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Executive Summary 

The work-package 4 (WP4) of MiWaveS, named “Antenna technology for mmW access and 

backhauling, and EMF exposure”, aims at developing the antenna systems needed to implement the 

project vision of heterogeneous networks with millimeter-wave small-cell access and backhauling. In 

particular, the antennas needed for the demonstration activities of MiWaveS have to be designed, 

fabricated and characterized before being delivered to work-package 5 for integration in the final 

demonstrator. 

This deliverable is a synthesis of the design and measurement activities at m32 of the project, 

close to the end of WP4. More specifically, it reminds the specifications and selected antenna 

concepts, and provides the final theoretical and experimental results obtained up to now about (i) 

advanced low-form factor and low-cost antenna solutions for integration in mobile user terminals 

(Task T4.1), (ii) multi beams and beam-steering flat antenna panels for access points (Task T4.2), and 

(iii) directive antennas for backhauling by considering not only mature solutions (Task T4.3) but also 

advanced steerable antenna concepts (Task T4.4). 

At the user terminal level, fixed-beam in-package integrated antennas operating in V-band (57–

66 GHz) are considered in order to focus on low-power, low-cost, and small-size antenna systems 

needed in future autonomous handheld devices. At the access point level, V-band antenna arrays 

with electronic beam-steering or beam-switching solutions are needed to provide an extended 

coverage (communication range, angular coverage) as well as enough flexibility to enable spatial 

multiplexing and interference mitigation schemes. For backhauling applications in V- and E- (71–76 

and 81–86 GHz) frequency bands, very high gain levels are needed for long distance point-to-point 

links between access points and base-stations; in this case, beam switching capabilities are required 

to ease deployment operations, i.e. reduce costs, and mitigate unexpected displacements of the 

access point devices. 

For each application (user terminal, access point, backhauling), several antenna concepts are 

presented, including numerical and experimental (when available) results.  

 

 

Disclaimer: This document reflects the contribution of the participants of the research project 

MiWaveS. It is provided without any warranty as to its content and the use made of for any particular 

purpose.  

All rights reserved: This document is proprietary of the MiWaveS consortium members. No copying 

or distributing, in any form or by any means, is allowed without the prior written consent of the 

MiWaveS consortium.  
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1. Introduction 

The MiWaveS project is structured in eight work packages (WPs) covering different aspects like 

mmW system definition, study of novel techniques (beamforming, radio resource management, 

routing, energy efficiency optimization) related to the proposed network architecture, development 

of key hardware modules, testing some critical prototypes and disseminating the results achieved.  

WP4, named “Antenna technology for mmW access and backhauling, and EMF exposure”, aims 

at developing new antenna technologies for mobile devices and access points (AP) to enable access 

and backhaul mmW communications in the future 5th generation of cellular mobile networks. The 

antennas designed, prototyped and characterized in this work-package are used for integration and 

demonstration activities. Another objective of WP4 also consists in analysing the electromagnetic 

field (EMF) exposure of the human body to mmW fields in small-cell environments. 

More specifically, the four objectives of WP4 are the following: 

 O4.1: To specify and design advanced low-form factor and low-cost antenna solutions for 

integration in mobile user terminals (Task 4.1). 

The antenna solutions studied here are designed based on typical requirements and 

specifications for mobile terminal antennas. Compared to the other antenna systems 

studied for the APs (see objectives O4.2 and O4.3), the ones considered here exhibit a 

low gain (typically < 10 dBi) but a wide bandwidth (57-64 GHz), a low form factor, a low 

cost and a low power consumption for integration in handheld terminals. Two fabrication 

platforms are considered: organic and LTCC substrates. 

 O4.2: To specify and design multi beams or beam-steering flat antenna panels for APs 

(Task 4.2). 

Multiple-beam and beam-steering antenna panels are needed to track the users within 

the AP coverage area. To this end, several steerable antenna systems with various 

steering mechanisms and with a 15-20 dBi gain are studied. Here again, two fabrication 

platforms have been considered: organic and LTCC substrates. 

 O4.3: To specify and design directive antennas for backhauling by considering not only 

mature solutions (Task T4.3) but also advanced steerable antenna concepts (Task 4.4). 

Two categories of high-gain antenna systems, with a narrow pencil beam (half-power 

beam width in the order of a few degrees) and directivity values in the range of 30 dBi or 

higher, are studied for wireless backhaul. The first category is based on mature solutions 

to address fixed-beam applications in V-band, whereas the second one focuses on 

advanced concepts of directive steerable antennas in V- and E-bands. 

 O4.4: To study and analyze exposure levels induced in the most exposed parts of human 

body under representative 60-GHz use cases.  

Several relevant use cases, representative of exposure to mmW due to mobile terminals, 

are selected based on the system-level analysis performed in WP1. Numerical dosimetry 

studies are performed in V-band to assess the peak and average exposure levels in the 

most exposed parts of the body. 

This document is organized in three main technical sections and only focuses on antenna design 

and characterization (objectives O4.1, O4.2 and O4.3). The work performed in relation to O4.4 on 

electromagnetic fields exposure is reported in a different document, D4.6 [39]. 
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The main results obtained so far on V-band integrated antennas for mobile User Terminals (UT), 

beam-switching or beam-steering antennas for APs in V-band, and backhauling antennas both in V- 

and E-bands are discussed in Sections 2, 3, and 4, respectively. 

General conclusions and perspectives are provided in Section 5. 
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2. Integrated antennas for mobile user terminal 

2.1 Introduction and general specifications 

Mobile User Terminals (UT) include a wide range of devices such as cell phones, smart phones, 

tablets, laptops, smart watches, smart glasses, etc. and require low form factor, low power 

consumption and low cost antenna solutions. In the frame of MiWaveS, integrated antenna 

developments for UTs focused on the case of a smartphone as an intermediate case between larger 

mobile terminals (e.g. laptops, tablets) that can accommodate more complex radio systems similar to 

access point requirements, and smaller mobile terminals (e.g. smart watches) where miniaturization 

and power consumption are extremely constrained.  

General specifications of the UT antenna were derived from a system analysis performed in WP1 

of the project: 

 The antenna shall cover the 57-66 GHz band, exhibit an impedance close to 50 Ohms with a 

single-ended input port and provide a radiation gain of at least 5 dBi in linear polarization 

across the bandwidth; 

 The antenna radiation beam is fixed (no beam-steering to minimize power consumption) 

with a 3-dB beamwidth of at least 60°x60° around the boresight direction; 

 The antenna size shall be limited to a few square millimeters in order to enable integrated 

transceiver module sizes of about 10x10 mm2; 

 The antenna shall be fabricated in a multi-layer technology to enable a cost-effective 

integration with a transceiver chip with low loss, compactness and good design flexibility. 

Two different antenna designs, associated to different fabrication technologies, were selected.  

 The first one (Section 2.2) is a classical aperture-coupled antenna configuration implemented 

on a multi-layer organic technology. This technology is widely used today for the integration 

of electronic and sensor systems in a system-in-package approach for many applications, 

including consumer applications with volume manufacturing needs. This antenna was 

designed by CEA and fabricated by Optiprint (OPT).  

 The second one (Section 2.3) is based on multi-layer ceramic (LTCC) technology which is also 

a state-of-the-art integration and packaging technology for high-performance mmW systems 

such as automotive radars and wireless communications. This antenna was designed by IMC 

and fabricated by VTT.  

This document reports the latest results on these two sets of research, including the main design 

features, a description of the fabricated prototypes and the characterization results. 

2.2 Integrated antenna on multi-layer organic technology 

2.2.1 General description of the antenna system 

The 60-GHz transceiver module developed in WP3 and WP4 for UT applications is described in 

Figure 2-1. The module is composed of a multi-layer organic interposer (10x10 mm2) and a 

transceiver RFIC (2.84x3.34 mm2). The transceiver RFIC is flip-chipped on the bottom face of the 

interposer and drives two identical antennas (Tx and Rx) fabricated on the top face. The module is 

soldered on a demonstration board using BGA solder balls, which are used to interconnect low 

frequency signals, such as baseband I/Q signals and digital controls (DC up to 2 GHz), from the RFIC 
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to the demonstration board and the baseband platform. The size of the demonstration board is 

similar to a typical handheld terminal (110x50 mm2). 

The interposer is composed of two layers of organic materials: a 500-µm thick RO3003 substrate 

(εr = 3, tanδ = 0.0013) supporting the radiating elements and a 50-µm thick RO3908 substrate 

(εr = 2.9, tanδ = 0.0025) supporting the RFIC chip and all signals (RF, DC, BB), including the RF 

transmission lines feeding the antennas. The modules includes three metal layers, made of copper 

with a thickness of 18 µm. Metallic vertical via connections will be made between layers M2 (ground 

plane) and M1 (top layer, patch antennas), and between layers M2 and M3 (bottom layer, lines). The 

minimum feature sizes are critical parameters for manufacturability of such design, especially at 

millimeter-wave frequencies where the smallest structures (transmission lines, interconnections) are 

very close to the minimum resolution of the technology. Following the standard OPT design rules, the 

minimum width of traces and slots has been limited to 70 µm. A Nickel/Palladium/Gold finishing on 

M1 and M3 has been selected in order to be compatible with the flip-chip assembly process. 

 
Figure 2-1: Description of the 60-GHz transceiver module: cross-section (a) and view of the 

demonstration board with zoom on the fabricated module (b). 

2.2.2 Simulation and experimental results 

The antenna element is a microstrip-fed aperture-coupled patch antenna surrounded by a 

shorted metallic ring (Figure 2-2a). A microstrip feed line was chosen as 50-Ω microstrip lines can be 

easily designed on the chosen materials and exhibit quite low transmission losses. The aperture 

coupling between the feed line and the patch antenna was preferred to a vertical via connection 

because it usually provides a wider impedance-matching bandwidth and is quite easy to fabricate 

with good accuracy. The inconvenient of this configuration is the possible back radiation, which is 

quite limited in this case, as shown further. 

The patch antenna is fabricated on a thick (500 µm) substrate in order to achieve the impedance 

bandwidth requirement and a good radiation efficiency. Due to the dimensions of the module’s 

ground plane (10×10 mm2) and the significant thickness of the top substrate, surface waves can be 

triggered by the radiating element in the top substrate, affecting the radiation pattern and gain of 

the antenna. To mitigate this issue, a cavity made of a metallic ring on M1 layer and vias connecting 

M1 and M2 layers are added around the patch antenna. This cavity improves the antenna radiation 

performance, increasing the gain of the patch and making it less sensitive to the actual size of the 
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(b)
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Bottom
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module. The external dimensions of this antenna element, including this shorted ring, are 3.45×3.25 

mm2. 

The reflection and coupling coefficients of the two antennas (Rx and Tx) have been simulated and 

measured; these coefficients include each antenna feed line and landing pads of the transceiver 

(Figure 2-2b). The simulated reflection coefficients remain below -10 dB and the coupling coefficient 

is lower than -28 dB across the targeted frequency band. The measured reflection coefficient of the 

Rx antenna shows a good agreement with the simulation with a slight frequency shift and a good 

impedance matching below -10 dB across the band. The measured reflection coefficient of the Tx 

antenna exhibits a significantly higher level which is not explained yet but remains below -5 dB across 

the band. 

 
Figure 2-2: Description of the antenna element (a), measured and simulated reflection coefficient of 

the Rx and Tx antennas (b). 

 
Figure 2-3: Simulated radiation pattern of the antenna in E and H planes at 61.5 GHz (a), measured 

and simulated realized gain of the Rx and Tx antennas in the boresight direction (b). 

The antenna radiation performances were measured using a dedicated custom measurement 

setup enabling RF-probe feeding. Absorbers are located close to the module to hide as much as 

possible metallic and dielectric parts of the fixture around it. The simulated and the measured Tx and 

Rx antenna gains versus frequency at boresight accounting for the mismatch losses are reported in 

Figure 2-3a. Maximum measured gains are 7.3 dBi and 7.7 dBi for the Tx and Rx antennas, 

respectively. It corresponds to 1.3 and 1.7 dB lower than maximum expected gains most probably 

due to an under-estimation of metal losses and the impact of the measurement setup which uses 

absorbers close to the radiating parts of UT module. These results show that the Tx antenna still 
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achieves acceptable performances despite its degraded impedance matching and both antennas 

meet the 5-dBi gain requirement. 

The simulated gain radiation patterns of the Rx antenna are presented in Figure 2-3b in the E- 

and H-planes at the central frequency (61.5 GHz). The Tx antenna has a similar radiation pattern (not 

reported here). The gain of the Rx antenna equals 8.9 dBi at 61.5 GHz with a front-to-back ratio of 17 

dB. This figure indicates that the impact of the demonstration board on the radiation performances 

will be low. The full half-power beamwidth of this antenna equals 58° in E-plane and 61° in H-plane, 

thus offering a wide angular coverage for the UT. 

2.2.3 Conclusions and future work 

A 60-GHz transceiver module integrating a transceiver RFIC and two antennas has been designed 

and fabricated. This module is based on a multi-layer organic technology with low-loss and low-

permittivity materials and only three metal layers; its size is 10x10 mm2 only. The antennas are slot-

coupled patch radiating elements surrounded by a metallic ring of vias to form a cavity mitigating 

substrate mode issues and inter-element coupling. The antenna exhibits more than 5 dBi gain and 

good impedance matching across the 60-GHz band. The characterizations of the antenna radiation 

performances are still ongoing but promising performances were already demonstrated. The 

assembly of the module (transceiver RFIC flip-chip) and BGA soldering on the demonstration board 

have been performed. The next tasks will be the test of the demonstration board with board-to-

board data transmissions and verification of expected data rate and transmission range. This 

demonstration board is planned to be used as a User Terminal node in the system demonstrations 

planned on WP6 of the project. 

This multi-layer organic technology and antenna design is being used for the development of 

integrated phased-arrays in the scope of the work described in Section 3.4.  

2.3 Integrated antenna on LTCC 

2.3.1 General description of the antenna system 

When designing an antenna on LTCC substrate, one faces two issues that have to be addressed: 

surface wave excitation and narrow bandwidth. Both problems have the same root, namely a 

comparable high permittivity value (here 5.9 for the LTCC substrate A6M-E). Those two issues have 

been addressed in different antenna prototypes that were built by VTT. The base for each antenna 

design was an aperture coupled microstrip patch antenna. 

The technique employed to enhance the antenna bandwidth was to decrease the effective 

permittivity below the radiating element by introduction of an air cavity in the LTCC stack-up. The air 

cavity also reduces the excitation of surface waves in the substrate. The design and performances of 

this antenna concept, named ACBACMPA (Air Cavity Backed Aperture Coupled Microstrip Patch 

Antenna) are presented hereafter. 

2.3.2 Antenna design 

The antenna design consists of three metal layers, where one accommodates the microstrip-line, 

one the ground-plane and one the patch itself. Between the patch and the ground-plane, an air 

cavity was introduced to reduce the effective permittivity. The wireframe model and the cross-

section of this antenna are depicted in Figure 2-4. It can be seen that the microstrip substrate is 
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thinner than the patch-antenna substrate (0.182mm vs. 0.364mm) in order to minimize substrate 

waves which are more strongly excited in thick substrates. 

As one perspective of this work is the design of a transceiver module similar to the one described 

in Section 2.2, an array of two antennas (Tx and Rx) was designed to assess the behaviour of two of 

these antennas next to each other (Figure 2-5). The array consists of two identical ACBACMPAs as 

described above, spaced in the H-plane as close as possible. One of the fabrication constraints was 

the thickness of the substrate base in between the two cavities which had to be kept to minimize the 

warpage of the top substrate above the cavity. 

 
(a) 

 
(b) 

Figure 2-4: Wireframe model (top view, a) and cross-section (b) of the ACBACMPA antenna (all 

dimensions in mm). 

 
Figure 2-5: Wireframe model of ACBACMPA Array. 

2.3.3 Experimental results 

The S-parameter measurements have been conducted using a VNA ZVA-67 from 

Rohde&Schwarz, which can be used up to 70 GHz. End-launch connectors from Southwest 

Microwave have been used to interface the 1.85-mm coaxial cables of the instruments and the 
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microstrip feed lines of the antennas. The normalized antenna radiation pattern measurements have 

been done with the use of a horn antenna. 

