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Abstract—In this paper, we present a multi-string LED driver
based on a current-limiting hysteretic boost converter, which is
capable of driving ten LEDs in five parallel strings. An accurate
current matching circuit with low voltage headroom requirement
is implemented to match currents in all LED strings. Dynamic
compensation of the LED forward voltage mismatch between the
strings is achieved with the introduction of a minimum voltage
selector block. A PFM dimming circuit is designed to operate
with a 200 kHz clock and has 11 programmable dimming ratios,
ranging from 2:1 to 2048:1. This LED driver is implemented in
0.6-µm CMOS process and operates from a Li-ion battery with a
voltage range 3 – 4.2 V. It is suitable for backlight LED displays
in mobile devices.

Index Terms– LED driver, DCM, current matching, hysteretic
controller, dimming, forward voltage mismatch.

I. INTRODUCTION

Most smart portable devices use a backlight LED display
panel. LEDs possess high efficiency, long life and small
size [1]–[6]. LEDs are capable of delivering bright light which
is visible even in full sunlight. Therefore, depending on the
ambient light level, the intensity of the LED light is varied in
order to consume optimum battery power [7].

The brightness of light delivered by an LED is proportional
to the conduction current through it [1], [8]. There are two
methods of LED dimming: analog and 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 periodi-
cally. 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 [7]. Moreover, analog dimming
is prone to color shifting [5], [9].

An LED driver converts a DC voltage into a regulated DC
current, generating the necessary voltage levels to drive the
LED module [10]. LED lighting systems require sophisticated
LED driver circuitry in order to ensure that the current
delivered to an LED is constant irrespective of variations in the
LED fabrication process, operating temperature, device aging,
and usage. In backlight LED display applications, the light
emitted from all LEDs should be the same in order to avoid
perceptible color shift [2], [9]. The luminance intensity of light
from an LED is proportional to the current flowing through
it. Therefore, backlight LED applications have an important
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Fig. 1. Block-level architecture of single-string and multi-string LED drivers.

criteria to achieve: the currents flowing through all LEDs must
be the same.

One way of achieving identical currents through all LEDs
is by connecting them in series. The LED current is regulated
by sensing the current through the LED string using a sense
resistor RSNS , as shown in Fig. 1. The major drawback of
this architecture is the need to generate a high output voltage
to drive all LEDs in series. A high voltage process would be
required, which increases cost and area.

In order to overcome this drawback, the number of series
LEDs must be limited, such that a lower output voltage is
required. An LED driver that is capable of powering multiple
parallel LED strings with a limited number of series LEDs
in each string is shown in Fig. 1. This design is a suitable
solution for a low-voltage process, decreasing cost and area.
The major advantage of a multi-string LED architecture is low
output drive voltage; the major disadvantage is the possibility
of LED current mismatch between the strings, which creates
perceptible color shift. A circuit that is mandatory for multi-
string LED driver architectures is one that closely matches the
LED current between strings.

II. MULTI-STRING LED DRIVER

The proposed multi-string LED driver is designed to operate
from a Li-ion battery to drive five parallel LED strings with
two series LEDs in each string. Since each string has only two
LEDs, the designed driver requires a drive voltage of at least
two LED forward voltages (VLED) for illumination, which
exceeds the Li-ion battery supply range. Hence, a switched-
inductor DC-DC boost converter with ON-chip power stage is
implemented to generate the required output voltage to power
the LEDs. The block-level architecture of the multi-string LED
driver with a boost power stage is shown in Fig. 2.
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Fig. 2. Architecture of multi-string LED driver with current-limiting hysteretic
DC-DC boost converter.

LED currents in parallel strings are regulated and closely
matched with the implementation of the proposed novel cur-
rent matching circuit (CMC). A minimum voltage selector
block is implemented to pass the lowest voltage of the LED
strings as the feedback voltage (VFB) to the converter control
loop, as shown in Fig. 2. The control loop of the converter
can be implemented with pulse-width modulation (PWM) or
pulse-frequency modulation (PFM). We implemented a PFM
hysteretic control loop because of its fast transient response,
which is the major advantage of hysteretic control. PWM
control requires compensation for stability that may slow down
its response. In LED drivers, regulating the LED current is
more important than output voltage regulation. Therefore, the
boost converter’s output voltage ripple requirement is flexible,
as long as the voltage is high enough to drive the LEDs and
maintain enough headroom for the CMC to match currents
closely. Hysteretic control loops have higher ripple, but have
the advantage of higher efficiency over PWM at light loads.

