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Abstract— In this work, we present the analytical model of
buck converter with 3-D in-package air-core inductor (150 µm
thick). To optimize the power efficiency at a targeted power
density, models including 3-D inductor and power switches are
developed. Compared to 3-D electromagnetic (EM) simulation,
the proposed inductor model has a modeling error within 12%
for the inductance calculation. With the proposed design method-
ology, an inductor with Q-factor up to 35 at 300 MHz is achieved.
From the system aspect, the loss breakdown in the integrated
power converter is investigated. A 0.5 ratio buck converter can
reach 88.5% efficiency at 1–5 W/mm2 based on the optimized
inductor designs, with output voltage ranging from 0.7 to 0.9 V
and based on 28 nm CMOS.

Index Terms— Air-core inductor, buck converter, design
methodology, efficiency optimization, in-package, system integra-
tion.

I. INTRODUCTION

NOWADAYS fully-integrated voltage regulators (FIVRs)
are widely used in high-performance computing (HPC)

systems like laptops, servers, and graphics products, which
normally need 45–300 W supply power [1]–[3]. For laptop
customers, their first concern is the battery life, and the market
consistently moves to thinner and lighter form factors for more
portable applications [1]. For instance, the overall thickness
(logic die + package) of the microprocessor in the extremely
thin laptops and tablets is limited to 1.05 mm [4]. This calls for
the FIVRs with high efficiency and thinner package thickness.
In order to make the FIVRs much smaller and more energy-
efficient, breakthroughs of passive components are required.
Taking buck converter as an example, its inductor should be
capable of storing high power density (>1 W/mm2), while
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Fig. 1. State-of-the-art literature results for buck converter (only [11]–[15]
include PDN into evaluation): peak efficiency ηpeak versus power density (at
ηpeak). Mark template: reference, buck converter’s VCR; Lower VCR value
(e.g., 0.5 here) is typically named as higher-ratio design and it has lower
efficiency-η from the viewpoint of energy delivery.

keeping small parasitics for ∼90% circuit efficiency η to meet
the system requirement.

We focus on the fully integrated buck converter design,
since this converter has more flexible voltage conversion
ratios (VCRs) and potentially better efficiency at high-power
delivery, when compared with the capacitive converter in [5]
and [6]. Fig. 1 lists the literatures of state-of-the-arts [7]–[17]
with peak efficiency ηpeak and the related power density. Their
integrated inductor designs are provided in Fig. 2. As shown
in Fig. 1, it is promising to design the FIVRs with thin form
factor to meet the high-power density and power efficiency for
the HPC systems. The power converters with discrete, bulky
inductors are out of the scope here, since they are not feasible
for system integration [Fig. 3(b) for instance] to meet the thin-
package applications.

Generally, there are three kinds of the integrated inductors:
2-D (CMOS-compatible) spiral inductor, 3-D air-core inductor,
and magnetic-core inductor. For 2-D spiral inductor, it allows
circuits in a monolithic chip. However, its quality factor
(Q-factor) is typically within 7 at the switching frequency
due to the thin metal layer, which leads to a low efficiency
(≤78%) [7]–[9]. Moreover, huge silicon area should be taken
for passive components, which is probably not cost-effective.
For 3-D air-core inductor, the thick metal layer and inductor
height (200 μm) guarantee good Q-factor and peak efficiency
ηpeak (88% at 0.86 W/mm2, VCR = 0.75) [13]. However,
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Fig. 2. Three typical inductor fabrications: (a) 2-D spiral inductor, (b) air-
core inductor in package, and (c) magnetic-core inductor on logic die or in
package.

the circuit suffers low ηpeak (74%) for higher VCR = 0.5.
The magnetic-core inductor was proposed to move circuit to a
lower switching frequency (<150 MHz) to reduce the switch-
ing loss. It brings higher efficiency for the buck converter
designs: ηpeak = 82% at VCR = 0.5 [15], while it brings
about the magnetic core-loss and more challenging processing
flows. Up to now, effective design guideline for 3-D-integrated
buck converter, including power switches, power inductor, and
power delivery network (PDN), is still lacking.