Two ACBACMPA have been manufactured by VTT, of which the measurement results for one 

antenna are presented in the following (Figure 2-6a). On the left side in Figure 2-6a, the placeholder 

for the end-launch connector can be seen whereas on the right side embedded in the substrate the 

antenna ground, the cavity and the patch itself are only slightly visible. 

 

 
(a) (b) 

Figure 2-6: Manufactured ACBACMPA prototype (for better visualization the wireframe model is 

depicted in the lower right corner) (a); S-parameter measurement of the ACBACMPA (b). 

In order to enhance the accuracy of the reflection coefficient measurements (which have been 

conducted using a VNA that has been calibrated using a TOSM calibration kit), time-gating has been 

used. The time-gated measurement is shown in greater detail in Figure 2-6b together with the 

simulation result of this antenna. To be able to better compare the measurement with the simulation 

results, the ring resonator measurements have been used to deembed the microstrip line losses of 

the feeding line (the line losses have been deembedded until the microstrip lines used in simulation / 

measurement were of similar length (thus 2.75mm measured from the line transformer)). The S11 

measurement is in agreement with what was expected from the simulations. The antenna offers an -

10-dB impedance bandwidth greater than 12 GHz. 

The realized gain measurements that have been conducted are reported in Table 2-1 for three 

different frequencies. The difference between measured and simulated realized gain is at most 1.4 

dB. The measured gain value at 61.5 GHz was used to normalize the radiation pattern 

measurements. 

Table 2-1: Realized gain measurement of the ACBACMPA. 

Frequency in GHz 57 61.5 66 

Realized gain (meas.) in dBi 8.88 10.00 9.12 

Realized gain (sim.) in dBi 7.54 8.63 8.66 

The radiation patterns of the ACBACMPA at 61.6 GHz are depicted in Figure 2-7. The pattern 

measured in the H plane shows a difference in realized gain values when compared to the simulation 

results due to the ripples that are best seen in the E-plane measurements. Those ripples increase (or 

decrease) the realized antenna gain depending on if the measurement was made in a ripple "valley" 

or a "peak". The outline of the measured H-plane radiation pattern is close to that of the simulation 

with a beam width greater than 70° at 61.6 GHz. 
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The E-plane pattern exhibits a strong ripple whose source might be due to propagation of surface 

waves or the asymmetry along the E-plane, since the ground plane was larger on one side than on 

the other side (visible in Figure 2-6). The excitation of surface waves might come from a default 

during manufacturing (e.g. a sagging of the ceiling of the air cavity) since this effect could not be 

reproduced in simulation. When comparing the measurement with the simulation, it can be seen 

that the measured E-plane radiation pattern is closely following the simulation result, except with a 

ripple in the range of 1.5 dB. Without taking the ripple into account a beam width of 60° can be 

estimated at 61.6 GHz. 

  
(a) (b) 

Figure 2-7: Measured and simulated H-plane (a) and E-plane (b) radiation patterns of the ACBACMPA 

at 61.6 GHz. 

The two-antenna array has been manufactured by VTT as well (Figure 2-8a). The reflection 

coefficient of the left antenna of the array is plotted over frequency in Figure 2-8b. Again, here the 

line losses of the feeding line have been deembedded so that the microstrip lines used in simulation/ 

measurement were of similar length (thus 2 mm measured from the line transformer). In Figure 

2-8b, it can also be seen that the reflection coefficient of the left antenna (where port 1 was 

connected during measurement) fulfils the antenna specification of a -10 dB impedance bandwidth 

from 57 to 66 GHz. 

The isolation between the two antennas is depicted in Figure 2-8c. Once more, the line losses 

have been deembedded but no time-gating was applied due to the ambiguity of impulse responses. 

Nevertheless, the isolation is comparable to what was expected from the simulation. Unfortunately 

due to time restrictions during the measurements, it was not possible to make radiation pattern 

measurements. 

2.3.4 Conclusions 

In sections 2.3.2 and 2.3.3, the design of an antenna on LTCC has been presented with simulation 

and experimental results. The latter fulfil the specifications of an UT antenna. Hence, the antenna 

measurements exhibit a broadband impedance behaviour (the measured -10dB impedance 

bandwidth is greater than 9GHz) and the experimental maximum realized gain values correspond 

well to the values predicted by simulation (10 dBi). Additionally the E/H-plane radiation patterns 

exhibit a good agreement with the simulations despite a small ripple in the E plane. 
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(a) (b) 

 
(c) 

Figure 2-8: Manufactured two-antenna array (a); measured reflection coefficient of the left antenna 

(b) and coupling coefficient (c) between the two antennas. 

2.4 Conclusion 

In this chapter, the development of two different V-band antennas for the user terminal was 

presented. These antennas aim at showing the feasibility and expected performances of in-package 

integrated antennas and are designed to enable a broadband access in mmW small cells according to 

the system definition. 

The first antenna design is based on an organic multi-layer technology and a full transceiver 

module, integrating a CMOS transceiver RFIC, was designed and fabricated. The size of the module is 

10×10 mm2 and it includes two identical Rx and Tx antennas. The antenna element is based on an 

aperture-coupled patch antenna associated with a cavity to improve the radiation performances. The 

simulated performances show a good impedance matching and a high gain above 5 dBi over the 57-

66 GHz band. A demonstration board featuring this transceiver module has been manufactured and 

will enable actual data transmissions and system demonstrations in the frame of WP6 of the project. 

The second antenna design approach is based on LTCC substrates. An air-cavity-backed aperture-

coupled patch antenna has been designed (IMC), fabricated (VTT) and characterized (IMC). 
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Complementary to the antenna designs, a ring-resonator was designed in order to obtain the 

attenuation constant and effective dielectric constant of the microstrip line. S-parameter 

measurements have been performed, and the results have been revised using the time-gating 

technique and by deembeding feed-line losses. The simulation and measurement results fulfil the 

specifications of an UT antenna with a broadband impedance matching and a high radiation gain (10 

dBi). The H- and E-plane radiation patterns were measured and showed good performances as well.  
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3. Antenna for beam-switching access point 

3.1 Introduction and general specifications 

Objective: 

Flat multi-layer antenna array prototypes with beam-switching and beam-steering are developed 

for 60 GHz AP. The target is to realize compact low-cost antenna solutions having an antenna beam 

which can be steered within the coverage area of the AP. First, different candidate antenna concepts 

have been assessed, including planar phased array antennas with beam-steering and/or beam-

switching capabilities; various beam-former concepts have been considered (e.g. beam-forming 

network with phase shifting modules and amplifiers, Rotman lens (RL), folded pillbox coupler, CTS 

and multi-layer vertical beam-forming networks). The SIW (Substrate Integrated Waveguide) 

technology, suitable for LCP and LTCC platforms, has also been considered. Secondly, the most 

suitable antenna architectures have been selected, with an emphasis on reduced footprints and 

beam-forming networks with a high efficiency. Thirdly, the antennas have been designed, 

manufactured and characterized. One of the developed prototype antennas will go to MiWaveS 

system integration and demonstration. 

AP antenna specifications: 

The targeted frequency range of the AP antenna is 57 – 66 GHz. The antenna gain shall be 

preferably in the range of 17 – 23 dBi. For a flat antenna array, a gain of 23 dBi tends to be high and 

difficult to achieve, particularly when a beam-steering is needed over a large angular range. In 

addition to the antenna feed network loss, the gain value shall include the scan loss arising from 

beam-steering or beam-switching. Likewise, at the cross-over point between adjacent beams a gain 

reduction occurs. Due to high losses in passive antenna feed networks in the 60 GHz band the 

antenna directivity is considerably higher than its gain value. As a consequence, the antenna beam 

width is rather narrow. It is probable that the maximum Equivalent Isotropic Radiated Power (EIRP) 

of the AP will be set by regulations to 40 dBm. This limitation shall be taken into account in the 

design of the AP front-end (antenna gain and transmit power). 

In addition to the antenna gain the beam-steering range is a key performance parameter. Both 

beam-steering and beam-switching concepts are feasible to an AP use case. The full azimuth 

coverage is needed. The azimuth plane is probably divided into 4 to 6 sectors. Therefore, the antenna 

beam-steering range to cover one sector is ± 30 – 45 degrees. In the elevation plane, 80 degrees 

coverage is envisaged. However, the value depends on the height the antenna is mounted and how 

long link distance is aimed. The variation of the free-space attenuation as a function of the link 

distance affects here. Thus, a fixed or shaped beam in the elevation plane can be a viable solution. 

The antenna polarization is not a critical performance parameter. Both vertical and horizontal 

polarizations are feasible. A circular polarization would combat better the changes in the orientation 

of the user terminal (smart-phone or tablet). Naturally, a low side-lobe level is targeted in the 

antenna design. 

The AP antenna has two important interfaces. First, the antenna is connected to 60 GHz 

transceiver. This interface is either a coaxial connector or preferably the antenna is directly 

integrated with the transceiver. The second important interface is the antenna control interface 

through which the beam-steering commands from the radio baseband unit are received. Because the 
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antenna beam direction shall be changed at the frame rate, the control interface shall operate fast 

(delay not more than a few micro-seconds). The delay value includes both the involved transmission 

delay and the delay in changing the state of mmW switches (in beam-switching) or phase shifters (in 

beam-steering). Direct parallel control lines connected to baseband unit I/O ports are used. Control 

logic and DC voltage level converters are needed at the antenna end. Two different antenna control 

interfaces are developed; one for beam-switching (SPnT switches) and one for beam-steered (3 bit 

phase shifters) antennas. 

Developed AP antennas: 

In MiWaveS project, three AP antennas are developed. The developed antennas are 

complementary to each other. They are based on different concepts, and also the challenge and risk 

level vary. The AP antenna is a critical sub-system of the MiWaveS system concept and, therefore, it 

is reasonable to tackle the challenge with a few different concepts. 

VTT is developing a flat AP antenna array with a passive beam-forming network. The Rotman lens 

(RL) has 5 beam ports and 8 antenna array ports. Furthermore, a RL with 9 beam ports has been 

designed (in collaboration with Michal Pokorny and Zbynek Raida from Brno University of 

Technology). A beam-switching in the azimuth plane is implemented with a range of ± 30 degrees. 

The beam in use is selected by SP3T switches. In the elevation plane, the antenna beam is fixed. 

Three types of antenna arrays (18, 28 and 48) have been designed to be connected to the RL 

beam-former. Likewise, a beam-switching network consisting of two SP3T switches has been 

designed. First prototyped antennas have been fabricated by OPT on a LCP platform and 

characterized by VTT. An active Rotman lens antenna with integrated MMIC amplifiers to 

compensate feed network losses is under development. 

UR1 investigates the feasibility of CTS (Continuous Transverse Stub) antenna for 60 GHz AP. The 

CTS antenna has excellent performance characteristics i.e. broad bandwidth. CTS antennas have 

been demonstrated previously at lower frequency bands (Ku and Ka bands). However, it is not 

evident whether this kind of antenna can be realised at V and E bands due to structural and 

manufacturing challenges. Both LTCC (VTT) and LCP (OPT) manufacturing technologies are assessed 

in the antenna implementation. A small 60 GHz CTS antenna array on a multi-layer LTCC platform 

with a fixed beam has been designed, manufactured and characterized. A more advanced CTS 

concept with a beam-switching feed network is under development.  

CEA develops a phased-array antenna for the 60 GHz AP. The antenna array consists of 2×4 

aperture-coupled patch elements similar to the one used in the user terminal module (Section 2.2). 

Each antenna element has its own LNA, PA and phase shifter. The front-end module includes also 

SPDT switches for transmit/receive selection. A 3-bit phase shifter provides incremental phase steps 

of 45 degrees. The concept allows beam-steering both in the azimuth and elevation planes. In 

principle, it is possible to connect several sub-arrays in a parallel configuration and perform the 

required inter-module phasing by baseband signal processing. By this mean, several independent 

simultaneous steerable antenna beams can be generated or the antenna beam overall gain can be 

enhanced by pointing the beams of the sub-arrays to the same direction.   

3.2 60-GHz antenna array with Rotman lens beam-former 

Modern technology at mm-wave frequencies is evolving towards beam-steered broad-band 

systems which are capable of providing an efficient performance in attractive spectral spaces at V- 
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and W-bands (50–110GHz). This raises the need for simple, robust and reliable concepts of beam-

steering techniques based on frequency-invariant mechanisms providing an appropriate phase 

response on an antenna array aperture. The frequency invariance of the beam-forming network 

could be satisfied by incorporation of the true-time delay concepts whose principle of operation is 

similar to an optical lens. The most popular solution is the Rotman lens (RL) beam-forming network. 

It is a tri-focal bootlace lens structure implemented for a 2D constrained structure with parallel-plate 

propagation mode. 

The technological advantage of the RL is the monolithic, easily manufactured and light weight 

construction. The electrical advantages are the frequency-independent beam-steering, simultaneous 

availability of many beams and possibility for logical operations over the available beams. Since the 

introduction of design equations [2], many publications have dealt with an improvement or 

modification of the original equations in terms of the phase error or beam pointing error 

minimization [3]–[4] or an adaption to a specific technology aspect [5]. As well, the original formulas 

were re-published in more convenient form for practical design of RL [6]. 

There are only a few achievements in RL development at 60 GHz band referenced in IEEE 

publications database. Those are based on expensive and sophisticated technologies such as LTCC in 

[7], silicon-wafer in [8] and hybrid thin-film-silicon-wafer in [9]. In this work, Rotman lens is 

investigated on a multilayered printed-cricuit board (PCB) liquid crystal polymer (LCP) substrate. The 

RL is integrated with aperture-coupled patch antenna arrays. Electrical beam-switching around 60 

GHz is demonstrated by using commercial pin-diode switches. Beam-switching range is ±30° with five 

discrete steps (-30°, -15°, 0°, 15° and 30°). 

3.2.1 General description of the antenna system 

3.2.1.1 Rotman lens 

The lens design equations were adopted from [6] since they represent the convenient 

formulation for the practical design of Rotman lenses. The equations are based on a simple ray 

theory considering the length of the signal paths between phase centers of a RL’s ports. Thus more 

accurate analysis is necessary for account of the non-ideal effect as the internal multiple reflections, 

variations in port phase center positions and parasitic radiation of transitions or connecting 

transmission lines. Thus we implemented HFSS full-wave solver to the design procedure. The Rotman 

lens contour was generated by automatic procedure evaluating the phase centers according to [6]. 

The procedure output is a HFSS file with polygon representation of Rotman lens layout. Complete 

design procedure and HFSS results post-processing is implemented in MATLAB. 

The geometry of the five beam port RL is presented in Figure 3-1. The specifications for the RL 

antenna are as follows: 

 Design frequency f0 = 60 GHz, 

 Array steering angle  = ±30°, 

 Focal angle  = ±30°, 

 Focal ratio  = 0.9, 

 Expansion factor  = 1.0, 

 Antenna element spacing 0/2,  

 On-axis focal length f1 = 5r. 

The port configuration are chosen as follows: 
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 5 beam ports (B1 ... B5), 

 8 array ports (A1 ... A8), 

 8 dummy ports (D1 ... D8). 

Tentative specifications for the antenna arrays:  

 Gain targeted: 17 dBi, 

 Beam-switching in azimuth plane, 

 5 or 9 switched beams,  

 Scan loss 2 dB, beam overlap level: – 3 dB, 

 Polarization: vertical, 

 Technology: LCP 

 
Figure 3-1: Output of the design procedure; a) RL phase centers (red and blue circles), b) final RL 

layout. 

The Rotman lens and patch antenna arrays are designed on a multilayer PCB. The layer stack-up 

is shown in Figure 3-2 and is based on low-loss liquid crystal polymer (LCP) and ceramic-filled PTFE 

base materials and bonding films. The UL3850HT LCP material has a dielectric constant of 3.0 and 

loss tangent of 0.0025 at 60 GHz. It is very suitable for high frequency circuits due to availability of 

thin films down to 25 µm. The RO2929 bond film and RO3003 base materials have very similar 

electrical and thermal expansion characteristics. 

