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Abstract 

This document synthesises the information collected on various beam-forming techniques, to
clearly identify advantages and drawbacks of each techniques and propose a short list of still 
remaining critical points for each beam-forming techniques. Priorities in future researches 
related to beam-forming networks are then pointed out 
. 

Also are analysed advantages and drawbacks of beam-forming techniques as applied to various 
applications and domains. Qualitative synthesis tables are set-up, and a general “help for trade 
off” tool is presented in annex of this document 
 

“Geographical maps” of on-going research in various laboratories and companies are presented 
in order to show the complementary distribution over Europe, and to help in identifying potential 
future collaborations (for instance, for building STREPs or FETs in answer to E.C. calls in 
relevant domains). 
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1  INTRODUCTION 

1.1 Description of Work – ACE WP 2.4-2 
 
The description of work that was given in the Technical Annex [128] is repeated here for convenience: 
 
The aim of this work package (for which the present deliverable is the final report) were : 
 
1. Synthesise the present state-of-the-art on Beamforming (BF) techniques, including : 

• Analogue BF : for Direct Radiating Array (DRA) by controlling phase shifters and variable-gain 
amplifiers; 

• Reflectarrays antennas are a specific case where RF signal distribution is performed in free-space, 
and phase control on the reflecting cells, 

• Digital BF, after analogue to digital conversion (ADC) : this technique offers more flexibility (adding 
“adaptive” algorithms for re-shaping in real-time the various beams, it leads to so-called “smart 
antennas”); but for broadband applications, it needs very fast ADC’s, which cost & DC consumption 
should be considered 

• Optical BF : especially for very large bandwidth, it may be a performant solution to modulate optical 
carriers and use them for down or up-conversion of the RF signal, control dynamically phase and 
amplitude, possibly use very fast switching properties proven in terrestrial optical routers. 

 
2. Exchange knowledge and experience among the NoE participants from previous or on-going European 

projects, and published results in other countries, the main advantages and drawbacks of each 
technique, for the various categories of antenna applications. 

 
3. Organise the work-sharing between the participants, to investigate new BF techniques, or jump new 

steps in the existing ones. 
 
4. In complements to internally self-funded researches, propose the public institution or agencies, able to 

fund long term researches, a short list of the work to be launched to go ahead in BF for active antennas. 
Form teams to answer the relevant calls from the European commission. 

 
Furthermore, final report D5 on architectures of Active Arrays must summarise potentialities and still 
remaining critical aspects of various beamforming techniques, includes some outputs of the 2 other work-
packages of the same “Array Antennas” activity, WP2.4-1 and 2.4-3, as we worked in tight collaboration. 

1.2 Participants 
 
The participating entities in this work package are the following (reference numbers as in the Consortium 
Agreement and Technical Annex[128]]): 
 

No. Organisation Short Name Country 
7 Alcatel Space Alcatel France 
10 Thales Airborne Systems TAS France 
14 Technische Universität Darmstadt TUD Germany 
15 Deutsches Zentrum für Luft- und Raumfahrt E.V. DLR Germany 
27 Universidad Politecnica de Madrid  UPM Spain 
28 Universidad Politecnica de Valencia UPV Spain 
31 Swedish Defence Research Agency FOI Sweden 
33 Saab Ericsson Space AB SAAB 

ERICSSON 
Sweden 

 

Table 1-1: Organisations participating to WP 2.4-2. 
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1.3 Contents of this Deliverable D5 
 
In the previous deliverable D4, has been related in details the outputs of the important effort put on collecting 
information about existing arrays, by mean of questionnaires filled by all partners, describing existing arrays 
properties Questionnaires have been used for analysing advantages and drawbacks of BF techniques, that 
have been resumed in a preliminary synthesis table. 
In this aim, subgroups corresponding to different beamforming techniques have been constituted. They are 
as follows : 
 

• 1/ Reflectarrays. This group is coordinated by UPM (J. Encinar), with Thales, Alcatel Space, TUD, 
and Politecnico di Torino 

 
• 2/ Passive Feeding/Combining Network : This group is Coordinated by Saab Ericsson (H. Ekstrom), 

with DLR, UKARL, TUD, and UPM. 
 

• 3/ Analogue Controlable Beamforming Networks : This group is coordinated by Alcatel Space (G. 
Caille) with EMW and Thales 

 
• 4/ Digital Controlable/Adaptive Beamforming : coordinated by Alcatel Space (C. Guiraud) with FOI, 

DLR, Ericsson, Thales. 
 

• 5/ Beam Forming based on microwave photonics : On this particular subject, a single questionnaire 
has been received. UPV provides here a synthesis based on its experience. 

 
Furthermore, analysis of each application requirements has been performed, for each of following domains : 
 

• Base-station antennas 
• Commercial and civil Radar applications 
• Spaceborne Array Antennas 
• Defense Radar Applications 
• User terminal Arrays 

 
The aim of this present document is : 
 
¾ To synthesise information collected on various beamforming techniques to clearly identify advantages 

and drawbacks of each techniques and t propose a short list of still remaining critical points for each 
beamforming techniques, and identify what should be the priorities in future researches related to 
beamforming networks. 

¾ To present a “geographical map” of on going research in various laboratories and companies. This 
should help future collaborations (besides those already existing), especially to build STREPS or FETs in 
answer to the relevant E.C./IST calls. 

¾ To analyse advantages and drawbacks of beamforming techniques, when applied to various applications 
and domains. Synthesis tables are proposed and a general “help for trade off” tool is presented in Annex 
(§5) to this document 
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2 SYNTHESIS ON VARIOUS BEAMFORMING METHODS, ADVANTAGES AND 
DRAWBACKS, REMAINING ISSUES. 

2.1 Reflectarrays 

2.1.1 Synthesis on Reflectarrays technology 
The different reflectarray concepts can be classified in two sub-groups, passive and reconfigurable 
reflectarrays.  
 
For passive reflectarrays, different concepts have been demonstrated for phase control, such as patches 
with attached stubs of different lengths, sequential rotation, patches of variable size in single or multiple 
layer, etc.  The configuration based on stacked layers with patches of variable size as phase-shifter is very 
promising because the following advantages: 

• Reduction of cross-polarisation, compared with stub loaded patches and compared with offset 
reflectors. 

• A high efficiency of the reflective surface is achieved, with dissipative losses from 0.2 to 0.5 dB. 

• Simple manufacture by using photo-etching techniques. 

• Bandwidth improvement is achieved by stacking several array layers (two or three) and performing 
optimisations in a given frequency band. 

• Allows simple design of contoured beam antennas with the advantage of eliminating the custom 
moulds used for manufacturing shaped reflectors in space applications. 

On the other hand, the most significant inconveniences of this passive technology are: 

• Bandwidth larger than 10% is difficult to achieve for large antennas (> 65 wavelengths). 

• In all the analysis and design techniques, the reflectarray is assumed in the far field of the feed-
horn, which is not always the case.  

• For analysis and design, mutual coupling among elements is only taking into account assuming 
local periodicity approach, using the infinite array model.  

• No possibility of beam scanning or reconfigurability. 

 
In reconfigurable reflectarrays, the beam can be reconfigured or scanned by introducing controllable phase-
shifters (using switches, variable capacitors, tuneable dielectrics, MEMS, etc) at the printed elements (or at a 
subarray level). From the several concepts demonstrated for reconfigurable reflectarrays, those based on 
switches (diodes or MEMS) at element or subarray level are selected as the most promising, because offers 
the possibility of scan or reconfigure the beam at moderate cost and complexity.  Reflectarrays based MEMS 
is a very promising technology, because dissipative losses are much lower than in diodes. However MEMS 
are not a fully mature technology and there are still some technological bottlenecks that must be addressed 
in future research work as: 
 

• Precise modelling is required. 

• Reliability in case of very numerous phase-shifter elements. 

• Packaging compatible with radiating element in the reflectarray. 

• Complex bias control for large number of elements. 
 
Because the technological interest of MEMS in reconfigurable reflectarrays, a study was carried out in 
collaboration with the Network of Excellence AMICOM, in which a deliverable has been issued with a review 
of the most suitable applications and architectures for MEMS based reflectarrays. As a result of this 
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collaboration, three small projects have been proposed for designing manufacturing and measuring 
reflectarray demonstrators using different MEMS architectures, to be developed during ACE-2 and AMICOM.   
 

