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VR2001 ACCEL™ Regulator Data Sheet
(Patent# 7,075,276)
Features
« High efficiency synchronous buck regulator + Internal MOSFET drivers minimize external

* Use with embedded Accel sensor to enhance

ASIC/FPGA performance (35-45%
speed/power improvement)

» Variable output voltage continuously

compensates for process and temperature

variations of load device

» 2.7V 10 6.4V input voltage range

» Programmable 0.81V to 2.08V output voltage

range

+ Continuous load currents up to 3.5A

Applications

+ Generic speed/power solution for digital
CMOS ICs: ASICs, FPGAs, or standard

products

+ Compatible with low-voltage advanced

process technologies (130nm and below)

+ Boost speed in critical performance
applications

« Reduce power to extend battery life in
portable applications

components

» Voltage mode feedback control with internal
compensation

» Fast transient response handles large load
transitions with minimal voltage disturbance

» Low current (<1uA) shutdown mode

» Overcurrent and thermal overload protection

Conventional regulator operation without

sensor feedback

» 24 pin QFN package

» Direct regulation from Li-lon or 4-cell alkaline
battery source

» Achieve faster FPGA performance without
speed upgrade

Ideally suited for handheld products such as
digital cameras, cell phones, bar code
readers, PDA’s, and others

+ Core processors, DSPs, and other computing
applications

« Tighten timing for applications with strict skew « Tuneable performance enables in-system
timing adjustments without redesign

requirements

Pin Configuration
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General Description

The Accel™ Technology consists of a closed-loop voltage regulating system that directly controls load
device performance. It is intended to be used for digital CMOS IC’s to optimize performance with respect
to speed and power. The closed-loop regulating system monitors and maintains a performance target that
is selected by the user. It consists of two primary functions: (a) an embedded operating conditions sensor
which resides in the load device, and (b) an external or internal regulator which controls the supply voltage
of the load device. Unlike conventional regulators which generate a fixed nominal voltage, the Accel
regulator generates a voltage that varies as a function of operating conditions. This allows the
performance to be tightly controlled across process, temperature, and load variations, resulting in
significant improvements to speed and power.

The Accel™ VR2001 regulator is a primary component of the Accel Technology and features a buck
design for efficient voltage conversion. It accepts an input voltage range of 2.7V to 6.4V for direct
regulation from common 3.3V or 5V power supplies as well as battery sources (NiMH, Li-lon, and up to 4-
cell alkaline) for portable applications. It can generate a nominal output voltage from 0.8V to 2.1V which is
compatible with core supply requirements for state-of-the-art CMOS technologies. The VR2001 is
capable of supplying average load currents up to 3.5A. Internal complementary drivers with built-in
synchronous rectification capability minimize external components needed.

The VR2001 communicates with the embedded sensor via a simple, single pin interface. An external
clock is required as a reference for detection of operating conditions and for clocking the internal PWM
circuitry. The regulator contains nonvolatile memory which allows programming of various parameters to
accommodate a wide range of applications. Programming and test features are accessed via a serial
data interface. The VR2001 can be operated as a conventional regulator (without sensor feedback) if
desired.

The VR2001 provides tightly controlled regulation (<1%) with minimal output ripple and well-behaved
transient characteristics, even for significant changes in load. It employs a voltage mode feedback
architecture with variable-mode PWM control to maximize efficiency over a wide range of load currents.
Compensation of the error amplifier is achieved with internal components. For added flexibility, a pin is
provided to allow for external compensation for a variety of applications.

The VR2001 includes many of the features found in standard commercial regulators, such as short-circuit
and thermal overload protection, a soft-start mechanism with undervoltage lock-out protection, and a low-
current shutdown mode. A power good output indicator is provided for supply sequencing and fault
signaling. It is available in a 24-pin QFN package with an exposed bottom pad for enhanced thermal
performance.
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Application Diagram
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Recommended external components:

Cg = 20uF ceramic, low ESR (best to use two 10uF in parallel - one on each side of device package)

