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Introduction

In 2014, The Committee for the Future of the Finnish Parliament published a book
entitled "100 opportunities for Finland and the world" [1]. The book anticipates and
evaluates 100 promising technological solutions that, according to the authors, have
potential to radically affect the world and its economy in the coming 5 to 15 years.
The suggested solutions project an exciting, and sometimes intimidating, vision for
the near future. The highest rated applications include, for instance, self-driving cars
and otherwise automated passenger traffic, continuously captured personal life and
personal health, and novel human-machine interfaces that react to bodily gestures.
Continuous capture of an individual’s vital life signs requires remote sensors
placed in the home [2], body-worn sensors or even implanted sensors, which together
form a body area network (BAN) [3]. In order to make worn sensors practical and
comfortable, applied BAN sensors have to be inexpensive, small, light and preferably
wireless, forming a wireless personal area network (WBAN). In addition to enabling
free movements, wireless operation prevents failures and additional interference
caused by strained or ripped wiring. As for implantable sensors, they are even more
dependent on wireless communication along with wireless power delivery. Permanent
skin-penetrating wires would introduce a high risk of inflammation.
Health-related parameters that can be monitored remotely include heartbeat
and respiration [4], cardiac signal [5], body acceleration for fall detection [6], and
electroencephalogram [7], all of which can be captured by body-worn sensors. Invasive
systems include, for instance, neural prostheses [8], deep brain stimulation for seizure
control [9], pacemakers [10] and blood pressure measurements [11]. Due to everincreasing requirements for miniaturization and low-power operation, development
in WBAN applications is highly dependent on progress in semiconductor technology.
Another highly potential future field of application concerns gadget-free user
interfaces and digital services [12]. In this vision, digital environments provide
interactive interfaces that appear flexibly when needed and disappear again after
usage. This way a table or wall surface can serve as a temporary interface to adjust
home heating, and a smart floor can use personal illumination in order to help a
customer find his lost child in a large shopping mall. In practice, these kinds of
environments would require, in addition to an impressive piece of artificial intelligence,
an arsenal of sensors that recognize gestures, track movements and use microphones
for audio feedback, to mention a few. These sensors should be connected into a
seamless wireless network, and, for increased flexibility, many of them should be able
to function outside the power-distribution network.
The mentioned applications share at least one common thread. They all pivot
on continuous and extensive monitoring of environmental variables, performed by a
large number of differing sensors, both mobile and stationary, that are connected
into a network. The sensors may monitor parameters such as moisture, acceleration,
radiation, sound or human facial expressions. The size of a sensor varies from several
square meters, such as a wall-sized touch screen, to less than a cubic millimeter, such
as a pressure sensor based on microelectromechanical system (MEMS) technology.
Wireless communication is crucial in enabling data exchange between remote

2
sensors, which together form a wireless sensor network (WSN). If, in addition to
being capable of computation and communication, the used sensors are self-energizing
and size several cubic millimeters or less, the sensor network is termed smart dust
[13]. These local data-generating WSNs can then be connected along with other
intelligent devices and systems, creating a global or local internet of things (IoT).
In addition to dealing with remoteness, wireless communication is eminently
useful in applications that require mobility. However, mobility also brings about
requirements regarding maximizing limited battery life [14]. A mobile sensor would
preferably produce its own power by harvesting it from environmental sources, thus
making it energy-wise autonomous.
There are various different energy harvesters that show high potential for WSN
applications. The most common harvesters include, for instance, solar cells, piezoelectric elements and thermoelectric pairs. Large available areas and volumes equal large
harvestable energy levels. This creates a design trade-off between an autonomous
sensor’s mobility and power budget. The power budget becomes extremely tight for
small sensors, for which reason intelligent power-management and power-efficient
circuit design play an essential role in enhancing network performance.
Wireless communication tends to draw a dominant share of an autonomous sensor
node’s energy budget. Consequently, designing the sensor’s radio front-end to be as
energy-efficient as possible deserves considerable attention. In addition to thorough
electrical design, performance specifications have to be set according to application
requirements in order to avoid overdesign.
In this work, we design a low-power radio transmitter with an adequate range,
data rate and power consumption suitable for an autonomous sensor node’s energy
budget. In order to perform the task, the energy budget, the wireless link budget and
the data rate target are first derived based on literature and measurements. Narrowband and ultra-wideband (UWB) radios are compared with a focus on low power
performance. The more promising technology is then chosen for further investigation.
The transmitter is finally designed and implemented in a 180 nm complementary
metal oxide semiconductor (CMOS) process.
While power budget examination makes an important contribution to this thesis, a
detailed review of different energy harvesters and their physical realization is omitted.
Thorough analysis of radio receivers and narrow-band radio transmitters is left out,
as well as any discussion of complex modulation techniques. The UWB radio analysis
in this work concentrates specifically on impulse radio UWB (IR-UWB) technology.
Although radio-frequency (RF) communication standards are discussed, they are not
followed. Nevertheless, RF band regulations are naturally obeyed. RF design and
CMOS process fundamentals are taken as given.
This thesis is organized as follows. In chapter two, the concept of an autonomous
sensor node is discussed and its energy budget is derived, as well as specifications for
the adequate data rate and wireless range. In addition, narrow-band and wide-band
radios are compared. In chapter three, different impulse radio architectures are
analyzed and the most potential one is chosen for implementation. The new impulse
radio transmitter design is then presented with simulation and measurement results.
Finally, in chapter four, the results are discussed and this thesis in concluded.
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2

Background

This section explores the concept of an autonomous sensor node, compares narrowband and ultra-wideband radio channels and derives specifications for a WSN link’s
data and energy budget and range. First, autonomous sensor nodes and energy
scavengers are discussed and a power budget is derived based on the discussion.
Second, narrow-band and ultra-wideband radio links are compared and output
power requirements are derived for both transmitter types. Third, the performance
of recently published low-power UWB and narrow-band transmitters is reviewed.
Finally, gross data rates are tabled for a variety of sensors.

2.1

Autonomous sensor nodes

The common peripherals of an autonomous wireless sensor node are shown in Figure
1. The node can use a variety of energy scavengers in order to harvest enough energy
for energy-independent operation. Due to the periodical nature of energy supply from
many harvesters, an energy buffer, such as a super capacitor, is commonly required
to store enough energy to power the node over scarce periods. The harvested and
managed energy can finally be used to power a variety of ultra-low power sensors, a
user interface or wireless data communication.

Figure 1: Peripherals of an autonomous sensor node, managed by an application specific
integrated circuit.

In Figure 1, the peripherals are managed by an integrated circuit (IC). An
IC comprises electronic circuits and structures microfabricated on semiconductor
material, conventionally on silicon. Today, the most accurate microfabrication
processes reach a line width of less than a couple of tens of nanometers. In addition
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to striving for higher process accuracy, a recent trend concerns moving from planar
structures to processing three-dimensional transistors [15]. From this thesis’ point of
view, IC technology brings about the necessary level of integration and application
specificity required for creating compact and power-efficient sensor nodes.
Ambient energy is harvested in many forms, such as direct current (DC), alternating current (AC) or radio frequency (RF) AC. The harvested power has to
be converted into stable DC power suitable for energizing the energy buffer, other
peripherals and the IC itself. Therefore, a power-managing circuitry including a series
of power converters, voltage detectors and their control logic has to be implemented
on the IC. Such circuitry is introduced in [16], where an RF-to-DC converter and
two DC-to-DC converters are implemented on a single chip to ensure optimal power
conversion efficiency for a variety of scavengers and a stable 1.2 V system voltage.
A switched-capacitor voltage regulator (SCR) and a low-dropout voltage regulator
(LDO) function as up-converting and down-converting DC-to-DC regulators, respectively, and they are controlled by a voltage level detector. The respective peak power
efficiencies for the SCR and the LDO are 63 % and 88 %. A two-stage rectifier
is included for RF-to-DC conversion, achieving a peak power efficiency of 23.5 %
(Figure 2).
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Figure 2: Efficiency and output voltage of an RF-to-DC rectifier. The circuit was implemented
in 180 nm CMOS. Adopted from [16].

In addition to an adequate power supply, the peripheral sensors require interfacing
circuitry, commonly including amplifiers and an analog-to-digital converter (ADC).
A suitable ADC was presented in [17], introducing a 16-bit incremental delta-sigma
ADC with 80.05 dB minimum signal-to-noise ratio and 1.2 µW power consumption
from a 1.2 V supply. A micropower√interface for a 3-axis micro-accelerometer with
a maximum noise floor of 662 µg/ Hz (z-axis) is presented in [18], which draws
62 µA from a 1.8 V supply. Some sensors are directly integrable along with their
interface circuitry, such as the temperature sensor introduced in [19], drawing about
670 nA from a 0.9 V supply while achieving a maximum temperature inaccuracy of
± 1 ◦ C in the range of – 40 ◦ C to + 85 ◦ C.
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A user interface for a sensor node can be implemented in multiple ways. A
conventional solution is to include switches, press-buttons and a low-power display for
user feedback. The averaged current consumption of a seven-segment electrophoretic
display, for instance, can lie significantly lower than 100 nA/cm2 during update and
zero current otherwise (Figure 3). In a gesture-based interface, controlling gestures
are recorded by a low-power image sensor [20], a gesture sensor [21] or a microphone
[22] and interpreted by smart algorithms. When direct interfacing is impossible or
otherwise impractical, sensor data and control commands can be addressed wirelessly.
There are several environmental energy sources that are frequently utilized in
powering up energy-autonomous sensor nodes. They all share a common attribute,
namely that the harvestable power level is highly dependent on the physical measures
of the used scavenger. The larger the area and volume that can be utilized for energy
scavenging, the larger the amounts of energy that can be harvested. This sets yet
another challenge for mobile autonomous sensors, where the sensor node is preferably
made compact. It also means that the power delivery of an energy harvester has to
be scaled properly for fair comparison.
The most potential energy harvesters are compared in Table 1, which is based on
[23]. From the given harvester types, especially ambient radio frequency harvesters
and ambient light harvesters seem to provide a good variety of applicability in an
office environment. Vibrational microgenerators and thermoelectric generators enable
a significantly reduced set of applications while the rest of the harvesters seem relevant
for very specific use cases only.
The table reveals that a radio frequency scavenger can only harvest inadequate
Table 1: Comparison of prominent energy harvesters. Modified from [23].

Energy source

Performance

Notes

Ambient radio
frequency

< 1 µW/cm2

Unless near a RF power transmitter.

