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A Single-Mode Buck—Boost Converter With
Always-Dual-Path Operation for
Inductor Current Reduction

Ji1Jin"Y, Student Member, IEEE, Yufa Zhou, Weiwei Xu

Abstract—This article presents a battery-to-3.4 V buck-boost
converter designed for mobile devices. The converter employs
two flying capacitors (Cr; and Cg2), one inductor (L) and six
switches. Cg; operates in parallel with the inductor to distribute
input current during inductor energizing phase, while Cg assists
the inductor in transferring output current during the inductor
de-energizing phase, ensuring the inductor current (/1) is always
lower than the output current (IoyT). This configuration results
in a single-mode controlled buck—boost converter, allowing smooth
voltage conversion over the entire battery voltage range. Addition-
ally, the maximum voltage stress on switches is limited to either Vin
or VouTt, enabling the use of 5-V devices for all power switches.
Furthermore, the continuous output current delivery alleviates the
right-half-plane zero effect, leading to fast transient responses. The
converter was fabricated in a 0.18-om BCD process. Measurement
results demonstrate that the converter achieves a peak efficiency
of 97.3% using a bulky inductor with a DCR of 18 m{2. The peak
efficiency remains at 96.4% using a compact inductor with a DCR
of 200 m{2.

Index Terms—Always-dual-path, buck-boost converter, flying
capacitor, inductor current reduction, single-mode.

1. INTRODUCTION

OR portable applications to fully benefit from the compact
F size and high energy density of modern battery technology,
they must operate efficiently across the entire battery voltage
range (e.g., from 4.2 V to 2.7 V). This presents a design
challenge for generating a mid-3-V supply voltage for many
function blocks, such as power amplifiers in Wi-Fi front-end
modules [1], [2]. As illustrated in Fig. 1, buck—boost converters
offer a feasible solution for these applications [3], [4], [5], [6],
[71, [81, [9], [10], [11], [12], [13], [14], [15]. The conventional
buck—boost converter (CBBC) is favored for its simple structure
and short time-to market, but it suffers from two main issues
[3], [4], [5], [6]. First, conduction loss is high due to the
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Fig. 1. Diagram of lithium-ion battery powered mobile devices.

large inductor current (/1) and the presence of two power
switches connected in series with the inductor, resulting
in poor efficiency and power density. Second, in the boost
mode, the discontinuous output current delivery results in a
load-dependent right-half-plane (RHP) zero, degrading transient
responses performance, and complicating loop compensation
design. To tackle these challenges, various hybrid buck—boost
converters with flying capacitors have been explored in recent
years [7], [8], [9], [10], [11], [12], [13], [14], [15].

To ensure that only one power switch is in the main current
path, thereby reducing the conduction loss, a hybrid boost mode
was introduced to a two-switches buck converter [7], [8], [9] [see
Fig. 2(a)], and the inductor current is reduced in boost mode of
[8]. However, the inductor current remains the same as CBBC
in [3], [4], [5], and [6] and one switch suffers voltage stress
problem, leading to high silicon cost and reduced efficiency.
To further reduce conduction loss, an improved topology that
combines a dual-path buck and a dual-path boost mode was
proposed in [10]. By using four low-voltage switches and one
Cr with always reduced Iy, this design achieves both high
efficiency and high power density. However, these structures
face acommon problem during the mode transition. As shown in
Fig.2(a), due to the discontinuous voltage across flying capacitor
in buck and boost modes and, thus, large dVcg/dt during mode
transition, a large inrush current will be generated that may cause
reliability problem.

Fig. 2(b) illustrates buck-like buck—boost converters based
on charge pumps developed in [11], [12], and [13] to miti-
gate the mode transition issue and improve transient responses.
These converters operate similarly to a buck converter, with
the switching node Vgw capable of being higher, equal to,
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Fig. 2. Existing multimode hybrid buck—boost converters face challenge
during mode transition because of the discontinuous Vg or duty cycle.
(a) Buck—boost converters with only one power switch on the main current
path. (b) Buck-like buck—boost converters based on charge pump.

or lower than Viy, thus achieving buck or boost operations.
Due to the continuous output current delivery, the RHP zero is
avoided and fast transient responses can be achieved. With the
flying capacitors act as voltage source throughout operation,
the maximum voltage stress on the power switches is either
Vin or Vin/2. However, in [13], the discontinuity in duty cycle
during mode changes results in voltage overshoot on Voyr [see
Fig. 2(b)]. Additionally, the increased complexity due to the
addition of more switches and capacitors, along with the need
for dedicated mode transition control circuits, complicates the
design and limits efficiency improvement.

