s, ( 1 1 1 Jz Rs, -AS12

+ +...+
Rs,-As, Rs,-As, Rs, - Asy

oVo —Gm-Rd-N -lo . 1
\ 0ds,, 1 1 1) RBs-ds
+ +...+
Rs,-As, Rs,-As, Rs, - As,

In most of the cases, we use the same specified values to design each channel’s current

sensing element ( Rs,, Rs,,..., Rs, ) and scaling gain. We have:
As, ideal = As, ideal =...= As, _ideal = AS

Rs, ideal = Rs, ideal =...=Rs, _ideal = RS

Defining Gm _ideal = GM ,Rd ideal = RD, Vref ideal=VR, and R;;, as the

specified  target load-line resistance of the system, then we

R, =Vd}]’00p =AS-RS-GM - RD , and around the design point Po, we have:
0
ovo | _ (Vo] _RD-N-lo_ o0 no o o Ru
ovref|,, \0Gm| ,, N GM
RS- AS
OVo|  _GMN:lo _ Gy ps. as.10- i1
oRd|,, N RD
RS- A4S
6V0| _|8V0| | 0obo
6RS1‘ o ‘8Rs2‘ o ORsy |,
_GM-RD-N-Io 1 _GM.RD.AS']O_i.RLL.]O
N ) RS*-4S N N RS
RS- AS

90

have



|8V0| _|8V0| oVo
l0ds, |, |ods,|, " |odsy ],
_GM-RD-N-lo_ 1 _GM-RD-RS-lo _1 R,
N Y RS-AS* N "N A4S
RS- AS
Avo =20 Aprer +/ V2 aGm+|2P] . ARd
ovref|,, oGm|p, o
+ Vo S, Vo “Ads, +...+ Vo Sy Vo -Ads,,
ORs,|,, 0As, |, ORsy |,, OAsy |,

AR ARs,  AA
_AVref+ R, Jo-| 2GM (ARD | ARs, | Ads, | ARsy | Adsy
GM  RD N-RS N-4S T N-RS ' N-4S

Using the same maximum tolerance value for each channel’s current sensing element,

and for each channel’s current scaling amplifier, we have:
AAs, = Ads, =...= Ads, = Ads, ARs, = ARs, =...= ARs,, = ARs .

Then:

AVo=AVref + R, -Io-[AGm + ARd + ARs + AAS)

GM RD RS AS

In industry, the component tolerances are often formatted as relative value instead of

absolute value. Defining: &, = AGm _ARd - _AMs o _ARs _ AVref

,E 2 € 4 yEpe = &y = R
GM '™ RD’T* 487" RSV VR

then we have:
AVo=VR-g, +R,, 1o-(s, +&p, +&, +&p.) (3-2)
E.g.,if VR=1, Io =100, &,, =1%,&,, =1%, &, =1%, &, = 5%, ¢,, = 0.5%,

AVo =l~0.5%+0.001-100~(1%+1%+1%+5%)= 0.005+0.1-0.08 =13(mV")

B. AVP with the proposed control scheme
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In steady state, the proposed AVP scheme adopting the active droop control, as

shown in Fig. 3-31, can be modeled with the signal flow diagram shown in Fig. 3-40.

+ 1 Vo

I

I

[

| I

| Vref1 J
| [ Ra

+
it g
: i Rs, |<«— i
I
| _ _MWRG,
I________:__], Vo
Vref | @K i
: V\Vdroqu
+
I
| Vref2 J
T+ | Rd,
s o
I
: f Rs, |[«— |,
I
| _ _MWRG,
___________ ] Vo
Vref @5‘( i
V\Vdroqu

Fig. 3-40. Steady state model for proposed AVP scheme.

In Fig. 3-40, Vref;~Vregy are the voltage reference inside each MVRC chip;
RslI~Rsn are the effective sensing resistance of each channel’s current sensing element.
GmlI~Gmn are the transconduance gain in each MVRC chip, and RdI~Rdn are each
channel’s droop resistor outside the MVRC chip.

It is easy to get the voltage of V'ref in the above figure:
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Vref = Vref, + Vref;v+ .t Vref,

( Vref =Vo+Vdroopl=Vo+i,-Rs,-Gm, -Rd, =i, = Vref —Vo
Rs,-Gm, -Rd,

Vref =Vo+Vdroop2=Vo+i,-Rs,-Gm,-Rd, =i, = Vref —Vo
< Rs,-Gm, -Rd,

\ Vref =Vo+VdroopN =Vo+i, -Rs, -Gm, -Rd, =i, = Vref =Vo

Rs, -Gm,, -Rd,
lo=i +i,+..+iy = Vref Vo | _Vref Vo
Rs,-Gm,-Rd, Rs,-Gm,-Rd,

= (Vref — Vo). (i ! ]

n=1 RSn 'Gmn Rdn

Vref —Vo
Rs, -Gm, -Rd,

= Vo=Vref ——; ]01 (3-3)
;Rsn -Gm,, - Rd,

The partial derivatives of (3-3) are the following:

oVo
oVref
oVo -1 1 1 1
s = 3" > . -Jo
ORs, il 1 Rs; Gm, Rd,
n=1 RSn . Gmn Rdn
oVo -1 1 1 1
= 3 . 3 . . IO
\ ORsy ul 1 Rsy, Gm, Rd,
n=1 RSn : Gmn -Rdn

93



oVo -1 1 1 1

= . . . Jo
( 0Gm, (w 1 > Rs, Gm Rd,
n=1 Rsn ’ Gmn ’ Rdn
oVo -1 1 1 1
= ~ — Jo
\ 0Gm,, N 1 Rs, Gm; Rd,
o Rs, -Gm, -Rd,
oVo -1 1 1 1
r = - . . > -Jo
ORd, N 1 Rs, Gm, Rd,
;Rsn -Gm,, -Rd,
oVo -1 1 1 1
= - . ——-1Io
\ORd, (N 1 Rs, Gm, Rd,
n=l1 Rsn : Gmn : Rdn

In most of the cases, we use the same specified value to design each channel’s current

sensing element (Rs,Rs,,...,Rs,), droop resistor (Rd,,Rd,,..,Rd, ), and

transconductance amplifier (Gm,,Gm,,...,Gm, ). We have:

Rs, ideal = Rs, ideal =...= Rs, _ideal = RS
Rd, ideal = Rd, ideal =...=Rd, _ideal = RD
Gm, _ideal = Gm, _ideal =...= Gm,, _ideal = GM

Defining Ry as the specified target load line resistance of the system, based on the

working principle described in section 3.4.1, we have R,, = Vd;oop = RS- G]]\\f RD .
0

Around the design point Po, we have:
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oVo B
oVref o
8V0| _|8V0| | 0oVo
GRSI‘PU ‘GRsz‘PO ORs ro
- ! - 12. ! . ! .IO:GM'ZRD.IOZL.RA.]O
( N j RS GM RD N N RS
RS-GM -RD
| oVo | _| oVo | | obo
‘GGml - ‘Gsz o oGm,, o
LU RSRD LR,
( N ) RS GM*- RD N N GM
RS-GM -RD
|8V0| _|6V0| | dVo
‘aRdl‘Po ‘aRdz‘Po aRdN Po
. R
LU RSGM LRy
N RS GM RD N N RD
RS-GM -RD
AVO:‘ Vo | Apref 272 -ARSI+‘% -AGml+‘aV0 d,
aVref Po Rsl Po ml Po Lipo
Vo sN+‘—aVO AGm,, +‘—8V0 Iy
ORsy |, Gmy |, ORd |,

AR A
=AVref +R,, - lo- = Gml ARd, ot ARS + AGm, + ARd
N - RS N - GM N-RD N-RS N-GM N-RD

Using the same maximum tolerance value for each channel’s current sensing element,

droop resistor, and transconduance amplifier, we have: ARs, = ARs, =...= ARs, = ARs,

AGm, = AGm, =...= AGm, = AGm, and ARd, =ARd, =...=ARd, = ARd . Then, we

have:

AVo=AVref +R,, -Io-| AR  AGm  ARd
RS GM RD
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Vref, +Vref, +...+ Vref,
N

where Vref =

b

oVo oVo oVo

Vref,

AVref = ‘ -AVref, +

Po

“AVref, +...+ -AVref,

e/ e/,

Po Po

1 1 1
=F-AVref1 —i—N-AVref2 +...+N-AVrefN

Using the same maximum tolerance value for each channel’s voltage reference, we

have: AVref, = AVref, =...= AVref, = AVr, and then AVref = AVr

AVo=AVr+R,, -lo-
RS GM RD

ARs AGm ARdj
+ +
In industry, the component tolerances are often formatted as relative value instead of

. A AR AR A
absolute value. Defining: ¢, = AGm Era = ARd =25 = j, we have:

GM M T RD M T RS TR
AVo=VR-g, +R,, -1o-(g,, + &4, +&4) (3.4)
For example, if &, =1%,6,, =1%,¢&,, =5%,&, =0.5%,VR =1, lo =100,
AVo=1-0.5%+0.001-100- (1% + 1%+ 5%) = 0.005+0.1-0.07 = 12(m V)
3.5.2.2. Current Sharing Worst Case Analysis

A. Current sharing with the traditional control scheme

The traditional current balance scheme, as shown in Fig. 3-19, forces

Rs, - As, -i, =Rs, - As, -i, =...= Rs,, - As,, -i,, in steady state. From section 3.5.2.1, we
have:
Vref =V “Rd - N - I
i, = ref ~Vo and Vo =Vref — G’Z; N-lo
Gm-Rd -Rs, - As,-N z 1
i Rs, - As,
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Io 1
= [ = . 3.5
1 ZN 1 Rs, - As, B-5)

n=1 R‘Sn 'A‘Sn

The partial derivatives of (3-5) are the following:

1
. o
oi, Rs;-4s, 1 lo 1
ORs, N 1 > Rs, - As, i 1 Rs; - As,
HZ:I: Rs, - As, o Rs, - As,

Io . ﬁ: 1
3 Io 1 ( 1 Y 1 j o Rs! - As, | \ &S Rs,, - 4s,

ﬁ: 1 > Rs}-As, \ Rs,-As, “5Rs,-As, i 1 :
— RSn'ASn n=1 RSn'ASn

1 lo 1
. lo-———— 2 '
0i, Rs; - As, 1 Rs; - As, ) \ Rs, - 4s,

( 6RS2 - i 1 2 RS1 -AS1 i 1 2
o Rs, - As, w1 Rs, - As,

1 lo 1
lo-—~— — 2 '
oi, Rsy - Asy 1 N\ Rsy-Asy ) \ Rs, - As,
. ORs ), N 1 2 Rs, - As, N : 2
; Rs, - As, HZ::‘ Rs, - As,
oo 1
Oi, Rs, -As; 1 lo 1
04s, N 1 > Rs, - As, i 1 Rs, - As]
HZ:I: Rs, - As, m Rs, - As,

Io . ﬁ: 1
3 Io 1 ( 1 Y 1 j _ Ry, -As} ) \ S5 Rs,, - 4s,

N 2" Rs, - As® \ Rs, - As =TT N 2
z 1 1 1 1 1 n n z 1
— RSn 'ASn n=1 RSn 'Asn
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1 lo 1
] lo-—— |
0, Rs, - A4s; 1 Rs, - As; ) \ Rs, - 4s,

([ ods, (x 1V Rs-ds, v Y
Y >
n=l1 RSn 'AS,, n=1 RSn 'Asn

1 lo 1
. lo-———— b
Ol Rs, - As, 1 Rs, - Asy ) \ Rs, - As,

|

k aASN - N 1 2 RSl .ASI N 1 2

Around the design point Po, we have:

( Io N N-1 j
lai, | \Rs?.as)\Rs-4s) N-1 Io
|ORs, |, N YV N® RS
RS- AS
; . . lo-——
on | _| % | _ _| iy | _ RS*4s 1 1 o
ORs, P aRS3 o ‘8RSN‘PO L 2 RS-AS N? RS
RS- AS
N-do \( N-1
loi, | \rs-as*)\Rs-4s) N-1 Io
\8AS1\PO N Y N2 4S8
RS - AS
; . . lo-————
on | _| 9| _ _| iy | ___RS-4s8* 1 1 o
ods,|, |ods,|, T |odsy|, N ) RS-4S N’ 4S
RS - AS
Ail: 611 1 ‘all ARS2+ n 811 .ARSN
ORs, 20 ORs, 20 ORs o
O, S, 0i, Ads, +..+ O, Ads,
04s, 20 0As, 20 0A4s 20




N-1 Io 1 Io
= . ARs, +———(ARs, +...+ ARs
N2> RS N2 RS( : v)

N-1 Io 1 Jlo
n 2 Ads, +— - (Ads, + ...+ Ads
N2 A4S N2 AS( : v)

Ai, =

Using the same maximum tolerance value for each channel’s current sensing element,

and for each channel’s current scaling amplifier, we have:
ARs, = ARs, =...= ARs, = ARs, Adsm, = Ads, =...= Ads, = Ads, and then:
YRR NG SIS AN AN (VAR ) Pt C I SR ANV ) Y

2 —_— S 72 —_— 2 —_— S 72 —_—
N° RS N° RS N° AS N° AS

N-1 ARs AAs
=2. > o | —+—
N RS AS

In industry, the component tolerances are often formatted as relative value instead of

absolute value. Defining: ¢, = ARs , &4 = Ads , then we have:
RS AS

. lo [ N-1
All zz.ﬁo.(Tj'(‘c"Rs +gAS)

Ai
lo/ N

If defining current sharing index as CS = , we have:

CS=2- (NT_IJ (e +£,,) (3.6)

