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Abstract— This paper presents an ultra-low-power, low-voltage
wake-up transmitter (WuTx) capable of transmitting two sensors’
analog output simultaneously using short pulses that their LOW
and HIGH time are modulated with the analog inputs. A sub-
threshold relaxation oscillator along with an ultra-low-power
comparator and voltage reference creates a baseband signal
modulated based on two input analog signals, a ring oscillator
upconverts the baseband signal to the desired transmission
channel frequency (915 MHz or 2.4 GHz), and finally, an efficient
Class E power amplifier with variable output power drives the
antenna. The minimalist design of the proposed transmitter
avoiding power-hungry data converters for sensor readout cir-
cuitry and modulation, short pulses at the output that enable the
power amplifier for a short time during transmission along with
the operation in the subthreshold region significantly reduces
the overall power consumption. The proposed low-power and
low-voltage transmitter is ideal for the long-term deployment of
self-powered wireless sensors when the voltage gain and efficiency
of harvesters are limited. Fabricated in a 65nm standard TSMC
CMOS process, the proposed transmitter consumes a minimum
of 5.41µW average power when it is on while delivering the
output power of −1dBm and 7nW when it is completely off.

Index Terms— Wake-up transmitter, WuTx, IoT, ultra-low-
power.

I. INTRODUCTION

INTERNET of Things (IoT) promises to extend Internet
connectivity to a large number of devices capable of

monitoring and controlling the environment around them, IoT
nodes, mostly through wireless connections. However, power-
ing these nodes using traditional wiring ways is prohibitively
expensive as it requires the construction of a complex wiring
system or even it may not be practical in unreachable envi-
ronments or for mobile nodes. The use of a battery as the
sole source of energy for powering the IoT nodes inhibits
them from scaling to a large number of nodes because of the
limited capacity and lifetime of the batteries requiring regular
recharging or replacement. Alternatively, the energy required
for the sensors can be harvested from the ambient energy
like radio frequency waves, kinetic, solar and others [1]–[4].
RF energy harvesting, the process of scavenging energy from
electromagnetic waves and converting it to the power required
for the operation of the sensor is one of the promising ways
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for powering IoT sensors as the components of wireless
transceivers and RF energy harvester can be shared to arrive
at a low-cost solution. However, because of the low-density of
RF energy and limited voltage gain and power efficiency of
RF energy harvesters, it is imperative that the wireless sensor
works with low-voltage power supplies and consumes a very
low amount of power.

A typical wireless sensor often consists of a sensing ele-
ment, an Analog to Digital Converter (ADC) to convert the
analog sensed signal to digital, digital baseband circuitry
to produce modulated signal, a Digital to Analog Con-
verter (DAC) to convert the modulated signal to baseband
analog signal, a mixer with a local oscillator to upconvert
the signal frequency to desired wireless channel, and finally,
a power amplifier to drive the antenna [5], [6]. However, in the
self-powered low-power wireless sensors employing many of
these blocks is not feasible because of the low intensity of
RF energy in the environment and low efficiency of RF-to-DC
power converters. Moreover, increasing the number of circuits
and transistors in the chip will increase the leakage current
that can be noticeable in more advanced CMOS technologies
making the design of these kinds of sensors with low overall
power consumption more challenging. Therefore, the develop-
ment of low-power transmitters has gained importance in the
design of these types of sensors in recent years [7], [8].

In this paper, we introduce a minimalist ultra-low-power,
low-voltage wake-up transmitter (WuTx) architecture. The
wake-up transmitter is activated on demand utilizing a wake-up
receiver with near-zero power consumption when a predefined
activation sequence from the interrogator is sent. A pulse with
its LOW time, the time that the transmitter’s output power is
zero, and HIGH time, the time that the transmitter’s output
power is not zero, modulated according to two sensed analog
signals is transmitted. Sending the analog signals with this
scheme will make the sensor architecture less complex as it
eliminates the need for a power-hungry ADC for converting
the analog signal to digital and a DAC converter to modulate
the digital signal for RF transmission. The transmitted signal
can be easily detected at the receiver by a power detector
to retrieve the envelope of the signal and a time-to-digital
converter to reproduce the sensed signal. Utilizing narrow
pulses for transmission activates the most power-consuming
block of the transmitter, i.e. power amplifier, in a fraction of
the transmission period effectively lowering the total power
consumption of the transmitter. Subthreshold biasing of all
circuits also helps further reducing the active power con-
sumption of WuTx. Ultra-low-power voltages references
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are designed to produce the required sub-threshold biases.
An efficient class E power amplifier is utilized to produce
a controllable output power level to accommodate different
transmission ranges while its high efficiency avoids unneces-
sary power losses during transmission. As the voltage-gain of
RF energy harvesters in low input power levels is limited [9],
the proposed transmitter is designed to work with supply
voltages as low as 600 mV.

II. REVIEW OF POWER REDUCTION TECHNIQUES

In recent years, several work have been done to reduce
the power consumption of self-powered sensors which can be
categorized as follow:

A. Low-Power Intermittent Operation

The majority of the power consumed by wireless sensors is
consumed during the transmission time by the power amplifier
and the preceding blocks driving it. However, as many IoT
applications do not require continuous signal transmission
and/or fast data rates, one way to reduce the power con-
sumption of the sensor’s transceiver is to turn it on for a
short amount of time in a long period, so-called duty-cycled
operation or intermittent operation. In this scheme, transmitter
and receiver are off and RF energy harvester is charging
the battery until the battery stores enough energy to power
on the sensor for the required transmission time ([10]). The
battery voltage is being monitored using a power management
unit and a voltage sensor. This method proves efficient in
reducing the active power consumption of the sensor by
turning it on whenever required. However, in this method the
power management unit that is made by several amplifiers and
voltage references may consume a noticeably large amount of
power when the sensor is getting charged and transmitter and
receiver are off.

Another way of making a duty-cycled scheme is to use a
low-frequency oscillator to turn on the sensor in a certain
period. However, using both low-frequency oscillator and
voltage supervisor is not tunable and may send data when it
is not needed; for instance, at idle times that the sensor output
does not change.