Although the above designs have improved efficiency and
transient performance, the mode transition issue remains chal-
lenging. In mobile devices, dynamic load currents from vari-
ous functions powered by the battery can cause unpredictable
fluctuations in battery voltage (see Fig. 1). This necessitates
robust mode transition capabilities in buck—boost converters.
Therefore, hybrid single-mode buck—boost converters with dual-
path operation were proposed [14], [15], offering simple control
circuit designs. However, both designs suffer from poor switch
utilization due to the requirement for high-voltage devices,
which increases silicon cost and limits efficiency. To achieve
optimized performance in a hybrid single-mode buck—boost
converter, it is essential to reduce the voltage stress on the power
switches [16], [17], [18].

To further enhance the power efficiency of single-mode buck—
boost converters while maintaining seamless mode transition,
this article, an extended version of the conference paper pre-
sented in [18], proposes a single-mode, always-dual-path buck—
boost converter. The proposed design minimizes the inductor
current (/1) to below the output current (/oyT) across the entire
battery voltage range, while ensuring that all power switches
are immune to voltage stress issues. In addition to the previ-
ously presented work, this article includes a comprehensive loss
analysis and transfer function analysis, demonstrating that con-
structing highly efficient power delivery paths not only improves
power efficiency but also enables faster transient responses.
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Furthermore, a discussion is provided on the performance trade-
offs between single-mode and multimode configurations of the
proposed topology. Detailed circuit implementations of both the
power stage and controller are also presented to enable a thor-
ough analysis and characterization of the proposed converter.

The rest of this article is organized as follows. Section II
introduces the operation principle of the proposed converter and
provides a performance analysis. Circuit implementations are
discussed in Section III, and measurement results are presented
in Section IV. Finally, Section V concludes this article.

II. PROPOSED BUCK-BOOST CONVERTER

A. Operation Principle of the Proposed Always-Dual-Path
Single-Mode Buck—Boost Converter

Fig. 3 reviews the dual-path buck—boost converter proposed in
[10]. In the buck mode, during phase 1, the inductor is connected
in series with the flying capacitor Cr, accumulating a charge of
AQ = I DgT on Cg, where DgT represents the duration of L
and Cr is in series. During phase 2, the output is supplied by
both L-path and Cg-path, ensuring the Iy, is less than Ioyr. It
is evident that the charge transferred by Cg-path is Q¢ = AQ.
Then, we have

Ip Q. QL LT 1 0

1o Qo Qr+ Qc 11T+ Dgl;T 1+ Dg
where Q7 is the charge transferred by L, while Qo represents
the charge delivered to output.

Note that the inductor handles Io in a conventional buck
(I, buck = I o) and Iy in a conventional boost (/7, boost = ITN)-
Toreduce I, in aboost converter, a Cr-path should be introduced
to assist the inductor in distributing the input current, as depicted
in Fig. 3(b). Similarly, the /;/I1x ratio is given by

I, Qu QL I, T 1
In Qn  Qr+Qc ItT+DsI/T 1+ Dg (.2)

According to (1) and (2), I1, can be reduced across the entire
battery range by introducing dual-path operations for the output
current in buck mode and for the input current in the boost mode.
As illustrated in Fig. 4, during @4, the Cr; is connected in series
with the inductor while Cr, is parallel, transferring charge to the
output. In ®,, the Cro is connected in series with the inductor
while the Cr; is in parallel for input current distribution. Build-
ing on this concept, a single-mode always-dual-path buck—boost
converter is devised, which consists of one inductor, two flying
capacitors and six switches.

Fig. 5 illustrates the operation principle of the proposed
converter, which operates in a single mode with two operation
phases, ®; and ®5. During ®4, Sy, S4, and S5 are ON, energizing
L and discharging Cr; and Cps. The Cpa-path and L-path form
a dual-path for the output. During ®5, So, S3, and Sg are ON,
the L is de-energized and the Cp; and Cpo are charged. The
L-path and Cg;-path then form a dual-path for the input. It can
be observed that the voltage across Cr1 (Ver1) and Cra (Vors)
are Vin and Vour, respectively. The voltage across L is 2ViN —
Vour during ®; and 2Vouyr — Vin during ®». Using inductor
voltage-second balance principle, the voltage conversion ratio
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Fig. 3. Prior inductor current reduction methods in [10]. (a) Dual-path for output in buck converter. (b) Dual-path for input in boost converter.
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is derived as and the I7/] ratio is given by
I ;T 1
D (2Vix — Vour) = (1 - D) 2Vour — Vi)~ (3) Lo Qv _ L _ R
Io Qo ILT+(1-D)I,T 2-D
J— VOUT p— 1 + D . . .
M = Vin °5_D €(0.5,2) “) Substituting (4) into (5), we have
. I M+1
where D denotes the duty cycle of ®1, varying from O to 1, thus, I—L = ;_ . 6)
o

