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In recent years, the push for low power wireless sensor networks has called for the introduction
of RF-MEMS transceiver devices capable of operating on small batteries or small scales of
scavenged power from sources such as solar and kinetic energy. The design of ultra-low power
MEMS based transceivers stands to revolutionize the fields of industrial monitoring,

environmental monitoring, and biomedical imaging [1].

This report demonstrates a MEMS based transceiver capable of supporting these low power
applications, and presents an industry/market analysis of a potential application. This report
includes the design and simulation results of the transistor circuits, designed in 180nm TSMC,
used inthe MEMS based transceiver. The entire system is estimated to consume 115uW of
power at a V,,=1.8V. The transceiver system implements an FSK modulation scheme and takes
advantage of a MEMS resonator, an oscillator, an envelope detector, a comparator, a power
amplifier, and an output buffer. Individually, the oscillator consumes 15uW of power, the
envelope detector consumes 410nW of power, the comparator consumes 237nW of power, and
the power amplifier consumes 100uW. The system is currently optimized for data rates of 5kbps,
but can easily support much higher data rates. This design currently operates at 60MHz VHF, but

the tunable nature of the MEMS device allows for use of frequencies up to UHF [1].
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PROBLEM STATEMENT

The capstone project highlighted in this report proposes a low power wireless transceiver that
operates on 115uW of power. This is possible because of an integrated low power circuit using a
Micro-Electromechanical System (MEMS) that acts as the resonator for the transceiver system.
This is a significant feature because typical transceivers use quartz resonators instead of MEMS
resonators and low power designs were not achievable with traditional resonators. State of the art
transceivers for standards such as low-power Wi-Fi consume milli-watts of power using
conventional resonators, which is about 100 to 1000 times more power consumption than the
wireless transceiver created in this project. Operating at only 115 microwatts, this transceiver can
be equipped with a small coin battery and run for decades. Systems employing the MEMS based
transceiver can also be powered with energy harvesting sources such as miniature solar panels
typically found on calculators, or kinetic energy storage devices typically found in many
wristwatches. Some of the applications include long lasting mobile devices, intelligent medical
implants, long lasting medical hearing aids, and animal tracking devices. Inthe booming

Internet of Things (IoT) industry where many set-and-forget sensors are used, low power
transceivers are needed to enable efficient wireless communication and MEMS based
transceivers can be the answer. The applications of this technology are endless and any device
that needs a wireless connection can benefit from the MEMS transceiver. The goal of this
capstone project was to design the schematic of a fully functional MEMS transceiver that

operates on 115 microwatts of power. This device has been successfully achieved.
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This chapter provides a detailed industry analysis of our technology by first identifying the need
for MEMS based transceivers. This chapter then identifies other competing technologies already
present in the market, potential applications, and possible customers. This chapter concludes by

proposing a possible go-to-market strategy with our technology.

Before discussing about specific competing technologies to MEMS, it is important to appreciate
the context of how transceivers operate and what are some design metrics for a good transceiver.
This chapter will first distinguish the power advantages of our MEMS transceiver chip from
other conventional transceivers. We will then show why these advantages are relevant by

illustrating the need for minimizing power use in today's transceiver applications.

Transceivers allow for wireless communications by transmitting and receiving wireless signals.
To avoid interference, signals traveling in the air must travel in different frequency channels.
This often requires them to be converted into higher frequencies in a process called modulation.
When the signal then reaches its destination, the receiver then needs to recover the original signal
from the modulated signal in a process called demodulation. It is the job of the transceiver to
modulate and demodulate signals being sent and received; it does this by using a resonator to

generate a reference frequency that is tuned to the desired sending or receiving frequency.

When designing a transceiver chain, one of the most difficult problems is isolating the desired
signal from other unwanted signals that are received from the antenna. Engineers define the Q
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factor of a resonator as its ability to resonate at a specific frequency. Resonators with a low Q
factor are less selective; they resonate not only at the tuned frequency, but also at other nearby

frequencies.

For smaller channels, the Q of the resonator needs to be high in order to minimize insertion loss,
or loss of signal strength [2]. Most conventional transceivers implement resonators that need

additional filtering to isolate the signal.

Herein lies the advantage of MEMS technology. Electro-Mechanical resonators generate larger
Q factors than conventional resonators. MEMS resonators provide record on-chip Q factors
operating at gigahertz frequencies while still maintaining excellent thermal and aging stability
[2]. In particular, the capacitive-gap RF MEMS resonator that we used for our MEMS
transceiver circuit produces exceptionally high Q around 100,000 and can be tuned to select
1kHz-wide channels over a 80kHz range [1]. The high Q factors of MEMS resonators eliminates
any steps involving additional filtering and takes away the power consumption overhead required
for reducing insertion loss from the resonator. Eliminating the filtering step also results in a
simpler design for the system as a whole. By implementing a MEMS resonator, we have

achieved a transceiver design that operates on 115uW of power.

The biggest competitors to our MEMS-based wireless transceiver are chips designed for

standards such as Wi-Fi, Zigbee, and Bluetooth. Therefore, we begin by proving our transceiver
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technology as a viable competitor against these existing technologies due to a combination of

comparable long distance capability, moderate data rates, and lower power consumption.

To show that MEMS based transceiver is a feasible technology, we now require a closer
examination of the major competitors in wireless sensor applications. The most recognizable
competing technology in wireless communications are chips supporting the WiFi standards.
These chips are the biggest threat to our technology because of its wide use in applications from
cell phones to computers. Because it is supported across many platforms, WiFi is even used
extensively for smart wearable and connected medical device applications. Thus, WiFi takes a
sizeable chunk of the sensing market that might need our technology. The cost per WiFi chip is
moderately expensive at a bulk price of $3 for 1000 chips [3]. Although this cost is on the high
end, WiFi’s biggest strength is that it is one of the fastest means of wireless communications in
the industry. Supporting up to 11 to 54Mbps (megabits per second), WiFi takes a commanding
lead over Bluetooth at 1Mbps [3]. This means that WiFi transfers data up to 54 times faster than
Bluetooth. Our transceiver can be configured for high data rates but at the expense of additional
power consumption. Therefore, to secure a special niche for low power and low cost, our design
is not optimized for speed. We operate at speeds of 5kbps, which is much lower than WiFi.
However, the relaxed speed constraint allows us to design our transceiver architecture to be
much simpler than typical WiFi chips and less costly as a result of less transistors and area [4].
By using a simple design, our MEMS-based chip is expected to be less costly than alternative
WiFi chips. Although WiFi isa major competitor in the wireless communications field, low
power applications that do not require excessively high data rates should favor our transceiver

over WiFi.