Based on the concept of integrating Cu-pillar-based high-Q
passives in fan-out wafer-level packaging (FOWLP) [18]–[20],
this article presents the design methodology for buck converter
with 3-D air-core inductor (inside 200-μm-thick package).
The choice of the air-core inductor lays in the fact that it
enables full integration, small size, low substrate loss, and high
Q-factor with a simpler processing flow. For FOWLP passive
technology, a 3-D inductor is fabricated inside the molding
compound (∼10 μm under the PDN), each regulator can
provide the regulated power to every HPC module nearby. The
inductor winding consists of two redistribution layers (RDLs),
pillars, and vias, and 150-μm minimum pillar pitch would be
good for fine-grain power distribution. First, we give a detailed
description of the heterogeneous packaging integration of
the power delivery including 3-D-integrated buck converter,
PDN, and logic die. Subsequently, the modeling of 3-D air-
core power inductor together with power switches model is
proposed to evaluate the overall system efficiency. In the final
part of this work, we evaluate the buck converter’s dependency
on CMOS switch technology node and output voltage VDD.
The loss breakdown and the optimized frequency for power

Fig. 3. (a) 3-D view and (b) cross-sectional view of backside power
delivery: in-molding inductor (pillar height = 120 μm), backside PDN and the
logic die.

converter are also investigated. Our optimized method shows
that a 0.5 ratio buck converter with 1 W/mm2 of power density
can achieve an efficiency η = 88.5% based on 28 nm CMOS.

II. HETEROGENEOUS PACKAGE INTEGRATION COMBINING

POWER CONVERTER, PDN, AND LOGIC DIE

Fig. 3 shows the heterogeneous package integration of
the backside power delivery, including the integrated buck
converter with 3-D air-core inductor, backside PDN, and the
logic die. The main principle is given below.

First, the external battery with a supplied voltage
VIN = 1.4 V (e.g., VCR = 0.5) goes through the package,
bump connection and finally it provides the power to the high-
side switch in the buck converter, while its low-side switch is
connected with the power grid VSS nearby.

Next, the switching node (Vsw) of this regulator goes back
to the package and connects with one terminal of the inductor.
Thus, a pair of VIN–VSS pads are provided near VSW to reduce
the resistive power loss on the logic dies.

Finally, the other terminal of the inductor, VDD, provides the
regulated voltage 0.7 V through the backside PDN and distrib-
utes the power to the logic circuits nearby. The backside PDN
is formed by three backside metal layers BSM1/BSM2/BSM3,
and the backside metal layers BSM2/BSM3 can serve as
a high-density decoupling capacitor for the PDN using the
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Fig. 4. (a) Schematic of buck converter and (b) its in-package air-core
inductor (labeled with inductor dimension).

TABLE I

PARAMETER DESCRIPTION OF INTEGRATED AIR-CORE POWER INDUCTOR

2.5-D MIM capacitor technology in [5]. The backside PDN
option used here has advantages on lower energy and lower
IR drops [21]–[23], however, this system integration proposed
above is also compatible with the option of front-side PDN.
In this design, the interconnects VIN and VSW are only locally
distributed to reach the high-side or low-side power switches,
while the interconnects VDD and VSS are globally distributed
via a third RDL layer (RDL3) to distribute the power uni-
formly.

