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ABSTRACT This paper presents a 3D metal-only waveguide-based phoenix cell. The proposed cell uses 
open-ended waveguides, which allow a portion of the incident wave to pass through the phoenix cell. It thus 
has the ability to control both reflection and transmission phases. Its principle is analyzed in detail. Two 
metal-only transmit-reflect-array antennas are then designed. The proposed transmit-reflect-array antennas 
are able to produce both transmitted and reflected beams at 16GHz in the target directions simultaneously. 
One of the transmit-reflect-array antennas is fabricated using selective laser melting 3D printing technology. 
The measured results show that a good agreement between the simulated and measured radiation patterns is 
achieved. The side lobe and cross polarization levels at 16 GHz are -15.3 dB and -23.1 dB respectively. The 
measured gain of transmitted and reflected beams at 16GHz are 25.7 dBi and 24.1 dBi respectively. Both the 
simulation and measurement results fully demonstrate the capabilities of the proposed 3D metal-only phoenix 
cell. 

INDEX TERMS metal-only, phoenix cell, transmit-reflect-array, waveguide 

I. INTRODUCTION 
Reflectarray antennas (RAs) can be seen as a combination of 
antenna arrays and reflector antennas with the advantages of 
high gain, low profile, low cost and easy manufacturing. 
They are usually implemented in microstrip technology, by 
printing metallic resonators on top of a dielectric substrate 
backed by a ground plane. Among other possible solutions, 
the Phoenix Cell (PC) is a topology of RA cell with high 
potential [1-8]. In its original version [1], it consists of two 
square concentric rings enclosing a square patch. The 
geometrical variation over the RA aperture is smoothed 
owing to the rebirth ability of the PC. In the literature, PCs 
are typically implemented using dielectric materials, which 
makes them not optimal for some applications operating in 
severe environments, such as space. In such situations, 
metal-only reflectarrays (MORA) are preferable, as they 
avoid the intrinsic problems brought by the dielectric 
materials such as outgassing, losses, and temperature-
dependent dielectric constant [9]. 

Transmitarray antennas (TA) emerge in this context as the 
solution allowing to overcome certain limitations associated 
to RA, such as feed-blockage [10]. Indeed, a RA produces a 
reflected beam while a TA generates a transmitted one. The 
combination of both RA and TA functionalities in a single-
feed high-gain transmit-reflect-array (TRA) has been found 
of great interest in order to implement bi-directional radiated 
beams. For example, [11] proposes a TRA based on a 
multilayer amplitude–phase-modulated stack-up and 
employing sparse-array concepts. Similar antennas that 
combine TA and RA are proposed in [12-17]. For these 
antennas, however, the bidirectional beams are not produced 
simultaneously, and their operation modes depend on 
polarization and frequency. Moreover, all the 
aforementioned examples use dielectric materials [11-17]. A 
design of metal-only TRA (MOTRA) is proposed in [18] that 
consists of Babinet-inverted defected square slot cells etched 
on a single-layer thin metallic sheet. 

The present contribution is based on the original concept 
of three-dimensional (3D) MORA PC that was proposed in 
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[19-20] for RA designs. The main novelty here is that the 
short-circuit terminated the cell is removed. This 
modification allows the 3D PC to manipulate both reflected 
and transmitted waves. The cell consists of concentric square 
metal waveguides with open terminations. Thanks to its 3D 
configuration, it offers more flexibility and new possibilities 
compared to slot-type cells. As a validation, two MOTRAs 
are designed. Simulation results are presented in this paper. 
To the best knowledge of the authors, it is the first time a 
waveguide-based cell is used to design a TRA. Also, it is the 
first time the concept of PCs is introduced for TRAs. 

Finally, the fabrication of such 3D waveguide-based 
structure is easy and cheap thanks to the development of 3D 
printing technology.  As an experimental demonstration, a 
MOTRA made of PCs is fabricated using selective laser 
melting technology and measured. This is the second 
contribution of this paper. 

The paper is organized as follows. Part II provides a 
detailed analysis of the proposed PC. Part III describes the 
design and the simulation of two different TRAs operating at 
16 GHz. Then, in part IV, a MOTRA is fabricated and 
measured to further validate the proposed PC. Finally, a 
conclusion is drawn in part V. 

II. UNIT CELL ANALYSIS 
The waveguide-based PC, as shown in Fig.1, consists of two 
concentric square metallic waveguides and a square metallic 
block at the center. The external dimension (Lc) is set to 
9.375 mm (0/2 at the central frequency, 16 GHz) to prevent 
from grating lobes in an array configuration.  

