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Abstract

Integrated Low-Power Wireless Systems for the Next Generation of IoT, Sensors and
Microrobots

by
Alex Moreno
Doctor of Philosophy in Engineering — Electrical Engineering and Computer Sciences
University of California, Berkeley
Professor Kristofer S.J. Pister, Chair

The relentless pursuit of smaller, cheaper, and lower-power wireless electronics has driven
the design of novel radio designs such as crystal-free radios, that offer a fully functional
wireless node with minimal external components.

At Berkeley, the Single-Chip Micro Mote (SCuM), a 3x2mm, 4.2 mg crystal-free 802.15.4
and BLE wireless SoC, was developed to make swarms of mm-scale microrobots a reality.
This dissertation will begin by discussing SCpM in the context of system integration, includ-
ing the challenge of accurate channel frequency tuning in the face of varying temperature and
voltage conditions. By characterizing the RF frequency’s dependence on voltage droop dur-
ing transmission, we were able to compensate for the RF frequency shift, increasing SCnM’s
802.15.4 packet payload from 10B to 125B while powered from a solar cell.

Several integrated systems with SCpM at their core will also be discussed, including
a wirelessly-actuated, solar-powered, quarter-sized, 286 mg microrobot MEMS gripper for
microrobotics; and a 244mg, 5x8 mm BLE SCpM tag, which was used to track an Asian
hornet—feats not possible with commercial off-the-shelf components.

The dissertation will conclude with a look at how future crystal-free radios could be
designed to address the inherent instability of power sources in low-power systems, poten-
tially pushing the envelope for even smaller, cheaper, lower-power and more reliable wireless
electronics.

Updates and errata to this dissertation can be found at this link: https://drive.
google.com/drive/folders/1SsBKq3GIVkbJte-pAhNKaIxvdvXHdD1z?usp=sharing


https://drive.google.com/drive/folders/1SsBKq3GIVkbJte-pAhNKaIxvdvXHdD1z?usp=sharing
https://drive.google.com/drive/folders/1SsBKq3GIVkbJte-pAhNKaIxvdvXHdD1z?usp=sharing
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A mi madre y a mi padre:
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Chapter 1

The Components of a Low Power
System

1.1 The Single Chip micro Mote: a Crystal-Free
802.15.4/Bluetooth Wireless Sensor

Microrobot platforms are likely to enable many new defense, intelligence, and commercial
applications. Existing microrobot platforms have the potential to run [22], jump [82], and
fly [26] autonomously, although at present they are tethered to power and control. Cigarette-
sized rockets have the potential to enable rapid distribution of a sensor network, or counter
swarms of small UAVs |70, [25]. All of these platforms have a common need for an embedded
controller with the capability to run low-level control algorithms, provide diagnostic com-
munication during application development, and provide 2D or 3D location capability. In
addition, RF mesh networking is an enabling capability for many robotic applications and
non-robotic applications such as industrial process automation and factory automation [95].

Unfortunately, while there are many commercial chips which include a microprocessor
and a radio in a sub-cm package, all of these chips require a significant number of external
components such as crystal oscillators for time and frequency reference, bypass capacitors
for power supplies, a balun for single-ended antennas, etc. As a result, the smallest useful
system featuring these commercial chips is typically a printed circuit board with dimensions
on the order of a centimeter and weight close to a gram [83]. This is a prohibitively large
payload for a sub-cm robot to carry. In 2013 work began in earnest to design a chip that
would meet the requirements of micrororobot control and communication with no external
components. Funded by DARPA, NSF, and many BSAC member companies over a period
of seven years, the chip described below is a result of that effort.
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Figure 1.1: SCuM3C on a Penny

Capabilities and operation

SCnM programs are typically written in C in a standard development environment. Binaries
are loaded into SRAM via a USB dongle with both wired and wireless optical programming
capability. At boot, the chip consumes roughly 0.35mA. Once software has been loaded and
begins executing, this baseline current can be dropped to roughly 0.15mA plus 50pA/MHz
times the processor clock frequency. The processor clock frequency can be set from tens of
kHz to 20 MHz.

Optical Bootloading

An optical bootloader enables contact-less programming, command reception, and timing
calibration of SCpM with an infrared LED or visible laser pointer at a distance of roughly
5cm. The subsystem consists of an integrated photodiode and an analog front-end, as
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Figure 1.2: Annotated die photo of the Single-Chip micro-Mote (SCpM), a chip cus-tom-
designed to control microrobots. SCpM is 2x3x0.3mm? with a mass of ~ 4.3mg.

well as a self-timed clock-and-data recovery (CDR) scheme which relies on an analog delay
to implement pulse width modulation. This allows a user to load software onto the mote’s
microprocessor without a physical connection between the programming element and the
mote, and it is conducive to the simultaneous programming of multiple motes. The optical
bootloader subsystem consumes 640nW standby power and 1.52pW active power with a
total area of 16,900pm? [97]. The same hardware is used for lighthouse localization (Section

11).

Standards-compatible RF Communication

Existing wireless systems-on-chip rely on external components—capacitors, inductors, crys-
tals, and MEMS resonators [30]—to obtain a sufficiently accurate frequency reference for
operation, and the necessity of such parts places a lower bound on system cost, size, and
weight. By removing these off-chip references and instead using on-chip oscillators for fre-
quency generation with a one-time calibration , we achieve IEEE 802.15.4-compatible
radio communication and BLE packet transmission with only three external connections—
power, ground, and antenna .

A wirebond across the chip can be used as an antenna, enabling transmission to cell
phones up to a distance of roughly 3 meters. An RSSI of -85 dBm was measured at a distance
of 1 m on a previous iteration of the SCuM with the same receiver hardware. The entire
chip including the microprocessor consumes less than 2 mW of power during transmission
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or reception. Transmission power and receive sensitivity for 802.15.4 packets are —10 dBm
and —82 dBm.

The ability to wirelessly transmit robot telemetry information during robot development
and debugging is quite useful, and the ability to send a wireless trigger to the robot to
initiate operations could be useful.

Sub-centimeter 3-DoF Localization

SCuM has the capability of sub-centimeter-precision 3 degree of freedom (3-DoF') localiza-
tion, using a COTS lighthouse localization system [1]. This is the first time such a lighthouse
localization system has been used to localize a monolithic single-chip wireless system [97].
Lighthouse localization is a form of “outside-in” localization which relies on a “lighthouse
beacon” to generate a series of of infrared pulses and laser scans [73]. By repurposing the
on-chip optical receiver hardware used for optical bootloading (Section and determining
the time between the pulse and the laser scan’s reception on-chip, SCnpM can calculate its
azimuth and elevation with respect to a single beacon. With a commercially available HTC
Vive V1 lighthouse base station, [97] localized azimuth and elevation with an RMS error
of 0.386° and 0.312°, respectively. Because each mote calculates only its own azimuth and
elevation, this method scales well to localizing large numbers of motes (or robots) simul-
taneously. Adding a second lighthouse beacon to this system allows us to triangulate a 3
degree-of-freedom position of SCnM with centimeter accuracy.

Using COTS lighthouse beacons is useful during development and in some application
environments. In many applications, however, there will be no pre-existing infrastructure.
Networks of micro robots may still be able to self-localize however. Using MEMS scanning
mirrors it is possible to build laser scanners with a volume and mass compatible with micro-
robot platforms [47]. By having each robot act as both a beacon and a receiver, the robots
localize each other, and only a small number of robots will need to have a sense of their
absolute position.

Microrobots will require closed-loop position control to stay on course. The versatility
of the platform can be significantly enhanced with computational power greater than hard-
coded PID-style control loops. The inclusion of a Cortex-M0 microprocessor integrated with
the chip’s analog hardware allows for a flexible platform with which to implement control
methods, modifiable in software, and configurable without physically contacting the platform

(Section [1.1]).

GPIO

SCuM includes 16 GPIOs whose signals can be routed to and from various sub-systems
within the chip and configured via software. Several interrupt inputs are available, as well
as an ADC and UART. The IO pad ring voltage is supplied from a separate pin from the
battery voltage, and can be driven to at least 3.6 V. The R,, looking up or down at the
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Figure 1.3: GPIO circuit schematic

Table 1.1: GPIOgytput Specifications

Specification Value
VDDIO 0.8-3.6 V
VDDAUX 0812V

Fiax @ HCLK = 10 MHz 734.25 KHz
IVDDIOleakage @ VDDIO =33V 4.37 nA
Isink/source @ VDDIO = 3.3V 19 mA

output of GPO can bee seen in Fig. [I.4 The schematic of the GPIO drivers can be seen in
Fig. [I.3] The relevant specifications for the GPO can be seen in Table [I.1]
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Figure 1.4: GPIOguput Resistance vs VDDIO

Sensors and Sensor Interfacing

SCuM contains an analog-to-digital converter (ADC) with a programmable gain amplifier
(PGA) to digitize on-chip and off-chip signals. On-chip sensors include a temperature sensor
and voltage supply sensor. The ADC has been used to interface with an H2S gas sensor and a
lactate sweat sensor. Wireless transmission of gas sensor information has been demonstrated
with just SCpM and the sensor chip and no other components [7]. Serial digital interfacing
with external sensors including a commercial nine-axis inertial measurement unit (ICM-
20948) has been demonstrated. A MEMS IMU is likely to be critical for microrobot control
in practical applications.

In addition to an analog temperature sensor, the chip is able to generate a temperature
estimate by taking a ratio of two low frequency oscillators. This is somewhat similar to the
technique presented in [40], in which two ring oscillators with different temperature coeffi-
cients are counted against one another. The two oscillators on this chip that are compared
are the 32 kHz oscillator intended to act as a surrogate for a low-frequency crystal timer,
and the 2 MHz oscillator used as the chipping clock for data transmission.

The maximum error on this chip was approximately 2.4 °C, although this varies from
chip to chip. The sensor, as well as more information about the implementation, is discussed
in [100].

Networking

OpenWSN and 802.15.4 OpenWSN is an open-source software project which has
demonstrated an implementation of the IEEE/IETF standards-compliant 6TiSCH con-
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strained network protocol stack for wireless mesh networks [96]. SCuM was designed to run
the OpenWSN IPv6 mesh networking communication stack.

Equipping each microrobot with an OpenWSN-capable radio enables them to form a
cooperative mesh network that increases the effective range of the robots communication
(beyond that of what would otherwise be a home base) and makes them resilient to RF
environments and fading. Using the wireless subsystem on the single-chip mote and an FPGA
emulating the on-chip digital hardware, [14] demonstrated the single-chip mote joining an
OpenWSN network. Since then, the radio with integrated digital baseband and processor
has communicated with Texas Instruments CC2538 802.15.4 radios.

The physical layer that OpenWSN is built on is IEEE 802.15.4, a standard that uses
HSS-OQPSK modulation.

Data is sent with a directly modulated LC oscillator where a tunable capacitor is switched
in and out of the resonator at the 2 MHz data rate. The receiver is a low-IF superheterodyne
architecture with switched-capacitor baseband filtering, a 4-bit analog to digital converter,
and a matched filter demodulator. More detail of the implementation is described in [52].

Speaking standards-compatible RF protocols without an external crystal is a difficult
challenge [8]. Requirements for center-frequency accuracy, modulation frequency, bit rate,
and inter-packet interval timing are typically measured in tens of parts per million, whereas
on-chip oscillator phase noise and frequency error are more often in units of percent.
SCuM solves these problems using a combination of circuit techniques and packet-based
and network-based dynamic calibration [89, 88]. It is possible for a mote with no initial
calibration to learn everything that it needs to know about time and frequency just from
the packets flying around in the network that it joins.

Bluetooth Some Bluetooth Low Energy (BLE) functionality is available in SCuM. Beacon
transmissions with sensor payload data are received routinely by cell phones. Reception range
depends on the antenna used, with a range of several meters using a wirebond antenna across
the chip, and a range of several tens of meters using a commercial antenna. Reception of
BLE packets by the mote has not yet been demonstrated. The radio can move between
802.15.4 and BLE modes in a matter of milliseconds, allowing a node to relay data out of
an 802.15.4 mesh to a nearby cell phone.

1.2 Energy Storage

The Ceramic Capacitor

We all know that there is a tolerance with capacitors £20% however it was surprising how
bad capacitors truly were when I tested them. 1 first came across this issue when the
voltage drop was significantly higher than what theory said it would be in the [63]. Thus
characterizing this seemingly simple capacitor started I had one approach to testing using
the standard LCR meter. I provided a signal that was 1kHz Level = 1.8V and BIAS=1.5V
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Figure 1.5: The test setup for measuring the effective capacitance by applying a 140 pA
current source and letting it charge to VBAT = 1.8 V. An oscilloscope was used to capture
the VBAT vs Time characteristics

and quickly saw to my dismay there was a fairly big difference between the measured value
and the rated value. Some were as high as 35% in difference thus there doubts and other
methods of measuring the capcitors were explored.

To mimic the situation these capacitors were actually going to be used I used the test
setup seen in Fig. [I.5] A 140 pA current source with a voltage limit of 1.8V was used to
charge the capacitors. Then, the oscilloscope was used to measure VBAT vs Time. From
the the slope, %, the effective capacitance was calculated. As seen in Fig. , , ,
the capacitances are nowhere near the actual value that they were rated for. The general
trend is the effective capacitance decreases as VBAT approaches 1.8 V. The max capacitance
appears to be close to 0.5V for all the plots. While the min capacitance is near 1.8 V.

What should be done? The right answer depends on the application. If the application
requires the capacitance to not be dependent on voltage and does not have size limits an
electrolytic or tantalum capacitor should be far more reliable. However, if the smallest
capacitor is a design requirement understanding the DC bias conditions and AC signals is
important to calculating the effective capacitance. In most of the applications used in this
dissertation VBAT is held at 1.8V with periodic drops of AVBAT = 165mV. This meant
the worst case effective capacitances: 50 pF, 27nF, and 8 pF for 100 pF, 47 nF, and 22 pF,
had to be used. Table summarizes what the capacitors were rated and how it compares
to the LCR and current source measurements with the highest difference being 63% for
the 22pF. The results here are seen in other places such as a data sheet from Murata
Manufacturing [55]. For a 50V rated capacitor you can see drops in capacitance as high as
50% if the DC voltage is close to the max rating. For an AC voltage, you have a similar
situations with capaciances close to -30% or 20% if ac voltage is 0V and 2V. While it is
helpful that these issues are documented it is still unlcear why exactly this occurs.

As discussed in this article [86], multi layer ceramic capacitors (MLCC)s are the primary
choice for small electronics but not without compromises in effective capacitance due to DC
bias. The crystal structure of the ceramic material is polarized due to the asymmetry. The
spontaneous polarization can be reversed with an electric field but this becomes challenging
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Figure 1.6: Measuring the effective capacitance of an 0402 22nF capacitor by applying a
140 pA current source and letting it charge to VBAT = 1.8V

if the capacitor is under a DC bias. Since the relative dielectric constant depends on the
reversal of spontaneous polarization per unit volume the effective capacitance is lower.
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Figure 1.7: Measuring the effective capacitance of an 0603 47 pF capacitor by applying a
140 pA current source and letting it charge to VBAT = 1.8V
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Figure 1.8: Measuring the effective capacitance of an 0805 100 pF capacitor by applying a
140 pA current source and letting it charge to VBAT = 1.8V
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Table 1.2: Capacitance Comparison

12

Capacitor LCR Current Source Current Source Percentage
Linear Regression Min Value Difference
100pnF 0805 2.5V || 64.5pF 69.5 pF 50 pF 50%
47 pF 0603 4V 38k 34.1pF 27 pF 42%
22 pF 0402 6.3V 16.5 pF 11 pnF SuF 63%
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Figure 1.9: The test setup for the lithium-ion batteries. From left to right, the lithium-
ion batteries, the DC-to-DC converters, and SCuM. Packets were sent at a 1 Hz rate to an
OpenMote

Table 1.3: These are the expected battery life specs. 13.6 hours is what was actually mea-
sured while the last two theoretical numbers are based on the assumption a 1 pA sleep current
is achieved with future iterations.

Case Battery Life
Measured TX 1 Hz 13.6h
Theoretical w/ 1A sleep current 128d
Theoretical w/ TX 1 Hz 13d

The vision for future low-power systems is to be able to print batteries directly onto
SCnM. Ideally, the battery and antenna would be directly printed on a wafer, have the die
cut and have the wireless sensors ready. To reach this goal batteries were created by Anju
Toor, who was a post doc in Professor Ana Arias lab at the time and currently is a Professor
at Georgia Tech Institute of Technology.

The battery itself is fairly small at a mere 5x5mm and has a capacity of greater than
1.5mAh some as high as 1.64mAhh. The energy density, 23.6 mWhcm 2, and areal ca-
pacities, 6.4 mAhcm 2, are unmatched by 11 other similar works as discussed in . This
was achieved by using a thick 184 pm graphite anode layer and ~205 pm lithium cobalt oxide
(LCO) cathode layer. In comparison, typical lithium-ion batteries use 65 pm for the graphite
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(a) The output voltage of the lithium-ion battery, VEXT, vs time. The red dot indicates the
voltage has hit 3V giving a battery life of 13.6h
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(b) The voltage output of the 1.8V DC-to-DC converter, VBAT, vs time.

