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Abstract— This article presents a hybrid boost converter archi-
tecture for improving the efficiency of light-emitting diode (LED)
drivers used in mobile applications. By cascading a low-
switching frequency time-interleaved series—parallel switched-
capacitor (SC)-stage with an inductive-boost converter, we
facilitate lower voltage-rated switches, thus significantly reducing
the switching losses. Charge-sharing losses of the SC stage are
minimized by soft-charging flying capacitors with the inductor
of the boost (BST) stage. Fabricated in 180-nm bipolar CMOS
DMOS (BCD) process, the prototype converter generates 30-V
output voltage from a Li-ion battery source. It can provide a
load current in the range of 0-100 mA with an excellent peak
power efficiency of 91.15% at 30 mA, which represents a 3%
improvement over the state of the art.

Index Terms—DC-DC converter, hybrid converter, light-
emitting diode (LED) drivers.

I. INTRODUCTION

APID technological advances over the last decade have

made the display module an integral part of modern
portable electronic devices, such as smartphones and tablets.
While these developments have enhanced user experience
significantly, they also made the displays by far the most
power-hungry blocks in smartphones [1]. A typical display
module comprises a backlight and an LCD panel. The
backlight consists of strings of series-connected white light-
emitting diodes (LEDs). Screen-size and brightness require-
ments may mandate stacking of up to eight LEDs in each
string. With each LED having a forward-bias voltage of about
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Fig. 1. Conventional boost converter-based LED driver.

3.3V, the required supply voltage needed to drive the chain
can be as high as 27 V. Tight volume constraints mandate that
such a high output voltage can be generated from a 2.3to 5V
input voltage provided by a Li-ion battery. To this end, a boost
converter is most commonly used to perform the desired
dc-to-dc conversion. Since the display module consumes
30%—40% [1] of the total available energy, the efficiency of
such a boost converter significantly impacts system power
efficiency. Traditionally, an inductor-based switching power
converter shown in Fig. 1 is used [2]. It consists of a pair
of switches S| and S;, an inductor L, and an output capacitor
C. Switches S; and S, are driven by complementary pulse
width modulated (PWM) signals with a duty cycle of D and
(1— D) and generates an output voltage given by the following
equation:
Vin

T D ey

Even though this architecture requires very few off-chip
components, its efficiency is fundamentally limited by the
switches’ high voltage rating. As will be described later,
a high switch rating exacerbates both switching and conduc-
tion losses, thus limiting the achievable peak efficiency of
state-of-the-art display drivers to about 88% [2], [3].

The impact of switch voltage rating on boost converter
efficiency can be understood by plotting efficiency versus load
current for different output voltages at a fixed input voltage
(see Fig. 2). The power switch sizes were optimized for each
output voltage. As the switch rating increases (to support the
increased output voltage) from 6 to 36 V, peak efficiency
degrades by more than 5%. The reduction in the power switch
quality increases both the switching and conduction losses,
which causes the observed degradation in peak efficiency.
One possible approach to overcome this problem would be

Vour =
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Fig. 2. LED-driver efficiency versus load current for different output voltages
and fixed Viy = 3.7 V.

to explore architectures that do not require such high-voltage-
rated switches. A class of switched-capacitor (SC)-based
converters can generate high output voltages using devices
rated lower than the output voltage [4], [5]. However, they
incur a considerable amount of charge-sharing losses at typical
LED driver’s operating power levels. The large dc gain require-
ment increases the number of switches, which significantly
increases conduction and switching losses.

Hybrid architectures have recently emerged as an alternative
to the SC-based approaches mentioned above. By cascad-
ing an SC stage with an inductive stage [6] or by merely
placing an inductor between the power source and an SC
converter [7], [8], these architectures seek to combine the
advantages of inductive- and SC-based converters. Placing the
inductor in the path of the charging/discharging current of the
flying capacitor reduces hard-charging losses to a great extent.
Recent works have effectively used this approach but could
not completely eliminate hard-charging losses [9] or output-
voltage-rated switches [10].

