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L/S-Band Frequency Reconfigurable Multi-
Scale Phased Array Antenna with Wide Angle
Scanning

Nadia Haider, Alexander G. Yarovoy, Fellow, IEEE and Antoine G. Roederer, Life Fellow, IEEE

Abstract—A frequency reconfigurable phased array element is
presented. The operational band of the single port L/S-band
antenna can be selected by modifying the element apertures with
p-1-n diode switches. The antenna element satisfies strict
requirements on its frequency band separation (2.2:1), size,
feeding structure and control lines to be integrated into a phased
array system. A multi-scale array topology is proposed to achieve
wide angle scanning (x60°) in both operational bands of the array.

Index Terms— Frequency reconfiguration; planar antenna;
phased array; wide angle scanning.

I. INTRODUCTION

ENSORS such as phased array radars play a crucial role for

surveillance, threat identification and post-disaster
management. However, different scenarios impose extremely
diverse system requirements. Phased array systems occupy a
large area, when separate apertures are used for each function.
For ships and aircrafts, space and weight are at a premium and
reconfigurable multi-band antennas are very attractive solutions
for future multi-function sensors.

Reconfiguration using RF-switches has been proposed for
various purposes [1-13] but rarely for array applications.
Furthermore, the frequency ranges of these reconfigurable
antennas are not sufficient to cover multiple radar bands with
frequency ratios over an octave. In this work a frequency
reconfigurable element for active phased array radars is
designed based on an adaptive antenna-aperture concept. The
proposed concept involves geometrical reconfiguration of each
radiating cell of a phased array by the use of RF-switches. The
distinctive properties of the approach are its array compatibility,
large separation of the bands (2.2:1) and well defined radiation
and circuital characteristics in both bands.

For dual-band wide angle scanning, a small element
periodicity is vital and, to avoid grating lobes at the higher
frequencies, the elements need to be placed very densely at the
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lower frequency. As a result, coupling increases and reduces the
radiation efficiency and the gain. Hence, there is a clear trade-
off between the maximum scan volume at the high frequency
and the coupling in the low frequency band. For large
separation between the bands, reconfigurability is required at
antenna element and at array topology level to adapt the array.
Only a very limited number of reconfigurable or dual-band
antennas have been designed for array applications in the last
decades [14-24]. To date examples of multi-band antenna
arrays with both a frequency ratio beyond 2:1 and 2-D scanning
capability of more than £45° in both bands are very limited in
open literature [25-27]. In this work, a multi-scale array
structure is introduced providing wide angle scanning in both
L- and S-band. The advantage of this novel configuration is
twofold: reduced mutual coupling in the lower band, and
increased scanning volume for the higher band [28]. A planar
array demonstrator validated the proposed concept.

This paper is organized in four sections. In Section Il the
design and experimental verification of the frequency
reconfigurable antenna element are presented. Section I1lI
details the multi-scale array concept, the planar array
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Outer patch
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Fig. 1.  The basic geometry of the reconfigurable L/S-band antenna element.
Geometrical characteristics of the structure: wy,= L,s= 24mm, wy,;= L=
50mm, ly=wg=75mm, hy= 9.144mm, g,,= 5mm, xz= 0mm, y;=-10 mm.
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demonstrator and the measured results. Finally the concluding
remarks are provided in Section V.

Il. THE L/S-BAND FREQUENCY RECONFIGURABLE ELEMENT

A. The Reconfigurable Element Concept

Reconfigurable antennas allow to modify the relevant
circuital characteristics and/or radiation properties in real time.
The implementation of several functionalities on the same
antenna requires topological reconfigurability. The shape and
size of the antenna should be adapted to the requirements set by
the considered functionality. To design a frequency-
reconfigurable phased array element, a new concept is
investigated in this section.

Fig. 1 shows the geometry of the structure. A dual-patch is
used to switch between L- and S-band. Reconfigurability is
realized by controlling the RF switches to change the electrical
size of the structure. When switches are in CLOSED state, the
outer metal ring is connected to the inner patch and the antenna
radiates in the lower band. When the switches are in OPEN
state, the metal ring is detached from the inner patch and it acts
as a parasitic element. Then, antenna operation in the higher
band is achieved. As the main application of the array is thought
to be radar, simultaneous operation of the array in both bands
either in transmit or in receive modes is not considered.