Another method of reducing the power consumption of these
sensors is to use wake-up schemes that transmit the data on
demand. Typically, in a wake-up scheme, a wake-up receiver
that consumes a very low amount of power listens to the input
packets sent by the interrogator and waits for the predefined
wake-up packet to activate the sensor and its transmitter ( [11]).
In addition to avoiding power consumption associated with
the transmission of the data at regular intervals, this scheme
eliminates the power consumption of a power manager and
voltage supervisor or a low-frequency oscillator. However this
topology has its drawbacks; for instance, the wake-up scheme
needs a proper waking timing which requires related logic
and state machines plus a decision-maker making the circuit
more complex ([12]). Recently, several near-zero wake-up
receivers with good sensitivity are reported promoting utilizing
the wake-up schemes for the development of self-powered
wireless nodes [13]–[15].

B. Low-Power Passive and Active Transmission

Backscattering transmission, reflecting back a portion of
incoming RF energy by making a disturbance on the input
matching network connecting the antenna to the rest of the sys-
tem, has been reported in several papers [16], [17]. Although
this method is promising in lowering the power consumption
of the transmission as it does not need a dedicated wireless
transmitter, its application is limited to very short-range com-
munications because of limited energy of the reflected signal.

Active power transmission is mostly realized by using a
power amplifier at the output which its output power can
be tuned for different transmission ranges. As mentioned,
the significant portion of the sensor power consumption is
consumed during transmission time when the power ampli-
fier is on. Conventional radios always consume power while
transmitting and although their power consumption can be
traded with their noise performance or lower data rate, they
still require power-hungry circuitry [18]. For lowering the
active power consumption, the intermittent operation can also
be applied to the modulation by shortening the transmission
time (duty-cycling) which significantly reduces the power
consumed by the power amplifier; for instance, inherently
pulse-like transmission like Ultra-Wideband (UWB) can be
used for low-power transmissions. UWB modulation is a great
candidate as it features a high energy efficiency by sending
the signal in a fraction of the period [18], [19]. However,
UWB pulses range is hard to control and pulse energy is
limited by supply voltage unless multiple pulses are sent for
each symbol [20]. In [20], authors increased the bandwidth
efficiency and distance control by introducing pulses that are
longer than a UWB typically pulse (VWB). This architecture
is superior to traditional UWB transmission as it offers lower
power consumption and less complexity in the design of the
transceiver. Nonetheless, one problem associated with using
UWB and VWB is the complexity of the circuit required to
produce the sharp pulses at the output which can be power
consuming and requiring advanced CMOS technologies in
ultra-low-power scales. In this work, we propose a transmitter
architecture that produces short pulses at the output which
their LOW time and HIGH time are directly related to the two
analog input voltages coming from the sensors by a minimal-
ists configuration consisting of an ultra-low-power relaxation
oscillator, ring oscillator, and Class E power amplifier. The
proposed transmitter uses Pulse Width Modulation (PWM) as
the circuitry needed for producing and modulating the pulses
by analog input voltages is simple and low power. In the
proposed transmitter analog outputs of the sensors are directly
converted to the output pulses LOW time and HIGH time
to eliminate the need for data converters like power-hungry
ADC which makes the PWM modulation preferable to digital
modulations such as OOK and FSK.

C. Idle and Active Power Reduction

As described earlier, self-powered sensors are typically
duty-cycled to reduce total power consumption. While the
duty-cycled operation is effective in lowering the power con-
sumption, it is essential that the sensor consumes a very low
amount of power while it is off as well. In [21] authors reduced
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the off power consumption by inserting a high-Vt switch in
the supply path of the circuit, however, one problem of using
a switch is prolonging the start-up time that can increase the
active power consumption.

For reducing the power consumption of the sensor when
it is on, power-hungry circuits must be avoided in favor of
a less complex transmitter and receiver design and power
amplifier efficiency must be increased. In ([21], [22]) for
increasing the efficiency in the transmission power and over-
coming the low-quality factor of the printed antenna, a power
oscillator is proposed. In this architecture, the antenna is
directly connected to the oscillator as the load and its internal
resistance is compensated by the negative-gm of the power
oscillator. Although this scheme is innovative in increasing
the quality factor of the antenna, its carrier frequency can
shift significantly in real applications by the environmental
factors. Plus, its output power is not tunable, whereas, by using
power amplifiers, the designer can tune the output power
for specific applications. On the contrary, authors in ([10])
used a frequency divider and phase-locked loop (PLL) as the
receiver and an OOK transmitter that consumes large active
power. Moreover, the output of a PLL settles in a long time
which will increase the activation time. In the transmitter side,
power should be transmitted for a long time when a ’1’ code
must be transmitted. Therefore, for transmission power of
−12.5dBm they reported 860μA current consumption. Using
a PLL in the transmitter can have benefits of having more
accurate carrier frequency and reduction in sideband spurs,
however, it is power-hungry and its long settling time wastes
energy in the sensor. In [23], a low-energy crystal-less trans-
ceiver is presented that uses a divider-based transmitter a
dual-FSK modulator which is power-hungry and degrades the
power efficiency of the circuit in the active mode. Authors
in [24] report a sensor transmitter that uses a Bulk Acoustic
Wave (BAW) resonator which has significantly lowered the
start-up time compared to the conventional crystal oscillators.
However, their proposed transmitter suffers from large active
power consumption mainly because of the complex structure
consisting of Gilbert cell, differential amplifier, and oscillator.
In [25], a near field RF-powered transmitter is presented
using an injection-locked frequency divider (ILFD). The ILFD
circuit divides the received signal frequency by three and then
re-use it to transmit back the data by an open-drain driver using
OOK modulation. This method eliminates the complexity of
RFID readers by changing the transmitter frequency as it
reuses the received frequency. However, the power amplifier
used in the circuit draws static current and therefore it will
drain the battery fast when it is used in a battery-powered
scheme. For reducing the idle power consumption, the power
when there is no signal to transmit and the transmitter output
if ZERO, it is desirable to use a power amplifier that does
not consume static current. As mentioned earlier, because of
the limited power for operating these types of sensors using
an ADC or microprocessor in the transmitter for interfacing
with the sensor is not practical. Therefore, the transmitter
should be designed in such a way that an analog signal
value can be sent with the minimum amount of power and
then interpreted on the base station receiver where there