Figure 1.10: Voltages of the lithium-ion battery and output of the 1.8 V DC-to-DC converter
vs time.
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(a) Zoomed in view of VEXT. Since DC-to-DC converters were used a voltage ripple of ~56 mV is

present.
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(b) Zoomed in view of VBAT. A voltage ripple of ~62mV is present which causes challenges keeping
crystal-free radio’s tuned to the correct frequency.

Figure 1.11: A view of voltage ripples on VBAT and VEXT across time.

layer, and 75 pF for the LCO. As a result, the battery’s energy density outperform similar
batteries but suffers from a higher series resistance in the order of ~100€2. During high-
current draw the high resistance causes the voltage to drop. Repeated events high-current
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events deteriorates the battery since it can cause chemical instability, and capacity loss.

To power SCpM from these batteries, the Ablic S-85S1AB18-I6T1U and S-85S1AB11-
I6T1U DC-to-DC converters with an efficiency of 90.5% efficiency were used to covert
from 4.2V to 1.8V and 1.1V, respectively. The custom-designed SULU V2 board, a bare
minimum SCpM prototyping board, included the DC-to-DC converters making it easy to
accept lithium-ion batteries as shown in Fig. [I.9] For more details on the design refer
to the GitHub Repo found here https://github.com/PisterLab/scum-dev-board/tree/
master/sulu-reg.

In our tests, 10B packets were transmitted every second to an OpenMote (Fig. . The
results seen in Fig. indicate a battery life of 13.6 h marked by the red dot crossing the
3V threshold. Presently, SCnM is capable of a sleep current equal to ~150-200 pA depending
on VBAT. If SCuM were to achieve a sleep current of 1 pA, the projected theoretical battery
life would be close to 13 days while transmitting 10B packets at 1 Hz and 128 days while
sleeping at 1 Hz.

However, there are concerns that need to be addressed. A zoomed view of VBAT and
VEXT reveals ripples that are ~62mV and ~52mV, respectively. A probable cause for these
ripples is the DC-to-DC converter’s switching frequency. Typically, it’s close to f; = 1IMHz
using pulse width modulation but in low current mode it uses pulse frequency modulation
causing f, < 1MHz. These ripples pose significant challenges for the frequency stability
of crystal-free radios and meeting the 40 ppm requirements of 805.15.4 since a mere 15mV
(Fig. will kick you out of the channel. Sec. and covers how software and

hardware could address this issue, respectively.

1.3 Energy Harvesting: Small Solar Cells & Zappy?2

Table 1.4: Energy Density Specs for Zappy2’s solar cells

Solar Cell || Voltage (V) || Current (pA) || Power (nW) || Power Density (nW cm 2)
VBAT 1.8 280 504 15500

VDDIO 3.5 16 o6 23000

VDDHV 119 24 285 14500

With the recent advancements in low-power technology, the possibility of battery-free
wireless sensors has emerged. The solution lies in harnessing the energy from the environ-
ment these sensors are placed in. The four main forms of ambient energy sources include
mechanical, thermal, radiant and biochemical. Solar energy, a radiant source, provides
the best energy density, as high as 100000 ptW cm !, in outdoor environments as discussed
in [5]. Even in indoor environments solar energy provides among the highest energy density
compared to other forms of energy harvesting such as vibration, thermal gradients and RF
harvesting. Each energy harvesting techniques, however, suffer limitations. For example,
light renders solar useless and the same goes for a lack of vibrations or thermal gradients
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Figure 1.12: Zappy?2 chip with labels for the 3 solar cells, VDDHV, VDDIO, VBAT and the
300V level shifters

in other forms of energy harvesting. The reality is that energy storage is required to bridge
the gaps of available ambient energy sources, leading to exploring lithium-ion printed micro
batteries and selecting solar energy for energy harvesting due to it’s high energy density.

Rentmeister et al. designed a 3.26x3.5 mm? solar cell CMOS chip, referred to as Zappy?2
Fig. containing 4 high voltage (HV) buffers and three solar cell arrays . Using a
650V trench-isolated CMOS process, Zappy2 contains hundreds of PV cells were fabricated
on the same chip. These cell are configured as follows:

e 3 PV cells in series yielding the 1.8 V. VBAT to power the SCpM digital system
e 6 PV cells in series for 3.5V VDDIO necessary for the SCuM GPIOs to drive the input
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Figure 1.13: Zappy?2 schematic. The chip consist of three solar cells, 119V VDDHV, 3.5V
VDDIO, and 1.8V VBAT. In addition, four 3.3V to 300V level shifters were included to
drive MEMS inchworm motors. The HV level shifters are controlled a finite state machine.

to the high-voltage level shifters

e 196 PV cells in series generate 119V VDDHV to supply the four high voltage (HV)
level shifters used to drive the high voltage MEMS inchworm motors

For low-voltage actuators that require tens of mW, SCuM’s GPIOs can drive them directly.
However, for MEMS inchworm motors the voltage levels required for actuation are higher
than 60 V. The 4 HV level shifters on Zappy2 on solar power can drive MEMS motors as
discussed in Sec. but they have a separate pin from the VDDH PV pin. This allows the
HV level shifters to convert a 3.3V signal to as high as 300 V with an external power supply.
If needed, with a chip redesign the process could support a design up to 650 V. A built-in
finite state machine (FSM), hardwired to VDDIO, controls the HV drivers using the 500 kHz
RF clock. Further details about the circuit design are detailed in |71]

There are two critical lessons learned while working with Zappy?2:

e The FSM needs to operate significantly faster than input of the HV level shifter oth-
erwise the level shifter. Otherwise, they might fail to output a level shifted signal or
the waveform will be corrupted.
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e The HV buffers need to be shielded from the light to operate properly such as not
switching or increasing the leakage current significantly.A small piece of electrical tape
proved effective at shielding as seen in Fig. [3.1

For this dissertation, Zappy2 was powered under an irradiation of 200mW cm 2 I, =
with 560 pA because of the high current draw from MEMS devices and SCpM during trans-
mission. Section discusses how to model Zappy2, alongside a capacitor and SCpM during
current draws bigger than what Zappy2 could provide.
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Chapter 2

Calibration Techniques for
Crystal-Free Radios

Crystal-Free radios aim to reduce the amount of components necessary to have a fully func-
tioning wireless node. As result Crystal-Free radios tend to be low power, smaller in size and
lower in weight. However, these radios are sensitive to voltage and temperature variations.

Since SCpM is a crystal-free radio the on-chip clocks must be calibrated to compensate
for temperature and voltage fluctuations. The temperature coefficients of the 2 MHz and
the 2.4 GHz oscillators are 160 ppm/°C [99] and —40 ppm/°C [52], respectively. Prior work,
demonstrated clock calibration through optical [97] and RF packets[88, 89]. Even with
an initial calibration the 2.4 GHz local oscillator (LO) was still susceptible to temperature
variations which was addressed in [100, |63} |15]. Most recently [61] demonstrated frequency
compensation while transmitting packets and facing voltage variations.

This chapter is broken up into three main parts:

2.1 Discusses the system and how SCpM is modeled while solar-powered.
Discusses how to calibrate a solar-powered SCpM for temperature variations

2.3l Discusses how to compensate a solar-powered SCuM to increase the amount of data
transmitted from 10B to 125B

2.1 A Solar-Powered SCuM System and Model

Since the goal for the lab is to miniaturize the electronics for microrobotic applications, the
least amount of components were used. Section and [2.3] use the same three components
SCpM (Sec. [1.1)), Zappy2 (Sec. and an 0805 capacitor (Sec.[1.2). As can be seen in

Fig.[2.1] these three components are smaller than a quarter and can be further miniaturized
as shown in Sections [3.3] and for penny-sized microrobots, tracking hornets, and

nail-sized human-computer interaction devices.
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Figure 2.1: Pad for MEMS integration, HV buffer & solar cells chip, and SCuM (left to
right). Only the capacitor on the bottom right is used while the remaining capacitors were
used for MEMS integration discussed in Section
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Figure 2.2: SCpM has an ARM Cortex MO, an optical receiver, a 2.4 GHz oscillator, a
2 MHz chipping clock, a bandgap reference, and separate LDOs for the oscillators. The local
oscillator can be tuned by a 15-bit capacitive DAC that is divided into 3 5-bit capacitor
banks, coarse, mid and fine. SCpM is being powered from a solar cell under an irradiation
of 200mW cm 2 which provides a I = 560 pA. A Cyecap = 100 nF was used.

To get a sense of what is going on let’s discuss the system seen in Fig[2.2] Zappy2, con-
tains high voltage (HV) buffers and three solar cell arrays [71]. For this chapter, only
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the VBATPV = 1.8V solar cell array is used to power SCpM under an irradiation of
200 mW cm 2 which provides a short circuit current I, = 560 pA. Zappy2 was used in
a similar capacity in [62] while transmitting and receiving 805.15.4 packets and driving high
voltage MEMS gap closing actuators. As discussed in [62, 63] while transmitting or receiving
a packet SCnM draws significantly higher current than what Zappy2 can deliver under an
irradiation of 200mW cm 2. For this application, an 0805 capacitor Cyecap = 100pF was
used to provide the extra charge needed during those high current transients. Otherwise,
SCuM loses its boot state if VBAT drops below 1.3V. While adding the biggest capacitor
until SCpM can transmit and receive packets is an option the limitations are unclear. Such
as how long and often the radio can be turned on and how small the capacitor can be to
miniaturize the whole system.

PV Array Device
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Figure 2.3: Model for a solar-powered SCuM. Typically, Iquiescent = 380 NA and Iiransient =
1220 pA during radio operation.

Therefore, the model in Fig.[2.3|was created to have a better sense of all three components.
SCuM is modeled by Eq. Which consists of Jqyiescent, the current drawn while idle, Igeep, the
current drawn in low power mode, and i ansient, the additional current required to transmit
or receive a packet. Typically, Igeep=210 1A, Iqyiescens=380 BA, and Iiyansient=1220 pA during
radio operation.

Tgeep(V) low power mode
]VBAT<V) = ]quiescent<v) idle (21)
]quiescent (V) +]transient (V) TX or RX

The ideal model for a solar cell was used for Zappy2. Thus, the current provided by Zappy2

is described by the Shockley solar cell equation (Eq. and I, = I [56]. The 0805

capacitor’s IV characteristics are described by Eq. 2.3l Combining all of these equations

results in Eq. 2.4 To simplify things it is assumed that Iiansient and Igyiescent are constant
qV

for small changes of VBAT and I, > I, (e’ﬂTT—1>. Note that Iygar does a vary slightly

with voltage as can been in the Iygar vs Time plots for TX (Fig. [2.4) and RX (Fig. [3.4)).
The simplification leads to Eq. which allows us to solve for VBAT.
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Lotar = Lyn—1, (6% ~1) (2.2)
dv
]decap = Cdecap% (23)
qV_ dV
Isolar(v) - Idecap(t)+]VBAT<v)[sc_[o <€ kT _1> - CdecapE_{'IVBAT(V) (24&)
dVv
[sc = Cdecap%—i_[VBAT (25)

With this simplification VBAT(t) can be solved for three cases: charging the capacitor, TX
or RX cap discharge and idle. Eq. can be rewritten to solve for At if AVBAT is known

as shown in Eq. 2.7

Isc—Iquiescent 3
me(t—to)—i—vo charging cap
VBAT(t) = { Vi, idle (2.6)
]sc_IQuieé(’:dent_Itransient (t_to)—‘f_‘/o TX or RX discharge
ecap
At w charging cap @7
— sc quiescent .
7 _?d‘f‘:apA\EAT ' TX or RX discharge
sC quiescent transient

2.2 Transmitting Packets and Sensing Temperature
on Solar-Powered SCpM

This work is based on [63] and was the first attempt to miniaturize a SCpM based system.
By using, SCuM, Zappy2 and a 0805 capacitor the system was reduced in size. However,
while solar-powered SCpM’s 2.4 GHz oscillator varied a lot with voltage and temperature.
The temperature dependence was addressed in this section.

System Operation

For this application, SCpM transmits 802.15.4 packets on channel 11 (2.405GHz). The
802.15.4 specifications prescribe a frequency error less than +40ppm. However, since
SCuM’s oscillators have a large temperature coefficient, 2 MHz and the 2.4 GHz oscillators
are 160 ppm/°C [99] and —40ppm/°C [52], respectively. Thus, it becomes difficult to
transmit 802.15.4-compatible packets over temperature variations. In fact, this becomes
even more challenging under solar power, which causes the SCuM’s supply voltage to vary
during packet transmission. The operational procedure is used to address these problems.
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As shown in Figure , transmitting a packet (®3) requires a lot of power, so we need to
charge the VBAT capacitor, Cecap, between periods of radio operation. Normally, the CPU
clock rate is at 5MHz (Iypar = 380pA) ($y,P4), but we decrease it to 78kHz (Iypar =
210pA) (Pq) to further reduce SCuM’s power consumption in a low-power state. Note that
Figure [2.4] was measured with a 20 uF VBAT capacitor, but a 100 pF one was used for this
experiment to improve packet delivery.

SCuM has been shown to send and receive packets under two suns of illumination with
a 20 pF capacitor, but large voltage drops shift radio clock calibration parameters and pre-
vent robust radio operation (Figure . These voltage drops corrupt the packets and are
addressed in Section . With a Cgecap = 100pF and an . = 560pA, SCpM can be theoret-
ically powered at Iygar of 1.6 mA during TX or RX for 54 ms (using Eq. before VBAT
drops from 1.86V to the operating minimum of 1.3 V.

Transmitting a packet at 1.6 mA with a duration of 5ms (Figure requires 8 nC of
charge. Assuming a constant VBAT voltage, a 560 pA constant current input from the
solar cells at 200 mW cm 2 irradiation, and a 380 A idle state between transmissions, the
theoretical transmission rate is 30 Hz.

2000 F \\\\ :
< 5 5
3 1500 :

&

9 1000 :
S5 E
O 0] N S S D, 3
500 1 1
O 10 20 30 40

Time (ms)

Figure 2.4: Iypar transient during wireless 802.15.4 transmission (200 mW cm 2 irradiation;
20 nF capacitor). ®;: Low power mode, Cortex clock = 78kHz, Iygar = 210uA; ®o: printf,
Cortex clock = bMHz; ®3: TX, 5MHz; ®4: Configuring back to low power, 5MHz, Iygar =
380pA

Optically Program and Calibrate

At 39°C, SCuM is connected to an external 1.7V VBAT source due to the sustained high-
power radio-on period required during calibration. Once calibrated, a bright light is turned
on to provide 200 mW cm 2 of irradiation, and the power source is disconnected to allow
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SCuM to operate autonomously, as shown in Figure [2.5] The illumination is focused solely
on the solar cells and does not significantly impact the SCpM temperature measurement.

Optical Lapt
Programmer aptop
VBAT y
S
N D)
Optical
ARM RX
Cortex OpenMote | |
MO RE RX mode

1 1 Teensy Temp

Sensor

Solar Cells Single-Chip Micro Mote

Figure 2.5: System Diagram

Local Oscillator Temperature Compensation

As a wireless temperature sensing node, SCjpM needs to transmit packets at various tempera-
tures. To accomplish this, the RF LO needs to be continually compensated over temperature
to stay within approximately 440 ppm of 2.405 GHz. One prior approach used the frequency
error in received packets to compensate the LO over temperature [52]. Further work demon-
strated this correction on all sixteen 802.15.4 channels between 5°C and 55 °C [88]. The LO
calibration approach used for this experiment is based on a linear relationship between tem-
perature and the ratio of the temperature-dependent on-chip 2 MHz and 32kHz clocks [100].

Specifically, the first step for the calibration procedure used for this system involves
determining which LC fine codes allow for proper radio transmission at which temperature.
As we vary the temperature with a hot plate, we continuously sweep through all 32 LC fine
codes, measure the ratio of the on-chip 2 MHz and 32kHz frequency counts over 100 ms,
and transmit the ratio in a 14-byte 802.15.4 packet. The coarse and mid codes were pre-
determined from an earlier calibration.

1. Use a hot plate to control the system temperature to a specific value.

2. Using the RF timer, measure the 2 MHz and 32kHz clock counts after 100 ms and
compute the frequency count ratio.
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3. Using the predefined coarse and mid codes and the current fine code (starting at 0),
tune the LC and transmit one packet containing the ratio and LC fine code

4. If LC fine code < 31, increment the LC fine code and loop starting at step [2|
5. Reset the LC fine code to 0 and repeat step [I| with a new temperature.

