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Fig.1 Phase shifter based on a dielectric rod waveguide (DRW) with adjacent at a distance d MEMS tuneable high-
impedance surface (HIS) of width w, SEM image of the fabricated prototype of MEMS tuneable high-impedance 

surface, and measured dependence of the phase shift on the bias voltage. 

UR1 was involved in two main activities: 
Selection of the phase shifters to be integrated into the antenna phased arrays, and 
completion of the design and optimization of these unit-cell phase shifters. The latter are 
based on finline solutions. Two sets of phase shifters have been considered: rectangular 
shapes (Fig. 2a, to be later integrated in the phase array), X-shape phase shifters (Fig. 2b, for 
their characterization as a unit-cell). As a background task (low priority level, as agreed 
during the 2nd TUMESA review meeting), iris-based phase shifters have been also designed 
and prototyped in X-band. 
Design, optimization, prototyping and experimental characterization of two passive phased 
array antennas (Fig. 3). The design part has been done with the help of a CAD tool 
specifically developed to define the initial dimensions, the final design and optimization 
being based on full-wave simulations using commercial softwares. Each antenna array 
consists of 21×10 WR-12 waveguide elements (1.55×3.09mm2) in E-plane and H-plane 
respectively. The wall thickness equals 1mm. The phase shifter elements are in passive 
configuration, as presented in Fig. 2a. Two waveguide arrays (host structure in brass, 210 
elements) have been fabricated at UR1 (duration: 3 months, including all intermediate tests). 
The phase shifters (fabricated at KTH) have been assembled manually by UR1 (Fig. 3b); 
one array is assembled by means of conductive glue and the other one without glue. 

(a) (b)
Fig. 2 (a) Passive rectangular finline-based phase shifter chip model for integration into the antenna array. (b) X-shape 

passive finline-based phase shifter chip model for unit-cell characterization.
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Fig. 3. Passive phased antenna array. The unit-cell is a rectangular finline-based phase shifter (as shown in Fig. 2a). 

Antenna array almost fully assembled

During this reporting period, UR1, AALTO, KTH, MicroComp Nordic, and AUTOCRUISE have 
tightly interacted: 

Fabrication of the unit-cell phase shifters (rectangular and X-shaped ones): close 
cooperation between UR1 (design) and KTH (fabrication), 
Fabrication of the waveguide test set-ups for the characterization of the unit-cells: design 
(UR1 + MicroComp Nordic) and fabrication (MicroComp Nordic), 
Experimental characterization of the waveguide test set-ups (empty or loaded by a unit-cell 
phase shifter): AALTO, KTH, MicroComp Nordic, 
Experimental characterization of the phased array antennas: UR1 (far-field, S11), AALTO 
(near-field). We demonstrated beam scanning capabilities by moving the primary feed along 
E-plane in a transverse plane parallel to the antenna array plane. The displacement step is 
equal to the primary feed aperture size. The prototyped antennas exhibit similar radiation 
patterns as those predicted numerically. 
Experimental characterization of coupled leaky wave antenna (UR1, AUTOCRUISE). 

The fabrication of the MEMS devices was focused on 
process refinement of MEMS tuneable HIS during 4th fabrication run and 5th fabrication 
run (main partners: KTH) 
delivery of functional prototypes (5th fabrication run) of MEMS tuneable metamaterial for 
leaky wave antenna (Deliverable 4.3, Month 30; main partners: KTH, AALTO) 
development, fabrication and test of MEMS tuneable high-impedance surfaces for beam 
steering (Deliverable 4.4, Month 30; main partners: KTH) 
finalisation of MEMS development for tuneable fin-line phase shifters has been initiated 
(main partners: KTH, UR1) 
finalisation of MEMS technology development for non-tuneable demonstrator of leaky wave 
antennas (main partners: KTH, AUTOCRUISE) 

A study of beamforming strategies was carried out by MCNAB. Beamforming is used to enhance 
the signal-to-noise ratio by shaping the antenna pattern so that it is pointing towards the 
communication counterpart. A study on radar and communication concepts on common HW 
platform was carried out. 



4

The wireless applications which are targeted by the developed coupling leaky-wave antenna 
(CLWA) are long- / medium-range automotive radar applications. Therefore, following the design, 
simulation, fabrication and measurements of the coupling leaky-wave antenna prototype, 
AUTOCRUISE described the major issues which are encountered with the implementation of this 
antenna in the 77 GHz radar front-end. 

Final results and their potential impact and use 

The results attained in TUMESA are the following: 
1. MEMS-based high-impedance surface: We have designed, analyzed analytically and 

numerically, fabricated and measured several prototypes of MEMS-based high-
impedance surface. Measurement results showed clear resonant behavior and phase 
transition to 0 degrees at the resonance frequency. Transmission type phase shifter based 
on a dielectric waveguide showed an analog-type phase shift at W-band. 

2. Waveguide antenna array: We have designed, analyzed, fabricated and measured 
phased array unit cells based on rectangular metal waveguide WR-12 of two different 
configurations and a phased array antenna with 20x10 unit cells. 

3. Leaky wave antennas: We have designed, analyzed, fabricated and measured leaky 
wave antenna based on a dielectric rod waveguide. In addition, we have designed, 
analyzed, fabricated, and measured another microstrip-based MEMS leaky-wave 
antenna prototype. 

4. MEMS technology: We have elaborated novel microfabrication process, carried out 
several runs of high-impedance surface fabrication, phase array element fabrication and 
coupling elements for leaky wave antenna. We also performed reliability measurements, 
which showed no degradation of MEMS varactor properties over 100 million actuation 
cycles.  

The results of components and technologies research within TUMESA can be used for developing 
beam steering antennas in microwave communication and automotive radar applications. 
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WP4, Fabrication of MEMS Based Tuneable Metamaterials 
– To advance and finalise fabrication and test of MEMS tuneable metamaterials for a phase 

shift antenna 
– To advance and finalise fabrication and test of MEMS tuneable metamaterials for leaky 

wave antenna and beam steering 
– To advance and finalise investigation of volume manufacturability 

 
WP5, Management and Dissemination of results 

– To manage the project 
– To maintain the project web-site 
– To disseminate project results, promote the project and seek for potential user group 

members 
 

Recommendations from the previous reviews for the reporting period in question and summary 
of actions/clarifications 
 
In the second year review report four recommendations were given (see the list below).  
 
R1: As two additional tasks have been included, the consortium should submit an update of the 
tasks to the project officer by the end of September 2010. 
 
R2: A large number of different phase shifters have been investigated. The consortium should 
provide a tabular summary and decision matrix of the different phase shifters and update the 
current project periodic report with this information by the end of September 2010. 
 
R3: The consortium should concentrate and set its priority on selected phase shifters and antenna 
configurations 

– Finline phase shifter including "active" MEMS 
– Transmit array with two different configurations of "frozen" MEMS 
– Antenna based on leaky wave dielectric waveguide with MEMS phase shifter (perturbing 

structures) and cylindrical lens 
The remaining structures are considered to have much less potential and should be continued only if 
spare time and resources are available. 
Based on these priority considerations, the participants are asked to set up a plan describing the 
work for the last 9 months by the end of October 2010. 
 
R4: The meeting with potential users which had been shifted to the last year should be prepared and 
take place in time (during the last project year). 
 
Description of work carried out to address these recommendations is presented in Chapter 3. 
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2. Work progress and achievements during the period 

2.1 WP1 MEMS Tuneable Metamaterials for Low-Loss Single Chip Beam 
Steering Elements 

2.1.1 Summary of progress towards objective 
An analogue type phase shifter for W-band has been designed, analysed, fabricated and measured. 
The phase shifter consists of a reconfigurable high-impedance surface controlled by MEMS 
varactors and placed adjacent to a silicon dielectric rod waveguide. The analogue type phase shift in 
the range from 0° to 32° is observed at 75 GHz while applying bias voltage from 0 V to 40 V to the 
MEMS varactors. The insertion loss of the MEMS tuneable high-impedance surface is between 1.7 
dB and 5 dB depending on the frequency. 

2.1.2 Details for each task 
 
T1.4 Measurement of analogue type phase-shifters for dielectric rod antenna; reporting  
 
The proposed phase shifter consists of a dielectric rod waveguide with adjacent MEMS tuneable 
high-impedance surface (HIS). As it was discussed in the deliverables D1.1, D1.2 and D1.4, the 
MEMS tuneable HIS consists of a two-dimensional periodic arrangement of MEMS varactors 
placed on a grounded Si substrate with a period much smaller than the wavelength of a field above 
the HIS. The bias voltages applied to a MEMS varactor controls its capacitance value by changing 
the gap between the upper membrane and lower patch, affecting accordingly the effective input 
impedance of the whole structure. 
 
The MEMS tuneable HIS can be used to control the phase factor of the propagation constant of a 
dielectric rod waveguide (DRW) placed adjacent to the HIS at a distance d, see Fig. 2.1, forming 
thus an analogue type phase shifter as soon as the bias voltage changes the capacitance value of the 
MEMS varactors gradually. The value of the phase shift is proportional to the length w of the HIS. 
The device can be used as a dielectric rod antenna with integrated phase shifter if the wave radiates 
to the free space from Port 2. Furthermore, a phase array antenna can be formed by placing n DRW 
one above another and adjacent to n HIS controlled individually. These HIS can be fabricated on a 
single chip, which will dramatically reduce complexity and, consequently, the cost of the array 
antenna.  

 
Fig. 2.1.  Phase shifter based on a MEMS tuneable high-impedance surface of width w adjacent to a dielectric rod 

waveguide at a distance d (3D view). 
 
Simulation results of the phase shift of the DRW with adjacent MEMS tuneable HIS, when the gap 
of MEMS varactors changes from 2 µm to 1.2 µm is shown in Fig. 2.2, demonstrating promising 
phase shifting potential. Previously we also fabricated a non-tuneable prototype of the MEMS-
based HIS for the DRW phase shifter, measuring S-parameters with HIS and a copper plate adjacent 
to the DRW for assessing the maximum achievable phase shift while tuning the structure from a 
high-impedance state to a low-impedance state, see Periodic report 2010.   
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Fig. 2.2. Simulated phase shift of the DRW with adjacent MEMS tuneable HIS. 

 
A prototype of the MEMS tuneable HIS with 24x120 MEMS varactors placed on a silicon substrate 
with the period of 250 µm and total size of 6 x 30 mm2 has been fabricated at KTH, see Fig. 2.3. All 
varactors are connected by bias voltage lines to two contact pads.  

 
Fig. 2.3.  SEM image of the fabricated prototype of MEMS tuneable high-impedance surface. 

 
The MEMS tuneable HIS is placed adjacent to the silicon DRW matched to WR-10 waveports of a 
vector network analyser for measuring S-parameters. The bias voltage from 0 V to 40 V is applied 
to all MEMS varactors simultaneously.  An analogue type phase shift is detected at Port 2 of the 
DRW, see Fig. 2.4, where the phase of S21 of biased phase shifter is referenced to the S21 at 0 V. 
The measured frequency dependence of the phase shift at, e.g. 40 V bias voltage, corresponds to the 
simulated results. Dependence of the phase shift on the bias voltage is shown in Fig. 2.5 for 75 GHz 
and 110 GHz, where the value of the phase shift is largest on the measured frequency range. The 
phase changes gradually from 0° to 13° and -32°. Larger phase shift value can be expected with 
higher bias voltage, and in case the HIS is optimised so that the minimum phase shift would appear, 
e.g., at 110 GHz. 

 
Fig. 2.4. Measured analogue type phase shift of the DRW with adjacent MEMS tuneable HIS. 
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The S21 of the DRW and DRW with adjacent HIS is given in Fig. 2.6, showing that the insertion 
loss of MEMS tuneable HIS as a phase shifting element is between 3 dB and 5 dB.  Second 
fabricated prototype, showing larger phase shift of up to 70°, exhibited higher insertion loss. The 
losses can be decreased by optimised fabrication procedure, choosing better material of the DRW 
and improving matching of DRW to the WR-10 ports of the VNA. 
 

 
Fig. 2.5. Measured dependence of the phase shift on the bias voltage. 

 

 
Fig. 2.6. Measured insertion loss of the phase shifter. 

 
T1.5 Measurement of beam steering based on smart reflective surface; reporting  
 
MEMS tuneable HIS can be used for electronic reflective beam steering by inducing reconfigurable 
surface impedance through applying different bias voltage to different rows of elements of the 
MEMS varactors array, see Fig. 2.7. 
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Fig. 2.7 MEMS tuneable HIS for electronic reflective beam steering. 

 
MEMS tuneable HIS is a multi-layer structure, in contrast to original mushroom structure, and it 
consists of an array of electrically small MEMS parallel-plate capacitors, in which the top plate is 
suspended by springs. The basic idea of the proposed variable capacitor is that application of a bias 
voltage between the membrane and the bottom plate of the MEMS varactor changes the distance 
between them, which in turn changes the effective capacitance of the whole structure affecting the 
resonance frequency of the HIS. 
 
MEMS-based tuneable HIS is a periodic array of unit cells. The schematic design of the single unit 
cell of the MEMS-based HIS is shown in Fig. 2.8. The upper membrane which is formed by three 
layers (Au + Si + Au) is placed at a certain distance g from the lower metal patches. The bias 
voltage is applied between the membrane and the lower patches. 

 
Fig. 2.8 Top and side view of the schematic design of MEMS tuneable high-impedance surface, not to scale. 
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The HIS is a resonance structure, and at the resonance frequency the phase of the reflection 
coefficient becomes 0°. From the theoretical point of view, the reflection phase of a tuneable HIS at 
any fixed frequency varies continuously from -180° to +180° with continuous change of the 
capacitance value. In reality, this is limited and the beam steering mechanism should be adapted to 
this limitation.  

Since the HIS is a periodic structure, its electromagnetic performance can be simulated with a 
simplified model of a single unit cell with appropriate boundary conditions. We have used full wave 
3-D simulation software Ansoft HFSS, to analyze the tuneability range. This simulation provides 
only the reflection phase for normal incidence, but it is still sufficient to explain tendency of the 
variation of reflection phase due to change of the geometry, i.e. the thickness h of the substrate and 
the gap g between membrane and lower patches. Fig. 2.9 shows simulation results of the reflection 
phase of the MEMS tuneable HIS for different values of the gap of the MEMS varactor. It indicates 
that, by varying the gap to certain values, the resonant frequency is tuned from approximately 
70 GHz to 100 GHz. For the structure with a 75 μm thick substrate, the reflection phase is varied 
from approximately -102° to 120° with the gap changing from 1.1 μm to 1.65 μm, according to the 
mentioned restriction of the MEMS tuneability. 
 

 
Fig. 2.9. Reflection phase for single unit cell with 75 um substrate thickness as a function of frequency and gap, 

simulated. 
 

Reflective Strip Line Beam Steering 
MEMS tuneable HIS can be used for electronic reflective beam steering by inducing reconfigurable 
surface impedance by applying different bias voltage to different rows of elements of the MEMS 
varactors array. Since full-wave simulation of electrically large reflective surface with electrically 
small features of MEMS varactors is computationally practically impossible, a simplified model of 
a surface with strips formed by 40 impedance elements of 0.35 x 0.35 mm2 is used. Configuring the 
surface so that different strips have different impedances and different phase of the reflection 
coefficient, the reflected beam can be steered by changing the gradient of the surface impedance.  

The strip line structures are placed in the open boundary conditions, and the radiation pattern of the 
reflected beam is simulated for two different incident angles: normal incidence and 45° incidence. 
In order to model a planar array condition, 20 arrays with 0 phase shift are added in the z-direction. 
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Far-field at 80 GHz is monitored to obtain the normalized radiation pattern. A series of normalized 
radiation patterns for several steering angles are shown in Figs. 2.10 and 2.11. As a reference, we 
have also simulated the radiation pattern of the surface with equal impedance (50 ohm resistance). 
As expected, the side lobe is strongest at 0° if the waves are coming with normal incidence, see Fig. 
2.10. For oblique incidence of 45° the strongest lobe is the main steering lobe according to the 
programmed reflection angle, i.e. -30° and 0°, see Fig. 2.11a. A strong forward reflected wave side 
lobe can be observed through these simulation results, which is due to the specular reflection law 
occurred when a wave impinged to a flat surface.  The limited tuning range does not produce a 
perfectly linear phase gradient, as the phase is truncated at extreme values. This problem is most 
severe at the 2π discontinuities, and as a result the radiation patterns have additional higher 
backward reflected wave side lobes.  

 
Fig. 2.10 The normalized radiation pattern at 80 GHz incidence for the surface which is programmed for -15° with 

normal incidence, simulated. 

 
(a) 

 
(b) 

Fig. 2.11 The normalized radiation pattern at 80 GHz with incident angle from 45° for the surface which is programmed 
for: (a) -30°, (b) 0°, simulated. 
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Quasioptical measurements of high-impedance surface samples 
Although the fabrication of the large-scale tuneable high impedance surfaces was not successful, 
some fabricated samples were measured in order to study the effect of the incidence angle on the 
operation of the surfaces. The HIS samples are 200x52 arrays of unit cells with 350μm periodic 
length. Totally four samples of beam steering chips are received from KTH, which are abbreviated 
as HIS1, HIS2, HIS3, and HIS4 (see Fig 2.12). An aluminum plate with the same dimension of HIS 
is also measured as the reference. The description of the samples is as follows: 
 

1. HIS1: free etched, bad plating (some strips of membranes peel off)  
2. HIS2: partially free etched, static 
3. HIS3: free etched, but with burnt resist keeping it static 
4. HIS4: same as 3, but not free etched 

 
 

 
Fig. 2.12 Four samples of beam steering chips. 