Rs = 100hm, Cg, = 2.2uF ceramic
Rp; = 31KOhm, C;, =8.1nF, Cp, = 810pF

Reg = 100KOhm

L =1.1-1.5uH, Cg =170-200uF with ESR = 5-10mOhm (best to use two 85-100uF in parallel); values

depend on application
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Pin Description
Number Name Type Description
6 AVCC Power Positive analog supply
10 AVSS Ground Negative analog supply
7 COMP Analog Error amplifier compensation port. Allows optional connection
Input/Output [to external compensation network.
Analog :
9 CPO Input/Output Charge pump output. Connect to external RC filter.
11 PDN Input Power down (active low). Controls low-power shutdown mode.
Output
4 PGD (open drain) Power good flag. Connect to external pull-up R.
15 RCK Input Reference clock
13 SCK Input Sense clock. Connect to sensor output.
12 SDI Input Serial data input for programming and test.
Serial mode select. Controls operating mode and serial
14 SMS Input interface.
8 SVDR | Analog Input |Sense regulated supply voltage feedback.
Output/ Test output. Dual function allows capture of serial data and
5 TSTO o : !
Analog Output [ monitoring of internal analog test points.
2,3,16,17 |VCC[3:0] Power Positive input supply
19,21,22,24 | VSS[3:0] Ground Negative input supply
1,18,20,23 | VX][3:0] Output Regulator output. Connect to external LC filter.
Absolute Maximum Ratings
Parameter Pins Value Units
AVCC to AVSS, VCC to VSS -0.3t07.0
Supply Voltage \
AVCC to VCC, AVSS to VSS -0.3t00.3
Input Voltage PDN, RCK, SCK, SDI, SMS, SVDR to VSS [-0.3t0o (VCC +0.3V)| V
Output Voltage COMP, CPO, PGD, TSTO, VX to VSS -0.3to (VCC +0.3V) | V
Peak Output Current VX A
(<10us)
Operating Ambient Temperature (T,) -40 to 85 °C
Storage Temperature -65to 150 °C
Junction Temperature (T) 150 °C
Lead Temperature (soldering, 10s) 300 °C

Note: Stresses beyond those listed above may cause permanent damage to the device. These are
stress ratings only, and functional operation of the device at these or any other conditions beyond those
specified under “Electrical Characteristics” is not implied. Exposure to absolute maximum rating
conditions for extended periods may affect device reliability.
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Electrical Characteristics

T;=-4010 125°C, VCC = AVCC = 3.0V to 5.5V, AVSS = VSS = 0V, mode=Normal, with external filter
components (unless otherwise noted)

