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Abstract— A high-efficiency, high-dimming ratio LED driver,
capable of driving two standard white LEDs in series, is pre-
sented in this paper. A synchronous boost converter with on-
chip switches and PWM controller is used as the LED driver.
The LED current is sensed using voltage-mode feedback to
maintain a constant load current. The output sense resistor
in a conventional LED driver is replaced by the disconnect
switch with an equivalent on-resistance to increase efficiency.
Lossless current-mode feedback, in which the inductor current
is sensed via the on-resistance of the boost series switch, is used
to improve stability. Dimming control logic is implemented with a
10-bit counter and a 10-to-1 MUX, generating 10 dimming ratios
ranging from 2:1 at a frequency of 625 kHz to 1024:1 at 610 Hz.
The simulated efficiency of the LED driver alone is 86.1% and
that of the LED driver with dimming control is 85.4%.

I. INTRODUCTION

LEDs are widely used as backlights for displays and flash-
lights in many portable battery-powered applications such as
cellphones, laptops, and digital cameras. They possess high
efficiency, long life and small size [1]–[5]. LEDs are capable
of delivering bright light which is visible even in full sunlight.
Therefore, depending on the surrounding light level, a portable
application varies the intensity of the LED light, in order to
consume optimum battery power [6].

The brightness of light delivered by an LED is proportional
to the conduction current through it [1], [7]. There are two
methods of LED dimming: one is analog and the other
digital [1]. In analog dimming, an LED driver regulates the
LED conduction current that in turn regulates the brightness
of the light. By contrast, in digital dimming the LED driver
turns ON and OFF periodically. The LED dimming ratio is
the ratio of the sum of the ON and OFF times to the ON
time. In most applications digital dimming is preferred because
operating at low load currents with analog dimming may result
in low efficiency and may produce unpredictable results [6].
Moreover, analog dimming is prone to color shifting [3].
Hence, most of the LED drivers are designed with digital
dimming control.

The important parameters in LED driver design are ef-
ficiency and dimming ratio. In this paper, we propose an
LED driver with digital dimming control with ratios ranging
from 2:1 to 1024:1. The top level architecture is shown in
Fig. 1 which is based on work presented in [3], [8]. A
smart method of dimming control is implemented with two
disconnect switches MDSW1 and MDSW2, in order to improve
recovery time when returning from dimming mode. The LED
driver has a maximum efficiency of 86.1% and a recovery time
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Fig. 1. Top-level architecture of the LED driver based on [3], [8].

of less then 1 µs.
The paper is organized as follows. Design and simulation of

the proposed LED driver is presented in Section II. Section III
details the operation of the dimming control logic for the
proposed LED driver. Section IV concludes the paper.

II. LED DRIVER DESIGN

The driver consists of a synchronous boost converter and a
PWM controller that maintains constant current through the
LED. A Li-ion battery powered boost converter is designed
to drive two standard white LEDs in series. The typical
forward voltage and current of the LED’s are 3.5 V and
20 mA, respectively. The architecture of the boost converter
with PWM controller is shown in Fig. 2
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Fig. 2. Architecture of the synchronous boost converter with PWM controller

A. Boost Converter

A Li-ion battery voltage range is 3−4.2 V and the required
output voltage is approximately 7−7.2 V with a constant
load current of 20 mA. A conventional boost converter will
have a VGS and VGD of the switch which are approximately
equal to the output voltage. The technology used for this



design is 0.5 µm, where the maximum VGS and VGD are
5.5 V. Therefore, a conventional boost converter with on-
chip switches in this design would break down the switches.
Off-chip switches would increase the cost and reduce the
efficiency of the converter. In order to achieve high efficiency,
the proposed boost converter is designed with on-chip switches
with a protection circuit. The power loss of the protection
circuit is low. Fig. 3 shows the synchronous boost converter
with protection circuit.
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Fig. 3. Schematic of the synchronous boost converter with protection circuit.

Transistors M1P and M2P are stacked in series with the
actual boost switches M1 and M2, respectively, to protect them
as shown in Fig. 3. The gates of both protection transistors are
tied to VBATT . As such, the source of M1P will not go above
VBATT − VTHN and thus the VGS and VGD of M1 remain
under the maximum value. Similarly, the source of M2P will
not go below VBATT + VTHP , thus protecting M2.

B. Level Shifter and Driver

The driver design of NMOS switch M1 is conventional in
that VSW switches between VBATT and GND to turn on and
off the series switch. A level shifter, which acts as a delay
cell, is placed in series with the driver in order to equalize the
delay with the synchronous rectifier driver, described below.