For example, if &, =5%,¢&,, =1%,N =4, cs:z-%-(5%+1%)=9%

B. Current sharing with the proposed control scheme
From section 3.5.2B, we have:

i :M and Vo =Vref — fo
Rs,-Gm, - Rd,

il 1
st -Gm_-Rd

n=1 n n n
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lo . 1
i 1 Rs,-Gm, -Rd,
Rs, -Gm,-Rd,

=i =

3.7)

n=1

The partial derivatives of (3-7) are the following:

Io ' ﬁ: 1
o, Rs!-Gm,-Rd, ) \“=5 Rs,-Gm, -Rd,

aRsl_ N 1 2
(o . [
0i, \Rs;-Gm,-Rd, ) \ Rs,-Gm, - Rd,
(" ORs, N 1 2
4
lo 1
O, _(RSJZV~GmN-RdNJ'[Rs1~Gm1-RdJ
\ ORs, N 1 2
(om0 Z o,
oi, Rs,-Gm -Rd, ) \“= Rs,-Gm, -Rd,
oGm, N 1 2
(;Rsn-Gmn-Rd,’}
[ .
;0 Rs,-Gm; -Rd, ) \ Rs, -Gm, - Rd,
oGm, N | g
LZ_; Rs, -Gm, -RdnJ
| o (ot
o, RSN~Gm,2v-RdN Rs, -Gm, - Rd,
\ 0Gm, N 1 2
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Io ' ﬁ: 1
oi,  \Rs,-Gm,-Rd} ) \iZ Rs,-Gm,-Rd,

ﬁRdl B N 1 2
,,Z_:‘Rsn -Gm,, -Rd,
lo . 1
oi, _\Rs,-Gm, “Rd; ) \ Rs,-Gm, - Rd,
6Rd2 N 1 2
;Rsn -Gm,, - Rd,
< lo . 1
0i, \Rsy-Gmy -Rd} )\ Rs,-Gm, - Rd,
6RdN N 1 2
L ,,Z::‘ Rs, -Gm, -Rd,

Around the design point P,, we have:

g, | _N-1 Io

ORs,[, N® RS

o | |ei| e | 1 I
ORs,|, |ORsy|, " |éRs,|, N® RS
o, | _N-1 Io

oGm,|, N* GM

o, | | & | Lo, | 1 Io

oGm, ‘Po ‘ﬁGm3 ‘

Po

o, | _N-1 Io
ORd,|, N* RD

oi, | :| oi, |
ORd,|, |0Rd,|

Po
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N-1 Io 1 1o
= = .ARs, +———(ARs, +...+ ARs
N2 RS "N RS( : V)

f N Lo (G L L0 (AGm, +...+ AGm,)
N? GM N? GM

N-1 o 1 Jo
——— AR 1+F-—-(ARd2+...+ARdN)

Ai

Using the same maximum tolerance value for each channel’s current sensing element,

transcondance amplifier and droop resistor, we have: ARs, = ARs, =...= ARs,, = ARs,

AGm; = AGm, =...= AGm,, = AGm ,and ARd, = ARd, =...= ARd,, = ARd . Then,

. N-1 ARs AGm ARd
Al =2- — |- lo- + +
N RS GM RD

In industry, the component tolerances are often formatted as relative value instead of

absolute value. Defining: ¢, = ARs s Egn = AGm Epg = ARd , we have:

RS Gm AS >“Rd

Ail :2']_0'(]\]7_1)(8& +E6m +€Rd)

Ai,
lo/ N

If defining current sharing index as CS = , we have:

CS=2- (NT_IJ (&p +E¢, +Ers) (3:8)

E.g if &, =5%,6,, =1%, &,, =1%, N =4, CS=2%-(5%+1%+1%)=10.5%.

3.5.3. AVP and Current Sharing Standard Error Analysis
3.5.3.1. AVP Standard Error Analysis
A. AVP with traditional control schemes
As discussed in section 3.5.1, worst case analysis is usually too pessimistic, but

standard error analysis is much closer to the reality.
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In section 3.5.2.1A, we get the traditional control scheme’s Vo output function

Vo = Vref — Gm-Rd-N-lo

+ ! +...+ !
Rs,-As, Rs,-As, Rs, - As,,

According to the standard error propagation equation, we have:

) oVo ’ , |0Vo ? ) Vol ) oVo ’ ) oVo ’ )
Vo A7l Ontaa | %m T aip;l Cratap| O "0 s,
ovref|,, oGm|p, ORd|,, ORs, |, 0As, |,

oVo ) oVo ’ )
ot . oy
ORsy |, Yo |0Asy |, :

Put the partial derivatives of Vo at the design point, which we calculated in
section3.5.2.1A, into the above equation, and then we can get:

) ) 2 2 2 2
(o2 (o2 (o) (o2
2 2 2 2 OGn O ry Rs, As, Rsy Asy
oy, =0, +R;, -lo ( + +

+ +..+ +
GM?* RD?> N?-RS* N?-4S8° N*-RS* N?-A4S?

Using the same standard tolerance value for each channel’s current sensing element

and for each channel’s current scaling amplifier, we have:
GRsl = O-Rs2 == GRsN = GRs s and O-Asl = O-As2 == O-ASN = O-As )

2 2 2 2
O O (o2 O
2 2 RZ 2 Gm Rd Rs As
OVO_OVr LL.IO '( 2)

GM? RD* N-RS?> N-AS

In industry, the component tolerances are often formatted as relative value instead of

absolute value. Define: £, :h,kw :%’km :ﬁ,k& :%’ k,, = Oy , and
GM RD AS 7 RS VR
then
oo, =VR* -k, +R;, -1o*-| k., +k;, +i-kf” +i-kfi
N 7 N 7
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1 1
oy, :\/VRZ -k, +R}, - 10 ~(k§m +kp, +ﬁ-kis +N~k§s)

E.g. if kg, =1%, ke, =1%,k, =1% k. =5%,k, =0.5%, VR=1,I0=100,N =4,

oy, =\/12 -0.005% +0.0017 -100° -(0.012 +0.017 +%-o.012 +%-o.052j =5.78(mV)

B. AVP with the proposed control scheme

In section 3.5.2.1B, we get Vo = Vref —— 101 . We also get the partial
; RS}’I : Gmn : Rd?‘l
derivatives of Vo at the design point. Then,
2 2 2 2
2 oVo 2 oVo 2 oVo 2 oVo 2
Ovo =1 a1 7 ‘O Tap| Crys T[Aaq | "O6m T{Aps| Ora
ovref|,, ORs, |, oGm, |, ORd, |,
2 2 2
oVo ) oVo ) oVo )
Oy, O G, “Ora,
ORs |, oGmy |, ORd,|,
Y O R . T 7
e N*.RS*> N?>.GM* N?*.RD* ~ N>.RS* N?.GM* N?-RD?

Using the same standard tolerance value for each channel’s current sensing element,

transconductance amplifier and droop resistor, we have:

O-Rsl :O‘R :"':URSN :O'Rs,and O-Gml :Gsz :"':GGmN :O-Gm>

Sy

Orisy =Opra, == Opq, =Opy.

2 2 2
Ops + O Gm + O ra j

Then, 62 =2  +R? -Io”-
Vo Vref LL NRSZ NGM2 NRDZ

Vref, +Vref, +...+ Vref

Since Vref = N s
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2

2 2
5 oVo : oVo > L oVo 9
Ot === “Opp1 Y1 " Oppopy +oot|——| -0,
" \ovref, . I\ oVref, . o ovrefy|,, o
| | |
N2 Oyt t N2 “Opgpy Toeet N2 *O ey

and using the same standard tolerance value for each channel’s voltage reference,

2
— — — — 2
we have: O-Vref] - GVrefz T T GVrefN = Oy, , and then O ref

= — Therefore,
N

2 2 2 2
O-;ﬂ — O-Vr +RL2L .102 . O-Rs 5 + O-Gm . + O-Rd -
N N-RS®~ N-GM N-RD

In industry, the component tolerances are often formatted as relative value instead of

: o o O gy o
absolute value. Defining: k,, =—" k., =—2%, k, =—, k, =—, we have
GM RD RS
O_;o — VR2 klfr +R£L .102 . k}?s +k(27m +k1§d

N

VR® -k, kp +k;, +kn
o, = \/TVJerL Jo? e LI (3.10)

For example, if kg, =1%,k,, =1% ,k,, =5%.k,, =0.5%, VR=1,I0 =100,N =4,

2 2 ) ) 2
GVDZ\/%N'OMZ‘IOOZ‘(O.OS +0.01% +0.01

7 ) =3.606(mV’)

3.5.3.2. Current Sharing Standard Error Analysis

A. Current sharing with traditional control schemes

. I 1
In section 3.5.2.2A, we get i, = °

. . We also get the partial
ﬁ: 1 Rs, - As, s P
o Rs, - As,

derivatives of 7; at the design point. Then,
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. 2 . 2 . 2
2 oi, 2 oi, 2 oi, 2
i R & T oR Opy, Tt oR “Opsy
S Po 5 Po Sy Po
2 2 2
O | O | 4+ iy L2
0As 154 Ty T 0As sy
L1po 21po N lpo

N-1 IoY , 1 oY (, )
= — | O | ——| \Op. +...tO
(NZ RS] Rs (N2 st (RSZ R)
N-1 Io) |, 1 oY [, )
+ —| oy H|——| o). +..+O
(NZ Asj 44 [Nz ASJ (“ “)

Using the same standard tolerance value for each channel’s current sensing element

and for each channel’s current scaling amplifier, we have:

Opy, =Opy, = =0, =Op,and Oy =0, =..=0, =0, Then,
N-1 IoY 1 oY

ol=|——=| -0 4| ——| -(N-1)o2
’ (Nz RS) B\ N? RS ( )( ’“)

2 2 2 2 2

N-1 Io X 1 Io ,\ N-1 Io* ( op, 0o

+ —| o)+ —=-—=| -(N-1) )= N [l S

[Nz ASJ o (Nz ASJ ( )( AS) N N? (RSZ AS?

In industry, the component tolerances are often formatted as relative value instead of

absolute value. Define: k,, = Sy 4= 94 and then
RS AS

, N-1
o, =——"
N

3

2 —_
(k2 +k2)= o, =%0 NTI-(k,§S+kjS)

3|

i

If defining the current sharing index as CS = , we have:

lo/

cs=\/%~(k,§s +£2) (3.11)

For example, if k, =5%.k, =1%,N =4, CS = \/%-(0.052 +0.01%)=4.4%
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B. Current sharing with the proposed control scheme

In section 3.5.2.2B, we get. i, =—; 101 " Gl o
Sy -m, - Ra,
,,Z:ll Rs, -Gm, -Rd,

. We also get the

partial derivatives of i; at the design point. Then,
N-1 IoY 1 IoY
2 - 2 5
o, = [— oL +| —-—— AN=1)-o ,
i ( N2 RSJ Rs (NZ RS) ( ) Rs,
N—l IO 2 ) 1 10 2 , .
* ' OGm T = =1 Ogn, -0
( NZ GMJ Gm, (NZ GM] ( Gm, G’”N)
N-1 IoY 1 IoY
+( N2 E) 'O-]Zed‘—i_(v.ﬁj '(G;d2+...+012?d‘w)

Using the same standard tolerance value for each channel’s current sensing element,

transconductance amplifier and droop resistor, we have:

O-Rs] = O-Rs2 == O-RSN =Okgs>» JGml = Jsz == GGmN = GGm > and
N-1 Io® ( op,  ©cn O
O-Rd] - O-Rdz T O-Rdzv =ORa- Then, O-f - N .Nz ’ Rgbz GA(an Rgz

In industry, the component tolerances are often formatted as relative value instead of

. o o o
absolute value. Defining k., =—%,k,, = —% =&

2

=—=, = , we have:
GM™ ™ RD’® RS

_ 2
O-i? - NNl'j\(;_z'(klis +k(2;m +k1§d)

O.
If defining current sharing index as CS = —

lo/N

, we have:

cs=\/ N]\;l (k2 k2, +k2,) (B.12)

E.g. if ky, =5%,k,, =1% ,ky, =1%,N =4, CS :\/%-(0.052 +0.01° +o.012)=4.5%
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3.5.4. Summary of AVP and Current Sharing Tolerance Analysis

Parameters Description Typical values [C34]
R, Specified VR Load line resistance ImQ
lo The maximum VR output current 100 A
VR Ideal VR voltage reference value 1V
. Relative maximum tolerance of 0.5%
" VR voltage reference )
k Relative standard tolerance of 0.5%
i VR voltage reference within 3o 0
c Relative maximum tolerance of 1% for resistor sensing;
fs VR current sensing elements 5% for inductor sensing.
k Relative standard tolerance of 1% for resistor sensing;
ks VR current sensing elements within 3¢ 5% for inductor sensing.
c Relative maximum tolerance of 1%
A current sensing scaling amplifier ’
k Relative standard tolerance of 1%
o current sensing scaling amplifier within 3¢ °
c Relative maximum tolerance of 1%
o V/I conversion amplifier
k Relative standard tolerance of 1%
am V/I conversion amplifier within 3¢ ’
Relative maximum tolerance of
Epy . 1%
droop resistor
k Relative standard tolerance of
Rd i oy 1%
droop resistor within 3¢
Maximum VR output voltage deviation due to | O for resistor sensing;
Vie the uncompensated temperature dependence | 2mV for inductor sensing.
of current sensing elements
Vr,»pple Maximum VR output voltage ripple 10 mV
Maximum VR output voltage deviation
TO0B’ including the tolerance due to voltage ripple <20 mV
and temperature dependence
VR tolerance band ---- Maximum VR output
TOB voltage deviation within 3‘6, including the <20 mV
tolerance due to voltage ripple and
temperature dependence
, The ratio of each channel’s maximum current
CcS L , <10%
deviation over each channel’s ideal current,
Current sharing index ---- The ratio of each
cS channel’s maximum current deviation within <10%

30 over each channel’s ideal current

Table 3-3. Parameters used in tolerance analysis.
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Table 3-3 shows the parameters and their typical values used in tolerance calculation.
Table 3-4 shows the equations based on the worst case analysis in section 3.5.2. Table 3-

5 shows the equations based on stochastic analysis in section 3.5.3.

