IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 1, JANUARY 2017

363

Modeling and Pareto Optimization of On-Chip
Switched Capacitor Converters

Toke M. Andersen, Student Member, IEEE, Florian Krismer, Member, IEEE, Johann W. Kolar, Fellow, IEEE,
Thomas Toifl, Senior Member, IEEE, Christian Menolfi, Member, IEEE, Lukas Kull, Student Member, IEEE,
Thomas Morf, Senior Member, IEEE, Marcel Kossel, Senior Member, IEEE, Matthias Brandli,
and Pier Andrea Francese, Member, IEEE

Abstract—The operation and efficiency of on-chip switched-
capacitor (SC) converters are highly affected by the parasitic bot-
tom plate capacitor present in on-chip capacitor technologies. Ex-
isting modeling frameworks do not in a comprehensive manner
take the effect of the bottom plate capacitor on converter oper-
ation and efficiency into account. This paper extends an existing
SC state space modeling framework to include the bottom plate
capacitor. The developed model is used in a Pareto optimization
procedure to optimally select the component values of a 2:1 on-chip
SC converter. Implemented in a 32 nm SOI CMOS technology that
features the high-density deep trench capacitor, the on-chip con-
verter achieves 86% maximum efficiency at 4.6 W/mm? power
density while converting from a 1.8 V input voltage to 830 mV
output voltage.

Index Terms—Pareto optimization, power integrated circuits,
switched capacitor circuits, state space methods.

1. INTRODUCTION

IGH-PERFORMANCE microprocessor systems could

benefit significantly on critical aspects such as total en-
ergy consumption by incorporating on-chip voltage regulators
(OCVR). An OCVR is a fully integrated voltage regulator that
generates the microprocessor’s desired supply voltage (e.g.,
0.9V [1]) from a higher-than-nominal supply voltage (e.g.,
1.8 V). Furthermore, the OCVR is integrated on the same chip
die as the microprocessor itself, thereby acting as a point of load
(POL) converter.

From a package point of view, an OCVR can reduce the num-
ber of power/ground pins that carry the high supply currents
required by modern high-performance microprocessors [2]-[4].
Reducing the number of power/ground pins is extremely attrac-
tive because more than half the total number of package pins
in today’s microprocessors are reserved for power/ground [1],
and trend analyses confirm these characteristics also for fu-
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ture microprocessor systems [4]. Furthermore, OCVRs enable
per-core regulation in multicore microprocessor. Having one
dedicated OCVR per microprocessor core facilitates new power
management architectures in which the supply voltage of each
core can be regulated according to its independent needs. Ap-
plying ultrafast dynamic voltage and frequency scaling (DVES),
which extends traditional DVFS by capturing within-workload
supply voltage variations, has the potential to reduce the overall
microprocessor system energy by up to 21% [5].

Traditionally, buck converters are used as POL converters
for microprocessor power delivery. Research in microfabricated
inductors have focused on achieving high inductor quality fac-
tors at small footprints. The current state of the art targets 3D
chip integration, where the buck converter is implemented on an
interposer in close proximity to the microprocessor chip die [6]—
[9]. However, buck converters are typically not integrated on the
same deep submicron chip die as the microprocessor. Inductors
using only metals available in the chip metal stack (air core in-
ductors) achieve poor quality factors because of the small metal
thicknesses defined by the fabrication process [10]. Further-
more, magnetic materials that increase the quality factor and
the inductance typically are not readily available in deep submi-
cron semiconductor technologies. In contrast, switched capac-
itor (SC) converters can be implemented using only switches
and capacitors that are readily available in the deep submicron
semiconductor technologies. For this reason, this paper focuses
on on-chip SC converters.

A widely accepted model framework for SC converters is
introduced in [11] and further developed in [12]. This model
framework can be used to derive a switching frequency depen-
dent equivalent output resistance R, that accounts for the con-
verter’s conduction losses. However, it has two disadvantages
regarding OCVR applications: first, a quadratic approximation
is used to calculate R, and this approximation is least accurate
when the SC converter is operated at its highest efficiency [13].
However, it should be noted that the work in [14] determines a
fitting constant to overcome the issues with the approximation.
Second, it does not include switching losses, which are mainly
associated with the parasitic bottom plate capacitors of the flying
capacitors. Switching losses due to the parasitic bottom plate ca-
pacitor may not be of major concern for discrete SC converters
since the parasitic bottom plate capacitors of discrete capacitors
can often be neglected. However, they cannot be neglected for
on-chip SC converters and may have significant influence on the
converter’s output current and efficiency.
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In [15] and [16], the parasitic bottom plate capacitor is in-
cluded in SC multiplier circuits, but the analyses carried out
disregard the on-state resistances of the switches. The work
in [17] includes the parasitic bottom plate capacitor in an an-
alytical loss model, thereby providing direct insight into how
various circuit parameters influence the efficiency. However,
the analysis is based on a sum approximation to achieve the
simple equations, but, similarly to [12], the sum approxima-
tion is least accurate when the SC converter is operated at its
highest efficiency. In [13], a SC model framework based on
conventional circuit analysis put into a state space model rep-
resentation is used. Once all node equations have been put into
matrix form, R., can be calculated accurately. However, this
model framework does not account for switching losses.

This paper, which is based on [3], [18], and [19], extends
the state space modeling framework in [13] to take the effect
of the parasitic bottom plate capacitor (i.e., switching losses)
on capacitor currents and converter efficiency into account. The
model framework makes no approximations when determining
the equivalent output resistance R, of the converter. The state
space model is used in a Pareto optimization procedure for on-
chip SC converters to optimally select the design parameters for
a given converter specification [20].

Recent SC converter designs, which are implemented using
integrated deep trench capacitors having high capacitance den-
sity and low parasitic bottom plate capacitance, have shown
much improved efficiency and power density performance than
SC converters using conventional MOS or MIM capacitors [2],
[31, [18], [19], [21]-[23]. This paper presents an on-chip 2:1 SC
converter implemented in a 32 nm SOI CMOS technology that
features the deep trench capacitor for high efficiency and high
power density.

