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Abstract — This paper introduces a fully-integrated 12-to-
1.xV voltage regulator module IC. A fully synthesizable digital
two-loop controller has been realized through HDL tools. Several
new IP blocks have been developed: a window delay-line based
ADC, two independent PI compensators with shared hardware
for calculations, high-resolution digital PWM (HR-DPWM), and
a programmable dead-time module. The mixed-signal IC has
been fabricated on a 0.18pm SV CMOS process. It incorporates
the digital core and a synchronous rectifier power-stage,
including a drive circuitry operating at 1.25SMHz with the ability
to deliver up to 10W from 12V input. The digital core has been
realized by an automated synthesis process and place-and route
tools, resulting in effective silicon area of 0.16mm?2. Post-layout
and experimental results of the fabricated IC operating in closed-
loop are provided, demonstrating the performance and benefits
of the new controller for meeting the requirements of tight
output voltage regulation.

Keywords - Power management IC, digital control, average
current mode control, PWM, dc-dc converters, voltage regulator
module.

I. INTRODUCTION

Following the rapid growth in computing power and in
particular for portable electronics, the specifications and
restrictions on the power delivery have been significantly
tighten to assure compact, light, energy efficient, and
economical power sources. In voltage regulator module (VRM)
and point-of-load (PoL) applications, the requirements also
extend to the transient response and to the closed-loop system
performance. The efforts to accommodate these challenges
range from the selection of the power devices, frequency of
operation, through new topologies for switch-mode power
supplies (SMPS), controller types and more [1]-[5]. In recent
years, the technology for on-chip integration of the power
devices with the controller [6], [7] and further advancements
for co-packaging of the reactive components [8], [9] have
enabled a new generation of compact, efficient and economical
VRMs.

In the worldwide trend of integration, digital design is
predominant with several advantages such as convenience of
the design, flexibility, scalability, and potential performance
improvements. However, in power electronics and particularly
in VRM applications, analog-oriented integration and analog
controllers are the leaders [10], [12].
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The main reason is that wide control bandwidth can be
obtained without a significant penalty in the die area or power
consumption. In order for a digital controller to be attractive
and compete with an analog one, a low supply voltage process
is preferred. This however introduces a tradeoff for a
monolithic design, where the ‘real-estate’ for the power
devices is rather costly, especially for over 5V input. The main
limiting factor of digital technology in integrated power
processing applications is therefore that the controller
architecture has not been optimized to the operation of the
SMPS, but uses rather generalized cores to execute very
specific tasks. It would be extremely efficient if the digital
controller is specifically tailored to the set of tasks required by
the SMPS and can be realized through a simple design flow,
with competitive sizing, on a similar process of the power
devices — this has been pursued in this study.

State-of-the-art solutions that present architectures of
integrated digital controllers propose several modifications of
the two main peripheral units, i.e., the ADC and the
DPWM [13], [14]. One of the technology enablers can be
identified as the use of delay-lines (DL) as the primary
building block for the ADC and DPWM. By doing so, the
power consumption and a significant portion of the controller
can be trimmed down = without compromising
performance [4], [7], [14], [15], demonstrating the potential of
the digital design. However, in many of the design
modifications it is required to custom design the delay cells,
converting the design back to the analog domain, and losing
some of the scalability features. Operation of digital controllers
in either voltage-mode (VM) or mixed-signal peak current
mode (CPM) have been demonstrated in variety of
approaches [4], [8], [16]. There, the focus has been placed on
creating an alternative to the conventional ADC and DPWM
peripherals.

Another important compensation type that has been
avoided hitherto is the average -current-mode (ACM)
control [17], [18]. With the rise in popularity of integrated
VRMs, the recent evolution of methods for on-line efficiency
optimization [14], [19], and current sharing for multi-phase
stages, where the information of the average current is
essential, the advantages of ACM approach are becoming more
apparent. Especially in the case that it can be realized without
additional hardware penalty.
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The objective of this study is to introduce a new, ultra-
compact, digital architecture for average current-mode DPWM
control that is entirely realized through hardware description
language (HDL), i.e., by pure digital means without additional
custom design. It is a further aim of this study to detail the
design of the integrated power stage for input voltage range of
12V, and finally, to present a fully monolithic VRM IC as
detailed in Fig. 1. The final IC architecture incorporates an
integrated synchronous rectifier that is realized by 5V-gated
lateral double-diffused MOS (LDMOS) power devices that
have been designed to sustain up to 18V and the required
bootstrapped drive circuitry. The digital two-loop controller
includes two independent discrete time compensators that
operate with joint hardware for calculations, a dual-channel 6-
bit delay-line based window ADC that is realized without any
analog hardware, a custom dual-frequency 12-bit DPWM and
system governor, a programmable dead-time unit, and a serial
communication interface.