The antenna is modeled on RO4003C substrate with
permittivity €,.=3.5. Its thickness has been set to 1,,/6, where
Aqn 18 the wavelength in the dielectric at the highest frequency.
The width and the length of the inner patch are 24 mm while
those of the outer patch are 50 mm. Both radiating structures
are symmetric along the principal planes (w,s=1,s and
wp,= lp;). This design approach provides dual polarization
potential by inserting a second feeding probe.

The gap between the patches (g, in Fig. 1) also affects
performance. A large gap increases the deformation of the L-
band patch from its conventional structure while a small one
increases the parasitic effect of the outer ring at S-band. The
ring acts as a parasitic structure at S-band and weakly radiates.
The amount and the frequency of this unwanted radiation are
directly influenced by the gap (g,) between the patches. The
gap width was set to 5 mm which shifted the parasitic radiation
outside the radar L-band (1.2 — 1.4 GHz).

For the reconfigurable element design a probe feed is used.
Here, probe feeding is more suitable than an indirect EM
coupled feed, such as proximity- and aperture-coupled feed.
The probe feed can be directly used for both feeding the antenna
at radio frequency (RF) and controlling the DC-bias voltage for
the switches.

The position of the feeding probe directly influences the
input-impedance and, for the dual-band antenna, it is critical to
provide an adequate match for each band. For the proposed
design, it optimized to be x; =0 mm, y, =-10 mm..

http://dx.doi.org/10.1109/TAP.2017.2722685

B. The Radio frequency (RF) Switch Implementation

RF switches, such as micro electro-mechanical systems
(MEMS), varactors and p-I-n diodes [1-13], are often used in
reconfigurable antennas. These technologies are well suited for
antennas in printed technology. Switches, such as p-I-n diodes
and RF MEMS, can electrically connect/disconnect metallic
parts to introduce (discretized) changes in the geometry of the
radiating surface. Taking into account the reliability, switching
speed, power handling capability, lifetime and physical size, the
p-1-n diode switches were selected for the considered
reconfigurable radiating element.

The most important performance parameters for p-1-n diodes
are isolation, insertion loss, power handling, switching speed
and maximum frequency. The size and the package type of the
components are also important and, considering these
parameters, the GaAs beamlead p-1-n diode MA4AGBLP912
from MA-COM was selected for the antenna prototype. The
thermal resistance of GaAs is generally higher than for silicon
and hence the maximum power dissipation is less than for
silicon material. However, a GaAs p-I-n diode provides much
faster switching speed and less parasitic capacitance which
makes it more suitable above 2 GHz.

The maximum power handling capability of the GaAs p-I-n
diode (MA4AGBLP912) is 200mW and four diodes are
connected in parallel in each antenna element. Therefore, the
demonstrator is suitable for a maximum field strength of about
700V/m. The proposed antenna is primarily designed for digital
beamforming on receive for which the power handling
capability of the GaAs diode is sufficient. Furthermore, the
proposed concept is an interesting solution for dual-band
applications where the transmitted power is not extremely high,
such as SATCOM and FMCW radar.

For digital beamforming on transmit the total transmitted
power is high. For such radar systems with very high maximum
incident power requirement the GaAs p-I-n diodes can be
replaced by silicon diodes. Silicon diodes are usually suitable
for incident power of few Watts. However, the higher parasitic
values of silicon diodes need to be considered.