M varies from 0.5 to 2. Although the voltage conversion ratio is
limited, the converter meets the requirement of battery-to-3.4-V
applications. Since V1 and Vpg are continuous and a single
mode covers both down and up conversion across the entire input
voltage range, smooth voltage conversion can be easily realized
when Vin changes without complex control circuits. Thanks to
the always-dual-path operation, the I}, is significantly reduced,

As shownin Fig. 6, compared with the topology in [10], which
has the lowest /7, among multimode buck—boost converters, the
I7, in this work is further reduced by adopting both methods in
[10]. Compared with the single-mode topologies, the I, in this
design is much lower than that in [14] and [19] and comparable
to that in [15] and [18].
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B. Loss Analysis

While hybrid converters offer advantages in balancing ef-
ficiency and power density by leveraging the relatively high
energy density of capacitors [19], [20], [21], and [22], these
tradeoffs still have inherent limitations. These constraints in-
clude slow-switching limit (SSL) losses, primarily caused by
charge-sharing between capacitors, and fast-switching limit
(FSL) losses, which are mainly due to the resistance of switches,
capacitors, and inductors, if present. To evaluate the performance
of hybrid converter, a framework has been proposed that com-
pares different topologies using a minimum power loss figure of
merit when considering cost constraints [23], [24].

1) SSL Loss: In this design, charge-sharing losses occur due
to the charge distribution between Cr; and Cin during ®q,
and between Cr2 and Coy during ®5. For instance, 1, softly
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TABLE I
PARAMETERS OF POWER SWITCHES

Condition: Vin=(2.7-4.2 V), Vour=3.4 V, 5-V devices are used
Architecture Sw i Trms,i G (@D=0.5
) Si ViN VD Gon
Singlemode |75, |y | Vi-b Gon
L=(M+1)lo S3 Vour IL\/E GoN
S4 Vour LN1-D Gon
Si VN I L\/B Gon/2
Sz ViN ILm Gon
Proposed S; Vin I, m Gon/2
converter
L=(M+1)/310 S4 Vour IL\/l/_D Gon
Ss Vour | I;4/(1—D)?/D Gon/2
Se Vout IN1=D Gon/2
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discharges Cr; during @4, with the amount of transferred charge
given by

AQcr1 = I DT (7

During ®5, to maintain charge balance in Cpy, it is hard-
charged by Ciny with AQc 1. To simplify the analysis of the
SSL losses, we assume that the inductor behaves as a current
source and the input and output capacitors have large capacitance
values. Then, the charge-sharing loss of Cry can be calculated

as
1 A 29
Por1 = - Cpy (QCF1>

= (8)

2 Cri

From (9), it is evident that a larger Cy; results in smaller
charge-sharing loss. Fig. 7 illustrates the charge-sharing loss as-
sociated with different Cr; capacitances when /oyt = 300 mA,
showing that capacitance of 4.7 uF or greater effectively reduces
the SSL loss to anegligible level. Accordingly, this design adopts
two 4.7 puF flying capacitors in compact 0603 packages to ensure
both performance and integration efficiency. With Vix =3.7V,
Vour =34V, 10 =03A, Cr; =4.7 uF, and f5,, = 1 MHz (T
=1 pus), Pcry is approximately 1.2 mW, accounting for 4.2%
of the total power loss. This indicates that SSL losses in this
design are not dominant, and are considered negligible in the
subsequent analysis.

2) FSL Losses: Assuming that all capacitors function as
voltage sources, FSL losses are primarily related to conduction
losses in resistive elements. The conduction 1oss (P, q) for a
given architecture can be expressed as

k
PCond = E
1=1

where I,,,,5 ; is the root-mean-square (rms) current of switch i
with resistance R;, Iris, 1, is the rms current of the inductor, and
k is the number of switches. In (10), the first term corresponds
to the loss of active devices (switches), while the second term
represents the loss from passive device (inductor). In a practical
design, to minimize the P ¢,,4 While maintaining a small form
factor, the area of each switch should be optimized individually
within a total active area constraint, and Iy, should be minimized,
as bulky inductors with low DCR are typically not allowed.

