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Design Space Exploration of Distributed On-Chip Voltage
Regulation Under Stability Constraint
Xin Zhan , Joseph Riad, Peng Li, and Edgar Sánchez

Abstract— Integrating multiple on-chip voltage regulators in a power
delivery network (PDN) can offer promising improvements in both volt-
age regulation and power efficiency. However, the complex interactions
between active regulators and the surrounding parasitic passive network
create a large number of feedback loops and thus cause stability concern
for the distributed regulation network. The recently emerged PDN design
methodology based on the hybrid stability theory (HST) provides a unique
opportunity for taming the complex PDN stability problem. However,
the HST-based stability margin is unfamiliar to circuit designers, and
therefore stability-constrained design intuitions are derivable. In this
brief, our systematic analysis reveals unique design considerations which
can significantly impact the system-level stability and performances.
Within a large design space, a comprehensive set of design studies are
conducted to shed light on the tradeoffs between the HST-based stability
margin and other PDN design specifications such as the quiescent current
consumption, maximum switching noise, and area overhead. Useful design
insights like how regulator topology, passive decoupling capacitance,
and the number of on-chip regulators may be optimized for improved
tradeoffs between stability and system performance are discussed. These
insights can aid circuit designers to make appropriate design choices at
the beginning of the design process for improved system tradeoffs.

Index Terms— Distributed on-chip voltage regulation, low
dropout (LDO) regulator, power delivery network (PDN),
stability, voltage regulators.

I. INTRODUCTION

Power delivery design plays a critical role in ensuring power
delivery integrity. And it is well known that deploying multiple
on-chip voltage regulators on the die in a distributive manner
can provide appealing benefits in both power supply quality and
power efficiency [1], [2]. However, designing such a system with
guaranteed stability is challenging since the complex interactions
between active regulators and the surrounding resistor, inductor, and
capacitor (RLC) network cause stability concern [3].

The phase and gain margins are widely adopted by IC designers as
they can quantify the stability of the feedback loop in each voltage
regulator, e.g., a low-dropout (LDO) regulator. However, they are not
applicable to the distributed on-chip regulation system with multiple
interregulator loops and may generate completely misleading results
about stability [3]. Recently, a stability-ensuring power delivery
network (PDN) design approach [3], [4] based on the hybrid stability
theory (HST) [5] is developed to cope with the complex stability
problem of distributed on-chip voltage regulation and enable efficient
localized PDN design. However, the HST-based stability margin
combines two system properties—the system gain and passivity—
to access stability. As helpful as it is, the new stability margin is
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Fig. 1. General negative feedback interconnection of two MIMO subsystems.

unfamiliar to circuit designers and, as a result, the above design
approach cannot offer much intuition to designers.

In order to offer design intuitions about the HST-based design
of PDNs, this brief aims to systematically explore the relationship
between key circuit-level parameters and the hybrid stability metric.
We identify several important PDN design parameters which can
significantly influence the system-wide stability metric and other
design specifications; namely, regulator topology, on-chip passive
coupling capacitance, and the number of regulators. Being aware
of these key parameters and their impact on the overall PDN
performance can help IC designers make informed design choices
at an early stage. After studying the effect of each design parameter
separately, extensive studies are conducted to bring together all the
previous cases and explore the circuit design tradeoffs. This brief is
concluded by summarizing all the new design insights obtained from
the HST-based design studies. Circuit designers can make use of these
meaningful design insights to improve the overall PDN tradeoffs.

II. PDN DESIGN METHODOLOGY BASED ON HST
The hybrid stability theorem (HST) [5] provides an efficient and

reliable stability checking solution for distributed on-chip regulation
system. We first lay out the theoretical framework of HST then its
application to PDN systems.

A. HST Framework and Hybrid Stability Metric
The HST is built on the L2[0, ∞)-space defined as:

L2[0, ∞) = {u : R
+ → R

m | ∫ ∞
0 uT (t)v(t)dt < ∞}, where

u is a vector function of time. A system is said to be L2 stable
if for any input e ∈ L2 the corresponding output y ∈ L2. HST
considers the L2-stability of a feedback system consisting of two
multiple-input-multiple-output (MIMO) blocks as shown in Fig. 1.
It provides a sufficient frequency-wise stability condition for such a
system based on two system properties, namely, gain (denoted as γ )
and passivity (denoted as δ). The frequency-wise γ (ω) and δ(ω) can
be computed based on the system transfer matrix [3].