AP TOB'_traditional =VR-&,, + R, 10+ (84, + g + €45 + 1)+ Vie + Ve
TOB' proposed =VR-¢, +R,, -1o- (gGm &gy +Ep ) Ve + V iopte
-1
CS'_traditional =2- (N—] . (gRS + gAS)
Current N
Sharin -1
8 CS'_ proposed = ZKNTJ (e + €0 +Ery)
Table 3-4. Equations based on worst case analysis
.. 2 2 2 2 2 2 k/ZIS +k1§s
TOB _traditional = |VR™ -k, +R;, -1o" -| k¢, +kp, +T Ve +V opie
AVP
VR® -k} kp, +ke, +kn
TOB _ proposed = \/TV’ +R}, - 10 -% Ve +V te
N-1
CS _traditional = \/— (k2 +K2)
Current N
Sharing N—1
CS _ proposed = \/T : (k,i, +k;, + kﬁd)

Table 3-5. Equations based on stochastic analysis.
In tables 3-4 and 3-5, “TOB” means voltage tolerance band, which is defined in
section 3.1. However, the analysis in section 3.5.2.1 and 3.5.3.1 does not consider the
output voltage ripple and the temperature dependence. Based on industry’s study [C16],

the budget of voltage ripple is V

ripple

=10mV, and the budget of voltage deviation V. due

to the uncompensated temperature dependence of current sensing elements is 3mV.
These items are added into the original tolerance analysis results based on the concept

described in section 3.5.1.3 to calculate the VR output voltage tolerance band.
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Table 3-6 shows some design examples based on the calculation in table 3-5 and
using the typical technology parameter values shown in table 3-3. In table 3-6, “today’s
SPEC” is from Intel VRM9.1 design guidelines, and “future’s SPEC” is based on the

discussion in Chapter 1.

VREF=1.5V, Ry L = 1.5mQ, VREF=0.8V, Ry = 0.8mQ,

Imax=70A, N=4 Imax=150A, N=8
TOB Current Sensing by TOB Current Sensing by
(mV) Rext Ry (mV) Rext Ry
Traditional 18 20 Traditional 14 17
Proposed 14 17 Proposed 12 15

a. TOB with today’s SEPC

b. TOB with future’s SEPC

VREF=1.5V, R;;=1.5mQ,

VREF:()gV, RLL = 081’IlQ,

Imax=70A, N=4 Imax=150A, N=8
Current Sensing by Current Sensing by
CS CS
Rext RL Rext RL
Traditional 1.2% 4.4% Traditional 1.3% 4.7%
Proposed 1.5% 4.5% Proposed 1.6% 4.8%

c. CS with today’s SEPC d. CS with future’s SEPC
Table 3-6. Design examples based on the calculation in table 3-5.

From tables 3-4, 3-5 and 3-6, it is easy to know that if the same current sensing
approach is used, the proposed distributed control scheme has better output voltage
tolorance band than the traditional centralized control scheme, and the current sharing
performance is almost the same as the traditional scheme.

In reality, the current sharing of the proposed distributed control scheme could be
better than the traditional scheme because in the traditional scheme, current sharing is

sensitive to comparator delay and the matching of carrier signals while the proposed

distributed control scheme does not have such a problem [C36].
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3.6. AVP and Current Sharing Monte Carlo Simulation

3.6.1. Monte Carlo Simulation

Section 3.5 gives the tolerance analysis results of AVP and current sharing for the
traditional VR control scheme and the proposed distributed control scheme. However, the
analysis is only for the steady state. At transient, the model of the system becomes very
complex; the error propagation approaches as in section 3.5 are too time consuming to be
set up, and the equation derivations can be too complex to be handled by the designer.
Luckily, there are simulation tools based on Monte Carlo analysis, which can handle such
complex cases.

Monte Carlo analysis is a stochastic tool used to calculate the overall error of a model
by varying simultaneously all relevant influence factors. It is especially useful in complex
models with a great number of complex influence factors, where classical error
propagation approaches are too time consuming to be set up while showing some validity
limits. In Monte Carlo analysis, an algorithm generates stochastically distributed random
sets of parameters, and each of them follows its own stochastic distribution with its own
standard deviation.

Monte Carlo analysis is most famous for its use in the design of the atomic bomb
during the Second World War. It has also been used in diverse applications, such as the
analysis of traffic flow on superhighways, the development of models for the evolution of
stars, and the attempts to predict fluctuations in the stock market. The scheme also finds
applications in integrated circuit design, quantum mechanics, and communication

engineering. Until now, Monte Carlo analysis is still the most accurate and flexible tool
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for error calculation. Today, all the IC design software packages provide the simulation
tool to do Monte Carlo analysis.

Since Monte Carlo simulation is a means of statistical evaluation of mathematical
functions using random samples, it requires a good source of random numbers. There are
always some errors involved in with this scheme, but the larger the number of random
samples taken, the more accurate the result. Therefore, although Monte Carlo simulation
is easy to be set up, it can be computationally expensive to be used. Monte Carlo
simulation usually takes hours or even days to give meaningful results due to the large
number of iterations with different parameter values.

Nevertheless, Monte Carlo simulation is the only tool available to do the tolerance
analysis for the complex case like a multiphase VR’s transient response. One case study
is provided in next section with Monte Carlo simulation. The objective of this simulation
is to see the impacts of nonideal components on the VR AVP transient performance, and

to verify the steady state analysis results provided in section 3.5.

3.6.2 A Case Study of Monte Carlo Simulation

A four phase VR is designed according to VRM9.1 design guide with the traditional
control scheme, as shown in Fig. 3-17 and Fig.3-19, and the proposed control scheme, as
shown in Fig. 3-31. In the design, the input voltage is 12V. Each channel’s switching
frequency is IMHz. For each component, the tolerance distribution function and its value

are set up according to table 3-7.
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Parameters Description Simulation setup
R, Specified VR Load line resistance 1.5mQ
lo The maximum VR output current 70 A
VR Ideal VR voltage reference value 1.5V
Relative standard tolerance of
ky, o 0.5%
VR voltage reference within 3¢
RS Specified Vqlue of 1.5mO
current sensing elements
k Relative standard tolerance of
f VR current sensing elements within 3¢ 5%
Specified value of
AS : . ) 1
current sensing scaling amplifier
Relative standard tolerance of current
k 4 : : ) o 1%
sensing scaling amplifier within 3¢
GM Specified Vglue of ‘ 1mA/V
V/I conversion amplifier
k Relative standard tolerance of 1%
o V/I conversion amplifier within 36 °
RD Specified value of 1.5KQ in traditional scheme;
droop resistor 6 KQ in proposed scheme
Relative standard tolerance of
kgg . o 1%
droop resistor within 36
Specified value of
L Each channel’s inductor 100nH
& Relative standard tolerance of 20%
. each channel’s inductor value within 3o ’
Specified value of
RON Each power MOSFET on resistance Smi
k Relative standard tolerance of each power 30%
fov MOSFET on resistance within 3 ’
Specified value of
o VR output cap within 2000 uF
k., Relative standarq to.lerance of 30%
VR output cap within 3¢
Specified value of
RC VR output cap ESR ImQ
K Relative standard tolerance of 30%
ke VR output cap ESR within 36 ’
r Relative standard tolerance of 1%
" External small signal resistor within 3o °
k, Relative standard tolerance of 15%

External small signal cap within 3o

Table 3-7. Monte Carlo simulation setup.
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Fig. 3-41 shows the results of steady state simulation. There are 400 curves there, 200
green curves and 200 red curves respectively. The red are the curves of the traditional
control; the green are the curves of the proposed control. And all the curves are inside the
VRM 9.1 specified voltage regular window. And the distribution of green curves is
within the band of red curves, which shows that the proposed control scheme has better
tolerance band. This verifies the conclusion in section 3.5. Fig. 3-42 shows results of
transient simulation. We can also get the same conclusion. Monte Carlo simulation
results in Fig. 3-43 show that the current sharing of the proposed control is comparable

with that of the traditional control.

(200 steps)

1= steady state |

1 1
o 10 20 30 40 =1 60 1 LA

Fig. 3-41. Monte Carlo simulation results: AVP at steady state

(Green: proposed control, Red: traditional control).
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> 13 — (200 steps)

18

Transient

|
100 13 141 160 13

MySacaky

Fig. 3-42. Monte Carlo simulation results: AVP transient

(Green: proposed control, Red: traditional control).

o

| (200 steps) (200 steps)

Fig. 3-43. Monte Carlo simulation results: current sharing

(Green: proposed control; Red: traditional control).
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3.7. Hardware Verification of the Proposed AVP and CS Schemes

3.7.1. Design Specifications

Fig. 3-44 shows the design specifications for the hardware prototype based on the
proposed control scheme. The specifications are a projection of future’s CPU power
requirements. The total current may vary from 40A to 120A, but the target load line

always is 1mQ. The TOB is 20mV and the 0 load output voltage is 1.000V.

020 1.02V
[y
VE= 1.000
0.980
0.260
140 mV
£ 0940 1
£ 0.920 | ; ;
. R, N .
oso{ 11 P TOBSOMRL G e
: : : . : ” : ¥
0.880 : : | : : | :
b T~ s
0,260 \ H i H . . i
0.840 | : | i : : |
] 15 30 45 & 5 S0 105 120

To (4} 100
Fig. 3-44. Design specifications.

3.7.2. Hardware Description

A “discrete version” prototype using general Opamp, comparator, analog switch,
digital gates as basic building components is developed according to the proposed
interleaving, AVP and current sharing schemes. Fig. 3-45 identifies the location of the
proposed interleaving circuit and AVP-CS circuit on the hardware prototype. The
transient emulator is also identified. The transient emulator can produce large current
pulse with 10A/ns di/dt. It is used to test voltage regulator’s AVP transient performance.

In each channel’s power stage, the top device is Vishay’s Si4390; the bottom device
is Vishay’s Si4368; the driver is National’s LM2726; and the inductor is 100nH/1.2mQ.

Each channel’s switching frequency is IMHz and current rating is about 20A. The 47uF
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ceramic caps are adopted as output caps. The number of caps is 4xN (N is channel
number).

With the four-layer PCB broad shown in Fig. 3-45, a 1~6 phase VR with the
proposed control can be tested. Different current sensing schemes can also be selected

with the specially designed jumper on the broad.

Transient emulator

Power stage

Distributed
AVP and Current Sharing

Distributed interleaving

Fig. 3-45. Photo of hardware.

3.7.3. Testing Results

Exclusive experiments are conducted using the above board. AVP and current sharing
waveforms are measured for the 2~6 phase VR circuit with different sets of components.
To save the profile of this dissertation, only 2 phase and 3 phase testing results are
reported in this section. Figures 3-46~3-61 and tables 3-8~3-11 demonstrate that the
proposed control can meet future CPU power management’s design specifications with
resistor current sensing and inductor current sensing. Measurement with different sets of

components further verifies the tolerance analysis in section 3.5 and 3.6.
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3.7.3.1. 2 Phase 40A Design with Resistor Current Sensing

b b b b e b by by ey 1y
Ch1  200my  Bw Chz 004 @ Bw MZ0ms 530S Z00nstr Chi 100y 0 Bw M 400ns 0G5S 1T 40 Opsdat

A& Trans  Ch3 A Chl s -62mY
a. Adaptive voltage position b. Output voltage ripple

Fig. 3-46. Voltage regulation of 2 phase VR with the proposed control
and resistor current sensing (Red: Io, Blue: Vo).

1.020
1.010 ~

1.000

0.990 ~

0.980

Vo (V)

0.970 ~

0.960 ~

0.950 ~

0.940 ~

0.930
0.000 5.000 10.000 15.000 20.000 25.000 30.000 35.000 40.000

To (A)

Fig. 3-47. Load lines of 2 phase VR with the proposed control
and resistor current sensing (Red: DUT1, Blue: DUT1, Green: DUT3).
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L1
04 Q Bw

Che 20,
Chd mnos o

NI BN
I 2.0ms 5 .0MSs
& Trans  Chi

nd o
I

alLlIl2a

Ghd S04 Q

N 400ns 1.2!
A ChS w0

b. at light load
Fig. 3-48. Current sharing of 2 phase VR with the proposed control

and resistor current sensing (Red: Io, Pink: IL1, Green:IL2, Blue: Vo).

SGSE 1T B0t
04

Chi 200rnY B
Gh3 S04 o

Ché 5.04 @

M d400ns 125658 T 8.0psht

A Ch3 00

c. at full load

Io=0A lo = 40A
IL1 IL2 IL1 IL2
DUTI <0.1A <0.1A 19.81A 19.92A
DUT2 <0.1A <0.1A 20.29A 20.12A
DUT3 <0.1A <0.1A 20.11A 19.97A

and resistor current sensing.
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e e v e v e e e e e e by
Ch1 1.0% i Chz  Z00mY % Ew M Z00ps 12 55 G0.Onzfr
& Ch1l ~ 400mY

Fig. 3-49. AVP transient of 2 phase VR with the proposed control
and resistor current sensing.