 
Figure 3-2: The LCP layer stack-up for manufacturing of the Rotman lens antenna arrays. 

3.2.1.2 Rotman lens with patch antenna array 

The aperture-coupled microstrip patch antenna (ACMPA) was selected to be realised on this 

stack-up on layers L1, L2 and L3 because it has wide beam width and good isolation from the feed 
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network radiation [10]. The L4 and L5 metal layers are used as additional ground planes. The 

designed single ACMPA antenna is shown in Figure 3-3.  

The HFSS simulation model of a fixed-beam RL integrated with a 1×8 patch antenna array is 

shown in Figure 3-4. The overall size of the antenna is 65×51×1.2 mm3. The RL is fed using grounded 

coplanar waveguides (GCPWs) which is the most suitable transmission line topology when integrated 

with the used SP3T switches. Grounding blind vias are added around the GCPWs to prevent leakage 

into substrate modes (see Figure 3-4(b)). “B1‒B5” denote beam ports and also Wave Port excitations 

in the HFSS simulator. Each beam port provides a radiation beam in particular direction. The patch 

antenna array is shown in Figure 3-4(c). Microstrip feed lines are bent to provide equal lengths from 

the RL outputs to the patch antennas. 

 
Figure 3-3: Single patch antenna design model. 

 
Figure 3-4: Simulation model of a RL integrated with 1×8 patch antenna array: (a) whole antenna 

structure, (b) feeding GCPWs, (c) patch antennas. 

3.2.1.3 Beam-switching network 

The developed Rotman lens has five beam ports. In addition to a fixed-beam RL antenna, a beam-

switching RL antenna was also designed. A switching network consisting of two TGS4305-FC PIN-

diode switches by Qorvo (formerly TriQuint) [11] and grounded coplanar waveguide (GCPW) 

transmission lines were integrated with the Rotman lens to feed the antenna from a single input. The 

switches are mounted on the LCP boards by using flip-chip processing techniques. The DC bias lines 

are routed to the pin header connector on layer L3 underneath the ground plane. The PIN-diode bias 

voltages are provided from a custom-designed driver card and the beam-switching can be controlled 

through USB-connection. A manufactured switch test structure is shown in Figure 3-5. 
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Figure 3-5: Switching network test structure from one input to five outputs. 

3.2.2 Simulation and experimental results 

3.2.2.1 Rotman lens 

The LCP boards with Rotman lens were manufactured by OPT in two different port configurations 

for probe measurements. The dummy ports were terminated with 50 Ω discrete high-frequency thin-

film resistors CH02016-50RGFPT by Vishay Sfernice. Transmission measurements were performed by 

on-wafer probe station. Inactive array ports and beam ports were terminated by on-wafer probe 

loads. The agreement of simulations with measurements is excellent for the transmission 

characteristics. As an example, direct comparison of simulated and measured characteristics of 

magnitude and phase error of the transmission coefficient between beam port 5 and array port 6 is 

presented in Figure 3-6(a)‒(b). 

 
Figure 3-6: Comparison of simulated and measured characteristics of magnitude (a) and phase error 

(b) of the transmission coefficient between beam port 5 and array port 6. 

3.2.2.2 Single patch antenna 

A comparison of simulated and measured |S11| results of the designed single ACMPA antenna is 

shown in Figure 3-7. Simulated -10 dB input matching range is 58–63 GHz and the measured range is 

59–63 GHz. The small upwards shift (1 GHz) in center frequency is due to slight over-etching of the 

microstrip patch. Simulated gain of the single ACMPA antenna is 5.6 dBi at 60 GHz. 
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Figure 3-7: Simulated and measured |S11| of aperture-coupled patch antenna. 

3.2.2.3 Beam-switching network 

The measured |S12| of the switching network from input to five outputs are shown in Figure 3-8. 

The insertion loss is between 3.7 dB through one switch and 5.7 dB through two switches at 60 GHz. 

Return loss is between 10 dB and 12 dB at 60 GHz. The isolation is 26 dB through one switch and 60 

dB through two switches at 60 GHz. 

 
Figure 3-8: Measured transmission coefficients (|S12|) of the switching network test structure from 

one input to five outputs. 

3.2.2.4 Fixed-beam Rotman lens antenna 

Photographs of the manufactured Rotman lens antennas with fixed feeding lines and a 

assembled coaxial connector are presented in Figure 3-9.  

Simulated reflection coefficients for the fixed-beam RL with a 1×8 antenna array are shown in 

Figure 3-10(a), and mutual coupling between input ports in Figure 3-10(b). It is seen that reflection 

coefficients are below -10 dB between 50 GHz and 70 GHz and about -20 dB at 60 GHz. Mutual 

coupling is below -13 dB across the frequency band and below -15 dB at 60 GHz. The highest coupling 

is between ports 1 and 5 and between 2 and 4. 

The reflection coefficients of different Rotman lens antenna test structures were measured with 

a vector network analyser and 1.85 mm “1892-04A-5” end-launch coaxial connectors by Southwest 

Microwave. The results for beam ports “1”, “3” and “4” are shown in Figure 3-11. Due to symmetry 
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the beam port “2” is identical to “4” and “5” identical to “1”. The |S11| is below -10 dB between 55 

GHz and 62.2 GHz for all input ports. 

 
Figure 3-9: Rotman lens antenna with fixed feeding lines: Rotman lens (left), patch antennas (right). 

 
Figure 3-10: Simulated S-parameters for the 1×8 RL antenna array: (a) reflection coefficients at, and 

(b) mutual coupling between input ports B1‒B5. 

 
Figure 3-11: Measured reflection coefficients of the RL antenna with fixed feeding lines. 
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The simulated co- and cross-polarised antenna gain patterns of the fixed feed line version in H-

plane at 60 GHz are plotted in Figure 3-12 and Figure 3-13. The maximum broadside gain is 7.5 dBi 

and decreases down to 5.8 dBi when the beam is tilted from 0° to 30°. The maximum directivity is 12 

dBi, resulting in a total loss of 4.5 dB for the whole antenna. The maximum side-lobe and back-

radiation levels are about -13 dB and -9.5 dB. The cross-polarised gain is below -16 dBi between 

angles of -30° and 30°.  

 
Figure 3-12: Simulated co-polarised antenna gain patterns at 60 GHz for the 1×8 RL antenna array 

with excitations at ports 1‒5. 

 
Figure 3-13: Simulated cross-polarised antenna gain patterns at 60 GHz for the 1×8 RL antenna array 

with excitations at ports 1‒5. 

Radiation patterns were measured on an indoor far-field range at VTT. Distance was 86 cm 

between transmit and receive antennas thus fulfilling the far-field criterion. Pattern measurement 

frequencies were 57, 60 and 63 GHz. Co- and cross-polarised measured radiation patterns of the RL 

antenna with fixed feed lines are shown in Figure 3-14. Calibrated gain measurements have been 

done and the maximum gain of 8.4 dBi is measured at 60 GHz.  
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Figure 3-14: Measured co- and cross-polarised radiation patterns for the 1×8 RL antenna array with 

excitation at port 3. 

3.2.2.5 Beam-switching Rotman lens antenna 

Photographs of the manufactured Rotman lens antennas with a switching network are presented 

in Figure 3-15.  

 
Figure 3-15: Rotman lens antenna with switching network: Rotman lens, switching network and bias 

connector (left), patch antennas (right). 

Measured co- and cross-polarised radiation patterns from a switched-beam Rotman lens at 60 

GHz are shown in Figure 3-16 and Figure 3-17. It is seen that the power level of the outermost beams 

is about 2 dB higher that of the centermost beam. The centermost beam passes through two 

switches while the outermost beams pass through one switch. This is in line with the switching 

network results shown in Figure 3-8. The measured peak gain including switch and RL losses is 3.4 dBi 

at 60.5 GHz. The side-lobe and cross-polarisation levels are below -10 dB and -21 dB.  

As a summary, the losses of the Rotman lens and the switching network are about 4 dB and 3.5‒

5.5 dB, respectively. The simulated maximum directivity of the antenna array is 12 dBi. This results in 
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as an antenna gain of 2.5‒4.5 dBi, which is in close to the measured value of 3.4 dBi for the 

centermost beam of the complete Rotman lens antenna array. 

 
Figure 3-16: Measured co-polarised radiation patterns at 60 GHz for a switched beam Rotman lens 

antenna array. 

 
Figure 3-17: Measured cross-polarised radiation patterns at 60 GHz for a switched beam Rotman lens 

antenna array. 

3.2.3 Conclusions and future work 

The design, manufacturing and measurement results for a 60-GHz fixed-beam and beam-

switching Rotman lens antenna arrays have been presented. The RL antenna array is constructed 

using low-cost PCB manufacturing techniques. S-parameter and radiation pattern measurements 

have been done and reported. The main lobe can be switched into five discrete directions within 

±30° (-30°, -15°, 0°, 15° and 30°). Radiation pattern measurements show that the RL concept and 

beam-switching implementation work like simulated.  

As for the future work, new type of antenna element is being designed for the 60-GHz band. In 

addition, larger antenna arrays such as 2×8 and 4×8 are integrated with the RL. Also active versions 

with amplifiers are being designed to increase the overall gain of the RL antenna. 
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3.3 Beam-switching antenna array with quasi-optical beam forming network 

Within this task, UR1 has investigated and developed novel wideband, wide-scanning, multilayer 

antenna modules suitable for access links in next generation multi-Gbps networks in V-band (57 GHz 

– 66 GHz). Particular effort has been spent in finding a dielectric-embedded solution that could 

guarantee flat profiles and easy, low-loss integration in a system-in-package (SiP), without 

compromising the operational bandwidth and the scanning performances.  

The key antenna specifications were assessed considering several scenarios of communications 

at 60 GHz between user terminal and access point (AP), within cells of radiuses from 10 m up to 50 

m.  The main requirements are summarized in Table 3-1.  

Table 3-1: Main specifications for the AP antenna. 

-10 dB impedance 

bandwidth 
Realized gain G Scan range 

Beam 

crossing 

level 

First side lobe 

level (SLL) 
Scan loss 

57 GHz – 66 GHz 

~ 17 dBi     

(switch losses 

not accounted) 

> 60° (±30°), 

in only one 

plane 

~ -3 dB 
< -20 dB at 0° 

< -11 dB at 30° 

< 3 dB at 

30° 

3.3.1 Description of the antenna system 

Fabrication constraints, material losses and parasitics limit gain, efficiency and bandwidth of 

planar, substrate integrated antennas at mmW. For instance, slotted waveguide and open cavity 

arrays [12], [13], achieve high gain values, but rarely exhibit fractional bandwidths wider than 15%. 

Among wideband, wide-angle scanning antennas, parallel-fed continuous transverse stub (CTS) 

arrays [14]-[16] exhibit stable radiation characteristics over frequency ranges larger than an octave. 

CTS arrays consist of broad stubs, finite in height, connected to a parallel plate waveguide (PPW) 

feeding system, and radiating in free space. The radiating stubs can be fed in parallel or in series by 

the PPW structure, as shown in Figure 3-18.   

 
Figure 3-18: Serial-fed (left) and parallel-fed (right) CTS array configurations. 

Parallel-fed arrays resemble long slot arrays excited by a corporate feed network in PPW 

technology. The wideband characteristics of this configuration are due to a beneficial mutual 

coupling among the radiating slots and to the non-dispersive PPW network that is designed to guide 

transverse electromagnetic (TEM) modes only. Such true time delay network minimizes the 

variations of the input impedance with scan angle and frequency [14], [15].  
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The input of the corporate feed network can be excited by both discrete and continuous line 

sources. A quasi-optical system providing a continuous line source has been considered in this work. 

The overall antenna architecture is shown in Figure 3-19.  

 
Figure 3-19: (a) 3-D view and (b) cross section of the CTS antenna reported in [16]. 

The quasi-optical beamformer includes several H-plane sectorial horns, in the focal plane of a 

two-dimensional parabolic reflector, and a pillbox transition [17]. Only a single horn at a time is 

excited. The cylindrical wave launched by the input horn is converted into a quasi-planar one by the 

reflector. The reflected wave constitutes the line source that feeds the input of the true time delay 

network. This system can easily achieve beam steering in H-plane (zy-plane in Figure 3-19). The 

phase-front of the wave reflected by the parabola toward the CTS array depends on the position of 

the input horn. The final scan angle in H-plane is related via Snell’s law to the tilt angle of the phase-

front that excites the corporate feed network. Therefore, the beam can be steered by exciting an 

input horn in the focal plane, shifted from focus along the y-direction (see Figure 3-19).  

In this work, electronic beam switching was targeted to provide a monolithic, multibeam antenna 

module. The beam switching is based on a network of SPnT (Single Pole n Throw) switches that feeds 

only one of the input horns of the quasi-optical system, selecting a specific beam. MmW SPnTs 

introduce high insertion losses, e.g. higher than 2.5 dB at 60 GHz for the SP3Ts [11], penalizing the 

antenna gain. Active switches or banks of amplifiers may be employed to compensate this losses. 

3.3.2 Technological challenges and achievements 

The objective of integration of the antenna module in a flat panel, required novel technological 

solutions and design methods to realize CTS arrays in multilayer dielectric substrates. Two integration 

platforms were considered: organic multi-layer substrates and low temperature co-fired ceramics 

(LTCC). They are both characterized by fabrication constraints that limit the design freedom, as 

compared to CTS arrays in hollow PPW technology, realized with machining techniques. In particular, 

the number of layers that can be stacked and the overall thicknesses of the module are limited, e.g. 

20 layers and 4 mm, respectively, for the LTCC tape system considered [18]. Moreover, only a few 

values of layer thicknesses are available for the design. Finally, the minimum design features, e.g. 

conductor widths, vias diameter and spacing, are not negligible as compared to the wavelength at 60 

GHz.  

The implementation of vertical PPW sections in the corporate feed network is the main challenge 

in the integration of CTS modules in multilayer substrates. The realization of vertical metal plates 

(oriented along z-axis in Figure 3-19) is prohibitive. Therefore, a novel guiding structure has been 

proposed and demonstrated in this project: the substrate-integrated PPW (SI-PPW). It consists of 
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parallel, long rows of tightly spaced vias. The continuous vertical walls of standard PPWs are replaced 

by via-rows in a single layer or several aligned rows in stacked layers (see Figure 3-20 and Figure 

3-21). Providing that the spacing of the vias is small, e.g. twice the vias diameter, SI-PPWs effectively 

support the propagation of a quasi-TEM mode along z-axis, with negligible leakage losses.  

Two technological solutions to realize multilayer SI-PPWs and CTS modules were investigated. 

First, the possibility to stack several plastic (PTFE) or polymeric (LCP) substrates by a glue layer was 

studied. The electrical contact between two modules to be interconnected is degraded by the glue 

film. A transition that effectively interconnects two SI-PPW lines in two separate substrates, glued 

together, has been numerically demonstrated. Several PTFE/LCP thin layers could be separately 

processed, then glued together and interconnected exploiting the proposed transition, to build-up a 

CTS module. The manufacturing method here outlined has not been tested. Therefore, the suitability 

of LTCC technology for the implementation of CTS arrays and SI-PPW networks was investigated. In 

an LTCC process, the ceramic tapes are individually processed and then stacked, aligned and co-fired 

with high accuracy (expected tolerances lower than 50 μm). LTCC technology provides fabrication 

control and accuracy for complex multilayer structures, such as CTS antennas, unparalleled by other 

packaging technologies. An advanced LTCC process based on the Ferro A6-ME tape system (εr = 5.74, 

tan δ = 0.0023) has been tailored, in cooperation with VTT (see Table 3-2), to realize CTS antennas. 

Table 3-2: Typical design rules of the LTCC procces employed. 

Parameter Typical value 
Minimum linewidth 50 μm 

Tolerance of linewidths ±5 μm 

Layer-to-layer positioning accuracy 15 μm 

Minimum diameter of vias 80 μm 

Minimum via pitch 160 μm 

Number of layers up to 20 

 
Even if the high permittivity of the ceramic tapes eases the miniaturization, it penalizes the 

antenna performance, as compared to typical substrates for mm-wave applications. Thus, an 

accurate design is required to achieve broadband performances. 

