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Design Methodology of Sizing Power MOSFETs and
Optimizing Phase Counts in Multiphase DC-DC
Converter for Maximizing Power Efficiency

Kaushik Venkata Sri Sai Dadi

Abstract—This article presents a design methodology of sizing
power MOSFET switches with optimized phase counts to enhance the
efficiency profile over a wide load range in multiphase de—dc con-
verters. In the conventional approach, identical sizes of all phases
exhibit a large variation in power efficiency, especially over a wide
load range. In the proposed method, power efficiency is improved
in the entire load range by adopting appropriate sizing of the power
MOSFETs in each phase. It also precisely determines the number of
active phases and partitions the entire load range into sub-ranges.
To further reduce the design effort, a discriminant-assisted process
is introduced to quickly verify the feasibility of input specifications
by evaluating the sign (positive or negative) of the discriminant.
This confines the search space for the minimum effective equivalent
resistance of the active phases while significantly reducing the
design iteration time as required in the conventional trial-and-error
approach. Various design scenarios are considered to determine
the power MOSFET sizing using the proposed methodology. Among
them, a variable baseline in different load sub-ranges maximizes
the power efficiency with an appropriate number of phase counts.
To experimentally validate the proposed methodology, a 3-phase
current-mode dc—dc converter is implemented in a standard 180 nm
CMOS technology with optimized power MOSFET switches. The
converter operates at a switching frequency of 20 MHz, an input
voltage Vin of 2.7-3.3 V, and an output voltage V of 1.2 V. The
measured result shows a flat efficiency profile with ~1% variation
in the full load current range of 200 mA to 1.4 A.

Index Terms—Efficiency optimization, multiphase dc-dc
converters, phase count optimization, power efficiency, power
MOSFET sizing.
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Alp = w: Peak-to-peak inductor ripple current.
nvin: Minimum baseline efficiency.
TMIN,pC(s)- Minimum baseline efficiency for phase count = i,
where (i € ZT).
_ 1 . _ 1
Appc) = (spommmmary )i Avpcl) = (Gxowomvamy)
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wp and p: mobility of holes and electrons, respectively.

7 : The tapering ratio inside the driver chain.
_ 2
Apciiy = Tr(T) - Vi - fsw
Vo -{nwin,peci) =1} Hnvin ey K- fsw
TIMIN,PC (i)

bpc(i) =
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Co & Rgsgr: Output capacitor and its equivalent series resis-
tance.

Ca,ppc(i) & Cg, N pe(i): Gate capacitance of power PMOS and
NMOS switches, respectively, for phase count = i.

Cox: Oxide gate capacitance per unit area.

Cpciy = (1= D) - Allgé

D: Duty ratio.

ATI2

Epciy = 752 - (Resr) + Vin - Iq

fsw: Switching frequency.

Io: Load current.

Io vin: Minimum load current.

Io max: Maximum load current.

Io MmN, pe(s): Minimum load current for phase count = i.

Io Max,pe(i): Maximum load current for phase count = i.

Ig: Controller quiescent current.

K= (Q.VDl.tDB + ViN~tR/F)

L & Rpc: Inductor and its direct current resistance.

PC(i): Phase count = i.

PPC(i) =D Ié,MIN,PC(i) + BPC(Z')

Pg, 1 pc(i): Total gate driving loss of a power MOSFET switch for
phase count = i.

Ppg, 1,,pc(iy: Total gate driver circuit loss to drive power MOSFET
switches for phase count = i.

Prg,1.pc(i): Total power MOSFET switching transition loss for
phase count = i.
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P, 1. pc(s): Total power loss across diode for phase count = i.

Per,1,,pc(iy: Total power loss in the controller for phase count =
i

QPC(i) =(1-D) 'Ig,MIN,PC(i) + C'PC(i)

Rpc(iy = Apc(iy - Appc(i) - Cox - Lppc(i

Ry opr,pc(s): Optimized power NMOS switch resistance for
phase count = i.

Rp opr,pc(i): Optimized power PMOS switch resistance for
phase count = i.

RCH7P7PC(i) & RCH,N,PC(i) OprW&I' PMOS and NMOS switches
channel resistance, respectively, for phase count = i.

Rint, p(s),pci) & Bint,p(D),pc(i): Power PMOS switch inter-
connect resistances on source and drain, respectively, for
phase count = i.

Rint, ppc(i) = Bint, P(5),pc(i) + FINT, P(D),PC() - Total intercon-
nect resistances of the power PMOS switch for phase count
= 1.

Rppciy = Ren,ppci)+ Bint, ppc(i): Total resistances of the
PMOS side switch for phase count = i.

RINT,N(S),PC(i) & RINT,N(D),PC(i): Power NMOS switch in-
terconnect resistances on source and drain, respectively, for
phase count = i.

Rint,vpe(iy = Bint,n(s),pe(i) + Bint,n(D),pc(i): Total inter-
connect resistances of the power NMOS switch for phase
count = i.

RN,PC(i) = RCH,N7PC(i)+ RINT,N,PC(i): Total resistances on the
NMOS side switch for phase count = i.

Spc(iy = Apc(i) - Anpe() - Cox - Livpe(s)

tpg: Dead band time.

tr/r: Rise or fall time of the switch node Vsy.

Toc(iy = Epc(iy + bec(iy - Lommnpe(i) + I(%,MIMPC@ '
Rpc/PC(i)

TF (T) = ﬁ

VI~ @ Input supply voltage.

Vo: Output voltage.

Vbr: Potential drop across diode in dead-band.

Wppc(s) and L p pc(;): Width and length of power PMOS switch,
respectively, for phase count = i.

Wy, pcu) and Ly pe(y: Width and length of power NMOS
switch, respectively, for phase count = i.

1. INTRODUCTION

ULTIPHASE dc—dc converters are widely used as power

management ICs in data centers, modern SoCs, and
high-performance computing systems due to their ability to
deliver high load currents and provide improved thermal man-
agement [1], [2], [3], [4], [5], [6], [7], [8], [9], [10]. These
application platforms operate in multiple power states, such
as deep sleep, sleep, and active modes, frequently transition-
ing between them to optimize power consumption. Therefore,
power converters must efficiently support wide load current
ranges and quickly respond to mode changes, often operating
at multi-MHz switching frequencies [11]. However, dynamic
load conditions make it challenging to achieve consistently high
and flat efficiency, as conduction losses dominate at high loads
and switching losses become significant at lighter loads. Thus,
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Fig. 1. Conventional equal-sized three-phase APC and its configuration in
different load range with its typical efficiency plot.

power converters must be designed to maintain high and flat
efficiency across the entire load range.

Several state-of-the-art works aim to achieve a flat efficiency
profile. For example, Dias and Santos [12] focussed on optim-
iming the switching frequency, while [13] and [14] target the
driver stage and gate-voltage swing optimization of the power
MOSFETs. However, these works are limited to single-phase
buck converters. Some other works adopt a multiphase structure
simply by increasing the number of phases to meet high load
current demand [15], [16]. In these designs, all phases remain
active across the entire load range. Efficiency degrades at low
load due to excessive switching loss at high frequency. At
high load, efficiency also drops because of large conduction
loss. As a result, the overall flatness of the efficiency profile
is reduced. On the other hand, works such as [17], [18], [19],
[20], [21], [22], [23], [24], [25], [26], [27], [28], [29], [30] aim
to improve efficiency flatness in multiphase dc—dc converters
using conventional active phase count (APC) techniques. As
shown in Fig. 1, these converters use multiple phases. Each phase
has power stages of equal MOSFET switch size. Multiple phases
are dynamically enabled or disabled based on the load current
demand. However, this causes higher switching losses at low and
intermediate loads as the switch size is not properly optimized.
As a result, the efficiency still varies significantly across the
entire load range. Moreover, in these approaches, the total switch
size is optimised only for the maximum load current. This helps
to achieve the desired silicon area and the targeted efficiency
at full load. After fixing the total switch size, the number of
phases is then selected to improve the flatness of the efficiency
curve. Adding more phases does help flatten the curve; however,
it also creates significant area overhead. A tradeoff therefore
exists between efficiency flatness, phase count, and silicon area.
Thus, conventional methods do not provide a systematic way to
optimize these tradeoffs, especially in the low and intermediate
load ranges. This often leads to suboptimal designs. Hence, an
analytically guided methodology is required to determine both
the optimal MOSFET switch sizes and the phase count.

