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ABSTRACT 
A wideband 100 kHz - 4 GHz power sensor, of which the 
basic design was presented recently [l], was successfuIly 
realized. The sensor is based on sensing the electrical force 
between the RF signal line and a suspended membrane. 
Optimization of the design with SONNET has resulted in 
measured reflection losses (S11) less than -30 d3, 
transmission losses (Sl2) better than -0.2 dB, and a 
sensitivity of 80 aF/rnW. 

1. INTRODUCTTON 
Recently a new sensing principle was proposed for 
measuring RF signal power [2-5]. This principle is based 
on sensing the attractive electrical force between the signal 
line and a grounded electrode that is suspended at a small 
distance from the signal line. A high frequency power 
sensor based on this principle has very interesting 
properties. Most important is the possibility to operate the 
same sensor from low frequency AC through to 
microwaves as a true wideband device extending the 
frequency range of available instrumentation (voltmeters, 
power meters, signal sources). Furthermore, the sensor does 
not absorb the signal. Instead, a “through” sensor is 
realized, with almost no loss of signal. Most existing 
technology for measuring the power of RF signals is based 
on terminating devices, i.e. the power is lost after the 
measurement. Examples are microcalorimeters, bolometers, 
and thermistor mounts. These devices suffer from 
sensitivity to ambient temperature changes, limited 
dynamic range and long settling times. Diode sensors 
provide the ability to measure the envelope and modulation 
and have the advantage of greater dynamic range, but they 
suffer from temperature sensitivities and problems with 
impedance matching. These sensors cannot easily be 
integrated with signal conditioning or measurement 
electronics. . 

2. PRINCIPLE OF OPERATION 
The operation of the sensor is based on the attractive, force 
between the two plates of a charged parallel plate capacitor. 
An ac voltage between the plates results in a time- 
dependent, but always attractive, electrical force. For 
frequencies well above the mechanical resonance 
frequency, only the average force is important, which can 
be expressed as: 

with C the capacitance, x the distance between the plates, 
and UR,, the m s  voltage amplitude of the signal. Thus, if 
one of the capacitor plates is moveable, the (square of the) 
RMS voltage amplitude can be obtained by measuring the 
displacement of the moveable capacitor plate or by 
measuring the force needed to keep the plate in its initial 
position. This effect is well known and has been exploited 
to realize micro-mechanical RMS-to-DC converters [MI. 

The idea to exploit this principle at very high 
frequencies, i.e. in the GHz range, was presented by Seppa 
et al. [2]. There are several reasons why such a sensor has 
not been realized before. Of course, the sensor design 
becomes much more complicated, because one of the 
capacitor electrodes has to be replaced by a hgh-frequency 
transmission line. Furthermore, due to the currents in such a 
transmission line there will also be a magnetic force, which 
opposes the eIectrical force. In fact, in an ideal, lossless 
transmission line the magnetic force exactly cancels the 
electric force. Finally, such high frequencies require the use 
of materials with low dielectric losses. For example, the 
device presented in this paper was realized by aluminum 
surface micromachining on a substrate of AF45 glass. 

Fig. 1 shows a schematic drawing of the basic sensor 
structure. Two sensing electrodes are integrated between 
the signal line and ground lines of a coplanar waveguide 
(CPW). A membrane is suspended above the electrodes and 
fixed to the ground lines. An RF signal on the centerline 
causes a downward force on the (grounded) membrane. The 
resulting deflection of the membrane is measured by 
measuring the capacitance between the membrane and the 
sense electrodes. 
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Fig. I :  Schematic drawing of the sensor structure. lest: top 
view, right: cross sectional view. 

3. DESIGN 
The first prototype sensors [43 had rather poor RF 
properties and low sensitivity. Therefore, some 
improvements were proposed in 111. Here we will focus on 

0-7803-8732-5/05/$20.00 0 2005 IEEE. 191 



three aspects: the EW properties of the sensor, the 
mechanical properties of the moveable plate suspension, 
and the capacitive read-out mechanism that was chosen for 
detecting the displacement of the moveable plate. 