In Section II, a basic analysis for a 2:1 SC converter is carried
out. However, the analysis is challenging to apply for SC con-
verters with conversion ratios other than 2:1. Therefore, a gen-
eral model framework for SC converters is sought. In Section III,
the SC converter state space model framework, which includes
the effect of the parasitic bottom plate capacitor, is derived and
verified with MATLAB Simulink simulations. In Section IV,
the model framework is used in a Pareto optimization proce-
dure to optimally select the SC converter design parameters.
Section V details the implementation of a 2:1 converter, which
furthermore incorporates a charge recycling circuit that reduces
the switching losses associated with the parasitic bottom plate
capacitor. The experimental results are presented in Section VI.

II. BASIC 2:1 SC CONVERTER ANALYSIS

As depicted in Fig. 1, the 2:1 SC converter consists of a
flying capacitor C' and four switches having on-state resis-
tances R,,. For simplicity, all switches are assumed to have
equal on-state resistances, however, the analysis applies for un-
equal on-state resistances as well. In steady state, the flying ca-
pacitor is switched with 50% duty cycle between 1) the charging
state, where the flying capacitor is in series between the input
and the output (switches S; and S3 are on), and 2) the dis-
charging state, where the flying capacitor is in parallel with the
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Fig. 1. 2:1 SC converter including the parasitic on-state resistances R, of
the switches and the equivalent series resistance R, of the flying capacitor.
The capacitor is in series between the input and the output supplies in the
charging state, and in parallel with the output supply in the discharging state. The
basic equivalent model consists of an ideal transformer with conversion ratio
M = 1/2 and equivalent output resistance R., that governs the conduction
losses [11], [12].

output (switches Sy and S, are on), leaving the input discon-
nected. In [24], the SC converter analysis is extended to include
the dead-time interval, which is present in practical implemen-
tations as the transition states between the charging state and the
discharging state, and vice versa. From simulations in the 32 nm
technology, these transition states are found to have negligible
impact on the converter performance. Therefore, the transition
states are left out in the following analyses for simplicity.

To charge a capacitor with capacitance C' through a resistor
with resistance R, the capacitor voltage can be described as

Vi + (Vo — W)e /(RO

ey
where V; is the voltage that the capacitor charges toward from
its initial voltage Vj.

For the 2:1 SC converter in Fig. 1, the capacitor charges to-
ward Vi, — Vi in the charging state, and it discharges toward
Vout 1n the discharging state. The steady-state flying capacitor
voltage ve (t) for constant Vi, and V,, is depicted in Fig. 2.
As seen, the capacitor charges and discharges toward Vi, — Vot
and V¢, respectively, and the voltages Vi 1ax1 and Ve i1 de-
note the actual voltages that the capacitor charges or discharges
to, respectively, within one switching period Ty, = 1/ fyy . Us-
ing (1), the expressions for Vi max and Ve iy in the charging
and discharging states, respectively, become

- ‘/in + V:)ut )6
[/out)efl/afswﬁ’rmrc)

ve(t) =

VC,max = ‘/;n - ‘/out + (VC,min ~1/(2fsw Bror 0) (2)

3

where R,y = 2R, + Res:r denotes the total resistance in series
with the capacitor in both states, and ¢t = 1/(2 4 ) for 50% duty
cycle.

Also shown in Fig. 2 is another steady-state flying capac-
itor voltage waveform at four times the switching frequency,
but having the same input and output voltages. Again, the ca-
pacitor charges and discharges toward Vi, — Vo and Vi,
respectively. Applying (2) and (3) with four times the switching

VCAmin = Vout + (VCAmax -
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Fig. 2. Steady-state voltage v (¢) of the flying capacitor shown for two

switching frequencies. The voltage difference Ave is used to determine the
charge delivered to the output per switching period Ty .

frequency compared to aforementioned, the capacitor charges
and discharges to Vi imax2 and Vi min2, respectively, as shown.
As can be further noted, the capacitor voltage always switches
around V%, /2 for the 2:1 SC converter.

Solving (2) and (3) for Vi max and Vi min, the capacitor
voltage difference Ave can be found to be

A'UC = VC,max - VC.min = (VI - 2‘/out,)k (4)

with
1 _ 671/<2,f>w Rtotc)

k - ]. + 671/<2fsz1mC) : (5)

The flying capacitor delivers an equal amount of charge C'Av¢
to the output in each state, so the total output charge per switch-
ing period is

Qout = 2CAve (6)
and the output current becomes
Iout = Qoutfsw = QC(KH - 2V:)ut)kfsw~ (7)

The efficiency of the 2:1 SC converter using the equivalent
model in Fig. 1 is

‘/outlout _ ‘/out _ Q%LIt
‘/inIin B M‘/;n B ‘/1
since Iy, = M Iy, where M = 1/2 for the 2:1 SC converter.
Hence, the efficiency of the SC converter is 100% when
Vout = Vin /2, but it drops linearly with decreasing output volt-
age for V¢t < Vi, /2. The linear decrease in efficiency at de-
creasing output voltage is similar to a linear regulator except for
the voltage conversion ratio M defined by the converter topol-
ogy. That the efficiency drop linearly from 100% will not hold
true when the more accurate state space model, which includes
the parasitic bottom plate capacitor, is derived and applied

in the next section.
Using the output current expression in (7) with the equivalent
model in Fig. 1, the equivalent output resistance of the SC

®)

A log(Req)

Req,sum

Req,FSL
Req,SSL
SSL region FSL region
>
log(fsw)
Fig. 3. Equivalent output resistance Rqq as function of the switching fre-

quency. The Req has a 1/ fs, behavior in the SSL region and a frequency-
independent behavior in the FSL region. The quadratic and sum approximated
equivalent output resistances Req quad and Reqsum can easily be derived
using simple circuit analysis.

converter becomes

Vvin / 2 - ‘/out 1
REQ - Iout - 4Ckf§vv - (9)
As seen, IR, is frequency dependent, and it contains the expo-
nential terms governed by the factor £ from (5).

The equivalent output resistance can be decomposed into
two resistance contributions governing the slow switching
limit (SSL) and the fast switching limit (FSL), respectively.
As shown in [12], k — 1 for fi << 1/(2R,+C), and k —
1/(4C Ryot fsw) for fow >> 1/(2R;0:C). Hence, the equiva-
lent resistance frequency asymptotes can be derived using (9)
as

1
Req.ss1, = 10
4,SSL 1C o (10)
Req,FSL = Rt0t~ (1])

In [12], a model framework to derive R.q ssr, and Req rst.
for any SC converter topology is developed. The model frame-
work can be applied on any SC converter using simple circuit
analysis techniques. A simple approximation to R, based on

the aforementioned is the sum approximation
Req,sum ~ Req.SSL + Req,FSL . (12)

However, a more accurate approximation is the quadratic ap-
proximation

Req,quad = \/RZq,SSL + R psL- (13)

In [14] and [24], the quadratic approximation is fitted to the
accurate curve by adjusting the exponent in (13) to equal 2.54
instead of 2.