2.1.2 Points to by studied in priority: 
 
The analysis of advantages and critical points for reflectarray technology identified in this activity (see 
Deliverable D4 for more detail), suggests that the following points require a further research work, in order to 
improve the electrical performances in reflectarray antennas: 
 
• Analysis, design and demonstration of new phase-shifter elements for reflectarrays, in order to improve 

the electrical performances (low losses, low cross-polarisation, increase bandwidth), and to simplify 
manufacturing process. 

• Different approaches for a more accurate analysis and design of reflectarrays. One way of improvement 
is to consider the real field radiated by the feed, which is incident on each reflectarray element. This 
point is particularly important when the reflectarray is not in the far field region of the feed-horn. Another 
way of improvement in the analysis techniques is to analyse the whole reflectarray, including the horn, 
by a full wave technique. This problem will be proposed as a benchmark for collaboration with the activity 
WP1.1-2 during ACE-2. 

• Demonstration of suitable new architectures for beam reconfigurability, as for example: 
o Controllable phase-shifter elements based on MEMS 
o The use of  non-linear tuneable dielectrics as Ferro-electric materials or Liquid Crystals.  
o Evaluate and demonstrate reconfigurability  by control at subarray level. 

2.2 Passive Feeding/Combining networks 
• From technological point of view, the choice is between 2 main options for a passive BFN: waveguide 

or printed circuits; both are mature for many applications. A subgroup of printed circuits is the suspended 
technology for lower loss. For low frequencies coaxial guides, squareax, is a subgroup of the waveguide 
technology. 

 

Generally there is a trade off between: 
• on one hand low loss and high analysis accuracy of waveguide technology. For low frequencies coaxial 

guides “squareax” is a subgroup of the waveguide technology 
• on the other hand low volume and mass, and larger bandwidth of printed circuits technology. For highly 

complex structures (i.e. structures with numerous couplers and/or crossing points), waveguide networks 
are difficult to build.A subgroup of printed circuits is the suspended technology for lower loss.  

 

Priority for study would be development of suspended techniques with rather low losses, moderate 
bandwidth and low mass. Both technological aspects (loss, thermal properties) and modelling (RF and 
thermal) are important to improve. Particularly in high performance applications, e.g. space antennas, the 
relatively high uncertainty in models of printed circuits compared to the accuracy of waveguide models is 
critical. This is due to a more complex and less well defined surrounding of printed circuits compared to the 
closed waveguide structures. Also printed circuit technology generally including several materials with 
different thermal properties has inherently thermo mechanical limits to reach the tolerances.  
 

• From architecture point of view, there are also 2 main options: 
- a single fixed beam may be generated by a quite simple passive BFN, using either corporate feed principle, 
or series-fed …letting aside some very specific implementations such as radial distribution within a flat 
“cheese-like box”. 
- several fixed beams may also ge provided by passive networks, with some limitations: the angular 
separation between the beams must be sufficient, and the passive network should generate “orthogonal” 
complex excitations. This is possible through Butler or Blass matrices, of using a space-constrainted feed 
such as a Rotman lens (see Deliverable D4 for more details). 
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The latter option appears to be very promising for several applications such as: 
• simultaneous multiple decoupled beams in a base-station; 
• a narrow switched between several (4,8…) positions in an anti-collision automotive radars. 
For such large-market application, the main topic fo new researches and developments appear to find simple 
(so low-cost) while efficient solutions. Often their performance may be significantly increased if associating 
suited signal processing, for instance for the 2 applications mentioned here-above.  
 

2.3 Analogue Controllable Beamforming Network 

2.3.1 Synthesis of associated architectures & technologies 
The description presented in §8.1 of Deliverable D4 has shown that within the concerned category, the 
solutions are rather diverse: 
 
A/ Single-beam passive phased array is the simplest; the same beam-former can operate either in transmit 
or receive:. 
• It uses a low-loss combiner (RX1 case) or divider (TX case) 
• the controllable phase-shifters are based either on variable magnetisation of ferrite material partially 

filling a waveguide, or on a circuit comprising several “bits” (180°, 90°, 45°... phase-shifts, obtained by 
switching On/Off PIN-diodes or MEMS switches inserted in a suited small circuit network). 

 
B/ Single-beam active phased array: it includes amplifiers directly connected to the radiating elements,  
which main property is to minimise the RF-loss impacting the link budget. Sub-categories are:  
B1) Transmit-only case: the mentioned amplifiers are SSPAs delivering moderate power, mostly in a single 
MMIC chip. 
B2) Receive-only case: LNAs are connected to the radiating elements, which maximises the antenna figure 
of merit (G/T).: 
B1) Alternate TX/RX active arry for radar: both SSPAs and LNAs are implemented: the 2 ways are swithed at 
the pulse repetition frequency. 
 
C/ Multi-beam active phased array: it uses a single SSPA or LNA per radiating element. But the beam-
fomer located behind has P (beams number) x N (elements number) controllable phase-shifters, and the 
suited network of splitters and combiners 
Notice that in B & C active architectures, the priority is given to compactness and low-cost for the BFN parts; 
higher RF-losses can be afforded than in the passive A case, because here they are “hidden” by the 
amplifiers gain. 
 
D/ “Semi-active”array is a term that may be used in 2 very different senses according to the application; in 
both cases it concerns quite specific architectures, partially derived from the previous ones. 
• for radar, it means an hybrid architecture: a passive solution in TX, and an active in RX, sharing the 

same radiating elements 
• for telecommunication from an axi-symmetrical array, it means placing Butler-type matrices, which 

transforms the phase-law corresponding to each beam (in the ist part of the BFN, in front of SSPAs) into 
an amplitude (and phase) law, which allows to make the illuminated (alias “activated”) elements to “turn 
around the array”.   

2.3.2 Main advantages & drawbacks – critical items for future Research 
 

a) If speaking in a general way, whatever is the detailed solution (among those recalled in §2.3.1), the main 
advantages of analogue controllable BFNs are: 

                                                      
1 For the meaning of all abbreviations, please see the last paragraph of this document “Acronyms” 
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- good maturity: principles and various implementation ways are known from decades (pushed at the 
beginning by defense radar funding) 

- accurate beam-forming, while adjusting the precision of the phase-shifters to the mission 
requirements, implementing precise path-by-path calibration, then compensation of errors by some 
tuneable devices for amplitude, and via controllable phase-shifters. 

- The multibeam capability, with independent control per beam, provided that the phase-shifters 
number is multiplied by the number of beams. 

- Among numerous RF-chains working in parallel, some failure may occur with only a moderate 
performance decrease. Such “graceful degradation” is of great advantage: it avoids “cold 
redundancies”, that are compulsory in other antenna types for all applications requiring a long life-
time without repairing; so in such non-arrayed architectures, one’s needs to build many more units 
than strictly necessary for the mission, and the redundancy switches add RF-loss. 

 
b) The critical items, and the ways to overcome them in the future (marked in bold blue), are listed here-
after: 
 

b1/ the complexity of the beam-former is proportional to P (number of beams) x N (number of radiating 
elements). This complexity factor impacts many parameters: mass, volume and cost mainly. 
 The solution is to go towards more integrated technologies; 
- an example of a compact assembly for a (3 beams) x (48 radiating elements) has been presented in §8.1 of 
Deliverable D4. controllable devices are MMIC chips, placed in micro-packages above a multilayer circuit 
which performs all the divider/combiner functions 
- however, this is a high-tech solution, implemented for a satellite array, so for the moment expensive. It 
should be assessed whether automatic processes could make similar solutions affordable for mass-market 
applications. 
 
b2/ The operating bandwidth of such arrays is limited to 10-20%, due to the matching bandwidth of each 
device, and to intrinsic phenomena that the phase-law allowing to scan any beam is frequency dependent. 
 If a larger instantaneous band is required, the only solution seems to replace phase-shifters by 
controllable TTD (True Time Delays); but the latter are bulky, except if the full beam-former is implemented 
in microwave photonics technology: its principles have been described in details in §10 of Deliverable D4; 
but there are still research & development to be performed for reaching low-cost industrial products with a 
large number of controllable paths. 
 If the instantaneous bandwidth is moderate, but frequency agility is required over a larger band, the 
solution is to re-compute and apply new phase-commands when the frequency hops. 
 

b3/ The DC consumption of active arrays is still a handicap, for several reasons: 
• because the number of low-level amplifying stages (LNA in RX antennas; “drivers” in TX antennas) is 

multiplied by the number of paths. 
The solution is to go further in the development of new solid-state technologies, with very low 
consumption, improved Noise Figure, etc (hetero-junctions; new materials such as InP in place of 
GaAs …) 

 

• For transmit antennas, the DC-to-RF efficiency of numerous SSPAs delivering a moderate power, put in 
parallel, is lower than that of a centralised TWT, or even often than that of a single high-power SSPA. 