The presence of the inner square waveguide decreases the 
cut-off frequency of the fundamental TE10 and TE01-like 
modes in the outer waveguide so that they can propagate at 
the operating frequency [20]. Its size (Lr) is varied to control 
the cell behavior. Before analyzing the principle of this PC, 
the characteristics of the two waveguides are simulated first 
(see Fig.2). It can be seen from Fig.2a and b that the inner 
waveguide always operates below cutoff at 16GHz while the 
outer waveguide almost always operates in the propagative 
mode. Note that a medium value (1.5mm) of the size of the 
central metallic block is chosen so that the behavior of the 
PC is mainly controlled by the outer waveguide and also to 
minimize weight. 

  
a) 

 
b) 

 
c) 

Figure 1.  The proposed unit cell. a) 3D view. b) Sectional view. c) 
Simulation setup. 

 
a)                                                        b) 

 
c) 

Figure 2.  The characteristics of the two waveguides. a) Cutoff frequency 
of inner waveguide. b) Cutoff frequency of outer waveguide. c) 
Characteristic impedance (Zc) and propagation constant (β) of outer 
waveguide. 

When an incident electromagnetic wave impinges on port 
1, both transmitted and reflected waves are produced. 
Reflection is due to the initial reflection at port 1 but also to 
multiple reflections between ports 1 and 2. It is then 
dependent on h, β and Zc where the latter two terms are 
defined in Fig. 2c and are mainly affected by the cross 
section of the waveguide (Lr). Reflection produces radiation 
in the backward direction (half space above port 1). Now, the 
transmitted wave is radiated at port 2 in the forward direction 
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(half space beyond port 2). It is mainly controlled by the 
propagation through the outer waveguide. If the length of the 
cell is not long enough, some power can also couple directly 
from port 1 to port 2 through the inner waveguide.   

The PC is simulated using HFSS@ to better illustrate its 
operation principle. The simulation setup is shown in Fig.1 
c). It is illuminated under normal incidence with a x-
polarized wave. Floquet ports are used and master slave 
boundary conditions are assigned on the lateral faces of the 
cell to mimic a periodic infinite environment. The height (h) 
is set to 12 mm (as will be justified later on) and metal parts 
are represented by Perfect Electric Conductor (PEC). Fig.3 
shows the simulated magnitude in dB of the S-parameters at 
16 GHz when Lr is varied. For values of Lr lower than 2.3 
mm, the magnitude of S21 is quite small. This is explained by 
the high characteristic impedance or the cutoff mode of the 
outer waveguide, as shown in Fig.2c. Since most of the 
incident wave is reflected back, the cell can operate as a RA 
cell. With the increase of Lr, the characteristic impedance of 
outer waveguide decreases and approaches that of free space, 
Z0 (see Fig.2c). Thus, the incident wave is now coupled to 
the outer waveguide. In this case, |𝑆 | gets close to 1 and 
the PC can operate as a TA cell. For Lr larger than 6.8 mm, 
the characteristic impedance of outer waveguide decreases 
further (see Fig.2c), the waveguide is mismatched, and the 
PC can operate as a RA cell again. These results suggest that 
a TRA could be designed, where some cells are used to 
control the reflected beam and the other ones are used to 
control the transmitted beam. 

In order to have a more global view, both h and Lr are now 
varied. The simulated S-parameters of the PC at 16 GHz are 
shown in Fig.4.  On the one hand, it appears that the region 
where the cell can best be used for reflection is when 5<Lr<9 
mm with h<10 mm (left bottom region of Fig. 4c, where |S11| 
is close to 1). In this region, the characteristic impedance of 
the outer waveguide is far from Z0 (see Fig.2c) and most of 
the incident wave is reflected back directly at the input port. 
Unfortunately, a direct consequence of this mechanism is 
that the range of achievable reflected phases (Fig. 4a) is quite 
reduced since the incident wave does not penetrate into the 
cell. On the other hand, the appropriate region for 
transmission is either when Lr<5 mm or, best, when h>10.6 
mm. The latter case not only provides a magnitude of |S21| 
close to 1 but also a full 360° range for the transmitted phase 
(Fig. 4b).  