Page 10



Zigbee is another wireless communication standard that is less recognizable because it does not
directly target the consumer market. However, Zigbee is widely used in some battery powered
systems such as home networks, and smart watches that require moderately long distance
communications [5]. Zigbee accomplishes long distance travel with a mechanism known as mesh
networking. Mesh networking is a method of having all the devices in a given area working
together to transmit your information. For example, in city of 100 smart phones spread out
evenly, information can be transmitted across the entire region by having phones send
information to each other and successively passing data forward one phone at a time until the
data reaches its the final destination. In the simplest sense, this type of networking is analogous
to arelay run where runners pass the baton to subsequent runners until the finish line is reached.
Generally, mesh networking techniques are more sophisticated than described above and offer
additional features such as fault tolerance. By utilizing this method of communication, Zigbee is
able to serve information across very long distances and therefore commands the market of long

distance communications.

Our technology can also achieve long distance travel by using low frequency techniques. High
frequency networks that do not use mesh techniques cannot travel far because higher frequency
signals have a larger probability of disappearing when coming into contact with obstructions like
buildings. In comparison, lower frequency signals can wrap around obstructions without losing
data. Therefore, implementing low frequency signals in our design allows us to compete with
Zigbee’s long distance travel. A weakness of using Zigbee chips is that they require consistent

power draw in order to accurately pass information through successive nodes. In networks of
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battery powered cell phones, Zigbee will drain batteries rapidly. Our transceiver chip easily beats
Zigbee in power consumption because our chip does not need to be powered on at all times to
achieve long distance travel. The clear advantage that Zigbee has in addition to long range is that
their data rates are higher at 500kbps. However, much like the argument against WiFi, our design
relaxes the speed constraint for optimizing cost and power consumption. Our chip has the
competitive advantage in markets that require low cost, low power chips for long-distance,

battery-operated devices that can tolerate moderate data rates.

So far, we have discussed Zigbee and WiFi chips as two major competitors of our technology.
These two standards currently dominate the long distance travel market and the wearables
market, respectively. Our transceiver chip hopes to capture some market share by offering low
power alternatives with comparable long distance capability for battery powered devices.
However, it should be said that Zigbee and WiFi are not the only two competitors. The wireless
communications industry is a saturated field and there are several other standards that carved out

their own niches.

The final competing wireless technology discussed in this chapter is Bluetooth. Bluetooth is a
global wireless technology standard that enables convenient, secure connectivity for an
expanding range of devices and services. This is a widely used communication channel for
sharing voice, data, music and other information wirelessly between paired devices such as cars,
medical devices, computers, and even toothbrushes. Its wide use poses a threat to our MEMS
technology. Bluetooth runs at a high frequency carrier of 2.5GHz but is suitable for sending

information only up to a range of 100 meters. As we have discussed in the case of Zigbee, we
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can configure our system to communicate information over long ranges by choosing to operate at
lower frequencies. Furthermore, the cost of Bluetooth is about 2.7$ for 1000 chip-sets and we
expect to operate at a smaller cost due to our simpler design methodology for our transistor

circuits.

In the area of low power, Bluetooth Low Energy (BTLE), a newer version of Bluetooth
developed in 2011, also poses a risk for our technology. BTLE ranks number one in the market
for lowest energy consumption. Known as Bluetooth smart, this wireless standard extends the
use of Bluetooth wireless technology to devices that are powered by small coin cell batteries
such watches and toys. BTLE transceivers can allow these devices to run for years on a small
battery. Although BTLE is currently the industry leader in low power transceivers, this
technology still operates at power levelsin the milliwatt range [6]. Our MEMS transceiver is
designed to operate within a hundred microwatts of power, which will provide a significant

power improvement to Bluetooth Low Energy chips.

Next, this chapter provides examples of applications that might use our low-power MEMS-based
transceiver to show its relevance in the market today. The main interests of our technology will
come from wireless sensor node markets, where low power and simplicity are much more
important than data transmission rate [1]. Since the wireless sensor market is wide and diverse,
this chapter uses body area network (BAN) sensors and environmental sensor networks (ESNSs)

as case studies to illustrate the needs for simple, low-power transceivers.
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BAN sensors are used to collect information directly from the person's body. Designers integrate
BAN sensors into smart textiles to detect the wearer's heart rate, stress, motion, and energy
expenditure [7]. A transceiver chip will then enable the sensors to send this physiological
information to an interface where either the person or a medical professional can view it and
form educated decisions. The biggest challenge with these devices is miniaturizing the BAN
node and keeping it low power while maintaining a broad range of applications. A full on-chip
application-specific implementation for BAN has already been designed using the wireless
protocol Zigbee and consumes approximately 4mwW of power when transmitting and receiving. A
tiny lithium coin-cell battery can easily provide enough power for this radio. Although current
implementations of BAN are functional, an approach to combine MEMS technology with ICs
has already been discussed as the next step to further miniaturize the features of the BAN project
[7]. If we decreased power consumption from the milliwatt range to the microwatt range using

MEMS, the battery life will can increase by several orders of magnitude.

ESNs are another area where we can employ low-power transceivers. These sensors constantly
monitor the natural environment to study how they work and detect natural hazards such as
floods and earthquakes. The transceiver allows for communication between the sensors and a
Sensor Network Server, where it can be viewed at a base station [8]. The biggest advantage of
ESNs is that they allow us to monitor remote or dangerous areas that have long been inaccessible
to study [8]. The designer of these sensors needs to satisfy both low power and low maintenance

constraints; these will ensure that the system will operate with minimum intervention for sensor
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maintenance or changing batteries. MEMS technology can provide the low power and simplicity

needed for these sensor nodes.

So far, we have shown that some wireless sensor applications such as BANs and ESNs need
ultra-low power transceivers. Since this project was recently completed, we currently have no
actual end-users for our transceiver chip. In the next section of this report, we identify some

potential stakeholders and customers that can benefit from this technology.