 
A quasi-optical measurement setup is built for the measurement of high impedance surface (HIS) 
with three different incident angles, which are 30°, 45° and 60° with respect to the normal direction 
of the HIS (see Fig. 2.12.13 and Fig. 2.142.14). Two standard horn antennas are mounted at test port 
1 and 2 and thus acting as the transmitting and receiving antennas. In addition, two parabolic 
reflectors are used to collimate and focus the transmitting waves. The HIS or aluminum plate is 
fixed on the rotator, and the incident angle is defined by tuning the rotator. Meanwhile, the mirror is 
mounted on a carrier rail in order to position it properly with respect to the corresponding to the 
incident angle. With the proposed setup, for a chosen incident angle and a fixed polarization (TE 
mode), the transmission coefficient of the HIS (or aluminum plate) under test is recorded through 
two test ports by the HP8510 vector network analyzer. 
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Fig. 2.13 Schematic design of the quasi-optical measurement setup. 

 

 
Fig. 2.14 Photographs of the quasi-optical measurement setup and HIS chip on the holder. Tapes are used for handling 

the chip. 

As an example, Fig. 2.15 shows the measurement results of the S21 for HIS3 chip with different 
incident angles. The measured results are calibrated with the measurement results of the aluminium 
plate. The measurements results do not indicate resonances within the frequency range of the 
measurements. However, these measurements show that the specular reflection for the HIS surfaces 
is the largest for the 60° incidence angle, when calibrated with the reflection characteristics of the 
aluminium plate.  
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Fig. 2.15 Comparison of the measured transmission amplitude with different incident angles, HIS3 as the reflective 

surface. 

In the measurement results of S1, there are some ripples in the measured amplitude and phase. A 
Fourier analysis of the measurement results was carried out in order to find out existence of 
multiple reflections or leakage signals in addition to the desired signal. Fig. 2.16 shows the results 
for the angle of incidence of 30° in the spatial domain indicating large peaks at the path length of 
0.67 m, corresponding to the measurement geometry. An additional signal arrives at the receiving 
horn before the desired signal. This is most probably caused by diffractions from the edges of the 
parabolic mirrors, holder, or the flat mirror. The levels of these diffraction signals are less than -25 
dB compared to the desired signal. 
 

 
Fig. 2.16 Inverse Fourier transform of the measured S21 for the incidence angle of 30°. 

Measurement results are presented in more details in deliverable D1.6. 

Reflection coefficient measurement of the HIS 
In addition to the large scale quasi-optical measurements, the reflection coefficient of the HIS and 
aluminum plate were also measured as a backshort of a WR10 waveguide (size of the cross section 
is 2.54 x 1.27 mm2), five different positions of the object under test are measured in order to check 
the repeatibality. Fig. 2.17 shows the setup of the corresponding measurement.  
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Fig. 2.17 Photograph of the setup of the S11 measurement. 

The back-short measurement results for HIS3 chip are shown in Fig. 2.18. The phase response is 
normalized with the calculated phase response of the 10 mm straight WR-10 waveguide section 
used as the probe. Both the amplitude and phase responses are reasonably flat, thus, these results do 
not indicate any resonances at the frequency range of the measurements.     

 
Fig. 2.18 Measured reflection coefficient of the HIS3 as a backshort of a WR10 waveguide. 

 
Measurement of the reflective phase shifter 
In addition to the large scale beam steering surfaces a reflective phase shifter chip was fabricated at 
KTH. The reflective phase shifter chip consists of 5x10 unit cells, the dimensions of which are 
described in details in Deliverable 1.2. Fig. 2.18 (lhs) shows the layout of the phase shifter. Red 
rectangles in the bottom of the figure show the optimal contact areas for the wires to be used for 
application of the bias voltage. 5 (rhs) shows the specially designed WR-12 waveguide mount for 
the phase shifter chip, and a chip inserted as the backshort of the waveguide. Two contact pads are 
connected to the membranes and electrodes of the high impedance surface, respectively. Fig..19 
indicates the close-up view of the phase shifter chip with the wires clamped to the contact pads. 
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Fig. 2.18  Layout of the reflective phase shifter (lhs) and the reflective phase shifter chip mounted as a backshort of 

WR-12 waveguide (rhs). 

 

   
Fig. 2.19 Close-up view of the wires clamped to the contact pad. 

A WR10-to-WR12 transition is needed for the phase response measurements with the HP8510 
VNA. Also, the phase shifter chip waveguide mount includes a 57.74 mm-long WR12 waveguide 
section. Therefore, the phase response of the reflective phase shifter is retrieved from the measured 
results by subtracting the phase response of the measured WR10-12 waveguide transition and 
calculated phase response of the 57.74 mm long hollow WR12 waveguide. First the measurement 
was carried out without applying any biasing voltage. The results are shown in Fig. 2.20. The 
measurement results show a resonance frequency of about 91 GHz. The losses at the resonance 
frequency are about 3 dB when taking into account the WR10-12 transition and the WR-12 
waveguide section of the phase shifter mount. Outside the resonance frequency the losses are about 
0.5-1 dB. 
 
The bias voltage was applied first through wires clamped to the phase shifter contact pads. Also 
other biasing configuration was used in order to improve the contacts, tand he clamped wires were 
taken away and two probes mounted on the three-stage micro-manipulators were attached to the 
contacting pads. However, no changes in the response of the phase shifter were observed, when bias 
voltage was applied. 
 
Measurement results are presented in more details in deliverable D1.6. 
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Fig. 2.20 The measured reflection coefficient of the phase shifter as a function of frequency. In the normalized curve, 

the losses of rectangular waveguide and WR10-12transition are taken into account. 

2.1.3 Significant results 
We have designed, manufactured and measured an analogue type millimetre wave phase shifters. 
The phase shifter comprises a MEMS tuneable high-impedance surface placed adjacent to a 
dielectric rod waveguide. The analogue type phase shift of up to -32° has been demonstrated at 75 
GHz by applying bias voltages from 0 V to 40 V. Both maximum phase shift value and insertion 
loss can be improved by optimising the design of the structure and the fabrication procedure. 
 

2.1.4 Deviations from Annex I 
Task 1.4:  
No deviations 
 
Task 1.5: 
As it can be seen from the Recommendation R3 from the previous review, the priority list for the 
last period does not include the smart single chip smart beam-steerable reflective surface based on 
MEMS tuneable high-impedance surface. Consequently its development was continued with low 
resource allocation as it was recommended. That is why final realisation of the beam steering has not 
been accomplished.  

2.1.5 Statement on the use of resources 
Personnel costs: 
The following human resources were involved at AALTO during the reporting period in WP1: 
Dmitry Chicherin, researcher: 4.26 person-months 
Juha Mallat, senior researcher: 3.00 person-months 
Patrik Pousi, researcher: 5.23 person-months 
Zhou Du, researcher: 8.23 person-months 
Finn Lindeberg, research trainee: 3 person months 
Juha Ala-Laurinaho, senior researcher: 0.50 person months 
 
No other major costs.  
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2.2 WP2 MEMS-based Leaky Wave Antennas and Array Antennas  

2.2.1 Summary of progress towards objective 
 

• Selection of the phase shifter configurations based a tabular summary and decision matrix. 
Our final choice is based on finline structures, 

• Design, optimization, prototyping and experimental characterization of the finline final 
phase sifters. Two sets of phase shifters have been considered: X-shaped phase shifters 
(characterization in a waveguide simulator as a unit-cell), and rectangular phase shifters. For 
both phase shifter types, 6 frozen-state configurations have been optimized and 
characterized,  

• Design, optimization, prototyping and experimental characterization of two passive antenna 
arrays compatible with beam switching/scanning capabilities. In the first case, the antenna 
array is assembled using conductive glue, whereas we do not use glue in the second case. 
Each antenna array is made of 210 unit-cells. The design and optimization have been carried 
out using a specifically developed in-house software and full-wave softwares, respectively. 

• Following the design, simulation and optimization of the coupling leaky-wave antenna 
(CLWA), an antenna prototype has been fabricated and characterized. The antenna consists 
of a circular quartz rod coupled to a silicon substrate with periodic perturbation strips. The 
CLWA prototype demonstrates a capability of fixed-frequency electronic beam steering, and 
opens the door to electronic beam steering by integrating MEMS switches on top of the 
silicon substrate. 

 
During this reporting period, UR1, AALTO, KTH, AUTOCRUISE and MicroComp Nordic have 
tightly interacted: 

• Fabrication of the unit-cell phase shifters (rectangular and X-shaped ones): close 
cooperation between UR1 (design) and KTH (fabrication), 

• Fabrication of the waveguide test set-ups for the characterization of the unit-cells: design 
(UR1 + MicroComp Nordic) and fabrication (MicroComp Nordic), 

• Experimental characterization of the waveguide test set-ups (empty or loaded by a unit-cell 
phase shifter): AALTO, KTH, MicroComp Nordic, 

• Experimental characterization of the phased array antennas: UR1 (far-field, S11), AALTO 
(near-field). We demonstrated beam scanning capabilities by moving the primary feed along 
E-plane in a transverse plane parallel to the antenna array plane. The displacement step is 
equal to the primary feed aperture size. The prototyped antennas exhibit similar radiation 
patterns as those predicted numerically. 

• Following the design, simulation and optimization of the coupling leaky-wave antenna 
(CLWA), an antenna prototype has been fabricated and measured (KTH, AUTOCRUISE, 
UR1).  

 

2.2.2 Details for each task 
Selection of the phase shifter configurations based a tabular summary and decision matrix: 
 
Several waveguide-based phase shifter configurations have been considered and benchmarked since 
the beginning of the TUMESA project: AFA element, capacitive iris, inductive iris and finline 
phase shifters integrated into WR-12 (or WR-90) waveguides). The layout and overall performance 
of the waveguide-based phase shifters have been described in detail in Deliverables 1.3, 2.2, 5.2b, 
5.2d and the 1st- and 2nd-year periodic reports.A decision matrix has been defined in Fall 2010. 
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Phase shifter #1 is based on the Antenna-Filter-Antenna (AFA) concept. The frequency selective 
surfaces (FSS) can be viewed as filters with radiative ports, which are generally realized using 
planar periodic structures. Depending on the geometry, a single-layer FSS can present a bandpass or 
bandstop response around its resonant frequency. Generally the AFA element can be integrated into 
metallic waveguide structures. The AFA unit-cell is a resonant structure with a relatively small 
operational bandwidth, and it exhibits significant insertion loss.  
 
Phase shifter #2 is based on capacitive irises integrated into a WR-12 waveguide. This model 
consists of a 1-pole capacitive iris filter. This means that two parallel irises are cascaded. Each of 
them is printed on a dielectric substrate. Stubs are integrated within each iris to control the phase of 
the transmission coefficient. Numerical results have shown that, with 1-pole capacitive iris filter, 
the maximum phase variation that has been achieved is only 90° (while 2-bit is our goal). This 
comes from the narrow operational bandwidth (1-1.5GHz) of this structure. The phase dynamic 
could be increased by integrated additional iris elements with increasing model complexity.  
 
Phase shifters #3 and #4 are based on inductive bandpass filters. We choose this particular filter 
configuration due to its very good performances in terms of filtering property, S-parameters, and 
above all, broad bandwidth. Changing the tunable elements in the iris slots enables one to adjust the 
filter frequency response. We started our design and optimization from conventional symmetrical 
inductive iris bandpass filter and then further improved it (asymmetrical configuration). The latter 
provides nearly the same bit resolution but with twice less MEMS devices, compared to the 
symmetrical configuration. Due to its promising phase shifter performance, the asymmetrical 
inductive iris was designed and optimized in X-band (10 GHz). This work has a “low priority” 
level. 
 
Phase shifter #5 is based on the finline concept. The fins are placed on both sides of a Silicon 
substrate. Eleven MEMS cantilevers are integrated in each slot. The phase of the transmitted wave 
is controlled by the open/closed states of the cantilevers. The proposed configuration is based on a 
symmetrical finline design with 22 MEMS cantilevers. Due to its promising performance, this 
phase shifter configuration has been selected for final optimisation. Two sets of phase shifters have 
been considered: X-shaped phase shifters (characterization in a waveguide simulator as a unit-cell), 
and rectangular phase shifters (for integration into antenna arrays). 
 
The final decisions, taken in September 2010, are indicated in Table 2.1. Two configurations have 
been retained, with the priority given to the finline phase shifters. The decision matrix given 
hereafter is the same as the one provided in September 2010.  
 
 



 

# 

Description 

Advantages 

Disadvantages 

Decision 

Reference 
(Deliverable) 

AFA

Two planar 
coupled by a

slot etched in
plan

The phase
controlled by 

slot le

Provides alm
resolution as 

resonators o
Litera

The AFA un
resonant stru

relatively
operational b

exhibits si
insertio

NOT selected
period of th

D1

A (1)  

 

 
resonators 

a U-shaped 
n the ground 
ne. 
e shift is 
the coupling 
ngth. 

i
ir
e

most a 2-bit 
CPW-based 

of the open 
ature. 

nit-cell is a 
ucture with a 
y small 
andwidth. It 
ignificant 
n loss. 

fi

d for the last 
he project. 

N

.3 

T

Capacitive iris

 
Irises are pattern

silicon substra
Tunable elemen

integrated betwee
ris. Changing the 
lements position 
one to adjust the

property.

 
Simple structu

 

The 1-pole iris-b
lter provides a lo
dynamic due to n
operational band

NOT selected for 
period of the pro

D1.3 

Table 2.1 Decision 

s (2)
Sym

ned on 
ates. 
nts are 
en each 
tunable 
enables 

e filter 

Ind
substr

into 
elem

frequ
pha

ure.  
Provid
with re
-1dB).

based 
w phase 

narrow 
dwidth. 

C
wave

sh
Symm

the last 
oject. 

Asym
f

D1.3; 

matrix. 

Inductiv
mmetrical (3) 

ductive irises are 
rates. Tunable ele
each iris slot. Ch

ments enables one
uency response, th
se at a given oper

des a nearly 2-bit 
elatively low inse
. 

Complexity of the
guide. In compar
hifters, it requires
metrical model ne

switchable 

metrical configu
for the last period

Low-prior

D5.2b; Periodic R

ve iris
Asymmetrical 

placed on silicon
ements are integra
hanging the tunab
e to adjust the filt
hus the transmiss
rational frequency

phase resolution 
ertion loss level (l

e integration into 
rison to finline ph
s one extra chips. 
eeds two times m
elements. 

uration SELECT
d of the project. 
rity work

Report 2009 

(4) 

 

n 
ated 
ble 
ter 
ion 
y. 

The fin
Silicon sub
are integr
are 22 ME
of the tran

open/c

less Provide
wit

hase 

more 

Comp
waveg

simpler 
confi

i

TED SELEC

D5.2a; D
perio

Finline (5

 

ns are placed on b
bstrate. Eleven M
rated in each slot
EMS elements in
nsmitted wave is 
closed states of th

es a nearly 2-bit p
th acceptable inse

plexity of the inte
guide. But, this co
than the asymme

igurations in term
integration and as

CTED for the las
project. 

Top-priority w
D5.2c Periodic re
d: 1 June 2008 -3

23

)

both sides of
MEMS cantil
. Therefore t

n total. The p
controlled b

he cantilever

phase resolut
ertion loss. 

egration into
onfiguration 
etrical induct

ms of biasing
ssembly. 
st period of t

work
eport (report
31May 2009



D

 
T

 
R
 
T
a
 

T
c
r

T
r
 

 

  

Design, opt
shifters: 

Two sets of
shifter (char

Rectangula

The phase s
activities ha

1. Design an
The layout o
circuits has b
rectangular f
six different
The six rect
represented 

imization, p

f phase shif
racterization 

ar phase sh

hifters are u
ve been carr

nd optimiza
of the phase
been comple
finline based
t phase state
tangular pha
in Fig. 2.21b

State 1

State 3 (

State 5 

(a) Sche

prototyping

fters have b
in a wavegu

hifter 

used as a uni
ried out: 

ation of the p
e shifters is 
eted in Fall/W
d phase shift
s, which cor

ase shifter co
b.  

