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ABSTRACT An additively manufactured phased array antenna is presented in this work that provides 
simultaneous reconfiguration in frequency, polarization, and beam direction solely in response to magnetic 
tuning of the underlying ferrite substrate. This design obviates the need for integrated active components, 
which have been fundamental elements enabling tuning operation in traditional reconfigurable array antennas. 
The array element of the proposed array antenna consists of a waveguide-based phase shifter, realized by 
printing metallic walls on a ferrite substrate, which is then monolithically integrated with a printed circular 
patch antenna. Depending on the magnitude and polarity of the applied magnetic field (solenoids) to the 
patches, the array antenna can operate in a linearly polarized (LP) mode at 7.2 GHz or in dual circularly 
polarized (CP) modes in two continuously tunable frequency bands, 5.9−6.5 GHz and 7.6−7.95 GHz. 
Simultaneously, when magnetic field is applied to the phase shifters, continuous beam steering within ±25° 
of the boresight can be realized (±35° when fully saturating the ferrite at the phase shifters). To the best of 
the authors’ knowledge, this is the first implementation of an additively manufactured and fully magnetically 
controlled array antenna of this versatility. 

INDEX TERMS ferrite, frequency reconfigurable, inkjet printing, magnetic material, phased array antenna, 
polarization reconfigurable, screen printing, YIG. 

 

I. INTRODUCTION 
ULTI-reconfigurable antennas have become essential 
for modern wireless systems that must operate over 

multiple radios to maximize connectivity [1]. The use of 
multi-reconfigurable antennas can eliminate the need for 
multi-antenna systems, offering potential cost and space 
savings, and enhanced performance across various scenarios 
[1], [2].  

Traditionally, antennas have been made reconfigurable 
through the use of PIN diodes [3], varactors [4], MEMS 
devices [5], diversity switches [6], photoconductive switches 
[7], liquid crystals [8], liquid dielectrics [9], liquid metals [10] 
or mechanical modifications [11]. Most existing research has 
focused on single antenna designs with single or dual 
reconfiguration capability, such as frequency, polarization, or 
radiation pattern reconfigurability, or a combination of any 
two of these characteristics. However, single antenna designs 
often experience lower gain due to a smaller aperture. It has, 
therefore, become desirable to develop reconfigurable antenna 
architectures in an array format [12], [13] that, in addition to 

providing independent tuning in frequency and polarization, 
can form and steer a narrow beam of higher gain. Despite these 
significant benefits, very few studies have addressed it. The 
predominant designs available [14], [15], [16], [17], [18] 
utilize multiple, independently controlled, on-aperture active 
components (PIN diodes, varactors etc.) per radiator to 
achieve independent and simultaneous reconfigurability in 
frequency, polarization and beam direction, thereby increasing 
the complexity of the RF and DC circuits. Another proposed 
design [19] involves reshaping the parasitic array aperture 
through the use of a stretchable liquid metal. This design, 
however, suffers from lower switching speeds and requires a 
considerable number of DC motors for control.      

Alternatively, reconfigurable operation in microwaves can 
be achieved through magnetic tuning of ferrite substrates, 
eliminating the need for active components and complex RF 
circuits associated with them. This approach offers the 
advantages of minituarization [20], and a wide and continuous 
tuning range, from the unmagnetized to partially magnetized 
and then to fully saturated states of the ferrite material. 

M  
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Furthermore, magnetic tuning of ferrites can provide 
reconfigurability in all three aspects of interest: frequency 
[21], [22], [23] polarization [24], [25] and phase shifting [26], 
[27], [28] to realize beam steering array antennas. However, 
the existing array antenna designs on a ferrite have either 
targeted switching operations [29], [30] or beam steering alone 
[31], [32], [33], [34] without the option for frequency and 
polarization reconfigurability.  Moreover, among the existing 
works, very few [35], [36], [37] have explored the fabrication 
of ferrite-based antennas using additive manufacturing 
techniques, despite the importance of additive manufacturing 
in large-scale and cost-effective production [38], [39]. These 
gaps highlight an opportunity for further research in this area. 