From the consumer’s point of view, our low power chip means that consumers would no longer
need to replace their battery often. The low power consumption of the transceiver also enables
the use of energy harvesting techniques such as miniature solar panels to eliminate the need of
batteries altogether. People using sensors implanted in the human body will find our technology
very necessary. Implantable medical electrical devices are gradually becoming more feasible as
an assisted medical treatment, especially for detecting biological signals that doctors can use to
monitor the condition of the patient. These implantable devices need to be extremely low power
to prevent any potential harm to the body. If the device consumes a low enough amount of
power, the energy provided to the device can be acquired from the body itself through kinetic
energy harvesting, allowing the device to operate for an indefinitely long period of time. For this

reason, companies specialized in biomedical imaging may also be interested in our product.

Besides applications in the medical field, the market of our product can also be expanded to
other broad fields. There is an immense need for smart connected sensors in the agricultural

industry. In 2014, IBM composed a report which stated that 40% of food produced by developed
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nations is thrown away. The IBM study also found that weather damages and destroys 90% of
crops grown by farmers [13]. This statistic is disheartening considering the amount of people on
this planet that can benefit from food. On top of that, farmers are dedicating precious natural
resources such as water and land to grow the wasted food. Our transceiver technology can
provide farmers with the wireless monitoring they need to improve crop yield and reduce food
waste. Our transceiver technology willalso offer a convenient and hassle-free solution for large
farms where battery maintenance is a burden. Pursuing the sensor and wireless monitoring
application can disrupt the agriculture industry, which is ready for technologies that can
wirelessly gather soil and other weather information. Market researcher BCC expects the
environmental sensing and wireless monitoring technology business to grow from $13.2 billion

in 2014 to $17.6 billionin 2019 [14].

The analysis of the applications and consumer needs has shown several strong potential markets

that require low power transceivers.
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TECHNICAL CONTRIBUTIONS

This chapter of the report will highlight the technical aspects of the report and how they were
divided among the members of the capstone team. This chapter will identify my contribution to
this projectand provide information about the literature review conducted in the process of

designing the envelope detector, the methods used in the design, and the simulation results.

Project Overview

The Transistor Circuits for a MEMS Based Wireless Transceiver project was divided into four
milestones: the schematic design of the transistor circuits, the schematic level simulation to
verify circuit behavior, the layout of the transistor circuits to prepare the system for fabrication,
and the post-layout verification to verify system behavior. The capstone group — Kelvin Liang,
Darryl Yu, Soumya Mantha, Keli Hui, and Yuehan Xu — divided the milestones into tasks that
could be achieved individually. These milestones first focused on the creation of the building
blocks needed for the low power transceiver system. The blocks were divided with Kelvin
working on the envelope detector, Han on the oscillator, Keli on the comparator, Soumya on the
power amplifier, and Darry on the buffer circuit. After combining each individual building

blocks, the remaining tasks called for preparation of the layout design.

The envelope detector that | designed is a key piece of the transceiver system because it serves to
detect the information stored in wireless signals. Without the envelope detector, useful
information cannot be extracted from the wireless signals in the air. In order to place the

envelope detector circuit into a stable state of operation, | also designed a temperature
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independent current source. Without a stable current source, the system will lack robustness
because the state of operation of electronic circuits can vary unexpectedly with temperature. The
current source was a crucial piece of circuitry because it was also utilized by several of the other
building blocks such as the oscillator and buffer. This part of the report will highlight the
envelope detector and current source as my major individual contributions to this capstone
project. This part of the report will also discuss my layout design of the envelope detector,

current supply, and oscillator.

Literature Review

The MEMS transceiver design discussed in this report pertains to the field of radio frequency
and analog circuit design, and it both builds upon and advances existing bodies of work. In order
properly demonstrate the merits of a MEMS based transceiver, | must first discuss the challenges

facing existing transceiver technology found in many publications and technical reports.

A transceiver is a system capable of transmitting and receiving wireless information, and can be
found in devices such as radios, cell phones, tablets, and computers. Typical transmitter and
receiver designs, such as the one shown in Figure 1, employ the following building blocks: an
antenna, a low noise amplifier (LNA), a power amplifier (PA), a mixer and local oscillator (LO)
pair, a filter, and a demodulator. In receivers, the wirelesssignal is captured by the antenna and
travels from the left blocks to the right blocks in Figure 1. For transmitters, similar building
blocks are employed, but the signal will travel through the blocks in the opposite direction from

right to left and exit the antenna to enter the air.
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Each block used in transceivers is an electronic circuit that serves a specific purpose:

e Antenna:
The antenna is non-discriminatory and captures all the wireless signals present in the air
around the system. Because there are many different types of signals in the air around us,
the transceiver needs to be able to differentiate the desired signal from undesired signals

from sources such as cellular, internet, satellite, radio, and emergency communications.

o LNA:
Once the signal reaches the LNA stage, the data will be masked by electronic noise that is
unavoidable and so the LNA serves to amplify the desired signal so that is not lost in the
noise. In technical terms, the LNA serves to increase the signal-to-noise ratio or SNR.

The LNA isachieved through electronic circuits and requires careful design because it
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can also introduce additional unwanted noise into the system. Circuit designers are often
limited by the noise figure (NF) specification, which describes how much SNR
degradation is caused by the stage. In addition, amplifier blocks such as the LNA
typically provide gains at about 20dB (100 times amplification) and as such, consume a

lot of power.

Mixer and LO:

In receiversand transmitters, the desired signal is usually modulated into a carrier
frequency to avoid congestion and interference. The Federal Communications
Commission (FCC) has allocated different frequency spectrums for different applications
and depending on the type of application, transmitters and receiverswill have to operate
at the allowed frequency. For example, AM radio is limited from 535kHz to 1605kHz
frequency range. A snippet of the FCC spectrum, shown in Figure 2, highlights the
division of frequencies in the 10 to 30MHZ range. The desired signal is modulated in
transmitters with a mixer before leaving the antenna. The local oscillator provides the
reference carrier frequency for the mixer to modulate the signal into the appropriate
operating frequency. The signal can also be demodulated into a lower frequency, known
as the intermediate frequency, in receivers with a mixer. The mixer is achieved through
electronic circuitry and requires careful design because it can also add interference to the
desired signal. Mixer designs are often limited by linearity specifications such as I1P3 and
P1dB which describe how much interference is added by the stage. Conversion gain of a
mixer is another specification that describes if the mixer introduces loss or gain for the
system as it modulates and demodulates. State of the art standalone mixers are shown to

consume several hundred microwatts of power [23].
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Filter:

This stage usually includes some channel tuning so that system can process the desired

signal and reject the undesired signals. As shown in Figure 3, the tuning or channel select

mechanism needs to adequately filter out signals at undesired frequencies or else the

system will experience interference from adjacent channels. For example, analog radios

employ tuners to capture different radio station channels and inadequate tuning can cause

the radio to display sounds from multiple stations at once. The dotted line around the

desired signals labeled TxA and TxB in Figure 3 indicates an ideal filtering mechanism.

