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Abstract—In this paper, a flicker-free transformer-less multi-
channel light-emitting diode (LED) driver that adopts a new power
factor enhancement technique is presented. The proposed LED
driver divides the transmission path of the current to the LED
string in two ways depending on the instantaneous input voltage in
order to improve the PF relative to that of a conventional compact
flicker-free LED driver that uses a fixed LED current regulation
scheme with only one electrolytic capacitor. The proposed driver
can be implemented with a minimum number of external compo-
nents leading to a compact module that allows a light bulb with
omnidirectional light emission. In order to enhance the expand-
ability of the smart bulb, a conventional buck converter with 3-V
output is integrated with the proposed LED driver to supply the
peripherals of the module. The proposed LED driver IC is imple-
mented in a 0.35-μm ultrahigh voltage CMOS process and occupies
an area of 2.9 mm × 2.0 mm. A 10-W smart bulb prototype that
adopts the proposed LED driver is flicker free and shows a power
factor of 0.715 and power conversion efficiency of 77.5% for an ac
supply of 120 V.

Index Terms—Flicker, internet of things (IoT), light-emitting
diode (LED) driver, power factor (PF), smart bulb, transformer.

I. INTRODUCTION

L IGHT-EMITTING diode (LED) smart bulbs have come
into the spotlight due to their key role as a representative

example of the upcoming internet of things (IoT) era [1]. The
most fundamental function of a smart bulb is dimming (light
control) via wireless communication using Bluetooth, Wi-Fi,
ZigBee, etc. A more advanced function is providing an access
point (AP) to offer wireless connectivity to smart objects through
visible light communication [2]–[4]. The smart bulb is a promis-
ing AP candidate since it can be installed in any place that re-
quires light, unlike other embedded computing devices for IoT.
For traditional LED manufacturers, these demands could be an
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Fig. 1. Examples of LED bulb with (a) compact driver module with omni-
directional light emission and (b) bulky driver module with directional light
emission.

opportunity to enter a new market if they can meet the technical
demands of smart bulbs. The quality of LED lighting systems
can be determined by the commonly used specifications, which
are mainly dependent upon LED driver topologies.

Recently, ENERGY STAR has announced specifications for
LED light bulbs, which include specific criteria for LED light
bulbs that qualify their requirements [5]. The main specifications
described in [5] are summarized in the following.

A. Module Form Factor

In [5], the lamps are categorized into omnidirectional, dec-
orative, and directional types depending on the shape of the
bulb. For replacing incandescent light bulbs, omnidirectional
LED bulbs that provide omnidirectional light emission are pre-
ferred. However, the shape of LED bulbs is limited by the size
of the driver module, as shown in Fig. 1. Therefore, a LED
driver topology that allows a compact module is an essential
requirement for omnidirectional indoor LED bulbs. With smart
bulbs, omnidirectional bulbs are even more difficult to imple-
ment because of the radio components. Fig. 2 shows examples of
bulky radio and LED driver modules used in commercial smart
bulbs [6].

B. Flicker

Flicker performance should be considered because of growing
related health concerns. Flicker refers to a repeated change over
time in the brightness of light due to the pulsating LED current
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Fig. 2. Examples of (a) radio and (b) LED driver modules used in commercial
smart bulbs.

[7]. Percent flicker (Mod%), which is a measure of the cyclic
variation in the brightness of light, is defined as 100(A−B)/(A
+ B), where A and B represent the maximum and minimum
luminance during one cycle, respectively [5]. Many studies, in-
cluding [7]–[9], have reported that the low-frequency flicker of
less than 200 Hz may induce biological effects such as seizures,
epilepsy, headache, eye strain, reduced visual performance, etc.,
even if it is invisible flicker. In light of these biological concerns,
a strict standard for percent flicker was applied in the draft ver-
sion of [5]. In the final version of [5], however, the flicker
requirements have been relaxed to simply report flicker perfor-
mance to invigorate the LED lighting industry since the standard
was considered too difficult to implement with concurrent tech-
nology. On the other hand, IEEE standards PAR1789 group
presents recommended flicker criteria for flicker frequencies of
higher than 90 Hz [8], [9]. For example, the recommended cri-
teria for no-observable-effect level requires the percent flicker
that satisfies Mod% < 4% where ac line frequency is 60 Hz.

C. Power Factor (PF)

In the ENERGY STAR specifications [5], the PF defined as
the ratio of the real power in watts to the apparent power is
required to be greater than 0.7. When the input current is a
pure sinusoidal and in phase with the sinusoidal input voltage,
PF is unity, which can be obtained from a linear load such as
pure resistance. The nonlinear loads in a LED lighting system
distort the shape of the input current and generate harmonic
content, leading to PF degradation. Since a system with a low
PF increases generation and transmission costs of power from
electric power corporations, a low PF is forced to improve by
PF correction (PFC) units which linearize the loads.

