Chapter 2
The Design Space Exploration: Simplified Case

Abstract In this chapter, the design space exploration is exposed and explained
as the main tool to get an optimized design of a fully integrated switching power
converter. The converter output voltage ripple is used to constraint the design space,
while the merit figure to be optimized is defined as the power efficiency versus
the occupied silicon area ratio. Additionally, an overall structure of the design
space exploration including particular optimizations for each component design is
proposed. Then, simplified models for the converter integrated components (i.e.
inductor, capacitor, power drivers and power transistors) are presented, as well
as an analytical output ripple model that takes into account the output capacitor
Equivalent-Series-Resistance (ESR). Finally, the design space exploration optimiza-
tion procedure is exemplified by means of the design of a classical Buck converter,
where the simplified components models are used.

2.1 Main Concepts and Design Procedure

In the first steps of a switching power converter design (once the required topology
has been determined), there are many questions and decisions to answer regard-
ing input and output voltage ranges, output current, switching frequency, the reac-
tive components values (mainly inductors and capacitors), transformer input—output
voltage ratio (if any is required by the design), even some dynamic performance
parameters such as bandwidth. If different technological options are considered to
implement the power switches and their corresponding drivers, the design options
can become overwhelming.

In order to develop an appropriate design procedure, it is interesting to classify
the design variables or parameters into different categories to identify their impact
upon the design characteristics or performance. In the following, groups proposed
herein are presented.

Application parameters. Those parameters that are completely defined by the
application needs, like input and output voltage ranges, output current capa-
bility and output voltage ripple. Usually, application parameters appear as
hard constraints in the design space. Additionally, other less conventional
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parameters or constrains can be defined: radiated interferences spectrum,
maximum input current, etc. ..

Static design variables. Conventional design variables, such as inductance and
capacitance value, or the voltage conversion ratio of a transformer. We call
them °‘static’ because although they offer degrees of freedom in the design
stage, they become fixed once the design is implemented.

Dynamic design variables. The main dynamic design variable that appears in
the design of a conventional switching power converter is the switching
frequency, since although it can be determined during the design stage, it
offers an additional degree of freedom once the converter is implemented,
that allows to better fit to application parameter changes.

Performance factor. This category includes those factors that indicate the power
converter quality, once application parameters are satisfied or accomplished.
Most common performance factors are energy efficiency in power conver-
sion, the bandwidth of the output response versus the control signal, the
volume and area occupation, its weight. They can appear as soft constraints,
since they might not invalidate the design despite it could be interesting to
maximize or minimize them. In fact, depending on the application, they could
be totally or partially defined as application parameters (i.e. in case where a
minimum power efficiency is required, or a maximum weight is allowed).

Technological information. This refers to information related to the physical
implementation of the converter components, specially in case of the power
switches and their corresponding drivers. Although first order approach
designs do not require detailed information about the technology used to
implement any component, information about non idealities and parasitics
is needed to take into account some performance factors (e.g. energy effi-
ciency).

In Table 2.1, the previous classification is summarized. In this case, only those
variables that are particularly relevant for the case of integrated switching converters
are shown.

Obviously, the categories and what they include could change if non conven-
tional designs are considered, i.e. multiple conversion ratio transformers, variable
capacitors, etc. ..

From the previous classification a design procedure is derived, which is described
in the following.

1. First of all, taking into account the application parameters, some converter
topologies are selected to fit specifications, and the corresponding required ideal
analytical expressions for voltages and currents are obtained. In this design step,
system-level simulations can be used to confirm that the selected topologies
(it could be interesting to consider more than one topology, in order to select
the optimum one afterwards, from the performance factors evaluation) suit the
application parameters.
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Table 2.1 Design variables and parameters classification used in the thesis

Category Parameters/Variables

Application parameters Input voltage range
Output voltage range
Output current range
Output voltage ripple

Static design variables Inductance value
Capacitance value
Dynamic design variables Switching frequency
Performance factors Energy efficiency
Occupied area
Technological information Equivalent parasitic resistances for each component

Parasitic capacitors for each component
Capacitive density (capacitance per area)
Inductive density (inductance per area)

2. Then, the design variables (static and dynamic) impact on the design are deter-
mined by means of ideal expressions or model, and some performance factors
can be evaluated (i.e. maximum inductor current). At this point, converter topolo-
gies options should be shrunk down to a few ones that suit the application; and
some design variables range of values should be partially delimited, by checking
some application parameters fulfillment (e.g. maximum output voltage ripple).
Power switches are considered ideal and no parasitic components or non ideali-
ties are considered.

3. The following design step implies a further increase in the model complexity.
It is necessary to decide the technological implementation of the different com-
ponents of the switching power converter. In case of integrated monolithic con-
verters, this requires to select the microelectronic process used to manufacture
the design. The foundry provides information about what is feasible or unfeasi-
ble to implant in the selected process, and detailed models for components that
lead to parasitic characterization. The addition of all this information generates a
notable increase in the converter model complexity, and circuit-level simulations
become fundamental (although complex system-level simulation are still inter-
esting). The result of this design stage is the evaluation of performance factors
such as energy efficiency and volume (or area) occupation, which should lead to
an optimized design.

It should be noted that steps 2 and 3 of such design procedure should be carried
out for any different selected topology, to choose the one that provides the best
performance factors. Furthermore, it is possible that, in spite of the accomplishment
of the application parameters, the evaluation of the performance factors results in
so poor quality or performance that another topology or design must be considered
from the initial point (Fig. 2.1 summarizes the whole process explained above).

Therefore, once the design variables have been identified and their corresponding
range of values have been constrained by the application parameters criteria, any
combination of design variables values should be explored to evaluate the selected
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performance factors. For the sake of simplicity, all the performance factors can be
joined in a merit figure definition to obtain a single index that leads to a mathemat-
ical maximization, in order to get the desired optimized design. In the following,
a representative merit figure definition suitable to mathematical maximization is
provided:

A*Bb
= copd (2.1)
where A and B are the performance factors to be maximized, whereas C and D
should be minimized. The lowercase exponents (a, b, ¢, and d) are the correspond-
ing weights assigned to each performance factor in the merit figure definition.