The rest of the paper is organized as follows: Section II
describes the principle of operation of the new digital ACM
controller. Section III details the architectures for the main
units of the controller. The IC implementation of the mixed-
signal, with emphasis on power stage design and the digital
core are delineated in Section IV. Experimental verification of
the VRM IC is provided in Section V. Section VI concludes
the paper.

II.  DIGITAL AVERAGE CURRENT-MODE CONTROLLER

Many current-programmed controller architectures reported
in the literature or as commercial applications prefer the PCM
method over ACM [6], [7], [17], [18], [20]. One of the main
arguments for this is that PCM can achieve superior dynamics
and offer cycle-by-cycle protection with simpler hardware.
With digital implementation, the hardware requirements of
ACM are equivalent, or even lower than those of VM control.
Adding the fact that no high-speed mixed-signal design is
required (as in the case of PCM), since it can be designed
entirely by HDL description, ACM control becomes an
attractive compensation type.

The principle of operation for the new digital ACM
controller that has been realized in this study is described with
the aid of Fig. 2 and Fig. 3, which show a conceptual block
diagram of the control system and a fundamental timing
diagram, respectively. As can be seen in Fig. 2, the controller
follows the classical two-loop ACM design with an all-digital
outer voltage and inner current loops. The voltage loop creates
a digital reference ic[#n] based on the error signal of the voltage
loop v.[n], for the average current value i;[n]. The current error
signal i[n] is the input to a current loop compensator that
generates the duty-command d[n] which is then sent to the
DPWM, and a pulse width modulated signal c(¢) is created.

As detailed in the next section, each of the fundamental
units has been implemented as an asynchronous hardware,
using DLs and combinatorial circuits. By doing so, a
significant portion of complex and power-hungry hardware for
timing and high-speed synchronization is eliminated. Since
DPWM s still a synchronized process, a system governor is
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Fig. 1. Monolithic synchronous Buck converter with the fully-digital average
current-mode PWM controller.
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Fig. 2. Conceptual block diagram of the control system.
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Fig. 3. Timing sequence of a typical steady-state switching cycle for the
digital ACM.

employed to trigger the sequential operation of the functional
blocks within the switching cycle. As can be seen in Fig. 3, the
DPWM signal is sectioned into 16 equal intervals per
switching period, which are derived from a DPWM based on
an internal ring oscillator.

To facilitate sampling with high signal-to-noise ratio, it is
preferred that the sampling event is triggered sufficiently away
from the switching action [18], [21]-[22]. Fortunately, within
the context of VRMs, the on time takes a relatively small
portion of the switching period, allowing noise-clean sample
throughout most of the cycle duration. In this study, given a
target conversion ratio, a blanking time window #sq (see Fig.
3) is set from the beginning of the cycle to the trigger action of
sampling the output voltage. Following a short period of z.on »
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to allow conversion of the ADC, a sample of the output voltage
is obtained and a digital error signal v.[n] is generated. In the
following interval 7., the current correction signal i[n] is
calculated by the voltage compensator.

It should be further emphasized that in the case of a load
transient event, or other circumstances that may lead to a
significant increment of the on time beyond #yau, the sampling
instance may slide onto the switching action. This undesirable
case can result in an incorrect, or noisy, sampling. One possible
practice to overcome this is illustrated in Fig. 4, which shows
an adaptive trimming of #y.m so that the sampling event is not
allowed in the vicinity of the switching action [21], [22].

Since the same hardware is used for sampling of the
inductor current, time-multiplexing is employed. Sampling of
the current takes place during the off time and is preceded by
the interval f4ead zone to allow the hardware multiplexers to
switch between the ADC channels. Following a similar
conversion interval t.n j, @ current error i.[n] is obtained and
then the new duty-command d[#n] is generated and is ready to
be loaded onto the DPWM unit at #,,.», before the beginning of
the new switching period. It should be noted that average
current sensing can be obtained with or without extra filtering
of the inductor current. This is since the current information is
obtained through one sample per cycle approach, thus filtering
out the ripple information [23], [24].