The equivalent output resistance over switching frequency is
shown in Fig. 3. As seen, 2. in the SSL region asymptote dic-
tates a 1/ f,, behavior at low switching frequencies, whereas
the FSL is independent of frequency. The sum approximation
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Fig. 4. Extended SC converter equivalent model, where the ideal transformer
models the voltage conversion ratio M defined by the topology and the resistors
Req and Ry, model conduction and switching losses, respectively.

Req sum from (12) is seen to deviate from R.,. However,
Req quaa from (13) is seen to match R, from (9) fairly well.

It is elaborated in [12] that R.q sst, and Req rsi are com-
parably much simpler to derive than the exact expression of
Ry in (9), especially for other SC converter topologies having
more switches and capacitors. Accordingly, the model frame-
work in [12] is by many considered the preferred approach for
SC converter modeling and design. The SSL region is typically
used in applications where high efficiency is not a design target.
The region between SSL and FSL is often preferred for high-
efficiency operation since R, is low and f;,, is moderate. The
FSL region is typically avoided due to high switching losses
not accounted for in Fig. 3. Switching losses associated with the
parasitic bottom plate capacitor may not be of major concern for
discrete SC converters since the parasitic bottom plate capaci-
tors of discrete capacitors can often be neglected. However, for
on-chip implementations, switching losses associated with the
parasitic bottom plate capacitor may influence the converter’s
steady-state operation and efficiency and can not be neglected.
Besides, the parasitic output capacitors of the transistors add to
switching losses as well. For these reasons, the next section de-
velops a model framework that accurately captures the effect of
the parasitic bottom plate capacitor and the associated switching
losses.

III. STATE SPACE MODEL FRAMEWORK

The extended SC converter equivalent model is shown in
Fig. 4. It features Ry,;,, which models the switching losses as-
sociated with the parasitic bottom plate capacitor. As seen, Ry,
sinks a current I;,, that would otherwise have been delivered
to the output. Switching losses affect both the steady-state con-
verter behavior and the efficiency.

A. Model Derivation

The state space model derivation is based on [13] and [18].
Generally, there are n flying capacitors and n bottom plate
capacitors, which are put as diagonal elements into a 2n diagonal
matrix C. The input and the output voltages are composed into
vector u. Vectors v(t) and i(¢) collect all instantaneous capacitor
voltages and currents, respectively, and they are related by

i(t) = Cv(t)
where v (¢) is the time derivative of v(t).

For the charging state (state 1), Kirchhoff’s voltage and cur-
rent laws (KVL and KCL, respectively) are applied to determine

(14)
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2n independent equations of the form

Eli(t) + Flv(t) + Glll =0. (15)

When the KVL is applied, rows in E; are resistances (transistor
on-state resistances and / or flying capacitor equivalent series
resistances), and rows in F'; and Gy are —1, 0, or 1. When the
KCL is applied, rows in E; are —1, 0, or 1 and rows in F; and
G are all 0. Letting v represent the system states, (14) and (15)
can be combined into

v(t) =
A =
B, =

A1V(t) -+ Blu
~C'E['F,
~-C'E['G,

(16)

where C is always invertible because it is a diagonal matrix
and E; is invertible when the KVL and KCL have been applied
correctly [13]. The general solution to the system of differential
equations in (16) is

t
v(t) = A ) vit) + U eM-TIB dT:|u (17)
(1) = ¢t v(t) 3 !

P (t) —_————
Ty (1)
where we have utilized that u is independent of 7. ®(¢) is
known as the state transition matrix. Using the same approach
for the discharging state (state 2) results in A, and B, as well
as P, (t) and T'y (t).

With 50% duty cycle, t; = 1/(2fs) is the duration of the
charging state, and ty = 1/(2fsy) is the duration of the dis-
charging state. Hence, assuming the charging state begins at
to = 0, the system states (capacitor voltages) at the end of each
switching state equal

V(ﬁl) = Ql(tl)V(O) + Fl (t1)ll
V(tl + tg) = @2 (tg)V(tl) + Fg(tg)u.

(18)
19)

In steady state, v(0) = v(¢; + t2) applies, which, using (18)
and (19), gives the initial condition

V(O) = I — @2(152)@1 (t1>71@2 (tQ)I‘l (tl) =+ FQ (tg)u (20)

where I is the 2n identity matrix. The charge delivered by each
capacitor per switching state is determined as

Cv(t;) —v(0)
Cv(ti +t2) —v(t) = —aqi

21
(22)

qr =
q2 =

where the last equality holds because of charge conservation.
Knowing the capacitor charges in (21) and (22) for an SC
converter topology, the input and output charges, and thereby
the input and output currents in each switching state can be
calculated. Finally, the input and output powers are determined
to compute the efficiency. The following shows how the state
space model framework can be applied on the 2:1 SC converter.

B. 2:1 SC Converter Model

The state space model framework is applied on the 2:1 SC
converter from Fig. 1 with the equivalent circuits in the charging
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Fig. 5. 2:1 SC converter equivalent circuits in (a) charging state and (b)
discharging state include the switch on-state resistances Roy1—4, the capacitor
equivalent series resistance Res;, and the parasitic bottom plate capacitor Cf, , .

and the discharging states are shown in Fig. 5. In the equiva-
lent circuits, each switch is replaced by an on-state resistance
R,yn1-4 when on and an open circuit when off, and the flying ca-
pacitor model includes its equivalent series resistance R.s and
the bottom plate capacitor C',, connected to the ground. The
input and output nodes are modeled as ideal dc voltage sources.