To address these limitations, this work proposes an analyti-
cally guided and discriminant-aided design methodology. This
methodology helps to obtain both power MOSFET switch sizes
and phase count in multiphase dc—dc converters. Unlike the prior
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Fig. 2. Equivalent DC-DC buck converter with phase count = i (PC(7)).

approaches, our method systematically identifies the minimum
effective equivalent resistance (Rgpr pc(s)) required to maximize
efficiency in the full load range. This provides a structured
way to determine both the optimal MOSFET switch sizes and
APC:s for different load sub-ranges. To further reduce the design
effort, a discriminant-aided process is introduced to quickly
verify the feasibility of input specifications by evaluating the
sign (positive or negative) of the discriminant. This confines the
search space for the minimum Rggr pc(;), significantly lowering
computational complexity and design iteration time compared to
conventional approaches. The effectiveness of the methodology
is validated through multiple efficiency-driven case studies.
These case studies demonstrate its adaptability to different sce-
narios. Among them, the best case is selected for implementa-
tion and fabrication. This prototype is then tested and verified
experimentally. The rest of this article is organized as follows.
Section II details the proposed methodology for single-phase and
extends it to multiphase architectures, including the overall flow.
Section III presents different case studies for efficiency-driven
multiphase converter design. Section IV presents experimental
results. Finally, Section V concludes this article.

II. PROPOSED DESIGN METHODOLOGY
A. Analytical Breakdown of the Converter Power Losses

To facilitate loss analysis, Fig. 2 illustrates the equivalent
dc—dc buck converter with a phase count = i (PC(7)). The terms
L/PC(i) and Rpc/PC(i) represent the equivalent inductance
and its corresponding dc resistance for PC(i), respectively. The
power stage consists of the total PMOS switch size (M ppc(;)),
total NMOS switch size (M pc(;)), and their associated driver.
The resistances of the metal interconnects are modeled at the
source and drain terminals of the total PMOS switch, denoted
by RINT,P(S),PC(i) and RINT,P(D),PC(i)’ respectively. Slmllarly,
the interconnect resistances at the drain and source terminals
of the total NMOS switch are indicated by Rint, n(p),pc(i) and
Rint, N (5),pc(i)- The power stage, together with the inductor and
output capacitor, connects the input voltage (Vin) to the output
voltage (V). The current sensor senses the inductor current and
feeds the corresponding Vsns signal to the current-mode con-
troller, where the same is compared with the reference voltage
Vrer to produce the duty signal (DS) for regulating Vi, close to
Vrer [31].
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The different power losses in the dc—dc converter are formu-
lated in the Appendix. Considering all these contributions, the
total power loss in the buck converter is given as follows:

Pr.ppc(i) = Fa,Lpc(i)+ Por,zpc) + Prr,Lpee) + Foizpe()
+ Fer,,pe(i) + Pep,zpe(i- (1)

To simplify the analytical derivation, the losses in (1) have
been reconstructed in (2) based on their dependence on Ip
and fsw. The losses directly related with only Io are clas-
sified as Py, 1, pc(q), those purely dependent on fsw only as
Py, 1.pc(iy and those proportional to the product of /o and fsw

as PIO‘fsw,PC(i)
Pr 1 pciiy = Pro,npci) + Praw,n.pc() T Pro-fow,L,pc(i)- (2)

Here, losses, which are proportional to I, are expressed as
follows:

Pry ey =14 - {D - Rppc) + (1— D)
- Ry pc(iy + Roc/PC(i)}
=1 - Reprpc(i)- 3)

The losses that depend solely on switching frequency include
gate driver loss and ripple-related conduction loss. To simplify
the analysis, Per rpc(;) is included as part of Pry 1 pc(i)»
although it is constant and independent of fsw.

Proenpciy =Tr(1) - Vi - fsw - (Ca,prciiy + Ca,npc()
ATZ?
+ <D : 120> “Rppc) + {(1 - D)
2

Al
} Ry peiy + 120 “Rpsr +Vin - Ig

AL
12

= Apciiy - (Ca,prpcii) + Ca,npc))
+ Bpc(iy - Bppc()
+ Cpc(iy - By ey + Epc- €]

Finally, losses that are proportional to both Ip and fsw
arise from dead-time conduction and switching transitions as
expressed follows:

Prg.ovpci) = (2 Vor - tos + Vin - tryr) - 1o - fsw
=K Io- fsw. (5)

For optimization, it is useful to express Cg ppc(;) and
Ca,n,pc(i) in terms of switch sizes. The gate capacitance of
the power MOSFET switches can be written as Cg ppc(i) =
Wpepc) - Lrvin - Cox and Cg npciy = Wi pc() - LN -
Cox. The value of Wppc(;y and W, pe(;) can be expressed as
follows:

1 1
WP,PC(i) = { ILP<Cox~(‘/1N_‘V;h.P|) }RCH PPC(Z) - RCH PPC(Z)
Lp MmN o v

(6)

AppC(i)
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ANPC(i)

1 1
WN7PC(2) = { ﬂN'Cox-(ViN_‘V;h,ND } RCH N PC(’L) - RCH N PC(’L) :
L N MIN Y Y

(7

Typically, the lengths utilized for both PMOS and NMOS
(Lpmin and Ly min) are set as minimum as supported by the
technology. Hence,

Ca,ppciiy = Wppc) - Levin - Cox

_ Appcg) - Lpvin - Cox

= ()

Rppciy — Bint,ppe(i)

Ca,npci) = Wipc) - Lnmin - Cox
_ Anpcg) - Lvovin - Cox ©)

Ry pc(iy — Rint,npc)

Substituting these values of Cq ppc(iy and Cg n pc(i), the
total power loss in the buck converter (Pr 1 pc(;)) can now
be expressed as (10). The total loss in (10) has the scope for
optimization as it contains terms that are directly or inversely
related to Rppc(s), and Ry pc(s)

Pripci) =13 - {D - Rppc@y + (1— D)
“ Ry pc(iy + Rpc/PC(i)}

Apc(iy - Appc(i) - Cox - LpmiN

Rppciy — RiNtpPCi)

Apc(i) - Anpe(i) - Cox - L miN

Ry peiy — RINTNPCG)
+ Bpc) - Rppe() + Cpei) - B pegs)

+ Epciiy + K - 1o - fsw- (10)

B. Proposed Analytically Guided Efficiency Optimization in a
Single Phase DC-DC Buck Converter {i.e., PC(1)}

This subsection presents an optimization method to deter-
mine optimum values of power MOSFET switches (Wppc(s)
and WN,pc(i)), which maintain a minimum required efficiency
(nmiN) over the maximum load range. For the single-phase
dc—dc buck converter, phase count = 1 {i.e., PC(1)}, the total
resistances of the high-side and low-side power MOSFETSs are
denoted as IZppc(1y and Ry pc(1), respectively. The minimum
efficiency constraint is denoted as 7y, pc(1)- The power conver-
sion efficiency (1)pc(1)) of a dc—dc buck converter with phase
count = 1 {i.e., PC(1)} is defined as the ratio of output power
to total input power, given by the following [32]:

Vo - Io
Vo - Io + Pr ppc()

Nec(1) =

_ Vo lo
Vo -Io+K -Ip- fsw+PfSW,L,PC(1)+I% - Rerrpct
(11
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Fig. 3. Visualization of the proposed approach. (a) Lower fixed baseline

efficiency (nmin()) requiring phase count = 1. (b) Increased fixed baseline
efficiency (nmin(2)) requiring phase count = 2. (¢) Variable baseline efficiency
(MMIN,PC(1)» IMIN,PC(2) and MmN pc(3)) Tequiring phase count = 3.