The solution are :  
- first, to implement innovative antenna architectures allowing uniform amplitude distribution (for 
optimising SSPAs at a single point), while low side-lobes: array thinning, irregular lattice …  
- secondly, to progress in the field of new technologies providing highest SSPA efficiency, at 
moderate cost (“wide bad-gap” transistors such as SiC, GaN .. may be biased at much higher 
voltages than classical GaAs & SiGe, and are promised to withstand higher junction temperature 
without failuire). 
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2.4 Digital Controllable Adaptive Beamforming 

2.4.1 Synthesis on Digital Controllable Beamforming Networks technology 
Digital Beamforming on receive consists in digitising radiating elements (or subarrays) signals, and then 
operate on digital support an operation that is equivalent to RF Beamforming. On transmit, signals coming 
from several beams are weighted and summed before amplification in order to realise beamforming on 
digital support. Digital Beamforming can be associated to direct radiating array, or focal array fed antenna or 
other type of array antenna. 
In most cases, beamforming is performed weighting each input (radiating element port on receive, beam port 
on transmit) by a complex weight , then sum the signals. This is known as “1D beamforming”. In particular 
cases, this can be simplified by using pre-forming, or by using specific algorithm like FFT beamforming. 
When required, computation and real-time update of weighting coefficient can be performed by analysing 
and process received signals, and in order to comply with specific conditions. It is then talked about adaptive 
beamforming. If required by the relative bandwidth wideband processing coupling time and spatial 
processing can also be applied. 
 
Main advantages of digital beamforming are related to the flexibility of realising beamforming by digital 
processing. In particular : 
 
¾ Beamforming coefficients can be easily modified, bringing a great flexibility in beamforming. 
 
¾ Beamforming can be coupled and mixed with other digital processing , in order to associate 

beamforming and time processing. This for example allows to:  
o Introduce space-time processing for radar application, 
o For multibeam applications, associate frequency resource management to spatial resource 

management, by allocating proper frequency band to various beams. 
 
¾ Sampled signals can be observed and used for adaptive processing, or annex processing (calibration…) 

with no induced degradation on on-going communications. The use of signal processing associated to 
such an antenna allows improving gain and C/I performances for a given antenna design, or to relax 
antenna dimensions for a given specification. As a consequence, it allows in some case increasing the 
capacity of communication signals, either by increasing frequency reuse rate, or by improving 
guaranteed performances. 

 
¾ Furthermore, complexity of digital beamforming is less impacted by the number of inputs/outputs than 

analogue beamformer. Moreover, no constraint is imposed on beam orthogonality because there are no 
losses directly related to beamformer network itself. Use of digital beamforming network then allows an 
increase in the number of beams, and in the reuse rate of each radiating element on receive. This has 
an impact on coverage definition and on radiating panel design. 

 
¾ Continuous evolution of digital technology let expect constant improvements in processor performances, 

mass and consumption. 
 
Main difficulties and drawbacks related to digital beamforming concern following points: 
 
¾ Down conversion of radiating elements signals.   

o The number of digitised channel should be reduced in order to reduce as much as possible the 
number of downconversion/ upconversion device, then reduce mass and consumption. This can 
be done by proper definition of subarrays and/or a first analogue beamforming stage 

o However, use of digital beamforming on dual polarisation, or on multiple separated bandwidth 
would imply a multiplication of downconversion/ upconversion device, which is not compatible 
with present state of the art. 
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o The bandwidth of signals has also an impact on down/up conversion device architecture 
definition and performances, in particular on anti-imaging and anti-aliasing filters definition. This 
can impact the down/up converter architecture, leading to several stages of down/up conversion, 
then impact strongly mass and consumption related to down/up converters. 

o Use of photonic technology and MMIC makes it possible to foresee very high level of integration. 
However, analysis concerning thermal aspects are still pending. 

¾ Signal digitalisation, especially for wide absolute bandwidth signal, can be very consuming. This is the 
case for wideband communication signal, but also for pulse radar with very short pulses implying very 
wide bandwidth signals. 

¾ Computational burden and processor  definition is a delicate point especially when dealing with wide 
band signals. In particular, it has been quoted than interconnections definition, and then detailed design 
of processor can have a strong impact on processor mass and consumption. 

 
Mass and consumption related to down conversion and signal processing are then a big issue related to 
digital beamforming antennas. However, this apparent drawback must be in reality estimated at system level. 
As a matter of fact a digital beamforming antenna providing digitised output can not be strictly compared to 
an antenna providing RF output, still to be sampled if necessary. 
 
Concerning transmit antenna, high power amplification issue are still remaining but are not strictly related to 
the use of digital beamforming. 

2.4.2 Points to by studied in priority 
Critical points identified for digital beamforming technology suggests that following points should be further 
studied in next few years :  
¾ Integration of down-conversion and up-conversion devices, associated to proper analysis or thermal 

constraints related to the integration of receiving/transmit device behind the radiating panel  
¾ Integration of high bandwidth digital beamforming within high rate digital processor 
¾ Assessment of the advantages of digital beamforming as referred to antenna performances, but also to 

global performances (throughput allowed for communication system, etc..). 
 

2.5 Beamforming based on Microwave Photonics 
 
Due to the severe propagation conditions for millimetre-wave band signals, it is very important to have a fast 
and reliable radio resource management to ensure always the best possible performance of the wireless 
access networks. 
 
In the electrical domain, the phase wave-plane on the antenna elements corresponding to the desired beam 
can be generated in two ways: at base-band using signal processing (with problems at high bit rate) or at RF 
using a passive network or phase shifters (in broadband systems we need a broad bandwidth and turn up a 
phenomena called beam squint). Therefore, with these beam-formers we are limited to narrow instantaneous 
bandwidth. For large aperture systems with a quite large number of elements, electrical beam-forming 
networks are unpractical in terms of size, loss and weight. 
 
Optically beam-formed antennas benefit from the features of the optical fibre technology (low loss, size and 
weight) allowing distributed control of BS from a CS which is particularly critical in the case of access 
networks operating at the millimetre-wave (mm-wave) frequency bands. 
 
Optical control techniques at the BS antennas can provide benefits in all the above areas and besides 
allowing true time delay capability necessary for squint-free wide instantaneous bandwidth array steering. 
Furthermore, fast switching and shaping capabilities may be achieved. Table 1 shows a comparison of 
electrically and optically beam-formed antennas. 
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Electrical beam-forming Optical beam-forming 

1. The optimum beam pattern is achieved by means 
of signal processing or RF/IF processing which is a 
limitation for high frequency and high bit rate 
systems. 
 
2. High size and weight. Impractical for systems with 
large number of small cells.  
 
3. Limited switching speeds: in the range of ms to µs. 
 
4. Limited bandwidth 

1. Adaptive beam-forming: no signal processing is 
required for beam-forming or beam-shaping as it is 
done in the optical domain. 
 
2. Low loss and weight due to the use of optical fibre 
technology.  
 
3. Fast switching capabilities: in the ns range. 
 
4. TTD is easily achievable 

 

Table 2-1.- Electrical and Optical beam-forming comparison.  

 
There are several optical beamforming architectures based in different techniques. They can be 

divided in two main groups: these based on phase-shifting and these based on delaying the signal to each 
antenna element. Effectively, the beamforming can be achieved adjusting the phase of the signal at each 
antenna element. This can be achieved, for instance, using optical Butler Matrices composed by 
interconnected optical couplers that distribute the signal to all the antenna elements with a specific phase 
pattern. This technique, and generally all that are based on phase shifting have the common problem of 
beam squint resulting in narrow band architectures. 