The application of the KVL and KCL put into the form of (15)
yields the system matrices

C 0 . 1C
C= , i=1
0 Obp 1Cbp
(Yol Vvin
vV = , u =
VCbp Vz)ut
Ronl + Rcsr 0
E, =
_RonS RonS
Ron? + Resr 0
E;, =
Ron4 *R0n4
F 1 1 F 1 1
Lo o1 )P Lo 4
-1 0 0 -1
Gl = ) G2 = .
0 -1 0 0

Now the state space model can be applied to calculate the
capacitor charges in (21) and (22). Using Fig. 5, the output
and input charge in each state for the 2:1 SC converter can

be found as
Qoutl = 4c — qCbp (23)
din1 = qC 24
Jout2 = qC (25)
Gn2 = 0 (26)

and the total average output current over a full switching period
becomes

Qout1l + Gout2
Iout -
ty + 1o
Note that if gcy,;, = 0, the output current expression in (27)

reduces to the expression derived in (7). Likewise, the total
average input current is

= (QQC - QCbp)fsw- (27)

Qin1 + Gin2
t1 + 1o
Hence, only the output current in (27) is affected by the para-
sitic bottom plate capacitance through the dependence on gc1,y,,
whereas the input current in (28) is unaffected since it does not

depend on qc,p.
Using (27) and (28), the total efficiency of the 2:1 SC con-
verter can be calculated as
92— qC"P) .
qc

_ Pout _ ‘/outlout _ %ut (
"T R T Val, W
As can be seen, if C},, is neglected, then gcy, = 0, and the
efficiency in (29) reduces to the ideal SC converter efficiency in
(8) for M = 1/2. Additionally, it is seen from (29) how gc1,p
directly influences the efficiency of the 2:1 SC converter.
To port this analysis to the equivalent model from Fig. 4, the
resistances can directly be determined as

Iy = =dqc fsw- (28)

(29)

1
R _ M‘/in - ‘/out _ iwn - V:)ut (30)
e Iout (QQC - qup)fsw
1
v
M f in
Rbp = 1 Vi = 2 31
ﬁlin — Tout QCbpfsw

where M = 1/2 is the voltage conversion ratio.

To demonstrate the model framework’s successful applica-
tion to more complex conversion ratios, the state space model
is in [19] applied on a 3:2 voltage conversion ratio SC con-
verter. Furthermore, although the transition states (deadtimes)
between the charging and the discharging states are left out of the
analysis, [13] shows how the state space model can be extended
to more states. To include the transition states would require
the circuit in Fig. 1 to be analyzed in those states similarly as
is done in Fig. 5. The outcome would be two additional sets of
matrices along with additional matrix multiplication operations
similar to (18)—(20). This additional analysis is, as stated earlier,
left out for simplicity.

C. Model Verification

The state space model framework of the 2:1 SC converter
is verified against simulations using the MATLAB Simulink
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Fig. 6.

Verification of (a) efficiency, (b) output current, (c) equivalent output resistance, and (d) equivalent bottom plate resistance resulting from the state space

model framework. The MATLAB Simulink simulation results (dots) match the model results (lines) for various values of v = CY,, /C'. The switching frequency
is 100 MHz for (a) and (b), the output voltage is 850 mV for (c¢) and (d). The input voltage is 1.8 V for all plots.

environment. For the verification, an example design with V;;, =
1.8V, Roni—4 = Resr = 0.5€2, and C' = 2nF is selected. For
output voltage sweeps, the switching frequency is arbitrarily
chosen to equal fi,, = 100 MHz, and for switching frequency
sweeps, the output voltage is arbitrarily chosen to equal V;,,; =
850mV.

Typically, the ratio of the bottom plate capacitance to the
flying capacitance is denoted as

_ Cop
o= ol (32)
The value of a depends both on the semiconductor process and
the on-chip capacitor technology.

The model results for various values of « are shown as
solid lines in Fig. 6. The MATLAB Simulink simulation results
are shown as dots to verify the model results. As can be seen, the
state space model framework is able to accurately capture the
influence of the bottom plate capacitor on the converter’s steady-
state operation and efficiency. In the following, the model re-
sults excluding (o« = 0%) and including (o« > 0%) the switching
losses associated with CY,, are discussed. Although the discus-

sion focuses on the 2:1 SC converter, the key learnings apply to
other SC converter topologies as well.

1) Model Results for « = 0%: When oo = 0%, the ideal ef-
ficiency shown in Fig. 6(a) approaches 100% as the output
voltage approaches Vi, /2 = 900 mV. However, at this output
voltage, the output current shown in Fig. 6(b) approaches 0 mA.
Hence, the SC converter theoretically has 100% efficiency at
Vout — Vin/2 but with I,,; — OmA. For output voltages be-
low half the input voltage, the ideal efficiency decreases linearly
with decreasing output voltage following (8), and current is de-
livered to the load, i.e., I,,; > O0mA for V ,; < 900mV.

The equivalent output resistance R., shown in Fig. 6(c) ex-
hibits the well known 1/ fs,, behavior at low switching fre-
quencies and a constant behavior at high switching frequencies.
These switching frequency regions are the SSL and FSL shown
in Fig. 3. When disregarding C',;,, Ry,;, in Fig. 6(d) is an open.

2) Model Results for o > 0%: When o > 0%, the effi-
ciency shown in Fig. 6(a) drops when the output voltage ap-
proaches Vi, /2 = 900 mV. This is because the switching losses
associated with the parasitic bottom plate capacitor become
comparable to the output power for output voltages close to the
ideal voltage ratio. The output current is shown in Fig. 6(b),
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and it is low for output voltages approaching 900 mV. Further-
more, for any given output voltage, the overall efficiency and the
output current are reduced when switching losses are included.

For the equivalent output resistance R, shown in Fig. 6(c),
the inclusion of switching losses has a direct impact on the
minimum resistance, and thereby highest efficiency, achievable.
The upward bend at high switching frequencies is a result of
taking the parasitic bottom plate capacitor into account. For the
equivalent resistance in (9), the charge ¢, of the bottom plate
capacitor subtracts from the charge of the flying capacitor ¢c.
Hence, gc,, affects Req for o > 0% by 1) an overall increase at
any switching frequency and 2) an upward bend at high switch-
ing frequencies where gc1,;, become comparable to g¢. These
effects are not captured by existing modeling frameworks [12],
[13], [17]. Furthermore, Fig. 6(d) shows that there exists an
optimum switching frequency (minimum R,,) to operate the
SC converter, and that this optimum switching frequency is a
function of a.

The bottom plate resistance R}, is shown in Fig. 6(d). From
the equivalent circuit in Fig. 4, Ry,,, sinks a current (Iy,;,) that
would otherwise have been delivered to the output, thereby,
affecting both the efficiency and the output current of the con-
verter.