Substituting the required minimum efficiency 7miN pe(ry into (11)
results in a quadratic equation in terms of the load current

b
24 {PC(U} o+
Regrpe(1)

This quadratic expression characterises the relationship be-
tween the converter’s losses and its efficiency constraint. For
different combinations of high-side and low-side switch resis-
tances (RP,PC(I)» RN,PC([))» the effective resistance REFF,PC([) and
switching losses vary, yielding different root pairs of (12). These
roots are defined as Io mivpc(ry and o max.pc(1), representing
the minimum and maximum load currents, respectively, over
which the converter maintains the efficiency constraint. The
proposed optimization method is visualized in Fig. 3(a), which
plots the quadratic expression in (12) for a fixed efficiency
target (nvin.pca)). One root is fixed at the minimum required
load current, Jo minpc()y = Lo MmN, to ensure that the efficiency
constraint is satisfied at the low end. The goal of the optimization
is to maximize the separation between the two roots, i.e., extend
Io max pc(y as far as possible, which corresponds to maximising
the usable load range. The second root is derived from the known
relationship between the roots and coefficients of a quadratic

Ppo.Lpc(1)

=0.
Rerr pc1

(12)

bpc(1
. Io miNpc(1)-

(13)

Tomax.pcr) = o miNpe(r) =  Rerr PC(1)
PC(1

Equation (13) shows that increasing the load range depends
on the effective resistance. To maintain the baseline efficiency
7MIN,PC(1), the effective resistance Rgpppc(1y) must be minimized.
Since REFF,PC(I) is a function of both Rp,pc(l) and RN,PC(])s it
should be reduced to a single variable by fixing Io min.pc()-
Expressing (13) in terms of Jo max pc(1y and substituting it into
(12), yields

bpe(1) Prsw.Lpcr)

ICQD,MIN,PC(I) + ( > IO,MIN,PC(I) + =0.

Rerrpc(n Rerrpc(n

(14)

By expressing Rgrrpc(1) as a function of Rppc(iy and Ry pcqr),
and rewriting the above expression into a quadratic form in terms
of Rp)pc(l), we get
2
Rppey + arcqry - Rppc(ry + Beey = 0. (15)

The two real and unequal roots of this equation represent
valid values of Rppc(j) that satisfy the efficiency constraint at
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To miNpc(n

—apc(1) F \/Oégc(l) —4- 5PC(1)
Rpi/2pc(1) = 5

(16)

Equation (16) represents I2p pc(1y in terms of Ry pc(1). Using
(16), Rerrpc) can be expressed completely in terms of By pc(r).
This transformation enables a one-dimensional search for an
optimum value of Ry pc(iy at a minimum value of Rggrpc(i).
Consequently, the corresponding optimum value of Rp pc(1) can
be obtained using (16). The optimal resistance values Rp pc)
(as Rporrpcy) and Rypcay (a8 Ryoprpcy) can then be
substituted into sizing expressions [e.g., (8) and (9)] to ob-
tain the corresponding optimal switch widths Wp oprpc(1) and
W oprpcqy. This single-phase optimization framework serves
as the foundation for the subsequent extension to the multiphase
converter architecture discussed next.

C. Extension to Multiphase Operation

As illustrated in Fig. 3(a), a relatively low baseline efficiency
of mvin(1) can cover the entire load range (Io miN-Io max) but
with a significant efficiency variation across the range. This
motivates the need for a multiphase approach in achieving a
flatter efficiency profile.

To enable this, the baseline efficiency target is increased to
nviNe) (> vinen)) While maintaining the same load range, as
shown in Fig. 3(b). The proposed method from the previous
section is first applied to PC(1). The lower current of PC(1)
is fixed to lower limit of the load current range (o minpc(1) =
Io miN), and the corresponding upper load current (1o max.pc(1))
is optimized such that the minimum efficiency constraint nyin2)
is satisfied by minimising Rggrpc(1)- This defines the maximum
load current that can be supported using PC(1) while maintaining
at least v Since the target load range is not fully covered,
an additional phase is introduced with PC(2). The upper load
current limit from the previous phase count, Ip max pc(1), be-
comes the starting point for the next phase count, i.e., [o minpc(2)
= Io maxpc(1)- The same optimization process is repeated to
determine /o max,pc(2), again targeting the efficiency constraint
7miNe) and minimizing Rerrpc(2). Although this fixed-baseline
approach segments the load range across multiple phases and
flattens the efficiency curve to some extent, further improve-
ment is possible by changing the baseline efficiency per phase
count, denoted as 7vin,pce). This reduces both the efficiency
profile variation and optimizes the total number of active phases
required. For example, as shown in Fig. 3(c), the efficiency
constraint for PC(1) is initially raised to nvi,pc(1) by optimiz-
ing switching losses at a fixed switching frequency. Then, for
PC(2) and PC(3), the baseline efficiency targets are increased
to 7min.pc2) and Nuvinpce3), respectively. This adaptive baseline
efficiency strategy ensures that each phase operates in its most
efficient region, resulting in improved overall efficiency and
an optimized number of active phases. At each step, the same
analytical method is applied to maximise the load range that can
be supported at the given baseline efficiency, starting from the
previously computed Io max,pci-1) as the new Io minpci) and
minimizing Rergpcg) to determine /o max,pcg)- This proposed
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strategy ensures efficient load distribution across phases, the
optimum number of active phases needed to meet efficiency
targets and minimizes the variation across the entire operating
range. Fig. 3(c) illustrates that this method achieves a high peak
efficiency, yet has less variation throughout the load range with
optimized phase count, compared to the fixed-baseline approach
as shown in Fig. 3(b).

D. Proposed Discriminant-Aided Ry pc(;) Range Selection

Equations (13), (15), and (16) reduce the optimization to
one variable, Ry pc(;). However, the expressions for apc(;) and
Bpc(iy are still too complex for a closed-form solution. Thus,
entire [y pc(;) values are scanned using (16) to identify the
minimum Rgpppc(;) that maximises the separation between
To maxpci) and Io minpci). To reduce computational time, an
algorithm is proposed that bounds the search region of Ry pc ;)
to a finite region instead of scanning the entire values.

For physical realisation of the power PMOS switch size
(Rppc(i)), discriminant of the quadratic in (15) is a positive
quantity expressed as follows:

ey — 4 Beeiy > 0. (17)

ape(iy and Ppe(;) is decomposed as shown follows:
apc(i) = Q1,pc(i) + VpC(i) (18)
Brc(iy = Bipei) — Fint, ppe(i) - Ypc(i)- (19)

Substituting (18) and (19) into (17) yields
’7[2’C(i) + (2 arpc) 4 Rint,ppc(y) - vec(i) + O‘ipc(i)
—4- ﬁl,PC(i) > 0. (20)

Quadratic inequality (20) in terms of ypc(;) defines the range
of values for which a real and positive Rppc(;) exists. The
discriminant of (20), denoted as Ai)c( i) is

2
Apey = {21 pciy + 4 Rint,ppci)

—4- {aipc(i) —4- /Bl,PC(i)} .