(1_2_cl) 

(1_11_op) 

(all_op) 

Fig. 2.21 R
ematic drawing

 

g and experi

een conside
uide simulato

it-cell eleme

phase shifte
presented in
Winter 2010
ter structure 
rrespond to s
onfigurations

Rectangular sha
g. (b) Slot conf

imental cha

ered: rectang
or as a unit-c

ent for the tw

ers:  
n Fig. 2.21a
0. We remind
(Fig. 2.21 an
six different
s used for th

(a) 

(b)  
ape finline-base
figuration for d

aracterizatio

gular phase 
cell). 

wo phased ar

a. The final o
d here the m
nd Fig. 2.22
t chip design
he design of

State 

Sta

 St

ed phase shifte
different phase 

on of the fin

shifter and 

rray antenna

optimization
most importan

). In total we
ns with diffe
f the 2-bit an

 

2 (1_6_7_8_op

ate 4 (all_cl) 

tate 6 (3_op) 

ers.  
shifter states.  

nline final p

X-shaped p

as. The follow

n of these fin
nt features o
e have optim

erent slot lay
ntenna array

p) 

phase 

phase 

wing 

nline 
of the 
mized 
youts. 
ys are 



 25

75 76 77 78 79 80
-45
-40
-35
-30
-25
-20
-15
-10

-5
0
5

 State 1
 State 2
 State 3
 State 4
 State 5
 State 6

S
11

[d
B

]

Frequency [GHz] 

77 GHz 

(a) Return loss 

75 76 77 78 79 80 81 82 83 84 85
-40

-35

-30

-25

-20

-15

-10

-5

0

 State 1
 State 2
 State 3
 State 4
 State 5
 State 6

S
21

[d
B

]

Frequency [GHz] 

77 GHz 

(b) Insertion loss 

75 76 77 78 79 80
-180
-150
-120

-90
-60
-30

0
30
60
90

120
150
180

P
ha

se
 (S

21
)[d

eg
re

e]

Frequency [GHz] 

 1_2_cl
 1_6_7_8_op
 1_11_op
 all_cl
 all_op

77 GHz   2-bit resolution (5 states)
      1,9-bit resolution (4 states)  

 
(c) Phase response 

Fig. 2.22 Computational results of the finline filter performance at 77GHz (HFSS).  
 

2. Prototyping of the phase shifters  
In close interactions with KTH, UR1 prototyped rectangular shaped finline–based phase shifter 
chips. The prototyping procedure is detailed in Deliverable D2.5. Due to technological constraints, 
the phase shifters are fabricated in two separate parts; each of them comprises 11 MEMS in frozen 
state fabricated on a 300µm-thick Silicon substrate. To obtain a single bilateral finline phase shifter, 
we used non-conductive glue to assemble both substrates. In total, more than 500 rectangular chips 
have been prototyped for integration into the antenna arrays and for characterization of the single 
elements: 

o 420 prototyped chips are used for integration into the antenna arrays,  
o 60 chips are for single-element characterization,  
o The remaining elements are used as spare chips in case of damage during the antenna 

array assembling.  
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(a) (b)  
Fig. 2.23 Finline-based phase shifter prototypes. (a) Wafer with chips. (b) Rectangular chip. 

 
3. Experimental characterization of the phase shifters 
The finline phase shifter performance has been confirmed experimentally. The ideas and models of 
the waveguide set-up (WR-12, 1.55×3.09×120mm3) are represented in Fig. 2.24. For rectangular 
chip types, a slot is fabricated in the middle of the waveguide. In this area, we make another cut 
which corresponds to the chip footprint. The latter guarantees the chip position to be exactly in the 
middle of the waveguide aperture. For chip fixation in the waveguide, we used a lid (green part in 
Fig. 2.24). Once the chip is inserted into its place in the waveguide and lid is covering the chip, we 
fix all the structure with two clamps. The proposed waveguide structure provides easy and fast 
access to the chip. This measurement set-up has been designed by UR1 and MicroComp Nordic. 
 

 
(a) 

 
 

(b) 
Fig. 2.24 (a) WR-12 waveguide models for testing rectangular shape phase shifter chip performance. (b) 

Prototyped WR-12 waveguide for chips measurements. 
 
Fifty finline phase shifters have been measured at AALTO. The measurement setup is shown in Fig. 
2.25. The VNA has two WR-10 ports. For testing the chips, WR-12 waveguide ports are used. 
Therefore we have two transitions from WR-10 to WR-12 which are connected directly to the 
waveguide ports.  
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Fig. 2.25 Test setup for single chip characterization. 
 
Six different chip states for each chip type have been measured. For each chip state, we measured 
several times between five to ten identical chips; this enables to assess the chip reproducibility. The 
chip states and their configurations are summarized in Table 2.2.  

 
Table 2.2 Rectangular chip states and their configuration. 

 

Rectangular chip state Chip configuration (MEMS state) 
State 1 1 / 2–close 
State 2 1 / 6 / 7 / 8–open 
State 3 1 / 1 –open 
State 4 all close 
State 5 all open 
State 6 3–open 

 
The measured results are represented in Fig. 2.26 and Fig. 2.27. We present only the four most 
interesting measured states among the six available ones. The measured S-parameters for identical 
chips (Fig. 10) are similar for almost all states, and are shifted to higher frequency in comparison 
with theoretical results. This frequency shift is about 5GHz-6GHz. At the same time, the measured 
insertion loss level is in 2-4 times higher than expected (1.5dB-4dB). The measured and theoretical 
phase characteristics are represented in Fig. 2.26. The measured phase value is slightly different 
from the predicted one. This is mainly due to the fact that our resonance frequency is shifted (the 
chip dimensions are different from the nominal ones, as presented in Fig. 2.28).  
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Fig. 2.25 Rectangular finline chips phase response: 1.25-bit resolution at 77 GHz (theory: 1.9-bit). The reference planes 

are the same in theory and in practice (3mm from the end of the chip). 
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(a)                                                                                        (b) 

Fig. 2.26 Measured and theoretical rectangular chip (four states) S-parameters: S11 (a); S21 (b). 
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Fig. 2.27 Rectangular chip dimensions. 

 
X-shaped phase shifters (characterization in a waveguide simulator as a unit-cell) 
 
These phase shifters are used as unit-cell element for their experimental characterization into a 
waveguide simulator. The following activities have been carried out: 
 
1. Design and optimization of the phase shifters  
The layout is represented in Fig. 2.28a. The overall performance of the preliminary finline circuits 
has been described in detail in Deliverable 2.5. The chip performances have been optimized in 
fall/winter 2010. The most important features of the X-shaped structure are shown in Fig. 2.28 and 
Fig. 2.29. For this phase shifter, we have six different phase states, which corresponds to six 
different chip designs. The corresponding slot configurations are shown in Fig. 2.28b. 
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(a) 

 

  

 
Fig. 2.28 X-shape finline phase shifter chip model. (a) Schematic drawing. (b) Slot configuration for different phase 

shifter states. 
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(c) Phase response

Fig. 2.29 Computational results of the X- shaped finline filter performance (HFSS). 
 

2. Prototyping of the phase shifters:  
The X-shape chips (see Fig. 2.30) have been prototyped together with rectangular chips on the same 
wafer. The fabrication procedure is exactly the same as for the rectangular chips. Six different 
configurations have been realized. In total, around 80 full chips have been fabricated by KTH for 
characterization as single elements. Sixty of them were used for characterization, and the rest we 
used as spare chips in case of damage during measurement.  

 

 
(a) (b) 

Fig. 2.30 Finline based phase shifter chip prototypes. 

 
3. Experimental characterization of the phase shifters:  
The X-shape chips have been measured by using a similar setup as the one proposed for the 
characterization of the rectangular chips. An X-shape footprint has been fabricated in the host 
waveguide. For chip fixation in the WG, we used a lid (green part in Fig. 2.31a). Once the chip is 
inserted into its place in the WG and lid is covering the chip, we fix all the structure with two 
clamps (red parts in Fig. 2.31a). Thus the chip is perfectly fixed and ready for measurements.  
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(a) Model (b) Prototype 

Fig. 2.31 WR-12 waveguide models for testing X-shaped phase shifter chip performance. 
 
As an example in Fig. 2.32, we provide photographs of the X-shape chip integrated into the 
waveguide. There are three steps: i) insert the X-shape chip into the WG footprint; ii) close the lid 
and fix all the parts by two clamps; iii) once clamps are fixed, we can start measurement. 

 
(a) 

 
(b) 

 
(c) 

Fig. 2.32 Prototyped WR-12 waveguides for measurements X-shape chips performance. 
For each six different chip states we measure ten identical chips. The X-shape chip states and their 
configurations are summarized in Table 2.3.  
 

Table 2.3 X-shaped chip states and their configuration. 
 

X-shape chip state Chip configuration(MEMS state) 
State 1 1 / 11–open 
State 2 11–open 
State 3 3 / 9–close 
State 4 11–close 
State 5 6–close 
State 6 4 / 11–close 

 
The measured X-shape chips performance (Fig. 2.33-34) also indicates a frequency shift to higher 
frequency (almost 5GHz-6GHz) as observed for the rectangular chips. This is mainly due to the fact 
that the chip dimensions are different from the nominal ones, as confirmed by Fig. 2.35. But in 
comparison with rectangular shape chips, they did not provide similar performance from chip to 
chip in identical chip state. For some states, only two from ten chips perform identically. The 
insertion loss level is also high (2dB-4dB), as in case of rectangular chips.   
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(a)                                                                            (b) 

Fig. 2.33 Measured and theoretical X-shape chip (six states) S-parameters: S11 (a); S21 (b).  
 

Fig. 2.34 X-shaped finline chips phase response: 1.78-bit resolution at 77 GHz (theory: 2-bit). The reference planes of 
the measured chips are the same as in theory (3mm from the end of the chip) . 



 35

3 6 9 12 15
0,010

0,012

0,014

0,016

0,018

0,020

3 6 9 12 15
4,10

4,15

4,20

4,25

4,30

3 6 9 12 15
5,4

5,5

5,6

5,7

3 6 9 12 15

0,57

0,60

0,63

Chip number
[m

m
]

Chip number

 Glue layer

[m
m

]

 Length

Nominal value:4,205mm

Nominal value:0,6mm

[m
m

]

[m
m

]

Chip number

 Width

Nominal value:5,55mm

Chip number

 Thickness

 
Fig. 2.35 X-shaped chip dimensions. 

 
Design, optimization, prototyping and experimental characterization of two passive antenna 
arrays 
 
Design and optimization of the antenna arrays:  
A 10×21 element antenna array (54.55×41.9×10.205 mm3) fed by a 11-dBi pyramidal horn has been 
designed to radiate its main beam at broadside (Fig. 36). The horn antenna is well matched over 
large frequency band and has a flat gain. Moreover, its radiation patterns at 77GHz are almost 
identical for E/H planes. The HPBW of the horn is 50°. We placed this optimized antenna at 
43.5mm distance from the array. The four rectangular phase shifters (states 1/2/3/5) presented 
above (Fig. 2.21) are used to compensate for the different electrical path lengths between the horn 
and each unit-cell of the radiating aperture. In the antenna array model, the waveguide wall 
thickness equals 1mm.  
 

54
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43.53.09

1.55
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1

External feed
(Horn antenna)

 
Zoom of the antenna 

array element

 
(a) (b) 

Fig. 2.36 (a) Phased antenna array model. The unit-cell is a rectangular finline-based phase shifter chip model. 
(b) Feed pyramidal horn antenna. 

 
The radiation patterns are represented in Fig. 2.37. As we can see, the maximum gain value at 
77GHz is 26.7dB and decreases at lower frequencies. The antenna array HPBW is equal to 5º-6º in 
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E/H-planes. The achieved antenna specifications are in between long-/short- range specification for 
radar system. 
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Fig. 2.37 Antenna array performance (theoretical results): antenna array radiation pattern at 77GHz 
and antenna gain versus frequency. 

 
The antenna beam can be scanned in E-plane by switching integrated phase shifters or by displacing 
the feed horn in the focal plane. In first case, the feed is placed at the same focal distance for each 
beam scan angle, and we only change the phase shifter states as presented in Fig. 2.38 for four 
offset feed positions. In the second case, beam scanning can be also achieved by moving feed along 
E-plane in a transverse plane parallel to the antenna array, while all the phase shifters are tuned to 
have maximum radiation at broadside. 
 
In more details, the finline phase shifter model in “passive” configuration and the antenna array 
concept have been described in “Technical report R3.Y2” (October 2010) and Deliverables D2.3, 
D2.5 accordingly.   
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Fig. 2.38 Theoretical radiation pattern of the antenna array with element distribution chart.  
 
Fabrication of the phase shifters:  
The phase shifters used here are the rectangular ones. Their fabrication procedure has been 
described previously. The number of phase shifter per phase states is summarized in Table 2.4. 

 
Table 2.4 Distribution of the rectangular phase shifters for the antenna array radiating at broadside. 

 

X-shape chip state Number of chips 
State 1 52 
State 2 84 
State 3 42 
State 5 32 
Total 210 
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Fabrication of the antenna arrays:  
Two antenna arrays have been fabricated in bronze (more than 1 month per array). Each array is 
divided into 11 parts. There is a footprint for the phase shifter chip inside each antenna array part to 
accommodate for the chip and keep it fixed inside the waveguide. In the ‘First’ array, the chips are 
assembled in their respective footprints using conductive glue (Epo-Tec® H20E) and in the 
‘Second’ array, we do not use any glue (see Fig. 2-39). Long bolts are put through the antenna array 
walls to pull together all array parts. Fig. 2.40 shows one of the two arrays once assembled.  

 
(a) with conductive glue  

 
(b) without conductive glue 

Fig. 2.39 Antenna array sections (examples).
 

               
Fig. 2.40 Antenna array once assembled. 

 
Experimental characterization of the antenna arrays: 
The far-field patterns of both antenna arrays have been measured at UR1. Moreover near-field 
measurements for one antenna array (‘First’ array) at 77GHz have been done at AALTO. The 
antenna array under test is shown in Fig. 2.41.  
 

 
(a) at UR1(far field) (b) at AALTO (near field) 

Fig. 2.41 Antenna array under measurements
 
The maximum measured gain of the “First” (assembled with glue) and “Second” (assembled 
without glue) antenna arrays is 16.4dBi and 20dBi at 83GHz and 83.5GHz respectively, and 
decreases at lower frequencies for both antenna arrays (Fig. 2.42). Again, we can observe the 
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frequency shift (by 5-6 GHz) already noticed when characterizing the unit-cell elements. The 
measured antenna gain is lower than the theoretical value (by 6dB for the “Second” array). This is 
mainly due to the chips performance that exhibit higher insertion loss. The measured antenna array 
patterns are represented in Fig. 2.43 and 2.44 for the “First” and “Second” array, respectively. The 
antenna array HPBW is equal to 5º-6º in E/H-planes, which corresponds to our theoretical results. 
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Fig. 2.42 Measured gains of both arrays, and comparison with the theoretical value. 
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Fig. 2.43 First array. Measured and computed radiation patterns.

 

-90 -60 -30 0 30 60 90
-60

-50

-40

-30

-20

-10

0

N
or

m
 G

ai
n 

[d
B

]

Angle [degree]

 Co-pol Theor
 Co-pol Meas
 X-pol Theor
 X-pol Meas

77 GHz E-plane

-90 -60 -30 0 30 60 90
-60

-50

-40

-30

-20

-10

0

N
or

m
 G

ai
n 

[d
B]

Angle [degree]

 Co-pol Theor
 Co-pol Meas
 X-pol Theor
 X-pol Meas

77 GHz H-plane

 
E-plane – 77 GHz H-plane – 77 GHz 

-90 -60 -30 0 30 60 90
-60

-50

-40

-30

-20

-10

0

N
or

m
 G

ai
n 

[d
B

]

Angle [degree]

 Co-pol Theor
 Co-pol Meas
 X-pol Theor
 X-pol Meas

83 GHz E-plane

-90 -60 -30 0 30 60 90
-60

-50

-40

-30

-20

-10

0

N
or

m
 G

ai
n 

[d
B]

Angle [degree]

 Co-pol Theor
 Co-pol Meas
 X-pol Theor
 X-pol Meas

83 GHz H-plane

E-plane – 83 GHz H-plane – 83 GHz 
Fig. 2.44 Second array. Measured and computed radiation patterns. 

 
Despite the fact that antenna arrays exhibit better performance at higher frequency than expected, 
the measured and theoretical radiation patterns at 77GHz (Fig. 2.43 and 2.44) are almost identical 
with a higher side lobes level (SLL) in measurement (FF+NF). This can be due to some reflections 



 40

between external feed horn antenna and antenna arrays and scattering (this could be decreased by 
using absorbing materials around the antenna array during measurements). 

 
In Fig. 2.45 we show the antenna array ability for beam scanning by moving the feed in E-plane in a 
plane parallel to the antenna array, with a step equal to the feed aperture size (4mm). In this case, all 
phase shifter are tuned to have maximum radiation at broadside. As we can see from measured 
results, the antenna array exhibits good performance up to 15° over the measured frequency band. 
Beyond 15°, the gain decreases rapidly, and the side lobe level increases. The antenna array HPBW 
for both antennas is 4.5º-5.5º when the horn feed is shift up to 12mm from the initial central 
position. For all feed shift positions, the S-parameter of the feed horn does not change (Fig. 2.46b).  
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Fig. 2.45 Measured antenna array beam steering radiation patterns at 77 GHz and 84 GHz for the Second array. 
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 Fabrication and characterisation of leaky wave antenna; reporting 
 
The coupling leaky-wave antenna prototype developed at AUTOCRUISE consists of the assembly 
of the following parts: the dielectric rod (quartz, Fig 2.47), the silicon chips (Fig. 2.49), the metallic 
packaging, the dielectric lens (focusing in the elevation plane, Fig. 2.47) and WR10-compatible 
transitions (for antenna excitation/measurement, Fig. 2.48). The fabrication of each of these parts is 
described in Table 2.5. 