D. Device Models

To prepare the SC converter state space model framework
presented previously for a Pareto optimization, the device mod-
els for the transistors and the capacitor must be defined. A32 nm
SOI CMOS technology, which features the deep trench capac-
itor, is used for this design. The deep trench capacitor can fa-
cilitate high efficiency and high power density on-chip SC con-
verters [2], [3], [18], [22]. Although it has a low bottom plate
capacitance compared to other integrated capacitor technolo-
gies, the bottom plate is still there and should be accounted for
by applying the model framework developed above. This espe-
cially applies for applications, such as the target application of
high-performance microprocessor power delivery, where high
efficiency and high power density are primary concerns.

The simplified transistor model, which is equivalent for both
NMOS and PMOS transistors, and the deep trench capacitor
model are shown in Fig. 7. The transistor model consists of the
on-state resistance R, and the input and output capacitances
Ciss and Cg, respectively. Only the width for the thin-oxide
transistors is considered, since the transistor length is fixed in
this semiconductor technology. The transistor on-state resis-
tance and input and output capacitors depend on several param-
eters and are generally nonlinear with voltage and temperature.
Although the nonlinear voltage dependence plays a role, it is
disregarded in the parameter extractions for simplicity. Hav-
ing the extracted parameters tabulated, an expression is found
using least-square fitting. The capacitor model consists of the
capacitance C, equivalent series resistance R, and parasitic
bottom plate capacitor Cy,,. To accurately capture the nonlin-
ear dependences of both the transistors and the capacitor, the
converter is later simulated using hardware-correlated models
in the Cadence design environment.

Transistor model Capacitor model

Drain
Top
Electrode

R4)n RE&K'

Gate Ideal C
© I '| ﬂ/Transistor == Closs
Ciss Cbp
—|_ Bottom
Electrode =
AN
Source Substrate (gnd)
Fig. 7. Simplified transistor and deep trench capacitor models used for the

Pareto optimization procedure.

A simple thermal model is considered for the parameter
extractions. For the application of 2D microprocessor power
delivery, the converter is integrated on the same die as the mi-
croprocessor load. Therefore, assuming a high converter effi-
ciency, the microprocessor, and not the converter losses, dic-
tates the die temperature, and thereby the operating temperature
of the converter. For this reason, the parameters are extracted
for one temperature corresponding to the maximum allowable
temperature of 85°C for a microprocessor core.

For the transistor on-state resistance, a drain current of [ 4 =
20mA with a gate—source voltage of Vs = 900 mV is applied.
The extracted on-state resistance is then least-mean-square fitted
using

1

Ron Tw =
( ) P1 Tu,r

(33)

where T, is the transistor width, and p; is a fitting coeffi-
cient [25]. Using an ac analysis, the input capacitance Cig is
extracted with the drain and source terminals shorted. Simi-
larly, the output capacitance C,gs is extracted with the gate and
source terminals shorted. The two capacitances are then least-
mean-square fitted using

Ciss (Tu. ) = P2 Tu'
Coss (Tu ) = D3 Tur

(34)
(35)

where po and p3 are fitting coefficients.

The extracted parameters and the resulting fitted expressions
as a function of transistor width T}, are shown in Fig. 8. Note
that although 7, is given in millimeters, the transistor layout
uses an array of many smaller sized transistor units in parallel
to form the actual transistor.! As seen, the fitted functions are
able to accurately capture the transistor parameters over a wide
range of transistor widths. The fitting parameters p;_3 used in
the extracted transistor parameter functions (33)—(35) are listed
in Table I.

For the deep trench capacitor, the model is linear, so the ca-
pacitance scales linearly with the number X of unit capacitors

I"This is equivalent to having a transistor with a large number of fingers.
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Fig. 8. Extracted transistor parameters (dots) and resulting fitting functions
(lines) for both NMOS and PMOS thin-oxide transistors at 85 °C in the 32 nm
semiconductor technology.

TABLE I
FITTING COEFFICIENTS FOR THE EXTRACTED TRANSISTOR PARAMETER
FITTING FUNCTIONS

p1 M Q] py [mT'E] p3 [m™'F]

NMOS 3002 1.07-107°  0.67-107"

PMOS 3165 0.93-107%  1.07-107°
TABLE II

EXTRACTED PARAMETERS FOR THE DEEP TRENCH CAPACITOR

Cunit [PF] Resr unit [ a %]

Deep trench 1.94 288 1.57

considered. Hence

C(Xc) = CunitXe (36)

where C\,,i¢ is the capacitance of a deep trench capacitor unit.
Likewise, the equivalent series resistance R, of the deep trench
capacitor is

Resr,unit

Xc

The extracted parameters for the deep trench capacitor are
listed in Table II. Since X is an integer number, the parameters
of the deep trench capacitor are discretized. However, as will be
seen in Section V, X is large enough that the discretization is
not an issue.

In an ac analysis, the output capacitances of the transistors
connecting to a flying capacitor are effectively in parallel with
the parasitic bottom plate capacitor C',,. Hence, the modified
parasitic bottom plate capacitance ratio o, which includes the
output capacitances of the connecting transistors, needs to be
determined and used in the state space model framework from
the aforementioned. In Fig. 9, an ac analysis is applied to the
2:1 SC converter power stage. The input and output nodes are ac

Resr (XC ) - (37)
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Equivalent models
Vbp
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gnd

Fig.9. Applying an ac analysis to the 2:1 SC converter power stage allows to
determine the modified bottom plate capacitance, which includes both C},;, and
the Cogs,1-4 of the transistors.

ground, and the flying capacitor is assumed to be large enough
to be considered an ac short. Hence, all transistor output capaci-
tances are effectively in parallel with the bottom plate capacitor.
From Fig. 9, the modified bottom plate capacitance ratio be-
comes

O/ o Cbp + Zn Oossn
B C

where index n refers to the transistors S,, that connect to the
flying capacitor C'. For more complex SC converter topologies
containing several flying capacitors and transistors, the transis-
tor output capacitors can be added to the corresponding flying
capacitors based on a similar ac analysis of the converter topol-
ogy. Whether a general framework for adding the transistor
output capacitors to the corresponding flying capacitors for any
SC converter topology exists is left for future work.