This article presents a high-efficiency boost converter
for LED-driver applications with an input voltage range
of 2.3-5 V, an output voltage range of 10-35 V, and a load
range of 0-100 mA [11]. The prototype power converter was
fabricated in 180-nm technology and occupies an active area
of 23 mm x 1.2 mm, and operates at 1-MHz switching
frequency. The power converter achieves an excellent peak
power efficiency of 91.15% at 3.7-V input and 30-V output
with no external gate driver supplies, representing a 3%
improvement in peak efficiency over the state of the art. This
article supplements the information provided in [11] with
a detailed elucidation of the architecture evolution, an in-
depth analysis of the output impedance of hybrid architectures,
a detailed description of the phase-by-phase operation of
the converter, additional details of the zero-crossing detector
used to implement discontinuous conduction mode (DCM)
operation, and new measurement results pertaining to the
improvement in power efficiency in DCM compared to CCM.

The rest of this article is organized as follows. Section II
presents a breakdown of the losses in an inductive-boost con-
verter used in conventional LED drivers. Section III presents
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the proposed architecture. Circuit implementation details of
key building blocks are described in Section IV. Experimental
results from the test chip are presented in Section V. Key
contributions of this article are summarized in Section VI.

II. LED-DRIVER LOSSES

Losses in an LED driver depend on the magnitude of
input—output voltages, load current, and switching frequency.
The typical range of input—output voltages and load current
is 2.3-5/12-30 V and 0-100 mA, respectively. Losses can be
broadly classified as conduction losses and switching losses.
The current source used to set the LED current has to bias
with about 200 mV across it, which also incurs an efficiency
penalty. However, in LED drivers with Voyr as high as
30 V, the efficiency hit is minimal. These loss mechanisms
are investigated for the conventional inductive-boost converter
next and later extended to the proposed architecture.

Conduction losses are modeled using the following equa-
tion [12]:

)

where iinpms 1S the inductor rms current, D is the duty
cycle of the low-side switch, and Ry s and Rys are the “ON”
resistances of the low- and high-side switches, respectively.
The value of Rpcr depends on the size of the inductor and
is typically in the range of 200-300 mQs for inductors used
in space-constrained mobile applications. Such a large Rpcr
is a significant source of conduction loss, especially at higher
load currents.

Switching losses have three components denoted by
Piansition> Pgates and Peore. Prransition represents losses incurred
in a power switch when it transitions from “ON” state to
“OFF” state and vice versa and is a result of the current and
the voltage through the power device being non-zero during
the transition. Using low-side switch Mg Voltage and current
waveforms during a turn-on event (see Fig. 3), Pansition Can
be calculated using the following equation [13]-[20]:

Peond = iIZND,RMS -(Rpcr+D-Ris+(1—D)- Rus+ Recg)

Piansition = 0.5 - Fsw - Vour - I - (t1 + 1) 3)

where Vour is the output voltage and Fsw is the inductor
switching frequency. Times f; and 7, are estimated using
gate driver current Ipg and gate charges Qgs and Qgp as
explained in [19]. At large load currents, Pyansiion DECOmes a
significant component of the switching losses. This transition
loss equation can be modified to include the reverse recovery
loss of the body diode of Mpys and that of the parasitic
capacitance Cps s [21].

Pyye Tepresents the power loss during the charg-
ing/discharging of the gate terminal of the power switches
and can be modeled by the following equation [12]:

2
Pgate = Cgate . V]N . FSW

“)

where Cgye and Vin are the gate capacitance of the power
switch and input voltage to the power converter, respectively.

P.ore represents the inductor’s magnetic losses, and its
magnitude depends on the inductor dimensions, with larger
height inductors having lower core losses. Core losses can
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Fig. 3. Transition loss modeling for turn-on event of low-side switch.

be calculated using the Steinmetz expression in the following
equation [22]:

Peore = Kprr - Féy - (Alnp)? (5)

where Kgr, @, and f are fitting parameters provided by
manufacturers. A/lp is inductor current ripple. In addition
to the losses described above, other losses, such as dead-time
losses, are also incurred during every switching cycle, but their
contribution to the total loss is much smaller.

A. Simulated Loss Breakdown

The power converter’s efficiency is typically optimized at
the most probable load current, which is around 20-40 mA
for LED drivers used in smartphones [23]. A 3.7-V input
30-V output conventional inductive-boost power converter
was designed to examine the relative contribution of each
type of loss, and the simulated variation of conduction and
switching losses as a function of the load current is plotted
in Fig. 4. Switch sizes were chosen to minimize the total
loss (switching + conduction) for a given load current and
switching frequency. The pie chart in Fig. 4 shows the relative
contribution of each type of losses at 25-mA load current,
including the current source losses (Isgc losses). Both the
switching and conduction losses contribute significant portions
to the total loss at this load current. Because power switch size
trades off conduction losses with switching losses, increasing
the switch size beyond a certain point does not reduce the
total loss. Architectures that allow switches with lower voltage
rating ease this tradeoff, thereby presenting a possibility for
significantly reducing the losses.

