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Abstract—In recent years wireless sensor networks (WSNs)
have gained significant attention because of their implementation
in many different fields. As the nodes in WSNs are typically
battery-powered, their lifetime is mainly limited by the sensor
nodes power consumption. A typical energy-saving solution
consists in implementing wake-up receivers (WuRxs), which are
responsible for the sensor node activation only when required. In
this work an ultra-low power multivibrator-based WuRx concept
is proposed. The WuRx is composed of several input-triggered
multivibrators, which generate pulses of fixed duration. These
pulses are compared to the input signal through logic gates, which
are predefined according to the wake-up call. The sensor node
is activated if the codes match. An implementation in TSMC-
180nm CMOS process is proposed and simulated. The WuRx
consumes 0.8uW when detecting a 6ms wake-up call signal, and
58.4pW when in idle mode.

Index Terms—CMOS, low power, multivibrator, sensor node,
wake-up receiver, wireless sensor network

I. INTRODUCTION

A wireless sensor network (WSN) can be defined as the
ensemble of wirelessly connected sensor nodes capable of
sensing, processing and transmitting signals [1]. WSNs are
implemented in many applications (health, environmental,
military), and are one of the main enabling technologies of
the Internet-of-Things [2], [3]. They are typically powered by
batteries, so their primary limitation is the sensor nodes power
consumption, which limits the network lifetime [4]. Different
energy-saving solutions have been investigated to optimize
the WSN power management [5]. A possible method consists
into set in sleep mode the sensor nodes, and wake up them
according to a certain rendezvous scheme [6]. For instance
in pure synchronous rendezvous schemes, sensor nodes are
presynchronized to activate according to a well defined sleep
schedule. But this approach is intrinsically affected by idle
listening and overhearing. Idle listening occurs when the
sensor node is active, but no communication is required,
thus resulting in wasted energy [7]. Overhearing occurs when
a sensor node overhears data that are not intended to it,
thus being uselessly activated [8]. A practical solution to
these problems is the implementation of pure asynchronous
rendezvous schemes, where the sensor nodes are woken up
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Fig. 1. Wireless sensor network implementing wake-up receivers.

according to an identity-based approach [9]. From a hardware
point of view this translates in the implementation of wake-up
receivers (WuRxs) [10]. In such a scheme (Fig.1) the sensor
nodes are normally in deep sleep mode. When the correct
wake-up call (WuC) is detected, the WuRx activates the sensor
node through an interrupt signal. This approach is conceptually
energy-saving, since the sensor nodes are activated only on
demand. Wake-up receivers could be mainly classified in RF
based and non-RF based WuRxs. The majority of WuRxs
uses radio signals [11]-[15], while non-RF based solutions
employ acoustic [16]-[22] and optical signals [23]-[26]. Most
of the proposed WuRxs in the literature presents complex and
power consuming architectures. In this work a simple and low
power WuRx concept is proposed. In Section II the WuRx
architecture is reported. In Section III a circuit implementation
is presented, while the simulations results are in Section IV.

II. ARCHITECTURE

The architecture of the proposed WuRx is shown in Fig.2.
Since the amplitude of the received input signal S;, could
be small (e.g. because of losses and/or distance from the
transmitter), a step-up block may be considered. The second
block (rectification) is used to convert the AC input signal
into square-shaped waves with duration equal to that of Sj,,.
This rectified signal (S,..;) goes into the first state detector
D, which is composed of a monostable (also called one-
shot [27]) multivibrator and a logic gate. The multivibrator
generates the pulse S, in response to the input pulse (i.e.
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Fig. 2. Multivibrator-based WuRx block diagram.