The third-order-intercept (IP3) and the 1-dB compression
point of the MA4AGBLP912 diode occurs above 35 dBm and
25 dBm, respectively. Therefore, a fairly linear behavior of the
diode can be expected within the intended power range. The
number of the switching devices within the radiating structure
also plays an important role and it must be limited for minimum
cost and complexity. However, larger number of switches will
increase system redundancy and thus also the reliability. For the
concept demonstration four diode switches were used.
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Fig. 2. (a) The L/S-band reconfigurable antenna prototype and (b) the p-1-n
diode and the inductor attached on top of the radiating antenna
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Fig. 3. The measurement scheme
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The implementation of the DC bias circuit is challenging
since these elements are designed for array application. Phased
arrays usually contain thousands of radiating elements and
placing additional lines in the antenna plane will drastically
complicate the overall biasing network. To reduce such
complexity, the DC control voltage was applied to the RF feed
through a bias tee. DC ground was provided to the four p-I-n
diodes using a single lumped inductor. A plated-through hole
then connects this inductor to the back ground plane. The
relevant SPICE-like equivalent circuit of the inductor was
included in the antenna model to analyze the impact of the
packaging and parasitic effects of the device.

C. The Experimental Verification

In order to verify the theoretical results, prototypes were
designed and fabricated ( Fig. 2). The measurement scheme is
presented in Fig. 3.
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Fig. 5.  Boresight realized gain as a function of frequency

Fig. 4 shows the magnitude of input-reflection coefficient for
the ON and OFF states. Experimental results and theoretical
predictions closely agree. In the diode ON-state, the antenna
resonates at 1.33 GHz while it resonates at 2.95 GHz in the
OFF-state. At L-band and at S-band the measured bandwidths
(at -10 dB reflection level) are 60 MHz and 70 MHz,
respectively. These narrow instantaneous bandwidths are
helpful to protect the receivers against power jamming. In
addition, operational frequency tuning within the radar bands is
foreseen by proper matching of the reference impedance. This
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concept of frequency tuning by input-impedance tunable RF-
frontend is discussed in [29-30].

Radiation measurements were carried out with a TEM horn
(GZ0126ATP) as transmit antenna. In Fig. 5 the
measured and simulated boresight realized gains are plotted.
Here we notice good out-of-band gain suppression while
maintaining adequate in-band gain. The measured peak gain is
4.7 dB at 1.36 GHz in the diode ON-state while it is 6.1 dB at
2.95 GHz for OFF-state. The gain remains above 3 dB from 1.3
GHz to 1.38 GHz and from 2.5 GHz to 3.05 GHz for the ON-
state and OFF-state, respectively.

In the S-band diode OFF-state, the outer ring performs as a
parasitic element causing a spurious resonance in the lower
band. In the proposed design this undesired resonance was
shifted below 1.2 GHz. Fig. 5 demonstrates that the spurious
resonance due to the outer ring occurs around 1.15 GHz
(outside the radar L-band). The measured results confirmed 23
dB and 24 dB isolations between the bands at 1.35 GHz and
2.95 GHz, respectively.
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Fig. 6. Normalized radiation patterns for diode ON-state along (a) the H-

plane (b) E-plane

Fig. 6 and Fig. 7 show the antenna radiation patterns in the E
and H planes. At L-band, the half-power-beam-width (HPBW)
is over 100° in both planes (Fig. 6). The measured cross-polar
isolation in the scanning area (£60°) is over 25 dB in the E-

http://dx.doi.org/10.1109/TAP.2017.2722685

plane. In the H-plane the polarization purity is reduced, but
remains higher than 15 dB in the scan volume

H-plane patterns at 2.95 GHz
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At S-band, the half-power-beam-width (HPBW) is about 70°
in both principal planes (Fig. 7). In the E-plane, the element
shows low cross-polarization as expected. The measured cross-
polarization isolations remain more than 13 dB within the
scanning area (£60°). In addition, the measured results verify a
symmetric radiation pattern in the H-plane and a quasi-
symmetric pattern in the E-plane for both modes.