III. PROPOSED ARCHITECTURE

A simplified block diagram of the proposed hybrid boost
converter architecture is shown in Fig. 5. It consists of an
inductive-boost (BST) stage followed by an SC stage. The
BST stage provides a dc gain of M = 1/(1 — D), where D
is the PWM signal’s duty cycle, while the SC stage provides
a dc gain of N. DC gains, M and N, must be chosen to meet
the overall dc gain requirement, which in our application is
about 10. Therefore, for instance, M = 5 and N = 2 would
satisfy this requirement. With this choice, all the switches
in BST and SC stages experience a maximum voltage of
only half the output voltage across them. Thus, switches
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variation with load current and loss breakdown at 25-mA load (Vi =
3.7 V, Vour = 30 V) for a conventional inductive-boost power converter.
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Fig. 5. Hybrid boost converter.
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rated for only 15 V (as opposed to 30 V) can be used.
While the proposed architecture has successfully reduced the
power switches’ voltage rating, the total number of switches
has increased. However, with the appropriate choice of the
SC-stage architecture and its switching frequency, it is possible
to achieve better efficiency, as described next.

A. SC-Stage Architecture Selection

Two important considerations dictate the choice of
SC-stage architecture. First, power losses must be low
enough not to impact the overall converter efficiency. Sec-
ond, the architecture must be amenable for simple circuit
implementation and must obviate the need for auxiliary power
supplies. A series—parallel architecture shown in Fig. 6 meets
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these criteria. The lowest output impedance is achieved across
a wide range of dc gains when this architecture is operated
in the fast-switching limit region where losses associated
with switch resistance dominate [5]. The optimal distribution
of the total dc gain between the inductive-BST and SC
stages is determined using the approach described in [10].
In this analysis, output voltage and the conversion gain are
set at 30 V and 10, respectively; SC stage was assumed to
employ the series—parallel architecture. The hybrid converter
was optimized for each value of SC-stage gain (N) while
keeping the area of the power converter, and the ratio of
input—output voltages fixed to perform a fair comparison.
Conduction and switching losses normalized to the losses of a
conventional inductive-based power converter are plotted for
different values of N, as shown in Fig. 7. Switching losses
reduce as N (SC-stage gain) is increased. This is expected
behavior since the dominant source of switching loss, namely
switching losses in the inductive-BST stage, reduces with
increasing N. This is because the rating of the switches in
the BST-stage is inversely proportional to the SC-stage gain
N (Voutr/N). However, the same is not true for conduction
losses, which reduces when N is changed from N = 1 to
N = 2 but starts increasing from N = 3. This shows that the
increased number of switches offsets the advantage obtained
in going to lower rated switches as N is increased beyond
3. Therefore, N is chosen to be 2 in our implementation.
This topology needs only four extra switches, all of which
are rated at Vour/2. Their gate drivers can be implemented
using internally available voltages, as described in Section I'V.

B. Choice of Switching Frequency for the BST and SC Stages

The switching frequency of a conventional inductive-boost
converter is determined from the ripple requirement, allowed
output capacitor, and the load current. Assume that typical
parameters of 10 u«F (400 nF after de-rating) output capacitor,
25-mA load current, and an output voltage ripple of 50 mV
result in a switching frequency of 1 MHz for the BST stage.
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For a typical SC power converter with a voltage input,
the switching frequency directly impacts the loss of the
converter. This can be understood by modeling losses in the
1:2 SC converter with an ideal transformer and an output
impedance Rour (see Fig. 8) [5], [24], [25] and plotting Rout
as a function of switching frequency for two cases: L = 0
and L # 0, as shown in Fig. 9. For the case of L = 0, output
impedance Rour,sc is given by the following equation:

Bsc

ROUT,SC = * coth (6)
Crry Fsw,sc 4Fswsc
where
1
Psc = —————
RswtorCrry
Rswtor = 2 * Rsw

and Rswrtor is the total switch resistance in the charg-
ing/discharging path, Rsw is switch resistance, and Fsw sc is
the switching frequency. The converter operates in the slow-
switching limit for switching frequencies below 1 MHz. In this
region, charge-sharing losses account for the increase in Rour
with decreasing switching frequency. Beyond 1MHz, losses
associated with the switch resistance dominate, as indicated
by the flattening of the curve.