A. Current-Limiting Hysteretic Control Loop

Unlike a buck converter, in a boost converter the inductor
current and output voltage are out of phase. During ON-time,
the NMOS of the boost power stage turns ON and the inductor
current ramps up with slope VBAT /L, whereas the output
voltage drops due to the load. During OFF-time, the PMOS of
the boost power stage turns ON and the inductor current boosts
the output voltage, while the inductor current ramps downward
with a slope of (VBAT − VOUT )/L. When the boost output
voltage drops below a reference value, a new cycle begins
as the converter moves to ON-state and ramps up the inductor
current; nevertheless, the output voltage still drops. Thus, only
relying on voltage information is not sufficient for hysteretic
control in a boost converter. Indeed, current information can
be added to shift the converter from ON-state to OFF-state.

Boost feedback voltage information is used to set the
converter in the ON-state and inductor current information
is used to reset the converter into the OFF-state in order to
boost the output voltage. As such, an SR-latch is introduced to

generate the switching clock, CLK, based on the set and reset
signals generated by the voltage and current-limiting compara-
tors, respectively, as shown in Fig. 2. If the boost feedback
voltage drops below the reference, that is, VFB < VREF ,
then the voltage comparator generates a set signal to the SR-
latch and turns ON the NMOS switch. The inductor current
starts to increase until it reaches the limit, generating a reset
signal through the current-limiting comparator, which resets
the SR-latch, turns OFF the NMOS switch, and turns ON
the PMOS switch. A non-overlapping clock generator creates
dead time between the states to avoid shoot-through current.
Level shifters and gate drivers are implemented to step-up the
gate voltages to the output voltage level and drive the power
switches, respectively. The converter stays in the OFF-state
until VFB drops below VREF to repeat the switching cycle.

If the inductor current falls below zero before the output
voltage drops, current would leak from the output back to
the input. To avoid this, a discontinuous conduction mode
(DCM) feature is implemented during which both boost power
switches are OFF, by bypassing CLK with the detection of
zero inductor current (ZCD) during the OFF-state.

In order to limit the inductor current and generate the reset
signal, a lossless parallel sense-FET current sensing technique
described in [11] is developed to accurately sense the inductor
current and convert it to voltage. Along with current sensing,
a zero current detector is also implemented to detect the
zero crossing of the inductor current for DCM operation. The
inductor current limit reference voltage VILIM is externally
provided to the current-limiting comparator.

B. Novel Current Matching Circuit

As mentioned earlier, a current matching circuit (CMC) is
required to maintain the same LED current in all strings. In
order to reduce power loss, the CMC needs to operate with
low voltage headroom. Based on this criteria, to achieve good
matching with low headroom, we implemented this block
using regulated cascode current mirrors [12]. As described
in [12], the regulated cascode current mirror has the advantage
of operating with lower voltage headroom over other mirrors
by pushing its mirror transistor into the triode region.

Because the mirror transistor operates in triode, the regu-
lated voltage at its drain is low; conventional amplifiers might
face drawbacks in gain and bandwidth while operating with
such a low input common-mode voltage (VCM ). We propose
a novel regulated cascode current mirror, where the feedback
amplifier operates with good gain and bandwidth even with
low VCM . The transistor-level schematic of the proposed novel
CMC is shown in Fig. 3, where the regulated cascode amplifier
is designed using a common-gate amplifier to operate with low
VCM . Transistors M3 n and M4 n are the mirror and cascode
transistors, respectively, for the nth LED string, where n = 1 to
5. Transistors M6 n−9 n, biased with ib through M5, form the
common-gate feedback amplifier for the nth string. M8 n and
M9 n form the input pair with the source nodes as input. The
VCM of the differential pair includes voltages in the range of
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Fig. 3. Transistor-level schematic of proposed novel current matching circuit.

tens of millivolts. The only requirement on these input source
nodes are that they should be capable of sinking current.

As shown in Fig. 3, the voltages VDS n of M3 n are regu-
lated to common reference voltage VDS,REF , generated by the
input stage of the current mirror. The regulation of all VDS n

ensures that the current flowing in all M3 n match closely.
In order to achieve good regulation, the feedback amplifier
with cascode transistor must have good open-loop gain and
bandwidth and, hence, needs to operate in saturation. The
overall voltage headroom on sense node VS n to achieve good
current matching is VDS4,SAT + VDS,REF . The voltage on
VDS n sets the gate voltage of a diode-connected differential
pair M8 n biased with ib. Another differential pair transistor
M9 n biased with the same bias current ib amplifies the error
between the gate and source nodes VDS,REF to the gate of
cascode transistor M4 n that regulates the current through it
to regulate the voltage VDS n.