3.7.3.2. 2 Phase 40A Design with Inductor Current Sensing

-

4 Lo b b by v by T b by b by 1l
el Ch1  10.0mY b Bw 1 400N 065k IT 16.0psht
4 Dpstot A Ch3 s -200mé

b. Output voltage ripple

o e b b b T b ey |
Chi 200mY By Che 004 0 By 1 2 0rns 250K5s
4 ChZ » 1364

a. Adaptive voltage position
Fig. 3-50. Voltage regulation of 2 phase VR with the proposed control
and inductor current sensing (Red: Io, Blue: Vo).
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0.950

0.940 ~

0.930 T T T T T T T 1
0.000 5.000 10.000 15.000 20.000 25.000 30.000 35.000 40.000

To (A)

Fig. 3-51. Load lines of 2 phase VR with the proposed control
and inductor current sensing (Red: DUT1, Blue: DUT1, Green: DUT3).

T 1T rj]rrrr;r™rjrrtrryrrrry trrrryrrrTrJrrrr ] rrrr]rrrr

Che 2004 £ Bw M 2 Ornz 25 0M3E 40.0nzat
Ch3 o0s @ Ch woos @ A Ch2 s 1364

a.IL1, IL2 and Io
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M 400ns 12565k 1T 16 Opsfpt
A ChS o -200rmdéd

Lo Ty
Ch1 200y By

TR AR
M 400ns 1.256545 1T 16.0psAt

Chd 508 Q

Ch3 S04 Q Ched S04 o

full load
Fig. 3-52. Current sharing of 2 phase VR with the proposed control
and inductor current sensing (Red: Io, Pink: IL1, Green:IL2, Blue: Vo).

# Ch3 o -200mA

b. at light load

lo=0A Io = 40A
IL1 IL2 IL1 L2
DUTI <0.1A <0.1A 19.30A 20.08A
DUT2 <0.1A <0.1A 20.43A 20.02A
DUT3 <0.1A <0.1A 19.79A 20.33A

Table 3-9. Summary of current sharing of 2 phase VR with the proposed control
and inductor current sensing.

20.0m%

U B

M 200ps 25.0MS s

A& Ch1 -~ 400mY

400z fat

Fig. 3-53. AVP transient of 2 phase VR with the proposed control
and inductor current sensing.
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3.7.3.3. 3 Phase 60A Design with Resistor Current Sensing

Ch1 200mY the 2004 © Bw M20ms 2503k 400nsipt Cht 10.0mé 4 B 2"%?;135°&§“ IT 401.0psiot

& 03 #1564

a. Adaptive voltage position b. Output voltage ripple
Fig. 3-54. Voltage regulation of 3 phase VR with the proposed control
and resistor current sensing (Red: lo, Blue: Vo).

1.020
1.000

0.980

o~

2
< 0.960 -
>

0.940

0.920

0.900
0.000 10.000 20.000 30.000 40.000 50.000 60.000

Io (A)

Fig. 3-55. Load lines of 3 phase VR with the proposed control
and resistor current sensing (Red: DUT1, Blue: DUT1, Green: DUT3).
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v b b by | 1 Lo
B00ns8t

L 1 L L
Chi S0.04 0 B Chz 10.04 0 By M2 0ms 1.25MSs
Ch3 1004 2 By Ch 10,04 0 By A Tranz Cchz

a.IL1, IL2 and Io

- ]

Ch1  200m¥  Bw Chz 504  Q Bw 1 400ns B25MSE 18RSt
Chz 504 Q Bw I 400ns G25MISHs 1 6nsipt
Cha 504 O Bw A ChE oS00 Chd 508 QB Chd 504 Q Bw A CHI s 1898

b. at light load c. at full load

Fig. 3-56. Current sharing of 3 phase VR with the proposed control
and resistor current sensing (Red: Io, Pink: IL1, Green:IL2, Blue: Vo).

Ch1  Z00my  Bw
Ch3 S04 0 Bw

lo=0A Io = 60A
IL1 L2 IL3 IL1 IL2 IL2
DUTI <0.1A <0.1A <0.1A 19.80A 19.97A 20.12A
DUT2 <0.1A <0.1A <0.1A 20.09A 20.41A 20.27A
DUT3 <0.1A <0.1A <0.1A 19.87A 19.81A 20.15A

Table 3-10. Summary of current sharing of 3 phase VR with the proposed control
and resistor current sensing.
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L
Chi 1.0
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L
Chz 200 M B

I I R T M SR
M Z00ps 25.0MSs  40.0nsdt
& Ch1 ~ 400mY

Fig. 3-57. AVP transient of 3 phase VR with the proposed control
and resistor current sensing.

3.7.3.4. 3 Phase 60A Design with Inductor Current Sensing

chi 200m¥ Chz 2004 & Bw

TN B
I Z.0ms 125k30
A Ch3 s 1564

L
F.0psht

a. Adaptive voltage position

Ch1 10.0mY i Bw Il 400Nz 5.0G55
A Trans  ChZ

b. Output voltage ripple

Fig. 3-58. Voltage regulation of 3 phase VR with the proposed control
and inductor current sensing (Red: Io, Blue: Vo).
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Fig. 3-59. Load lines of 3 phase VR with the proposed control
and inductor current sensing (Red: DUT1, Blue: DUT1, Green: DUT3).
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M 400ns 125065 B00p=pt
A GRS 300rmA

chz 504 £ B
Cha 504 Q B

b. at light load

Ch1 200y
Ch3 504 2 By

Chi 200rnY

Ch3 504 @ B

Chz 5.0 Q Bw
Chd 5.04 Q Bw

c. at full load

A Ch3 - 2035

Fig. 3-60. Current sharing of 3 phase VR with the proposed control
and inductor current sensing (Red: Io, Pink: IL1, Green:IL2, Blue: Vo).

Il 400ns 12565/ S00ps
it

Io=0A Io ~ 60A
IL1 IL2 IL3 IL1 IL2 IL2
DUTI <0.1A <0.1A <0.1A 19.29A 20.08A 20.57A
DUT2 <0.1A <0.1A <0.1A 19.17A 20.99A 20.02A
DUT3 <0.1A <0.1A <0.1A 19.70A 19.01A 20.92A

Table 3-11. Summary of current sharing of 3 phase VR
with the proposed control and inductor current sensing.

M Z00ps 25 0MSsE

& Ch1l -~ 400mbY

Fig. 3-61. AVP transient of 3 phase VR with the proposed control
and inductor current sensing.
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3.8. Summary of Chapter 3

This chapter first explains the objective of AVP and current sharing design
specifications. Traditional AVP and current sharing schemes are systemically classified
and reviewed. The limitation of traditional schemes to achieve scalable design leads to
the exploration of the distributed control architecture.

Based on the active droop control for one channel converter, a “droop to each
channel” scheme is developed to achieve scalable AVP and current sharing. The key
concept of this scheme is to build a well-controlled system load line by a building well-
controlled load line for each individual channel. By this way scalable AVP is achieved
and current sharing is a free bonus. Current sharing performance can be further improved
by tying each channel’s voltage reference together.

The challenge is to prove it is not a challenge for this scheme to achieve good AVP
and current sharing performance with nonideal components. Systemic tolerance analysis
is provided in this chapter, which shows the proposed control scheme has better AVP
tolerance band and comparable current sharing performance when compared with the
traditional centralized control scheme. The tolerance formula derivation is verified by a
case study with Monta-calco simulation.

A “discrete version” prototype using general Opamp, comparator, analog switch,
digital gates as basic building components is developed according to the proposed control
schemes and exclusive experiments are conducted. The first hand data demonstrate that
the proposed control can meet future CPU power management’s rigorous design
specifications. Measurement with different sets of components further verifies the

tolerance analysis.
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Chapter 4. Improved Inductor Current Sensing

4.1. Reviews of Current Sensing Approaches in VR Applications

As mentioned in the above chapter, current sensing is necessary and important in the
proposed control scheme as well as in the tradition control scheme. Accurate current
sensing is a must to meet today’s and future’s rigorous VR design specifications. There
are many current sensing approaches in VR products. And more are reported in
academic papers. A short review of current sensing for VR applications is provided in
this section.

4.4.1. By Resister

Vg QT L Rsen Vo
| g —_
fel: ATCo
= N —
* _<As |Vs_in
Vs out -

T L
Fig. 4-1. Current sensing by sensing resistor.

Fig. 4-1 shows the resistor current sensing scheme. This technique is the most
conventional way to sense current. The sensing element is a sensing resistor. Based on
Ohm’s low, if the value of the resistor is known, the voltage across the sensing resistor is
determined by the current flowing through the resistor. Usually, this differential signal
Vs in is scaled and transferred to a single ended signal by an accurate gain block inside

the VR controller.
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This method obviously incurs a power loss in Rsen, which therefore reduces the
efficiency of the DC-DC converter. To save the power loss, the sensing resistor can be
put in series with the device QT to sense the current through the top device [D1].
However, this approach is prone to Signal-to-Noise issues due to the large switching
voltage swing at the source side of the top device [D2].

The best place to put the sensing resistor from control point of view is in series with
the output inductor on the load side, where the common mode voltage is minimum. This
configuration provides the cleanest signal that can easily be processed with a differential
amplifier, and be used to build well-controlled VR load line and to achieve accurate
current sharing.

For accuracy, the voltage across the sensing resistor should be roughly 100mV at full
load because of input inferred offsets and other practical limitations. If the full load

current is 20A, 2W is dissipated in the sensing resistor.

4.4.2. By Inductor DCR

Vg QT L Vo
O— 17 YT o
Bl WA— ~=co
Rs Cs
= . =
+ As |Vs_in
Vs out -

Fig. 4-2. Current sensing by Inductor DCR.
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Fig. 4-2 shows the inductor current sensing scheme. This technique, reported in [D3]
[D4], uses a simple low pass RC network to filter the voltage across the inductor and
sense the current through the equivalent series resistance Ry, of the inductor.

According to Fig. 4-2, we have

I l+s-RL
Vs_in(s):Vcs(s):s'—(ji-(s-L+RL).jL =R, .m-iL
Rs+ §ris-Ls
s-Cs

. L . .
If we design —=Rs-Cs, we have Vs _in=R, -i,. To use this technique, the values
L

of L and R; need to be known, and then Rs and Cs are chosen accordingly. The benefit of
this scheme is no additional power loss due to the current sensing circuitry. And the
accuracy of this scheme depends on the accuracy of inductor DCR and its temperature

compensation.

4.4.3. By Power MOSFET On Resistance (Rdson)

Vg QT L Vo
O—rr AL O

— .
QB | A~Co

Vs_out| As with S/H Vs _in

Fig. 4-3. Current sensing by power MOSFET on resistance.
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Fig. 4-3 shows the Rdson current sensing scheme [D5]. MOSFETs act as resistors
when they are “on” and are biased in the ohmic region. Assume small drain-source
voltages are used, as is the case for MOSFETs when used as switches. Then the

1

equivalent resistance of the device is Rdson =
W'ﬂ'cox'(VGS_VT)

, where u is the

mobility, Cox is the oxide capacitance, and Vr is the threshold voltage [D6].
Consequently, the switch current is determined by sensing the voltage across the drain
and source of the MOSFET, provided that Rdson of the MOSFET is known. To sense
this voltage, an accurate Gain stage with Sample & Hold is often adopted.

The benefit of this scheme is no additional power loss due to the current sensing
circuitry. The main drawback of this technique is low accuracy. The MOSFET on
resistance is inherently nonlinear. The Rdson of the MOSFET (on-chip or discrete)
usually has significant variation because of uCox and Vr, not to mention how it varies

with temperature.

4.4.4. By Sensing FET

Qserf+ OB} ~~Co

* Q V;_in§ = =
Vs out - Rs
W

Fig. 4-4. Current sensing by sensing FET.
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Fig. 4-4 shows the current sensing scheme by sensing MOSFET (sensing FET)
[D7]~[D12]. Its operation is based on the matched device principle that is so commonly
used in integrated circuits. Like integrated circuit transistors, the on resistance of
individual source cells in a power MOSFET tends to be well matched. Therefore, if
several out of several thousand cells are connected to a separate sensing pin, a ratio
between sensing section on resistance and power section on resistance is developed.
Then, when the sensing device is turned on, current flow splits inversely with respect to
the resistance of these two sections, and a ratio between sensing current and source
current is established. When a signal level resistor Rs is connected in series with the
sensing FET, a known fraction of load current is sampled without the insertion loss that is
associated with sensing resistors in Fig. 4-1. As long as the sensing resistor is less than
10% of the mirror section’s on resistance Rdson, the current that is sampled is
approximately load current divided by the current mirror ratio or I pap/n (n is the area
ratio of power FET and sensing FET).

In Fig. 4-4, the width of the power MOSFET should be at least 100 times larger than
the width of the sensing FET to guarantee that the consumed power in the sensing FET is
low and quasi-lossless. However, as the width ratio of the main MOSFET and sensing
FET increases, the accuracy of the circuit decreases because the matching accuracy of the
FETs degrades.

The bandwidth of this technique is not good due to the “transformer effect” [D13]
[D14]. Because of the large current ratio of power FET and sensing FET, even a low
degree of coupling between power FET circuits and sensing FET circuits can induce a

significant error. Especially during periods of high di/dt, a large spike should be expected
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in the sensing output. To reduce the “transformer effect”, proper layout schemes should
be chosen to minimize mutual inductance between sensing FET and main MOSFET
circuits.

There are many improved versions of current sensing schemes adopting sensing FET
[D15] [D16]. Fig. 4-5 shows a popular version. By adopting an Opamp, the drain voltage
of sensing FET and power FET is forced to be equal, which eliminates the current mirror
non-ideality resulting from channel length modulation.

Vg QT L Vo
O—14g ——o0

Qserf4 QBj ~~Co

|—|| ' =
>

— @ mp

+

+ Q Vs_in§
Vs _out - Rs

R

Fig. 4-5. A popular improved version of sensing FET scheme.

