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Abstract: A nulling system for phased array antennas with broad bandwidth and reduced
complexity is presented. The system is based on combining the output of an optical
beamforming network with an optical transversal filter steered in the angle where a null is
desired in a configuration that reduces the number of optoelectronic conversion compared to
previous proposals. Preliminary experimental results to show the feasibility of the concept are
provided between 2-6 GHz, showing null depths of 22, 10 and 19 dB at 2, 5 and 6 GHz,

respectively.
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1. INTRODUCTION
Over the past decades the use of optics to process microwave signals has caught

researchers’ attention as a result of the advantages that optical components possess, for

example, low loss, large bandwidth, low weight and immunity to electromagnetic



interference. Among the different applications proposed in this area, optical beamforming for
antenna arrays [1-4] and photonic microwave filters [5-10] have been object of particular
wide study due to their potential applicability.

Optically controlled phased array antennas are very attractive due to the benefit of
avoiding beam squint (i.e. to provide true time delay, TTD), a problem that arises when large
relative bandwidth and/or large antenna arrays are used. In the same way, photonic filters of
microwave and radiofrequency signals provide advantages such as large time-bandwidth
products, and, especially, tuning and reconfiguration capabilities not shown by traditional
microwave filter implementations as well as, the potential to be integrated in a fiber
architecture. Moreover, the use of both techniques (optical beamforming and photonic
microwave filtering) allows the implementation of a beamformer with the capability to steer
nulls in the radiated antenna pattern which is very interesting in several applications (such as
radar, communication systems and radio astronomy, among others) where it is necessary to
avoid undesired interferences coming from one particular direction while the direction of the
main beam is maintained. The advantage of implementing this functionality in the optical
domain (over digital and radiofrequency domain) resides in the achievement of wide-band
nulls which are limited only by the components used in the implementation of the
architecture. Therefore, this optical system will be characterized by its high flexibility in
controlling, in a totally independent way, the wide band null direction as well as the phased
array steering direction. To achieve this goal, in [11] a wide-band fiber-optic nulling system
for array antennas based on a dispersive prism technique was demonstrated. Despite being
simpler than previous optically wide-band proposals [12-15], this technique requires two
optoelectronic conversions what is a severe impairment to power budget. The assessment of
this impairment strongly depends on the particular beamforming scheme as well as the

components employed. In general, although analog optical links showing RF to RF gain have
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been demonstrated in narrow bands [17], there is a tradeoff between bandwidth and gain.
Therefore, at present conventional optical beamformers with wide bandwidth show RF to RF
loss which can be between a few dB to 30 dB in complex optical beamformers for large
arrays [18].

In this letter a different approach is proposed in order to reduce the complexity of the
system, i.e, to reduce the number of optoelectronic conversions to just one as usual in analog
optical links and thus the system RF to RF loss and nonlinearities can be reduced without
losing independent control flexibility.

The paper is divided into four sections. Section 2 provides an explanation of the
principle of operation of the wide-band nulling system, as well as a description of the
proposed architecture. Next, Section 3 shows the experimental results obtained between 2-6

GHz and finally, a brief conclusion is summarized in Section 4.

2. PRINCIPLE OF OPERATION

The antenna array far-field radiation pattern can be calculated as

. ~ N . .
E(F) — Eo (—r:)z aneI(r'lfl)(kdsm 0-2nfret) , (1)

n=
where E,(F) is the element antenna radiation pattern, a,, the amplitude of the n element

antenna, d the separation between antennas, 0 the beam steering angle, N the number of
elements in the array, fre the frequency of the modulation, and t the time delay between
antenna elements.

As reported in [19] it is possible to cancel the signal of the array in a desired angle by
generating a proper waveform, for instance, by means of an M-tap photonic filter (to benefit

from its wide bandwidth)
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n=1
To achieved this goal, M has to be equal to the number of elements in the array and H(frr) has

to be radiated at the angle where radiation null is required

E,, (F)=E, (F)ZN: H(fge e (" D2MreT (3)

n=1

where, Trier IS the time delay between filter taps and T is the time delay introduced to steer
the null. In this way, the superposition of both signals out of phase allows the generation of a

null in the desirable direction
E.(F)=E(F)+E,, (Fe ™. (4)
If the filter response is properly designed (the number of taps is equal to the number of
array elements and the filter taps amplitude is 1/N of the amplitude of the beamformer signal),
it reproduces the amplitude response of the radiation pattern at all frequencies. Therefore,
when combined out of phase with the output of the optical beamforming network there is no

radiation transmitted in the desired angle at any frequency (i.e. a broadband null is obtained).
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Fig. 1.- General block diagram of the wide-band nulling system.
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Fig. 2.- Block diagram of a wide-band nulling system based on the proposed technique.

