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Linear and Switch-Mode Conversion in 3-D Circuits

Jonathan Rosenfeld and Eby G. Friedman, Fellow, IEEE

Abstract—A methodology for DC-DC conversion in three-di-
mensional (3-D) circuits is described in this paper. The proposed
approach exploits both linear and switching buck converters with
different conversion ranges, thereby increasing power efficiency.
By replacing the traditional LC filter within a switching converter
with a distributed filter, a significant increase in efficiency is
demonstrated. Additionally, the physical structure of the filter
simultaneously enables the distribution of high current to the load
while filtering the switching signal at the input. Design guidelines
and expressions are developed, achieving good agreement with
simulations based on the MIT Lincoln Laboratories CMOS/SOI
180-nm 3-D technology. The proposed converter distributes 2.5 A
maximum current, achieving conversion from 3.3V to 2.5V and 1
V with, respectively, 74% and 44% power efficiency.

Index Terms—3-D integrated circuits, DC-DC buck converters,
power efficiency.

1. INTRODUCTION

O COMPENSATE for the significant increase in power

dissipation, multiple power supplies have been incorpo-
rated into large scale circuits. Multivoltage circuits exploit delay
differences among the different signal paths by selectively low-
ering the supply voltage of these gates along the noncritical
delay paths while maintaining a higher supply voltage on the
critical delay paths to satisfy a target clock frequency [1], [2].

To reduce power dissipation and latency in high complexity
circuits, an emerging three-dimensional (3-D) integrated circuit
technology is under development [3]. In a 3-D technology, indi-
vidual planes of 2-D integrated circuits are combined into 3-D
cubes, increasing density and functionality. The distance be-
tween different circuit domains in a 2-D technology is signif-
icantly reduced once a plane is partitioned and stacked into a
3-D structure [3].

3-D integration offers novel architectural opportunities for
microprocessors, as exemplified in Fig. 1. A multiplane struc-
ture enables the efficient partitioning of different portions of
high performance, high complexity systems, such as memory,
RF, and digital circuits. Additionally, heterogeneous technolo-
gies can be integrated onto different planes within the same
system, thereby improving performance.
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Fig. 1. 3-D circuit: (a) Multi-core processor combined from stacked planes. (b)
Cross-section of a 3-D circuit.

Multiple on-chip power supplies in 2-D circuits are impor-
tant due to the integration of low power, high speed digital cir-
cuits with analog/RF circuits on the same die. System hetero-
geneity offered by 3-D circuits has exacerbated the requirement
for multiple, wide range, and well controlled power supplies.
Each plane supports a variety of functions and applications, such
as MEMs, RF, analog, memory, and high speed digital circuits.
A system of distributed on-chip power supplies is therefore re-
quired. To support a multiple voltage domain system, efficient
on-chip DC-DC converters are required.

The on-chip integration of DC-DC converters is highly effi-
cient from an I/O perspective, particularly in 3-D circuits [4].
By integrating the entire buck converter on-chip, the number
of I/O pins is reduced, decreasing the cost and physical size
of the package. The large voltage swings produced by the
parasitic impedances of the package are also eliminated [5].
Supply voltages produced locally on-chip can be dynamically
controlled to compensate for on-chip temperature, process,
and load variations. Furthermore, in a typical off-chip DC-DC
converter, power is dissipated by the parasitic impedances of
the interconnect among the nonintegrated devices. Multiple
on-chip DC-DC converters can be distributed within the 3-D
circuit to achieve target power requirements.

A methodology for designing on-chip DC-DC converters
for application to 3-D circuits is described in this paper. The
proposed scheme is a combination of linear and switching
converters, forming a high efficiency conversion system. The
methodology exploits the benefits of both types of DC-DC
converters, depending upon the required power supply.

This paper is organized into five sections. A review of
common types of buck converters as well as recent work
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on on-chip converter circuits are described in Section II. In
Section III, a methodology for designing a novel linear and
switching converter for 3-D circuits is described, followed
by the design of a linear converter and a switching converter
in 3-D technology in Section IV and Section V, respectively.
Two case studies are described in Section VI. In Section VII,
a performance comparison between the proposed circuit and
other on-chip DC-DC converters is presented. Finally, the
paper is concluded in Section VIIIL.

II. BACKGROUND

Converting AC or DC power supplies into lower or higher DC
power supplies has been a topic of interest since the invention
of modern electrical networks [6]. For integrated circuit applica-
tions, converting a high DC power supply into a lower DC power
supply (called buck conversion) is of primary interest. Three
common types of DC-DC converters are linear, switched-ca-
pacitor, and switching converters [7].

A. Linear Converters

A linear converter, also called a low dropout regulator (LDO),
is effectively a controllable voltage divider, as shown in Fig. 2.
The output voltage Viq2 is determined by V441 and the ratio
of the impedance of the power MOSFET M; and the load. An
amplifier in a feedback loop senses the output DC voltage Viq2
and appropriately adjusts the gate voltage of transistor My to
provide the required current to the load. Note that transistor M
is typically very wide to conduct a large amount of current.

The design simplicity of a linear converter is attractive; how-
ever, at lower conversion ratios, the power efficiency exhibited
by this type of converter is relatively low since the maximum
power efficiency 7iinear,max 15 determined by the ratio between
the output and input DC voltages

‘/out ‘/ddQ

linear,max — = . (1)
K Vi Vaai

Due to the maximum power efficiency imposed by (1), the cur-
rent efficiency is of interest in linear converters

Minear — nlinear,max * Mcurrent (2)

where

Iou
Tlcurrent = Iint . (3)
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For high conversion ratios, however, an LDO is an attrac-
tive approach. In [8], conversion from 1.2 V to 0.9 V with 94%
current efficiency is demonstrated, resulting in 71% power effi-
ciency while delivering 100 mA maximum current. In this cir-
cuit, the LDO achieves a small dropout voltage and fast load
regulation due to a single-stage feedback loop, rapidly adjusting
the PMOS power transistor (Fig. 2). Alternatively, an LDO with
an impedance-attenuated buffer is described in [9]. Dynami-
cally-biased shunt feedback is used, achieving stability of the
LDO over a wide range of current loads. In this circuit, the input
voltage ranges from 2 V to 5.5 volts, while the minimum output
DC voltage is 1.8 V. With 99.8% current efficiency, the highest
and lowest power efficiencies are 89% and 32%, respectively,
delivering 200 mA maximum current.