The greatest challenge facing filters is the ability to create filters with ideal characteristics

because most filters are wider and will not completely reject the interferers.
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Figure 3. Channel Selecting and Interference [19]
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e Demodulator:
Once the signal has reached this stage, it is processed with a demodulator to extract the
useful information, and depending on the modulation scheme employed, different
demodulators are used at this stage. For example, amplitude modulation (AM) stores the
information in the amplitude of a signal and frequency modulation (FM) stores the
information in the frequency. In the case of AM radio where the information is stored in
the amplitude, a simple demodulator could be a device that measures the amplitude of the
signal over time. In frequency domain, an AM detector can be achieved with a band pass

or low pass filter that captures the peaks, or low frequency content, of the signal.

| / Input modulation
(squarewave).
Oulpul from Envelope Detector
||II ||||II || || || [\ij\lﬂlﬂlﬂlj
B AM Wave.

!“""I' wr“l D AA

Il l“” U"M —P— VAV
I . R Output, m {1}
Input, 5{+}
: [

Figure 4. AM Detector [20]

Our MEMS based wireless transceiver allows us to differ from many of the existing and
proposed technologies by eliminating the need for many of the power hungry building blocks
used in traditional architectures. This reduction in the overhead power requirement, paired with

the low power MEMS resonator device, has allowed for the creation of a system that consumes
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115 microwatts of power. Systems like the one proposed in [21] are designed to consume 1.8mW
of power, which is about 15 times less efficient than our system. Our capstone projectis
advancing the field of radio frequency circuit design by opening the door for low power

applications, longer lasting devices, and more robust systems.

The schematic shown in Figure 5 demonstrates the system level concept of the MEMS based
transceiver proposed by our mentors Professor Clark Nguyen, Dr. Tristan Rocheleau and Thura
Lin Naing. The simplicity of the design allows us to eliminate the need for blocks such as the
LNA, mixer, and filter. Our capstone project built upon the concept proposed by our advisors by
adding several key blocks and by physically implementing the design. The blocks that this team
designed include an oscillator, an envelope detector, a comparator, a buffer and a power

amplifier.

A\ MEMS Resonator

Output Flip-flop

JU'l
Demodulated Q@D —-F | *

Signal Out £
g tCLK Comparator Envelope Detector

Figure 5. MEMS Transceiver [19]

The MEMS (microelectromechanical system) resonator, is the first stage of the transceiver. The
remaining design of the transceiver required various electronic transistor circuits created in
180nm complimentary mosfet (CMOS) technology. The individual building blocks of the

transceiver serve the following purposes:
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MEMS Resonator:

The MEMS resonator is a high Q factor device that allows for highly selective tuning and
filtering. In this application, the Q factor describes the degree of selectivity and unlike the
typical architectures and filters shown in Figure 1, the filtering from the MEMS device
eliminates interfering signals with extremely high attenuation. In addition, the tunable
nature of the MEMS resonator means we can select many different channels or
frequencies and because of this, the system can be designed to support multiple
standards.

Oscillator:

The oscillator, much like the local oscillator seen in traditional architectures, serves as a
reference carrier signal. The oscillator is designed to feedback the signal to the MEMS
device to generate sustainable oscillations. Because the system employs frequency shift
keying (FSK) as the modulation scheme, the information is stored in the frequency of the
signal that is generated by the oscillator. In the case of this design, the oscillator operates
at 60MHz and the resonator converts the frequency information into amplitude
information via growing oscillation amplitudes.

Envelope Detector:

The output of the oscillator is fed into an envelope detector to extract the information
stored in the growing oscillations. Similar to Figure 4, the envelope detector measures of
the peaks of the oscillations to extract the stored binary information.

Comparator:

The binary information (1 or 0) is then decoded from the envelope detector’s peak

amplitude information by using a comparator and a threshold level. If the amplitude from
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the output of the envelope detector is above the threshold, the data is triggered to be a 1,
and if the amplitude is below the threshold, the data is triggered to be a 0. With this
comparing mechanism, our transceiver can successfully recover the desired waveform
consisting of 1’s and 0’s.

e Buffer:
A buffer circuit is added to the system to allow for probing and debugging after the
fabrication process.

o Power Amplifier:
In transmitting data, a power amplifier is needed to convert the input signal into a
significant amount of radio power that is suitable for transmission of the wireless

signal[24].

The envelope detector that | designed built upon existing bodies of work. In the methods and
materials section of this report, I highlight many of the challenges facing existing envelope

detector architectures that can be found in publications and technical reports.

Methods and Materials

In designing the envelope detector for the system shown in Figure 5, | kept in mind the intended
application of the transceiver. Firstand foremost, the envelope detector needed to be extremely
low power because the entire system had to consume about 115 microwatts of power and the
majority of the power budget was allocated for the power amplifier and oscillator. Therefore, the
final design of my envelope detector needed to operate on nanowatts of power. Second, the

envelope detector needed to be able to measure amplitude variations as small as several
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microvolts. Third, the detector needed to be able to demodulate very low amplitude signals that
are close to the noise floor. Fourth, the envelope detector could not introduce too much
additional noise into the system. Lastly, the envelope detector needed to be temperature
independent because any variation to the bias level of the circuit will affect the threshold level of
Keli’s comparator. All of these specifications turned what would’ve been a simple design into a
complicated circuit. The method and approach | took in accomplishing my goal of designing a

circuit meeting the above specifications included a thorough review of known circuit topologies.