III.  DIGITAL CONTROLLER ARCHITECTURE

The realization of the digital controller, shown in Fig. 1,
relies on three key building blocks: 1) a dual-channel 6-bit DL-
based window ADC to obtain a sample of both the output
voltage and inductor current. 2) a 12-bit PI compensators
generating the current correction i[n] and duty-ratio command
d[n] signals. 3) a 12-bit hybrid HR-DPWM that generates the
gate drive signals for Qus and Qrs with a programmable dead-
time option.

A. Voltage and current compensators

As in any classical two-loop control method for PWM
converters in which the effect of the state-variables can be
decoupled, the computational effort and the hardware
complexity of the compensators can be reduced to a first order
system, resulting in PI-type compensation [20], [25]. In this
study, a digital PI compensation has been realized for both the
voltage and current loops with shared hardware (multiplier) on
the basis of one-sample-per-cycle [6], [21], [26]. There, a
simple hardware realization can be achieved, resulting in
reduced power consumption and silicon area. Taking into
account a sampling delay of one switching cycle, the
compensator can be expressed by the difference equation
as [26], [27]:

v.[n]=v.[n—1]+av,[n]-bv,[n-1]. (1)

where a, b are the compensator coefficients. Applying a
conservative compensation design to assure stability with
reasonable dynamics [28]-[30], and under the assumption that
the inner loop is with a higher bandwidth than the outer loop
the coefficients can be calculated as:
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Fig. 4. Timing sequence waveforms of the controller for a possible switching
cycle during loading transient. Adaptive tunning of #ya to avoid sampling
within the switching instance.

a=k, , b=k,(1-T,/T)) )

where k, is the PI compensator's proportional gain at the target
crossover frequency of the closed-loop system and 7; is the
integrator time constant. To satisfy phase margin greater than
45°, 1/T; is set lower than crossover frequency by
approximately 50% [31].

The design of the compensators, prior to the
implementation, has been validated through Matlab simulations
as a full closed-loop system with a 12V-to-1.5V Buck
converter, operating at 1.25 MHz (L=2.2 pH; C,=50 pF). The
target closed-loop parameters were: for the inner (current) loop
a crossover frequency of 250 KHz and phase margin of
approximately 50° whereas for the outer (voltage) loop the
crossover frequency has been aimed at 120 KHz with phase
margin of 80°.

Since the final IC should function as a stand-alone device, a
set of default values for a and b (that are fused-on during
fabrication or loaded on startup) have been assigned. It should
be noted that the overall gain of the voltage and current loops is
affected by the equivalent gains of the ADC, HR-DPWM, and
the power-stage’s control-to-output transfer function. Since
these gains are not equal, each compensator is loaded with its
set of values for the compensator’s coefficients.

In this study, the compensators’ hardware architecture
includes a small volatile memory, as a part of the serial
communication interface (custom SPI in this study) that is
preprogrammed with a set of default values. On startup, the
default values can be used or a new set of coefficients can be
loaded to the controller through the SPI. Then, the SPI
internally communicates with the compensator units and loads
the set of values per compensation loop. A benefit of this
embedded feature is that the same controller hardware can be
used with different power-stage configurations and parameters.
Another reason for this feature is to support the next
development steps of online auto-tuning and adaptive
control [22], [32]-[34].
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B. Window DL-ADC

To achieve good regulation accuracy, a reliable sensing of
the state-variables is essential. In the digital domain, this
requirement translates into a relatively high-resolution
measurement around the operating point. This has been
facilitated in this study by a window-ADC [6], [14], [17], [35],
where a small quantizer around the target point provides an
accurate measurement with modest hardware. By doing so, the
size can be significantly reduced, but more importantly, many
of the full span linearity concerns of full-scale ADCs are
removed. As oppose to many variations in the literature that
use DLs for ADCs [5], [6], [35], the window-ADC of this
study has been developed on the basis of standard-cell
technology without any modifications.

The on-chip ADC, quantizes the difference between the
sensed signal of veu(f) or i(f) and an internal constant
reference Vs or I, respectively. The architecture of the 6-bit
window DL-ADC that is shown in Fig. 5, follows a two-step
conversion: a voltage-to-time conversion using a one-shot
timer [36], followed by time-to-digital conversion (TDC) using
DL built of a string of digital buffers with fixed propagation
time. The one-shot timer generates a pulse that is duration is
inversely proportional to the amplitude of continuous-time
(analog) sensed signal [vou(f) or ix(f)]. The relationship
between the generated pulse-length, 7,.. and the analog input
can be expressed as:

T

pulse

= RC'ln[VDD /(V:‘ample =V )] ®)

where Vpp and Vih are the logic and threshold voltages,
respectively. Viampie is the value of the sensed signal [voud) or
ir(9)]. The TDC converts the differential pulse, obtained by the
time difference between the reference and generated pulses.
At the end of the conversion, the differential pulse triggers the
DL status register, which latches synchronously with respect
to falling edge of the differential pulse. The residual time is
captured as a thermometer code and then translated to a binary
value.