B. Switched-Capacitor Converters

The operation of a switched-capacitor converter is based on
periodically charging/discharging the charge pump capacitors
through resistive switches. These switches contribute to the
power losses of the converter. Additionally, a switched-ca-
pacitor converter exhibits poor output voltage regulation. To
maintain a stable output voltage, high power feedback control
circuitry is used which decreases the power efficiency. A
switched-capacitor convertor can typically provide moderate
levels of efficiency for small conversion ratios, while pro-
viding low current loads. The output resistance limits the peak
power efficiency of a capacitive converter; the efficiency of a
switched-capacitor converter therefore increases as the current
load decreases [10]. A controllable DC-DC converter that com-
bines a switched-capacitor voltage divider and a linear regulator
is described in [11]. The circuit converts 2.5 V to as low as 0.65
V. A hybrid switched-capacitor and linear converter achieves
higher power efficiency than a traditional linear converter.
In this circuit, the switched capacitor converter generates a
Vaa /2 power supply with relatively high efficiency. Depending
upon the required DC output voltage, a high voltage (with Vgq
input power supply) or low voltage (with Vgq/2 input power
supply) linear converter is chosen using programmable control
circuitry. The highest and lowest power efficiencies achieved
by the proposed circuit when converting from 2.5 volts to 2.35
V and 0.6 V are 93% and 25%, respectively, delivering 100 mA
maximum current.

C. Switching Converters

A switching converter is the most common converter due to
the high efficiency of this type of converter. A standard topology
of a buck converter is depicted in Fig. 3 [1], [12]. The working
principle of this converter is based on an AC signal produced by
the power MOSFETSs. Depending upon the duty cycle and the
input power supply, a specific DC component of the signal is
passed to the output by a second order low pass LC filter. Due
to the nonideality of the filter, residual high harmonics are also
passed. The fundamental difficulty in integrating a switching
converter on-chip is the significant area occupied by the LC
filter.

III. EVALUATION OF SWITCHING CONVERTER EFFICIENCY

The proposed design methodology is for generating and dis-
tributing numerous power supplies from a single input power
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Fig. 3. Conventional switching DC-DC buck converter.

supply within a 3-D cube. By utilizing a combination of linear
and switching buck converters, high efficiency is achieved over
a wide range of conversion ratios. A distributed filter within the
switching buck converter is used to further improve power ef-
ficiency. In this section, the efficiency of several 2-D and 3-D
converters is evaluated.

Since energy losses during power conversion is a significant
concern, the primary focus of the proposed methodology is on
increasing converter efficiency over a wide range of conversion
ratios. Based on [13], the efficiency of a switching converter in a
180-nm (curve a) and 130-nm (curve b) 2-D technology as well
as an ideal linear converter (curve c¢) and a switching converter
with a distributed filter (curve d) based on the MIT Lincoln Lab-
oratory 180-nm 3-D technology [14] is depicted in Fig. 4. The
efficiency of the switching converter excluding any filter losses
is also shown as a reference (curve e). In the 180-nm CMOS 2-D
technology (curve a), the efficiency of an ideal linear converter
(curve c) surpasses the efficiency of a conventional switching
converter above a 0.5 conversion ratio. In the 130-nm tech-
nology (curve b), however, the efficiency of an ideal linear con-
verter is higher than a conventional switching converter above
a 0.65 conversion ratio. The low efficiency of a switching con-
verter can be attributed to the dynamic power losses of the power
MOSFETs (and the drivers) and the inductor losses within the
LC filter. With advances in technology, however, switching con-
verters tend to achieve higher efficiencies than a linear converter
over a wider range of conversion ratios due to the decreased par-
asitic capacitance of the power MOSFETSs and improvements in
on-chip inductor technologies.

As a reference, consider the efficiency of an optimal
switching converter excluding filter losses (curve e). As evident
from curve e, the associated filter losses significantly reduce
the converter power efficiency. The efficiency of a switching
converter employing the distributed 3-D filter [15], [16] is also
shown in Fig. 4 (curve d). The distributed filter increases the
efficiency of a switching filter as compared to an ideal linear
and a conventional switching converter in both a 180-nm and
130-nm technology. Note that at a 0.8 conversion ratio, the
power efficiency of the linear converter surpasses the efficiency
of the switching converter (curves ¢ and d).

Switching 3-D converters exhibit higher efficiency as com-
pared to other on-chip DC-DC converters due to the lower re-
sistance of the distributed filter as compared to the on-chip in-
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Fig. 5. Efficiency of linear and switching converters with dual-Vdd input
voltage (the two dashed lines represent the two input voltages).

ductor. On-chip inductors exhibit a high series resistance due to
narrow metal lines, capacitive coupling with the substrate and
other metal lines, and eddy currents [17]. An on-chip inductor
typically exhibits a series parasitic resistance of 0.5 to 22 [18].
Additionally, the current flow through a spiral on-chip inductor
is limited by the width of the metal lines comprising the in-
ductor and the number of turns, which ultimately determine the
inductance. Alternatively, by adding additional parallel inter-
connects, the distributed filter can provide a significantly larger
amount of current to the load with a lower parasitic resistance.
For example, the distributed 3-D converter efficiency presented
in Fig. 5 is obtained with 40 parallel 0.5 mm long interconnects
with a parasitic resistance of 14.5 m{2/pum. The total resistance
(excluding the 3-D vias) of the distributed filter spanning three
planes is therefore 3(14.5 x 500)/40 = 0.54 Q. To further de-
crease this resistance, additional parallel interconnects can be
added (with an additional area penalty). The distributed filter
typically exhibits a lower resistance than the parasitic resistance
of a spiral on-chip inductor.