4.4.5. By Current Sensing Transformers

Vg QT L Vo
O—1rr Y o
— I
QBl~ T~Co
= + | =
Vs in

Fig. 4-6. Current sensing by sensing transformers.
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Fig. 4-6 shows the current sensing scheme with current transformers. The use of
current sensing transformers is common in high power systems. The idea is to sense a
fraction of the high inductor current by using the mutual inductor properties of a
transformer. The major drawbacks are increased cost and size and non-integrablity. The
transformer cannot transfer the DC portion of current either, which makes this method
inappropriate for over current protection.

4.4.6. By Midya’s Scheme

Fig. 4-7. Current sensing by Midya’s scheme.

Fig. 4-7 shows Current sensing by Midya’s scheme [D17]. It uses inductor voltage to
measure inductor current. Since the voltage current relation of an inductor is V;=Ldi/dlt,
the inductor current can be calculated by integrating the voltage over time. The value of L
should also be known for this technique.

4.4.7. By Zhou’s Scheme

Fig. 4-8. Current sensing by Zhou’s scheme.
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Fig. 4-8 shows Current sensing by Zhou’s scheme [D18]. This scheme uses a simple
RC low pass filter at the junction of the switches of the converter. Since the average

current through the resistor R is zero, the averaged value of Vs _in is:

Vs in=Vo-Ves=R, Z
If R, is known, the output current can be determined. Sensing the current in this
method depends only on R;, and not on the switch parasitic resistor or the values of Rs

and Cs. This scheme is used mainly for load sharing of different phases in multiphase

DC-DC converters [D19].

4.4.8. By Forghani-zadeh’s Scheme

All the discussed current sensing methods, except for the sensing FET technique,
depend on knowing the values of discrete elements such as inductor, sensing resistor or
MOSFET’s Rdson. In a lossless current sensing technique, only node voltages are sensed

and the value of the current in a branch is estimated using the values of passive elements

(.e., V=R-i,i=C-dV/dt and V = (deV)/L). In a custom discrete design, the values

of external components are known and the current sensing technique can be adjusted
before mass production. On the other hand, if a current sensing scheme is designed for a
general purpose controller, where the end user can select inductors, capacitors, and
switches from a specified range, the IC designer is incognizant of the values of the
external components. Hence, current sensing techniques are best designed if they are
independent of external component values. To solve this problem, the circuit shown in
Fig. 4-9 is proposed in [D20], where the value of the inductor is measured and stored

during startup and the voltages are sensed during normal operation to determine the
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current. Just before startup, the power MOSFETs are forced off and switches S1 and S2

are “on”.

Current

$1 mirror
Vg Qr L
O—yrr J Io
Control j: :I: C—I_
& W
Driver = = = R
Memory — A/D

Fig. 4-9. Current sensing by Forghani-zadeh’s scheme.
Constant current source /ref charges capacitor C during that time, creating a linear

voltage ramp, which is turned into a linear current ramp by the Opamp. The voltage at the

It

positive port of the Opamp is Ve(t) = éj‘lmfdt = , where ¢ is time. ~ The Opamp,

along with the negative feedback, forces the negative port of the Opamp to be equal to

I -t
the positive port; thus, the current forced is a ramp i, (¢) :%:I;LC' Therefore, the

: : di, L-1, : .
voltage across the inductor is V, (t):L-i:R—Cf, where Iref is a function of the

reference voltage and another integrated resistor. The voltage given by the above
equation is a constant voltage across a 1uH inductor. This measurement technique boosts

the observer technique accuracy especially when the inductor value is not known.

4.4.8. Summary of Current Sensing
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Selecting a proper current sensing method depends on the DC-DC converter control
scheme. If voltage mode control is used, current sensing is only needed for overload
current protection. Therefore a simple, not very accurate but lossless method, like Rdson
current sensing, is sufficient. If current mode control or mode hopping (for high
efficiency) is used, more accurate algorithms may be necessary. The traditional series
resistor with inductor technique can be used when power dissipation is not critical, which
is hardly the case for portable applications. For application like desktop computers,
decreasing the power efficiency by about 5% is not critical. The majority of commercial
current mode controller solutions for desktop computers use a sensing resistor. Rdson
sensing is the other dominant technique, which is used even in current-mode controllers
in commercial products, but its accuracy is poor. Another widely used technique is
inductor current sensing. Table 4-1 summarizes the advantages and disadvantages of the

different current-sensing techniques explored.

Current sensing approaches Advantages Disadvantages
By sensing Resistor High accuracy (1%) | High power loss
Lossless Known L (roughly value) and R;,
By Inductor DCR High accuracy (5%) | High number of discrete elements
By Rdson Lossless Low accuracy
Quasi-lossless L
By sensing FET Integratable ﬁ?ﬁ&%\ifgfﬁ ’
High accuracy (2%)
. High cost, large size,
By sensing transformer Lossless High number of discrete elements
o Known L (accurate value),
By Midya’s scheme Lossless Fast integrator needed
. Known R;,
By Zhou’s scheme Lossless Extreme low bandwidth
Lossless

Complex, expensive block like

By Forghani-zadeh’s scheme | No power stage A/D, memory needed

information needed

Table 4-1. Summary of current sensing approaches.
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4.2. Issues of Traditional Inductor Current Sensing Schemes

In table 4-1, resistor current sensing, inductor current sensing and Rdson current
sensing are adopted in commercial VR products. Sensing FET approach can also be
found in some VR power ICs [D21]. Other approaches are mainly reported in academic
paper. Their applications in real VR products are limited due to the cost issues or
implementation difficulties.

Because of the rigorous design specifications of VR load line, Intel does not suggest
Rdson current sensing. Therefore, only resistor current sensing and inductor current
sensing are widely used in VR products. And the inductor current sensing becomes more
and more popular due to the 0 power loss and acceptable sensing accuracy.

The inductor current sensing scheme shown in Fig. 4-2 can be seen as a low pass

filter composed of two cascaded stages. Fig. 4-10 shows such a view:

1T
+ + +
Stage 1: Stage 2:
A Passive Vs_in Active Vs_out
Network Network

| = ]

Fig. 4-10. Inductor current sensing from signal processing point of view.

The concept of inductor current sensing is to get inductor current information by
processing inductor voltage signal Vi. To do the signal processing, the first stage is a
passive RC network, which achieves a differential signal proportional to inductor current
Vs _in. The second stage is an active network, which transfers the differential signal Vs _in
to a single ended signal Vs out used by other circuitry of the VR controller. Fig. 4-11

shows the key waveforms of this scheme.
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vg-vo-vds

v
Vo+Vds
Vs_in
Vs out

Fig. 4-11. Key waveforms of inductor current sensing.
The concept and waveforms seem clear and easy to be implemented, but there are still

some issues of today’s inductor current sensing approach.

4.2.1. Input Impedance of the Differential Amplifier

Vg QT L Vo
O—rr A O
Bl W——H ~~co
Rs Cs

% Rf4

Fig. 4-12. Impact of differential amplifier’s input impedance on inductor current sensing.
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Fig. 4-12 is the redraw of Fig. 4-2, in which the differential amplifier block As is
implemented by an Opamp and feedback resistors. Usually, design Rf/=Rf2=RI and

Rf3=Rf4=R2. Then, the input impedance of the block A4s is Rin =2RI1. Then:

/I Rin
Vs _in(s)=Ves(s) = s-Cs '(S'L+RL)'iL

Rs+( ! //Rinj
s-Cs

l+s-—

[ Rs L .
= — 'R, - : "
Rs + Rin 1+s-(Rs// Rin)-Cs
If we still design Rs and Cs according toL/R, =Rs-Cs, a large error will be
introduced to the current sensing output. If we design accordingtoL/ R, = (Rs // Rin)- Cs,

Rs

Vin in will be | ———
- Rs + Rin

j-RL -1, , which is even smaller than R, -i, and may cause

Signal-to-Noise ratio issues as described in next section. In reality, even the matching of
RfI~Rf4 can be guaranteed, the absolute values of RfI~Rf4 can vary as much as 30%.
Therefore the value of Rin is difficult to be estimated. And it is impractical to design
according to L/R, =(Rs//Rin)-Cs .

To achieve accurate current sensing, the input impedance of the As block should be

maximized. Fig. 4-13 shows a popular improved version of the differential amplifier.

Fig. 4-13. An improved version of differential amplifier.
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However, the above circuit is expensive for manufacture because of the number of
operational amplifiers and resistors required. The silicon surface area for forming the

circuit on integrated circuits is not negligible.

4.2.2. Signal-to-Noise Issues with Small Inductors

Even if the input impedance of the differential amplifier is large enough, there is
another issue ----Noise.

For an analog signal processing circuitry, there are many noise sources. The noise can
be caused by the small current and voltage fluctuations that are generated within the
circuitry itself. Or it can be caused by unintentional pickup of extraneous signals. The
noise produced by the semiconductor circuitry includes shot noise, thermal noise, flicker
noise, burst noise and avalanche noise etc. [D22] The amplitude of these noise is in pV
(rms) or nA (rms) range. They are the major concerns of RF analog circuits. However, in
switching DC-DC converters, the noise pickup of extraneous signals is more serious,

which may be several orders larger than the RF noise.

L1 R1 QT L2 R2 L R L7 R7 L9 R9

vaO cCPU
load

— Co2

L10 R10

AN

Power stage

Control

vdd

Fig. 4-14. Major noise sources for the inductor current sensing.
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Fig. 4-14 tries to show the unintentional pickup of extraneous signals with the
inductor current sensing scheme. There are three major sources for the inductor current
sensing scheme. The first noise source is the common mode voltage of the differential
amplifier Vem. As shown in the above figure, Vem equals to the sum of the output voltage
Vo and the voltage across the parasitics R7 and L7. As the instance when the switches are
being turned on or off, the voltage across the parasitic may reach to volt level. For the
active circuitry, the CMRR is limited. The voltage Vem will not be attenuated close to 0
at the output, especially for the high frequency part of the common mode signal.

The second noise source is Vnl, the voltage fluctuation of power supply Vdd. The
decoupling of Vdd is far from ideal in real implementation. Due to the limited PSRR of
the active circuitry, the fluctuation of Vdd may introduce the fluctuation at output,
especially for high frequency Vdd fluctuation.

The third noise source is Vn2, the differential signal pickup from the power inductor
to the input port of the current sensing scheme. This noise pickup can be largely reduced
by proper layout of the current sensing traces from the power inductor to the points A and
B [D23]. The two sensing traces need to be close to each other to reduce the loop area.

Fig. 4-15 shows a simplified noise model of inductor current sensing. The noise

source Vn2 is ignored in this figure.

g;)Vp1

+ A c + E
Stage 1: Stage 2:

v, Passive Vs_in Active Vs_out
Network Network

e

Fig. 4-15. Simplified noise model of inductor current sensing.
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As shown above, the first stage of inductor current sensing is a passive network. The
passive network has no PSRR issue because no power supply exists. And the CMRR of
the passive network is close to ideal circuit. Therefore, the common mode voltage and the
voltage fluctuation of Vdd do not cause output deviation of the first stage. However,
these noise sources introduce output error in the second stage due to the limited CMRR
and PSRR of the active circuitry. The input amplitude of the active circuit should be
maintained beyond some value to guarantee an acceptable signal quality at output. It is
difficult to calculate the noise floor, which is related to many parameters from component
characteristics to their layout. However, based on industry practice, the input signal to the
active circuitry Vs_in needs to be over 20mV at full load [D24].

As explained in section 4.1.2, for the current sensing scheme, as shown in Fig. 4-2, if
we design the time constant of the RC network equal to the inductor time constant, we

always have Vs _in=R, -i,. When R; is too small, Vs_in can be too small to maintain a

good enough Signal-to-Noise ratio for the active circuitry of the sensing scheme.
Particularly in high frequency application, small inductors are often adopted to take
advantage of the possible wide control bandwidth. Small inductor also means small
winding DCR. For example, the typical value of Ry for a 50nH/20A inductor is about
0.5mQ. The amplitude of Vs in is just 10mV when the inductor current is 20A, which is
too small to be handled by a normal active circuitry working under the noisy
environment, as shown in Fig. 4-14. New sensing schemes need to be developed for the
application with small inductors.

Fig. 4-16 shows an approach trying to increase the input signal amplitude for the

active stage of the sensing scheme [D24]. Fig. 4-17 shows the key waveforms.
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Fig. 4-17. Key waveforms of Semtech’s current sensing scheme.
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In the above scheme, S1 and S2 are signal level MOSFETs that are hundreds or
thousands times smaller than the power MOSFETs QT and QB. S1 and QT turn on and
off simultaneously; S2 and QB turn on and off simultaneously too. When S1 and QT turn

on, Vx=Vg—-Vrds, Vy=Vg, and Vz=Vy. When S2 and QB turn on, Vx=-Vrds,

Vy=0,and Vz =Vy. By this way, Vz(s) —Vo(s) =i, - (R, + R,, +s-L). Then,

1 L
b R,
Vs_in(s):&-[Vz(s)—Vo(s)]:(RL +R, ) — L
1 " 1+s5-Rs-Cs
Rs+
s-Cs

If we design Rs-Cs = #, we have Vs _in= (RL +R, ) i, , and the amplitude of
L + ds

Vs_in is much larger than that of the original inductor current sensing.

In Fig. 4-16, capacitor Ca and resistor Ra are operative during the dead time of the
power cycle to provide a low pass filter to block any high frequency transient signal from
affecting the current sensing signal and to synchronize operation of the power phase node
x and signal phase node y.