Throughout this process, we record the frequency ratios and LC fine codes of the packets
that are successfully received by an OpenMote CC2538 [93]. For each received packet, a
reference temperature measurement is taken with a TMP102 digital temperature sensor
(£0.5°C accuracy) attached to a Teensy 3.6 microcontroller. A linear model is then fit
between the clock ratio and the LC fine code as shown in Figure [2.6] For subsequent radio
operation, SCuM measures the clock ratio and then use this linear model to determine
which LC fine code to transmit at. The viability of this LO temperature compensation is
demonstrated by the frequency offsets of the received packets measured by the OpenMote

(Figure [2.7).
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Figure 2.6: LC fine codes of packets received by OpenMote (+£150 ppm tolerance [99]) and
SCuM’s 2 MHz/32 kHz ratio

Temperature Estimate Calibration

Now that SCpM adjusts its LO frequency to properly transmit across different tempera-
tures, the next step is to calibrate SCpM’s temperature estimates [100]. This calibration is
accomplished by continually transmitting the 2 MHz and 32 kHz clock ratio to an OpenMote
across a temperature range controlled by the hot plate. SCpM continuously corrects its LO
frequency using the linear model in Figure 2.6l Meanwhile, temperature measurements are
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Figure 2.7: SCuM frequency error during LC temperature compensation (Lines show
+40 ppm accuracy for 802.15.4 standard).

taken by a TMP102 digital temperature sensor. A linear regression is calculated between the
2MHz and 32kHz clock ratio and the reference temperature measured by the Teensy (Fig-
ure . SCpM then measures the clock ratio and uses this model to produce temperature
estimates. This calibration is chip specific.
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Figure 2.8: SCuM temperature estimate calibration
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Temperature Estimate Operation and Accuracy

SCnM is programmed with the following procedure to test the accuracy of the temperature
estimates:

1. Measure 2 MHz and 32 kHz clock counts over 100 ms using the RF timer and compute
the ratio.

2. Use the model in Figure [2.6] to update the LC fine code.
3. Use the model in Figure 2.8 to estimate the temperature.
4. Decrease the CPU clock rate to 78 kHz for 1s to charge the VBAT capacitor.

5. Increase the CPU clock up to 5 MHz to transmit a single 10-byte packet containing
the temperature estimate. Repeat from step 1.

We show that SCpM can successfully send packets to a 150 ppm (+360 kHz) tolerant
OpenMote CC2538 [99] in a temperature range between 35.5 °C and 40.0 °C. Although some
of the packets were outside the £40 ppm range for 802.15.4 standard as shown in Figure [2.7]
the OpenMote was able to attain a 95.8% packet receive rate across this temperature range.
This is what we refer to by standards-compatible. The accuracy of SCpM’s temperature
estimates is shown in Figures[2.9 and [2.10] The standard deviation of the temperature error
relative to the Teensy measurement is 0.28 °C.
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Figure 2.9: SCuM’s temperature estimate vs. Teensy TMP102 measured temperature
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Figure 2.10: SCpM’s temperature estimate error

Temperature Compensation Results

An autonomous micro-system that integrates SCpM, Zappy2 and a 100 pF capacitor un-
der 200mW cm 2 irradiation was demonstrated to transmit 802.15.4 packets with temper-
ature estimates between 35.5°C and 40°C. Specific applications include fire detection and
human temperature measurement. Further improvements could be made with a voltage-
compensated clock correction using the on-chip ADC. Further integration with MEMS de-
vices will allow this system to function as an RF-controlled autonomous actuator.

2.3 Compensating Frequency Variation During
Transmission for Crystal-Free Radios

For Section [2.2] it was only possible to send 10B 802.15.4 packets by SCuM while solar-
powered the remaining data would become corrupted. The hypothesis was because the
transmit current was much higher than the current provided by Zappy2’s solar cells resulting
in fro being pushed out of the channel frequency. This section goes into why more than 10B
can’t be transmitted on a solar-powered SCuM, how to compensate the frequency during
transmission and how the changes resulted in the full size 125B 802.15.4 packets being
transmitted.

The System and Considerations

This section also uses SCpM, Zappy2 and the capacitor as shown in Fig. 2.2 SCuM’s
two critical oscillators for transmitting and receiving packets are the 2 MHz RC oscillator
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chipping clock and the 2.4 GHz LC oscillator referred to as the local oscillator (LO). The LO
has a 15-bit capacitive DAC that is made up of three 5-bit capacitor banks, coarse, mid and
fine (CMF). The chipping clock and LO both have separate low-dropout voltage regulators
(LDO) and an on-chip band gap reference (BGR). Each fine code bit tunes between 90-
100kHz [51}, 52].

Why Do Packets Bigger Than 10B Get Corrupted?

Figure 2.11: VBAT vs Time

A starting point to answer this question is that Iygar > [ during transmission. To verify
that our system is behaving as described in Section VBAT vs Time was measured. As
seen in Fig. AVBAT = 165mV while SCpM is transmitting 125B packets. The time to
charge Cgecap t0 Zappy2’s open circuit voltage, Vo, takes Atcparge = 150ms. From this value

the maximum packet rate can be derived fpacket = # = 6Hz. As discussed in Sec. ,
charge
ceramic capacitors may be rated for 100 pF but their actual capacitance can be less than half

of that value. Since Iygar = 1600pA, AVBAT = 165mV and At ansmit = 4.5ms are known,
Caecap s effective capacitance can be estimated using Eq. . This gives a Cecap ~ 38.7pF
less than half of its 100 uF capacitance rating. The VBAT vs Time plots, Fig. [2.11| and
2.12 agree with the theory in Sec. 2.1} Specifically, during the transmission period shown

in Fig. [2.12) VBAT’s slope follows the expected linear relationship, AVEAT = IC‘;BAT.
ecap

C — IVBAT Attransmit
decap AVBAT

However, how does the change in VBAT and Iygar relate to fro? To answer this question
the setup in Fig was used to mix fro down by 2.3719 MHz (arbitrarily chosen) to

(2.8)
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Time(ms)

Figure 2.12: VBAT vs Time zoomed into the transmission period. The sharp drop corre-
sponds to the transmission period which is ~4.5ms. The 100 nF capacitor was charged in
~150ms. This sets the limit to 6 packets per second.
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Figure 2.13: fLo was mixed down by 2.3719MHz to fir = 33.1MHz. This means that
Afro = Afir.

fir = 33.1MHz. Because mixers are able to shift frequencies, A fi,o = Afir.fro. The data
was then collected by an oscilloscope and a matlab script was used create a waterfall plot that
resulted in Fig. [2.14] As can be seen from this diagram fi,o shifts by about 2.7 MHz while
transmitting. Notice the blue line for the 40 ppm 802.15.4 requirement, the yellow line for the
150 ppm requirement for OpenMote’s CC2538 and the green line for the desired frequency
of 33.1 MHz. From this plot, it can be estimated that within ~100 ps of transmission fio is
outside the 40 ppm requirement and within ~350 ps fro is outside the 150 ppm requirement.
This is the answer to the packet corruption problem.~350ps is about the amount of time
that it takes for SCpM to generate the 4B preamble, the 1B start of frame delimiter (SFD),
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Figure 2.15: The packet structure of a 802.15.4 packet

the 1B PHY Header and 5B of the PSDU. The structure of an 802.15.4 packet is shown in
Fig. 2.15 and it takes about 32ps to send 1B of data. Therefore, any data after ~350 ps is
likely to be corrupt since the OpenMote can’t demodulate it because fro is outside of the
150 ppm requirement.

Frequency Shift Compensation

Now that it is clear that fro is varying with VBAT the following steps were taken to com-
pensate for this Aty = 2.7MHz.

1. Optically Program and Calibrate
2. Characterize fro vs time
3. Create local oscillator DAC codes vs VBAT look up table (LUT)

4. Estimate Atypdate
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Optically Program and Calibrate

SCnM is initially optically programmed and all the on-chip oscillators are calibrated using
the methods described in , . This includes the 2 MHz chipping clock, the cortex clock
and RF timer. SCpM is connected to a 1.8 V VBAT source during this phase since the current
draw is higher than what Zappy2 can deliver and is disconnected after. SCuM’s LO CMF
codes were initially manually calibrated to transmit 802.15.4 packets on channel 11, fio =
2.405GHz. Assuming temperature were stable, f,o would stay within the 802.15.4 standard’s
LO requirement, £40ppm, over several several hours and could be updated through the

network )

Characterize fro vs time

Af, o, = 45MHz ;

0.8 1 1.2 1.4 1.6 1.8

VBAT (V)

Figure 2.16: fro vs VBAT £15mV and +£55mV are the max AVBAT while staying within
+40 ppm and £150 ppm, respectively

The second phase of the compensation is understanding how f1,o varies with VBAT. The
LO was calibrated to channel 11, fi,o &~ 2.405GHz, at 1.8 V. Then VBAT was swept from
1.8V to 0.8V at 10mV steps and fro was measured with a spectrum analyzer. Fig. [2.16
demonstrates how for one CMF code fi,o varies by 45 MHz over AVBAT = —1V which is
far away from the +40 ppm requirement. Ideally, variation in VBAT would have no impact
on fro. However, as can be seen in Fig. [2.16| with only a 15mV drop in VBAT f1o varies by
40 ppm. The OpenMote’s CC2538 can tolerate up to 150 ppm which means a 55 mV drop
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is tolerable. Now that the max AVBAT is known for the 40 ppm and 150 ppm the look up
table can be created.

Create a LUT for LO DAC codes vs VBAT
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Figure 2.17: SCuM’s LO is a class-B CMOS LC tank architecture that has a 15-bit capacitive
DAC that is made up of three 5-bit capacitor banks, coarse, mid and fine (CMF). The very
fine tuning resolution of 90-100 kHz is possible because of capacitive degeneration ,

Identifying what CMF code corresponds to what frequency as VBAT is dropping is
nontrivial. This is because a single CMF code can vary by 45 MHz when AVBAT = -1V.
Fortunately, SCpM’s LO has a 15-bit capacitive DAC that is made up of three 5-bit capacitor
banks, coarse, mid and fine (CMF) as shown in Fig[2.17] To achieve the 802.15.4 +40 ppm
requirement, fro must be within +£96kHz at 2.4 GHz. SCpuM’s cap DAC is able to achieve a
very fine tuning resolution of 90-100 kHz , . This is possible because unlike the coarse
and mid cap DAC the fine cap DAC is capacitively degenerated . This means the effective
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Figure 2.18: SCuM’s CMF DAC codes vs VBAT

capacitance seen by the inductor and capacitor (LC) tank is reduced by a factor of ﬁ. The
effective capacitance change is as low as ~9.4aF, something impossible to do with single
minimum-sized capacitor in a 65nm process. This occurs because the fine code Cap DAC is
placed below the NMOS cross-coupled pair seen in Fig. Crystal based radios typically
don’t have this fine of a tuning resolution because they use a phased locked loop (PLL) to
tune to the right frequency channel. With SCpM’s fine tuning capability, it is possible to
find a DAC code that is within 40 ppm of fro = 2.405GHz. Thus, a CMF code look up
table versus VBAT was created using the steps below:

1. The Cap DAC coarse, mid, and fine (CMF) code is swept and included in the payload
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while transmitting 802.15.4 packets.

2. The CMF code is swept until the OpenMote CC2538 receives a packet on channel 11,
fro, with a low IF offset.

3. Once the CMF code is found it is added to a look up table for the respective VBAT
4. Decrease VBAT by 10 mV and repeat 1-3 until the look up table is complete

The creation of the look up table begins with SCpM’s CMF codes being swept and
included in a 125B 802.15.4 packet. With a wide enough CMF frequency sweep range, the
OpenMote CC2538 eventually receives a packet[93]. Typically, there are a handful of CMF
codes that are received but the packet with the lowest IF offset is selected. OpenMote’s
reported lowest IF offset means that CMF code is the closest to fro = 2.405GHz. Thus,
that CMF code is added to the look up table. Then, VBAT is decreased by 10mV and
steps 1-3 are repeated until the table is complete as shown in Fig. [2.18 Notice that for for
each AVBAT=10mV the fine code changes by roughly one fine code which agrees with a
AVBAT= 15mV causing a 40ppm/96 kHz change and the fine code having a tunig resolution
of 90-100 kHz.

Estimate Atypdate
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Figure 2.19: VBAT vs Time zoomed into the the transmission period which is ~4.5 ms.

The next step is to estimate the time between CMF code compensation updates. This
is estimated by measuring VBAT versus time across Ceecap. In Fig. between t = 0 to
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~4.5ms, a 165mV drop is seen due to the high current draw during packet transmission.
The capacitance of Cgecap determines how fast the voltage drops thus a bigger capacitor

is desirable based off of é}(’iBAT = dVCiAT. Atypdate can be estimated by using Fig. 2.16
ecap

and 2.19] To stay within +40 ppm, a ~+100 kHz shift, a AVBAT =+15mV is needed which
corresponds to a Atypdate < 400ps. The OpenMote has a £150 ppm tolerance, a +360 kHz
shift, thus a CMF code update would be needed for every 55mV which corresponds to a
Atypdate < 1.4ms. It takes about 4.5ms to transmit a 125B 802.15.4 packet thus to meet
the 150ppm requirement for the OpenMote at least 3 CMF updates would be required.
Similarly, to meet the 40 ppm requirement for the 802.15.4 standard at least 11 updates
would be required.

Frequency Compensation Results & Discussion

Figure 2.20: Frequency vs time with no compensation. During the transmission period the
fir drifted 2.4 MHz from the initial frequency.

In order to capture the frequency shift due to VBAT, fro was mixed down by 2.3719 MHz
to fir = 33.1MHz. This means that Afro = Afir. As can be seen in Fig. fir drifts by
2.7 MHz during the transmission period, ~4.5 ms, thus at least 3 CMF updates are required
to properly receive a full length packet on an OpenMote. In Fig. [2.21] 14 CMF code com-
pensation updates with a Atypgate = 300ps were used resulting in only a A fip = 300kHz. As
a result, SCpM powered from solar under200 mW cm 2 of irradiation and a 0805 capacitor
is no longer limited to sending smaller packets like the 10B packets in [62, |63] and can send
full 125B length packets.
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Figure 2.21: Frequency vs time with 14 CMF code compensation updates. As a result, there
was only a shift of ~300 KHz from the desired frequency.

Another solution to this problem could have been using a bigger solar cell with a I, >
IypaT or an enormous capacitor with a AVBAT of only 15mV during transmission. How-
ever, the main objective for this work is to miniaturize the electronics so they can be used
for building microrobots. Being able to compensate frequency while a packet is being trans-
mitted means that smaller capacitors can be used such as an 0603 and an 0402 to offset the
AVBAT and still be able to transmit an uncorrupted packet. To get a sense of scale the
0805 capacitor used for Cecap is 2x1.25x1.25 mm and weighs 26.2mg. While 26.2 mg might
not sound like much to a microrobot every single mg needs to be accounted for. How much
does an 0805 differ from an 0402 capacitor? An 0402 capacitor is 1x0.5x0.5 mm and weighs
3.2mg which translates to a reduction in volume by 12x and in weight by 8x in comparison
to an 0805 capacitor. Initial work was done to show that compensation was possible on 0603
and 0402 capacitors. There are three potential limitations to consider:

1. Atypdate’s minimum resolution on SCpM is limited by the 500kHz RF timer+code
execution

2. CMF compensation currently only works for VBAT> 1.6V
3. LO settling time

How small can these capacitors theoretically be before things break down? To begin, the
limits of At,pdate Will be explored. To get an estimate of Atypdate, [vear = 1.6mA during, a
AVBAT < £15mV to stay within 40 ppm and the effective capacitance of Cecap can be used.
For an 0402 capacitor with the biggest capacitance possible, 22 nF, the effective capacitance
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can be estimated Cyecap ~ 40%22pF ~ 8.8uF. Using Eq. and plugging in the values, a
Atypdate ~ 82.5ps is calculated and translated to 55 CMF code updates being required to
stay within +40 ppm. The CMF code updates were implemented using a timer that is based
on a 500 kHz RF timer, which gives the timer a resolution of 2s. However, the CMF code
update requires a few cycles from the 5 MHz Cortex clock to update the LO. Given that it
takes 200 ns for one Cortex clock cycle it is very likely 400 clock cycles should be sufficient to
update the CMF code. With an effective capacitance of Cyecap ~ 40%221F ~ 880nF, an 0201
capacitor has a requirement of At,pdate = 8.25ps thus approximately 31 Cortex clock cycles
to update the CMF codes. This is likely approaching the limit of SCuM’s update capabilities
given the power constraints. However, further analysis needs to be done to understand the
precise number of clock cycles required with optimization.

