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Abstract— Mechanical beam steering using a single Transmitarray (TA) 
can be a cost-effective solution for a high-gain antenna with wide-angle 
scanning. Elevation scanning can be achieved by a linear displacement of 
the feed in the focal plane parallel to the aperture of diameter D. When 
designing compact terminals with a short focal length F and with high gain, 
the aberrations caused by this mechanical movement become the main 
limiting factor for the maximum scanning range. This work presents a 
novel design method for devising the TA phase correction with an even 
distribution of these aberrations among all beam directions. A significant 
improvement in the scanning performance is achieved when compared 
with the conventional single-focus phase correction approach. To validate 
the proposed approach, we consider a TA design at Ka-band (30 GHz) 
F/D≅0.34. A multifocal TA design was manufactured using 3D printed 
unit-cells. To highlight the proposed concept, the antenna configuration is 
stripped to the bare minimum: a perforated dielectric slab with in-plane 
mechanical movements in front of an open-ended standard waveguide used 
as feed. This antenna scans up to 50°, with a gain of 25 dBi at 30 GHz, 2.5 
dB of scan loss, SLL <-10 dB and 1dB-bandwidth of 6.7%. 
 

Index Terms— Dielectric lens, Low focal distance Mechanical Beam 
Steering, Ka-band, Transmitarray, 3D printing, 5G Mobile 
Communications 

I. INTRODUCTION 

With the continuous exploration of millimeter waves, fomented by 
next generation of mobile satellite communications, low-cost compact 
beam scanning antenna solutions assume a central role in this area of 
research. Several solutions have been proposed in the literature, such 
as the popular phased-array antennas [1], reconfigurable reflectarray 
or transmit-array antennas [2], [3], as low-profile designs for electronic 
beam scanning. The main drawback of these solutions are their high 
cost, high losses, and power consumption, as well as the complexity in 
the design of the phase control of each element. To overcome these 
issues, passive reflectarray antennas have been also proposed for beam 
scanning applications. Like reflector-based solutions [4], a reflectarray 
commonly achieves beam scanning by displacing the feed from the 
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focus through a spatial feeding mechanism [5], [6]. To obtain a good 
tradeoff between the spillover and the illumination tapering, the focal 
distance is generally comparable to the array aperture (𝐹𝐹 ≅ 𝐷𝐷). Thus, 
for large-scale reflectarrays, the focal distance rapidly increases the 
profile of the antenna. Another alternative is based on quasi-optical 
beamformers [7], which provide interesting characteristics, such as 
wideband response and wide scanning range at the cost of bulky 
structures. For instance, the Luneburg lens provides an aberration-free 
scanning over an extended range but with 𝐹𝐹/𝐷𝐷~1 [8]. In [9], a half-
Luneburg lens demonstrates acceptable scanning performance while 
reducing the height by a factor of two (𝐹𝐹/𝐷𝐷~0.5). However, there is 
still a need to achieve further length reduction (𝐹𝐹/𝐷𝐷 < 0.4) to consider 
quasi-optical systems as a realistic alternative to phased-array antennas 
in applications that require low-profile designs.  

In this context, TA antennas present some advantages over the 
aforementioned solutions: low-cost relative to phased-arrays, more 
compact than reflector-based solutions, reduced 𝐹𝐹/𝐷𝐷 compared to a 
reflectarray, and additionally, the feed blockage is avoided. However, 
other limitations need to be tackled, such as multiband operation [10] 
and the antenna height [11]. In [11], a TA with an offset Fresnel phase 
correction was designed for wide beam scanning through only in-plane 
mechanical movements. The focal length used in this work is a 
compromise between the antenna height and scanning aberrations. 
Further reducing the focal length requires finding a new phase 
correction for the TA that can better cope with the beam distortions 
caused by the feed displacement. The recent approaches proposed for 
multifocal lenses for wide beam scanning [12]-[14] cannot be applied 
directly to TA due to the intrinsic flat geometry of the aperture. Some 
published works have proposed the use of either bifocal or parabolic 
phase corrections [15]-[17], or quadrifocal phase distributions [18]. In 
[15], a bifocal design was introduced by means of two TAs. In [16], a 
bifocal TA phase correction was defined by a weight average of two 
unifocal phase corrections, creating two pseudo-foci instead of well-
defined focal positions. In [17], a parabolic ansatz for the TA phase 
distribution was used for minimizing the phase error for 4-beam 
multibeam antenna. In [18], a quadrifocal phase distribution was 
introduced to achieve a wide beam scanning considering that the 
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source moves along the lens focal arch and for high 𝐹𝐹/𝐷𝐷 ratio (𝐹𝐹/𝐷𝐷 =
1). As far as the authors are aware, there is still lacking a general 
approach for designing TA antennas combining wide beam scanning 
and low focal distance (𝐹𝐹/𝐷𝐷 < 0.4). Existing approaches rely on blind 
optimization processes conditioned by the considering ansatz (bifocal, 
quadrifocal, parabolic) and though only for a specific design.  