Srect). Sp, has a longer duration than that of Sy..;. Next
these two signals go into logic gate 1, and are compared. If
Srect resembles the predefined WuC, logic gate 1 will enable
the second state detector Do through the switch sw;. Do in
turn will generate a new pulse S;,,, and compare it to Srect.
Again the comparison result is used as enabling signal of the
successive state detector. Therefore the identification process
consists into generating a pulse signal, and comparing it to
the input one. The sensor node will be activated by the wake-
up interrupt signal Sipterrupe only if all the state detectors
are sequentially enabled, thus guaranteeing an identity-based
wake-up. The WuRx has N logic gates and multivibrators,
and N — 1 switches, since the first state detector is by
default enabled. Logic gates from 1 to N — 1 are used to
drive the enabling switches, while the Nth logic gate asserts
the interrupt signal. The more complex the WuC signal, the
larger the number of state detectors. An example of WuRx
waveforms is depicted in Fig.3, where two state detectors are
implemented, and the WuC signal is H-L-H. By H is meant
a “high’ state, i.e. S;, (and consequently S,..) is present at
the WuRx input for a certain time window. By L is meant a
’low’ state, i.e. the input signal is not present at the WuRx
input (V;,, = 0V). During the time window At; the input
signal S, is rectified. In response to S, the multivibrator
generates the pulse S;,, with duration ¢7;. In order to correctly
detect the ’low’ state and generate the first enabling signal,
logic gate 1 has to implement the logic function Spl&grect.
The & symbol represents the logical conjunction operation,
while the bar over S,..; represents the signal opposite state.
Therefore since Syeq¢ is "low’ and S),, is high’ during At,,
the enabling signal S, goes "high’. Consequently the second
state detector Dy is now enabled. Next S, is used to trigger
the second multivibrator, thus generating a new pulse .S, with
duration d75. As before, the generated pulse is compared to the
rectified signal, which is "high’ during the time window Ats.
If logic gate 2 implements the logic operation Sy, & Sycct, then
the interrupt signal Sipterrupt g0es “high’, and the sensor node
wakes up. The sensor node activation is therefore associated
to a sequential verification of the WuC signal.

III. CIRCUIT IMPLEMENTATION

The proposed WuRx has been implemented with the circuit
in Fig.4. The circuit configuration depends on the WuC signal.
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Fig. 3. WuRx waveforms when the WuC is H-L-H.

In this case two state detectors are considered: the first one
(Dq) is a ’low’ state detector, while Dy is a ’high’ one.
This implies that the circuit in Fig.4 can detect the WuC
signal H-L-H (Fig.3). The step-up and rectification blocks
are realized through a Delon circuit [28]. The resistor R is
used to discharge the rectified voltage.

A. Monostable Multivibrator

The monostable multivibrator is implemented through a 2-
input NOR gate (M, 4B, Mp, 4,B), aresistor (12,), a capacitor
(Cp) and an inverter (Mp iny, My iny) [27]. Considering
multivibrator 1, suppose that initially the voltage at the input
of My, 4 and M, 4 is ’low’, and the NOR gate output is
’high’. Under these assumptions, V;,, is ’high’ because of
R,,, and consequently the inverter output is 'low’. When a
pulse is applied to the input (e.g. Vyect), Vin, and the NOR
gate output voltage go to zero volts, and so the inverter output
goes “high’. Since the inverter output is fed back to the NOR
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Fig. 4. Circuit implementation of the proposed WuRx, with two multivibrators and logic gates.

gate input (M,,, p and M,,, p), the NOR gate output voltage

is held at zero volts. At this point C),, starts to get charged

through R,,, so V,,, increases. The voltage across C,, can
4

be expressed as:
Rpl Cpl > )

where Vp p is the supply voltage. Assuming that the inverter
threshold voltage Vij iny is Vpp/2, it follows that C),, will
be charged up to Vi, in, in a time given by:

Ve, =Vop (1 — exp (- (1)

Vbp

t=R, Cpln ( ) =R, CpIn(2) (2

VDD - Vth,v’,nv

from which follows that the multivibrator output pulse V,,,
has a duration of approximately 0.7R, C,, (671 in Fig.3).
As soon as the inverter gets triggered, the voltage V,,, goes
to Vyq + Vaa/2. The time required to re-trigger the multi-
vibrator is therefore dependent on the time needed to V,,, to
decrease back to V4. From a process variations point of view,
the multivibrator resistor and capacitor are the most critical
components, since they determine the signals comparison time
window.

B. Logic Gate

The logic gates compare the multivibrators outputs with the
rectified voltage. Logic gate 1 in Fig.4 is an AND gate realized
by inverting a NAND gate. Its output (V,,,) is "high’ when
both the inputs are ’high’ at the same time. So logic gate 1
drives an NMOS switch (M, ). Alternatively is possible to

use a NAND gate and a PMOS switch. In order to detect a
’low’ state, V,...:, which is assumed to be ’low’, is inverted
by (Minv,p» Minv,n). Therefore since V,,, and V reet are both
“high’, Ve, 1 is “high’ as well and enables the switch My,,,. In
order to trigger the multivibrator of the second state detector,
a ’high’ voltage is required at its input. A possible solution
is to use the inverted rectified voltage. Transistor Mp is used
to discharge the inverted rectified voltage when My, turns
off. So multivibrator 2 is triggered, and a pulse V,,, results
at its output. Since Dy is a "high’ state detector, logic gate 2
receives V,...: at the other input, thus generating the interrupt
voltage.