Two conditions are possible. For A;C(i) < 0, the quadratic

equation in (20) remains positive for all values of ypc(;), im-
plying that real solutions exist for all vpc(;) and, therefore,
entire Ry pc(;) region is valid. For A{)C(i) > 0, the quadratic
equation has two distinct real roots 7q pc(;) and 7o pc(;) With
Y1,pc(i) < V2,pc(s)- In this condition, the inequality (20) holds
only for Ypc(i) < Y1,pC(i) OF YPC(i) = V2,PC(3)- This leads to
the next step: expressing ypc(;) in terms of Ry pc(;). The first
inequality condition is expressed as follows:

ey

1
o ' {QPC(i) - Ry pe(i)
Spc(i) }
+ < i 22)
Ry pc(i)y — Bint, N pe(i) TLpe()
Pocgiy - V1,PC(4)
R?\r,pc(i) - {RINT,N,PC(i) + (Q)Pﬁ - R pe(i)
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N {Spc(z‘) + Ppc(iy - Rint, v pe(iy - 71,pc(i)
Qpc(i)

Similarly, the second condition yields

} <0. (23)

Poc(i) * Y2.pc(i) } I
90 ‘

N {SPC(i) + Ppc(iy - Rint,N.pC(i) * V2,pC(i) } >0
Qrc(i) -

R?\/’,PC(Z’) - {RINLN,PC(i) +

(24)

Al PC(i) and A2 pc(s are the discriminants of the quadratic
equation in (23) and (24) and can be expressed as follows:

PPC(z') * Y1,PC(4) }2
QPC(i

4 {SPC(i) + Prc(iy - Rint, N .pe(i) - 71,pC(i) }
QPC(’L

/1,Pc(i) = {RINT,N,PC(i) +

(25)

For A PC(i) two conditions may arise. If A’LPC(Z,) < 0, then
inequality in (23) has no real solutions for any value of Ry pc(;)-
On the other hand, if A} pCi) > 0, the quadratic in (23) has two
distinct real roots, denoted as R N,1a,pc(i) and R 13 pc(s)> With
RN 1a,pci) < Bn,1p,pc(i)- In this case, inequality (23) holds
true only within the interval defined by these two roots, i.e.,
when Ry 14.pc(iy < Bnpc) < Bn,1bpc(i)

Poc(; *Y2,PC(i 2
A pegy = {RINT,N,PC@) + ) 2R

Qrpc(i)
4 {SPC(i) + Ppc(iy - Rint, N ,pC(i) * V2,pC(i) }
Qpc(i)
(26)

Similarly, for A2 pC(i)» WO conditions can arise. If AIQ,PC( i <
0, the inequality in (24) holds for all values of Ry pc(;)- In
contrast, if A’QJ,C () > 0, the quadratic equation in (24) has two
distinct real roots, denoted as Ry 24 pc(i) and Ry 23, pc(s), With
Ry 2a,pc(i) < Bn2ppc(i)- In this case, the inequality (24) is
satisfied only in the regions outside these two roots, expressed
as Bt nvpe() < Bapei) < Bn2apci) and Ry oppe) <
Ry pc(iy < oo

The flow chart of the proposed methodology to obtain
the finite solution region of Ry pc(;) is shown in Fig. 4. It
begins with evaluating the sign of A;’C(i)' If A%c(i) <0, a
valid solution region exists for all Ry pc(;y > BNt N,pC(i)-
Otherwise, the values of A) PC(i) and A/ Pe(i) are checked
sequentially. If AJ pcii) < 0, the solution region exists for
all Rypciiy > Rint,npc@)- If not, the valid range de-
pends on the sign of A/1,Pc(i)' If All,PC(i) < 0 the solution
region corresponds t0 Ry pc(i) < By 24,pc(i) OF By pc) >
Ry 2p,pc(s)- If both A pC() > 0 and A2 PC(i) > 0, the valid re-
gions become Ry pc(i) < RN 20.pC(i)» N pe) > R obpc(
or By 1apc(i) < By pci) < Ry o2ppc(i)- This flowchart serves
as a quick reference to confine the search region for fixing an
optimal value of Ry pc(s)-
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oo) |
Rnpe): (RNTNPei),RN.22,pcqi)) U (Ru,26,p¢()y ) |—>

y
|RN,PC(i): (RINTA (i) RN 22,pc(i)) U (R 2b,pcqi),2°) U (RN,1a,pc(i),RN,1b,pc(i))|'>( Stop )

Fig. 4. Flowchart of the proposed methodology to confine the valid search
region of R pc(i)-

E. Overall Design Methodology

In this subsection, the overall design methodology is pre-
sented. The process aims to obtain the optimised size of the
power switches for the converter to flatten the power efficiency
across the load range. As shown in Fig. 5, it begins with the
designer’s specifications, which include the input voltage (Vin),
output voltage (V), inductor value (L), inductor dc resistance
(Rpc), output capacitor ESR (Rgsgr), switching frequency (fsw),
minimum required efficiency (v ), and the output load current
range defined by Io miv and 1o max. The process flow starts
with a single phase by initialising the phase count (PC(%))
variable to ¢ = 1, and setting the minimum efficiency and load
current for corresponding phase count as 7vin,pc(i) = TMIN
and Io min pc(i) = Lo MmN, respectively. The next step involves
computing the coefficients of the PC(i) [Apc (i) Bpci)» Cpegiys
Evpc(iy» Pec(iy» Qpe(iy» Rec(iys Seciy» Tee(iy] required to identify
a valid Ry pc(;) solution region, as guided by the supporting
sub-flowchart in Fig. 4. If a valid solution region is not found,
the flow loops back by relaxing nvin,pc(i) and/or Io miN,pc(i)s
or by returning L and/or fsw to obtain a valid solution region.
Once a valid region is identified, Rppc(;) and Rgpppc(;) are
plotted across the Ry pc(;) range, and the optimal resistances
Ry opr,pe(s) and Rp opr,pe(i) are extracted at the point of min-
imum Rgpg pc(s)- The maximum load current for this phase that
satisfies the required efficiency, /o max,pc(i) is then computed,
defining a phase count specific load range from Io v pc(s) tO
1o max,pc(i)- If this phase-specific load range is not sufficient
to meet the designer’s requirements, the process loops back to
adjust nviN pe (i) and/or Io vin,pe(q)» OF to retune L and/or fsw
in order to obtain an acceptable load range for the current phase
count. If the phase-specific load range is found sufficient, the
optimal PMOS and NMOS switch sizes (W p pc sy and Wi pc(s))
are then determined using (8) and (9), followed by generation
of the corresponding efficiency plot. A subsequent check is
performed to verify whether the load range satisfies the overall
load current range specified by the designer. If not, another phase
is added with the minimum efficiency nmn pc(i+1) and load
current o min,pc(i+1) getting initialized using the final values
of mvin,pe(i) and 1o minpe(s) from the previous phase count,
and phase counter is incremented (¢ — ¢ + 1), after which the
loop continues to finally cover the total load range. If the full
load range is covered, a final check ensures that the resulting
efficiency plot is acceptably flat; if not, the process restarts with
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/ Input Design Specifications:- Vi, Vo, L, Roc, Res fsw, N, loa, lomax /

Y
—»|  Adjust nmwandlor lomn |—>| Initialize First Phase Parameters :- (1)i=1, (2) nmnpci) = nwn, (3) lomneci = lomn,
v
Add Phase with Updated Compute Coefficients for Rupc() Solution Space: Adjust nuinpcq)

Initial Conditions

P (1) nminpci+) = NN pci)
(2) lomin,pegivt) = lomax,pc()
(3)i=i+1

™~
(3) Refer to flowchart Fig 4.
(4) Extract valid search space

(1) brcgiy, Apcqi), Bregy, Cregi), Epc) -
(2) Ppcqi), Qpei), Recii)s Speqiys Treg) -

and/or lomnpc()

Adjust
nwin,eei) and/or lowin e
?