In this work, we propose a general method to address the design 
with low 𝐹𝐹/𝐷𝐷 and wide beam scanning performance. In summary, the 
method consists of constructing the TA phase correction iteratively by 
gradually perturbating the solution by adding new pseudo-foci, which 
provides a global minimization of the phase errors accounting for 
multiple source positions. The iterative nature of the method allows 
that the phase correction follows the natural scanning tendency of the 
considered solution, which cannot be known a priori. In addition to 
the obvious advantage of reducing the antenna height, working with a 
lower focal distance implies that the primary source can have lower 
gain, which further reduces the antenna complexity. The 
corresponding mechanical scanning approach is shown in Figure 1, 
obtaining that the 360° azimuth scanning is reached by rotating the 
complete antenna system. For a better comparison with the more 
conventional approach used in [11], the proposed method is validated 
through the design of a TA with the same aperture (195 × 145 mm2) 
and scanning range (±50°) but with half of the focal length. The unit 
cell is a broadband solution based on a hollow square prism of 
polylactic acid (PLA) (𝜖𝜖𝑟𝑟 = 2.98 and tan 𝛿𝛿 = 0.0148 [19]) 
compatible with 3D printing. We confirm through full-wave 
simulations [20] that the improvements predicted by combined 
Geometric Optics and Physic Optics (GO-PO) analysis is effective, 
and a prototype is manufactured. The resulting antenna is composed of 
a perforated dielectric slab of PLA fed by an open-ended waveguide 
(WR28) placed at 47.5 mm (𝐹𝐹/𝐷𝐷 = 0.34). This antenna presents a 
very good scanning performance considering the low 𝐹𝐹/𝐷𝐷 value. For 
the nominal design frequency, the prototype has a 25 dBi gain with a 
scan loss of 1.5 dB when scanning up to 50° while preserving the SLL 
below −10 dB for all the feed positions. Moreover, the broadband 
nature of the selected unit cells allows to demonstrate that the design 
method is still effective for a large bandwidth, from 29 to 31 GHz.  

II. MULTI-FOCAL APPROACH FOR TRANSMIT-ARRAY DESIGN 
Ideal collimation is achieved when the phase distribution of the 

outgoing fields on the aperture is given by 

𝑔𝑔𝑎𝑎𝑎𝑎𝛼𝛼 = 𝜙𝜙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 + 𝜙𝜙𝑖𝑖𝑙𝑙
𝑥𝑥𝑠𝑠 = −𝑘𝑘0 sin𝛼𝛼 𝑥𝑥 (1) 

where 𝑥𝑥𝑙𝑙 ∈ [𝑥𝑥𝑚𝑚𝑖𝑖𝑙𝑙 , 𝑥𝑥𝑚𝑚𝑎𝑎𝑥𝑥] is an arbitrary position of the source along 
the 𝑥𝑥 direction and 𝛼𝛼 is the corresponding beam offset (Figure 1). In 
the context of a single flat passive aperture and impinging spherical 
wave front, perfect collimation in 𝛼𝛼0 angular direction can only be 
exact for a single source position (𝑥𝑥𝑙𝑙 = 𝑥𝑥0), the lens focus 𝑃𝑃 =
(𝑥𝑥0, 0,−𝐹𝐹). In this case it follows from (1) the conventional unifocal 
Fresnel correction (as in [11]) 