The exploration of all the design variables sets of values, searching the optimized
design, is what we call the design space exploration.

From a mathematical standpoint, the constrained design space exploration (and
the corresponding optimization) could be described as follows:

minimize —>  f,(X) (2.2)

subject to — fi(x) <b; i=1,---,m (2.3)
With the following definitions:

x = (x1,x2, -+, Xp) —> design variables (L, fs, Cy) 2.4)
fo : R" — R — objective function (2.5)

fi:R"—> R, i=1,---,m —> constraint functions (2.6)

In general, main function f,(x) and constraint functions f;(x) will be non linear
(even non continuous functions), which precludes the obtention of the optimized
design by means of analytical procedures.

It should be noted that with the inclusion of technological information, the design
of each converter component is related to its non idealities, such as its equiva-
lent series resistance (ESR from now on), parasitic capacitances, area occupation.
Therefore, given the variables that may appear in each component design, the par-
ticular design of the several components that compose the whole converter should
be optimized to improve its energy losses or area. In fact, this is one of the strongest
points that the microelectronic integration of switching power converters offers:
any component can be particularly optimized for any converter design, (by the
designer itself), instead of being already implemented by a third-party manufacturer
(Fig. 2.2).

As a result of their monolithic integration, one of the performance factors to
be evaluated in the design is the occupied die area, since it is directly related to
the manufacturing cost of the system (in microelectronics, the cost of a chip is
proportional to the used area of silicon). The other most important performance
factor to be evaluated is the energy efficiency in the power conversion, since it is
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the main reason in the idea of integrating this kind of power converters and in case
of standard CMOS technologies such high efficiency is not assured because those
processes have not been conceived for power management applications. A second
order performance factor to take into account is the maximum inductor current, to
reduce the converter components electrical stress. Obviously, whereas energy effi-
ciency should be maximized, occupied silicon area and maximum inductor current
are desired to be minimized.

2.2 Simplified Approach for a Buck Converter

The application considered in the development of the design of this work is intended
to supply energy to core digital or RF integrated circuits for portable devices, from
an external energy source, mainly a Li-lon battery (that provide a nominal voltage
of 3.6 V). In fact, it would become a part of a Powered-System On-Chip, PSOC, that
integrates all the required functions (or, at least, as many as possible) of the portable
device, even the power conditioning system. Because of the continuously decreasing
voltage supply of such core circuits in the newest technology nodes (trying to reduce
power consumption and their dimensions), as an example, the power converter will
be designed to supply a 1V voltage source. Additionally, the considered nominal
output current will be set to 100 mA (which is representative for applications such
as power supply of portable devices: MP3 players, some parts of more complex
Hand-Held devices, etc...).

Hence, a conventional Buck converter is the first topology considered to develop
the design, because of its ability of reducing input to output voltage and its simplic-
ity (which can be a very important factor to take into account when attempting to
develop a fully integrated prototype).

2.2.1 Continuous and Discontinuous Conduction Modes

Most of the switching power converters can be considered to operate in two different
modes depending on the evolution of the energy stored in their corresponding main
inductor.

e A switching power converter is understood to work in continuous conduction
mode (corresponding to the acronymous CCM, from now on) if its inductor
current is different from zero at any time, independently of its switching phase
(Fig. 2.3a).

e The discontinuous conduction mode (DCM from now on) appears in the con-
verter operation if its inductor current becomes and remains zero for a given
amount of time, which can range from being almost instantaneous (operation
on the edge between DCM and CCM) to last for most of the switching period
(Fig. 2.3b).
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(b)

Fig. 2.3 Output voltage and inductor current ideal waveforms for a Buck converter in both operat-
ing modes: a CCM; b DCM

The previous classification becomes of capital importance when analyzing the
converter behavior and its corresponding expressions, and, as it will be seen after-
wards, the energy losses in each different converter component.

2.2.2 Converter Components Simplified Models

In this section models for all of the converter components are provided. Even though
considered as simplified models, these are complex enough to allow the correspond-
ing energy losses calculation as well as its area occupation. Hence, the two first steps
of the design procedure proposed in Sect. 2.1 are skipped (since they are covered in
detail in the literature), and some technological information is included to allow the
performance factors evaluation.

2.2.2.1 Inductor Model

The main inductor of the buck switching power converter is the most difficult com-
ponent to be integrated on silicon, since in standard CMOS technologies no special
materials, such as ferromagnetic cores, are available to increase the self-inductance
coefficient.

In power management applications, the main requirements for the inductor
design are to provide high inductive density (in order to reduce the occupied silicon
area) and very low series resistance (to reduce conduction losses).

However, from the absence of a ferromagnetic core, a benefit is derived because
no core magnetization hysteresis cycle appears and thereby no switching losses are
present in the inductor. Additionally, no saturation in the magnetic field appears
as the inductor current increases (that results in an abrupt equivalent inductance
reduction).
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The on-chip implementation by means of standard CMOS technology adds an
additional constraint to the inductor design since only planar structures are possible.
Therefore, a square-shaped spiral inductor is considered as a first approach design
possibility (Fig. 2.4).

In [37] and [38] expressions for inductance value L and total path length I
(related to its equivalent series resistance, Ry) of a square-shaped inductor are
provided as a function of its physical dimensions: number of turns ny, inter-
nal and external diameters (d;, and d,,;), path width wy and separation between
turns p.