I3 iRi + I, . DCR

rms, s

(10)



1668

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 2, FEBRUARY 2026

Sk Vi L L
System Architecture Ly YL AL
V54_|_ Ch—— Nid 5V PMOS 5V
Vin Vswi1 Vsws Vour
3 T 3
) A S
Va| == Cwn Cr2 V|
(i Cn == S, Vsw2 sz4—|_ Ss Cour == lour C') Ves
VT Vs3 Vss V
o1 Ss I— —| Ss se—l—
=
Vs1.3$ Vsss *
Vea Typelll
Vswi4 ype Vi
— O c ti REF
—Vs "l Level Shifters | FVE bty [HQ R RAMP ompensation
+> Gate Driver Generator N S
. <—| CLK Ramp Generator
Fig. 12.  System architecture of the proposed converter.

A vy
VG1 0
> t
[ J'™
Va2
0
> t
A Vy
VG3 0
L >t
- - €« Oy H— 0, —

Fig. 13. Optional implementations where S; and S are PMOS transistors,
and S3 is NMOS transistor.

For simplicity, the inductor current ripple is ignored in the
subsequent analysis. The conduction loss of the inductor is given
by

M +1)?
Poondapcr = I?DCR = M+1)7 I2DCR. (11)
For a fair comparison, the sum of G-V? products of all switches
in a power converter is used as a cost-based constraint [23],

which can be written as
k

Apor = Y GV

i=1

12)

where G; and V; represent the conductance and rated voltage of
switch i. To minimize the conduction loss of switches under the
area constraint in (12), an auxiliary function is obtained using
the Lagrange multiplier optimization as follows:

k k
L(Gia) =) 2t +)\<ZG¢
i=1 i=1

1

2
rms,
4

2
e V;

7

- Atot) 13)

where the first term of (13) represents the conduction loss of the
proposed converter and A is the Lagrange multiplier. Then, the
conduction loss is minimized by taking the partial derivatives of
L with respect to G; and then setting it to zero.

Then, the optimal conductance of each switch is derived as

I ms,? Atot
: k :
‘/7’ Z] =1 Irms7j ‘/7
Itis evident that each switch is sized proportional to its /;1,,s/V;

ratio with a given total area. With all switches having the same
stress voltages, (14) is simplified as

G; =

(14)

o 1 rms,?
= 72 ;
7j=1

Table I lists the rms currents and rated voltages of the power
switches of CBBC and the proposed converter. It is worth noting
that the voltage stress across switches is either Vix or Vour in
the proposed converter, avoiding the use of high-voltage devices.

Since all switches in CBBC have equal rms current and
the same stress voltage when D = 0.5, they have the same
area, and conductance (Gon = I/Ron). Therefore, the total
conductance, G, amounts to 4Gon. In the proposed converter,
the optimized conductance for each switch is determined based
on their respective rms currents, as listed in Table I. Specifically,
So and S, are sized twice as large as the other switches to
accommodate their doubled rms current when D = 0.5. This
sizing strategy is consistently applied across other designs for a
fair comparison, using a compact inductor with a large DCR of
SRon. As illustrated in Fig. 8, the proposed converter achieves
the lowest conduction loss among single-mode buck—boost con-
verters, owing to the absence of the voltage stress problem.
However, due to the increased number of switches or voltage
stress on power switches, its conduction loss is higher than that

Grot- 5)

Irms,j
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losses become significant, a more accurate loss analysis method
can be employed that merges aspects of both capacitance and
switch utilization [24].

C. Transfer Function Derivation

Using the state-space averaging method, the transfer function
of the power stage of the proposed converter has been derived.
As discussed in Section II, Vepy = Vin and Vops = Vour
in the steady state. Assuming all parasitic resistances (R.,) are
negligible, Cr; is not considered as a state variable since the
variation in vy is zero [26], while Cg» is treated as one. There-
fore, there are three state variables: vops, i1, and vour. Based
on the current and voltage relationships of Cps, L, and Coyr,
the control-to-output transfer function is derived as follows:

S

WRHP- z
—  (16)
14+ 55 + =5

Quwo ' wj

Guod (5> |Um = 0, Req = 0,= Guapo

Frequency (Hz)
(b)

Fig. 16.  Bode plots of the converter. (a) Vin = 2.7 V, IouT = 500 mA.
(b) Vin =4.2V, IouT = 500 mA.
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where R is load resistance and R., is all other parasitic resis-
tances. This derivation indicates that the transfer function of the
converter is a second-order function with a pair of complex poles,
combining Cre and Coy into a single state element. Moreover,
due to the charge transferred to output in one cycle, (2—D)I.T,
is disproportional to D, resulting in an RHP zero. However, the
continuous output current delivery pushes this zero to a higher
frequency, making the RHP zero in this converter nine times
higher than that in a CBBC with two-phase operation, where the
RHP zero is given by