𝜙𝜙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
𝑥𝑥𝑜𝑜 = 𝑘𝑘0�(𝑥𝑥 − 𝑥𝑥0)2 + 𝑦𝑦2 + 𝐹𝐹2 − 𝑘𝑘0 sin𝛼𝛼0 𝑥𝑥 (2) 

The linear term of the phase error caused by the displacement of the 
feed relative to the focus position provides beam steering capability, 
however, it is limited by the aberrations that build up with this 
displacement [11]. These aberrations rapidly become the limiting 
factor for achieving wide beam scanning when low 𝐹𝐹/𝐷𝐷 ratios are 
considered. In Figure 2, using GO-PO analysis, we show how the 
design (1) performs for a 𝐹𝐹/𝐷𝐷 = 0.34 (𝐷𝐷 = 145 mm). The aperture 
size is 145 × 195 mm2, the values that will be considered for our 
multifocal design example. As expected, the maximum gain (32.7 dBi) 

is obtained for the prescribed beam offset 𝛼𝛼0 = 32.5° when the feed is 
placed at the lens focus. Note that 𝛼𝛼0 is selected according to [11] to 
fairly compared both results.  

The aberrations caused by the feed displacement greatly limit the 
scanning performance of the antenna. The 3 dB scanning range 
window is now [−15°, 46°] with high SLL (up to −5.6 dB) and the 
scan loss to achieve boresight is 6 dB. Clearly aberrations are the main 
cause for the gain reduction, overshadowing the natural scan loss of 
planar apertures given by projected aperture factor cos𝛼𝛼, that for 32° 
to 46° scanning would only correspond to a 0.9 dB gain drop. This 
case contrasts with the unifocal design presented in [11], where a larger 
focal distance was considered, 𝐹𝐹/𝐷𝐷 = 0.7, which provides a 3 dB 
scanning range of [0°, 50°] with SLL below −10 dB. 

A first approach to circumvent this problem is to define the lens 
phase correction as a weighted average 𝐾𝐾 unifocal corrections with 
displaced focus 𝑥𝑥𝑖𝑖 (henceforward designated as the pseudofocus of the 
lens) 

𝜙𝜙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 =
∑ 𝑊𝑊𝑖𝑖𝜙𝜙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

𝑥𝑥𝑖𝑖  𝐾𝐾
𝑖𝑖=1
∑ 𝑊𝑊𝑖𝑖
𝐾𝐾
𝑖𝑖=1

 (3) 

where the Gaussian weight factor reflects the area of the lens that is 
being illuminated when the feed is at a given position 

 
Figure 1 – Working principle of the mechanical scanning approach. 

 
Figure 2- Comparison between simulated results with GO-PO of the 
performance of the unifocal and multifocal TA, with 𝛼𝛼0 = 32.5°, 𝜎𝜎 =
44.8 mm, corresponding to 𝜏𝜏dB = 10 dB. Each curve corresponds to a 
different feed displacement along 𝑥𝑥𝑙𝑙. 𝐹𝐹/𝐷𝐷 =  0.34, 𝐷𝐷 = 145 mm. 
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𝑊𝑊𝑥𝑥𝑖𝑖 = exp�−
(𝑥𝑥 − 𝑥𝑥𝑖𝑖)2 + 𝑦𝑦2

2𝜎𝜎2 � (4) 

 The case where 𝐾𝐾 = 2 corresponds to the bifocal design presented 
in [16]. The standard deviation of the Gaussian illumination 𝜎𝜎 is 
directly related to the edge field taper level (in dB), 𝜏𝜏dB 

𝜎𝜎 =
𝐷𝐷

�2
5 𝜏𝜏dB ln 10 

 (5) 