However, this scheme assumes the on resistance of the top power MOSFET and the
bottom power MOSFET is the same. In reality, Rds bot is much smaller than Rds_top.
The scheme is expensive for implementation. It needs specially designed driver, which
integrates the S1 and S2. And more discrete external components are needed in the
scheme than in the original inductor current sensing scheme. The bigger issue is that it
introduces the tolerance of Rdson in the sensing output. According to the discussion in
section 4.1, the Rdson of power MOSFET has as much as 30% variation. This scheme

may not meet future’s VR design specifications.
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4.3. A Novel Current Sensing Scheme Adopting a V/I Converter

4.3.1 Scheme Development

As discussed above, inductor current sensing becomes more and more popular due to
the 0 power loss and acceptable sensing accuracy. However, there are still some issues of
today’s inductor current sensing approach. One issue is the input impedance of the
differential amplifier has big impact on the current sensing output. A more important
issue is the input signal amplitude could be too small to be handled by normal analogy
circuitry when the inductor DCR is small.

To overcome the above issues, a novel inductor current sensing scheme adopting a
V/I converter is developed. Fig. 4-18 shows the proposed current sensing scheme. The
noise source and the power stage parasitic are also shown. Fig. 4-19 shows the simplified

noise model of the proposed current sensing scheme.

L1 R1 QT L2 R2 L R L7 R7 L9 R9

vga® CPU
load

— Co2

L10 R10
DAL AVAYAV

Power stage
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vdd

Fig. 4-18. Proposed current sensing scheme adopting a V/I converter.
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Fig. 4-19. Simplified noise model of proposed current sensing scheme.

The concept of this scheme is to put the active network before the passive RC
network, so that the input of the active network Vs in can be a large signal. Therefore,
the Signal-to-Noise ratio of the active network stage can be dramatically improved.

As shown in Fig. 4-18, this scheme can be seen as three stages. The first stage is a
voltage divider composed of two resistors Ra and Rb. The divider scales the V; and
makes it small enough to be processed by the active circuitry with 5V Vdd, and big
enough to be noise insensitive. The second stage of the scheme is an accurate V/I
converter, which transfers the scaled inductor voltage Vs in to a current waveform Igm.
The third stage is a passive RC network. The current /gm charges and discharges the RC
network to restore the shape of inductor current waveform. By this way, we can handle a
very small inductor as long as the DCR is well controlled. The key of this approach is the
accurate V/I converter with a large dynamic range.

Fig. 4-20 shows the key waveforms of the proposed current sensing scheme. As we
can see, the input signal to the active circuitry Vs in can be an order larger than that of

the original inductor current sensing scheme.
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Fig. 4-20. Key waveforms of the proposed current sensing scheme.

From Figures 4-19 and 4-20, it is easy to derive

1
RS'( CJ R Rb
Vs 0ut(s)=#-GM-Vin in(s):—S~GM- ~(RL+S-L)~iL
- R 1 - l+s-Rs-Cs Ra+ Rb
S +
s-Cs
Rb 1+s-RL
= ‘Rs-GM -R, - ——L—.j,
Ra+ Rb 1+s-Rs-Cs

where GM is the transconductance of the V/I converter. If we design Rs-Cs = L , we’'ll
L

‘Rs-GM ‘R, i, .
Ra+Rb

In the implementation, Ra and Rb can be integrated in the controller because only the

ratio of their resistance needs to be accurate. After Ra, Rb, GM and R; are fixed, the

current sensing gain can be flexible by selection of Rs.

In the above derivation, the bandwidth of the V/I converter is infinite. The finite

bandwidth of the V/I converter introduces a pole in Vs out, which determines the

bandwidth of the whole current sensing scheme.
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4.3.2 Simulation Results
Fig. 4-21 shows the simulation results with the proposed current sensing scheme. The

V/I converter in the simulation is a voltage controlled current source with

1MHzbandwidth.

T S T T T

i é llllHJllt é ety

4obu 600U
Fig. 4-21. Simulation results with the proposed current sensing scheme.
In Fig. 4-21, the purple curve is the inductor current, the bright blue curve is the
output signal of the current sensing scheme. As we can see, the current sensing output

follows the inductor current waveform very well, no matter whether the converter is in

steady state or transient, at CCM or DCM.

4.3.3 Hardware Verification
To verify the proposed current sensing scheme in hardware, the V/I converter is
implemented with available commercial operational amplifiers according to the circuit

shown in Fig. 22. This circuit is based on the configuration of the improved Howland
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current pump [D25]. Six Opamps and many resistors are used in this circuit. And a

voltage bias Vb is produced to balance the offset of these Opamps.

A
Vss

(¢ gamp

vdd
— igm

Fig. 4-22. Implementation of V/I converter with Opamps.

Fig. 4-23 shows the hardware measurements results.
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a. Fs=500KHZ b. Fs=1MHz

Fig. 4-23. Proposed current sensing scheme hardware testing results.
* Green: switching clock; Blue: the output of proposed sensing scheme;
Red: inductor current measurement with current probe.

The inductor used is 200nH / 0.45 mQ DCR.
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4.4 The Key Block ---- A Monolithic Accurate Gm Amplifier

4.4.1 The Basic Design Requirements of the V/I Converter

An accurate V/I converter is the key building block of the proposed current sensing
scheme. In section 4.3.3, the V/I converter is implemented using Opamps with the
improved Howland current pump configuration. However, this circuit is expensive for
manufacture because of the number of Opamps and resistors required. The silicon surface
area for forming the circuit on integrated circuits is huge and special trimming is needed
to get an accurate transconductance (Gm) value for the V/I conversion. The offset of
Opamps also needs to be tuned using external components. More than that, the Howland
current pump configuration has both positive and negative feedbacks, which may lead to
oscillation under some operation conditions [D26]. A more concise implementation of the
V/I converter is necessary to make the proposed current sensing scheme really practical.

Although an ideal V/I conversion cannot be achieved in real analog design, the V/I
converter needs to meet the following requirements used in the proposed current sensing
scheme.

1) Accurate and large Gm value (e.g. ImA/V £3%).

The accuracy of the V/I converter’s Gm value has direct impact on the accuracy of

the current sensing gain. As mentioned in section 3.3.3, the budget for the current

scaling inside the chip is only 3%. The Gm value needs to be large, usually around

mA/V, to facilitate the selection of resistor Rs and to achieve the target current

sensing gain.

2) Large input dynamic range and common mode range.

(e.g. —0.5V <Vdif <0.5V, 0.5V <Vcom<3V)
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Since the V/I converter needs to process a large signal to overcome the noise issues, a
large input dynamic range is a necessary. And the input of the V/I converter can be
tied to very low voltage node, for example, the VR output node.

3) Small output offset current (e.g. < 0.1 pA).
The impact of the V/I converter’s output offset current on the accuracy of current
sensing depends on the load of the V/I converter. For example, if the load of the V/I
converter is 10KQ, a 1pA offset current may introduce 10mV current sensing output
error. Usually the load of the V/I converter is small than 10KC, and the maximum
acceptable current sensing output error is ImV. Therefore, the output offset current of
the V/I converter needs to be limited within £0.1 pA.

4) High input impedance (e.g. > IMQ).
As discussed in section 4.2.1, the limited input impedance of the V/I converter also
has effect on the current sensing output accuracy.

5) High bandwidth (e.g. > 1MHz).
The current sensing bandwidth is limited by the bandwidth of the V/I converter. To
build a fast current loop for VR application, a large bandwidth V/I conversion is a
must. However, super wide bandwidth is not necessary because the VR control
bandwidth is limited by the switching frequency.

6) Low power consumption.

Power consumption is an important specification in today’s analog market. Every mA4
counts. To make the V/I converter a general analog building block used in a DC-DC

controller, low power consumption is an important design consideration.
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4.4.2 The Limitations of the Basic OTA Configuration
The most common solution for the V/I converter people may think of is the
Operational Transconductance Amplifier (OTA), which is widely used in RF circuit as a

voltage controlled current source. Fig. 4-24 shows the its basic configuration [D27].

|Vdd

ws| —  wa wa  — | we
e owe |l

Vi

~

Fig. 4-24. Basic configuration of an OTA.

The OTA is basically an Opamp without an output buffer. Therefore the OTA can
only drive capacitive loads. All nodes of the OTA have low impedance except the input
and output nodes.

If the impedance of the load capacitor or the resistance of an external load is small

compared to the output resistance Ro6//Ro8, the output current flows mainly in the

external load. Assume (Kj =(Kj , (Kj :(Kj ,[Kj = K(Kj and
L 1 L 2 L 3 L 4 L 6 L 4

(%J =K (Kj . Then the transconductance of the OTA is given by GM =K -Gml ,
8 7

where Gm1 is the transconductance of transistor M 1.
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However, the value of transconductance Gm can vary as much as 50% due to process,
temperature, and layout. Moreover, the structures discussed above are nonlinear, which
means that it has a very small input voltage range yielding say 1% Total Harmonic
Distortion (THD). Therefore, the basic OTA configuration cannot achieve an accurate

V/I conversion. A new topology needs to be developed to serve the purpose.

4.4.3 Topology Development for a Monolithic Accurate Gm Amplifier

To build an ideal V/I converter is always a dream for analog designers. Since 1975,
hundreds of papers talking about V/I converters (or say, transconductor / Gm amplifier)
have published in JSSC and other journals. Some authors even dedicated their PHD
dissertations to addressing how to build and use a Gm amplifier [D28]. Most of these
publications emphasize how to improve the linearity or/and bandwidth of a Gm amplifier.
And the application focuses on analogue multipliers, arbitrary piecewise linear function
generator, oscillators, and high performance filters.

However, there are still some papers trying to address the issues of V/I conversion
accuracy and input dynamic range [D29]~[D35]. I develop my Gm topology based on the

principles and concepts of these papers.

4.4.3.1 Topology 1: Accurate Enhanced Gain Cell Transconductor

According to Martin’s book [D36], when we use current source as the load of an
emitter coupled pair with Emitter degeneration, we can get a load independent linear Gm
with a large dynamic range and the common mode voltage can be close to ground

because of the floating resister configuration. When R is much larger than small signal
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emitter resistance of the transistor given by Vy/lg, this Gm equals to //Rg. Fig. 4-25

shows such a configuration.

o) D

\?u —I:Q1 Qa—l
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Fig. 4-25. Fixed Gm with the floating resister.

The Gm value in Fig. 4-25 is very small. To increase the Gm the first thing to do is to
make Gm changeable. An important analog building block for bipolar circuits is the
translinear gain cell proposed by Gilbert for analog multipliers [D37]. Cascading the
Gilbert gain cell to a fixed Gm cell according to Fig. 4-26, we can get a changeable Gm.
Now the Gm is (1/Rg)x(1/I;). To enlarge Gm an order by bias current design (/2/11) is

not practical because of huge power consumption.
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Fig. 4-26. Gain cell transconductor.
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However, the gain cell configuration offers a current that can be copied. We can use a
current mirror to enhance the Gm. By properly designing a cascade current mirror with a
large dynamic range, we can have accurate amplification of the original output current.

Now the Gm is (1/Rg) x(1,/I;) xn (n is the ratio of current mirror).

A A A A A
’_T: curentmirror1:n curentmirror1:n
(&g @
%2 —
e epflle e '°
) ) ﬁ{" | curentmirror1:1
QO O D,
\Y \% Y/ \v/ \v/

Fig. 4-27. Enhanced gain cell transconductor.

But to use this circuit to build a monolithic Gm, we need to tune Rg, which has 30%
variation in typical process. To trim Rz we need an extremely large trimming range and
its difficult to set the measure pad and trimming fuse pad in the layout with the floating
resistor configuration.

The idea is to change absolute R value trimming to electrical bias trimming. As
shown in Fig. 4-28, a very simple Opamp is used to transfer Bandgap Voltage Reference
(BGR) to a current and copy it as the bias current of the first Gm stage. Another current
Iz works as current bias for the gain cell. By this way, the total Gm is
(R1/R3) x(Ig/V) x(n/2). The inaccurate R; and R, can be matched to give an accurate ratio.

If we get accurate /3 and V3, we get the accurate Gm. Luckily, accurately trimmed V3 and
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Ip are often available in power management IC. Therefore, no external trimming is

needed for the Gm block.
I |
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Fig. 4-28. Accurate enhanced gain cell transconductor.
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4.4.3.2 Topology 2: A Gm Amplifier Based on Opamp and Current Mirror
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Fig. 4-29. A Gm amplifier based on Opamp and current mirror.
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Fig. 4-29 shows another solution for the V/I converter. According to the above figure,
. . Vi Vi
it is easy to derive: lo=1,—n-Ib=n-1,—n-Ib=n-| 1, +R_b —n-Ib:n-R—b. Therefore

fo_,

Gm= i n-—— . If Rb is trimmed to an accurate value, the Gm value can be accurate.
i
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By proper Opamp design, the large input dynamic range and the common mode range is
achievable.

Although the topology in Fig. 4-29 is more concise than in Fig. 4-28, it has some
limitations. The first one is that Rb needs to be trimmed or has to be put outside the chip.
The second is large quiescent current exiting. To achieve a 1mA maximum output
current, the quiescent n/b needs to be equal or larger than 1mA. However, it is not the
case in Fig. 4-28. Based on the comparison, topology 1 is selected to implement the V/I
converter in the proposed current sensing scheme. Fig. 4-30 shows the simulation results
with the proposed sensing scheme, in which the Gm block is implemented with the

topology shown in Fig. 4-28.

T L SO

400u 600U

Fig. 4-30. Simulation results with the proposed sensing scheme and Gm block.

In Fig. 4-30, the purple curve is the inductor current, the bright blue curve is the
output of the current sensing scheme. The results are almost the same as Fig. 4-21, which
verifies the feasibility of the proposed Gm block. The silicon verification of the Gm
block will be presented in Chapter 5.
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4.5. Other Applications of the Gm Amplifier

4.5.1 Other Current Sensing Configurations with the Gm Amplifier

With the accurate Gm block integrated inside the chip, customers can not only
configure it as the proposed current sensing scheme, but also have the flexibility to
configure it as the original current sensing scheme and resister current sensing scheme, as
shown in Figures 4-31 and 4-32. In Fig. 4-31, the current sensing

gain Ri = Rsen-Gm - Rg . In Fig. 4-32, the current sensing gainisRi =R, -Gm - Rg .