(1-D)*R R
- - . @l
WRHP—2,CBBC DI MM+ 1L (21)

Fig. 9 compares the RHP zero locations of the proposed and
conventional structures under varying input voltages and load
currents. At an input voltage of 2.7 V and an output current
of 500 mA, the RHP zero of the proposed structure reaches
728 kHz, whereas that of the conventional structure is only
80 kHz. With the RHP zero in the proposed structure being
nine times higher than that in the conventional structure, the
system can support a higher control bandwidth without sacrific-
ing stability. This indicates that the proposed converter has the
potential to achieve faster transient response.

D. Discussion on Different Configurations of the Proposed
Converter

Note that the proposed converter also supports multimode
operation, similar to the CBBC that can configure from single-
mode to multimode operation, including pseudobuck and pseu-
doboost modes. As illustrated in Fig. 10(a), when switches Sy
and S5 are always ON and Sg is OFF, Cyo functions as an output
capacitor. Under this configuration, the operational principle
resembles that of a K'Y boost converter [27]. During ®2, Cp; is
charged by Vin, while in @5, Vg is pumped to 2Viy, achieving
boost operation with a voltage conversion ratio defined as M =
1 +D € (1, 2). The output current delivery is continuous, and
I;, = IouT. When Sy and S3 are kept ON, Cg; acts as an input
capacitor, the converter works in the buck region [see Fig. 10(b)]
like a SIC converter [27], yielding a voltage conversion ratio
of M = 1/(2-D) € (0.5, 1). Since the inductor is located at
the input, the inductor current equals to input current, express
as Iy, = 1/(2-D)Ioyt. Compared to conventional multimode
buck—boost converter, the inductor current is reduced in both
modes like that in [6]. Additionally, the voltage across the
flying capacitors is stably defined throughout the entire battery
voltage range (Vcr1 = Vin, Vere = Vour), which enhances the
converter’s potential for smooth mode transition with dedicated
control circuits recommended in [28].

For CBBC, multimode operation is typically employed to en-
hance efficiency by minimizing inductor current and conduction
losses. In this design, losses on the power switches under single-
mode operation are larger than those in multimode configura-
tions like CBBC, as shown in Fig. 11, due to the increase number
of power switches in the current. However, the always-dual-path
operation during single-mode significantly lowers the inductor
current, thereby reducing total conduction losses, when using a
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compact inductor, compared to multimode operation. Given the
advantages of single-mode operation and the further reduction
in inductor current, we advocate the converter work operate in
single-mode for mobile devices with strictly limited space.

III. CIRCUIT IMPLEMENTATION

Fig. 12 presents a detailed circuit diagram of the proposed
converter. Loss analysis and small-signal analysis are employed
to guide the design of the converter prototype. This design
accommodates an input voltage range of 2.7 V to 4.2V, typical
for battery applications, with the output voltage regulated to a
fixed 3.4 V. Optimal utilization of active devices is achieved
by using 5-V N-type lateral double-diffused MOS (5-V NLD-
MOS) transistors for S1_g, and a 5-V P-type MOS transistor for
Sy, all configured with compact sizes and supplemented with
appropriate gate drivers, as discussed shortly.

A. Design Considerations of Power Stage

The proposed converter features a symmetrical configuration
around the L, which simplifies the power stage design by allow-
ing focus on only half of the circuit. Fig. 13 shows a solution for
implementations of S;_3 on the left of inductor, where S; and So
are P-type MOS transistors, and S3 is an N-type MOS transistor.
This approach simplifies the design of gate drivers for S;_3, as
S1 and S3 can be directly powered by Vin and ground, while S,
can utilize a dynamic driver suggested in [12] without the need
for a bootstrap capacitor. However, this configuration involves
two power-inefficient P-type switches among the three switches,
which significantly decreases both efficiency and power density.

To improve the utilization of active devices, an alternative
solution involves using N-type MOS transistors for S;—S3 and
applying the same implementation to S4—Sg, as illustrated in
Fig. 14. With the 0.18-um BCD process, the minimum channel
length of a 5-V CMOS device (N-type) is 600 nm while of a 5-V
NLDMOS is only 300 nm. Fig. 15 compares the ON-resistance
of a 5-V PMOS, a 5-V NMOS with a 5-V NLDMOS under the
same active area (=W x L), illustrating the NLDMOS as more
suitable for use as a switch. To minimize the conduction loss
of switches, So and S, are sized to be twice as large as other
switches, as analyzed in Section II-B.