D. Luminous Efficacy

The luminous efficacy of a LED lighting system is defined as
the ratio of the luminous flux to the real power, which mainly
depends on both the LED efficiency and the power conver-
sion efficiency, which in turn depends on the LED driver topol-
ogy. To satisfy the qualifications of ENERGY STAR, a mini-

mum luminous efficacy of 55 lm/W is required for omnidirec-
tional bulbs when the input power is lower than 15 W. In the
lighting market, LED bulbs with a luminous efficacy greater
than 80 lm/W at an input power of 10 W, which can replace
60-W incandescent bulbs, are preferred. Since the LED effi-
ciency varies depending on the manufacturers, this paper fo-
cuses on the power conversion efficiency of LED drivers.

In summary, the module form factor, flicker, PF, and lumi-
nous efficacy are used as guidelines in this paper for designing
efficient LED drivers, following the specifications of ENERGY
STAR.

Depending on the presence of the switched mode power sup-
ply (SMPS), LED drivers can be divided into dual-stage ac–
dc, single-stage ac–dc, and ac-direct topologies. AC–DC LED
drivers normally achieve low flicker by converting sinusoidal
ac input into dc supply to regulate the LED current at a con-
stant value. However, usually the PF is very poor, less than 0.65
[10], since a typical ac–dc LED driver consists of nonlinear
loads such as transformer, inductor, electrolytic capacitor (e-
Cap), etc. Thus, dual-stage ac–dc LED drivers generally adopt
the first PFC stage in front of the second dc–dc stage, which
provides tightly regulated output current with low current rip-
ple to achieve low flicker. However, the additional PFC stage
increases circuit complexity, component count, and cost, and an
electromagnetic interference (EMI) filter is necessary since the
EMIs caused by the PFC are undesirable, especially for wireless
communications. Several dual-stage ac–dc LED drivers [11]–
[14] introduce e-Cap-less topologies to expand lifetime of the
LED drivers. While the advantages of e-Cap-less topologies
have been demonstrated in [11]–[14], the topologies require
more complexity leading to the increase in the module size. In
summary, considering the number of required external compo-
nents, the existing dual-stage ac–dc structures are too bulky for
the implementation of the omnidirectional indoor LED bulbs.
To reduce the module size and cost, single-stage ac–dc LED
drivers merge the PFC stage with dc–dc stage. In addition to the
advantages of single-stage topologies, several works [15]–[18]
have been reported with their own merits, presenting schemes
to adopt universal input range using a variable boost inductor
[15], improve line regulation [16], cover wide output power
range [17], and remove e-Cap [18]. Despite their contributions,
flicker-free performance could not be achieved since these works
[15]–[18] tend to show higher output current ripple compared
to that of dual stage topologies due to the limited value of the
output capacitor. On the other hand, ac-direct LED drivers [19]–
[22] are suitable for implementing omnidirectional LED bulbs
because a high PF can be achieved without requiring bulky PFC
units. However, the nature of the LED driving scheme intro-
duces high flicker with low frequency due to the step waveform
of the LED current, which harms the human body. In addition to
the ac–dc and ac-direct LED drivers, there is another LED driver
that allows compact module size and flicker-free performance
by adopting only one e-Cap without requiring a transformer.
However, this driver is not widely used because of its poor PF,
where the waveform of the input current is similar to that of an
ac–dc LED driver without PFC. Table I compares the typical
characteristics of LED drivers. This work reports the design and
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TABLE I
TYPICAL FEATURES OF LED DRIVERS

Single-stage
ac–dc LED

driver

Dual-stage
ac–dc LED

driver

AC-direct LED
driver

e-Cap LED
driver

Module form
factor

Medium Bulky Compact Compact

Flicker (LED
current ripple)

Medium Low High Free

Power factor > 0.9 with PFC > 0.9 with PFC > 0.9 < 0.65

Fig. 3. Conventional e-Cap LED driver (a) circuit schematic and (b) input
voltage and current waveforms.

implementation details of an e-Cap-based LED driver with an
improved PF while maintaining the inherent compact size and
flicker-free characteristics.

This paper is organized as follows. Section II introduces the
operational principle of the proposed LED driver. The design
details of a smart bulb system that adopts the proposed LED
driver are then described in Section III and the experimental
results are given in Section IV. Section V concludes the paper.