 The compromise between the aperture efficiency, side lobe level, 
and spillover results that taper levels, 𝜏𝜏dB, typically range between 10 
and 20 dB. According to (5), for the 𝐷𝐷 = 145 mm aperture 
dimensions considered herein results that 𝜎𝜎 ∈ [47.8, 33.8] mm. A 
more exact value for this parameter can be retrieved from fitting the 
Gaussian profile (4) to the primary source radiation pattern. 
 In (3) it is implicit that the exit angles 𝛼𝛼𝑖𝑖, corresponding to each 
unifocal correction, are known a priori. However, 𝛼𝛼𝑖𝑖 depends on the 
phase correction of the lens itself, which makes (1) a much more 
intricate equation that what may seem at first glance. Moreover, it is 
not known what number of unifocal corrections, 𝐾𝐾, should be used in 
(3). As such, we proposed an iterative approach to tackle this problem, 
which is depicted in Figure 3 as a flowchart. The inputs of the approach 
are the set of pseudofocus positions 𝑥𝑥𝑖𝑖, their corresponding pointing 
directions 𝛼𝛼𝑖𝑖, and the maximum scanning range 𝛼𝛼𝑚𝑚𝑎𝑎𝑥𝑥. These variables 
are initialized considering a centered optics transmitarray radiating a 
beam pointing to 𝛼𝛼0. For every (𝑥𝑥,𝑦𝑦) point in the aperture and in each 
iteration 𝐾𝐾, 𝜙𝜙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐾𝐾  is computed by finding the phase correction that 
minimizes the following expression considering the set of (𝑥𝑥𝑖𝑖 ,𝛼𝛼𝑖𝑖) pairs 
obtained in the previous iteration 

 �𝛿𝛿𝐾𝐾 = �𝑊𝑊𝑥𝑥𝑖𝑖�𝜙𝜙𝑖𝑖𝑙𝑙
𝑥𝑥𝑖𝑖 + 𝜙𝜙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐾𝐾 − 𝑔𝑔𝑎𝑎𝑎𝑎

𝛼𝛼𝑖𝑖 �
𝐾𝐾

𝑖𝑖=1

�
𝑚𝑚𝑖𝑖𝑙𝑙

   

 

(6) 

 Then, 𝑥𝑥𝑖𝑖 is updated according to the paths shown in Figure 3. The 
perturbation step for the pseudofocus positions is set to 0.1𝐹𝐹 (being 𝐹𝐹 
the focal length). For the current 𝜙𝜙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐾𝐾 , the performance of the 
transmitarray is evaluated for all the pseudofocus positions given by 
the vector 𝒙𝒙𝑲𝑲. The method for retrieving the radiation pattern of the 
transmitarray can be GO-PO or full-wave based. From the radiation 
pattern, the vector 𝜶𝜶𝑲𝑲 is updated with the new pointing directions. 
Finally, if the scanning range [0,𝛼𝛼𝑚𝑚𝑎𝑎𝑥𝑥] is contained in the interval 
defined by the extremes of the set 𝜶𝜶𝑲𝑲, the process stops. Otherwise, 
the process continues evaluating again (6).  

 The method relies on the rational that the phase correction of the 
transmitarray converges to the natural scanning range promoted by the 
feed displacement by means of small perturbations. We found that 
0.1𝐹𝐹 is a good perturbation step, however, other values can be 
considered. It is also important to stress that the cost function (6) does 
not assume that 𝜙𝜙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐾𝐾  needs to be continuous. Thus, we can adjust this 
method to any set of unit cells that can only provide a discrete number 
of phase states. This allows to incorporate in this optimization method 
the intrinsic discretization error of any set of unit cells. Finally, this 
method is not limited to GO-PO assessment, although it can be more 
time-efficient than full-wave based models. Nevertheless, it is also 
possible to use full-wave analysis to ensure that second order effects, 
like 360° phase jumps, are accounted for when estimating the beam 
pointing directions. In our design example we did not find significant 
advantage in using full-wave analysis instead of faster GO-PO. We 
only used full wave to validate the performance of the final multifocal 
TA design. In Figure 2, we compare the radiation patterns obtained by 
PO-GO simulations following from the multifocal design process 
(with 𝐾𝐾 = 11, with the unifocal case (𝛼𝛼0 = 32.5,𝜎𝜎 = 44.8) and 
aiming at a maximum scanning range of 𝛼𝛼𝑚𝑚𝑎𝑎𝑥𝑥 = 50°. Beam steering 
up to 53 degrees with a SLL below −11.8 dB and 2.6 dB of scan loss 
is achieved. Given that in the multifocal approach there is never an 
ideal collimation for any feed position, the maximum gain of this 
approach (31.6 dBi, in this example) will be always lower than the 
maximum gain of the unifocal design (32.7 dBi in Figure 2). 
Nonetheless, the multifocal approach provides a significant 