From the above discussion, the following conclusions can
be drawn. A switching converter with a distributed filter is su-
perior in power efficiency as compared to on-chip linear and
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conventional switching converters. A detailed analysis of the
power losses within the distributed 3-D switching converter is
described in Section V-B. Due to the losses of a switching con-
verter with a distributed filter operating at higher switching ra-
tios (in this example, 0.8), a linear filter is more efficient for
these conversion ratios. To obtain the highest efficiency over a
wide range of conversion ratios, a methodology that uses a linear
or a switching converter is proposed. As evident from Fig. 4,
a switching converter with a distributed filter should be used
up to a critical conversion ratio (in this example, the ratio is
0.8). Above this critical ratio, a linear filter provides the highest
efficiency.

Alternatively, a dual-Vgq system can further improve effi-
ciency. In this approach, two external power supplies Vyqim
and Vyq11, are provided where Vyq1y is higher than Vgqir,. As
observed in Fig. 4, the highest efficiency is obtained at higher
conversion ratios. By separating the conversion range into three
sections, overall performance is improved, as shown in Fig. 5.
In this example, Vaa1r./Vaaia equals 0.4. The highest power
efficiency depends upon the required conversion ratio. For con-
version ratios between 0.2 to 0.4 and 0.8 to 1, a linear 3-D con-
verter is preferable, while for conversion ratios between 0.4 to
0.8, a switching converter with a distributed filter provides the
highest power efficiency. Over the entire conversion range (0.3
to 1), the power efficiency ranges from 65% to about 95% (at a
0.4 conversion ratio).

Based on the observations drawn from the aforementioned
discussion, a novel linear converter is proposed in Section IV.
In Section V, a switching converter with a distributed filter is
described.

IV. A LINEAR CONVERTER IN 3-D TECHNOLOGY

A 3-D based linear converter is illustrated in Fig. 6. The cur-
rent is distributed within the interconnect network. The RLC
transmission lines are connected by 3-D vias, forming a network
that spans from the first plane to a target plane. To adhere to elec-
tromigration and current density rules, several interconnect net-
works, illustrated in Fig. 6, are connected in parallel, providing
the required current load. On the first plane, current mirror tran-
sistors (M7 and Mg) conduct the primary portion of the current
load. The current mirror produces a high output impedance at
the input to the interconnect on the first plane. The same amount
of current will flow within the interconnect network regardless
of the voltage ripple. The remaining portion of the current flows
through the PMOS transistor Mg which accommodates the input
voltage, manufacturing process, and DC current load variations.

An amplifier connected in a negative feedback loop controls
the gate voltage of transistor Mg. By comparing the voltage at
the output of the network to a reference voltage (Vgq2), the am-
plifier adjusts the gate voltage of transistor Mg to maintain a
stable output power supply. Note that the voltages used to bias
this amplifier are also provided by the current mirror bias cir-
cuit. The decoupling capacitor at the output Cy.. reduces the
voltage ripple produced by the transient current load.

The size of transistors M7, Mg, and Mg within the 3-D linear
converter depends upon the required DC current load as well as
the transient behavior of the current load. Different switching
events occur at different times for relatively long periods of
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times, producing DC current load fluctuations. To ensure proper
function of the 3-D linear converter, transistor My is placed
within a closed feedback loop, providing additional current to
the load.

Assuming the maximum DC current load fluctuation
is £AIpc, transistor Mg is designed to provide 2AIpc
under nominal operation conditions (no current fluctuation).
Hence, M; and Mg provide the remaining portion of the
DC current load, Ipc — 2AIpc. In this manner, by ad-
justing the gate voltage of Mg (Fig. 6), the load current
is accordingly increased or decreased. For example, if an
additional +AJlpc current is required, increasing the gate
voltage of Mg provides a current of 2AIpc + Alpc through
Mjy. The total DC current flowing to the load is therefore
IDC — 2AIDC + SAIDC = IDC + AIDc. Alternatively, if a
smaller current is required by an amount —AJpc, decreasing
the gate voltage of M9 provides a current of 2AIpc — Alpc
through My. The total DC current flowing to the load in this
scenario is therefore Ipc — 2AInc + Alpc = Ipc — Alpc.

As described in Section II-A, the maximum power efficiency
of a linear converter is determined by the ratio of the output
voltage to the input voltage. Current efficiency is therefore a
useful metric for linear converters. In this linear converter circuit
(Fig. 6), three currents have a direct DC path to ground which
reduce the current efficiency. The total lost current is

Ilinear,lnst = 21bias +m- Ibias = (2 + m)IbiaS (4)

where m is the ratio of the width of transistor M16(M;7) and

M;5(Mg). Thus, assuming m = 1, the power efficiency of a
linear converter is

m b= (Vdd2> < Inc >
inear,3—D — )
Vaar Inc + 31bias

)
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where Ipc is the DC current load

Ai
Inc=Ip+ —(tre +tre). 6
DC 0+2TCLK( Ftre) (6)
In (6), Tk is the time period of the current load, which corre-
sponds to the clock signal frequency.

V. A SWITCHING CONVERTER IN 3-D TECHNOLOGY

In this section, a switching converter with a distributed filter is
described. In Section V-A, the operating principle and method-
ology for designing a distributed filter are presented. An analysis
of the power efficiency of the combined 3-D switching converter
with a distributed filter is described in Section V-B.

A. Distributed Filter

In this subsection, a novel distributed filter within a switching
converter for 3-D circuits is introduced. In Section V-Al, the
principle behind the operation of a distributed filter is presented.
The physical structure and typical current load characteristics
are described in Section V-A2, while in Section V-A3 the
transfer function of the distributed filter is developed.

1) Principle of a Distributed Filter: The proposed filter ex-
ploits the impedance characteristics of long transmission lines.
This type of interconnect behaves as a low pass filter which can
be utilized within a buck converter. In this manner, the high
frequency harmonics of the AC signal are filtered, producing
a DC signal at the output. The distributed low pass filter spans
multiple planes of a 3-D circuit, providing the required power
supply to a specific circuit domain.