_ K M”%davg

2.7
14+ Kap @7

where y is the magnetic permeability of the material (1 = 4710~ H/m, in absence
of ferromagnetic materials) and K| and K> are constants derived from the data
fitting procedure used to find expression (2.7) from a batch of measurements (K| =
2.34 and K> = 2.75 for a square inductor). d, is the average diameter of the spiral
and p is defined as the fill ratio:

davg = 0.5(dour + din) (2.8)

din = doyy — 2(npwyp + (np — 1)p) (2.9)
dout - din

p = Zour — %in (2.10)
doul + din

While the total length of the path is expressed as:
lp =4npdayg (2.11)

Expressions for both inductance and total path length can be obtained as a func-
tion of the outer diameter and the number of turns.
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2
ot — b1
L =K, ,bU’l%d [ our — (npwr + (g )P)] (2.12)

our + (K2 — D(npwr + (np — Dp)

Ip = 4nLdavg =dnp [dd(mt — (npwr + (np — 1)P)] (2.13)

Assuming that K, K>, u, wz and p are technology-dependent constants (this
assumption will be further explained afterwards, in another chapter), outer diameter
and the number of turns are considered as the inductor design variables.

Because there are many (dyy:, ny) pairs that may result in the same value of
inductance, total length becomes a function to be minimized (in order to reduce the
inductor series resistance), being (d,,;, nr) pairs constrained to values that provide
the desired L value.

ny is selected as the independent variable because its values (number of turns
of the spiral) are constrained to natural values, being the d,,; value computed to
provide the required inductance. Then, the resulting pairs (dyy:, n1) are used to
compute the total spiral length. The resulting series resistance will depend on total
path length /7, its width wy and thickness #,, and the conductivity of the material
used to implement the inductor o.

I ILRg  4n [ddows — (npwr + (np — 1)p)]
wrt,o a wy, o wrtyo

R, = (2.14)

In (2.14), the symbol R is the square-resistance of the conductor metal, which is
a very common parameter provided by the foundry, in case of planar technologies.
It models the resistance provided by an square of conductor, given the conductor
thickness (#,,) and conductivity (o), which are expected to be constant (R = tmLa)'

At first sight, it appears that having assured the desired inductance value, the
overall series resistance should be minimized, but an additional constraint should
be considered: the total occupied silicon area (Ap), that is a square function of the
outer diameter (d,,;). Therefore, the overall area is computed and a merit figure to
be maximized is defined Iz, particular for the inductor design itself.

Ap =d’, = f(L) (2.15)

out
_ 1 _ wrt,o
ALRL  d3Anp [diow — (npwp + (np — D p)]

Iy (2.16)

At this point, it is reminded the dependence d,,; = f(L,nr), that leads to the
maximization of Iy, only as a function of the number of turns. Figure 2.5a shows
the evolution of I'z. The resulting series resistance and the occupied silicon area for
the selected design, are shown as well (Fig. 2.5b).

Having obtained the value of the inductor parasitic series resistance (2.14), the
corresponding conduction losses can be determined by means of the inductor rms
current value.
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20 2 The Design Space Exploration: Simplified Case

Therefore, as stated in (2.15) and (2.19), it is observed that the occupied area
by the inductor and its corresponding power losses are a function of its self-
inductance value. Additionally, power losses also depend on the converter switch-
ing frequency, being both of them design variables considered in the design space
exploration.

2.2.2.2 Capacitor Model

The main requirement for the output capacitor implementation is to offer a high
capacitive density, that results in a high capacitance value (to reduce to amount of
output voltage ripple) while keeping reduced silicon area occupation. Moreover, to
prevent reducing power efficiency and increasing output ripple it is important to get
a low equivalent series resistance (ESR) design.

In order to get the highest capacitive density in planar environment, the parasitic
gate capacitor of MOS transistors is used to implement the output capacitor (MOS
capacitor). The main reason for this choice is that in standard CMOS technologies
the gate silicon oxide is the thinnest dielectric material that can be used between
both plates of the planar capacitor.

A common given parameter from a CMOS technology is the transistor gate
capacitive density (C,y). This is an average parameter since the MOS gate capacitor
is a non-linear function of the gate voltage, but it is a good approach if the gate volt-
age is above the threshold voltage. Therefore, the expression of the area occupied
by the MOS capacitor (Ac,) is immediate, from the desired capacitor value:

Co

Ac, =
CO.X

= f(Cy) (2.20)

In regard to the capacitor ESR (Rc,), it is a function of the plates and con-
tacts dimensions and materials resistivity. In standard CMOS technologies, the
top plate of a MOS capacitor is build up by polysilicon which is quite resistive,
and the bottom plate is implemented by the transistor channel, whose conductiv-
ity depends on the applied gate voltage. Additionally, it is observed that resistance
of both plates is, in fact, a function of the aspect ratio rather than the area. How-
ever, in this first approach a constant value could be considered, since the total
ESR can be reduced by the parallel connection of several capacitors (keeping the
total capacitance value), which is a common technique in case of non-integrated
designs.

Finally, from the capacitor current rms value (for both operating modes, continu-
ous and discontinuous) the conduction losses associated to the capacitor are directly
found:

813V, (Vipar — V)
12 =, —1)>=| =22 9 1| — DCM 221
C, (L o) \/ 9Vbaths 0 ( )
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2
V3 (Vbar — Vo) Vi
2 _ 2 _ o 1 "bat ° at 2
Ie, =L — 1) _(\/ YENT +1;—-1,] — CCM  (2.22)

bat

Pc, = 1% Re, = f(L, fy) (2.23)

In contrast to the inductor design, the direct relation between the capacitor value
and its area, as well as the relatively arbitrary and constant ESR value (in this first
approach), avoid the need for an optimization procedure of the capacitor design.

Regarding the performance factors dependencies on the design variables, it is
observed that the occupied area depends on the capacitance value (2.20), whereas
the power losses depend on inductance and switching frequency but not on the
capacitance value (provided that the capacitor ESR is independent of this design
variable), as stated by (2.23).

2.2.2.3 Power Transistor Model

Power switches suffer from two different power loss mechanisms: conduction losses
(due to the joule-effect when current flows through its parasitic non-zero channel
resistance) and switching losses (due to the coexistence of voltage and current excur-
sions during switching instants).

Conduction Losses

In order to derive the conduction losses for each power switch (that in case of CMOS
standard technology implementation are MOSFET transistors), the parasitic on-
resistance (R,,) expression as well as the rms value of the current flowing through
its channel are required.