TABLE 1 – Iterative construction of the set 𝜶𝜶𝒊𝒊 according to the design 
multifocal design process of Section II. 
𝒙𝒙𝒊𝒊/𝑭𝑭 -0.4 -0.3 -0.2 -0.1  0.1 0.2 0.3 0.4 0.5 0.6 0.7 

𝜶𝜶𝒊𝒊 𝛼𝛼9 𝛼𝛼7 𝛼𝛼5 𝛼𝛼3  𝛼𝛼2 𝛼𝛼1 𝛼𝛼4 𝛼𝛼6 𝛼𝛼8 𝛼𝛼10 𝛼𝛼11 

K=1    37  28       
K=2   42 37  27 23      
K=4  48 42 37  27 23 19     
K=6 53 47 42 37  27 23 19 15    
K=8 53 47 42 37  27 23 19 14 10   

K=10 52 47 42 37  27 22 18 14 9 5  
K=11 52 47 42 37  27 22 18 14 6 2 -3 

 
TABLE 2 – Iterative GO-PO assessment of the TA performance according 
to the method described in Section II. 

 Min SLL 
[dB] 

Scanning 
Range [º] 

Scan Loss 
[dB] 

Max Dir. 
[dBi] 

K=1 -5.6 46 6.0 32.7 
K=4 -7.9 51 4.0 31.9 
K=6 -10.0 50 3.6 32.1 
K=8 -11.5 51 2.9 31.8 
K=9 -11.1 51 2.2 31.3 
K=10 -11.1 55 4.3 31.5 
K=11 -11.8 51 2.6 31.6 

 

 
Figure 3- Flowchart of the iterative approach used to design the multi-
focal transmit-array. 
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improvement on the overall scanning performance of the antenna. This 
result highlights the tradeoff between the maximum gain and scanning 
range, which becomes more acute when lower focal distance is 
considered. 

III. MULTI-FOCAL TRANSMIT-ARRAY USING DIELECTRIC UNIT CELLS 

This section summaries the design of a multifocal TA based on full 
dielectric unit cells (Figure 4) and a standard WR28 waveguide as the 
feed of the antenna. The multi-focal TA is designed following the 
iterative method described in the Section II with the inputs: 𝜏𝜏dB =
12 dB (it corresponds to the illumination at the aperture produced by 
the open-ended waveguide used as the feed), 𝛼𝛼0 = 32.5° and 𝛼𝛼𝑚𝑚𝑎𝑎𝑥𝑥 =
50°. These values are selected to fairly compare the results with other 
conventional techniques as in [11]. Besides, it should be note that this 
geometry reduces by a half of the focal distance (from 𝐹𝐹 = 100 mm 
to 50 mm) without using a more complex feeding system and the full 
dielectric unit cells are a broadband solution, so that the bandwidth 
limitations of this design approach can be also analyzed beyond the 
frequency limitations associated with resonant unit cells.     

Table 1 presents the iterative process for constructing the set of 
beam pointing directions 𝛼𝛼𝑖𝑖. The blank table cells are justified by the  
iterative process: they are filled progressively at each iteration K. 
Table 2 outlines the corresponding main figure of merits obtained 
during the iterative process. The phase correction of the last iteration 
(𝐾𝐾 = 11) shows a scanning range up to 51° with a scan loss of 2.6 dB 
and a maximum directivity of 31.6 dB, preserving the SLL below 
−11.8 dB.  