(3) Find Rnopt i), Rp,0pT,pc(i) @minimum Rerr peji).
(4) Compute lomaxpci) using Eq (19) @ minimum Reer pcji).

Extract Optimal Resistances and Compute Phase Count Load Range
(1) Plot Re1,pcqi), Re2,pc(i) for all Rnpcg) in solution space using equation (22) .
(2) Plot Rerr pcqi) for min(Re1,pc(i), Re2pciiy) for all Rupci) solution space.

(5) Phase-count specific load range PC(i) = lomaxpci = lomnpci)

Adjust Lino
and/or fsw

No
Yes Valid R pcqi)
solution space
?

A
Y

Phase-count

v

specific load current
range acceptable

Determine Switch Sizes and Generate Efficiency Plot

(1) Obtain Wppcii,Wnpc() by plugging Reoprtpci , Ry oprpcq) ineq (14 & 15)
(2) Plot efficiency curve using the optimize switch Wp,opr,pc(i),Wn,opr,pc()

?

No Total load 183
range satisfied
?
Is final
No efficiency profile
within target
?

Fig. 5. Flow chart of the proposed design methodology.

revised values of vy and/or 1o vin. Once the designer’s spec-
ifications are met, the procedure concludes with the optimised
efficiency profile and the corresponding final phase count.

III. CASE STUDIES FOR EFFICIENCY DRIVEN MULTIPHASE
CONVERTER DESIGN

To validate the proposed methodology for efficiency-driven
optimisation of power MOSFET sizing and phase count in a
multiphase dc—dc buck converter, three case studies are con-
ducted, each targeting a different baseline efficiency constraint
to demonstrate its practical applicability. The converter operates
with an input voltage Vin = 3.3V, an output voltage Vo = 1.2V,
and a switching frequency of 20 MHz. The inductor value is
equal to 100 nH with a series resistance Rpc = 20 m €2, and the
output capacitor is 4.7 uF with Rgsg = 10 mS).

In the first case, a fixed minimum baseline efficiency of
85% 1is targeted across the entire load range. As inferred
from (13), minimizing Rgpr,pc(;) maximizes the load current
range that meets this efficiency target. Since Rgprpc(;)
depends on both Rppc(;) and Ry pc(;), it is reformulated
as a one-dimensional function of Ry pc(;) by expressing
Rppc(;y in terms of Ry pc(;y using (16). To proceed with

Conclude with Optimal Switch Size, Phase Count and
Optimal Efficiency
(1) Wp.opt pe(1), We,opT,pe(2), ... Wp,0PT PCii)
Wh,oprpct), WN,opT pe(2), ... WN,0PT PCi)
(2) Optimized no of phases =i
(3) Optimized efficiency plot

Yes

this minimization, a valid region of Ry pc(;) is first identified
that ensures at least 85% efficiency using the proposed
discriminant-aided methodology, as illustrated in Fig. 4.
To determine the valid region for PC(1), the discriminant
A{)C(l) of the quadratic inequality in (20) is computed. Since
Ai,c(l) > 0, the secondary discriminant A/2~,PC(1) in (26) is
evaluated, followed by A/l.,PC(l) in (25), both of which yields
positive values. Thus, the valid search region for Ry pc(1)
lies within the following intervals: Rint, v pe(1) < Bnpc) <
Ry 2apci):  Bnjapca) < Bypca) < Byippcy. and
Ry oppc(1) < Bnpe) <oo. Rpipea) and Rpgpeqr) are
computed using (16) and plotted over the valid intervals
of Ry pc(1), as shown in Fig. 6. The corresponding values
of Rgppipc(1) and Rgppopc(1) are then calculated using
Rpy pc(1) and Rpo pe(1), respectively, and plotted over the same
intervals in Fig. 7. As observed from the plots, in the interval
Rint,nper) < Bnpe) < Bn2apc(r), both Rpypery and
the corresponding gy pe(1) are negative, making this range
impractical. Moreover, Rpspc(1) and Rgppope(1) exhibit
significantly higher values in this interval compared to the
others; therefore, this interval can be excluded from further
consideration. On the other hand, among the remaining intervals,
RN,1a7PC(1) < RN,PC(I) < RNJb,PC(l) yields the lowest values
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Fig.6. Plotof Rpy pc(1) and Rpg pe(1) versus Ry pe(1) across valid search

intervals for 7y, = 85%.
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Fig. 7. Plot of Rgpg1 pe(1) and Repra pe(1) versus R pe(1) across valid
search intervals for 7y, = 85%.
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Fig. 8. Plot of Rpjpc(1) and Rpgypc(r) versus Ry pe(1) within
RN 1a,pc(1) < By pc(1) < By 1p,pc(1) for PC(1) at nmin = 85% .

for Rpy pc(1), Fp2,pc(1), and their corresponding Repry pe(1)
and Rgppopc(1)- Therefore, this interval is selected to search
for the optimal power MOSFET switch size, with an enlarged
view provided in Figs. 8 and 9 for detailed comparison. As
observedinFig. 8, Rpy pc(1) is lower than R p; pc(1). Therefore,
Rp1pc(1) is chosen to plot Reppy pe(1) to identify its minimum
value at the optimal point, as shown in Fig. 9. In the plot,
the optimal point is identified at the minimum Rgppy pc(1) Of
127 mS2, occurring at Ry oprpc(1) = 78 mf2. Consequently,
the optimal value of Rp opr pc(1) is computed by substituting
this Ry opr,pc(1) into (16). Similar to the PC(1) case, the
valid search regions for PC(2) and PC(3) are determined
using the methodology illustrated in Fig. 4. For PC(2), the
valid intervals are Rt npc(2) < Bnpce) < By 2qa.pc(2),
Ry 1apc2) < Bnpc2) < Byppcz), and Ry oppe2) <
Ry pc(2) < oo. Similarly, for PC(3), the valid intervals

Fig. 9.
indicating the optimal point.
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Flg 10. Plot of RPI,PC(’i)’ RP2,PC(2') versus RN,PC('L) within

RN 1a,pc(i) < B peiy < BN,1b,pc(i) fori= 2.3 at nmin = 85% .

0.12
Rn1apc(3) Rnbpce)
010} -
g: RN,1aPc(2) RN1b,pc(2)
50.08 - = i
: T Rerripc(2)
o 0.06 | (29 mQ ;46 mQ)
004 :/{/REFH,PC(s)
g ~ (20mQ,30 mQ)
0 i } } {
0.02 0.04 0.06 0.08 0.10 0.12
Rueci) (Q)
Fig. 11.  Plot of Rgppy,pe(s) plotted versus Ry pe(qy for i = 2.3 at nmin =
85% .

are  Rint,nvpe) < Bape@) < Bn2apc3)s  BNiape3) <
Rypc@) < Bnivpe)s and Ry oppe3) < By pez) < 00
Using a similar reason as in the PC(1) case, the interval
Ry 1a,pcii) < Bnpciy < Bnibpc) yields the lowest values
for both Rpypc(;)y and Rpgpe(iy for PC(7), where ¢ = 2, 3.
Therefore, this region is selected and plotted in Fig. 10. As
seen in the plot, Rpy pc(s) is lower than Rpj pc(;) for i = 2, 3;
therefore, Rp1 pc(;) is selected to plot Rgrr1,pc(s), as shown in
Fig. 11. In the plot, the optimal point for PC(2) is identified
at Ry oprpc2) =29 mf2, corresponding to a minimum
Regr1,pc(2) of 46mS2. Similarly, for PC(3), the optimal point
is at Ry oprpcz) = 20 mf), with a minimum Rgpg1 pe(3)
of 30 mf2. Consequently, Rpopr,pc(2) and Rpoprpc(3) are
computed by substituting the respective optimal values of
Ry opr,pc(2) and Ry opr,pc(s) into (16). Table I summarizes
the optimal power MOSFET switch resistances, Rpopr,pc(s)
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TABLE I