Table 2.5 Fabrication of the CLWA prototype. 
Purchasing of the dielectric rod (Quartz) Autocruise 
Fabrication of the mechanical support Autocruise 
Fabrication of the dielectric lens (Ultem) for elevation focusing Autocruise 
Fabrication of the silicon chips KTH 
Fabrication of the WR10-to-microstrip-to-waveguide transitions Autocruise 

 
 

 

                  Fig. 2.47 Quartz rod samples and focussing lens.
 

 
(a) WR10 section (b)  Microstrip section 

Fig. 2.48 WR10-to-microstrip-to-waveguide transition. 
 

 
 

Fig. 2.49 Photograph of a fabricated silicon chip in 8F_6N configuration (perturbation period = 4.76). 

Perturbation Period (4.76mm) 

Metallic Layer Config. 8F_6N 
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Measurement of the CLWA 
Following the fabrication of each of these parts, the CLWA was assembled at AUTOCRUISE and 
measured in the anechoic chamber at UR1 (IETR). The CLWA prototype mounted in the 
measurement chamber is shown is Figure 2.50. 
 

 
Fig. 2.50 Assembled CLWA in the measurement chamber (UR1). 

 
The perturbations etched on the metal layer on top of the silicon substrate (see Fig. 2.49) are 
coupled to the dielectric rod inside the metallic waveguide via a 300µm-width slot (see Fig. 2.51). 
The chip is glued on a metallic plate and fixed with screws into the positioner via a metallic wedge. 
The antenna is excited at one end with a WR10 waveguide, and connected to a matched load on the 
other end. For more details on the test procedure as well as the encountered difficulties, cf. D.2.4.   
 
The CLWA prototype was measured in the 72 – 80 GHz frequency band. Four configurations of the 
perturbation spacing were tested to validate the antenna capability of fixed-frequency beam 
steering. These configurations are described in Table 2.6. 
 

 
Fig. 2.51 The 300µm-width slot. 

  

Positioner 
Metallic Wedge

atched Load Focusing Lens 
Silicon Chip 

300µm-width Slot 

Metallic Plate

Silicon chip 
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Table 2.6 Tested configurations of the perturbation spacing. 
Configuration Code Period length

[mm] 
Azimuth beam angle [°] 
@ 76.5 GHz / broadside 

1 5F_6N 3.74 -12° 
2 7F_5N 4.08 -5° 
3 8F_6N 4.76 2° 
4 8F_7N 5.1 5° 

 
 
Azimuth radiation patterns (5F_6N) 
 
The measured azimuth radiation patterns (5F-6N configuration) are compared to HFSS simulations 
in Figs. 2.52 and 2.53. 

 
Fig. 2.52 Measured (Blue) and Simulated (Red) azimuth radiation patterns [dB] Vs azimuth angle [°] in the [72 GHz – 

76 GHz] frequency band. 
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Fig. 2.53 Measured (Blue) and Simulated (Red) azimuth radiation patterns [dB] Vs azimuth angle [°] in the [76.5 GHz – 

80 GHz] frequency band. 

The measurement results agree very well with HFSS simulations notably when it comes to the 
angular position of the main beam. As expected, the measured beam angle at 76.5 GHz is 12° and 
the -3dB beamwidth is 7.5°. As for the sidelobe level, the latter increases at higher frequencies and 
the beam shape degrades as well.  
 
Finally, we notice that the frequency scanning is relatively low, as the beam angle moves around 1° 
per GHz. This low value for frequency scanning illustrates one of the advantages of the CLWA in 
comparison with the silicon rod LWA structure which was investigated at the beginning of 
TUMESA project. 
 
S-parameters (5F_6N) 
Both measured and simulated results are illustrated in Figs. 2.54 and 2.55 in the [72 GHz – 80 GHz] 
frequency band. 

 
Fig. 2.54 Measured (Blue) and Simulated (Red) |S11| [dB]  (left) & |S22| [dB] (right) Vs Frequency [GHz]. 

 



 45

 
 Fig. 2.55 Measured (Blue) and Simulated (Red) |S21| [dB] Vs Frequency [GHz]. 

The measurements show that the |S11| is kept below -12 dB in the band of interest. The 
measurements results are even better than the simulations for the |S22|, kept below -20 dB. 
 
As for the transmission, the results are lower than the simulations in the frequency band. This can 
be explained by the losses in the WR10-to-microstrip-to-waveguide transitions on both ends of the 
antenna, the air gaps at both sides of the metallic support holding the dielectric rod, and the 
radiation influenced by the fabrication constraints.  
Overall, from the matching/transmission points of view, the antenna operates well in the frequency 
band of interest. 
 
Antenna gain in the azimuth plane (5F_6N) 
The antenna gain was determined by the comparison method to a standard gain horn antenna 
(SGH). In the azimuth plane, the antenna gain is 22 dBi in the 76.5 – 77 GHz frequency band. 
 
Effect of the coupling distance and the position of the main strips 
1. Effect of the coupling distance 
The effect of the coupling distance on the antenna performance has been observed on both azimuth 
radiation patterns and S-parameters. In the first case, we tested three coupling distances with a step 
increment of 100µm in the 5F_6N configuration. According to measurements, this variation affects 
the sidelobe level: for frequencies below 76GHz, a better sidelobe level has been achieved with 
greater coupling distances whereas closer coupling distances provide better sidelobe performance 
for frequencies above 76 GHz. As for the antenna performance in terms of S-parameters, it has been 
shown that the matching is kept below -10 dB for the |S11| and -15 dB for the |S22|, even with great 
variations of the coupling distance e.g. from negligible to high coupling values. Thus, we can fairly 
say that the effect of the coupling distance on the matching is negligible. On the other hand, the 
transmission decreases when the coupling is increased. This can be explained by the leaky-wave 
radiation when the periodic perturbations etched on top of the silicon substrate are sufficiently 
coupled to the dielectric rod. All these measurement results are already reported in D2.4. 
 
2. Effect of the position of the first strips 
We discussed in the previous deliverables the effect of the position of the first strips on the radiation 
pattern of the antenna and illustrated it with HFSS simulations. Hence, to validate it via 
measurements, we tested the antenna prototype with two perturbating chips, both in the 7F_5N 
configurations (same perturbation) but with different positions for the first strips. As expected, the 
same beam angle was obtained for both configuration (the perturbation period is kept unchanged) 
but with different sidelobe level performance. Consequently, it is possible to reduce the side lobe 
levels for each configuration within the design, i.e. by suitably choosing the  position of the first 
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strips. This point was studied in previous simulations, and now validated by measurements. For 
more details, cf. D2.4. 
 
Capability of fixed-frequency beam steering 
To validate the concept of fixed frequency beam steering, the measured radiation patterns of the 
four tested configurations are compared at 77GHz. The results are shown in Fig. 2.56. 
 

 
Fig. 2.56 Measured azimuth radiation patterns [dB] at 77GHz Vs azimuth angle [°] for each tested configuration. 

The beam angles vary accordingly with the length of the perturbation period and agree well with the 
simulated results summarized in Table 2.6. Both beam shape and sidelobe level can be further 
improved by optimizing the position of the first strips for each configuration. Also, non-uniform 
distributions of the perturbation strips can be investigated to improve sidelobe rejection. 
 
Development of MEMS based leaky wave antenna (LWA) at AALTO 
Based on the previous analysis, the structure chosen for the verification of the MEMS based LWA 
concept was based on microstrip transmission line (TL). The reason for this choice was that the 
modal properties of microstrip enable the radiated fields to have the shape close to fan beam 
opposed to e.g. coplanar waveguide structure as will be shown later.  
 
Periodic LWA design 
Design procedure of periodic LWA based on any kind of transmission line is quite similar. The 
starting point is the design of single unit cell; that is elementary component of periodically loaded 
transmission line. In the unit cell, parasitic inductance and capacitance of the transmission line (TL) 
section together with the series capacitor and stub inductor loading create composite right – left 
handed (RH – right handed, LH – left handed) transmission line (see Fig. 2.57).  

  
(a) (b) (c) 

Fig. 2.57 a) LH loading elements, b) RH TL parasitic components, and c) Composite RLH TL. 
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To illustrate the operating principle, we have a look at the properties of separate LH (Fig. 2.57 a)) 
and RH (Fig. 2.57 b)) transmission lines, namely scattering parameters and dispersion 
characteristics. These are displayed in Figs. 2.58 and 2.59. Solid lines represent one unit cell 
scattering and dashed lines cascade of these cells.  Connecting purely LH and RH transmission lines 
we get composite right-left handed transmission line (CRLH TL; in Fig. 2.57c)) with scattering 
parameters and dispersion displayed in Fig. 2.60.   

(a) (b) 

Fig. 2.58 a) LH TL scattering parameters, and b) RH TL scattering parameters. 
 

(a) (b) 

Fig. 2.59 a) CRLH TL scattering parameters, and b) Dispersion characteristics of LH, RH and CRLH TL. 
 

(a) (b) 

Fig. 2.60 a) CRLH TL leaky wave dispersion region, and b) Scanning angle direction. 
 

Choosing resonant frequencies ωSE and ωPA equal, we obtain balanced unit cell with main resonance 
at chosen frequency (in this case 77 GHz), at which the phase constant approaches zero (Fig. 2.60a). 
At this frequency the main beam radiation direction is perpendicular to the planar structure, i.e. zero 
degrees (Fig. 2.60b). Shifting in frequency downwards or upwards causes the main beam radiation 
angle to scan in backward or forward direction respectively – see illustrative sketch in Fig. 2.61. 
Leaky wave region is though restricted by the values of phase constant. That has to be smaller than 
the phase constant of free space wave (k0 in Fig. 2.60a). Outside the leaky wave region, the 
propagating wave becomes purely guided with almost no radiation. 
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Fig. 2.61 LWA with the guided wave propagation in the positive y direction and scanning angles θ in forward (FW), 

backward (BW) and perpendicular direction (positive z axis). 
 

The change of the main beam radiation angle is achieved by changing the parameters of the LH 
loading, in particular, by changing the capacitance of CL in the form of MEMS capacitor. By 
changing this capacitance, the unit cell is thrown out of balance, but the scanning capability remains 
intact as long as the change is not too large.  
 
Coplanar waveguide (CPW) based structure 
Here we will have a look at the structure based on CPW (see Fig. 2.62). The transmission line is 
loaded with stub inductors LL made by short section of high impedance CPW and a series capacitor 
CL by MEMS capacitor. After choosing the dimensions of the transmission line and the loading 
elements, simulation in HFSS shows that the unit cell is balanced, which can be observed from the 
dispersion diagram and scattering parameters in Fig. 2.63a and b. In Fig. 2.64a the Bloch impedance 
of such cell is displayed, showing good stability with a peak at resonant frequency due to the 
narrow band nature of the balanced unit cell resonance. In Fig. 2.64b the gain of antenna composed 
of such cells is presented. Referring to Fig. 2.61, displayed gain cut corresponds to the yz plane with 
zero degrees in positive z direction.  

 
(a)                                          (b) 

Fig. 2.62 a) CPW cell top view, and b) CPW cell isometric view 
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(a) (b) 

Fig. 2.63 a) Dispersion diagram of CPW based cell, and b) Scattering parameters of CPW based cell. 
 

  
(a) (b) 

Fig. 2.64 a) Bloch impedance of CPW based unit cell, and b) Gain of LWA based on CPW unit cell. 
 

Based on the gain plot in Fig. 2.64b it is clear that the shape of the radiated field resembles basic 
operating mode of CPW which is ineligible for proper LWA operation.  

By bending the ground planes of CPW (see Fig. 2.65a) with angle αB, the radiated field is directed 
in the desired direction and main beam becomes dominant (see Fig. 2.65b). 

  
(a) (b) 

Fig. 2.65 a) CPW structure with bent ground plane, and b) Gain of LWA with bent ground plane. 
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Microstrip (MS) line based structure with bonded inductors 
 
In order to avoid use of vias, the previously designed structure based on MS line was modified. The 
modification of the inductors is visible from Fig. 2.66, where the inductors on each side are 
connected with metallic patch, which acts as a virtual short adding additional series capacitance to 
the stub inductor. After designing the correct dimensions of the unit cell, simulation results 
displayed in Fig. 2.67a and 2.67b were obtained showing good matching at 80 GHz with phase 
constant approaching zero around this frequency confirming balanced cell. 

 
Fig. 2.66 Microstrip line based unit cell with bonded inductors. 

  
(a) (b) 

Fig. 2.67 a) Dispersion diagram of MS based cell, and b) Scattering parameters of MS based cell. 
 
In Fig. 2.68 the performance of cascaded unit cells is displayed. It is clear that the radiation 
properties are not optimal. This is due to the effect that appears when cascading the cells in series. 
The structure is put out of balance, though it is still radiating, but in different than expected 
direction (broadside, i.e. 0 degrees). This structure was so far not further optimized. 

 
Fig. 2.68 Gain of LWA based on MS unit cell. 
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Microstrip (MS) line based structure with vias 

As reported previously MS line was used to design the MEMS based LWA. Here the unit cell is 
composed of a section of MS line and MEMS capacitor together with stub strip inductor as LH 
loading, but the inductors are grounded with vias through the wafer (see Fig. 2.69). The advantage 
of this structure over the previous one with bonded inductors is that there is direct connection of 
inductors with the ground plane and thus no additional series capacitance to the stub inductor is 
added. From the dispersion characteristics (see Fig. 2.70a) is visible good performance of the unit 
cell with balanced cell frequency close to 77 GHz. In Fig. 2.70b the dependence of the scanning 
angle on the MEMS capacitance is displayed for simulated and analytical design, good agreement 
of these is clear. Radiation patterns of the LWA composed of these unit cells are shown if Fig. 
2.71a with forward, broadside and backward variations, achieved by changing the MEMS 
capacitance. 

 
Fig. 2.69 MS line based unit cell with inductors grounded through vias. 

  
(a) (b) 

Fig. 2.70 a) MS based unit cell dispersion diagram, and b) Scanning angle dependence on CMEMS. 

  
(a) (b) 

Fig. 2.71 a) Gain of MS based LWA, and b) Gain improvement for double length LWA. 
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In Fig. 2.71b is displayed radiation pattern of 15 and 30 cells LWA clearly showing possibility of 
improving the overall gain of the antenna by connecting more cells into the cascade and with regard 
on the possibility of change of the leakage constant powerful tool to achieve desired LWA 
properties. 
 

Fabrication and measurement of MS based structure 

Due to the technological restrictions the structure as designed previously (Fig. 2.69) could not be 
fabricated (no vertical metallization – vias – possible). Instead of vias, bonding wires, with large 
bonding pads had to be used to create connection of the stub inductors (see Fig. 2.72). These 
additional changes add considerable parasitic components to the already present ones which at mm-
wave frequencies cause the previously balanced structure go unbalanced. Due to the short notice of 
these drastic changes, the newly posed restrictions were implemented in limited manner only, 
showing the resultant dispersion and scattering characteristics in Fig. 2.73a and 2.73b. These show 
that the structure is supposed to radiate despite the changes made.   

Measurements of scattering parameters of thus formed LWAs are displayed in Fig. 2.74. There are 
two resonances visible in each plot; these are the resonances of series and parallel circuits (ωSE and 
ωPA) clearly apart from each other representing unbalanced structures.  

 
Fig. 2.72 Modified MS based unit cell with additional bonding wires and bonding pads. 

 

  
(a) (b) 

Fig. 2.73 a) Dispersion diagram of modified MS cell, and b) Scattering parameters of modified MS cell. 
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(a) (b) 

Fig. 2.74 a) LWA measurement OA = 10 µm, and b) LWA measurement OA = 20 µm. 
 

Nevertheless, changing the capacitance of MEMS by changing the overlapping area length (as 
shown in Fig. 2.69) shows shift in resonant frequencies in correct manner – for higher capacitance 
(OA = 20 µm) the resonances are shifted towards lower frequencies as expected.  

Conclusion of MEMS-based Microstrip LWA 

The possibilities of designing a planar transmission line based periodic leaky wave antenna are 
quite wide resulting from large amount of possible planar transmission line types (though as we 
seen not all of them are completely suitable) and various forms of LH loading elements. In our work 
we concentrated mainly on MEMS capacitors as a stem technology which promises various 
advantages (low loss, low cost batch production, large tuning range, high angular resolution) over 
technologies used at present days.  

Even though the design procedure was many times proven by other research groups at low 
frequencies (~5 GHz), the scaling to higher frequencies (in our case around 77 GHz) is not straight 
forward, since the parasitic effects of the constituting components are much more influential, as it 
was shown.  

2.2.3 Significant results 
 

• New configuration of digital phase shifters integrated into WR-12 waveguides have been 
designed optimized, prototyped and measured. In close cooperation with UR1, MicroComp 
prototyped special waveguides for phase chips characterization. Measurements of the 
rectangular and X-shape phase shifter chips have been carried out at AALTO and KTH. The 
prototyped chips demonstrate frequency shift to higher frequency (almost 5GHz-6GHz). 
The measured insertion loss level is in 2-4 times higher than predicted numerically (1.5dB-
4dB). The superimposed theoretical and measured results match well for S11. These results 
were reported in deliverable D2.5 

• Two passive phased array antennas with passive phase shifters at 77GHz have designed 
optimized, prototyped and measured. We performed far- (UR1) and near-field (AALTO) 
measurements. Beam scanning capabilities has been demonstrated by moving the primary 
feed horn along E-plane parallel to the antenna array plane with a step equal to the feed 
aperture size. The prototyped antennas demonstrate similar radiation patterns as those 
predicted numerically. These results were reported in deliverable D2.5. 