II. PRINCIPLE OF THE PROPOSED LED DRIVER

Fig. 3(a) shows the circuit schematic of a conventional e-Cap
LED driver that consists of bridge diodes, a holding capaci-
tor CH , an LED string DS , and a constant current source IO .
When CH is sufficiently large, the node voltage Vrect maintains
roughly the peak value of the ac input. If Vrect is larger than
the LED forward voltage drop Vf , a flicker-free property can
be achieved, as shown in Fig. 3(b) because the current flowing
through DS is kept constant during the whole period by IO . In
order for Vrect to be larger than Vf for the whole period, the

Fig. 4. Proposed flicker-free transformer-less LED driver with PFE. (a)
Schematic and (b) key waveforms.

required CH is given by

CH >
IO · TAC

2 · (Vm − Vf )
(1)

where Vm is the peak value of the ac input voltage and TAC
the period of the ac input. The structure shown in Fig. 3(a) is
the simplest LED driver that allows flicker-free performance but
small-size implementation using only one e-Cap without requir-
ing a transformer. However, the PF is very poor experimentally,
less than 0.65 [10], which is similar to that of an ac–dc LED
driver without PFC, since the input current Iin that charges CH

is generated over a very short time with a high peak when Vin is
greater than Vrect , and then, Iin becomes zero for the rest of the
period, while the constant current flowing through the LED is
provided from CH , as shown in Fig. 3(b). Therefore, since this
structure cannot achieve a PF greater than 0.7 which is the EN-
ERGY STAR certification standard, a new structure to improve
the PF without requiring bulky components for a compact size
module is required.

A. Concept of Proposed LED Driver

Fig. 4(a) shows the proposed flicker-free transformer-less
LED driver, which consists of bridge diodes, a holding capacitor
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CH , an LED string DS , a constant current source IO , two block-
ing diodes, a switch SW1 , and a timing generator. First, since
the LED current remains constant by the constant current source
IO , the proposed LED driver can achieve flicker-free operation
for any positive driving voltage Vdrive that is larger than Vf . The
principle of enhancing PF is increasing the period of the input
current generation time and thereby decreasing the peak current,
which leads to a reduction of high order harmonics. The pro-
posed scheme can be implemented by dividing the transmission
path of the current to DS in two ways depending on the instanta-
neous voltage of Vin . In Fig. 4(b), when Vin is sufficiently large
to be able to drive DS , SW1 turns OFF and the LED current is
supplied through path A directly from the ac input supply. In
addition, when Vin becomes greater than the voltage across CH ,
some Iin flows into CH over a short period of time with a peak
current as shown in Fig. 4(b). On the other hand, when Vin is
insufficient to drive DS , SW1 turns ON and the LED current
is supplied through path B from CH . The ON/OFF timing of
SW1 is determined by the timing generator which is described in
Section II-C. As shown in Fig. 4(b), the LED current is kept con-
stant as the constant current IO is supplied alternately through
path A and path B. In addition, it can be shown that the period
during which the input current is supplied from Vin increases
significantly with lower peak current compared to that of the
conventional structure shown in Fig. 3(b). The proposed LED
driver increases the period during which Iin is directly supplied
into the LED from Vin when Vin is sufficiently large to drive
DS , in addition to the period of charging CH from Vin . In the
conventional structure, on the other hand, Iin is generated in a
very short time, only when CH needs to charge, and then Iin
becomes zero after the peak point of Vin , while the LED cur-
rent is continuously supplied from CH . As a result, since the
waveforms of Iin become more similar to that of Vin , PF can
be significantly improved. Furthermore, a compact size module
can be easily implemented compared to the case of SMPS LED
drivers. The additionally required components of the proposed
driver are an external P-MOSFET as a switch and two external
blocking diodes in addition to the basically required components
of the conventional structure, as shown in Fig. 3(a).

B. PF Analysis

To quantitatively analyze how the variables affect the driver
performance measures such as the PF in the proposed LED
driver, the waveforms shown in Fig. 5 are considered; this is a
special case where the voltage ripple Vr = Vm –Vf . Since the
waveform of Iin in the proposed LED driver is nonsinusoidal
and includes harmonic content, estimating the exact PF value is
quite complicated. Thus, the following assumptions are made
to simplify the analysis:

1) the bridge and blocking diodes operate as a short circuit
for any forward bias;

2) the forward voltage drop of DS is fixed at Vf conducting
current for voltage larger than Vf ;

3) the on resistance of SW1 is zero and the current source
IO is ideal;

Fig. 5. Key waveforms for PF analysis.

4) the analysis is done under a steady-state condition. Thus,
the PF is derived from a half period of Vin , where Vin =
Vm sin(2πt/TAC);

5) for simplicity, the special case where CH is designed for
Vr to be equal to the difference between Vm and Vf , as
shown in Fig. 5, is analyzed, where the average of Vdrive
is approximated as Vdrive = (Vm + Vf )/2.