- - Value :
Parameter Description Conditions M | T | M Units
in | Typ | Max
Input/Output Supply
VCC-VSS |Input supply voltage 2.7 6.4 \
PDN=1, no load mA
lvee Input supply current PDN=O A
= u
AVCC-AVSS [ Analog supply voltage 2.7 6.4 Vv
PDN=1, no load 3 mA
lavee Analog supply current S DN=O o | oA
VDR om Regulated output voltage - Programmable in 10mV increments |0.81 208 V
nominal
VDR, Il?)svglLi‘rlr?itted output voltage - Programmable in 10mV increments |0.66 193 V
VDR, Begu!atgd output voltage - Programmable in 10mV increments |0.96 223 V
high 1 high limit
IDR Average load current 2.0 A
Eff Conversion efficiency 95 Yo
Regulation
dVDR Regulated output voltage y o
accuracy
Static output voltage
dVDR,, [variation - peak-to-peak For steady-state IDR load condition 15 mV
ripple
Dynamic output voltage . o
dVDRe, |variation - negative ';gcr)ol/??ft::;;'\t/'glzg?nmsggé’ 0 20 | mV
transient
Dynamic output voltage -
oy " For IDR transition from 100% to
dVDRp,s | variation - positive 50% of max value in 50ns 40 | mV
transient
Digital Input/Outputs
RCK, SCK, SDI, SMS 0.8 \Y
A Input low voltage PDN A::)\); v
CC
RCK, SCK, SDI, SMS 2.0 \Y
" Input high voltage PDN A7\); v
CC
Vy Input hysteresis voltage PDN 30 mV
PDN, RCK, SCK, SDI, SMS;
I Input low current VOL-AVSS 1 uA
Ly Input high current Cgﬁ=i3gCSCK SDI, SMS; -1 uA
accelreg_ds_r05e.wpd 5
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lol Output low current PGD, TSTO; VOL=0.4V 2 mA
lon Output high current TSTO; VOH=(AVCC-0.4V) 2 | mA
Ront Output low on resistance | VX; IOL=2A 120 | 150 | mO
Ronn Output high on resistance |VX; IOH=2A 120 [ 150 | mO
PGD, TSTO; VOL=AVSS 1 uA
lozt Output off current (low)
VX; VOL=VSS 15 | uA
i PGD, TSTO; VOH=AVCC -1 uA
lozn Output off current (high)
VX; VOL=VCC -15 uA
, 3.0V< (AVCC-AVSS)< 6.4V 1 100 | MHz
frck RCK input frequency
2.7V< (AVCC-AVSS)< 3.0V 1 80 | MHz
fsok SCK input frequency 1 5 | 10 | MHz
fowm Internal PWM frequency MHz
tew roxk | RCKinput pulse width 10 ns
tow sck | SCK input pulse width 10 ns
Soft Start
tss VDR settling time | | | 1 | ms
Functional Block Diagram
AVCC
I »[] CPO
RCK [} SENSE VET, VHI —
DECODE/ |— DETECTOR SUMMER VOLTAGE | vrancer
SCK [ »| CONTROL » VNOM—» VLO —» W | oo
I— :
SVDR [} PWMCK
Y
RerFBIAs | z:l)M SET | ss'?:;:r “|reepeack PWM | output UX(30
GENERATOR| > 1 controL CONTROL CONTROL DRIVER >0 VXl
| VLO 1 —
> Mope/ |> RESET AUTO |t _
sms [0 »| RESET L °‘é§$'égTAD - ZERO 0 vesieo]
PON [ CONTROL | 4 wope DETECT
[} T »{] COMP
L l »{] PGD
Programmable Parameters
UNDER THERMAL N Test Nodes
VOLTAGE Je—avcc | LmiT t
LOCKOUT SENSE ¥ ¥
SERIAL
ANALOG
EEPROM DATA | — =
] INTERFACE TEST
| S L ¢
SDI [} ] TSTO
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Detailed Description

Architectural Overview

In normal operation, the VR2001 functions as a fully synchronous buck regulator. Internal PWM-
controlled complementary drivers are switched on and off to supply current to the load via external LC
filter components. The PWM control circuitry is clocked at a nominal frequency of 1MHz generated from
an external clock on the RCK input. Feedback is provided through the SVDR input and facilitates
adjustment of the PWM duty cycle to maintain regulation in response to changes in the output load. A
high performance, wide bandwidth voltage error amplifier contains all internal components for
compensation. Optionally, external compensation can also be used via the COMP pin. This allows the
VR2001 to be used in a variety of applications with a suitable range of external LC filter components. All
necessary bias, reference, and initialization signals are internally generated.

The Accel interface is part of a secondary feedback loop that includes the embedded sensor and core
supply of the load device. It controls the regulator output voltage to compensate for changes in process
and junction temperature of the load to maintain a user-specified performance level. Since Accel senses
parameters that change slowly with respect to regulator switching operation, this is a much lower loop
bandwidth than the primary feedback loop and acts independently of the basic regulator functionality.

Start-up and Shutdown

Upon power-up, the VR2001 will begin switching operation when the input supply (VCC) reaches the
minimum operating voltage. Internal lockout circuitry will keep the regulator disabled while VCC is below
the start-up threshold. Once the threshold is reached, start-up will occur in a gradual, well-controlled
manner to prevent large in-rush supply currents from occurring. For typical power-up transitions, the
output voltage will reach its target value within 1ms (typical) of reaching the start-up theshold. If VCC
drops below the minimum operating voltage, the regulator will be disabled and switching operation will
cease. The lockout circuitry will be triggered when VCC drops below the stop threshold. Hysteresis
between the start and stop thresholds, along with deglitch circuitry, will prevent false start-up or shutdown
transitions caused by noise on VCC. The PGD output indicates when the regulator output voltage reaches
its nominal value. It is an open drain output that is held low when the regulator is disabled and is pulled
active high via an external resistor after start-up is completed.