• We designed, simulated, optimized, fabricated and measured the coupling leaky-wave 
antenna. The prototype has been characterized and validated; the measurement results agree 
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with the HFSS simulations, notably for the estimation of the azimuth angular position of the 
main beam.  

• The prototype capability of fixed-frequency electronic beam steering has been validated: for 
a periodic leaky-wave antenna, the beam angle varies accordingly with the length of the 
perturbation period (at a fixed frequency). In addition, the effect of the coupling distance 
and the lens on the antenna performances has been observed.  

• The side lobe levels can be improved with further optimization of the coupling distance, the 
position of the first strips for each chip configuration and finally by using non-uniform 
periodic configurations the modulate the antenna effective aperture. 

• The overall good performances achieved with the “passive” CLWA prototype (different 
chip configurations) open the door to the implementation of an “active” CLWA prototype 
where the perturbation period can be varied electronically via integration of MEMS switches 
on the silicon substrate to realize electronic beam steering. 

• MEMS-based microstrip leaky-wave antenna has been developed for 77 GHz at AALTO. 
Two samples have been fabricated at KTH, and measurements of scattering parameters have 
been carried out. 

2.2.4 Deviations from Annex I 
Additional work was carried out for phased array unit cell development. Two types of unit cells 
were fabricated and measured. 
Task 2.5 is “Design and optimisation of the active leaky wave antenna”, and instead of one active 
LWA, two active LWAs have been designed and optimised.  

2.2.5 Statement on the use of resources 
Personnel costs: 
The following human resources were involved at UR1 during the reporting period in WP2, to the 
following extent: 

Ronan Sauleau, full professor, 5.6 person months, 
Alexander Vorobyov, post-doctoral researcher, 14 person months, 
Erwan Fourn, assistant professor, 1.47 person months, 
Laurent Le Coq, research engineer, 2.58 person months, 
Artem Boriskin, post-doctoral researcher, 6 person months, and 
Shoaib Muhammad, post-doctoral researcher, 8 person months. 
 

The following human resources were involved at AALTO during the reporting period in WP2, to 
the following extent: 

Dmitri Chicherin, researcher: 2.30 person months, 
Constantin Simovski, professor: 9.00 person months, 
Tomas Zvolenski, researcher: 8.95 months, 
Zhou Du, researcher: 1 person month, and 
Juha Ala-Laurinaho, senior researcher: 0.50 person months 
 

The following human resources were involved at AUTOCRUISE during the second period in WP2, 
to the following extent: 

Ghayath El Haj Shhade (Antenna design PhD) for the Leaky wave antenna prototype 
measurement, test report and retrosimulations: 100%, 5 person-months 
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2.3 WP3 System Implementation to Wireless Applications  

2.3.1 Summary of progress towards objective 
 

• A study of beamforming strategies was carried out. Beamforming is used to enhance the 
signal-to-noise ratio by shaping the antenna pattern so that it is pointing towards the 
communication counterpart. 

• A study on radar and communication concepts on common HW platform was carried out. 
• The wireless applications which are targeted by the developed coupling leaky-wave antenna 

(CLWA) are long- / medium-range automotive radar applications. Therefore, following the 
design, simulation, fabrication and measurements of the coupling leaky-wave antenna 
(CLWA) prototype, we describe the major issues which are encountered with the 
implementation of this antenna in the 77 GHz radar front-end. 

2.3.2 Details for each task 
 
T3.5 System implications and implementations of the novel beam-steering components in 
communication applications 
 
Beamforming strategies 
 
A study of beamforming strategies was carried out. Beamforming is used to enhance the signal-to-
noise ratio by shaping the antenna pattern so that it is pointing towards the communication 
counterpart. By doing so, the antenna gain into the desired direction is maximised. Smart Antenna 
Systems serve two purposes: Capacity increase and range increase. 
There are three levels of intelligence, how the beamforming can be achieved: 

1. Switched Beam: This is the simplest algorithm. Static antenna beams are predefined. The 
smart antenna algorithm in this case simply selects the antenna lobe which provides the 
largest signal level. The antenna lobes can only take on certain angles, meaning a limited set 
of predefined weights is used to create lobes. 

2. Phased Array: Rather than switching between predefined beams, digital weights are 
employed that can steer the beam accurately to maximise the received signal power. That 
means that the values that the weights can take one is unlimited and that the lobe can be 
steered accurately towards the signal of interest. 

3. Adaptive array: This is an enhancement of the Phased Array. For the Adaptive Array, also 
side lobes and nulls are generated. The side lobes catch multipath components and the nulls 
suppress interference.   

 
The first two techniques have as only parameter the received signal level that shall be maximised. 
The interference level becomes whatever it becomes. In the Adaptive Array, however, also the 
received interference is measured and reduced actively.  Since in the Phased Array, the beam can be 
controlled more accurately, the performance increases compared to the switched beam method. For 
some applications, the performance can be increased further with the Adaptive Array (in the 
presence of interferers from directions other than the signal of interest and if multipath components 
of the signal are available that can be used in the receiver. The level of implementation complexity 
increases with the chosen "intelligence" of the Smart Antenna System. The three methods are 
illustrated in Fig. 2.75. 
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Fig. 2.75 The three different Beamforming strategies. 

 
Radar and communication concepts on common HW platform 
 
The functionality of a device is described that can be used to establish and maintain fast point-to-
point inter-vehicle communication. One unit can be connected simultaneously with several 
communication counterparts. The communication links are operated with narrow antenna lobes. 
The beams themselves are generated with an antenna array that is controlled by MEMS phase 
shifters or MEMS true time delay components, or by means of some other components with similar 
functionality. 
 
The device can be seen as an enhancement to already existing radar components that today are 
integrated into vehicles. Conventional radar solutions in a car perform different tasks for object 
identification. They can be used to detect for instance stationary obstacles (e.g. walls), pedestrians, 
bicyles or vehicles (cars and trucks). This device works under the assumption that the underlying 
radar is in the “vehicle detection mode”. Note, that the product development of the device described 
in this document is in an early stage, frame structures, procedures and algorithms shown in this 
document can be subject to changes. 
 
The defined system parameters in this context are: maximum number of point-to-point 
communication links that one unit can establish is NL = 8, and Number of secondary 
synchronization sequences is N_SSS = 16.  
 
Related work items and open issues 
In order design a device that works robustly in the intended application scenario, research and 
development work in several related areas has to be carried out. These related issues are briefly 
introduced below. 

1. Requirements on data throughput 
It must be defined, how much data throughput is required and how fast response time is needed. 
An assumption must be made: Is the purpose of this device to increase the safety that is provided by 
the existing radar, i.e. is this device used to transport short but very important messages? Thus, a 
quick and reliable exchange of short messages is the main purpose? 

2. Multi-user vs. speed 
Supporting many users is possible, but this will probably not come for free. Set-up time per user is 
longer if many users have to be supported (e.g. due to extended set access codes, more uncertainty 

signalsignalinterference signalsignalinterference signalsignalinterference

1) Switched Beam 2) PhasedArray 3) Adaptive Array
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in beam selection and resolving collision issues). A trade-off must be found, between overhead link 
establishment and multiuser capacity. 

3. Radio channel 
Another issue that has to be studied is to understand the characteristics of the radio channel. In 
stationary micro-wave application (e.g. when a microwave link is used to transport data between 
radio basestation and the Network controller), usually the Rummler model is assumed. But this 
model is applicable for wide channels (around 50 MHz) in the microwave region. But in inter-
vehicle communication, the antennas are mounted on moving objects which will have a big impact 
on the performance of the radio link. The needed transmission bandwidth has to be defined for this 
system. The bandwidth is dependent on regulator restrictions, channel characteristics and 
throughput requirements. 

4. Frame structure of the communication link 
The frame structure of layer 1 has to be defined. The design of the frame structure is impacted by 
issues described in this document such as synchronization, multi-user access, beam selection and 
also by the data throughput requirements (amount of data, delay) on the communication link. 
 
Operating states of the device 

1. Scanning for objects 
The maximum number of point-to-point communication links that a unit can operate on is NL. As 
long as less than NL links are established, the radar continuously scans its environment for 
candidate objects. This is done with a narrow beam that sweeps continuously through the area of 
interest. This operation mode is identical to the already existing radar solutions. Once, an object has 
been identified, the device attempts to establish a dedicated communication link with the object. 

2. Initiating a communication link 
When an object has been detected, the device sends out different types of code sequences as contact 
request. It is not sure that the detected object is equipped with the same kind of device and 
therefore, it might not be possible to establish the communication link at all. However, under the 
assumption that a detected object possesses the same capabilities as the detecting object, 
several issues need to be resolved in this step: 
• Synchronization 
• Beam selection 
• Resolving Collisions due to 
o Simultaneous communication link initialization 
o Multi user aspects 
 
Synchronization: 
It is assumed that no external timing reference is available to the devices. The units might be 
powered on when the car-engine is started and they will work independently from each other. Each 
unit will have its own clock generation, where only the period length will be a common system 
parameter, but the phase can be different for every unit. It is essential that the receiver and 
transmitter are synchronized, i.e. that they know each other’s symbol and frame timing. The unit 
that initiates the contact is called the “Master” and the other unit is called the “Slave”. 
Since up to NL users can be connected to one unit and even many more could be trying to establish 
a link, a mechanism is defined that with low implementation complexity enables the device to a) 
start getting synchronized with new units and b) to maintain synchronization with an already 
connected counterpart. The first process is called initial synchronization and the latter one timing 
control. The initial synchronization procedure is described below and the timing control is described 
in the section about radio link maintenance. 
The initial synchronization is carried out in two stages, symbol synchronization and frame 
synchronization. For symbol synchronization a short synchronization symbol, the primary 
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synchronization symbol (PSS) is used. The PSS is repeated continuously and the receiver is 
searching for its start. The repetition period must be longer than maximum delay difference between 
RX reference timing and the symbol start of the received. This is illustrated in Fig. 2.76. 

 
Fig. 2.76 Relationship between Common Synch Symbol repetition period and maximum delay. 

 
The maximum delay is defined by the propagation delay and the maximum phase difference 
between the clocks in the receiver and transmitter. For frame synchronization, a secondary 
synchronization signal is used (SSS), which is transmitted in parallel with the PSS. The SSS is a 
unique sequence. There are in total Nsss different SSS sequences defined. The transmitter picks one 
of these sequences randomly. If a PSS has been detected by the slave, it also knows that a SSS has 
been sent out. But so far, the slave only knows the symbol timing, it does not know yet, where the 
frame start is. The whole SSS sequence is 64 symbols long and then cyclically repeated. 
 
In the first stage, symbol timing has been acquired. In the second stage, 64 consecutive symbols are 
stored as it is shown in Fig. 2.77.  

 
Fig. 2.77 Acquiring Frame synchronisation with SSS. 

 
The slave is searching for the frame start over all possible sequences and positions. Thus, 64*Nsss 
correlations have to be carried out to find the start of the frame timing. The reason that a set of Nsss 
is defined rather than just one is to be able to resolve multi-user access attempts. If the master picks 
a random sequence out of a given set, the collision probability is reduced. Once, the slave has 
acquired frame synchronization, it sends a “in-synch” message out. The in-synch message also 
carries information which SSS has been detected. 
 
After the master has sent out its SSS+PSS it expects an answer from the object and searches 
continuously for the in-synch signal. The slave has already adjusted its TX timing to the detected 
frame start. Thus, the in-synch signal is rather simple to detect for the master. The received frame 
timing will be delayed according to the propagation time from the slave-to master. This time is 
defined through the maximum allowed distance between 2 units (system requirement). 
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Beam Selection 
After timing synchronisation is achieved, which is done in omni-directional mode, the antenna 
beams at both units need to be selected. The Master releases the SSS and starts transmitting another 
predefined code sequence in omni-directional mode. The Slave is now using beamforming in its 
signal reception. The beam with the highest resulting signal power is chosen for receiving the 
signal. 
 
Once, the Slave has found the antenna beam to be used for reception it will start transmitting a code 
sequence to the Master. Since line-of-sight is assumed, the TX beam of the slave is the same as the 
RX beam. When the Master has started to transmit its code sequence, it will also listen to the Slave 
response. The same detection procedure as for the Slave is applied. A diagram is illustrate the radio 
link establishment is shown in Fig. 2.78. 

 
Fig. 2.78 Master / Slave interaction for Radio Link Establishment. 

 
Open issue: If the two vehicles are approaching each other, there is the possibility that they will 
detect each other and both initiate a link establishment process with the other unit. Is that a problem 
and if yes, how shall it be resolved?  
 
The device acts as master and slave simultaneously; the master/slave relationship refers to a single 
radio link. But since the device can be connected to several units at the same time, it can be master 
on one link and slave on another link. 
 
The flow chart for the radio link establishment in one unit is shown below in Figure 2.79. As long 
as the total number of established radio links is below the maximum, NL, the device searches for 
PSS sequences and uses its radar to scan the environment for new objects.  
 
Link establishment 
After the antenna beams have been selected, the communication goes into dedicated mode. During 
operation, the positions of the antennas might change. Therefore, it must be searched continuously 
for the beams resulting in largest signal power. Three functions are used for that: 

1) If Beam N is used, the SNR in Beam N-1 and N+1 is continuously monitored. If necessary, 
it is switched to the neighboured beam. 
2) In a fixed interval, a round scan of all beams is performed. This round scan shall be 

performed more often that the antenna positions are assumed to change. The interval is 
configurable and depends on the application 
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3) If the error rate of the overlaying transmission reaches a threshold value, a round scan is 
initiated. 

 
The timing in neighboured beams as well in the active beam might change over time, since the 
relative distance between master and slave changes. Frame start tracking is performed continuously 
to keep the radio link in synchronisation. In dedicated mode, the Master receives continuously 
synchronization information from the Slave. When out-of-synch is received at the Master, a 
reestablishment of the link is initiated. 

 
Fig. 2.79 Flow chart for radio link establishment. 

 
Disconnecting 
When the link is lost and the radar does not detect the object anymore, the HW resources will be 
released. 
 
T3.6 Test and evaluation of the novel steering leaky-wave antenna at a radar front end level 
T3.7 Test and evaluation of the novel smart steering reflective surface at a radar front end level and 
evaluation the overall performance 
T3.8 Test and evaluation of the phased array antenna on a radar front end level 
T3.9 Interconnection and packaging issues for the selection of antenna types 
 
Antenna implementation in 77-GHz automotive radar front-end 
 
In this section, three antenna types are considered: coupling leaky wave antenna (CLWA), phased 
array antenna, and reflection-type antenna using MEMS-based high-impedance surface. A synoptic 
presentation of the radar system with the scanning antenna is shown in Fig. 2.80. 
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Fig. 2.80  Synoptic presentation of the radar system. 

 
Architecture of the RF transceiver  
 
The architecture of the RF transceiver is directly related with the antenna concept. For example, the 
configuration shown in Fig. 2.81 uses a bistatic architecture associated to an array of antenna 
elements to realize the beamforming in RX.  
 

 
Fig. 2.81 Multi-channel architecture. From [Y. Asano, S. Ohshima, T. Harada, M. Ogawa, and K. Nishikawa. Proposal 

of millimeter-wave holographic radar with antenna switching. In IEEE MTT-S International Microwave Symposium 
Digest (Cat. No.01CH37157), volume 2, pages 1111–1114, Phoenix AZ, USA, 2001.] 

  
Since a separate RX-channel is required for each antenna element, this approach exhibits high cost 
and is difficult to integrate using GaAs technology. This problem can be solved with the emergence 
of the new SiGe / CMOS technologies which offer the capability of higher integration and lower 
cost. 
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In our case, one of the advantages of the developed antenna types is that the beam scanning can be 
realized using a single antenna element. Therefore, only one RF-channel is required in RX and the 
RF transceiver can be realized in a simple monostatic architecture using GaAs technology (Fig. 
2.82).   
 

 
 
 

Figure 2.82 Proposed transceiver architecture for the use of single antenna element. 
 

The core of the RF transceiver is composed of MMICs operating at 77 GHz. The connection 
between the MMICs and the antenna is realized via RF substrate. As the antenna operates in 
monostatic mode, the transition between the transceiver and the antenna mainly affects the 
following performances: 
 

• TX power, 
• Noise factor in RX, 
• Isolation between TX & RX, 

 
Consequently, the transition losses and the matching have to be optimized with a low cost and 
compliant technology. For this reason, a waveguide (antenna side) / planar (transceiver side) 
transition has been developed in order to ensure the best interface with the transceiver (cf. D3.4). 
 
Interconnection and packaging issues 
 
The selection of the most suitable assembling and packaging technique for the antenna depends on 
the antenna & transceiver architectures and technologies. The main criteria are: 
 

– Cost 
– Integration capability 
– Thermal dissipation 
– RF performances in the temperature range 
– Mechanical compliance between material versus temperature 
– Maturity and reliability of the technologies 
– Sensitivity versus process dispersion, assembling, … 
– Leading time for the assembling 
– Life time 
– Protection versus external environment 
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Best compromises have to be found between these criteria. Some criteria are mandatory and no 
compromise can be accepted. 
 