Peona = Ron 11\2405 (2.24)
Current flowing through each transistor is obtained by the corresponding expres-

sions for the case of considering an ideal switching power converter, for the DCM
operation case:

8IZV3(Viar — Vy)

2 t

Ipmos pem =\/ . 90LV3af . (2.25)
bat/)S

813V (Var — V)3

2 t

INMOS_DCM:\/ : ;LVZ 7 2 (2.26)
batJ$
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And for the CCM:
2 VW = V)2 5 Ve @27
PMOS_CCM — .
- 1202V} f2 ? Voar
VZ(Vipar — V)3 Viar — V.,
11\2/M05_CCM _ g( bat o) 12 bat o (2.28)

1202V} f2 * Viar

As stated in (2.29), in a first order approach, the on-resistance of a MOS
switch depends on the corresponding channel size (L¢p, Wpower_mos for length and
width, respectively), the voltage-to-source voltage (V) and technology dependent
constants: threshold voltage (Vry, p), gate capacitance-per-area (Coy) and carriers
mobility (uy,p). Typically, threshold voltage and carriers mobility will take differ-
ent values for PMOS and NMOS transistors.

Lep
Ron =
MN/PCox Wpower_MOS(Vgs - VTN/P)

(2.29)

Since in the case of a buck converter implementation maximum available
voltage-to-source corresponds to the input battery voltage (Vp,, for a battery oper-
ated system) when sources are properly connected to supply voltages, this should be
used to drive the MOS switches gate (to minimize the corresponding on-resistance),
resulting in the following expression:

L. :
Ron = = (2.30)
N /Pcox Wpower_MOS (Vbar — VIn / P)

being L i, the minimum channel length available in a certain technological micro-
electronic process, to reduce the on-resistance, and the parasitic capacitances
as well.

From (2.29) and (2.30) it is derived that conduction losses in a power MOSFET
become an inverse function of its channel width.

Switching Losses

Switching losses computation is addressed by means of the product of the voltage
across the channel (between transistor drain and source) and the current flowing
through it. In order to simplify the model, linear evolutions for both voltage and
current are assumed during switching actions, as it can be seen in Fig. 2.6, as well
as the corresponding instantaneous power evolution.

In order to obtain the total energy spent in each commutation, instantaneous
power has to be integrated along the commutation interval (shaded area in Fig. 2.6).

Ton Von Isw_on + I off Vo}j‘ Lsw_off

Egy = 6 6

2.31)
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MOSFET turn-off switching waveforms
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Power (W)
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Fig. 2.6 First order approach of channel voltage and current, and instantaneous power evolution
along the commutation of a power transistor

Consequently, power switching losses are obtained from energy losses and the
switching frequency.

P, = f; <I”" VO’:””—O” - V“Zt”-”ﬂ ) (2.32)

In (2.31) and (2.32), variables I,,, V,, and t5, o, are the current and voltage
swings applied to the MOS transistor when turning it on, and the corresponding
duration; whereas the second terms of those expressions are referred to the turning
off action.

Table 2.2 collects the expressions corresponding to the voltage and current con-
ditions applied to both power transistors, for DCM and CCM.

While V,,, and 1,, depend on the converter design and operation, the f5,_on/of
values depend on the transistor and driver design. As a first order approach, state
transition duration of a MOS power switch can be estimated assuming that its
gate voltage evolution corresponds to the gate capacitance charge/discharge process
through the equivalent resistance of the driver last stage. In this case, a 3-time-
constants criterion can be used to determine the duration of the total change in the
gate voltage.

Isw = 3Rdrivercgate = 3RdriverCox Wpower_MOSLmin (2.33)
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Table 2.2 Transistor switching conditions for DCM and CCM operation

DCM PMOS NMOS
Von Vibar — Vo Vbar
215 Vo (Vear — Vo)
I 0 1 — |ZoforTbal To)
on Lmax L fs Viar
Voff Vbal VH
21, Vo(vbm - Vo)
Lo 1 = | ————————— 0
o e Lf Vo
CCM PMOS NMOS
Von Viat ( ) Viar ( )
Vo(Vbar — Vo Vo(Vbar — Vo
I Ipmin = 1, — ———= I — ] 4 _ooar” To)
on Lmin o 2LV fs Lmax o 2L Vi f:
Voir Voar Viar
Vo (Var — Vo) Vo(Vbar — Vo)
1, 1 =1, + — Iimin=1,— ——
o fmax o 2L Vbat.fs fomin ’ 2L Vpar fs

Hence, at this point of the analysis, it is observed from (2.32) and (2.33) that
switching losses become a direct function of the MOS transistor channel width.
The value of equivalent driver output resistance will be derived in the following
Sect. 2.2.2.4, which deals with the driver design issues.

To finish the power switch model, their corresponding occupied silicon area is
computed as a function of their gate dimensions.

AMOS = Wpower_MOSLmin (234)

2.2.2.4 Power Driver Design and Loss Model

A power driver is required to amplify the power of the switching signal when it has
to drive the power MOSFET gate input capacitance (which usually is rather large), if
a fast gate state transition is desired. In standard CMOS technology implementations
the most usual way to implement a bi-state power driver is by means of a tapered
buffer (Fig. 2.7), which consists of a chain of digital inverters; being the transistors
of each stage larger than those from the previous by a tapering factor f.

Jv;-LQ:: %—E é—[: ------ ‘/_\‘/_-I I: Power
Eou

1 f f2 fn—l fn

Fig. 2.7 Power driver implementation by means of tapered buffers
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Given the size of the transistor of a minimum digital inverter (or its equivalent
input capacitance), that should be the first of the tapered buffer, and the size of
the power MOSFET to be driven (or its equivalent input capacitance), two different
variables are available to design the tapered buffer: the number of inverters n and the
tapering factor. Usually, tapered buffer designs with a constant tapering factor are
implemented, and then the relationship between the tapering factor and the number
of stages is as follows:

n Cout
Cin

f= (2.35)
where C,,; is the power MOSFET gate capacitance and Cj, is the minimum inverter
capacitance.