This work aims to address these gaps by utilizing additive 
manufacturing techniques to realize an array antenna on a 
ferrite, designed to provide reconfigurability in frequency, 
polarization and beam direction simultaneously, and solely 
through magnetic tuning. This work is a comprehensive 
extension of the work presented in [40].  The array element 
consists of a waveguide-based phase shifter integrated with a 
frequency and polarization reconfigurable patch. Depending 
on the magnitude and polarity of the magnetic field at the 
patches, the array antenna can operate in a linearly polarized 
(LP) mode or in dual circularly polarized (CP) modes within 
two continuously tunable frequency bands. Simultaneously, 
beam steering can be realized when a magnetic field is applied 
to the phase shifters. The proposed array antenna achieves the 
desired multi-reconfigurability while eliminating the need for 
active components and relies on additive manufacturing, 
allowing for low-cost and large-scale production. 

II. THEORY AND SIMULATIONS 
A. MAGNETIC TUNING OF MICROWAVE FERRITES 
Ferrite material is characterized as isotropic in the 
unmagnetized state and anisotropic in the magnetized state. 
The ferrite in the saturated state can be simulated by assuming 
Polder’s model [41], which is readily available for definition 
in CST (as a gyrotropic material). This model requires the 
value of the internal magnetic field, H0, established inside the 
ferrite, after the magnetization, M, of the ferrite reaches 
saturation, MS.  

Ferrites in the partially magnetized state (0 < M/MS ≤ 1) can 
be simulated using Green and Sandy’s model [42], which 
predicts the tensor permeability of the following form for a 
magnetic bias applied in ±z-direction: 

 
 
 
 

0
[ ] 0

0 0 Z

j
j
µ κ

µ κ µ
µ

± 
 =  
 
 

  (1) 

 
 

3
2

0 0(1 )
S

M
M

µ µ µ
 

= + −  
 

 (2) 

  
5

2
1

0
S

M
M

Zµ µ

 
  −  
  

 =  

(3) 

 
 4 M

f
γ πκ =  (4) 

 
 

2

0
1 2 1
3 3

mf
f

µ
 

= + −  
 

 (5) 

where µ and κ are tensor elements, f is the frequency of 
operation, and μ0 is an isotropic permeability of the 
unmagnetized ferrite, as given by Schlomann’s model [42].  

These three models are utilized in this work to guide 
simulations across various magnetization states of the ferrite 
material, facilitating magnetic tuning.  

B. WAVEGUIDE-BASED FERRITE PHASE SHIFTER 
To begin with, a rectangular waveguide is designed in CST 

with metallic walls covering the four sides of a ferrite 
substrate. This ferrite-loaded waveguide serves as a phase 
shifter in this work, controlled by a perpendicularly applied 
DC magnetic field. The DC magnetic field induces and 
modulates an interaction between the RF wave and the 
magnetic dipoles of the ferrite, resulting in phase shifting. The 
waveguide topology is specifically chosen to maximize this 
interaction, thereby maximizing the phase shifting 
performance of the device. As for the ferrite material, 
polycrystalline yttrium iron garnet (YIG)  G-113 (ɛr = 15, tanσ 
= 2·10‒4, 4πMS = 1800 G, ‒3dB ΔH = 24 Oe) from Trans-
Tech Inc. is selected. The designed waveguide is then 
extended by adding waveguide-to-microstrip transitions, as 
shown in Fig. 1(a) and (b), which are necessary for a planar 
integration with the antenna. The dimensions of the final 
structure are optimized assuming unmagnetized conditions 
(M/Ms = 0) of the YIG, and this magnetization state serves as 
a reference state for the designed phase shifter.  

Fig. 1(c) demonstrates the simulated S-parameters of the 
phase shifter for the unmagnetized, partially magnetized, and 
fully saturated states of the YIG inside the waveguide. The 

FIGURE 1. (a) Top and (b) bottom views of a waveguide-based ferrite 
phase shifter. (c) Simulated S11 (dashed lines) and S21 (solid lines) 
parameters of the phase shifter for different magnetization states of the 
YIG inside the waveguide. (d) The simulated phase shifts.  
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fundamental cutoff frequency, fTE10, of the unmagnetized 
waveguide is designed to appear around 5.6 GHz to ensure 
operation above magnetization frequency, fm, (5.04 GHz) of 
the YIG to avoid its low-field loss. Upon increasing the 
magnetization (M > 0) of the YIG, fTE10 shifts to higher 
frequencies. This behavior is consistent across the partially 
magnetized and fully saturated states of the YIG and is due 
to changing effective permeability. As Fig. 1(d) indicates, 
the stronger the magnetization of the phase shifter, the higher 
the phase shifts that it can provide. Further details on the 
operation of the phase shifter can be found in [28].  

