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Figure. 2-3. Reflection (a) magnitude, and (b) phase versus frequency for different h using the theory and full-wave simulations
showing different coupling conditions.

Figure. 2-4 shows the variation of reflection magnitude versus the substrate thickness with three coupling conditions
labeled. Using (23)-(26), the phase-swing and bandwidth for different substrate thicknesses are plotted in Figure. 2-5.
It should be noted that these two parameters can only be defined in the over-coupled region. A patch length variation
of 8L/Lo = £20% is used to tailor the reflection phase and obtain the desired phase-swing with relatively small specular

reflection effects. In the over-coupled region, thicker substrates lead to lower reflection loss (Figure. 2-4) and wider
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extracting k values as described in [76]. For this particular configuration, Qraq is found to be 24. Using (3)-(5), the Q

factors due to losses are computed as Q. = 687; Qq = 285; and Q, = 201.

Finally, by substituting these Q values in (2), the reflection coefficient of the unit cell at the waveguide port in Figure
2-15(a) is extracted and plotted in Figure. 2-17 and compared with HFSS results. It can be observed that the matching
is excellent and the two results are in perfect agreement. This proves the validity of the presented analogy between a

reflectarray unit cell and the coupled resonators theory and provides a new perspective into reflectarray antenna design.
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Figure. 2-17. Reflection magnitude and phase for a 10-mil thick substrate using theory and HFSS full wave simulations at the
waveguide port (W =2 mm, & = 10.2, tand = 0.0035).
2.5. Comparison between TEM and TE10 modes of excitation
In this subsection, the difference between TEM and TE1o modes of excitation are studied utilizing Q factors. First, the
analytical expression for the radiation Q factor of the unit cell excited inside a TEM waveguide is presented. Following

the procedure mentioned earlier, the power carried by the TEM mode of the waveguide is:

a
2bn,

1
Prog = Ef E X H*ds = |A*]? (31)

where a and b are the dimensions of the waveguide and 7o is the wave impedance of the TEM mode. The amplitude

A* of TEM mode excited in the infinite waveguide by the volume magnetic current density can be found as:
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_ 2hE,W

A* (32)
a
At resonance, as the electric and magnetic energies are equal, Qraq is derived by as:
fore L
Qraa =3 777 WMo (33)

To comprehend the difference between the two modes of excitation (TEM and TE1o), a unit cell resonant at 32 GHz is
considered. RO3010 (& = 10.2; tand = 0.0035) is used as the substrate and thicknesses ranging from 1 to 20 mil are

considered. For each dielectric thickness, length of the patch is tailored to achieve a fixed resonant frequency of 32

GHz.
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Figure 2-18. Q factors versus substrate thickness at 32 GHz for two modes (TEM and TE;) of excitation.

Figure 2-18 shows the comparison of Q factors obtained for normal incidence and waveguide incidence (41° at 32
GHz). Note that Q, for both the modes of excitation is assumed to be same. The position of critical coupling, where
Qrad becomes equal to Qo, happens at 4 mil for normal incidence and 3.25 mil for RWG incidence. The difference
between Qraq 0f TEM and TEqo is larger for unit cells near critical coupling. Note that these differences decrease as the

unit cell becomes more over-coupled. For 3.25 mil < h < 4 mil, the unit cell could fall into either under- or over-

coupled region depending on the incident angle.

To verify the loss performance of the unit cells, reflection loss versus substrate thickness at 32 GHz resonance is

plotted in Figure 2-19. It can be observed that at critical coupling, maximum reflection loss is observed for both cases.
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Even though very thin substrates have lower loss, anomalous phase response prohibits the use of this region. Also in
the useful over-coupled region, loss of the unit cells excited by normal incidence is slightly higher than waveguide
incidence. Thus, non-negligible variations in reflection properties of unit cells, particularly for elements near critical
coupling, are observed for the two modes of excitation. Excellent match between simulations and theoretical results

is observed.
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Figure 2-19. Reflection loss versus substrate thickness at 32 GHz for two modes of excitation.

