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Abstract— This paper reviews proposed realization concepts 

and achievements of wireless sensor nodes and focuses on 

new developments in the 24 GHz frequency range. The rela-

tively high frequency offers the advantage of ultra minia-

turization and therefore opens new application fields. On 

the other hand power consumption of the RF-front-end be-

comes still more challenging than at lower frequencies. It is 

shown that by applying very simple CMOS transceiver ar-

chitectures and modulation schemes combined with innova-

tive efficient wake-up concepts, very low energy consump-

tion can be achieved. Technological realization concepts and 

first experimental results from a 24 GHz demonstrator as 

well as novel special purpose wakeup-circuitry are pre-

sented, too.

Index Terms—Wireless Sensor Networks, low power,  

wakeup, CMOS, K-band

I.  INTRODUCTION

Similar to the evolution of wireless communication 

systems, variety, functionality and performance of wire-

less sensor networks are rapidly increasing. The sensors 

transform physical, chemical and biological parameters 

into information. These parameters and the related signals 

can be very different and vary from characterizing home, 

office or traffic environment up to characterization of 

animals and humans.

The sensor network is formed by a cluster of locally 
distributed sensor nodes connected with each other by 

wireless communication paths. Because of energy saving 

reasons, communication channels between all nodes can-

not permanently exist. Two methods can be applied for 

establishing connectivity: periodic or individual wake up. 

The individual wake up offers the advantage that no clock 

is necessary, which saves battery power but requires more 

expense on the detection and identification side. There-

fore, synchronization between the active nodes and auto-

configuration are necessary and very challenging tasks. 

Further, each “member of an active cloud” has to check 

out the local neighbourhood and to organize its operation 
in a manner that ensures a maximum longevity of the 

cloud, while simultaneously assuring the required func-

tionality and performance.

Sensor networks are currently discussed for a wide 

range of applications ranging from monitoring of rotating 

machines, factory and warehouse logistics to environ-

mental monitoring, e.g. [1]-[7]. In general, distances be-

tween the nodes and data rates of sensor networks are in 

the order of meters and up to the order of 10 kBit/s, re-

spectively. Especially within the “PicoRadio” and the 

“WiseNET” projects [5]-[7] fundamental work has been 

performed and first hardware demonstrators have been 

realized proving the functionality of the whole network 

concept. The frequency range used was up to 2.4 GHz. 

The miniaturization limit is primarily given by the in-
tegration technology and the antennas. On the other hand, 

aggressive miniaturization of the individual nodes would 

open new application fields. In this case, the implantation 

into objects of our daily life like keys, watches, wallets, 

rings, glasses, bottles caps, books, etc. as well as into 

creatures becomes more and more imaginable. The way 

towards these ultra low sized sensor nodes leads to higher 

carrier frequencies, as antenna size becomes the limiting 

factor for miniaturization. A first concept for a 24 GHz 

system was established within the AVM project [8], [9], 

which concentrates on miniaturization of the nodes.
This paper discusses the AVM system concept with 

focus on wake-up scheme, RF-architecture, transmission 

and integration technology. First experimental results 

from wake-up circuitry and from a 24 GHz demonstrator 

are presented.

II.  WAKE-UP RECEIVER

A.  Concept

Besides low power consumption of the whole system 

during the active state, ultra low power consumption dur-

ing the sleeping period is important in at least the same 

manner. Because a duty cycle of less than 10-4 between 

active and sleeping mode is assumed for the nodes, the 

minimization of the standby current is an ultimate goal 

and a value in the order of 1 nA is desirable. At the same 

time an efficient wake-up concept with an energy saving 

hardware realization is needed.

Nosovic and Todd have proven in [10] that periodic 

wake-up realizations waste energy because of the serious 
disadvantage that most of the wake-ups will usually be 

dispensable. Additionally, because the wake-ups have to 

be synchronized, permanent energy consumption of the 

node’s clock cannot be avoided and additional energy is 

needed for the synchronization of the clocks.
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Therefore, an individual wake-up concept has been de-

veloped during the AVM project [8], [9], the functional 

principle is given in Fig. 1.

A MOS (or Schottky-diode) detector is “listening“ for 

wake-up signals from neighboring nodes. A wake-up 

signal consists of a burst (Fig. 1, right) which generates a 

comparator output signal and activates the subsequent 

identification chain consisting of LNA, detector and ad-

dress decoder by dynamic biasing. This much more sensi-

tive identification chain is responsible for detection and 

recognition of the received address. By this way, the ad-
dress of the calling node can be transmitted, too. Only in 

the case of matching between requested and deposited 

address of the node the most power hungry main trans-
ceiver is woken up. In this case the activated node re-

sponds to the calling node confirming the successful 

wake up. Otherwise, the procedure is repeated.