This phase correction is implemented as a perforated slab of single 
material block PLA (𝜖𝜖𝑟𝑟 = 2.98 and tan 𝛿𝛿 = 0.0148), compatible with 
the most affordable 3D printing solution, FDM. The considered unit 
cell in-plane dimensions are 0.25𝜆𝜆0 × 0.25𝜆𝜆0 @30 GHz and the cell 
height is 1.6𝜆𝜆0@30 GHz. The distribution of the perforations follows 
from unit cell design of TAs. The phase variation of these cells depends 
on the ratio between air and the dielectric material in the volume that 
compose the unit cell according to the Maxwell Garnett effective 
medium theory [21]. The considered air gap volume dimensions are 
𝑤𝑤𝑖𝑖 × 𝑤𝑤𝑖𝑖 × 1.6𝜆𝜆0 where 1 mm < 𝑤𝑤𝑖𝑖 < 2.3 mm. The minimum value 
for 𝑤𝑤𝑖𝑖 is set by imposing that the transmission coefficients of the unit 
cells must be above −1.2 dB, necessary due to the high dielectric 
losses. The criteria of −1.2 dB results from the compromise between 
transmissivity and phase delay range of the selected set of unit cells. 
For this criterion, the unit cell phase correction can span continuously 
a 290° phase interval (Figure 4). On the other hand, the maximum 
value of 𝑤𝑤𝑖𝑖 is defined according to the nozzle resolution of the 3D 
printer. By setting the limit 𝑤𝑤𝑖𝑖 = 2.3 mm the minimum thickness of 
the dielectric walls of the gaps in the TA is always above 0.2 mm. 

The non-resonant nature of these cells provides a broadband 
response allowing designing TAs with bandwidths higher than 
resonant-cell-based designs [22]. The bandwidth performance of the 
TA antenna is no longer limited by the unit cell response, instead it is 
limited by the accumulated phase error that arises from the successive 
360 phase wraps and unit cell phase quantization. Besides, reducing 
the total antenna height, TA designs with lower 𝐹𝐹/𝐷𝐷 reduces the gain 
requirement for the primary feed, which allows using smaller and 
simpler feeding elements. In this example, we use a standard open-
ended waveguide (WR28) as the primary source of the TA which 
provides an edge taper level close to 𝜏𝜏dB = 12 dB.  

The TA phase profile and corresponding unit cell distribution 
follows from applying the iterative approach described in Figure 3 to 
the space of solutions for 𝜙𝜙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐾𝐾  provided by the unit cells.  

The resulting layout is evaluated in CST Microwave Studio [20], to 
obtain a full-wave simulation of the design. In Figure 5, the full-wave 
results are given for the copolar radiation pattern in the azimuth plane 

TABLE 3 – Overall of the in-band response obtained through full-wave 
simulation for the multifocal TA made up of dielectric unit cells. 

Freq. (GHz) SLL (dB) 𝛼𝛼𝑚𝑚𝑎𝑎𝑥𝑥 (º) Max Gain (dBi) 𝜖𝜖𝑎𝑎𝑎𝑎 (%) 
28 < -10.3 58 24.1 14.22 
29 < -11.6 55 25.2 17.08 
30 < -11.0 51 26.1 19.63 
31 < -10.4 48 26.6 20.63 

 

 
Figure 4- Transmission amplitude and phase of the dielectric unit cell. 

 
Figure 5- Radiation pattern obtained through full-wave simulation of the 
multi-focal design based on dielectric unit cells at 30 GHz, using a Ka-
band open-ended waveguide as feed and a focal distance of 50 mm. 

 
Figure 6- Gain and SLL versus the feed displacement obtained through 
full-wave simulations of the dielectric transmit-array at 30 GHz. 
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at 30 GHz. The maximum gain of the TA is 26.1 dBi while the minima 
is 24.1 dBi. The scanning stands up to 50° with a scan loss of 2.03 dB. 
Moreover, the SLL is better than −11 dB (which is the worst case). 
The high dielectric losses of the PLA results in a radiation loss of 
efficiency of −0.8 dB, which could be more significant if the 
aforementioned −1.2 dB transmissivity criteria were not used for the 
unit cells. Despite the intrinsic limitation of these dielectric-only unit 
cells, including a worse angular stability than printed elements, the 
multifocal approach delivers quite equivalent performance.  

Table 3 and Figure 6 outline the in-band analysis of the multifocal 
transmitarray from 28 GHz to 32 GHz. The antenna presents a similar 
behavior through the whole band. The scan loss is 3 dB in the worst 
case (28 GHz), and 1.6 dB at 31 GHz. The SLL is below −10 dB in all 
the cases and the scan range goes up to 50°. Within the band of interest 
(29-30 GHz) the beam squint does not have an important impact, 
obtaining similar outgoing beams. The aperture efficiency (𝜖𝜖𝑎𝑎𝑎𝑎) is 
nearly 20% at the design frequency, which is expected value in wide 
angle scanning antennas. The aperture efficiency is evaluated with 
reference to the aperture area within the solid angle corresponding to 
the edge taper of 12 dB. 