Wideband beamforming architectures can be realised introducing time delays among signals 
impinging the antenna elements, being commonly named TTD architectures. Using photonic techniques, 
these delays can be achieved either using delay lines that introduce an absolute delay among the signals or 
introducing differential delays by means of chromatic dispersion. Several architectures based on using 
different simultaneous optical wavelengths (i.e. WDM) with optical delay lines that introduce relative delays 
among the different wavelengths have been proposed. An optical wavelength-to-array element 
correspondence is generally established, so we only need to separate each wavelength toward its 
corresponding antenna. Usually, these wavelength-dependent delay lines are based on dispersive devices 
(a fixed length of highly dispersive or standard single-mode fibre or chirped fibre grating) but some other 
options are feasible as the use of different unchirped fibre gratings written on a single fibre. 

Finally, the drawbacks that the optical beamforming present are the maturity of the photonic 
technology. Although an intensive research has been carried out in the development and integration of 
several photonic devices working together in a system, this technology seems not enough mature to supply 
competitive costs and mass production. Then, the optical beamforming architectures must be implemented 
nowadays by using discrete photonic devices, being its final price high. 

 
Additionally, some optical beamforming architectures by using free-space optics have been proposed. 

These architectures exhibit a high potential in parallel processing, being possible to control several antenna 
elements with the same subsystem by introducing several delays and/or phase shifts simultaneously. 
However, these kinds of architectures are in an early stage and have problems as size, mechanical stability 
or diffraction that this technology exhibits have not yet clearly solved. 
 

2.6 Special issues on Modelling aspects 
Modelling array antennas (including their beam-former) raises specific problems for at least 2 reasons: 
• a phased array is composed of numerous individual units (if passive, and even more if active); most are 

analogue, but some may be digital or photonic; an accurate prediction of the radiating pattern depends 
on a good modelling of all the parallel paths, including their dispersions, the multiple reflections and 
leakage from a path to another, etc. 
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• the coupling between the radiating elements, as numerous and close one to others, is known from a long 
time as a critical issue. Presently 2 kinds of methods are implemented (by ACE partners as others), 
neither of which solves totally the problem:  
- “infinite array approximation” assumes that the “embedded pattern” and the “active impedance” for an 
element surrounded by others, are identical all over the array: this is not true, even for large arrays 
especially when approaching its edges  
- “element by element” computation may be more precisely the coupling coefficient of each element with 
the others; but it becomes impracticable as soon as the number of elements increases significantly. 

To compute accurately an array antenna overall performances (typically EIRP and radiated intermodulation 
products in transmit; G/T in receive, related also to Signal to Noise Ratio), methods for modelling full active 
arrays need to be set-up, taking into account especially the 2 problems presented here-above. 
This has been the topic of the WP 2.4-2. Its main present results are summarised here-after, from the 
abstract of Deliverable A2.4-D3: 
1. By chaining so-called S-parameter blocks using the ADS tool, it was found that the RF layer of active 
antenna systems could be analyzed, although solutions for problems not usually managed in ADS e.g. the 
free-space to guided-wave interface, had to be developed. Simulations of a 4x4 array with antenna 
elements, active modules and RF distribution network has been successfully built (D3-§2).. 
2. By creating a “system-transfer function type” in Matlab/Simulink it has been shown that the properties of 
signals and noise can be analyzed further down, i.e. into the DBF layer of an antenna system. (D3-§3). 
Both frameworks 1 & 2 have been adapted for computing the array-antenna radiating pattern, which is not 
implemented within the commercial version of ADS nor Matlab/Simulink, as these tools are initially “circuit-
orinted”. 
3. In order to go ahead about the effects of mutual coupling between the antenna elements, a test-case has 
been defined and submitted to various partners for checking the methods they have experimented for such 
modelling (D3-§4). Measurements of all coupling coefficients have been performed on the test-case to 
validate the best tools results. 
This summary shows clearly that there is still a lot of work to do until reaching modelling tools of full arrays, 
having especially solved the 2 problems described at the beginning of this §2.6. Such effort will be pursued 
with the ACE-2 contract. 
 

2.7 Special issues on conformal arrays aspects 
 

Like in the planar case the most important parameter when analysing conformal arrays is the mutual 
coupling which affects most of the antenna characteristics. Due to the curved surface, mutual coupling 
between the elements of a conformal array is significantly different than for the planar array. Therefore when 
designing conformal array antennas it’s not possible to use programs for  designing planar arrays.  

Second parameter that should be mentioned is the maximum gain of the observed conformal array. 
According to the theorem by A. Hessel and J.C. Sureau which states : “The maximum realised gain of an 
array in a specified direction is equal to the sum of the individual element gain function values in the direction 
of interest. The appropriate excitation is such that the amplitudes are proportional to the respective element 
patterns in the direction of interest and the phases yield total phase correction for each element.” As a 
consequence, an area of active elements has to be defined for every specific direction of the main beam 
because antenna elements which point in directions very different from the direction of the main beam have 
no practical influence since their optimum excitations are very low. Furthermore, the optimum excitation 
amplitude and phase of each array element depend on the direction of the main beam, i.e. with steering the 
main beam the optimum excitations change as well.  

The third parameter is the polarisation, which is usually very well defined in planar cases. However, in 
conformal case polarisation can significantly vary over the radiation pattern, and therefore polarisation 
control is a very important parameter which has to be taken into account in conformal array design. 
One more parameter which is specific for conformal arrays is the side lobe level. As it can be expected in 
principal conformal arrays have larger side lobes then the equivalent planar arrays.  
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3 SYNTHETIC MAPPING OF EUROPEAN ON GOING RESEACH 
 
“Geographical maps” of on-going research in various laboratories and companies are presented on the 
following pages: 
• they first present part of the quite large basis on which was set-up the syntheses presented in 

Deliverable D4, and summed-up here-above in §2; 
• they also show the complementary distribution over Europe, among big companies, public research 

institutes, and universities; 
• finally, they can help to identify potential future collaborations (for instance, for building STREPs or FETs 

in answer to E.C. calls in relevant domains). 
These maps are based on the answers received from the questionnaires about array antennas, sent to all 
the A2.4 partners in 2004.  
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3.1 Reflectarrays 

POLITO
•MRA

Thalès:
•ERASP

UPM
•Reflectarray

ALCATEL
•Aresat
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3.2 Passive Feeding/Combining Networks 

Thalès:
•Alabama

UPM
•Block Elements for
base-station

•MoMIA

•TaCoA

•RaLiSA

•LPRAA

SAAB E.S.
•Remote Sensing
•GPS Occultation

•Dual Pol SAR

DLR
•NRN
•E-SAR

UKARL
•TerraSAR-X

•ARDS

Univ. Of Birmingham:
•Corporate Patch Arrays
•Multibeam Patch
Arrays
•Seq. Rotated Patch
Arrays

Radôme 
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3.3 Analogue Controllable Beamforming Networks 

UPM
•Block element for base station

FOI:
•TSA

UKARL
•Inmarsat-
Ant

Ericsson Microwave Systems:

•ERIEYE

•ARTHUR

•GIRAFFE AMB

ALCATEL:

•Conical
Conformal
 Array

•STENTOR

Ku Leuven
•Satellite Rx terminal TNO

•APAR
•MiniSAR

Univ. Of Birmingham:
•Active Integrated Array
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3.4 Digital Controllable/Adaptive Beamforming, and Optical Beamforming Networks 

UPM
•ADAM

FOI:
•DIGANT
•AMALIA

UKARL
•SIREV

Ericsson Microwave Systems:
•Giraffe

ALCATEL:
•FAFR with DBFN

UPV (optical BFN)

POLITO
•Smart Antenna prototype

DLR
•SATNAV

TUD
•Small Array

Testbed
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4 CONCLUSION 

4.1 Why beam-forming? 
 

Beamforming is the basis of any antenna array 
• in its simplest form, it combines passively several low-gain elements (patches, dipoles, slots…), to obtain 

a large medium or high gain array-antenna, mostly flat, so more compact than a reflector antenna. 
• As a further step, it may enhance antenna performances by introducing when required some 

reconfigurability. 
• At the highest level, it can also be coupled with signal processing: the antenna is then as “a sampled 

aperture”, with multiple signal-observation points (speaking for a receive one), which may be combined 
in various ways. 

