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Abstract—A cooperative fully on-chip switched-capacitor
voltage regulator (SCVR) in 65nm CMOS implements a
communication-free distributed power delivery system for
Networks-on-Textiles (kNOTs). The design enables multiple chips
to act in parallel to scale output current and improve load
regulation. Utilizing a proposed voltage matching technique
to mitigate charge redistribution and current imbalances, the
system achieves a peak efficiency exceeding 72.5% from one to
six SCVRs in parallel. The output current at peak efficiency
increased by 8.6× with six SCVRs compared with just one SCVR.
The proposed circuits have also been integrated on a textile
swatch and demonstrated cooperatively powering an in-textile
system to deliver 1.8 V from a 3.0 V input supply.

Index Terms—switched capacitor, scalable converter, coopera-
tive PMUs, Networks-on-Textiles (kNOTs).

I. INTRODUCTION

This paper proposes a scalable, cooperative, fully on-chip
SCVR for distributed power delivery in kNOT applications.
An emerging textile fabrication technique [1] allows direct
integrated circuit (IC) attachment to electrical conductors on
textiles, enabling a wearable kNOT that can span tens of cm
or more across a garment. To maintain user comfort, each IC
in the kNOT must be highly miniaturized and fully on-chip,
motivating the development of a distributed architecture that
spreads functionality out over many smaller ICs rather than
centralizing it on one large IC [2]. In this work (Fig. 1), we
introduce an IC that enables a distributed approach to power
delivery in kNOTs by dividing the output power requirement
of the kNOT among parallel SCVR ICs to facilitate further
miniaturization. This distributed architecture also enables local
voltage sensing, reduce IR drops, and faster transient responses
in emerging body-area power grid applications.

Existing scalable regulators for sub-A applications, low-
dropout regulator (LDO) chips [3], [4] and a hybrid converter
[5] (Fig.2) have been demonstrated. However, [3]–[5] require
multiple off chip components and the number is linearly
increased to scale output current. A prior cooperative SCVR
embedded with a micro-controller for energy harvesting [6]
(Fig.2) demonstrated energy sharing but was constrained by
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Fig. 1: Distributed power delivery for Networks-on-Textiles
(kNOTs).

limited power output (<5 µW), needed multiple off-chip
capacitors, and did not address voltage imbalances between
parallel chips, which can lead to charge redistribution losses
and current imbalances in SCVRs. Moreover, these prior
works [3]–[6] relied on communication buses or wire-lines for
cooperative operation between parallel chips, increasing the
complexity and wire-count of textile integration. As a result,
there remains a demand for parallelized SCVRs capable of
fully scalable and voltage regulation of a shared power rail in
in-textile systems while incorporating voltage matching and
communication-less cooperative schemes.

We propose a 0.6 mm×1.2 mm SCVR chiplet for fully
scalable parallel PMUs, enabling scalable output current (Fig.
2) from distributed dies to meet requirements of various in-
textile systems. A multi-chip output voltage (VOUT) matching
scheme allows cooperative SCVR chips to match their VOUT
to each other without requiring any direct communication,
unlike prior works [3]–[6]. To the best of our knowledge, this
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Fig. 2: Conceptual diagram of the state-of-the-art in paral-
lelized PMUs and the proposed cooperative SCVR.
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Fig. 3: Proposed diagram in one SCVR.

is the first distributed SCVR chip for cooperative PMUs.

II. SYSTEM ARCHITECTURE AND IMPLEMENTATIONS

Fig. 3 shows the block diagram of proposed SCVR, which
consists of a 3:2 series-parallel SCVR with a single-boundary
hysteretic controller and the proposed output voltage matching
circuit for cooperative operation. To increase the on-chip
capacitor density, we employed well-biased MOS [7] (IO
device) +MOM+MIM capacitors (Fig. 4) for both of the flying
and output capacitors. The simulated capacitor density was
5.78 fF/µm2, which save any extra biasing component.

Variation due to mismatch in VREF and a latched com-
parator offset cause different VOUT values across chips as
measured variation across six chips in Fig. 9 (c). Therefore,
we use an on-chip matching scheme to align the VOUT from
all SCVRs by adjusting each chip’s VREF to match its VOUT
to the shared target. Fig. 5 shows the schematic of the tunable
VREF whose least significant bit (LSB) is set to calibrate
1.5mV in the design time. On-chip matching also allows
the nA-level voltage reference for use that normally requires
calibration to minimize the chip-to-chip variation [8], [9].
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Fig. 6 shows the timing diagram proposed scheme. One
chip is configured as an initiator with others configured to be
responders by pin strapping a digital pad at power-on. To avoid
over-voltage, only the initiator chip provides current initially
with its default VREF, and all the chips including the initiators
monitor the voltage of the shared rail with a low pass filter
to reject switching noise. Referring to the monitored voltage,
the voltage matching circuit calibrates the on-chip VREF so
that chip’s output matches the output of the initiator on the
shared rail for cooperative operation. This calibration begins
after an internal timer expires to ensure that the VREF has
started up to avoid disturbances from initial inrush current
and completes within 100 ms, which is before the target
load digital chiplets [2] boot up and begin communicating.
Consequently, the VREF calibration occurs under stable load
conditions, minimizing the impact of load variations. Once the
calibration is finished, the output voltage is regulated by all
SCVR chiplets with each using its own updated VREF. Since
the single-boundary hysteretic control with fixed frequency
has inherent good control stability, different PMUs can work
cooperatively once their VREFs are matched with each other.