Typically, in digital microelectronics research fields, the tapering factor has been
determined targeting the overall propagation delay minimization, and it has been
found the number e to be the optimum one. Having determined the optimum taper-
ing factor, the number of stages is directly derived from the input-to-output capaci-
tance ratio.

w1 [ Neower mos (2.36)
B (1 + wpn)Wmin ’

being W,,;, the channel width of the NMOS transistor of the first inverter, and w
the relationship between the channel width of PMOS and NMOS transistor of each
inverter. In (2.36) it is supposed that transistors from inverters, as well as the power
MOS, have minimum channel length, to increase switching speed and reduce para-
sitic resistance.

Having determined the tapering factor and the number of stages of the whole
tapered buffer, the equivalent output resistance that charges and discharges the
power MOS gate capacitance can be obtained (R jyiver), through the channel width
of the NMOS transistor of the last driver stage (Wy_driver)-

-1 _ Wpower?M oS

Wh_driver = Wine" ™" = a1+ wpn)e (2.37)
Lmin
Rriver = =
MUN Cox Wn_driver ( Vhat - VTN )
_ 1+ wpn)eLmin (2.38)

uNCox Woower_mos (Vbar — VIn)

In Addition to the driver output resistance, its own losses must be modeled in
order to include them into the design space exploration, as a part of the overall
efficiency.

In case of a tapered buffer, power losses are mainly due to its state change at every
switching period. As a first order approach, power losses are computed by means of
the charge spent from the power supply to change the value of the respective input
gate capacitances of all inverters of the chain.
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As a consequence, the total gate capacitance (Cr) should be computed as a func-
tion of the number of stages and the tapering factor:

n n
Cr = Z Ci=(0+ wpn)coxwmianin Z fi (2.39)
i=0 i=0

n+1 _
Z fh= f (2.40)

being e the optimum tapering factor:

en+l -1

Cr={0+ wpn)Comeianine_—l

(2.41)
And the corresponding power losses are related to the power supply voltage and
the switching frequency by:

en+1 —1

Piriver = Vbza;fv (I+ wpn)ComeianineT (2.42)

From (2.42) it is observed the driver switching losses increase with the number
of inverters that, in turn, is an increasing function of the power transistor channel
width. Thus, it is concluded that power driver losses are a linear function of the
power MOSFET channel width.

e(lvvpowersﬂ‘/}l‘?s _ 1

F+wpn) Wiin

Pariver = Vbszs(l + wpn)cumeinanilzg_—l (243)
eW, mos — (1 + wpp) Wiy

Piriver = Vbza;fs CoxLmin b= P (2.44)

e—1

On the other hand, the overall occupied silicon area can be computed directly
from the total gate capacitance of the tapered buffer if only channel dimensions are
considered.

eWpower_MOS -+ wpn)Wmin
e—1

Adriver = Lumin (245)

2.2.2.5 Power MOSFET and Driver Joint Design

In previous Sects. 2.2.2.3 and 2.2.2.4 power losses were derived as a function of the
power MOSFET channel width. Conduction losses of MOS switch were found to
be a decreasing of the channel width, whereas switching losses depend not only on
the power switch channel width but on the driver output resistance.
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Since output driver resistance was determined in expression (2.38), a closed ana-
Iytical expression can be found for power MOSFET switching losses, by means of
the switching action duration definition.

In the case in which the equivalent driver output resistance for both charge and
discharge output capacitance were the same (that can be achieved if a proper rela-
tionship between PMOS and NMOS transistor channel width is selected, for the
tapered buffer inverters), the duration on the two complementary actions on the
power switch would be the same.

3(1 + wpn)el2,,

(2.46)
MUNVpar — VIn)

Lsw_on Joff =

Which results in the following switching power losses expression:

(1 4+ wpp)el?,
= ——(Vou 1 Vsl 2.47
ZMN(Vbat — VTN)( onlon + off oﬂ)fs ( )

sw

From (2.47) it is observed that switching power losses from the power MOSFET
become independent of its channel width, as long as the corresponding driver design
becomes adapted to it.

And finally, from (2.44) it is observed that driver power losses are a direct linear
function of the power MOSFET channel width.

In Table 2.3, the expressions of the three different power loss mechanisms related
to the power switches and their corresponding trends as Wyoyer_pos increase are
summarized.

Since there are two opposed trends, an optimum design that provides minimum
power losses is expected as a function of the power transistor channel width, as
shown in the following figure (corresponding to a PMOS design and its associated
driver) (Fig. 2.8).

In the following, expressions for the optimum channel width value, and the
resulting minimum power losses are provided:

Table 2.3 Power loss expressions and trends for the MOSFET and driver designs

Trend (as
Wpowe r_MOS
Loss source Expression increases)
Lmin )
Power MOS Poond = I m
conduction o MN/PCUX vawer_MOS(Vbat — VTN/P) Mos
losses
1+ wpy,el?,
Power MOS Poy = D0 () oy g Constant
switching 2uN(Vear — VIn)
losses
; . eWpowe — (1 4wy, Wi
Driver losses Puriver = V2, FsCoxLuin power 10s — ( pn) Winin 11

e—1
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Fig. 2.8 Power MOSFET and driver power losses as a function of the power MOSFET channel
width

Iyos e—1
Wops = (2.48)
ViarCox MN/Pfse(Vbat - VTN/P)

Pposdriver = fs(1 + wpn)Lmin

eLin 2 Wiin
— (Vi1 Vo lor) — Cox Vi ———
(mmvba,—vm)( onlon & Vo log) = CoxVour 1) *

fse
unype — D) (Vg — Vinsp)

+21y0s Vbathin\/ (2.49)

2.2.3 Output Voltage Ripple

Once the converter topology has been selected to fulfill some of the application
parameters herein considered (mainly, input voltage to output voltage conversion
ratio), there is still an application parameter to take into account to yield the desired
design. This is the output voltage ripple, that becomes a hard constraint of the design
space, since any design variables set of values (L, f, C,) that results in an output
voltage ripple greater than the one tolerated by the load circuitry to be supplied, will
be neglected.