Classic envelope detectors are simple to design because they require a basic diode and low pass
filter circuit. However, to meet the specifications laid out above, the envelope detector | designed
needed to be based off an entirely different architecture. The main issue with using the classic
diode detector with low pass filter circuit configuration is highlighted ina technical report
published by Professor Jan Rabaey and Postdocal Researcher Simone Gambini of UC Berkeley
[25]. According to the report, a significant amount of gain needs to be appliedto the radio
frequency signal prior to entering the envelope detector because the signal can pass through the
detector only if the amplitude is above the diode semiconductor turn-on voltage. In other words,
if the amplitude is not high enough, the signal will not pass through the detector and will not be
demodulated properly. In our low power application, the amplitude of the input signal is
estimated to be in the millivolt range which is far below the required minimum .7V turn-on
voltage of nominal discrete diodes. A solution to this problem would be to apply the necessary
gain to the signal prior to the envelope detector, but this would mean higher power consumption.
In an effort to find a suitable low power solution to resolve this problem, | attempted topologies
found in various publications. In an Institute of Electrical and Electronic Engineers (IEEE)

publication by researchers from Seoul National University, an operational transconductance
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amplifier (OTA) based envelope detector that consumes 6.3 milliwatts (mW) is capable of
receiving signals of 257 millivolts (mV) [26]. However, the OTA based design shown in Figure
6 consumes 54 times more power than the target power of the envelope detector needed for our

system.
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Figure 6. OTA Based Envelope Detector [26]

In another IEEE publication by Dr. Denis Daly from the Massachusetts Institute of Technology,
a differential envelope detector capable of receiving signal amplitudes as low as 5mV is
proposed [28]. However, Dr. Daly’s envelope detector architecture (Figure 7) consumed far too
much power at 10uW. In another paper by Professor Rabaey from UC Berkeley, a 1 microwatt
envelope detector is proposed [29]. Unfortunately, the 1uW power consumption was also too

much for our application and could not be reduced further.
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Figure 7. Differential Envelope Detector [28]
Finally, | settled for a source follower circuit with a peak detection capacitor at the output. The
motivation for this design came from a publication by Professor Robert Meyer from UC
Berkeley [27]. The design proposed by Robert Meyer, shown in Figure 8, was based off of

bipolar junction transistors and consumed 20-50 microwatts of power.

D

Figure 8. BJT Envelope Detector [27]
I built upon the design shown in Figure 8 by implementing the topology in 180nm CMOS
transistors. | also converted the design into a single ended implementation, added a PMOS in
triode for high frequency rejection, and successfully lowered the power consumption to 167.1
nanowatts (nW). | also added a copy of the input branch that is used to supply the bias voltage as
a reference voltage for the comparator. The envelope detector | designed is shown in Figure 9
and is capable of recovering signals with amplitudes as low as 2mVpp, which is an improvement

on the higher power designs proposed by researchers at other universities. Through simulations
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in Cadence and the ADE tool suite, | was able to confirm the operation of the envelope detector.

Those simulation results can be found in the next section of this report.
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Figure 9. Single Ended Source Follower Envelope Detector

After successfully creating a low power envelope detector suitable for our transceiver system, the
next daunting task was designing a current reference capable of supplying 83 nanoamps (nA) of
current. Because the circuit operated at such low power, | needed to design a very stable current
reference to supply the extremely low current needed to bias the envelope detector. | began my
design by referring to a circuit proposed by Keith Sanborn from the University of Arizona [31].
In his paper, Dr. Sanborn proposed a folded cascade with temperature dependence cancellation
bandgap reference design that supplies 20 microamps (nA) of current. Following Dr. Sanborn’s
example, 1 designed my current reference using the same method of generating a stable and

temperature independent circuit.

The final design of my current reference is shown in Figure 10 and is capable of supplying 83nA

of current with a negligible .3% variation across the 0°C to 70°C temperature range. This
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stability was achieved by cancelling the temperature dependence of the resistor in the circuit with
a diode connected NMOS transistor in parallel. The low current supply was achieved using
maximum long channel devices in 180nm TSMC transistors. The main issue that rises when
operating at low currents is noise and this problem is further exacerbated because the current
source directly biases the envelope detector. Therefore, the noise produced by the current source
will degrade the input signal due to the unity gain source follower topology of the envelope
detector [30]. An extensive noise analysis was conducted by hand and verified with simulation

on Cadence. The results indicate that the noise generated by this low current reference is

-142.5dBm at the 60MHz operating frequency.
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Figure 10. Temperature Independent Current Reference
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With the design of the low power envelope detector and low current reference circuit complete,
the building block is ready to be implemented into a working transceiver system. In the next
sections, | will highlight the performance of the standalone envelope detector with current
reference. | will also discuss the results of the system level integration with Han’s oscillator and

Keli’s comparator to form the front end receiver.
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Technical Contributions

The final design of the envelope detector with current reference is shown in Figure 11.
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Figure 11. Envelope Detector and Current Reference
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From the noise simulation discussed previously, the noise floor of the overall block is found to
be -142.5dBm at the 60MHz operating frequency. The noise equivalent circuit used for the hand
calculations is shown in Figure 12. The noise simulation plots verifying the hand calculation is
shown in Figure 13. From the equation below, the minimum detectable signal with a nominal
noise figure (NF) and signal-to-noise ratio (SNR) requirement is

Min Det. Signal = Noise Floor + 10log(BW) + NF + SNR

Min Det. Signal = -53.9dBm
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Figure 12. Noise Equivalent Circuit
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Figure 13. Nd-ise Plot

Therefore, this envelope detector is capable of demodulating radio frequency signals with
amplitudes as low as 2mVpp before the signal is overrun with noise. The simulation proving the
ability to demodulate signals with 2mVpp amplitude is shown in Figure 14. On the other end of
the spectrum, the maximum amplitude the envelope detector can detect before clipping is
simulated to be 1V. Therefore, the dynamic range of this block is

0dBm — (—=53.9dBM) = 53.9dB.

Page 32



v (mv)

200 600 800

Figure 14. Minimuir;WDetectable Signal
To reiterate, my goal for this particular building block was to design a low power envelope
detector capable of receiving low voltage radio signals. Additionally, the low power envelope
detector was to be biased with a stable low current reference. As shown in the simulation results,
I was successfully able to accomplish these goals and my final design operates on 83nA on a
1.8V supply for a total consumption of 250.6nW. The current reference has four branches and
with each branch drawing 83nA on a 1.8V supply, the total power consumption is 417.7nW. As
hoped, the current reference is temperature stable with a negligible .3% variation over the 0°C to
70°C temperature range, and the envelope detector is capable of receiving signals at amplitudes

as low as 2mVpp.

