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This paper presents the modeling, design and demonstration of two circularly-polarized Transmit-Arrays (TA) operating in the 60-GHz band and generating a broadside beam and a 30°-tilted beam respectively. These arrays have a fairly simple structure with only three metal layers and are fabricated with a standard printed-circuit board technology. The simulated results show the performances of the unit-cells as well as the whole arrays, and detail their power budget. The experimental results in V-band are in very good agreement with the simulations and demonstrate very satisfactory characteristics. Power efficiencies up to 53.7% are reached with a 1-dB gainbandwidth up to 9.1%, and low cross-polarization level.

I. INTRODUCTION

Technology advances in low-cost millimeter-wave integrated circuits have triggered a lot of application perspectives for wireless communication systems in V-and E-bands [START_REF] Niknejad | Siliconization of 60 GHz[END_REF]- [START_REF] Smulders | Exploiting the 60 GHz band for local wireless multimedia access: Prospects and future directions[END_REF]. In particular, wide license-free frequency bands are available worldwide in the 57-66 GHz range, and several standardization groups are working on regulatory rules for wireless high-definition video transmission [4], [START_REF]High Rate 60 GHz PHY, MAC and HDMI PAL[END_REF], wireless personal and local area networks [START_REF]Millimeter Wave Alternative PHY[END_REF]-[8], and radio-over-fiber networking solutions [START_REF] Chen | WiGEE: A hybrid optical/wireless Gigabit WLAN[END_REF]. The main common requirements for these applications are the following: low-cost, high efficiency antenna solutions, and ease of integration in user terminals or base stations (cell phone, laptop, set-top box, etc.).

Discrete lenses (also called transmit-arrays) [START_REF] Pozar | Flat lens antenna concept using aperture coupled microstrip patches[END_REF] are high-directivity planar multilayer antennas currently investigated for many applications in the microwave and millimeter-wave bands, such as point-to-point communications, satellite communications, or civil and military radars. Compared to other antenna solutions (horn antennas, dielectric lenses, reflectors, and reflect-arrays), promising characteristics have been already demonstrated at frequencies below X-band in terms of efficiency, polarization purity, light weight and low cost. Recently, several research groups have also studied these structures in Ku-and Ka-bands for various wireless applications (e.g. [START_REF] Pozar | Flat lens antenna concept using aperture coupled microstrip patches[END_REF]- [START_REF] Ryan | A wideband transmit array using dual-resonant double square rings[END_REF]). We believe that several important applications lie in the V-band (57-66 GHz) such as wireless highdefinition video transmission, personal or local area networks, radio-over-fiber networking solutions, or in the E-band (70-80 GHz) for metropolitan area networks [START_REF] Xiao | Millimeter Wave Technology in Wireless PAN[END_REF] [16]. To our best knowledge, the work presented here is the first one investigating the radiation performance of circularly-polarized (CP) transmit-arrays operating in Vband [START_REF] Kaouach | Circularly-polarized discrete lens antennas in the 60-GHz band[END_REF]. The corresponding unit-cell relies on similar concepts as those recently introduced in X-band to generate either linear or circular polarization with a very simple fabrication process and low insertion loss [START_REF] Kaouach | Design and demonstration of 1-bit and 2-bit transmitarrays at X-band frequencies[END_REF] 

II. ANTENNA DESIGN AND NUMERICAL RESULTS

A. Description of the unit-cell

The proposed unit-cell is represented in Fig. 3. Its size is 2.5×2.5 mm 2 (λ 0 /2×λ 0 /2 at 60 GHz), and it consists of two identical square patch antennas (1.55×1.55 mm 2 ) connected by a vertical via. The bottom patches (focal source side) have the same orientation for every cells, while the top patches (free space side) are rotated by an angle α (α = 0°, 90°, 180°, and 270°) for the four different unit-cells, generating a circularly-polarized (CP) wave through sequential rotation (Fig. 3b).

The geometry and performances of these unit-cells were described in detail in [START_REF] Kaouach | Circularly-polarized discrete lens antennas in the 60-GHz band[END_REF]. They were designed using the Ansys-HFSS electromagnetic simulation software using Floquet ports and periodic boundary conditions. Their simulated S-parameters under normal incidence show a reflection coefficient lower than -10 dB at 59.5-61.9 GHz, an insertion loss of 0.35 dB at 60.4 GHz, and a 1-dB transmission bandwidth of 3.9 GHz (6.5%). Their theoretical radiation patterns at 60 GHz show a maximum gain of 4.85 dBi and a 3-dB beamwidth of 88° and 131° in E-and Hplanes, respectively.