Cost 
 
The cost is a main criterion in the automotive industry. It is set to <200€ per unit and the antenna 
part has to be <20€. The RF part is a big contributor the radar cost. The latter depends on: 

– Basic material: substrates 
– Processes to realize the “component” 
– Steps for the component assembling in the global structure 
– Accuracy requirement of the assembling 
– Lead time for all the processes and final integration 
– Packaging if needed for environment protection 

 
The priority must be given to simplicity which is not often easy. At the moment, the CLWA 
(Coupling Leaky Wave Antenna) isn't suitable for commercialization as the cost needs to be 
improved to comply with the automotive mass production constraints.  
 
For the phased array proposed here, the components of the array, i.e., the waveguides and phase 
shifters, are relatively simple designs and thus fabrication of them is potentially inexpensive in mass 
production. However, manufacturing technology for phase shifter need to be further developed. The 
most demanding issue in the antenna element fabrication might be the assembly of the array from 
the components, with all the biasing wires for the reconfigurable phase shifters. 
 
The volume manufacturability of the MEMS high-impedance surfaces is investigated in deliverable 
D4.5. In conclusion, the volume manufacturability and process control/uniformity of this process 
was considered as very good and even better than other RF MEMS processes. However, the costs 
were seen as a drawback of the novel process flow, as two SOI wafers are required, which are very 
costly, also in higher volumes, as compared to blank silicon wafers. In high volume production, the 
first SOI wafer could be eliminated by designing the high-impedance surfaces for a larger dielectric 
layer thickness (currently 100 μm), and then a full wafer could be used for the bonding, which 
would drastically reduce the cost, but also reduce the accuracy of nominal frequency control (in non 
actuated state), as the wafer thickness has higher tolerances (+/-25 μm) as compared to the typical 
device layer thickness of an SOI wafer with thick device layer (+/-1..10 μm). When also the 2nd SOI 
wafer is tried to be eliminated, the process loses its robustness (in terms of stress control) and 
reliability, and has no benefit in that respect over conventional RF MEMS devices. 
 
Integration capability 
 
Fig. 2.83 shows the integration of the RF-components. The radar integration is mainly driven by the 
antenna dimensions. The latter must be kept below 100 mm x 60 mm x 40 mm. This requires a high 
integration level the following components: 

– Integration of MMICs  
– RF substrate to connect MMICs with antenna  
– 3D transition between antenna and RF substrate  
– DC components and lines for MMICs biasing  
– antenna control 
– antenna device 
– global packaging 
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Figure 2.83 Integration of the RF components. 
 
Without taking into account the mechanical parts, the dimensions of the passive CLWA prototype 
(waveguide packaging + lens) are 84.4mm x 28mm x 33mm. If we take into account the WR-10 to 
microstrip transitions on both ends, the antenna size becomes 96.4mm x 29mm x 33mm. As for the 
active CLWA, extra size in the y-direction has to be considered for the biasing circuit of the MEMS 
switches.  
 
For the phased array proposed here, the required focal length is the main issue with the applicable 
dimensions, while the antenna aperture area is mainly determined by the requirements of the 
directivity. A large focal length is favorable in order to effectively couple the radiation in the 
waveguides, although the radiation pattern of the waveguide has inherently wide beam and thus it 
also accepts the radiation from the feed from large angles.  
 
Use of the MEMS-based HIS as a reflective surface makes it very challenging to meet the 
requirement for the overall antenna dimensions. The focal length has to be large enough in order to 
provide appropriate illumination for the feed. Also, a sufficient feed offset is needed in order to 
avoid blockage of the steered beam by the feed antenna.     
 
Thermal dissipation 
 
Thermal dissipation is a critical factor for high level integration issues: SiP, wafer level integration 
etc. The operating temperature range of the radar sensor is set according to standards from -40°C to 
125°C and the storage temperature (no power) from -40°C to 130°C. MMICs are main contributors 
to power consumption (around 250 to 500 mA). 
 
Consequently, the employed technology and the packaging technique must provide a good thermal 
dissipation coefficient. 
 
Effect of the packaging on the antenna performance 
 
The antenna integration in the radar system must be considered at the beginning of the 
development. Indeed, an antenna can have very good intrinsic performance however the latter can 
degrade significantly if the integration requires transitions with high losses and/or very narrow band 
of operation. Moreover, the addition of packaging for environmental protection could also affect the 
antenna efficiency (e.g. protection of the MEMS components in the "active" CLWA). 
 
The antenna specifications are deduced from the radar link budget: transition losses must be kept 
less than 1dB and matching below -15 dB in the frequency band of operation. This criterion has 
been taken into account during the development of the CLWA and validated by measurements. 
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The measured matching of the phased array was below -15 dB, thus fulfilling the criterion. 
However, when the antenna is implemented in the radar system mechanics, part of the spillover 
radiation may be reflected back to the feed. Use of absorbers inside the antenna enclosure may 
improve the situation. The losses in the waveguide antenna due the phase shifters have to be 
addressed in order to fulfill the transition loss requirements.  
 
With respect to MEMS-HIS-based antenna, there are some spill-over losses as in any reflector 
antenna. Moreover, with current fabrication techniques there is 0.5-1 dB loss in reflection from the 
smart surface. A significant amount of the radiated power from the MEMS-HIS is directed to the 
specular reflection lobe (see Figure 2). It affects the antenna beam efficiency but it may also have 
effect on the matching. Therefore, the specular reflection has to be also terminated with, e.g., 
absorbing material. The simulation results show (see Figure 2) that there is a side-lobe towards the 
angle of incidence. This may cause some deterioration of the matching.  
 
Mechanical properties vs. temperature 
 
The stacking of the different components (antenna, RF substrate, plate etc.) has to ensure good 
mechanical thermal expansion coefficient in the 3 axes. For example, a bad mechanical thermal 
expansion of the substrate in the z direction might create non flat and non regular ground continuity 
if the substrate is glued on a metallic plate. This effect is more problematic with large substrate 
dimensions, which is often the case with the antenna. Autocruise has the experience of reducing this 
effect while integrating the different components within the radar system. 
 
With the phased array antenna the actual array is not in contact with the RF substrate, thus not 
affecting significantly these properties. This effect is more problematic with large substrate 
dimensions, which is also the case with the MEMS-HIS antenna.  
 
Maturity and reliability of the technology 
 
The technological choices must be coherent with the antenna concept (i.e. CLWA) and its 
integration and packaging process. In our case, GaAs technology seems to be a good choice due to 
its maturity, high performance and the simplicity of the transceiver architecture (1 RF-channel in 
RX). 
 
Due to the enormous progress in chipset technology, future automotive radars will tend to use 
silicon-based technologies due to its high integration capabilities (especially with array antennas) 
and its low cost. 
 
The volume manufacturability of the MEMS-HIS is investigated in deliverable D4.5. In the D4.5 
conclusions, the volume manufacturability and process control/uniformity of this process are 
considered as very good and even better than other RF MEMS processes.  
 
Sensitivity vs. process dispersion and assembly 
 
The antenna integration has to be robust versus technology, processes and assembling spread. 
Hence, worst cases have to be considered to analyze the antenna performance in its real 
environment and Monte Carlo simulations can be realized to see if the performance remains in the 
specified envelope. Several sensitivity issues regarding the CLWA have already been studied and 
reported in previous deliverables. 
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Leading time for the assembling 
 
The leading time depends on the assembling and the steps required for the antenna integration 
within the radar system. This criterion impacts the cost of production. Thus, the priority is to reduce 
the assembling steps as much as possible in order to reduce the cost of the CLWA and make it 
suitable for mass production. 
 
Life time 
 
A typical radar warranty is 8000 hours at a mean speed of 37.5 km/h (300000km). 
 
Environmental protection 
 
The protection of the radar components against external environment should not affect their 
performance. This includes the fragile parts of the CLWA such as the dielectric rod, the silicon 
substrate and the MEMS switches. In addition, the Radom and the plastic bumper must be 
transparent regarding the antenna radiation, electromagnetic perturbations, high frequency devices, 
chocks, thermal aspects, pollution etc.  
 

2.3.3 Significant results 
 
A study of beamforming strategies was carried out. Beamforming is used to enhance the signal-to-
noise ratio by shaping the antenna pattern so that it is pointing towards the communication 
counterpart. A study on radar and communication concepts on common HW platform was carried 
out. 
 
The advantage of the CLWA is that, by switching between several beams in the required field of 
view, one single RF-channel is required in the radar transceiver. Therefore, the latter can be realized 
with a simple monostatic architecture using mature technologies for the radar chipset, such as 
GaAs. From the cost point of view, the current CLWA is not suitable for mass production hence the 
associated radar sensor, as it is a major contributor to the cost of the overall system. Nevertheless, it 
can be seen as an interesting solution for future high-performance systems, as it is suitable for radar 
imagery and associated high-performance target-localization techniques.  

2.3.4 Deviations from Annex I 
 
Autocruise was originally responsible for the Deliverables D3.7 and D3.8, however AALTO was 
finally responsible for these deliverables. 

2.3.5 Statement on the use of resources 
 
Personnel costs: 
The following human resources were involved at AUTOCRUISE during the reporting period in 
WP3, to the following extent: 

Ghayath El Haj Shhade (Antenna design PhD) for the Leaky wave antenna implementation and 
simulation: 100%, 7 person-months 
Frantz Bodereau (Radar designer) to analyze the different criteria to implement antenna at 
Radar level: 3 person-months 
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The following human resources were involved at MCNAB during the reporting period in WP3, to 
the following extent: 
Jan Åberg, 0.4 pm, Torsten Schier 0. 3 pm, and Mats Gustafsson 0.3 pm 
 
The following human resources were involved at AALTO during the reporting period in WP3, to 
the following extent: 
Dmitri Chicherin, researcher: 0.5 person months 
Juha Ala-Laurinaho, senior researcher: 0.53 person months 
 

2.4 WP4 Fabrication of MEMS Based Tuneable Metamaterials 

2.4.1 Summary of progress towards objective 
After the basic technology of MEMS tuneable high impedance surfaces (HIS) has been developed 
to a major extent during Year 1 of TUMESA, and following the MEMS technology development 
work in Year 2, the work in Year 3 focused on 

- process refinement of MEMS tuneable HIS during 4th fabrication run and 5th fabrication 
run (main partners: KTH) 

- delivery of functional prototypes (5th fabrication run) of MEMS tuneable metamaterial for 
leaky wave antenna (Deliverable 4.3, Month 30; main partners: KTH, AALTO) 

- development, fabrication and test of MEMS tuneable high-impedance surfaces for beam 
steering (Deliverable 4.4, Month 30; main partners: KTH) 

- finalisation of MEMS development for tuneable fin-line phase shifters has been initiated 
(main partners: KTH, UR1) 

- finalisation of MEMS technology development for non-tuneable demonstrator of leaky wave 
antennas (main partners: KTH, TRWA) 

The MEMS technology development is mainly carried out at KTH, and the work load is covered by 
three PhD students supervised by an Associate Professor. 

2.4.2 Details for each task 
 
T4.4 Fabrication and test of MEMS tuneable metamaterials for leaky wave antenna 
 
Mask designs were completed and submitted in the beginning of June 2010 (beginning of Year 3-
Q1). Wafer level fabrication completed in July 2010, after which a chip level wire bonding 
procedure was developed and completed in October 2010. The finished chips were sent to AALTO 
for measurements. Thus the task completed on time in Year 3-Q2. 
 
Results of the fabrication 
 
Fig. 2.84 below show fabrication results in form of SEM pictures of the delivered devices: 

- Figure a and b: full chip of microstrip-line based MEMS tuneable leaky-wave antenna line 
array 

- Figure c: close-up view of the MEMS tuneable LWA 
- Figure d and e: close-up view of a ground wire bond. The wire bond shape is optimized for 

low total loop length and low parasitic inductance. The wire bonds are applied by a 
programmable automatic wire bonder, which guarantees for the required high uniformity 
between the bond wires for high congruence of the periodic elements. 

- Figure f: close-up view of the membranes: silicon-core, double-side thick-film metal 
cladded membranes and mechanical springs, and electroplated anchor posts 
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(a)                                                                                (b) 

   
(c)                                                                                (d) 

      
(e)                                                                           (f) 

Fig. 2.84 SEM pictures of the delivered devices (for details, see text above). 
 
More information can be found in deliverable D4.3. 
 
T4.5 Fabrication and test of MEMS tuneable high-impedance surface for beam steering 
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The task has been completed in Y3-Q2. The following fabrication runs of MEMS tuneable high-
impedance surfaces for beam steering were planned and carried out during the project: 
 

• Sharp run 1. Completed Y1-Q4. The first run with high resistivity silicon as dielectric layer. 
Achieved a good surface of the substrate, due to good CTE matching of the silicon 
substrates compared to previous glass materials.  

• Sharp run 2. Completed Y2-Q1. A resist based planarization scheme was developed to 
improved adhesion of the thin transferred membrane layer, achieving a much higher 
bonding yield over the wafer. 

• Sharp run 3. Completed Y2-Q1. Test structures were included for characterizing the 
reliability and curvature of the thin membranes. 

• Sharp run 4. Completed Y2-Q3. New run with optimized process to improved yield. 
• Sharp run 5. Completed Y3-Q2. Further process optimization for the large arrays. 

 
During the last months of the project, KTH has attempted a final fabrication run, with unchanged 
design but some minor modifications in the process flow, for improved yield and for delivering the 
final chips for test purpose to AALTO. This fabrication run had to be carried out under tough time 
restrictions in an attempt to deliver large area high impedance surfaces in time for measuring before 
the project end. Two key processes were not available in these time constraints. KTH went to other 
fabrication facilities but processes there were not sufficiently developed to meet the fabrication 
specifications, despite efforts to rework the lost material.  
 
Additional rework activities were performed with large arrays from previous fabrication runs, 
which were then additionally sent to AALTO for further quasi-optical measurements. However, 
these backup large arrays from previous fabrication runs were not deemed fit for tuning on array 
level, and thus could not be used to test the beam steering system. 
 
Task 4.6 Investigation of volume manufacturability 
 
A report “Investigation of volume manufacturability of MEMS HIS” was prepared (D4.5). 

2.4.3 Significant results 
The main significant results of Year 3, in WP4, are: 
- finished 4 more fabrication runs of tuneable high impedance surfaces 
- finished development and fabrication of leaky-wave antennas 

2.4.4 Deviations from Annex I 
No deviations occurred. 

2.4.5 Statement on the use of resources 
Personnel costs: 
The following human resources were involved at KTH during the period: 
• Joachim Oberhammer, Assoc. Prof., 5.7 months 
• Mikael Sterner, senior PhD student, 0.5 months 
• Umer Shah, senior PhD student, 11.4 months 
• Zargham Baghchehsaraei, senior PhD student, 11.4 months 
• Sergey Dudorov, postdoc, 2.4 months 
 
Other direct costs consist mainly of cleanroom work and materials bought for cleanroom 
fabrication. 
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3. Recommendations from the second year review 
 
In the second year review report four recommendations were given. Description of work carried out 
to address these recommendations is presented below. 

3.1 R1 Update of Tasks 
 
R1: As two additional tasks have been included, the consortium should submit an update of the 
tasks to the project officer by the end of September 2010. After the first year review two tasks were 
recommended to be carried out:  

- Clarification of the final design of the antennas for testing 
- Interconnection and packaging issues for the selection of antenna types 

 
These tasks were accomplished during second year according to the recommendations after the first 
year. The Description of Work was updated accordingly to include tasks T2.8 and T3.9, 
respectively. 

3.2 R2 Tabular summary and decision matrix 
 
R2: A large number of different phase shifters have been investigated. The consortium should 
provide a tabular summary and decision matrix of the different phase shifters and update the 
current project periodic report with this information by the end of September 2010. 
 
During the course of the project eight different phase shifters topologies were investigated. These 
phase shifters were summarised in Annex to the updated second year Periodic Report. A decision 
matrix for prioritising the phase shifters development was presented, including description of 
advantages, disadvantages and current status of each phase shifter. Development of one of them 
(namely, analogue transmission phase shifter based on dielectric rod waveguide with adjacent high-
impedance surface) has been finalised before the second year review. Among others three were 
selected for continuation, two of which with high priority: finline phase shifter and analogue 
reflection phase shifter based on metal waveguide with high-impedance surface. The latter required 
low resource allocation. Development of the asymmetrical inductive iris phase shifter was to be 
continued with low priority. 
 
We provide below in Table 2.7 the list of various configurations of phase shifters studied by UR1 
and in Table 2.8 decision matrix. In detail all presented phase shifter configuration studied in 
Section 2.2 of this report.  
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Table 2.8 Decision matrix.

# AFA Capacitive iris Inductive iris Finline

Description 

Two planar resonators 
coupled by a U-shaped 

slot etched in the ground 
plane. 

The phase shift is 
controlled by the coupling 

slot length. 

Irises are patterned on 
silicon substrates. 

Tunable elements are 
integrated between each 

iris. Changing the 
tunable elements 

position enables one to 
adjust the filter property.

Symmetrical Asymmetrical 
The fins are placed on both sides of a Silicon 

substrate. Eleven MEMS cantilevers are 
integrated in each slot. Therefore there are 22 

MEMS elements in total. The phase of the 
transmitted wave is controlled by the 
open/closed states of the cantilevers. 

Inductive irises are placed on silicon 
substrates. Tunable elements are integrated 

into each iris slot. Changing the tunable 
elements enables one to adjust the filter 

frequency response, thus the transmission 
phase at a given operational frequency. 