Based on above assumptions, the average input power can be
given by

Pin =
2

TAC

∫ TA C /2

0
Vin(t) · Iin(t) · dt = Vdrive · IO

=
1
2
(Vm + Vf ) · IO . (2)

Thus, the power conversion efficiency of the proposed driver
is given by

η =
Pout

Pin
=

Vf · IO
1
2 (Vm + Vf ) · IO

=
2Vf

Vm + Vf
. (3)

Equation (3) shows that η is nonlinearly proportional to Vf .
To estimate the PF, the root mean square (RMS) value of Iin
should be calculated first. Since Iin is a nonlinear function, it is
divided into three sections. The time that Iin starts to conduct is
given by

T1 =
TAC

2π
arc sin

(
Vf

Vm

)
. (4)

Then, the time that Iin stops conducting is given by

T2 =
TAC

2
− T1 . (5)

From assumption 5 and (4), CH should be designed as

CH =
2IO · T1

Vm − Vf
=

2IO · TAC

(Vm − Vf ) · 2π
arc sin

(
Vf

Vm

)
. (6)
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Fig. 6. Calculated and simulated variation of PF and η according to Vf for
Pin of 10 W.

Therefore, Iin is given by

Iin(t) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎡
⎢⎢⎢⎣

CH · dVin

dt
+ IO

=

(
IO + CH · ω · Vm ·

cos(2πt/TAC)

)
⎤
⎥⎥⎥⎦ ,

for T1 < t ≤ TAC

4

IO , for
TAC

4
< t ≤ T2

0, otherwise.

(7)

The RMS value of Iin is then given by

Irm s =

√√√√ 2
TAC

{∫ TA C /2

0
I2

in (t) · dt

}

=

√√√√√√√√√
2

TAC

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

∫ T 2
TA C /4 I2

O dt

+
∫ TA C /4

T 1

⎛
⎝ IO + CH · ω · Vm ·

cos(2πt/TAC )

⎞
⎠

2

· dt

⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎭

. (8)

From (2) and (8), the PF is given by

PF =
Pin

Vrm s · Irm s
=

(Vm + Vf ) · IO√
2Vm · Irm s

=
(Vm + Vf ) · IO

√
2Vm

√√√√√√√√√
2

TAC

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

∫ T 2
TA C /4 I2

O · dt

+
∫ TA C /4

T 1

⎛
⎝ IO + CH · ω · Vm ·

cos(2πt/TAC )

⎞
⎠

2

· dt

⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎭

.

(9)

Equation (9) shows that the PF is a function of Vf for a fixed
Pin . As a design example, for an input power of 10 W with a
120-V/60-Hz ac supply, IO is chosen to make Pin = 10 W for
each given value of Vf based on (2). Fig. 6 shows a plot of the
PF and η as a function of Vf based on the simulations and the
equations derived above, revealing good correlation considering

Fig. 7. Proposed LED driver with a detailed schematic diagram of the timing
generator.

the assumptions and approximations in the equations. Fig. 6 in-
dicates that a smaller Vf yields a better PF. Obviously, this is
because a smaller Vf increases the period during which the input
current is generated and reduces the input peak current. On the
other hand, a smaller Vf degrades η due to the increase in mis-
match between Vf and Vdrive shown in Fig. 4(a). The increased
voltage difference Vdrive–Vf = Vloss drops across IO , shown in
Fig. 4(a), and power loss increases. The decreased η affects the
luminous efficacy. For example, if η changes from 80 to 70%,
the luminous efficacy changes from 96 to 84 lm/W for a general
mid-power white LED of 120 lm/W. Therefore, Vf should be
chosen to make the PF greater than 0.7 (ENERGY STAR spec-
ifications) while maximizing η. In real implementations, the PF
can be slightly higher than the simulation or calculation results
since the series resistances including a thermistor in front of
CH for surge and inrush current protection help to filter out the
higher order harmonics of Iin .

C. Operational Principles of Timing Generator

Fig. 7 shows the proposed LED driver with a circuit schematic
diagram of the timing generator where the current source is im-
plemented by a current regulation loop using an operational am-
plifier and a P-MOSFET MP , which represents SW1 in Fig. 4.
The current IO generated by the current regulation loop depends
on the values of the reference voltage VREF and the external
resistor RS (IO = VREF/RS ). The purpose of the timing gen-
erator is to control the ON/OFF timing of MP by determining
whether Vin is large enough to drive DS . The ON/OFF timing
is used to determine whether the LED current is supplied from
Vin or CH . The minimum required value of Vin to drive DS is
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Fig. 8. Key waveforms of the timing generator.