To obtain insight into the operation of a distributed filter as
compared to a lumped LC filter, consider the transfer function
of two types of filters, as depicted in Fig. 7. A second order low
pass LC filter is used in a typical conventional DC-DC con-
verter. When the effective output resistance R, of the power
MOSFETs and the effective series resistance of the inductor
are included, two poles at different frequencies are formed, re-
sulting in a roll-off slope of —20 dB/decade in the megahertz and
—40 dB/decade in the gigahertz frequency range. The frequency
behavior of a distributed filter in the megahertz frequency range
is therefore similar to a lumped LC filter, as can be observed in
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Fig. 7. When R, and the interconnect resistance are included
in the analysis, a pole in the megahertz frequency is formed,
resulting in a roll-off slope of —20 dB/decade. Note that in this
example, a sharp —100 dB/decade roll-off slope is formed in the
gigahertz frequency range, suppressing the high frequency har-
monics of the AC signal produced by the power MOSFETSs. The
distributed nature of the proposed filter forms multiple poles at
approximately the same high frequency, resulting in a large neg-
ative slope.

As compared to a lumped LC filter, the transient current
flowing within a distributed filter exhibits exponential wave-
form characteristics, as depicted in Fig. 8. To demonstrate
this behavior, consider a simplified model of the distributed
switched DC-DC converter, as shown in Fig. 9. The switches
S; and S, represent the power MOSFETs. The resistance Reg
and capacitance C.g are, respectively, the effective resistance
and capacitance of the distributed filter, while Ry, is the load.

Since the input voltage is a periodic waveform (with a period
Tsw), the output voltage of the network shown in Fig. 9 is de-
scribed by an infinite series

Vout(t) = i - a - 6‘.]27rkfswt o
koo 1 (L4 521k fow Ri Cenr)
where
VaarTon - 8
"o Vdfiw, | ®)
- sin(7k fswTon), k#0 ©

and .fsw = 1/Tsw~
During the time interval nTyy, < ¢t < (n 4+ D)7y (n is an
integer number and D is the duty cycle), corresponding to the
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state when S is closed and S5 is open, the current flowing within
the distributed filter is
Vdd - Vou t
I, (1) = =552 ) (10)
eff

where Vo, (t) is described in (7). Consequently, during the com-
plementary time interval (n + D)Tgy, <t < (n + 1)T4y, cor-
responding to the state when S; is open and S is closed, the
current flowing within the distributed filter is

Vout (t)
T, out
Iﬂltfér(t) = R (11
The DC component of Igite, (Fig. 8) is
Vaaz
Ipc = . 12
pC= Rl (12)

As expected from an ideal RC circuit and supported by (10)
and (11), the output capacitance C.g charges during 75, and
discharges during Tog.

2) Physical Structure and Current Load Properties of a 3-D
Filter: The proposed distributed filter is depicted in Fig. 10. The
filter is driven by power MOSFETs (Fig. 3) which are modeled
as a voltage source V4 followed by an effective resistance R.
The voltage source V4 is assumed to be periodic, as described
in Section I-C.

The filter is composed of transmission lines terminated with
lumped capacitances. The inter-plane structure is connected by
3-D vias. At the target plane n, the load is represented by a
periodic current load and a reference clock signal. Note that the
current load characterizes the approximate current profile of a
specific circuit module on a plane. Ij,,q remains at Iy during
clock low, providing DC current flow by the power supply. As
with a conventional buck converter, a feedback PWM circuit
senses the output node of the filter and adjusts the duty cycle
of the signal driving the power MOSFETs (Fig. 3).

In 3-D circuits, the ability to deliver current is primarily lim-
ited by the 3-D vias. The maximum current that can be deliv-
ered through a single 3-D via therefore determines the current
magnitude

Iy + Al = Jvia,max : Avia “ Nyia (13)

RLC interconncet Vg Cn
f : >

where Jyia max, Avia, and Vyi, are the maximum current den-
sity, cross-sectional area, and number of 3-D vias on the same
plane, respectively. Consequently, the maximum cross-sectional
area of the interconnects (Fig. 10) distributing current within the
different planes is

Aint, _ IO + Ag _ (Jvia,max

Jint,max

> 'Avia 'Nvia (14)
J int,max

where Jint,max 18 the maximum current density of the
interconnect.

In practical circuits, however, a significant amount of current
is sunk by the load. To satisfy this requirement, multiple struc-
tures N, as depicted in Fig. 10, are connected in parallel, deliv-
ering N (I + Ai) amperes. In this case, the number of 3-D vias
within the filter on each plane is equal to the number of parallel
connected structures N,;, = N. The effective resistance and
inductance per unit length of the interconnects and 3-D vias, as
well as the output resistance of the driver (Fig. 10), are /N times
smaller. The capacitance per unit length of the interconnects and
3-D vias, as well as the on-chip lumped capacitors, are N times
larger.

3) Transfer Function of a 3-D Filter: To characterize the
impedance of the filter (between Ry and Ij,q), the overall
transfer function is based on the ABC D matrices. Hence, the
overall ABC'D matrix of a filter spanning n planes is

A B]_[1 Ry] [A B
C D| o 1] |¢c D]

The right matrix in the right-hand side of (15) is

15)

A" Bl 1 coshyl;  Zysinh~l; 1 0
' D _4_1 sinhvl;/Zy  cosh~l; jwC; 1
. cosh vy ly; Z o sinh 7y, Ly (16)
Sinh Yo lvi/ZUO COSh Yo l'm',

where Z and -y are the characteristic impedance and propaga-
tion constant of the RLC' interconnects, respectively, I; and C;
are the interconnect length and capacitance on the ith plane,
respectively, Z,o and vy, are the characteristic impedance and
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propagation constant of the 3-D vias, respectively, and [,,; is the
length of the 3-D via on the ¢th plane. The transfer function of
the filter is

. 1
Hiy (jw) 7 a7
where A is obtained from (15).

Since a practical filter within a buck converter does not
provide ideal low pass characteristics, the signal at node B,
shown in Fig. 3, carries a small amount of high frequency har-
monics generated by the switching power MOSFETs. Hence,
the voltage at node B is

Vaaz(t) = Vbe + Viipple(t) (18)

where Vpc is the DC component of the output voltage and
Viipple (t) is the voltage ripple transferred by the nonideal char-
acteristics of the filter. When only the fundamental harmonic is
passed, V;ipple(t) exhibits a sinusoidal behavior

‘/ripple(t) = er sin(wst). (19)
To satisfy a target ripple voltage V,. (peak-to-peak), the filter
transfer function at the switching frequency f, has to achieve a
specific magnitude. To satisfy this objective, consider the output
signal in the frequency domain

[Vaaz(s)| = [He(s)] - [Va(s)]- (20)

The periodic input signal V4 can be represented by a Fourier
series

va(t) = Z apelkest

k=—00
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where ay, is the kth harmonic of the signal. In the case of the
signal illustrated in Fig. 12 and assuming ¢,, = ty, = t,, the
fundamental harmonic (positive and negative) is

Vaai T, . . ,
agq = ( 4(;(117{-25) . (eq:]wstra _ e:F]27rD) 4 e:F_]ZTFD _ 1).