Ambient light

100 mW/cm2 (brigth sun)
100 µW/cm2 (illuminated office)

Thermoelectric

60 µW/cm2

Vibrational
microgenerators

4 µW/cm3 (human motion – Hz)
800 µW/cm3 (machines – kHz)

Ambient airflow

1 mW/cm2

Push buttons

50 µJ/N

Hand generators

30 W/kg

Heel strike

7 W potentially available
(1 cm deflection at 70 kg
per 1 Hz walk)

Common polycrystalline solar cells
are 16 % – 17 % efficient while standard
monocrystalline cells approach 20%.
Quoted for a Thermo Life generator at
∆T = 5◦ C.
Predictions for 1 cm3 generators. Highly
dependent on excitation. Larger structures
can achieve higher power densities.
Demonstrated in microelectromechanical
turbine at 30 liters/min.
Quoted at 3 V DC for a MIT Media
Lab Device
Quoted for Nissho Engineering’s Tug Power
Demonstrated systems: 800 mW with
dielectric elastomer heel, 250 – 700 mW
with hydraulic piezoelectric actuator
shoes, 10 mW with piezoelectric insole.
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(a) E-Ink display

(b) Measured current consumption when all segments are updated simultaneously.
Figure 3: E-Ink electrophoretic display and its current consumption during an update.
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amounts of energy unless it is located remarkably close to a power-delivering base
station, which severely limits the scavenger’s applicability. Another downside results
from the fact that converting RF power into usable DC power for a sensor node
with high efficiency makes for a difficult task, as can be observed in Figure 2. Solar
cells, however, can generate reasonable power levels even from indoor illumination.
Additional benefit of a solar cell is that they generate DC power allowing use of
efficient DC-DC converters in power management. However, being dependent on
ambient irradiation, a light cell’s power production tends to follow a periodic diurnal
rhythm and puts additional restrictions on possible sensor placement.
A 4 cm2 monocrystalline solar cell was processed at the research infrastructure
Micronova at Aalto University. It was measured under several different irradiation
conditions, using a lux-meter as a reference. Rather than measuring irradiance
directly, a lux-meter scales the spectral power distribution of ambient irradiation
with the photopic luminosity function. The photopic luminosity function describes
the sensitivity of the human eye for different wavelengths of irradiation. Therefore,
the measured reference describes how the illumination is perceived by a person rather
than how much radiated power the solar cell is actually absorbing. Nevertheless,
the measure given by a lux-meter functions as a suggestive description of respective
ambient irradiation. The measurement results are shown in Figure 4.

(a) 300 lx

(b) 1000 lx

Figure 4: Power harvested by a 4 cm2 solar cell in office illumination.

300 lx corresponds to dim office illumination while 1000 lx corresponds to overcast
daylight. The 4 cm2 solar cell produces about 65 µW and 2.1 mW of maximum
power at 300 lx and 1000 lx illumination, respectively. Setting a solar cell to operate
at its maximum power level can be performed by using maximum power point
tracking (MPPT) circuitry [24]. Connecting three of these cells in series would
generate threefold the output voltage with the same output current level, thus
generating threefold the power and suitable output voltage levels for the presented
power management circuitry [16]. The respective solar array size would be 2 cm x 6
cm.
Based on the previous analysis and the presented measurement results, a solar
cell would make an adequate scavenger for an autonomous sensor node in a variety
of environments. The other energy harvesting technologies also have their specific
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potential applications. The analysis also shows that, independent from the used
scavenging method, only a very limited amount of energy can be harvested by
miniature harvesters. Moreover, converting the harvester output energy into suitable
DC power introduces additional losses. On the other hand, it was shown that such
ultra-low power peripherals and interface circuits already exist, making satisfaction
of the extremely limited power budget possible. At worst, the radio front-end will
only have a couple of tens of microwatts to spend. This power consumption level will
be taken as the starting point for discovering a suitable radio transmitter front-end
architecture for an autonomous sensor node.

2.2

Low-power radio transmitters

The radio spectrum is part of the electromagnetic spectrum, going from about 3
kHz to 300 GHz [25]. The spectrum is allocated to separate bands that each have a
dedicated purpose, controlled globally by the International Telecommunication Union,
regionally by organizations such as the U.S. Federal Communications Commission
(FCC) and the European Telecommunications Standards Institute (ETSI), and
nationally by national agencies. The Finnish spectrum authority is Viestintävirasto
(The Finnish Communications Regulatory Authority). The goal of the allocation is
to ensure efficient spectrum usage, the interference-less coexistence of the diverse
multitude of radio users [26] and international compatibility.
Several RF bands are designated purely for industrial, scientific and medical usage,
termed ISM bands. In addition to licenced usage, these bands are commonly utilized
by unlicenced users following well-known standards such as ZigBee and Bluetooth.
These standards are based on the Institute of Electrical and Electronics Engineers
(IEEE) standards committee working group 802.15., that makes specifications for
wireless personal area networks (WPANs). Another well-known working group, IEEE
802.11, concerns wireless local area networks (WLANs).
Instead of targeting communication with high spectral power in a narrow frequency
band, another approach strives to spread the spectral power over an extremely wide
band, thus making the signal appear as insignificant noise for other remote users.
After FCC release of the spectrum allocation for ultra-wideband communication in
2002, the task groups IEEE 802.15.3a and IEEE 802.15.4a were founded for shortrange, high data rate and low data rate UWB standards, respectively. While IEEE
802.15.3a was later withdrawn due to a dissent over competing spectrum spreading
methods [27], IEEE 802.15.4a, today merged into IEEE 802.15.4-2011, has become
frequently utilized [28–30]. Another UWB standard IEEE 802.15.6, that concerns
wireless body area networks, was published in 2011.
Some of the standards mentioned above are compared conceptually in Figure
5, that is based on [31, 32]. Wi-Fi, determined by IEEE 802.11, covers WLAN
applications with medium range and data rate requirements. ZigBee, that builds
on IEEE 802.15.4, targets WPAN, low power, medium range and low data rate.
Bluetooth, extending from 802.15.1, targets WPAN, medium range and medium
data rate. High data-rate capability is a common strength for UWB radios while its
range is constrained by limited output power. In active transmission or receiving
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mode, both ZigBee and Bluetooth chipsets consume several tens of milliwatts [31],
which blatantly exceeds the derived power budget for an autonomous sensor node.
Another reason for discarding the standard frameworks is that they do not offer
enough flexibility in terms of data-rate. Nevertheless, while this work is not limited
to applying today’s standards, they offer an insight into the current state of industrial
and commercial WPAN communication.

Figure 5: WLAN and WPAN wireless communication standards.

When transmitting the symbol ‘one’, a narrow-band on-off keying transmitter
sends a continuous sinusoidal signal (Figure 6), the bandwidth of which is narrow.
The Bluetooth standard, for instance, specifies totally 79 evenly distributed 1-MHz
channels between 2.402 GHz and 2.48 GHz, among which the transmission is hopped
at a nominal rate of 1600 hops per second (Figure 7) [33]. On the other hand, a
conventional ultra-wideband transmitter transmits impulses (impulse radio UWB,
IR-UWB) that are short in time [34], which leads to a spread spectrum. Other sorts
of wide-band transmitters, such as chirp transmitters, are not discussed in this thesis.
The narrow-band and IR-UWB technology can be seen as opposites in terms of
temporal and spectral resolution. This inherent opposition also results in respective
strengths and weaknesses when it comes to range and data rate. Narrow bandwidth
allows using relatively high spectral power densities without disturbing neighboring
communication, which translates into a longer operational range. What is more,
narrow-band receivers can potentially achieve better sensitivity figures based on the
well-known equation
SdBm = −174 dBm/Hz + 10 log10 (B) + NF + SNRmin ,

(1)
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Figure 6: Time-domain waveforms of a narrow-band and an ultra wide-band transmitter.

where SdBm is the receiver sensitivity (minimum receivable signal power level) in
dBm, B is the channel bandwidth in hertz, NF is the receiver front-end noise figure
and SNRmin is the minimum data decoder signal-to-noise ratio for reliable operation.
1 MHz bandwidth weakens the computational sensitivity by 60 dB while 500 MHz
bandwidth dilutes it by 87 dB. Furthermore, a continuous waveform allows averaging,
which helps improving decoder performance compared to UWB receivers.
Wide bandwidth enables high data rates, as predicted by the Shannon-Hartley
theorem
S
Cc = B log2 (1 + ) ,
(2)
N
where Cc is the theoretical maximum channel capacity in bits per second, B is
the channel bandwidth in hertz, S is the signal power level in watts and N is the
noise power level in watts. At low communication distance, the effect of the wide
bandwidth B is dominant over the more strict regulation for UWB power spectral
density and thus small S/N. Therefore, higher data rates can be achieved at short
range.
In order to derive an approximate operational range for a WSN, the line-of-sight
(LOS) wireless channel loss has to be estimated. This is performed by the Friis’
transmission equation, given by
Ploss,dB = 10log10 (

Pr
λ
) ,
) = Gi,t + Gi,r + 20log10 (
Pt
4πR

(3)

where Gi,t is the isotropic transmitter antenna gain in dBi, Gi,r is the isotropic
receiver antenna gain in dBi, λ is the wavelength of the RF signal in meters, R is
the distance between the transmitter and the receiver in meters, and Ploss,dB is the
channel loss in dB, defined by the the difference between the transmitted RF power
in watts, Pt , and the received RF power in watts, Pr . The equation agrees with
published measurements of line-of-sight channel losses for both narrow-band [35] and
wide-band [36] signals. An obstructing object in the signal pathway, such as a wall,
increases the channel loss approximately from 5 to 25 dB [35, 36].
Channel bit rate capacity estimations for four ECC ISM bands, an ECC UWB
band and an FCC UWB band are shown in Figure 8. The used band power limits,
based on [37] (ECC ISM), [38] (ECC UWB) and [39] (FCC UWB), are listed in
Table 2. The Friis’ transmission equation (3) was utilized in modeling LOS path
losses and the Shannon-Hartley equation (2) was employed in estimating channel
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Figure 7: Spectra of a narrow-band Bluetooth transmitter and two ultra-wideband transmitters. One of the UWB transmitter (dashed, red) uses multiband orthogonal frequency division
multiplexing (MB-OFDM) in order to spread its spectrum efficiently over the UWB band and
allow multiple access. The other UWB transmitter (dotted, purple) utilizes a more straightforward direct-sequence UWB method. While the maximum power spectral density limit for
UWB transmitters is -41.3 dBm/MHz, Bluetooth transmitters (solid, blue) can transmit at 10
dBm/MHz. A close-up of the band used by the Bluetooth transmitter is presented above. It
applies frequency-hopping spectrum spreading to 79 parallel channels in order to employ its
band efficiently and avoid interference by Wi-Fi.
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Table 2: Used bands and limits for channel capacity estimation in Figure 8.
Band
433.05 - 434.79 MHz, ISM
902 - 920.8 MHz, ISM
2400 - 2483.5 MHz, ISM
5.725 - 5.875 GHz, ISM
3.1 - 10.6 GHz FCC UWB
6.0 - 8.5 GHz ECC UWB
a
b