is not a constraint on power consumption. In the proposed
transmitter we address the mentioned issues by introducing an
ultra-low-power, low-voltage transmitter with built-in sensing
capability that simultaneously modulates two analog input
signals in the LOW time and HIGH time of the generated
pulse. This modulation technique increases the efficiency of
the transmission by modulating the second analog input into
the LOW time of the output, the time that the output is low,
so that one of the sensors’ output signals is sent without
consuming power at the output stage. Because of short pulses
at the output, the power amplifier is turned on for a fraction of
the transmission time lowering the total power consumption
significantly. The transmitter operates both with 0.6V and
1V supply voltages.

III. PROPOSED ULTRA-LOW-POWER TRANSMITTER

The block diagram of a conventional self-powered
wake-up transceiver is shown in Fig. 1. In a self-powered
wake-up sensor, an RF input signal is fed to the energy
harvester and wake-up receiver(WuRX) simultaneously. The
energy harvester unit converts the RF energy to the dc energy
required for the operation of the sensor. Usually, energy
harvester is followed by a power manager/ battery unit that is
used to regulate and provide the power required for the sensor
to operate. An ultra-low-power WuRX can be implemented
using a low power low-noise amplifier in conjunction with an
envelope detector followed by a digital activator that activates
the sensor circuitry and transmitter (or transceiver) after a
predefined wake-up sequence is detected.

This paper presents an ultra-low-power WuTx that simulta-
neously transmits analog outputs of two sensors by generating
short pulses at the output without using any power-hungry
circuitry. The proposed transmitter LOW and HIGH times are
controlled by the two analog input signals. The generated
pulses are then fed to a ring oscillator input and turn it
on and be multiplied to a carrier frequency that upconverts
the produced pulse frequency to ISM band frequencies. The
NAND gate at the input of the ring oscillator turns on the
oscillator when the baseband output pulse is ONE which
lowers the power consumption of the transmitter by keeping
the oscillator off when there is no pulse to transmit. The
carrier generator ring oscillator is designed in such a way that
its frequency is 915MHz when VD D = 600mV and 2.4GHz
when VD D = 1V which adds a degree of freedom in the
transmitter design by transmitting the modulated data at two
different ISM band frequencies. After the multiplication of the
baseband pulse to the carrier frequency, the generated signal
is fed to a class E power amplifier with a high efficiency that
transmits the signal via the output antenna. The generated short
sinusoidal pulses at the output activate the power amplifier,
which is the most power-consuming component in a portion
of the transmission period leading to a significant reduction
of the active power consumption of the circuit. In addition to
that, using a ring oscillator with a NAND gate at the input
stage eliminates the need for a power-hungry mixer and the
ring oscillator does not oscillate if the pulse generator is off,
which will reduce both idle and active power consumption.
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Fig. 1. Self-powered sensor using wake-up scheme.

The proposed transmitter is realized by an ultra-low-power
relaxation oscillator consisting of a comparator biased in
subthreshold followed by an inverter chain to produce a delay
between the comparator output and S1 switch. The voltage ref-
erences used to bias the comparator are designed to consume
a very low amount of power (nW). The proposed architecture
eliminates the need for complex circuits, such as ADC or DAC
modulator, by incorporating variable capacitors (varactors) to
modulate the LOW and HIGH time of the generated pulse
according to the two analog input signals. As shown in Fig. 2,
in the relaxation oscillator, variable capacitor (varactor) of C1
is charged by IRE F until it reaches VRE F1 then it will be
discharged by S1. The frequency and the pulse width of the
generated pulse depend on the value of C1 and the delay of
the inverter chain connecting the output of the comparator to
Switch S1, respectively. Then the generated pulse incorporat-
ing the information of two analog sensor signals is multiplied
by the ring oscillator output to be transmitted in the allocated
ISM band.

A. Baseband Pulse Generator

1) Amplitude to Time Modulation: As it is possible to
transmit the data of two sensors simultaneously using a single
transmission signal, a pulse is produced with its LOW time,
the time that the output pulse is ZERO and HIGH time,
the time that the output pulse ONE, modulated with the corre-
sponding analog sensor inputs. The pulse generator consisting
of a variable capacitor, a current source, a comparator and two
inverters working as a delay line is shown in Fig. 2. Assuming
a zero initial voltage for the variable capacitor(C1) and the
output, C1 starts charging by IRE F until VX reaches VRE F1
when the comparator positive terminal voltage will be larger
than its negative terminal voltage producing VD D at its output.
The time that it takes for VX to reach VRE F1 is proportional to
the value of C1 and IRE F and is called TS E N S E1. At this point,
S1 switch will be turned on after a delay, (TS E N S E2), discharg-
ing C1. Therefore, the generated pulse outputs ZERO during
TS E N S E1+TS E N S E2 consisting of the time that the capacitor is
charging and VX is less than VRE F1 which is named TS E N S E1,

Fig. 2. Proposed ultra-low-power transmitter.

and the delay it takes the comparator output to reach to the
pulse generator output to make it ONE (TS E N S E2). After the
output voltage of the pulse generator becomes ONE, S1 will
be activated discharging C1 and making the comparator output
ZERO so that after a delay of (TS E N S E2) which again is the
delay between when the comparator output and the output
voltage of the pulse generator output become ZERO, so

TL OW = TS E N S E1 + TS E N S E2,

TH I G H = TS E N S E2,

T = TS E N S E1 + 2 TS E N S E2 (1)

where T is the output pulse period. TS E N S E1, the time that
is required for VX to reach VRE F1 depends on the value
of C1 and IRE F . Assuming that IRE F does not change in
the charging cycle,

IRE F = C1
dVX

dt
,

⇒ TS E N S E1 = C1VRE F1

IRE F
. (2)

Authorized licensed use limited to: UNIVERSITY OF ALBERTA. Downloaded on June 23,2020 at 08:44:42 UTC from IEEE Xplore.  Restrictions apply. 