The second limitation is that VBAT> 1.6V must hold true for this method to work, at
least in its current state. Using Aty ansmic = 4.5ms, Iypar = 1.6mA, Checap = 8.8uF for an
0402 cap and 880 nF for an 0201 cap, VBAT would drop to 0.99V and 0V, respectively, if
a full 125B packet were to be sent. Based on this it is not theoretically possible to transmit
full 125B packets with these small capacitors with frequency compensation unless Iygar is
reduced or I is increased. However, a certain amount of bytes can be transmitted before
VBAT drops below 1.6V. Using Eq. 2.7, Iygar = 1.6mA, AVBAT= 200mV, Cyecap = 8.81F
for an 0402 cap and 880nF for an 0201, the time valid data is being transmitted, At .jq,
can be calculated. At uq 18 1.1 ms and 110 ps for an 0402 and 0201 cap which translates
to 34B and 3B valid data, respectively. The 3B produced by the 0201 cap would not be
able to transmit data since 802.15.4 packets use the first 6B for the preamble, start of
packet delimiter and PHY header. However, there was some preliminary work done that
demonstrates the VBAT > 1.6V limitation might be based on the 2 MHz chipping clock
going out of the £1000 ppm requirement for the OpenMote’s CC2538. In Fig. [2.22] the
2MHz Chipping Clock’s frequency, fomm,, was measured as VBAT was decreased. The
blue lines indicate that around 1.5V fo\g, is outside of the 1000 ppm requirement which is
close to the VBAT frequency compensation stopped working. If the 2 MHz chipping clock is
indeed the issue and it were to be compensated, it could extend the compensation to range
to 1.3V. Thus, 85B and 8B packets could theoretically be transmitted with an 0402 and
0201 capacitor, respectively. The last issue to take into account is how long it takes for the
LO to settle when switching CMF codes. The LO’s cold start settling time was measured
to be roughly 50 s [52, [51]. It is unlikely the same amount of settling time is required for
changes in frequency ~100kHz versus the startup frequency change that goes from 0 Hz to
2.4GHz. It is critical this is understood before attempting any of the techniques above for
an 0201 capacitor.
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Chapter 3

Integrated Low Power Systems:

Microrobots, Tracking Hornets and
the Invisible Keyboard

3.1 The Small Autonomous Robot Actuator (SARA)

Introduction

One ideal for an autonomous microrobotic system is one composed of motors, mechanisms,
sensing, computation, communication, and power, which is able to interact with its envi-
ronment and the internet in an intelligent manner. Much progress has been made in the
development of all of the required components, and in the integration of full systems. This
section reports a modest level of autonomy in a modular combination of a small number of
components, with application to a broader set of microrobots. The motor and mechanism
used here is a MEMS gripper described in [81]. The gripper is a single degree-of-freedom
actuator, very simple from a robotics perspective. But it is made in a MEMS fabrication pro-
cess which has been used to fabricate more complicated robot structures, such as jumpers [82]
and a twelve degree-of-freedom hexapod [22], as well as a quadthruster ionocraft [26]. The
jumper and walker use the same basic electrostatic inchworm motor as the gripper. The
high voltage chip used here, Zappy2, was designed to drive this type of motor.

Previous work on untethered systems has shown that small robots are able to accomplish
interesting tasks in healthcare and bioengineering [85], and construction [34]. In many cases
these untethered robots might benefit from a wireless microgripper attachment, as would
some of the autonomous robots below.

There are many small autonomous robot systems in the multiple cubic inch size range
[77, 76, 11]. Communication is a key enabler in several of these systems [77, [23]. Indeed,
communication may be the only area in which man-made microrobots can outperform their
natural counterparts. While IR communication is simple and useful for local operations, RF
communication allows longer-range, multi-hop mesh networks, and easier integration into
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MEMS Gripper Zappy2 SCuM

Figure 3.1: MEMS Gripper, HV Buffer & Solar Cell Array Chip, Single Chip Micro Mote
(left to right). Two SCpM chips are stacked due to initial SCuM malfunctioning. The
dimensions of SARA are 9.5 mmx31.55 mm

existing networks and infrastructure. The Bluetooth chip used by Iyer, et al. allowed
them to send images over 120 meters. The radio used by Sabelhaus et al. speaks the
802.15.4 PHY and MAC protocol natively. This protocol is the basis of a highly reliable low
power mesh networking communication stack, OpenWSN [96]. The Single Chip micro Mote,
SCnM, was designed to perform the computation and communication required by swarms
of simple microrobots, and is able to run the OpenWSN stack . It has some features in
common with the chip developed by Zhang et al. [103].

There have been several autonomous microrobots in the sub-gram size range, mostly
aerial vehicles. The 10 mg robot built by Hollar et al. used inchworm motors and a
solar cell array and was able to do autonomous pushups, with a small amount of lateral
motion, under roughly one sun of illumination. The controller was a simple CMOS finite
state machine, with no sensor feedback. The 300 mg robot built by Churaman et al.
was able to jump 11 body lengths when triggered by an on-board light sensor. The logic was
hard-wired. James et al. were the first to achieve takeoff, however briefly, of a 190 mg
robot under 200 suns of illumination. The 259 mg robot built by Jafferis et al. achieved
many body lengths of autonomous flight under only a few suns of illumination. Both of these
last two flapping wing robots used open-loop control, but included a digital microcontroller,
indicating that future sensor integration will be possible.

Previous work has demonstrated the operation of electrostatic inchworm motors using
multi-junction solar cell arrays , coupled with an external silicon leg-sweeping mechanism.
Bellew et al. |4] demonstrated the integration of solar cells, CMOS, and MEMS into a single
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Table 3.1: SARA Weight Specifications

Item Mass (mg)
Empty Flex PCB 71.8
SCuM (Stacked) 8.6
Zappy 2 17.3
MEMS Gripper 137.9
0402 Capacitor (22 pF VDDIO) 3.8
0805 Capacitor (100 uF VBAT) 26.2
0805 Capacitor (100 nF VDDH) 17.2
Solder and wirebonds 3.1
Total Mass 285.9
- n 17V tical d) I
Eég;é?ﬁ :E;:j; 2 Proogfamnter Laptop
VBATPV VDDHPV VDDH VDDIOPV VDDIO VBATT y
$3
R Y ~ C
@ @ b &SS Y OpenMote |
_l ‘ _L {) Tx
5 GPIOO/] ARM r~(1:(c)>r‘tex d):)_)
d)s 2 w BUffer cro. 4 ; OpenMote 2
% : HV Buffer, D GPTE<I_J— o
L IREF l L L

MEMS Gripper

HV Buffer and Solar Cells

Single-Chip Micro Mote

Figure 3.2: System block diagram including power domains, phases of operation, and all
components.

process, pointing to a future in which the size, weight, and frustration associated with multi-

chip assembly is minimized.
The work described here is a step toward demonstrating standards-compatible mesh-

networked swarms of centimeter-scale microrobots.

System Description

The SARA robot consists of three chips and three capacitors. In addition, two OpenMote B
CC2538 ToT devices were used for RF communication between SARA and a laptop, one for

sending commands to SCpM and the other for receiving from SCuM [93].

Additionally, a
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Teensy 3.6 microcontroller with an infrared LED was used to optically program and calibrate
the SCpM chip [97]. The block diagram of the system can be seen in Figure .

SCuM: Crystal-Free Radio and Microprocessor

SCuM is a 3x2x0.3mm?® CMOS SoC featuring an ARM Cortex-M0 microprocessor, BLE
transmitter, and a standards-compatible crystal-free 802.15.4 transceiver [52]. The chip also
features an ADC, 16 0.8 V-3.6 V GPIOs, and an optical receiver used for optical programming
and calibration. SCpM requires only one 1.2 V-1.8 V power supply connected to VBAT to
operate [52], but the GPIOs may be driven from a separate supply, VDDIO. In order for
SCpM to properly drive the high voltage buffers on Zappy2, the solar cell array provides
VBAT = 1.8V and VDDIO = 3.5V.

Table 3.2: SCpM System Clocks

Clock Purpose
20 MHz RC Source for Cortex microprocessor
2.4GHz LC Dictates radio channel frequency
2MHz RC Radio chipping clock
64 MHz RC Sample RF intermediate frequency
500kHz RC (derived) User-defined interrupts

Table 3.3: SCuM Operating Current (1.5V)

State Approximate Current
5MHz Clock Rate (Normal) 350 pA
5 MHz Clock Rate (Radio on) 1.6 mA
78 kHz Clock Rate (Low power) 200 pA

By removing the crystal reference, SCnuM is able to further reduce size and cost of mi-
crorobotic devices. In place of a crystal reference, SCpM uses on-chip CMOS oscillators as
detailed in Table [3.2] However, this means that on-chip oscillators need to be calibrated to
ensure standards compatible 802.15.4 radio operation. Notably, the 2.4 GHz LC oscillator
used to set the local oscillator (LO) at the desired radio channel frequency is configured using
three, 5-bit capacitive tuning DACs referred to as the coarse, mid, and fine tuning settings.
Other calibrated clocks include the 20 MHz CPU clock, 2 MHz chipping clock, and 64 MHz
receiver intermediate frequency sampling clock. Calibration of these clocks has been suc-
cessfully demonstrated using several different approaches, including an optical programmer
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[97], temperature-based calibration [101}, |64], and RF-based calibration using only packets
overheard [88, |89, [13]. The work reported here used the optical programmer.

During normal operation the 20 MHz RC oscillator is divided down to 5 MHz for use
as the clock for the Cortex microprocessor. For lower power consumption this oscillator is
divided to 78 kHz. The current consumption at these various operating conditions can be
seen in Table 3.3

Zappy 2: Solar Cell and High Voltage Buffers

Zappy?2 contains the photovoltaic (PV) arrays that power the robot and high voltage buffers
to drive the motors. The 3.26x3.5mm? chip is fabricated in a 650V trench-isolated CMOS
process and contains more than two hundred PV cells [71]. These PV cells are grouped in
series to provide three voltage domains: one to power SCuM (VBATPV; 1.8V), one as a
reference for the SCpM’s GPIOs (VDDIOPV; 3.5 V), and one as a high voltage rail to power
the electrostatic motors on the MEMS gripper (VDDHPV; 119V). The performance char-
acteristics of the solar cell arrays are shown in Table [3.4] Three capacitors of size 100 pF,
22 uF, and 100 nF are used to maintain voltage across VBAT, VDDIO, and VDDH, respec-
tively (Figure 3.2). In the SARA robot, the lowest allowable successful operating voltages
of VBAT, VDDIO and VDDH were measured to be 1.3V, 3.3V and 40V, respectively.

Table 3.4: Solar Output Specifications at 100 mW /cm? Irradiation

VBATPV | VDDIOPV | VDDHPV
Voc 1.8V 3.5V 119V
Isc 280 nA 16 pA 2.4nA

Zappy2 also contains four high voltage (HV) buffers, two of which are needed to drive a
single inchworm motor. These buffers hard switch their outputs between 0 V and VDDHPV
at a rate determined by the switching of the input signals. SCpM uses two GPIOs to drive
two buffers, and a third GPIO to generate the CLKyyv=100 kHz source needed for the Zappy2
internal digital state machine.

Hard switching the HV lines is sub-optimal for electrical to mechanical conversion effi-
ciency, and because it requires significant capacitance on the HV supply to avoid drooping
in the supply voltage. Both of these problems can be solved using an improved version of
the HV chip [48], but for SARA we simply added a HV capacitor that was large compared
to the load capacitance of the electrostatic actuators, roughly 70 pF.

For this SARA integration, the solar array is provided with 200 mW /cm? irradiation to
provide VBATPV to SCuM with 560 pA at 1.86V.

Figure [2.3]shows a simple model of the VBAT supply and consumption, discussed below.
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Gripper: MEMS SOI 15 mN Gripper

The 14.5x9.5x0.6 mm?® MEMS gripper used in SARA is a later iteration of the design by
Schindler et al. [81]. The gripper is microfabricated in a three mask silicon-on-insulator
process with a 40 pm thick device layer, and in this silicon device layer is an electrostatic
inchworm motor—using the motor architecture proposed in [67]—which linearly actuates
the gripper jaw up to 3 mm when suitably powered. The motor consists of a shuttle and two
arrays of gap closing actuator finger pairs (with 1536 finger pairs per array). Each of these
arrays is a capacitive transducer connected to ground and one high voltage (>40V) input
signal. The input signals are generated by the SCpM chip and buffered to high voltage by
Zappy2. When an input signal is raised to a high voltage, the corresponding array charges,
closing its finger pairs, and via a compliant mechanical linkage pushes the shuttle forward
2 pm then holds it in place. If the second array is then charged and the first is released, the
shuttle moves an additional 2 pm. Driving the two arrays with >50 % duty cycle square waves
180 degrees out of phase creates continuous movement. When both arrays are discharged
simultaneously, the shuttle is free to move and is retracted by a silicon serpentine spring;
this is how the gripper jaw returns to its original position.

As with stepper motors, since the motor moves a fixed distance every input signal period,
its actuation speed is proportional to the input signal frequency f [67]. In this implementa-
tion with d = 21um/step and n = 2 steps/period, the motor moves at speed n-d-f: 1mms!
at 250Hz or 4ums ! at 1Hz. This gripper has been successfully actuated at speeds up
to Imms ! with an external power supply (likely limited by excessive friction in the inte-
grated system) [81]. Experimental tests of the same motor architecture have demonstrated
35mms ' movement [20].

Each of the two capacitive transducer arrays has approximately 40 pF maximum (closed)
capacitance (and a parasitic 30 pF in parallel for total capacitance C' ~ 70pF). When its
input signal is raised high, the array charges with energy %C’V2 and puts an additional
%C’V2 toward mechanical work and heat. When the signal is returned to ground the stored
capacitive energy is lost. Thus the power draw of the entire motor on the drive electronics
is approximately 2-2CV2n-f, e.g., 0.35mW at 1mms * and 100V, or 56 pW at 1mms *
and 40 V. Note that at zero speed, i.e., holding position without movement, the motor
theoretically draws negligible power. In reality, leakage current due to parasitics, especially
parallel resistance when the array fingers are closed, can dominate; we explore this in later
sections (see Figure . The advantage of higher voltage is that the motor force is pro-
portional to voltage squared: this motor, after inefficiencies, provides up to 15mN at 100V
or 2.4mN at 40V [81]. Motor efficiency as defined by [67] is n ~ 15mN-2pm/1CV? ~ 9%
(and parasitics—see Figure reduce this further). This could be increased significantly
by using a variable-voltage driving waveform to reduce both nonlinearities in the capacitive
transducer and RC charging losses |67} 4§].
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System Operation

The integrated SARA microsystem operates in 5 phases indicated in Figure 3.2l and detailed
in this section.

Phase 1: Optical Calibration

A Teensy 3.6 microcontroller with an IR LED is used to send signals to the optical receiver
on SCuM in order to bootload a program [97]. After programming, SCpM enters an optical
calibration phase. This calibration is needed to calibrate the CMOS oscillators on SCuM
since the chip lacks a crystal reference. The same IR programmer sends 20 pulses of an optical
signal at 10Hz to trigger optical interrupts on SCpM [97]. Upon receiving an interrupt,
SCuM uses the time between interrupts as an absolute reference for calibrating its oscillators.
The calibrated clocks include a 20 MHz HF CPU clock, a 2 MHz RC chipping clock, and an
IF radio clock.

During bootup, SCpuM has the following VBAT current transient: 300 pA unprogrammed
or idle, 350 pA for 0.5s while programming and initializing, 1.6 mA optical calibration for
2s, and lastly idle at 350 nA. The 1.6 mA exceeds the 560 pA provided by the solar cells
at 200mW cm?. Thus, while calibrating, SCpM is connected to an external 1.7V VBAT.
Additionally, an external 3.3V VDDIO source is connected during calibration to ensure that
the Zappy2 FSM is properly initialized.

Phase 2: Solar Power and LC Calibration

Once calibrated, the external 1.7V and 3.3V power sources are disconnected and SCpM
operates autonomously on solar power from Zappy2. Under 200 mW /cm? irradiation (2 suns)
provided by a fiber optic light illuminator, the solar cells provide 560 pA at 1.86V. This
provides power to operate SCuM at a reduced 78 kHz clock rate (Iypar=20011A) between
periods of full speed operation at 5 MHz (Iygar=3501A). The 2 suns illumination was chosen
as the 560 pA current provided exceeds the Iypar=3501A idle current. Additionally, it
provides enough current along with the 100 pF VBAT capacitor to operate SCuM with radio-
on Iygar=1.6 mA for ~2ms periods while still maintaining 802.15.4 standard compatibility.
Further justification is provided in section [3.1}

Additional calibration is required to set the radio local oscillator frequency to properly
transmit 802.15.4 packets at 2.405 GHz for channel 11 as well as receive packets at 2.410 GHz
on 802.15.4 channel 12. This additional calibration is needed as the optical programming
phase is not able to accurately calibrate the local oscillator. This occurs because when
calibrating the local oscillator the divider chain is required to be turned on which increases
the current consumption from 1.6 mA to more than 2 mA. Attempts to turn the divider chain
off after calibration resulted in the local oscillator shifting it’s frequency. Thus, to calibrate,
SCuM sweeps across tuning settings with the divider chain off for each of the three 5-bit
capacitive DACs used to set the frequency for the LC local oscillator (coarse, mid, and fine
settings). The LC codes are swept until a packet is properly transmitted on channel 11 to an
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RX OpenMote. Next, the LC codes are again swept until SCuM properly receives a packet
on channel 12 from an TX OpenMote (Figure . The TX and RX LC configuration codes
are then fixed and SCpM is now properly calibrated to transmit and receive on those specific
channels.