3.3.3 Antenna design and experimental results 

Two different designs of CTS arrays, fully integrated in LTCC, were completed during the project.  

1. A fixed beam antenna architecture, co-integrating a 4-slots CTS antenna and a pillbox 

beamformer, has been designed and characterized. Its successful implementation 

demonstrated the reliability of LTCC technology in realizing a compact, high performance 

CTS array. Moreover, this first manufacturing run provided a clearer understanding of 

the fabrication challenges and of the impact of the fabrication tolerances. 

2. A multiple-beam antenna system, based on two CTS arrays controlled by a switch 

network, co-integrated in the same module, has been designed for the V-band access 

point link. The specifications of Table 3-1 were considered for the antenna design and 

eventually achieved, as per simulations. The antenna module is about to be fabricated by 

VTT.  

Ad-hoc numerical tools were developed to allow for a fast and optimized design of the CTS arrays 

and of the quasi-optical system. A mode matching code [15] was developed to accurately predict the 
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active impedance of an infinite array of parallel-fed long slots. Equivalent circuits for waveguide 

components were employed to analyse the corporate feed network. Techniques of geometrical and 

physical optics (GO/PO) were used in the design of the beam formers. 

3.3.3.1 Design and characterization of a fixed-beam CTS array in LTCC technology 

In this section, the design and the characterization of a broadside, fixed-beam CTS array in LTCC 

are summarized. More details can be found in [19], [20]. The antenna architecture is shown in Figure 

3-20. The system is fed by an edge-launch V-band connector. The input signal is coupled to the input 

horn through a grounded coplanar waveguide (GCPW)-to-SIW transition. The input horn is placed in 

the focus of an integrated parabolic reflector. A pillbox transition [17] is designed to excite the 

corporate feed network (CFN) of the CTS array. The CFN comprises matching transformers, E-plane 

power dividers and E-plane 90° bends, based on SI-PPW lines. SI-PPWs are made of parallel rows of 

vias, on a single layer or on several stacked LTCC tapes, depending on the length of the line along z-

axis. The CFN feeds in parallel four long slots, designed to achieve broadband behavior.  

 

(a) 

 

 

 
 

 

(b) 

Figure 3-20: (a) 3-D and (b) side view of the measured 4-slots fixed CTS antenna. The building blocks 

are highlighted. The overall size is 32.5x34x3.4 mm3. 

An LTCC cover is introduced above the slots to mitigate the mismatch at the air-dielectric 

interface. The width a of the slots, the array spacing d and the thickness t of the cover are jointly 

designed with the aid of the numerical tool presented in [15]. The optimization is constrained to 

values of a < λd / 2, where λd is the wavelength in the dielectric at 61.5 GHz, in order to avoid higher 

order modes. The final values are a = 0.83 mm, d = 1.20 mm, and t = 0.40 mm. The full-CFN operates 

on the TEM mode, as opposed to conventional SIW networks, based on quasi TE-modes. The network 

is designed by using equivalent circuits for ideal PPW components and then optimized by full-wave 

simulations, considering the vias. The main geometrical features of the feed network are shown in 

Figure 3-21.  

The antenna stack-up comprises 18 LTCC tapes (εr = 5.74 and tan δ = 0.0023 at 60 GHz) and 17 

metal layers of conductivity σ = 7 x 106
 S/m.  

The radiation properties of the antenna are mainly dictated by the pillbox and by the length of 

the radiating slots, equal to the diameter D of the reflector. At beginning, side-lobe levels (SLLs) < -20 

dB in H-plane (zy-plane) and a directivity higher than 18 dBi are targeted. The field distribution along 

the radiating slots is calculated with a GO analysis of the pillbox. The knowledge of this distribution 

enables the computation of the directivity patterns of the slot array. The effects of the CFN are 

neglected.  As a result of this analysis, the aperture of the input horn is set to wh = 2 λd. The values D 
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= 6.15 λd = 30 mm and F = 0.67 x D are chosen for the quasi-optical system, as a trade-off between 

antenna size and performances.  

Four antenna designs, slightly differing one another for some geometrical features, have been 

fabricated by VTT. The alignment of the vias ensured by the process is good, as it can be observed in 

the cross-section view of Figure 3-22(a). Note Figure 3-22 does not show the antenna sample 

described in this section. 

 
Figure 3-21: Cross section view of the CTS array of Figure 3-20. The geometrical details of the 

corporate feed network are shown. All dimensions are in millimeters. 

 
(a) 

 

 
 

 

(b) 

Figure 3-22: (a) Microscope photo of the cross section and (b) picture of one the fabricated antennas. 

This antenna sample is slightly different from the one described in this section. 

The antennas were characterized at Orange Labs and at UR1. In this section, only the 

measurements relative to the design described are reported. Simulated and measured reflection 

coefficients at the input connector are shown in Figure 3-23. Their agreement validates the design 

and the fabrication process. The measured return loss is higher than 9.2 dB in the entire 50 - 66 GHz 

band.  

The normalized patterns in H-plane (yz-plane in Figure 3-20) are reported in Figure 3-24 at 

several frequencies over the 50-66 GHz band. 

A good agreement with simulations is observed, in particular for the main lobe, despite the 

complexity of the fabrication. The differences in the positions of the first nulls at some frequencies 

are attributed to fabrication errors and to deviations of the substrate permittivity from the nominal 

value. In the 50-66 GHz band, the full half-power beam-width (HPBW) varies between 9° and 12.6°, 

while the first SLLs are lower -17.5 dB, with an average value of -20.6 dB. The angular tilt of the main 

beam is about 0.6° and the peak cross-polarization level between 52 and 66 GHz is less than -22.4 dB. 

The normalized patterns in E-plane (xz-plane in Figure 3-20) are shown in Figure 3-25. The 
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asymmetries and ripples of these patterns are due to the small size of the radiating aperture along 

the x-direction, much shorter than the overall module, and to the small ground around the slots. 

Finally, the measured realized gain is compared to numerical values and to the simulated 

directivity in Figure 3-26. 

The estimated radiation efficiency, computed as ratio of directivity and measured realized gain is 

also reported. The peak gain is 14.25 dBi at 62.7 GHz, and the relative -3 dB gain bandwidth exceeds 

the 20% (54 GHz – 66 GHz). The radiation efficiency is 46% in average and always larger than 33%.  

 
Figure 3-23: Measured and simulated reflection coefficients at the input connector of the proposed 

antenna. 

 
(a) 54 GHZ 

 
(b) 58 GHZ 

 
(c) 60.5 GHz 

 
(d) 66 GHz 

Figure 3-24: Normalized radiation patters in H-plane (yz-plane in Figure 3-20) at several frequencies. 

Measured co-polarized and cross-polarized components are shown. 
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(a) 

 
(b) 

Figure 3-25: E-plane (xz-plane in Figure 3-20) patterns of the antenna at (a) 57 GHz and (b) 66 GHz. 

 
Figure 3-26: Measured and simulated realized gain, simulated directivity and estimated antenna 

radiation efficiency against frequency. 

3.3.3.2 System-level design of multibeam CTS arrays with quasi-optical beamformers 

The specifications of the access point antenna (see Table 3-1) are particularly challenging. A fine 

coverage of the cell, with a -3 dB overlap level and low SLLs. Several beam scanning schemes have 

been considered. Ad hoc GO/PO tools were developed to analyse the performances of these 

beamformers.  

The easiest method to steer the antenna beam in H-plane, consists in employing several input 

horns in the focal plane of a quasi-optical system, as the one designed for the fixed-beam prototype. 

This beamformer is schematically illustrated in Figure 3-27. A single feed per beam solution, based on 

input horns with non-overlapping apertures, is considered. A switch network can be designed to 

excite only one of the horns at a time.  

However, this solution inherently limits the scanning performance. It is known [21], [22] that a 

passive and lossless multibeam antenna with a single radiating aperture cannot achieve 

simultaneously arbitrary values of SLLs and beam crossing level between adjacent orthogonal beams.  

As an example, an aperture with a uniform amplitude distribution radiate orthogonal beams with 

SLLs of about -13.2 dB and an overlap level of about -4 dB [21].  

To overcome these physical limitations, a split aperture decoupling method was followed [23]. 

More details will be given in Section 3.3.3.3. Two identical CTS arrays, fed by two separate quasi-

optical systems, are introduced. The two beamformers only differ for the positions of the input 
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horns. Two sets of interleaved beams with low SLLs are generated. A switch network selects one of 

the available beams. High beam crossing levels can be achieved.  

 

 

Figure 3-27: Conceptual sketch of the beam-switching solution based on several feeds in the focal 

plane in the focal plane of the parabolic reflector. Only a single feed is excited at a time. 

The preliminary design of the antenna system was performed with GO/PO tools, considering the 

same LTCC platform of the fixed-beam prototype. The key parameters to set are the diameter D of 

the parabolic reflector, equal to the length of the radiating slots, the focal length F, the aperture whorn 

of the input horns and the distance d between two adjacent horns. An array of 8 parallel-fed slots 

was considered to achieve the targeted gain. In order to evaluate the directivity patterns in H-plane, 

the slots were excited by the field distribution at the output of the quasi-optical system, computed 

by GO techniques. The GO analysis enabled a fast preliminary design of the antenna system. Eleven 

beams are used to cover a field of view of ±36°. The two CTS arrays generate five and six beams, 

respectively. 

The values attributed to the parameters after the GO analysis are: D = 6.15 λ0, F/D = 0.68, whorn = 

1.4 λd and d = 3.02 mm. The wavelength at 61.5 GHz in free-space and in LTCC are denoted with λ0 

and λd, respectively. This set of values ensures a beam crossing level higher than -3.2 dB and SLLs in 

H-plane lower than -19.7 dB for the broadside beam, between 57 GHz and 66 GHz. The estimated 

directivity at 61.5 GHz is 24.3 dBi. It relies on GO approximations and do not take into account the 

corporate feed networks and the pillbox transitions. Edge effects due to the finiteness of the array 

are also neglected.  

3.3.3.3 Design of a wide-angle scanning switched-beam CTS module in LTCC for V-band access 

point 

The system-level design of the proposed multibeam antenna, with two radiating apertures, has 

been discussed in Section 3.3.3.2. The final design of the overall module is here presented. The stack-

up and a schematic top view are shown in Figure 3-28. The two CTS arrays and the beamformers are 

identical except for the positions of the input horns. Each horn is associated to a radiated beam, 

denoted with symbols B0-B5 for positive scan angles in H-plane and with B6-B10 for negative ones, 

as illustrated in Figure 3-28(b). 

A co-integrated switch network with four SP3Ts [11] and twelve control lines has been designed 

to excite a single horn. The SP3Ts will be flip-chipped on the bottom metal layer of the structure. The 

network comprises four RF inputs to reduce complexity and losses of this demonstration board. 

The module includes 16 Ferro A6-ME tapes and 15 metal layers. Particular effort was devoted to 

reduce the number of LTCC tapes, as compared to the previous fixed-beam prototype, while 

increasing at the same time the number of radiating slots. These objectives were accomplished by 
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extensively using the numerical codes developed [15]. The slot array and the corporate feed network 

were first designed by considering ideal PPW components. After this first-pass design, SI-PPW 

components were considered and optimized with full-wave techniques. The diameter and pitch of 

the vias in each SI-PPW are 0.15 mm and 0.30 mm, respectively.  

 

(a) 

 

(b) 

Figure 3-28: (a) Cross-section and (b) schematic top view of the designed multibeam antenna, based 

on two CTS arrays controlled by a switch matrix. Only one RF input is excited at a time. 

 

Figure 3-29: Simulated reflection coefficient at the input horns for the design based on continuous 
metal sheets (no vias included). 

The guided and radiated performance of the overall antenna module is evaluated by simulating 

the two radiating apertures individually. In each simulation setup, the input port is placed at the 

input of one horn feed. The effect of the switch network is not analysed in this document. The 

simulation results account for material losses. A tangent loss tan δ = 0.0023 for the LTCC tapes (Ferro 

A6-M), and smooth conductors sheets with conductivity σ = 7 x 106 (golden paste) are assumed. The 
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reflection coefficients at different input horns, labelled with the convention of Figure 3-28, are 

shown in Figure 3-29. For all beams, the return loss is higher than 17.5 dB between 56 GHz and 66 

GHz.  

The simulated directivity patterns in H-plane are shown in Figure 3-30, at 57 GHz, 61.5 GHz and 

66 GHz. By virtue of symmetry, only the broadside beam and the beams pointing at positive scan 

angles (B0-B5) are reported. The radiation patterns are stable with frequency. A field of view of 

about ±39° is covered with scan losses lower than 3 dB. The half power beamwidth (HPBW) ranges 

from 7.4° to 7.7° in the frequency band for the broadside beam B0. A beam broadening effect is 

observed when scanning. The HPBW of beams B4 and B5 at 60 GHz are 9.2° and 10.5°, respectively. 

 

Figure 3-30: Simulated directivity patterns at 61.5 GHz in H-plane. The beams radiated by the first 

aperture are shown in black, the beams generated by the second CTS array in grey. 

 

Figure 3-31: Directivity and realized gain against frequency for beams B0, B3 and B5. 

The first SLLs of the broadside beam are lower than -20 dB in the entire band. SLLs increase when 

the beam is steered, due to aberrations and defocusing effects of the quasi-optical systems, excited 

by off-focus feeders. For beam B5, an average SLL of about -12 dB is achieved. The crossing level 

between beams B0 and B1 is higher than -3 dB. The simulated directivity and realized gain are shown 

in Figure 3-31 for three beams. The directivity of the broadside beam at 61.5 GHz is 23.1 dBi. For the 

same beam, the antenna gain is about 20.2 dBi. The variations of both directivity and gain are always 

lower than 0.6 dB in the band 57 GHz – 66 GHz. The realized gain is higher than 17.4 dBi for the 

furthermost beam B5. These values fulfil the initial specifications.  
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The estimated antenna efficiency is greater than 40% for all beams, with a maximum of 55% at 

61.5 GHz for beam B0. The scan losses are lower than 1.7 dB in the entire bandwidth, up to ±30°. 

3.3.4 Conclusions and future work 

In this task, UR1 has proposed a broadband CTS antenna system, fully-embedded in a multilayer 

LTCC module, for 5G access points in V-band. The research activities focused on three axes: 

I. The development of analytical and numerical tools to model and design CTS arrays and 

quasi-optical systems.  

II. The investigation of novel technological solutions to realize a substrate integrated, CTS 

module, achieving high performance and reduced sensitivity to fabrication tolerances. 

III. The design and experimental characterization of antenna prototypes to validate the 

technological solutions and the analysis methods proposed. A switched beam antenna 

for the V-band AP link, is currently under fabrication.  

First, a fixed beam system has been designed and characterized. Novel quasi-TEM waveguides, 

i.e. substrate integrated PPWs, have been proposed to realize the vertical sections of the corporate 

feed network. The measured -10 dB matching bandwidth ranges from 51.2 GHz to 66 GHz band. The 

average first SLL in H-plane is -20.6 dB. Measurements and simulations are in very good agreement. 

The antenna size is 32.5 x 34 x 3.4 mm3 and 18 LTCC layers have been used. 

A switched-beam antenna system has been designed considering the specifications for the access 

point link. In order to solve the trade-off between beam overlap level and SLLs, a split aperture 

decoupling approach have been adopted. Two co-integrated CTS arrays were designed to generate 

two sets of interleaved beams. A switch network activates only one of the two apertures for each 

radiated beam. As per simulations, the overall antenna system covers an angular sector of about 

±38° with 11 beams, between 57 GHz and 66 GHz. The design has been optimized to include more 

radiating elements (8 slots) while reducing the thickness of the module, as compared to the fixed 

beam prototype. The simulated gain at 61.5 GHz for the broadside beam is 20.15 dBi, with SLLs lower 

than -20 dB in the 57-66 GHz band. The scan loss in the design band is lower than 1.75 dB at ±30°. A 

beam crossing level of about -3 dB is achieved.  The final size of the module is 50x100x3 mm3 and 16 

LTCC tapes are used. The prototypes are under fabrication and experimental results will be available 

at the end of the project.  