Fig. 1 shows the block diagram of the wide-band nulling system proposed which is
composed of two main parts. The first one (lower part of Fig. 2) is the beamformer where the
time delay between antenna elements, t, needed to achieve the beam steering is generated.
The second one (upper part of Fig. 2) is the nulling generation subsystem. It is made up of a
waveform generator (a microwave filter implemented by a time delay between filter taps,
Trier) and the nulling beamformer where a relative time delay between channels, T, is
introduced. This beamformer is used to steer the waveform generated by the photonic filter at
the direction where the null is required. Note that this technique can be used with any optical
beamformer and finite impulse response photonic microwave filter.

Fig. 2 shows a particular example which coincides with the experimental setup carried
out to validate the concept. The main beamformer (lower part of Fig 2) is implemented by a
dispersive prism made of a combination of highly dispersive fiber or standard single mode
fiber and dispersion shifted fiber [16]. By tuning the wavelength of the optical carrier a
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different time delay profile can be obtained due to the different time delay introduced by the
fact that total dispersion in each branch of the prism is different. In this way, different steering
angles can be obtained by changing the laser wavelength. On the other side, the optical
transversal microwave filter is implemented generating a time delay between taps, Triiter, by
means of the use of several optical carriers (filter taps) and the chromatic dispersion of a coil
of standard single-mode fiber. After the filter, the signal is split in as many paths as antenna
array elements and the beamformer used to steer the null is implemented by means of a
propagation time delay, T, generated using commercial variable optical delay lines (ODL) .
Taking into account that incoherent operation is employed to avoid coherent

interference, to subtract the broadband null signal from the transmitted signal two different
Mach-Zehnder Modulators (MZM), one biased at V,,, and the other one at V,,, where

employed to modulate Rinput [9]. In this way out of phase modulation is obtained. Moreover,
to control the amplitude of the optical signals a set of variable optical attenuators can be
included in the setup as well as, polarization controllers to adjust the state of polarization at
the input of each MZM.

Fig. 3 shows the simulated radiation pattern for different frequencies, obtained from
(1), assuming a four element antenna (with an antenna spacing of 0.7\ at a design frequency
of 6 GHz). In particular, the diagrams have been calculated for a uniform amplitude
distribution and a progressive time delay between antenna elements equal to 15 ps, i.e, a beam

steering angle of 7.4°.
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Fig. 3.- Intensity plot of the radiation pattern without null for different frequencies.

In Fig. 4, it can be seen that theory predicts a null at 0° and -27° independently of the
operation frequency when a four taps filter with a progressive time delay of 15 and 68 ps, in
that order, is combined out of phase with the beamformer, with T equal to 0 and -53 ps
respectively. As can be seen from the results, it is possible to steer nulls whereas the main

beam steering angle remains unchanged as the frequency is varied.
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3. EXPERIMENTAL SETUP

To show the validity of the concept preliminary experiments have been carried out

using the setup shown in Fig. 5.
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Fig. 5.- Experimental setup.

The architecture chosen was the same depicted in Fig 2, where the optical transversal
microwave filter has been implemented using multiple optical carriers and chromatic
dispersion of a coil of 5 km of standard single-mode fiber with D = 17 ps/(nm km). Two
erbium-doped fiber amplifiers (EDFA) were included to compensate for the loss of the fiber
coil. Moreover, the propagation time delay between the upper and lower parts of Fig 2 have to
be equal, therefore two circulators and a fiber pigtail of 210 m have been introduced.
Additionally, for the sake of convenience, ODLs were used to finely adjust the time delay of
each one of the parallel beamformer paths instead of splicing fiber patchcords of proper

length.