In the proposed antenna topology the RF power directly
passes through the diodes during the ON-state of the switches
resulting in additional RF power losses. To experimentally
verify the power loss by propagation through the p-I-n diodes
in the ON-state, a second version of antenna has been made
where the diodes where replaced by metal connections. Power
loss was then evaluated by comparing the received power levels
of the antenna using metal connections and using diodes.
Within the operational band of the antenna the power loss due
to the diodes varies between 1 and 1.7 dB (Fig. 8a) The total
antenna efficiency (including mismatch losses) at L-band is
about 60-70% (Fig, 8b) and the power loss caused by the diodes
is the limiting factor here while at S-band it is about 80% (Fig.
8c). By using a switch with lower insertion loss one can
overcome this limitation. Besides to equalize (if needed) the
antenna array gains in the operational bands, the total apertures
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for L-band array and S-band array might be different, e.g., the
total aperture of L-band array might be larger than S-band one.
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Fig. 8. (a) Measured power loss caused by the switching components (p-I-n
diodes) of the reconfigurable antenna during ON-state and the total efficiency
of the antenna element for (b) L-band mode and (c) S-band mode.

I1l. THE MULTI-SCALE ANTENNA ARRAY

In the previous section the L/S-band frequency
reconfigurable isolated radiating element was presented. This
section details the multi-scale array topology using such
elements and providing large scanning capability in both
frequency bands.
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Fig. 9. The 9x8 multi-scale array structure for the experimental verification.
At L-band only reconfigurable elements - At S-band all elements are excited
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(b)

Fig. 10. (a) The multi-scale antenna array demonstrator, (b) The AUT placed
inside the anechoic chamber

For a dense array with a regular grid one has to make a
compromise between the maximum scan volume for the higher
frequency band and the coupling level in the lower band. This
limitation can be avoided by using a multi-scale array
configuration. As illustrated in Fig. 9, each unit cell of this array
will have one reconfigurable dual band element and three high
frequency elements. For L-band, only recon-figurable
elements are excited, while for S-band all the elements are used.

This array uses an equilateral triangular grid for each
operational mode. The distance between two S-band elements
is selected to be 50 mm and consequently, it is 100 mm between
two L-band elements. This way, the inter-element spacing at
both S-band and L-band becomes less than half of the free-
space wavelength.

An array demonstrator of 72 elements was designed and
measured. Fig. 9 shows the numerical model of this 9x8 array.
Photographs of the prototype are shown in Fig. 10. Its size is
56.5 x 45.7 cm.
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Fig. 11. The embedded input reflection coefficient of the centre element (D5
in Fig. 9) for L-band operation.
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Fig. 12. The embedded input reflection coefficient of the centre elements (D5
and E5 in Fig. 9) for S-band operation.

A. The Reflection Coefficients

The input reflection coefficients of the embedded antenna
elements in the finite 9x8 array were numerically investigated
and verified with measurement. The embedded reflection
coefficients of the center element (D5 in Fig. 9) at L-band are
shown in Fig. 11. At S-band, the reflection coefficients of both
the center reconfigurable element (D5 in Fig. 9) and the center
S-band element (E5 in Fig. 9) are evaluated and presented in
Fig. 12. The measured results are in good agreements with the
simulated ones.

Fig. 13 and Fig. 14 show the measured active reflection
coefficients of the center element for the L-band and S-band
operations, which remain below -8 dB over about 50 MHz and
100 MHz, respectively. Here, the elements are sequentially
excited to measure the embedded reflection and coupling
coefficients (with loads on non-excited elements) and
combined to synthesize the active reflection coefficients. If
further improvement of the matching condition is desired, scan
dependent input-impedance matching can be applied. Detailed
discussion on this concept can be found in [29].

B. The Mutual Coupling Levels

Fig. 15 and Fig. 16 show the measured mutual couplings of
the center element with three nearest ones. At L-band and S-

http://dx.doi.org/10.1109/TAP.2017.2722685
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Fig. 13. The measured active reflection coefficients of the antenna within the
finite array for the L-band operation. The scan angle varies along (a) the E-
plane and (b) the H-plane.
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Fig. 14. The measured active reflection coefficients of the antenna within the
finite array for the S-band operation. The scan angle varies along (a) the E-plane
and (b) the H-plane.

band, the coupling along the H-planes remains below -12 dB
and -15 dB within the respective bands (see Fig. 15 (a) and Fig.
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16 (a)). Moreover, due to the triangular spacing the coupling
remains well below -25 dB among elements in the
diagonal planes (Fig. 15 (b) and Fig. 16 (b)). Thanks to these
adequate isolations, expensive via cavities are avoided.