Figure 4 shows the variation of the S-parameters of the 0° unit-cell for several incidence angles from 0° to 45° in the E-plane. The resonant frequency of the patches is slightly decreasing for increasing incidence angles. For a 45° incidence, the central frequency is shifted to 59.3 GHz, the insertion loss is slightly increased to 0.44 dB, and the 1-dB bandwidth is reduced to 2.45 GHz (4.1%). Above 67 GHz, a higher-order resonance mode appears for a 45° incidence, but this mode does not have any visible effect on the full transmit-array. In H-plane, a similar but weaker effect is observed with a frequency shifted to 59.6 GHz for 45° incidence. Similar results are obtained for the three other unit-cells as well. As explained in the next section, the F/D ratio of transmit-arrays designed here equals 0.5, which means that the highest incidence angle reached for the unit-cells located at the center of the array edges will be 45°.

Figure 4 confirms that good performances are preserved. Although their contribution are of minor importance, the unit-cells located in the four corners of the array will see a highest incidence angle of 54.7° in their diagonal plane, but simulations have shown that the Sparameters deviations were negligible as well.

B. Lumped-element electrical model

The equivalent lumped-element electrical model of the unit cell consists of two resonators connected by an LC circuit (Fig. 5). Each resonator represents the TM 10 resonant mode of the patches [START_REF] Garg | Microstrip Antenna Design Handbook[END_REF] and the LC T-network models the via hole connection. Both patches are coupled to the input/output ports (377 Ω wave impedance) through ideal transformers. All components of this model are calculated using analytical expressions taking into account the physical parameters of the structure. The equivalent lumpedelement electrical model of the rectangular patches fed by metalized via has been developed using the cavity model [START_REF] Garg | Microstrip Antenna Design Handbook[END_REF]. It can be represented as shown in Fig. 5, where R p , C p , and L p are the equivalent resistance, capacitance, and inductance of the patch [START_REF] Garg | Microstrip Antenna Design Handbook[END_REF].
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In these equations, L and W denote the length and the width of the patch respectively; h is the thickness of the substrate, Ԑ ef is the effective dielectric constant [START_REF] Garg | Microstrip Antenna Design Handbook[END_REF], Ԑ 0 is the permittivity of free-space, and y 0 is the feed point position. ω r and Q are the angular frequency at resonance and the radiation quality factor of the patch respectively [START_REF] Garg | Microstrip Antenna Design Handbook[END_REF].

The metalized via hole is modeled by a series inductance (L via ) [START_REF] Lier | Improved formulas for inut impedance of coax-fed microstrip patch antennas[END_REF] and a shunt capacitance (C) [START_REF] Wadell | Transmission line design handbook[END_REF].
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where c is the speed of the light in the free-space, γ

is the Euler's constant, Ԑ r is the relative dielectric constant of the substrate, d is the diameter of the metalized via, μ 0 is the magnetic permeability of free-space, h ground is the thickness of the ground plane, r via is the radius of the metalized via, and r 1 is the radius of the hole in the ground plane. A very good agreement is obtained between both approaches [START_REF] Clemente | Design and characterization of 2-bit passive unit-cells and transmit-arrays in X-band[END_REF].

C. Analysis of Transmit-Arrays

In the TA the transformation between the spherical and planar wave-fronts is achieved through the phase delay of the comprising cells (Fig. 1). The input-output phase delay for each cell is a function of frequency, and can be written in terms of the S-parameters of the corresponding TA element (unit-cell).
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Where m is the unit-cell index. To achieved the desired wave transformation at a given frequency ω 0 , the TA modules must be designed to provide the necessary phase delay at that frequency.

The required value of phase delay at the centre of the mth is given by
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Where 𝜆 0 is the free-space wavelength at the design frequency, 𝑓 is the focal length, 𝑥 𝑚 and 𝑦 𝑚 are the coordinates of the mth unit-cell in the TA co-ordinate systems, and 𝛷 0 (𝑥 𝑚 , 𝑦 𝑚 ) is a known phase function associated with the output wavefront.