Bandwidth
1.74 MHz
18.8 MHz
83.5 MHz
150 MHz
7.5 GHz
1.5 GHz

Center frequency
433.92 MHz
911.4 MHz
2441.8 MHz
5.8 GHz
6.85 GHz
7.25 GHz

PSD / power limit
10 mW e.r.pa
20 mW e.r.p
10 mW e.i.r.pb
25 mW e.i.r.p
-41.3 dBm/MHz e.i.r.p
-41.3 dBm/MHz e.i.r.p

Equivalent radiated power
Equivalent isotropically radiated power
10 11

Channel capacity (bps)

10 10

10 9

10 8

10 7

10 6

10 5
10 0

434 MHz
911 MHz
2.44 GHz
5.8 GHz
FCC UWB
ECC UWB

10 1

10 2

10 3

Range (m)
Figure 8: Theoretical maximum channel capacities for four ISM bands and two UWB bands.

bit rate capacities. Figure 8 shows that, despite the stern UWB PSD regulations,
UWB channels have higher channel capacity potential in ranges below several tens of
meters LOS. This analysis, however, ignores any inefficiencies in spectral occupation
or differences in in-band interference.
A wireless sensor network includes a set of sensor nodes and a hub that may be,
for instance, a server, a laptop or a mobile phone. The hub operates as the operator
for the network, sending requests for data acquisition and set up. In a star network,
data is only shared directly between a hub and sensor nodes while in a mesh network
the data is only delivered between remote nodes (Figure 9). A star-mesh network
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(a) Star network

(b) Mesh network

(c) Star-mesh network
Figure 9: Different wireless sensor network topologies. The larger instrument represents a hub
and the smaller instrument a sensor node.

includes both possibilities.
In a star network, a plugged-in hub is not constrained by power consumption.
This allows for implementing a high-quality transceiver, which loosens requirements
for sensor node transceiver quality and power. This is eminently useful in low power
applications and will, therefore, be taken as the starting point for the following
analysis. The communication distance target is minimally ten meters non-line-ofsight (NLOS), which is roughly equivalent to 100 meters line-of-sight. This wireless
range allows, for instance, placing a hub in a corridor in order to reach wireless
sensors in multiple nearby rooms.
In order to estimate reachable ranges for low-power narrow-band and ultrawideband transmitters, reference receiver sensitivities have to be set. High UWB
receiver sensitivities are reported by [40] and [41]: 3.9 · 10−22 J and 1.0 · 10−19 J with
38 mW and 54 mW power consumption, respectively. Since IR-UWB transmitters
send impulses instead of a continuous waveform to deliver data, increasing the data
rate also requires raising the pulse repetition rate (PRR). Transmitter output power,
as well as receiver sensitivity, is therefore proportional to data rate. Thus, with
the PRR known, any sensitivity figure can be translated into equivalent minimum
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receivable impulse energy by
SdBm
10

10−3 · 10
Ep =
PRR

,

(4)

where Ep is the impulse energy in J, SdBm is the receiver sensitivity in dBm and PRR
is the pulse repetition rate in hertz. The equation assumes that the PRR is equal
to the corresponding data rate, which is not the case with complex modulations.
The Bluetooth/ZigBee/IEEE802.15.6 receiver in [42] presents - 100 dBm sensitivity
and 3.8 mW power consumption while the GSM/EDGE receiver in [43] achieves
sensitivity of about - 110 dBm with 22.7 mW power consumption.
In Figure 10, the communication range for four narrow-band transmitters and
two IR-UWB transmitters is estimated, using a - 110 dBm narrow-band receiver and
a 10−21 J IR-UWB receiver as reference. The channel loss is estimated based on
the Friis’ transmission equation (3). The figure shows that a 4.0 GHz impulse radio
transmitter has to generate a 500-fJ-level impulse in order to achieve a communication
range of about 100 meters LOS with the given receiver. This range is equal to a
10-meter NLOS distance, assuming a reasonable additional path loss of 20 dB. An
8-GHz UWB transmitter requires a pJ impulse for the same range. A narrow band
transmitter with a similar range would require output power levels of - 23 dBm, - 30
dBm, - 38 dBm and - 45 dBm for 5.8 GHz, 2.44 GHz, 911 MHz and 434 MHz carrier
frequencies, respectively.
Recently published low-power IR-UWB and narrow-band transmitters [44] - [86]
are compared in Figure 11. For the same power consumption, the sub-mW IR-UWB
transmitters achieve an equal average output power (Fig. 11a), a higher data rate
(Fig. 11b) and an equivalent efficiency (Fig. 11c). If the output power and data
rate are taken simultaneously into account by multiplying them, UWB transmitters
perform better (Fig. 11d).
There are multiple reasons why impulse transmitters perform well in the comparison. First of all, pulse generators are only triggered when needed, making UWB
transmitters inherently optimally duty-cycled. For instance, given a 3-ns impulse
length, a zero start-up time and a 106 pulses per second (pps) PRR, the UWB
transmitter would sleep 99.7 % of the time. Second, due to the extremely wide
frequency band, no power-hungry high-precision local oscillators (LO) are needed.
Instead, many UWB transmitters utilize a low-power LO with less accuracy or use
alternative low-precision approaches to generate impulses. Third, low data rates
equal low PRRs. At a very low data rate, the leakage power may become dominant
over the active pulse generation power. Finally, creating large enough impulses to
reach the 10-meter NLOS communication range requires high-power power amplifiers
(PAs), which can reach high efficiencies. A high-efficiency PA can pull the overall
system efficiency rather high.
Due to their continuous nature, narrow band transmitters profit little from small
data rate compared to impulse transmitters. It is naturally possible to save data over
a period of time and deliver it every now and then in larger packages. This would,
nevertheless, put some extra burden on chip memory requirements and result in
strong power drain bursts. What is more, designing a high-efficiency power amplifier
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Figure 10: Communication range versus transmitter output power (narrow-band transmitters)
or output impulse energy (ultra-wide band transmitters).

(PA) for low output power levels, such as -30 dBm, makes for a highly demanding
task.
As mentioned before, the wide communication band means that UWB receivers
do not achieve equal sensitivity figures as do their narrow-band counterparts. In
addition to limited communication range, interference is easily leaked or modulated
to the UWB band, which can make it noisy. In order to bring the communication
range up, the impulse energy has to be increased, and, consequently, the -43.2 dBm
power spectral density limit is reached faster. Put another way, UWB radios have a
built-in trade-off between communication distance and data rate, which, however,
can be loosened by frequency-hopping techniques. The nanosecond-level impulse
length results in extensive current peaks.
The data rate that a WSN has to support is highly dependent on the used sensors
and the application. Environmental temperature changes, for instance, tend to be
rather slow, and therefore simply taking several samples a second usually suffices.
This equals an average data rate in the order of several tens of bits per second.
Low-definition video streaming, on the other hand, requires more than 5 Mbps for
a bearable end-user experience. An assortment of different sensors and their gross
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(a)

(c)

(b)

(d)

Figure 11: A companion of published low-power transmitters. In subfigure (d), the used figure
of merit multiplies transmitter output power by data rate. Consequently, higher FOM equals
better overall performance. All subfigures in this figure are re-presented with corresponding
references in Appendix A.

respective data rates is listed in Table 3.
Figure 8 shows that UWB channels have an improved channel bit rate capacity over
narrow-band channels over short ranges. Figure 10 shows that IR-UWB transmitters
can achieve satisfactory communication ranges when coupled with high-quality
receivers. Finally, Figure 11 shows that sub-mW UWB transmitters published
to date perform equally or even better than sub-mW narrow-band transmitters.
Consequently, UWB transmitters are evaluated further in the following chapter after
which a promising IR-UWB architecture is selected for implementation in CMOS.
The previous analysis is concluded in Table 4, which lists the desired features
for the prospective low-power IR-UWB transmitter. The set targets are justified as
follows. For unlicenced usage in both Europe and the US, the impulse spectrum has
to be compliant with the ECC mask. The FCC mask, however, acts as a secondary
target with its loosened requirements. The computed minimum energy for a 10-meter
a NLOS communication range is about 1 pJ under rather ideal conditions. In order
to ensure this range is reached also in reality, the target impulse energy is doubled.
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Table 3: Gross sensor bit rates. Quantization depth of 10 bits is assumed unless noted
otherwise.
Data type
Blood Ph
Temperature
Electrocardiography
Electroencephalography
Compressed audio
Nerve potential
Accelerometer
Low quality audio
Compressed video and audio
Frequent compressed pictures
CD-quality audio
Neural recorder
Low-quality black-and-white video
a

Bit rate
1 bps
40 bps
10 kbps
60 kbps
128 kbps
200 kbps
300 kbps
353 kbps
500 kbps
720 kbps
1.41 Mbps
2 Mbps
6.14 Mbps

Remarks
fs : 0.1 Hz
fs : 4 Hz
fs : 500 Hza , 2 channels
fs : 300 Hza , 20 channels
MP3, AAC, etc.
fs : 20 kHza
fs : 10 kHza , 3 axes
fs : 22.05 kHz, 16-bit quantization, mono
High-quality Skype video call [87]
FPS: 0.25, 3840x2160 pixels, JPG format
fs : 44.1 kHz, 16-bit quantization, stereo
fs : 20 kHza , 10 channels
FPS: 10, 320x240 pixels, 8-bit quantization

Based on the corresponding signal bandwidth [88] and the Nyquist frequency.

Furthermore, since simulations tend to result in rather optimistic performance figures,
the simulation target energy is yet again doubled compared to the actual target. The
data rate target is set appropriate for high-quality audio or low-quality video, that
is 1 Mbps. The power consumption requirement is set to satisfy an autonomous
sensor node’s power budget. Since an IR-UWB transmitter’s power consumption is
dependent on the data rate, the given maximum is specified for the data rate target.
In addition to simple on-off keying (OOK), pulse position modulation (PPM) will
be employed in order to decrease the impulses to bit ratio. In the adopted PPM
scheme, two adjacent impulses have to be sent as quickly as 10 nanoseconds apart,
translating into an equivalent minimum PRR of 100 MHz. Finally, a 180 nm CMOS
fabrication process is used in order to integrate the UWB transmitter onto the same
chip with the previously presented power management circuitry [16].
Table 4: Requirements for the prospective 10-meter NLOS autonomous UWB transmitter.

Target
Feature
Spectrum
ECC preferred, FCC minimum
Data rate
1 Mbps
Active power consumption
< 50 µW
Leakage current consumption
sub-µA level
Impulse energy
4 pJ simulated, 2 pJ measured
Modulation
OOK, PPM
PRR
≥ 100 Mpps
Process
180 nm CMOS
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3

Design

In this chapter, ultra-wideband impulse radio transmitters are studied in more detail.
Several published transmitters prominent for fulfilling the requirements in Table
4 are chosen for further comparison based on a thorough literature review. One
architecture is then selected as the basis for implementation in 180 nm CMOS.
Finally, the created IR-UWB design is presented.

