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Silicon Capacitors:
The Future of Mobile SoC
Power Delivery?

Silicon capacitors are trending up when it comes to high-performance decoupling.
Learn more about how these components could help optimize the “last inch” of power

delivery to mobile SoCs.

n smartphones, IoT devices, and similar high-perfor-

mance applications, power delivery is becoming the dif-

ference maker. Supplying power smoothly and efficiently

over the “last inch” of the power distribution network
(PDN)—immediately before it hits the application proces-
sor—is arguably the biggest challenge facing systems engi-
neers today.

The challenge stems from the high-frequency power de-
mands of these very high-performance chips. As one of the
most basic and fundamental components in electronics,
capacitors are the go-to component for smoothing out the
rapid delivery of power to these mobile SoCs, and they're
used in large quantities across a variety of such designs.

While traditional multilayer ceramic capacitors (MLCCs)

have fulfilled the requirements thus far, stricter constraints
on power density are challenging the existing model.!

As system engineers look to deliver on their promises for
higher performance in smaller form factors, provisioning
the most efficient power decoupling solution is critical.

In this article, we examine the decoupling requirements
of a typical mobile-phone design and the electrical param-
eters that are critical in the choice of components, as well as
make the case for integrating decoupling capacitors to SoC
substrate. We then further discuss how E-CAPs can effec-
tively improve the performance of SoCs compared to tradi-
tional MLCCs.!

Smartphone Development Trends

As technologies continue to improve in 5G, foldable dis-
plays, and Al, the smartphone industry is expected to con-
tinue advancing rapidly in the coming years.

Several analysis firms predict the following evolutionary
trends for smartphones in the next few years:

A A
1 20A
15A
0.5V
10A
Current
0.3V 5A
130nm 65nm 28nm 10nm 5nm
2002 2007 2012 2016 2020

1. The chart shows the xPU operating voltage/peak current trend with

advanced process. Empower

» More powerful computing resources: Clock frequencies
have increased by 30%, and ML benchmark scores have
increased by 3.2X in the past three years.

« Continuous integration of functional blocks: Baseband,
ISP, game acceleration, and neural-network units have
been integrated to mobile phones. Support for functions
like AI on the edge along with advances in biometrics,
AR, and VR are expected to be added soon.

« Higher bandwidth memories for higher computing re-
sources will follow the same trend as in AI computing.

o Longer battery runtime is needed, driving new materials
and power-efficient SoCs.

« Foldable phones are likely to continue to develop, offering
users a larger display that can be folded for portability.

Challenges in Power Design
Smartphone SoCs need to integrate more transistors
while reducing power consumption to meet the stated re-
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2. This diagram shows the input voltage window for integrated cir-

cuits. Empower

quirements. To achieve that goal, manufacturers need to use
more advanced semiconductor processes, and larger chips,
which bring about three important challenges to power de-
sign.

The first challenge is the stringent noise requirement for
advanced processes. Operating voltages for computer chips
are shrinking. With an increasing number of transistors, the
peak current demand is becoming larger. Figure I shows the
trend of the change in operating voltage and current over
the past 20 years.

Figure 2 and Equation 1 illustrate the allowable power
noise for the processor core voltage. A large part of the per-
formance depends on the quality and speed of digital com-
munication between the different parts of the system. Hence,
the noise immunity is driven by signaling logic levels.

Higher noise tolerance (Vyy and V) leads to better
noise immunity. However, lower operating voltages drive
the high and low signal windows to be smaller, resulting in
the chips being more sensitive to power-supply noise.’

Vg = Vou — Vin

Vi = Vi, = Vo (1)

Where:

Vg is the high signal noise tolerance.

Vop is the minimum output high voltage.

Vip is the minimum input high voltage.

Vi is the low signal noise tolerance.

Vo is the maximum output low voltage.

V. is the maximum input low voltage.

The second challenge is to handle fast dynamic loads.
Modern processors run highly dynamic workloads, such
as running large AI algorithms on demand. In general, for
portable applications, execution of tasks is completed as fast
as possible at peak performance, followed by long periods
of lower performance states, driven by the need to increase

battery life. For such applications, the peak current swings
become significant, with instantaneous peak processor cur-
rents of up to 30 A in 10 ns becoming the norm. This results
in extremely challenging (di/dt) current transients.!