3.4 Phased array antenna on multi-layer organic technology 

Phased array antennas are an attractive architecture to meet the gain and radiation pattern 

reconfiguration requirements of mmW small-cell access points with good power efficiency and high 

reconfiguration flexibility. 60-GHz phased arrays based on analogue beam-steering have been 

demonstrated by many groups for indoor WiGig/IEEE 802.11ad application with communication 

range in the order of 10 m. These systems are generally based on a large and complex RFIC chip 

integrating the frequency synthesis, up/down-converter stages, filters, amplifiers and phase-shifters 

feeding all the radiating elements. However, such an approach can hardly be scaled to several tens or 

hundreds of antenna elements to reach the gain levels required for 50-100 m communication range 

because of the RFIC size, cost, power consumption and integration constraints such as thermal and 

mechanical reliability of the packaged module. In contrast, digital beamforming architectures are 

attractive from the system point of view to enable high-performance beamforming capabilities, 

spatial multiplexing, and multi-user MIMO schemes; but again, the complexity, cost and power 
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consumption of such architectures, which require a full transceiver front-end per radiating element, 

prohibit their implementation in large arrays. As a trade-off, hybrid-beamforming architectures, 

combining analogue and digital beamforming, appear today as an attractive solution to optimize the 

performance requirements and implementation constraints of large arrays.  

The hybrid beamforming architecture envisioned in this work is presented in Figure 3-32a where 

8 sub-arrays of 8 antennas are represented. Each sub-array includes a transceiver front-end and full 

analogue beamsteering capability and is connected to the Digital Base-Band circuit through its I/Q 

base-band signals. This system would be able to manage 8 communication streams, e.g. for 8 users, 

simultaneously with independent beams for each of them or in a MIMO scheme. Alternatively, 

several sub-arrays can be synchronized to handle the same communication stream and benefit from 

higher antenna gain and Tx power. The system can be quite easily scaled to different applications or 

different small-cell sizes by changing the number of sub-arrays, which is an advantage in terms of 

cost since the same integrated sub-array modules are used so that manufacturing cost can be 

amortized on large volumes. Finally, this approach is interesting in terms of manufacturability since 

mechanical and thermal constraints are managed in integrated sub-arrays of reasonable size. 

3.4.1 General description of the antenna system 

The work performed in MiWaveS focused on the development of integrated transceiver modules 

with 8-elements phased arrays suitable to operate as sub-arrays in the hybrid architecture described 

above and in Figure 3-32a. An original architecture, presented in Figure 3-32b, was proposed to 

implement this module using multiple RFIC chips in order to minimize the RFICs complexity, cost, size 

and power consumption. Hence, the same 60-GHz transceiver RFIC developed for single antenna 

systems, e.g. the transceiver module developed for mobile UT presented in Section 2.2, can be used. 

A separate Tx/Rx switch is used between the transceiver and the phased array fed through a passive 

network composed of power-splitters/combiners. The mmW signals are distributed to and from the 

radiating elements through phase-shifting RFICs including switches for Tx/Rx selection, a Power 

Amplifier (for Tx), a Low Noise Amplifier (for Rx), and mmW phase shifters. 

This architecture exhibits several significant advantages. First, it enables an easy and cost-

effective scaling of the phased-array module to the required gain levels (e.g. 4, 8, 16 elements) 

without re-design of RFICs. Next, the multi-chip approach distributes the thermal constraints in 

multiple sites of the package, which is favourable to a good reliability. Finally, it allows a very short 

interconnection between each antenna element and its PA/LNA, making this architecture very 

interesting in terms of power efficiency. The main drawbacks are the assembly constraints of a large 

number of chips in a single package, the difficulty to place antenna elements close to each other due 

to the size of the phase-shifting RFICs, and the routing of the large number of control lines needed 

for the phase-shifting RFICs.  

The 8-elements array targeted in this work should be able to reach an antenna gain of about 17 

dBi, assuming an antenna gain of 8 dBi for each element and 9 dB (10log10(8)) of array gain. 

Assuming 5-dBm of average output power for each power amplifier, which is quite conservative as 

compared to CMOS technology state of the art, the maximum Equivalent Isotropic Radiated Power 

(EIRP) of the module would be about 22 dBm. Furthermore, assuming a system composed of 8 

modules as shown in Figure 3-32a, an additional 9 dB of power combining gain would be obtained to 

reach 31 dBm of maximum EIRP. 
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The integration of the phased-array antenna is using the same technology as the user terminal 

module (Section 2.2) and fabricated by OPT. It will be based on an interposer composed of two 

organic substrate layers supporting the radiating elements on one side and the RFIC chips 

(transceiver, SPDT and phase-shifters) on the other side as shown in Figure 3-33a. The same stack 

and design rules as in Section 2.2 are used in order to leverage the same antenna element design. 

There is no major constraint on the size of the module coming from the system specifications but 

rather maximum size limitations coming from the assembly and mechanical reliability constraints. 

The size of the module depends on the area occupied by the transceiver, the Tx/Rx switch, the power 

divider and the antenna array. The total size with a 2×4 antenna array is estimated to fit in a 

20×20 mm2 area.  

The module has not yet been fabricated but the current layout is presented in Figure 3-33b,c. 

The top layer is dedicated to the radiating elements and a minimum of signals are routed on this 

layer in order to avoid any perturbation of the radiation patterns (Figure 3-33b). The layout of the 

bottom side is accounting for the actual dimensions and pad rings of the six ICs needed. Among these 

six ICs, the same transceiver RFIC as the UT module (Section 2.2) is used. A SPDT (single pole, double 

throw) connects the transceiver to the corporate feeding network in order to get the Tx/Rx selection, 

its size is X×Y mm2. The phase-shifting RFIC has been developed in the frame of WP3, it includes 48 

I/Os and its area is 3.4×2 mm2. The phase-shift can be controlled with a phase discretization of 45° 

either using a direct command (no latency) or a SPI bus (few µs of latency). As represented in Figure 

3-32b, each RFIC drives two Tx/Rx paths for two antennas; this choice was made to reduce the 

number of chips and enable a smaller antenna spacing, which is limited by the RFIC sizes and spacing 

constraints in the assembly process. The size of the module is about 18.8×18.6 mm2. 

 

 

(a) (b) 

Figure 3-32: Hybrid beamforming phased-array architecture with analogue beamforming sub-arrays 

and Digital Base Band (DBB) (a); sub-array architecture (b). 

DBB

Phased array modules with RF

transceiver and analogue beamforming
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3.4.2 Simulation and experimental results 

The interposer design includes a 1-to-4 power divider between the Rx/Tx switch and each phase-

shifting RFIC. This power divider is designed using microstrip lines with insertion losses of about 0.1 

dB/mm. It is composed of 3 simple T-junctions and quarter-wavelength transformers designed with 

25-Ω and 50-Ω transmission lines. The simulated insertion loss of the whole power divider circuit is 

0.65 dB in average and 0.9 dB maximum at 66 GHz. 

The 4×2 antenna array is composed of antenna elements identical to the one designed for the UT 

module (Section 2.2). The elementary antenna used is quite large because of its metallic ring which 

helps to have a good antenna gain over the required 15% bandwidth and reduces mutual coupling 

when used in an array. The performance of a phased array is related to the elementary antenna and 

the lattice corresponding to the relative position and distance between adjacent radiating elements. 

This distance is critical for beamsteering capabilities as a large spacing reduces the usable scan angle 

range and increase side lobe levels. In contrast, small spacings are difficult to implement in our case 

due to the size of each phase-shifting RFIC and the routing constraints. The optimal inter-element 

spacing (0.5λ0) cannot be achieved and has been set to dH = 3.35 mm (0.67λ0 at 60 GHz) and 

dE = 3.95 mm (0.79λ0 at 60 GHz) corresponding to the spacing between elements in the H plane 

(direction of the four elements) and E plane (direction of the two elements), respectively. The 

resulting area used by this 4x2 array is 13.3x7.4 mm2. These values lead to undesired grating lobes 

when the beam is steered at more than 27° from the boresight direction but the array is still 

expected to meet the ±45° coverage requirement. 

The broadside gain is reported in Figure 3-34a as a function of the frequency. The gain is quite 

stable over the targeted V-band and is ranging from 16.9 dBi to 17.7 dBi.The simulated radiation 

patterns in E and H planes of the array with uniform amplitude and phase distribution are shown in 

Figure 3-34b at 61.5 GHz. The maximum gain of 17.6 dBi is oriented toward the broadside direction. 

The full half-power beamwidth is 18° in the H plane and 28° in the E plane. The first side lobe level 

appears at 30° in the H plane and reaches 13.9 dB.  

The gain radiation patterns at 61.5 GHz in the H plane are shown in Figure 3-34c for seven linear 

phase increments (𝛷0) ranging from -135° to 135°. There is no phase increment between elements in 

the E plane. The main radiation characteristics at 61.5 GHz are also reported in Table 3-3. It shows 

that the rather large element spacing and the 45° phase resolution are slightly affecting the gain 

coverage. Indeed, the -135° phase law leads to a high grating lobe. In this configuration, five beams 

are usable offering a ±30° steering range. Overall, a gain higher than 10 dBi can be expected over a 

coverage angular sector of ±45°. 

Table 3-3: Array characteristics with the considered spacing at 61.5 GHz. 

Phase 

increment  𝛷0 

Maximum 

Gain (dBi) 
Scan angle 

Grating lobe 

level (dB)  

Grating lobe 

angle 

0° 17.6 0° - - 

-45° 17.4 10° -21.5 -81° 

-90° 16.6 19° -10.8 -66° 

-135° 15.0 30° -4.2 -53° 
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(a) 

  
(b) (c) 

Figure 3-33: Description of the phased sub-array module: cross-section (a), layout of the top side (b) 

and of the bottom side (c). 

 
(a) 

  
(b) (c) 

Figure 3-34: Simulated gain frequency response of the phased sub-array module (a), gain radiation 

pattern in E and H planes with beam steered in the boresight direction (b), beam-steering capability 

in the H plane (c). 
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3.4.3 Conclusions and future work 

This work targets the design, fabrication and demonstration of a 60-GHz phased-array 

transceiver module enabling hybrid-beamforming transceiver architectures. The phased-array 

transceiver module integrates in a single package, based on organic multi-layer technology, a 

transceiver chip, Rx/Tx switch, phase-shifting RFICs and a 2x4 antenna array; its size is 18.8×18.6 

mm2. The simulated gain and beam-steering range are 17 dBi and ±30°, respectively, leading to an 

effective coverage of ±45° with more than 10 dBi gain. The maximum EIRP is estimated at 22 dBm for 

the module and 31 dBm for a system composed of 8 modules, complying with the requirements for a 

small-cell coverage up to 50 meters. 

As compared to state-of-the-art 60-GHz transceiver modules, this original multi-chip architecture 

benefits from several advantages in terms of scalability to smaller or larger arrays, cost, power 

efficiency and reliability. This work is still ongoing with integrated circuits under test and interposer 

design finalization. The module will be manufactured and assembled on a demonstration board 

similar to the one presented in Section 2.2 for the UT transceiver module in order to be characterized 

experimentally and demonstrated through data transmission in real environment.  

3.5 Conclusion 

The specifications of the access point antenna are challenging and manifold. In order to achieve a 

broader view on the antenna implementation three complementary antenna solutions have been 

developed. VTT has developed an antenna based on a passive Rotman lens beam-former. UR1 has 

developed a beam-switching CTS antenna and CEA a phased array antenna with an integrated 

transceiver for this purpose. 

VTT developed a flat antenna array with a passive RL beam-former for 60 GHz AP. A beam-

switching in the azimuth plane is realized. The steering angle range is 30°. The antenna includes five 

beams in the azimuth plane and the beam in use is selected by two SP3T switches. In the elevation 

plane, the antenna beam is fixed. Three antenna arrays (18, 28 and 48 elements) and a beam-

switching network consisting of two SP3T switches have been designed, fabricated and 

characterized. OPT’s LCP platform technology has been utilized. An active Rotman lens antenna with 

integrated MMIC amplifiers is under development.  

UR1 reviewed several antenna technologies as possible candidates complying with the AP 

specifications. The CTS architecture was selected since this is in principle a very innovative antenna 

solution with an outstanding performance (broadband, wide angular scanning). Nevertheless, the 

hardware implementation is challenging, especially at V and E bands since some antenna dimensions 

are close to the minimum design rules offered by LTCC and LCP platforms. Design trade-offs have 

been considered. Even if this allows in reducing manufacturing risks, the design complexity is still 

close to the limit, even for a 4-slot CTS antenna. Such prototype antenna has been successfully 

designed and manufactured on a LTCC platform. Manufactured antenna versions have also been 

characterized by UR1 and Orange. Now even a more complex CTS antenna array with beam-

switching function is under development. 

CEA develops an active phased-array antenna on organic multi-layer technology for 60-GHz AP. 

The front-end module contains a CMOS transceiver chip, power splitters & combiners, Tx/Rx 

switches as well as phase-shifting and amplifying MMICs for beam-steering. The phased array 

antenna concept is modular and therefore flexible in terms of number of array elements. An antenna 
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array containing eight elements (four in azimuth and two in elevation) has been designed. The 

architecture and technology builds partly upon the developments made in the UT transceiver module 

with integrated antennas to manage risks and leverage development cost. It is shown that a critical 

design parameter is the number of metal layers in the platform since the routing of the numerous 

control signals of the phase-shifting MMICs limits the minimum possible spacing of the radiating 

elements.  

 

  



MiWaveS Deliverable D4.5 

Dissemination level: Public (PU) Page 52/78 

4. Antennas for backhauling in V-band and E-band 

4.1 Introduction and general specifications 

MmW wireless backhauling is expected to be a key enabler of the future 5G heterogeneous 

mobile networks in order to provide the targeted orders of magnitude higher traffic capacity per 

area. Such deployment will require cost-effective and self-configuring radio solutions, which is a 

challenge for antennas in particular with challenging requirements in terms of size, cost, gain, side-

lobe levels and beam-switching capability. The latter is needed for the purpose of automatic beam 

alignment to mitigate accidental displacements of the radio head, minimize the installation time, and 

optimize the network performance by controlling interference levels. 

The V band (57-66 GHz) and the E band (71-76/81-86 GHz) are the two favourite frequency bands 

for wireless backhauling applications due to the wide frequency resources available and the 

favourable licensing conditions worldwide. The design targets set for this work were derived from 

the system specifications and link budget analysis performed in WP1 (Table 4-1). The antennas shall 

cover either the V band or the E band and provide a gain of 30 dBi or more. A beam-steering range of 

±6° is desired to enable automatic alignment procedures or vibration compensations. A maximum 

size of 100×100×50 mm3 was allocated to the antenna; this specification was determined as a 

reasonable trade-off between the gain requirement and the need for small-size and aesthetic nodes 

to be integrated in the urban environment, but it is not considered as a critical requirement at this 

stage of the development as the focus is on the demonstration of advanced and innovative antenna 

concepts. 

Table 4-1: Backhaul antenna specifications. 

Parameter Specification 

Frequency 57-66 GHz (V-band) 
71-76 GHz or 81-86 GHz (E-band) 

Return loss 15 dB 
Gain 30 dBi 
3-dB half-power 
beamwidth 

3° 

Beam steering range ±6° 
Polarization Linear (H or V) 
Surface  100×100 mm2 max 
Thickness 50 mm max 
Interface V-band: coaxial connector 

E-band: WR-12 waveguide 
Electrical compliance ETSI EN 302 217-4-2 Class 2 

Three advanced concepts of high-directivity antennas for backhauling applications in V- and E-

bands have been investigated and are presented in this section.  

 The first one (Section 4.2) is a V-band fixed-beam low-cost directive antenna based on a 

focal-array fed dielectric lens structure. The focal array is designed on low-loss and low-

cost materials such as advanced FR-4 laminates in a technology compatible with flip-chip 

integration of transceiver RFIC chips enabling a highly-efficient integration in future 

products. The dielectric lens is fabricated using 3D-printing process with commercial-

grade plastic material. These technological choices are expected to propose a real 

breakthrough with currently available solutions in terms of cost versus performance 

trade-off. 
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 The second one (Section 4.3) is a V-band transmitarray antenna manufactured using 

standard multi-layer organic technology and using an active focal array for beam-steering 

functionality. The concept and design method have been validated on a fixed-beam 

prototype with excellent radiation performances as compared to the state of the art. 