After successfully designing the crucial envelope detector block, the capstone team set forth with
integrating all the blocks into a functional transceiver system. The results of that integration will
be discussed in the final summary. We encountered many problems when implementing the

entire system because we could not simply piece the individual building blocks together. We
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discovered that some slight modifications needed to be performed before the system functioned

properly.

As part of the integration process, | also designed the layout of the envelope detector schematic
and the oscillator. The results of the layout is shown in Figure 15 and final area for this layout is

750unY2.

Figure 15. Layout of Oscillator and Envelope Detector
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This chapter of the report will provide the summary of the system level integration and
performance of the receiverand transmitter. This chapter will provide a summary of the
oscillator, comparator, power amplifier, and buffer blocks. For cohesiveness, this chapter will

also include an abridged version of my technical contributions in the envelope detector.

The function of oscillator in a transceiver system is to create a constant high frequency signal to
carry the information signal. In a transmitter system, the oscillator output modulates the
information signal, and the power amplifier amplifies the signal to be transmitted afterwards. In
the receiver chain, the oscillator and envelope detector demodulates the transmitted signal and

then sends it to comparator for decoding.

The oscillator in this system is designed as a MEMS-Based oscillator, where the MEMS device
is used as a resonator to replace the crystal that is used in traditional oscillators. The advantage of
the MEMS-Based oscillator is that it provides high Q to have a more accurate channel selection,

and the simple design also contributes to low power consumption.

Oscillators typically consume the majority of power in the receive chain. Therefore, the topology
of the oscillator determines the power consumption of whole system at some degree. Based on
the low power consumption specification, the Pierce oscillator schematic, which consumes

relatively low power, is being used. The schematic is shown below in
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The feedback loop of this oscillator has a phase shift of 360°, and in order to make it oscillate,
we also need to design for a negative resistance greater than 8.5kQ looking into two ports of
resonator. Since positive resistance consumes power, we can regard negative resistance as an
energy source. If this “energy source” provides energy larger than the power consumption of
resistor in the resonator, then this oscillator can work well.

According to the equation of negative resistance:

cC
Re(Zc):- 2 2 Su1=2 2
(g,C5)" +w (GG, +C,C + C,()
In the circuit shown in , the nodes “IN” and “OUT” link with the MEMS device by

bond pad connection, and we assume the parasitic capacitance on the bond pad is around 250fF.

The transconductance of the common source amplifier is 165.68uA/V, and the value of negative

resistance is 13.66kQ.

The output waveform and power consumption is shown below in and
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Figure 18: Power Consumption Of

The Oscillator

The resonance frequency of 58.98MHz, and the amplitude is 128mV. The power consumption is

15uW.

The amplitude of the oscillator output in each period differentiates ‘1” and ‘0’. The simulation

required different stimulating signals to generate the different growing speed. Further, the
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oscillator required a reset to toggle a ‘0’ in simulation. The reset to the oscillator was generated
by switching the resonator resistance to a much higher resistance to destroy the quality factor.

The stimulating circuit with a resetis shown in Figure 19,
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Figure 19. Stimulating Circuit

R1 corresponds to the working state, and R2 corresponds to resetting state. When the circuit

switches to R2, the high resistance destroys the quality factor so that the oscillator can no longer

work. The switch S1 is set to be periodically switches between R1 and R2. The output waveform

is shown below in Figure 20.
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Figure 20. Output Waveform of Oscillator

In addition, an FSK signal is needed on the transmitter side. The method to generate an FSK

signal is to switch the value of capacitance between two values. 7aF capacitance was used to
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generate 59MHz signal, and 6.5aF capacitance to generate 61MHz signal. The MEMS resonator

model is shown below in Figure 21:
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Figure 21. MEMS Resonator Model

Design Specification Value
Resonance frequency 58.9MHz
Power Consumption 15uW

Envelope Detector

The envelope detector designed is a key piece of the transceiver system because it serves to
detect the information stored in the envelope of wireless signals. In order to bias the envelope
detector circuit into a temperature stable state of operation, a temperature independent current
source was implemented. This temperature independent current source was also taken advantage

of by the oscillator and the buffer circuits.

The design of the envelope detector had several key specifications. The consumption of the
envelope detector was limited to several nW. Second, the envelope detector needed to be able to
measure amplitude variations as small as several microvolts with good carrier rejection. Lastly,
the envelope detector needed to be temperature independent because any variation to the bias

level of the circuit will affect the threshold level of Keli’s comparator.
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Classic envelope detectors are simple to design because they require a basic diode and low pass
filter circuit. However, to meet the specifications laid out above, the envelope detector used in
this system needed to be based off an entirely different architecture. The main issue with using
the classic diode detector with low pass filter circuit configuration, as highlighted in [25], is the
need for a significant amount of gain to bring the radio frequency amplitude above the turn on
voltage of the diode. The high gain required in the classic diode detector is not suitable for our
low power design. Many of the alternative envelope detector architectures capable of receiving
low radio signals consumed far too much power. In [26], an operational transconductance
amplifier (OTA) based envelope detector can demodulate signals as low as 257mV while
consuming 6.3mW of power. In [27], [28] and [29], differential envelope detectors capable of

receiving RF as low as 5mV consumed 20pW, 10uW and 1pW respectively.