3.1

IR-UWB transmitters

According to [34], ultra-wideband transmission is defined as a "system with instantaneous spectral occupancy in excess of 500 MHz or a fractional bandwidth of more
than 20 %". Fractional bandwidth FBW is given by
FBW =

fh − fl
,
fc

(5)

where fh is the upper - 10 dB limit of the band, fl is the lower – 10 dB limit of the
band and fc is the center frequency of the band. The fractional bandwidth rule applies
to systems with fc < 2.5 GHz, while the absolute bandwidth rule applies to systems
with fc > 2.5 GHz. The large bandwidth is usually generated by nanosecond-scale
impulses.
The regulations concerning UWB bands are regional, with slightly different
specifications standing, for instance, in China, Japan, Europe and the US. The FCC
UWB mask [39] and the ECC UWB mask [38] are shown in Figure 12. The sub 960
MHz frequency range of the FCC mask is determined by another piece of regulation,
FCC Part 15.209 [89]. Since FCC Part 15.209 reports the spectral restrictions in
terms of field strength, the equivalent isotropic radiated power (e.i.r.p.) has to be
computed by
E 2 R2
,
(6)
P =
30
where Pt is the transmitted power, E is the field strength and R is the distance from
the transmitter. The equation assumes 0 dBi antenna gain. As can be observed, the
FCC mask has significantly relaxed requirements.
There are multiple ways to code binary symbols as impulses. Perhaps the most
straightforward method is to use on-off keying, in which a sent impulse codes the
symbol ‘one’ whereas an omitted impulse codes the symbol ‘zero’. In pulse position
modulation (PPM), the information is coded in the delay between two or more
consecutive impulses. This sort of coding has potential for a low impulse per bit
ratio. In addition, the information may be coded in the phase or frequency of an
impulse. Different combinations are also possible.
Multiple access methods are required in networks with many users. This is
allowed, for instance, with the MB-OFDM spectrum spreading method (Figure 7),
where the UWB band is divided into sub-bands and an orthogonal pseudo-random
hopping code is applied to enable simultaneous multiple access [31]. Even with a
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Figure 12: FCC and ECC UWB emission masks.

single channel, different sniffing schemes may be used in order to avoid collision in
time.
The Gaussian impulse envelope is commonly adopted due to its well-defined
spectrum. Fourier transform of a product equals the convolution of the corresponding
transforms
Fx [f (x)g(x)] (ξ) = (fˆ ∗ ĝ)(ξ) ,
(7)
where fˆ and ĝ are the Fourier transforms of f and g. A Gaussian impulse may be represented as the product of the Gaussian function (giving the impulse’s envelope) and
the cosine function (giving the impulse’s center frequency). The Fourier transform of
the cosine function results in the Dirac delta function, and the Fourier transform of
the Gaussian function results in another Gaussian function. In detail,


t2



ξ2
1
(δ(ξ − fc ) + δ(ξ + fc )) ∗ σ e− 2σ−2
2

2 
1
− ξ−2
2σ
= δ(ξ − fc ) ∗ σ e
2

2 
1
− ξ−2
2σ
+ δ(ξ + fc ) ∗ σ e
,
2

Ft cos(2πfc t) · e− 2σ2 =

(8)

where fc is the impulse’s center frequency, σ is the standard deviation of the Gaussian
envelope and δ(x) is the Dirac delta function. The Dirac delta functions δ(ξ ± fc )
ξ2

convoluted with the Gaussian function 12 σ e− 2σ−2 results in the Gaussian function
centering at ± fc in the frequency domain. Consequently, an impulse with a Gaussian
envelope has a Gaussian spectrum. This makes an advantage since strong sidebands
are commonly signal-wise useless, may interfere with neighboring channels or break
the spectral mask limits. The variance σ 2 of the time-domain envelope is replaced
by its inverse σ −2 in the frequency domain. In other words, the narrower the timedomain impulse, the wider the frequency-domain bandwidth. A real impulse naturally
never achieves perfect Gaussianity, resulting in a limited mainband-to-sideband ratio
(MSR).
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Four different IR-UWB transmitter architectures are presented at a conceptual
level in Figure 13. In Figure 13a, a trigger signal invokes several waveform generators,
whose output is added into a Gaussian-like pulse, which is amplified and filtered [59].
In Figure 13b, the trigger signal is addressed to an oscillator, which therefore starts
up and shuts down rapidly [53]. The envelope of the created pulse is determined by
oscillator ramp-up and ramp-down. A straightforward method [67] is presented in
Figure 13c, in which a high-frequency rectangular impulse train is generated and
pushed through amplifiers and filters. In the extreme case, only a single rectangular
impulse is generated [52]. In Figure 13d, a settled sinusoidal waveform is multiplied
by a triangular waveform, resulting in a Gaussian-like pulse [63].

TRIGGER

FILTER

TRIGGER

(a) Added waveforms

(b) Oscillator ramp-up and ramp-down

TRIGGER

TRIGGER

FILTER

FILTER

FILTER

(c) Filtered pulse train

(d) Multiplied waveforms

Figure 13: Commonly used IR-UWB architectures.

A comparison of recently published IR-UWB transmitters is presented in Figure
14. Since the power consumption and the total transmission power of a UWB
transmitter are strongly dependent on pulse repetition frequency, the efficiency and
impulse energy are foregrounded instead. Whenever the impulse energy is not directly
reported, it is estimated, when possible, from the respective impulse figure by utilizing
the Matlab script given in Appendix B. Figure 14 shows a strong relation between
impulse energy and transmitter efficiency. This is expected since a high-energy pulse
requires high-energy generation or amplification, which takes a large part of the total
system energy but can operate with reasonable efficiency.
Listed in Table 5, there are several reported IR-UWB transmitters that distinguish
themselves. A design based on the architecture type 13a (in reference to Figure
13) is presented in [58]. In the design, the trigger signal propagates through a
series of delay blocks, all of which create a rectangular waveform. Unlike in the
basic architecture scheme, the generated waveforms are added directly at the power
amplifier output. By controlling the adding coefficients, a Gaussian-like pulse is
generated. No ramp-ups or ramp-downs are needed, making the design extremely
duty-cycled. The delay elements consume little energy per impulse, and thus most
energy is consumed at the PA, resulting in high system efficiency η. The impulse
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Figure 14: Recently published IR-UWB transmitters.

waveform and energy Ep is flexibly adjusted by configuring the delay elements and
the combining coefficients, resulting in a controllable signal bandwidth (BW) and
high MSR. A large number of delay elements and gates may result in significant
leakage power Ps in small-scale technologies.
Architecture 13b is utilized in [47] and [60]. Both designs employ a voltagecontrolled cross-coupled LC oscillator but ring oscillators have also been used [64].
The oscillator is commonly triggered by a rectangular impulse whose length is about
half the RF impulse length. The impulse envelope is generated directly by oscillator
start-up and shut-down. Using a high-quality LC tank ensures high efficiency in
oscillation generation. The oscillator is connected to the RF output through a
transformer in [60], producing high system efficiency. In [47] a buffering PA is used.
The inflexible pulse envelope control method results easily in an average MSR.
Architecture 13c is employed in [45] and [67]. In [67], the rectangular waveform
is generated by a differential ring-oscillator, whose signal edges are selected by a
separate masking logic and combined by two combiners. The combined waveform
is amplified by a series of adjustable inverter buffers, the last of which drives the
RF output. The output pulse has a rectangular envelope, which leads to strong
sidebands. The ring-oscillator, control logic and edge combiners consume some power,
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resulting in an average system efficiency. In [45], a single rectangular impulse is
generated by a simple trigger logic block and directed to a PA. The achieved system
efficiency is high, but the vague RF pulse envelope results in an extreme spectrum
that fulfills the whole FCC band.
Architecture 13d, adopted by [49] and [65], has much in common with the
architecture 13b. Instead of letting the oscillator start-up and shut-down phases
determine the pulse envelope, however, a separate envelope waveform is generated
and multiplied with the sinusoidal output of the settled oscillator. This method
grants more control over the output envelope, potentially leading to a better MSR.
However, since the start-up and shut-down phases of the oscillator are not utilized,
the overall system efficiency falls.
The previously discussed IR-UWB papers are concluded in Table 5. The impulses
generated by architectures 13b and 13c suffer from small MSRs due to their vague envelopes, which is ultimately the reason they are eliminated from further consideration.
As for architecture 13d, it shows acres of potential in fulfilling the requirements set
for an autonomous wireless sensor node. However, due to the previously mentioned
reasons, the efficiency is prone to remain low unless the impulse energy is increased
up to an unnecessary high level, as in [65]. The design in [58] performs well in all
used categories, except for leakage, which, however, is likely to be cured in 180 nm
CMOS. Unfortunately, moving from 65 nm to 180 nm would also slow down the delay
elements and cause additional losses due to increased transistor size and parasitic
capacitance. Although no indisputable winner remains, architecture 13a is selected
as the basis for this work’s transmitter implementation.
Table 5: Selected IR-UWB papers compared.
Paper

Ep (pJ)

η (%)

[58]
[47]
[60]
[45]
[67]
[49]
[65]

2.2a
1.7a
2.7
0.9a
2.5a
0.8a
13.2

25
2.0
12
13
5.3
2.5
7.1

a

BW
(GHz)
0.8
0.5
1.1
6.8
0.5
0.5
1.0

MSR
(dB)
25
15
15
15
10
25
15

Band
(GHz)
3 - 7.5
3-4
7.25 - 8.5
3 - 10
3-5
3-5
7.25 - 8.5

Type

Ps (µW)

Tech.

13a
13b
13b
13c
13c
13d
13d

13
180
NA
NA
96
2.8
NA

65 nm
90 nm
130 nm
130 nm
90 nm
90 nm
130 nm

Estimated with the Matlab script given in Appendix B.

As mentioned above, the selected base architecture has to be revised in order
to make the design compatible with a 180 nm process. Pulse position modulation
will also require additional changes to be made in order to ensure that sequential
impulses can be transmitted 10 ns apart. The made changes along with the rest of
this work’s IR-UWB transmitter design are presented in the following subsection.

3.2

Design

The transmitter design in [58], built upon the selected base architecture in Figure
13a, is shown in detail in Figure 15. The delay elements are composed of a series
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of fixed and tunable inverters that determine the trigger propagation delay and
simultaneously the center frequency of the RF impulse, adjustable by the tuning
bits delay0 - delay2. An AND gate transforms the propagating trigger signal into a
rectangular impulse, which is addressed further by the NAND gates controlled by
the tuning bits amp0 - amp2. The RF impulse envelope is determined by whether
the rectangular impulse is directed to one or more of the PA transistors M1 - M3.