C. FREQUENCY AND POLARIZATION 
RECONFIGURABLE PATCH 
As the next step, frequency and polarization reconfigurable 
single antenna must be designed. In this regard, a circular 
patch antenna is designed on the YIG (Fig. 2(a)). The patch 
dimensions are optimized for a resonance at 7.1 GHz 
assuming unmagnetized conditions. The center frequency of 
7.1 GHz is chosen for the antenna to allow for frequency 
tuning (to be discussed in the next paragraph) within the usable 
band of the phase shifter. A narrow λ/4-transformer is 
designed to match the 50 Ω feed line with the patch edge. As 
presented in Fig. 2(b) and (c), under unmagnetized conditions, 
the antenna element operates in LP mode exhibiting a realized 
gain of 4.9 dBi. 

Upon perpendicularly magnetizing the YIG, the resonant 
frequency splits into two new resonances, which diverge 
apart with magnetization, as shown in Fig. 2(b). The realized 
gain remains around 5 dBi, whereas, the polarization tunes 
from LP in the unmagnetized state to CP in the magnetized 
state, with the axial ratio (AR) of less than 3 dB at every 
tuned resonance (Fig. 2(c)). The frequency splitting occurs 
due to the induced anisotropy of the YIG, resulting in 
unequal effective permeability for the two opposite CP 
waves that make up the original LP wave.  In Fig. 2, 

magnetization in the +z-direction is assumed, leading to left-
hand CP (LHCP) at the lower resonance and right-hand CP 
(RHCP) at the higher resonance. The opposite sense of CP at 
the two tuned resonances is confirmed by the electric field 
distribution, depicted at different time instants in Fig. 3 for a 
magnetization in +z-direction. Changing the direction of 
magnetization from +z to –z reverses the CP sense at each 
tuned resonance, but it is not shown here for brevity. This 
happens because both +z- and –z-directed magnetizations 
yield the same tensor permeability (1), but with only the sign 
of the off-diagonal component 𝜅𝜅 reversed, thereby reversing 
the anisotropy or the rotational symmetry in xy-plane within 
the YIG.  

For a comprehensive analysis, the designed patch antenna 
is simulated across the full magnetization range of the YIG. 
As shown in Fig. 4, return loss remains better than 10 dB 
across the entire partial magnetization range (0 ≤ M/MS ≤ 1), 
except for very low (M/MS ≤ 0.11) and very high (M/MS > 0.88) 
values. Simulating the YIG in a fully saturated state tunes the 
resonant frequency back in the lower band, while further 
tuning occurs in the higher band, but without impedance 
match maintained, as demonstrated in the same Fig. 4. These 
results demonstrate that driving the YIG in the partially 
magnetized state is sufficient to achieve a wide frequency 

FIGURE 2. (a) Top view of a circular patch antenna on a grounded YIG 
substrate.  (b) Simulated S11 parameters of the patch for unmagnetized 
and +z-directed partially magnetized state of the YIG substrate. (c) 
Simulated realized gain and AR obtained at every frequency resonance. 

 

FIGURE 3. Electric field distribution (V/m) at different time instants 
(viewing the patch from the top) for +z-magnetized YIG (M/MS = 0.33). 
 

FIGURE 4. Resonant frequency splitting as provided by simulations for 
a YIG substrate at the patch magnetized in +z-direction.  
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range (1300 MHz in the higher band and 1070 MHz in the 
lower band) within which the resonant frequency of the 
designed patch can be continuously tuned, providing radiation 
in CP mode (AR ≤ 3 dB), while maintaining the impedance 
matched.  

Following these simulations, the designed phase shifter and 
the circular patch antenna are integrated, as illustrated in Fig. 
5(a) and (b). Three of these integrated antenna elements are 
used to realize a 1 x 3 phased array antenna. Extensive 
simulations in CST are conducted to assess the performance 
of the array in response to different magnetization states of the 
YIG at the phase shifter and at the patch. The radiation pattern 
for a single integrated antenna element and the full array are 
provided in Section IV and will be discussed alongside the 
measured results. 