Typically, the output voltage ripple Av, is defined as the difference between the
maximum and minimum values that the output voltage takes throughout a whole
switching period.

Av, = Vn_max - Vu_min (2.50)
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Fig. 2.9 Output voltage and inductor current in a DCM operated Buck converter. Different phases
of a switching period are detailed

Figures 2.9 and 2.10 explicitly show these values for DCM and CCM
operation. Additionally, other significant and useful characteristics of the out-
put voltage and inductor current waveforms for both operating modes are also
noted.

The corresponding expressions for V,, 4 and V,, i, are obtained from the low
output ripple assumption, which implies that inductor current correspond to a piece-
wise linear function. According to the scheme from Fig. 2.11, the output voltage
generic expression for both operating modes and different phases that compose a
whole switching cycle, is the following.

1 1 I
vy =ic,Rc, + — / ic,dt = (ip — I,) Rc, + — f irdt — ==+ Ve, o

o o o

(2.51)

where V¢, ¢ is the output capacitor voltage (without ESR) at the beginning of
the 7, phase.

Taking into account different i; expressions for any operating mode and switch-
ing phase, (2.2.3) is minimized or maximized accordingly to minimum or maximum
research.



30

Output voltage (V

Inductor current (A)

2 The Design Space Exploration: Simplified Case

1.005
1
995 ; ;VO—TOF‘ k./ o-min
1.407 1.4075 1.408 |1.4085 1.409 1.4095 1.41
Ton Toft x107°
(’( Ve
0.45 T
IL—ma
04 e ]
035 .......................
03 ........................
0.95 ; ; (/TIL—min
"1.407 1.4075 1.408 1.4085 1.409 1.4095 1.41
Time (s) x 1075

Fig. 2.10 Output voltage and inductor current in a CCM operated Buck converter. Different phases
of a switching period are detailed

Fig. 2.11 Buck converter i ()

output circuit

In case of DCM, the expressions for V, . and V,, i, are:

I —I,)L — Rc,CoVo)? Vipar — V.,
. [( L_max 0) C,Lo o] + bat 0T02n+

Vv =
o-max 2LC,V, 2LC,

Vo_min = VCO_O - IORCU -

+ (Vbat - VO)RCOC() - IoL
LC,
1oL = Rc,Co(Vpar — Vo)I?
2LC0(Vbat - Vo)

Ton — IyRc, + Ve, o (2.52)

(2.53)
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But the following constraints must be considered:

(IL_max - IO)L Vbat - Vo

2
RCO > T — Va_max =0y(Ton) = WTO'I +
Viar — Vo)Rc, C, — I, L
+( bat 0) C,Lo 0 Ton _I()RCO + VCU_O (254)
LC,
I, L
Rc Vo_min =1,(0) = VC(,_() - IoRCO (2.55)

S, e —>
(Vbat - Vo)Co

In expressions from (2.52), (2.53), (2.54) and (2.55) T, and I ay correspond
to the 7,, phase duration and the maximum inductor current (see Fig. 2.9), respec-
tively (for DCM operation).

21,V,L
1L max = (2.56)
e \/Vbatfs(vbat - Vo)

. 21, Vo(vbat - vo)
o Viar fs L

(2.57)

When the CCM operation is considered the expressions for the boundary values
of output ripple are as follows:

Vol (Vbar — Vo)* + @ViarRe, Co f5)?]

|4 = +V, 2.58
o_max 8LC, Vbzm fs2 Co_0 ( )
Viar — V., vV, \2
Vo min = Ve, 0 — % |:R%OC§ + < 2Vb0, 7 ) } (2.59)
o a N

And the corresponding constraints to be taken into account are:

Voar — Vo (Vbat - Vo)Vo Rc
R _— V, = Ton) = “ Vi 2.60
c, > WonCofs — Vo_max Vo(Ton) 2L f Vo + Ve, 0 ( )
V, (Vpar — Vo) Vo
R _— Vo min = 0) =V, — —— R 2.61
c, > WonCofs — Vo_min v, (0) c, 0 YA C, ( )

All the V, jqx and V, i, previous expressions, contain the initial voltage of
output capacitor (V¢, o), which is directly related to the average converter output
voltage. It is important to note that for ripple calculation purposes, this value is not
necessary because just the difference between both values is required.

Moreover, in both cases (DCM and CCM), the obtained expressions are sub-
ject to some constraints depending on the Rc, value. This results from the fact
that the minimization or maximization of (2.2.3) is limited to 7,, and T, phases,
respectively. Nevertheless, under some circumstances (stated by inequalities related
to Rc,), the minimum or maximum of such parabolic sections, could be somewhere
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outside those boundaries. In these cases, minimum and maximum output voltage
becomes the output voltage at the beginning of the corresponding switching phase.
In summary, this is the reason that precludes the existence of a closed analytical
expression for the output voltage ripple.
Figure 2.12 shows good matching between the proposed expressions for out-
put ripple calculation (as a function of the capacitor resistance) and some sim-
ulation results, for both operating modes: DCM (V, = 1V, Vp,; = 3.6V,

DCM operation
18 - - SRR RERE SRR SERERREEE :

16 b - . Lo S L SR AR

141, threshold SRR X SRR ;

12

Output ripple (mV)

+  Simulation results |-
Proposed model

0 005 01 015 02 025 03 0.35
Re, (@)
(@)

CCM operation
20 F - S AR PP .

+  Simulation results
Proposed model

Output ripple (mV)

0 0.05 0.1 0.15 0.2
Re, (@)
(b)

Fig. 2.12 Output ripple prediction as a function of Rc,, contrasted with some simulation results,
for DCM a and CCM b
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L = 50nH, C, = 25nF, f; = 100MHz, I, = 10mA) and CCM (V, = 1V,
Vbar = 3.6V, L = 50nH, C, = 25nF, f; = 150MHz, I, = 100mA). In this
figure, threshold values for Rc, exposing the constraints from (2.54), (2.55), (2.60)
and (2.61) are marked with vertical lines. It is interesting to note that these con-
straints (and the corresponding change in calculation expressions) appear for low
Rc, values.