C. Hybrid high-resolution digital pulse width modulator

In the context of digitally controlled SMPS, HR-DPWM is
essential to avoid undesirable limit cycle oscillations [37]-[39].
The conventional approach to implement HR-DPWM is by a
fast-clocked counter-comparator scheme [14], [38], [40]. In
this way, n-bit resolution at a switching frequency of f; requires
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Fig. 7. Simplified architecture of 12-bit HR-DPWM.

a reference clock frequency of 2”+f;. This translates to increased
power consumption and more complex design to realize the
high-speed circuitry. Another approach to realize a HR-DPWM
is based on tapped DL scheme [5], [6], [15]. In this method, the
power consumption is reduced, but the required silicon area of
the design grows exponentially with the number of resolution
bits. Another potential design challenge of the tapped DL
method is the design of the delay elements (DEs). In this study,
a combination of both methods has been employed, i.e., by
incorporating a coarse-counting block and then fine-tuning it to
the target delay. This allows a design that is based on compact
standard cells, and enables direct synthesis. In addition, the
silicon area as well as power consumption are reduced
significantly.

A simplistic way to generate a DPWM signal using a time-
delay method requires phase-detection type operation between
a reference signal and a delayed one. To increase accuracy and
reduce the silicon area, the use of short delays (less than half
switching cycle) is preferred. An exclusive-or (XOR) operator
is a simplistic phase detector, with narrow but sufficient
dynamic range of half-cycle (180°), therefore it is an ideal
candidate to carry out the task. To accommodate the dynamic
range, half-cycle padding is realized based on the duty-ratio
command as follows; Assuming a given reference time base
DCCy, and a delayed signal DLYrin, the DPWM output for
D<0.5 can be obtained as:

DCC,®DLY,,,,  (<T,/2
0", T,/2<1<T,

Fine

D<0.5—)c(t)={ }@DCCO&DLY 4)

and for D>0.5 the padding is adjusted as:

", (<T,/2
DCC, ® DLY, T,/2<t<T,

Fine >

D>0.5 —>c(t)={ }@DCCO|DLYM (5)
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From (4) and (5), the combined logic is simplified to few
basic operators.

The next challenge in generating the DPWM signal is to
create a delayed signal from the reference with high-resolution,
but with simple hardware. This has been facilitated by a
combined coarse-fine digital counter as described in Figs. 6
and 7, which also show the conceptual architecture and timing
diagram for the HR-DPWM unit that has been realized in this
study. As can be seen, it consists of three functional blocks; a
coarse delay module, a fine delay unit, and a logic block. The
12-bit digital word for the duty ratio d[11-0] is distributed
within the three modules. The course delay block is fed by a
reference clock (generated by a ring oscillator) and 3 upper bits
d[10-8], it generates two signals; first is a time-base DCC, also
used for the switching period. The second is a coarse-delayed
version of the time-base DL Ycoarse With time intervals derived
from the reference clock as prescribed by d[10-8]. The latter is
facilitated by a delay clock chain [41]. The fine delay unit is a
string of 8-bit long DL that finely adjusts DLYcoarse by the
number of DEs as specified by d[7-0], creating the high-
resolution delayed signal DL Yrin.. The logic block applies the
required operation of either (4) or (5) on DCCy and DL Yine
based on the MSB d[11]. The switching frequency of the HR-
DPWM can be expressed as function of the number of bits and
the propogation time #,;pr of a single delay element (of the
fine-delay module) as:

1 N - number of coarse bits
/= v ; (6)

N+M .
odpE2 M - number of fine bits

D. Programmable dead-time

To facilitate switching of the power devices without shoot-
through, it is necessary to control the gate driving signals with
proper dead-time, such that the power transistors Ous and QOrs
(Fig. 1) turn on does not overlap. Another important task of an
adjustable dead-time unit is to improve the efficiency of the
converter [42], therefore, a programmable dead-time module
has been developed. It consists a string of 200 DEs connected
to an 8-channels multiplexer. In a similar manner to the
compensators’ coefficients setup, the dead-time #pr, set within
the SPI memory register with initial default value, and can be
programmed from InSec up to 40nSec.