III. FABRICATION VIA ADDITIVE MANUFACTURING 
The proposed array antenna was fabricated through a 
combination of screen and inkjet printing processes. This 
combined approach enables the benefits of both the quick 
printing times of screen printing and the high resolution of 
inkjet printing. Due to the size limitations of the available YIG 
substrates (each measuring 36 mm x 20 mm x 1.5 mm), the 
circular patch and the phase shifter were fabricated separately 
and then glued together at their intersection, as indicated in 
Fig. 5(c). However, the need for this manual splicing/glueing 
can be eliminated by using a YIG substrate of a larger size.  

The fabrication begins with screen printing the top and 
bottom conductors of the integrated antenna element onto the 
YIG substrate. The resolution of screen printing is limited to 
200 μm; therefore, the λ/4-transformer, due to its small width 
of 50 μm, had to be produced using a more precise inkjet 
printing technique afterwards. In total, the process involved 
screen printing 2 layers (approximately 14 μm) of DM-SIP-
3072S silver paste from Dycotec Materials [43] and inkjet 

printing 40 layers (about 6 μm) of SoC ink [44].  Every 
printed layer had to be dried with IR lamp for about 3 
minutes before printing the next layer. The high number of 
the inkjet-printed layers is primarily due to the narrow width 
(50 µm) of the λ/4-transformer and the low viscosity of the 
SoC ink (~5.97x10-3Pa·s [44]). This combination increases 
the risk of ink spilling beyond the intended area. To prevent 
this, the waveform of the inkjet printer has been adjusted to 
reduce the amount of ink jetted with every layer, thus 
minimizing the chances of spilling, albeit requiring multiple 
printing layers to realize the desired thickness (~6 µm). To 
accelerate this process in the future, one can explore the use 
of high precision dispensing printers [45], which are based 
on the use of conductive inks (or pastes) of higher viscosity. 
The final step involved manually printing the vertical 
sidewalls of the rectangular waveguide with DM-SIP-3072S 
silver paste. The structure was then placed in a furnace at 
150°C for 1 hour to enhance the conductivity of the 
conducting layers.  

The printed prototype with the epoxy-connected SMA 
connector is depicted in Fig. 5(c). This fabrication process 
has been repeated to produce the other two copies of the 
same structure, as required for a 1 x 3 phased array antenna. 

IV. MEASUREMENTS 
A. SINGLE ANTENNA MEASUREMENTS 
The fabricated antenna elements were initially tested 
individually for their return loss at zero magnetic bias. As 
shown in Fig. 6(a), a good agreement was achieved among the 
three antennas, indicating a repeatable and consistent 
fabrication process. A slight frequency shift between 
simulations and measurements can be attributed to possible 
differences between the simulated and actual material 
properties of the YIG, and the dimensions of the printed layers.  

Fig. 6(b) compares the simulated radiation pattern with 
typical measurements both in E- and H-planes, conducted 
inside the Satimo Starlab anechoic chamber at zero magnetic 
bias. The asymmetric shape of the E-plane radiation was 
investigated through simulations and was primarily 
attributed to the presence of the phase shifter and the SMA 
connector in that plane, whose sizes are relatively large 
compared to the main radiator. To address this asymmetry in 
the future work, one could design a multilayer structure with 
the phase shifter in the lower layer and the patch antenna in 
the upper layer, integrated through a waveguide to coax 

FIGURE 6. Simulated and measured results of integrated antenna 
elements when no magnetic field is applied: (b) S11 parameters and (b) 
radiation pattern in E- and H-planes. 

 

FIGURE 5. (a) Top and (b) bottom geometry of an integrated antenna 
element. (c) Fabricated prototype. 
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transition. This approach shall prevent interference with the 
radiation of the patch antenna, as an RF ground between the 
layers would act as an RF shield. For the design considered 
in this work, a realized gain of 4 dBi and an AR of around 19 
dB were measured in the boresight, suggesting a radiation in 
a LP mode, as expected from the simulations.  

To test the antennas under magnetically biased conditions, 
general-purpose solenoids from Mouser Electronics (#485-
3872) were used.  The solenoid was measured to generate 
910 Oe of magnetic field for maximum applied voltage of 10 
V (Fig. 7(a)).  This value falls below the magnetic field 
strength required for saturation, which is approximately 
1200 Oe for the YIG of a typical size used in this work [28]. 
These measurements, therefore, suggest that the selected 
solenoid will only be able to partially magnetize the YIG 
substrate, which although limits the tuning, should suffice 
for a proof of concept.  