Advantages 
Provides almost a 2-bit 

resolution as CPW-based 
resonators of the open 

Literature. 
Simple structure. 

Provides a nearly 2-bit phase resolution 
with relatively low insertion loss level (less 

-1dB). 
Provides a nearly 2-bit phase resolution with 

acceptable insertion loss. 

Disadvantages 

The AFA unit-cell is a 
resonant structure with a 

relatively small 
operational bandwidth. It 

exhibits significant 
insertion loss. 

The 1-pole iris-based 
filter provides a low 

phase dynamic due to 
narrow operational 

bandwidth. 

Complexity of the integration into 
waveguide. In comparison to finline phase 
shifters, it requires one extra chip (version 
4c), and even more for versions 4a and 4b. 
Symmetrical model needs two times more 

switchable elements.

Complexity of the integration into waveguide. 
But, this configuration is simpler than the 

asymmetrical inductive configurations in terms 
of biasing, integration and assembly. 

Current status Designed. Designed. Designed and optimized asymmetrical iris 
for WR-90 waveguide for testing at 10GHz.

For the finline concept prototyping, KTH 
agreed to make a dummy. Decision about 

finline dummy prototyping has been taken by 
KTH recently, which requires an extra 

optimization from UR1 side. Dummy model 
with MEMS in frozen state is designed and 

under optimization. 
Fully operated model is designed and 

optimized. The final layout files have been 
sent to KTH on September 2010.

Decision NOT selected for the last 
period of the project. 

NOT selected for the 
last period of the 

project.

Asymmetrical configuration SELECTED 
for the last period of the project.  

Low-priority work 
SELECTED for the last period of the project.  

Top-priority work 

Reference 
(Deliverable) 1.3 D1.3 D1.3; D5.2b; Periodic Report 2009 D5.2a; D5.2c Periodic report (reporting period: 

1 June 2008 -31May 2009) 
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3.3 R3 Setting priority on selected phase shifters and antenna 
configurations 

R3: The consortium should concentrate and set its priority on selected phase shifters and antenna 
configurations: 

• Finline phase shifter including "active" MEMS 
• Transmit array with two different configurations of "frozen" MEMS 
• Antenna based on leaky wave dielectric waveguide with MEMS phase shifter (perturbing 

structures) and cylindrical lens 
The remaining structures are considered to have much less potential and should be continued only 
if spare time and resources are available.  
Based on these priority considerations, the participants are asked to set up a plan describing the 
work for the last 9 months by the end of October 2010. 
 
The consortium set the priority to the development of the selected phase shifters and antenna 
configuration as mentioned in the Recommendation R3 and submitted to the Commission the plan 
describing the work for the last 9 months.  
 
According to reviewer recommendations following subtasks have been pointed: 

o Modelling and optimization of the new simplified finline structure (for integration into 
antenna arrays), 

o Fabrication of the WR-12 waveguides (MicroComp Nordic) for finline phase shifter 
chip characterization, 

o Fabrication of the “passive” MEMS chips by KTH, 
o Characterisation of the chips, 
o Modelling and optimization of the antenna arrays (UR1), 
o Arrays assembling (UR1), 
o Characterisation of two arrays (UR1+AALTO). 

3.4 R4 Meeting with potential end users 
R4: The meeting with potential users which had been shifted to the last year should be prepared 
and take place in time (during the last project year). 
 
An end-user meeting was organised in the form a workshop in order to disseminate the results of 
the TUMESA project for potential end-users. The workshop was organised within the 
ESSCIRC/ESSDERC 2011 conference. The conference was held in Helsinki, Finland, on 
September 12-16, 2011, and it collects major industrial and academic parties of the European solid-
state devices and circuits technology sector. TUMESA End-user Workshop took place during the 
conference on September 14. In addition to the conference attendees, representatives from Finnish 
industry and research organisations were invited to participate in the workshop. 
 
The workshop was started with the presentation of the TUMESA project results and after the 
presentation there were discussion on the results. TUMESA project presentation was held by Dmitri 
Chicherin. 
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4. Deliverables and milestones tables  
 
 
Deliverables (excluding the periodic and final reports; cumulative from the project start)  
 
 
              

 
TABLE 1. DELIVERABLES 

 

Del. 
no.  

Deliverable name WP 
no. 

Lead  
beneficiary 

 
Nature Dissemination  

level 
 

Delivery date 
from Annex I 
(project month) 

Delivered 
Yes/No 

Actual / Forecast 
delivery date 

Comments 

FIRST YEAR 

D1.1 MEMS tuneable metamaterial design 
based on system requirements 

1 1 R RE 5 Yes 30.10.2008  

D1.2 MEMS tuneable metamaterial detailed 
design based on analysis 

1 1 R CO 10 Yes 31.03.2009  

D1.3 Design of a new topology of phase 
shifter integrated in a micromachined 
metallic waveguide 

1 3 R PU 12 Yes 01.06.2009  

D3.1 System requirements for beam 
steering reflective surfaces 

3 4 R RE 6 Yes 28.11.2008  

D3.2 System requirements for antenna 
arrays 

3 4 R RE 9 Yes 27.02.2008  

D3.3 Specifications and requirements to 
novel beam-steering components for 
communication applications 

3 5 R RE 12 Yes 01.06.2009  

D5.1 Web-site 5 1 O PU 2 Yes 04.08.2008  

D5.2a Interim report 5 1 R RE 8 Yes 30.01.2009  

D5.3 Special meetings with potential end-
users 

5 1 O RE 10 No 01.05.2011 Postponed to 
the third year
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Del. 
no.  

Deliverable name WP 
no. 

Lead  
beneficiary 

 
Nature Dissemination  

level 
 

Delivery date 
from Annex I 
(project month) 

Delivered 
Yes/No 

Actual / Forecast 
delivery date 

Comments 

SECOND YEAR 

D1.4 MEMS tuneable metamaterial 
analytical and numerical analysis 

1 1 R PU 15 Yes 31.08.2009  

D2.1 Design of two linear passive LW 
antennas 

2 3 R RE 15 Yes 31.08.2009  

D2.2 Fabricated and characterised phased 
array unit cell  

2 3 R, P PU 24 Yes 01.06.2010  

D4.1 Fabricated MEMS tuneable 
metamaterial for antenna with 
embedded phase shifter 

4 2 R, P PP 18 Yes 01.12.2009  

D4.2 Fabricated MEMS varactors with high 
tuning range  

4 2 R, P PU 21 Yes 01.03.2010  

D5.2b Interim reports 5 1 R RE 14 Yes 30.07.2009  

D5.2c Interim reports 5 1 R RE 20 Yes 01.02.2010  

R1.Y
1 

Clarifications on the final antenna(s) 
(for testing) in the project 

2 3 R CO 18 Yes 28.02.2010  

R2.Y
1 

Interconnects and packaging issues to 
be integrated into the decision matrix 
for the selection of antennas types 

3 4 R RE 18 Yes 28.02.2010  

THIRD YEAR 

D1.5 Fabricated and characterised analogue 
type phase-shifters embedded in 
dielectric rod antenna on a chip 

1 1 R,P PU 27 Yes 31.08.2010  

D1.6 Fabricated and characterised smart 
reflective beam steering surface on a 
chip 

1 1 R,P PU 39 Yes 7.11.2011  

D2.3 Design and optimization of two 
passive phased array antenna 

2 3 R RE 28 Yes 24.09.2010  
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Del. 
no.  

Deliverable name WP 
no. 

Lead  
beneficiary 

 
Nature Dissemination  

level 
 

Delivery date 
from Annex I 
(project month) 

Delivered 
Yes/No 

Actual / Forecast 
delivery date 

Comments 

D2.4 Fabricated and characterised leaky 
wave antenna on a chip 

2 1 R,P PU 36 Yes 15.07.2011  

D2.5 Fabricated and characterised phased 
array antenna 

2 3 R,P PU 39 Yes 30.09.2011  

D3.4 Design of antenna prototypes for 
automotive radar system 

3 4 R PU 30 Yes 01.12.2010  

D3.5 System implications and 
implementations of the novel beam-
steering components in 
communication applications 

3 5 R PU 33 Yes 17.02.2011  

D3.6 Test and evaluation of the novel 
steering leaky-wave antenna at a radar 
front end level 

3 4 R,P PU 40 Yes 30.09.2011  

D3.7 Test and evaluation of the novel smart 
steering reflective surface at a radar 
front end level and evaluation the 
overall performance 

3 1 R,P PU 40 Yes 7.11.2011  

D3.8 Test and evaluation of the phased 
array antenna on a radar front end 
level 

3 1 R,P PU 40 Yes 30.09.2011  

D4.3 Fabricated MEMS tuneable 
metamaterial for leaky wave antenna 

4 2 R,P PP 30 Yes 01.12.2010  

D4.4 Fabricated MEMS tuneable high-
impedance surface for beam steering 

4 2 R,P PP 30  Yes 01.12.2010   

D4.5 Investigation of volume  
manufacturability 

4 2 R PU 37 Yes 15.07.2010  

D5.2d Interim reports 5 1 R RE 26 Yes 30.07.2010  

D5.2e Interim reports 5 1 R RE 32 Yes 01.02.2011  

D5.3 Special meetings with potential end-
users 

5 1 R RE 40 Yes 30.09.2011  
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Del. 
no.  

Deliverable name WP 
no. 

Lead  
beneficiary 

 
Nature Dissemination  

level 
 

Delivery date 
from Annex I 
(project month) 

Delivered 
Yes/No 

Actual / Forecast 
delivery date 

Comments 

D5.4 Final plan for the use and 
dissemination of foreground 

5 1 R PU 40 Yes 15.11.2011 Delivered with 
the final report 

D5.5 Final report 5 1 R PU 40 Yes 15.11.2011 Final report 

R3.Y
2 

Plan describing the work for the last 9 
months 

5 1 R CO 26 CO 26  
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Milestones  

 
TABLE 2. MILESTONES 

 

 

Milestone 
no. 

Milestone name Work 
package no 

Lead 
beneficiary 

Achievement 
date  from 

Annex I 

Achieved 
Yes/No 

Actual / Forecast 
achievement date 

Comments 

M1 Decision on characteristics of smart 
beam steering reflective surface  

WP1 1 Month 6 Yes 28.11.2008  

M2 Decision on characteristics of array 
antenna  

WP2 3 Month 9 Yes 27.02.2008  

M3 Decision on design of MEMS tuneable 
metamaterials  

WP1 1 Month 10 Yes 31.03.2009  

M4 Decision on topology of leaky wave 
antenna 

WP2 3 Month 15 Yes 31.08.2009  

M5 Prototype of MEMS tuneable 
metamaterials for antenna with 
embedded phase shifter: verification of 
functioning 

WP1, 
WP4 

1 Month 18 Yes 01.12.2009  

M6 Prototype of MEMS varactor with high 
tuning range: verification of tuning 
range 

WP1, 
WP4 

2 Month 21 Yes 01.03.2010  

M7 Measurement of analogue type phase-
shifters for dielectric rod antenna: 
decision on integration in phased array 
antennas 

WP1 1 Month 27 Yes 31.08.2010  

M8 Decision on design of transmitting 
array antenna 

WP2 3 Month 28 Yes 24.09.2010  

M9 Prototype of MEMS tuneable 
metamaterials for leaky wave antenna: 
verification of functioning 

WP1,4 1 Month 30 Yes 01.12.2010  

M10 Prototype of MEMS tuneable high-
impedance surface for beam steering: 
verification of functioning 

WP1,4 1 Month 30 Yes 01.12.2010 Beam steering 
was not 
successful 
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M11 Measurement of leaky wave antenna: 
verification of automotive radar 
requirements compliance 

WP2 4 Month 35 Yes 15.07.2011 Not all 
requirements 
were met 

M12 Measurement of transmitting array 
antenna: verification of automotive 
radar requirements compliance 

WP2 4 Month 39 Yes 30.09.2011 Not all 
requirements 
were met 

M13 Measurement of beam steering: 
verification of automotive radar 
requirements compliance 

WP1 4 Month 39 Yes 30.09.2011 Beam steering 
was not 
successful 

M14 Decision on concept of implementation 
of developed prototypes in automotive 
radar  

WP1 – 
WP4 

4 Month 40 Yes 30.09.2011 Few solutions 
instead of a 
final 
decision due to 
shortcomings 
in M11-M13 
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5. Project management 
 
The Coordinator of the TUMESA project is AALTO – Aalto University (Aalto korkeakoulusäätiö). 
The Coordinator’s person in charge of administrative, legal and financial aspects in this project is 
Prof. Antti Räisänen. According to the TUMESA Consortium agreement, the decision-making body 
of the Consortium is the Governing Board, consisting of one representative from each beneficiary. 
Prof. Antti Räisänen is the Chair of the Governing Board. The Project Manager provides assistance 
to the Coordinator and the Governing Board and is responsible for the day-to-day management of 
the Project. Until the 31st of May, 2011, The TUMESA Project Manager was Mr. Dmitry Chicherin, 
Lic.Sc. (Tech.). From 1st of June, 2011, the TUMESA Project Manager is Mr. Juha Ala-Laurinaho, 
D. Sc. (Tech.), who is also the Coordinator’s person in charge of scientific and technical / 
technological aspects in this project.  

5.1 Changes in the consortium and beneficiaries’ legal status 
No changes. 

5.2 Consortium management tasks and achievements  

5.2.1 Legal management 
Consortium requested a 4-month extension of the project duration. Consequently, a request to make 
an amendment to the Grant Agreement was submitted to the Commission.  

5.2.2 Financial management 
 
The EC financial contribution during the reporting period is 226416 euro, which was distributed to 
the beneficiaries so that the cumulative EC financial contribution received by each beneficiary is 
exactly 85% of their budgeted share: 
 

Beneficiary Distribution in 3rd period Cumulative distribution Total Budgeted 
EC contribution

AALTO 132610,58 573410,85 674601
KTH 85292,39 525644,25 618404
UR1 6132,93 317271,00 373260
AUTOCRUISE 1783,04 130017,70 152963
MCNAB 597,06 26156,20 30772

 

 
Beneficiaries provided the Coordinator with the report on the project costs occurred during the third 
reporting period. All documents related to the project costs are kept in the premises of the 
corresponding beneficiary.  

5.2.3 Administrative management  
 
The Coordinator serves as a contact point between the Commission and the beneficiaries and 
transmits necessary information and documents. The Coordinator controls the accomplishing of the 
project tasks, collects the beneficiaries’ reports, reviews the reports to verify consistency with the 
project tasks, compiles project deliverables and submits them to the Commission. The Coordinator 
monitors the compliance by beneficiaries with their obligations under the Grant Agreement. 
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The Coordinator assists the co-operation between the beneficiaries ensuring smooth information 
flow carried out by means of e-mail correspondence, voice conference and meetings. The 
Coordinator organises Governing Board and Technical meetings of the TUMESA project, including 
preparation and distribution of the agenda and minutes of the meetings. Collaboration with other 
research projects, e.g., MEMSPACK (Coordinator IMEC), SARFA project of NORDITE 
technology program (participants: KTH, Sweden; AALTO, Finland; NTNU, Norway), is 
maintained.  

5.2.4 Project meetings 
 
During the third year of the project course, the following meetings were carried out.  
 
Date Meeting Venue # of participants 
03.06.2010 Governing Board meeting, Technical 

meeting 
AUTOCRUISE, Brest, 
France 

5 beneficiaries, 
11 persons 

30.8.2010 Governing Board meeting, Technical 
meeting, Pre-Review meeting 

UR1, Rennes 5 beneficiaries, 8 
persons 

31.8.2010 Review meeting UR1, Rennes 5 beneficiaries, 
11 persons 

28.-
29.11.2010 

Governing Board meeting, Technical 
meeting 

AALTO, Espoo, 
Finland 

5 beneficiaries, 
10 persons 

18.2.2011 Governing Board meeting Teleconference 5 beneficiaries, 7 
persons 

20.-
21.3.2011 

Governing Board meeting, Technical 
meeting 

KTH, Stockholm, 
Sweden 

5 beneficiaries, 9 
persons 

12.9.2011 Governing Board meeting Teleconference 5 beneficiaries, 8 
persons 

5.2.5 Project status and planning  
 
Additional work was carried out for phased array unit cell development. Two types of unit cells 
were fabricated and measured. 
 
Additional work was carried out for leaky wave antennas. Microstrip-line based leaky wave antenna 
was optimized and fabricated, and its S-parameters were measured. 

5.2.6 Project website 
 
The TUMESA project web-site address is http://radio.tkk.fi/tumesa. The objectives of the web-site 
are: 

- to provide up-to-date detailed information about the project and disseminate project results 
to the general public; 

- to attract potential members of the user group; 
- to maintain online a complete list of publications written in the frame of the project; 
- to distribute confidential material among the partners and collect it online in a well-

structured way under password protection.  
 
It was decided that the Executive Summaries of all TUMESA deliverables would be made available 
through the website to the general public.  
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The web-site contains: 
- In public part  

1. Project objective in short, duration, total budget, EC contribution, list of the partners 
2. Project overview 
3. Partners (with links to the corresponding web-sites) 
4. Description of the Work Packages 
5. Description of the project management  
6. Summaries of the deliverables and reports 
7. List of publications 
8. Contact details 

- In password protected part 
1. Grant Agreement (with Annexes) and Consortium Agreement 
2. Agenda, minutes and presentations of the project meetings. 
3. Deliverables and reports 

 
The web-site is regularly updated by the Project Manager. 
 

