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Low Power Wireless Communications

2.1 Introduction

Reducing the power consumption of radios has been a topic of research for
quite a long time. In recent years, the search for energy efficient means
of communication and constant effort to lower the power consumption of
wireless transceivers have been primarily driven by the growing popularity
of the internet of things [1]. Still today, the consumption of radios is one of
the primary obstacles to making the IoT concept a reality. Since the available
energy sources have a very limited capacity, especially in size-critical appli-
cations, reducing the power consumption of sensor nodes remains the only
mean of increasing their autonomy.

A wide range of wireless technologies exist that provide a different set
of capabilities tailored for different applications. Wireless devices typically
trade power consumption, data rate and sensitivity (which can be directly
translated to range), although there are other important quantities, such as
dynamic range and interference rejection, and finally size and cost, that
play an important role. Some of the well-known wireless technologies are
presented in Figure 2.1, that gives a qualitative comparison of consump-
tion and range. Typically, larger range requires larger power consumption.
However, a third axis would be needed to show a more complete picture.
This third axis would be the data rate (or alternatively bandwidth). LoRa,
SigFox and NB IoT devices manage to extend the range without an increase
in power consumption at the cost of data rate, which further means that only a
limited amount of information can be transmitted within a given time. These
technologies were intended for use in wide area networks, to gather data
from sensors that only need to transmit several bits every few hours (e.g.
temperature sensors). Data rates that can be found in these radios typically
vary from only 10 b/s up to 50 kb/s, which is why they are also referred to as
the ultra narrowband (UNB) radios.
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Figure 2.1 Power consumption and range of different wireless technologies.

Radio Frequency Identification (RFID) and Near Field Communication
(NFC) provide the lowest power consumption. This is mainly owing to the
low communication range, that is sometimes only a few centimeters, and
the asymmetric link, where the burden is placed on the reader, allowing to
simplify the tag. The RFID/NFC tags can consume zero power, meaning that
they can be entirely powered by the reader, but their capabilities are also
limited to sending only a few bytes of information, such as the ID of the tag.
An RFID tag can be made very small and is often dominated by the antenna
size (especially in the sub-GHz bands), whereas a reader is quite large and
consumes a lot of power as it may need to transmit at watt levels.

A similar kind of asymmetry can be found in cellular networks. In this
case most of the burden is placed on the base station that has access to the
power grid, making its size and consumption a less important issue. This
allows to reduce the size and complexity of the battery-powered, hand-held
devices, while still maintaining a link over several kilometers and providing
data rates on the order of 100 Mb/s. The principle is similar to the WiFi,
with the burden mainly placed on the fixed device, allowing higher autonomy
for the mobile devices. The difference compared to the cellular technologies
is the range.

Unlike the previously mentioned standards, Bluetooth (and it’s derivation
Bluetooth Low Energy or BLE) and ZigBee provide a fully symmetrical link,
meaning that the same transceiver is used on both sides. These radios are
commonly used to provide low power wireless connectivity between two
or more battery powered devices. In particular, Bluetooth has become the
most widely used standard for low power connectivity in consumer applica-
tions. It provides complete wireless connectivity services, not just wireless
transport, and is commonly implemented in audio streaming, data transfer
and broadcasting devices. Although initially designed for small networks,
consisting of up to seven peripherals connected to a master device (such as a
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computer, or a smart phone), Bluetooth has evolved over the years and now
supports different network topologies with a much larger number of devices.
It targets ranges from tens to hundreds of meters, and data rate in the order
of 1 Mb/s. The fact that Bluetooth is already a dominant technology in the
consumers’ market means that most manufacturers want to use it in their
devices regardless of whether it is really optimal for a specific application.
This greatly reduces the effort and time to market that would otherwise be
necessary with a custom made radio.

ZigBee, or the IEEE 802.15.4, is a similar standard with the same commu-
nication distance and lower data rates that go up to 250 kb/s. Unlike Bluetoth,
it targets mainly industrial applications, and therefore the emphasis is on
security, robustness and scalability, providing support for high node counts.
As of 2012, enhanced ZigBee specifications also include secured connectivity
to batteryless devices, powered from energy sources like motion, light or
vibration.

An interesting candidate for low power communications are ultra-
wideband (UWB) devices. The particularity of these devices is that the
data rate is not directly linked to the bandwidth of the transmitted signals.
When talking about UWB the occupied spectrum is typically much larger
than required by the communication speed. Although it seems like they are
wasting a very precious resource, they provide capabilities that cannot be
easily achieved with classical narrowband radios. Large bandwidth relaxes
constraints on the precision of the frequency synthesizer. This allows the
implementation of radios without Phase Locked Lops (PLL) resulting in
higher agility and making them more suitable for duty cycling. The same
property also eliminates the need for a precise frequency reference, such as
a quartz oscillator, allowing the reduction in size and cost of the product.
UWB signals are more difficult to detect and jam, and due to their low Power
Spectral Density (PSD) do not interfere with neighboring narrowband signals.
Furthermore, they are capable of resisting strong interferers and operating in
multi-path environments without a severe loss in performance.

In principle, the UWB radios that are in the focus of this book (targeting
low to medium data rates and low power) fit between the BLE and RFID
devices. They are not able to achieve the same sensitivity at the same data
rate as the BLE, but they can provide a lower power consumption, size and
cost. At the same time, there are no fully passive UWB solutions that can
compete in the RFID space, but they provide a symmetric link, longer range
and better overall performance.
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Before going into the in depth analysis of the FM-UWB, this chapter will
summarize and compare the key radios targeting a similar application space
as the FM-UWB. The emphasis is on low power techniques, targeting low to
medium data rates and a fully symmetric link. Since the network performance
is almost entirely determined by the receiver performance, the rest of the
chapter will be devoted to them.