C. The Scanning Performance

For the investigations of the scanning performances,
measured embedded element patterns are combined to
synthesize the array radiation patterns. The embedded element
pattern is measured with loads on non-excited elements [30]. In
this case, the superposition of measured embedded realized
gains provides an exact evaluation of the actual array patterns
and scanning performance, assuming that T/R modules and feed
network are matched to the nominal impedance used (here 50
Ohms). For the lower band, embedded radiation patterns of 16
elements are used, while 30 are used for the higher one. In Fig.
17 the measured embedded radiation patterns (H-plane) of the
center element are shown. The cross-polarization suppression
is higher than 10 dB within the scan range. Due to the
relatively small size of the array the pattern differs for each
element as presented in Fig. 18. The average peak realized
gains are 4.9 dB and 5.6 dB while the half power beamwidths
(HPBW) are about 110° and 100° and for L-band and S-band
mode, respectively. Note that the array prototype is measured
without actual diodes, meaning the diode losses are not
included here.
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Fig. 15. The coupling coefficient of the centre element (D5 in Fig. 9) with (a)
D3 and (b) F4 for L-band operation.
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(b)

Fig. 18. Measured H-plane embedded element patterns for (a) the L-band (16
elements) and (b) the S-band (30 elements) operational modes
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The H-plane scan patterns (computed from the measured
embedded element patterns) are shown in Fig. 19 and Fig. 20
for L-band and S-band modes, respectively. Here, linear phase
and uniform amplitude distributions are considered for the
beam forming. As expected with spacings below a half
wavelength, no grating lobes are present

In the proposed design, low scan loss is evident as shown in
Fig. 19 and Fig. 20. The measured results verified that in the H-
plane (beam steering up to £60°) the variation in the relative
amplitudes of the scan patterns remains below 3 dB and 5 dB at
L-band and S-band, respectively. The sidelobe level remains 14
dB below the mainlobe for broadside scan and 10 dB for +60°
scan. Fig. 21 and Fig. 22 show good agreements between
theoretical and experimental scan patterns at 2.95 GHz. Fig. 23
and Fig. 24 show simulated scan patterns in the E-plane for the
L- and S-band modes, respectively.
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IV. CONCLUSION

This article details the concept and the realization of a
frequency reconfigurable phased array antenna based on
modifying the element aperture. The change of the electrical
size of the antenna element was achieved by altering the state
of the p-1-n diode switches placed on the radiating structure.
The experimental verifications confirmed that the proposed
concept is applicable to frequency switch between L and S radar
bands with a frequency separation of 2.2:1. The antenna
concept also includes a versatile biasing circuit for array
configuration. In the proposed design the complexity of the bias
network was considerably reduced by controlling the DC bias
voltage level through the RF feed. The element has compact
size of 50 x 50 mm?2 which makes it attractive for phased array
application with large scanning volume in both bands. The
measured results verified 5 to 6 dB realized-gains with about 20
dB isolations between the bands. One of the limiting factors the
power loss in the switches. In this work a p-1-n diode with low
insertion loss was selected which resulted in a moderate level
of power loss ranging between 1.0 and 1.7 dB in the band for
the CLOSED state of the switches.

The novel multi-scale array architecture was implemented to
avoid the limitations of a dual-band dense arrays to achieve
simultaneously good radiation efficiency in the L-band and
wide grating lobe free scanning region for the S-band. With the
multi-scale array configuration, half a wavelength inter-element
spacing was maintained for both L-band and S-band. This
reduced the coupling levels in L-band. Consequently, the
radiation efficiency and scanning capabilities in this band are
improved. For the S-band, the reduced element spacing of the
multi-scale array architecture increased the maximum scan
angle to +60° while in the dense array arrangement it would be
limited to +25°. A planar 9x8 multi-scale array demonstrator
was designed and the measured results closely matched the
numerical predictions.
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