C. Minimum Voltage Selector

A minimum voltage selector is implemented based on the
design in [9], to select the minimum VS n, where n = 1 to
5, and fed to the control loop as VFB , as shown in Fig. 1.
The feedback voltage is compared with the reference voltage
and sets the boost converter output such that all VS n nodes
have a voltage of at least VREF . Since the minimum of VS n

equals VREF , all string voltages satisfy VS n ≥ VREF , where
VREF is the minimum required voltage to operate the CMC
with good matching.

D. Digital Dimming and DCM Operation

The amount of current flowing through an LED is propor-
tional to the brightness it generates. Dimming is an important
feature in an LED driver in order to reduce the LED brightness
and save power. In the proposed LED driver, we implemented
a 4-bit programmable PFM dimming control block to achieve
dimming ratios from 2:1 to 2048:1. The dimming control block
operates using an external 200 kHz clock. A 2:1 dimming ratio
has one active cycle where the driver delivers current and one
dimming cycle where the driver is in standby mode with no
current; 2048:1 has one active and 2047 dimming cycles.

The LED driver with dimming control delivers zero current
in dim mode and maximum current in active mode. As such,
the inductor current of the boost converter suddenly changes

from zero to high current, which is similar in behavior to
DCM operation. Hence, the boost converter in the presented
LED driver is designed to operate always in DCM with a
hysteretic control loop for fast recovery from dim to active
mode. As shown in Fig. 2, a second SR-latch is added to the
hysteretic loop of the LED driver after the current comparator.
This DCM SR-latch sets when the inductor current reaches
VILIM ; the output of the DCM SR-latch resets the hysteretic
SR-latch to move the boost to OFF-mode and waits until the
inductor current reaches zero. Detecting zero inductor current
resets the DCM SR-latch, ensuring DCM operation.

III. SIMULATED AND MEASURED RESULTS

The proposed LED driver is designed and fabricated in
the 0.6-µm 2P3M ON-SEMI process. It drives five parallel
LED strings with two LEDs in series in each string. The
LEDs are chosen to have typical forward voltage drops of
2.2 V each such that the boost voltage does not exceed the
maximum operating voltage the FETs in the selected process.
LED forward voltages vary with process and temperature from
2.0 – 2.4 V. The LED driver provides 20 mA of current to each
LED string for maximum luminance and operates in DCM.

Fig. 4. Simulation of multi-stage LED driver in DCM at VIN = 3.6 V.

Fig. 4 shows simulated steady-state results of the LED driver
continuously driving five parallel LED strings with 20 mA of



current in each string. Since the LED driver operates in DCM
mode, inductor current iL goes to zero and comes out of DCM
mode when the feedback voltage is less than the reference.
The set and reset signals of the hysteretic control loop are
also shown in Fig. 4. The output voltage of the proposed LED
driver is given by VOUT = (2VLED)MAX + VREF , where
(2VLED)MAX is the maximum voltage of two series LEDs
among the 5 parallel LED strings. Simulated LED currents
are matched within ±1.5% mismatch error.

(a)

(b)

Fig. 5. Simulations with (a) 4:1 and (b) 8:1 dimming ratio at VIN = 3.6 V.

The LED driver is capable of dimming ratios up to 2048:1
in order to reduce the brightness of the LEDs. Simulated
4:1 and 8:1 dimming ratios are shown in Figs. 5(a) and (b),
respectively. The simulated efficiency of the boost converter
with a total load current of 100 mA is 94%; the LED driver
efficiency, including 200 mV of VREF , is simulated as 89%.

Fig. 6. Measured steady-state result of proposed LED driver at VIN = 3.6 V.

In dim mode, the entire LED driver is turned OFF, such that
the output stays at the last active voltage and drops only due
to leakage current. In active mode, the LED driver operates at
maximum load current. As shown in Fig. 5, the recovery time

of the LED driver from dim mode to active mode is fast and
settles within four switching cycles. The simulated efficiency
of LED driver with 4:1 and 8:1 dimming ratios are 88% and
86%, respectively.

The steady-state measured result of the LED driver with no
dimming is shown in Fig. 6. Observe that the boost converter
is switching at roughly 1 MHz. The LED driver output voltage
and the LED string voltage nodes to the CMC are plotted in the
measured result. The plot also shows the set and reset signals
of the hysteretic control loop. The currents in the CMC are
measured individually. These currents match within ±2.5%,
which is comparable to the LED driver found in [13].

IV. CONCLUSION AND DISCUSSION

We presented a multi-string LED driver with accurate
current matching that is capable of driving five parallel LED
strings with two LEDs in each string. Simulated results in
both steady-state and dimming mode and measured results
in steady-state are given. The novel current matching circuit
presented operates with low voltage headroom and matches the
currents within ±2.5%, as supported by chip measurements.
The fabricated chip failed when measuring dimming mode,
likely due to high voltage transients at the output node.
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