2.2 Narrowband Communications

Many different narrowband techniques have been developed targeting dif-
ferent WSN or IoT scenarios. Today, the absolute leader in the consumers’
market is the Bluetooth, which can be found in almost every portable device.
ZigBee found its market in industrial automation and puts more emphasis on
robustness and security. Both of these standards target distances up to 100 m
at moderate data rates.

Several recently emerged standards, such as SigFox, LoRa and NB IoT
are developed to cover lower data rates and provide a range of several
kilometers. This is typically done by reducing the data rate. Since the prob-
ability of error depends on energy per bit Eb, that is a product of signal
power and symbol duration, communication range can easily be extended
by using longer symbol duration. Symbol duration is inversely proportional
to the signal bandwidth, meaning that very long symbols occupy a very
narrow frequency band, hence the name ultra narrowband. The commercial
UNB receivers consume a similar amount of power as BLE transceivers [2]
but, owing to lower data rates, achieve sensitivity better than −140 dBm
(compared to BLE receivers that fall in the range between −80 dBm and
−100 dBm). Combined with the output power specified above 10 dBm, LoRa
radios typically provide a link budget above 150 dB.

An interesting class of receivers are the wake-up (WU) receivers. These
have mainly been a topic of academic work, and haven’t yet been truly
adopted by the industry. Unlike the previously mentioned receivers, the WU
receivers generally do not comply with any of the existing standards, there-
fore allowing much more freedom in optimizing different system parameters.
The idea behind wake-up receivers is to constantly listen to the channel
and check whether there is a signal being transmitted. Once they detect the
presence of a correct sequence, they turn on the main receiver that will be used
for data reception. Clearly, for the concept to work, the wake-up receivers
must consume a very small amount of power. This usually comes at a price in
sensitivity and speed, which is an acceptable trade-off in this case. Since WU
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and BLE receivers have have gained a lot of traction in recent years they will
be the subject of study throughout this section.

2.2.1 Bluetooth Low Energy

Aside from dominating the market, Bluetooth and BLE transceivers are often
a topic of academic work exploring new potential architectures and looking
into different trade-offs between power consumption and performance. BLE
is typically targeting a data rate of 1 Mb/s, although most commercial devices
support higher data rates. It is intended as a standard that provides a low
power connection between portable devices and sensor nodes.

The BLE uses the ISM band located between 2.4 GHz and 2.48 GHz. The
used band is split into 40 channels, each 2 MHz wide. The data is transmitted
at 1 Mb/s using the Gaussian Frequency Shift Keying (GFSK), meaning that
a Gaussian filter is used for pulse shaping. A 2 Mb/s option is added in the
Bluetooth 5 specification. An optional Enhanced Data Rate (EDR) mode
provides higher data-rates by using DQPSK and 8DPSK modulations. Output
power is limited to 100 mW, or 20 dBm, this limit was increased from 10 dBm
in the BT 5 specification in order to extend the maximum range to above
100 m. Minimum sensitivity of BLE devices is set to −70 dBm, although
most devices are providing at least −80 dBm. Frequency hopping is used to
avoid collisions with other BLE transceivers or unwanted interferers.

The relatively loose BLE requirements allow a simple transmitter archi-
tecture that can be optimized for low power consumption. A typical BLE
transmitter block diagram is shown in Figure 2.2. The transmitted RF signal
is directly synthesized by a PLL. This approach allows to save power by
avoiding mixers and quadrature signal upconversion. The modulated signal
can be injected in different points of the PLL. Figure 2.2 shows the case
where the VCO/DCO is directly driven by the modulated signal. A different
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Figure 2.2 Typical BLE transmitter block diagram.
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approach would be to inject the signal at the fractional frequency divider
(usually controlled by a sigma-delta modulator). Injecting a signal at this
point provides a good frequency control, but the approach suffers from the
limited PLL bandwidth. Increasing the loop bandwidth to accommodate the
needed signal bandwidth increases phase noise of the PLL. For this reason
a hybrid approach has been used in some implementations, and is referred
to as the two point modulation [3]. In this case signal is partially injected
directly to the VCO to compensate for the limited bandwidth of the PLL.
One of the advantages of the GFSK modulation, used by BLE, is that it is a
constant envelope modulation. This means that the signal amplitude remains
unchanged during transmission, which allows for an efficient implementation
of the power amplifier. In general, power amplifiers are highly dependent on
the characteristics of the transmitted signal. Non-constant envelope signals,
such as π/4-DQPSK, require linear power amplifiers which are always less
efficient. The advantage of non-constant envelope signals is better spectral
efficiency, meaning that they occupy a smaller frequency band and leak less
into adjacent channels. Efficient spectrum utilization is an important issue
in high-performance systems, while it is usually sacrificed in low-power
systems in order to obtain better power efficiency.