Fig. 4c and 4d also exhibit regions with very low reflection 
or transmission (dark blue lines). They are associated with 
phase jumps, as can be seen in Fig. 4a and 4b. In order to 
have a deeper insight into these resonant phenomena, 
multiple reflections have to be considered. Assuming the 
wave only propagates inside the outer waveguide, theoretical 
approximations of the S-parameters are given by: 

     𝑆 =                                 (1) 

𝑆 =                                 (2) 

where 𝛤  expresses the mismatch between the external 
waveguide and free space: 

𝛤 =                                     (3) 

Note that (3) is only an approximation as discontinuity effects 
also arise at the input and output ports [20]. 

 
Figure 3.  Magnitude of S-parameters of the PC (h=12 mm, f=16 GHz, x-
polarization, normal incidence). 

  
a)                                            b) 

   
c)                                               d) 

Figure 4.  Simulated S-parameters at 16 GHz, x-polarization, normal 
incidence. a) Phase (S11) (deg). b) Phase (S21) (deg). c) Mag (S11) (dB). d) 
Mag (S21) (dB). 

Fig.5 plots the theoretical S-parameters where the 
variations of both 𝑍  and 𝛽 versus Lr are taken into account 
(using full-wave simulations of the outer waveguide). The 
agreement with Fig. 4 (full-wave simulations of the whole 
cell itself) is quite good, in spite of the approximations in the 
theoretical model. This suggests equations (1) and (2) 
provides a comprehensive means to analyze the cell, at least 
qualitatively. The two dark blue lines in Fig. 4c are first 
considered. In this particular case, the agreement with Fig.5c 
is good. The top curve in Fig.5c is obtained for Lr equal to 
2.9 mm. It can be seen from Fig. 2c that this value 
corresponds to the case where the characteristic impedance 
of the outer waveguide is exactly equal to Z0, leading to a 
perfect matching and a total transmission.  Now, the bottom 
curve in Fig.5c involves Lr values ranging from 6.3 mm to 
8.7 mm and h values ranging from 11.2 mm to 12 mm. For 
such values of Lr, the characteristic impedance of the outer 
waveguide varies from 1.24 Ω to 57.62 Ω, which 
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corresponds to a quite large magnitude of . Then, a Fabry-
Perot resonance occurs as soon as 𝛽h is equal to . As a result, 
|S21| gets close to 1, meaning |S11| is minimal.  

Now, the dark blue line in Fig.4d is analyzed, which 
corresponds to a minimum of transmission. Its equivalent in 
Fig. 5d is not a straight line but still a region of low 
transmission. Once again, the imperfect agreement is due to 
the used approximations in the theoretical model.  Indeed, in 
this case, the value of Lr is close to that of Lc, which means 
the cut-off frequency of the inner waveguide is not far from 
the operating frequency and its effect is not negligible any 
longer. However, equation (3) suggests this low-
transmission region is associated to a value of  such that 
2≈1, which is consistent with the low values of ZC in this 
range of Lr.  

Finally, it is worth pointing out that the interesting region 
for transmission (h>10.6 mm) is quite well predicted in Fig. 
5d. As already mentioned, it is related to the Fabry-Perot 
resonance (bottom dark blue curve in Fig. 5c), which 
highlights the importance of this phenomenon in the 
achievement of a full 360° range for transmitted phase. 

  
a)                                            b) 

 
c)                                               d) 

Figure 5.  Theoretical S-parameters at 16 GHz with x-polarized incident 
wave under normal incidence. a) Phase (𝑺𝟏𝟏

𝒕𝒉 ) (deg). b) Phase (𝑺𝟐𝟏
𝒕𝒉 ) (deg). 

c) Mag (𝑺𝟏𝟏
𝒕𝒉 ) (dB). d) Mag (𝑺𝟐𝟏

𝒕𝒉 ) (dB). 

III. ANTENNA DESIGN 
In this section, two different TRAs are designed to validate 
the capability of the proposed PC. Both TRAs produce a 
reflected beam at 15° from broadside but they differ by the 
direction of the transmitted beam. As summarized in TABLE 
I, TRA1 produces a transmitted beam that is symmetrical to 
the reflected one while TRA2 steers the transmitted beam in 
a different plane (also see Fig.9d and Fig.10e and f). Note 
that the angles in table I indicate the directions of both 
transmitted and reflected beams produced by two TRAs and 
they are based on the angle of (theta, phi).  

The two TRAs use the same configuration. The center 
frequency is 16GHz. The illumination is achieved by a 
linearly polarized horn antenna with an offset angle of 15° 

with respect to the normal of the panel. The radiating 
aperture is 13λ0× 13λ0 (λ0 is the wavelength at the center 
frequency). The f/d ratio is 1.1. 