Figure 15: Schematic of the selected base architecture. Adopted from [58].

The transmitter in its entirely houses totally 10 of the delay blocks in Figure 13a,
connected in series. All tuning bits are block-specific. The propagation delay over
six inverters in one delay block results in a maximum equivalent RF impulse center
frequency of about 7.5 GHz. The delay chain contains more inverters than what is
minimally necessary. Furthermore, the tunable inverters actually have an additional
capacitor added to their outputs in order to slow the delay chain down.
Moving from a 65 nm to 180 nm process changes this situation fundamentally.
Based on pre-layout simulations, the delay over four optimally sized inverters with
no additional load results in an equivalent center frequency of around 5.3 GHz.
A ring-oscillator comprised of three optimally sized inverters in 180 nm gives a
nominal pre-layout maximum frequency of 4.2 GHz. Post-layout simulations with
layout-introduced capacitance extracted increase the delay chain and ring-oscillator
propagation time by about 100 %.
In order to make the delay chain fast enough in 180 nm, weighted inverters
are adopted, denoting that every other inverter has a wide n-channel metal oxide
semiconductor (NMOS) transistor and the others a wide p-channel metal oxide
semiconductor (PMOS) transistor. In addition to introducing additional capacitance
and thus additional losses, this modification also makes the delay chain reload process
too slow for PPM modulation. In order to circumvent this problem, the delay chain
structure is fully revised.
If simple inverters are slow in 180 nm, then any structures including cascoded
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transistors, such as a conventional AND gate, crawl. The new delay chain will
therefore also avoid using transistors in a cascode in crucial signal paths.
The combined width of the NMOS transistors M1 - M3 (Figure 13a) is 19.6 µm.
In order to achieve a similar impulse energy, the corresponding transistor have to
be made as wide as more than 60 µm in 180 nm. Multiple 60 µm transistors in
parallel in the PA output would introduce a huge parasitic drain capacitance. To
avoid burdening the PA output more than necessary, a new impulse energy control
scheme is developed. Instead of controlling the delivery of the rectangular impulse,
the impulse width is adjusted. This ensures that no potentially unused transistors
are located at the PA output.
The main target in layouting is to minimize parasitic layout-introduced capacitance. This is realized, for instance, by utilizing stripped-down transistor guarding
and high metal layers for signal overruns. In addition, the distance between signal
lines and supply lines is increased wherever possible. Post-layout simulations show
that the effect of increased series resistance has little influence compared to the corresponding improvement due to decreased capacitance. The guarding can be reduced
to minimum due to the fact that the IR-UWB transmitter is a noise-insensitive piece
of circuitry.
The designed impulse transmitter is shown at block level in Figure 16. The
transmitter is triggered by a falling edge, that is transformed into a rectangular
impulse by the trigger logic block. The rising edge from the trigger logic block
output acts as the trigger for the delay block chain whereas the falling edge starts an
immediate reloading process. This arrangement makes the transmitter compatible
with input triggers of virtually any duty cycle. As the trigger propagates through
the 13 delay blocks, each of them creates a rectangular impulse. The rectangular
impulses are amplified by the buffer blocks and directed one after the other to the PA.
The rectangular impulses are combined at the PA output into a Gaussian impulse.
The propagation delay is adjusted by the tuning bits tune_freq0 - tune_freq3 while
the tuning bits tune_bufs0 - tune_bufs2 adjust the width of the rectangular impulses
that drive the PA.
The schematic of the trigger logic block is shown in Figure 17. The block uses
a series of inverters and an AND gate to transform the falling edge of the input
trigger into a rectangular trigger impulse for the delay block chain. There is a small
buffering inverter at the input (MTL1 , MTL2 ) ensuring that the block shows minimal
input load. The rising edge at the output of the buffer inverter is addressed directly
to one of the AND gate inputs (MTL14 , MTL15 ), causing a rising edge at the AND
gate output (MTL17 , MTL18 ). The inverter chain delays the buffer inverter output
before delivering it to the second AND gate input (MTL13 , MTL16 ), resulting in a
falling edge at the AND gate output soon after the rising edge.
The input buffer inverter is sized large enough for driving the AND gate input
and the inverter chain input efficiently. The first three delay chain inverters are
minimum-sized, the fourth and the last inverter are sized suitable to drive the AND
gate input. The AND gate has two wide NMOS transistors (MTL14 , MTL16 ) and a
large PMOS transistor MTL13 for driving the large output inverter efficiently. The
other AND gate PMOS transistor (MTL15 ) is minimum-sized because it does not
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Figure 16: Block diagram of the designed IR-UWB transmitter.

Figure 17: Schematic of the trigger logic block.

participate in generating the rectangular output waveform. The AND gate output
inverter is scaled for driving the following delay chain block efficiently.
The selected transistor sizing is listed in Table C1 in Appendix C. The layout is
shown in Figure D1 in Appendix D. Simulation and measurement results regarding
this work’s design are presented in the following subsection.
The schematic of the novel delay block design is shown in Figure 18. The
weighted transistors are marked with ticker symbols. The presented solution has
several advantages. First of all, the main trigger propagates through weighted
transistors, slowing it down only slightly compared to simple weighted inverters.
Second, two out of four nodes are set back to their original state during propagation,
making the following reload process significantly faster. Third, the most burdened
node driving a PA buffer, that is node 2, is pulled by two weighted transistors with
no other transistors in cascode. This makes the pulling effective compared to an
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Figure 18: Schematic of the delay block. The transistors with thick symbols are wide.

AND gate based solution. The foremost drawback comes from the fact that driving
the more complex structure requires additional energy. The propagation is naturally
also slightly slowed down compared to a series of simple inverters.
The trigger propagation in the created delay cell structure is presented in Figure
19. At the starting point (Figure 19a), nodes 1 and 2 are set to ‘1’ and ‘0’, respectively.
The feedforward from input to node 3 through transistor MD11 makes sure that node
3 is pulled up. Thus, output is at ‘0’. When the input is triggered with a rising edge,
the trigger signal propagates through the delay chain like in a series of inverters.
Pulling node 3 down also affects node 1 through the feedback transistor MD3 , pulling
it up simultaneously with the output (Figure 19b). Finally, node 2 is pulled down
by the feedback from output through transistor MD8 and feedforward from node 1
through transistor MD6 (Figure 19c).
The weighted transistors are scaled for minimum propagation time based on
simulations. Transistors that are too small cannot provide enough current for quick
propagation whereas transistors that are too large add more to the parasitic load
than the propagation speed. In order to avoid stability problems, the feedforward
PMOS transistor MD11 from input to node 3 is sized significantly larger than the
feedback NMOS transistor MD12 from output to node 3. This decision also reduces
reload time. The output inverter NMOS transistor MD14 is made medium-sized for
the same reason. Other non-weighted transistors do not drive crucial signals and,
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(a) Untriggered delay block. Red logic symbols denote the states of the nodes.

(b) Trigger propagates through the chain (blue symbols).

(c) Feedback from node 3 and output reload nodes 1 and 2 (green symbols).
Figure 19: Trigger propagation in the delay block.
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therefore, they are minimized for less capacitance.
The selected transistor dimensions are listed in Table C2 in Appendix C. The
layout is shown in Figure D2 in Appendix D.
Unfortunately, no such delay block structure was found that could both propagate fast enough for ECC-compatible operation and meet the pulse repetition rate
requirement for PPM modulation in 180 nm. The design was therefore tailored to
operate at the sub 5 GHz FCC band.
Node 2 of each delay block is connected to a series of buffers, composed of four
inverters in total. The last buffer inverters are sized large enough for driving the
wide PA transistors MPA1 - MPA13 . The first inverters of the buffer chains are tunable
in order to adjust the impulse width (Figure 20). For maximum impulse energy,
the rectangular impulses are sized so that the PA approximates class A operation.
Narrowing the rectangular impulses results in less than a 100 % duty cycle in PA
current draw, and, consequently, the operation of the PA approximates class AB.
This way, a smaller impulse energy but better theoretical PA efficiency is achieved
[90]. In addition to a potential efficiency gain, this novel design reduces parasitic
capacitance at the PA output compared to the solution in [58].
The off-chip lumped inductor L1 and the respective bonding wire determine an
LC oscillator with capacitor CPA , the parasitic drain capacitances of transistors MPA1
- MPA13 and the parasitic pad capacitances. The resonant frequency of the series LC
circuit is determined by
1
f0 = √
,
(9)
2π LC
where L is the total series inductance in henries and C is the total series capacitance
in Farads. The resonant frequency can be slightly adjusted by a single tuning bit,
tune_pa (Figure 20), which causes transistor MC to connect or disconnect capacitor
CPA . The lumped capacitor C1 and the respective bonding wire compose a band-pass
LC filter for the RF output, the center frequency of which is determined by the
previous equation (9). The previous analysis ignores the effects caused by parasitic
resistance or the mutual inductance of the bonding wires. By sizing the PA transistors
MPA1 - MPA13 carefully, a Gaussian pulse envelope is generated.
The selected transistor dimensions are listed in Tables C3 (buffers) and C4 (PA)
in Appendix C. The full transmitter layout is presented in Figure 21. The delay
blocks are placed tightly side by side to minimize trigger propagation time, despite
it leading to area-wise nonoptimally placed PA buffers. The PA buffers are placed
identically in relation to the corresponding delay chain blocks in order to ensure
even propagation over the whole delay block chain. The outermost PA buffers are
luckily those that also drive the smallest PA transistors, reducing the significance of
increased signal path resistance and capacitance due to the larger distance to the PA.
In order to reduce the total PA output capacitance and resistance, stripped pads
with no electrostatic discharge protection are used.
The whole transmitter measures 350 µm x 80 µm, excluding the two output pads.
In addition, a large array of supply decoupling capacitors is required for stabilizing
the supply during transmission. Supply stability is crucial particularly for the delay
cell blocks that slow down with dropping supply voltage. Based on simulations,
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Figure 20: Buffers and PA.
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the PA can stand supply voltage drops in the range of 100 mV. In order to ensure
stability even with low-energy power management circuitry, a 1.9 nF capacitor was
included on the chip, the size of which is around 900 µm x 300 µm.

