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ARTICLE INFO ABSTRACT

The design and characterization process of a package-embedded spiral inductor is investigated in this paper via
comprehensive electromagnetic simulations. A realistic, multi-layer flip-chip package is considered and modeled
in a commercial, full wave electromagnetic simulator. At constant package area, parasitic resistance of a given
inductance is minimized. The applicability of the proposed package-embedded spiral inductor to a DC-DC
switching buck converter is demonstrated. The flexibility of the package is exploited to obtain a relatively high
inductance, enabling a reduced switching frequency. Lower switching frequency minimizes the dynamic loss,
thereby increasing the power efficiency. An interleaved multi-phase buck regulator with an array of package-
embedded spiral inductors is developed. The extracted layout of the overall circuit is evaluated for performance
and primary characteristics. The converter produces an output voltage of 0.9 V from 1.2 V input voltage while
supplying a load current of 1 A. Power efficiency of approximately 89% is achieved with 3% output ripple
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1. Introduction

Efficient voltage regulation and conversion are essential mechan-
isms in modern IC design process due to power management and het-
erogeneous computing [1]. Most of the existing low power design
methods such as multi-voltage design, dynamic voltage frequency
scaling, and low swing clocking require high efficiency and low cost
regulators [2,3].

There are primarily three types of voltage converters: 1) linear
converters such as low-dropout (LDO) regulators, 2) switched-capacitor
based DC-DC converters, and 3) switching buck converters. LDO reg-
ulators are cost effective and have relatively fast transient response, but
these regulators suffer from low power efficiency, less than 60% in most
of the cases [4]. This limitation is exacerbated as the conversion ratio
increases or output voltage decreases. Switched-capacitor converters
exhibit enhanced power efficiency, but suffer from poor regulation
capability since the switching frequency should be modified to regulate
the output [5]. This process is slow since a voltage controlled oscillator
is needed to vary the switching frequency, increasing the response time.
Finally, switching buck converters can achieve high efficiency and large
output current at the expense of a high quality inductor [6]. Since in-
tegrating a high quality inductor on-chip is highly costly, buck reg-
ulators typically consist of an external, discrete inductor. Existing work
has also investigated the feasibility of increasing switching frequency to
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reduce the required inductance. In this case, however, the dynamic loss
increases, thereby reducing the power efficiency [7]. For example, for
inductance values in the low nanohenry range, the switching frequency
should be increased to several hundreds of megahertz to obtain an
acceptable current and voltage ripple at the output. The switching loss
at these frequencies increases by two orders of magnitude as compared
to high kilohertz or low megahertz operating frequencies (assuming
constant transistor sizes) [8].

An intermediary solution (between a fully on-chip inductance and
an off-chip discrete inductance) is investigated in this paper where the
inductor is built within a flip-chip package in a spiral fashion whereas
all of the other components are integrated on-chip. Note that this ap-
proach is different from discrete inductors integrated into a package
(common practice in literature) since in the proposed case, the inductor
is built using existing metal interconnects within the package layers and
fabricated at the same time as the package.

In [9], existing wirebond inductance of a standard package (instead
of spiral metals) has been utilized for a buck converter. Similarly, in
[8], both the wirebond and lead frame inductance have been en-
gineered to be used with an integrated buck converter. These ap-
proaches reduce the overall cost (since an existing package structure is
leveraged for inductance) at the expense of higher inductance varia-
bility and reduced flexibility for the value of inductance. Thus, addi-
tional mechanisms such as extra calibration loops are required to

Gan), emre.salman@stonybrook.edu (E. Salman).


http://www.sciencedirect.com/science/journal/00262692
http://www.elsevier.com/locate/mejo
http://dx.doi.org/10.1016/j.mejo.2017.05.016
http://dx.doi.org/10.1016/j.mejo.2017.05.016
mailto:chen.yan@stonybrook.edu
mailto:zhihua.gan@stonybrook.edu
mailto:emre.salman@stonybrook.edu
http://dx.doi.org/10.1016/j.mejo.2017.05.016
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mejo.2017.05.016&domain=pdf