(38)

IV. PARETO OPTIMIZATION PROCEDURE

Pareto optimization is a method to identify the best perform-
ing converter in a given design space [20]. The specifications
together with a model of the converter are required. Each param-
eter within the limits of the design space is swept individually,
resulting in a dataset where each point represents a full converter
design and its performance. Analyzing the dataset can reveal the
efficiency and power density Pareto front, representing the high-
est achievable efficiency for a given power density.

A flowchart of the SC converter Pareto optimization proce-
dure is depicted in Fig. 10. The inputs to the procedure are the
SC converter topology governed by M and the electrical speci-
fications Vi,, Vout, and I, For a given SC converter topology,
the design space X contains m SC converter designs. Each set
x; € X, where i ={1,2, ..., m} consists of 1) the number
X of unit capacitors for each flying capacitor and 2) the tran-
sistor width T}, for each transistor in the power stage. The design
space is shown in vectorial form to allow for different sizes of
capacitors and/or transistors in the power stage. However, both
the capacitors and transistors, respectively, may all be of equal
size. Furthermore, a range fow = [fsw.1, fsw.2y- - - fow max] Of
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Set SC converter operating conditions:
O:{]\l, Vin, Vout, IouL}

Define design space X ={x1, @2, ..., n,}, where
mz:[Tw«uXCJ] and fow= [fsx\nly fsw.2~-fsw.max]
yi=!

Load z; and extract device parameters
Di:{Ron,iy Ciss.i, Coss.i, Ci, Resr,z}

( Determine o/; from o and Clgs i
y k=1
Select fsw,i= fsw.k k=k+1

Apply SC converter state space model
Y;: {Iout,z-, Pout,h P]n,b}

C Generate Pareto front ’

”

Fig. 10. Flowchart of the SC converter Pareto optimization procedure, which
is based on the state space model framework presented in this paper.

allowable switching frequencies is specified. Finally, the area
A per unit capacitor and the area Ay per unit transistor width
are determined from the device layouts. They, together with a
fixed area for the gate driver circuit, are used to estimate the
power density for a design.

To begin the Pareto optimization procedure, the first set
x; (1 =1) is loaded and the extracted device parame-
ters are determined using the fitting functions presented in
Section III-D. The modified parasitic bottom plate capacitance
ratio o is then estimated using (38). Thereafter, the first fqy 1
(k = 1) switching frequency is selected from the predefined
switching frequency range, and the state space model is used to
evaluate the electrical performance of the ’th design. If the eval-
uated output current 1,,,; ; meets (or, due to the discretization of
the design space parameters, slightly exceeds) the output cur-
rent specification I, the design and its performance are stored
and further processed in the subsequent step in the flowchart.
However, if I, ; does not meet the output current specification
Iout, the next k = k + 1 switching frequency in the range is se-
lected and the design is reevaluated using the state space model
framework. This inner switching frequency loop continues until
Iout,i = Iouy 18 satisfied. If the maximum switching frequency
is reached, i.e., if fiw i = fow max, and the design still does not

TABLE III
ELECTRICAL SPECIFICATIONS AND DESIGN SPACE FOR THE 2:1
SC CONVERTER DESIGN

Parameter ~ Value

M 1/2

Vin 1.8V

Vout 830 mV

Tout 20 mA

Xeo 100...5000

Tw 100 pm. .. 5000 pm
Sfsw 10 MHz. .. 300 MHz
Ac 5.129 - 107% mm?

Ar 0.322-107% mm?/ pm

satisfy Iou¢; > Iout, the 4’th design is skipped and the next
design ¢ = i + 1 is loaded and evaluated.

Since the transistor gate losses are not included in the state
space model, the gate losses for the transistors in the power stage
of the 7’th design, which satisfies oy¢,; > Ioyt, are estimated
using

PgL ~ Z Cissn,ivﬁsn,ifsw,i (39)

where index n refers to each transistor in the power stage, Ciggy, ;
the input capacitance, and Vg, ; the gate—source voltage of the
n’th transistor, respectively. The efficiency and power density
of the 7’th converter, therefore, becomes

Pouti
g = ——u 40
K Pin,i+Pg,i ( )
P011t7', Pouti,
;= 2t — ’ 41
P TA T NeArT, + NeAoXe,

where Ny and N¢ are the number of transistors and capacitors
in the power stage, respectively.

The Pareto front is generated when all designs in the design
space have been evaluated. The optimal design can then be se-
lected based on a tradeoff between efficiency and power density.
The chosen design is thereafter implemented in the Cadence de-
sign environment, which features hardware-correlated device
models, for fine tuning of the design.

V. 2:1 SC CONVERTER DESIGN

The electrical specifications and parameter design space for
the 2:1 SC converter design are listed in Table III. The transistor
area Ap includes the last stage of the gate driver buffer (to be
discussed in Section V-B) and power grid margin to give a more
realistic transistor area estimation than simply the active tran-
sistor area. Although T, represents the width of each transistor
in the power stage, PMOS transistors are 15% wider than NMOS
transistors following a design rule recommendation, but this is
not a strict requirement.

The SC converter Pareto optimization procedure developed
previously is applied on the 2:1 SC converter. The resulting
Pareto front is shown in Fig. 11. A design with a reasonable
tradeoff between efficiency and power density is selected and
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Fig. 11. Resulting Pareto fronts of the optimization procedure for 2:1 SC

converter. The cross represents chosen design point, the dot marks the simu-
lated results of the complete converter schematic, and the triangle marks the
measurement results.

TABLE IV
SELECTED PARETO-OPTIMIZED DESIGN FOR THE SC CONVERTER
HARDWARE IMPLEMENTATION

Parameter 2:1 SC Design
Xe 400

Ty 650 pm

fow 100 MHz

Iom 19.6 mA

7 86.9%

p 5.1 W/mm?

marked by the cross on the Pareto front. The design and its
performance are listed in Table IV.

The selected design is implemented in the Cadence design
environment for simulations using hardware-correlated models
and for layout of the final converter. The simulated efficiency
and power for the complete converter schematic are shown as
the dot in Fig. 11. As seen, there is good agreement between
the modeled and simulated performances. The slightly lower
efficiency is attributed to the losses of the gate driver (discussed
in Section V-B), which have not been included in the model. The
slightly lower power density result is attributed to the fact that
the converter area estimation is based on a 100% area utilization
of the transistors and capacitors. However, the final layout has a
lower area utilization due to layout constraints, thereby affecting
the area estimation. The measured results, which are presented
and discussed in Section VI, are seen to be in good agreement
with the in Cadence simulated results.