Fig. 4 shows the integrated buck converter with a detailed
dimension for its in-package air-core inductor. The process
parameters of this 3-D inductor including RDL layers, pil-
lars, and vias are shown in Table I. Some rules like RDL
thickness or spacing are defined by process limitations. In our
optimization below, we use default values of tRDL = 10 μm,

sRDL = 10 μm. We constrain the aspect ratio of pillar as 1.6:1.
For example, parameters with h p = 120 μm, Dp = 75 μm
are our default setting, and the scaling of minimal pillar pitch
follows the expression shown in (1). The inductor size is
determined by the pillar pitch in the x-/y-direction (xpitch,
ypitch)

pitch0 = 2 · Dp = 1.25 · h p. (1)

In order to fit each inductor unit (area = pgrid_xpitch ×p
grid_ypitch) into the power grid of HPC systems, whose
minimum VSSVSS power pitch is 400 μm, the designed pillar
pitch (xpitch, ypitch) should have discrete values.

There are two difficulties for in-package power inductor
design. First, coarse pillar pitch (≥150 μm) and large inductor
size are always required. It can be seen in Section IV that
the reason for large-size air-core inductor is that we need the
passive with large inductance (0.4–2 nH, reducing switching
frequency) and low equivalent series resistance (ESR) together
to optimize the circuit efficiency. This large passive component
would bring considerable power dissipation in backside PDN
as well. Moreover, for thin-package integration, the height of
the overall inductor is limited, this would bring the challenges
to design inductor with high inductance, as the negative
coupling is huge between RDL1 and RDL2 wire segments.

III. MODELING OF 3-D AIR-CORE INDUCTOR

For the model of the complete power supply-on-chip, it is
divided into three parts: power inductor, power converter, and
the PDN. Here we present the detailed model from power
device to power converter. First, the model of air-core inductor
is given as below, and it has been presented in [20].

For 2-D spiral inductor, it is quite precise to use Grover’s
and Greenhouse’s detailed formulas [24]–[26] for inductance
calculation. For an n-turn 3-D inductor shown in Fig. 4(b), vias
have <3% contribution for the overall inductance and their
cross-sectional area is very close to the pillars’. The pillars and
vias are merged to simplify the calculation. Now the inductor
consists of the pillars (height h�p = h p+hvia+ tRDL) and RDL
wire segments. Thus, the inductance evaluation includes 4n
self-inductance terms, 4n(n − 1) mutual-inductance terms for
wires in the same side, and 4n2 mutual-inductance terms for
wires in the different sides. Meanwhile, we want to model the
contribution from the PDN (RDL3). Thus, one term of PDN
self-inductance (LselfPDN) and 4n terms of mutual coupling
between the PDN and the inductor’s RDL wire segments
(MPDN,RDL) are considered.

For the self-inductance of the total 4n segments, we can
use Grover’s formulas. The dc self-inductance of a wire with
rectangular (2) or circular (3) cross section is expressed as
follows:

Lself(l, w, t) = 2l

(
ln

2l

w + t
+ 0.5+ w + t

3l

)
· 10−7 (2)

Lself(l, r) = 2l

(
ln

2l

r
− 0.75+ r

l

)
· 10−7 (3)

where l, w, t , and r are the wire length, rectangular cross
sections width, thickness, and circular cross sections radius,
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Fig. 5. Pair of segment wires, i and j : (a) perfectly coupling with each
other, (b) and (c) with an overlap, and (d) without overlaps.

respectively. In this way, we can solve the inductor’s dc self-
inductance, which includes pillars combined with vias (circu-
lar) and RDLs (rectangular). As the studied integrated power
converter operates within 300 MHz, dc inductance is precise
for the estimation [25].

Now we want to clarify the calculation rules for different
kinds of mutual coupling. As is revealed in [25], if two wire
segments are perfectly coupling with each other like Fig. 5(a),
their mutual-inductance can be computed from (4) to (6).
And Ml represents the mutual-inductance for two wires with
length = l, width = w, and pitch = d . For wire with circular
cross section (radius = r), we can use

√
πr as its wire width

Mi j = Ml(l, d, w) = 2l Q · 10−7 (4)

Q(l, GMD) = ln

⎡
⎣ l

GMD
+

√
1+

(
l

GMD

)2
⎤
⎦

−
√

1+
(

GMD

l

)2

+ GMD

l
(5)

GMD(d, w) = exp

[
Ind− w2

12d2 −
w4

60d4

− w6

168d6−
w8

360d8−
w10

660d10 − · · ·
]

(6)

where Q is the mutual-inductance parameter which is related
to the wire length l and wire’s geometric mean distance
(GMD). GMD is the function of wires’ pitch d and
width w.