A simple analysis of the TR can be performed based on elementary antenna and array concepts. The analysis method assumes that the frequency responses of the TA unit-cells depend on the angle of incidence only through the directivity of the patch antennas. This is believed to be a reasonable assumption for transmit-arrays with modest values of subtended angle (𝑓/𝐷 ≤ 1). Although it may not be apparent, mutual coupling is accounted for (in an approximate fashion) by using the S-parameters of the TA unit-cells in a periodic array.

Assuming that the TA is illuminated by a feed antenna located at its focal point (0, 0, -𝑓) with the directional gain of 𝐺 𝑓 (𝜃, 𝜑) and unit input power, the power received by the mth element in the array can be calculated from Friis' formula
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Where 𝜆 is the wavelength at the operation frequency in general different than the design frequency, D e is the directivity of the patch antennas in the TA elements, and (𝑟 𝑚 , 𝜃 𝑚 , 𝜑 𝑚 ) are the spherical co-ordinates of the mth element in the co-ordinate system
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Adopting the two-port scattering parameters notation, the amplitude of the incident wave at the input port (port 1) of the mth unit-cell, can be written as
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Where a phase factor has been introduced to account for the propagation delay between the focal source and TA receive antennas. This equation is based on the assumption of using a focal feed source with well-defined phase centre. For actual horn or open-ended waveguide feeds the spherical phase relationship is approximate and is valid only for modest values of subtended angle. The outgoing wave at the output port (port 2) of the mth unit-cell is given by
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Combining the last equations, we obtain
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The values of {𝑏 2 𝑚 } are proportional to the (complex) amplitudes of the patch currents on the transmit side sometimes referred to as the nonfeed side [START_REF] Popovic | Multibeam antennas with polarization and angle diversity[END_REF] of the TA, and can be considered as the output array coefficients. The radiated power density at a far-field observation point (𝑟, 𝜃, 𝜑) is calculated from
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Where the summation is over all the TA elements. If the interaction between the radiating elements is negligible the total radiated power is given by

𝑃 𝑜𝑢𝑡 = �|𝑏 2 𝑚 | 2 16 
The directivity of the TA can be calculated as the ratio of the radiated power density to what would have been obtained from the isotropic radiation of the output power
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Considering that the total power received is given by
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The power transfer efficiency (η t ) can be defined as
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The internal losses of the TA elements are therefore included in η t . Besides these and the loss of the feed antenna (included in G 𝑓 ), the only additional source of loss is the spill-over, i.e., power radiated by the focal source outside the angular sector covered by the transmit-array. This loss can be included by introducing a spill-over efficiency factor
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The power efficiency (η) of the TA antenna is defined as the ratio of the total radiated power on the free-space side to the focal source input power (P in )
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The gain of the TA is defined similar to its directivity, except for being measured against the input power (equal to unity in this case) instead of the P rec .
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This gain is related TA directivity through η t and η so 𝐺(𝜃, 𝜑) = η 𝑡 η 𝑠𝑜 𝐷(𝜃, 𝜑) 23

D. Antenna Configuration and Design of Transmit-Arrays

The focal source is a 10-dBi linearly-polarized pyramidal horn. A fixture composed of a metal plate and four dielectric struts (Delrin, Ø = 6 mm) is used to hold and align the array and the focal source. The size of the transmit-array was chosen as 20×20 unit-cells (50×50 mm 2 , 10λ 0 ×10λ 0 at 60 GHz), which corresponds to a maximum theoretical directivity of 31 dBi for a uniform aperture distribution.

The design and simulation procedure of such antennas is similar to those applied for reflect-arrays. This has been described in previous papers [START_REF] Kaouach | Design and demonstration of 1-bit and 2-bit transmitarrays at X-band frequencies[END_REF]. Several circularly-polarized transmit-arrays have been designed and fabricated based on the four unit-cells presented in Section II.A. Figure 6a shows the directivity, gain, and axial ratio that can be achieved as a function of the ratio F/D for a broadside beam and a 30° beam-shift. F/D is defined as the ratio of the distance F between the array and the focal source to the side dimension D of the array (as mentioned above, D = 50 mm or 10λ 0 at 60 GHz).