The LC is calibrated with the goal of maintaining 802.15.4 standard compatibility. This
standard defines a £40 ppm maximum local oscillator frequency error which is difficult to
achieve without a crystal reference. This is especially challenging in an energy-constrained
and solar-powered system due to large voltage drops across the 100 pnF VBAT capacitor that
occur during radio operation which shift the frequencies of the CMOS oscillators (see section
51).

Furthermore, this calibration is complicated by the 160 ppm/°C [99] and —40 ppm/°C [52]
temperature dependence of the 2 MHz radio chipping clock and 2.4 GHz radio local oscillator,
respectively.

In prior work, SCpM and Zappy?2 have been integrated into a wireless temperature sensing
node featuring temperature based LC compensation across a temperature range of 35.5°C
to 40.0°C [64]. For this integration the LC codes are fixed as previously described rather
than continuously calibrated. Future work could integrate this continuous LC calibration

into the SARA robot.
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Figure 3.3: Crystal-free radio local oscillator frequency vs. VBAT voltage at a fixed LC
tuning setting. The blue lines shows the £40 ppm tolerance band of the 802.15.4 standard
and the green lines shows the 4150 ppm tolerance of the OpenMote.
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Phase 3: Receive Packets

While operating, the radio is enabled for 1ms to attempt to receive an 802.15.4 packet
from a TX OpenMote (Figure . This requires 1.6 pnC of charge for I,4i0.on=1.6 mA. The
transient current of SCuM during radio operation under solar power can be seen in Figure
[3.4f The 1 ms radio on period was chosen to minimize voltage drop on VBAT while the radio
is on. The TX OpenMote is continuously transmitting 6 byte packets with a command to
actuate the gripper. Phase ¢3 is repeated approximately every second until a command is
received. The time in between repetitive Phase ¢3s could be reduced.

With the solar cell array under 200 mW /cm? irradiation and the 100 uF bypass capacitor
across VBATPV, SCuM receives 560 pA at 1.86 V. This can power SCuM at I;,4i0.on 0f 1.6 mA
for 25 ms before VBAT drops from 1.86V to the operating minimum of 1.3 V. Additionally,
SCuM has been shown to send and receive packets under solar with a 20 uF' capacitor which
can keep the radio on for 11 ms.

In practice, however, such a large voltage drop across VBAT shifts the local oscillator
frequency and prevents proper radio operation (Figure . The slope of the LO frequency
vs. VBAT curve (Figure at VBAT=1.8V is approximately 5 MHzV~!. To maintain
+40 ppm stability (+100kHz), the VBAT supply must be stable to less than 20 mV vari-
ation. A 20mV VBAT drop limit permits the radio to be enabled for at most 1.92ms to
maintain standards compatibility.

Specifically, based on the frequency shift from 2.4028 GHz at Iygar=1.8 V to 2.4023 GHz
at Iypar=1.9V (Figure, the VBAT voltage on SCpM must shift at most £20mV during
a period of radio operation to ensure the frequency stays within the £40ppm frequency
tolerance.

Phase 4: Transmit acknowledgement

After receiving a command to close the gripper, SCuM enables its radio for 4 ms to transmit
a 10 byte packet to an OpenMote to confirm that the command was received. The current
consumption during the 4 ms transmission period is presented in Figure [3.6] It should be
noted that the transmitter should theoretically take closer to 0.4 ms to transmit a 10 byte
packet. However, in practice the packet received by the OpenMote would be corrupt if the
radio-on time was reduced too much. Transmitting packets is difficult due to high radio-on
current draw which causes a drop in VBAT voltage as charge is pulled from the 100 pF
VBAT bypass capacitor. The challenges of maintaining the proper local oscillator frequency
are similar to those described in section but now the radio is on for a longer period
of time (4ms TX vs. 1ms RX). Despite this increased radio on period, SCuM was able to
properly send packets as the transmission completes within the first 1 ms (corresponds to
~40mV VBAT drop; see Figure . Further development has decreased the total radio on
time to 1ms. The OpenMote device used for these tests has a higher 150 ppm frequency
tolerance [99] over the £40 ppm tolerance in the 802.15.4 standard. This increased tolerance
was leveraged to help receive packets from SCnuM.
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Figure 3.4: VBAT current during wireless 802.15.4 receive (200 mW /cm? irradiation; 47 uF
VBAT bypass capacitor). ¢;: Low power (Fioex=78kHz), ¢o: RX with radio on, ¢s:
periodic wake up to Feoriex=0 MHz

Phase 5: MEMS Gripper Actuation

After sending the acknowledgement that the command to close the gripper was received,
SCuM begins sending three control signals through GPIO pins 1, 4, and 5 (powered by
VDDIOPV) to Zappy2 (Figure [3.2). The GPIO output specifications can be seen in Table
3.5l The first signal originates from the SCpM 500kHz RF timer and is passed through
GPIO 1 (Figure as the CLKyy clock source for the Zappy2 digital state machine. GPIO
pins 4 and 5 are fed into two of the four high voltage (HV) buffers on Zappy2, which in turn
connect the gripper to the Zappy2 VDDHPV HV source. Toggling these pins from 0V to
3.5V (with a 60% duty cycle) and 180 degrees out of phase with each other actuates the
electrostatic inchworm motor of the gripper as described in section

The current provided by the VDDHPYV source on the solar cell and the current consump-
tion of the gripper while held at a DC voltage can be seen in Figure [3.7 The GPIO signals
and the corresponding buffered HV signals used for gripper actuation can be seen in Figure
B.8

We can use Figure to determine the maximum speed operating points of the gripper.
Because the gripper is capacitive, its speed, as in section [3.1] is determined solely by its
driving frequency while it charges to the maximum voltage (and thus force) available. At
fast speeds, however, insufficient power is supplied to charge the gripper each signal period
so the voltage across its capacitance decreases. Once the voltage falls below the minimum
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Figure 3.5: VBAT voltage vs. time during wireless 802.15.4 transmit (200 mW /cm? irradi-
ation; 100 nF bypass capacitor). The dashed lines indicate the 4 ms period when the radio
was enabled.

Table 3.5: GPIOgyput Specifications

Specification Value
VDDIO 0.8-3.6 V
VDDAUX 0812V

Fax @ HCLK = 10 MHz 734.25 KHz
IVDDIOleakage @ VDDIO =33V 4.37 nA
Isink/source @ VDDIO =33V 19 mA
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Figure 3.6: VBAT current during wireless 802.15.4 transmit (200 mW /cm? irradiation; 20 uF
bypass capacitor). Phases: ¢1: Feorex=78 kHz low power mode and UART logging before
transmit, ¢o: Transmit 10 byte packet, ¢3: Feortex=b MHz idle state

40V, the gripper fails to move. In this implementation, however, the gripper also has non-
negligible leakage current draw under DC input. This sets the minimum power draw of the
gripper at a given voltage as its speed approaches zero and duty cycle approaches 100%.

Thus, under 200 mW /cm? irradiation, the operating point of the HV buffers and the
gripper (for slow speeds and high duty cycles) is ~4.75pA at ~59V (Figure [3.7). According
to section [3.1] at this voltage, the force of the gripper is approximately 5.2 mN. If we assume
the leakage current graphed in Figure only appears across the gripper when a motor
array is charged (i.e., the gap closing actuators are closed, which makes sense if their fingers
are touching and causing a high-resistance short), then the proportion remaining power
available to actuate the gripper is 1 minus the duty cycle (here, 60%), for 4.75pA-59V-0.4 =
0.11mW, which is sufficient for up to 920 pums ! speed. While testing the integrated SARA
system at 200 mW /cm? irradiation, GPIO toggling speeds up to 160 Hz resulted in movement,
corresponding to a maximum speed of 640 pms—! closing the full 3mm distance under solar
power in ~4.7s (the slower-than-theoretical maximum achievable speed implies some of the
gripper leakage is always present, reducing power available for movement, and friction may
also play a role).

Each of the three Zappy?2 voltage domains (VBATPV, VDDIOPV, and VDDHPV) must
maintain a minimum voltage during actuation of the MEMS gripper. During gripper actu-
ation, SCpM operates at a Feorex=78 kHz with Iygar=2001A. This is within the 560 pA



CHAPTER 3. INTEGRATED LOW POWER SYSTEMS: MICROROBOTS,
TRACKING HORNETS AND THE INVISIBLE KEYBOARD 53

—e— Gripper current
60 F —— VDDHV 100mW/cm?
---- VDDHV 200mW/cm?
40 e Operating points

< 20
3 AR R RN A EEEE R R RN RN
1=
cé)].o. N L L L N L L R
o
7.5
Y0 ) Y S, -
\
\
\

2.5

\
\

0 20 40 60 80 100 120
Voltage (V)

0.0

Figure 3.7: Measured gripper leakage current under DC supply vs. HV buffer DC voltage,
and Zappy2 VDDHPV supply current vs. VDDHPV voltage under 100 mW /cm? (measured)
and 200 mW /cm? irradiation (estimated). Red intersections represent operating points of
the system at 100 mW /cm? and 200 mW /cm? irradiation while closing the gripper at very
slow speeds approaching zero and duty cycles approaching 100 %.
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Figure 3.8: Toggling of HV buffers driving MEMS gripper at 200 mW /cm? irradiation. SCpM
GPIO pins 4 and 5 are enabling/disabling 59 V HV buffered outputs D1 and D2 (respectively)
on Zappy2. GPIOs toggling at 5.9 Hz with a 60 % duty cycle at a 180 degree phase offset
from each other.

provided by the VBATPV supply. The Iyppio=1pA consumed while toggling the GPIO
pins at 160 Hz is well under the ~32 pA provided by the VDDIOPYV source. Lastly, the VD-
DHPYV current while toggling and actuating the gripper is on average ~4.75 1A, smoothed
by a 100 nF capacitor.

Finally, SCpM returns to Phase ¢3 and begins listening for packets with ”actuate gripper”
commands. The gripper has been demonstrated to repeatedly open and close after multiple
iterations of the receive-acknowledge-actuate loop.

Conclusion

Under conditions of steady 200mW /cm? irradiation on Zappy2 we have demonstrated
full SARA system operation. This includes receiving a six byte wireless command to
actuate the gripper from a standard 2.4 GHz 802.15.4 transmitter, transmitting a ten
byte standards-compatible 802.15.4 packet as an acknowledgement, and autonomous
microprocessor-controlled MEMS gripper actuation. The gripper has then been demon-
strated to fully close at a rate of 640pms ! to close the full 3mm distance in roughly
4.7s. After the gripper has closed the SARA system successfully repeated the entire
receive-acknowledge-actuate procedure repeatedly without failure.
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The integrated SARA microsystem with power, control, and mechanical elements pro-
vides capabilities that previously would not be possible. An autonomous MEMS gripper
could be used in micro assembly and manufacturing systems that require manipulation at
a pm scale. Feedback control could be obtained by using the contact sensor on the MEMS
gripper which could enable a pm scale caliper device to make size measurements of objects.
Further developments will allow the integration of new jumping [80], walking [19], and fiber
crawling MEMS devices. For example, a MEMS inchworm motor could pull the SARA
microsystem along a cord strung across an interior space to use SCpM as an autonomous,
battery-free sensor. Multiple devices with SCuM and MEMS chips integrated could also be
used in mesh networking systems for micro-scale robotic exploration.

3.2 Tracking Murderous Hornets with SCpM

Figure 3.9: Comparison between various hornets . used Bluetooth tags developed
by to track the Asian giant hornet which is 2x bigger than the Asian hornet. However,
this tag’s size doesn’t work well for tracking the Asian hornet. Thus, a BLE SCpuM-based
tag was created.

By accident the Asian hornet (Vespa Velutina) was introduced into Bordeaux, France
in 2004. Without a predator, the species’ population grew rapidly across Western Europe.
Asian hornets typically invade honey bee nests, kill all the honey bees, and eat the larvae.
As a result, western honey bee’s halve their flight time leading to less nutrients and a colony
reduction on average of 30% in France . Many municipalities employ teams to kill the
nests as soon as they are reported. While finding an Asian hornet is easy, outside of the bee
hives, the challenge is finding their nest. For tracking Asian hornets VHF tags have been
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Table 3.6: Weight Hornet Slayer Board

[tem Weight (mg)

Blank PCB 12.7

SCpM 4.3

Battery 162.8

Antenna 31.2

Wire for Battery & Solder 15.3
Epoxy 10

Solder for Antenna & Copper Tape 7.8

Total 244.1

used [43], however this requires special equipment. Bluetooth tags were used to track Asian
giant hornets in [36, [35, [50] but the size difference does not work well for the 2x smaller
Asian hornet.

In collaboration with Inria’s EVA research team and Berkeley’s Autonomous Microsys-
tems Lab (BAMLAB), a BLE SCuM based hornet tracker came to life. Instead of requiring
specialized readers or external RF sources to initiate backscatter communication SCuM hor-
net tracker could communicate with a wider range of existing devices like smartphones,
tablets and computers. This led to building a tracker consisting of SCpM, a SR421SW silver
oxide coin cell battery and a antenna as shown in Fig. [3.10]

Table 3.7: Specs for Hornet Slayer Board

Spec Value
Dimensions || 5x8mm
Weight 244.1 mg

Range 190 m

Battery Life 1.5h

The fully assembled Hornet Tracker can be seen in Fig. [3.10} The 5x8mm 2-layer
flexible orange PCB has SCuM and its wirebonds in the middle enclosed with clear epoxy.
The antenna can be see on the top right hand side with a length A/4. The SR421SW coin
cell battery can be seen at the bottom. A soldered wire seen sticking out on the left and right
hand side of the board in combination with the copper tape was used to keep the battery
in place. Originally, a battery holder was going to be used but according to [43] the weight
requirements dictate it be under 280 mg. The weight breakdown can be seen in Table [3.6]
The battery takes up the majority of the weight budget, followed by the antenna. After
removing the battery holder, the total weight the Hornet Tracker was 244.1 mg which is well
under the ideal 280 mg. The tracker has a battery life of 1.5h and RSSI of —60 dBm within
a meter of an OpenMote with a standard ducky antenna.
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Figure 3.10: A fully assembled Hornet Tracker. The flexible lightweight orange PCB has
SCuM in the middle under the clear epoxy bump and the antenna on the far right. The
SR421SW coin cell battery was attached at the bottom by a soldered wire and copper tape.

The receiver for the Hornet Tracker was designed by the EVA team. The SCpM Hornet
Tracker sends BLE beacon packets every 500 ms. The hardware for the receiver consisted of
a Nordic nRF5340, a directional antenna with a gain of 14.5dBi, and a speaker. For each
frame that was received the speaker would play a beep. The pitch of the beep would depend
on the signal strength of the frame (RSSI). The EVA team also began testing a drone based
solution that could chase the hornet down.

With the fully assembled hornet tracker and receiver, the EVA team went to field to
capture Asian hornets and attach the trackers. Fig. shows the Hornet Tracker attached
to the Asian hornet. For future work, a smaller weight profile and improved antenna design
would be explored. The 68 mg battery discussed in would be a good option to reduce
the weight. An optimized antenna design could significant improve range and battery life
considering SCpM is capable of outputting a —10dBm RF signal from a standard rubber
ducky antenna.
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Figure 3.11: Tracker attached to Hornet

3.3 Towards the The Small Autonomous Robot
Actuator V2

After the completion of the compensation techniques in Section and the SCpM and
Zappy?2 integration was understood and could reliably communicate wirelessly to off-the-
shelf components. SARA V1 was the next step in the integration effort which demonstrated
reliable wireless actuation of a 15mN MEMS gripper. With both of those initial challenges
overcome, the next step was SARA V2 with a focus on designing even more compact micro-
robots.

SARAV2 is made of the same two core components SCuM and zappy2 and leverages the
system operations ¢ —¢s described in Sec. [3.1] The key difference is a MEMS Fiber Crawler
(MFC) is the new mechanical component.

The MFC’s original design was for inserting carbon fiber microelectrodes into brains for
neural recording [105} [104]. The MFC was microfabricated in a two-mask silicon-on-insulator
process with a 550 pm silicon substrate, a 2 pm buried oxide layer and a 40 pm device silicon
layer. The MFC is 4.5x4.5mm and the actuator area is approximately 1.5mm?2. However,
for SARAV2 the MFC was repurposed with the vision of having a microrobot that can crawl
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Table 3.8: Weight comparison between SARA V1 vs SARA V2. There was a 61% reduction
in weight. The biggest weight reduction came from replacing the MFC with the gripper.
The new PCB’s weight was also reduced by 50%. The last weight reduction came from
replacing the 26.2mg 0805 100pF VBAT cap with an 3.2mg 0402 22nF cap since the
compensation techniques in Sec. made this possible. Note that the stacked SCuM weight
mentioned in Table was removed, and the 0402 capacitors are slightly lighter. The
Solder&Wirebonds section was meant to account for any remaining weight. For SARA V1,
it was roughly 3.1 mg including the small electrical tape that was used. The weight for
SARA V2’s Solder&Wirebonds section is likely lower because it didn’t include the tape
when measured.