For another mutual coupling in Fig. 5(b)–(d), the calculation
rule is shown in (7a)–(7c), respectively. Here, Ml (l = a, b,
c, a + b + c, a + b, b + c) is aligned with (4) and Fig. 5(a)

Mi j = 1

2
(Ma+b+c + Mb − Ma − Mc) (7a)

Mi j = 1

2
(Ma+b + Mb+c − Ma − Mc) (7b)

Mi j = 1

2
(Ma+b+c + Mb − Ma+b − Mb+c). (7c)

A. Evaluation of RDL1/RDL2’s Mutual Coupling

To simplify the inductor schematic, its top view is given
in Fig. 6. Equation (4) can be used to estimate the mutual
coupling between the pillars. We name the mutual-inductance
as Mpillar+ and Mpillar− for the pillar-pair in the same side and
the opposite side, respectively.

Fig. 6. In inductor design, relative position of (a) RDL wire segments in the
same layer, (b) RDL segments in different layers, and (c) PDN (simplified
with RDL3) and RDL2 wire segments.

For the mutual coupling in RDL wires, we need to count
in the wire pairs that are in the same side (MRDL+ : 2n2 − 2n
terms) and that are in opposite layers (MRDL− : 2n2 terms).
The relative position of each pair of RDL wires is quite
random. We need to figure out which case in Fig. 5 does
it belong to.

To deal with this difficulty, we use Algorithm 1 to determine
the required calculation rule. In Algorithm 1 and Fig. 6,
if two wire segments fit into Fig. 5(b)’s description, we give
a+i j , b+i j , c+i j and d+i j to present the relative positions of
two segments in the same RDL layer, and a−i j , b−i j , c−i j , and
d−i j are used to define the relative positions of two segments
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in the opposite RDL layers. When we detect that b+i j (or
b−i j) < 0, they move to Fig. 5(d)’s description. Finally, MRDL+
and MRDL− can be solved from steps 2–4 and steps 5–8,
respectively. We need to mention that MRDL− would become
positive when RDL angle α > 45◦.

Algorithm 1 Evaluation of RDL’s Mutual Coupling
Input: inductor dimension n, xpitch, ypitch, wRDL, tRDL, RDL angle α;
Output:RDLs’ mutual-inductance MRDL+ and MRDL− ;
1: Initialize MRDL+ = MRDL− =0;
2: for i = 1:(n-1)

for j = (i + 1):n
a+i j = c+i j = xpitch · sinα · ( j − i);
b+i j = ypitch/cosα − a+i j ;
d+i j = xpitch · cosα · ( j − i);

3: if b+i j < 0Mij follows case in Fig. 3d & Eq. (7d)
else Mij follows case in Fig. 3b & Eq. (7b)

4: MRDL+ ← MRDL+ + 4Mij
end

end
5: for i = 1:n

for j = 1:n
d−i j = sqrt (h

�2
p + (xpitch · cosα · (i − j − 0.5))2);

6: if α > 45o

b−i j = xpitch · sinα · ((i − j − 1) · (i > j) + ( j − i) · (i ≤
j)); a−i j = ypitch/cosα; c−i j = xpitch · sinα − a−i j ;