Next, a beam-switching prototype has been developed and demonstrated using a focal 

array of five switched antennas and commercial MMIC switches; this prototype 

demonstrated a beam-switching capability of ±4.8° and 3-dB coverage of ±13° in one 

plane, in line with self-alignment requirements. Eventually, the phased-array antenna 

presented in Section 3.4 is planned to be used as a focal array enabling much higher 

efficiency and reconfiguration flexibility.  

 The third concept (Section 4.4) is based on a Continuous Transverse Stub (CTS) antenna 

array operating in E-band and using commercially-available switches for beam switching. 

This array is fed by a pillbox coupler and the whole structure is integrated in the form of 

a multi-layer stack of organic substrates or in a hybrid configuration combining a pure 

metallic CTS array and a pillbox coupler in PCB technology. This antenna structure 

exhibits very compact dimensions and excellent experimental results.  

In the following, these three antenna concepts are presented along with theoretical and 

experimental results demonstrating very promising and attractive performances for future wireless 

backhauling solutions. 

4.2 Fixed-beam focal-array fed dielectric lens antenna in V-band 

4.2.1 General description of the antenna system 

Backhaul application requirements imply a highly directive antenna in order to provide both high 

gain (to ensure the maximum range of operation) and pencil beam to enable frequency reuse and 

radios to be co-located in close proximity (which is ensured through compliance with RPE standard 

stated by regulation). However, those requirements are today met using bulky and costly antenna 

solutions (for example dish antennas). 

The antenna system investigated here consists of a dielectric lens antenna (ABS grade) 

illuminated by a 22 planar focal array (Figure 4-1), both structures being manufactured using low 

cost materials and cost-effective manufacturing processes. Hence, the focal array is manufactured 

using advanced FR-4 laminates and an industrial multi-layer process compatible with flip-chip 

integration of active RFICs, such as an integrated transceiver or switching/amplifying circuits, 

enabling low-loss and dense integration of future backhauling node. The dielectric lens is 

manufactured using a consumer-grade plastic (ABS-M30) compatible with 3D printing prototyping, a 

very cost-efficient manufacturing process for small/medium production series; this is in contrast with 

state-of-the-art mmW dielectric lenses manufactured using expensive low-loss materials such as 

Teflon or specific polymers through machining or molding processes. 

4.2.2 Simulation and experimental results 

The antenna array is composed of aperture-coupled patch antennas fabricated on laminates 

using the PCB stack shown in Figure 4-2 with only 3 metal layers. Panasonic Megtron 6 and Isola I-

Tera materials have been selected after a careful analysis of available materials and cost vs loss 

trade-offs. This PCB was manufactured by OPT. The antennas are fed using microstrip lines on the 

back-side (M1 layer in Figure 4-2) and a corporate feed network. A surface-mounted SMPM/G3PO 
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connector was selected as an interface for future interconnection to a transceiver. For 

characterization purpose, an identical version of the antenna was fabricated with Ground-Signal-

Ground probe pads and is shown in Figure 4-1. 

 
Figure 4-1: View of the lens-antenna structure with the PCB-module integrating the 2x2 source 

antenna. 

 
Figure 4-2: Cross-section of the PCB build-up of the 2×2 focal array. 

The dielectric lens has been designed by ST-Fr in collaboration with the University of Nice-Sophia 

Antipolis and the Instituto Universitário de Lisboa (Portugal) using the ILASH software tool (GO/PO). 

In order to lower the dielectric loss, a chopped plastic lens configuration has been selected with a 

diameter of 80mm (Figure 4-4). The lens has then been manufactured using a 3D printer and 

assembled with the PCB focal array (Figure 4-1).  

 
Figure 4-3: Description of the chopped plastic lens with main dimensions in millimetres (λ0 = 5 mm at 

60 GHz). 

First, measurements have been performed at Orange La Turbie using a compact measurement 

set-up enabling both connector-fed and probe-fed antenna characterization. A foam holder has been 
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fabricated to fix the lens antenna on the set-up, as illustrated below in Figure 4-4. The antenna gain 

has been measured in near-field for two prototypes: one with a connectorized (SMPM) source and 

another one with a probe-fed source (Figure 4-5). The gain is higher for the probe-fed source based 

prototype, which illustrates the additional losses introduced by the SMPM connector. While the gain 

of the probe-fed antenna is about 27 dBi, the connectorized prototype is only able to provide ~23 dBi 

gain because of the additional losses of the SMPM connector. 

 
Figure 4-4: View of the lens antenna holder fabricated for the compact set-up. 

 
Figure 4-5: Comparison of simulated gain and measured gain in the compact set-up for the lens 

antenna with SMPM connector and probe-fed source. 

The advantages of this compact measurement set-up are to perform fast measurements and, 

above all, to allow a probe feed, which is not possible in a standard anechoic chamber. The main 

drawback is that the measurements are performed in near-field for such a large size lens. Therefore, 

the measured gain is not the actual far-field gain and the results need to be confirmed by a direct far-



MiWaveS Deliverable D4.5 

Dissemination level: Public (PU) Page 56/78 

field measurement. With this objective, this lens antenna has been also characterized in the large 

anechoic chamber. 

Therefore, the same antenna system has been characterized in an anechoic chamber in near and 

far-field zones. A specific foam holder has also been fabricated to mount the lens antenna on the 

anechoic chamber positioner (Figure 4-6). The measurements have been performed in the 57-66 GHz 

frequency band: 

 For radiation patterns: 10 frequencies, E, H and 45° planes, co and cross polarization, 

 For gain: 22.5 MHz steps in the 57-66 GHz. 

The size of Orange anechoic chamber allows a direct far-field measurement of the lens prototype 

at a distance R≈260cm. Measurements in the near field followed by a NF-to-FF transformation have 

also been performed to find the maximum gain direction and also to provide first elements of 

comparison between both approaches (near-field and far-field radiation patterns). 

 
Figure 4-6: The lens antenna in its foam holder on the positioner. 

During the fabrication process of the lens antenna, in the area where the planar source is 

inserted, an error of a few millimetres occurred, and implied that the source is not perfectly centred 

at the focal point of the lens. Therefore, the direction of maximum radiation is not exactly in the axis 

direction (θ = 0°) but around θ = 2°. In order to find this direction and measure the maximum gain, 

we performed near field measurements at each frequency (Figure 4-7 gives an example at 61 GHz). 

The two plots above (iso-surface) in Figure 4-7 represent the measured radiated field in co-

polarization (left) and cross polarization (right) for θ varying from 0° to 15°, for any value of ϕ. The 

position of the maximum (θmax between 2° and 3°) is easily visible on these plots. We can notice that 

the H plane contains the maximum of radiation. The two plots at the bottom of the figure are the far 

field radiation patterns obtained from near-field measurements after NF-to-FF transformation, in 

three different cuts (E, H and 45° planes). This NF-to-FF transformation has been done in a small 

elevation range (30°) because the validity of this transformation in the 60 GHz frequency band is not 

guaranteed for larger angular sector (stability criteria in amplitude and phase not guaranteed during 

acquisitions). From these measurements, and in this small angular sector, the radiation patterns 

obtained by direct far field measurements or after NF-to-FF transformation are the same. 
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Figure 4-7: Near-field measurements at 61 GHz. 

The radiation patterns were measured directly in the far-field at a distance R≈260 cm. An 

example of the measured patterns is given at 61 GHz in Figure 4-8a. The solid lines are the co-

polarisation patterns, and the dotted lines are the cross-polarisation ones. The patterns have been 

measured in 3 planes (E, H and 45°) intersecting on the axis direction of the measurement set-up (θ 

=0°). Other patterns have also been measured in cut planes intersecting on the direction of the 

maximum beam (not shown here to keep this document concise). The measured gain is represented 

in Figure 4-8b, it is the gain in the maximum direction at each frequency, and it includes all losses. 

The measured maximum gain is around 23-24 dBi, which is in agreement with the other 

measurements, and which is lower than expected, mainly because of the losses due to the SMPM 

connector (≈ 4dB loss). 

 
 

(a) (b) 

Figure 4-8: Radiation pattern at 61 GHz(a) and gain vs frequency response (b) measured in the large 

anechoic chamber in far-field conditions.  

4.2.3 Conclusions 

A focal-array fed dielectric lens antenna was designed and demonstrated for V-band wireless 

backhauling applications. The focus of this development was on the selection of cost-effective 
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materials and manufacturing processes in order to overcome the complexity and cost of currently-

available commercial solutions. The performance of the proposed lens antenna is as expected, with a 

gain around 24 dBi, which is however lower than the simulated one due to excessive losses in the 

SMPM connector. For the demonstration of MiWaveS project, the gain is high enough and the lens 

antenna needs now to be integrated with the application PCB of the transceiver.  

4.3 Steerable discrete lens antenna in V-band 

4.3.1 General description of the antenna system 

Among several directive antenna configurations, transmitarray antennas stand as an attractive 

solution with a high efficiency, large bandwidth, low cost, and light weight. To date, numerous 

passive and active transmitarray antennas have been demonstrated from C band to E band with very 

good performances [35][36][37][38]. Transmitarray antennas are generally composed of a planar 

array of phase-shifting unit-cells illuminated by a focal source placed at a focal distance F from the 

array (Figure 4-9a). The unit-cells are designed to generate a suitable phase distribution in the array 

aperture to focus the beam in a specific direction. The transmitarray can be fabricated using standard 

printed-circuit-board technologies with low-loss materials, hence enabling low manufacturing costs 

and high performances. 

In this work, the design of V-band (57‒66 GHz) linearly-polarized fixed-beam and switched-beam 

transmitarray antennas is presented. The transmitarray panel is based on a very simple PCB stack 

with only three metal layers and no vertical via connection in order to reach the best trade-off 

between radiation performances and manufacturing costs. The design of these transmitarrays has 

been performed by CEA and manufactured by OPT. Switched-beam functionality is reached through 

the use of a switched focal array of patch antennas, i.e. 5 patch antennas are used as independent 

focal sources and generate 5 separate beams within ±6.1° of the broadside direction (Figure 4-9b). 

This switched focal array has been designed by VTT on organic (LCP) multi-layer technology and 

fabricated by OPT; it includes a 1-to-5 switching circuit identical to the one described in Section 3.2 

and composed of two SP3T MMIC switches (Figure 4-9c). As a perspective, a phased focal array is 

considered to provide a finer continuous beam steering capability instead of switched beams; this 

phased array is the one presented in Section 3.4 and is still under development (Figure 4-9c). 

In the following, simulated and experimental results of fixed-beam and switched-beam 

transmitarrays are presented and indicate very attractive and promising performances as compared 

to the state of the art. 

4.3.2 Simulation and experimental results 

The transmitarray is composed of phase-shifting unit-cells having a size of 2.5×2.5 mm2 

(λ0/2×λ0/2 at 60 GHz) arranged in a square lattice. The phase-shift distribution across the array is 

determined by the phase of the focal source radiation pattern and the distances between the focal 

source and each unit-cell; ideally, i.e. for optimal radiation performances, each unit-cell should be 

optimized to a specific phase-shift value lying in the range 0-360°. However, tuning each unit-cell of 

the array is hardly feasible in practice and the phase-shift can be quantized to a limited number of 

discrete values. Simulations show that a phase quantization of 45° (3 bits, 8 phase values) lead to a 

moderate gain penalty of -0.2 dB as compared to the ideal case. Due to the design constraints 

detailed hereafter (only 3 metal layers, no vertical via connection), the 8 phase values of a 3-bit 

quantization could not be achieved and only 7 values were obtained, which corresponds to 2.8 bits 
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(22.8 = 7); in the transmitarray design, the missing phase value (0°) was replaced by the closest one 

(45° or 315°). The simulations estimate the gain degradation to only 0.3 dB as compared to the 

theoretical 3-bit quantization. 

 

 

(a) (b) 

  
(c) (d) 

Figure 4-9: Principle description of a transmitarray antenna (a), schematic of a focal-array-fed 

transmitarray (b), switched focal array (c), phased focal array (d). 

The phase-shifting unit-cells are all designed on the same substrate stack based on three layers 

of Astra-MT (εr = 3, tanδ = 0.0017) material from Isola, the intermediate thin layer (76.2 µm) acts as a 

bonding layer while the two external thick layers (381 µm and 254 µm) support three metal layers 

(Copper, 17 µm) used to design the unit-cells (Figure 4-10a-c). This simple stack with only three metal 

layers and no vertical via connection was selected in order to minimize manufacturing costs and 

dispersions.  

Three different unit-cell designs, based on slot-coupled patch antennas or slot antennas, were 

developed to implement the 7 phase-shift values from 45° to 315° with 45° steps, i.e. each design can 

address several phase-shift values through minor dimension changes of the slot and patches. The 

unit-cell “a” is composed of two patch antennas on the external metal layers coupled through a 

linear slot in the ground plane. This design was found suitable to address phase-shift values of 180°, 

225° and 270°. In the second unit-cell design “b”, the shape of the coupling slot has been changed to 

an H shape in order to modify the phase response and address the phase-shift values 45°, 90°, and 

135°. Finally, a different design “c” was used for the 315° phase-shift value with an array of 7 linear 

parallel slots without any patch antenna. The length, width and spacing of the slots were optimized 

to reach the desired transmission phase with minimum insertion losses and maximum bandwidth. 

The transmission coefficients in magnitude and phase of each unit-cell under normal incidence 

were simulated with the Ansys-HFSS software using Floquet ports and periodic boundary conditions. 

An insertion loss lower than 1.5 dB is obtained for all the unit-cells across the full 57-66 GHz band. 
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The transmission phase differences between each unit-cell have been optimized at 61 GHz and are 

within 20° of their nominal values across the 57-66 GHz band. 

A fixed-beam transmitarray, using as a focal source a linearly-polarized pyramidal horn (Flann 

Microwave 25240-10) with a gain equal to 10.2 dBi at 60 GHz, has been designed. The transmitarray 

is circular with a diameter of 100 mm, which corresponds to 40 unit-cells along the diameter and a 

total number of 1264 unit-cells. The simulations are performed using an in-house simulation code 

based on an analytical model of the array and full-wave simulations of the focal source and the unit-

cells [36]. 

Figure 4-10d presents the antenna gain and the 3-dB gain-bandwidth as a function of the focal 

ratio F/D, where F is the focal distance and D is the transmitarray diameter (D = 100 mm). The 

maximum gain equals 32.2 dBi and is obtained for F/D = 0.6. The 3-dB bandwidth increases almost 

linearly from 14 % to 23 % with the focal ratio, which shows that the bandwidth is primarily limited 

by the variations of the path differences between the focal source and the unit-cells rather than the 

unit-cells bandwidth. A focal distance of F = 55 mm (F/D = 0.55) has been selected as a compromise 

between the antenna gain (32.1 dBi), the 3-dB bandwidth (19.5%, 11.7 GHz) and the antenna height. 

 
Figure 4-10: Top view and cross-section of the 3 unit-cell designs (a)(b)(c), simulated maximum gain 

and 3-dB bandwidth of the fixed-beam transmitarray as a function of the focal ratio. 

The phase distribution and photographs of the prototype are presented in Figure 4-11. The 

simulated and measured gain-frequency responses in the boresight direction are shown in Figure 

4-14a. The 57-66 GHz is covered with a gain of 30.1-32.2 dBi in simulation, which corresponds to an 

aperture efficiency of 40.7% at 61 GHz. Measurements show a good agreement with the simulations 

despite a slight frequency shift toward higher frequencies, a maximum gain of 33 dBi is reached at 64 

GHz and the 3-dB bandwidth is about 15%. Figure 4-14b shows the radiation patterns simulated and 

measured at 61 GHz in the E plane; a good agreement is obtained in terms of maximum gain, 

beamwidth (3.2°) and side-lobe levels close to the main beam. The cross-polarization level is lower 

than -30 dB in the main beam. Far from the main beam, experimental side-lobe levels are 

significantly higher than simulated because the simulation code does not allow to compute the spill-

over radiation as well as the scattering on the transmitarray edges. Still, these results demonstrate to 

be close to compliance with the ETSI class-2 radiation masks for point-to-point communications and 

a proper packaging design should enable to meet these masks. 