3.3

Simulation and measurement results

Next, the functionality of the designed transmitter is evaluated through simulations
and measurements. The geometry of the created layout is utilized in modeling the
effects of parasitic resistance and capacitance accurately. Temperature and process
variation effects are also included, the used temperature range spanning - 43 to 97
◦
C, 27 ◦ C being the nominal temperature and the used process corners being typicaltypical (nominal), slow-fast, fast-slow, slow-slow and fast-fast. In addition to fixed
process corners, Monte Carlo simulations are employed in modeling the statistical
variations in process and, consequently, performance. Due to the intermittent nature
of the transmitter, all the simulations are performed in transient or DC. The Cadence
Virtuoso tool set version IC 6.1.5 was employed for the simulations.
A die photograph of the processed transmitter is shown in Figure 22. In order
to minimize losses introduced by packaging and lengthy bonding, the transmitter is
designed to be bonded directly to a PCB. That said, the transmitter chip measured
for this thesis is mounted in a 64-pin CLCC package due to schedule. The large
package is practical for measuring many of the other circuits included on the chip
but will unfortunately impair RF performance. The transmitter output pads are
neighbored by a pad for an external trigger signal (right-hand side) and a pad for
buffered delay block chain output (left-hand side). All measurements were performed
at around 22 ◦ C. An Agilent Technologies N6705A DC Power Analyzer was used
as a voltage supply and for rough current measurements. An Agilent Technologies
3458A 8 12 Digit Multimeter was used for sub-mA current measurements. An Agilent
Technologies 33250A 80 MHz Function/Arbitrary Waveform Generator was employed
in generating the external trigger signal and an Agilent Technologies Infiniuum
54855A DSO 6 GHz 20 GSa/s Oscilloscope was utilized in capturing the transmitter
output pulse and the buffered delay block chain output.
The delay block design was analyzed directly by post-layout simulations and
indirectly by observing generated transmitter output impulses and the delay block
chain output (Figure 20). A 500-point Monte Carlo simulation gave an average
minimum transmitter output frequency of 2.89 GHz with 234 MHz standard deviation
(SD) at nominal temperature. The respective average maximum output frequency was
4.93 GHz with 349 MHz SD. Measurements confirmed this result, giving maximum
and minimum pulse center frequencies of about 4.9 GHz and 3.0 GHz. In addition, a
200-point Monte Carlo simulation was run at the nominal process corner and three
temperatures, with the pulse center frequency tuned to 4.1 GHz at the nominal
temperature. The frequency distribution at 27 ◦ C is presented in Figure 23a, with
4.06 GHz average and 285 MHz SD. Figure 23b shows that the center frequency
is decreased when temperature is increased, which is explained by reduced charge
carrier mobility due to increased thermal radiation. The temperature coefficients are
approximately - 5.4 MHz/◦ C and - 3.8 MHz/◦ C for - 43 to 27 ◦ C and 27 to 97 ◦ C
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Figure 21: Layout of the designed transmitter.
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Figure 22: Die photograph. The designed transmitter is marked with the red quadrangle and
the large on-chip decoupling capacitor is marked with the yellow polygon.

transitions, respectively.
Assuming a signal bandwidth of approximately 600 MHz, a 4.7-GHz output pulse
is required to cover the FCC band below the 5-GHz Wi-Fi band. This equals 213 ps
propagation delay in the delay blocks, setting an equivalent minimum impulse width
requirement for the trigger logic. A 213 ps propagation delay accumulates to a total
trigger propagation time of about 2.77 ns over the whole delay block chain. Giving
the 100 MHz minimum PRR requirement, a delay chain reload time of less than 12
ns is required.
The previous 200-point MC simulation was also used to estimate delay block
chain reload times, determined by the time difference between the falling edge (10
%) at delay chain input and the falling edge (10 %) at delay chain output. The
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(a) 200-point Monte Carlo simulation of the transmitter output center frequency at 27 ◦ C,
nominally tuned to 4.1 GHz. The average and SD are 4.06 MHz and 285 MHz, respectively.

(b) Temperature dependence of transmitter output pulse center frequency based on 200 Monte
Carlo points. The average and SD are - 375 MHz and 48 MHz for - 43 to 27 ◦ transition and
-265 MHz and 28 MHz for 27 to 97 ◦ C transition, respectively.
Figure 23: Post-layout simulation results for the delay block.

simulation led to a 8.47 ns reload time average, a 9.84 ns maximum and a 0.59 ns SD
at 27 ◦ C (Figure 24). The temperature coefficients are 11.7 ps/◦ C and 10.4 ps/◦ C
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Figure 24: Delay block reload time at 27 ◦ C based on a 200-point Monte Carlo simulation.
The distribution has 8.47 ns average and 0.59 ns SD.
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Figure 25: Measured transmitter and buffered delay block chain output at 80-MHz PRR. The
maximum output voltage of the delay block chain output buffer is decreased due to 50-Ω load.

for - 43 to 27 ◦ C and 27 to 97 ◦ C transitions, respectively. Based on the simulations,
the delay chain reloads fast enough with some margin to the maximum time limit.
This conclusion was verified by the measurement shown in Figure 25, where a
4.5 GHz pulse was triggered at 80 MHz PRR. Due to the large CLCC package, no
external inductor was used. A 1 pF external capacitor C1 (Figure 20) was selected
for the RF output filter. The time between the beginning of a transmitter output
impulse and the sequential trigger output rising edge is about 10 ns, giving a good
estimation for the reload time. Based on the measured impulse center frequency
range and delay block chain reload time, the delay block design seems to perform
rather consistently with the corresponding simulation results.
The trigger logic block (Figure 17) was analyzed directly by post-layout simulations
alone. In the simulation testbench, a minimum-sized inverter was placed to drive
the input buffer and a delay block was placed to load the output node. The length

35
of the rectangular output waveform driving the delay block input was simulated at
500 Monte Carlo points at 27 ◦ C temperature, resulting in the distribution shown in
Figure 26. The impulse length average for the Monte Carlo points is 332 ps with a 28
ps SD. Increasing temperature increases output impulse length with a temperature
coefficient of about 0.3 ps/◦ C. Altogether, there is a decent margin between the
simulated impulse lengths and the 213 ps minimum length limit. The rectangular
output waveform has an average rise time (10 % to 90 %) of 80 ps and fall time (90
% to 10 %) of 76 ps. On average, 69 fJ is consumed per impulse with a 3.2 fJ SD
and no significant temperature effects.

Figure 26: 500-point Monte Carlo simulation of the impulse length of the trigger logic output.
The distribution has 332 ps average and 28 ps mean.

A bonding wire model with parasitic resistance and capacitance was used, similar
to the one used in [91]. Instead of employing a separate discrete model for the offchip inductor L1 (Figure 20), precisely sized bonding was assumed. The PA supply
bonding wire length was increased until the largest impulse energy was reached at
about 4 nH. The RF output bonding wire was given a slightly larger length of 4.5
nH to decrease the output filter bandwidth, after which the filter capacitor value was
increased until the optimum output energy level was met at 1.1 pF. An ideal 50-Ω
load was used to model the antenna.
A set of simulations with all possible frequency and buffer tuning combinations
was run at the nominal process and temperature, leading to Figure 27a. The effect
that the PA buffer tuning has on the impulse energy is shown clearly. The largest
impulse energies are achieved at around 4 GHz where the PA is optimized. The
maximum simulated impulse energies exceed the 4 pJ target. The simulated frequency
tuning range matches with the previously presented measurement result.
The tuning setting with 4.05 GHz pulse center frequency and 4.3 pJ impulse
energy (marked with the red circle) was selected and used for a 200-point Monte
Carlo simulation at - 42, 27 and 97 ◦ C, the result of which is shown in Figure 27b. As
can be expected, the impulse center frequency is lowered with increased temperature.
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In addition to the effects related to the fastening of the delay block chain, lowering
the temperature also boosts buffer and PA performance, leading to a higher average
impulse energy. The distributions are not discussed here since every Monte Carlo
point would require an individual tuning for fair comparison. The time domain
waveform of a simulated high-energy impulse is shown in Figure 28. The - 10 dB
bandwidth of the impulse is 600 MHz.
The simulated transmitter achieves 12.6 % maximum efficiency for an impulse
with 4.1 pJ energy and 4.26 GHz center frequency. With this setup, the PA consumes
17.2 pJ per impulse, the delay block chain and trigger logic consume 8.5 pJ per
impulse, and the PA buffers consume 6.5 pJ per impulse, adding up to 32.2 pJ per
impulse for the whole transmitter front-end. The equivalent PA efficiency is 23.6 %.
The simulated total leakage current is 51 nA.
In advance, considerable energy reduction was expected for the actual impulses
due to the multiple effects that are not modeled in the simulations. First, the sizing
of lumped off-chip components is never as perfect as simulations can achieve. Second,
even with extracted parasitics, the transistor models tend to give rather optimistic
results. Last, significant additional losses are expected, caused, for instance, by series
resistance, packaging, mutual bonding wire coupling, imperfect impedance matching
and PCB waveguide losses.
Bonding wire cross-talk between PA output and trigger output, with neighboring
pads, is apparent in Figure 25. The scale is quite alarming and shows one of the major
problems of the large CLCC package with long parallel bonding wires. The impulses
in Figure 25 have a center frequency of about 4.5 GHz and energy of approximately
350 fJ. Low frequency post-impulse oscillation can be observed as well as a couple
of high-frequency post impulses after each main impulse. The post impulses are
most likely triggered by the rising and falling edges of the buffered delay block chain
output, causing high-frequency oscillation at the PA output via the bonding wires.
The high-frequency oscillation occurs probably at a high harmonic mode of the PA
output LC oscillator while the low frequency oscillation occurs most likely at the
main mode. The measured spectrum shows a peak at around 630 MHz.
In order to test the LC oscillator hypothesis, the delay block chain was slowed
down by lowering its supply voltage down to 0.78 V. The PA buffers were starved
at the same time because they share the same supply with the delay block chain.
The resulting impulse is shown in Figure 29. The impulse has a 640 MHz center
frequency and 2.7 pJ energy. The strong second harmonic is probably caused by
slightly overlapping rectangular impulses driving the PA and could be diminished by
narrowing them down. This time the post-oscillation occurs at the impulse center
frequency. The same hypothesis is also supported by the observation that connecting
capacitor CPA (Figure 20) to PA output, thus lowering the LC resonant frequency,
increases the impulse energy for the center frequencies of 540, 580 and 620 MHz
and decreases the impulse energy for the center frequencies of 640, 670 MHz and all
measured frequencies above. An LC resonant frequency this low denotes that the
impulse in Figure 25 oscillates at the seventh harmonic.
A 100 nF supply decoupling capacitor was soldered on top of the CLCC package
between the PA supply and ground pins in order to raise the LC resonant frequency as
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(a) Simulated IR-UWB transmitter output impulse energies and the corresponding frequencies for all
possible tuning combinations.

(b) 200-point Monte Carlo simulation of a single tuning setting point at - 42, 27 and 97 ◦ C.
Figure 27: Achievable impulse energies and frequency tuning based on post-layout simulations.
The 4.3 pJ 4.05 GHz impulse marked with the red circle in subfigure (a) is used as the nominal
point for the Monte Carlo simulation in subfigure (b).