Item SARA V1 (mg) || SARA V2 (mg)

Blank PCB 71.8 36.1
SCnM 4.3 4.3
Zappy?2 17.3 17.3
Fiber Crawler X 22
Gripper 137.9 X

0402 Cap (22F) 3.8 3.2x2
0805 Cap (100 pF) 26.2 X
0805 Cap (100 nF) 17.2 17.2
Solder&Wirebonds 3.1 0.9

Total 281.6 104.2

Table 3.9: Size comparison between SARA V1 vs SARA V2 with a 55% reduction in area.

Item SARA V1 || SARA V2
Length (mm) 23.14 17.15
Width (mm) 9.0 5.44
Area (mm?) 208.26 93.3

forward or backwards along a fiber.

In Table SARA V2 is 55% smaller than SARA V1. A lot of that has to do with using
a MFC and optimization for area. SARA V2’s PCB is also 61% lighter than SARA V1 as
shown in Table 3.8l Using a MFC instead of the Gripper provided a significant reduction
in weight. SARA V2’s PCB weight was cut by almost half. One last difference is the 0805
100 pF capacitor is no longer needed because of the compensation techniques discussed in
Sec. 2.3 Thus, a 0402 22 puF capacitors was used instead

In Fig. 3.13] the fully assembled SARA V2 is shown. The individual pieces have been
tested, SCpM, zappy2 and the MEMS device. Considering that SCpM and Zappy2 have
already been shown to drive MEMS devices in SARA V1. The remaining piece is debugging
SARA V2 fully integrated, demonstrating a fiber being pushing and last but not least the
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Figure 3.12: Schematic of SARAV2. From left to right, SCpM, the MFC, and Zappy?2.
SARAV?2 uses the same ¢;—¢5 system operation used for SARAV1

entire microrobot crawling along a fiber. One last thing worth considering, MEMS electro-
static inchworm motors are prone to debris causing malfunction thus a cover would be ideal

for this MFC.
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Figure 3.13: Assembled SARAV2. SCuM is the pink rectable on the far left, the MFC is in
the middle and Zappy2 is on the far right. The 0805 100 nF capacitor is on the top right,
and the two 0402 22 pF capacitors are seen on the bottom left and right.

3.4 Towards the Invisible Keyboard Invisible
Keyboard

Shole’s QWERTY keyboard was first created in 1873 and over the last 150 years it has
dominated how people interact with computers, cellphones and tablets. Similarly, Engelbart
created the first computer mouse in 1964 an for the past 59 years the form factor remains
the same. There have been many attempts within the Berkeley Sensor and Actuator Center
(BSAC) to change human computer interaction. One example is the Acceleration Sensing
Glove from 1999 seen in The Ring GINA project from 2014 was another at-
tempt . It used off-the-shelf components to create a wireless ring sensor that registered
gestures. Both of these were an evolution in technology to replace keyboards and mouse.
However, due to the technology at that time they were bulky in size thus limiting mass adop-
tion. This is where the next generation of 10T technology like SCuM, zappy2 and printed
batteries can be used to create the Invisible Keyboard and push the the envelope for human
computer interaction. As seen in Fig. these components fit nicely on a penny.
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1999, Perng, BSA, B

1873, Shole’s QWERTY Acceleration Sensing Glove
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computer mouse 2014, Greenspun, BSAC,
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Figure 3.14: The vision for the Invisible Keyboard. Traditionally, keyboards and mice have
been the main way to interface with computers. There have been many efforts to introduce
new gesture-based technology to replace them such as the Acceleration Sensing Glove
and the Ring GINA project but they were limited by the technology of the time. The
creation of next-generation technology like SCpM allow those complex capabilities to fit on
the tip of your fingernail paving the way for the Invisible Keyboard.

To begin, the Invisible Keyboard specifications are defined for the wireless sensor that
would sit on each fingernail. The dimensions are based on [41] which states the smallest nail
for a female is 9.8x8.8 mm with a standard deviation of 0.8 mm. Thus, the target size was set
to 8x9mm. For the weight, 100 mg is the target since acrylic nails can weigh anywhere from
200-500mg. In [I.2] the printed lithium ion battery was shown to power SCpM for 13.6 h.
Thus, the target battery life is 12 h. discusses SCpuM’s 3D position tracking capabilities
and position accuracy, which was was 15.4mm, 15mm and 51 mm for X, Y, Z, respectively.
Thus, the target 3D position resolution is 50 mm.

Fig. demonstrates a mock-up of the Invisible Keyboard’s sensor. The observed
dimensions measure roughly ~5.5x4 mm, significantly smaller than the target. Within the
design the pink square indicates the placement of SCuM, while the blue square specifies
where Zappy2 would go. The large gray square indicates where the printed LiPo battery
would go assuming miniaturized packaging were complete.

Various pieces of this project have already been validated such as lighthouse localization
[45], SCpM powered by a LiPo battery Sec. [L.2] energy harvesting from zappy?2 61].
Thus, the main challenge that remains for this project is miniaturizing the packaging for the
LiPo battery, validating a miniaturized version of the sensor and optimizing the lighthouse
localization algorithm. A stepping stone could be to use the 68 mg battery discussed in [35]
and would require the DC-to-DC converter that was used in Sec. However, given that
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SCuMV2023 has an on-chip 4.1V to 1.8V switched capacitor converter, there may be no
need for the external DC-to-DC converter. Whoever picks up this project, consider yourself
lucky:.

Table 3.10: Specs for Invisible Keyboard

Spec Units || Value
Dimensions mm 8x9
Weight mg 100
Battery Life h 12
Position Res cm <5

3mm
Single-Chip Micro Mote
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Figure 3.15: A mock up of how the Invisible Keyboard would look like.



64

Chapter 4

Towards MEMS Mirrors for
Lighthouse Localization

This work aimed to design a resonant MEMS mirror (RMM) to be used in lighthouse lo-
calization which is able to locate objects in 3D space with millimeter precision. The RMM
would be a replacement to the HTC Vive Lighthouse Beacon. A millimeter scale lighthouse
beacon is desirable because microrobitic applications are limited by size, weight and power
(SWaP) as shown in the untethered Small Autonomous Robot Actuator (SARA) [62] and
the 10 mg robot built by Hollar et al. [32]. The RMM would be paired with a 3x2mm,
4.2 mg crystal-free low power wireless SoC, the Single Chip micro Mote (SCpM), [53] which
has demonstrated centimeter-resolution 3D localization [98| 45, |10]. The use of SCuM and
RMMs would allow for the localization and navigation of swarms of millimeter scale walking
[21], jumping [84], crawling [32], and flying [27] microrobots.

This chapter will discuss: what lighthouse localization and RMMs are (Section ,
how to design RMMs and the driving circuits (Section , how to operate the mirror
(Section [4.3)), and how three different RMM designs compare (Section [£.4).

4.1 Background

Lighthouse Localization

Lighthouse localization was originally designed for localizing smart dust [74]. Recently,
HTC Vive’s millimeter precision 3D lighthouse localization is used for virtual reality but
has many other applications such as robotics, film, medicine and engineering [6]. The two
main components in lighthouse localization are the lighthouse beacon and the photodiode
detector. The lighthouse beacon’s purpose is to emit infrared sync pulses and sweep in
azimuth and elevation with a planar laser. The photodiode detector is meant to measure the
time between the detected sync pulse and planar laser sweep pulse to find its azimuth and
elevation relative to the lighthouse beacon. Two base stations are required to triangulate and
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calculate the depth location of the photodiode detector [45]. The fundamentals of lighthouse
localization are discussed in more detail in [98, 44, 45]. Assuming there is still a line of
sight, lighthouse localization is attractive for locating swarms of microrobots because the
computational complexity does not increase with the number of photodiode detectors. With
SWaP in mind, a RMM would allow for microrobots to locate relative to one another with
millimeter precision.

MEMS Micromirrors

Electrostatic MEMS micromirrors [66] have been demonstrated to have power consumption
< 1mW in contrast to electrothermal and electromagnetic mircromirrors that consume power
> 100mW [60},102]. One of the first electrostatic mirrors [69] used electrodes under the mirror
to create the out-of-plane motion but this limited the deflection angle due to the small gap
between mirror and the electrode. For high deflection angles, it is essential to etch out the
back substrate to not limit the deflection angle. There are many approaches to achieving
out-of-plane torque, such as the angular comb drivers (AVC) [66] and comb drivers with
upper and lower beams [57} 5§].

[66] discusses the novel AVC drive actuator which allows for low power consumption, and
+18° of optical deflection for MEMS mirrors. In contrast to typical staggered vertical comb
drivers, the angular vertical comb driver is self-aligned and can achieve a 50% higher scan
angle. In order to create the AVCs the authors had to use thick photoresist to create hinges
(9.5nm) for the moving comb. The MEMS mirror has one torsion bar and two AVCs on both
sides along the x-axis. The moving comb of the AVC is attached to the torsion bars. When
a large bias is applied the moving comb is pulled down. DC voltage is not sufficient to get
the large deflections above, thus the MEMS mirror must be driven at resonance. They were
able to get +18° of optical deflection with a 21V sinusoidal input at 1.4kHz.

[59] discusses their two-axis gimbal-less 600pm MEMS mirror that uses comb drivers
with upper and lower beams. Four orthogonally arranged vertical comb drivers were used
to create the rotation. They connect to the MEMS mirror via mechanical linkages and
mechanical rotation transformers, which allow up to 3 times more angle rotations. For
their one-axis MEMS mirror they achieved optical deflection angles > 50° peak-to-peak at
a resonant frequency of 4.447 KHz. For the two-axis MEMS mirror they achieved +20° of
optical deflection with a 20V pulsed waveform at resonant frequencies > 4.560 KHz.

While both of these approaches achieve both low power consumption and large deflection
angles, they are designed with custom processes that are not easily replicated. RMMs offer
similar optical deflection angles, scanning frequency and low power consumption needed for
lighthouse localization while using a simple three mask process and a backside etch (79, |46].
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4.2 System Design

The FOV, 0,,.x and f,, specs below are are based off of the HTC Vive lightouse beacon. The
target power consumption is based off of the max power a miniature solar cell like Zappy2
[72] could deliver under one sun of illumination. The dimension specs were set to match
the size of the 5x5 mm high capacity printed batteries [91] that have been shown to power
SCuM while transmitting RF signals.

Table 4.1: Target Specifications

Spec Units || Value
Power W <240
Field of View (FOV) || deg 120
0 max rad 5
fa Hz >120
Area mm? || < 5x5
Spes @ p=1m mm 1

Fabrication

The RMM is designed for a simple three mask silicon on insulator (SOI) process. The device
layer, oxide and substrate are 40pm, 2pm, and 550pm thick, respectively. In order to achieve
the 60° of peak-to-peak mechanical deflection, the substrate layer below the comb fingers
and MEMS mirror is etched out.

I T

| 550 pm Substrate Layer [l 40 um Device Layer [ 2 um SiO,

Figure 4.1: The RMM was designed in a 3 layer SOI process with a 40 pm device layer
and 550 pm substrate layer. A backside deep reactive ion etch would be used to remove the
substrate under the mirror and comb fingers to allow the mirror to rotate.
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Resonant MEMS Mirror Theory and Design

Figure 4.2: Resonant MEMS mirror diagram with labels

Moment of Inertia

Since the plate is significantly bigger than the comb fingers they will be ignored for the mass
moment of inertia calculations.

m((2rmi )2 +t2)

Imir =
12

(4.1)

Damping

Based on the dominant form of damping should be through the fluidmechanical inter-
action in the comb fingers. Thus for this model, only couette flow is considered as a first
order approximation of the damping moment. The damping not included, squeeze film and
drag damping of the mirror plate, is discussed in . While A,,, the overlapping area of the
comb fingers, does vary with # for this first order approximation calculation it is assumed to

be constant. As a result Tqamping Will be more pessimistic and the energy lost per cycle will
be higher as seen in Eq. (4.16]). All input variables below are defined in Table
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Table 4.2: Description of variables. The top section is for input variables and constants
while the bottom is for calculated values

Variable Units Description
Lior m The length of the torsion spring
Wior m The width of the torsion spring
Tmir m Radius of the MEMS mirror from the axis of rotation
Wnir m Width of the MEMS mirror
t m Thickness of the device layer
Jfin m The gap between two comb fingers
Wein m The width of a comb finger
Lgn m The length of a comb finger
Ly ov m The overlapping length between two comb fingers
E Pa The Young’s modulus of silicon in the 110 orientation
G Pa The shear modulus of silicon in the 110 orientation
€ Fm! The permittivity of free space
I Pas The viscosity of the fluid, viscosity of air in this case
Tinir kg m? Mass moment of inertia of the MEMS mirror about the axis of rotation
m kg Mass of the MEMS mirror
Tinertia Nm Torque from the mass moment of inertia and angular acceleration
0 rads—2 Angular acceleration of the MEMS mirror about the axis of rotation
Aoy m? The overlapping area of the comb fingers
d m The distance between the axis of rotation and the middle of the overlapping comb finger length
0 rads™! Angular velocity of the MEMS mirror about the axis of rotation
Tdamping Nm Torque due to damping occurring at the comb fingers due to couette flow
ke Nmrad * The torsion spring constant
Jor m? The area moment of inertia of the torsion spring
0 rad The angle between the x-axis and the MEMS mirror
Ttor Nm Torque due to the torsion spring
Ceomb F The total capacitance for all the comb fingers on one side
Ny unitless The total number of gaps on one side of the mirror
0. rad The angle at which the comb fingers no longer overlap
Vext Vv Voltage between the comb fingers
Toxt Nm Torque due to the electrostatic forces
Wy rad The resonant frequency

b(O) = M;T@ (4.2)
q- (rmir+Lﬁn—Lﬁ; ) (43)

Tdamping = Ngbdz‘g (44)
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Torsion Spring

Jior 1s the polar moment of inertia for the torsion spring rotating about the y-axis (Fig. |4.2)).

Tior = Kot (4.5a)
Jior G
= ztor 0 (4.5b)
_ 112 (Bwiorttwd,) Lire (4.5¢)
Electrostatic Torsion
T damplng

|
I Text 7—1301"
| 0.
T
|
|
|
|
[ [

[ N/ |

|
|
|
m
0.
ext 7_tor

Tdamplng

Figure 4.3: Free-body diagram of the RMM. +6 is counterclockwise. The top diagram shows
the mirror plate entering the comb fingers from the top, ¢ < 6. and 6 < 0, while the bottom
diagram shows it entering the comb fingers from the bottom, # > —6. and 6 > 0.

In order to stay at resonance this system needs an external torque to compensate for
energy lost due to damping. This torque is generated through the electrostatic forces between
the comb fingers when voltage is applied between them. Thus, the torque is dependent on
the total capacitance in the comb structure. At § = 0, as can be seen in Fig. 1.2 the
maximum capacitance, Cyay, occurs because A, (0) reaches its maximum. A pair of fingers
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can be viewed as a standard parallel plate capacitor where the area is defined by the fingers’
overlap, Loy, and device layer thickness, ¢ (Fig. |4.2]). To calculate the total capacitance for
one side of the RMM the capacitance of pair of comb fingers is multiplied by the number of
gaps on one side resulting in Eq. . To approximate how A, varies with 6 we assume
a linear relationship between Ci o, and 6 which results in Eq. . Neglecting fringing
forces, 0. is defined as the angle where the fingers no longer overlaps, Ay, = 0, thus Ceop, = 0
for [#] > 0.. 0. can be calculated using geometry and trigonometry resulting in Eq. .