C. Yan et al.

P1

Y AAA

Microelectronics Journal 66 (2017) 41-47

Fig. 1. An interleaved multi-phase switching buck regulator ar-
chitecture.
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alleviate these challenges [9]. In [10], package-embedded inductors
have been discussed. The primary emphasis has been on building high-
Q inductors within the routing layers of an organic package and ex-
perimental characterization. The applicability of this approach to
switching buck converters has not been described.

As demonstrated in this paper, a higher inductance with a reason-
able quality factor can be achieved by exploiting the greater flexibility
of package area as compared to die area. This package-embedded spiral
inductor is connected to the die via low resistance C4 bumps. Thus, the
switching frequency of the buck regulator can be reduced to minimize
dynamic power loss and enhance power efficiency. Specifically, in this
work, the switching frequency is 50 MHz, which is significantly smaller
than existing work with on-chip inductors (477 MHz [7], 200 MHz
[11], 170 MHz [12], and 300 MHz [13]). Furthermore, package flex-
ibility can be further utilized to develop an array of package-embedded
spiral inductors for an interleaved multi-phase buck regulator archi-
tecture (see Fig. 1), as demonstrated in this paper. Thus, power effi-
ciency and output ripple can be further enhanced.

The rest of the paper is organized as follows. A brief background on
switching buck converters is provided in Section 2. The design and
modeling process for package-embedded spiral inductors using a com-
mercial field solver including the applicability of these inductors to an
interleaved multi-phase buck regulator is described in Section 3. Ex-
tracted simulation results are presented in Section 4. Finally, the paper
is concluded in Section 5.

2. Background

Switching buck converter is a step down DC-DC voltage regulator to
supply power to various circuit modules such as a CPU core, memory
core, or an accelerator module. A typical single-phase buck converter
consists of 1) a switch network that generates an AC signal, 2) a second
order low pass filter that passes the DC component of the AC signal to
the output, and 3) feedback path that regulates the output voltage by
changing the duty cycle of the AC signal [1].

2.1. Single-phase operation

Typical design specifications of a switching buck converter include
input and output voltages, power efficiency, load current, voltage
ripple, and transient response. The low pass filter, consisting of an in-
ductor and capacitor, is a critical element within the buck converter
since the output voltage characteristics depend upon the quality of this
filter. The parasitic effective series resistance (ESR) of the inductor
plays an important role in the resistive loss and the overall performance
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of the buck converter. A larger inductance (required to reduce ripple)
typically produces a larger ESR, which in turn increases the resistive
loss and causes a non-negligible voltage drop at the output, particularly
if the load current is sufficiently high.

For a single phase buck converter, the required inductance can be
determined by [1],

(Vin - Vout)D

2ALf,

L=

’ ey
where V;, and V,,, are, respectively, input and output voltages, D is duty
cycle, AL is the current ripple (half of the peak-to-peak current), and f
is switching frequency. Assuming the output voltage ripple cannot ex-
ceed 5% of the output voltage, the minimum required capacitor C,,, is
determined by [1],

5(Vin - Vout)D

Cour =
out 4VourLf;2

(2)
Single-phase buck converters are sufficient for applications with low
load current [14], but power dissipation and efficiency suffer at higher
load currents. Thus, interleaved multi-phase buck converters have been
considered for applications with high load current since peak ripple
currents can be effectively reduced through this method [15,16].

2.2. Interleaved multi-phase operation

An interleaved multi-phase architecture has been commonly used to
reduce the size of the individual inductors (and therefore ESR) without
increasing the output ripple, as shown in Fig. 1 [17]. In this method,
since the current through each stage is reduced, the constraint on in-
ductor current is also relaxed, thereby permitting a smaller inductor per
stage. The ripple due to each stage is partially canceled at the output.
Thus, a smaller output capacitance can be sufficient.