5.2.7 Collaboration 
 
In the TUMESA project, for attaining the project objective, a tight collaboration between the 
beneficiaries had been required already on the proposal stage, was established immediately after the 
project start, and is being maintained during the course of the project. All participants are involved 
in all R&D work packages and many tasks have been performed effectively as a group effort of 
different beneficiaries. The foreground of one beneficiary is indispensible for successful performing 
of other beneficiaries. The foreground was made available to all beneficiaries by means of written 
deliverables, email correspondence, voice conferences and technical meeting. All beneficiaries 
perform very well and maintain their commitment and interest to the project objectives.  
 

5.2.8 Use of foreground and dissemination activities 
 
As it was mentioned in the previous section, the foreground is widely used for efficient 
collaboration within the TUMESA project. The plan for the use and dissemination of foreground is 
presented in the Description of Work.  
 
Dissemination activity during the third year of the project course includes but not limited to the 
following: 
 
– TUMESA web-site updates with Executive summaries of all deliverables and list of 

publications (AALTO, Dmitry Chicherin, Juha Ala-Laurinaho). 
– RF-MST Cluster (EU FP6 and FP7 projects) Workshop 2010; Otranto, Italy: Project 

presentation, poster, numerous discussions.(D. Chicherin) 
– M. Sterner, D. Chicherin, A.V. Räisänen, G. Stemme, J. Oberhammer, “Reliability 

investigation of stress-compensated metal-coated monocrystalline-silicon membranes for 
MEMS tuneable high-impedance surfaces,” MEMSWAVE 2010 Conference, June 28-30, 2010, 
Otranto, Italy, MEMS_S3_2_msterner.pdf. 

– D. Chicherin, M. Sterner, J. Oberhammer, S. Dudorov, D. Lioubtchenko, A. J. Niskanen, V. 
Ovchinnikov, A.V. Räisänen, "MEMS based high-impedance surface for millimetre wave 
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dielectric rod waveguide phase shifter," European Microwave Conference 2010, , September 
28-30, Paris, France, pp.950-953. 

– M. Sterner, D. Chicherin, J. Åberg, R. Sauleau, A.V. Räisänen, G. Stemme, J. Oberhammer, 
"Integration of MEMS reconfigurable reflective surfaces in rectangular waveguide stubs for W-
band phase-shifters," Proc. Asia Pacific Microwave Conference 2010, Yokohama, Japan, 
December 7-10, 2010, pp. 1825-1828. 

– INVITED Talk (A.V. Räisänen) D. Chicherin, M. Sterner, J. Oberhammer, S. Dudorov, D. 
Lioubtchenko, V. Ovchinnikov, A.V. Räisänen, “MEMS tunable metamaterials surfaces and 
their applications,” Asia Pacific Microwave Conference 2010, Yokohama, Japan, December 7-
10, 2010, pp. 239-242 

– Zhou Du, Dmitry Chicherin, Antti V. Räisänen, “MEMS-based High Impedance Surface for 
Beam Steering at 80 GHz,” Proceedings of of the Global Symposium on Millimeter Waves 
2011 

– RF-MST Cluster (EU FP6 and FP7 projects) Workshop and MEMSWAVE conference 2011; 
Athens, Greece: Project presentation, poster, numerous discussions. (J. Oberhammer) 

– MEMSWAVE Conference 2011, Athens, Greece: Oral presentation, numerous discussions. (J. 
Oberhammer) 

– D.V. Lioubtchenko, V. Ovchinnikov, D. Chicherin, A. V. Räisänen, “Millimeter wave phase 
shifters based on dielectric rod waveguide”, Int'l IEEE Conf. on Electromagnetics in Advanced 
Applications & IEEE-APS Topical Conf. on Antennas & Propagation in Wireless 
Communications (ICEAA - IEEE APWC 2011), September 12 – 17, 2011, Torino, Italy. 

– Invited presentation: RF MEMS PhD Student Summer School, Toulouse, France, 2011 
– Invited lecture: Chalmers Univ. of Technology, Microtechnology and Nanoscience, 

Gothenburg, Sweden, 2011 
– Invited seminar presentation: FOI Swedish Defence Research Agency, Linköping, Sweden 

Aug. 2011  
– Invited visit to European Space Agency (ESA): “Antenna and sub-millimetre wave 

technologies and techniques”. By A. Vorobyov, Noordwijk, The Netherlands, April, 2011 
– European School of Antennas: 

o 31 May – 4 June 2010 (Rennes, France): lectures on millimetre waves antennas, including 
a presentation on MEMS-based tunable antennas at millimetre waves and antennas for 
automotive radars in W-band. By R. Sauleau. 

o 27 June – 1 July 2011 (Delft, The Netherlands): lecture on imaging techniques at 
millimetre waves, including a presentation on millimetre wave antennas for automotive 
radars. By R. Sauleau. 

– TUMESA End-user Workshop, September 14, 2011, Helsinki, Finland 
 
Dissemination activity includes also presenting and publishing TUMESA results at the 
conferences, symposiums, workshops and in journals. The list of publications published and 
submitted during the reported period is given separately in the next section. The Consortium plans 
to continue involving potential users, end manufacturers, possible partners, which will form a User 
Group, in the dissemination activities of the project, through the constantly increasing network of 
contacts.  

5.2.9 Publications   
Below is a cumulative list of all TUMESA submitted and published publication. Publications [1-5] 
were prepared during the first year of the project course, and publications [6-13] during the second 
year, and [14-29] during the third year and four months, i.e. during the reporting period. 
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[24] T. Zvolensky, M. Sterner, D. Chicherin, H. Hakojärvi, J. Oberhammer, C. Simovski, A. V. 
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Conference 2011, Manchester, UK, Oct. 9-14, 2011. 
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[26] D. Chicherin, M. Sterner, D. Lioubtchenko, J. Oberhammer, A.V. Räisänen, “Analogue type 
millimetre wave phase shifters based on MEMS tuneable high-impedance surface and 
dielectric rod waveguide,” International Journal of Microwave and Wireless Technologies, 
Special Issue on RF MEMS, in press.  

[27] M. Sterner, N. Somjit, U. Shah, S. Dudorov, D. Chicherin, A.V. Räisänen, and J. 
Oberhammer, “Microwave MEMS devices designed for process robustness and operational 
reliability,” International Journal of Microwave and Wireless Technologies, Special Issue on 
RF MEMS, in press. 

[28] A. Vorobyov, E. Fourn, R. Sauleau, A.V. Boriskin, "Reconfigurable phased antenna arrays 
for automotive radar application", Young Scientists Conference YSC 2011,, Kharkov, Ukraine 
28 Nov. 28 - 2 Dec., 2011, submitted. 

[29] A. Vorobyov, R. Sauleau, E. Fourn, D. Chicherin, A. Räisänen, J. Oberhammer, Z. 
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EuCAP 2012, submitted. 

5.3 Problems and deviations 
 
As it can be seen from the Recommendation R3 from the previous review, the priority list for the 
last period does not include the smart single chip smart beam-steerable reflective surface based on 
MEMS tuneable high-impedance surface. Consequently its development was continued with low 
resource allocation as it was recommended. That is why final realisation of the beam steering has not 
been accomplished.  
 
Additional work was carried out for phased array unit cell development. Two types of unit cells 
were fabricated and measured. 
 
Additional work was carried out for leaky wave antennas. Microstrip-line based leaky wave antenna 
was optimized and fabricated, and its S-parameters were measured. 
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5.4 Other issues 
 
The project activity is performed within all applicable regulations. The project does not have any 
ethical issues. Safety issues (microfabrication, millimetre wave measurements) are handled 
properly, according to the internal rules of the beneficiaries. The Consortium beneficiaries are 
Equal Opportunities employers and welcome both male and female researchers. The project 
workers’ gender imbalance is due to the distribution of students and researchers within the field in 
the countries of the beneficiaries, e.g. at the AALTO Department of Radio Science and Engineering 
women are about 7% of all research / teaching staff.  
 

5.5 Statement on the use of resources for the project management 
 
AALTO  - Personal costs: 
The following human resources were involved at AALTO during the reporting period in 
management activity, WP5: 
Dmitry Chicherin, Project Manager: 2.70 person-months 
 
AALTO  - Other costs: 
Other direct costs consist of mainly travel costs to Governing Board Meetings in France and 
Sweden (Räisänen and Chicherin), to RF-MST Cluster workshop 2010 (Chicherin), to Period 2 
Review meeting in France (Chicherin), and to International Microwave Symposium in USA 
(Chicherin), and costs for arranging end-user meeting.  
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6. Explanation of the use of the resources 
 
All sums are in euros. 
 
 

 
TABLE 6.1 PERSONNEL, SUBCONTRACTING AND OTHER MAJOR DIRECT COST ITEMS FOR 

AALTO FOR THE PERIOD 
 

Work 
Package 

Item description Amount Explanations  

WP1 Personnel costs 108192 Information on the human resources 
are given in section 2.1.5 

WP2 Personnel costs 128270 Information on the human resources 
are given in section 2.2.5 

WP3  Personnel costs 6238 Information on the human resources 
are given in section 2.3.5 

WP5 Personnel costs 14741 Information on the human resources 
are given in section 5.5 

WP2 Other direct costs 1 252 Travel costs to a conference, Poster 
printing 

WP5  Other direct costs 11 082 Mainly travel costs, more detailed 
information is given in section 5.5 

WP5 Subcontracting  2040 Auditor fee 
TOTAL DIRECT COSTS 271815  

 
 

 
TABLE 6.2 PERSONNEL, SUBCONTRACTING AND OTHER MAJOR DIRECT COST ITEMS FOR 

KTH FOR THE PERIOD 
 

Work 
Package 

Item description Amount Explanations  

WP4 Personnel costs 161148 Information on the human resources 
involved in the project work are given 
in Section 2.4.5 

WP4 Fabrication 37745 Total, clean-room fabrication 
WP4 Materials 14294 Total, clean-room material 
WP4 Remaining direct 

costs 
19587 Travel costs and freight costs 

 
 Subcontracting/mgt. 2140 Auditor fees from last period 
TOTAL DIRECT COSTS 234914  
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TABLE 6.3 PERSONNEL, SUBCONTRACTING AND OTHER MAJOR DIRECT COST ITEMS FOR 

UR1, INSA AND CNRS FOR THE PERIOD 
 

Work 
Package 

Item description Amount Explanations  

WPs 1-2-3-
4  

Personnel costs 165685.61 Involvement of 3 permanent 
researchers (9.65 person-months) and 
recruited researchers (28 person-
months) 

WPs 1-2-3-
4 

Other direct costs 13617.94 Travel costs and consumables 

TOTAL DIRECT COSTS 179304  
 

Costs of the third-parties INSA and CNRS are integrated into the table of UR1. 
 

TABLE 3.4 PERSONNEL, SUBCONTRACTING AND OTHER MAJOR DIRECT COST ITEMS FOR 
AUTOCRUISE FOR THE PERIOD 

 
Work 
Package 

Item description Amount Explanations  

2,3 Personnel costs 63273 Involvement of Ghayath El Haj 
Shhade, Thierry Labia, Patrice 
Mallejac and Frantz Bodereau 

 Subcontracting 0  

 Travel cost 2855 Travels to TUMESA meetings 
TOTAL DIRECT COSTS 66128  

 
 

 
 

TABLE 6.5 PERSONNEL, SUBCONTRACTING AND OTHER MAJOR DIRECT COST ITEMS FOR 
MCNAB FOR THE PERIOD 

 
Work 
Package 

Item description Amount Explanations  

WP1,2,3,4 Personnel costs 8588 Involvement of Jan Åberg, Torsten 
Schier and Mats Gustafsson 

WP1,2,3,4 Other direct costs 2523 Hardware and traveling costs 
TOTAL DIRECT COSTS 11111  
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7. Person-Month Status  
 
Below are the tables presenting person-month status for each beneficiary per Work Package. The first table shows the status for the third year of 
the project course (reporting period), and the second table shows the cumulative status (total for the whole project). In both cases the figures are 
compared to the planned three-year person-month values according to the description of work. (In the description of work there is no subdividing 
of the person-month figures in years: only three-years totals are planned per beneficiary per WP.) Comments are given below the tables. 
 
 

Third year 
status 
  

WP1  WP2 WP3 WP4 WP5 TOTAL
Actual 
(third 
year) 

Planne
d (3 
years)  %  

Actual 
(third 
year)

Planne
d (3 
years) % 

Actual 
(third 
year)

Planne
d (3 
years) % 

Actual 
(third 
year) 

Planne
d (3 
years) % 

Actual 
(third 
year)

Planne
d (3 
years) % 

Actual 
(third 
year)

Planne
d (3 
years) % 

Coordinator  24.22  39  62  21.75 27 81 1.03 9 11 0  7 0 2.7 10 27 49.69 92 54

KTH  0  10  0  0 7 0 0 3 0 31.4  59 53 0 0 31.4 79 40

UR1  0.3  7  4  36.73 44 83 0.34 2 17 0.28  3.5 8 0 0   37.65 56.5 67

AUTOCRUISE  0  6  0  5 10 50 10 30 33 0  2 0 0 0 15 48 31

MCNAB  0  0.5  0  0 0,5 0 1 2 50 0  0 0 0 1 3 33

TOTAL  24.52  62.5  39  63.48 88.5 72 12.37 46 27 31.68  71.5 44 2.7 10 27 134.7 278.5 48
 
  



 91

Cumulative 
status  
  

WP1  WP2 WP3 WP4 WP5 TOTAL
Actual 
(total) 

Planned 
(total)  %  

Actual 
(total)

Planned 
(total) % 

Actual 
(total)

Planned 
(total) % 

Actual 
(total) 

Planned 
(total) % 

Actual 
(total)

Planned 
(total) % 

Actual 
(total)

Planned 
(total) %  

Coordinator  53.62  39  137  33.35 27 124 1.53 9 17 2  7 29 10.8 10 108 101.3 92 110 

KTH  0  10  0  0 7 0 0 3 0 81.3  59 138 0 0 ‐ 81.3 79 103 

UR1  4.34  7  62  72.02 44 164 0.6 2 30 0.47  3.5 13 0 0 ‐ 77.43 56.5 137 

AUTOCRUISE  0  6  0  41 10 410 18.5 30 62 0  2 0 0 0 ‐ 59.5 48 124 

MCNAB  0.2  0.5  40  0.3 0.5 60 2.1 2 105 0.4  0 ‐ 0 0 ‐ 3 3 100 

TOTAL  58.16  62.5  93  146.67 88.5 166 22.73 46 49 84.17  71.5 118 10.8 10 108 322.53 278.5 116 
Comments:  
[1] KTH does not employ analytical system for calculating distribution of the human resources per WP. Although KTH was involved in all WP, 

the person-months value is reported under WP4. However, the total number of worked months is still above the planned amount (103%). 
[2] AALTO: Relatively large quantity of person-months in AALTO during the reporting period (54% of all planned three years personnel 

resources) are due to the following reasons: 
a. Many measurements campaigns were scheduled for the last period 
b. AALTO carried out some measurements of prototypes developed by UR1 and KTH, which was not planned originally. 
c. AALTO performed an additional task on leaky wave antenna. This also explains why overall person-month of AALTO is 110% of 

the planned amount. 
d. Amount of person-months in WP3 and WP4 is below planned, because often it was challenging to separate work, which was 

related both to WP1/WP2 and WP3/WP4. In such cases the work was allocated to WP1/WP2 as AALTO primary work packages. 
[3] UR1: The personnel resources of UR1 during the last period is relatively large due to the fact that development of the phased array unit cells 

and the array itself appeared to be more challenging than initially estimated. More resources have been allocated during the third period in 
order to finalise the development in due time. Besides UR1 in collaboration with KTH performed an additional work on developing second 
configuration of the unit cell. 

[4] AUTOCRUISE cumulative status in WP2 is 41 person-months instead of planned 10 person-months, thus increasing WP2 total person-
month values. This is due to the strong interest and involvement of AUTOCRUISE in development of components (namely, leaky-wave 
antenna), and not primarily in system implementation as it was planned initially. It was more realistic to put more resource to demonstrate 
the LWA concept with prototype. Also the fabrication and interaction with KTH to get suitable component for antenna was the priority to 
obtain good results on such concept. 

[5] The project total personnel effort exceeds the planned amount of person-months by 16 % because TUMESA targeted several ambitious, 
challenging and risky objectives. Besides, many additional results were attained during each period of the project. 
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8. Financial statements – Form C and Summary financial report 
 
Financial statements are submitted separately.  
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9. Certificates  
 
List of Certificates which are due for this period, in accordance with Article II.4.4 of the 
Grant Agreement.   

 
Beneficiary Organisation 

short name 
Certificate on 
the financial 
statements 
provided? 
yes / no 

Any useful comment, in 
particular if a certificate is not 
provided  

1 AALTO Yes Expenditure threshold has been 
reached 

2 KTH No Expenditure threshold not reached  
(Certificate after the second period) 

3 UR1 No Expenditure threshold not reached 
4 AUTOCRUISE No Expenditure threshold not reached 
5 MCNAB No Expenditure threshold not reached 
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