(22)

Equation (20) implies that the required amplitude of the transfer
function for a specific ripple voltage V. is

V2 v,
2lar|  4laa]

|Hew (jws)| < (23)
Once the current profile of a circuit is determined, the intercon-
nect length /4 to /,,, shown in Fig. 10, and the required ripple
voltage V,. are chosen. Based on (17), the magnitude of the
transfer function at wy is plotted as a function of the capaci-
tances C to C,. The interconnect length and capacitances are
chosen to satisfy (23).

An important issue is the duty cycle of the signal driving
the power MOSFETs (Fig. 10) that produces the correct power
supply voltage. Note that in this case, the duty cycle determined
by Vaaz/Vaa1 does not provide the proper DC voltage level.
This behavior occurs since the signal at the input of a distributed
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filter is degraded by the resistance R, and the input impedance
of the filter Z;,,, forming a voltage divider. To produce the duty
cycle required for a specific DC voltage, consider the input
impedance of the filter at DC

_ VpcA'(0) + IpcB'(0)

Zin —
(0) VDCC’(O) + IDcD’(O)

(24)

where A’, B’, C’, and D' are defined in (16), and Ipc is the DC
component of the current load (6). The DC component of the
signal at the input of the filter (including R, in Fig. 10) is

Zin(o)

DVaai = DpwmVadi | 50—
dd1 PWM Ydd1 Zm(0) + Ry

(25)

the DC voltage transferred by the filter to the target plane. In
(25), Dpwu is the duty cycle provided by the PWM feedback
circuit (Fig. 3). Consequently, to achieve a specific DC voltage
at the output of the filter, the duty cycle is

Ry ‘

D -D. .
PWM Zin (0>

1+

(26)

Observe from (26) that Dpwy is always larger than
D = Viq2/Vaa1, limiting the magnitude of the generated
power supply. When the interconnects within the distributed
filter are resistive, Dpwn approaches D (no reflections occur
at the input). It is typically preferable to design the filter to
ensure that Dpw)y is closer to D to provide a large tuning
range for the PWM circuit.

B. Power Losses of Switching Converter With Distributed
Filter

A switching converter with a distributed filter is illustrated in
Fig. 11. The distributed filter passes the DC and residual higher
order harmonic components of the signal at the output of the
power MOSFETSs (PM; and PM,). The AC signal produced by
PM; and PM, is shown in Fig. 12. The filter is comprised of
an interconnect network that spans multiple planes. Capacitors
C; to C,, are connected to each interconnect while the 3-D vias
connect the interconnects throughout the planes, forming a dis-
tributed filter structure.

The input power dissipated by the distributed filter (Fig. 11)

2 ! { ZinEWS) }

27)

is
Zin(ws)
Zin(ws) + Ryos eff

2
Pﬁlt = VA,rms

where V4 1ms is the rms voltage of the input signal, Ryios,eft
is the effective output resistance of the power MOSFETs PM;
and PM,, and Zj,, is the input impedance of the filter network
at ws (24). The output power at the load of the filter is

Pyt a1t = VaazIpc- (28)

The power MOSFETs are driven by buffers controlled by a
pulse width modulation (PWM) circuit. The PWM circuit senses
the output voltage V42 and generates the required duty cycle to
maintain a stable output voltage. The design of the power MOS-
FETs and drivers for maximum power efficiency is adopted
from [1].
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Fig. 11. A switching converter with the 3-D distributed filter.
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Fig. 12. Voltage signal at the input of the filter.

The average power consumed by the power MOSFETSs
(PMOS or NMOS) and driving buffers is composed of resistive
and dynamic power losses, respectively

Ry

Pryos/NMOS, res = Wlfms 29)

Ppyos/Nvos,dyn = EW fs (30)
R

Ppyros/Nmos = Wolrzms + EW fs (€29)

where Ry is the effective resistance of a 1 ym wide transistor
(PMOS or NMOS), W is the width of the power MOSFET,
Ims 1s the root-mean-square current passing through the power
MOSFET, f; is the switching frequency, « is the tapering factor
of the buffers, and Cox, Cgs, Cga, and Cqy, are the gate oxide,
gate-to-source, gate-to-drain, and drain-to-body capacitances,
respectively, of a 1 m wide transistor. F is the unit energy per
1 pm wide power MOSFET consumed during one switching
cycle

&
Epvos/Nmos & —— (Cox + Cgs + 2Cga + Can) Vi -
(32

The total power consumption of both power MOSFETS is

Piotar,mos = Ppyos + Panvos- (33)

As evident from (31), increasing the width of the power
MOSFET reduces the resistive losses and increases the dy-
namic power losses. An optimum MOSFET width, therefore,
exists that minimizes the total power of the drivers and the
power MOSFET

RolI2

I o Lum]

WpPMOS/NMOS,opt = (34)

where

, | A2
Iims,pvos = /(1 — Dpwm) | IHe + = (35)

Ai?
Iims NMOS = \/DPWM <11230 + T)

assuming the ratio between the time when both transistors are
off to the switching period T as compared to the duty cycle
Dpw i1s small. The effective output resistance of the optimal
PMOS and NMOS transistors is

(36)

Ry
Rpnos/NMOS,opt = W
opt

(37

and the total effective resistance of the power MOSFETs is

RpMmos,opt + BNMOS,opt

5 (38)

Rl\'[OS,opt =

The overall efficiency of the 3-D switching converter is
therefore

Inc - Vaaz
Inc - Vaaz + Piotarmos + Prre

Tlswitching,3—D = (39)
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TABLE 1
WIDTH OF THE TRANSISTORS WITHIN THE 3-D LINEAR CONVERTER

Transistor ~ Width [pm]
M7, Mg 40,000
My 8,800

The optimal design of the drivers and power MOSFETSs does
not consider the power consumed by the distributed filter. As
mentioned earlier and evident from (29) and (31), increasing
the width of the power MOSFETsS decreases the resistive power
component while increasing the dynamic power. When both
components are equal, minimum power is dissipated. Concur-
rently, decreasing the width of the power MOSFETS increases
the effective output resistance of the power MOSFETSs, reducing
the power dissipated by the distributed filter, as evident in (27).
Minimizing the power dissipation of the entire network, there-
fore, may result in differently sized power MOSFET than the
optimal width (minimum dynamic and resistive loss) specified
by (34).