For ease of handling, a support structure made from 
polylactic acid (PLA) was 3D printed to securely hold the 
solenoid and the antenna element together (Fig. 7(b)). As 
demonstrated in Fig. 8, a split in the operating frequency of 
the antenna was observed upon activating the solenoid. The 
overall achieved frequency tuning range (5.9 – 8.0 GHz) is 
less than the range predicted by simulations (5.5 – 8.7 GHz, 
in Fig. 4) for 0 ≤ M/MS ≤ 1, which, thus, confirms having the 
YIG only in a partially magnetized state.  

Fig. 9 summarizes the measured results of realized gain and 
AR in the boresight direction. These measurements are only 
for the applied voltages of positive polarity, which result in +z-
directed magnetization of the YIG. Analogous results were 
achieved with negative polarity, but are not shown here to 
avoid redundancy. As observed in Fig. 9, the AR exhibits a 
decreasing trend for both the lower and higher resonant 
frequency regions with the increase in the applied voltage i.e 

magnetic field. This trend is expected for AR, as a stronger 
magnetic field aligns more magnetic dipoles with it, thereby 
enhancing the purity of the radiating circularly polarized (CP) 
waves. The optimal performance in terms of measured AR in 
Fig. 9 was achieved with the bias voltages around 5 V 
(nominal voltage) and above, which correspond to frequency 
ranges of approximately 5.9 – 6.5 GHz and 7.6 – 7.95 GHz.  

The maximum realized gain of the antenna in Fig. 9 hovers 
around 3 dBi, deviating to some extent with changes in the 
applied bias voltage. It is typically higher at the higher 
resonant frequencies than at the lower. This difference is likely 
due to the aperture of the patch, which appears electrically 
smaller at lower frequencies and larger at higher frequencies.  

B. ASSEMBLY OF THE ARRAY ANTENNA 
After testing the antenna elements individually, they were 
assembled into a 1 x 3 array to facilitate simultaneous 
frequency tuning, polarization reconfiguring and beam 
steering capabilities within a single system (Fig. 10). The 
spacing between elements was set at 21 mm, which 
corresponds to a λ/2 at 7.2 GHz. The array was backed with 
six identical solenoids: three positioned beneath the patch 
antennas and three beneath the phase shifters (Fig. 10(a)). 
The feed was supplied through a three-way SMA power 
divider (PDM-0618-S3) from RF One [46] (Fig. 10(b)).  

C. ARRAY ANTENNA MEASUREMENTS 
As shown in Fig. 11(a), in the absence of any magnetic field, 
the array antenna operates in LP mode, resonating at 7.2 
GHz, which matches the resonant frequency of single 

FIGURE 7. (a) Magnetic field generated by solenoid. (b) Placing the 
integrated antenna element and the solenoid together. 

 FIGURE 9. Measured realized gain and AR in the boresight direction 
for (a) lower and (b) higher frequency tuning ranges as a function of 
positive voltage applied to the solenoid located beneath the patch 
antenna. 

 

FIGURE 10. (a) Arrangement of the solenoids beneath the proposed 
phased array antenna. (b), (c) Mounting of the array antenna inside the 
anechoic chamber, with a feed provided through a three-way power 
divider. 

 

FIGURE 8. Measured resonant frequency splitting as a function of the 
voltage applied to the solenoid positioned beneath the patch antenna.  
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antenna elements (Fig. 6(a)). A scan angle of 20° was 
achieved in this mode in either directions from the main 
beam as shown in Fig. 11(b), with a maximum realized gain 
of 8.3 dBi and maximum side lobe level (SLL) of –13.2 dB. 
The cross polarization level was measured to reach –14.2 dB 
with the beam in the boresight. The high cross polarization 
levels are typical for antennas implemented on ferrite 
substrates due to gyrotropic nature of this material [22]. 
During these tests, no power was applied to the solenoids at 
the patches, while the solenoids at the phase shifters were 
powered with the voltage sequence of (VS4; VS5; VS6), as 
indicated in the legend of Fig. 11(b), to produce a progressive 
phase shift across the array.  