Theorem 1 (Hybrid Stability Theory): The negative feedback
interconnection of the blocks G : L2[0, ∞) → L2[0, ∞) and
H : L2[0, ∞) → L2[0,∞) is L2-stable if for all frequencies at least
one of the following conditions is met:

1) passivity condition: δG(ω) > 0 and δH(ω) > 0;
2) gain condition: γG(ω)γH(ω) < 1.
In [3], the measurements of δG(ω), δH(ω) and γG(ω), γH(ω)

are combined in a hybrid stability margin HSM(ω). At a certain
frequency ω, its value is positive if at least one of the above two
conditions is satisfied. Then, a global HSM which quantizes the
stability of the entire system is defined as HSM = inf∀ωHSM(ω).
According to Theorem 1, the system is stable if HSM is positive.

B. PDN Application
To apply HST to solve our PDN problem, Lai et al. [3] proposed

to partition the entire PDN as illustrated in Fig. 2(a): all the active
1063-8210 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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Fig. 2. Partition the PDN into a negative feedback system. (a) System
model and (b) block diagram where iG = [i1,G, i2,G]T , iH = [i1,H, i2,H]T ,
vG = [v1,G, v2,G]T , and vH = [v1,H, v2,H]T .

Fig. 3. Demonstration of the HST-based PDN optimization flow.

voltage regulators are contained in the G block while the remaining
passive elements including power grids and PCB/package parasitics
are pushed into the H block. Note that there are two different
interfaces between the G and H blocks: the input pins of the
regulators are connected to the global VDD grids while the output
pins of the regulators are connected to the local regulated VDD grids.
If we model G with an admittance transfer matrix and model H with
an impedance transfer matrix, a system-wide negative feedback loop
can be identified in the block diagram in Fig. 2(b).

Partitioning the entire PDN into the above negative feedback
interconnection allows us to apply HST to examine the stability
of PDN system. Besides, separating the active regulators from the
passive network enables us to spend only a one-time effort to
characterize the gain and passivity of the bulky RLC circuit. This
provides appealing benefits when the design of the regulators needs to
go through several iterations to meet certain specifications on stability
and performance. Based on these considerations, efficient stability-
ensuring PDN optimization flows in [3] and [4] are proposed where
HSM is adopted as a system-level stability metric. A simplified flow
is demonstrated in Fig. 3 allowing joint optimization between stability
and other design specifications such as regulation performance, power
efficiency, and area overhead.

III. PDN DESIGN STUDY: TRADEOFFS BETWEEN

STABILITY AND PERFORMANCE

A. Motivations
Appealingly, the HST-based optimization approach provides a

basis for efficient PDN design with guaranteed system-level stability.
However, there are two strong needs from a designer’s perspective.
First, the HST-based methodology cannot offer much design intuition
since it mostly serves as a black box. For example, it takes the initial
PDN design as the input and after the optimization it outputs a certain
PDN satisfying all the specifications on HSM and performances.
Therefore, it is pressing to conduct systematic study to interpret the
complex relationship between the HSM and key design parameters.
Second, by leveraging the HST-based design approach, it is pressing
to explore new design insights which cannot be obtained from
conventional design methodologies. These useful design insights will
improve PDN design tradeoffs and minimize design iterations.

B. Important Design Parameters for PDN Tradeoffs

We identify several important design parameters within the large
PDN design space which are influential on the hybrid stability of the
system and other design performance metrics.

1) LDO Design Parameters: For a specific LDO topology, impor-
tant transistor-level parameters can be adjusted to ensure stability and
optimized for performance. For example, through transistor sizing and
tuning compensation capacitors, the unity-gain bandwidth (UGB) of
LDO can be effectively controlled. This UGB change will in turn
affect G’s admittance transfer matrix G( jω) and further alter γG(ω)

and δG(ω). To be more specific, the elements in G( jω) have small
magnitudes after UGB and this will be reflected on γG(ω) as it is in a
sense of admittance. Besides, our experimental results show that the
G block usually exhibits a positive δG(ω) in a high frequency band
above UGB. Therefore, this category of circuit modification will not
only affect the regulation performance of each LDO, but also alter
the hybrid stability of the whole system.