In Fig. 12, the design space, which is used to generate the
Pareto front in Fig. 11, is investigated in more detail. This in-
vestigation is used to get insight into how the design space
parameters affect the efficiency and power density of the con-
verter. Compared to the analytical equations from [17] [obtained
by applying the R, sum approximation in (12)], the state space
model does not result in simple equations that can provide direct
insight into how the circuit parameters (X¢, T}, fsw) influence
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Fig. 12.  Design space investigation showing how the design space parameters
Xc, Ty, and fg affect the efficiency and power density of the 2:1 SC converter.

the converter performance simply by expecting the expressions.
However, by analyzing the resulting data sets of the Pareto
optimization procedure, these insights can anyhow be inves-
tigated, and this without applying any approximation to Rq.
From Fig. 12, the following is concluded.

1) The flattening of the efficiency at low power densities can
be attributed to the decrease in switching frequency, and
thereby decreasing switching losses. For low switching
frequencies, switching losses are low, and the converter
losses are primarily governed by conduction losses, which
from (8) follow directly from the specified input and out-
put voltages, i.e., independent of switching frequency.

2) The increase in switching frequency allows for the highest
power density results, but the efficiency bends downwards
due to increased switching losses.

3) Itcanbe seen that the maximum power density is achieved
with the lowest transistor width 7;,. The minimum tran-
sistor width of 520 pm is higher than the minimum value
of 100 um from the design space in Table IV. The designs
having T}, < 520 pum are not shown, since they result in
lower efficiency designs that are not part of the Pareto
front.
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Fig. 13. Implemented 2:1 SC converter power stage with charge recycling.

The power stage is split into two power stages, SC; and SCs, that enable the
implementation of the charge recycling circuit to reduce the switching losses
associated with the parasitic bottom plate capacitors, Cy,,1 and Cy, .2, shown

in gray.

4) Ttcan be seen that the maximum power density is achieved
with the lowest number of unit capacitors Xc. The
minimum number of capacitors of 210 is higher than
the minimum value of 100 from the design space in
Table IV. The designs having X < 210 do not fulfill
the output current specification.

A. Power Stage With Charge Recycling

As discussed in Section III, the parasitic bottom plate capaci-
tor significantly influences both the output current and efficiency
of the converter. However, techniques to recycle the charge on
the parasitic bottom plate capacitor before it is discharged to
ground exist [12], [26]. For this reason, the implemented SC
converter power stage features a charge recycling circuit that
reduces switching losses associated with the parasitic bottom
plate capacitor.

The implementation of the 2:1 SC converter power stage
with charge recycling is shown in Fig. 13. To design the charge
recycling circuit, the power stage is split into two power stages,
SC; and SCs. The two power stages are, as seen by the swapping
of the gate signals, interleaved such that SC; is in the charging
state when SCs is in the discharging state, and vice versa. By the
end of SCy’s charging state, C',,; is charged to V;,,¢ and Cl,2 is
discharged. During the following deadtime interval, the charge
recycling transistor S, is turned on, and charge from C},,; is
recycled to Cy,,2. When SCy’s charging state (SCy’s discharging
state) begins, it will require less energy to charge Ch,p2 to Vot
and less energy is lost when (4, is discharged to ground. In
the next deadtime interval, which occurs after SCy’s charging
state, charge is recycled from C', 2 to Chp1.

Simulations show that the efficiency gain when using the
charge recycling circuit in this technology is in the order of 0.5
to 1 percentage points. Although this is not a huge efficiency
improvement, the efficiency boost comes at a very simple circuit
design and a small additional chip area.

Vin Level shifter

1l

» Vg,pH

Buffers

'l>° §> Vg.nH

Upper voltage domain

i
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Vin- r a r A
| | | |
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Fig. 14. The gate driver is designed in a stacked voltage domain since the

1.8 V input voltage is higher than the 1.2 V maximum allowable blocking volt-
age of the transistors in the 32 nm technology: (a) gate driver transistor level
schematic, which consists of a level shifter and two identical nonoverlapping
clock circuits (latches) that generate the deadtime interval in each voltage do-
main, (b) output level-shifted gate signals with deadtime.

B. Stacked Voltage Domain Gate Driver

Since the thin-oxide transistors in the 32 nm SOI CMOS
technology cannot tolerate a voltage higher than 1.2V, special
care has to be taken considering an input voltage of 1.8 V. Hence,
the gate driver, which generates the gate signals for the power
transistors in Fig. 13, has to ensure that no single transistor is
exposed to overvoltage.

The gate driver implementation and its output gate signals are
shown in Fig. 14. The transistor level schematic, which is shown
in Fig. 14(a), employs a stacked voltage domain, where the up-
per voltage domain driving S, and S, » is supplied between Vi,
and V¢ and the lower voltage domain driving S, 3 and S, is
supplied between V¢ and ground (gnd). The input clock clk;,,
is externally supplied in the lower voltage domain. Therefore, a
level shifter circuit is implemented to shift the input clock to the
upper voltage domain. In each voltage domain, the clock signal
is passed through a latch with built-in delay (nonoverlapping
clock) to generate a deadtime interval between the clock edges
to avoid shoot-through currents in the power stage transistors.
The delay units, which determine the duration of the deadtime
interval, consist of an even number of logic inverters. Tapered
buffers are inserted after the deadtime circuits to provide suffi-
cient drive strength to turn the power transistor on and off. The
output waveforms of the gate driver are shown in Fig. 14(b). The
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Fig. 15.  Chip photo with magnified layout view of the implemented 2:1 SC
converter. The input clock and ground pads are not shown. The total active
converter area is 0.00344 mm?.

deadtime is designed to match the requirements of the charge
recycling circuit discussed in the previous subsection.

Special care has to be taken to ensure start-up of the stacked
voltage domain gate driver. If the output voltage is not sustained,
some transistors may be exposed to the full input voltage. Sim-
ulations show that the converter starts up without overvoltage
when the load is disconnected. The reason is that the impedances
of the power stage in Fig. 13 and gate driver in Fig. 14 in both
voltage domains are very similar, thereby providing a close to
equal voltage divider. If needed, decoupling the input voltage
with stacked capacitors that are tapped at the output voltage, as
shown top left in Fig. 14(a), provides extra margin for a safe
startup.