 

* As the most usual option, an array antenna coupled to a controllable beamforming network allows:  
 

� Improving antenna array gain: thanks to beam-forming, signals coming from the direction of interest are 
coherently summed, therefore improving the C/N ratio. 

 

� By forming multiple beams (even fixed with a specific passive network) and switch on the desired beam, 
one can cover multiple direction with a maximum gain with a single fixed aperture antenna 

 

� Better controlling the radiating pattern : the use of a sampled aperture leads to a better control of 
aperture illumination then bring a better shaping of the radiating pattern, with low sidelobes, and if 
required nulls in possible interference directions. 

 

� Providing multiple beams with a single physical aperture. 
 

¾ By using multiple simultaneous beam coverage, an important antenna gain can be provided on a 
wide coverage with a single aperture, which is not possible with a single beam due to physical 
relation between beamwidth and maximum gain. 

 

¾ By using spatial filtering provided by multiple beams, some resource re-use (frequency, time slot, 
code) can be introduced. This leads to spectrum efficiency enhancement and communication 
systems capacity improvement. The best known applications are frequency reuse techniques (e.g. 
for satellite antennas), or SDMA techniques (base-station antennas) 

 

* In addition of these advantages brought by all array antennas, the array antenna can be coupled to a 
reconfigurable beamforming networks, thus introducing a great flexibility in beam-forming capacity. It 
allows to adapt the antenna to particular conditions, keeping a single fixed physical aperture. 
 

� Beam pointing :  
 

The beam of the antenna can be used to track a target (radar case). A mobile user antenna can also 
track base-station to guaranty the best link all over the communication. More generally, the beam can be 
reconfigured so as to guaranty the best possible beam configuration in a given situation between a user 
the base-station avoiding –partially, or fully- mechanical control of the antenna position.  
Beam pointing modification can also be used in order to bring capacity in a particular direction, thus 
leading to a better resource management, and better exploitation of available spectrum. 

 

� Beam shaping 
 

Beam shaping can be modified in order to cancel new appearing interferers – thus guarantying a better 
co-channel interference reduction for communication systems, or a better detection of targets for radar 
application. 
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* The third logical step in improving antenna performance is to provide adaptive array antennas, that is 
antenna that are able to adapt themselves, by appropriate processing, their antenna pattern in order to have 
the best possible compliance to environment. Two aspects can be distinguished in this area :  
 

� Use of the antenna as a sampled aperture : When considering array antenna, one can consider the 
possibility to use all spatial sample for further analysis of direction of arrival, number of users, position of 
targets. In this case array antenna signals are used as information for spatial processing,  
¾ either to analyse external conditions : determine directions of arrival of users or jammers for example 
¾ or to improve antenna performances by modifying the beamforming coefficients so as to take into 

account antenna imperfections : coupling between radiating elements, pointing errors, variation in 
the structure of the antenna… 

 

� Use of full adaptive processing : the antenna can be designed so as to guaranty itself appropriate beam-
pointing, in order to follow a target, cancel moving interferers… 

 

* The last step consists in coupling antenna spatial filtering with time processing. In this last stage of 
evolution the antenna functionality is not separated any more from other communication or radar system 
functionalities. Much opportunities are raised by such space-time processing. Among them, but not 
exhaustively, can be distinguished : 
 

� The possibility to introduce adaptive space-time processing, with for examples 
¾ Reduction of delay spread and multipath fading for a mobile communication system 
¾ Space-time processing for radar application : Direction of arrival of the target is not determined in a 

separate processing but within a processing analysing the position and the speed of the target 
 

� The possibility to use jointly adaptive spatial filtering and smart resource management. For 
communications systems, this means the possibility to bring capacity where required by moving beams 
and allocating frequency resource where and when required. 

 

4.2 Beamforming methods as applied to various applications 
 
In present and foreseen applications, appear more and more demands for better flexibility, thus tending to go 
towards controllable antennas. 
The specifications of systems also tend to be more and more stringent in terms of number of beams, 
precision in beamforming, bandwidth. 
On the other hand, more mature technologies are dealing with previous (or present) generation beamforming 
antennas, that is to say, fixed beamforming antennas, or reconfigurable antennas with a small number of 
beams, moderate bandwidth, etc…It results that considering the suitability of a beamforming technique to a 
specific mission mostly results in a trade off between the required flexibility, the performances in terms of 
bandwidth, number of beams, … and the maturity of the technique, so finally the cost of the antenna. 
 
Following tables present a set of well suited solutions for each mission category (each of the five main 
application types presented in Deliverable D1). Blank blocks correspond to seldom used solution, but not 
totally forbidden. 
We split it in 2 different tables, depending on the considered term:  
• The 1st table considers present requirements, corresponding to short term applications. 
•  The 2nd table addresses more challenging missions, on-going studies, and future applications 
An Excel table with appropriate graphical exploitation has been built to help identifying what are the 
advantages and drawbacks of each beamforming technique; it is presented in Annex (§ 5). The results have 
been cross-checked with the personal experience of WP members; for building the 2 following tables. 
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4.2.1 Present Applications Requirements 
 

 Applications 
   

Techniques  
 Base-station antennas 

  Passive Adaptive 

Commercial and civil 
Radar application 

Spaceborne array 
Antennas 

Defence Radar 
applications User terminal Array 

Passive   ☺ ☺  ☺ 

Reflectarrays 

Active       

Single 
Beam ☺ ☺ ☺ ☺ ☺ ☺ Passive 

Feeding/Combining 
Network Multiple 

Beams  ☺ ☺ ☺ ∆/Σ pattern in receive  

Analogue Controllable 
Beamforming Networks   ☺ ☺ ☺  

Digital Controllable /Adaptive 
Beamforming     ☺  

Beamforming Based on 
Microwave Photonics       

 

Table 4-1 : Suitability of various BF techniques to various applications /  Present Requirements. 
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4.2.2 Future Applications Requirements 
 

 Applications 
 
Techniques  

 Base-station antennas 

  Passive Adaptive 

Commercial and civil 
Radar application 

Spaceborne array 
Antennas 

Defence Radar 
applications User terminal Array 

Passive ☺   ☺  ☺ 

Reflectarrays 

Active  ☺ ☺ ☺ ☺  

Single 
Beam     (still candidate in transmit)  Passive 

Feeding/Combining 
Network Multiple 

Beams ☺ ☺    ☺ 

Analogue Controllable 
Beamforming Networks   ☺ ☺ ☺ ☺ 

Digital Controllable /Adaptive 
Beamforming  ☺ ☺ ☺ ☺ ☺ 

Beamforming Based on 
Microwave Photonics  ☺  ☺ ☺  

Table 4-2 : Suitability of various BF techniques to various applications /  Future Requirements. 
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As a general conclusion, it can be pointed out that passive solution are mostly used for present applications, 
except for “high-tech” (but not low-cost) defense radar : this is mostly due to the lack of full maturity of active, 
digital, and photonic based solution. 
For future missions, it is foreseen that more flexible solutions will be required, which explains the great 
interest on active reconfigurable solutions. However, this solutions still suffers from lack of maturity, or from a 
too high cost, and some bottlenecks are still remaining, in particular when a large bandwidth is required. 
Thess aspects are major topics for futur researches. 
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5 ANNEX : HELP TOOL FOR TRADE OFF’S AMONG BEAM-FORMING METHODS 
In the frame of ACE activities, it has been proposed to build a systematic trade off technique, providing a 
help to assess advantages and drawbacks of each beamforming techniques as applied to a given 
application. In this aim, information collected by mean of questionnaires, and analysis provided by each sub-
group leaders, as well as information collected concerning specific requirements of each type of mission 
serve as a database. 
This information are presented more in details in D4, we here only give main guidelines to use the tool that 
has been developed, and also give the table that are the results of previous analysis concerning missions 
needs and beamforming techniques performances 

5.1 General considerations 
The main difficulty in comparing various beamforming methods as applied to various type of application is 
that a global performance, taking into account various non-homogeneous criteria must be assessed. Criteria 
to be involved can be either quantitative (number of beams, mass, consumption) or qualitative (requirement 
for flexibility, maturity…) 
Furthermore, the importance of various requirements is not the same, so that various performances should 
be “weighted” in order to have the best possible assessment of technique fitting to various missions. 
 