IV. EXPERIMENTAL VALIDATION 

A. Transmit-array manufacture 
The multifocal TA developed in the Section III was manufactured. 

The antenna is printed in the 3D printer Ultimaker 3 using the well-

known technique FDM. This technique deposits a thermoplastic 
material (in this case PLA) through a mobile extruder, printing the 
prototype layer-by-layer. Figure 7 shows the 3D printed setup used 
to hold the feed (open-ended Ka-band waveguide WR28) and the 
TA. This structure enables a physical displacement of the TA, so that 
an in-plane movement of the feed can be replicated. As shown in 
Figure 7, the electrical field of the waveguide is 𝑦𝑦-polarized and the 
displacement of the transmitarray is made along the 𝑥𝑥-axis. The 
distance between the aperture of the waveguide and the transmitarray 
antenna was first set to 𝐹𝐹 = 50 mm according to simulations. 
However, in the measurements, different positions were also tested 
to find the maximum gain for the centered position of the feed (𝑥𝑥𝑖𝑖 =
0.0𝐹𝐹). 

For 𝐹𝐹 = 47.5 mm, the TA is evaluated in the anechoic chamber 
of the University of Oviedo. The setup consists of the TA antenna 
(AUT), and a Ka-band standard pyramidal horn antenna of 20 dBi 
used as probe. Both AUT and probe are connected to the ports of a 
PNA Network Analyzer. The radiation pattern is measured in the 
spherical range at 29 GHz, 29.5 GHz, and 30 GHz, which covers the 
uplink of Ka-band satellite systems. The transmitarray is moved 
according to the 𝑥𝑥-axis, emulating 8 different positions of the feed 
ranging from 𝑥𝑥𝑖𝑖 = −0.4𝐹𝐹 to 0.7𝐹𝐹. The gain is calculated through the 
comparison with a calibrated antenna used as reference. According 
to the datasheet, there is an uncertainty of ±0.25 dB in its gain. Thus, 
to compute the gain of the transmitarray the mean value is used.  

 
Figure 7- TA assembled with the open-ended waveguide in the anechoic 
chamber. 

 
Figure 8- Measured radiation pattern for the scanning cut (𝜙𝜙 = 0°) at 29, 
29.5, and 30 GHz. 

TABLE 4 – Comparison between full-wave results and measurements for the different measured positions of the feed at 29, 29.5, and 30 GHz. 
   -0.4F -0.3F -0.1F 0 +0.1F +0.3F +0.5F +0.7F 

29 GHz 

Gain (dBi) Meas. 22.7 23.7 23.7 23.9 22.8 23.3 23.8 23.4 
Sim. 22.2 23.5 23.7 23.6 23.7 24.5 25.2 24.6 

SLL (dB) Meas. -18.2 -21.1 -17.5 -16.2 -11.9 -16.4 -17.1 -10.5 
Sim. -17.6 -18.8 -13.6 -11.7 -11.6 -15.0 -20.4 -17.9 

Pointing dir. 
(deg) 

Meas. 56 50 40 32 27 18 11 3 
Sim. 55 48 38 31 27 16 9 1 

29.5 
GHz 

Gain (dBi) Meas. 22.7 23.8 23.9 24.3 23.0 24.0 23.8 23.4 
Sim. 23.2 24.7 24.5 24.2 24.4 25.2 25.7 24.7 

SLL (dB) Meas. -20.0 -17.8 -18.5 -13.8 -11.9 -16.0 -17.1 -9.5 
Sim. -19.0 -18.8 -14.7 -11.7 -11.3 -14.4 -20.1 -16.7 

Pointing dir. 
(deg) 

Meas. 55 49 39 32 26 17 10 3 
Sim. 52 47 37 31 25 16 9 1 

30 GHz 

Gain (dBi) Meas. 23.4 24.7 24.8 24.9 23.6 24.2 24.2 23.4 
Sim. 24.1 25.5 25.2 24.7 25.1 25.7 26.0 24.8 

SLL (dB) Meas. -18.6 -17.8 -19.9 -12.1 -11.4 -15.3 -19.0 -9.0 
Sim. -19.3 -18.2 -15.5 -11.5 -11.0 -14.2 -20.4 -15.7 