To study the effects from the two modes of excitation on the reflection phase, phase-sensitivity is defined. Phase-
sensitivity is defined as the negative of the slope of reflection phase at resonance. The phase of the reflection

coefficient can be expressed as:

2(f_fr) 2(f_fr)
| T e
O(f, f,)=—tan 11 tan 1,1 (34)
Qrad Qo Qrad Qo
Phase-sensitivity is defined as:
o oo(f, f,)
f of (35)

which is derived in terms of Q factor and the final expression is given as:
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4Qo erad

= ‘(—) (36)
f0 Q02 _Qrad2

f

Figure 2-20 shows the variation of o versus substrate thickness for the modes of excitation. It is observed that the

singularity in the phase-sensitivity is observed at the critical coupling conditions for the both the cases. Again, the
difference between the two modes of excitation is dominant near the critically-coupled condition. In the useful over-
coupled region, it is observed that the TEM excited unit cells exhibit higher phase-sensitivity than TEjo excited
elements. This increased sensitivity corresponds to decreased bandwidth. In addition, it is also observed that for
smaller substrate thicknesses, phase-sensitivity is negative confirming the under-coupled condition. Again excellent

match between theory and simulations is observed.
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Figure 2-20. Phase-sensitivity versus substrate thickness at 32 GHz for two modes of excitation.

2.6. Effects of Inter-element spacing
A parallel-plate waveguide setup shown in Figure. 2-21 is used to characterize the reflectarray elements with different
inter-element spacing. Using Ansoft High Frequency Structure Simulator (HFSS), a 2.83 x 3.7 mm? (LxW) patch is
designed on a 10-mil Rogers RT Duroid 5880 substrate (& = 2.2; tand = 0.0009; ¥ oz copper) having a center

frequency fo of 32GHz. The inter-element spacing of A=7.112 mm (0.76A0) and B=3.556 mm (0.384¢) used in this
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design are equal to the cross-sectional dimensions of the standard Ks-band waveguide. The fractional bandwidth

(FBW) of the reflectarray unit cell is found to be 3.3%.

TEM Excitation
Port

!

w. L

4

Figure. 2-21. Reflectarray unit cell simulation setup and the corresponding infinite array configuration

& ///

To study the effects of the inter-element spacing for a fixed patch dimensions (L and W), A (B) is swept from 0.454¢
(0.35/0) to 0.9540 (0.854¢) in HFSS simulations. The change of A (B) results in the mutual coupling level change in H
(E) plane. Figure. 2-22 presents the resonant frequency versus inter-element spacing. It is noted that when the spacing
between elements is decreased, the change in the resonant frequency is more pronounced. For inter-element spacing
larger than 0.6/, resonant frequency of the antenna element is relatively insensitive to the spacing. Across all values
of inter-element spacing (A and B) studied here, more than 6% variations in the resonant frequency is observed, which

is noticeable considering the FBW of the unit cell is only ~3%.
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Figure. 2-22. Resonant frequency versus inter-element spacing at Ka-band.

As the resonant frequency of the reflectarray unit cell changes, the reflection phase at f, changes as well. This concept
is illustrated in Figure. 2-23. It is observed that the reflection phase changes around 140° within the aforementioned
range of inter-element spacing. As the inter-element spacing increases, variations in both resonant frequency and phase
become less significant. In this regard, reflectarray unit cells are less vulnerable to fabrication errors if the spacing
between the elements is greater than 0.540. In addition, it is also essential to understand the effects of inter-element

spacing on other important parameters like bandwidth, maximum loss and phase-swing.
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Figure. 2-23. Reflection phase versus inter-element spacing at fo = 32 GHz.
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Figure 4-27. Radiation patterns on the principle planes showing both co- and cross- polarization components.

Figure 4-28. Radiation patterns for different scan-angles along E-plane.

Figure 4-28 shows the radiation patterns for three scan angles of 0°, 13° and 25° along E-plane. It is observed that
better side-lobe levels (10 dB less than the main beam) are measured for 13° and 25° scan angles compared to broad-
side case. The presented 45-element tunable reflectarray with simplified biasing scheme showcases the feasibility of

achieving beam-scanning using BST loaded patch antennas. Figure 4-29 shows the variation of array gain with the
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frequency for broad-side case. A 1-dB gain bandwidth of about 1.8 % is measured. Finally, the loss budget analysis
of the array is listed in Table 4-1. The difference of 1.16 dB between the measured and calculated losses can be

attributed to the measurement tolerances such as polarization errors, absorber sheet, and the supporting structures.