Once the VR2001 is powered-up, shutdown and start-up can be manually controlled by the PDN input.
When PDN is active low, the VR2001 is in shutdown mode. All internal switching is disabled, the output
drivers are off, and the total supply current drops to 1uA (typical). In shutdown mode, the TSTO output is
tristated and PGD is inactive low. When PDN transitions to a high level, the start-up sequence described
above will be enabled.

PWM Operation

Under heavy loads, the regulator operates in continuous conduction mode, constantly supplying current to
the load with maximum efficiency. During this mode, current in the output inductor flows in the same
direction to the load throughout the entire switching cycle, minimizing resistive power losses in the output
drivers. Continuous mode works efficiently when the average current is half of the ripple current in the
inductor.

As the load decreases to a point where the average current is less than half of the ripple current, the
inductor current flow reverses direction for part of the switching cycle. Regulation is maintained but
power losses increase due to the additional cycling of current through the output drivers. To minimize the
decreased efficiency, the regulator changes to a discontinuous conduction operating mode. In this mode,
the regulator detects when the average current approaches zero and turns off the driver pull-down for the
remainder of the switching cycle. This prevents the inductor current from changing direction and
eliminates the associated power losses.

As the load further decreases, the switching current of the output pre-drivers becomes a significant
contributor to the power losses, acting to further reduce the efficiency. At this point, the regulator changes
to a burst mode of operation, where the output drivers are switched off for several switching cycles but
maintaining sufficient activity for regulation. In burst mode, both resistive and switching losses are
minimized for maximum efficiency at the lowest load currents.

accelreg_ds_r05e.wpd 7
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Transitions between the above three operating modes are automatically triggered and do not adversely
affect regulation. Switching of the output driver and pre-driver stages are controlled by non-overlapping
signals to prevent large crossover currents from occurring. The output driver contains built-in
synchronous rectification that provides a path for current flow when the inductor is discharging, eliminating
the need for an external Schottky diode.

Protection Mechanisms

The regulator is protected against overcurrent conditions that could occur if the output is inadvertently
short-circuited. Internal sensing circuitry continuously monitors current flowing in the output drivers. If the
current exceeds the maximum limit, regulator operation will be disabled and shutdown as described
above.

Protection is also provided against thermal overload conditions. If the regulator junction temperature
exceeds 145°C, operation will be disabled and shutdown. As the junction temperature drops to
approximately 130°C, the regulator will start-up again according to the soft-start sequence described
above. The thermal protection is triggered when an overload condition is sustained for several
milliseconds.

If the above overload conditions persist, the regulator will repetitively cycle between start-up and shutdown
conditions until the fault can be resolved.

Accel Operation

The VR2001 receives feedback from the embedded sensor via the SCK input. A digital signal containing
process and temperature status information is received and processed to determine appropriate
adjustments to the regulator output voltage. The output voltage is increased or decreased to compensate
for detected operating conditions in order to maintain the desired performance target. Min/max voltage
limits keep the output voltage within a user-defined range.

An external clock provided via the RCK input acts as a reference for detection of the incoming sensor
information. A range of input frequencies (1-100MHz) can be accepted on RCK to facilitate use in a
variety of applications. The reference signal can be internally adjusted to shift the target reference point
allowing the user to re-target performance of the load device in the application.

The Accel interface contains an internal charge pump that is used to convert the incoming sensor
information into a corresponding change in output voltage. This requires external RC components that
are connected to the CPO pin (see application diagram).

Programmability

The VR2001 contains nonvolatile memory to allow the regulator to be configured for multiple applications.
Programmable features include setting of output voltage nominal, minimum, and maximum values, output
drive strength, and adjustment of reference and sensor input signal frequencies. Enable/disable control of
sensor feedback, external compensation, and thermal overload protection is also included. Trimming of
internal compensation elements and bias currents can be done as well.

Access to memory is provided through a serial interface, under control of four I/O pins. The regulator is
sequenced into special operating modes for writing/reading data to/from memory as well as for testability
purposes. Normal regulator switching operation is disabled when in these modes.

Manipulation of the operating modes is done with the SMS and SCK inputs. SCK serves as the clock
input for mode control and loading/unloading serial data. SMS controls the sequencing of operating
modes. Data is loaded serially into internal shift registers via the SDI input and unloaded serially via the
TSTO output. For more detailed information, see the VR2001 Programming Guide.