The synthesis process consists in selecting the geometry 
for each cell in the TRA in order to achieve best the desired 
phase. The desired phase law at frequency f is defined by: 

𝜙 (𝑓) = 𝑅 −
𝑥 𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠 𝜑 +

𝑦 𝑠𝑖𝑛 𝜃 𝑠𝑖𝑛 𝜑
+ 𝜙 (𝑓)     (4) 

where  𝑅  is the distance between the feed phase-center and 
cell m in the RA, (𝑥 , 𝑦 ) are the coordinates of this cell, 
(𝜃 , 𝜑 ) the direction of the main beam and c is the speed of 
light. off is a phase offset that is optimized during the 
synthesis process to minimize the total phase error , defined 
as:  

𝜀 = ∑ 𝐼
|𝑆 | 𝜙 , − 𝜙 ,

+|𝑆 | 𝜙 , − 𝜙 ,

               (5) 

where index R and T refer to the TA and RA phases 
respectively while 𝑆  and 𝑆  are the scattering parameters 
of cell m. 𝑁  is the total number of the cells in the array. Im 
is the illumination intensity of each cell in the array. It 
corresponds to the complex magnitude of the incident field 
at the top surface of each cell. Note that, for the sake of 
simplicity, the optimization is done here for the central 
frequency only (16 GHz). 

The synthesis process can be summarized as follows: 
1) The phase offsets in (4) are first set to 1° for both the 

reflected and transmitted beams.  
2) For given phase offsets, the geometry of each cell is 

selected in order to minimize its contribution to the weighted 
phase error in equation (5).  In this step, the phase achieved 
by a given geometry is calculated using the database in Fig. 
6 that accounts for oblique incidence (at the center of the 
array).    

3) The phase offsets are increased progressively up to 360° 
with a step of 1°, so that all possible combinations of offsets 
are considered.  Each time one of the offsets is updated, step 
2 is repeated. 

4) The combination of offsets that produces the minimum 
total phase error is selected and the corresponding cell 
geometries are used to synthesize the TRA.  

As already observed in Fig.4, a large h is needed to 
provide a 360° range for the transmission phase. This is why 
h is set to 12 mm. Also, the incident wave is x-polarized to 
comply with the additional constraint brought by the lateral 
metallic wall at the middle of the cells. 

The simulated database at 16 GHz is given in Fig.6. It 
shows certain cells (typically those with |S11|>-2 dB) seem 
best suited for reflection and other ones (|S21|>-2 dB) for 
transmission. The remaining ones are neither optimal for 
reflection nor transmission.  

Note that the cells in the transition zone (see Fig.6) are not 
removed from the database because they also contribute to 
the transmitted and reflected beams. In the end, it must be 
highlighted that it is the optimization process itself that 
decides whether a cell is used for TA or RA and this is done 
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automatically by minimizing the weighted phase error as 
given by (5). In other words, the number of the TA and RA 
cells is balanced by the optimization process itself. 

TABLE I 
   DETAILED PARAMTERS OF  TWO TRAS 

 Direction of  
transmitted beam 

Direction of  
reflected beam 

TRA1 (165°, 270°) (15°, 270°) 

TRA2 (155°, 0°) (15°, 270°) 

 
a)                             

 
b) 

Figure 6.  The simulated S-parameters (h=12 mm, step=0.05 mm, f=16 
GHz, x-polarization, inc=90°, inc=15°). a) Phase. b) Magnitude. 

As a final figure of merit, the average achieved phase 
error is defined as: 

𝜀 ̅ = ∑ 𝐼

⎣
⎢
⎢
⎡ , ,

∑

+
∑

𝜙 , − 𝜙 , ⎦
⎥
⎥
⎤

       (6) 

The achieved average phase errors of both TRAs are 8.77° 
and 43.20° respectively. Note that, if the directions of both 
reflected and transmitted beams are symmetrical (TRA1), 
the required phases for reflection and transmission are 
identical. In this case, it is quite easy to select offset phases 
for reflection (𝜙 ) and transmission (𝜙 ) so that each 
cell almost meets the required phases for both beams 
simultaneously. Therefore, the total phase error in (5) can 
easily be minimized. As a result, a much lower phase error is 
obtained for TRA1. 