In this setup, switches S; and S5 have their source terminals
connected to the bottom plate of flying capacitors Cr; and Cpo,
respectively, allowing the gate drivers to be directly powered
by the corresponding flying capacitor. Meanwhile, switches So
and Sy have their source terminals, respectively, connected to
Vin and Voyr, necessitating fixed supplies of 2Viy or 2Vour,
which can be generated from Vgwi and Vgws, respectively.
To minimize the bill of materials cost, this design aims to use
only one OFF-chip bootstrap capacitor, rather than two in [16].
Using 2Vin exclusively, the overdriving voltage (Vop) of So is
Vin €Q2.7V,4.2V), while for S4 itis 2Vin —VouT €2V, 5 V).
If 2Vour is used only, the Vop of So is 2Vour — Vin €(2.6 V,
4.1 V). Ultimately, 2Vour is selected to supply both So and Sy
for small variation of Vop. To generate 2Voy, a small switch
Ste is introduced and activated during ®5, charging Cy; and
regulating Vs to 2Vour.
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Fig. 17.  (a) Schematic of duty cycle limitation. (b) Operation principle of the
duty generator.

Although an external OFF-chip capacitor is required, the ef-
ficiency and ON-die current density can be improved by using
NLDMOS only instead of CMOS devices.

B. Design Considerations of Control Stage

The control-to-output transfer function of the converter has
been derived in Section II-C, revealing the presence of a pair of
complex poles and a high frequency RHP zero with. Thereby
a voltage mode PWM control with a Type-III compensation is
applied for wide loop bandwidth [29]. Fig. 16 shows the bode
plots of loop-gain function of the proposed converter. Note that
the red lines represent circuit-level periodic stability simulation
results using Cadence, while blue lines depict calculated results
based on the linear small-signal analysis. With appropriate com-
pensation, the converter achieves a bandwidth of >50 kHz with
a phase margin of >50°.

To guarantee robust operation for the level shifters and the
power stage, the extremely large or small duty cycles are pro-
hibited. Thus, a duty cycle limiter is incorporated into PWM
control logic. As shown in Fig. 17, when Vg is lower than
RAMP signal, the minimal duty cycle is determined by the
pulsewidth of CLK signal; when Vg exceeds the RAMP signal,
the maximum duty cycle is limited by a CLK,,,x signal gener-
ated by comparing the RAMP signal with a fixed bias voltage
VBIAS_ max_duty» Which has a fixed phase delay relative to CLK.
In this work, the duty cycle of PWM signal is constrained within
5% t0 95%.

IV. MEASUREMENT RESULTS

Fig. 18(a) shows the die micrograph of the proposed buck—
boost converter. Fabricated in a 0.18-,m BCD process using 5-V
devices only, the converter occupies an active area of 1.12 mm?.
Table II shows the type and the size of power switches S g
and Sy with corresponding drive voltage. The prototype was
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Fig. 18. (a) Die micrograph of the proposed converter. (b) PCB solution.
(c) Measurement setup.

TABLE II
SIZE OF POWER SWITCHES

Type W/L Vas
Si3 | 5-VNLDMOS | 75 mm/300 nm VN
Sz 5-V NLDMOS 150 mm/300 nm 2 VOU1'— VIN
Ss | 5-VNLDMOS | 150 mm/300 nm Vour
85,6 5-V NLDMOS 75 mm/300 nm VlN/ V()UT
Su 5-V PMOS 5 mm/500 nm Vour

Vin -
| 2V
| | Vour i
pen-loop with “i Regulated by the PWM control loo|
fixed duty cycle
Vswi
Cri2are i
Vswa charged '
: Smafov Jov
i \ 4
Fig. 19. Measured start-up process.

measured with Vix =2.7t04.2 V and VoyT = 3.4 V. Fig. 18(b)
and (c) presents the PCB solution of the converter and the mea-
surement setup. The setup includes two 4.7 uF flying capacitors,
one 10 pF output capacitor, one 4.7 ©H inductor and one 100 nF
bootstrap capacitor. The power stage switches at 1 MHz.