The driver design of the synchronous rectifier M2 requires
a level-shifter because the gate of M2 must switch between
VBATT and VOUT to turn ON and OFF that switch, as shown
in Fig. 2. The level shifter shifts the voltage range of GND−
VBATT to VBATT −VOUT . The schematic of the level shifter
and driver for the synchronous rectifier is shown in Fig.4.
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Fig. 4. Schematic of the level shifter and driver of synchronous rectifier.

The level shifter circuit has two stages. The first stage,
consisting of transistors M1 −M4, converts GND − VBATT

to GND−VOUT , where VOUT is the boosted output voltage.
Stage one uses a gate cross-coupled shifter. Transistors M1−
M4 are protected using M1P − M4P . We observe that the
drain nodes of M3 and M4 switch between VBATT + VTHP

and VOUT . These nodes are fed to the gates of M5 − M6

of the second stage for which the rail voltages are VOUT and
VBATT . Therefore, the level shifter output VOUT,LV L switches
between VBATT and VOUT .
VOUT,LV L goes to a chain of inverters, also powered by

VBATT and VOUT , as shown in Fig. 4, to drive the syn-
chronous rectifier M2. In the inverter chain, NMOS devices
M10, M12, and M14, have bulks tied to GND and are thus
subject to a large body effect. In order to compensate for that
effect, the NMOS FET widths are doubled.

C. PWM Controller

The boost converter generates the output voltage depending
on the duty cycle, D, of the PWM signal, expressed as

VOUT ≈
VBATT

(1−D)
. (1)

The controller designed for this proposed LED driver uses
both voltage-mode and current-mode feedback to generate
a highly stable and fast response control loop. The design
and implementation of the voltage-mode and current-mode
feedback are explained below.

1) Voltage-mode Feedback: The PWM controller design is
similar to a conventional boost converter, except that the load
current (iLED) is sensed instead of a scaled output voltage, as
shown in Fig. 2. This is implemented in order to maintain a
constant iLED. The current is sensed in the form of a voltage
VSNS across resistor RSNS and fed back to the controller,
forming voltage-mode feedback.

The sense signal VSNS is compared to VREF . VREF is
generated using a reference current IREF through a resistor,
which is 20000 times larger than RSNS . An error amplifier is
used to amplify the error between VREF and VSNS . A single-
stage PMOS folded-cascode amplifier, capable of driving an
output cap of 20 pF, is used as the error amplifier.

The error signal is fed to a hysteric comparator. The
comparator consists of a differential amplifier with a wide-
swing current-mirror amplifier followed by two inverter stages.
Positive feedback in the form of a second differential pair is
used to create hysteresis. The error amplifier and comparator
are designed such that the input offset is less than 5 mV.

The comparator compares the error signal with a ramp
signal to generate the PWM signal. A non-overlapping clock
generator is used to create two non-overlapping PWM signals,
for the series switch and the synchronous rectifier.

2) Current-mode Feedback: Conventional current-mode
feedback might employ a sense resistor in series with the series
switch M1. In order to reduce power loss in current sensing,
the sense resistor is eliminated and sensing the inductor current
is accomplished using the RDSon of M1, as proposed in [9],
[10]. Transistors M3 and M3P copy the current through
M1 + M1P . Voltage ViFB is approximately proportional to
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Fig. 5. Schematic of ramp generator and V-I converter.

the inductor current. ViFB is converted back to current using
the V to I converter and fed to the ramp generator as shown
in Fig. 5. The current-mode feedback increases the slope of
the ramp to help quickly stabilize the output voltage.

D. Simulation Results

The LED driver is designed in the ON-Semi 0.5 µm process
to drive two series white LEDs. The driver operates at a
switching frequency of 5 MHz, output voltage of 7.2 V±5%
and an LED current of 20 mA. The LED driver is simulated
with a nominal battery voltage of 3.6 V. The inductor and
output capacitor values are 4 µH with 100 mΩ RDCR and
22 nF with 100 mΩ RESR, respectively. The RSNS resistor
is set to 2.5 Ω, such that the voltage drop will be 50 mV,
sufficient for operation of the PMOS error amplifier. The
simulated output of the LED driver at steady-state is shown
in Fig. 6.

Fig. 6. Simulated inductor current, LED current and output voltage of the
LED driver at steady-state.

As shown in Fig. 6, the inductor current is in continuous-
conduction mode but close to discontinuous mode, so that the
inductor current can be turned OFF easily in dimming mode.
The LED current settles to an average value of 20.6 mA with
2.3 mA of ripple and an average output voltage of 7.1 V with a
ripple of 140 mV, as shown in Fig. 6. The simulated efficiency
of the proposed LED driver at steady-state is 86.1%.