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

KARAMI AND MOEZ: ULTRA-LOW-POWER LOW-VOLTAGE WuTx WITH BUILT-IN ANALOG SENSING FOR SELF-POWERED WSN 5

Fig. 3. Implementation of pulse generator circuit.

where C1 is the capacitance seen at node VX to ground.
TS E N S E2, the time that is required for the pulse generator
output to change from ONE to ZERO after S1 is activated
is determined by the delay line. For making the C1 as a
function of VI N1, it has been realized as a MOS varactor with
its drain-source terminal connected to the sensor output so
that TS E N S E1 can be changed linearly via the sensor output
voltage. The circuit implementation of the pulse generator
is shown in Fig. 3. C1, C2, and C3 are “accumulation-
mode” MOS varactors which their capacitance can be obtained
by ([5])

Cvar (VGS)= Cmax −Cmin

2
tanh(a + VGS

V0
) + Cmax + Cmin

2
(3)

where a and V0 are fitting slope, and Cmin and Cmax include
the gate-drain and gate-source overlap capacitance. According
to (2), by connecting a sensor’s analog output voltage to VI N1
(source-drain terminal of C1 varactor), TS E N S E1 of the pulse
and therefore its frequency can be changed as C1 changes.
However, as C1 is charging by IRE F , its gate voltage is
increasing so that its VGS and capacitance changes during the
charging cycle. For calculating TS E N S E1, instead of using (2)
that complicates the calculation, it can be assumed that C1
varactor changes linearly from Cmin to Cmax when VGS

changes from −VM to VM so that the varactor value as a
function of its VGS will be

Cvar(VGS) = A(VGS) + D (4)

where A = (Cmax − Cmin)/2VM and D = (Cmax + Cmin)/2.
To calculate TS E N S E1, the linear approximation approxima-

tion of varactor must be inserted in (2).

IRE F dt = [A(VX − VI N1) + D] d(VX − VI N1) (5)

Integrating from both sides when VX changes from 0 to
VRE F1, TS E N S E1 can be obtained as follow:

TS E N S E1 =
[ AV 2

RE F1

2IRE F
+ DVRE F1

IRE F
− AVRE F1VI N1

IRE F

]
(6)

As can be seen, TS E N S E1 will be reduced as VI N1
increases. The capacitance reduces as VI N1 increases so that
it takes less time for the capacitor to charge up to VRE F1.

Fig. 4. TSE N SE1 vs VI N1.

TS E N S E1 as a function of VI N1 obtained by post-layout
simulation is shown in Fig. 4. As can be seen, by changing
VI N1 from 0 to 1.2 V, TS E N S E1 changes from 139ns to 94ns.
Affected by nonlinearity of the varactor value, TS E N S E1 does
not change linearly with VI N1 as shown in (6). In order to
convert back TS E N S E1 of the received signal at the base station
to its corresponding amplitude, it is imperative to find VI N1
as a function of TS E N S E1. Using the curve Fitting Tool in
Matlab and the simulation results, VI N1 is calculated as an
order 5 polynomial function of TS E N S E1:

VI N1 = −5.022e − 8 ∗ (TS E N S E1)
5+2.92e − 5 ∗ (TS E N S E1)

4

− 6.78e − 3 ∗ (TS E N S E1)
3 + 0.7864 ∗ (TS E N S E1)

2

− 45.61 ∗ (TS E N S E1) + 1060 (7)

where VI N1 is in Volts and TS E N S E1 in nanoseconds and
R2 of the fitted curve is 0.9974. Eq. (7) can be used at the
receiver to find the sensor’s output voltage, VI N1, based on the
measured TS E N S E1 easily using a microprocessor. Assuming
that IRE F does not depend on VD D, TS E N S E1 is independent
of the supply voltage, therefore, it is not required to measure
its value for different supply voltages.

In the proposed baseband generator, after VX reaches
VRE F1, the comparator output becomes ONE. Then, after a
delay resulted from the inverter chain the output of the pulse
generator becomes ONE and S1 switch will be activated to
discharge C1 capacitor and make VX equal to ZERO. After
VX becomes ZERO, the comparator output changes from
ONE to ZERO and after a delay, the baseband generator
output will be ZERO. So, the width of the generated pulse
(TS E N S E2) is equal to the delay from the comparator input to
the pulse generator output. By tuning the delay of the inverter
chain, the pulse width (TS E N S E2) can be controlled. In the
proposed transmitter, variable capacitors of C2 and C3 are
used to change the delay of the inverters by tuning its RC
time constant. Therefore, by connecting the second sensor’s
output to the controlling voltage of C2 and C3, the analog
input can be converted to the TH I G H of the generated which
is equal to TS E N S E2. The simplicity of the proposed circuit
can be received and demodulated simply by using a power
detector which is discussed in section IV. In the proposed
circuit, the buffer line is made by connecting four inverters in
series that are loaded by C2 and C3 which their capacitance
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Fig. 5. TSE N SE2 vs VI N2 for (a) VDD = 600mV and (b) VDD = 1V
obtained by simulation.

is tuned by VI N2. For understanding the delay of the buffer
line first it is needed to calculate the RC time constant of a
single inverter which is

τ = RonC (8)

where Ron = 1/(μCox
W
L (VGS − VT H )) is the transistor on

resistance when it is working in triode region and C = CL +
CD B is the capacitance seen at the output of the inverter which
is the drain capacitances plus load capacitance. For controlling
the delay of the line, C2 and C3 are used to change the output
capacitance of the inverter and therefore its RC time constant.
C2 and C3 decrease with increasing VI N2 leading to a lower
RC time constant and lower delay. MOSFETs in the inverter
chain work in the triode region and their input switches from
0 to VD D. Therefore, their on resistance depends on the supply
voltage and it is essential to determine TS E N S E2 for VD D =
600mV and VD D = 1V . The pulse width (TS E N S E2) versus
VI N2 for different supply voltages obtained by the post-layout
simulation is shown in Fig. 5(a) and (b), respectively.