Testability

accelreg_ds_r05e.wpd 8
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The VR2001 has features to facilitate testing the analog and digital sections of the regulator. In addition to
normal parametric testing, an internal analog test register allows access to internal analog nodes that can
be observed from the TSTO output. The serial interface allows testing of the nonvolatile memory and also
provides access to internal registers for scan testing. The TSTO output has two functions: a) a digital
output for the serial data interface; and b) a low resistance analog output to observe selected internal
nodes.

Initialization

The VR2001 is initialized upon power-up or release from shutdown by internal reset circuitry. Upon
initialization, the operating mode will be set to Normal and programmed data will be enabled from
memory.

To ensure proper initialization, SMS must be kept at a valid high level during power-up or release from
shutdown. During power-up to normal operation, it is necessary to keep the regulator disabled (PDN = 0)
until a valid RCK signal is present. Then PDN can be deactivated (= 1) to allow the regulator to go
through it's start-up sequence. This is required because RCK generates the internal PWM clock for
switching the regulator. For power-up to program or test the regulator, RCK should be held at a valid high
level.

Performance Characteristics

Conversion Efficiency

Efficiency vs Load Current

100.00

90.00 |
9
Fy
£ 80.00-
(3]
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Application Information

Component Selection
External component selection depends on the application.

The inductor value is determined by the input and output voltages and desired amount of output ripple
current. Higher ripple currents allow lower values of inductance. However, smaller inductors have higher
losses and increase output voltage ripple. A good compromise between size and losses is to limit the
ripple current to 25% of the average inductor load current. Higher input or output voltages will also
increase the ripple current.

L=(1/(Fxdl))x(Vox(1-(Vo/V)
where dl, = peak-to-peak ripple current
f = switching frequency (= 1 MHz)
V, = input voltage
V, = output voltage

Another consideration is the inductor must be able to handle the peak switching current without saturating
the core, which would reduce the inductance. Therefore, the saturation current rating should be at least
as high as the expected peak current. To minimize power losses, the inductor should also have a low DC
resistance.

Thermal Performance

Power dissipation in the VR2001 is mainly due to conduction losses in the output driver. This can be
calculated as P = 1,2 x Ry , Where |, is the load current and R, is the on resistance of the output driver.
The power dissipation of the rest of the regulator is relatively small and only becomes significant for light
load conditions.

The thermal resistance of the VR2001 is significantly reduced when the exposed bottom plate of the
package is soldered to the board (88°C/W without solder and 37°C/W with solder). The heat dissipation
is also dependent on how much copper area is allocated and connected to the bottom plate. For
operation at the rated load current, a 3" x 3" plane of 1 ounce copper is recommended for adequate
dissipation. Additional areas on the top or bottom layers will also help to dissipate heat and should be
used as much as possible. Connection from the bottom plate to the ground plane layer should be made
using 0.013" diameter vias to avoid solder wicking. An array of nine vias should be used directly under the
bottom pad. Additional vias outside of the package footprint will improve the thermal performance.

PCB Layout Considerations

The VR2001 has two internal grounds: analog (AVSS) and power (VSS). Inside the regulator, AVSS
supplies noise sensitive analog circuitry, while VSS supplies the noisy output switching stages. Noise
injected between the two grounds can degrade the performance of the regulator, particularly at higher
output currents. Noise on the analog plane can also cause problems with control and bias signals.

Separate analog and power ground planes are recommended for the board layout. The two planes should
tie together in one location at the regulator to reduce noise between the two grounds. The only
components that should tie directly to the power ground plane are the input capacitors Cg;,, the output filter
capacitors Cg, and the VSS pins of the regulator. All other components should tie directly to the analog
ground plane. The bottom metal plate of the QFN package must also be tied to the analog ground plane.

The input capacitor Cg, is best implemented as two parallel capacitors, each connected close to the input
supply VCC pins (<5mm) on both sides of the regulator package. The charge pump filter components (
Rr1, Cpy, Cpy) should be located as close as possible to the CPO pin.

For more detailed information and a sample layout, see the VR2001 Evaluation Board Guide.
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