The latest SoC requires power-supply ripple to be at the
level of 15 mV or less, driven by the lower supply voltages
and noise margins. Power-supply specifications typically in-
clude accuracy, transient, and output-voltage ripple targets.
In addition, multiple application notes have been published
that also highlight the need for power integrity (PI) analy-
sis.?

The third challenge comes from the size. To support
stronger computing performance, manufacturers are also
increasing the chip size. However, this leads to increased
power consumption of the SoC and shrinking space for the
power supply.

All of the above means that the power supply should pro-
vide more power, less noise, and support larger dynamic
loads in a smaller area. This sets very strict requirements for
power-supply quality.

Overcoming the Power Challenges

Power engineers have come up with many ways to address

the power challenges, including the following methods:

o Adaptive voltage scaling (AVS), multi power domain,
and power gating technology: These approaches supply
each necessary individual processor domain on a SoC
with just enough voltage so that it can deliver the re-
quired performance while minimizing power consump-
tion per task.

* Increasing the number voltage-regulator phases: In a
multiphase regulator, the effective ripple frequency is
multiplied by the number of phases, with each phase
supplying a reduced current ripple to the output capaci-
tors shifted in time. These combined properties make it
possible to reduce the output ripple without increasing
the output capacitance.2

* Increasing voltage-regulator switching frequency: This
is the holy grail of switching regulators. One benefit
is to significantly increase the power density. It allows
the power supply to be placed much closer to the load.
Another benefit is that increasing the frequency widens
the voltage-converter bandwidth, resulting in smaller
voltage droop, and orders of magnitude faster recovery
during fast load transient. For example, Empower’s IVR
technology offers the industry’s highest switching fre-
quency, which enables 4X size reduction and 10X faster
transients.

« Close decoupling of the processor: The benefits of plac-
ing decoupling capacitors close to the load are critical.
It significantly shortens the decoupling path, greatly re-
duces the parasitic parameters, and thus means that the
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3. The diagram demonstrates
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AC impedance seen by the load will be greatly reduced.
The first three methods are widely known to substantially
reduce the power noise and average power usage. This ar-
ticle focuses on how to design a good decoupling capacitor
and solutions that help improve the PDN performance.

The Risk with Parasitic Parameters

Real-world electronic components aren’t ideal, and they’re
saddled with parasitic parameters along with the compo-
nent’s primary electrical parameter.

Parasitic parameters can cause dynamic voltage droop
during fast dynamic transient and increase power noise. To
ensure the IC is working properly, engineers need to make
sure the operating voltage along with the noise spikes are
always within window of the maximum and minimum sup-
ply-voltage specifications. Often the noise is due to fast tran-
sients that cause voltage droops, needing a higher nominal
supply voltage. Referring to Equation 2, this will result in an
increase of power consumption.*

(see equation 2 below)
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Where:

o P, is power loss of the chip.

o Pguic Is static steady loss. Relates to the input voltage
and the leakage current.

o Pg,iicn is switching loss. Relates to load capacitance, the
square of the input voltage, the operation frequency, and
the activity factor k, which is proportional to the power-
supply noise.

o P+ is short-circuit loss. Not only relates to the input
voltage and short-circuit current, but also correlates to a
factor caused by the rise and fall speed.

Considering these factors, adequate decoupling is needed
to reduce supply voltage and power consumption. Equa-
tion 3 is the voltage drop during load transient* based on
the parameters of the decoupling capacitor. To minimize the
dynamic voltage droop, ESL should be as small as possible,
and Cy should be large to keep the ratio of ESL/Cy small.
By optimizing the PDN, the dynamic voltage droop can
be reduced, and hence the power loss. Thus, a good
decoupling capacitor with the lowest par-asitics in the
right location is the key to optimize the PDN.

(see equation 3 below)
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Decoupling for Mobile SoC
Reference 1 discusses the importance
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4. Decoupling capacitors are located in between package balls on a mobile-phon

left is a Snapdragon 888 and on the right is a Dimensity 9200. Empower
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5. This shows the height limit for a mobile-phone SoC substrate bottom decoupling. Empower

ments as shown in Figure 3.