Mij is positive, and follows case in Fig. 3d & Eq. (7d)
7: elseif α ≤ 45o

c−i j = xpitch · sinα · ((i − j − 1) · (i > j) + ( j − i) · (i ≤
j)); b−i j = ypitch/cosα · cos2α − c−i j ; a−i j = ypitch/cosα − b−i j ;

if b−i j < 0 Mij (neg.) follows case in Fig. 3d & Eq. (7d)
else Mij (neg.) follows case in Fig. 3b & Eq. (7b)
end

end
8: MRDL− ← MRDL− + 2Mij

end
end

B. Mutual Coupling of RDL3 (Represent for
First-PDN-Layer) and RDL1/RDL2

In our technology, we have the RDL3 layer to serve as the
first metal layer in the PDN, it is spaced 10 μm vertically
to RDL2 (inductor’s top winding layer). As is mentioned
in Fig. 4(a), the 3-D inductor together with the PDN, resistive
loads, and the low-side power switches MN1/MN2 form the
close-loop current flow. The RDL3 wire, serving as the sim-
plified PDN structure, is used to compute the PDN coupling
to the 3-D inductor and have a better evaluation of the whole
inductance. For different architectures of the processor cores,
the PDNs could be quite different, leading to different resistive
power loss. However, the PDN resistive loss is out of our scope
here. As the inductor, the PDN load and the low-side switches
still form the close-loop current flow, we can use the simplified
RDL3 wire to calibrate the whole inductance.

In the model of RDL3’s self-inductance, xpitch or ypitch
can be used as the width of RDL3 wire to simplify the
calculation (we use ypitch here)

LselfPDN = Lself(n · xpitch, ypitch, tRDL). (8)

The mutual coupling of the RDL3 layer to RDL1/RDL2 is
the same as the case shown in Fig. 5(c). For example,
we give the relative position of RDL3 and RDL2 (simplified)
in Fig. 6(c). Due to the vertical placement of three RDL

Fig. 7. Detailed inductance breakdown (winding n = 2).

layers, parameter w in Fig. 5(c) is equal to tRDL here. Thus,
MPDN,RDL can be deducted from (7c). Summing the self-
inductance contributed by each inductor segment the PDN,
together with the mutual-inductance between every pair of
segments discussed above, the total inductance for 3-D air-
core inductor is obtained.

The coupling of the RDL3 wire to the inductor can be
important when the angle α is quite large (narrow ypitch).
Fig. 7 provides the inductance breakdown of this 3-D inductor
with winding n = 2. For an inductor with a size = 1.2 mm ×
0.8 mm (small angle α), the RDL3 wire (mimicking the PDN)
has a small impact on the whole inductance (only 4%). When
the 3-D inductor shrinks and has a smaller inductance and a
larger α (size= 1.2 mm× 0.4 mm), the mutual coupling of the
RDL3 wire becomes important, leading to a larger contribution
to the whole inductance computation.

C. Modeling of AC ESR

In the meanwhile, we need to compute the copper loss, and
it is related to the inductor’s ESR. The dc resistance, which
includes the pillars, vias, and RDLs, is shown in (9). Here,
lRDL, wRDL, tRDL, h p, Dp, hvia, and Dvia are the dimensions of
each segment and they are shown in Table I. Taking the skin
effect into consideration, the ac resistance at kth switching
frequency harmonic–Rac,k can be solved with [27]. In (10),
zeros, poles (zi , pi) and lump (number of zero-pole pairs) are
used to define the behavior of the ac impedance

Rdc = 2n ·
(

ρCu
lRDL

tRDL ·wRDL
+ ρCu

4hvia

π D2
via

+ρCu
4h p

π D2
p

)
(9)

Rac,k = real

(
Rdc

∏lump
i=1 (1− j2π fk/zi )∏lump
i=1 (1− j2π fk/pi )

)
= αk · Rdc. (10)

D. Comparison: Modeling Versus Simulation Results

In order to prove the effectiveness of our method, we com-
pare its calculated result with the simulation result from
3-D Electro-Magnetics High-Frequency Structure Simulator
(HFSS) based on the finite element method (FEM) (simulated
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Fig. 8. With the inductor length along x-direction equals to (a) 0.8 mm and
(b) 1.2 mm, the inductance comparison between theoretical calculation and
HFSS simulation results at 200–300 MHz.

inductance at 200–300 MHz) [28]. The proposed buck con-
verter has 0.4–2 nH inductance and operates within 300 MHz
(see Section IV, VOUT = 0.7–0.9 V). Thus, we provide the
theoretical data within this range, and they fit simulation
results well. From Fig. 8, we can find that our method behaves
simpler, and its computation error is within 12% for inductor
design with 2–4 turns.