Inductance between the input voltage source and the con-
verter fundamentally changes the relationship between the
output impedance and the switching frequency. Because induc-
tor current cannot change instantaneously, sudden surges in
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capacitor-charging currents present when L = 0 are avoided,
thus significantly reducing the charge-sharing losses. The
output impedance of the hybrid converter is determined by
calculating the ratio of average power dissipated (Puys)7,,
and the average output current <IOUT,HYB>TSW in each switching
cycle as given by the following equation:

Rournys = (PLB)TSZ (7N
(loutnys)7,,
where
(Pays)t,, = 2Fswsc(Th + T2 + T3)
Ty = 0.5(k + k%)RSW,TOT1 _;ZTW
= 7;1 (i 2_:"8;2313 (1 —e "™ cos(BuysTuw))

puysB —aC _ .
T ¢ *T sin(Bryp Tow)
2(e2 + Biays)

(loutnys)1, = Fswsc(P1 + P2)

T

k k
py = Pl T o (s To)
o + Biyp
Puyska —aky o .
Ph="—"_ ¢ s Sln(ﬁHYBTsw)
a® + Bive

B = 0.5(k3 — k7) Rsw,tor
C = kikaRsw,tor
r olioap + AV/L

| = —

Buys
k> = Ir.oap
Rsw,tor
o =
2L
2
Brave = I (Rswror
LCry 2L
0.51 Tow
AV — LoapTsw

Crry

The relationship between Rouruys and the switching fre-
quency is more complicated compared to the L = 0 case (see
Fig. 9). At frequencies much lower than the LC-resonant fre-
quency (Frgs = (LCrry)'/?/(2m)), the current transient settles
down well within the duration of each phase, thereby having
no impact on Royr. As the switching frequency approaches
Fres, Rout exhibits a non-monotonic behavior with peaks at
Fres/2, Fres/4, Fres/6, and so on and troughs at Frgs/3,
Fres/5, Fres/7, and so on. Beyond Frgs, charge-sharing
losses again fall below the resistive losses of the switches.
With proper choice of L and C, Frgs can be reduced to be
much lower than transition frequency for the L = 0 case.

In this work, Crry was set equal to the expected output
capacitance of 400 nF (de-rated) and the inductance is equal
to 10 ¢H. Fig. 9 shows Fgrgs is 10x lower compared to the
L = 0 case. It is worth noting that the resonance frequency
will be much lower than what is predicted by the above
analysis because the inductor is switched and will be equal to
FRES,SWITCHED = FRES * (1 — D)), where D is the duty cycle
with which the inductor is switched. Consequently, it would
seem like the SC stage that can be switched at much lower
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Fig. 10. Time-interleaving of the SC stage to mitigate large output voltage
ripple.

frequency than 70 kHz. However, lowering the switching fre-
quency increases the inductor rms current significantly, which
increases the conduction losses. Because of this tradeoff, losses
due to inductor RMS current and the switching losses in the
SC stage are better balanced when Fsw sc = Frgs. Another
practical consideration in choosing Fsw_sc involves preventing
the inductor from being connected to the SC stage when the
flying capacitors are changing phases. This can be guaranteed
if Fsw,sc is made an integer sub-multiple of Fsw gsr. Thus,
considering the above, Fsw sc was chosen to be 100 kHz,
which is the closest sub-multiple of Fsw gst (I MHz).

C. Time-Interleaved SC Stage

While operating the SC-stage at 100 kHz can potentially
reduce its switching losses, it has a detrimental effect on the
output ripple. For instance, a 50% duty cycle 100-kHz clock
for the SC stage results in the output capacitor floating for
a duration of 5 us, which results in an unacceptably large
peak-to-peak ripple of 0.25 V at a typical load of 25 mA
and a worst case ripple of 1 V at 100-mA load with 0.5-uF
output capacitance. In conventional boost converters, the head-
room of the LED bias current source must be increased
(Vur = Vp.sar+ VrippLg) to absorb the excessive ripple and
prevent it from affecting the backlight quality. However, this
degrades LED-driver power efficiency and causes perceivable
flicker in the backlight. One possible way to avoid this large
ripple is to ensure that the lost charge in the output capacitor is
replenished faster. This can be achieved by splitting the single
SC stage into two time-interleaved sections that alternately
connect to the output capacitor. The operation of the converter
is described in detail in Section III-E. The final architecture of
the proposed boost converter is shown in Fig. 10. It consists
of ten power switches, all rated at Voyr/2, and two additional
external flying capacitors Crry.