In a multi-phase buck converter, the normalized ripple current
Iripnorm is determined by [14],

]

lJ 1+[m
o122

(1-D)xD

IRipnorm =PX

3
where D is the duty cycle, P is the number of phases, and m = D x P.
This equation is important to determine the number of phases based on
the required ripple current, as further discussed in Section 3.2.2.

In this case, multiple buck converters operate in a parallel fashion
with a 90° phase difference. Each regulator has an individual inductor,
but share the same output capacitor. Thus, the high ripple across each
inductor is partially canceled at the output. Package-embedded spiral
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inductors provide a unique opportunity for interleaved architecture
since an array of spiral inductors can be built using the package metal
layers and fabricated as part of the package fabrication process.

3. Proposed method

The analysis of package embedded spiral inductor with detailed
structure description and how this inductor works for switching buck
converter are described, respectively, in Section 3.1 and Section 3.2.

3.1. Package-embedded spiral inductor characterization

A multi-layer flip-chip package is assumed. Cross-section of the
package illustrating each layer is shown in Fig. 2 [10,18].

Three copper metal layers exist with two different thicknesses. The
top metal (F3) is 35 pm thick whereas the bottom two metal layers (F1
and F2) are 15 pm thick. There is an aluminum pad layer with 15 pm
thickness. The dielectric layers (D1 and D2) are 30 um thick and consist
of flame retardant (FR4) epoxy. The inductor is built on layer F3 and is
connected to the C4 bumps located at the bottommost layer filled with
epoxy with 75 pm thickness [19]. The C4 bumps connect the inductor
terminals to the on-chip components (tapered buffers, power transistors
and capacitance). This package structure is modeled using a commer-
cial finite element method (FEM) based full wave electromagnetic field
solver ANSYS HFSS (high frequency structural simulator). The DC and
low frequency characteristics are analyzed using ANSYS Q3D Extractor.

A conventional spiral inductor is illustrated in Fig. 3(a) where the
important physical characteristics are highlighted such as the number
of turns T, internal diameter D;,, external diameter D,,, width w, and
spacing s. The following relationship holds among these parameters,
assuming that the number of turns T is an integer,

Dipy =Dy — QT+ 1) xw— Q2T — 1) Xs. 4)

An electrical equivalent circuit is shown in Fig. 3(b) assuming a one-
terminal, two-port extraction [20]. The frequency dependent L(f), C.(f),

L(f)

C.(f)
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Fig. 2. Cross-section of the multi-layer flip-chip package where spiral
inductors are built.

Pad Layer

C4 Bump

and R (f) refer, respectively, to the extracted inductance, capacitance,
and effective series resistance (ESR).

These frequency dependent components are extracted by analyzing
the Y parameters from HFSS [21]. Specifically, Y;; is

1
RL(f) + jeL () ©)]

Assuming the series capacitance C;(f) varies only marginally with
frequency [20] (this component can be extracted from Q3D Extractor at
a low frequency), the extraction of R;(f) and L(f) is performed using the
following procedure:

Yu(f) = + jwCr(f)-

e Subtract the admittance Ci(f) from Y;; and convert the remaining
term into impedance,

Zig () = R () + jeL (). ©

e Plot the real and imaginary parts of Zy,, (f) at the frequency of
interest to extract R;(f) and L(f) from HFSS.

An array of four inductors modeled in HFSS considering the package
structure described above is shown in Fig. 4. In this example, each in-
ductor occupies an area of 1 mm x 1 mm. To determine the physical
parameters of the package-embedded spiral inductor (T, Dy, Doys, W, S),
the procedure described in [22] is used.