III. LED DRIVER WITH 1024:1 DIMMING CONTROL

A dimming control logic block that can support 10 dimming
levels with ratios from 2:1 to 1024:1 is added to the LED
driver discussed in Section II. The architecture of the LED
driver with dimming control logic is shown in Fig. 7.

A. Dimming Control Design

The dimming control logic consists of a divide-by-8 circuit,
10-bit counter, 10-to-1 multiplexer, and output driver as shown
in Fig. 7. The divider circuit is used to divide the 5 MHz
converter switching frequency to 625 kHz. This down-scaled
clock is then used as the dimming control clock. Hence the
LED driver operates for a minimum of 8 switching cycles
when there is dimming. The 10-bit counter is designed using
10 half adders and D-flipflops, generating a carry out at each
stage C1 − C10. The carry out signals have constant ON-
time and different OFF-times as shown in Fig.7. C1 is ON
for 1 cycle and OFF for 1 cycle, and is therefore used for
2:1 dimming. Similarly, C2 is ON for 1 cycle and OFF for 3
cycles, for 4:1 dimming. C10 is ON for 1 cycle and OFF for
1023 cycles, for 1024:1 dimming. These 10 different dimming
ratios can be selected using a 10-to-1 MUX using 4 dim select
signals. Finally, a dim control driver is used to drive the huge
disconnect switch M4.

B. Implementation and Operation of Dimming Logic

Dimming control turns ON and OFF the LED periodically.
Therefore, the boost converter needs a disconnect switch to
turn ON and OFF the load. Most LED drivers with digital dim
control use a switch in series with the output sense resistor.
In the proposed LED driver we replace the sense resistor with
a disconnect switch M4, which has an equivalent RDSon as
RSNS , as shown in Fig. 7. As such, we eliminate the extra
power loss of the disconnect switch. If the LED driver is not in
dimming mode, the switch is ON and regular operation occurs,
as described in Section II. If the LED driver is in dimming
mode, the disconnect switch will be OFF. Transistor M5 and
a 200 kΩ pull-down resistor are connected to node VSNS to
pull that node to ground during dimming mode.

A transmission gate is introduced between the error am-
plifier output and the 20 pF capacitor CCTRL, as shown in
Fig. 7. During normal operation, the transmission gate is ON
and CCTRL charges to the required error voltage. In dimming
mode, that stable error voltage is stored on the capacitor.
When the boost converter returns to normal operation, the
stored error voltage provides the controller with a stable point,
settling to the required output voltage and current quickly.

In dimming mode, the control loop is turned OFF by
disabling the error amplifier, comparator, ramp generator, and
non-overlapping clock generators. As such, there is no power
loss in the control loop in dimming mode and the overall
efficiency remains high.

C. Simulation Result

The proposed LED driver with dimming control is simulated
using 2:1 and 4:1 dimming ratios at VBATT of 3.6 V. The
simulated inductor current, output voltage and LED current for
2:1 and 4:1 dimming ratios are shown in Figs. 8(a) and (b)
respectively. The overall efficiency of the LED driver with
dimming control for 2:1 and 4:1 dimming ratios is 85.4%.
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Fig. 7. Proposed LED driver architecture with dimming control logic. The dimming logic is highlighted.

(a)

(b)

Fig. 8. Simulated inductor current, LED current and output voltage of the
LED driver with (a) 2:1 and (b) 4:1 dimming ratios.

IV. DISCUSSION AND CONCLUSIONS

Except for the inductor and output capacitor, the proposed
LED driver is fully integrated. The boost converter and drivers
are protected to ensure that all FETs are within their operating
voltage range. The sense resistor is replaced with a disconnect
switch in order to improve the efficiency compared to the
conventional method of sense resistor and disconnect switch in
series. The proposed LED driver employed a lossless current-
mode feedback technique of sensing inductor current using
the ON-resistance of the series switch [9], [10]. As such, the
proposed LED driver achieved 86.1% efficiency in simulation,
comparable to some LED drivers in the literature [3], [7].

The dimming control logic is implemented using a binary

counter, multiplexer and driver. It has 10 levels of dimming
with a minimum dimming ratio of 2:1 at a frequency of
625 kHz, up to a maximum ratio of 1024:1 at 610 Hz. During
dimming, the controller is completely disabled, boost switches
are turned OFF and the stable control voltage is stored on
capacitor CCTRL. This technique helps in achieving a fast
recovery time of 1 µs when the driver comes out of dimming
mode. The simulated overall efficiency of the LED driver with
dimming control is 85.4%.
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