The solenoids at the patches were then activated, changing 
the mode of the array antenna from LP to CP. To streamline 
the presentation of measurements, this section will focus on 
a biasing of 6 V across each of the solenoids at the patches. 
This resulted in a splitting of the resonance frequency to 6.25 
and 7.75 GHz (Fig. 11(a)). At the same time, to facilitate 
beam steering, the solenoids at the phase shifters were 

powered with the same voltage sequence (VS4; VS5; VS6) as 
used previously for beam steering in LP mode. Finally, the 
polarity of the voltage applied to the solenoids at the patches 
was alternated between –6 V and +6 V to switch between 
two senses of CP. The measured radiation patterns resulting 
from these adjustments are displayed in Fig. 11(c), (d) and 
Fig. 11(e), (f) showcasing beam steering at 6.25 GHz and 
7.75 GHz, respectively. The presented results demonstrate a 
scan angle of ±25° at 6.25 GHz, and ±20° at 7.75 GHz. A 
comparison of the results in Fig. 11, reveals that the scan 
angle provided by the proposed phased array antenna 
reduces as the frequency of operation increases. This 
outcome is attributed to the inherent characteristics of the 
designed phase shifter, which exhibits a nonlinear reduction 
in phase shift with increasing frequency (Fig. 1(d)). This 
behavior is consistent with the typical traits observed in 
magnetically tunable phase shifters [27].  

A maximum realized gain of 6 and 7.5 dBi was recorded 
at 6.25 and 7.75 GHz, respectively. The switching of CP is 
evident in Fig. 11(c) and (d) as well as in Fig. 11(e) and (f), 

FIGURE 11. Array antenna measurements. (a) S11-parameters for the unbiased and biased states of the YIG at the patches. Beam scanning in (a) LP 
mode at 7.2 GHz and dual CP mode at (c), (d) 6.25 GHz and (e), (f) 7.75 GHz. 
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as the polarity of the voltage across the solenoids S1, S2 and 
S3 is reversed. The cross polarization of better than –17 dB 
and –16 dB were achieved for the two hands of CP at 6.25 
GHz and 7.75 GHz, respectively, with the beam in the 
boresight. In this case, SLLs were better than –13 dB and –
10 dB at those two frequency resonances, respectively.  

It should be noted that while the presented results focus on 
applying ±6 V to the solenoids at the patches and 
demonstrating measurements at two specific tuned 
frequencies, similar reconfigurable performance can be 
achieved at other frequencies within the tunable spectrum 
from 5.9 to 6.5 GHz and from 7.6 to 7.95 GHz.  

Table I compares the performance of the proposed 
reconfigurable array antenna with state-of-the-art. As can be 
seen, traditional array antennas with reconfigurable 
frequency, polarization and beam direction have 
predominantly been implemented using active components. 
The reported designs can be claimed to have achieved 
independent tuning of three parameters at the cost of 
integrating multiple active components per radiator, both on 
the aperture and in the feeding network. Most of the active 
components have also been provided with individual DC 
bias lines to independently reconfigure the three parameters 
of interest. These requirements increase the RF and DC 
circuit complexity both in the design and fabrication stages. 
In contrast, the alternative design proposed in this work 
alleviates the need for active components and complex 
circuit associated with them, while providing the desired 
multi-reconfigurable performance through magnetic tuning 
alone. The proposed design features an RF circuit that is 
completely isolated from the DC control unit (solenoids), 

allowing them to be developed and optimized separately, 
thereby simplifying the design and fabrication processes. It 
benefits from the anisotropic nature of the YIG, enabling 
control through both the direction and strength of the applied 
magnetic field, thereby reducing the number of tuning units 
and DC bias lines required. The proposed design is also the 
only one that can be fabricated through additive 
manufacturing techniques, which highlights its viability for 
potential low-cost and mass manufacturability.   

D. DISCUSSION 
Although the desired multi-reconfigurable performance 

has been achieved, the measured beam scanning capability 
of the proposed phased array antenna is relatively low. This 
can be enhanced by driving the YIG substrate at the phase 
shifters into a fully saturated state. This can be demonstrated 
through simulations. The simulation model was first 
validated by comparing the simulated and measured 
radiation patterns in LP mode, both with the beam directed 
towards the boresight and at its maximum scan angle. The 
partial magnetization value (M/Ms) of the YIG at the phase 
shifter, necessary for the simulations, was determined by 
correlating the strength of the magnetic field generated by 
the solenoid in Fig. 7(a) with the M(H) from prior work on 
the phase shifter [28]. As illustrated in Fig. 12(a) and (b), a 
satisfactory match was obtained in both scenarios. 