310 315 320 325 330
Frequency (GHz)

Figure 4-29. Measured gain vs. frequency for broadside radiation pattern.

Table 4-1. Loss budget of the array for the broadside case

Directivity (calculated) 20dB
Aperture efficiency
~27.14% (-5.66 dB)
(calculated)
Average element loss
~4.88 dB
(calculated)

Total calculated losses 10.54
Gain (measured) 8.3dB
Measured losses

11.7dB
(Directivity — Gain)
Efficiency 6.76 %
Measured-calculated losses ~1.16 dB
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The presented 45-element tunable reflectarray with simplified biasing scheme showcases the feasibility of achieving
beam-scanning using BST loaded patch antennas. Higher scan angles with better side-lobe levels and improved
efficiencies can be realized by using larger apertures and optimizing the BST growth to minimize the losses from
BST. In addition, the bandwidth performance can be improved by choosing broad-band antenna elements or multi-

resonant elements.
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FUTURE WORK

The proposed reconfigurable reflectarray design using BST technology demonstrates the possibility of realizing next
generation beam-steerable antenna systems. Future extensions include variations and improvements at both unit cell

and array level, which are briefly discussed in this section.

To provide high date rates desired for space and commercial applications, antenna systems operating at mm-wave
frequencies and beyond are desired. Due to monolithic integration, the proposed BST integrated antenna element can
be extended to higher frequency ranges such as V-band. By changing the geometry of the gap between the patches, a
variety of capacitance ranges can also be achieved. The major challenge for the operation at such higher frequencies

will be to design a compact biasing network without effecting the antenna performance.

Reconfigurable antennas on flexible substrate are desired for cost effective space-deployment. The growth of BST on
flexible substrate and the possibility of monolithically integrating with the antenna element opens up the possibilities
of having foldable and electronically controllable antenna systems. To realize this, a possible route is to first fabricate
the BST integrated antenna element on a rigid substrate such as Silicon and then use the wafer bonding to transfer the

electronics from the rigid substrate onto the foldable substrate.

It is also important to reduce the dielectric loss of the BST to improve the overall efficiency of the array. The quality
of BST film is dependent on the growth process and the process parameters. A detailed study is required to understand
the tradeoff between different performance criteria and a collaboration between the material science and the antenna
teams is desired for this purpose. In addition, BST can be doped with other materials to optimize the performance. For

example techniques such as Mn-doped BST/MgO composites can be used to reduce the loss tangent of the BST.

The performance improvement of the BST loaded unit cells in terms of bandwidth and the phase range is also desired.
This can be achieved by using multi-resonant elements loaded with BST or by using TTD’s integrated with BST. For
the multi-resonant configuration, superior performance in terms of bandwidth and phase range can be achieved due to
the multiple resonant modes and the coupling between the resonators. The major challenge is the biasing circuitry that
is required to control each resonant element, separately, and have minimum effects on the electrical performance. It
is also complicated to characterize the coupling mechanism between the resonators which will vary with the bias

voltages.
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Another extension will be to design individual phase control for each element to minimize the phase-errors and achieve
higher efficiencies. However, for the proposed design this may result in extremely large number of biasing lines over
the array aperture and result in spurious reflections and higher losses. Unit cell designs with the biasing circuity not
on the active region of the array can provide individual phase control and have least effects from biasing. In this
regard, aperture-coupled antenna with BST loaded microstrip transmission lines beneath the ground plane are

advantageous.

In addition, for the applications where larger antenna aperture with higher gains are desired, several wafers can be
fabricated separately and joined together. Such a design needs further study in terms of the fabrications and alignment

between the wafers.

For an efficient array design, it is also crucial to understand the underlying physics of the antenna. The Q factor theory
introduced in this study to analyze the reflectarray elements is proven to be a very effective design tool. This theory
can be extended for other unit cell configurations such as multi-resonant antenna elements, aperture-coupled elements
and other tunable elements. In addition, the theory can also be applied to other array configurations such as phased-

array and lens antennas.
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