The envelope detector implemented in this transceiver was designed with 180nm TSMC process.
The design implemented a single ended source follower stage with low bandwidth to filter out
the carrier. A PMOS biased in the triode region is used in the output stage for capacitive low
pass filtering. A copy of the input branch is also used to supply the DC bias voltage as a
reference voltage for the comparator. The final envelope detector, shown in Figure 22, is capable
of recovering signals with amplitudes as low as 2mVpp. Overall, the envelope detector

consumed 167.1nW of power.
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Figure 22. Single Ended Source Follower Envelope Detector

The noise equivalent circuit used for the hand calculations is shown in Figure 23. The noise
simulation plots verifying the hand calculation is shown in Figure 24. From the equation below,

the minimum detectable signal with a nominal noise figure (NF) and signal-to-noise ratio (SNR)

requirement is

Min Det. Signal = Noise Floor + 10log(BW) + NF + SNR

Min Det. Signal = -53.9dBm
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Figure 23. Noise Equivalent Circuit
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Therefore, the minimum detectable is 2mVpp. The simulation proving the ability to demodulate
signals with 2mVpp amplitude is shown in Figure 25. On the other end of the spectrum, the
maximum amplitude the envelope detector can detect before clipping is simulated to be 1V.
Therefore, the dynamic range of this block is

0dBm — (—53.9dBM) = 53.9dB.
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Figure 25. Minimum Detectable Signal

Page 42



The envelope detector discussed was biased with 83nA of current and required stable reference
supply. The design of the reference followed the methodology proposed in [30], which discusses
a stable bandgap reference. The final design of the current reference is shown in Figure 26 and is
capable of supplying 83nA of current with a 0.3% variation across the 0°C to 70°C temperature
range. This stability was achieved by cancelling the temperature dependence of the resistor in the
circuit with a diode connected NMOS transistor in parallel. The low current supply was achieved

using maximum long channel devices in 180nm TSMC transistors.
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Figure 26. Temperature Independent Current Reference
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The final design of the envelope detector with current reference is shown in Figure 27.
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Figure 27. Envelope Detector and Current Reference

As part of the integration process, the layout of the envelope detector, current reference and the

oscillator was designed. The layout is shown in Figure 28 with a die area of 750um”2.

Figure 28. Layout of Oscillator, Current Supply, and Envelope Detector
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Block Summary

Envelope Detector

Minimum Detectable Signal 2mVpp
Dynamic Range 53.9dB
Envelope Delay 5Us
Envelope Bandwidth 1MHz
Carrier Bandwidth 500MHz
Total Power Consumption 167.1nW
Current Reference

DC Current0°C 83.21nA
DC Current 25°C 83.55nA
DC Current 70°C 83.89nA
Total Power Consumption 250.6nW
Layout

Die Size (Oscillator, Envelope Detector, Current Source) 750um”2
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Comparator

When Frequency Shift Keying (FSK) modulated signals enter the transceiver, they give rise to
the periodically restarted oscillations [1]. When the oscillation envelope is detected, the

comparator should be able to discriminate “0”’s and “1”’s [1].

The schematic for the comparator is shown below in Figure 29.
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Figure 29. Comparator Schematic

The benefit of this design is that in the reset phase, when the clock signal is low, voltage supply
and ground are disconnected from the latch. Therefore, no power consumption occurs in this
phase. Since digital circuits normally only accept supply voltage and ground voltage as “1”’s and

“0”s, a PMOS pair was added to pull the output to supply voltage. During the evaluation phase,
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when the clock signal is high, the comparator is powered and starts to compare the input signals
at the “Int” and “In-” terminals. The latch circuit grows the input difference and finally reflects

either “1” or “0” at the output terminal.

The functionality of the comparator is confirmed with Figure 30. The first plot is the input signal,
the second one is the clock signal and the third one is the output signal. The test signal was a
sinusoidal wave with 1mV amplitude at 800mV DC level. The reference voltage used to
discriminate the “0” and “1” was 800mV. From the output signal plot, it is shown that when the

clock is on, if the input signal is above 800mV, the output is “1”; vice versa.
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Figure 30. Comparator Functionality
This comparator circuit consumes 237nW of power, which fits our team’s purpose of building an

ultra-low power transceiver.
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The schematic for the complete receiver chain, which consists of the oscillator, the envelope

detector, and the comparator, is shown in

vad

o] .
clqlf‘—{g H B o —{g
T

J
.

;}:—{ i«

Out»lﬂi - E ml )Env_oul T ’ Vref
1 T | g

17
A
J» :i g
1

[T

=]
L Env_out Vref
) 4

¥

8

e
zIFT_ |
IT

11

The capstone team verified the functionality of the receiver chain by inputting a test 1010 signal
that is generated by the oscillator. The results of the simulation are shown in . As
shown, the green signal is the generated 1010 signal from the oscillator. The purple square wave
is the output of the envelope detector and as expected, it is the negative envelope of the input
oscillator signal. The dc purple signal represents the reference voltage that the comparator uses
to determine the received bits. For envelope amplitudes below the reference level, the
comparator will clock a 1 and for envelope amplitudes above the reference level, the comparator
will clock a 0. The red signal represents the clock signal. The blue signal represents the output of
the comparator. An output synchronous flip flop that is edge triggered by the clock shown will

latch a 1010, as expected.
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Figure 32. Verification of Receiver

Power Amplifier

This part of the paper summarizes the design of a Power amplifier (PA) for the transmitter part
of the system. This block functions to establish connections and send information from the

digital system to the external world.

Given the fact that reducing the power consumption is the overall goal of this project, the power
consumed by the individual blocks must also be minimized. This translates to the concept of
power efficiency, meaning ‘the amount of power used to generate and transmit a decodable burst
of data from the system’. The major trade off for efficiency is a characteristic called linearity.

Linearity defines ‘the relationship between the output and the input, and the change in output for
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a given change in the input level’. Below is a table of the performance statistics of each of the

power amplifier classes available.

CLASS A B C D E
Theoretical efficiency 50% 78.5% 80% 100% 100%
Linearity Linear Non-linear Non-linear Non-linear Non-linear

Since efficiency is our major consideration in this system, a class D amplifier was used. This

choice was made after surveying highly efficient PA’s in papers written in [32] and [33]. The

other requirements needed for proper operation of the PA block include current bias generation,

voltage bias at the input, and inclusion of passives.
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Figure 33. Class D & E Amplifier models [34]

From the above table, class D and class E amplifiers can be theoretically characterized as having

an efficiency of 100% [34], this is because they don’t allow for any dissipation of energy within

the system, thus translating all of its energy to the required output load, which is an antenna used

for transmission in most cases.
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The control over power transmitted to the load depends on the impedance (resistance) of the load
seen by the output node of the amplifier. In order to meet the specification of the power drawn
by the load precisely, this load seen by the output node has to be transformed to a different value.
This process of transforming the load can be done by using a network called ‘matching network’
to match the output node to the impedance needed for maximum power transfer. For this power
amplifier, a T-match was employed because it isolates the DC component and the AC
component — which is of our interest at the output node and also provides the impedance
transformation needed. The final schematic of the power amplifier is shown in
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The layout of the power amplifier is shown in
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Transmit Chain

The oscillator is integrated with the Power amplifier by connecting the output of the oscillator to

the input of the PA. An input FSK is generated by the oscillator and given to the PA.