D. Efficiency and Loss Breakdown

Theoretical power efficiency plots comparing the proposed
hybrid boost converter with the conventional boost converter
are shown in Fig. 11(a). These plots show a marked improve-
ment in efficiency across the entire load range with about
5% and 8% peak efficiency improvement at nominal and
high loads, respectively. The improvement in conduction and
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TABLE I

PERCENTAGE REDUCTION IN LOSSES WITH RESPECT TO
CONVENTIONAL INDUCTIVE-BOOST CONVERTER

Loss % Reduction Cause
Conduction 30 Device rating
Switching 52 Device rating+low Fsw, sc
Core 22.6 Inductor current ripple reduced
SC Conduction
Distribution Loss
@ 25mA (3%)
%
DCR Conduction ST Conduction
Loss Loss
(24.4%) (20.6%)
Isrc Loss
(6.4%)
BST Switching Core Loss
Loss (14.8%)
21.6%) SC Switching
Loss
(3.2%)
Fig. 12.  Simulated power loss breakdown at 25-mA load for the proposed
converter.

switching losses is captured in Fig. 11(b) and (c). They show a
significant reduction in switching losses and modest improve-
ment in conduction losses, both of which illustrate that higher
quality switches and the SC-stage’s low-switching frequency
indeed help improve efficiency. The simulated power loss
breakdown for the proposed converter at 25-mA load is shown
in Fig. 12, and the percentage reduction in losses normalized
to those of a conventional inductive-boost converter is shown
in Table L.

E. Phase Operation

The converter operates in four phases, @, ®,, @3, and Oy
(see Fig. 13). We describe the operation starting with phase
@, in which both the BST- and SC-stage clocks ¢pst and ¢sc
are high. During this phase, inductor and Cgry; are connected
to the ground, while Cgry; is connected to the output. The

0 )
(b) Load current [mA]

20 0 80

80 60
(c) Load current [mA]

(a) Efficiency plots of the hybrid and conventional architectures. (b) Conduction loss comparison. (c) Switching loss comparison.

duration of this phase is equal to D x Tgst, where D is
the duty cycle of the clock ¢pst and Tgsr is the period of
¢Bst- Because the inductor is disconnected from the load,
the LED current source discharges the output capacitor. When
¢BsT goes low, the converter enters @, phase during which
inductor is connected to the SC stage. As Vour = 2 * Vm,
half the inductor current flows through the output capacitor
through Cgry; and the other half flows through Cgry;. This
causes Vyip voltage to ramp-up as shown in the waveforms
on the right in Fig. 13. The kink in the ramp is caused by
the voltage drop across the power devices in the SC stages.
Since switching frequency of the SC stage is much smaller
than the BST stage, ¢pst changes its phase five times in one
half of ¢sc. Consequently Cpry; and Cgry; get discharged and
charged, respectively, five times during @.

In the ®3; phase, Cpry; and Cgry, exchange positions.
Since the voltages across Crry; and Crrys always add up to
Vour, this change in positions of the flying capacitors do not
affect the output voltage. The voltage at Vyyp on the other
hand always reflects voltage across Crryz in ¢sc and across
Crry; in ¢sc. This node experiences a voltage jump when the
flying capacitors exchange their positions because the inductor
current cannot change suddenly. The voltage jump’s magnitude
is equal to the voltage difference between the voltages across
Crry: and Cgry; at the end of @,. After this change in flying
capacitor positions, the rest of the operation is exactly the same
as described before, except now for the next five cycles of
¢Bst, and Cpry; is charged and the inductor current discharges
CrrLy2. This marks the end of one complete cycle of ¢sc. The
BST stage provides a dc gain of 1/(1 — D), and the SC stage
provides a gain of 2. Therefore, the relation between the output
voltage and the BST stage’s duty cycle is given by 2/(1 — D).