IV. SIMULATION RESULTS

Simulations in TSMC-180nm CMOS process were per-
formed to verify the proposed architecture. The simulated
WuRx is composed of three state detectors. Dy and D5 are
low’ state detectors, while D3 is a ’high’ state detector.
Therefore the WuRx wakes up the sensor node if the WuC
H-L-L-H is received. Each state has a period T' = 1.5ms,
so a four-states WuC has a duration of 6ms. The applied
input voltage V;,, consists of pulsed sine waves, with frequency
40k H z and amplitude 200mV (Fig.5(a)). Therefore an acous-
tic WuRx is considered [16], [18]-[20]. The circuit simulation
parameters are reported in Table I. The circuit can be tuned to
operate at different frequencies, by modifying the step-up and
the rectification stages. The multivibrators resistors are imple-
mented with a cascade of two diode-connected PMOS, with
unit width and length. The NOR and NAND gates are sized
with minimum channel width and length, while the inverters
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Fig. 5. WuRx simulation results: (a) V;5, and Viect. (b) Vi, Vp, and V.
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have a symmetric switching point around Vpp /2, where Vpp
is equal to 1.2V. The simulation results validated the concept.
Viect 18 initially “high’ for a time window 7" = 1.5ms. So
D; is triggered, and its multivibrator generates the pulse V,,,
which stays "high’ for 3ms (Fig.5(b)). During the second time
window (t = 1.5ms to t = 3ms), Vyeer is 'low’. Since Dy
is a ’low’ state detector, the enabling signal V,,,, goes "high’
as shown in Fig.5(c). Consequently D5, which is a ’low’ state
detector as Di, is now active. As explained in Sect.IIl, to
detect a ’low’ state the inverted rectified voltage is used to
trigger the second multivibrator. The latter generates the pulse
Vp,» which stays “high’ approximately for 3ms. As before, the
enabling signal V,,, goes "high’, thus activating D3, which is
a ’high’ state detector. Again the inverted rectified voltage is
used to trigger the successive multivibrator, which generates
the pulse V), (t = 3ms to t = 6ms). Since V... is "high’ as
well in the time window (¢ = 4.5ms to t = 6ms), logic gate
3 finally generates Vi,ierrupt-

A. Power Consumption

During the detection of the WuC (H-L-L-H) the WuRx
consumes 0.66pA, at which corresponds an average power

TABLE I
CIRCUIT SIMULATION PARAMETERS

Component Parameter Value
Supply Voltage \%5%5) 1.2V
Transformer Ly 4pH
Ls 400pH
Rectifier Ci,2 200nF'
R 1kQ
Multivibrators Cp,y 25pF
Chps 29pF
Chps 26pF
TABLE II
POWER CONSUMPTION COMPARISON WITH OTHER WURXS
Pidle Pactive finput Vdd Work
58.4pW | 0.8uW | 40kHz | 1.2V This
3uW 8.1uW | 85kHz | 3.3V [19]
1.64pW 14puW 40kH z 2V [18]
— 4pWw 43kHz | 0.6V [16]
45uW 420pW | 20kHz 3V [20]

consumption of 0.8uW. Instead in the idle mode the WuRx
consumes 48.6pA, at which corresponds an average power
consumption of 58.4pW. The power consumption in the active
mode is WuC dependent, i.e. a longer WuC would imply more
state detectors and therefore a higher power consumption;
when detecting the WuC H-L-L-H-L-H, the WuRx consumes
1.1uW. A comparison with other acoustic WuRxs is reported
in Table II. The circuit is ultra-low power both in active and
idle mode.

V. CONCLUSIONS

In this work an ultra-low power multivibrator-based WuRx
concept for wireless sensor networks is proposed. The WuRx
compares the duration of the input signal to predefined pulses
of fixed duration, generated by multivibrators. The system
exploits the operation of complementary circuit design, such
as simple logic gates, to achieve low power system operation.
The input wake-up call is sequentially decoded and verified
by the proposed WuRx, to generate the interrupt signal. An
implementation in TSMC-180nm CMOS process is proposed
and simulated, confirming the concept. The proposed imple-
mentation of the WuRx consumes 0.8uW and 58.4pW in the
active and idle modes respectively.
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