Two methods are considered to determine the physical character-
istics of the inductor and maximize the quality factor:

® D;, based model: D;, is kept constant at 50 pum. The width is pro-
gressively increased (with a step size of 1 or 4 pm, depending on
required accuracy) until D,,, reaches 1 mm, the available dimension
for the package area.

® D, based model: D, is maintained constant at 1 mm. The width is
progressively increased (with a step size of 1 or 4 pm) until D;,
reaches the minimum allowable value. Note that according to (4), as

Fig. 3. Typical spiral inductor: (a) physical characteristics, (b)
equivalent electrical circuit.

Ri(f)
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(b)
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width is increased, Dy, is reduced.

For both analysis modes, spacing is constant at 2 pm to maintain
the tight coupling of the magnetic field. Note that these analyses are
achieved at different number of turns, producing a large design space,
as illustrated in Figs. 5 and 6. Also note that the frequency is constant at
50 MHz.

From this design space, the inductors that satisfy the required in-
ductance can be extracted (for example, see the dashed horizontal line
at 5nH). Here, every design point that intersects with the horizontal
line satisfies the required inductance. Thus, the point that achieves the
highest quality factor (minimum ESR) can be chosen. It is important to
note that for inductors in the range of several nano henry and above,
the minimum ESR occurs within the D,, based model since the D;,
based model requires a large number of turns to reach the required
inductance, which increases the ESR. Thus, for minimum ESR, a good
design practice is to choose a small number of turns at a sufficiently
high width that can achieve the required inductance.

3.2. Application to interleaved switching buck converter

3.2.1. Implementation of a single-phase converter

Package-embedded spiral inductors designed and characterized in
the previous section are used for a switching DC-DC converter, designed
in 45 nm technology. The converter converts an input voltage of 1.2 V
to an output voltage of 0.9V while supplying 1 A of load current.
Referring to Fig. 1, P; and N; are two large power transistors driven by
a 5-stage tapered buffer, followed by a low pass filter. The switching
frequency is 50 MHz (lower than existing buck regulators with on-chip
inductor [7,11-13]) since the flexibility of the package is utilized. Duty

6
5nH
@
Q
=
3
©
S Z
i 2 / =
= increasing
o o l 1 "
1 2 3 4 5

Number of turns

Fig. 5. Design space of the package-embedded spiral inductor as a function of number of
turns and width at constant spacing, thickness, and frequency (D;, based model).
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Fig. 4. Array of package-embedded spiral inductors modeled in full
wave electromagnetic simulator HFSS.
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Fig. 6. Design space of the package-embedded spiral inductor as a function of number of
turns and width at constant spacing, thickness, and frequency (D, based model).

cycle is 0.79 that is slightly larger than the conversion ratio (0.75) to
compensate for the voltage drop across the ESR of the inductor [23].
Substituting these values to Egs. (1) and (2) L is determined as 7.9 nH,
the minimum required capacitor C,, is calculated as 16.7 nF, taking
approximately 2.5 mm? on-chip area in 45 nm technology. If 7.9 nH of
inductance is characterized and extracted by HFSS (within an area of
1 mm?), the output voltage of the converter exhibits a significant drop
due to relatively large ESR. Thus, for these specifications, a multi-phase
buck converter is required, as described in the following section. Note
that a multi-phase architecture is particularly applicable to the pro-
posed package-embedded inductors since multiple inductors need to be
implemented.

3.2.2. Four-phase converter operation and optimization

An interleaved four-phase buck converter is developed to reduce the
inductor and therefore ESR without increasing the output ripple. The
optimal number of phases can be calculated through Eq. (3) mentioned
in the previous section. Since the duty cycle is 0.75, ripple can be
canceled completely with four phases with 90° phase difference.

As mentioned before, output capacitance can be significantly re-
duced with interleaving technology. The only output capacitor is a
2.5 nF capacitor implemented as MOS-C and integrated on-chip with
0.37 mm? area occupation. Note however that the MOS-C should be
designed carefully to avoid a high ESR that would cause high output
voltage ripple.