Pointing dir. 
(deg) 

Meas. 53 47 38 31 26 17 10.5 3 
Sim. 51 46 36 30 25 16 9 1 

 



8 First Author et al.: Title 

B. Measurements 
The copolar radiation pattern of the TA at the design frequency 

(30 GHz), and two other additional frequencies (29 and 29.5 GHz) 
are shown in Figure 8. The radiation pattern is shown for 8 positions 
to evaluate the scanning performance of the antenna. At the design 
frequency, the central position of the feed (0.0𝐹𝐹) presents the 
maximum gain (24.96 dBi) while the extreme positions (−0.4𝐹𝐹 and 
+0.7𝐹𝐹) show the lower gain (23.4 dBi). For these positions, the beam 
pointing is 53° and 3°. Hence, the resulting scan loss is around 1.5 dB 
within a scanning range of 50°. Table 4 outlines a comparison 
between the measurements and full-wave simulations for the three 
frequencies. As expected from full-wave results, the central beams 
0.0𝐹𝐹 and +0.1𝐹𝐹 and the extreme beam +0.7𝐹𝐹 show the highest SLL. 
For those central positions the SLL are lower than −11 dB, while it 
increases up to −9 dB in the extreme position. The design technique 
degrades the response of the central beams to enhance the 
performance within the scanning range. 

The copolar radiation patterns at 29 and 29.5 GHz present a 
similar performance in terms of gain, scanning range and SLL. The 
maximum gain is obtained at 0.0𝐹𝐹 in both frequencies, whose 
maximum is 24.32 dBi (29.5 GHz) and 23.91 dBi (29 GHz). This 
slight drop in the gain is related to a smaller electrical size of the 
aperture. The minimal gain is 22.78 dBi and 22.7 dBi in both cases 
for the feed placed at −0.4𝐹𝐹. A quite stable response of the gain is 
obtained within the whole scanning range. For the lower frequency, 
29 GHz, the scan loss is 1.1 dB within a range of 53°, while at 
29.5 GHz the scan loss is 1.5 dB in a range of 52°. The SLL are like 
the ones obtained at 30 GHz, being the worst case −9.59 dB 
(29.5 GHz) and −10.51 dB (29 GHz), when the feed is at 0.7𝐹𝐹. 
Besides, the SLL at 0.1𝐹𝐹 is −11.90 dB at both frequencies and like 
30 GHz.  

The overall performance of the beams presents a similar behavior 
through the whole scanning range and the three frequencies. Besides, 
the agreement between full-wave results and the measurements is 
good. The slight difference might be associated to different factors. 
The presented prototype is manufactured with FDM. This is a very 
affordable technique at the cost of decreasing the control on the 
accuracy comparing with other classical techniques. In addition, the 
incident field provided by the open-ended Ka-band waveguide could 
be slightly different from the one used in simulations due to the 
experimental initial adjustment of the feed position. Despite these 
factors the measurements strongly agree with full-wave results at the 
three frequencies. It is worthy to note that the pointing beam 
direction is well predicted from full-wave simulations and the beam 
squint has a maximum deviation of 3°. However, for most of the 
positions of the feed it is nearly 1°. 

V. CONCLUSION. 
A novel technique is presented to design wide-angle mechanical 

beam scanning TAs to obtain high-gain and cost-effective solutions for 
low-profile terminals. In the design of compact terminals (𝐹𝐹/𝐷𝐷 < 0.5), 
the scanning aberrations produced by the mechanical displacement of 
the feed is an important limiting factor. The proposed technique allows 
overcoming these limitations by using an iterative method to obtain a 
phase correction on the TA that evenly distributes the scanning 
aberration among all the outgoing beams. The design carried out with 
this technique shows excellent performance within a wide scanning 
range of 50° and low scan loss from 29 to 30 GHz. The proposed 
technique notably improves the scanning performance compared to 
conventional single-focus phase corrections, especially for low 𝐹𝐹/𝐷𝐷 
ratios. Moreover, this method is general, it can be extended to 
reflective surfaces, both metasurface and reflectarray antennas, 

irrespective of the unit-cell technology.  
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