2) LDO Topology: Another important degree of freedom in the
design comes from the choice of LDO topology. From the hybrid sta-
bility point of view, G blocks with different LDO topologies exhibit
different characteristics in γG(ω) and δG(ω) and thus constrain the
design process in different ways. On the other hand, a judiciously
chosen LDO topology facilitates stability-ensuring PDN design while
meeting all other specifications in power and area overhead.

3) On-Chip Decaps: As well known, inserting on-chip decoupling
capacitances is beneficial to suppress the high-frequency switching
noise as well as the mid/high-frequency impedance peaking due to
off-chip inductive parasitics [6]. From the HST perspective, the sup-
pressed resonance peaking will be reflected on the gain of the H block
since H( jω) is an impedance matrix. This gives another important
degree of freedom for the design from the side of passives.

4) Number of LDOs: Having more LDOs would make them a
stronger regulation system as they can share work loads to respond
to sudden changes in load current requirements. However, recall that
the stability issue comes from the inter-LDO interactions. Varying
the number of on-chip LDOs alters the inter-LDO coupling strength
and therefore may affect the system stability.

In the rest of this brief, a comprehensive set of design studies
will be conducted to reveal the specific impacts of the above design
factors on the overall PDN design tradeoffs. New design insights
coming from those experiments will be discussed.

IV. EXPERIMENTAL RESULTS AND ANALYSIS

The HST-based PDN optimization flow [4] is adopted to con-
duct the PDN design study. It is implemented using C/C++ and
the APPSPACK 5.0.1 optimization package [7]. A standard 90-nm
CMOS technology is used to design a number of LDOs. The same
PCB/package model in [8] is adopted. Since the stability must be
maintained under all load conditions and the worst case stability for
each LDO usually happens at light load condition, we use the light
load as the operating point to characterize stability and HSM.

A. Impact of LDO Topology
It is well understood how the LDO topology with certain gain and

phase characteristics impact the gain/phase margin of a single LDO
circuit. However, the gain/phase margin-based approach is incapable
to predict or analyze the system-level PDN stability in terms of LDO
topology. By virtue of the HST-based PDN optimization flow, we gain
the following new design insight: integrating multiple LDOs with
high loop gain and UGB may lead to deteriorated hybrid stability of
the entire PDN. Intuitively, this is because higher loop gain and UGB
contribute to an increased gain of the G block (represented using
admittance transfer matrix), and hence make the gain condition more
difficult to satisfy.

To see this, we compare three different LDO topologies as in Fig. 4.
Based on a flipped voltage follower (FVF) structure, the first LDO [9]
(denoted as FVF LDO) achieves fast load regulation and high
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Fig. 4. LDO topologies adopted in the experiments. (a) FVF LDO [9],
(b) AB LDO [10], and (c) ML LDO [11].

Fig. 5. (a) γG for different LDO topologies. (b) Design space exploration
for different LDO topologies. CostLDO and FOMLDO are normalized to the
maximum values among all 60 designs.

bandwidth. However, it is limited by its relatively weak feedback
loop with low gain. As contrast, while the steady-state performance
of the second adaptive biased LDO [10] (AB LDO) is notably
improved with a multistage error amplifier, its bandwidth is heavily
lowered as more nodes are inserted into the loop. In the third LDO
topology [11], an additional feedback path is introduced to the FVF
LDO so that both the steady-state performance and the transient
response are enhanced. Nonetheless, a large amount of quiescent
current is consumed on the active frequency compensation scheme.
As multiple feedback loops are employed to boost the performance,
we denote the third topology as multiloop LDO (ML LDO). This
LDO topology labeling is used throughout this brief.