given by

Vin > VREF + VDS,SAT + Vf = VOff set + Vf (10)

where VDS,SAT is the saturation voltage of the channel transistor
MC H , and VOffset the sum of VREF and VDS,SAT which is set
to 10 V for the given design example. The simplest way to
control the ON/OFF timing of MP is to simply compare Vin
with a fixed reference voltage such as VOffset + Vf . However,
when the ON/OFF timing of MP is controlled by monitoring
Vin only, the PF cannot be maximized since the variation of Vf is
not accurately reflected on the fixed reference voltage. Thus, in
the proposed LED driver in Fig. 7, the ON/OFF timing of MP is
determined by monitoring Vin and drain voltage VD of MC H to
reflect the variation of Vf indirectly. In other words, when VD is
above VOffset , where MCH operates in the saturation region, the
LED current is supplied from Vin by assuming Vin is sufficient
to drive DS . On the other hand, when VD is less than VOffset ,
where MCH operates in the triode region, the LED current is
supplied from CH since Vin is insufficient to drive DS . Fig. 8
shows the key waveforms of the proposed LED driver which are
described in the following.

1) Initializing Phase: In Fig. 7, when Vin reaches its peak
value Vm , the entire circuits are initialized. The peak point of
Vin is detected by the peak timing detector. Vin is scaled down
to Vins to be properly processed considering the break down
voltage of the given CMOS process. As shown in Fig. 8(c),
until Vins reaches its peak, the negative input voltage Vinsn of
the operational amplifier OPA1 tracks the positive input voltage

Vins of OPA1 by a feedback loop, where the output voltage
VB of OPA1 is greater than the sum of Vinsn and the threshold
voltage of MPT(Vth,MPT). Accordingly, the output VR of the
comparator COMP1 is low. At the moment that Vins passes its
peak, VB starts to decrease sharply to a value lower than Vinsn
to turn OFF MPT . Thus, VR becomes high, resetting the D flip-
flop DFF2, which notifies that Vins is at its peak, as shown in
Fig. 8(d). A short pulse is then generated at the reset pin VRP

of the D flip-flop DFF1 and reset DFF1, as shown in Fig. 8(e).
Thereby, the signal EN becomes low, as shown in Fig. 8(b),
turning OFF the switch MC S and the switch MSB , while the
switch MS is turned ON. Vinsn keeps the peak value of Vins
since the Vinsn node has no discharging path. Meanwhile, CH

is charged to the peak value of Vin .
2) Drain Voltage Monitoring Phase: The drain voltage mon-

itoring phase determines the transition point of Mp from OFF
to ON. In Fig. 7, after Vins has passed its peak, MC S turns
OFF and the current flowing through RP becomes zero. Thus,
MP turns OFF since the gate–source voltage becomes zero.
At this time point, the LED current is supplied from Vin di-
rectly since it is sufficiently large to drive DS . Because MS is
ON, the voltage VC S1 across the capacitor CS1 tracks Vins as
shown in Fig. 8(g). As Vin gradually decreases in time, VD also
decreases. The scale downed voltage VDS of VD determined
by the resistive division of RSL and RSH , is compared with
VREF by the comparator COMP2. The values of RSL and RSH

are designed as follows: VOffset · ( RS L

RS L +RS H
) = VREF . Here,

since the values RSL and RSH are chosen to be sufficiently
large, the currents flowing through them are negligible compared
to the LED current. At the point where VD is less than VOffset ,
as shown in Fig. 8(f), the output of COMP2 changes from low
to high. The output of DFF1 then becomes high and EN also
subsequently becomes high. Accordingly, since MS turns OFF,
CS1 samples and holds Vins at this moment, and Vin becomes
equal to the sum of VOffset and Vf . Meanwhile, since VR is high,
the output of DFF2 is still low regardless of the clock signal.

3) Input Voltage Monitoring Phase: The input voltage mon-
itoring phase determines the transition point of Mp from ON to
OFF. In Fig. 7, after Vin becomes lower than the sum of VOffset
and Vf , MC S turns ON and the current flowing through RP is
equal to IP . The voltage drop across RP , which is set to be
greater than the threshold voltage of MP , turns ON MP . From
this time, CH provides the current for DS . Thereby, VD can
remain above VOffset to secure the saturation region operation
of MC H continuously. Because MSB is ON, the voltage VC S2
across the capacitor CS2 tracks Vins , as shown in Fig. 8(g).
As Vins gradually decreases in time, at the point where Vins
becomes less than the reference voltage VREF2 , which is set to
0.1 V, the output of comparator COMP3 becomes high. Thereby,
MR turns ON to discharge Vinsn and can track Vins again. Vins
then continues to decrease down to zero and then increases to
be greater than VREF2 , as shown in Fig. 8(c). At this moment,
the output of COMP3 becomes low, turning OFF MR . Thus, VB

increases and becomes greater than Vinsn to turn ON MPT , and
then VR becomes low. As Vins gradually increases in time, when
VC S2 is greater than VC S1 , the output of comparator COMP4
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Fig. 9. Schematic of a smart bulb system adopting the proposed LED driver.

switches to high. Thereby, the output of DFF2 switches to high
and then EN becomes low. At this moment, Vin becomes equal
to the sum of VOffset and Vf again.