To obtain the target impedance curve, it's necessary to ex-
tract all of the trace parameters in the network and perform
simulation with the PDN capacitors. This article doesn’t go
into the details of the parameter extraction process, but it
does directly use the parameters from a design case to com-
pare the effects of different capacitors.

There are many locations to place the decoupling capaci-
tors (Fig. 3, again). As described by Equation 3, a decou-
pling capacitor with a low ESL-to-capacitance ratio should
be placed as close to the load as possible. For a typical SoC,
it’s optimal to embed the decoupling capacitors into the SoC
substrate, as this is the closest to the load, followed by plac-
ing them on the bottom of the substrate.

With technology continually maturing, advanced pack-
aging capabilities have enabled mobile SoC manufacturers
(Fig. 4) to integrate decoupling capacitors on the package’s
landing (bottom) side. These capacitors provide the optimal
power integrity during fast and large transients, due to the
shortest path (and hence lowest parasitics) to the supply
pins of the SoCs. Such integration helps in managing larger
transient currents by reducing the PDN impedance and si-
multaneously simplifying the PCB level design.

Due to the need for portability while offering rich func-
tionalities, every component in a mobile phone needs to be
extremely compact. Therefore, unlike the PCB-mounted ca-
pacitors or general CPU bottom-mounted capacitors, there
are strict size and height requirements for capacitors placed
on the substrate bottom of a mobile phone’s SoC.

As shown in Figure 5, due to the height restriction of the
BGA balls, it’s preferred that the total height of capacitors
on the substrate bottom not exceed 100 um after soldering.
Besides, the board area should not exceed 1 mm? to avoid
removing too many BGA balls.

From Equation 3, we know that good decoupling capaci-
tors require a small ratio of ESL to capacitance. However,
as pointed out in Reference 1, the inherent ESL of MLCCs
is quite large. The effective ca-pacitance is also much
lower than preferred in wultra-thin situations. These
characteristics conflict with the demand to reduce the
power droop and noise.

Emergence of E-CAP

E-CAP is an example of a silicon-based capacitor that’s
ideally suited to meet the requirements outlined earlier. E-
CAP is based on a high-precision, deep-trench, silicon-wa-
fer process. This process significantly reduces the basic unit
size of capacitors. In turn, there’s an order-of-magnitude re-
duction in the length of internal electrode plates and, conse-
quently, a similar order-of-magnitude reduction in ESL. By
connecting hundreds or thousands of silicon capacitor units
in parallel to form a single high-capacity E-CAP, the ESL is
further minimized.

In addition, silicon capacitors exhibit no variation due to
voltage bias, as well as negligible temperature and aging deg-
radation. Silicon capacitors also offer dramatically improved
product reliability, driven by the use of a limited number
of materials, a proven silicon fabrication process, and chip-

MLCC Empower E-CAP 6. The table compares

Part number 0204, LW 0202, 4T, ultra-low-profile
reversed, low ultra-low EC1004 EC1005 EC1006 MLCCs and E-CAPs.
profile MLLCC  profile MLLCC Derating is at 0.75 V,

Dimension 0.5x 1.0 mm 06x06mm | 064x05mm 3.7x3.1 mm 1.3x0.5mm  go°C. Empower

Thickness 110 um 90 um 75 um <100 um <100 um

Vop 40V 40V 20V 15V 1.5V

Cra N%%;)F - N%%jf * | 2300F £ 17% 167 uF 750 nF

Cpzmtey ng%jf - Nzg%o‘f * | 2300F £ 17% 167 uF 750 nF

ESL ~70 pH ~40 pH <10 pH <1 pH 2 pH

ESR ~20 mQ ~20 mQ <20 mQ <3mQ 11 mQ
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7. This is a typical mobile-phone SoC power-distribution network. Empower