IV. CIRCUIT IMPLEMENTATION

The complete schematic of the proposed converter is shown
in Fig. 14. It consists of three main components: the power
devices used in the BST and SC stages, the gate drivers for
these power devices, and circuitry to regulate the converter’s
output voltage.

A. Power Switches

All the power devices in this architecture are rated at
20 V. The maximum voltage stress seen by each switch is
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Fig. 14. Complete circuit schematic of the converter (left) and associated gate drivers (right).

giVCI’l by VOUT’maX/Z + IOUT,max * 0.25 % TSW,SC/CFLY and is
equal to 18.6 V. Tsw sc (1/Fsw sc) is the switching period of
the SC stage. Switch sizing was optimized to achieve peak
efficiency at Irpoap = 25 mA. The BST stage’s low-side
switch is sized for an rpson of 123 mQQ, while the rest of
the switches are sized for an rpgon of 350 mQ. The power
devices occupy an area of 2.76 mm?. Flip-chip packaging and
careful routing of the power rails at both the chip and the
PCB level were employed to reduce parasitic resistance and
inductance.

B. Gate Drivers

The interleaved SC stage limits the maximum voltage across
the power switches to Voyr/2, enabling the use of devices
rated at Voyur/2 with lower Rpsonx and smaller parasitic
capacitance. Leveraging this topological benefit for improving

efficiency without affecting device reliability requires carefully
designed gate driver circuits. Fig. 14 shows these circuits used
for driving power devices, M2, M3a/p, Maasp, Msa/p, and
Mg a/p, with the desired voltage levels of Vsw-to-(Vsw + Vin),
Vmip-to-(Vmmp + Vin), Veora,s-t0-(Veotays + Vin), (Vour —
ViN)-to-Vour, and 0-to-Vin, respectively. Drivers for M; and
Mg are implemented using tapered buffers operating with Viy
as their supply. M, (Mass,p) driver is implemented using a
dynamic level shifter [26] with bottom plate of the boot-
strapping capacitor Cpoor2 (Coorsa/p) connected to Vsw
(VBor1/2). Transistor My (rated at Vin 4 Vout/2) and pull-up
resistor Rpy are sized such that swing at the inverter (INV )
input is about Viy. To minimize static power, input PWM
signal is converted into two narrow pulses and recovered using
an set-reset (SR) latch. M3 and M5 drivers are implemented
using capacitively coupled level shifters [26] in which cou-
pling capacitors C¢s and C¢s hold voltages Vyp and Vour,
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Fig. 15.  Small-signal model for the proposed architecture in continuous
conduction mode.
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respectively. Pull-up resistors pre-charge capacitors (Cc3/s) to
the required voltage levels before the start of each switching
cycle. The coupling capacitors C¢3 and C¢s and the boot-strap
capacitors Coot2 (Coots4a,s) are off-chip as they needed to
be about ten times the gate capacitance of the power device
they were driving. Both the bootstrap and coupling capacitors
are implemented using 1.5-nF 0201 packaged surface-mount
capacitors (0.02 in x 0.01 in).

C. Regulation Loop

A voltage-mode integral-control loop is used for regulating
the output voltage. Note that a current source sets the LED
current, and as a result, using a voltage-mode compensator
has no bearing on the LED bias current as long as the output
voltage is sufficiently high to forward bias all the LEDs and
guarantee the desired voltage headroom for the current source.
A transconductance-C stage integrates the difference between
the converter output voltage and the reference voltage and
generates a control voltage (VcrgryL). The value of compen-
sation capacitor C¢ is equal to 20 nF and it is implemented
off-chip. PWM comparator compares Vcrgrp, with an externally
fed 1 MHz sawtooth signal and produces a duty cycle for
the low-side device of the BST stage. The loop bandwidth
is about 1 kHz. The clock for the SC stage is generated by
dividing the BST stage PWM signal by 10. A ring counter
that generates a divide-by-five clock followed by a divide-
by-two stage produces the divided-by-ten signal (100 kHz)
with 50% duty cycle. The small-signal model for the proposed
architecture has been derived based on the procedure in [12]
and is shown in Fig. 15. The duty cycle to Voyr transfer
function is given by the following equation:
1—3s D‘;—LRL ®
2D’ 1+ S(DiLIQL + 4COE’,I;R6%1) 4 52 4ngUT

Vour,nc
Gvd -

where D’ = 1 — D, D being the duty cycle of the low-side
switch of the BST stage.