The distributions of TA cells and RA cells in the two 
TRAs are shown in Fig.7. The green color, the blue color and 
the dark green color in Fig.7 represent the RA cells, the TA 
cells and the transition cells respectively. In addition, 
TABLE II compares the two TRAs. 

        To limit fabrication issues, cells where the gap between 
two metal walls is less than 0.2 mm are not accepted in the 
final design. Consequently, these gaps are suppressed (filled 
with metal). 

TABLE II 
 COMPARISON BETWEEN  BOTH TRAS 

 

AvgError 

𝐼 |𝑆 | 𝜙 , − 𝜙 ,

∑ 𝐼 |𝑆 |
 

or 

𝐼 |𝑆 | 𝜙 , − 𝜙 ,

∑ 𝐼 |𝑆 |
 

Number  

of cells 

Total 
weighting 
coefficient 

∑ 𝐼 |𝑆 |  

or 

𝐼 |𝑆 | 

TRA1 TA 7.79° 346 0.6733 

RA 0.99° 296 0.5533 

TRA2 TA 25.34° 447 0.7492 

RA 17.86° 210 0.4271 

Fig.8 shows TRAs with the associated radiated field at 16 
GHz, showing that both transmitted and reflected beams are 
produced simultaneously. The performance of TRA1 is 
analyzed first. The achieved gain for transmission and 
reflection is 27.2dBi and 27.1dBi respectively. The 
corresponding aperture efficiency is 24.71% and 24.15% 
respectively. The total aperture efficiency of TRA1 is 
defined from the sum of both reflected and transmitted 
powers. Therefore, the achieved aperture efficiency for 
TRA1 is 48.86%. The reflected beam and the transmitted 
beam of TRA1 achieve similar performances, which is 
consistent with the quite similar characteristics obtained in 
Table II regarding the cell numbers and weighting 
coefficients for both configurations. The normalized 
radiation patterns at 16 GHz are shown in Fig.9, Z’ and Z’’ 
indicate the directions of reflected beam and transmitted 
beam respectively. The beams in such figure are produced in 
the desired directions, which demonstrates the ability of the 
proposed PC to design TRAs. Also, the side lobe and the 
cross polarization are lower than -15.3 dB and -36.0 dB, 
respectively.           

For TRA2, the achieved gain in transmission and 
reflection at 16 GHz is 26.0 dBi and 22.4 dBi, respectively. 
The corresponding aperture efficiency is 18.75% and 8.15%, 
respectively. Obviously, the performance for transmission is 
better than that for reflection, which is consistent with the 
double number of cells used for transmission. In addition, the 
achieved total aperture efficiency of TRA2 is reduced 
compared to TRA1, which is due to the significant increase 
in average phase error (see TABLE. II). The normalized 
radiation patterns at 16GHz are shown in Fig.10. The side 
lobe and the cross polarization are lower than -10.7dB and -
28.8dB respectively. 
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    a)                                            b) 

Figure 7.  The distribution of TA cells (green), RA cells (blue) and 
transition cells (dark green). a) TRA1. b) TRA2. 

  
a)                                                         b) 

Figure 8.  TRAs and horn with associated beams at 16GHz. a) TRA1. B) 
TRA2. 

 
a)                                                         b) 

   
c)                                                          d)  

Figure 9.  Normalized radiation patterns of TRA1 (dB) at 16 GHZ. a) yoz 
plane. b) xoz’ plane. c) xoz’’ plane. d) antenna configuration 

 
a)                                                           b) 

 
c)                                                           d) 

 
e)                                                                     f) 

Figure 10.  Normalized radiation patterns of TRA2 (dB) at 16 GHz - a) yoz 
plane (reflected beam). b) xoz’ plane (reflected beam). c) yoz’’ plane 
(transmitted beam). d) xoz’’ plane (transmitted beam). e) antenna 
configuration (reflected beam). f) antenna configuration (transmitted 
beam). 

IV. FABRICATION AND MEASUREMENTS 
TRA1 is fabricated and measured to further demonstrate the 
capabilities of the proposed PC. The TRA and horn antenna 
are fabricated layer by layer using selective laser melting 3D 
printing technology. During the fabrication, the antenna is 
under nitrogen atmosphere at 100W/240W (border/volume) 
laser power (λ=1075 nm). The material used is a 316L 
stainless steel powder with a diameter distribution between 
10 and 45 μm. Note that the wall thickness (see Fig.1a) is set 
to 0.3mm, which was found to be the minimal achievable 
value in order to comply both with robustness and accuracy. 
Fig.11 shows the photographs of manufactured TRA and 
measurement setup. 