4) Capacitor Recharging Phase: In Fig. 7, after Vin becomes
greater than the sum of VOffset and Vf , MC S turns OFF causing
the current flowing through R3 to become zero. Thus, MP turns
OFF since the gate-to-source voltage is zero. Until Vins reaches
its peak, the LED current is directly supplied from Vin since
Vin is sufficiently large to drive DS . In addition, Vin gradually
increases in time, such that when Vin becomes greater than the
voltage across CH , CH is charged by Vin . Finally, when Vin
reaches its peak, the initializing phase begins again.

III. IMPLEMENTATION DETAILS

Fig. 9 shows the schematic of a basic smart bulb system
that can control the intensity of red, green, and blue (RGB)
light LEDs by wireless communication and achieves flicker-
free performance, an improved PF, and a compact-size module
by adopting the proposed LED driver. In addition, in order to en-
hance the expandability in smart bulb applications, the proposed
system integrates a conventional buck converter of 3-V output
to supply the peripheral module consisting of an RFIC, a sensor
IC, an embedded processor, etc., and the proposed LED driver.
The proposed system operates as follows. When Vin is applied
at the VLD pin, the regulated voltage VC C of nominal 20 V is
generated by the VCC generation block. The linear regulator
then provides 5-V output to supply subblocks in the driver IC
from VC C . Furthermore, VC C is supplied to the input of the buck
converter which generates 3-V output for the external Bluetooth
transceiver. The transceiver generates pulse width modulation
(PWM) signals that have a particular duty ratio in communica-
tion with a smart phone. The PWM signals are transferred to the
dimmable current source of RGB channels. Since the LED cur-
rents are proportional to the duty ratio of each PWM signal, the
light intensity of the RGB LED can be controlled by adjusting
the duty ratio of the PWM signals. Vins , the scale-downed value
of Vin by the external resistors, and the drain voltages of the

Fig. 10. VCC generator. (a) Schematic and (b) key signal waveforms.

RGB channel transistors are processed in the timing generator
block to control the ON/OFF timing of the PMOS switch MP

for a maximum PF. The design details of the subblocks, shown
in Fig. 9, are described in the following sections.

A. VCC Generator

Fig. 10 shows the schematic of the VCC generator and its key
signal waveforms. The generator consists of a Zener diode Z1 , a
Schottky diode D1 , a holding capacitor CVCC , a pass transistor
MPASS , and an external resistor RVLG . In Fig. 10(a), when Vin
is greater than the output voltage of the VCC generator (VC C ),
the required current IC C for the linear regulator and the buck
converter is supplied directly from Vin while VC C keeps fixed
voltage, as shown in Fig. 10(b). On the other hand, when Vin is
less than VC C , IC C is supplied from CVCC . The average value
of VC C is given by

VC C
∼= VZ − Vgs − VD (11)

where VZ is the breakdown voltage of Z1 , Vgs the gate–source
voltage of MPASS , and VD the forward voltage drop of D1 .
RVLG is used to limit the current flowing through Z1 . In the case
where the Zener diode is not available in a given technology,
it can be replaced by a series of diode-connected n-MOSFETs,
although the accuracy of VC C will be slightly degraded.

B. Dimmable Current Source

Fig. 11 shows a schematic diagram of the dimmable current
source for the red, green, and blue channels. In Fig. 11, the
PWM signal comes from the external transceiver. The level
shifter then changes the level of the PWM input. When the PWM
signal VPWM is high, the LED current IO conducts through the
channel transistor MC H , whereas when VPWM is low, IO stops
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Fig. 11. Schematic diagrams of dimmable current source.

Fig. 12. Schematic diagrams of minimum voltage selector.

since the current regulation loop opens by the PWM control
switches. Therefore, the average IO can be controlled by the
duty ratio of the PWM signal, which is given by

IO = D · VREF

RS
(12)

where D is the duty ratio of the PWM signal, and RS is the
external resistor. To avoid health issues by flicker, the frequency
of the PWM signal should be higher than 3 kHz [9].

C. Minimum Voltage Selector

In the proposed LED driver, the timing generator determines
the ON/OFF timing of MP by comparing the scale-downed
drain voltage VDS of MC H with VREF as shown in Fig. 7. On
the other hand, since the forward voltage of the LED for each
channel could vary in multichannel LED drivers, the ON/OFF
timing of Mp should be determined by the LED that has the
largest Vf among VfR

, VfG
, and VfB

. The minimum voltage
selector, as shown in Fig. 12, is used to select the minimum drain

Fig. 13. Microphotograph of the proposed LED driver.