Clearly, the above three LDO topologies demonstrate different
tradeoffs between steady-state regulation, transient response, and
power consumption. To see how they impact the stability of the
network, we implement the three LDO circuits with the same output
voltage (1 V) and maximum load current (50 mA). The gain curve of
the corresponding G block containing four identical LDOs is depicted
in Fig. 5(a). It is observed that for most frequencies the G block with
ML LDOs has the highest gain. This is caused by the enhanced loop
gain and UGB of the ML LDO topology.

We use a PDN setup with over 100 K nodes and four LDOs
to extensively explore the impact of LDO topology on the PDN’s
stability. Although the passive networks are the same for all PDNs,
the on-chip LDOs are designed using different LDO topologies.
After the one-time ac characterization for the passive network,
the HST-based optimization flow is applied to locally tune each
LDO circuit and produce 20 optimal stability-ensured designs with
emphasis on different LDO specifications such as the UGB and the
output admittance. Using four threads on a 2.2-GHz AMD Opteron
processor, the optimization flow takes about 2.5/7/13.3 h to complete
each PDN optimization with FVF/AB/ML LDOs. To evaluate the

TABLE I

AVERAGE PDN PERFORMANCE WITH DIFFERENT LDO TOPOLOGIES

regulation performance of each LDO, we define a figure of merit
(FOM) for individual LDO as FOMLDO = UGB · Yavg· Acc, where
UGB is the UGB, Yavg is the average output admittance (within the
frequencies of interest) and Acc is the dc accuracy of load regulation.
Besides, in order to measure the power consumption/area overhead
of each LDO, a cost function is defined as CostLDO = Iq · Area,
where Iq is the quiescent current and Area is the LDO area.

Fig. 5(b) demonstrates the tradeoffs between FOMLDO, CostLDO,
and HSM among all the 60 designs. While each LDO topology
shows its own merits in cost/performance within a large design
space, the PDNs with AB and FVF LDOs tend to be more
stable. In addition, Table I reports the average performance over
the 20 design points for each LDO topology. Compared to ML
LDO topology, the PDNs with AB and FVF LDOs achieve 2.72×
and 3.94× enhancements on HSM, respectively, demonstrating that
choosing the LDO topology with lower loop gain/bandwidth can lead
to larger stability margin for the PDN network.

B. Insertion of On-Chip Decoupling Capacitance

As well known, the use of on-chip decoupling capacitors (decaps)
is one of the most common noise suppression techniques. In this
section, the HST-based design approach is leveraged to explore the
new role of the on-chip decaps in the aspect of system-level stability
for PDNs with distributed regulators. Indicated by our design study,
the insertion of additional on-chip decaps may be beneficial to relax
the hybrid stability constraint of large PDN system and lead to
improved PDN performance due to the enlarged design space.

From the HST point of view, this can be understood by noting that
inserting global decaps (GD) which are allocated between the global
VDD grids and GND grids can significantly suppress the mid/high-
frequency impedance peaking seen from the global VDD grids.
On the other hand, additional local decaps (LD) between the regulated
local VDD grids and the GND grids help reduce the impedance
observed from the local VDD grids, by providing lower impedance
paths to ground. Since the H block interfaces with the G block
through both the global VDD grids (connected with the input pins of
regulators) and local VDD grids (connected with the output pins of
regulators), inserting more GD/LD can lower the magnitudes of the
entries in H associated with the global/local VDD grids, respectively.
As a consequence, GD and LD can work together to decrease γH
along frequency axis makes the gain condition easier to satisfy.

To see the above trend, we compare the gain curves for different
amount of decaps in Fig. 6. In the meantime, we study the impact of
decap distribution by assigning decaps based on two different patterns
for a given amount of decaps. In the first even pattern, all decaps are
uniformly distributed. While in the second uneven pattern, the decaps
are randomly distributed but with 60% decaps concentrated on a
quarter of the chip area. From Fig. 6, it is observed that increasing the
amount of decaps can obviously reduce γH, while how the decaps are
disctributed only has secondary impact around the frequencies where
impedance peaking happens. In the rest of the section, we assume
that on-chip decaps are uniformly distributed.
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Fig. 6. Influence of LD/GD on the gain of H block.