Finally the method proposed to assess beamforming techniques fitting to various missions was as follows : 
1. We defined a set of elementary criteria. This list could be completed by any “user” of this method if 

necessary. Furthermore, it is possible to “cancel” one of the criterion of it not applicable to a particular 
mission. A common scale is proposed to mark various requirements (see §5.3.1). 

2. We defined an arithmetic criterion, combining weighted performances of each beamforming technique, 
taking into account the importance of various requirements. The maximum quotation is given each time 
the performance is equal or exceed the requirement. 

3. All beamforming techniques and typical applications have been quoted by partners and sub-groups 
responsibles. This quotation was used as a reference to assess the general performances of 
beamforming technique within the frame of this work package. However, the possibility to define a 
particular mission or the performances of a specific beamforming method is kept for the user. The 
present work will in this particular case serve as a database. 

5.2 Set of elementary criteria 
This list (detailed in previous Deliverable D4) can be completed by the user if necessary, to take into account 
specific needs or characteristics. 
 
¾ Mission related criteria 

• Fast beam scanning or forming 
• Multibeam capacity 
• Absolute and relative bandwidth 
• Multiband capacity 
 

¾ Performance Criteria 
• Accurate Beamforming Capacity (requirement for annex functions, like calibration..) 
• Loss limitations in beamforming process 
• Power handling 
• PIM 
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¾ Requirements related to implementation 
• Ease of building, cost constraints 
• Mass and volume constraints 
• DC consumption and thermal control constraints 
• Level of Maturity 

5.3 Quotation of requirements and performances 

5.3.1 General rules 
 
In order to provide a consistent comparison between techniques, and assess as well as possible fitting of 
various beam-forming techniques to different applications, we should quantify more precisely the criteria 
previously listed. 
 
For each application, we had to assess the requirements “range”, by defining some “difficulty scale” 
applicable to each criterion. 
 
For all requirements range and performance assessment, we chose to work with the same scale ranking 
from 0 or 1 (depending on the criteria) to 5. 
 

¾ For criteria mainly related to “requirements”, the highest rates correspond to the most difficult or 
most constraining requirement: high bandwidth, high need for flexibility but also low losses, low 
cost. 

¾ For criteria related to “performance”, highest rates correspond to “best” performances : high 
bandwidth, good flexibility, low RF- loss or low cost. 

 
In following §5.3.2, we propose rates for the various criteria listed in §5.2 above 
 

5.3.2 Quotation scales  
Following figures describe the different scales that have been used in the frame of the present work :  
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A- MISSION RELATED CRITERIA 
 

Reconfigurability, Fast Beam Changing Multibeam Capacity 

0

3

2

1

5

4

Fixed Beams

Fast and Full reconfigurability
Exple : Tracking radar including antijaming with

adaptive processing

Reconfigurability for mission redefinition
Exple :For a satellite antenna, change in orbital
position, or demand for communication in new

countries requires change in beam shape.
Few changes in a lifetime

Reconfigurability at initialisation level
Exple : User terminal to be pointed towards
localised base station. Each time terminal is

initialised.

Reconfigurability at moderate rate
Exple : Slowly moving terminal antenna pointing

towards base station or satellite

 
0

3

2

1

5

4

More than 64 beams
Very highly demanding

telecommunications missions

Single Beam

Up to 8 beams
Exple : multibeam automotive radar or advanced

base-station

Up to 64 beams
Exple : Highly demanding

telecommunications missions

3 /4 beams
Exple : Monopulse application or short term

base-station
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Instantaneous absolute bandwidth Relative Bandwidth 

0

3

2

1

5

4

More than 1GHz

Less than 50MHz

150 to 500 MHz

500 MHz to 1GHz

 50 to 150
MHz

 
0

3

2

1

5

4

More than 50%

Less than 5%

10% to 20 %

20% to 50%

 5% to
10%

 
 

NB : relative % is ∆f/fc, fc being the central frequency and ∆f the 
absolute bandwidth. 
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B- PERFORMANCE RELATED CRITERIA 
 

Accurate Beamforming Capacity Loss impacting Link Budget 

0

3

2

1

5

4

Low Needs/Performances in beam pointing
and shaping/calibration precision

Exple : Non directive Antennas (very wide
beamwidth), no drastic constraints on antenna

pointing nor on sidelobe level or jammer rejection

Moderate Needs/performance in beam
pointing and shaping /calibration

precision
Exple : Directive antennas with required pointing

precision due to edge of coverage losses, and
isolation requirements related to interference

between beams

High Needs/performance in beam
pointing and shaping/calibration

precision
Exple : Highly directive antennas providing
narrow beams, antennas with anti-jamming

system requiring high  rejection

 
0

3

2

1

5

4

Low Needs/Poor Performances
in loss limitation

Exple : Not critical Link budget

Moderate Needs/Performances
in loss limitation

High Needs/performance
in loss limitation

 
 



 

Activity 2.4: Planar and Conformal Arrays p.29 

 

ACE_2-4_D5_v1.doc © Antenna Centre of Excellence - All rights reserved 2005-12-30
 

C- HARDWARE IMPLEMENTATION CRITERIA 
 

Mass and Volume DC Consumption/Thermal Control 

0

3

2

1

5

4

Low constraints on mass and
volume/Big size/Heavy antennas

Exple :Fixed base station antennas
(gateways)

Moderate mass and volume
Exple :transportable user station

Hard constraint on mass and volume/
Compact/light antennas

Exple : Constraint on spatial antennas,
constraints on mobile phone antennas.

 

0

3

2

1

5

4

High need for reduced consumption
Hard constraints on thermal

dissipation
Exple : Constraint on thermal dissipation

related to high antenna integration and
difficulty to dissipate. Constraints on reduced

consumption  (mobile phones, space
antennas)

Low need for reduced consumption
No constraints on thermal

dissipation
Exple : Antennas for base station where

DC power is quite cheap,radiate moderate
power, and may dissipate rather easily.

Big antennas with important surface to be
used for thermal dissipation purpose.
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Easy to build/Low cost Level of Maturity 

0

3

2

1

5

4

Single produced antennas
Exple : Antennas for specific scientific

applications or earth observation from space

Moderate to expensive cost antennas
Exple :Reproducible antenna for reduced

production : base-station

Low cost/ reproducible antennas
Exple :Low cost antenna for mobile phones to be

produced in great quantities and sold to a very
wide market, cost reduction being a commercial

stringent condition.

Moderate cost antennas
Exple :Antennas for specialised though

still wide market

High cost antennas
Exple :Space antennas with rather high cost

(little recurrence) but still submitted to
commercial competition

 
0

3

2

1

5

4

Basic principle reported, technology
concept formulated

Concept on study

Component or breadboard validation
available

In relevant or laboratory environment

Actual system proven
System completed, qualified, already proven in

operational environment

System or subsystem demonstrated
In an operational or relevant environment

Proof of concept available for
critical functions
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5.4 Synthetic rating of the various criteria for each application  
 
In the 1st following table, those who where responsible for the “state-of-the-art” review performed in 2004 for 
each array antenna application domain, rated the requirements for the various applications, according to the 
“difficulty scales” defined in §4.2 (from 0 to 5). 
 
After a “first-run” ranking, it appeared that should be added to the marks of this 1st table some “relative 
weighs” or “mandatory coefficient” (from 0 to 10), in the following sense: when the requirement is present, is 
it very compulsory or not ?  this is presented in the 2nd table for each application. 
 
Here is an example showing more concretely how the 2 marks will be combined (from the 2 tables) within on 
overall tool under constaruction:  

- if a high number of beams is preferred for the concerned application, but this number may be 
decreased in order to reduce the antenna cost, a high level mark will be given for the multibeam 
criterion, but this constraint is relaxed by giving a reduced weight to this need. 