3.2.3. Physical layout of the proposed 4-Phase buck converter

The layout is implemented in a 45 nm technology. The package-
embedded inductors and the C4 bumps are implemented and char-
acterized using HFSS. The C4 bumps connect the inductor terminals to
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Fig. 7. The on-chip layout of the 4-phase converter,
illustrating the power transistors, drivers, MOS ca-
pacitors, and metal layer 10 for connection to the
package-embedded inductors.
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on-chip metal layer 10, as shown in Fig. 7. The filter capacitance is
implemented as MOS-C and located above and under the tapered buf-
fers and power transistors. The guidelines from [24] were followed to
obtain a proper layout with sufficiently small parasitic impedances.

The overall area of the converter and on-chip MOS capacitor is
639.5um X 576.5pum. After considering the area of top vias and
overhead connections, the area occupied by the overall circuitry is
1284 pm X 1134 um (see Fig. 7).

4. Simulation results

The four-phase dec-dc converter is designed to operate at a switching
frequency of 50 MHz. The power efficiency of the converter as a func-
tion of inductor is shown in Fig. 8. The highest efficiency of 88.32% is
achieved when each inductor in the interleaved topology is approxi-
mately 5 nH.

Thus, an array of package-embedded spiral inductors is characterized
in HFSS where each of the four inductors is 5 nH and occupies 1 mm?
area (see Fig. 4). The overall area consumed in the package by spiral
inductors is 4.076 mm?. To determine the physical characteristics of the
inductors, the procedure described in the previous section is followed.
After the entire design space is obtained, as shown in Figs. 5 and 6, the
number of turns and widths that produce the required inductance are
analyzed for quality factor. The highest quality factor of 11.8 is
achieved (at the switching frequency of 50 MHz) with a 2-turn spiral
inductor and 64 pm width, as depicted in Fig. 9. Main related spiral
inductor dimensions for this highest quality factor inductor are listed in
Table 1. The ESR and series capacitance are extracted, respectively, as
132 mQ and 50.7 fF. The four-phase interleaved buck converter (after
RC impedance extraction of the layout) is simulated in SPICE with the
electrical model of the package-embedded spiral inductors (extracted
from HFSS at 50 MHz). The current ripple on each phase is 399 mA (see
Fig. 10). The maximum and minimum output current in steady state
are, respectively, 1.095 A and 0.919 A. Thus, the output current ripple

90
85 88.32% ]
80

75

Power Efficiency (%)

70

n 1 L

1 3 5 7
Inductance (nH)

Fig. 8. Power efficiency of an interleaved four-phase buck converter as a function of
inductance.
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Fig. 9. The dependence of inductor quality factor on the number of turns and width at a
switching frequency of 50 MHz.

Table 1

Physical characteristics of the package-embedded in-

ductor.
Parameter Value
Turn 2
din 608 pum
dout 1 mm
Width (w) 64 pum
Space (s) 2 pm
Thickness (t) 35 pum
Bump thickness 75 pum
Bump diameter 80 pum
Bump pitch 150 pm

Output Current (A)

Time (us)

Fig. 10. Cancellation of inductor ripple current with D = 75%.

is 95 mA, 9.5% of the output current, as depicted in Fig. 11(a). Note
that the output current ripple is much smaller than the ripple on each
phase due to the interleaved multi-phase topology.

The transient response time when current abruptly changes from 0
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Fig. 11. Simulation results of the interleaved, four-

Output Current (A)

phase buck converter with package-embedded spiral
inductors: (a) output current, (b) output voltage.

0.9
0.8
2.5 252 2.54
0 1 2 3 4 5 o 1 2 3 4 5
Time (us) Time (us)

(a)

Table 2
Primary performance characteristics of the switching buck converter
with package-embedded spiral inductors.