VI. CASE STUDY

Based on the approach described in Section IIT and illustrated
in Fig. 4, two case studies are presented in this section. Con-
version from 3.3 V to 2.5 V and to 1.0 volt, based on the MIT
Lincoln Laboratories (MITLL) 180-nm CMOS 3-D technology
[14], is demonstrated, assuming current distribution from the
first plane to the third plane. In both cases, the target voltage
ripple at the output is £2.5%. Additionally, the current load pro-
file has the following characteristics: 1/Tcrx = 3 GHz, ¢,.. and
terare 0.3Tcrk /2 and 0.7Tcrk /2, respectively, and Iy and A
are 0.5 and 2 A, respectively, resulting in 1 A DC current. An
approach is employed to support a wide range of conversion ra-
tios (in this example, 3.3 V to 1.0 volt).

The maximum current density in the MITLL 3-D technology
is

J3-D max = 3 mA /pm?. (40)
To adhere to electromigration rules in this technology, the width
of a single interconnect is chosen to be 2.5 um, supporting a DC
current of 5 mA. To conduct a maximum 2.5 A current (Ip+A%),
500 distributed filters are connected in parallel. In Section VI-A,
a linear 3-D converter is used to convert from 3.3 V to 2.5 V
(high conversion ratio). In Section VI-B, a switching converter
with a distributed filter is used to convert from 3.3 Vto 1.0 V
(low conversion ratio).

A. 3.3 Vito 2.5V Conversion

The length of the interconnects on each plane is chosen to
be 0.1 mm long. The source transistors (Fig. 6) have been de-
signed with the transistor widths listed in Table I. The transistor
channel lengths are 360 nm. Both resistors, Ry and Rs, and
the current bias Ij;,s are 5 k2 and 100 pA, respectively. Note
that transistors M7 and Mg conduct the majority of the current
(800 mA) while transistor My conducts the rest of the DC cur-
rent (200 mA). The area occupied by all of the transistors is
17 689 pum?, while the area of 500 minimum-spaced (0.35:m)
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Fig. 13. Output voltage of the linear 3-D converter.

parallel interconnects is 142 500 pm? per plane. To support an
output voltage ripple of £2.5%, a 300 pF decoupling capac-
itor Cye. is chosen, achieving 104 mV ripple (£2.1% of a 2.5
output voltage). The power efficiency of this linear converter
is 74.2%, achieving 98.3% current efficiency. The simulated
output voltage is shown in Fig. 13.

To examine the response of a linear 3-D converter to abrupt
changes in the current load, consider Fig. 14. The response of
the linear converter to an increase of 200 mA current load with
a 20-A/us slew rate is shown in Fig. 14(a). The output signal
exhibits a voltage undershoot of 386 mV, settling to 2.5 V after
156 ns. The response of the linear converter to a decrease of
100 mA in the current load with a 20-A/us slew rate is shown in
Fig. 14(b). In this case, the output voltage exhibits an overshoot
of 187 mV over a period of 523 ns. Note that the settling time
when the current load is decreased by 100 mA is fairly long due
to the relatively low gain of the amplifier.

B. 3.3 Vto 1.0V Conversion

To achieve maximum power efficiency for a conversion ratio
of 0.3, the use of a switching converter with a distributed filter is
required (Fig. 4). The same current load specifications as for the
linear converter are assumed in this example. The methodology
described in Section V-A is used to design the distributed filter.

Designing a switching converter with a distributed filter
requires an iterative approach, since the effective output re-
sistance of the power MOSFETs affects the magnitude of
the duty cycle Dpwy which determines the output voltage.
Concurrently, the duty cycle Dpww affects the design of the
drivers and power MOSFETS. The iterative approach converges
within a few iterations.

To ensure the voltage ripple of the output power supply is
50 mV (£2.5% of 1 V), the magnitude of the transfer function
of the distributed filter, described by (23), switching at 100 MHz
has to be equal to or less than 0.0149. To design the distributed
filter, the resistance, inductance, and capacitance per unit length
of the interconnects (Metal 3) and 3-D vias are extracted based
on the predictive technology model (PTM) [19]-[21], as listed
in Table II. The width of the interconnects is determined by the
maximum current density of the MITLL 3-D technology. As-
suming that both the interconnect and 3-D vias support the same
current density of 3 mA/ qu, the maximum cross-sectional area
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Fig. 14. Transient output voltage response: (a) 200 mA increase in current load
and (b) 100 mA decrease in current load.

TABLE II
RLC INTERCONNECT AND 3-D VIA IMPEDANCES

R [m/um] L [pH/pm] C' [fF/pum]
Interconnects 14.5 1.3 0.5
3-D via [20] 20.40 0.55 0.37

of the interconnect is 1.5 x 1.5 ym?. The thickness of the inter-
connect for this technology is 630 nm, resulting in an approx-
imately 2.5 pm wide line. Note that each 3-D via is 7.34 ym
long, connecting three planes, as illustrated in Fig. 10.

The magnitude of the transfer function at w, for different ca-
pacitances and interconnect lengths, assuming | = I3 = Iy = I3
and C' = (1 = (3 = (3, isdepicted in Fig. 15. As the intercon-
nect length increases, less capacitance is required, as evident in
Fig. 15. To satisfy the required voltage ripple (50 mV), the inter-
connect length in this example is | = 0.5 mm with a capacitance
C = 67 nF per plane. In this example, the required duty cycle
of the signal driving the power MOSFETsS is 0.46, as specified
by (26).