The optical insertion loss of the entire system was around 14 dB (taking into account
EDFAs with a gain of approximately 17 dB). However the aim of this experimental setup was
just to proof the concept and loss was not optimised. In any case, due to the need of only one
optoelectronic conversions the RF to RF loss is reduced roughly by half using the new
approach compared to prior art where two optoelectronic conversions are used.

To demonstrate the principle of operation measurements using the setup of Fig. 5 were
done. To show wide-band operation, measurements were carried out at different frequencies
(2,5 and 6 GHz ). The optical beamformer was designed to steer the main beam to 0° when
the laser would be set at 1545.82 nm and to direct the beam to 7.4° when the wavelength
would be decreased 3.7 nm, i.e, a time delay between antenna elements approximately equal
to 15 ps.

To achieve a null at -27°, a photonic finite impulse response filter with a time delay
between taps (Triier) Of 68 ps (FSR= 3.6 GHz as shown in Fig.6) was implemented using four
independent lasers (taps) spaced 0.8 nm (1550.92, 1550.12, 4549.32 and 1548.52 nm). Next,
each filter response was delayed with a progressive time delay (T) of -53 ps (Fig. 7).

On the other side, Fig. 8 shows the radiation patterns obtained from the amplitude and
phase measurements in each branch of the optical beamformer using a vector network
analyzer, assuming a four element antenna array where the spacing between them is set at
0.7\ and the design frequency is 6 GHz. In particular, Fig.8a, 8c, and 8d depict the radiation
pattern without null (dotted line) and the waveform generated (dashed line) by the optical
beamformer and the nulling system of the architecture, respectively at 2, 5 and 6 GHz. Fig.
8b, 8d and 8e compare the diagram without null (dotted line) and with null (solid line). As can
be seen from these graphs, nulls with a deep of, approximately, 22, 10 and 19 dB are achieved
around -27° at different frequencies 2, 5 and 6 GHz, which show that by using this technique a

wide-band squint free nulls can be achieved.
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Fig. 8.- Representation of the radiation pattern without null generated by the optical
beamformer (dotted line) and the waveform to achieve a null at -27° (solid line): (a) at 2 GHz,
(c) at 5 GHz and (e) at 6 GHz. Comparison of the radiation pattern with null (solid line) and

without null (dotted line): (a) at 2 GHz, (c) at 5 GHz and (e) at 6 GHz.
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In light of the results obtained, the validity of the proposed null system to generate
nulls and the wide-band operation is confirmed. It can be seen that there is a slight variation in

the depth and angle of the null caused by errors in the amplitude measurement.

4. CONCLUSION

A wide-band nulling system for phased array antennas based on a photonic filter and
optical delay lines has been reported. Radiation patterns estimated from amplitude and phase
measurements, between 2 and 6 GHz, for a four antenna beamformer have been provided to
demonstrate the feasibility of the architecture. The results show a good agreement with theory
with wide band nulls of 22, 10 and 19 dB at 2, 5 and 6 GHz, respectively. Measurements
show the capability of the technique to achieve wide-band nulls while reducing both
complexity and system RF to RF loss when compared to previous wide-band nulling

architectures.

12



References

[1]

[2]

[3]

[4]

[5]

W. Ng, A. Walston, G. Tangonan, J. Lee, I. Newberg, and N. Bernstein, "The first
demonstration of an optically steered microwave phased array antenna using true-time

delay," Journal of. Lightwave Technology. vol. 9, pp.1124-1131, September 1991.

N. A. Riza, “Photonic Control Systems for Phased Array Antennas”, SPIE Milestone

Series Book, vol.136, 1997.

M. A. Piqueras, G. Grosskopf, B. Vidal, J. Herrera, P. Sanchis, V. Polo, J. L. Corral,
A. Marceaux, J. Galiére, J. Lopez, A. Enard, J.L. Valard, O. Parillaud, E. Estébe, N.
Vodjdani, J. H. den Besten, F. Soares, M.K. Smit and J. Marti, “Optically
Beamformed Beam-Switched Adaptive Antennas for Fixed and Mobile Broadband
Wireless Access Networks”, IEEE Transactions on Microwave Theory and

Techniques, vol. 54, no. 2, pp. 887-899, February 2006.