The measured start-up process is shown in Fig. 19, which
indicates a safe start-up. As Vn ramps up, the converter initially
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Fig. 21.

operates in open-loop control with a fixed duty cycle, effectively
mitigating the risk of unexpectedly large inrush currents on Crs
due to hard charging. As Vour progresses toward the target
level, the converter transitions to PWM control loop regulation.
It should be noted that when Vin is below 0.7 V, all power
switches are inactive. Once Viy exceeds 0.7 V, the body diode
of S conducts, initiating the charging of Cri, Cro, and subse-
quently Court via Sg. When Voy reaches approximately 2 'V,
S, and Sg, which are powered by Vi ( = 2Vour), are then able
to switch normally.

Fig. 20 shows the measured steady state waveforms of Vour,
Vswi,3, and Iy, at different Vi conditions. When Viy = 2.7V,
3.4Vand4.2V, oyt =500mA, the converter works in the same
mode with small output voltage ripples (<1% of 3.4 V). The
measured /7, values are 390 mA, 345 mA, 310 mA, respectively,
which are always lower than /oy, resulting in a great reduction
of conduction loss. Theoretically, the expected I values are
375 mA, 333 mA, and 302 mA, respectively. The observed
discrepancies are attributed to the extended duty cycle resulting
from losses in the nonideal switches and inductor.

The measured waveforms of load transient responses with a
load step of 500 mA within 1.5 us is shown in Fig. 21. Thanks
to the continuous output current delivery, which alleviates the
RHP zero effect, the under/overshoot is lower than 125 mV over

Measured load transient responses with a load step of 500 mA. (a) Viny = 2.7 V. (b) ViN =34 V. (¢) ViN =4.2 V.

the whole Viy range in this design. When Viy = 4.2 V, the
under/overshoot is only 100 mV/105 mV with 1% settling time
of 8 us/9 us.

Fig. 22(a) shows the measured line transient responses of the
proposed converter when Viy changes from 4.2 V to 2.7 V or
from 2.7 V to 4.2 V over a duration of 10 s. Fig. 22(b) presents a
faster transition scenario with a 15 ms input voltage change. In
both cases, unnoticeable voltage variation is observed on Vour,
which indicates the seamless mode transition with the single-
mode operation.

Fig. 23 presents the measured efficiency of the converter
at various Vin and /oyt conditions. Two different inductors,
are used to verify the performance of the converter. The peak
efficiency reaches 97.3% using a bulky inductor with saturation
current of 14 A (max. DCR = 18 m{2). Thanks to the significantly
reduced inductor current, even a compact inductor (/5. = 1.4 A,
max. DCR = 200 mS?) is used, the peak efficiency remains at
96.4%.

Fig. 24 shows the estimated power loss breakdown at Vi =
2.7V, Iouyr = 800 mA with a DCR of 18 mf2. It is evident
that under heavy load conditions, conduction losses from power
switches and bonding wires dominate the total power loss,
thereby limiting overall efficiency. To improve heavy-load ef-
ficiency, increasing the area of power switches not only reduces
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conduction loss and balances gate driver loss of power switches,
but also allows for the placement of more PADs. This, in turn,
enables more gold bonding wires to be added, further mitigating
conduction loss due to parasitic resistances.
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Table III summarizes and compares the performance of the
proposed converter with state-of-the-art designs. Unlike using
high-voltage devices in [7], [14], and [15], the 5-V devices are
used only in the proposed converter, so this design occupies the
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TABLE III
PERFORMANCE SUMMARY AND COMPARISON
Multi-Mode Single-Mode
Publication JSSC"25[10] JSSC"25[13] VLSI'21[14] JSSC'23[15] TPEL'23[17] ISSCC24[16] This work
Technology 0.18-um 0.18-um 0.18-um 0.18-um 0.18-um 0.18-um 0.18-um
Typical Vix 2.7-42V 2.8-42V 2.8—42V 2.9-42V 2.7-42V 2.7-42V 2.7-42V
Typical Vour 34V 33V 33V 33V 34V 34V 3.4V
Voltage Conversion Ratio 0.5,2) (0.5,1.5) (0.5, 0) (0.5,2) (0.67,2) (0.5,2) 0.5,2)
Load Range (PCE>90%) 0.1-2.5A 0.05-1A 02-1A 02-1A 0.02-0.7A 0-1A 0.1-0.8 A
Switching Frequency 1 MHz 2 MHz 1 MHz 1 MHz 1 MHz 1 MHz 1 MHz
Flying capacitor 4.T-uF 20 uFx2 10 uF 10 uFx2 10 uFx2 10 uFx2 4.7 uFx2
Output capacitor 10-uF 10 uF 10 uF 4.7 uF 10 uF 10 uF 10 uF
Inductor 22uH 22uH 4.7 uH 4.7 uH 4.7uH 4.7 uH 4.7 uH
Ii/Io ut (Boost|Buck) 1 M<1 1 Me(0.8,1.3) (3-M)/3<1 Me(0.8,1.3) (M+1)/3<1 (M+1)/3<1
TourStep @ Vin 500 mMA@4.2 V| 500mA@4.2V | 550 mA@ 4.2V | 500 mA@4.2 V | 500 mA@4.2 V 1A@4.2V 500 mA@4.2 V
“Undershoot|Overshoot 15S5mV|150 mV| 33 mV | 26 mV |350 mV 320 mV | 320 mV | 350 mV |400 mV| 400 mV | 240 mV {280 mV| 105 mV | 100 mV
Recovery Time 23us | 23pus | 30us 17us | 150us | 100us | 60us | 60us | N/A N/A 40us | 40us | 8us 9 us
Max. Vps of Switch Vin4.2V) Vin/2(2.1V) 2Vout (6.6 V) BViN—Vour (9.3 V) Vour/2(1.7 V) Vin@4.2V) Vin(4.2V)
“Chip area 2.23 mn?? 2.79 mn?® 8.26 mn?’ 5.85 mm? 6.25 mn?? 3.2 mn? 1.12 mm?
cur;;gtn;i(iissity 1.12 A/mn?® 0.36 A/mn? 0.12 A/mn? 0.17 A/mm? 0.11 A/mn? 0.31 A/mn? 0.71 A/mm?
“Peak Efficiency 98.6% | 97.3% | 98.2% | 97.2% 96.6% 96.1% | 94.8% |96.48%| 95.63% | 96.9% | 95.5% | 97.3% | 96.4%
/DCR ImQ |170 mQ| 8.5 mQ | 110 mQ N/A 19mQ [175mQ| 98 mQ | 288 mQ | 9 mQ (250 mQ| 18 mQ | 200 mQ
vermonmacy | Yo o | we | e[ vy | Ve | e | e
Mode Transition Disco\x/lzluous Discontinuous duty| Not Required Not Required Not Required Not Required Not Required