After the validation of the transmit-array design shown above, a 5-element focal array has been 

designed based on aperture-coupled micro-strip patch antennas fabricated on LCP (Liquid Crystal 

Polymer) material and GaAs MMIC switches (Figure 4-13). Classically, the antennas are fed through 

micro-strip lines on the back side of the array in order to minimize the impact of their parasitic 
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radiation on the antenna radiation patterns and to select independently the optimal substrates for 

the lines and the patch antennas. The switching network has been described in Section 3.2. It is 

based on two SP3T switches (Triquint TGS4305-FC) flip-chipped on the micro-strip lines. A 1.85-mm 

coaxial edge connector is mounted to the input micro-strip line to feed the array. 

 
Figure 4-11: Phase distribution of the transmitarray (a), photograph of the transmitarray panel (b) 

and photograph of the transmitarray antenna showing the transmitarray panel and the horn focal 

source (c). 

  
(a) (b) 

Figure 4-12: Simulated and measured gain-frequency response of the fixed-beam transmitarray (a), 

simulated and measure radiation patterns in the E plane (b) at 61 GHz. 

The maximum gain of each patch antenna is 5.7 dBi at 60 GHz and the 3-dB bandwidth is 5 GHz 

(58‒63 GHz). In this prototype, the focal source gain is degraded by the micro-strip-line losses, switch 

insertion losses, connector losses and an extra short coaxial cable needed in the characterization. 

The overall losses are estimated to be about 6-9 dB. However, these losses do not impede the 

relevance of this antenna solution since a practical system could include shorter transmission lines 

and dedicated integrated circuits including switches and amplifiers, thereby enabling a much higher 

gain performance.  

The simulated gain-frequency responses of the transmit-array for each antenna of the focal array 

are similar despite gain differences due to the different insertion losses of each path of the switching 

network (different line lengths and number of switches) (Figure 4-14a). Thanks to the symmetry of 

the switching circuit, the responses of the beams 1 and 5, as well as 2, 3 and 4, are close to each 

other. The maximum gain is 23.5 dBi for beams 1 and 5, and about 20.9 dBi for beams 2, 3 and 4. The 

3-dB bandwidth is about 6 GHz for each beam. 

The gain radiation patterns are shown in Figure 4-14b. The beam-switching capability is better 

visible in normalized radiation patterns in Figure 4-14c, d. The inter-element spacing of the five patch 

antennas of the focal array is 2.6 mm and leads to five beams pointing at 0°, ±2.3°, and ±4.8°. The 
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half-power beamwidth of each beam is 3-3.6° and the beam crossing level is at -1.7 dB. The full -3 dB 

angular sector covered by the five beams is 13.6°. 

 
Figure 4-13: Photographs of the switched-beam transmit-array prototype; top view (a) and bottom 

view (b) of the switched focal array; Photograph of the prototype (c). 

  

(a) (b) 

  
(c) (d) 

Figure 4-14: Experimental gain-frequency response of the switched-beam transmit-array (a), 

measured gain radiation patterns (b), measured normalized radiation patterns (c) and zoom on the 

main beam of the normalized radiation patterns (d) (H plane, 61 GHz). 

4.3.3 Conclusions and future work 

A fixed-beam and switched-beam transmit-array antennas have been designed using a very 

simple PCB stack with only three metal layers and no vertical via connection in order to demonstrate 

a cost-effective high-gain and beam-switching antenna solution for V-band backhaul applications. 

The transmit-array uses different unit-cell designs in order to implement seven phase-shifting values 

corresponding to nearly 3-bits of phase quantization and a near-maximum gain. 
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The fixed-beam design demonstrated experimentally a maximum gain of 33 dBi, an aperture 

efficiency of 40%, and a 3-dB bandwidth of 15%, covering easily the 57‒66 GHz standard band. The 

switched-beam design uses a focal array composed of five patch antennas and MMIC switches. It 

demonstrated a beam-switching capability of ±4.8° in one plane with a beam crossing level of -1.7 

dB. Such beam-switching range is compatible with auto-alignment needs in backhaul fixed point-to-

point applications. The maximum gain is 23.5 dBi only due to the micro-strip line and switching 

network insertion losses, but this prototype nonetheless demonstrates the capability of the concept 

and can be improved with a dedicated active focal array design integrating amplifiers close to the 

radiating elements. 

4.4 Steerable continuous transverse stub (CTS) antenna in E-band 

4.4.1 Introduction 

The objective of this study is to design, fabricate and characterize a flat, broadband, directive and 

linearly polarized antenna system with beam-switching capabilities in one plane and a fixed beam in 

the orthogonal plane. 

To this end, UR1 has performed a detailed review of the state-of-the-art. Given the above-

mentioned constraints, volumetric (3D) quasi-optical solutions based on standard concepts like 

dielectric lenses and reflector antennas are not considered here. Discrete lenses (transmitarrays) are 

not discussed here since they are also investigated in the work presented in Section 4.3. 

In this context, the antenna technologies potentially suitable are the following: slotted cavity 

arrays, center-fed slotted rectangular waveguide (WG) arrays, slotted parallel plate waveguide (PPW) 

arrays, printed (patch) antenna arrays, and CTS antenna arrays. Typical achievable performances are 

summarized in Table 4-2. Each antenna technology is then briefly described.  

Slotted cavity arrays 

Hollow-waveguide slot array antennas are very attractive at millimeter waves thanks to their low 

profile and because they exhibit a high antenna efficiency (> 60 %) even for directive beams 

(directivity > 30 dBi). These antenna systems consist of an array of hollow slotted cavities which is 

fabricated using the diffusion bonding technique [25]. Unfortunately, these antenna architectures 

are often narrow band in terms of reflection coefficient, especially due to the long line effect 

resulting from the series feed structure, and all antenna systems available in the open literature have 

a fixed beam. For these reasons, this technology is not selected here. 

Center-fed slotted rectangular WG arrays 

One of the most popular high gain flat antenna systems at millimeter waves is based on slotted 

WG array [27]. Such antennas exhibit excellent performance in terms of gain and efficiency, and 

many solutions have been fabricated using the Substrate Integrated Waveguide (SIW) technology 

[30] or the diffusion bonding technique [26][27]. The main drawback of this kind of structures is the 

‘long line effect’ [31], which makes the antenna narrow band. This effect can be lowered using 

corporate feed networks and center-fed waveguides, at the expense of increased complexity of the 

antenna stack-up (increased number of layers). When combined with analoguebeamformers like 

Butler matrices or Rotman lenses [32], multiple beam antenna systems can be obtained. To get 

broadband performance, the slotted WG arrays operate in traveling mode, thus leading to dispersive 

antenna solutions with frequency tilt of the antenna beam. Typical fabrication accuracy and 

alignment constraints in E-band should be better than 15 µm. For all these reasons, despite their 
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excellent performance, this solution is not selected here. Priority will be given to more innovative 

antenna structures. 

Table 4-2: Potentially suitable antenna technologies. In this table, λ₀ denotes the wavelength in free 

space at the operating frequency. 

Antenna type 
Slotted cavity array 

[25] 
Center-fed slotted 

rectangular WG array 

Slotted 
PPW 
array 

Patch 
antenna 

array 

CTS 
antenna 

array 

Paper 

Slot array using cavities 
[25] 

Double 
layer 

slotted 
WG array 

[26]  

Double 
layer 

slotted 
WG array 

[27] 

Center fed 
PPW array 

[28] 

SIW fed 
patch 
array 
[29] 

CTS in Ka-
band [16] 64×64 

elements 
32×32 

elements 

Frequency 120 GHz 120 GHz 38.7 GHz 83.5 GHz 61.2 GHz 94 GHz 29 GHz 

Antenna size (53λ₀) ² (26.9λ₀) ² (16λ₀) ² 168λ₀² 283λ₀² 20λ₀² 442λ₀² 

Antenna height 0.96 λ₀ 0.96 λ₀ 1.11λ₀ 2.5λ₀ 0.24λ₀ 0.23λ₀ 4.3.λ₀ 

Max. gain 43 dBi 39 dBi 33.9 dBi 32.4 dBi 32 dBi 30 dBi 29.5 dBi 

-1dB gain 
bandwidth 

4% 11% >5% >9% 2.1% >7% >13% 

-3dB gain 
bandwidth 

12% >14% N/A N/A 3.8% N/A N/A 

Max. efficiency 80% 80% 73.2% 83% 39.3% 24% >80% 

-10 dB bandwidth 
(S11) 

2% 5% 3% >10% 5% 8% >13% 

Beam switching / 
tilting 

No No No No No ±26° 

Fabrication 
technique 

Diffusion bonding 
Diffusion 
bonding 

Diffusion 
bonding 

SIW PCB 
CNC 

milling 

Slotted PPW arrays  

Parallel plate waveguide (PPW) slot array antennas are very attractive candidates for high 

efficiency, mass-market flat antenna arrays for millimeter-wave applications thanks to their low loss 

and ease of fabrication in SIW technology. As for traveling slotted WG arrays, PPW slot arrays are 

dispersive and single beam antenna systems so they won’t be considered in this work. 

Patch antenna arrays 

Another very common way to reach high gains with a low profile is the patch array antenna. This 

well-known technology is easy to implement in PCB technology, but the antenna becomes 

dramatically lossy when the array goes bigger and phase shifters are required to tilt the beam, which 

adds more loss and leads to poor antenna efficiency values. In [29], a compact substrate integrated 

parallel feeding technology is employed to feed a 32×32-patch array antenna for W-band 

applications to reduce considerably the feeding line losses. The antenna is very thin, and a 30dBi gain 

is achieved over a wide frequency band but with an efficiency of 24% only. Beam switching or beam 

scanning capabilities could be achieved using analogueor digital beam forming techniques. As the 

radiation efficiency of such antennas is among the lowest, we have chosen not to select this antenna 

technology for MiWaveS.  

CTS antenna arrays 
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Arrays of Continuous Transverse Stubs (CTS) can be considered a good candidate for advanced 

antenna structures based on their attractive performance and fabrication stability. The basic 

principles are illustrated in Figure 3-18. CTS arrays consist of broad continuous transverse stubs, 

finite in height, extending from the upper plate of a PPW feeding system and radiating in free space. 

The radiating stubs can be fed in parallel or in series by the PPW structure. In particular, when the 

stubs are fed in parallel, the CTS array presents a very wide bandwidth and a wide scanning behavior 

unparalleled by other antenna solutions. CTS arrays operate in linear polarization based on their 

radiation mechanism. It is worth mentioning that CTS arrays may resemble to connected arrays of 

slots. However, connected arrays of slots need several feeds in a double mesh grid with a periodicity 

lower than half wavelength at the upper frequency of operation of the antenna. In addition, a 

backing ground reflector is needed for unidirectional radiation and increased efficiency. 

These antenna structures look very promising in terms of bandwidth, antenna efficiency and 

beam scanning capabilities (in one plane). Despite the complexity of the antenna stack-up, CTS 

antennas are very attractive and innovative candidates to be assessed in detail in WP4. Moreover, 

even if the current fabrication requirements reach the limits of PCB manufacturing (or even goes 

beyond) and the antenna architecture still cannot be applied to low-cost mass-production using 

computer-numerically-controlled (CNC) milling, we also believe that current technology progress (in 

particular additive fabrication technique) will allow fabricating millimeter-wave CTS antennas at a 

moderate cost.  

The proposed antenna architecture is described here after. 

4.4.2 General description of the antenna system 

We describe here the antenna architecture studied by UR1. The latter is represented in Figure 

4-15. 

 
Figure 4-15: Proposed antenna architecture. 

 Radiating part: It consists of an array of broad continuous transverse radiating stubs, finite in 

height, extending from the upper conductive plate of an open parallel-plate transmission-line 

structure, and internally excited by a linear source through a corporate PPW beam forming 

Network (BFN). The radiation mechanism is based on the interruption (by the transverse stubs) 
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of the longitudinal current within the parallel-plate structure. Each radiating stub corresponds to 

an equivalent magnetic current radiating in free space. The resulting radiation is linearly-

polarized. Compared to classical phased arrays based on a lattice of “N×N” radiators, the CTS 

technology needs only “N” uniform radiators. In particular, the close proximity and parallel 

orientation of the radiating stubs result in a strong and beneficial mutual coupling, as in classical 

connected array solutions. The high mutual coupling results in low-”Q” (non-resonant) radiating 

basic elements, which exhibits wideband active impedances, wide-angle scanning capability, and 

polarization purity. The parallel plate environment also results in low losses, wide operating 

bandwidth, and low-dispersion (no cut-off). The radiating part contains 32 radiating slots and 

scans in H plane over a scan sector of ±7°. 

 Quasi-optical beam forming network: An analogueBFN typically contains M input ports and N 

output ports (N may be equal to 1), Figure 4-16. Each input port generates a different amplitude 

and phase distribution at the output, corresponding to a beam in the far field. Several BFN 

topologies exist; they can be divided into two main categories: the quasi-optical ones and the 

circuit-based ones. Quasi-optical systems are preferred since they lead to lower insertion loss at 

millimeter wave provided the loss tangent of the dielectric materials in which the wave 

propagates is low enough.  

 
Figure 4-16: General view of an analogueBFN. 

During the reporting period, UR1 has analyzed and compared two architectures of quasi-optical 

BFN, namely the Rotman lens [33] and the pillbox coupler [16],[17]. Even though they offer 

similar results, the pillbox system is preferred since its efficiency is a little higher for a narrow 

scanning range.  

A pillbox coupler is made by two stacked PPW lines coupled by a long slot contouring a 2D 

parabolic reflector in the common metal plate between the two PPW lines. The pillbox system 

converts the cylindrical TEM mode launched by a primary feed (e.g. a H-plane sectoral horn) in 

the lower PPW line into a plane one traveling in the upper PPW line and afterwards in the 

corporate-feed network [17][34]. 

 Beam switching network: The proposed antenna has one single RF input. The incident wave is 

distributed between the primary feeds of the focal array. Switching between these feeds allows 

scanning the radiated beam and point the antenna in the desired direction. 

4.4.3 Antenna specifications 

The initial specifications defined for MiWaveS demonstrations specify that the antenna 

bandwidth should cover the lowest part of E-band (71-76GHz). Since the chosen radiating part and 

BFN are broad-band, one of the objectives of UR1 is to provide an antenna architecture able to cover 
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the entire E-band (71-86GHz) in terms of reflection coefficient and radiation pattern. The target 

fractional bandwidth is then 19% and the antenna central frequency is 78.5 GHz. Table 4-3 presents 

the antenna specifications for the final steerable antenna. 

Table 4-3: Tentative specifications for the steerable antenna. 

Gain 
>21dBi, tentative value over 24dBi depending on the 
technological issues 

Bandwidth 
 Center frequency: 78.5GHz 

 Bandwidth: 71-86GHz 

Beam steering ability 

 Beam switching 

 1 plane (horizontal) beamforming 

 4 switched beams with -3dB gain overlap level 

 Scan loss <1.5dB 

Beam-switching speed < 15ns 

Scan sector +/- 7° 

Half-power beam width 3.2° to 3.9° 

Polarization Linear 

Analogue interface 
towards transceiver 

 WR12 waveguide 

 Connected to transceiver provided by SIV 

Control interface 
 -5V / 0mA 

 1.35V / 10mA 

Design/technology 
 Continuous transverse stub (CTS) 

 PCB-air technology 

Loss 
In the range of 10dB (most of the loss will be due to the 
beam switching network) 

The following definitions are adopted in Table 4-3: 

 The bandwidth is defined as the frequency band for which the input reflection coefficient 

S11 is lower than -10dB. 

 The gain is defined as the ratio of the radiation intensity, in a given direction, to the 

radiation intensity that would be obtained if the power accepted by the antenna were 

radiated isotropically. 