Fig. 14. Ten-Watt test board with an RF module and LED strings.

Fig. 15. Measured Vin and Iin waveforms at Vf = 114, 132, and 150 V for
Pin = 10 W.

voltage VD among VDR
, VDG

, and VDB
. In the case where Vf

of one of the LEDs is the largest, VD of that channel is smaller
than that of the other two channels. The bias current IB then
flows through the NPN transistor Q of that channel only and the
node voltage VP is given by

VP
∼= VD · RSL

RSL + RSH
+ VBE (13)

where VBE is the base–emitter voltage of Q. In this work, IB

is set to a value smaller than one-tenth of the current flowing
through RSH and RSL to reduce the error of VP . The node
voltage VN is given by

VN
∼= VREF + VBE REF (14)
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Fig. 16. Measured variation of PF and η versus Vf for Pin = 10 W in com-
parison with simulation.

Fig. 17. Measured RGB LED current waveforms for Vf of 132 V.

Fig. 18. Measured PWM signal and LED current waveforms of the red channel
with 50% duty ratio.

where VBE REF is the base–emitter voltage of QREF , which is
the same as VBE . The timing generator can then determine the
ON/OFF timing of MP by comparing VP with VN .

IV. EXPERIMENTAL RESULTS

To verify the performance of the proposed compact, flicker-
free, transformer-less, multichannel, LED driver with an en-
hanced PF, a 10-W smart bulb prototype has been built and
tested. The proposed LED driver IC is implemented in a 0.35-μm
ultrahigh voltage CMOS process. Fig. 13 shows a chip

Fig. 19. Measured average LED current of the red channel over the duty ratio
of the PWM signal.

Fig. 20. Various side views of radio and driver modules of a 10-W smart bulb
prototype.

Fig. 21. Group of omnidirectional smart bulb prototypes with various colors.

microphotograph of the proposed LED driver with a size of
2.9 mm × 2.0 mm including the PADs. Fig. 14 shows the 10-W
test board with a transceiver module and LED strings for Vin
of 120 V/60 Hz. The LED strings are designed to be able to
change Vf of each RGB channel where the nominal value of the
forward voltage drop of each single LED is 6 V. In Fig. 14, white
LEDs that are color-filtered are utilized instead of the real RGB
LEDs for convenience of the measurements. Fig. 15 shows the
measured Vin and Iin for Vf = 114, 132, and 150 V with Pin
being about 10 W (10.1–10.4 W), where the total RGB LED
current at the maximum power is set to 60 mA (IOR

= 30 mA,
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TABLE II
PERFORMANCE COMPARISON WITH COMMERCIAL SMART BULBS

OSRAM Lightfy
RGBW LED

Philips Hue
RGB LED

Cree-Connected LED GE Link LED LG Smart Lamp This Work Recommended
Requirements

Watts 10 6.2 11.5 11 10 10 -
Omnidirectional

performance
No No Yes No No Yes -

Power efficiency N.A. 74% 84% 85% 77% 77.5% -
Percent flicker @
fA C = 60 Hz

N.A. < 1% 32% 23% < 1% < 1% < 4%∗∗∗

PWM dimming/PWM
frequency

N.A. Yes/1 kHz No No Yes/0.5 kHz Yes/15.6 kHz > 3 kHz [9]

Power factor 0.55∗ 0.49 0.99 0.94 0.54 0.715 > 0.7 [5]
Support multichannel? Yes Yes No No No Yes -
Dimmable range N.A. N.A. 7.8–100%∗∗ 10.2–100%∗∗ N.A. 0.7–100% -

∗From [24].
∗∗From [25].
∗∗∗No-observable-effect level: Mod% < 0.0333∗fF l i ck e r [9].