The two most commonly used receiver architectures in BLE receivers are
the sliding IF and the low IF architectures shown in Figure 2.3. The low IF
receiver was derived from the zero IF (or direct conversion) receiver. As the
name says, such a receiver converts the input RF signal directly to zero [4]. In
order to prevent a loss of information, the receiver must perform a quadrature
conversion, in other words it must separate the baseband signals by their
phases. The advantages of the direct conversion receiver are the absence of
image (interfering signal symmetrical to the useful signal with respect to the
carrier frequency), simple architecture and use of low pass filters for channel
selection. However, since the baseband signal is located around zero, these
receivers suffer from increased flicker noise, LO leakage, dc offset and are
sensitive to I/Q mismatch. Most of these drawbacks are resolved using the
low IF receiver. Centering the baseband signal between 1 MHz and 2 MHz
mitigates the problems with flicker noise and dc offset. An issue with a low
IF receiver is that an image now appears at negative frequencies. This image
must be suppressed by a sharp complex baseband filter (usually a polyphase
filter) prior to digitizing the signal. When it comes to power consumption
some authors claim that this type of receiver consumes a lot of power for
frequency generation, as it needs to provide quadrature signals at the RF
channel frequency [5, 6]. From this point of view the sliding IF receiver has
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Figure 2.3 Low power BLE receiver block diagrams, low IF (a) and sliding IF (b) receiver.

some interesting properties. Although the conversion is done in two steps,
only one oscillator is used. The second LO is derived from the first using a
fixed frequency divider. That mans that if the input frequency changes the
IF changes as well, hence the name sliding IF. If the division ratio is even,
quadrature signals are available practically for free. As frequency dividers
are in any case needed for the PLL, second LO generation doesn’t cause
additional burden in terms of power. Since the first LO frequency is lower
than the input signal frequency, the consumption of the VCO and the LO
buffers is somewhat reduced. For example if the fixed division ration is 2
then the LO frequency should be fLO = 2/3fin. Additional gain comes from
the fact that the VCO doesn’t need to generate a quadrature signal. As with
all heterodyne receivers, the image might pose problems for the sliding IF
receiver as well. This issue is commonly addressed by placing an external
image reject filter that suppresses all signals at the image frequency.
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Table 2.1 Performance comparison of BLE receivers
Sens. Cons. Eff. Data Rate Supply

Ref. [dBm] [mW] [nJ/b] [Mb/s] [V] Mod.
Academic Work
[10] −95 0.98 0.98 1 1 GFSK
[11]* −80 0.23 2.77 0.083 0.75 FSK
[6] −98 3.8 3.8 1 1.2 GFSK
[5] −90 5.5 5.5 1 0.6/1.2 GFSK
[3] −94.5 6.3 6.3 1 3 GFSK
[12]* −57.5 0.15 1.3 0.115 0.9/1.1 OOK
Commercial Devices
TI CC2540 [13] −93 39 19.5 <2 2–3.6 GFSK
PSoC 63 [7] −95 22 11 <2 1.7–3.6 GFSK
nRF51822 [14] −93 23 11.5 <2 1.8–3.6 GFSK
nRF52832 [15] −96 16.2 8.1 <2 1.7–3.6 GFSK
EM 9301 [16] −83 27 13.5 <2 1.9–3.6 GFSK
DA14580 [8] −93 11.4 5.7 <2 0.9–3.45 GFSK
TC35679 [17] −93.5 9.9 4.95 <2 1.8–3.6 GFSK
TC35681 [18] −95.6 15.6 7.8 <2 1.8–3.6 GFSK
RSL 10 [9] −94 9 4.5 <2 1.1–3–3 GFSK
For all commercial devices reported sensitivity is at 1 Mb/s.
*BLE compatible WU receiver.

An overview of existing BLE receivers is given in Table 2.1. Key per-
formance metrics are given for selected academic work, as well as for
commercially available components. As seen in the table, most of commer-
cial devices target sensitivity better than −90 dBm. The power consumption
varies from 39 mW down to 9 mW in some of more recent implementations.
It should also be noted that some of these implementations are parts of entire
systems on chip (SoC), targeting IoT type of applications [7–9]. Most of
them also come with an integrated DC-DC converter that converts the 3.3 V
battery supply into voltages around 1 V, typically used by today’s low power
radios, and provide a low power sleep mode, making them suitable for duty
cycling.

Seeing the consumption of devices reported in academic work it is clear
that there is still room for improvement. Various techniques are found that
enable different improvements. The receiver from [10] consumes less than
1 mW, while achieving sensitivity comparable to commercial devices. To
achieve such low power the design relies heavily on current reuse. The input
gain stages are stacked to maximize gain for a given bias current. Direct
conversion receiver is used and the PLL provides an LO at twice the RF
frequency. Such strategy is often seen in BLE radios as it reduces frequency
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pulling (frequency drift due to coupling to external signals) and provides an
easy way to generate a quadrature LO. The design also demonstrates other
useful tricks, such as placing the VCO circuitry inside the inductor to con-
serve area. This is possible because the magnetic field is mainly concentrated
close to the conductor, and therefore the circuits in the middle have minimal
effect on the inductor parameters. In this case the Q factor is degraded by 6%.
In [3] a full BLE transceiver with an integrated DC-DC converter is presented.
What makes this work interesting is that the LNA input and the PA output are
sharing the same pad. All the passive components of the IO matching network
are placed on chip, the only off-chip components required (aside from the
crystal resonator) are the inductor and capacitor for the DC-DC converter.
The matching network can be configured for transmit or receive mode using
MOS switches. In the receive mode it also acts as a notch filter that attenuates
the signal at the image frequency, hence eliminating the need for another
external component.