The proposed phased array antenna was then evaluated for 
its maximum scan angle. Simulations revealed that the 
maximum H0 value applicable to the phase shifter before its 
cutoff frequency, fTE10, approaches the frequency of interest 
(7.2 GHz for LP mode), is around 200 Oe, resulting in a 

  
      

Ref. 
Year 

Array 
Size 

Reconfigurability 

Tuning elements*  Individual DC 
bias lines* 

Feeding 
points 

per 
radiator 

Additively 
Manufactured Freq. Tuning 

(GHz) 
Pol. 

Tuning 
Beam 

Steering @fc 

[14] 
2016 1 x 4 1.5-2.4 Dual-CP, 

Dual-LP ±40° 

4 varactors, 3 
SPDT, 1 diversity 
RF switch, 1 6-bit 
phase shifter, 1 6-
bit attenuator etc.   

>21 2 No 

[15] 
2018 1 x 2 3.6 

5.8 
LP, LHCP 
LP, RHCP -30°, 0, 30° 5 PIN diodes. 5 1 No 

[16] 
2021 1 x 4 2.15-2.99 Dual-CP ±40° 8 PIN diodes & 6 

varactors. 7 4 No 

[17] 
2022 4 x 4 1.35-2.19 Triple-LP 

±22°  
(beam 

splitting) 

4 PIN diodes & 4 
varactors. 5 4 No 

[18] 
2014 

6 x 6 
(parasitic) 2.4-2.9 Dual-CP, 

Dual-LP ±30° 4 PIN diodes. 4 1 No 

[19] 
2021 

1 x 3 
(parasitic) 2.45-6.5 Dual-LP ±45° ~2 LM plugs with 

4 DC motors. 4 1 No 

[47] 
2023 4 x 4 3.43-3.54 Dual-CP N.A. 4 metal screws#. 

N.A  
(manual 
control) 

1 No 

This 
work 1 x 3 

7.2, 
5.9-6.5, 
7.6-7.95 

LP, 
Dual-CP,  
Dual-CP 

±20° 
±25° 
±20° 

2 solenoids. 4 1 Yes 

*per array element; #per complete array. 

TABLE 1. Frequency and polarization reconfigurable beam steering array antennas. 

This article has been accepted for publication in IEEE Open Journal of Antennas and Propagation. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/OJAP.2024.3496296

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/



 

VOLUME XX, XXXX 9 

phase shift of 222° (Fig. 1(d)). The central phase shifter was 
then modeled in a partially magnetized state (M/Ms = 0.86) 
to yield half of that phase shift (111°). Biasing the three 
phase shifters with these values (H0 = 200 Oe, M/Ms = 0.86, 
0) enabled the generation of a maximum phase shift (Δϕ) 
between adjacent antenna elements in the array, thereby 
increasing the scan angle to ±35°, as demonstrated in Fig. 
12(c). This is close to the theoretically predicated (Δϕ = 
πsinθ) scan angle, θ, of ±38°. It is worth noting that the scan 
angle can be further increased by simply increasing the 
length of the waveguide section of the phase shifter. For 
example, given the phase shift per unit length of 111°/cm 
(222° / 2 cm), a 360° phase shifter can be realized by 
increasing the length of the waveguide to 3.25 cm.  
Simulations suggest that with this length of the phase shifter, 
the beam steering performance of the proposed phased array 
antenna can improve to ±45°, which should be adequate for 
most modern wireless applications.  

Two solutions can be explored in the future to achieve full 
tuning range of the YIG experimentally: (1) designing an 
optimized solenoid capable of providing stronger magnetic 
fields or (2) embedding biasing coils within the ferrite 
material at the device level [25], [27], [33], [34]. The latter 
solution is preferred as it can reduce the biasing requirements 
and can potentially achieve a better tuning with a lower 
applied magnetic field strength.  

V. CONCLUSION 
A versatile array antenna is presented in this work that relies 
solely on the magnetic tuning of the underlying ferrite 
substrate to achieve beam steering with simultaneous 
reconfigurability in frequency and polarization. Such a 
performance is highly desirable for modern wireless systems. 
For a proof of concept, the proposed array antenna design is 
fabricated through additive manufacturing techniques and 
measured under different strengths of the magnetic field 
applied. The non-contact nature of the magnetic control 
employed in this work enables complete isolation between the 
RF front end and the control unit (solenoids), which thus can 
be developed and optimized separately. The diverse 
reconfiguring ability of the proposed array antenna makes it 

promising to serve the requirements of many modern 
applications.   
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