The directivity increases as a function of the focal distance and converges toward a maximum value for large focal distances corresponding to a uniform aperture illumination of the array. The maximum directivity for the broadside beam is 27 dBi, because of a 4-dB quantification loss due to the 90° phase resolution. The gain is maximum for F/D = 0.5, this value corresponds to the best trade-off between the taper loss for low F/D values, and the spillover loss for high F/D values. The axial ratio oscillates between 0.6 and 2.3 dB as a function of F/D, as a result of the array finite unit-cell number and phase quantification. For a 30° beam-shift, the directivity and gain are reduced by about 1.6 dB as a result of the finite beamwidth of the unit-cells. The axial ratio in this case is nearly independent of F/D (~1.1-1.4 dB).

Based on this study, two transmit-arrays were designed with F/D = 0.5 (F = 25 mm) and with a broadside beam or 30°-tilted beam. The unit-cell distributions of these two designs are represented in Fig. 6b. Their power budget is detailed in Table I. In both cases, the taper loss, spill-over-loss and insertion loss equal 0.9 dB, 2.24 dB, and 0.46 dB respectively. The quantization loss equals 4.7 dB for the broadside-beam design, and 5.4 dB for the 30° beam-shifted design. The radiation efficiency, defined as the ratio of the gain to the directivity is 53.6-53.7%. The experimental gain values are in good agreement with the theory, confirming thereby this power budget analysis. It is important to note that quantization losses can theoretically be reduced down to zero using circularlypolarized elements on the free-space side and appropriate rotation angle α for each cell, which would significantly improve the gain and directivity of the antenna.

III. EXPERIMENTAL RESULTS

Figure 7 shows the reflection coefficient measured at the input port of the feed horn with (F = 25 mm) and without the discrete lens. In both cases, a very good matching is preserved across the V-band (50-75 GHz).

The two prototypes have been characterized between 50 and 70 GHz in the main beam direction (Fig. 9). For the broadside-beam prototype (Fig. 8a), a good agreement with the simulation is obtained across the whole measurement frequency band. The gain-frequency response shows a band-pass characteristic with a simulated 1-dB bandwidth of 57.5-68.5 GHz. The experimental 1-dB bandwidth starts at 58.3 GHz but its higher cut-off frequency was rejected beyond 70 GHz and could not be measured. The axial ratio response is also in good accordance with the simulations with an axial ratio lower than 3 dB across the whole measurement band and lower than 1 dB from 57 to 66 GHz. This good polarization quality is obtained across the whole bandwidth of the array thanks to the sequential rotation configuration. For the tilted-beam prototype (Fig. 8b), the gainfrequency response in the main beam direction shows a good agreement with the simulation for the lower half of the frequency band, but the band-pass shape is not well defined in the upper half. The measured 1-dB bandwidth equals 58.5-64.1 GHz (5.6 GHz, 9.1%), and is significantly larger than the simulated one (57.3-61.4 GHz, 6.9%). A possible cause for this discrepancy is the fabrication dispersions across the array, which may be more critical in a tilted-beam case. The most challenging dimensions are the via diameter (∅ = 0.1 mm) and the ground plane aperture diameter (∅ = 0.3 mm) around each via, which are critically small for this fabrication technology. The experimental axial ratio response at θ = 30° exhibits strong similarities with the simulations with a minimum close to 0.5 dB and a steep increase for frequencies above 65 GHz, the measured 3-dB axial ratio bandwidth is 57.8-63.1 GHz (5.3 GHz, 8.8%). This small bandwidth (compared to the broadside-beam transmit-array) observed when measuring at θ = 30° is due to the variation of the main beam direction as a function of frequency. Hence, the simulated main beam direction varies from 36.5° down to 25° across the 50-70 GHz band (Fig. 9). On the other hand, the simulated axial ratio in the main beam remains below 2 dB across the whole band (Fig. 8b). The simulated and measured radiation patterns of the broadside-beam arrays are plotted in Fig. 10. This Figure confirms the very good agreement between simulations and experiments: the computed and measured gain, beamwidth and side lobes equal 22.8/23 dBi (sim./meas.), 6.1°×6.6°/6.6°×7.2° (sim./meas.), and -19.6/-16.1 dB (sim./meas.), respectively. The crosspolarization level in the main beam is lower than -25 dB in simulation and close to -20 dB experimentally. The tilted-beam prototype exhibits experimentally a main beam at θ = 26.5±1°, slightly shifted from the design value (30°). This shift is attributed to (i) the relative position of the focal source and the array, and (ii) a slightly bowed shape of the array which is thin and flexible. The simulated and measured radiation patterns are again in good agreement (Fig. 11). 