Fig. 6. Pulse generator output voltage when VDD = 600mV and
(a) VI N2 = 0 (b) VI N2 = 600mV obtained by simulation.

TABLE I

COMPONENTS’ SIZES IN THE PULSE GENERATOR

Similarly, for finding the relationship between VI N2 and
TS E N S E2, the Curve Fitting tool has been used and VI N2 as
a function of pulse width (TS E N S E2) for VD D = 600mV is
obtained:
VI N2 = −2.754e−9 ∗ (TS E N S E2)

5+1.23e−6 ∗ (TS E N S E2)
4

− 2.173e−4 ∗ (TS E N S E2)
3+1.902e−2 ∗ (TS E N S E2)

2

− 0.8354 ∗ (TS E N S E2) + 15.38 (9)

where VI N2 is in Volts and TS E N S E2 in nanoseconds and R2 of
the fitted curve is 0.9991.

The output waveform of the pulse generator for different
VI N1 obtained by the simulation is illustrated in Fig. 6. As will
be discussed in the following part, a carrier frequency is
multiplied by the generated pulse to upconvert the generated
signal to the required frequency band for communication.
Transistor and varactor sizes designed in the proposed circuit
is illustrated in Table I.
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2) Direct Capacitive Sensing: Capacitive sensors are widely
used for measuring parameters such as pressure, displacement,
force, humidity, fluid levels, acceleration and many others [26].
Usually, capacitive sensors need auxiliary circuitry to read the
value of the capacitor and convert it to a digital signal before
it can be sent by a transmitter. The proposed transmitter can
transmit the value of a capacitive sensor without requiring any
auxiliary circuit by directly connecting the sensor between the
ground and VX in Fig. 2. As illustrated in Eq. 2, TS E N S E1
depends on the value of the capacitance seen from VX to the
ground. By connecting the capacitive sensor between VX and
ground, TS E N S E1 of the generated pulse will directly be related
to the capacitive sensor value and therefore transmits its value
to the base station receiver without requiring other circuitry
like ADC or DAC.

3) Comparator: M1-M7 construct a telescopic differential
amplifier working in the sub-threshold region which does not
use a bias current produced by a tail current source. VRE F1 is
made by an nW voltage reference and is set to be 300mV.
N-channel MOSFETs in the CMOS technology which has
been used have a threshold voltage of near 350mV . Therefore,
M2 that its VGS is 300mV work in the subthreshold region.
When VX becomes higher than VRE F1, because VGS of M1
becomes larger than M2, the output of the comparator becomes
VD D because of the high gain of the comparator. For under-
standing the behavior of the comparator it is essential to find its
characteristics. For finding the gain of the comparator its drain
current must be obtained. Drain current of a short-channel
MOSFET working in subthreshold is ([27])

ID = μ
W

L

1

A
CO X V 2

t ex p
(φB

Vt

)[
1-exp(− VDS

Vt
)
]

(10)

where Vt = kT/q which approximately is 26mV at room
temperature, φB = A(VGS −VT 0)+ BVDS, A is the subthresh-
old current parameter, and B = εSi tO X/πeO X L. Transcon-
ductance and output resistance of a MOSFET working in
subthreshold region will be

gm = ∂ ID

∂VGS
= AID

Vt
,

ro = ∂VDS

∂ ID
= Vt

B ID
(11)

In calculation of ro, the second term of (10) is neglected
for simplicity.

Assuming VX = VRE F1 + �Vin , �Vout is:
�Vout = gm1,2 Ro�Vin (12)

where gm1,2 is the transconductance of the transistors biased
with VRE F1 and Ro ≈ (gm4ro2ro4)||(gm6ro6ro8).

The frequency response of the comparator obtained by
simulation when VD D = 600mV is shown in Fig. 7. The
comparator shows a gain of 8.24dB with -3dB cutoff frequency
of 427MHz in a 65nm CMOS process. The gain of the com-
parator is further improved by inverters after the comparator.

Comparator current when VX = 0 and VRE F1 = 300mV
and VD D = 600mV , obtained by simulation is 7.74n A. This
comparator has the drawback of dependency of its current to
the input voltage, however, in this application that its positive

Fig. 7. Comparator frequency response when VDD = 600mV .

Fig. 8. Reference voltage generator.

terminal is reset after it reaches VRE F1, the transistors never
go to the strong-inversion region.

4) Voltage Reference: To reduce the idle power consump-
tion of the circuit, biasing circuitry and voltage references
must consume very low power. Throughout the years several
configurations for making a voltage reference have been intro-
duced. For instance, in the bandgap voltage references, using
bipolar transistors, a temperature voltage-independent volt-
age can be achieved which is approximately 1.2V. Although
bandgap voltage references show good behavior against tem-
perature variation, they cannot be used in low-voltage and
low-power applications as the supply voltage cannot be
below 1.8V ( [28]). One interesting approach to achieve
a low-voltage and low-power voltage reference is using
MOSFETs in the subthreshold region. In addition to that, these
references can be implemented resistorless which makes them
appropriate for on-chip designs with a budget on the area.

In the proposed transmitter a SBSCM voltage reference
introduced in [28] is used to create an ultra-low-power CMOS
resistorless voltage reference for generating VRE F1 and VRE F2
as shown in Fig. 8 where M1, M2, M4 are high-Vt transistors.
VRE F1 is obtained by

VRE F1 = VT 2(T0) − VT 3(T0)

n3ε
+ (n3 − n2

n1n3ε

)
VT 1(T0)

+T0
(n1(αT 2 − αT 3) − (n2 − n3)αT 1

n1n3ε

)
(13)
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Fig. 9. VRE F1 vs temperature.