In Fig. 9, we can see that the estimated ac ESR has a
maximum error of 25% for a wide range of f < 800 MHz.
As will be shown in Section IV, this large error for ac ESR at
the high frequency has limited impact on loss calculation of
the converter.

IV. MODELING AND OPTIMIZATION OF A

FULLY-INTEGRATED BUCK CONVERTER

First, we want to analyze the inductor’s copper loss. Accord-
ing to [29], if we assume the slope of inductor current as
constant (IDD as its dc component), the inductor current
amplitude Ik at the kth switching frequency harmonics, and
the total copper loss is shown in the following equations:

Ik ≈ r · IDD · sin(Dπk)

(πk)2 · D · (1− D)
(11)

PESR = Rdc I 2
DD +

kmax∑
k=1

Rac,k I 2
k /2 (12)

where r is the ratio of inductor’s current ripple to output
current IDD. From Table II, we find that: if the fundamental

Fig. 9. Results of ac resistance for the inductor with (a) n = 2,
xpitch = 400 μm and (b) n = 3, xpitch = 300 μm.

TABLE II

COMPARISON OF DC AND AC COPPER LOSS

frequency f = 300 MHz, the third switching frequency
harmonics only contributes ∼2% of ac copper loss. Thus,
only the first and second switching frequency harmonics are
taken into the calculation of ac copper loss to simplify the
calculation.

Next, we will discuss about the power switches in the buck
converter. The power losses in the switches and 3-D inductors
should be combined to evaluate the overall efficiency. If only
the inductor’s efficiency is evaluated, it has η > 98% in high-
frequency operation, while the resulted switching loss would
destroy the whole performance [29]. For the gate driver shown
in Fig. 4(a), generally the power losses in the switches consist
of: 1) conduction loss; 2) gate-charging loss; 3) switching loss;
4) output capacitance loss in switches; 5) reverse recovery loss
in the body diode; and 6) deadtime loss. In [20], only the first
two losses are included into the analysis, which underestimates
the total power losses. We refer to [30] to obtain more accurate
power losses in the power switches. The total losses in the
power switches (PSW) can be deducted from [30], which is
related to the switch sizes. We define WP and WN as the
widths of high-side and low-side power switches, respectively,
and the minimum channel length is used by default.
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Fig. 10. Optimization flowchart of a buck converter with air-core inductor.

TABLE III

INDUCTOR DESIGNS

Combing the total power losses in the 3-D inductor in (12),
we use the flowchart in Fig. 10 to optimize the system effi-
ciency. First, we sweep the inductor key parameters (xpitchi ,
ypitchi , ni ) and the power switches’ widths (WPi , WNi ). For
each inductor design, we use the inductor model in Section III
to solve the inductance L and the resistance Rdc. Following
the link between the inductor device (with value L) and the
power switches (with switching frequency f ), which is shown
in (13), we find out the optimized power loss by sweeping the
parameter f or r :

L · r IDD = VDD(1− D)

f
. (13)

Following the design methodology given above, the opti-
mized parameters (xpitch, ypitch, n, WP , and WN ) can be
deducted for a fixed design with target power density, VIN

and VOUT. When the output load is lower, the switch size
(WP , WN ) should be smaller to reduce the related losses
for better system efficiency [31]. A larger input voltage VIN

means a larger gate-drive voltage |VGS| = VIN/2 for the
switches, which allows a smaller switch size for the equivalent
ON-resistance. This is shown in Fig. 11 with an exam-
ple of a 0.5 ratio buck converter with a three turn,
1.2 mm × 0.8 mm-size inductor and 28 nm CMOS.