IV. CONCLUSION

Low-cost directive antennas are strongly needed for emerging wireless applications in the millimeter-wave domain. In this article, V-band circularly-polarized discretelenses based on a simple three-metal layer unit-cell are studied. Their numerical characterizations lead to very promising features: low insertion loss, good efficiency, broad radiation pattern, and broadband phase response with a 2-bit quantization in circular polarization.

Two discrete lenses have been studied numerically and experimentally, designed and fabricated for a broadside beam or a beam tilted at 30°. Its measured radiation characteristics are in very good agreement with the simulations in terms of gain frequency response, axial ratio, and radiation pattern. 

Fig. 1 .

 1 Fig. 1. Operation principle of a transmit-array in transmit mode. The transmit-array consists of two Rx and Tx antenna arrays connected by phase shifters. The latter are used to modify the signal phase delay and thus to control the main beam direction of the transmit-array.

  [START_REF] Kaouach | Xband transmit-arrays with linear and circular polarization[END_REF]. The paper is organized as follows. The geometry and characteristics of the proposed unit-cells are presented in Sections II.A II.B. The analysis, design and expected performance of circularly-polarized transmit-arrays are discussed in Sections II.C and II.D, and experimental results are given in Section III. Finally, conclusions are drawn in Section IV.

Fig. 2 .

 2 Fig. 2. Perspective view of the transmit-array antenna (a), top view (b) and bottom view (c) photographs of the broadside-beam transmit-array.

Fig. 3 .

 3 Fig. 3. Geometry of the unit-cell. (a) Cross-section view of the 0° unit-cell. (b) Top view of the four unit-cells; the bottom patches in dotted lines are horizontally polarized, the top patches in continuous lines are rotated by 90° between each cell.

Fig. 4 .

 4 Fig. 4. Computed reflection and transmission coefficients of the 0° unit-cell under several incidence angles (0°, 15°, 30°, 45°) in E-plane.

Fig. 5 :

 5 Fig. 5: Equivalent electrical model of the unit-cell.

Fig. 6 .

 6 Fig. 6. Theoretical directivity, gain and axial ratio of the transmit-arrays as a function of F/D (a); unit-cell distribution of the proposed transmit-arrays with a broadside beam (b) and 30°-shifted beam (c).

Fig. 7 .

 7 Fig. 7. Measured reflection coefficient at the input of the horn focal source alone and with a discrete lens at a distance F = 25 mm (F/D = 0.5).
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Fig. 8 .

 8 Fig. 8. Computed and measured gain and axial ratio for the broadside (a) and beam-shifted (b) transmit-arrays.

Fig. 9 .

 9 Fig. 9. Computed and measured beam direction of beamshifted transmit-arrays as a function of frequency.

Fig. 10 .

 10 Fig. 10. Computed (a) and measured (b) radiation patterns of the broadside-beam transmit-array at 60 GHz in the vertical plane.

Fig. 11 .

 11 Fig. 11. Computed (a) and measured (b) radiation patterns of the 30°-beam-shifted transmit-array at 60 GHz.

TABLE I .

 I POWER BUDGET AND GAIN OF THE TWO PROTOTYPES AT 60 GHZ (F/D = 0.5).

	Beam angle	0°	30°
	Max. theoretical directivity (dBi)	31	30.4
	Quantization loss (dB)	4.6	5.4
	Taper Loss (dB)	0.9	0.9
	Antenna directivity Dant (dBi)	25.5	24.1
	Spill-over loss (dB)	2.24	2.24
	Insertion loss (dB)	0.46	0.46
	Theoretical gain (dBi)	22.8	21.4
	Radiation efficiency (%)	53.6	53.7
	Axial ratio (dB)	0.76	0.88
	Measured gain (dBi)	23	21.9

International Journal of Research in Wireless Systems (IJRWS), Volume 1, Issue 1, November (2012) www.ijrws.org

International Journal of Research in Wireless Systems (IJRWS), Volume 1, Issue 1, November(2012) 

www.ijrws.org

ACKNOWLEDGEMENTS

The authors would like to thank the European Science Foundation for its contribution to the work (project RNP NEWFOCUS). They also would like to thank CEA and CNES for their financial support.

ABOUT AUTHORS

Hamza KAOUACH received the M.S. degree in high frequency communications systems from the University of Paris-Est Marne-la-Vallée, France, in 2006 and the Ph.D. degree in signal processing and telecommunications from the University of Rennes 1,France,in