The two receivers from [11] and [12] are not true BLE receivers in the
sense that they do not conform to all the standard requirements, but they
are BLE compatible receivers. This means that they can be used to decode
information from a BLE compliant packet, but they are not as constrained as
regular BLE receivers, allowing them to further reduce power consumption.
They can be used to sample the RF channel instead of the main receiver
and only wake up the main receiver when useful data is transmitted, thereby
allowing global power reduction in the system. As seen in the table, they
use lower data rates than those specified by the standard, allowing to reduce
power while maintaining sensitivity. In order to allow for lower data rates,
BLE packets on the transmitter side must be formed in a specific way (e.g.
repeating the same bit several times), but such that they still conform to
the standard. In work from [11], the input sequence is pre-coded such that
after data whitening, that is mandatory in BLE, the output sequence gives a
desired bit repetition to reduce the equivalent data rate. Following this, since
the BLE packets have a limited payload length, there is a trade-off between
data rate and the wake-up sequence length. The receiver from [11] uses a
free running LC oscillator that is only calibrated once. Removing the PLL
reduces power consumption, but also allows the receiver to start more quickly
as there is no limit coming from the loop bandwidth. This approach allows
to duty cycle the receiver at a bit level, further reducing the consumption,
but also loosing approximately 3 dB in sensitivity. The problem with a free
running LC oscillator is the precision, so the carrier offset must be tracked and
corrected at IF. Given the small spacing between BLE channels the receiver
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could easily lock onto an undesired channel, which is the main downside
of the receiver from [11]. The second BLE compatible receiver described
in [12] uses quite a different approach. Instead of demodulating bits, it is
detecting presence of the BLE signal on different advertising channels. The
receiver is not capable of demodulating a GFSK signal, instead it is a simple
envelope detector (ED) that detects the signal level at a selected BLE channel.
In order to wake up the main receiver, a specific sequence of transmissions on
different advertising channels must be sent. This approach allows for power
reduction, owing to the demodulator simplicity, however the sensitivity is
greatly degraded compared to similar receivers. Nevertheless, the work shows
a very interesting way to exploit the available degrees of freedom, while
providing compatibility with the BLE.

The Bluetooth standard has evolved significantly over the past two
decades in order to adapt to the modern needs of a low power radio. At
the same time, the hardware itself has undergone significant changes in a
long lasting attempt to reduce size and power while improving performance.
Still, while having a standard facilitates widespread use of BLE devices, it
also imposes constraints and limits the achievable degrees of freedom. Once
the constraints are gone, a large variety of different performances can be
achieved. This is shown in the following section on wake-up receivers.

2.2.2 Wake-up Receivers

As the name suggests, the wake up receivers are used to listen to the commu-
nication channel and wake up the main receiver when data needs to be sent.
The idea behind this is to reduce the overall system power consumption by
keeping the power consuming main radio off most of the time. Clearly, the
consumption of the WU receiver must be sufficiently low for such a system
to be viable. For comparison, one can think of a typical BLE receiver that
consumes 10 mW. If such a receiver was in a small sensor node, and if it was
on all the time it would drain the battery quickly. Since in most cases the data
traffic is quite low (although this depends on the application) the receiver can
be kept off most of the time, and only turned on when there is a need. This is
called duty cycling. The question is: how to know when to turn the receiver
on? One way is to synchronize all nodes in a network. A receiver would then
turn on at specific time instants to check if the data is transmitted. However,
maintaining synchronization in a network often results in a significant over-
head that leads to increased power consumption. The communication can also
be initiated asynchronously, but in this case the transmitter needs to transmit
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Figure 2.4 Typical WU receiver block diagram.

continuously until the receiver replies. Now the transmitter needs to consume
more on average to initiate communication, but the synchronization overhead
is gone. Which option is better depends on a particular case. Either way,
assuming that the communication is initiated rarely, the overall power will be
dominated by the receiver consumption, as it must be turned on periodically
to sample the RF channel. The power consumption is directly proportional
to the duty cycle (or the on time) of the receiver. If a 10 mW BLE receiver
is turned on for 1 ms every second, in the idealized case the power would
be reduced to 10µW. A note should be made here that receivers cannot start
immediately and that there is always an overhead associated to the start-up
that would increase the average consumption. In addition, in the described
scenario the worst case latency would be almost 1 s. It can easily be seen that
in duty cycled systems there is always a trade-off between consumption and
latency. This kind of trade-off can be broken using a wake up receiver. But,
as already explained, their power consumption must be brought down to a
microwatt level or below.

To achieve the low power levels needed, the WU receivers often employ
a very simple architecture and a very simple modulation scheme. In most
cases, the RF signal is modulated using the on-off keying (OOK), where the
presence of the RF signal corresponds to symbol 1 and the absence of it
to 0. Such a signal can be easily demodulated using an envelope detector.
A typical WU receiver architecture is presented in Figure 2.4. Envelope
detector is followed by a correlator that compares the received sequence to
the reference pattern. If the correlator output is higher than a certain value
the main receiver is woken up. This threshold can be adjusted to set the ratio
of false alarms and missed packets. It can be seen that the only active block
operating at RF frequency is the LNA. When it comes to WU receivers the
emphasis is usually on minimizing the number of blocks that operate at high
frequencies, as higher frequency always mean higher consumption. In some
more aggressive approaches even the LNA is omitted, allowing to go down
to nanowatt consumption, but this always comes at a price in noise figure
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(NF) and sensitivity. The non-linear characteristic of the envelope detector
makes the output signal to noise ratio (SNR) dependent on the level of input
signal. As a result the equivalent NF increases at lower signal levels, thus
quickly degrading performance in the absence of an LNA. Unfortunately,
this effect cannot be avoided as some kind of non-linearity is needed to
separate the envelope from the RF signal. The situation can be somewhat
improved if a high quality input matching network is available to boost the
input voltage of the ED, but costly and relatively large off-chip components
are needed. Boosting the input voltage using the on-chip passive components
is impossible due to a limited Q-factor available.