 The gain value provided in Table 4-3 corresponds to the maximum gain.  

 The beam overlap level is defined as the difference between the maximum gain of a 

given beam and the gain level at the intersection between two adjacent beams in a beam 

switched system. 

 The scan sector corresponds to the angular interval over which the major lobe of an 

antenna is scanned. 

To reach these goals and validate the selected concepts, several passive prototypes (i.e. without 

any beam switching network) have been also studied. The corresponding design objectives are 

provided in Table 4-4. The same definitions hold for Table 4-3 and Table 4-4. 

4.4.4 Fixed beam antenna: design and simulation results 

A perspective view and a cross-sectional view of the proposed antenna system are represented 

in Figure 4-17. The structure consists of four main blocks: a 32-slot parallel-fed CTS array in hollow 

PPW technology, a PCB-to-air transition, a pillbox coupler in PCB technology and a WR12 feeding 
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system. The radiating slots and the PPW corporate feed network are built in aluminum using 

standard drilling technologies (using PCB technology would lead to a very complex dielectric stack-

up). This choice also allows minimizing the dielectric losses as the wave propagates in air. The pillbox 

beamformer is fabricated on a two-layer dielectric stack-up. The feeding system, comprising a WR12-

to-microstrip transition, a microstrip-to-SIW transition and a SIW horn, is included in the same PCB 

board. 

Table 4-4: Tentative specifications for the passive antenna. 

Gain (targeted) >29dBi 

Bandwidth 
 Center frequency: 78.5GHz 

 Bandwidth: 71-86GHz 

Beam steering ability Fixed beam pointing at 0° or 9.2° (several PCB boards) 

Half-power beam width 3.2 to 3.9° 

Polarization Linear 

Analogue interface towards 
transceiver 

 WR12 waveguide 

 Connected to transceiver provided by SIV 

Design/technology 
 Continuous transverse stub (CTS) 

 PCB/hybrid 

Loss <3dB 

The slot periodicity is set to 1.9mm (half a wavelength in free space) in order to maximize the 

aperture efficiency while avoiding grating lobes. The radiating part contains 32 slots (length: 80mm) 

and leads to roughly the same -3dB beamwidth in E- and H-planes. Three serial sections are used at 

the last stage of the PPW to match the active impedance of the radiating slot to the impedance of 

the feeding PPW (width: 0.76mm). Each stage of the corporate network is composed of one T-

junction and two right angle bends. In the three lower stages of the PPW beamformer the power-

dividers contain three matching sections to insure a very good matching, while the T-junctions in the 

two upper stages have simpler geometries due to the selected value of the slot periodicity. For more 

details about the assembly of such a structure, the reader can refer to Ref. [16]. 

A specific PCB-to-air transition with RF chokes has been designed first to reduce the dielectric 

contrast between the pillbox beamformer (𝜀𝑟 = 3.08) and the air-filled PPW sections of the CTS 

array (𝜀𝑟 = 1), and second to reduce the impact of possible air gaps between the PCB and the CTS 

metallic block. More details will be given during the conference. 

The pillbox transition, depicted in Figure 4-18, follows the design rules presented in [17]. The 2-D 

parabolic reflector diameter and focal length equal 80mm. The vias periodicity is 0.5mm and their 

diameter is 0.35mm.  

The WR12-to-microstrip transition is composed of a patch probe radiating into the waveguide, 

and the microstrip-to-SIW transition consists of a line enlargement and a quarter-wavelength 

section. These are very common transitions that turned out to provide better results that a single 

WR12-to-SIW transition. The H-plane sectoral horn launches a cylindrical wave to illuminate the 

parabola. Two different feed positions are considered in this work: at the focal point (feed #0) and 

shifted by 7.5mm in the focal plane (feed #1). Each feed position corresponds to a different pointing 

direction of the radiated beam. 
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(a) Perspective view 

 

(b) Cross-section view 

Figure 4-17: Proposed antenna system. 

 
Figure 4-18: Bottom view of the proposed antenna. 

The substrate used is 0.508mm thick Isola Astra together with a 0.05mm Astra bond-ply (both of 

them have 𝜀𝑟 = 3.08 at central frequency) and can be realized using traditional PCB fabrication 

techniques, including drilling and plated-through holes, and mechanical milling using a 30° angled 

cutting tool. 
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The overall structure was simulated using Ansys HFSSTM 2015. Figure 4-19 shows the H-plane 

radiation pattern computed for the two feed positions; the corresponding beam points at 0° (feed 

#0) and 9.2° (feed #1). The sidelobe level is lower -22dB in both cases. Figure 4-20 represents the 

directivity and gain as a function of frequency. The gain is higher than 31dBi and stays stable over the 

whole E-band. The maximum insertion loss is -2.8dB at 83GHz. The antenna reflection coefficient is 

presented on Figure 4-21, it remains below -19dB over the band 71-86GHz. 

 
Figure 4-19: Normalized radiation pattern computed in H-plane for feed #0 and feed #1 at 78.5 GHz. 

  

Figure 4-20: Directivity and gain curves computed 

in the 71-86GHz band. 

Figure 4-21: Input reflection coefficient of the 

fixed-beam antenna. 

4.4.5 Steerable antenna: design and simulation results 

The aim of the steerable prototype is to switch electronically between several beams in order to 

cover the +/-7° range. A four-beam steerable antenna is described here. The beamforming network 

uses a SP4T (single-pole four-throw) switch provided by TriQuint (reference: TGS4306-FC), which is 

the only commercially available flip-chip SP4T working in E-band. The component is supposed to be 

fed using GCPW lines. The same fabrication technologies, assembly and PCB stack-up as for the fixed 

beam antenna are used. 

The steerable antenna system is composed of 6 main blocks: 

 The radiating slots and CTS beam former. It is identical to the one of the passive antenna, 

 The pillbox-to-CTS transition. It is also identical to the one of the passive antenna, 

 The pillbox coupler, which is similar to the one of the passive antenna, 
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 The focal array and the beam intertwining circuit. They are designed to illuminate the 

parabola using a “two feeds per beam” configuration, and thus reduce the beam overlap 

level. It is presented with more details below, 

 The active component and the associated transitions are presented below, 

 The feeding system, which comprises a bunch of well-known transitions. 

Beam intertwining circuit 

The beam overlap level controls the minimum gain an active antenna can provide over a specific 

angular range. The number of feeds used for each beam has a very strong impact on the beam 

overlap level. Indeed, the “2 feeds per beam” configuration, in which the focal radiating aperture is 

twice the spacing between two adjacent feeds, provides much better results than the standard “one 

feed per beam” configuration. This “2 feeds per beam” behaviour can be achieved using active 

components (see Figure 4-22), however this solution is complicated, very lossy and requires a 

complex control system. 

 
Figure 4-22: Four-beam switching network with a “two feeds per beam” configuration. 

We propose here a passive, coupler-based solution. This circuit comprises 4 inputs and 5 outputs; 

the energy coming from an input is equally split into the two corresponding outputs. Thus, two focal 

SIW horns are excited simultaneously in phase to illuminate the pillbox. 

This beam intertwining circuit covers the totality of the E-band. The insertion loss is around -

2.5dB, the reflection coefficients are below -13dB and the maximum coupling between feeds is lower 

than -22dB. 

Active component and transitions 

The entire antenna system is fed by a WR12 waveguide. Therefore, a waveguide-to-GCPW 

transition is necessary. To reduce the radiation loss, GCPW-to-SIW transitions are used directly at the 

output of the switch. These are very common transitions which are easy to implement in PCB 

technology and exhibit very good results over a broad band. 

The SP4T device comprises 1 RF input, 4 RF outputs and 4 DC control lines. It has 5 states as 

explained in Table 4-5, although state 5 has no interest for our application. 
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Table 4-5: Possible states of the SP4T switch. 

 

The dimensions of the SP4T and the considered PCB stack-up led us to select the following 

dimensions for the GCPW lines connecting the SP4T to the PCB board: line width = 0.21mm, gap 

width = 0.08mm. This corresponds to a characteristic impedance of 78Ω. Impedance matching 

consists in connecting a line with the desired characteristic impedance to the SP4T through a short 

78-Ω section. 

The structure has been optimized numerically, and the simulations were performed using co-

design between Ansys Designer and HFSS. Over the 71-86 GHz range, the insertion loss is better than 

-3.2dB and the input reflection coefficient remains below -8dB. 

The results of the overall antenna are similar to those obtained with the fixed-beam antenna in 

terms of directivity, half power beam width (HPBW) and side lobe level (SLL). The gain is 9-11dB 

lower than the directivity and is stable over frequency and among the different beams. The input 

reflection coefficient is lower than -7.8dB over the 71-86GHz band and is better than -9dB over the 

71-76GHz band. 

4.4.6 Conclusions and future work 

Two systems have been designed and optimized. In all cases, the same radiating part (CTS array) 

is fed by an air-filled PPW corporate feed network, whereas the beamformer is designed on a dual-

layer dielectric stack-up. These two systems mainly differ by their beam forming network, purely 

passive in the first design (fixed beam antenna) and with SP4T switches in the final one (steerable 

antenna). 

A set of specific transitions has been also designed to connect the WR12 output of the 

transceiver to the antenna, and to improve the robustness of the mechanical assembly (between the 

WR12 waveguide and the PCB board, and between the PCB board and the radiating part).  

The main numerical results for the passive design are the following: a directivity higher than 32.5 

dBi has been obtained with an input reflection coefficient lower than -17dB between 71 and 86 GHz. 

The SLL is around -13dB in E-plane and remains lower than -20dB in H-plane when the antenna 

points at broadside. The difference between the antenna directivity and its gain is 2dB. 

The beam switching network added to the final design includes a commercially-available SP4T 

switch and an original beam intertwining circuit with a two feeds par beam configuration. This allows 

switching between four separate beams and having a fine overlap level between them. The total 

antenna losses are between 9 and 11dB. 
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4.5 Conclusion 

MmW wireless backhauling is a critical technology to enable the massive traffic capacity 

envisioned in future dense heterogeneous networks but current commercial solutions for fixed 

point-to-point communications suffer from bulk size, high cost and lack beam reconfiguration 

capability to ease the installation task or mitigate small displacements (beam auto-alignment). Three 

advanced high-directivity antenna concepts, with fixed or switchable beam, have been investigated 

in V band and E band. General specifications were derived from system analysis performed in WP1 to 

serve as guidelines of this research work. Each antenna concept has been demonstrated with 

theoretical and experimental results, and exhibits very competitive performances in the state of the 

art.  

A V-band fixed-beam focal-array fed dielectric lens antenna was presented first. This work 

focused on the investigation of cost-effective materials and manufacturing processes in order to 

overcome the complexity and cost of currently-available commercial solutions. Mainly, the focal 

array was fabricated using low-loss and cost-effective laminates and the dielectric lens was 

manufactured using 3D printing process and a consumer-grade plastic material. The performance of 

the proposed lens antenna is in line with simulations with a gain around 24 dBi, mainly penalized by 

connector and feed-line losses which are needed for the sake of characterization and demonstration 

but are not a limiting factor of the antenna concept in a future application. This antenna is planned 

to be integrated with a V-band transceiver and included in the final demonstrations planned at the 

end of the MiWaveS project. 

Next, a fixed-beam and a switched-beam transmitarray antennas have been demonstrated in V 

band using a very simple PCB stack with only three metal layers and no vertical via connection. The 

fixed-beam design demonstrated experimentally a maximum gain of 33 dBi, an aperture efficiency of 

40%, and a 3-dB bandwidth of 15%, covering easily the 57‒66 GHz standard band. The switched-

beam design uses a focal array composed of five patch antennas and MMIC switches. It 

demonstrated a beam-switching capability of ±4.8°, in line with auto-alignment requirements in 

backhauling fixed point-to-point applications. The maximum gain is 23.5 dBi only due to the 

microstrip lines and switching network insertion losses, but this prototype nonetheless demonstrates 

the capability of the concept and can be improved with a dedicated active focal array design 

integrating amplifiers close to the radiating elements. 

Several fixed beams CTS antennas with 32 radiating slots and with different focal length, edge 

tapering, beam pointing direction and PCB substrates have been designed, fabricated and 

characterized. Each antenna consists of four main blocks: a parallel-fed CTS array in hollow parallel 

plate waveguide (PPW) technology, a pillbox coupler in PCB technology, a PCB-to-air transition and a 

WR12 feeding system. The simulation and measurement results are in excellent agreement.  

Moreover, a 4-beam steerable CTS antenna has been designed. The beam switching network 

includes a commercially-available SP4T switch and an original beam intertwining circuit with a two 

feeds par beam configuration. Four beam switching networks have been designed, covering either 

the full E-band or its lower part (71-76GHz). The total antenna losses, when taking into account each 

building block, are expected to be between 9 and 11dB. 
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5. General conclusion 

Two main antenna designs have been studied in V band for the UT. The first one is based on an 

organic multi-layer technology and a full transceiver module, integrating a CMOS transceiver RFIC. 

The size of the module is 10×10 mm2 and it includes two identical Rx and Tx antennas. The antenna 

element is based on an aperture-coupled patch antenna associated with a cavity to improve the 

radiation performances. The simulated performances show a good impedance matching and a high 

gain above 5 dBi over the 57-66 GHz band. A demonstration board featuring this transceiver module 

has been manufactured and will enable actual data transmissions and system demonstrations in the 

frame of WP6 of the project. The second antenna design (air-cavity-backed aperture-coupled patch 

antenna) approach is based on LTCC substrates. Here again, the simulation and measurement results 

fulfil the specifications of an UT antenna with a broadband impedance matching and a high radiation 

gain (10 dBi).  

Three complementary antenna solutions have been investigated for 60-GHz AP. VTT has 

developed a flat antenna array with a passive RL beam-former on a LCP platform. The beam-steering 

has been realized in the azimuth plane and the steering range is +/-30 degrees. UR1 has developed a 

CTS antenna array. A small test array consisting of 4 radiating slots has been designed and 

manufactured on a multi-layer LTCC platform. Different versions of the prototype antenna have been 

characterized. CEA develops a phased antenna array for 60 GHz AP which is based on the same 

antenna design and technology as the UT. The antenna array includes 24 aperture coupled patch 

elements. 3-bit phase-shifter MMICs including LNAs and PAs will be assembled on the LCP interposer 

module together with the transceiver front-end in order to demonstrate a beam-steering capability 

both in the azimuth and elevation planes. 

Several antenna architectures have been developed both in V-band and in E-band for mmW 

wireless backhauling. A V-band fixed-beam focal-array fed dielectric lens antenna was presented 

first. The performance of the proposed lens antenna is in line with simulations with a gain around 24 

dBi, mainly penalized by connector and feed-line losses which are needed for the sake of 

characterization and demonstration but are not a limiting factor of the antenna concept in a future 

application. This antenna is planned to be integrated with a V-band transceiver and included in the 

final demonstrations planned at the end of the MiWaveS project. Next, a fixed-beam and a switched-

beam transmitarray antennas have been demonstrated in V band using a very simple PCB stack with 

only three metal layers and no vertical via connection. The fixed-beam design demonstrated 

experimentally a maximum gain of 33 dBi, an aperture efficiency of 40%, and a 3-dB bandwidth of 

15%, covering easily the 57‒66 GHz standard band. The switched-beam design uses a focal array 

composed of five patch antennas and MMIC switches. It demonstrated a beam-switching capability 

of ±4.8°, in line with auto-alignment requirements in fixed point-to-point backhauling applications. 

The maximum gain is 23.5 dBi only due to the microstrip lines and switching network insertion losses. 

Finally, several fixed beams CTS antennas with 32 radiating slots and with different focal length, edge 

tapering, beam pointing direction and PCB substrates have been designed, fabricated and 

characterized. The simulation and measurement results are in excellent agreement. Moreover, a 4-

beam steerable CTS antenna has been designed. The beam-switching network includes a 

commercially-available SP4T switch and an original beam intertwining circuit with a two feeds per 

beam configuration. Four beam-switching networks have been designed, covering either the full E-
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band or its lower part (71-76GHz). The total antenna losses, when taking into account each building 

block, are expected to be between 9 and 11dB. 
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