- on the contrary, for a monopulse antenna where three beams are absolutely necessary, the absolute 
rating is low, but the weight given to this need is high. 

 
For the weight range, it has been proposed to give a default value of 5 to all weights, and to increase this 
weight value up to 10, for the case where the concerned requirement is very compulsory. A “1” mark means 
that the concerned need is present, but can be rather easily relaxed. 
A weight 0 can be associated to a given criterion if no specification is given or if the criterion is not applicable 
 
All these figures are of course average values, because within the same kind of application, requirements 
can vary from one particular mission to the other. These table must then be understood as a database for 
“typical” application requirements 
. 
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 Base-station antennas Commercial and civil 
Radar application 

Spaceborne array 
Antennas 

Defence Radar 
applications User terminal Array 

Fast Beam 
Change 

1 in passive antennas  
5 (adaptive antennas)  

0 most applications 
4 automotive 

2: slow beam-scanning in 
low orbit; few beam-
reshaping in GEO, except 
rare beam-hopping 

5 (fast beam scanning 
very important) 

5 mobile applications 
4 stationary users 

Multibeam 
Capacity 

2 in passive antennas 
3 (adaptive antennas) 

1 most applications 
3 automotive & ATC 

3: growing requiremt, but 
still minoritary, especially 
for very numerous beams 

2 (monopulse) 
5 (future systems) 

2 one or two beams at 
same time 

Wideband 

3 (instantaneous Bw) 
4 (relative Bw, the 
antenna should cover 
several bands) 

2 most applications 
4 Remote Sensing, & 
Ind. Sensors 

Absolute: 4 
Relative: 3 

3 (instantaneous) 
4 (usable band) 

4 Instantaneous bandwidth, 
high data rates needed 

Mission related 
criteria 

Multiband 4 (the antenna should 
cover several bands) 0 most applications 

1: mostly Tx/Rx for 
telecom; dual-band 
sometimes for Obs-
Science  

2 1 separate bands for 
transmit and receive 

Accurate 
Beamforming 
Capacity 

1 in passive antennas 
4 (adaptive antennas) 

2 most applications 
4 Automotive & ATC  

4: very  important, 
especially for  telecom  

5 (low sidelobes and 
adaptive beamforming)

5 high directivity, nulling, 
SLL reduction 

Performance 
criteria 

Loss impacting 
link budget 2 (is not critical) 3 most applications 5: link budget is always 

very stringent 
3 (4 for long range 
applications) 

5 mainly for Ka-band: critical 
link budgets 

Easy to build/low 
cost 

3(the cheapest is the 
best, less critical for 
adaptive antennas) 

5 most applications  
2 ATC & Remote  
Sensing 

2: harsh environment + 
very high reliability= high 
cost, but pushed down by 
competition 

3 
2 -5 from professional 
terminals to small user 
terminal 

Mass and volume 1 (is not critical) 3 most applications 
1 ATC 

4:  any added Kg is costly, 
room restricted 

5 for air systems 
3 for ship and ground 
systems 

2-4 from professional 
terminals to small user 
terminal 

DC consumption 
/ 
thermal control 

1  3 most applications 
4: any added Watt is 
costly/ thermal control 
difficult due to: vacuum + 
sun- shine 

4 for air systems 
2 for ship and ground 
systems 

2-4 from professional 
terminals to small user 
terminal 

Hardware 
implementation 
criteria 

Level of Maturity 5 (passive antennas) 
4 (adaptive antennas) 5 most applications  5 

3-5 e.g. DBF terminals in 
Ka-band still under 
development 

Table 5-1 : Rating the various application requirements, according to the “difficulty scales” defined in §5.3.2 (0 to 5 marks) 
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 Base-station antennas Commercial and civil 
Radar application 

Spaceborne array 
Antennas 

Defense Radar 
applications User terminal Array 

Fast Beam 
Change 

1 (passive antennas) 
9 (adaptive antennas) 7 

2: presently, seldom 
reconfigurability is 
required 

7 (fast beam scanning 
very important) 10 (mobile applications) 

Multibeam 
Capacity 

2 (passive antennas) 
9 (adaptive antennas) 6 8: when required, 

compulsory 
10 (monopulse) 
7 (future systems) 5 (typ. one beam needed) 

Wideband/ 
 

3 (single band antennas 
are also used) 8 10: perfos on used BW 

are compulsory 
5 (instantaneous) 

9 (usable band) 

10 high data rates is major 
criterion (absolute 
bandwidth) 

Mission related 
criteria 

Multiband 3 (single band antennas 
are also used) 2 

10: when required, 
compulsory 2 5 mainly separate tx and rx 

band 

Accurate 
Beamforming 
Capacity 

5  4 
10: Sat antennas specs 
always mandatory 

7 (low sidelobes and 
adaptive beamforming) 10 (mobile applications) 

Performance 
criteria 

Loss impacting 
link budget 5 5 10 Sat antennas specs 

always mandatory 
5 (9 for long range 
applications) 

10 e.g. for Ka-band mobile 
satellite communications 

Easy to build/low 
cost 5 10 4 the cheapest is the 

best, but not so low 
3 

10 for small portable user 
terminals 
5 for professional terminals, 
(on airplanes) 

Mass and volume 5 8 8: Few NCs vs specs 
may be negociated  

8 for air systems 
3 for ship and ground 
systems 

10 for small portable user 
terminals 
5 for professional terminals, 
(on airplanes) 

DC consumption 
/ 
thermal control 

5 5 8: Few NCs vs specs 
may be negociated 

8 for air systems 
3 for ship and ground 
systems 

10 for small portable user 
terminals 
5 for professional terminals, 
(on airplanes) 

Hardware 
implementation 
criteria 

Level of Maturity 5 0  5 
10 (important for mass 
market and professional 
users on airplanes) 

Table 5-2 : :”Relative weights” or “mandatory coefficients” (0 to 10) for application requirements (when they apply, are they very compulsory or not?) 
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5.5 Rating performances of various beamforming techniques 
 
Following tables give average values for performances characterisation of various beamforming techniques, 
versus the same criteria (requirements, performances), used for rating versus applications in previous §5.4. 
These quotations represent mean values, because within the same kind beamforming network, 
performances can vary from one particular case to the other. These table must then be understood as 
database. 
 
 



 

Activity 2.4: Planar and Conformal Arrays p.35 

 

ACE_2-4_D5_v1.doc © Antenna Centre of Excellence - All rights reserved 2005-12-30
 

 REFLECTARRAYS 

Active 
 Passive 

With diodes With MEMS 

Fast Beam Changing 0 5 4 

Multibeam Capacity 2 (fixed beams) 2 2 

Wideband 3 (relative Bw is more significant) 3 3 

Mission related 
criteria 

Multiband 3 1 1 

Accurate Beamforming Capacity 4 3 3 
Performance 

criteria 
Loss impacting link budget 4 1 3 

Easy to build/low cost 4 3 3 

Mass and volume 3 2 2 

DC consumption/thermal control 5 (no DC consumption) 3 4 

Hardware 
implementation 

criteria 

Level of Maturity 6 4 4 

 

Table 5-3 : Reflectarrays performances
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PASSIVE Feeding/Combining Network 

Microstrip / stripline network  

Waveguide network 

Conventional Suspended 

Fast Beam 
Change 0 0 0 

Multibeam 
Capacity 

0 for combining network. 
3 (Butler Matrices) 0 for combining network 0 for combining network 

Mission related 
criteria 

Wideband/Multi
band 1 2 - 4 2 - 4 

Accurate 
Beamforming 
Capacity 

5 4 4 
Performance 
criteria 

Loss impacting 
link budget 5 1 3 

Easy to 
build/low cost 1 - 3 3 - 5 1 - 2 

Mass and 
volume 1 - 3 3 - 5 3 - 5 

Hardware 
implementation 
criteria 

DC 
consumption/th
ermal control 

0 0 0 

 

Table 5-4 : Passive Feeding/Combining networks performances 
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 ANALOGUE CONTROLLABLE BEAM-FORMING NETWORKSS 

ACTIVE (AMPLIFIERS BETWEEN  R.E.2. & CONTOLLABLE DEVICES) 
 PASSIVE 

 (CENTRALISED AMPLIFICATION) 
IN  RECEIVE (RX) IN TRANSMIT (TX) 