D. Discontinuous Conduction Mode

The converter was operated in the DCM to improve the
efficiency under light-load conditions (less than 5 mA).
A zero-crossing detector circuit shown in Fig. 16 detects the
voltage drop across the high-side power device and translates
it to current. This voltage drop appears as a difference in Vs
of M3 and M,, which is then converted into a current equal
to isense = gm3.4AVgs. Trans-impedance amplifier (TIA)
implemented using M7;—M;, transistors along with the post
amplifier (M;; and Mj,;) converts isgnsg into a rail-to-rail
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Fig. 17. Die micrograph and evaluation board.

voltage output. Rpias is used to generate an internal bias
current, and Roprser 1S used to create an intentional offset
to account for the delay in the zero-crossing detector. M; and
M, act as shielding devices to protect rest of the 5-V devices
when the Vsy node goes to ground potential. The DCM mode
improves efficiency by about 10% over the CCM mode at loads
near 1 mA.

V. MEASUREMENT RESULTS

A prototype converter was fabricated in a 180-nm process
and attached to the test board using a flip-chip package (see
Fig. 17). The active area is 2.8 mm?.

Flying capacitors (Cgry; and Cgryz) were placed very
close to the chip. During start-up, since all the initial flying-
capacitor voltages are much lower than their steady-state val-
ues, the inductor current increases in both its switching phases,
resulting in huge initial inductor current of the order of 2 A
[see Fig. 19(b)]. Since the voltage at Vjyp toggles between the
two flying capacitor voltages, the initial inductor current surge
can cause voltage at node Vyp to exceed the device rating.
To avoid this, the SC-stage switching frequency is initially
increased to 500 kHz, which is five times the steady-state
switching frequency and reduced back to 100 kHz after Cgry 1
and Crry» are charged to Voyur/2 and the output capacitor is
charged to Vpur. In addition to the fast SC-stage switching
during start-up, it would also be beneficial to employ an over-
current protection scheme to limit the inductor current under
a safe value. To this end, a simple over-current protection
scheme based on a conventional resistor-based current sensing
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at the LS power-FET of the BST stage [27] can be employed.
Current sensing can also be performed by a sense-FET-based
current sensor [28] by placing the sense-FET across the LS
power-FET of the BST stage. Relevant steady-state voltages
of the converter with Vix = 3.7 V, Vour = 30 V, and
Iigp = 25 mA in both CCM and DCM modes are shown
in Fig. 18(a) and (b), respectively. Output voltage (Vour),
switching node of the BST stage (Vsw), and voltage at the
intermediate node between the BST and the SC stages (Vvip)
along with the inductor current (/1) waveforms are shown.
Vour and Vyp have settled at 30 and 15 V, respectively,
for both CCM and DCM operations. In the DCM operation,
the ZCD circuit cuts off the high-side switch when the current
through it crosses zero. This results in oscillations in Vsw and
I, as shown in Fig. 18(b) because the parasitic capacitance at
Vsw node was still charged to Vour after the high-side switch
was turned off. This provided a non-zero initial condition to
the LC tank formed by the parasitic capacitance at Vgw and
inductor L. This results in a small undershoot below zero in
the inductor current.

Fig. 18(c) shows the small-signal ripple on the Voyr and
Vmip nodes. The expected shapes of ripple on Vymp and
Vour, as explained in Section III E, prove the effectiveness
of the time-interleaving approach to avoid large ripple on the
output voltage. Even though Vyp experiences large voltage
jumps (~ 200 mV at I;gp = 25 mA) caused by the flying
capacitors exchanging positions, due to interleaving of the
SC-stage, output voltage ripple remains less than 20 mV.
Fig. 19(a) shows the start-up transients for Vour, Vmip,
and inductor current Iinp. Fig. 19(c) shows a full-load step

of 0-100 mA causing about 1-V droop. This is primarily
because of the low-bandwidth voltage-mode control loop.
Efficiency over a load current range of 0.5-100 mA was
measured under different values of Viy and Vour, and the
results are plotted in Fig. 20(a). These results were obtained
by using a 504015 casing (5.0 mm x 4.0 mm x 1.5 mm)
10-xH inductor (DCR = 140 mQ). Efficiency curves plotted
with Vour = 30 V and Viy = 2.5, 3.7 and 5 V show the
peak efficiency of 91.15% at Viy = 3.7 V/ILgp = 30 mA
and 92.42% at Vin = 5 V/ILgp = 45 mA. The converter
is functional at Viy = 2.5 V to guarantee overall system
functionality even when the battery is almost fully discharged.
Efficiency curves measured across three temperatures (0 °C,
25 °C, and 85°C), shown in Fig. 20(b), indicate that effi-
ciency degrades by less than 2% across the temperature
range.