The second benefit of the simple receiver architecture is the absence of
the LO and the frequency synthesizer. Naturally these blocks consume a
significant part of the overall power and removing them provides significant
savings. This also makes the receiver more agile in the sense that start up
interval is much shorter. In standard BLE receivers there are two limiting
factors to increasing the start up time. The first one is the crystal oscillator.
Such oscillator is necessary in all the NB radios to provide a precise reference
from which all the other frequencies are derived. Because this reference
needs high precision and low jitter, a high quality resonator, such as a quartz
crystal, must be used. Unfortunately, the start-up time of the oscillator is
inversely proportional to the Q-factor of the resonator and proportional to the
oscillation frequency, resulting in a very slow start-up time. To avoid this, in
some cases the reference oscillator is kept on even when the receiver switches
off. If a 32 kHz clock is sufficient in the system, keeping it on all the time
might cost only 100 nW, in which case the overhead might not be that severe.
In most BLE receivers, however, the PLL needs a higher frequency reference
that operates at megahertz frequencies and therefore consumes power in the
order of microwatts. In these cases keeping the quartz oscillator always on
would dominate the receiver consumption and is commonly avoided. The
second limit to fast start-up is the loop bandwidth of the PLL. The lower the
bandwidth of the PLL the longer it takes for the output frequency to settle,
and the reception is not possible until the LO signal is stable. The settling time
can be decreased by increasing the bandwidth, but this comes with increased
phase noise of the PLL, which might limit the receiver performance. Finally,
the simplest way to make the receiver agile is to entirely avoid LO generation.
This doesn’t come for free, and as a consequence, WU receivers based on an
ED usually have poor selectivity and interference rejection (unless a sharp
external filter is used).
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Table 2.2 Performance comparison of WU receivers
Sens. Cons. Eff. Data Rate Freq. Supply

Ref. [dBm] [µW] [nJ/b] [kb/s] [MHz] [V] Mod.
[19] −69 0.0045 0.015 0.3 113 0.4 OOK
[20] −71 2.4 0.120 20 868 1 OOK
[21] −65 10 0.100 100 2400 0.5/1* OOK
[22] −82 415 0.830 500 2400 1.2 IR–PPM
[23] −71 0.0074 0.037 0.2 433 1/0.6* OOK
[24] −80.5 0.0061 0.183 0.033 109 0.4 OOK
[25] −83 3 47 0.064 868 2.5 OOK
[26] −72 52 0.500 100 2000 0.5 OOK
[27] −41 0.098 0.980 100 915 1.2 OOK
[28] −45.5 0.116 0.009 12.5 403 1.2/0.5* OOK
[29] −70 44 0.220 200 410 1 FSK
[30] −59 0.236 0.028 8.192 2400 1/0.5* BLE BC
[31] −100.5 400 80 5 1900 0.9 OOK
[32] −81 123 1.23 100 915 1 OOK
[33] −65 2500 2.5 1000 915 0.8 OOK
[34] −87 44.2 0.884 50 925 0.7 OOK
[35] −75 350 0.180 2000 2400 0.65 BFSK
[36] −97 99 9.9 10 2400 0.5 OOK
[37] −83 227 0.227 1000 2400 0.6 OOK
*Analog/digital supply.

A comparison of recent state of the art WU receivers is given in Table 2.2.
A large variety of operating frequencies, data rates and efficiencies can be
observed. A large number of implementations is targeting the license free
2.4 GHz ISM band. As already stated, most of them are using OOK modu-
lation, with several exceptions using PPM (pulse position modulation) and
FSK. Power consumption varies from 2.5 mW all the way down to 4.5 nW.
Different architectural and circuit techniques are used to arrive to such low
power levels.

The receivers from [22, 26, 36] use a so called “uncertain IF” architec-
ture. The name comes from the fact that the LO frequency is calibrated to
be within a given range, and is not as precise as in conventional receivers,
making the exact IF unknown. Low power free running oscillators are used
to generate the LO. All of them are mixer first receivers that place gain stages
at IF instead of RF in order to lower consumption. The IF amplifiers are
wideband (100 MHz in [26]) as they must cover the whole range of possible
IF frequencies. For interferer suppression, an external bulk acoustic wave
(BAW) filter is used in [26], while [36] uses a series of n-path filters. A
polyphase IF filter is used in [22] to provide rejection at the image frequency.
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Instead of OOK, in [22] a spread spectrum technique is used. The signal
is modulated using short pulses with a bandwidth of 12.5 MHz combined
with PPM. The receiver can operate using a frequency reference with up to
±0.5% error, making it possible to remove the quartz crystal from the system,
reducing both cost and size. However, the power consumption of 415µW is
higher than most other WU receivers. The implementation from [25] is a
super-heterodyne receiver that uses bit-level duty cycling of all RF blocks,
allowing it to reduce power consumption from 100µW to only 3µW. All
circuits are optimized for fast start-up to minimize the overhead coming from
duty cycling. One downside is the reduction of sensitivity, since the receiver
is not exploiting the full energy of each symbol. The only FSK receivers are
described in [29, 35]. Receiver from [35] is a super-regenerative receiver that
injects the received signal into a VCO. Depending on the received frequency
and the resonance frequency of the VCO the oscillations will build up faster
or slower. This approach is used to distinguish between the two FSK symbols.
A low IF approach is used in [29], where a low power technique for LO
generation is presented. A ring oscillator that produces 9 phases is locked
onto a reference oscillator using injection locking. These 9 phases are then
combined to produce the LO at a frequency that is 9 times higher than the
reference frequency. This approach proves to be more efficient than using an
oscillator that operates directly at RF. Another super-regenerative receiver is
reported in [31], here used to detect an OOK signal. This receiver achieves
the highest sensitivity of all the implementations reported here. The SRR
receivers achieve good sensitivity for a given power, but their consumption
cannot be lowered beyond a certain point as they require an RF oscillator.