B. Vidal, T. Mengual, C. Ibafez-Lopez, J. Marti, “Optical Beamforming Network
based on Fiber Optical Delay Lines and Spatial Light Modulators for Large Antenna
Arrays”, IEEE Photonics Technology Letters, vol. 18, no. 24, pp. 2590-2592, 15

December 2006.

J. Capmany, D. Pastor, and B. Ortega, 'New and flexible fiber-optic Delay-Line Filters

using chirped fiber Bragg gratings and laser arrays,” IEEE Transactions on Microwave

Theory and Techniques, vol. 47, no. 7, pp. 1321-1326, 1999.

13



[6]

[7]

[8]

[9]

[10]

[11]

B. Vidal, J. L. Corral, J. Marti, “Optical delay line employing an arrayed waveguide
grating in fold-back configuration”, IEEE microwave and Wireless Component

Letters, vol. 12, no. 6, pp. 238-240, June 2003

B. Vidal, V. Polo, J. L. Corral, J. Marti, “Harmonic suppressed photonic microwave
filter”, IEEE Journal of Lightwave Technology, vol. 21, no. 12, p. 3150-3154,

December 2003.

B. Vidal, M. A. Piqueras, J. Marti, “Photonic microwave filter based on spectrum
slicing with reconfiguration capability”, IEE Electronics Letters, vol. 41, n.23,

pp.1286-1287, November 2005.

B. Vidal, J. L. Corral, J. Marti, “All-Optical WDM Microwave Filter with Negative
Coefficients”, IEEE Photonics Technology Letters, vol. 17, no. 3, pp. 666-669, March

2005.

R. A. Minasian, “Photonic Signal Processing of Microwave Signals,” IEEE
Transaction on Microwave Theory & Techniques, Vol. 52, No. 2, Part 2, pp 832-846,

February 2006.

P.J. Matthews, P. Liu, J. B. Medberry, M. Y. Frankel, R. D. Esman, “Demonstration

of a Wide-Band Fiber-Optic Nulling System for Array Antennas” IEEE Photonics

Technology Letters, vol. 47, no. 7, pp. 1327-1331, July 1999.

14



[12]

[13]

[14]

[15]

[16]

[17]

[18]

N. A. Riza, “Acousto-optic Null Steering Adaptive Photonic Processor Architecture

for Phased Arrays”, SPIE Proc, vol. 2754, pp. 95-102, April 1996.

M. E. Turbyfill, J. M. Lutsko, E. K. Walge, R. J. Berinato, and M. C. Budge,
“Acousto-optic processor for jammer suppression in land-based radars”, SPIE Proc.,
vol. 2747, pp.86-97, 1996.

M. Y. Frankel and R. D. Esman, “Dynamic Null Steering in an Ultrawideband Time-

Steered Array Antenna”, Applied Optics, vol. 37, issue 23, pp.5488-5494, 1998.

H. Zmuda, E. N. Toughlian, P. Payson and H. W. Klumpe, “A photonic
implementation of a wideband nulling system for phased arrays”, IEEE Photonics

Technology Letters, vol. 10, no. 5, May 1998.

R.D. Esman, M.Y. Frankel, J.L.Dexter, L.Goldberg, M.G. Parent , “Fiber Optic Prism
True Time Delay Antenna Feed”, IEEE Photonics Technology Letters, vol. 5, no. 11,

pp.1347-1349, November 1993.

C. H. Cox,“Analog Optical Links: Theory and Practice”, Cambridge University Press,

2004

L. Jofre, Chr. Stoltidou, S. Blanch, T. Mengual, B. Vidal, J. Marti, I. McKenzie, J. M.

del Cura, “Optically Beamformed Wideband Array Performance”, IEEE Transactions

on Antennas and Propagation, Vol. 56, Issue 6, June 2008, pp. 1594-1604.

15



[19]

M. Y. Frankel and R.D. Esman, “Dynamic Null Steering in an ultrawideband Time-
Steered Array Antenna,Applied Optics, vol. 37, Issue 23, pp. 5488-5494, August
1998.

16


javascript:searchAuthor('Frankel,%20M')
javascript:searchAuthor('Esman,%20R')