IV. MIXED-SIGNAL IC IMPLEMENTATION

The mixed-signal IC of the VRM shown in Fig. 1 integrates
power, analog and digital circuits on one die. To satisfy proper
operation, several layout constraints such as adding guard rings
and isolation wells between devices have been employed to
reduce coupling noise and undesired holes/electrons injections.
This section primarily focuses on IC implementation, design
considerations of the power-stage and the digital blocks’
implementation procedure.

A. Power-stage implementation

The mixed-signal IC’s synchronous rectifier power-stage is
constructed by N-channel devices for both the high and low
side switches. In this study, these are realized by a 5V-gated
LDMOS power device [43]. The use of LDMOS allows higher

voltage swing operation of a monolithic DC-DC converter,
since its typical breakdown voltage is higher than the standard
5V CMOS device. Each switch has a dedicated driving stage
designed with a 5V CMOS, whereas Qys transistor requires a
bootstrap driver and floating level shifter configuration to
overcome the limitations of a standard CMOS device
breakdown voltage. The architecture and considerations of the
HS level shifter is discussed in the next subsection. The driving
stages have been realized by four dedicated custom designed
buffers with high sinking-sourcing capabilities.

The switches have been designed symmetrically with an
on-resistance of 35mQ. The effective gate width W, of the
switches is 200,000pm, obtained based on the target operating
point derived from [44]. Each switch is constructed from 4000
fingers [45], creating a symmetrical quadrilateral layout
pattern.

B.  High-side level shifter

The HS transistor is driven by a bootstrap configuration to
assure proper driving signals of the power-stage. By realizing
such approach the voltage drop on the level shifter is
potentially a full rail-to-rail voltage swing from V;+5V to
ground, damaging the CMOS device. One approach to
overcome this issue, is designing the level shifter circuit with
LDMOS devices only, which results in a significant larger die-
size and higher power consumption. The design approach
implemented in this study is shown in Fig. 8. It merges both
CMOS and LDMOS, such that several LDMOS devices (DM|-
DM,) are used only in critical branches for absorbing high
voltage drop. A unique feature of the level shifter develop in
this study is that it does not require biasing circuitry for its
operation and relies on the logic rail alone. This has been
accomplished by appropriate sizing of transistors M; and M;
with respect to Vpp, creating a self-biased level shifter circuit.
The level shifter circuit is divided into three main sub-units.
First, an edge detector that triggers the level-shifter whenever
the PWM signal changes. Second, the shifting unit constructed
by DM,-DMj to absorb the high voltage drop to assure that the
stress on M;-M, does not exceed 5V. Finally, a differential pair
that saturates the differential change between Vpand Vy, such
that the PWM signal voltage levels, Vpp and ground, are

BST Voltage

|—|_|11M5 |-|_|1JE —|Mq’—<Mlo

HS Driver

M7 My
Ry

Fig. 8. High voltage level shifter circuit.
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shifted to Vs, and V5V, respectively. The output signal of
the differential pair controls the floating drive circuitry of the
HS transistor.

C. Digital implementation of ACM controller

The realization of the digital controller relies on a digital
implementation flow, using vendor’s standard cells only. The
digital implementation is carried out through two main steps.
In the first step, the controller’s units are described in HDL as
standalone units for the simplicity of the verification and
behavioral functionality simulations. Then, each unit is
synthesized using synthesis and timing verification tools into
an optimized gate-level representation, given a set of design
constraints (such as skew and jitter, power consumption, etc.).
The layout of each unit was generated by an automated place-
and-route process. In the second step, all the units have been
integrated together onto the higher hierarchy of the digital
controller. Finally, the digital controller has been integrated
with the power and analog units, creating the finalized digital
ACM Buck converter IC. The main characteristics of the
digital controller including the digital core active area and
current draw are summarized in Table I. It should be further
emphasized that the controller’s design scales with the
technology, such that its overall area and power consumption
can be significantly reduced by implementing it to a deeper
sub-micron process.