The plot below shows how an input data stream is modulated and transmitted by the power

amplifier into the antenna.

idl

v /net . ran

Figure 38. Transmit Waveform
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The design requires a voltage buffer to interface with the 50Q transmission line required to test
our chip. This voltage buffer has several design requirements. The most important is a voltage
gain of 1 to accurately represent the input signal. Impedance matching at the output is necessary
to ensure that the maximum available power from the input signal is deliveredto the load. The
buffer also requires high enough bandwidth, output voltage swing, and linearity to send signals
to the output negligible distortion. The input signals of interest are a 60MHz signal centered at
600mV with 0.8V peak to peak (pk-pk) and a 5kHz signal with 1.8Vpk-pk. A bandwidth
requirement of 600MHz is necessary to capture harmonics of the 60MHz signal. Additionally,
the buffer will connect a separate power rail from the rest of the transceiver to negate its power

contribution during normal operation of the MEMS transceiver.

Given the design requirements presented, two separate buffers were implemented. A wideband
buffer was designed for the 60MHz signal, while a rail-to-rail buffer was designed for the 5khz
signal. There exist a variety of different approaches to implement voltage buffers. Many single-
stage amplifiers are described in the literature [35] [36] [37] [38]. These topologies are desired
over op-amp based approaches mainly for their design simplicity and potential savings in die
area and power consumption. However, their main disadvantage is the inability to reach the

theoretical voltage gain of 1. Therefore, these topologies were not considered.

A different approach relieson tying an op amp into unity-gain feedback to set the voltage gain to
1. This feedback also decreases the output resistance by approximately the open-loop gain of the

op amp, which further favors the conditions of an ideal voltage buffer. To properly send the large
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input signals for our application, the op amp needs to have a large enough input common mode
and output voltage swing. The op amp must also have the capability to drive low impedances,
which requires the implementation of an output stage. For temperature independence, we also
require a temperature independent current reference. The design of this reference is taken from

[39] and is shown in

The design of the wideband op-amp for the 60Mhz signal is shown in . The three stage
op-amp topology consists of an input differential stage followed by a gain stage and an output
stage. A seriesresistor and capacitor are used to increase stability in unity-gain feedback by
moving the right half plane zero on top of the second pole. The output stage consists of a
common source PMOS transistor, allowing the output to swing up to VVdd-Vov. By contrast, if a
source follower was used, the output could only swing up to Vdd-(Vgs+Vov). Since our 60Mhz
signal needs to swing up to 1V and Vgs+Vov > 800mV, the source follower output stage would
not have suited our application. The output stage resembles a push-pull inverter, but only the

PMOS half is needed since we do not swing below 0V.

The output of our op amp in shows the approach that is taken toward the impedance
matching problem. The weakness of our unity gain feedback configuration is that the output
resistance is not a clearly defined value. We can remedy this by adding an off-chip 50Q resistor
in series to have a matching impedance of about 50€2, assuming that the op amp tied in feedback
has a very low impedance. This systematically reduces the voltage gain by %, which is not

detrimental since we can take this into account when viewing the waveform.
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Figure 40. Transistor-level Topology For Wideband Op-Amp
The performance of the wideband op-amp is shown in Figure 41. The transient response results

with a 60Mhz 0.8Vpk-pk input signal also show negligibly small distortion. A tabulated

summary of design specifications is given.
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Figure 41. Wideband Op Amp Connected In Unity-gain Feedback

Design Spec Wideband op-amp
DC Gain 1.0
3dB Bandwidth 1.9Ghz
1dB Av compression point 0.9V (Vpk-pk)
(input signal DC level 600mV)
Total Power Consumption 12.4mwW
Temperature Variations with Idc +-5%
Output Impedance 50.44Q at 60Mhz
Phase Margin 60.4 degrees
Frequency where loop gain is 0dB 1Ghz

The design of the rail-to-rail op-amp for the 5khz signal is shown in Figure 42 and replicates a
design presented in [40]. An op-amp that can handle a rail-to-rail signal requires an input stage
with a rail-to-rail common mode input range and an output stage with a rail-to-rail output swing.

The input stage is a complementary differential pair with a cascoded load (Comp-Casc); it is
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more easily recognizable as a combination of two folded cascode topologies. This input stage has

common mode input range beyond both supply rails. The output stage is half of a push-pull

inverter realized with common source transistors, similar to the wideband op amp.

Figure 42. Transistor-level Topology Of The Rail-To-Rail Op Amp

The resulting performance graphs of the rail-to-rail buffer can be seen in of Figure 43. The buffer

reaches the desired voltage gain and approximately the desired output impedance at 5khz. For

the transient response, a 5khz rail-to-rail square wave was sent as the input. The maximum

voltage of 1.67V results from needing to maintain a V,y voltage drop across the PMOS output

transistor and cannot be avoided by this topology. An additional off-chip 50Q resistor is added at
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the output for impedance matching. A tabulated summary of the performance for this buffer is

shown.
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Figure 43. Rail-To-Rail Op Amp Connected In Unity-gain Feedback.

Design Spec

Wideband op-amp

DC Gain

1.0

1dB Bandwidth

14Mhz

Total Power Consumption

5.3mW

Temperature Variations with ldc

+-5%

Output Impedance

60.67Q at Skhz

Phase Margin

~90 degrees

Frequency where loop gain is 0dB

60Mhz
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Our final prototype was designed using 180nm CMOS technology on Cadence, and the
schematic was generated as part of this project. With the schematic of the system and layout of
the oscillator/envelope detector complete, this transceiver system is almost ready for fabrication.
However, the fabrication process usually takes several months and thus, this capstone team does
not anticipate the opportunity of verifying the physical circuit. Despite this, we are confident in
our simulation results and believe that the transceiver system designed in this projectis

functional and ready for applications.

The outcome discussed in this report revealsthat it is possible to create a low power MEMS
based transceiver. We successfully achieved our goal of designing a system that operates on 115
microwatts of power. In our market analysis, this capstone team identified many different
applications for our technology and found that there is an immense need for low power
transceiver systems in markets such as home, health, and agriculture. By successfully fulfilling
our goals laid out in this capstone project, we have proven our hypothesis and we are excited to

see where this technology is headed.
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