However, it should be taken into account that as a the load resistance value
becomes lower (and closer to the Rc,), little error occurs on ripple prediction.

2.2.4 Design Space Exploration Results

In the previous sections, all the converter components have been modeled towards
the selected performance factors evaluation (power efficiency and occupied area)
and application parameters (output voltage ripple). At this point, with the informa-
tion provided from such models, the design space exploration is carried on by means
of the power efficiency evaluation.

P
n(%) = —2 100 =
P out + P losses
V,1
= o° 100 (2.62)
Volo + PNmos+driv + Ppmos-+ariv + Pc, + PL_cond

In Table 2.4, all the required technological information to evaluate the design
performance factors, can be found (which correspond to a representative standard
CMOS 0.25 pm process).

Expression (2.62) generates the results depicted in Fig. 2.13, which expose 3
different 3D surfaces since the function to be represented is a fourth dimensional
one (efficiency plus the 3 design variables). Therefore, efficiency as a function of L

Table 2.4 Technological parameters information required to develope the design space exploration

Component Technological parameter ~ Value
Inductor Rn 13mQ/0
w 471077 H/m
wr, 300 pm
P 20 wm
Capacitor Rc, 50 m2
Cox 4.933 fF/me2
Power MOSFETs Wi, 0.3 pm
Lnin 0.34 wm
n 393.8 x 108 um?/(sV)
Ky 89 x 108 wm?2/(sV)
Vrp 0.65V

Vin 0.55V
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and C, is depicted, and all figures correspond to a switching frequency single value.
In the center figure the maximum power efficiency is achieved.

In Fig. 2.13 a black dot is depicted to mark, in the (L, C,) plane, the design
that provides the maximum efficiency, whereas black diamonds are used to mark
all the designs that will result in CCM operation for the considered output current
(100 mA).

As expected, it is observed that power efficiency is a function of inductor and
switching frequency values, whereas it becomes constant against changes in output
capacitor value, since no relationship between C, and Rc, have been considered
in this simplified case (despite just one dot is depicted, any row with C, constant
results in the same power efficiency).

In fact, due to this particularity power efficiency is represented as a function of
fs and L in Fig. 2.14, where the maximum efficiency is better observed.

Efficiency (%)
[e2}
X

R
“\\\ﬁs\
N\
AR
NERURAL

Fig. 2.14 Buck converter power efficiency in the (f;, L) plane (C, = 30 nF)

Since conduction mode is independent of the output capacitor (if low output
ripple is assumed), as the power efficiency, Fig. 2.14 shows all the design solutions
that will produce CCM operation (marked with black diamonds).

As far as occupied area (2.64) is concerned, the same kind of figures are presented
in Fig. 2.15. Tt is noted that the area variation with f; is insignificant. The reason for
this is that the total converter area depends most on the inductor and capacitor values
(which are independent of switching frequency). Only the power MOSFETSs and
their corresponding drivers design are frequency dependent, but its impact on the
overall area is negligible. Additionally, in the 3 depicted cases, it is clearly observed
how, as the switching frequency is increased, more designs become CCM operated.

Following the obtention of both considered performance factors (total area occu-
pied and power efficiency), the merit figure to be maximized can now be defined
(equivalent to f,(x), exposed in (2.2)).
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Fig. 2.15 Buck converter occupied area: a f; = 22.6 MHz; b f; = 115.3 MHz; ¢ f; = 260.5 MHz
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n(%) — Nmin(%)
Atotal
At()tal = AL + AC,, + APMOS + ANMOS + AdriverN + AdriverP (2‘64)

r— (2.63)

In (2.63), the minimum obtained power efficiency is substracted from the rest of
the power efficiency values as a way to increase the effect of its span, because of its
relatively narrow range (from 54.5 to 71.4%).

Figure 2.16 is a volumetric representation of the (2.63) results, where the darker
the painted area is, the higher the merit figure value becomes. It is just intended to
be a qualitative representation revealing the existence of a single maximum (corre-
sponding to an optimized design), and, approximately, where it is obtained (in terms
of the coordinates (L, C,, fs)). Due to difficulties of volumetric representation, sev-
eral slices are depicted on all axis, as well as a 3-dimensional contour around the
maximum value.

Maximum value

f, )

Fig. 2.16 Volumetric representation of the design merit figure as a function of the 3 design vari-
ables (L, C,, fs). In the figure, the darker area is, the higher the merit figure value becomes

Figure 2.17 shows 3 different surfaces where the merit figure is exposed as a
function of inductor and capacitor values for 3 different f; values, respectively
(the picture in the middle corresponds to the optimum switching frequency f; =
98 MHz).

As observed, the maximum merit figure value is obtained when minimum induc-
tor and capacitor are applied, because this greatly reduces the occupied area,
whereas the optimum switching frequency is the one that increases power efficiency.
Table 2.5 summarizes the main characteristics of this optimized design.

Apparently, an optimized design (in terms of performance factors) has been
obtained, but there is still a constraint to be taken into account. It could be pos-
sible that the obtained design results in an output ripple higher than the maximum
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Fig. 2.17 Merit figure representation, from (2.63): a f; = 22.6 MHz; b f;
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Table 2.5 Main characteristics of the optimized design before the application of the output ripple
constraint

Variable Value
Battery voltage 3.6V
Output voltage 1V
Output current 100 mA
Inductor (L) 10 nH
Capacitor (C,) 10 nF
Switching frequency ( f;) 98 MHz
Total Area 6.59 mm?
Power efficiency 68.6%
Output voltage ripple 60.2 mV

allowed by the considered application, specially if minimum inductor and capacitor
are implemented.