Fig. 7. Design tradeoffs between decaps. (a) HSM and (b) FOMLDO.

To fully explore the benefits of inserting decaps, we insert different
amounts of on-chip decaps containing GD and LD in a 1:1 ratio
into a PDN with 100-K nodes and four LDOs, and then apply
the HST-based optimization flow to jointly optimize the HSM and
other performance. To see how the decaps insertion interacts with
the choice of LDO topology, we also integrate LDOs based on
different topologies to explore the joint effects of the above two key
parameters on the design tradeoffs. In Fig. 7, the HSM and FOMLDO
are plotted as the functions of decaps. Based on the simulation results,
we analyze the impacts of on-chip decaps in two cases.

1) PDN With High Loop-Gain/UGB LDOs: As discussed in
Section IV-A, the high FOMLDO can be achieved by choosing LDO
topology with boosted loop gain and UGB (e.g., the ML LDO) at the
price of high CostLDO. From the stability point of view, integrating
such LDOs into a PDN will make the gain condition harder to satisfy
due to large γG values. The gain condition will be even harder to
satisfy around frequencies where resonance peaking occurs in the
H block. In this case, inserting GD and LD can notably remedy
the stability constraint via suppressing the impedance peaking. This
trend is verified in Fig. 7 that for ML LDO topology, both HSM and
FOMLDO are significantly boosted with increased GD/LD. Note that
the optimized PDN designs under low GD/LD setup can only have
small or even negative HSM due to harsh stability constraint.

2) PDN With Low Loop-Gain/UGB LDOs: In this case, the gain of
the G block is already low around the frequencies where resonance
peaking happens. As a result, inserting additional decaps cannot
play a critical role as in the previous case to relieve the stability
constraint. As shown in Fig. 7(a) and (b), though the HSM for
AB/FVF LDO is slightly improved with increased on-chip decaps,
no obvious variations on FOMLDO can be observed.

Besides, we evaluate the impact of decaps on the maximum
switching noise �Vmax for each optimized PDN design. �Vmax is
captured in the local VDD grids under three different load current
transitions: 1) between 1 and 5 mA with 1 ns rising/falling (Tr/Tf)
time; 2) between 160 and 200 mA with 1 ns Tr/Tf; and 3) between
10 and 200 mA with 100 ns Tr/Tf. We assume the total load current
is uniformly distributed on chip. Then, Fig. 8 depicts variation of
�Vmax with different decaps.

As in Fig. 8(a) and (b), more decaps can significantly improve the
switching noise for all the LDO cases when the load transition is fast
(1 ns). However, the improvement for the PDNs with FVF and AB

Fig. 8. Impact of on-chip decaps on �Vmax measured under three different
load transitions.

Fig. 9. γH curves with different numbers of LDOs.

Fig. 10. Influence of LDO number on HSM and regulation performance.

LDOs mainly comes from the enhanced noise suppression of decaps,
while for the PDN with ML LDO the decap has a twofold benefit: in
addition to the high frequency noise suppression, it also boosts the
ML LDO design due to enlarged design freedom. Also note for the
third slower load transition (100 ns), the resulted lower frequency
noise is mainly regulated by the LDOs. As shown in Fig. 8(c),
�Vmax under this load is mainly related to the LDO performance and
inserting more decaps cannot play a critical role for better switching
noise, especially for FVF and ML LDOs with enough bandwidth.

C. Impact of LDO Number

Recall that the stability problem is caused by the inter-LDO
interaction. From the point of view of hybrid stability, increasing
the number of on-chip regulators may jeopardize the stability margin
of the entire network due to the enhanced coupling strength between
LDOs. To shed some light on this, we plug different numbers of pre-
designed LDOs into a PDN and plot the gain of H over frequencies.
As in Fig. 9, γH goes up when more LDOs are integrated, making the
gain condition harder to satisfy. On the other hand, our investigation
shows that the entire network can meet the passivity condition in a
narrower frequency band when it contains more active regulators.