TABLE II

VOLTAGE REFERENCE COMPONENTS’ SIZES

where VT 2 and VT 3 are the threshold voltages of M2 and
M3 respectively, nx is the subthreshold slope factor of Mx

transistor, αT is the first derivative of the thershold voltage
with respect to temperature, ε = 1 − (n2 − n3)/(n1n3).

VRE F1 for different working temperatures is shown
in Fig. 9. As can be seen, the voltage reference temperature
changes from 319mV to 297mV as the temperature changes
from 0 to 100 centigrade degrees. 22mV is low enough
that makes the sensor suitable to be placed even in harsh
environments that temperature may change drastically while
the transmitter is working. The simulated power consumption
of the voltage reference generator with transistor sizes shown
in Table II is 2.4nW .

B. Carrier Clock Generator

In the proposed transmitter a simple ring oscillator con-
sisting of two inverters and a NAND gate is used as can be
seen in Fig. 2 and 10 to generate the carrier frequency. The
generated pulse made in the previous stage is fed to one of
the NAND inputs for turning on the oscillator when a pulse
must be transmitted. Leveraged the NAND gate in the input
of the carrier generator oscillator turns off the oscillator when
the pulse generator output is ZERO to minimize the power
consumption as it shuts down a high-frequency oscillator that
consumes large dynamic power. To accurately tune the carrier
frequency after fabrication, a MOS varactor (C4) has been
used as the load of the NAND gate in the ring oscillator as
can be seen in Fig. 10. The simulation results of the carrier
generator output frequency for different tuning voltages(VI N3)
and VD D has been shown in Fig. 11. As can be seen, the output

Fig. 10. Carrier oscillator.

Fig. 11. Carrier frequency for different tuning voltages (VI N3) when
(a) VDD = 600mV (b) VDD = 1V .

frequency changes from 912M H z when VI N3 = 0V to
1.113G H z when VI N3 = 1.2V at supply voltage of VD D =
600mV and from 2.4029G H z when VI N3 = 0V to 2.869G H z
when VI N3 = 1.2V at supply voltage of VD D = 1V .

The final output waveform of the created signal, which is
the product of the carrier frequency and the narrow pulse,
is illustrated in Fig. 12.
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Fig. 12. Output voltage of the signal generator when VDD = 600mV ,
VI N1 = 0, and VI N2 = 0 obtained by simulation.

C. Power Amplifier

Output power, gain, efficiency, and linearity are the most
important factors in the design of RF power amplifiers ( [29]).
An RF power amplifier can be realized by transconductance
amplifiers, like class-A and B amplifiers, in which there are
voltage-controlled current sources and convert an input volt-
age to the current required for the output. Transconductance
amplifiers need biasing and consume static current and their
efficiency is limited but show good linearity compared to
switching amplifiers( [5]). In recent years, due to simplicity
and high-efficiency, Class E power amplifiers have gained
popularity. In a class E amplifier, the transistor operates as
an on/off switch and the overlap of high voltage and current
is avoided by tuning the reactive components in the output
matching circuit [30]. In the proposed transmitter, a parallel-
circuit class E amplifier is leveraged at the output to eliminate
the biasing need for the output amplifier and to increase the
efficiency of active power consumption. Using a power ampli-
fier at the output gives the ability to tune the output power to
gain different working ranges and power consumption which is
not feasible when a power oscillator or backscattering method
is used. A typical class E amplifier is shown in Fig. 13. The
load network includes a finite dc-feed inductance L1, a parallel
capacitance C1, and a series resonator consists of L2 and C2
tuned to the fundamental frequency that passes current at the
desired frequency to the load and inhibits it at other ones and
the load resistor R. Assuming a signal with a 50% duty cycle
on the input, that is on till wt = π and is off till wt = 2π ,
for a lossless operation it is essential to apply the following
conditions prior to the start of the switch to eliminate power
loss [31]:

⎧⎨
⎩

v(wt)
∣∣∣
wt=2π

= 0
dv(wt)

dwt

∣∣∣
wt=2π

= 0
(14)

where vwt is the voltage across the switch.

Fig. 13. Class E power amplifier.

Using (14) and an aditional equation defining the supply
voltage VD D from Fourier series expantion, the design of a
class E amplifier can be done by ( [31], [32]):

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

RLoptimum = 1.365
V 2

D D

Pout

L1 = 0.732
RLoptimum

ω

C1 = 0.685

ωRLoptimum

(15)

where RLoptimum is the optimum load resistance for the spec-
ified values of VD D and output power. The output resonator
used to attenuate harmonics at the output can be designed by
specifying the loaded quality factor of the load. The loaded
quality factor of a series resonant circuit consists of L2, C2
and RLoptimum is:

QL = wL2

RLoptimum + RL2
(16)

where RL2 is the parasitic resistance of L2 and equal to
wL2/Q1 where Q1 is the inductor quality factor. Simplifying
the equations, one can design the resonant circuit by:

⎧⎪⎨
⎪⎩

L2 = RLoptimum Q1 QL

(Q1 − QL)w

C2 = 1

w2C2

(17)

The mentioned equations assume the transistor to be an
ideal switch, however, the transistor on resistance (Ron) affects
the efficiency and must be minimized by increasing the width
of the transistor. On the other hand, increasing the width of
the power amplifier increases the parasitic capacitance seen
at its gate causing a large buffer at its input to amplify the
transmitter output before the power amplifier. Having a large
buffer before the power amplifier will increase the active
power consumption, because of switching loss, due to the
added leakage caused by large transistors. In the proposed
transmitter, a tapered inverter before the power amplifier has
been used. The tradeoff between the size of the buffer’s and
power amplifier’s transistor, efficiency and power consumption
mainly depends on the required output power and was opti-
mized by parametric simulations. In the proposed amplifier,
high output power wanted to be tested so that the output power

Authorized licensed use limited to: UNIVERSITY OF ALBERTA. Downloaded on June 23,2020 at 08:44:42 UTC from IEEE Xplore.  Restrictions apply. 