VI. EXPERIMENTAL RESULTS

The system overview of the implemented 2:1 SC converter
directly follows the transistor level schematics of the 2:1 SC
converter power stage with charge recycling shown in Fig. 13
and the stacked voltage domain gate driver shown in Fig. 14.
Discrete resistors, which are attached external to the chip, act
as load for the converter. Since there is no on-chip output de-
coupling capacitor in this design, the output decoupling is also
connected external to the chip, and a larger than required ca-
pacitance of 33 nF is added to the measurement setup to ensure
a negligible output voltage ripple. This enables a good charac-
terization of the on-chip SC converter performance. However,
it should be noted that the required output decoupling capaci-
tance can be drastically reduced, or even omitted, by employing
interleaving [21], [22], [27]-[29]. For this reason, the output de-
coupling capacitor is excluded in the power density estimations.

A chip photo of the on-chip 2:1 SC converter design with
magnified layout view is shown in Fig. 15. From the converter
design listed in Table IV, the two deep trench capacitors are
laid out using X = 400 deep trench capacitor units. The four
zones with transistors each contain an NMOS and PMOS tran-
sistor pair having a total transistor width of 7, = 650 um. Each
transistor is laid out with 1300 fingers (small transistor units in
parallel), resulting in 0.5 pm width per finger. Furthermore, the
converter is laid out in a symmetrical fashion, which is com-
patible with the possibility of interleaving several SC converter
units to lower the output voltage ripple and increase output
power. The total active converter area, which includes the gate
driver and the charge recycling circuits, is 0.00344 mm?. The
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Fig. 16.  Efficiency and power density over output voltage measured with the

annotated load resistances. The switching frequency is 100 MHz and the input
voltage is Vi, = 1.8 V.

flying capacitors accounts for 65%, the power stage transistors
and charge recycling for 26%, and the gate driver for 9% of the
total converter area.

A. Measured Efficiency and Power Density

Measurements are carried out using GBB PicoProbe needles
on the unpackaged chip die mounted on a probe station. The
input and output currents are measured using Keithley 2400
series Sourcemeters, and the on-chip input and output voltages
are measured on Kelvin contacts using an Agilent 34970 Data
Acquisition/Switch Unit.

In Fig. 16, the measured efficiency and power density over
output voltage at fs, = 100 MHz are shown. The maximum
efficiency point is 86% at 4.6 W/mm? power density. Operating
the converter at voltages below the minimum efficiency point
(830 mV) results in a linear decrease in efficiency, but at the same
time an increase in power density. These characteristics are in
agreement with the modeling results discussed in Section III-C.
There is seen to be a good match when comparing the efficiency
and power density results with the estimated performance from
the Pareto optimization procedure shown in Fig. 11.

In Fig. 17, the corresponding efficiency and power density
for each measurement point acquired are mapped to the n — p
plane. Each point, therefore, represents a different output volt-
age, switching frequency, and load resistance value, and all
points for a given input voltage illustrate the entire performance
landscape of the converter. The performance landscape for three
different input voltages are shown in gray scale. Fig. 17 serves
to illustrate the tradeoff between efficiency and power den-
sity. For instance for Vi, = 1.8V, power densities of more than
10 W/mm? can be achieved at below 75% efficiencies, whereas
efficiencies above 85% can be achieved at power densities below
5 W/mm?. The maximum efficiency can be seen to be indepen-
dent of the input voltage, since also the output voltage at the
maximum efficiency point changes leading to a constant ra-
tio Vout/Vin, which from (8) results in a constant efficiency.
However, the maximum power density that can be achieved
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Fig. 17.  Envelope of the highest efficiency per power density measured with

different input voltages. The minimum efficiency required to fulfill cooling
requirements are superimposed for three different cooling power densities illus-
trating that cooling must be taken into account for high power density on-chip
SC converters.

increases with the input voltage since the higher output volt-
age over the fixed load resistor results in a higher output power
for the same converter area. The decrease in efficiency at low
power density levels is a result of limited parameter ranges of
the measurement setup.

Cooling requirements may become an issue for very high
power density designs since also the power loss density will be
high, especially when operated in high power density regions
of the performance landscape where efficiency is low. With a
cooling power density of p.ool = Poss/A that can be effec-
tively cooled by the chosen cooling technology, the minimum
converter efficiency 7,,;, can be expressed as

Pout _ Pout /A _ P
Pout + —Ploss Pout /A + ‘PIOSS/A P + Pecool

where P is the total power loss and A is the area of the
converter. Evaluating the aforementioned expression, the mini-
mum efficiency requirements for three different cooling power
densities are added to Fig. 17. For V;, = 1.8V, it is seen that
a cooling power density of minimum 5 W/mm? is required to
operate the converter in the entire operating region of interest. If
the cooling power density is below 5 W/mm?, the converter’s al-
lowed operating region must be limited accordingly. From [30],
a cooling power density of more than 7 W/mm? can be achieved
using ultrathin manifold microchannel heat sinks. Hence, cool-
ing of the on-chip SC converter is considered manageable using
this or similarly performing cooling technologies.

(42)

Tlmin =

VII. CONCLUSION

Existing model frameworks for SC converters do not take
the effect of the parasitic bottom plate capacitance Cy,, into ac-
count. Therefore, a state space model framework that accurately
accounts for the switching losses associated with the parasitic
bottom plate capacitance is presented. The model framework
can be applied to any SC converter topology. The state space
model framework is verified with MATLAB Simulink simula-

tions, and it is investigated how C},,, directly impacts both the
operation and the efficiency of the converter.

A Pareto optimization procedure for SC converters based
on the state space model framework is developed. The Pareto
optimization procedure uses extracted device parameters from
hardware-correlated models in the design space. A model of
the 2:1 SC converter is developed, and the Pareto optimiza-
tion procedure is carried out to select the optimum converter
parameters.

With the availability of high-density deep trench capacitors,
a 2:1 SC converter with charge recycling is implemented. A
stacked voltage domain gate driver is designed to support the
1.8 V input voltage since the maximum allowable blocking volt-
age of the thin-oxide transistors in the 32 nm SOI CMOS tech-
nology is 1.2 V. A maximum efficiency of 86% at 4.6 W/mm?
power density is measured, thereby proving the feasibility of
on-chip SC converters for granular microprocessor power de-
livery.
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