OPTIMAL R p opt pc (i), 2N,0PT,PC(7), SWITCH WIDTHS, AND LOAD CURRENT
RANGES FOR PC(1), PC(2), AND PC(3) TARGETING 7N, pe(i) = 85%
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0.67 y
_.0.50-
<}
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S 4 & = z 2 =
PCG) | (%) | (mQ) | (mQ) | (mm) | (mm) (A) (A)
PC(1) | 85 | ~ 158 | ~78 | ~32 | ~26 | ~03 | ~ 1.0
PC(2) | 85 ~50 | ~29 | ~ 118 | ~95 | ~ 10| ~25
PC(3) | 85 ~ 31 ~20 | ~226 | ~ 182 | ~25 | ~3.0
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Fig. 12. Plot of Rpjpc(1) and Rpgpc(1) versus Ry pc(y) within
Ry 1a,pc(1) < By pe(1) < B 1p,pc(1) for PC(1) at nmin = 80% .

and Ry oprpc(i), along with their corresponding widths,
Wpopr,pciy and Wi opr pc(i), and the maximum supported
load current for PC(1), PC(2), and PC(3).

To verify the tradeoff between efficiency flatness, phase count,
and area, a second case is conducted using the same design spec-
ifications but with a reduced minimum fixed baseline efficiency
target of 80% . All other design parameters remain unchanged.
The relevant coefficients are computed in the same way as in the
first case. The methodology in Fig. 4 is applied again, starting
from the same minimum load current. The process begins with
computing the discriminant A;,C( i to determine the valid region
for RN,pc(i). In this case as well, Ai’C(i) > (0, which allows the
evaluation of Alz,Pc( ;» and then All,PC (i)’ both of which are also
positive. As a result, the valid solution regions for Ry pc(;)
in PC(1), PC(2), and PC(3) are as follows: Rt n.pc(i) <
Ry pcy < Bn2apci)s B,1apci) < Bapci) < Bnib,pc(i)s
and Ry 21 pc(i) < B pc) < 0o, wherei = 1,2, 3. Inthis case,
the interval RN,la,PC(l) < RN,PC(I) < RN,lb,PC(l) yields valid
and minimum values of Rpy pc(1) and Rpg pc(1) for PC(1), as
shown in Fig. 12. Since Rpy pc(1) is lower than Rpj pe(1), it
is used to plot Rgpg pc(1), as shown in Fig. 13. In the plot, the
optimal point is identified at the minimum Rggp; pe(1) of 80 mS2,
occurring at Ry opr,pc(1) = 45 m{2. Consequently, the optimal
Rp oprpc(1) is computed by substituting this value into (16).
Similarly, for PC(2) and PC(3), valid and minimum values of
RPl,PC(i) and Rpgypc(i) lie within the interval RN,la,PC(i) <
Ry pcy < Bnvpe(iy, where @ =2 and 3, respectively, as

shown in Fig. 14. For both PC(2) and PC(3), Rp1 pc(;) is lower
than Rpj pc(;) and is therefore used to plot Rggg pc(i), as shown
inFig. 15. The plotalso shows the optimal values of Ry opt pc(s)
as 15 and 13 m2, corresponding to the minimum Rggg pc(;)

Fig. 13. Plot of Rggp1 pc(1) versus Ry pe(1) for PC(1) with Ry at fmin =
80% , indicating the optimal point.
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Fig. 14.  Plot of Rgpp; pc(s) plotted versus Ry pe(q) for i = 2,3 at nmin =
80% .
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Fig. 15.  Plot of Rgppy pc(s) plotted versus Ry pe(q) for i = 2,3 at nmin =
80% .

TABLE I
OPTIMAL R p op1,PC(i)> 2N, 0PT PC(7), SWITCH WIDTHS, AND LOAD
CURRENT RANGES FOR PC(1) AND PC(2) TARGETING N, pc(i) = 80%

- e g s S e 5
Z & 5 5 ) g g
s Q = & z = =
S ~ ~ z z < <
PC@G) | (%) | (mQ) | (mQ) | (mm) | (mm) (A) (A)
PC(1) | 80 | ~86 | ~45 | ~63 | ~51 | ~03 | ~3.0
PC2) | 80 | ~19 | ~ 15| ~520 | ~420 | ~30 | ~7.0
PC3) | 80 | ~16 | ~13 | ~ 820 | ~580 | ~7.0 | ~ 5.5

values of 26 and 21 m{2 for ¢ = 2 and 3, respectively. Table II
summarizes the optimal values of Rp opr pc (i) and Ry opr,pc(i)s
along with the corresponding switch widths Wp opr pc(;) and
W opr,pc(i)» and the supported load current ranges for ¢ = 1,
2, and 3. As can be seen, relaxing the baseline efficiency to 80%
increases the loss margin, allowing larger switch widths at the
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TABLE III
OPTIMAL Rp opr,pc (i), B, 0PT,PC(1)> SWITCH WIDTHS, AND LOAD
CURRENT RANGES FOR PC(1) AND 7 = 1, 2 AND 3 TARGETING ADAPTIVE
TIMIN,PC(7) IN 1ST ITERATION

= = g s S = 5

& 8 S ¢ > g s

S Z A Z

S ~ o Z z < 2
PCG) | (%) | (mQ) | (mQ) | (mm) | (mm) | (A) (A)
PC(1) | 864 | ~ 257 | ~ 123 | ~ 19 | ~ 16 | ~03 | ~ 0.5
PC(2) | 867 | ~178 | ~87 | ~28 | ~23 | ~05 | ~ 06
PC(3) [ 867 | ~123 | ~62 | ~42 | ~34 | ~06 | ~09

TABLE IV

OPTIMAL Rp opr,pc(i)> BN, 0pT,PC(i)> SWITCH WIDTHS, AND LOAD
CURRENT RANGES FOR PC(1) AND I = 1, 2 AND 3 TARGETING ADAPTIVE
TIMIN,PC(¢) IN 2ND ITERATION

- B e g 5 s g
g 5 o =) o g <
s 2 = & z = =
S ~ o~ 2 3 = =
PCGH) | (%) | (mQ) | (mQ) | (mm) | (mm) | (A) (A)
PC(1) | 864 | ~257 | ~123 | ~19 | ~16 | ~03 | ~ 05
PC2) [ 864 | ~ 130 | ~70 | ~40 | ~32 | ~05 | ~ 1.0
PC(3) | 86.7 | ~ 80 ~40 | ~66 | ~53 | ~1.0 | ~ 1.1

cost of greater silicon area. As a result, the supported load range
increases due to reduced switch resistance. In Table II, the value
of Io max,pc(s) 18 less than Io min pc(s), as there is no valid
solution at higher currents to achieve the fixed target baseline
efficiency.