In addition, our experimental results show that with a certain
number of LDOs, the LDO distribution does not appear to be a strong
factor influencing the final achievable HSM. Besides, although the
LDO distribution could alter the current sharing among LDOs and it
is preferred to optimize the LDOs at the corresponding load point,
our results show that different current sharing cases may only have
limited influence on the whole-system optimization and tradeoffs.
Thus, we assume the LDOs are evenly distributed in this brief.
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Fig. 11. Tradeoffs between HSM and FOMPDN among 12 design strategies.
FOMPDN is normalized to the maximum value among all designs.

Through simulations, we examine the variation of �Vmax and
HSM in the PDN with different number of LDOs. Fig. 10 illustrates
that when more LDOs are embedded in this PDN, the local voltage
regulation is enhanced due to the stronger load sharing effect among
different LDOs. However, the HSM of the entire network is degraded.
This suggests the opportunity to optimize the number of LDOs for
improved design tradeoffs between stability and performance.

D. Joint Effects of All Design Parameters

To give a full picture of the joint effects of all design parameters,
the following experiment is conducted. We obtain 12 different PDN
parameter sets by combining the choice of LDO topology, the amount
of decaps and the number of LDOs. To fully explore the design space,
the HST-based PDN design flow is applied to generate 10 optimized
PDN designs for each strategy via locally tuning the LDO design
parameters. To systematically evaluate each PDN design, we define
a FOM for PDN as FOMPDN = ((UGB · Yavg · Acc)/�Vmax), where
UGB, Yavg and Acc are the UGB, average output admittance and
DC regulation accuracy of each LDO and �Vmax is the maximum
switching noise in the local VDD grids, measured under load
transition from 160 to 200 mA with 1 ns Tr/Tf. We also define an
overall cost function: CostPDN = n2 · Iq · Area · CDecap, where n
is the number of LDOs, Iq and Area are the quiescent current and
area of each LDO, and CDecap is the amount of GD/LD. Then,
Fig. 11 visualizes the tradeoffs between HSM and FOMPDN among
all design points. And Fig. 12 summarizes the tradeoffs between
averaged HSM, �Vmax and CostPDN for all designs. Based on these
results, we identify two important design cases and the detailed
design suggestions are summarized.

1) PDN Design Targeting High Regulation Performance: In this
case, regulators with high loop-gain/UGB (e.g., ML LDOs) should
be adopted to enhance the load regulation of the network. Since the
stability condition under this setting is harder to satisfy as discussed
in Section IV-B, additional decaps are needed to relieve the stability
constraint for improved LDO performance. Of course extra decaps
will also help suppress the high-frequency switching noises. In this
way, the boosted PDN regulation performance is obtained at the price
of extra decap overhead as well as the high quiescent current required
by ML LDOs. This design trend can be seen from Fig. 12 as the low-
est �Vmax is achieved in PDNs with 4/6 ML LDOs and 2 nF decaps.

On the other hand, increasing the number of LDOs does not
necessarily always enhance the regulation performance of PDN.
This could be explained by noting that more LDOs may exacerbate
the stability condition as mentioned in Section IV-C and cause
performance degradation. This is verified by noting that with 2 nF
decaps, similar �Vmax is achieved for PDNs with 4 and 6 ML LDOs.

2) PDN Designs Targeting Low Cost: In this circumstance, the reg-
ulators with low loop-gain/UGB such as AB and FVF LDOs should
be used as they consume much smaller Iq . The PDNs with such
regulators usually achieve sufficient HSM within a large design space,

Fig. 12. Comparison of averaged PDN specifications among 12 design
strategies. �Vmax and CostPDN are normalized to the maximum values among
all designs.

indicating that less design efforts are needed in the aspect of stability.
This can be observed from Figs. 11 and 12. On the other hand,
inserting more regulators and decaps into the network helps suppress
�Vmax due to the strengthened load sharing between regulators
and better suppression on switching noises, demonstrating a tradeoff
between cost and regulation performance.

V. CONCLUSION

This brief identifies critical design parameters impacting the stabil-
ity of PDN network. Systematic design study is conducted to explore
the relationship between those parameters and the PDN design
tradeoffs. Based on the HST-based PDN design approach, several
new design insights in terms of the network-wide PDN stability can
be summarized to facilitate improved PDN design tradeoffs.
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