8. The table presents

Part number

Description

Quantity

the PDN requirement PCB PDN ] ]
and parts listforahigh-  design target Impedance less than equivalent RL model (1.5Sm + 20pH) in 1M — 100 MHz:
end mobile phone SoC. VR inductor GLULMR2201A 220nH, 9mQ, 2.5x 2.0 x 4 pes
Empower 1.2mm
Bulk caps GRMI188R60J476ME1LS | 6.3V, 47uF, 0603, ML.CC 1 pcs
GRMI188R60J226MEAO | 6.3V, 22uF, 0603, ML.CC 2 pes
GRMI155R60J106ME1S | 6.3V, 10uF, 0402, ML.CC 2 pes
Za ESL, ESR 350pH, 850uQ
PCB GRMI188R60J476ME1LS | 6.3V, 47uF, 0603, ML.CC 1 pcs
decoupling GRMI188R60J226MEAO | 6.3V, 22uF, 0603, ML.CC 1 pes
caps GRMI155R60J106ME1S | 6.3V, 10uF, 0402, ML.CC 3 pes
GRMO35R60J475ME15 | 6.3V, 4.7uF, 0201, MLCC 2 pes
GRMO33R60J225ME15 | 6.3V, 2.2pF, 0201, MLCC 3 pes
GRMO22R60G105MEO | 6.3V, 1uF, 01005, MLCC 3 pes
1
Zp ESL, ESR 4pH, 80uQ
Package 0202, 4T, ultra-low 4V, 220nF, 0202, MLCC 1 pes
decoupling MLCC
caps EC1004, replace 0202 2V, 230nF, 0.64 x 0.5mm, 1 pes
MLCC ECAP
Zc ESL, ESR 25pH, 650p0Q
Die cap 60nF, 15010 \

scale packages.

Figure 6 compares the parameters of commonly used de-
coupling MLCCs for mobile SoC packaging with the Em-
power E-CAP for high-performance computing. It shows
that E-CAP can provide several times higher effective ca-
pacitance in unit area and 100X lower ESL of MLCCs.

E-CAP Improves Mobile SoC Power Integrity

The previous sections discussed the development trends
of mobile phones, which further highlights the importance
of decoupling for mobile-phone SoCs. This section discuss-
es how performance improves by integrating E-CAP in the
substrate bottom compared to MLCCs based on actual mo-
bile phone design.

Figure 7 shows a typical PDN from the voltage-regulator
module (VRM) to the load point. For processors based on
TSMC’s 7-nm process, the typical PDN requirements and
parameters for the APU and CPU are shown in Figure 8.

Based on these parameters, we use SIMetrix-SIMPLIS to
perform impedance and transient simulations to compare
the differences between E-CAP and MLCC as the package
decoupling caps. They’re mounted in the same location on
the bottom side of the substrate.

Figure 9 reveals the impedance simulation results with
the same PCB components, but only the substrate bottom
capacitors are changed. It’s clear that the PCB level imped-
ance (in pink) meets the SoC’s design target. By comparing
the blue and green curves, the impedance near 100 MHz is
reduced substantially by using E-CAP, and the maximum
impedance with E-CAPs (74 mQ) is only 40% of that with
MLCCs (188 mQ).

Figure 10 shows the transient response simulation of a 0 to
20 A in 10 ns on the left, and on the right side is the zoom in
view of the transient spike. After using E-CAP, the transient
droop decreased from 167 to 142 mV, a 15% reduction. As
pointed out in Equation 2, power-supply noise may affect
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the processor’s power consumption. According to simula-
tions from cellphone manufacturers, a 15% noise reduction
may increase battery usage by 3% to 5%. This improvement
was achieved by simply replacing a capacitor, and it requires
minimal effort.

Opverall, silicon capacitors such as E-CAPs significantly
improve SoC power transient noise versus MLCCs. But this
example replaces capacitors in only a single location. If all
power-supply decoupling is similarly addressed, there’s po-
tential for even larger gains in power integrity and a result-
ing improvement in mobile performance and battery life.
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er electronics, working for leading aerospace and ICT com-
panies. He’s contributed to many innovations, including the
applications of new topologies and new HEMT devices. Fu
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10. The charts show the transient response comparison between E-CAP and MLCC. On the left is the transient response of 0 to 20 A in 10-ns

dynamic load. On the right is a zoomed in view of the transient spike. Empower
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