Technology 45 nm CMOS

Single inductor area 1 mmx1 mm

Number of phase 4
Inductor 5 nH
Filter capacitor 2.5 nF
Vi 1.2V
Vour 09V
Vout ripple 26.8 mV
Toue 1A
Lippte 95 mA
Switching frequency 50 MHz
Transient response time 0.1ps
Power efficiency 88.32%

to 1 A is 0.1 ps, as shown in Fig. 11(a). The corresponding output vol-
tage is plotted in Fig. 11(b). The overshoot when the load current
abruptly falls to zero is 0.3 V. The output voltage ripple in the steady
state is only 26.8 mV. Note that the results shown in this figure re-
present an open-loop response since no feedback exists between the
output node and power transistors. The switching buck converter per-
formance is summarized in Table 2.

(b)

T T T T T

T
® Power Efficiency]
| —Fitting Curve |

Power Efficiency (%)
g 8 2

~
@©

0 0.25 0.5 0.75 1
Mutual Inductance (nH)

Fig. 13. The effect of mutual inductance among the package-embedded spiral inductors
on power efficiency.

One of the issues related with interleaved topology is the mutual
coupling among the inductors. This effect is investigated, assuming that
the mutual inductance is less than 30% of the self-inductance [1,27,28].
Specifically, the mutual inductance is varied from 0.25 nH (5% of the
self-inductance in each phase) to 1.25 nH (25% of the self-inductance in
each phase) with a step size of 0.25 nH. These analyses demonstrate the
effect of mutual coupling among spiral inductors on the ripple (see
Fig. 12) and power efficiency (see Fig. 13). According to these figures,

250 || ® Current Ripple ® Voltage Ripple
80
— 200 ~

Q Q@

Q o

2 Q
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y = (0]

C

o 150 &

= o

o >

100

Fig. 12. The effect of mutual inductance among the
package-embedded spiral inductors on ripple: (a)
maximum output current ripple, (b) maximum of
output voltage ripple.
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Table 3
Comparison of the proposed buck converter with existing approaches.

Microelectronics Journal 66 (2017) 41-47

[12] [13] [25] [26] [8] [9] This work
Measured Simulated
Technology/nm 130 130 130 150 130 130 45
Integration level on-chip on-chip on-chip on-chip magnetic in-package bonding wire lead frame in-package bonding wire in-package spiral
Switching frequency /MHz 170 300 250 150 50 100 50
Output capacitor/nF 3.1 5 7 70 3.4 9.8 2.5
Inductor/nH 2 2 4.5 N/A 19.9 7 5
Input voltage/V 1.2 1.2 1.2 1.66 3.3V/25V 1.2 1.2
Output voltage/V 0.9 0.88 0.9 0.83 2.0V/1.8V 0.9 0.9
Load current/A 0.35 0.35 0.172 0.39 0.3 0.37 1
Peak efficiency/% 77.9 77 80 82 76.8 84.7 88.3
Chip area/mm?> 27 1.59 3.92 N/A 10.08 2.25 1.46
mutual inductance has negligible effect until approximately 0.6 nH Exposition, 2014, pp. 432-439. ' ,
(12% of th If-induct ). B d thi 1 both the rippl d [7] V. Kursun, S.G. Narendra, V.K. De, E.G. Friedman, Analysis of buck converters for
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p & g R .p o p 1mp [9] C. Huang, P.K. Mok, An 84.7% efficiency 100-MHz package bondwire-based fully
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The simulation results are compared with several prior work, as efficiency, IEEE J. Solid-State Circuits 48 (11) (2013) 2595-2607.
listed in Table 3. At comparable conversion ratios. this work achieves [10] S.A. Chickamenabhalli, et al., RF Packaging and Passives:design, fabrication, mea-
) ' A . ) ? surement, and validation of package embedded inductors, IEEE Trans. Adv. Packag.
the highest power efficiency while supplying a load current of 1 A. The 28 (4) (2005) 665-673.
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