The width of the power MOSFETsSs and the distributed filter
structure are determined for maximum power efficiency. The
MOSFET, filter, and total power dissipation as a function of the
ratio between the effective output resistance of the power MOS-
FETs and the optimal power MOSFETS is shown in Fig. 16. To
minimize the power dissipation, the effective output resistance
of the power MOSFETs is four times Rnios,opt. resulting in
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Fig. 15. Magnitude of the transfer function at w, for different line lengths and
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Fig. 16. Power components of the 3-D switching converter, distributing 2.5 A
of peak current.

a width of 5.3 mm for the PMOS and 3.7 mm for the NMOS
transistor.

Since this circuit is designed to provide 2.5 A maximum cur-
rent, 500 filter circuits on each plane with 0.5 mm long intercon-
nects are connected in parallel (assuming a single interconnect
conducts 5 mA maximum current). Assuming a 10 fF/um? ca-
pacitance density in the MITLL 3-D technology [14], the area
of the switching converter is about 2.6 x 2.6 mm? (mostly occu-
pied by on-chip capacitors) and the efficiency is 44%. Although
this converter exhibits relatively low power efficiency, note the
on-chip conversion from 3.3 V to 1.0 V while distributing 2.5 A
maximum current. This capability is reported for the first time.
As compared to other converters, the proposed 3-D converter
exhibits superior performance, as described in Section VII. The
output voltage produced by this converter, exhibiting 49.5 mV
voltage ripple, is shown in Fig. 17.

The transient response of the switching 3-D converter to
abrupt changes in the current load is shown in Fig. 18. In this
example, the response of the switching converter response is
shown for an increase of 200 mA current load with a 20-A/us
slew rate. The output signal exhibits a voltage overshoot of
100 mV, settling to 1.0 V after 1.04 us. Note the smooth
response of the switching converter as compared to the linear
converter shown in Fig. 14.
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Fig. 17. Output voltage of the switching converter.
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Fig. 18. Transient output voltage response of the distributed converter for an
increase of 200 mA current load with a 20-A/ps slew rate.

VII. PERFORMANCE COMPARISON AND DISCUSSION

The switching converter occupies a relatively large area due
to the significant amount of capacitance to provide a stable
power supply while delivering several amperes of current. The
area occupied by the on-chip capacitors, however, is predicted
to decrease with advanced technologies. The MOS capacitor
density can be estimated as €ox/tox, Where €, and tox are
the dielectric constant and MOS oxide thickness, respectively
[23]. MOS capacitor densities as a function of technology are
shown in Fig. 19. Note the expected doubling in density over
the next several technology nodes. Furthermore, the feasibility
of fabricating extremely large on-chip capacitances has been
demonstrated [24], where a 250-nF on-chip MIM capacitor
in 90-nm technology has been implemented. Alternatively,
by exploiting the Miller effect, small area active circuit based
capacitors can also be used, albeit requiring additional power
[5].

The multiple plane structure in 3-D circuits suggests that area
is less of a concern. Thus, several planes can be dedicated to ac-
commodate the required capacitors. Note that a conventional LC
filter not only requires integration of an inductor but also a sig-
nificant amount of capacitance. For example, an on-chip 5-nH
inductor requires a 35-nF capacitor to achieve 5% output voltage
ripple at 100 MHz with 0.46-Q2 output resistance of the power
MOSFETs (which corresponds to conducting 2.5 A maximum
current).
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Fig. 20. Power efficiency of different approaches as a function of V¢ /Vin.

To evaluate the ability of providing a wide voltage conversion
range, as required in 3-D circuits, the proposed converter is com-
pared to three on-chip converters, as shown in Fig. 20. The pro-
posed converter in this example distributes 200 mA maximum
current. As evident from Fig. 20, the power efficiency of the
proposed circuit is greater than the other converters. A primary
reason for the improved power efficiency is that the proposed
circuit eliminates the need for an on-chip inductor with associ-
ated losses. Additionally, the circuit is composed of a linear or
switching converter with the distributed filter (depending on the
required conversion ratio) further increasing the efficiency. The
3-D converter performance results are based solely on dynamic
circuit simulation. To provide a fair comparison, note that the re-
sults described in [8], [11], and [18] are based on experimental
measurements.

A performance comparison between the 3-D converters and
six different approaches for on-chip DC-DC conversion is listed
in Tables III and IV. In Table III, the performance characteris-
tics of state-of-the-art linear, switched-capacitor, and switching
converters in 2-D and 3-D technologies are compared. The per-
formance of the 3-D converter with a 3.3 V input power supply,
100 MHz switching frequency, and 5% voltage ripple based on
the MITLL CMOS/SOI 180-nm technology is listed in Table I'V.

As can be observed from this comparison, the proposed cir-
cuit achieves superior performance. This buck converter effi-
ciently distributes current in the ampere range as compared to
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TABLE III
PERFORMANCE COMPARISON OF DIFFERENT PUBLISHED ON-CHIP DC-DC CONVERTERS

Switching 3-D Stacked Linear Linear Hybrid
converter [18]  switching [4]  switching [22]  converter [8]  converter [9]  converter [11]
Technology [nm] 130, 2-D 180, 3-D 350, 3-D 90, 2-D 350, 2-D 250, 2-D
Vout/Vin [VIV] 09712 09/1.8 23733 09712 3.15/55 1.62 /25
Conversion ratio 0.75 0.50 0.70 0.75 0.57 0.65
Imaz [mA] 350 500 70 100 200 100
Power efficiency [%] 77.9 64.0 62.0 70.7 57.1 61
Voltage ripple [%] 44 45 10 10 2 19
Switching frequency [MHz] 170 200 200 — — —
Area [mm?] 1.5 6.9 4 0.098 0.264 0.42
x [mA/mm?] 242 92 15 952 757 223
TABLE IV
PERFORMANCE SUMMARY OF THE PROPOSED 3-D CONVERTER (THIS WORK)
| Imaz = 200 [mA] | Imaz = 2500 [mA]
Vout [volt] 1.0 1.5 2.0 2.5 2.7 1.0 (switching) 2.5 (linear)
Conversion ratio 030 045 060 075 0.82 0.3 0.75
Power efficiency [%] 58 67 74 79 80 44 74
Area [mm?] 1.7 1.34 1.0 055 035 6.65 0.14
x [mA/mm?] | 227 222 246 383 557 | 551 17720

other approaches that only provide sub-ampere current loads
while maintaining reasonable power efficiency.