III. MEASUREMENT RESULTS

The proposed 0.6×1.2mm SCVR chips are fabricated in
a 65nm LP CMOS technology (Fig. 7 (a)). We employed
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Fig. 8: (a) Measured load regulation and (b) efficiency in
cooperative PMUs from one to six chips.

customized long thin pad to enable direct die attachment
to parallel 25 µm diameter conductive yarn on swatch. The
chips are also integrated in the textile as shown in Fig. 7
(b). Fig. 8 show the load regulation (a) and efficiency (b) in
different number of parallel SCVR chips. The proposed work
showed scalability of the output current by six chips in our
testing, while the peak efficiencies stayed above 72.5%, and
the scheme could scale to many SCVRs across tens of cm-
scale garments. The output current at peak efficiency scaled
by 8.6× from 1.5mA with one SCVR to 12.9mA with six
SCVRs.

Fig. 9 shows the comparison of efficiency and output voltage
distribution of the six SCVRs with the proposed voltage
matching and without the matching scheme. The measured
peak efficiency without cooperative scheme was 74.12% at
12.9mA while the scheme without the proposed matching
was 64.46% at 19.3mA. The proposed circuit improves by
9.7% efficiency, thanks to the output voltage matching scheme.
The effectiveness of the matching scheme was confirmed by
checking the output voltage range across different chips, where
it improved by 6.1× and contributed to current balancing in
the cooperative operation.
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Fig. 9: (a) Measured efficiency comparison between with
and without voltage matching in 6SCVRs, and (b) measured
voltage distribution with the proposed cooperative scheme, and
(c) measured distribution without the scheme.
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Fig. 10 shows the results under unbalanced load condition
in two different testing configurations. In Config1, each load
connects to one SCVR chip respectively without shared volt-
age rail. On the other hand, in Config2, the output voltage rail
is tied together using the 5cm yarn conductor on textile with
our proposed cooperative operation. The distance between load
to load is set at 2.5cm. In both cases, we applied different
load conditions as shown in the unbalanced load current plot
(Fig. 10 (c)). The shared voltage rail with cooperative SCVRs
effectively improves system efficiency 6% even though there
are yarn conductor loss in config2. The voltage uniformity also
improves 50× in config2.

Table I shows the comparison table with the state-of-the-art
in the parallelized PMUs. The proposed SCVR do not require
any extra off-chip components or any wire overhead unlike the
existing scalable PMUs [3]–[6]. In addition, the work achieved
maintaining the peak efficiency even though the number of the
employed chips increased, while the scalable hybrid converter
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[5] degrade their peak efficiency 3% with 4 converters. All
the measured performance and integrated features make the
SCVR well suited for distributed power management solution
for kNOT applications.

Three SCVRs are integrated along with 0.6mm× 2.15mm
digital chiplets, 1-SoC and 2-bySPI (Serial Pheripheral In-
terface) [2], on the 45cm×10cm swatch (Fig. 7). Fig. 11
shows the block diagram of the swatch implementation, and
the measured output voltage waveforms from the proposed
SCVRs. The bottom shows the digital communication signals
from the load chips. The waveform shows the transition timing
when the SoC start the SPI communication to the bySPI chip
at 4MHz frequency and the successful operation of data write
and read was confirmed. The voltage spikes were observed
when the SPI communication started. However, these spikes
happened only when the digital signals are switching as shown
in Fig. 11, due to the parasitic from conductive yarn.

IV. CONCLUSIONS

In this paper, we proposed a fully on-chip SCVR chiplet
that can cooperatively scale the output current without causing
voltage imbalance. The converter also successfully demon-
strated the textile systems implemented with the proposed
chiplet providing 1.8V output with SoC and protocol chiplets
from 3V supply. Introducing a proposed voltage matching
technique, the system achieves a peak efficiency exceeding
72.5% from one to six SCVRs in parallel. The output current at
peak efficiency increased by 8.6× with six SCVRs compared
with just one SCVR.
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