The two fixed baseline efficiency cases reveal a tradeoff:
lowering the baseline improves load range but increases effi-
ciency variation, while raising it flattens the efficiency profile
but restricts the load range. This motivates a third case with
variable baseline efficiency across the load range to balance
both objectives. All other design parameters remain the same
as in the previous cases. With the baseline efficiency raised to
90% , no feasible solution space is found, mainly due to the
high switching frequency. The maximum baseline efficiency
that yields a valid solution is 86.4% for PC(1), and 86.7%
for both PC(2) and PC(3). Table III lists the optimized high-
side (R p,opt,pc(s)) and low-side (R y opr,pc(i)) resistances, their
corresponding widths (Wp opr pc(i) and Wiy opr pc(i))> and the
minimum (I miN,pc(q)) and maximum (/o max,pc(q)) load cur-
rents achieved using the proposed method for PC(1), PC(2), and
PC(3). As observed from the table, the current spread for PC(1)
is approximately 0.2 A, while for PC(2) it is only around 0.1 A.
Since this range does not meet the design requirements, further
iterations are needed to improve it. In the second iteration, the
baseline efficiency is kept at 86.4% for PC(1), slightly reduced
to 86.4% for PC(2) to widen the current spread, and maintained
at 86.7% for PC(3). The updated optimised switch resistances,
widths, and load current spreads for each phase configuration in
this iteration are summarized in Table IV. As observed from the
table, lowering the baseline efficiency for PC(2) increases the
load current spread to approximately 0.5 A. However, for PC(3),
the spread increases by only 0.1 A. Since this improvement
is insufficient, the efficiency target for PC(3) must be further
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TABLE V
OPTIMAL Rp opr,pc (i), BN, 0PT,PC(i)> SWITCH WIDTHS, AND LOAD
CURRENT RANGES FOR PC(1) AND I = 1, 2 AND 3 TARGETING ADAPTIVE
TIMIN,PC(7) IN 3RD ITERATION

= = e g Ue = S
sl g | 2| 8 | 8| &
z E 3 5 3 g <
s S 7 g | Z = z
S 4 7 z Z < <
PCGH) | (%) | (mQ) | (mQ) | (mm) | (mm) | (A) A)
PC(1) | 864 | ~257 | ~ 123 | ~19 | ~ 16 | ~03 | ~05
PC2) | 864 | ~ 130 | ~70 | ~40 | ~32 | ~05 | ~ 1.0
PC(3) | 86.6 | ~ 70 ~40 | ~82 | ~66 | ~10 | ~ 14
95 Optimization Range @‘v... = 3_3'\, Vo=12V
. == [MIN Variable
2 g0} PC(1) Pc@ PCE) —=— TMIN Fixed =85 %
= [onuar —o— TMIN Fixed =80 %
ol T B o S it o= 14 ONFIX 5%
8 / AN Bnrix 0%
o S PUCET. TN
& sl St .
PC{1) PC(2) [{4¢)]
s PC(1) PC(2)
03 1 2 3 4 5 67
Load Current (A)
(a)
= Diode Loss (12.13%)
= Transition Loss (17.18 %)
= Controller Loss (0.9 %)
=Top Driver Loss (46.83 %)
= Capacitor ESR Loss (0.04 %)
= Inductor Power Loss (7.23 %)
= Switch Node Loss (6.18 %)
= Bottom Driver Loss(22.82 %)
= Top Switch Conduction Loss (5.79 %)
Bottom Switch Conduction Loss (10.99 %)
(b)
Fig. 16. (a) Comparison of efficiency profiles and total efficiency deviation

(6m) for different case studies. (b) Loss distribution pie chart for nvaiapie at 1.4 A.

relaxed. In the next iteration, the baseline efficiency is kept at
86.4% for both PC(1) and PC(2), and reduced to 86.6% for
PC(3). The resulting optimized switch resistances and widths,
along with the corresponding current spread, are presented in
Table V. This iterative process can continue until a suitable
tradeoff between efficiency flatness and phase-specific current
spread is achieved, based on the designer’s requirements.

To comparatively evaluate the three case studies as sized in
Tables I, II, and V, Fig. 16(a) plots their efficiency curves,
highlighting the total efficiency variation (47) and the number of
phases required in each case within the optimization range. The
optimization range is fixed to ensure a fair comparison of effi-
ciency, flatness, and phase utilisation across the different design
strategies. As seen from the plot, for the case with a fixed baseline
efficiency of nyn = 80%, the converter achieves the optimisa-
tion range using only PC(1) (single phase). However, this comes
at the cost of a large efficiency variation (07p1x 80% ), caused by
switching losses at light load (0.3 A—1 A) and conduction losses
at high load (1 A-1.4 A), resulting in suboptimal switch sizing,
and reduced efficiency at both ends of the optimization range. In
the next case, increasing the baseline efficiency to mun = 85%



4724

3.3mm

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 4, APRIL 2026

1.6 mm

I DC-DC
Converter

ol —
11 Current Mod;-'; = b
ﬂﬁ Controller | iy | Vin

(@

Fig. 17.

reduces the efficiency variation (6npx s5% < 07r1x,80%) by uti-
lizing PC(2) (two phases) to span the load range. As shown in
Table I, the switch size of PC(1) is smaller than its counterpart
in Table II, effectively reducing switching losses at light loads.
To address conduction losses at higher loads, PC(2) uses a larger
switch than PC(1) in Table II. These results further validate
the effectiveness of the proposed optimization methodology.
To further flatten the efficiency curve, the third case employs a
variable baseline efficiency target across the load range, enabling
a flatter efficiency profile by utilizing three phases. Fig. 16(b)
shows its loss distribution at a high load of 1.4 A.

The fixed baseline efficiency across the entire optimization
range limits the ability to achieve maximum efficiency flatness,
as it prevents the method from precisely identifying the regions
where switching or conduction loss dominates, and accordingly
selecting optimal switch sizes. By changing the baseline effi-
ciency to the dominant loss mechanism across different load
conditions, this approach achieves the lowest efficiency variation
(6nvar < 0Mpx,85% < 07FIx,80%)» While covering the same load
range with PC(3) (three phases). This case also gives the designer
an extra degree of freedom to trade off between efficiency
variation and phase count, depending on system priorities. It rep-
resents the best balance between efficiency, flatness, and phase
count. Therefore, this case is selected for further experimental
validation by implementing it in 180 nm CMOS technology, as
detailed in the following section.

IV. EXPERIMENTAL RESULTS

Using the proposed methodology, the optimal switch sizes de-
rived from the third case are used to implement the current-mode
dc—dc converter. This design is fabricated using a 180-nm CMOS
technology, and the chip micrograph is shown in Fig. 17(a). The
converter operates at a switching frequency (fsw) of 20 MHz,
with an input voltage range of 2.7-3.3 V and a fixed output
voltage of 1.2 V. The converter is designed to support a maximum
load current of 1.4 A. Fig. 17(b) shows its application circuit.
Each phase employs an inductor of 100 nH (TDK, part no.
TFEM252012ALMARIOMTAA). The output capacitor (Cp) is
chosen as 4.7 pF (Murata, part no. GRM188Z71A475KE15D),
with an equivalent series resistance (Rgsgr) of 10 m2. To mimic
load transients, Ry, and Ry are added with a power switch driven
by a clock CLK| p. Fig. 17(c) shows the typical experimental test
setup of the prototype.

(a) Chip micrograph. (b) Application circuit. (¢) Experimental test set-up.

Fig. 18(a) shows the load transient response for a load (Ip)
step-up from 0.2 to 1.2 A along with its corresponding switch-
node voltages. At Ip = 200 mA, only one phase (Vsw1) is
active. At Ip = 1.2 A, all three phases (Vswi, Vswa, Vsws) are
turned ON. The output voltage V, recovers from an undershoot
of 25 mV in 250 ns. Similarly, Fig. 18(b) presents the load
step-down response from 1.2 to 0.2 A along with its associated
switch-node voltages. In this case, an overshoot of 30 mV at
Vo is observed with a recovery time of 480 ns. The converter
operates at a switching frequency of 20 MHz. Fig. 18(c) shows
the average phase currents at both load levels. At Ip = 200
mA, the entire current is supplied by a single phase [PC(1)].
At Ip = 1.2 A, all three phases are activated. In this condition,
Phase 1 (I1,1) and Phase 2 (I1,5) each carry an average current of
0.3 A, while Phase 3 (I13) supplies an average current of 0.6 A.