ELﬁn ovt

Cmax = N 4.6
Jfin g ( )

0 0] > 0.
Ocomb(9> - Cmax (6+6 ) —QC < 0 <0 (47)

Cpax (—040,) 0<0<0,

Using D’Alembert’s principle, 7. can be calculated resulting in Eq. . Eq. ,
shows the moments acting on the mirror for various # and 6 conditions. This equation is a
piecewise function because of Ceomp(0) and Viyive(#) are both functions of 6. Vgive(6) is only
supposed to be applied when the mirror is approaching § = 0 as seen in Fig. 1.5

0, = 2arctan 3! (4.8)
c Tmir—l'Lﬁn_Lﬁn ov .
1
U(6) = 5C(0)Ve (4.9)
d dccomb(g)
e = —U(6 2 o/ 4.1
Text d6U< ) 2nxt de ( 0)
Ttotal = [miré = ZTi = —Tdamping — Ttor — Text (411)
(— kot 6] > 0,
—b(0)d?0—kof—3V2, Cas 0< 0 <6, 60<0
Loiel = { —b(0)d26—ky —0.<6<0,6<0 (4.12)
—b(0)d?0—kof+3V2, Cosxe —0, <6 <0,60>0
| —0(0)d*0—ky0 0<0<6,0>0

Resonant Frequency

The resonance frequency can be calculated using Eq. (4.13]) since this is a torsion spring
mass system.
ko

4.1
-[mir ( 3)

Wn =
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Energy per cycle

Energy gain and loss calculations below are calculated for one period of time where the
mirror travels from 6.« — —0max — Omax-

dU d C1comb ‘/e

4.14
49~ do 2 ( )
V? O—C 0 C
Upain = —2 == do 40 ) = V2, Crax 4.15
g 2 (/96 00 +/;(9 00 ) ext ( )
40. 1A (0)d? .
Uloss = e gov( ) -0 (416)
fin

We assumed 6 = O..w, is constant for —, < 0 < 6, and set Ugain = Uloss to solve for
Omax, Eq. (4.17). This equation is likely off from the actual value since we assumed angular
velocity was constant and that A,, was constant.

9 V:axtg 1
9 0d? 20 ,wy,

(4.17)

Thermal Noise

To calculate the RMS angular deflection due to the thermal noise in the torsion springs, 6,,,

we assume that the resonance quality factor, Q, is large and use the equipartition resultmg

in Eq. . We are interested in finding 6, to know how much deflection is occurring in

the mirror Wlthout Viext and to calculate the the current due to thermal noise, 7, that will

show up in the sensing circuit.

kgT
ko

|
=]
Il

(4.18)

Power Estimate

Energy required to charge one comb finger pair in one period is calculated in Eq. . Cp
is the parasitic capacitance between the device layer and the substrate. We acknowledge C,,
will increase power consumption but we ignore it since this is a first order approximation.
A factor of 2 is introduced in Eq. because there are two comb finger pairs.

Udrawn = Q(Cmax+c )‘/Ye?(t (419)
pP— 2Udrawn
tper
_ 4(Cinax+Cp) Vs (4.20)
tper

= 4(Coax+C,) V2 20

ext o 2
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Arc Length Resolution

Assuming the motion of the mirror will be sinusoidal the worst angular resolution will occur
at § = 0 when 9max = Opaxwn. As seen in Table the target arch length resolution is
Sres = Imm at a radius of p = 1m. This assumes that the optical receiver such as SCuM and
this RMM would be spaced by one meter. fomple, Eq. [£.22} specifies the minimum sampling
frequency the optical receiver would need to achieve at least s, = Imm at a radius of 1m.

Sres = pemaantsample (421)
emaan

fsam e — 4.22

pl 9re5p ( )

Torsional Fracturing

The torsion springs are at risk of fracturing from the FOV target spec of 120° thus Oax fracture
was calculated, Eq. (|4.23)). €pnax = 0.01 is the max strain for silicon in the 110 orientation.

maxL or
emax fracture — ‘ : (423)

Wror

Lateral and Vertical Fracturing and Displacement

Since the torsion springs are free to bend along the x and z axis, the maximum g-force, gmax,
the springs can tolerate was calculated, Eq. (4.26). ¢ = 9.8m-s2

= liorttor (4.24)
12
ttorwg
I, = —%= 4.25
2€max 1
Gmax = Lior t (426)
9=3 3

Comb Clearance

The clearance between the comb fingers, Lg,— Lgy, ov, Was checked so that they did not collide
as the RMM rotated out of plane.

Tmirh = \| "ot 5 (4.27)

Lﬁn_Lﬁn ov > Lclearance = Tmir h— "mir (428)
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Driving Circuit Theory and Design

Given the symmetry of the RMM, startup is a concern which leads to RMMs typically having
a startup electrode [79]. However, according to [79] oscillation can be started if the mirror is
driven by a fixed frequency voltage signal near resonance since the asymmetries introduced
through fabrication processes are enough to allow the RMM to be kicked out of equilibrium.

While the RMM can be driven by an external fixed frequency voltage signal, this does
not work well as resonant frequency changes with environmental factors. [92]. To resolve
this issue, synchronized excitation[75, 92| is used to sense when the mirror is at § = 0 and
turn off the driving voltage.

For the driving circuit for this RMM, two separate ways were included to drive the mirror
with either fixed driving frequency or synchronized excitation. The fixed driving frequency
circuitry is at the top of Fig.[4.4 It is composed of an oscillator, fi0, followed by a frequency
divider that connects to a MUX that can route it to a high voltage buffer that drives the
RMM. The synchronized excitation circuitry is designed to sense current to determine when
the mirror is at & = 0 and can be seen at the bottom section of Fig. A current, ipyise,
would be converted into a voltage by the transimpedance amplifier (TTA). The output is
followed by a buffer that drives the Sample & Hold (S&H) circuits in the store and threshold
branch. The store branch is meant to find the maximum voltage generated by the mirror and
the accompanying local oscillator tuning setting, TNyo. The threshold branch is supposed
to set its DAC settings such that FLiyresnoa goes high only when i, is positive as seen in
Fig. [4.5

To calculate ipyise We assume = O maxwn, is constant for —0, < 0 < 6, and that the RMM
is at resonance. This allows us to calculate ?,,1se Which is how long 7,y is expected to stay
high as the mirror travels from 6. — 0 or —6, — 0 as depicted in Fig. [4.5

O

foutse = 7—— (4.29)

, dC 2V CiaxOmaxwn

lpulse = VE - 9 (430)
iy = WO“;M (4.31)

4.3 System Operation

The RMM will be driven at startup by the divided down oscillator signal until the resonant
frequency is found. Once the RMM is resonating and the initial calibration is complete, the
finite state machine will drive the RMM in synchronized excitation mode. The MUX is used
to switch between the fixed frequency and synchronized excitation signals.
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Startup

Duode Will be set such that the MUX outputs the divided down fio, the frequency of the
local oscillator, to drive the high voltage buffer that drives the mirror as seen at the top
of Fig. [4.4 Note that all of the S&H circuits and comparators are reset to GND at the
beginning and ipy1se is converted to Vs by the TIA. To kick the RMM out of equilibrium,
it will be driven at a fixed frequency higher than the expected resonant frequency and swept
down to find f, as described in [79]. TNy, the frequency tuning bits of the oscillator, will
be swept from its max frequency setting to its lowest. During this sweep, the comparator
in the store branch in Fig. will be used to determine if latest Ve is bigger than the
Vinax currently stored in the sample and hold circuit (S&H). If Viuser > Vinax 1S true then the
output of the comparator, FlLgqe, Will go high. Because FLgioe connects to the clock of the
bottom S&H in the store branch, Viuse1 will be clocked in as the latest Vipax. TNpo values
will also be stored as the current best tuning bits for maximum deflection. After the swept
is complete the TNy values are assumed to be driving the mirror at ~f;, and ~0,.y.

Calibration for Vipreshold

We are interested in finding Vinreshola S0 we can synchronize when to turn V.. on and off
with 6 > 0. and 6 = 0, respectively, as shown in [£.5] To find Vipeshod, the TNLo settings
that were found in section are used to set RMM at ~f,, which causes Vouse = ~Vinax
every cycle. The TNpac values will then be swept from their max output voltage setting
down until Vjyuise > Vinreshold- This will cause the comparator’s output, FLipreshold to go high
meaning we found the TNpac values for Viyise > Vinreshoid- Now that we have found Vipresholds
FLinresnola can be used to trigger Vigive-

Synchronization Mode

Switching between fixed driving frequency to synchronization mode is done through the
Diode MUX control signal. While Dy,0q0 can technically be switched whenever 0| > 0., it
is switched on the falling edge of FLipresnola because it provides timing headroom of roughly

theadroom = tperiod_tpulse‘

Calibration for t¢gyive

If the system were to be left as is Viive would follow the positive step of i,yse, thus setting
tdrive = tp%—tpulse—i—temr. However, since the synchronization of the system is limited by a
finite response and rise time having the rising edge of Vj,ive before the rising edge of ipyise
is desirable. This can be achieved by putting a counter following FLipreshold. Assuming the
mirror is at resonance there should be a repeating set number of 1s and 0s that are spaced

by the clocking period. The number of Os in between 1s can be used to set fg;ve such that
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Vext goes high one clock period before ipyse is expected to go high. Z4yive can tuned such that
Vixt goes high approximately where 6., occurs as demonstrated in Fig.

= TN,
mode o o o __________,
7 £ comb V,.; Vio Vo[
_R°|l:—|\7 ' SiH M FSM o
A f FLthreshoId D

— pulse

‘ |
| |
| |
| |
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| |
| |
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L e e e e e e e e e e e e — - — 2
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,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 4.4: Drive Circuit

4.4 Simulation Results

All simulations were done using MATLAB’s ordinary differential solver 45. Layout was
automated using a MATLAB script to sweep Lior, Lfin ovs Tmir and wyi.. The code can be
found at the link that follows if you don’t have access feel free to email me moreno@berkeley.
edu

https://berkeley.box.com/s/btuhOn4djvObghzdbxdilaixebhan84bz

Below are the specs for three different voltage designs, 20V, 50V and 100V. While these
[79, |59, 66] electrostaic MEMS mirrors were designed for Vi = 20V, these RMMs were
designed for Vi = 20V, 50V and 100V since [62] demonstrated that Zappy2 [72], a 3.26x
3.5mm? high-voltage level shifter and solar cell, could be used to drive a 15mN MEMS
gripper at 60V under 2 suns of illumination. Zappy2 could drive devices up to 300V with
external power.


moreno@berkeley.edu
moreno@berkeley.edu
https://berkeley.box.com/s/btuh0n4jv0bqhzd5xdilaixe6han84bz
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Figure 4.5: There are two key requirements: Viiwe = 0 when 0 = 0 and Ve = Ve when
0 = emax-
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Figure 4.6: Transient simulation of the 50 V. RMM Design using ODE 45
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Figure 4.7: FFT of 6(t) for the 50V RMM Design ODE 45 output. f,, = ~1353Hz

At Vi = 20V, the mirror plate dimensions were increased until the area < 5x5mm?
limit was reached. As can be seen in Table. d.3] FOV = 67°, fiample = 315kHz, and power
= 3pW. It is not possible to reach an FOV > 120° without either increasing area > 5x5mm?
and f,, < 120Hz. This occurs because by increasing the plate dimensions we are decreasing
wy, which will increase 0,,,, according to Eq. . While FOV is not greater than 120°; this
design benefits from having a lower fomple, fox1 and power consumption compared to the
two other designs. A lower fsample and fox1 reduces the clocking requirement for the optical
receiver and driving circuit, respectively. This also means that if fs.mpiing = 9MHz the 20V
design would have a s,,s = 63pm while the 100V design would only have a s, = 7.8mm.
Power consumption for this 20V design is ~650 times lower than the 100V design. One
challenge with this design is that 7,5 = 0.6pA which requires higher gain in the TTA seen
in Fig. 4.4

All the comparisons below will be relative to the 20V design. For the 50V design, FOV
> 120 was achieved while reducing the area of the mirror by ~75 %. ipuse = 6.4pA which
reduces the TTA gain requirement by ~10 times. Among the drawbacks, f, is 8 times bigger
which results in the power consumption being 27 times bigger and the minimum required
fsample O the optical receiver being 15 times bigger.

The 100V design hits the desired FOV > 120° with ease since Oy, o< V2. As a result,
area was reduced by ~93%. The mirror plate being smaller is a requirement because if it were
any bigger then the torsional spring would fracture, 0. > Omax fracture- A primary concern
with this design is that the power consumption increased by ~650 times almost consuming
2mW. A few other things worth considering is that the minimum required fimple = ~39MHz
is ~125 times bigger. This means low power optical receiver SOCs like SCuM wouldn’t be
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(a) MEMS mirror with HASH Trenches
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i

.

(b) MEMS mirror with SOI Holes

Figure 4.8: This is an example of the type of layouts generated by the layout script. The
green areas are the device layer. The dark blue sections are the regions that will be etched.
The comb fingers are located at the top and bottom. The torsion springs are located on
the left and right. Ideally, the trench layout design would remove the substrate under the
mirror with HF without affecting the optical properties of the RMM. The SOI hole layout
was fabricated as a backup.
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Figure 4.9: 0,42 vs V.u for the 50V design
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Figure 4.10: Demonstrates how 6,,., and f,, vary as Lo, Wiir, Tmir, and Lg, oy are swept
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Parameter | Units Spec 1 Spec 2 Spec 3
Voltage \% 20 50 100
Wan pm 2 2 2
G jun i 1 1
L ov pm 20 30 100
Lgn pm 24 34 104
Ny unitless 633 266 74
Lior pm 500 250 250
Wior pm 2 2 2
T mir pm 1900 800 275
Winir pm 3800 1600 550
fa Hz 169 1353 11427
FOV deg 67 122 124
Power W 3 79.4 1998
Area pm? 5000x 4276 | 2300x 2096 | 1250 x 1186
Sres mm 1 1 1
fsample kHz 315 4544 39145
Ipulse nA 0.6 6.4 24
Tpulse Jisec 66 10 3.6
Joxa kHz 15 92 273
in pPA 0.1 0.4 1.48

Table 4.3: Design comparison for 20V, 50V and 100 V RMM design. The top section of the
table are for the input parameters. The bottom section is for the derived parameters.

able to achieve the s, = Imm because their fastest clock is only 20 MHz.

The 50V design is best candidate because it meets all of the target specs and can be driven
by Zappy2 and SCuM. Fig. demonstrates the simulated startup of the 50 V. RMM design
using Matlab’s ordinary differential equation solver, ODE 45, with the initial conditions
0(0) = A, and A(0) = f,w,. The RMM resonates at roughly the expected f, = 1353Hz and
converges to an amplitude of 6,,,, = ~0.53 in Fig. [4.6] f, = 1353Hz was also confirmed by
the FFT of 6(¢) shown in Fig. 4.7 A sample layout for RMM can be seen in Fig. [4.8 Since
Ormax ¢ V2., Omax is expected to significantly increase as Vi increases. Fig. demonstrates
Ormaz VS Ve for the 50V design.

In order to compare theory with experimental results for the RMM Ly, Wmir, Tmir, and
L oy were swept before it was manufactured. Fig. [4.10] demonstrates how 6., and f,
depend on the parameters that will be swept. 0. has the biggest dependence on Ly, while

Lgn o has a minimal one. f,, has as strong dependence on 7.
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4.5 Conclusions

A 50V mirror design was demonstrated to meet all of the desired specs: power = 79.4pW,
FOV = 122°, f, = 1353Hz, etc. The mirror is 1600 x 1600 pm? with two 2 x 250 pm? torsion
springs and 266 comb finger pairs with an overlapping area of 2 x 30 pm?. This mirror
is a viable replacement for a HTC Vive Lightouse Beacon with low power consumption
and a millimeter scale footprint which would allow for the 3D localization of swarms of

microrobots.
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Chapter 5

Conclusions and Future Work: The
Next Generation of Crystal-Free
Radios

5.1 OsciBear 28 nm IoT SoC

Similar to SCpM, OsciBear(Open-source SoC for IoT with BLE, AES and Radio) is meant
for low-power wireless BLE applications. OsciBear integrates power, clocking, a 2.4 GHz
BLE transceiver, digital baseband, RISC-V CPU, and an Advanced Encryption Standard
(AES) accelerator. The following external references are provided VREF = 0.9V, IREF =
10pA, CPU Clock ref of 20 MHz, and a phased-locked loop (PLL) reference of 2 MHz.

As shown in Fig. , OsciBear is a 1x1mm? IoT SoC chip designed in TSMC 28 nm
high-performance computing (technology) through the Berkeley Wireless Research Center
(BWRC). This was part of the 2021 tapeout class [90] with roots dating back to 2017 [9]. The
main idea is to take students with minimal tapeout experience and have them design a chip
in 14 weeks. This chip leverages research infrastructure such as ChipYard [2] for generating
Rocket cores and Berkeley Analog Generator (BAG) |24, |12] to generate amplifiers, Low-
Drop Out regulators [65] and an analog-to-digital converter (ADC) [49].

Fig. is a system diagram of the RF frontend. The RX has a low-IF architecture. The
TX uses direct modulation and a 4.8 GHz voltage controlled oscillator (VCO) that is divided
by 2 and a PA driver. A phased locked loop (PLL) was designed to tune the VCO into the
frequency channel. The modulation scheme, gaussian frequency-shift keying (GFSK), was
implemented through a 4-bit modulation capacitor digital-to-analog converter (DAC).