In Table III, we list the inductor designs identified on the
Pareto front based on the optimization method above. The
results in Figs. 12–14 are based on those inductor designs.

Fig. 11. Normalized switch size for different power density and the
output VDD (normalized by the case with 1 W/mm2 power density and
VDD = 0.7 V).

Fig. 12. Optimized η-P performance for a 0.5 ratio buck converter with
VDD = 0.9 V based on 65/28 nm CMOS.

A. Dependency on CMOS Technology

Fig. 12 gives the optimized results for a converter with
VIN = 1.8 V and VOUT = 0.9 V (VCR = 0.5). We find that
inductor designs with n = 2, 3 are preferred. To optimize η
at a particular power density ranging from 1 to 5 W/mm2, a
0.5 ratio buck converter can have η = 88.5% and 83% based
on 28 nm CMOS and 65 nm CMOS, respectively. As the
converter always operates in f = 50–300 MHz, the Q-factor
for inductor (e.g., inductor B) reaches 35 at 300 MHz.

For buck converter’s dependency on CMOS devices, we find
that: less advanced CMOS technology (65 nm) requires
larger inductance value to allow the converter to operate at
a lower frequency range. For instance, for a given power
density = 1.5 W/mm2 with a less advantage CMOS (65 nm),
the optimized circuit frequency is 90 MHz (2× times lower),
and inductor A with a higher inductance is required. This
optimizes the power efficiency with a mitigated power loss
in the switches.

B. Loss Breakdown

Fig. 13 shows the loss breakdown based on some particular
inductor designs at a 1 W/mm2 power delivery (its operation f
is optimized automatically). Both inductors A and B are good
designs for the buck converter. We find that the total power
losses in the inductor and the switches need to be balanced to
optimize the overall efficiency, otherwise it would ruin the
whole system efficiency (inductor design C in Fig. 13 for
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Fig. 13. With 1 W/mm2 power density, the loss breakdown of a 0.5 ratio
buck converter (VDD = 0.9 V) based on (a) 28 nm and (b) 65 nm CMOS.

Fig. 14. Optimized η-P performance for a 0.5 ratio buck converter with
VDD = 0.7 V based on 65/28 nm CMOS.

instance). For inductance selection, it is quite related to the
switching frequency and the winding ESR. The optimal value
is close to 1 nH based on our design methodology.

C. Dependency on Output Voltage-VDD

Next, the power efficiency at a lower VDD = 0.7 V is
investigated. From Fig. 14, the power efficiency of the buck
converter keeps 88.5% and 83% based on 28 nm CMOS and
65 nm CMOS, respectively, and it is almost the same as the
one with higher VDD in Fig. 12. Compared with the condition
with higher VDD (0.9 V), it allows the use of smaller L.

For example, if the converter operates at 1.5 W/mm2 based
on 65 nm CMOS, inductor A (L = 1.1 nH) is required when
VDD = 0.9 V. However, it is suggested to use inductor B
(0.76 nH) when VDD scales to 0.7 V. It can also be predicted
from (13) that a lower L can be designed for a lower output
voltage VDD.

V. CONCLUSION

In this work, we propose an analytical model to optimize
the integrated buck converters using 3-D in-package air-
core inductor. For this integrated inductor with pillar height
h p = 120 μm and a minimum pillar pitch of 150 μm, its
Q-factor can achieve 35 at 300 MHz. Based on our design
methodology, the overall efficiency of a buck converter is opti-
mized. This provides the optimized design parameters for both
the inductor device and the circuit. Moreover, the converter’s
dependency on CMOS technology and output voltage VDD is
investigated. It shows that the output voltage has a limited
effect on circuit performance, and a 0.5 ratio buck converter
with 1–5 W/mm2 of power density achieves an efficiency
η = 88.5% and 83% based on 28 nm CMOS and 65 nm
CMOS, respectively.
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