* Estimated from the paper ** On-die current density = Iyt . / Chip area

Inductor DCR loss
Cond.Lossof S;  7-2MW  Gate driver loss

10.3mW 10.3mW
harge-sharing loss
2mW
Cond. loss of S1-6 89.7mW

Cond. Loss of Sg
13.3mW

Cond. Loss of
S57.4mW

Cond. Loss of S5,
24.5mW

Bonding wire loss

Cond. Loss of S; 40.1mW

21.0mW

Cond. Loss of S
13.2mW

Fig. 24.  Estimated power loss breakdown at Vin = 2.7 V, I[ouT = 800 mA
using a bulky inductor with DCR = 18 m(2.

smallest active area of 1.12 mm?. Thanks to the always-dual-path
operation, the Ir, is much lower than that in [10], [13], [19],
and [14] and comparable to [15] and [17]. The measurement
results demonstrate that whether a bulky or compact inductor
is used, the converter outperforms other work with single-mode
operation both in efficiency and on-die current density, which is

attributed to superior performance of the 5-V NLDMOS devices
used in this work compared to the high-voltage-devices utilized
in[10] and [11], and 5-V CMOS devices used in [16]. Compared
to other multimode converters, the efficiency and on-die current
density of this design is the second only to that of the structures
in [10] and [13], both of which have mode transition issues. Ad-
ditionally, this work also exhibits smaller under/overshoot and
achieves a quicker recovery time, demonstrating fast transient
response.

V. CONCLUSION

In this article, a battery-to-3.4-V single-mode buck—boost
converter is proposed for seamless mode transition without com-
plex control circuits. Featuring the always-dual-path operation,
I7, is reduced to less than /oyt over entire battery voltage range.
Although six switches and 2-Crs are used, the optimized SSL
and FSL losses are studied and compared with other works,
indicating that this converter can achieve the best active and
passive components utilization owing to the relaxed burden of
current stress of inductor and voltage stress of power switches,
thus, the highest peak-efficiency with the smallest die size among
single-mode buck—boost converters. Experimental results verify
the effectiveness of the proposed converter. Moreover, the RHP
zero effect is alleviated due to the continuous output current
delivery, leading to fast transient responses.
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While the proposed structure offers clear benefits in efficiency,
size, and dynamic performance, it also presents tradeoffs, in-
cluding increased gate driver complexity, more OFF-chip inter-
connections due to external flying capacitors, and a narrower
voltage conversion range. These limitations should be weighed
in practical applications, though the overall performance makes
the converter a strong candidate for battery-powered portable
electronics.
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