Implementations from [27, 28] were among the first that managed to
reduce the power to the level of 100 nW, allowing to supply these receivers
directly from an energy harvesting source. However, in these first attempts
the sensitivity was quite low, in the order of −40 dBm, limiting the range
and scope of use of such receivers. In [30] sensitivity was improved, while
maintaining similar power consumption. Finally, receivers from [19, 23, 24]
all consume below 10 nW and achieve sensitivities close to −70 dBm. One
of the enablers for such low consumption is the low frequency of operation
between 100 MHz and 400 MHz. At this frequencies high-Q external passive
components can be used to provide large passive voltage gain before the
envelope detector. Still, the sensitivity improvement mainly comes from data
rates below 0.2 kb/s. In [19] the signaling speed is only 15 b/s. Assuming
the wake up sequence is 15 bits long it would take 1 s to wake up the main
receiver. In all of the mentioned cases low power and decent sensitivity are
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traded for long wake up time and increased receiver size. These WU receivers
could be compared to a BLE receiver at a 0.1% duty cycle, that would be
turned on for 1 ms each second. In a worst case scenario with continuous
transmission, this leads to 1 s latency. Referring to the lowest power BLE
receiver from Table 2.1, this receiver would consume an average power of
approximately 1µW, which is still 2 orders of magnitude above the WU
receiver. In return the BLE receiver provides better sensitivity.

Different performance trade-offs can be observed in the listed WU
receivers. It is important to notice that it is impossible to achieve low power,
good sensitivity and high speed at the same time. WU receivers tend to
sacrifice all other aspects in order to minimize power. This is likely why
they haven’t been widely adopted by the industry so far and remain only
a subject of academic research. Various other aspects such as selectivity and
interference rejection must be considered before these kind of receivers could
find use in practical applications.

2.3 Ultra-Wideband Communications

The ultra wideband signals are defined as signals whose −10 dB bandwidth
is either larger than 20% of the carrier frequency, or at least 500 MHz.
Historically speaking UWB is one of the oldest wireless technologies – some
of the first attempts to communicate over the air were done using short pulses
generated by a spark gap transmitter. Today, UWB is mainly used for wireless
sensing, radars and localization. The UWB radios became popular again
from the communications perspective owing to several different reasons.
Perhaps the most obvious one is that large bandwidth can accommodate
large data rates. The UWB can be used to transmit large quantities of data
over short distances in unlicensed parts of the spectrum. For security and
military applications UWB is attractive because of the low power spectral
density that makes the signal difficult to intercept and jam. When it comes
to low power communications UWB is interesting because it offers potential
for miniaturization and low power consumption, owing to the simple radio
architecture, as well as robustness to interference and multipath fading.

There are different communication schemes that implement UWB, two
are important with regards to wireless sensor networks and IoT. These are
the frequency modulated UWB (FM-UWB) and the impulse radio UWB (IR-
UWB). The two modulation schemes are illustrated in time and frequency
domain in Figure 2.5. The IR-UWB uses short pulses in time domain, the
shorter the pulses are the larger is the signal bandwidth. Some form of pulse
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Figure 2.5 Ultra wideband communication schemes, IR-UWB (a) FM-UWB (b).

shaping is usually employed to reduce the side lobes and provide better
frequency characteristics. Since the pulse is only present for a short period
of time, probability of detection and interfering with other signals is low,
making the IR-UWB fairly robust.

The FM-UWB can be seen as a direct frequency domain approach where
a slow moving RF carrier is sweeping a large frequency range. Compared to
IR-UWB, in this case a continuous signal is transmitted, providing an almost
ideal rectangularly shaped spectrum. Nice spectral properties of FM-UWB
make it easier to spread the available spectrum into channels. The downside
of continuous transmission is that the receiver and transmitter cannot be duty
cycled at the symbol level (at least not without a penalty in sensitivity). When
it comes to the radio implementation, the FM-UWB generally requires a sim-
pler architecture that consequently allows for lower peak power consumption.
The FM-UWB will be studied in detail in the following chapters, while the
remainder of this section presents main characteristics of the IR-UWB.

2.3.1 Impulse Radio UWB

As explained, the IR-UWB uses a sequence of pulses to convey information.
However, the pulses themselves can be modulated in different ways. Just
like in the case of NB radios OOK can be used. The presence of a pulse
then corresponds to one symbol and the absence to the other. A second way
to modulate pulses is to use PPM, where two or more time windows are
associated to different symbols. The receiver then detects energy in each
window in order to find the pulse and decode the symbol. Both of these
approaches are widely used, mainly owing to the simplicity of the receiver.
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The LO generation can be completely avoided and a simple envelope detector
used for demodulation. The advantage of the PPM is that a pulse is present
for every symbol, the energy is then integrated in the two timing windows
(for binary PPM) and simply compared, while some sort of threshold search
and track algorithm must be used for OOK. The advantage of the OOK is
lower PSD for the same energy per pulse and pulse repetition ratio (PRR).
A third option is to use PSK for pulse modulation. However, this modulation
was rarely used in combination with the IR-UWB as it requires a coherent
demodulator which makes the receiver more complex. The last option found
in literature is the FSK. Some of the spectral properties in this case can be
controlled through the FSK modulation index. When it comes to performance
it is equivalent to PPM, except that instead in time the integration is done
in two frequency bands. Although complexity is generally similar to that of
OOK and PPM [65], this type of modulation was rarely used in the literature.