Fast Beam Scan / Forming 4 5 5 

Multibeam Capacity 2 4 4 

Wideband 3 43 4 

Mission related 
criteria 

Multiband 1 2 2 

Accurate Beamforming Capacity 3 4 4 
Performance 
criteria 

Loss impacting the link budget 1 5 5 

Easy to build/ low cost 3 2 1 

Mass and volume 3 2 1 

DC consumption/ 
thermal control 3 2 1 

Hardware 
implementation 
criteria 

Level of Maturity 5 4 3 

Table 5-5 : Analogue controllable beamforming networks performances 

                                                      
2 R.E ; : Radiating Element 
3 Wideband capability needs to add True-Time Delay control (at least at subarrays level), in case of wide scanning & large array size vs λ 
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 Digital Controlable/Adaptive Beamforming 

 Moderated Bandwidth Wideband digital beamforming 

Fast Beam 
Change 5 5 

Multibeam 
Capacity 5 5 

Wideband 3 for absolute bandwidth (global 
bandwidth) 

3 for absolute bandwidth (global 
bandwidth) 

Mission related 
criteria 

Multiband 0 0 

Accurate 
Beamforming 
Capacity 

5 5 
Performance 
criteria 

Loss impacting 
link budget 3 3 

Easy to 
build/low cost 3 1 

Mass and 
volume 

3 when separated DBF processor 
can reach 5 (super-integrated 
antennas) 

1 

DC 
consumption/th
ermal control 

3 1 

Hardware 
implementation 
criteria 

Level of 
Maturity 

5 for terrestrial radar antennas 
3 for other systems 2 

 

Table 5-6 : Digital Beamforming Network performances 
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 BEAM FORMING BASED ON 
MICROWAVE PHOTONICS 

Fast Beam 
Scan / Forming 4 

Multibeam 
Capacity 3 Mission related 

criteria 

Wideband / 
Multiband 5 

Accurate 
Beamforming 

Capacity 
5 

Performance 
criteria Loss impacting 

the link budget 4 

Easy to build/ 
low cost 1 

Mass and 
volume 2 

Hardware 
implementation 
criteria 

DC 
consumption/ 

thermal control 
3 

 

Table 5-7 : Beamforming based on Microwave Photonics performances 

5.6 Exploitation example 
These values are used as a reference to assess advantages and drawbacks of various techniques as 
applied to applications. The Excel table is available on the ACE-VCE and can also be used to assess a 
particular beamforming method, or a particular application. Following figures give example of a possible 
exploitation of this table, on a fictive mission. 
 

5.6.1 Description of needs 
Needs must be described following previously presented scales for each of the criterion. These values are 
entered in the excel table as presented in the next figure : 
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Fast-beam Change 
(scanning/forming) Multibeam Capacity Wideband/Multiband

REFERENCE (most requiring 
mission) 5 5 5

Passive Base Station Antennas 1 3 4

Adaptive Base Station Antennas 4 5 4
Commercial and Civil Radar 
Application

Spaceborne Array Antennas 1 4 3

Defense Radar Applications 5 4 3

User Terminal Array

My mission 1 1 4

Mission related criteria

Base station 
antennas

Others
criteria

Quotation for
requirement
“Multibeam
Capacity” in

Spaceborne Array
Antennas (Database)

Quotation for requirement
“Multibeam Capacity” in

a given application
(possibility to copy/paste

one line of data base)  
Figure 5-1 : description of needs for a particular mission 

Following kind of graphical exploitation is proposed in order to compare the needs of the mission to standard 
mission described in the database. 
 

0

1

2

3

4

5

6

Fast-
bea

m C
ha

nge
 (s

ca
nn

ing
/fo

rm
ing

)

Mult
ibe

am C
ap

ac
ity

Wide
ba

nd
/M

ult
iban

d

Acc
ura

te 
Beam

for
ming

 C
apa

cit
y

Lo
ss

 im
pa

cti
ng l

ink
 bu

dge
t

Eas
y-t

o-b
uil

d/l
ow

 co
st

Mas
s a

nd v
olu

me

DC co
ns

umptio
n/ th

erm
al c

on
tro

l

REFERENCE (most requiring mission) Passive Base Station Antennas Adaptive Base Station Antennas
Commercial and Civil Radar Application Spaceborne Array Antennas Defense Radar Applications
User Terminal Array

 
Figure 5-2 : Comparison of needs for various missions 
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5.6.2 Beamforming Method Quotation 
Beamforming method “performances” and characteristics must be described following previously presented 
scales for each of the criterion. These values are entered in the excel table as presented in the next figure : 

Fast-beam Change 
(scanning/forming) Multibeam Capacity Wideband/Multiband

REFERENCE (ideal antenna) 5 5 5

Passive Reflectarrays 1 4 3

Active Reflectarrays with diodes 5 4 3

Active Reflectarrays with MEMs 3 4 3

Waveguide Networks 3 3 2
Conventional Microstrip/stripline 

network 3 3 4
Suspended Microstrip/stripline 

network 3 3 4
Passive Analogue Controllable 

BFN 4 2 3
Active Analogue Controllable BFN 

in Rx 5 5 3
Active Analogue Controllable BFN 

in Tx 5 5 3
Digital BFN 5 5 2

BF based on Microwave Photonics 3 4 5
My BFN 5 5 5

My BFN2 1 1 1

Mission related criteria

Active Reflectarrays

Analogue 
Controlable 

Beamforming 
Networks

Active Analogue 
Controllable BFN 

(ampli. between R.E. 
and control. device)

Reflectarrays

Microstrip/Stripline 
network

Passive 
Feeding/Combining 

Network
Others
criteria

Quotation for the
criterion

“Multibeam
Capacity” for

Waveguide
networks

(Database)

Quotation for criterion
“Multibeam Capacity” in

a given realisation
(possibility to copy/paste

one line of data base)  
Figure 5-3 : Comparison of various beamforming methods performances 

Following kind of graphical exploitation is proposed in order to compare the performances of several 
beamforming methods, for each of the criterion, in order to identify what could be the advantages and 
drawbacks of the considered beamforming network. 
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Figure 5-4 : Comparison of perfromances for various beamforming techniques 
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5.6.3 Assessment of beamforming method suitability 
Normalised weighted quotation, assessing the suitability of beamforming method for one of the requirements 
of the specific mission is then computed. The sum of partial quotation gives a global mark. 
 
These marks allow to compare the performances of the beamforming method as applied to the specific 
mission, giving rise to following type of graphical exploitation : 
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Figure 5-5 : Comparison of performances of various beamforming techniques with regards to mission 
requirements (advantages/drawbacks) 

 
Finally, various beamforming methods can be quoted and compared on this kind of graphical exploitation , 
20 being here the maximum normalised mark. 
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Figure 5-6 : Comparison of suitability of various beamforming techniques to a particular mission 

However, this last kind of exploitation should be considered as indicative but not “absolute results”, because 
of the variations of performances of each beamforming techniques. This shall be used as an indication of the 
solution that shall be studied in priority for a given mission. 
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7 LIST OF ACRONYMS 
 
ADC Analog-to-digital converter 
ATC Air Traffic Control 
BFN Beam-forming network 
DBF Digital beam-forming 
DLR Deutsches Zentrum für Luft- und 
Raumfahrt E.V. 
EMW Ericsson Microwave Systems AB 
G/T Gain to temperature ratio 
LNA Low-noise amplifier 
MEMS Micro-electromechanical systems 
MMIC Monolithic Microwave Integrated Circuit 
N/A Not applicable (or not available) 
NoE Network of Excellence 
PoliTo Politecnico di Torino 
RX Receiver, or “receive mode” 

SSPA Solid State Power Amplifier 
TBC To be confirmed/checked 
TNO Netherlands Organisation for Applied 
Scientific Research 
TRL Technology readiness level 
TTD True Time Delay (wideband scanning 
method) 
TUD Technische Universität Darmstadt 
TX Transmitter, or “transmit mode” 
UKARL Universität Karlsruhe 
UPM Universidad Politecnica de Madrid 
UPV Universidad Politecnica de Valencia 
USi Universita degli studi di Siena 
WP Workpackage 
 

  