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

10 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS–I: REGULAR PAPERS

Fig. 14. Power detector at receiver.

amplifier is designed to have the output of -1dBm. Simulation
results show that the designed power amplifier has 70.63% at
the desired output power when VD D = 600mV . The power
amplifier could further be improved if the switching transistor
is wider imposing extra leakage current.

IV. RECEIVING THE SIGNAL

For demodulating the transmitter output signal, an envelope
detector as shown in Fig. 14 can be used. An envelope
detector can detect the input energy by passing the received
signal through a non-linear element and then a low-pass filter
to eliminate high-frequency components. After the envelope
detector, the baseband pulse is received which is at low
frequency and can be decoded by using a low-cost micro-
processor with a moderate accuracy timer. For detecting the
pulse frequency, the timer waits until RF power is reached the
antenna and detected by the power detector and starts counting
until another pulse is received. The time difference between
two consecutive pulses can be mapped easily to the pulse
frequency and the sensor voltage. Similarly, the other sensor
output which is coded in the pulse width can be detected by
a second timer that counts the duration of the received power
when it is larger than a certain threshold. By having the pulse
frequency and pulse width, TS E N S E1 also can be calculated
using Eq. (1).

After TS E N S E1 and TS E N S E2 are calculated, the sensors’
output voltages can be obtained by using Eqs. (7) and (9).
The simplicity of the demodulator of the transmitter’s output
waveform allows the receiver to be less complex hence con-
suming very low power.

V. OFF, ACTIVE AND IDLE POWER CONSUMPTION

OF PROPOSED TRANSMITTER

The total power consumption of the transmitter comprises of
its leakage power when the transmitter is turned off by high-Vt
switches, the power consumption of the pulse generator and
high-frequency ring oscillator, and power amplifier drivers
(signal generator) that generate the signal that is fed to the
power amplifier, and the power consumption of the power
amplifier. Moreover, in the proposed transmitter, because of
the short pulses at the output, the total power consumption is
a function of TS E N S E1 and TS E N S E2:

PT X,total = PT X,of f + Psignalgenerator (TS E N S E1, TS E N S E2)

+D × Ppowerampli f ier (18)

where D is the duty cycle of the generated pulse and is equal to
TS E N S E2/(TS E N S E1+2 TS E N S E2). Therefore, in the proposed

Fig. 15. Transmitter active power vs VI N1 and VI N2 without considering
power amplifier.

transmitter, by increasing TS E N S E1 and decreasing TS E N S E2,
the final signal’s duty cycle can be reduced which will lower
the total power consumption of the proposed transmitter lead-
ing to significant power reduction compared to other work
that use other modulation techniques as the short pulses at
the output will reduce the power amplifier operation time.
The designed power amplifier has a 70.63% efficiency while
consuming a total power of 1.113 mW for the output power
of −1d Bm. The power consumption of the signal generator
like power amplifier also depends on TS E N S E1 and TS E N S E2 as
only in the TS E N S E1 the high-frequency oscillator is activated.
In the LOW time, as the high-frequency oscillator is turned
off the power consumption will be equal to the idle power
consumption which is the time the output pulse is ZERO and
only the comparator is on. In the HIGH time, when the output
of the pulse generator is ONE, the high-frequency oscillator
and the power amplifier driving buffers consume most of the
power. The plot of the signal generator power consumption
including the power amplifier driving buffers versus VI N1 and
VI N2 when VD D = 600mV and IRE F = 8.2μA is shown
in Fig. 15. As can be seen, the highest power consumption of
30μW occurs when VI N1 is maximum (TS E N S E1 is minimum)
and VI N2 is minimum (TS E N S E2 is maximum) whereas the
lowest power consumption of 10.8μW occurs when VI N1
is minimum (TS E N S E1 is maximum) and VI N2 is maximum
(TS E N S E2 is minimum).

Finally, the total power consumption of the transmitter
including the power amplifier with the output power of -1dBm
when VD D = 600mV and IRE F = 8.2μA is 271.46 μW
when VI N1 = 0 and VI N2 = 1.2V , and the 667 μW when
VI N1 = 1.2V and VI N2 = 0.

The total power consumption of the proposed transmit-
ter can be reduced further by decreasing the output pulse
duty-cycle to extreme limits. This can be done by increasing
TS E N S E1 or decreasing TS E N S E2. In the proposed transmitter,
TS E N S E1 can be increased by decreasing the charging current
(IRE F ) so that the capacitor charging time until it reaches
VRE F1 increases. However, as TS E N S E1 increases, the gener-
ated output pulse period increases which lowers the data rate.
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Fig. 16. Chip microphotograph.

Fig. 17. Chip mounted on a PCB.

Simulation results show that by reducing IRE F from its orig-
inal value of 8.2 μA to 27 n A, makes the minimum average
power consumption equal to 5.41 μW (VI N1 = 0, VI N2 =
1.2V ) and maximum of 94.12 μW (VI N1 = 1.2V , VI N2 = 0),
however, at the expense of prolonging TS E N S E1 to 6.57 μs.

To reduce the power consumption of the presented wake-up
transmitter when it is completely off, two high-Vt switches
are inserted in the path of VD D and GND. Switches are sized
so that Rds does not affect the efficiency and operation of the
transmitter when on. The power consumption of the proposed
transmitter is 7nW when it is off.

VI. EXPERIMENTAL RESULTS

The proposed ultra-low-power transmitter is fabricated in
a standard TSMC 65nm CMOS process. The transmitter
occupies a die area of 320μm × 365μm. The power amplifier
inductors and capacitors are realized off-chip to increase the
efficiency and tuneability of the power amplifier. Inductors are
chosen from CoilCraft™ ceramic chip inductors that show
a quality factor range of 40 to 98 for the inductor value
range of 1.8nH to 380nH at 900 MHz as opposed to on-chip
inductors that show a quality factor of around 10, [5]. The
chip die photo is shown in Fig. 16.