To evaluate the relative performance of the individual
DC-DC converters, a constant x has been introduced

(wpower nconv) (wcurrent Imax)
X = (41)
Or(wareaAconV)
where 7)cony and I, are the converter power efficiency and
maximum current load, respectively, and C,. and Ay, are the
conversion ratio (Vou:/Vin) and converter area, respectively.
The weights wWpower; Weurrent, aNd Warea represent the relative
significance of the power efficiency, current load, and area of the
DC-DC converter, respectively. In this manner, the most crit-
ical performance criteria, power efficiency, current load, con-
version ratio, and converter area, are captured in one constant.
From (41), this constant is proportional to the performance since
high values of x translate into high performance.

As observed in Tables III and IV (bottom row), for
Weurrent Warea = 1, the proposed 3-D dis-
tributed filter exhibits comparable or higher performance as
compared to other circuits described in the literature. Note that
as compared to switching converters, the 3-D converter (when
used as a switching converter) exhibits superior performance.
Similarly, as compared to linear converters [8] and [9], the 3-D
converter (when used as a linear converter) exhibits signifi-
cantly higher performance.

The proposed converter enables a wide voltage conversion
range, achieving the highest power efficiency as compared to
other approaches. Note that these results are obtained based
on dynamic circuit simulation. The area required by the pro-
posed circuit is comparable to other approaches. These prop-
erties and the distributed nature of the converter make the pro-

Wpower

posed converter highly suitable for 3-D integration, where mul-
tiple voltage domains are required. An evaluation of the 3-D
DC-DC converter to current load variations and control loop
compensation is described in the remainder of this section.

a) Current Load: A primary advantage of the proposed
converter as compared to a conventional DC-DC converter is
the ability to deliver a large amount of current to the load. This
property is due to the parallel nature of the distributed filter
structure. Thus, the current load scales linearly with the number
of parallel connections. The current load and density of a spe-
cific 3-D technology constrains the number of parallel intercon-
nects. Consequently, the on-chip capacitance increases in pro-
portion to the number of parallel connections. Hence, the lim-
iting performance factor is the area occupied by the on-chip ca-
pacitors. For a conventional DC-DC converter with an LC filter,
the limiting performance component is the on-chip inductor. Is-
sues related to the design of the on-chip inductor prevent con-
ducting large amounts of current to the load.

To explore the power efficiency of the 3-D switching con-
verter for different current loads, consider the efficiency expres-
sion (39). The terms that determine the power efficiency in (33)
are Piota,Mos and Pgie. Note that the term Piota mos (33) is
proportional to I.,,s. The term Pgy, (27) is inversely propor-
tional to the effective output resistance of the power MOSFETSs
Rynios,ee and the input impedance Z;,(jw) of the distributed
filter. Both Ryios e and Zi,(jw) are inversely proportional
to I,ms. The overall efficiency of the 3-D switching converter
therefore increases when the load current decreases. For ex-
ample, in the case study of the 3-D switching converter, the ef-
ficiency is a function of the maximum current load for different
conversion ratios, as depicted in Fig. 21. The general trend ob-
served in Fig. 21 is that the power efficiency increases at low
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Converter efficiency [%]

Fig. 21. Power efficiency as a function of maximum load current.

current loads for all conversion ratios. The primary reason for
this trend is that the power dissipated by the distributed filter de-
creases at low current loads due to the increase in the effective
output resistance of the power MOSFETS Ry1os o (due to the
use of narrower width power MOSFETS).

b) Control Loop Compensation: As with every feedback
loop, the stability of the system is of significant importance.
Therefore, in a conventional buck converter, Type 2 or Type 3
compensation schemes are used to stabilize the control feed-
back loop in the voltage-mode converter [7]. Since the filter in
the 3-D switching converter exhibits a distributed nature, addi-
tional poles and zeros exist. These poles and zeros, however, are
significantly higher in frequency than the unity gain frequency
(the crossover frequency) of the open loop transfer function and
therefore do not affect the design of traditional compensation
networks (Type 2 or Type 3). The nondominant poles and zeros
within the 3-D filter are higher in frequency than the unity gain
frequency due to the small total resistance of the parallel inter-
connects.

To justify this assumption, consider the transfer function of
the distributed filter. It is intractable to extract a closed-form
expression for the poles and zeros of the transfer function of
the distributed filter. A graphical representation of the transfer
function is therefore used from which the poles and zeros can
be estimated, as described in the following example. In this ex-
ample, the transfer function of the distributed filter used to con-
vert from 3.3 V to 1.0 V (see Section VI-B) and an ideal LC filter
is shown in Fig. 22. Note that the LC components are chosen to
support the same conversion requirements as in the 3-D case. As
expected, the transfer function of the LC filter exhibits a roll-off
slope of —40 dB/decade while the distributed 3-D filter exhibits
a roll-off slope of —20 dB/decade in the frequency range of
interest (up to 100 MHz). The distributed 3-D filter therefore
contributes one fewer pole to the open loop transfer function
than a conventional LC filter, resulting in a simpler Type 2 com-
pensation network. Summarizing, compensating the distributed
filter is similar to compensating a conventional LC filter with
a significant effective parasitic resistance (ESR) of the output
capacitance C [7].
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Fig. 22. Magnitude of the transfer function of a 3-D and ideal LC filter.

VIII. CONCLUSION

An approach using both a linear and switching DC-DC
converter achieves the highest power efficiency as compared to
other published methods. By incorporating the concept of an
inductorless distributed filter in 3-D circuits, the efficiency is
further increased. The proposed circuit provides a wide voltage
conversion range, suitable for integration into 3-D heteroge-
neous systems, distributing 2.5 A maximum current to the load.
With this current load, 0.75 and 0.3 conversion ratios with a
simulated 74% and 44% power efficiency are, respectively,
demonstrated.
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