RF design 
As mentioned above, the sensor basically consists of a 
coplanar waveguide (CPW) with a moveable plate 
suspended above the signal line. The width of the signal 
line is 100 pm and the distance between the signal line and 
ground lines is 25 pm, in order to obtain a characteristic 
impedance of 50 i2. The insertion of a capacitor in the 
transmission line will inevitably lead to reflections and 
transmission Iosses. As long as the dimensions of the added 
capacitance are small compared to the signal wavelength, it 
can be considered as a lumped element. In that case, at the 
position of the capacitor we have an impedance mismatch, 
and the reflected power can be expressed as: 

where PT is the total signal power, Z, is the characteristic 
impedance of the transmission line before the discontinuity 
and ZL is the impedance due to the presence of the extra 
capacitance. 

For a large bandwidth the capacitance should be as 
small as possible. On the other hand, for maximum 
sensitivity a large capacitance is needed. Adjusting the 
CPW impedance directly before and after the sensor 
capacitance can relieve this trade-off. Two techniques were 
considered: a) changing the width of the signal line (Fig. 
2(a)), and b) increasing the gap size of the CPW (Fig, 2(b)). 
In both cases the area between the signa1 line and the 
ground is increased resulting in a higher inductance, which 
counter balances the extra capacitance of the sensor 
structure. In this way, a better impedance match is 
expected. Optimal dimensions were found using SONNET 
simulations. Devices with various dimensions for the length 
(d) and width (g) of the gaps were realized for comparison 
with the simulation results, 

Moveable capacitor plate 
The moveable capacitor plate is realized by aluminum 
surface micromachining using photoresist as sacrificial 
layer. A clamped-clamped beam or bridge configuration 
was chosen in order to minimize the deformation of the 
bridge due to stress gradients in the aluminum layer. 
Furthermore, the electrodes under the bridge are buried in 
the substrate in order to obtain a very flat bridge structure. 
In this way, the initial gap of the capacitor is very well 
predicted. In order to be sensitive to low RF power (mWatt 
range) a low spring constant is needed. Therefore, the 
bridge was dimensioned 900 pm long, 100 pm wide and 1 
pm thick, getting close to the limits of our fabrication 
process. 

Power read-out design 
A capacitive readout was chosen to measure the 
displacement of the bridge because of its straightforward 

implementation and high sensitivity. Capacitance changes 
in the order of 0.1 fF are easily measured by commercial 
systems (HP 4192). With an initial gap distance of 1 pm 
and 0.1 pF capacitance displacements in the order of 1 nm 
can be detected. Furthermore, changes in the order of 1 aF 
can be detected by dedicated electronics placed close to the 
sensor component. 
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Fig. 2:  Schematic drawings for two different techniques to 
improve the RF properties of the sensor: a) changing the 
width of the signal line, and b) increasing the gap size of 
the CPW. 

4. FABRICATION 
Since the capacitance added to the CPW needs to be very 
well defined, special care has to be taken in the fabrication 
of the moveable capacitor. One of the most important 
probIems is to obtain a flat membrane over the CPW. The 
thickness of the CPW lines is similar to the thickness of the 
sacrificial layer used for the gap definition and, therefore, 
no good planarkation of the sacrificial layer can be 
achieved. As a result, the shape of the CPW electrodes is 
reflected in the membrane, which in combination with some 
residual stress will result in deformation of the membrane. 
In order to avoid this problem, a fabrication process was 
used where CPW and sense electrodes are embedded in the 
substrate. 

Fig. 3 shows a summary of the fabrication scheme. 
First, a 1 prn deep recess is etched using a photoresist mask. 
Then, 900 nm of aluminum is deposited by sputtering. 
Removing the photoresist results in lift-off of the aluminum 
layer, giving an almost flat substrate with the coplanar 
waveguide and sense electrodes embedded in the surface. 
Finally, the moveable plate is realized by aluminum surface 
micromachining using photoresist as sacrificial layer. Fig. 4 
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and Fig, 5 show SEM photographs of realized devices. The 
close-up in Fig. 4 shows that the embedding of the lower 
electrodes in the substrate indeed results in a very flat 
moveable plate. Fig. 5 shows SEM pictures of the two 
different designs of RF power sensors. 

glass [-' substrate 

photoresist 

aluminum 

Fig. 3: Fabrication scheme of 'the rf power sensor for 
realization offlat moveuhle capacitor 

Fig.  4: Close up of the moveable plate above the lower 
electrodes embedded in the substrates. 