The antenna is measured in the anechoic environment of 
the near-field compact-range multi-probe Over-The-Air 
testing system MVG / Satimo StarLab (see Fig.11b). The 
comparison of simulated and measured radiation patterns 
(from 15 to 18GHz) is shown in Fig.12. It can be observed 
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from Fig.12 that a good agreement between simulation and 
measurement is achieved. The difference between the 
direction of the simulated and measured main beams can be 
attributed to an inappropriate phase center, which is caused 
by the deformation of the plastic arm supporting the feed 
horn (see Fig.11b). To minimize the difference, additional 
foam is added to support the arm (see Fig.11b). 

It can also be seen from Fig.12 that the measured side lobe 
level and cross polarization level are -14.7/-15.3/-13.4/-12.2 
dB and -24.5/-23.1/-31.9/-25.2 dB at 15/16/17/18 GHz. 
These results are completely acceptable. 

The gain response from 15 to 18GHz is shown in Fig.13. 
It can be seen that the maximum gain difference between 
simulation and measurement is less than 3.7dB. First, the 
inappropriate phase center can directly increase the phase 
error of all cells in the array, leading to a decrease in gain. 
Furthermore, errors in fabrication process can also degrade 
the gain. It can also be seen from Fig.13 that the measured 1-
dB gain bandwidth of reflected beam is 6.25% (from 15.5 to 
16.5GHz) while that of transmitted one is 11.11% (from 16 
to 18GHz). In addition, the measured gain and aperture 
efficiency for transmitted (reflected) beam at 16GHz are 25.7 
dB (24.1 dB) and 17.49% (12.39%) respectively. As a 
summary, the results in Fig.12 and 13 demonstrate that the 
fabricated antenna can achieve the TRA’s functionalities.  

 
a)                                 

 
b) 

Figure 11.  Photographs of: a) manufactured TRA.  b) measurement setup. 

 
  

a)                                       b) 

 
  

c)                                         d) 

Figure 12. Comparison of simulated and measured radiation patterns 
(yoz plane). a) 15GHz. b) 16GHz. c) 17GHz. d) 18GHz. 

 
Figure 13.  Comparison of simulated and measured gain. 

V. BENCHMARKETING 
The proposed cell in this article is a modification of the 
original PC presented in [20] for a pure RA application.  For 
such a RA configuration, the PC consists of two concentric 
waveguides with a short-circuit termination which is used to 
completely reflect the incident wave. As here, the size of the 
inner waveguide is used to control the reflection phase.  
However, there are two main differences between the 
original PC in [20] and the one in this article. Firstly, the 
short-circuit termination that is used in [20] at port 2 (see 
Fig.1a) is replaced here by an open-ended one in order to let 
the transmitted wave within the waveguide be radiated 
beyond port 2. Secondly, since the short-circuit termination 
has been removed, no more ground plane is available here to 
hold all metallic parts together. This is why a transverse 
metallic wall is added at the middle of the cell in the y 
direction (see Fig. 1a again), acting as a support. Therefore, 
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contrarily to the original PC in [20] that is dual-polarized, the 
present one only enables x-polarization. As a summary, the 
original PC in [20] can only be used for a RA configuration 
while the present PC enables to generate both reflected and 
transmitted beams simultaneously.  

One interesting prospective would be to use this new cell 
for dual-polarization. Indeed, the added transverse metal 
wall produces full reflection for an impinging y-polarized 
incident wave. By properly optimizing its dimensions, it 
should be possible to produce an additional reflected beam 
in a different direction for y-polarization. 

VI. CONCLUSION 
In this work, a 3D MO PC is proposed. It uses open-ended 
waveguides to control the reflection and transmission phases. 
A complete analysis of the cell is provided by considering 
multiple reflections to explain its operation principle. Two 
MOTRAs made of PCs are designed. Simulation results show 
that they have the ability to produce both transmitted and 
reflected beams simultaneously. When the directions of the 
two beams are symmetrical, the characteristics of both beams 
are similar, and the performance is better. The TRA with 
symmetrical beams is fabricated using selective laser melting 
technology to further validate the proposed 3D MO PC. 
Measurement results show that a good agreement between the 
simulated and measured radiation patterns is achieved. The 
measured 1-dB gain bandwidth for reflected and transmitted 
beams are 6.25% and 11.11% respectively. Both the 
simulation and measurement results of TRAs demonstrated 
the proposed 3D MO PC. 
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