Consequently, the following step is to evaluate the output voltage ripple, and
observe how the design space is constrained by those designs that result in an output
ripple higher than the maximum allowed by the load circuitry (in this work, the
maximum allowed is 50 mV).

Thus, using expressions from Sect. 2.2.3 the output voltage ripple produced by
any considered design is calculated and represented in Fig. 2.18. Again, 3 different
figures are shown, corresponding to the 3 different switching frequency single val-
ues (22.6 MHz, 98 MHz, 260.5 MHz). In this case, it is also marked the maximum
allowed ripple by means of a contour line (black solid line). Additionally, a black
dot is used to mark the design that results in maximum ripple for each switching
frequency value, as well as black diamonds are used to mark the CCM operated
designs.

As it would be expected, maximum output ripple is produced when minimum L
and C,, values are implemented. It is important to note that in case of f; = 9§ MHz
output ripple is almost not a constraint of the (L, C,) plane, and furthermore, for
fs = 260.5MHz (Fig. 2.18c), it is no more a constraint (obviously, the overall
design space is already constrained by the high switching frequency values).

In Fig. 2.19, a 2-dimensional view of the design space reduction is shown by
means of a family of isolines (corresponding to different f; values), that shrink
down the possible designs area as the switching frequency becomes lower.

Applying the output voltage ripple constraint, power efficiency is depicted again
in Fig. 2.20, as well as the total area in Fig. 2.21.

As expected from Fig. 2.19 the (L, C,) design space is strongly constraint for low
switching frequencies (e.g. fy = 22.6 MHz), while it becomes in a minor reduction
for f; = 98 MHz or even unchanged at higher switching frequency.

Nevertheless, the output ripple constraint modifies the localization of the opti-
mized design: Fig. 2.22 repeats the merit figure results exposed in Fig. 2.17, but
this time the design space have been reduced, and the previous optimized design
is not feasible since it produces an unacceptable output ripple. Please note that in
Fig. 2.22, axis orientation has been rotated by 180° to increase the constraint effect
visibility.
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Fig. 2.18 Buck converter output voltage ripple: a f; = 22.6MHz; b f; = 98MHz; ¢ f; =
260.5MHz
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1078 c 1077

Fig. 2.19 Design space reduction (in plane (L, C,)) due to the output voltage ripple constraint, as
a funtion of the switching frequency (numbers on isolines represent f; values in MHz). Possible
designs appear on the right of any isoline

Hence, the optimized design previously found in (Fig. 2.17b) is replaced by the
one that appears in Fig. 2.23. It should be noted that although the inductor and capac-
itor values remain the same (which results in the minimum area design), switching
frequency is increased in order to produce lower output ripple. Obviously, the result-
ing power efficiency is slightly lower than the one corresponding to (Fig. 2.17b).
Table 2.6 summarizes the complete set of characteristics of this design setup. In this
case, very small change on efficiency results from the frequency increase (which
in turn is due to the output ripple constraint application), although in other cases
design space constraint could have a greater effect on the final result.

In Fig. 2.24 power loss distribution as well as occupied area are shown as a
function of the power lower loss mechanisms and components, respectively.

As regards energy losses distribution, it is found what would have been expected
from results in Sect. 2.2.2.5:

e Transistor switching losses are independent not only from the transistor channel
width, but even from the transistor type (NMOS or PMOS), since their corre-
sponding driver will be accordingly designed.

e Inboth types of transistors, those associated energy losses that depend on channel
width (conduction and driver losses) become equalized when losses are mini-
mized. This is caused by the opposed trends that these loss mechanisms present
when channel width is changed.

e Inductor conduction losses are the highest, which is reasonable because any
current flowing through the Buck converter always passes through the inductor,
whereas it is split between both transistors.

e Capacitor conduction losses are the lowest because of the low capacitor ESR
considered, and the fact that its current is much lower than the inductor current.
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Fig. 2.20 Buck converter power efficiency after applying the output ripple constraint on design
space: a fy = 22.6 MHz; b f; = 98 MHz; ¢ f; = 260.5 MHz
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Fig. 2.21 Buck converter total occupied area after applying the output ripple constraint on design

space: a fy = 22.6 MHz; b f; = 98 MHz; ¢ f; = 260.5 MHz
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Fig. 2.22 Merit figure representation, applying the output ripple constraint: a f; = 22.6 MHz;
b f; = 98 MHz; ¢ f; = 260.5 MHz
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Fig. 2.23 New optimized design after applying the output voltage ripple constraint (f; =

115.3 MHz)

Table 2.6 Complete set of characteristics of the optimized design after the application of the output

ripple constraint

Variable Value
Battery voltage 3.6V
Output voltage 1V
Output current 100 mA
Inductor (L) 10 nH
Inductor ESR 621.5m2
Inductor outer diameter 2.1 mm
Inductor number of turns 3
Capacitor (C,) 10 nF
Capacitor ESR 50mS2
Switching frequency ( f5) 115.3 MHz
Total Area 6.59 mm?
Power efficiency 68.57%
Output voltage ripple 49 mV
Maximum inductor current 354 mA
Operating mode DCM
N-MOSFET channel width 1,572 pm
N-MOSFET driver inverters 7
P-MOSFET channel width 2,083 um
P-MOSFET driver inverters 7

In addition to this, Fig. 2.24b clarifies that the occupied silicon area is almost

absolutely due to the energy storage components.

The main conclusion that arises from the presented design procedure is that the
design challenge that any designer faces when trying to develope a switching power
converter to fulfill some specifications is solved by means of the design space explo-
ration. This just requires the appropriate modelling of any of the components to
be designed, and subsequently the application of the considered constraints of the
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Fig. 2.24 Optimized design power losses a and occupied area b distributions, for each converter
component

design space. Finally, the convenient definition of a merit figure is used to obtain the
desired converter configuration.

Therefore, it is observed that the huge number of questions that involve the whole
design (reactive components values, switching frequency, power transistors size,
power drivers design, ...) are indirectly answered, being the final result a set of
design characteristics and values as the exposed in Table 2.6, after considering all
the suitable possibilities.
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