500

2

0

0
Tx output
Trigger output

-500

0

5

Voltage (V)

Voltage (mV)

38

-2
15

10

Time (ns)
Figure 28: Time-domain waveform of a simulated 4.26-GHz 4.1-pJ impulse and the delay block
chain output.
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Figure 29: The largest measured low-frequency impulse.

high as possible, with no significant result. In Figure 30, one of the largest measured
high-frequency impulses is shown, the center frequency and impulse energy of which
are about 4.2 GHz and 680 fJ. The PSDs of the impulses in Figures 25, 28 and
30 are shown in Figure 31, level-shifted to meet the FCC mask at the 3.1 - 10.6
GHz band. The - 10 dB bandwidth of the impulse in Figure 25 is about 630 MHz
while the impulse in Figure 30 has a bandwidth of 550 MHz. The FCC masks is not
fully complied due to the harmonics of the LC resonant frequency. This could be
corrected, for instance, by employing a high-pass filter or by using a low PRR.
The current consumption measurement results are listed in Tables 6 and 7. The
PA leaks 45 nA and consumes 19.9 pJ per 710 fJ 4.2 GHz impulse, the largest
high-frequency impulse measured, resulting in 3.6 % efficiency. The delay chain block
and buffers leak 100 nA and consume 18.5 pJ per impulse. Put together, the whole
transmitter reaches top efficiency of 1.85 %, consuming 38.4 pJ per impulse. The
total power consumption of the transmitter front end and its dependence on PRR
is demonstrated in Figure 32. The performed simulations and measurements are
concluded in Table 8.
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Figure 30: One of the largest measured high-frequency impulses.
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Table 6: Power amplifier current consumption with 710 pJ impulse energy.
PRR
0 Hz
1 Hz
10 Hz
100 Hz
1 kHz
10 kHz
100 kHz
1 MHz
10 MHz
80 MHz

Current
45 nA
45 nA
45 nA
47 nA
65 nA
260 nA
2.10 µA
19.1 µA
171 µA
1.33 mA

Energy per impulse
53.5 nJ
5.38 nJ
560 pJ
78.3 pJ
31.2 pJ
25.2 pJ
22.9 pJ
20.5 pJ
19.9 pJ

Table 7: Current consumption of the delay block chain and PA buffers. The three current
consumption figures at 100 kHz PRR are measured for 3.2, 4.0 and 4.7 GHz pulse center
frequencies, respectively.
PRR
0 Hz
100 kHz
100 kHz
100 kHz

Current
100 nA
1.65 µA
1.62 µA
1.62 µA

Center frequency
3.2 GHz
4.0 GHz
4.7 GHz

Figure 32: Measured power consumption and efficiency of the designed transmitter.
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Table 8: Simulation and measurement results concluded.

Feature
Spectrum
Impulse bandwidth
Frequency range
Maximum pulse repetition rate
Modulation
Active power consumption
Maximum impulse energy
Maximum efficiency
Maximum PA efficiency
Leakage power consumption
Total energy per impulse
PA energy per impulse
The remainder energy per impulse

Simulated
Measured
FCC
600 MHz
600 MHz
3 - 5 GHz
3 - 5 GHz
100 Mpps
100 Mpps
OOK, PPM
OOK, PPM
32.3 µW @ 1 Mpps 38.6 µW @ 1 Mpps
4.1 pJ
710 fJ
12.6 %
1.9 %
23.6 %
3.6 %
51 nA
145 nA
32.2 pJ
38.4 pJ
17.2 pJ
19.9 pJ
15.0 pJ
18.5 pJ
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4

Conclusion

In this thesis, a low-power IR-UWB transmitter is designed in 180 nm CMOS,
particularly tailored to operate with autonomous wireless sensor nodes. An energy
budget for such a sensor node is presented and radio performance requirements for
10-meter NLOS operation are derived for both narrow-band and ultra-wideband
systems. A careful comparison between the two radio technologies is conducted,
resulting in selecting IR-UWB radio transmitters for further examination. The
background analysis is summarized in Table 4.
Different IR-UWB radio topologies are considered against the derived specifications. A broad review of recently published IR-UWB transmitters is presented,
of which the most prominent candidates are selected and listed in Table 5. The
architecture concept in Figure 13a is selected as the basis for this work’s transmitter
design after careful consideration. Due to challenges caused by the process with a
smaller minimum linewidth compared to the reference design in [58], a novel delay
block realization and a new impulse energy tuning scheme are presented.
While the transmitter was designed to be bonded directly to a PCB, this thesis
presents measurement results for a packaged chip due to schedule. The simulation
and measurement results for the designed transmitter are summarized in Table 8.
Furthermore, the simulated and measured design are compared with the published
well-performing IR-UWB transmitters in Table 9.
Table 9: Selected IR-UWB papers compared with this work’s transmitter. Low performance
figures are highlighted in red color.
Paper
This work
simulated
This work
measured
[58]
[47]
[60]
[45]
[67]
[49]
[65]
a

Ep (pJ)

η (%)

BW
(GHz)

MSR
(dB)

Band
(GHz)

Type

Ps (µW)

Tech.

4.1

13

0.6

20

3-5

13a

0.05

180 nm

0.7

1.9

0.6

20

3-5

13a

0.15

180 nm

a

25
2.0
12
13
5.3
2.5
7.1

0.8
0.5
1.1
6.8
0.5
0.5
1.0

25
15
15
15
10
25
15

3-8
3-4
7.25 - 8.5
3 - 10
3-5
3-5
7.25 - 8.5

13a
13b
13b
13c
13c
13d
13d

13
180
NA
NA
96
2.8
NA

65 nm
90 nm
130 nm
130 nm
90 nm
90 nm
130 nm

2.2
1.7a
2.7
0.9a
2.5a
0.8a
13.2

Estimated with the Matlab script given in Appendix B.

As is easily observed, the performance of the measured transmitter is significantly
inferior to the predictions given by simulations. The reason for this was traced to
the large package, which set the resonant frequency of the power amplifier output
at about 630 MHz, shown in Figure 31. Despite the poor PA operation of the
packaged chip, 710 fJ impulses could be generated at a 4.2 GHz center frequency.
Furthermore, the simulation results for the delay block chain were consistent with
the corresponding measurement results. This gives grounds for expecting that the
target impulse energy of 2 pJ can be reached with the chip mounted directly on a
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PCB. If the PA efficiency can be boosted to 13 % (the measured maximum was
3.6 % and the simulated maximum was 23.6 %) by adjusting the output resonant
frequency properly, the equivalent impulse energy would increase to 2.6 pJ, bringing
the corresponding system efficiency up to 6.7 %.
While using a 180 nm CMOS process resulted in increased active power consumption and lowered system efficiency compared to the reference design, the leakage
problem is cured. With 13 µW, the leakage power in [58], the simulated transmitter
can deliver about 400 kpps with 4.1 pJ impulse energy and the measured transmitter
can deliver about 300 kpps with 710 fJ impulse energy, both enough for delivering
speech-quality audio data.
Ignoring the current PA efficiency problem in the packaged chip, the designed
transmitter performs well in all the used categories in Table 9, showing a suitable
impulse energy, medium system efficiency, well-structured spectrum and little leakage.
In contrast, the competing IR-UWB transmitters perform poorly in at least one of
the given categories. Nevertheless, the designed transmitter makes a compromise
between the former features, performing averagely in straightforward comparisons,
such as the comparison in Figure 33. When multiple features are taken simultaneously
into account, however, the transmitter performs better, as suggested by Table 9.
The comparison in Figure 34, for instance, shows that the simulated transmitter
performs equivalently with other published state-of-the-art IR-UWB transmitters.
The measured transmitter performs similarly to the top narrow-band transmitters.
At the moment, a PCB with the designed transmitter chip mounted directly on it is
being processed. As was assessed previously, this should provide a performance boost
compared to the measurement results that are presented in this thesis. In addition, a
UWB receiver based on the structure of a signal analyzer is being constructed from
off-the-shelf components, allowing actual wireless link demonstrations in the future.
A similar receiver is presented in [92].
While the designed transmitter provides a good variety of features, there is still
plenty of room for improvement. For instance, the target of ECC mask compatible
operation was not satisfied. Within the scope of this thesis, a delay block structure
with a short reload time and fast enough propagation was not found. More consideration could have been given for PA transistor sizing since this design achieves a MSR
of only 20 dB (Figure 31). In comparison to the straightforward PA structure that
was used in this thesis, significantly more efficient PA topologies could be employed
in future designs. While the propagation delay over the delay block chain is tunable,
the tuning steps are uneven (Figure 27a). The full frequency resolution potential
for the given number of tuning bits is thus left unutilized. The figure also shows
that only a coarse impulse energy tuning resolution was achieved. Since the number
of used delay blocks remains constant for the whole achievable frequency range,
the high-frequency impulses are shorter in time and, therefore, produce a wider
spectrum. This makes employing the transmitter in frequency-hopping modulation
schemes more impractical. Finally, while the integration level of the transmitter is
sufficiently high, it is still dependent on a couple of discrete off-chip components
and carefully realized bonding. The integration level can be increased, for instance,
by implementing the PA inductors on the chip. For that reason, a test inductor

44

Figure 33: This work’s transmitter compared with recently published IR-UWB transmitters.

structure was included in the processed IC (the octagonal structure in Figure 22,
bordered by six pads).
The main drawback in architecture 13d in Figure 14 is that the longish unutilized
local oscillator ramp-up and ramp-down results in lost energy. However, a high
data rate, such as 500 Mbps reported in [54], would require a PRR that allows
keeping the local oscillator continuously running. This way, a high system efficiency
can be achieved. Nevertheless, the very frequent pulse forces bringing the impulse
energy down in order not to exceed the FCC mask PSD limit. By distributing the
pulse power evenly over the whole FCC band, however, large enough impulses could
possibly be used for achieving a reasonable communication distance. As with duty
cycled narrow-band transmitters, this would require a large memory cell to store the
data between the intense transmissions. Whether an autonomous sensor node could
handle such power drain peaks remains another open question.
In addition to the four common IR-UWB architectures discussed in this thesis
(Figure 13), there are naturally other ways of implementation that deserve further
study, one of them being based on direct digital-to-analog conversion (DAC) [93].
For instance, a 5-bit 10 Gs/s DAC implemented in 180 nm CMOS is presented in
[94], consuming 12 mW from a 1.7 V supply. With agressively duty-cycled clock
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Figure 34: This work’s transmitter compared with recently published low-power transmitters.
The used figure of merit multiplies transmitter output power by data rate. The corresponding
references are shown in Figure A4 in Appendix A.

generation, this architecture can potentially reach high efficiency with a well-defined
impulse envelope and large impulse energy.
Moving to a process with a smaller minimum linewidth may seem like an easy
way to increase overall efficiency. As suggested by Table 9, however, scaling the
process down to 90 nm and below makes the transmitter vulnerable to large leakage
currents. Moreover, compatibility with the previously-designed power management
circuitry [16] would be lost immediately.
The performance requirements set previously for the designed transmitter are
shown in Table 4. All the requirements are met despite the impulse energy and the
ECC band target. As mentioned previously, however, the measured features of the
packaged transmitter gives reason to anticipate that the impulse energy target will
be reached with the transmitter bonded to a PCB. While the ECC UWB band will
not be reached by the current design, the unpackaged transmitter is likely to meet
the FCC mask restrictions. A conference article on a transmitter system including
the designed transmitter front-end has been prepared for submission [95].
All in all, the referred targets for development and the new research areas show
that there is still plenty of room for further progress concerning IR-UWB radios and
low-power transceivers in general.
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A

Subfigures in Figure 11 re-presented with references

Figure A1: Subfigure 11a re-presented.