Fig.  5: SEM pictures of the TWO different designs of RF 
power sensors as depicted in Fig.  2. 

5. RESULTS 
The RF  performance of the power sensor was 

characterized by measuring the reflection losses ,311 and 
transmission losses 512 for frequencies up to 4 GHz, and 
the sensitivity was measured by detecting the capacitance 
change as a function of the applied RF power at various 
frequencies. 

S-parameters measurement 
An HP85 1OC Vector Network Analyzer was used for the S- 
parameters measurements of the two different designs with 
different dimensions. Measurements were performed up to 
4 GHz. Fig. 6 shows the results for the design in which the 
gap between the cenkal line and the ground planes (g) is 
modified by reducing the width of the signal line along a 
certain distance (d) (Fig. 2(a)). Lower reflection losses are 
obtained when g and d are increased, but also the 
transmission losses increase. The latter is due to the higher 
resistance that results from the reduced width of the signal 
line. We can conclude that optimization of the reflection 
losses can be obtained by this design, but no optimization 
of transmission losses is possible. 

Fig. 7 shows the measurement results of the sensor 
design where the gap distance (g) is increased by placing 
the ground lines further away along a certain distance (d) 
(Fig. 2(b)). Again the reflection losses improve by almost 
10 dB at 4 GHz., but now also the transmission losses 
improve. Only for the extreme situation with d=250 pm and 
g=175 pm and we see that the transmission losses get larger 
again. This is due to increased resistive losses in the ground 
lines (with a higher value of g the width of the ground lines 
decreases). We can conclude that both reflection and 
transmission losses can be optimized by adjusting the 
dimensions g and d. 
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Fig. 6: S-parameter measurements for the sensor design 
where the width of the signal line is reduced (Fig. 2(a)). 

Power measurements 
Power measurements were done by measuring the 
capacitance between one of the sense electrodes and the 
moveable membrane as a function of the power of an RF 
signal on the signal line. For the capacitance measurement, 
an HP 4195 Impedance Analyzer was used. The 
capacitance added to the line by the moveable capacitor 
was measured to be 0.1 pF, while the total capacitance 
measured on the sensing capacitor was 0.4 pF, both as 
expected from geometrical considerations: Capacitance as a 
function of power level of the RF signal at different 
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frequencies was measured. The results are presented in 
Fig. 8. 
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Fig. 7: S-parameter measurements for the sensor design 
where the distance between ground lines and signal line is 
increased (Fig. 2(b)). 

As expected, a linear relation between measured 
capacitance and power Ievel of the RF signal was detected. 
The small difference found in the response of the sensor for 
different frequencies of the RF signal is mainly due to the 
reflection dependency of the cables due to their length of 
around 30 cm and their own frequency dependent 
transmission losses. From Fig. 8 we can conclude that a 
resolution in the order of mW is obtained. Using dedicated 
electronics for the capacitance measurement, a resolution 
down to microwatts should be feasible. 

6. CONCLUSIONS 
A wideband 100 kHz - 4 GHz power sensor was 
successfully realized. The sensor is based on sensing the 
electric force between the RF signal line and a suspended 
membrane. It was shown that a slight adjustment of the 
waveguide just before and after the sensor capacitance 
reduces the reflection losses by 10 dB to -30 dB at 4 GHz. 
The transmission losses are dominated by resistive losses in 
the coplanar waveguide. The capacitance change as a 
function of applied RF power was measured at several 
frequencies. The sensitivity was in the order of 80 aF/mW. 
Some frequency dependence was observed, but this is 
expected to be due to the measurement setup. 
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Fig. 8: Capacitance change measured as afunction of the 
power level of the @signal traveling through the sensor at 
4 differentfrequencies (400,500,600 and 1000 MHz).  
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