The chip is encapsulated in a QFN package for reducing the
parasitic effects imposed by packaging and is mounted on a
2-layer FR-4 PCB and is tested using a Keysight™ Infiniium
S-Series 8GHz oscilloscope that is connected to the PCB using
an SMA connector. The final PCB is illustrated in Fig. 17.
The chip is tested at two carrier frequencies of 915MHz and
2.4GHz, which are both in the ISM band, by changing the
VD D from 600mV to 1V . The measured output waveform of
the proposed transmitter when VI N1 = 0, VI N2 = 0, VD D =
600mV , and IRE F = 8.2μA is shown in Fig. 18. As can

Fig. 18. Chip output waveform when VI N1 = 0, VI N2 = 0, VDD = 600mV ,
and IRE F = 8.2μA.

Fig. 19. Measured TSE N SE1 vs VI N1.

be seen, the measured waveform main harmonic is located
in 915MHz. TS E N S E1 and TS E N S E2 are shown in the figure.
As can be seen, TS E N S E1 is equal to 148ns and TS E N S E2 is
equal to 131ns and in good agreement with the measurement
results.

VX in Fig. 2 is connected to a pad in the chip for two
purposes. First, for measuring the waveform on C1 and
verifying the operation of the relaxtion oscillator. Second,
a capacitive sensor can be directly connected to this node
and ground and change the output pulse TS E N S E1. However,
the added pad capacitance on this node increases the parasitics
capacitance and reduces the tuning range of TS E N S E1. The
measured TS E N S E1 of the output waveform that is obtained
by changing VI N1 from 0 to 1.2V for VD D = 600mV is
shown in Fig. 19. The difference between the post-layout
simulation and measurement results mainly comes from the
added parasitics to node VX from pad and pin parasitics and
bond wires that are not modeled properly.

Similarly, TS E N S E2 is measured by changing VI N2 from
0 to 1.2V which is illustrated in Fig. 20.

As can be seen, the measured results are in good agreement
with the post-layout simulations. For accurately measuring the
idle current (the pulse generator output is ZERO), a Keithley™
picoammeter/voltage source is used. 2.9μA is measured as the
idle current when VD D = 600mV ,VI N1 = 0, VI N2 = 0.i.e
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TABLE III

PERFORMANCE SUMMARY AND COMPARISON

Fig. 20. Measured TSE N SE2 vs VI N2.

PI DL E = 1.74μW . The post-layout simulation results predict
this power to be 1.721μW which is 20nW lower than the
measured results.

As discussed in Section V, active and total power consump-
tion can be reduced by decreasing IRE F which will increase
TS E N S E1 and decreases the output duty cycle. For testing
this effect, the basing voltage of the PMOS producing IRE F

(VRE F2) is changed from it original value of 8.2 μA to 1.5 μA
by connecting an external voltage source to VRE F2 instead
of the on-chip voltage reference output. The output measured
waveform when VI N1 = 0, VI N2 = 0, VD D = 600mV , and
IRE F = 1.64μA is shown in Fig. 21. As can be seen, TS E N S E2
has not changed but TS E N S E1 has become 100ns longer.

1) Power Amplifier Optimization and Measurement: for
testing the transmitter’s power amplifier, VX is connected to
VD D which will set the output of the pulse generator to
VD D (bypassing the relaxation oscillator) enabling the carrier
generator ring oscillator all the time so that the output changes
from a pulse to a sinusoidal wave, making tuning easier. The

Fig. 21. Chip output waveform when VI N1 = 0, VI N2 = 0, VDD = 600mV ,
and IRE F = 1.5 μA.

output of the power amplifier then is connected to the spectrum
analyzer via PE343-48 N-type cable and the output power is
measured. The PCB track loss obtained from EM simulation
and cable insertion loss are added to the measured power to
find the accurate output power levels. By tuning the power
amplifier external components, the output power is measured
−2 dBm in VD D = 600mV which is 1dB lower than the
output power obtained by post-layout simulation.

Table III summarizes the performance of the proposed trans-
mitter and compares it to the recently published low-power
transmitters. The work in [6], [12], [24], [33] report both
receiver and transmitter that have been designed for a system-
on-chip low-power sensor node, however, for a fair com-
parison, only the transmitter parts have been compared with
our work. As can be seen, the average active and off power
consumption of the proposed transmitter is the lowest among
all the reported work while delivering the output power of -
1dBm which is highest except for [24]. All other previously
reported designs, use power-hungry circuitry such as ADC and
microprocessors, to read the sensor output and modulate the
signal as opposed to our work that the signal is modulated with
an ultra-low-power pulse generator. Moreover, the proposed
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transmitter is capable of transmitting two sensors’ output
simultaneously whereas prior work can only transmit one. The
voltage supply of the proposed transmitter is lower than other
reported work except for [33] that is 0.56V.

VII. CONCLUSION

In this paper, an ultra-low-power wake-up transmitter capa-
ble of transmitting two sensors’ analog outputs simultaneously
is presented. The idle power consumption of the proposed
transmitter is reduced by eliminating all the static current
paths between ground and VD D, a comparator biased in the
subthreshold region, by using two ring oscillators and a voltage
reference working in the deep subthreshold region and a
zero-bias switching power amplifier. By introducing a new
modulation technique that modulates the LOW and HIGH time
of the transmission signal according to two input analog sensor
voltages, the active power consumption of the transmitter
is significantly reduced as the power amplifier is activated
in a portion of the transmission period. In addition to its
high power efficiency, utilizing a class E switching power
amplifier at the output with external components allows for the
tuning of the transmitter output power by enabling different
transmission ranges depending on the desired application.
Finally, for reducing the power consumption of the transmitter
when it is completely off, two high-Vt switches have been
used to cut off the supply voltage. The proposed transmitter
is fabricated in a standard TSMC 65nm CMOS process. The
measurement results show that the transmitter consumes less
than 7 nW when it is completely off and the sensor consumes
less than 30μW without considering the power amplifier
power consumption at the output.
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