B.  Implementation

To prove the feasibility of this concept, the most criti-

cal building blocks have been implemented. The detector 
which is a central element of the system shown in Fig. 1 

was implemented as drafted in Fig. 2 (left). The basic 

idea is to use cascaded rectifiers to build up a voltage at 

the gates of a CMOS inverter chain. A bias voltage is 

added to the detector voltage to bring the inverter very 

close to the switching threshold. As this voltage is ap-

plied to the gates of the MOSFETs through the diode-

chain, only the gate leakage current which is far below 1 

pA is drawn from the bias source, there is no bias current 

for the diodes. Schottky diodes with high saturation cur-

rent Is are necessary for this purpose to charge the capaci-

tors in the chain at very low RF voltage levels.
Simulations have shown that of all diode parameters, a 

high Is is of utmost importance, next important is a low 

junction capacitance Cj . The series resistance Rs is not 

much of an issue, as the currents are very low anyway, 

but lower is better. This has to be taken into account 

when choosing the diodes for the detector.

Width and length of integrated diodes usually can be 

scaled. Is and Rs improve with larger width (increase and 

decrease, respectively), but unfortunately Cj and other 

parasitics as well as the reverse current also increase for 

larger width, degrading the performance. An optimum 

has to be found for each specific technology.

The closer the bias voltage is to the threshold of the in-
verter, the more sensitive is the circuit. However, the 

cross-current through the inverter increases. Again, a 

trade-off between sensitivity and power consumption has 
to be found. As lower sensitivity means in turn increased 

power consumption on the transmitter side, the optimum 

operating point depends on the intended operation sce-

nario: for sensors that are needed rarely, low standby-

power is most important and lower sensitivity can be ac-

cepted. The more often wake-up calls happen, the more

power is used on transmission of these calls, and thus 

higher standby power in the receiver can be tolerated for 

the sake of reduced power consumption for transmission.

C.  Results

In [11] we have presented the results for an integrated 

cascaded detector as described above. Measurements with 

1 MΩ load have yielded 0.2 mV DC output at -40 dBm 
RF input power at 2.4 GHz. The input impedance of the 

inverter stages is several orders of magnitude higher than 

that, simulations show that with 10 GΩ load to the detec-
tor, which is a very pessimistic assumption of the gate 

leakage currents,  3 mV can be obtained from mere 

-50 dBm RF power. According to simulations, this will 

be sufficient to toggle the inverter stages enabling recep-
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Figure 1. Block diagram of the wake-up circuit (left) and wake-up signal (right).
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Figure 2. Schematic of the detector (left) and block diagram of the address detector (right).

2 JOURNAL OF COMMUNICATIONS, VOL. 2, NO. 6, NOVEMBER 2007

© 2007 ACADEMY PUBLISHER



tion of the data. The complete circuit, including detector 

and inverter stages, has been integrated for proof of the 

simulations, it is in production right now and measure-

ments will be published as soon as possible.

Implementation of the following critical stage, the ad-

dress decoder, has been accomplished using standard off 

the shelf CMOS circuitry. The block diagram is shown in 

Fig. 2 (right). As we have shown in [12], a standby power 

as low as 10 nW is possible with standard components, 

this current will only be consumed in the short time span 

after a burst has been received and reception of a possible 
address is examined (see Fig. 1). By custom design of 

this circuitry, current consumption most likely can be 

further reduced.

During reception of a PWM encoded data signal, the 

circuit consumes about 40 µW and at 50 kB/s, or 75 µW 
at 100 kB/s, resulting in 20 nWs power consumption for 

reception of an 8 bit wakeup address.

III.  24 GHZ COMMUNICATION

A.  Concept

To overcome the most serious issue of battery lifetime, 

implementation of ultra low power concepts on circuit, 

transmission and system level is obligatory. As only suit-

able device technology, aggressively down scaled 

CMOS-technologies can be accepted. The number of 

function blocks in the RF-transceiver has to be reduced to 

the absolute necessary minimum, the oscillator and –

maybe – the low noise amplifier. Conventional (and 

power hungry) transceiver modules like up-/down- con-
verters and frequency dividers have to be avoided at all 

events. 

These considerations lead to a base band transmission 

based on-off-keying (OOK-Modulation) scheme as 

shown in Fig. 3. On the transmitter side the oscillator is 

directly modulated by the data stream which means it is 

simply turned on and off by the data bits. This modula-

tion scheme has been shown to be advantageous for use 

in ultra-low-power environments in [13]. It saves consid-

erable DC-power because the oszillator in the transmitter 

needs only to be turned on for “high” bits, the duty cycle 

during the active state can be as low as about 10-3. 
On the receiver side, primarily the low noise amplifier 

determines the power consumption. It has to provide an 

acceptably low noise figure and enough signal level to the 

rectifier and it seems that it can hardly be circumvented. 

Two antenna concepts have been investigated so far – slot 

and patch antennas. Patch antennas were used for our first 

demonstrator, while slot antennas were examined in [14]. 