Vg QT L Rsen Vo
[ ACo
=i N =i
+ Gm|Vs_in
Vs_out SRg -

Fig. 4-31. Resister current sensing with Gm amplifier.

Vg QT L Vo
O—irr Al O
aBlis WA——H ~=co
Rs S
= N =
+ Gm|Vs_in
Vs_out <SRg -

Fig. 4-32. Inductor current sensing with Gm amplifier.

160



4.5.2 AVP Without an Additional Adder
When AVP is needed, with the accurate Gm block integrated inside the chip, the
output voltage signal can be added to the sensed inductor current signal without an adder.

Figures 4-33 ~4-35 show such configurations.

QT L Rsen
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Fig. 4-34. AVP configuration with Gm amplifier and original inductor current sensing.
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Fig. 4-35. AVP configuration with Gm amplifier and the proposed current sensing.
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4.6. The Concept of Power Stage Emulator

The objective of current sensing in power electronics is to provide a signal
proportional to the instantaneous current or average current going through a power stage
loop. This signal needs to be scaled within a reasonable range and in a suitable format
(analog or digital, voltage or current, differential or single ended) so that it can be
understood by the other part of control circuitry.

To provide this signal, one approach is to get a signal proportional to the current from
power stage and scale it and transfer it into the controller. Resistor current sensing, Rdson
current sensing and sensing FET current sensing belong to this catalog.

Another approach to provide this current information is to sense a signal from the
power stage having a known relationship with the current, and process this signal to
restore the current information. Inductor current sensing and the proposed “Gm current
sensing” belong to this catalog.

Following this train of thought, we can sense the current more indirectly. Fig. 4-36
shows a scheme adopting a power stage emulator, which emulates the relation of the

inductor current and other power stage parameters using signal level circuitries.

\' QT L Vo
e 19T a8 O
— R —
KVdd = =
ST
Gm +
. SB
Vs —_ Al
’ :

Fig. 4-36. Current sensing with a power stage emulator.
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In Fig. 4-36, the power stage emulator is composed of two voltage controlled current
sources, two analog switchers and one capacitor. ST and QT turn on and off
simultaneously, so do SB and QB. If ignoring the second order tolerances, we can have
Vs =Gm-Cs/ L. In reality, it is difficult to build an accurate Gm and to maintain the ratio
of Cs and L. The scheme in Fig. 4-36 is not practical for implementation. However, it
shows the concept of current sensing using power stage emulator.

Although resistor current sensing is accurate, indirect approaches like inductor
current sensing or even power stage emulator may have their value to tradeoff among

sensing accuracy, efficiency and bandwidth.
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4.7. Summary of Chapter 4

Different current sensing schemes have different tradeoff on accuracy, efficiency and
bandwidth, and suit for different applications. Inductor current sensing is becoming more
and more popular in VR application because of its 0 power loss and acceptable sensing
accuracy. However, the original inductor current scheme has its limitation in the
application with small inductors, and the input impedance of a differential amplifier has
great impact on sensing accuracy. To overcome these issues, a novel current sensing
scheme adopting an accurate V/I converter is proposed. And a Gm amplifier topology is
developed to implement the monolithic V/I converter without trimming. Hardware testing
and software simulation verifies the feasibility of proposed current sensing scheme and
the Gm amplifier. The proposed Gm block has other benefits. With the accurate Gm
block integrated in the chip, a customer has the flexibility to choose different current
sensing schemes according to different design requirements. And the AVP function can

be achieved without an additional adder.
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Chapter 5. Silicon Verification of the
Proposed Analog Blocks and Control Schemes

5.1. Proposed MVRC Chip

In chapter 1, the Monolithic Voltage Regulator Channel is proposed as a generic
power IC solution for CPU and POL power supply. To make MVRC a reality, three
technology issues need to be overcome, which are: distributed interleaving, distributed
AVP and current sharing, inductor current sensing with small inductors.

For interleaving, a scalable distributed interleaving scheme is proposed in chapter 2
and it is verified with a hardware prototype as shown in Fig. 2-13. Besides the unlimited
phase interleaving, this scheme has another big advantage over other distributed
interleaving schemes: each channel’s interleaving circuitries can be monolithically
integrated without any external components, which is because the key building block, a
self-adjust saw-tooth generator is layout and process insensitive and the cap used this
block can be smaller than 1pF.

For AVP and current sharing, a scalable distributed AVP and current scheme is
proposed in chapter 3 and it is verified with a hardware prototype as shown in Fig. 3-49.

For current sensing with small inductors, an improved inductor current scheme with an
accurate Gm amplifier is proposed in chapter 4 and it is verified with a hardware
prototype. However, in that hardware prototype, the key building block, an accurate Gm
amplifier, is built with 6 Opamps configurated as the Howland current pump. This

implementation is not practical in MVRC solution due to the silicon size and offset
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issues. A more concise topology based on gain cell configuration is developed to serve
the purpose.

Following the concept of MVRC proposed in chapter 1, and based on the control
schemes and analog blocks proposed in chapters 2~4, a block diagram of the MVRC chip

is developed, as shown in Fig. 5-1.
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Fig. 5-1. Proposed MVRC solution for CPU power management.
As shown in Fig. 5-1, each MVRC chip has power MOSFET, driver, and control
integrated in one die. The control schemes are developed in previous chapters. And the

blue blocks are the proposed novel analog blocks, which include a “distributed

166




interleaving” block and an “accurate Gm” block. As described in previous chapters, they
serve as the key building blocks of the control.

For the configuration, each channel’s inductor current information only feedbacks to
this channel’s MVRC chip. Therefore there is no long current feedback line. The only
long analog bus lines are the voltage reference line “Vref” and the phase delay setup
voltage “Vph”. They all are DC lines and insensitive to the noise. The voltage “Vref” is
set by one MVRC’s VREF block (a simple but accurate DAC) or can be set by all MVRC
chips’ VREF blocks tied together. The voltage “Vph” is set by one MVRC’s VREF block
or simply comes from a voltage divider. The external components for each channel
(beside the power stage) are compensator resistors, capacitors, droop resistors, and
decoupling caps for the chip’s signal power. It is easy to see that compared with IR’s
Xphase solution, the proposed MVRC solution have smaller component counts and less
noise sensitive lines. More importantly, the MVRC is a generic power IC that can also be
used alone to supply a regular POL. Fig. 5-2 shows the configuration of the proposed

MVRC chip as a regular POL power supply.
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Fig. 5-2. Proposed MVRC chip supplying a POL.
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5.2. Testing Chip Diagram

Although the proposed control schemes are verified by hardware prototype, silicon
prototype is necessary to verify the proposed analog blocks and further verify the control
schemes. In chapter 1, the MVRC concept is developed based on the assumption that the
silicon size of the control circuitry is much smaller than that of the power devices, and
the power loss of the control part can be ignored when compared with that of power
devices. To verify this assumption, a silicon prototype is necessary and important.

The following is the summary of the objectives of the testing chip:
1) Verify the proposed analog building blocks. Including:
A. A distributed interleaving block
B. An accurate Gm amplifier without trimming.
2) Further verify the proposed control schemes in silicon. Including:
A. A scalable distributed interleaving scheme;
B. A scalable distributed AVP and current sharing scheme;
C. An improved inductor current sensing scheme.
3) Verify the total silicon size and power consumption of each channel’s control circuits.
The best way to demonstrate the MVRC concept is to develop a real MVRC chip, as
shown in Figures 5-1 and 5-2, to show that it works and works well. However, because of
the limited recourse, it is impossible for university to develop such a large chip.
However, to achieve the objectives mentioned above, a testing chip that integrates
each channel’s control part is enough. But even such a control chip is very difficult to be

built in university without a sponsor.
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Luckily, a sponsor supported me to build a two channel BUCK controller for Graph

card and DDR power management application. I developed the chip in such a way so that

the chip can satisfy the sponsor and at the same time can serve as a testing chip to achieve

the objectives mentioned above.

Fig. 5-3 shows the block diagram of this testing chip.
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Fig. 5-3. Block diagram of the testing chip.
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As shown in Fig. 5-3, there are two independent control units in this chip. Each
control unit serves the function as the control portion in MVRC chip. Each control unit
has exactly the same circuitry, which includes the control core (to realize distributed
interleaving, Adaptive Voltage Position and current sharing), a driver and some general
blocks like protection and soft-start. The control core is explained in chapter 2 , chapter 3
and chapter 4. The interleaving function is achieved by the novel “distributed
interleaving” block. AVP and current sharing is achieved by active droop control, which
is implemented by an error amplifier “GMEA” and a PWM comparator “PWMCOM”.
The transconductance amplifier “Accurate Gm” is used to get better current sensing and
to work as one part of the AVP loop.

Each control unit in Fig. 5-3 has almost the same circuitry proposed to be used in
the MVRC chip as shown in Figures 5-1 and 5-2. Other blocks like “PWM-HYS
Transfer” are adopted as the requirement of the sponsor and are beyond the discussion of
this dissertation. The only block shared between the two control units is the voltage
reference and an Opamp used for a differential amplifier to do the remote voltage sense.

The power MOSFET drivers were also integrated in the testing chip. It is a
regular bootstrap NMOS driver. The basic building blocks include a “top device deriver”,
a “bottom device driver”, a “lever shift”, a “delay” block, and a “cross lock” block. The
drivers are designed to have 2A peak current and 10Ohm impedance.

This chip was internally configured as a 2 channel interleaving BUCK controller.
The application is just as Fig. 5-1 when channel number is 2. Therefore, not only the
proposed analog blocks but also the proposed distributed control scheme can be verified

by testing this 2 channel control chip.
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5.3. Design Methodology

Fig. 5-3 shows the typical approach to design DC-DC controller in industry. First,
we do chip specifications, then architecture selection, then block schematic design, then
top-level design and chip simulation, then floor plan, then layout, and then tape out. It
seems straight forward, but long loop iteration would happen amogn block schematic
design, top-level design and chip simulation. It is fully dependent on the skill and
experience of the designer to decrease the number of iterations. And it is time consuming.
The key issue is that we cannot verify a block in the system unless the other blocks all
have been synthesized. We have to identify and find solutions for both circuit level and
higher level issues with almost full chip simulation, which wastes a huge amount of

simulation time and human resource.

| Chip Specification |

=

| Avxchitectuare selection |

-

| Block schematic design |

-

| Top level design and chip simmulation

Flooyr plan

Layout

|<:|<j

Fig. 5-4. A typical power management IC design flow in industry.

Other chip design, especially more complex digital VLSI chip design also meets the
issue of block verification. The difference is that all today’s complex digital circuits are
designed with a powerful tool, HDL (Hardware Description Language). With the concept
of HDL, the design becomes a series of transformations from one representation of a

system to another until a representation exists that can be fabricated. And it is not
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required that all system components be specified on the gate level in order to evaluate the
gate level design of a specific component. As you can see in Fig. 5-5, the behavior
modeling can be and should be used on different hierarchy levels to verify others in the

system. By this way, in digital VLSI design, the long loop iteration can be avoided. Fig.

5-5 shows this “partial tree design” concept [E1].

Level 1
block

Level 2 Level 2 Level 2 Tevel 2
block block block block

Level 3 Level 3 Level 3
block block block

- —— “structure design® - -— “Behavioral modeling™

Fig. 5-5. The concept of partial tree design in HDL.

We can also adopt the “partial tree” design approach in analog power
management IC design. One way is to use Analog HDL Language (AHDL). But AHDL
is expensive and not mature and mostly unavailable in IC designer’s CAD package. The
other way is to develop the behavior modeling of each block without AHDL. Because of
the characteristics of the DC-DC controller, the function of each block can be described
simply with ideal voltage source, ideal current source, ideal switch, ideal resistor, ideal
inductor, ideal capacitor, and ideal delay block. For example, a comparator can be
modeled by a voltage controlled voltage source.

The “partial tree” design approach in Fig. 5-4 also needs a clear idea of the design
hierarchy. Hierarchy is the most important concept in VLSI and it is the key to the DC-

DC controller ASIC design. Analog designers have a tendency to use a brick in east wall
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to fix a hole in west wall. Clear and proper hierarchy will avoid this problem. Fig. 5-5 is
my proposed generic hierarchy for a DC-DC controller. This figure only shows the first 2
level of the hierarchy for the indispensable parts. My objective is to make each block not
only a function block but also a physical circuitry block and layout block. The hierarchy
is usable not only in schematic design but also in schematic library building. As you can

see the control core design is only a small part of the whole chip.

Soft start

Core ———  Sensor. Compensator and modulator
(- Signal processor
Protection

Initial current bias
Band Gap Reference

Electrical Base High Voltage Reference (optional)
LDO (optional)

chip < Cwrrent biasg

Frequency set
Time base Clock

Carrier generator

Driver (optional)

Test Mode {optional)

ESD (optional)

Fig. 5-6. Generic hierarchy for dc-dc controller design.
With the concept of “partial tree” design and with a clear idea of design hierarchy, we
can design a DC-DC controller as the following steps.
Step 1--- Chip specifications. Make the overall function of the chip clear,
including soft-start and protection parts. Make the I/O of the chip clear.
Step 2---- Testing bench setup. The testing bench for a DC-DC controller is a
close loop test bench, which is usually the typical application circuit of the chip.
Step 3---- Hierarchy break down. Make sure each block is not only a function
block but also a physical circuitry block and layout block.
Step 4---- Behavior modeling. The behavior modeling is not a traditional model for

the whole system as a unit but for each individual hierarchy top two level blocks. The /O
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of these blocks should keep the same as the real implementation. After all the blocks are
modeled, we get chip_ A, which is built by behavior model blocks. Verify this chip with
the prepared testing bench. This simulation usually takes several minutes.