Unlike with most NB radios, the output power of UWB radios is quite
constrained. This is done to prevent the UWB radios from interfering with
higher priority spectrum users (WiFi, BT etc.). The average output PSD of
a UWB device must not exceed −41.3 dBm/MHz. This imposes a limit on
the energy per pulse and the pulse repetition rate. In order to increase the
link budget the output power cannot be simply increased, the PRR must be
scaled accordingly in order to avoid violating the spectrum mask, effectively
imposing the limit on the maximum data rate. Care should also be taken when
interpreting sensitivity of IR-UWB receivers. Sensitivity is defined as the
minimum power of the signal at the receiver input for which a certain bit
error rate (BER) can be achieved. For low power receivers the required BER
is usually 10−3. For NB radios the average signal power doesn’t change with
the symbol duration (or data rate) because the signal is continuous. However,
the average power of the IR-UWB signal will reduce if the symbol duration
decreases. Even though the sensitivity improves, the total range and the link
budget stay the same. Since the average transmit power decreases as well, it is
possible to increase energy per pulse on the transmitter side without violating
the spectrum mask. This is sometimes referred to as the duty cycle gain. For
this reason some authors report sensitivity normalized to data rate. Another
thing to note is that for the case of IR-UWB increasing symbol duration
doesn’t increase energy per bit, so long as the pulse duration is unchanged.

A typical IR-UWB transmitter is shown in Figure 2.6. Even though the
whole PLL is shown it is not necessary to use it. Given the large bandwidth
of the signal, carrier frequency doesn’t need to be precise. Therefore, a free
running oscillator, such as a calibrated ring oscillator, is sufficient. In some
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cases even a tuned delay circuit can be used to generate a pulse. Precise
frequency control is mainly needed if FSK is used for pulse modulation.
Amplitude control in the PA is not necessary, but is often used to improve
the spectrum shape. Gaussian pulse shaping is typically used and since the
Fourier transform of a Gaussian pulse is also Gaussian, the resulting spectrum
will have a Gaussian shape. Proper pulse shaping helps not only to lower the
side lobes, but also to make the spectrum more flat, allowing higher output
power without violating the mask. Amplitude modulation adds a degree of
complexity and makes the transmitter less energy efficient, but the benefits
often outweigh the downsides. The fact that the pulse is usually much shorter
than the symbol duration can be exploited to duty cycle the transmitter. The
circuits can easily be kept off almost all the time and only switched on to
transmit a pulse, drastically reducing the average power consumption of the
transmitter. The requirement is simply to optimize circuits for fast start-up.

A generic receiver architecture of an OOK/PPM modulated IR-UWB
receiver is given in Figure 2.7. The envelope detector based architecture
resembles that of the standard WU receiver. The main difference is that all
the circuits need to support a much larger bandwidth. As a general rule, these
circuits consume a larger amount of power in order to provide the same gain
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and noise figure as the narrow-band circuits. This is the main disadvantage of
UWB radios compared to NB radios.

Using the same reasoning as for the transmitter, one might also think
about duty cycling the receiver. The problem on the receiver side is that
it is not a priori known when the pulses are going to arrive. Before duty
cycling can be applied, the receiver must synchronize to the incoming pulses.
Usually the preamble of the packet is used to achieve synchronization so
that the receiver can be duty cycled while receiving the data payload. Such
a scheme is useful only if the data payload is sufficiently long to provide
significant overall power savings. A different scheme is proposed in [43],
where the receiver is always duty cycled. To accommodate this the preamble
is done in a specific way – the 31 bit synchronization sequence is repeated 19
times. The receiver is integrating the envelope of the signal over a certain
time window. Since the integration time is much shorter than the symbol
time, it might happen that there is no overlap between the transmitted pulses
and the receiver integration time. If this occurs the time reference of the
receiver is shifted. The process continues until the receiver correctly detects
the synchronization sequence. After that the correct pulse timing is known for
the data payload. The downside of this approach is that the synchronization
sequence is longer and that in the worst case the receiver will spend at least
the same amount of energy for synchronization as in the case without duty
cycling. The average energy needed for synchronization should still be lower
with the proposed data format from [43].

Selected IR-UWB receivers are compared in Table 2.3. A large variety
of performances can be observed, with the data rates going from 30 kb/s
up to 500 Mb/s. The implementations interesting for WSN applications are
generally in the region between 100 kb/s and 1 Mb/s. Although high speed
IR-UWB radios come with highest efficiencies (even compared to NB WU
radios), high peak power consumption might pose a problem in a battery
powered device, as large peak current might damage the battery. Moder-
ate data rates with low to moderate consumption are a preferred choice
in such scenarios. Most implementations are using OOK and PPM, and
some implementations come with a modified custom modulation in order to
improve performance. The S-OOK modulation, introduced in [41], stands for
synchronous OOK. In this type of modulation a leading pulse is introduced
for each symbol. This simplifies synchronization on the receiver side as
the position of the information carrying pulse is known with respect to the
leading pulse. It also allows to remove a precise timing reference from the
receiver, since it simply needs to lock to reference pulses (frequency drift



28 Low Power Wireless Communications

Table 2.3 Performance comparison of IR-UWB receivers
Sens. Cons. Eff. Data Rate Freq. BW

Ref. [dBm] [mW] [pJ/b] [Mb/s] [GHz] [MHz] Mod.
[38] −59 13.3 26.6 500 7.875 1250 OOK
[39] −50 13 130 100 4 2000 OOK
[40] −76.5 0.75 375 2 4.35 500 OOK
[41] −60 1.64 1640 1 3.8 500 S–OOK
[42] −74 21 21000 1 3–4 <1000 FH–OOK
[43] −70 4.2 840 5 7.25–8 1000 PPM
[43] −87 4.2 4200 0.1 7.25–8 1000 PPM
[44] −65.8 30.5 305 100 3.1–4.9 1500 RA–OOK
[45] −67 0.406 1230 0.03 9.8 1000 PPM
[46] −87* 0.110 800 0.14 3.5–4.5 500 OOK
[47] −42** 18 180 10 3–5 500 OOK
[48] −76 22.5 1400 16 3–5 500 PPM/OOK
[49] −70 6.6 320 20.8 5 1000 OOK
[50] −99* 35.8 2500 <16.7 3–5 500 PPM
[51] −88 1.3 1300 1 4.85 600 OOK
*At 100 kb/s.
**Estimated.