The total area used for the VCO was 0.0415mm? with 76% of the area taken by the
170x186pm? inductor. As shown in Fig. [5.4] a class-B topology was used for the VCO to
reduce power consumption. As discussed in [51], this topology saves power because the
LC tank sees at least one —g,, from the NMOS and PMOS at all points during steady
state oscillation. A 4-bit coarse DAC was placed in parallel to the LC tank along with a
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Figure 5.1: OsciBear’s 1x1um? Layout

varactor. The modulation requirements for BLE are +250kHz with a max frequency drift
of 50kHz thus fine resolution steps are needed for the 4-bit modulation DAC. To achieve
this fine resolution with an inductance of 2.66 nH and a desired change in frequency of
fre—Afrr = 2x2.483GHz—2x50kHz a AC = ~15.5aF capacitor would be needed as shown
in Eq. [5.T] and Eq.

ot ! (5.1)
© L(2nfrp)?  2.66nH(27(2x2.483))2 '
1
AC = —C =~ 15.5aF 5.2
L (frrtA far)? * (5:2)

Minimum sized caps are limited to 1-2 fF therefore other methods are required to create
a AC = 15.5aF. Series capacitance and source degeneration are two approaches for making
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Figure 5.2: OsciBear’s Block Diagram

small capacitors while maintaining digital control. Series capacitance can be used to make
fine resolution steps but it would require big enough capacitor to reduce the min sized ca-
pacitor of 2fF by a factor of 100. Source degeneration is advantageous because the 100x
reduction comes from the NMOS cross-coupled pair when placing the 4-bit modulation cap
dac at the source as shown in Fig. [5.4 In other words, source degeneration reduces capac-
itance while maintaining a small area. With the 4-bit modulation cap DAC at the source,
the LC tank sees a Coqmod X g2 %Cinoa similar to SCpM (52, 51} 28]. See Table for the
targeted specs for the VCO.

While the desired frequency bandwidth was 600 MHz, when tested the bandwidth was
474 MHz with 15 MHz coarse steps as seen in Fig. 5.6, The Bluetooth Low Energy spectrum



CHAPTER 5. CONCLUSIONS AND FUTURE WORK: THE NEXT GENERATION
OF CRYSTAL-FREE RADIOS 87

Off Chip On Chip

Voltage Supply 0.9V

PA Buﬁer‘ % PLL
‘ Channel
Tuning Bits
Modulation

/ LO2 e Bits
LOR2 | =
IF e ‘
2MHz
F IF 1
Amp BFF Amp ADC
Q
TX RX
ONJOFF ON/OFF &N i
Gain Control, g Gain Control,
Mixer DG Dffset Sits S e DC Offcet Bifs
:
DigitalBaseband

X2 channels, | and Q

Y

Ll I

Analog Test Interface \—l—/vg \_1_/@4 7/ \7'_ / e
VAR,

¥ ¥

Analog Test Pins

Figure 5.3: OsciBear’s RF Frontend Schematic

Table 5.1: Specs for OsciBear VCO

Spec Value
fro 4.8 GHz
VDD 0.9V
Power 0.99 mW
Q 10.5
Inductance 2.66 nH
Bandwidth 1.2GHz
Varactor Tuning || 79 MHz

is 2.4-2.483 GHz thus the VCO covers 70% of the spectrum that is desired. However, it
might be possible to extend that with varactor tuning since it has a simulated tuning range
of 71 MHz as shown in Fig. [5.5]

It was questionable if Bluetooth devices pick up OsciBear’s TX packets since the mod-
ulation was only able to achieve £250kHz. However, Daniel Lovell was able to figure out
how to transmit a packet from OsciBear to an nRF52840 DK. While OsciBear tuned to
BLE’s advertising channel, 38, the nRF Bluetooth packet sniffer was able to demodulate the
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Figure 5.4: OsciBear VCO Schematic

“OSCIBEAR SAYS HELLO” packet as demonstrated in Fig. [5.7] Code can be found here:
https://github.com/ucb-ee290c/0OsciBear-Bringup/tree/rf-testing-firmware

One last thing that was worth checking is if the RF frequency shifts with respect with
VBAT like it did with SCpM. Fig. demonstrates OsciBear’s setup to measure frp vs
VBAT. Fig. is meant to mimic SCpM’s varying bandgap VREF. VREF was swept
in increments of 8mV from 900 — 820mV while VBAT was swept from 1.8 — 1.5V in
increments of 50mV. The resulting A frr ~ 4.1 MHz which is similar to SCpM in Fig.
with a Afrr =~ 11.1 MHz. Fig. measured frr vs VBAT but with an external VREF =
0.9 V. This resulted in a A frr ~ 432 kHz. This means that with a stable voltage reference the
oscillator could tolerate a AVBAT = 200 mV without moving out of the 40 ppm requirement.
Section will discuss methods beyond those described in Section to address frequency
shift in hardware.


https://github.com/ucb-ee290c/OsciBear-Bringup/tree/rf-testing-firmware
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(a) OsciBear’s setup for transmitting BLE packets. The following external supplies were provided:
VBAT=1.5V, VREF=0.9V, and IREF=10pA. VREF connects to both LDOs. At the output
of OsciBear there is matching network (“M”), a 20dB power amplifier (PA), and an RF switch
(“S”). To tune the VCO to channel 38, 2.426 GHz, the closest coarse setting to channel 38 was used
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(b) OsciBear’s transmit power measured over-the-air with a spectrum analyzer at a 1 m distance



CHAPTER 5. CONCLUSIONS AND FUTURE WORK: THE NEXT GENERATION
OF CRYSTAL-FREE RADIOS 91

PHY Protocol Length Delta ime (us end to start) SN MES
l Wireshark - Packet 20887 - nRF Sniffer for Bluetooth LE COMS

»> Frame 28887: 189 bytes on wire (872 bits), 189 bytes captured (872 bits) or
>
“ Bluetooth Low Energy Link Layer
Access Address: @xBeB9beds
¥ Packet Header: @x534f (PDU Type: Unknown)
«e+ 1111 = PDU Type: exf Unknown

..8 .... = Reserved: @
..8. .... = Reserved: 8
«lis sv.. = Reserved: 1
[ = Reserved: @
Length: 83

¥ Unknown data
¥ [Expert Info (Note/Protocecl): Unknown data]
[Unknown data]
[Severity level: Note]
[Group: Protocol]
~ CRC: exsf2las
v [Expart Info (Warning/Checksum): Incorrect CRC]
[Incorrect CRC]

2000 09 66 00 03 LIIEL 02 02 ©0 26 47 @@ 00 36 70 33 | f M - 46 6p3
18 37 d6 be 89 Be AT 53 43 49 42 45 41 52 28 53 41 7----05C IBEAR SA
59 53 28 48 45 4c 4c 4Ff 6b 92 fd e 38 32 2d a8 ¥S HELLO k---82--

Se ¢2 58 99 4f B8a ce ee bb 69 88 @7 1c b9 36 54 har S B SR 1)

2f 41 ae cc 27 45 67 7 db 34 c4 83 Be 5¢c @b aa fA--"Eg- 4N\
@858 97 38 56 e6 93 a2 b3 Tb 6d la e2 @1 47 ae= 85 dS5 iU B ‘R
@252 4b 18 2f 3 49 d1 d9 fd 36 ed f1 84 22 K-f-I--- 6---"

(c) nRF52840 DK receiving a packet from OsciBear containing “OSCIBEAR SAYS HELLO” on
BLE’s advertising channel 38. Credit goes to Daniel Lovell for implementing this.

Figure 5.7: OsciBear sending packets to nRF52840.
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(a) OsciBear’s setup for frp vs VBAT. The following external supplies were provided: VBAT =
1.8—1.5V, VREF = 0.9V, and IREF = 10pA. Coarse setting was set to 0 to output the max
frequency.
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(b) OsciBear’s frr vs VBAT with a varying VREF. To mimic SCuM’s bandgap voltage vs VBAT
(Fig. [5.12a)), VREF was swept in increments of 8 mV from 900 — 820mV in unison VBAT was
swept from 1.8 — 1.3V in increments of 50mV. A frr ~ 4.1 MHz
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(c) OsciBear’s frr vs VBAT with VREF = 0.9 V. VBAT was swept from 1.8 — 1.3V in increments
of 50mV. Afrr ~ 432kHz

Figure 5.8: Frequencies vs VBAT and varying VREF conditions
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Figure 5.9: SCpM’s frr vs VBAT. VREF is generated by an on-chip bandgap thus was not
swept. VBAT was swept from 1.8 — 1.3V in increments of 50mV. Afrr ~ 11.2 MHz
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5.2 Towards Robust Crystal-Free Radios

[87] discusses how oscillators’ frequency shifts with respect to voltage. Assuming the oscil-
lator has an LDO like SCpM in Fig. [5.10] as VBAT changes then Ipi,s and V DDy changes.
This affects how much time the transistors spend in each region of operation off, saturation
and triode. As a result, the equivalent parasitic capacitance seen by the LC tank decreases
thus increasing frr as shown in Fig. [5.11]

[16] described two techniques to address this. Amplitude tracking provides optimal bias-
ing point, can track across process, voltage and temperature. However, it consumes a lot of
power, the tracking loop bandwidth is limited to % It also is limited by a stable VREF.
The feedfoward supply ripple replica and cancellation method consumes less power, has a
higher bandwidth, 10x improvement in supply pushing reduction. The drawback is that you
need calibration for process, voltage and temperature. While these methods are attractive
options, it was beneficial that hardware and software tests could be done on SCpM to better
understand frrp vs VBAT. The first step was to replicate the same tests seen on the bench
top in simulation as highlighted in Fig.[5.10] VBAT was swept and and the bandgap reference
was kept ideal. The results are shown in Fig. which lets us know that if the bandgap
were ideal a AVBAT=150mV and AVBAT=350mV would be tolerable while still staying
withing the 40 ppm and 150 ppm requirement. As discussed in Section [2.3] the voltage
drops of AVBAT=165mV would cause f1o to shift by 2.7 MHz. With a better bandgap the
calibration procedure could be removed or even better smaller capacitors could be used with
the new hardware combined with the compensation technique.

As seen in Fig. .12 with a shift of 500mV in VBAT there is a 75mV for VBG and
80mV for V. DDyo. This translates to a power supply rejection ratio (PSRR) of ~16dB for
both. In contrast if an ideal bandgap were used the LDO PSRR would shoot up to 34 dB.
Since the PSRR of the LDO and bandgap are tied together a better bandgap is desired.
As shown if Fig. the sub-1V bandgap was used for SCpM [3]. For PSRR vs the ideal
amplifier gain in Fig. we notice that the PSRR goes up with the gain. To reach a PSRR
= 34dB a gain of ~240 would be needed. However, a higher PSRR could be achieved if a
cascode were to be added. Comparing Eq. VS there is an additional factor of g, with
the addition of a single transistor increasing the PSRR for the cascode. In Fig. the
bandgap with a cascode reaches a PSRR = 68 dB with an amplifier gain of 50.

Zl = R1 H Td (53)
Z2 = R2 H (Rg—l-?”d) (54)

Ao 1 m 0( Z2 - 2 )
ﬁ _ ( +‘g T ) Za+ro Z1+70 (55)

‘/;n <1+Aogmro ZQZ‘iTo B ZIZ“:T'O )
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Figure 5.10: Schematic of SCuM’s LDO, bandgap and VCO
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(b) VDDy,o vs VBAT using SCuM’s bandgap. The PSRR=~15.9dB
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Figure 5.12: Comparing how VDDyo and VBG vary with respect to VBAT
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Figure 5.13: Bandgap Schematic
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(a) PSRR vs ideal amplifier gain for bandgap. To reach a PSRR = 34dB a gain of ~240 would be
needed
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Figure 5.15: PSRR vs amplifier gain
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5.3 The Future

Battery Scaling

Batteries can become smaller by using thicker electrodes [91], cell stacking [55] or reducing
the capacity. The printed microbatteries Anju Toor [91] made have a series resistance as high
as 100 €. If we want to reduce the electrode area, cell stacking can be used while keeping
the series resistance the same. If we want to reduce volume as well then thicker electrodes
and chemistry optimization/manufacturing seem like the right direction. Assuming there is
a linear relationship between electrode area and volume with resistance. If you make the
electrode’s area 2x smaller you would have to increase the thickness 2x to have the same
capacity resulting in a resistance 4x higher.

Using a theoretical example: for a battery resistance of 400 {2 where 15mV corresponds
to 40ppm, the maximum current would be limited to 37.51A. Otherwise, fLo would get
kicked out of the 802.15.4 channel. With a capacitor we are able to bypass our dependence
on the battery for short bursts of high current draw.

Assuming the same conditions from above with a TX current equal to 1 mA and an 0402
effective Checap = S1F (rated for 22pF). We could transmit for 120 ps or 3B before being
pushed out of the 802.15.4 channel.

The two examples above highlight that smaller batteries with higher resistance won’t be
able to provide the high current loads necessary for low-power radios like SCuM to transmit
133B 802.15.4. However, for future low-power radios a combination of software compensation
(Sec. [2.3), high PSRR LDOs (Sec. and high PSRR DC-to-DC converter could let the
battery voltage fall from 4.2V to 0V for short ps bursts of current draw and maintain fio
within +40 ppm.

Miniaturizing the Radio SoC

Assuming the digital circuits of the SoC follows Moore’s law, the number of transistors
doubling every 2 year, the size would be cut by half every two years. For example, SCpM’s
2017 ARM Cortex MO is 0.9x1.5mm?. In contrast, OsciBear’s 2021 RISC-V processor
measured 0.740x0.440mm? roughly 4x smaller. Assuming this trend continues it would
take about 8 years for the digital portion to reach 0.200x0.200mm?. At this point the size
limitations would be dominated by the analog components if a 4.8 GHz oscillator like the
one on OsciBear is used.

Inductors remain largely unchanged between technology since on-chip inductors depend
mostly on the geometry. There is some work [42] that uses intercalated graphene, which has
a large kinetic inductance and high conductivity, to make inductors with a Q=12 and a 1.5x
higher inductance density. However, reaping these benefits depend on process manufacturers
adopting this.

In contrast, the area capacitors take up is substantially smaller thus not a big consid-
eration for scaling. For instance in OsciBear, the coarse cap DAC is ~16x smaller than
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the inductor. While we could make the inductor smaller and use dense capacitors, smaller
inductors suffer from a lower Q which lowers phase noise, startup time, and increases power
consumption.

In terms of L.C tank sizes, a 4.8 GHz LC tank divided by two is smaller than a 2.4 GHz one
due to the smaller inductor required. By comparison SCuM’s entire TRX was 1x0.980mm?
while OsciBear’s entire die with digital and RF was 1x1mm?. The RF alone was 0.680x
0.290mm?. The designs do have distinctions: SCuM has a PA and a matching network while
OsciBear has a PA driver and a big PLL (0.0203 mm?). While it seems attractive to increase
the frequency of an LC tank and dividing it down it does not make sense unless we opt for
higher power consumption in exchange for a smaller area.

It is generally understood operating at a higher frequency will consume more power
because of switching losses, capacitive loading, conduction loading, etc. However, if you
reduce the amount to time your radio is ON you could make the radio smaller and consume
less power. 802.15.4 has a 250 kbps data rate and takes about 4.256 ms to transmit 133B.
Assuming we were using this 24 GHz radio [31] with a 50 mbps data rate it would take
21.28 ps to transmit 133B.

With a VBAT = 1.5V, AVBAT = 15mV for 40ppm, effective Cyecap = 8 F, and a tyansmit
= 21.28 pis, this leads to a max current of 5.6 mA for a 24 GHz radio while staying within
40 ppm while transmitting. It might be a challenge to achieve such a current consumption
since 24 GHz radios can consume ~30mA [17] but [51] demonstrated 800 n'W 24 GHz was
feasible. Assuming 5.6 mA is feasible, the amount of charge consumed is 120 nC or 169 pJ/bit
to transmit 133Bytes while for the 2.4 GHz radio it would take 4.256 nC or 6 nJ/bit. Based
off the joule per bit and miniaturization, it makes sense to build a 24 GHz.

Making efficient antennas within a space considerably smaller than the wavelength is
virtually unattainable. Therefore, when you design an extremely tiny mote and the antenna
must fit inside it, you can actually conserve power by shifting to a higher frequency as
discussed above. This is because, if not, the efficiency of the antenna decreases both the
transmitted power and received power in proportion to the cube of ((%)3) As a

result, the overall effect is proportional to ((‘9%)6), as depicted in [51].

5.4 Final Remarks

Crystal-free radios provide a path towards making radios smaller. While they reduce size and
power consumption, they suffer from a dependence on voltage and temperature. Software
compensation techniques (Sec. help overcome voltage droops during high transmission
current increasing a 802.15.4 packet payload from 10B to 125B. High PSSR LDOs and
bandgaps (Sec. help reduce the effect VBAT has on fgr as shown in Fig. and p.11]
Leveraging these two methods enables the use of smaller, less ideal power supplies such as
solar cells and microbatteries with high resistance. To push the envelope further and create
even smaller [oT radios the next frontier is exploring higher frequencies like 24 GHz for short
ps bursts.
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