The signal to noise ratio at the detector input can be im-

proved considerably by suitable RF-filtering. An inte-

grated Schottky diode- as well as a pure CMOS- rectifier 

have been investigated as detector. Both concepts are 

applicable - the choice is determined by the available 

technology: SiGe BiCMOS e. g. provides integrated 

Schottky diodes as well as low power CMOS circuitry. A 

base band amplifier provides the necessary signal level 

for discrimination and base band post processing. Due to 

the low bit rates, this amplifier can be a quite slow low-

bandwidth amplifier with – compared to the LNA – neg-
ligible power consumption.

The baseband implementation is not described here. 

However, because of the low to moderate data rates and 

short distances owing to sensor networks, the influence of 

multi path propagation and fading effects is not challeng-

ing. Nonetheless, data rate and base band implementation 

have to be optimized aiming on lowest energy consump-

tion per transmitted bit.

B.  Implementation

As a first step a demonstrator cube with 1cm3 volume 

was realized including a patch antenna. No additional 

external elements were used at all. Fig. 4 (left) shows a 

drawing of the assembly. For this first realization, six 

separate 1x1 cm2 multilayer PCBs were used to form a 

cube. A circularly polarized patch antenna was integrated 

into one of the PCBs (Fig. 4 right, [15]). The antenna 

gain is about 8 dB. In later versions all six surfaces of the 
cube will carry antennas, providing excellent space diver-

sity as well as energy conservation by directed transmis-

sion. The antenna was excited by electromagnetic aper-

ture coupling through a slot in the groundplane of the 

antenna. The RF-Chips were flip-chip mounted and 

SMD-technology was used for all remaining components 

which were mounted on the inner surface of the six 

PCBs. A photograph of the assembly is shown in Fig. 5. 

Later versions will be based on specially shaped multi-

layer flex substrates including the antennas. After com-

plete assembling the flex will be folded to form the cube. 
The LNA-chip specially developed for this project has 

a noise figure of 8 dB and a gain of 12 dB with 2.8 mW 

power consumption [16]. A low power 24 GHz CMOS 

oscillator is under development but was not available for 

the first system tests. Instead, a developed GaAs-HBT 

oscillator [17] was used with 18 mW power consumption, 

4.2 dBm output power and an efficiency of about 15%. A 

simple temperature sensor was used as data source at the 

transmit side and an LCD display as data sink at the re-

ceive side. Two (instead of one, because of the GaAs-

chip which needs 3 V supply) 70 mAh button cells with 
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Figure 3. Block diagram of the 24 GHz transceiver
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7,3 mm diameter were used as power supply. The cells 

provide continuous energy for a few hours or – with 10-4

duty cycle – for a few years.

C.  Results

Reliable data transmission has been demonstrated 
without the LNA in the receiver, lowering the receiver 

power consumption to continuous 90 mW [18]. The 

packet error rate was below 10% for up to 5 cm transmis-

sion distance (see Fig. 6). Packet loss was zero up to 

8 cm. Data was transmitted uncoded, every packet with at 

least one faulty bit was considered to be a packet error, 

while only packets which were not recognized as packet 

at all were considered to be a packet loss. With error cod-

ing as described in [13], the packet error rate could be 

significantly decreased and data transmission would still 

be possible at 8 cm distance and possibly more.

This very short distance communication would be suf-

ficient in some of the visionary smart dust scenarios. To 

achieve the projected 1 m distance, the LNA will be nec-

essary with then about 20 mW and 5 mW power con-

sumption at the transmit and receive side, respectively. 

After replacing the GaAs oscillator by the CMOS one we 

expect a similar power consumption for the transmitter as 

for the receive part. 

IV.  SUMMARY AND CONCLUSIONS

A first implementation of a 24 GHz wireless sensor 

network was demonstrated. The high operating frequency 

offers the advantage of serious miniaturization and novel 

applications. The principal functionality of the data 

transmission and the wake up system has been shown, a 

transmission distance of more than one meter can be 

achieved using a MMIC LNA. In a fully 130 nm CMOS 

implementation continuous power consumptions in the 

order of five mW at receive and transmit state can be ex-

pected. Assuming a duty cycle of 10-4 this guarantees a 
network lifetime of at least a few years. From these first 

results, it can be expected that wireless sensor networks 

in the millimeter-wave range will emerge to reality dur-

ing the next years.

Future work will be directed towards fully integrated 

CMOS sytems-on-chip (SoC), with antenna integration 

being a crucial part of assembly and packaging technol-
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Figure 4. Demonstrator assembly (left) and patch antenna (right).

 

Figure 5. Photograph of the opened cube. The batteries were taken 
out for better visibility, the antenna patch is on the bottom.
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Figure 6. Uncoded packet error rate versus distance.
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ogy. Localization will also be a key issue and important 

new feature of the RF part, providing location awareness 

both for internal network organization (routing, load dis-

tribution) and as enabler for location aware services.
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