of an on-chip oscillator should be negligible over one symbol period). The
downside of S-OOK is the increased PRR, as more than one pulse is now
needed per symbol, effectively decreasing the maximum allowed transmit
power. The transceiver described in [42] uses frequency hopping (FH) OOK.
each transmitted pulse is shifted in frequency, spreading the spectrum of
the transmitted signal and lowering the PSD. In this way a higher output
power can be achieved and link budget can be extended while conforming
to the PSD limits. The RA-OOK (random alternate OK) presented in [44] is
a simple modification of OOK that improves the spectral properties of the
signal. By randomizing phase of the pulses the spectral lines in the output
spectrum that might appear due to periodicity of the pulses are avoided. In
the same implementation symbol level duty cycling is replaced with a burst
level duty cycling. The authors have recognized the difficulty of performing
duty cycling at a higher PRR, typically above 10 MHz. This is equivalent to
sending very small packets of data and performing packet level duty cycling
as is generally done. Aggressive duty cycling of the entire chain is used
in the receiver from [40]. Even the bias circuits are on during only 3.9%
of the time. Unfortunately, there is power overhead associated to the duty
cycle control circuits that cannot be avoided, but the receiver still achieves
one the best efficiencies among the medium data rate devices. Similarly,
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symbol level duty cycling is employed in all the receivers from [45–49].
The implementation reported in [50] maintains similar efficiency over three
decades of data rates, with leakage currents degrading performance at very
low data rates. The transmitter from [49] uses digital delay cells for pulse
generation. These delay cells are calibrated using a delay locked loop and
a crystal oscillator. Once calibrated, the transceiver can practically operate
without a crystal reference. An effort was also made at a higher level to
synchronize IR-UWB radios at a protocol level in order to avoid the use of
crystal oscillators [46].

All together, the IR-UWB seems like a promising technique for WSN
and IoT types of applications offering a wide range of performance while
maintaining very low energy per bit. The main question currently is how
to maximize savings from symbol level duty cycling and adapt protocols to
minimize dependence on crystal clocks in order to allow further miniatur-
ization of future sensor nodes. Concepts have been proven to work, but the
technology still needs to mature before it can be adopted by the industry.

2.4 Concluding Remarks

Many different low power radios have been been developed, the aim of
this chapter is to present those that target a similar applications space as
the FM-UWB, meaning similar data rate and power consumption. All the
radios presented in the previous sections are shown together in Figure 2.8
that compares the data rate and power consumption. Three regions can be

Figure 2.8 Low power receivers, data rate vs. power consumption.
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Figure 2.9 Low power receivers, sensitivity vs. efficiency.

differentiated, WU receivers consume the least, and occupy the left part of
the graph. The IR-UWB receivers consume the highest peak power and are
mainly located in the right part of the graph. Finally, the BLE receivers are
located between the two. A general trend that higher data rates require higher
power consumption can be easily observed, if we focus on constant efficiency
lines, we can see that most implementations are located close the 1 nJ/b, with
a few exceptions approaching 1 pJ/b.

Other than data rate, power consumption is also affected by sensitivity.
Sensitivity itself is affected by the data rate as decreasing the data rate
increases symbol duration, which consequently increases energy per bit and
therefore sensitivity. At the same time sensitivity is dependent on the receiver
noise figure. Lowering the NF to improve sensitivity requires more power
from the LNA, which is often the dominant block in a low power receiver.
Efficiency, defined as the ratio of power consumption and data rate, captures
both of these effects when compared against sensitivity. The same receivers
are shown in efficiency vs. sensitivity graph in Figure 2.9. Here, a product
of efficiency and sensitivity can be regarded as a kind of figure of merit
(albeit with some reserve). Once the power consumption is normalized to
the symbol duration, the three regions vanish and regardless of the type of
receiver, similar performance seems to be achievable. To improve sensitivity
we must either improve the receiver NF, which costs additional power, or
communicate more slowly, and both means increase energy per bit.

This is off course just a part of the whole story. Many other aspects play
an important role in receiver performance. Carrier frequency is one of them,
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as typically circuit consumption grows with frequency. Looking at an LNA as
an example, achieving the same gain and NF requires more power at higher
frequencies. Better, but also larger components are available at lower fre-
quencies, allowing better matching networks. Most of the wake up receivers
operate in the sub-GHz range, which contributes to their consumption. Such
low consumption cannot be achieved in the 4–10 GHz range where most
of the IR-UWB receivers are operating. The second important aspect is the
dynamic range, or linearity of the receiver. As an example, the consumption
of an LNA can be decreased by lowering its supply voltage. This results in
lower power consumption, but it also reduces headroom and consequently the
compression point. In an environment where multiple devices are present, a
signal of one radio will interfere with another. If a receiver is easily saturated
by the interfering signal it will be impossible to use it in such scenarios.

To understand all advantages of a certain communication scheme one
must look beyond just a few parameters. When compared to standard modula-
tions, FM-UWB is inherently penalized in terms of to sensitivity. For the same
energy per bit, the BER of FM-UWB is by construction worse than that of the
standard FSK. Instead it offers more robustness in realistic environments (in
the presence of multipath fading and interferers) and provides a high potential
for miniaturization. Both of these properties are highly important in the IoT
and WSN applications, and guarantee that the FM-UWB will find its place
among the existing radios.
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