Step 5---- Real core. The transistor level core control part is designed in this step.
With the “real core”, we get chip B. This simulation usually takes tens of minutes to
verify this chip B.

Step 6 ---- Other part. After step 5, we can design the real driver; the first time chip
simulation may take 1 hour. Then design the ESD; the chip simulation may take 2 hours.
Then design the real electrical base; the chip simulation may take 4 hours. Then design
the real time base; the chip simulation takes 8 hours. Then design the soft-start; the chip
simulation may take 16 hours. Then design protection; the chip simulation may take 24
hours. Then design the real test mode circuitry; the chip simulation may take 48 hours.

Until now we get the finial transistor level chip schematic. By this way, no long loop
iteration happens and we can do hundreds of system simulation before chip C is
synthesized, where usually most issues can happen. The crystal clear hierarchy and the

order of implementation is the key of my approach. Fig. 5-6 summarizes this approach.
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Fig. 5-7. Proposed design approach for a DC-DC controller.
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5.4. Layout and Die Photo

According to the design approach in section 5.3, the testing chip, as shown in Fig.
5-3, is developed with TSMCO0.5um BiCOMS process. Fig. 5-8a shows the layout of this
chip before top level routing. The proposed analog block “Accurate Gm” and “distributed
interleaving” and some other major analog building blocks are marked. Fig. 5-8b shows
the completed layout of this chip. The layout floor plan follows the design guidelines

described in [E2].
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b. After top level routing

Fig. 5-8. The chip layout.
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Fig. 5-9 shows the chip die photo. The proposed analog blocks are marked. The total
die size is 2200umx1800um. Fig. 5-10 shows more detailed photos of the proposed

analog blocks.

. | j||| d Ll{ "" II.u Emm E
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Accurate Gm 1 & o P Accurate Gm 2
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Distiibuted mterleaving 1 Distributed mterleaving 2
Fig. 5-9. The die photo (Die size 2200umx1800um).
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a. Distributed interleaving

Fig. 5-10. Die photo of the proposed analog blocks.
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5.5. Block Testing Results

The fabricated testing chip has been packaged in DIP28 package for silicon level and
block level testing. The major blocks needed to be verified include the proposed
“distributed interleaving” block, the proposed “accurate Gm” block and the voltage

reference block. Fig. 5-11 shows the chip in DIP28 package.

SN

a. Banding diagram

b. Chip photo

Fig. 5-11. Testing chip in DIP28 package.

5.5.1. Testing Results of the Distributed Interleaving Block

Chapter 2 proposed a distributed interleaving scheme. The automatic interleaving is
achieved by each channel’s “distributed interleaving” block, as shown in Fig. 2-9, which
is composed by an accurate delay block and a self-adjust saw-tooth generator block. And
the self-adjust saw-tooth generator block is also the key sub-block of the accurate delay
block. As explained in chapter 2, the proposed distributed interleaving block can be
monolithically integrated without any external component. Fig. 5-10a shows the silicon

photo of the distributed interleaving block in the testing chip. The size is only 200pum x
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400um. In the test chip, the cap in the self-adjust saw-tooth generator (Csaw in Fig. 2-11)
can be intentionally trimmed to different values by breaking a fuse between two trim pads
associated with the saw-tooth block of the testing chip.

In the testing experiment, the Csaw of channel 1 is 100umx100um (about 1pF). In
channel 2, Csaw is changed to 100umx50um (about 0.5pF). Fig. 5-12 shows the
measured waveforms of the output of the interleaving block: Vel and Vc2. Fig. 5-12a
shows the waveforms when the Vcc 5V is just turned on. Fig. 5-12b shows the
waveforms after settling down. Although the Csaw in one channel is about 2 times of the
other, the output saw-tooth waveforms still settle down to the same amplitude defined by
Vref (1V). And the slopes of the two saw-tooth waveforms are also the same after they
settle down. The settling time of the two saw-tooth waveforms is just several switching

cycles. These waveforms verify the idea of “self-adjust” is working.
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Fig. 5-12. Testing results of the distributed interleaving block.
Table 5-1 shows the summary of the performance of the distributed interleaving

block in the testing chip.

Maximum channel number allowed Unlimited
Maximum switching frequency allowed 2MHz
Minimum switching frequency allowed 200KHz
Interleaving maximum phase error <2%

Maximum time from power on to output settling down 500uS

Saw-tooth peak value 1.2V

Saw-tooth valley value ov

Die size 200umx400um
Power consumption 100uA @ 3.3V Vdd

Table 5-1. the summary of the performance of the distributed interleaving block.
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5.5.2 Testing Results of the Accurate Gm Block

Chapter 3 proposes a distributed AVP and current sharing scheme. The current
sensing is the most important part of this scheme. In chapter 4, a novel technique of
inductor current sensing with an accurate transconduance amplifier is proposed. The
analog topology of the accurate transconduance amplifier is also developed. Fig. 5-10b
shows the silicon photo of the proposed Gm amplifier in the testing chip. The size is only
200um x 600um.

Fig. 5-13 is the testing results of the Gm amplifier. The results show that the proposed
Gm amplifier has a large input linear dynamic range (about 1V), high -3dB bandwidth
(about 3MHz), accurate Gm value (1mA/V 1£2%) and very low output offset (<0.1uA).
Measurement also shows that the proposed Gm amplifier has very low power

consumption (100uA/5V Vdd).
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Fig. 5-13. Testing results of the proposed Gm amplifier.

* Sample number: 20.
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5.5.3 Testing Results of the Voltage Reference Block

Besides the proposed distributed interleaving block and the accurate Gm
amplifier, the voltage reference is also the key building block of the proposed control
scheme. An accurate voltage reference can be achieved with the traditional bandgap
voltage reference topology with proper trimming [E3]. Fig. 5-14 shows the testing results
of the voltage reference block used in the testing chip. These results show an accurate
Vref (1.2104+0.35%) can be achieved over a large temperature range (-40~80°C).
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b. Distribution of Vref values (manually trimmed, sample number: 20)
Fig. 5-14. Testing results of the voltage reference block.
Besides the three blocks mentioned above, other analog blocks of the testing chip have
also been tested. Since they are conventional DC-DC building blocks or unrelated to this

dissertation, the testing results of these blocks are not included.
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5.6. System Testing Results
The fabricated testing chip has also been packaged in SOIC28 package for system
level testing to further verify the proposed analog blocks and control schemes. Fig. 5-15

shows the chip in SOIC28 package.
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Fig. 5-15. Testing chip in SOIC28 package.
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Fig. 5-16. The application circuit for the testing chip.




Fig. 5-16 shows the application circuit of the testing chip. Fig. 5-17 shows the photo of

the testing chip demo board. Table 5-2 shows the design parameters used in the demo

board.

Fig. 5-17. The photo of the demo board of the testing chip.

Figures 5-18~5-21 show the testing results of the demo board.
Controller The testing chip
Channel number 2

Top device in each channel

Vishay Si4390

Bottom device in each channel

Vishay Si4368

Inductor in each channel

400nH/1mQ ESR

Total bulk caps

8 OSCON, 220uF/5mQ ESR

High frequency decoupling caps

18 Ceramic, 10uF/1mQ ESR

Switching frequency

600KHz

Input voltage 12V
Target output voltage at 0 load 0.9V
Maximum output current 40A
Target Load line impedance I mQ
Target output voltage tolerance band +20mV
Transient emulator di/dt 10A/ns
Transient emulator pulse step 40A

Table 5-2. The design parameters used in the demo board.
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Fig. 5-18. Voltage regulation of the testing chip demo board.
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Fig. 5-19. Load lines of the testing chip demo board
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Io=0A Io = 40A
IL1 L2 IL1 L2
DUTI <0.1A <0.1A 19.89A 20.02A
DUT2 <0.1A <0.1A 19.80A 20.11A
DUT3 <0.1A <0.1A 20.28A 20.73A

Table 5-3. Summary of current sharing of the testing chip demo board.
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Fig. 5-21. AVP transient of the testing chip demo board.
(Red: Vo 20mV/div; Blue: Io 30A/div.)

From figures 5-18~5-12 we can see that the proposed interleaving scheme, AVP &
current sharing scheme and current sensing scheme are working and the proposed analog
blocks work well in the system. Even with the very low target load line impedance
(1mQ2), the system achieves good interleaving, good current sharing and a well-controlled
load line. The transient performance also meets today’s voltage regulator design
guidelines. With the technology verified by this testing chip, the real MVRC chip, as

shown in Figures 5-1 and 5-2, is more than a potential.
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5.7. Summary of Chapter 5

To verify the distributed control scheme and the novel analog blocks proposed in
chapters 2~4, a testing chip is developed with TSMCO0.5um process. The “partial tree”
design approach with behavior modeling for blocks at different hierarchy levels is
proposed and adopted in the development of the testing chip.

Each channel’s control unit in the fabricated chip is only 1mm?. With the testing
chip, the system achieves good interleaving, good current sharing and a well-controlled

load line. The transient performance also today’s voltage regulator design guidelines.
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Chapter 6. Summary and Future Work

6.1. Conclusion of the Dissertation

To achieve higher power density and scalable phase design for microprocessor power
management, the concept of Monolithic Voltage Regulator Channel (MVRC) is proposed
in this dissertation. MVRC is a power IC with one channel converter’s power MOSFETs,
drivers and control circuitries monolithically integrated together based on lateral device
technology and working at high frequency. It can be used alone to supply a POL (Point of
Load). Without the need for a master controller, multiple MVRC chips can be used
together to supply a CPU load.

To make MVRC a reality, the key is to develop a fully distributed control scheme and
its analog IC circuitry to provide the control function required by microprocessor power
management, which is traditionally offered by a centralized VRM controller. These
functions include: interleaving, Adaptive Voltage Position (AVP) and current sharing.

To achieve interleaving, this dissertation introduces a novel distributed interleaving
scheme that can easily achieve scalable phase interleaving without channel number
limitation. Each channel’s interleaving circuitry can be monolithically integrated without
any external component. The scheme is verified by a 3-phase / IMHz hardware
prototype. The key building block is a self-adjusting saw-tooth generator, which can
produce accurate saw-tooth waveforms without trimming. The interleaving circuit for
each channel has two self-adjust saw-tooth generators. One behaves as a Phase Lock

Loop to produce accurate phase delay, and the other produces carrier signal.
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To achieve Adaptive Voltage Position and current sharing, a novel distributed control
scheme adopting active droop control for each channel is introduced. Verified by
hardware testing and transient simulations, the proposed distributed AVP and current
sharing control scheme meets the requirements of Intel’s guidelines for today and future’s
VR design. Monte-Carlo simulations and statistics analysis show that with the same
current sensing approach, the proposed scheme has better AVP tolerance band than the
traditional centralized control, and the current sharing performance is as good as
traditional control.

Current sensing is critical for achieving tight AVP regulation window and good
current sharing in both the traditional centralized control scheme and the proposed
distributed control scheme. To improve the Signal-to-Noise Ratio, a novel current
sensing scheme with an accurate V/I converter is proposed. To reduce the complexity of
building an accurate V/I converter with Opamps, an accurate monolithic transconduance
(Gm) amplifier with large dynamic range is developed. The proposed Gm block can
achieve accurate V/I conversion without trimming.

To get further verification in silicon, the proposed schemes and analog blocks are
integrated in a dual channel VR controller based on TSMC 0.5um BiCMOS process.
Block testing results show that all the analog circuits proposed work as expected. System
testing results show good interleaving, current sharing and AVP performance.

With the proposed schemes of current sensing, interleaving, AVP and current sharing,
as well as the proposed analog circuitries, the technical barriers to build MVRC are
overcome. MVRC has the potential to become a generic power IC solution for today and

future POL (include CPU) power management.
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6.2. Future Work

The exploration of the fully distributed control and its IC design for multiphase
converter system is far from completed. Many other potential control schemes need to be
addressed.

For example, to achieve AVP and current sharing, current mode control may be a
good candidate. The current sharing can be achieved if all the channels share a voltage
loop error signal, which comes from the voltage loop error amplifier. Where to put this
error amplifier needs to be addressed. If the error amplifier is put into each MVRC chip,
there will be N error amplifiers, and only one of them is working for the multiphase VR
application. However, the complexity of each channel’s control circuitry may be the same
as the proposed “droop to each channel”. The real issue of current mode control is the
accuracy of current sharing. The current sharing performance of peak current control is
dependent on the value of each channel’s inductor, which could have 30% variation.
Analog average circuits could be used to improve the current sharing performance of
current mode control but the complexity of control circuitry is increased. Another issue of
the peak current control is the cycle-by-cycle current sensing, which is difficult to be
performed in high frequency application. However, improvement in analog design may
change this conclusion. Hence high-speed analog current sensing circuit needs to be
further developed.

Distributed AVP, current sharing and interleaving can also be achieved with digital
control technology. The major issue of digital control is the cost of high-speed high
resolution ADCs. Another issue is the die size and power consumption of the control

circuitry. To reduce the die size and power consumption, digital control needs to be
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implemented in deep sub-micro process, which may not be suitable for power MOSFETs.
Therefore, MVRC could be a multi-die solution. All these issues need to be addressed to
develop an optimal application for digital control.

This dissertation proposes the MVRC concept, which is a new chip definition based
on the fully distributed control architecture. The design methodology of such generic
power IC needs to be addressed. The optimal design is possible when the design

methodology is clearly defined.
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