IOG
= 15 mA, and IOB

= 15 mA, respectively.) and the value
of e-Cap is fixed at 22 μF. In Fig. 15, with a decrease in Vf ,
the duration of nonzero Iin increases, while the peak value de-
creases. Fig. 16 shows the simulated and measured variation of
PF and η versus Vf , indicating that a Vf value of 132 V could
be optimal, securing a PF greater than 0.7 while maximizing η.
When Vf is set to 132 V, the LED driver achieves a PF of 0.715
and η of 77.5%, respectively. As described in Section II-B, the
measured PF is slightly higher than the simulated PF since the
series resistances including a thermistor in front of CH for surge
and inrush current protection help to filter out the higher order
harmonics of Iin . However, the series resistances also decrease
the power conversion efficiency. In the proposed system, the
driver IC consumes about 0.2 W excluding the loss at IO and
the power consumption of the transceiver is about 0.3 W, respec-
tively, which occupy 5% of the input power (10 W). Therefore,
an efficient system design is required to increase power conver-
sion efficiency η for low power applications, especially ∼ 10 W
ranges. For example, a conversion ratio of the buck converter,
which is used as a power supply for the transceiver shown in
Fig. 9, can be increased to improve η by increasing VC C . For
lighting equipments with input power smaller or equal to 25 W,
IEC 61000-3-2 (the international standard) requires that the
third- and fifth-order harmonic currents shall not exceed 86%
and 61% of the fundamental current, respectively [23]. When
Vf is set to 132 V, the measured third- and fifth-order harmonic
currents at the maximum power are 76% and 51%, respectively.
Fig. 17 shows the measured RGB LED current waveforms at the
maximum power with Vf = 132 V and verifies that the ripple
in the LED currents is negligible. Therefore, flicker-free perfor-
mance can be achieved, to the extent that even a mobile phone
camera cannot find out any flicker. Fig. 18 shows the measured
PWM signal (15.6 kHz) and the LED current waveform of the
red channel at a duty ratio of 50%, where the duty ratio can
be controlled wirelessly using a smartphone. Fig. 19 shows
the measured average LED current for the red channel over
the duty ratio of the PWM signal, showing a dimmable range
of 0.7–100% including PWM OFF (0%). The limitation of the
dimming range depends on the loop bandwidth of the dimmable
current sources in Fig. 11. If a lower frequency PWM signal is

used, the lower bound of the dimming range can be expanded.
Note that a PWM signal with a much lower frequency, for ex-
ample, less than about 5 kHz, might cause flicker that can be
visible with a camera. Fig. 20 shows the radio and driver mod-
ules of a 10-W smart bulb prototype for a Vin of 120 V/60 Hz,
which is assembled in a 3-D manner to make better use of space.
Fig. 20 verifies that the radio and driver modules can be im-
plemented in a compact size for omnidirectional operation of
indoor LED bulbs, as shown in Fig. 21. Table II compares the
key performance parameters of the proposed smart bulb with
those of other commercial smart bulbs which are adopting ac–
dc topologies. Unfortunately, commercial smart bulbs adopting
ac-direct topologies cannot be found. To the authors’ best guess,
it is because ac-direct types for smart bulbs have many unsolved
quality issues (especially flicker) compared to ac–dc types. To
compare the performances, several commercial smart bulbs are
purchased and measured except the OSRAM smart bulb. In ad-
dition, some parameters are taken from the benchmark sites [24],
[25]. As shown in Table II, it is difficult for the bulbs to achieve
multichannel and high PF simultaneously due to bulky module
size when the ac–dc LED driver is adopted. Therefore, ac–dc
types without PFC, which can be considered as e-Cap types that
show low PF, are often used for multichannel smart bulbs. To
satisfy the no-effect level criteria, percent flicker should be less
than 4% where ac line frequency is 60 Hz and PWM dimming
frequency should be greater than 3 kHz [9]. As a reference,
percent flicker for both incandescent lamps and compact flu-
orescent lamps is less than 10% [9]. Among the smart bulbs
listed in Table II, only the proposed work meets this criterion.
In addition, for the Philips and LG bulbs, camera flicker cannot
be avoided due to the low PWM frequencies of less than 5 kHz,
while the proposed work shows no camera flicker due to the high
PWM frequency of 15.6 kHz. Therefore, the smart bulb reported
in this work is the only one that achieves multichannel, flicker-
free operation, greater than 0.7 of PF, and omnidirectional light
emission simultaneously.

V. CONCLUSION

In order to achieve flicker-free performance, a high PF, and
a compact module size simultaneously, a LED driver based on
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a fixed LED current regulation scheme and a new PF enhance-
ment (PFE) technique is proposed. The theoretical analysis of
the proposed LED driver indicates that the LED forward voltage
drop Vf has an optimal value considering the tradeoff between
the PF and the power conversion efficiency as a function of Vf .
The design details of a smart bulb system and its subblocks that
adopt the proposed LED driver are described. To verify the pro-
posed PFE technique, the proposed LED driver is fabricated in
a 0.35-μm ultrahigh voltage CMOS process and a 10-W smart
bulb prototype utilizing the chip is implemented in a compact
module that allows omnidirectional performance. The measured
results of the 10-W smart bulb prototype show flicker-free per-
formance, a PF of 0.715, and power conversion efficiency of
77.5% for a 120-V ac supply. In terms of efficiency and PF
only, the performance of the proposed LED driver is not state
of the art where the module size has no limitation. However, the
performance of the proposed LED driver can be considered as a
state of the art in applications such as the omnidirectional mul-
tichannel smart bulb where the compact module size is critical.
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