57

Figure A2: Subfigure 11b re-presented.
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Figure A3: Subfigure 11c re-presented.
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Figure A4: Subfigure 11d re-presented.
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B

1
2

3

4

5
6
7
8

Matlab script for estimating impulse energy from
a figure

%%%
% This s c r i p t e s t i m a t e s t h e e n e r g y o f a g i v e n p u l s e from a p u l s e
waveform
% f i g u r e . I t c r e a t e s a matlab f i g u r e window t h a t you may p l a c e on t h e
pulse
% waveform f i g u r e and re−c r e a t e t h e p u l s e by c l i c k i n g on t h e matlab
figure .
% S e t t h e matlab f i g u r e window t r a n s p a r e n t from OS s e t t i n g s .
% The p u l s e e n e r g y i s c a l c u l a t e d based on t h e c o n s t a n t s below .
% Written by Tuomas Haapala 1 4 . 1 1 . 2 0 1 4 .
%%%

9
10
11
12
13

%i n i t i a l c o n s t a n t s
pulseW = 6 e −9; % max( x )−min ( x )
pulseVpp = 900 e −3; % max( y )−min ( y )
R = 5 0 ; % antenna r e s i s t a n c e ( o r wherever t h e p u l s e i s measured . . )

14
15
16
17
18
19

% create a figure
F=f i g u r e ( 1 ) ;
axes ;
p l o t ([ −1 1 ] , [ 0 0 ] , ’ r ’ ) ;
s e t ( gca , ’YLim ’ ,[ −1 1 ] ) ;

20
21
22

23

% r e s t o r e waveform ( rememeber t o mark a l l z e r o −c r o s s i n g s )
f p r i n t f ( ’ R e g e n e r a t e t h e waveform by c l i c k i n g on t h e f i g u r e . P r e s s e n t e r
when f i n i s h e d . \ n ’ ) ;
[ x , y]= g i n p u t ;

24
25
26
27

% check i f t h e u s e r wants t o c o r r e c t a p o i n t o r add p o i n t s
newpoint = −1;
w h i l e newpoint~=0 % a p o i n t n e e d s t o be c o r r e c t e d

28
29
30
31

32
33
34
35
36
37
38
39
40
41
42
43

44

% add a p o i n t
i f newpoint == 1
newpoint = i n p u t ( ’ Choose t h e p o i n t t h a t s h o u l d p r e c e d e t h e new
point ( zero allowed ) : ’ ) ;
i f ( newpoint >= 0 ) && ( newpoint <= l e n g t h ( x ) )
i f newpoint==0
x = [0;x ];
y = [0;y ];
e l s e i f newpoint==l e n g t h ( x )
x = [x;0];
y = [y;0];
e l s e i f ( newpoint > 0 ) && ( newpoint < l e n g t h ( x ) )
x = [ x ( 1 : newpoint ) ; 0 ; x ( ( newpoint +1) : l e n g t h ( x ) ) ] ;
y = [ y ( 1 : newpoint ) ; 0 ; y ( ( newpoint +1) : l e n g t h ( y ) ) ] ;
end
f p r i n t f ( ’ P l a c e t h e new p o i n t by c l i c k i n g on t h e f i g u r e . \ n ’ )
;
[ x ( newpoint +1) , y ( newpoint +1) ] = g i n p u t ( 1 ) ;
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else

45

f p r i n t f ( ’ I n v a l i d index . \ n ’ ) ;
end
e l s e i f newpoint == 2 % d e l e t e p o i n t
newpoint = i n p u t ( ’ Choose t h e p o i n t you want t o d e l e t e : ’ ) ;
i f newpoint==1
x = x (2: length (x) ) ;
y = y (2: length (y) ) ;
e l s e i f newpoint==l e n g t h ( x )
x = x ( 1 : l e n g t h ( x ) −1) ;
y = y ( 1 : l e n g t h ( y ) −1) ;
e l s e i f ( newpoint > 1 ) && ( newpoint < l e n g t h ( x ) )
x = [ x ( 1 : newpoint −1) ; x ( newpoint +1: l e n g t h ( x ) ) ] ;
y = [ y ( 1 : newpoint −1) ; y ( newpoint +1: l e n g t h ( y ) ) ] ;
else
f p r i n t f ( ’ I n v a l i d index . \ n ’ ) ;
end
e l s e i f newpoint == 3 % r e p l a c e a p o i n t
newpoint = i n p u t ( ’ Choose t h e p o i n t you want t o r e p l a c e : ’ ) ;
i f ( newpoint >= 1 ) && ( newpoint <= l e n g t h ( x ) )
f p r i n t f ( ’ C l i c k on t h e f i g u r e t o s e t a new l o c a t i o n . \ n ’ ) ;
[ x ( newpoint ) , y ( newpoint ) ] = g i n p u t ( 1 ) ;
i f a l l ( d i f f ( x ) >0)==0
f p r i n t f ( ’ Warning : x i s not m o n o t o n i c a l ! ! \ n\n ’ ) ;
end
else
f p r i n t f ( ’ I n v a l i d index . \ n ’ ) ;
end
end

46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74

z = 1 : 1 : length (x) ;

75
76

% promt a warning i f x i s m o n o t o n i c a l
i f a l l ( d i f f ( x ) >0)==0
f p r i n t f ( ’ Warning : x i s not m o n o t o n i c a l ! ! \ n ’ ) ;
end

77
78
79
80
81

p l o t ([ −1 1 ] , [ 0 0 ] , ’ r ’ ) ;
s e t ( gca , ’YLim ’ ,[ −1 1 ] ) ;
h o l d on ;
p l o t ( x , y , ’ .− ’ ) ;
f o r i =1: l e n g t h ( x )
t e x t ( x ( i ) , y ( i ) , num2str ( z ( i ) ) , ’ H o r i z o n t a l A l i g n m e n t ’ , ’ r i g h t ’ , ’
V e r t i c a l A l i g n m e n t ’ , ’ bottom ’ , ’ F o n t S i z e ’ , 1 2 ) ;
end
hold o f f ;
newpoint = i n p u t ( s p r i n t f ( [ ’ I f t h e r e g e n e r a t e d waveform p l e a s e s your
eye , type 0 . \ n ’ . . .
’ I f you want t o add a p o i n t , type 1 . \ n ’ . . .
’ I f you want t o d e l e t e a p o i n t , type 2 . \ n ’ . . .
’ I f you want t o r e p l a c e a p o i n t , type 3 . \ n ’ ] ) ) ;

82
83
84
85
86
87

88
89
90

91
92
93
94

end

95
96

% s c a l e t h e data p o i n t s c o r r e c t l y

62
97
98

y = pulseVpp / (max( y )−min ( y ) ) ∗y ;
x = pulseW / (max( x )−min ( x ) ) ∗x ;

99
100
101
102

% c a l c u l a t e pulse energy
e n e r g y = t r a p z ( x , y . ^ 2 ) /R;
d i s p ( [ ’ P u l s e e n e r g y i s ’ num2str ( e n e r g y ) ’ J ’ ] ) ;

63

C

Transistor sizing tables
Table C1: Trigger logic transistor sizes.
Transistor
MTL1
MTL2
MTL3
MTL4
MTL5
MTL6
MTL7
MTL8
MTL9
MTL10
MTL11
MTL12
MTL13
MTL14
MTL15
MTL16
MTL17
MTL18

Width (m)
2µ
800n
220n
220n
220n
220n
220n
220n
880n
330n
660n
500n
3µ
1.6µ
220n
1.6µ
4µ
1µ

Length (m)
180n
180n
180n
180n
180n
180n
180n
180n
180n
180n
180n
180n
180n
180n
180n
180n
180n
180n

Fingers
2
1
1
1
1
1
1
1
1
1
1
1
2
2
1
2
2
1
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Table C2: Delay block transistor sizes.
Transistor
MD1
MD2
MD3
MD4
MD5
MD6
MD7
MD8
MD9
MD10
MD11
MD12
MD13
MD14
MD15
MD16
MD17
MD18
MD19
MD20
MD21
MD22

Width (m)
220n
6µ
6.6µ
6.8µ
17.5µ
220n
220n
5.2µ
220n
6µ
3.8µ
220n
2.5µ
1µ
26.6µ
10µ
13.3µ
5µ
6.6µ
5µ
3.3µ
2.5

Length (m)
180n
180n
180n
180n
180n
180n
180n
180n
180n
180n
180n
180n
180n
180n
180n
180n
180n
180n
180n
180n
180n
180n

Fingers
1
4
2
4
6
1
1
4
1
4
2
1
1
1
8
4
4
2
2
2
1
1

Table C3: Buffer transistor sizes.
Buffer
I0

I1
I2
I3

Transistor
MI01
MI02
MI03
MI04
MI05
MI06
MI07
MI08
PMOS
NMOS
PMOS
NMOS
PMOS
NMOS

Width (m)
13.8µ
1.6µ
1.6µ
4.8µ
800n
2.4µ
400n
1.2µ
32µ
5.6µ
31µ
10µ
57µ
11µ

Length (m)
180n
180n
180n
180n
180n
180n
180n
180n
180n
180n
180n
180n
180n
180n

Fingers
6
2
4
4
2
2
1
1
8
4
12
5
18
6
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Table C4: PA component sizes.
Component
MPA1
MPA2
MPA3
MPA4
MPA5
MPA6
MPA7
MPA8
MPA9
MPA10
MPA11
MPA12
MPA13
MC
CPA

Width (m)
15.2µ
25.0µ
37.5µ
51.4µ
64.3µ
73.6µ
77.0µ
73.6µ
64.3µ
51.4µ
37.5µ
25.0µ
15.2µ
6.0µ
8µ

Length (m)
180n
180n
180n
180n
180n
180n
180n
180n
180n
180n
180n
180n
180n
180n
4µ

Fingers / Value
4
6
10
14
18
20
22
20
18
14
10
6
4
4
63 fF
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D

Layouts

Figure D1: Trigger logic block layout. The equivalent schematic is shown in Figure 17. Here,
the input is named SET instead of IN.

67

Figure D2: Delay block layout.

68

Figure D3: PA buffer chain layout.