Fig. 19 shows the measured efficiency of the fabricated con-
verter in a load current range of 0.2-1.4 A, under input supply
voltages of 2.7-3.3 V. The optimized switch sizes obtained
using the proposed design methodology are listed in Table V.
As observed in the plot (at Viy = 3.3V and Vo = 1.2V), the
efficiency profile remains maximally flat with a variation of ~1%
. It maintains an efficiency of ~85% throughout the optimisation
range. However, compared to the theoretical efficiency of ~86%
[shown in Fig. 16(a)], the measured result shows a degradation
of less than 2% . This degradation can be attributed to the
following. In the theoretical design methodology, effects such
as PCB trace resistance, bond-wire parasitics and inductor core
losses have not been considered. Also, using the proposed design
methodology, the efficiency is optimised at Viy = 3.3 V to
account for maximum loss scenarios. At Viy = 2.7 V, the effi-
ciency increases to ~90% due to reduced switching loss. These
results demonstrate the effectiveness of the proposed design
methodology. The measured results are in close agreement with
the theoretical prediction. The efficiency profile is maximally
flat with ~1% variation across the optimisation range at both
input voltages.

To evaluate the effectiveness of the proposed design method-
ology, a performance comparison with state-of-the-art works
is presented in Table VI. Among all the works compared, the
proposed design methodology achieves the lowest efficiency
variation (~1% ) throughout the optimisation range, while using
only three phases. This is achieved by adopting a variable
baseline efficiency strategy across different load sub-ranges.
To more accurately compare the variations in the efficiency
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Fig. 18. Transient response for: (a) load step-up of 0.2—1.2 A, (b) load step-down of 1.2-0.2 A, and (c) average inductor current in each phase at I = 0.2 A and

Io = 12A.

TABLE VI

PERFORMANCE COMPARISON WITH RECENT WORKS

References JSSC 2015 [18] | TPE 2015 [33] | JSSC 2018 [24] | JSSC 2019 [28] | ISSCC 2019 [17] | JSSC 2023 [30] This Work
Technology (nm) 65 CMOS 130 BCDMOS | 180 CMOS 350 CMOS 28 CMOS 180 CMOS 180 CMOS
Switching Frequency fsw (MHz) 30 2.25 30 25 75 25 20
Input Voltage Vi (V) 13 235 33 33 12 18 2733
Output Voltage Vo (V) 07-12 0.68-1.92 073 0326 0.6-1 06-15 12
Inductor/Phase L (nH) 90 470 220 200 15 60 100
Output Capacitor Co (uF) 0.47 88 0.62 247 0.2 1.2 4.7
Phase Count 4 4 4 4 4 4 3
Peak ETciency Tma (%) @ (Vix—Vo) (V) | 87 @ (18-1) | 90@ (3.7-1) | 88 @ (3.3-25) | 88 @(33-25) | 80@(1.2-1) | 90@ (18-12) | 90 @(2.7-1.2)
Min. Efficiency fumin (%) @ (Vin—Vo) (V) | 80@ (18-1) | 85@(3.7-1) | 86 @ (33-25) | 77@(3.3-25) | 84@(1.2-1) | 80@ (1.8-1.2) | 89 @Q2.7-12)
Load Range Io (A) 0.02-0.8 0.1-4 0.125 0.1-6 0.1-12 0.1-4 02-14
Max. Efficiency Variation (Nmax — Nmin) (%) <7 <5 <3 <11 <5 <10 ~1
FoM @ (Io(2) —Io(1)) A 0.75@ (0.7-0.2) | 10 @ (0.7-0.2) | 030 @ (0.7-0.2) | .98 @ (0.7-0.2) | 0.24 @ (0.7-0.2) | 0.72 @ (0.7-0.2) | 045 @ (0.7 - 0.2)
FoM @ (Io(3) —Io(2) A NA 14@(1.4-07) 021 @ (14-0.7)]0.13 @ (14-0.7) | 0.21 @ (1.4*-0.7) | 0.26 @ (1.4-0.7) | 0.15 @ (1.4-0.7)
FoM = ﬁl—?’ A Svf;;;;“"" *Extrapolation of efficiency plot
95 P = it uses four phases with additional component counts. Similarly,
imization Range . . .
3 ; P g the work in [24] achieves a FoM of 0.3 in the load range of
=% ~ Y T — 0.2-0.7 A using four phases that are activated at a load current
oy v of 0.65 A. Thus, these works ([17], [24]) not only require an
S 85 T A . ..
g f extra phase with additional component count, but also the FoM
o oeo @Vw=27V Vo=12V degrades in the high load range (0.7— 1.4 A) due to unoptimized
—_— IN= 2. o=1. . . . . e .
. @Vin=33V Vo=12V phase sizing and phase counts. Hence, efficiency variation in the
75 o7 2 o : 2 entire load range is higher compared to this work. In summary,
' " Load Current (A) ' the proposed design methodology helps to achieve superior
flatness with a low efficiency variation (~ 1%) in the load range
Fig. 19. Efficiency curve with the proposed switch sizes. with a smaller number of phase counts.

curve, the entire load range is divided into two sub-ranges, and
flatness is quantified using a Figure of Merit (FoM), computed
separately for each. For a fair comparison, the FoM is defined
as (AA—I’Z)) . (%), where An represents the variation in ef-
ficiency over the load current range Alp, and fsw jowest 1S the
lowest switching frequency among the compared works. The
first term, (An/Alp), quantifies the flatness of the efficiency
curve by measuring the slope of the efficiency curve. The second
term, (fsw jowest/ fsw), normalises the comparison by taking into
account different operating fsw. A lower FoM indicates a better
design. As the work in [17] implemented in a much lower
technology node and efficiency is measured at low drop-out
(Min — Vo) condition, it provides a slightly better FoM of 0.24
compared to this work in the load range of 0.2—-0.7 A. In addition,

V. CONCLUSION

This work presents an analytically guided, discriminant-aided
design methodology that determines both the optimal number
of active phases and their corresponding power MOSFET switch
sizes to flatten the efficiency profile over a wide load range in
multiphase dc—dc converters. To further reduce design efforts,
a discriminant-aided process is introduced to quickly check the
feasibility of input design specifications by checking the sign
(positive/negative) of the discriminant that helps in getting the
valid solution space to search for minimum Rggg pc(s), signifi-
cantly reducing computational complexity and design iteration
time compared to conventional trial-and-error approaches. The
effectiveness of the methodology is validated through multiple
efficiency-driven case studies, demonstrating its adaptability to
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various design scenarios. Among these, the variable baseline
efficiency in different load subranges offers a better tradeoff
between flatness and phase counts. Therefore, the variable base-
line efficiency is adopted to implement a current-mode dc—dc
converter. The measured result shows an efficiency variation of
~1% in the entire load range of 0.2-1.4 A.

APPENDIX A

The individual losses in the converter [32] are summarized
here. The gate drive loss, caused by charging and discharging
the gate capacitance of the high-side and low-side switches
(Mppc(i) and My pc(;)) in each switching cycle, is given by
(27). The inverter chain inside the gate drivers, which drives the
power MOSFET switches, dissipates power due to the switching
action, as calculated using (28). The transition loss and the diode
conduction loss are given by (29) and (30). The controller’s
quiescent power loss is given by (31). Conduction losses arise
from the load and ripple currents flowing through the resistive
elements of the converter as given by (32)

Pg prci) = (Ca,ppow) + Canpow)  Vin - fsw 27

Por.zpci) = Tr(7) - (Ca ppciiy + Canpci) - Vit - fsw

(28)
Prrppciiy = Vin - fsw - tr/r - Lo (29)
Porppciy =2 Vor-lo - tos - fsw (30)
Per,ppeiy = VIn - Ig 31)

Pepnpciy = 16 -{D - Rppc(iy + (1 — D)
- Ry pe(iy + Rpc/PC(i)}
AT

+ 12 : {D : RP,PC(i) + (1 - D) . RNJ)C(i) + RESR} .

(32)
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