Peak efficiency greater than 90% at Iygp = 30 mA was
obtained even when a smaller volume inductor (25201 casing
with DCR = 350 mQ) is used [see Fig. 20(b)]. The efficiency
in DCM- and CCM-modes is shown in Fig. 20(c). Efficiency is
improved by 10% at 1-mA load current in the DCM mode, thus
proving the effectiveness of the zero-current detector. Sum-
mary of the achieved performance and comparison with state-
of-the-art high-efficiency LED drivers is shown in Table II.
This work achieves more than 3% efficiency improvement
compared to [2] and [29], which have comparable input and
output voltages. Compared to [10], the proposed converter’s
output voltage is 1.7x larger and does not require an extra
inductor. In an attempt to have some comparison data, we mea-
sured the performance of our converter at Vin/ Vour of 5/20 V
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TABLE 11
PERFORMANCE SUMMARY AND COMPARISON TO STATE-OF-THE-ART LED DRIVERS

This Work LM36274 [29] LM36923 [2] JSSC °20 [10] TPE °19 [9] TPS6118 [3]
Technology 180 nm BCD 180nm BCD 180 nm BCD 350nm CMOS — —
Input Volt. [V] 2.3-5 2.7-5 2.7-5 2—4.4 6—18 5-24
Max Output Volt. [V] 35 29 28 20 50 40
Load Range [mA] 0—100 0—100 0—100 10—250 70—100 0—120
Conversion Ratio 2/(1-D) 1/(1-D) 1/(1-D) 2/(1-D) (3-D)/(1-D) 1/(1-D)
Switching Freq.[Hz] 1M/100K IM IM 2M < 0.82M M
Output capacitor [uF] 20* 10 10 10 10 4.7
Flying Capacitor [uF] 2x2.2 — — 2x0.47 2x260 —
Inductor [pH] 10 10 10 2x3.3 18 10
DCR [m€] 140 350 140 230 166 — 75
Inductor Vol. [mm?] 5x4x1.5 25 x2x1 5x4x1.5 4x32x1.2 - - 52x52x%x3
Efficiency [%] 91.15 (93.6) 90.33 88 88 93.5 89.5 93
Load @ peak eff.[mA] 30 (50) 25 55 40 100 100 100
VinN @ peak eff.[V] 3.7 (5) 3.7 3.7 3.7 4.2 6 11
Vour @ peak eff.[V] 30 (20) 30 28 28 18.9 30 28.8
Control Voltage Current Current Voltage External Current
Active area [mm?2] 2.76 3.95 2.27 0.89 8 —

* Unfortunately, a larger capacitor was used due to an oversight/error during the PCB design. There is no degradation in efficiency in using a smaller output

capacitor.

and 50-mA load current. The peak efficiency was 93.6% when
using the 140-mQ 10-xH inductor. It is difficult to fairly
compare this work with [10] because of the differences in
the conversion gain (4.5 versus 10), output voltage (20 versus
35 V), load current (100 versus 25 mA), and switch ratings
(10 versus 20 V). However, comparing [10] and this work at a
conversion gain of 4.5 and load current of 25 mA (after down-
scaling the losses reported at 100 mA in [10] and keeping the
area equal) shows that the total losses in this works are 18%
less compared to [10].

VI. CONCLUSION

We presented a new hybrid boost converter architecture
for improving the efficiency of LED drivers used in mobile
applications. By cascading a low-switching frequency time-
interleaved series—parallel SC-stage with an inductive-boost
converter, we demonstrated that switching losses can be
greatly reduced. Charge-sharing losses of the SC stage are
minimized by soft-charging flying capacitors with the inductor
of the BST stage. Fabricated in 180-nm bipolar CMOS DMOS

(BCD) process, the prototype converter generates 30-V output
voltage from a Li-ion battery source and can provide a load
current in the range of 0—100 mA with an excellent peak power
efficiency of 91.15% at 30 mA. Compared to state-of-the-art
designs, the proposed converter achieves a 3% improvement
in peak power efficiency.
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