To achieve good PWM regulation with digital control, and
to avoid limit-cycle oscillations, it is required that the
resolution of the DPWM is sufficiently high with respect to
resolution of the ADC [37]-[39]. This translates into a
limitation on the maximum switching frequency that can be
obtained by the digital controller, which then affects the overall
size of the controller and the performance in closed-loop. For
a given t,ype of a single delay element is 200pSec and the
desired DPWM resolution is 12-bit, using (6) the obtained
switching frequency f; is 1.25MHz. From (6) it can be seen that
fs is inversely proportional to DPWM resolution, such that
decreasing the resolution by a single bit will increase f; by a
factor of two. For example, 10-bit resolution results in SMHz
operation and vise-versa.

V. CLOSED-LOOP EXPERIMENTAL VERIFICATION

A fully-integrated digital ACM control VRM IC has been
designed and fabricated in 0.18um 5V CMOS process, the chip
micrograph is shown in Fig. 9a and Fig. 9b depicts the mixed-
signal IC prototype on a PCB. To demonstrate the operation of
the digital controller and to validate closed-loop operation, the
mixed-signal IC has been verified with experimental results,
whereas the IC connects to an external filter of L = 2.2uH, Cou
= 50puF. The VRM IC operates at 1.25MHz, with the ability to
deliver up to 10W from a 12V input. Experimental kelvin
resistance measurements of the packaged IC converter report
approximately 120mQ and 200mQ for the LS and HS
switches, respectively. The deviation between the target on-
resistances (~35mQ2) and the measured on-resistances can be
explained by bond wires and package limitations [46]. Table II
summarizes the mixed-signal VRM IC main characteristics, it

TABLE I - Digital Controller Main Characteristics

IC Block / Digital Core 0.18um CMOS
Supply voltage 5V
tyq p buffer 200pSec
DPWM resolution 12-bits
DPWM nominal frequency 1.25MHz
DPWM Si area 0.03 mm?
ADC resolution 6-bit
ADC conversion time 20nSec
ADC Si area 0.022 mm?
PI calculation time <40nSec
PI Si area 0.034 mm?
Digital core current-draw 58uA/MHz
Effective digital core Si area 0.16 mm?

including Ring-Oscillator, Dead-Time and SPI
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Drive
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(b)
Fig. 9 (a) Micrograph of the fabricated fully-integrated digital average
current-mode control 12V-to-1.xV voltage regulator module IC, (b) Chip
prototype on PCB.

should be noted that the current sensing obtained by an off-
chip series-sense resistor setup [47].

Fig. 10 shows experimental steady-state waveforms of the
closed-loop system, for 12V input at 1.25MHz operation and
duty-ratio of 0.125. Smooth low-to-high and high-to-low
transitions operation can be observed, validating the proper
operation of the high-side level shifter.
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TABLE Il - SUMMARY OF THE MIXED-SIGNAL IC CHARACTERISTICS

Specifications Value
Package 5x5 QFN - MLP
Vin 12V
Power-stage Ron LS/HS ~120mQ, ~200mQ
Vour 1.5V

Tout 1.5A

Off Chip L, C 2.2uH, 50pF
Switching frequency fs 1.25MHz

Total chip Si Area 4.4mm?

Experimental load transient responses of the VRM IC are
shown in Figs. 11 and 12. A loading transient of 1.5A-to-3A
and Vo, = 1.5V with operating frequency of f; = 1.25 MHz is
depicted in Fig. 11. An output voltage undershoot of 40mV has
been measured with settling time of 15us. Fig. 12 shows the
response of the converter to 1.5A unloading transient, from 3A
to 1.5A. As can be observed, the output voltage overshoot is
40mV and 14ps is the time it takes for the system to set back to
the steady-state. Although rapid dynamics were not a primary
objective of this study, it can be observed that for both load
transients the output voltage is well regulated with reasonable
and comparable performance.

VI.  CONCLUSION

A fully-integrated digital average current-mode control 12-
to-1.xV voltage regulator module IC has been presented. The
mixed-signal design incorporates a two-loop digital controller
with a monolithic power stage. In the controller design, three
main components have been developed: a dual-channel ADC,
12-bit HR-DPWM and two independent PI compensators with
a joint arithmetic core. The VRM IC has been designed and
fabricated on 0.18um 5V CMOS process, operates at
1.25MHz, and is capable of handling approximately 10W from
12V input with tight voltage regulation. The controller has
been implemented on-chip by pure digital means without
additional custom designs, resulting in total silicon area of
0.16mm?, whereas the total silicon area of the chip is 4.4mm?.
The experimental results of the closed-loop operation
demonstrated the performance and benefits of the new digital
ACM controller approach, in particular in terms of area and
power saving.
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