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Phased Array Antenna Beam-Steering in a
Dispersion-Engineered Few-Mode Fiber

Elham Nazemosadat”, Jose 1. Herranz-Herruzo

Abstract—We present, for the first time to our knowledge, exper-
imental demonstration of tunable optical beamforming for phased
array antennas using a few-mode fiber. The double-clad step-index
few-mode fiber is dispersion engineered such that it operates as a
continuously tunable 5-sample true-time delay line, enabling con-
tinuous steering of the beam-pointing angle. Using this approach,
we measure the radiation pattern from 5 elements of an in-house
fabricated 8-element phased array antenna at the radiofrequency
of 26 GHz and demonstrate continuous beam-steering over a 59°
range by sweeping the optical wavelength from 1543 nm up to
1560 nm. Such a few-mode fiber-based beamformer could be bene-
ficial to next-generation fiber-wireless communications and radar
systems, as it provides further versatility and capacity along with
reduced size, weight and power consumption.

Index Terms—Beam steering, few-mode fibers, microwave
photonics, phased array antennas, space division multiplexing.

1. INTRODUCTION

EAMFORMING for phased array antennas (PAAs) is akey
B technology in radar and wireless communications systems,
enabling the shaping and steering of beams towards specific
directions. Traditional analog beam-steering techniques based
on phase shifters are prone to beam squinting, and therefore
unsuitable for wideband operation [1]. To address this issue,
true-time delay lines (TTDLs) are often used instead, as they
introduce frequency-independent delays and thereby accom-
modate broadband beamforming [2]. Optical approaches are
considered as the most promising technology to realize TTDLs,
as they offer immunity to electromagnetic interference, along
with a broader bandwidth and lower losses compared to their
electronic counterparts [3].

Different schemes have been used to develop optical TTDL
beamformers, including those based on dispersive fibers [4],
fiber Bragg gratings [5], stimulated Brillouin scattering [6],
optical ring resonators [7], and subwavelength grating waveg-
uides [8], among others. Moreover, multicore (MCF) and few-
mode fibers (FMFs), which have found applications in various
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fields such as optical transmission [9], imaging [10], sensing [11]
and nonlinear switching [12], have also proven useful to mi-
crowave photonics signal processing [13]. In the context of
microwave photonics, the parallelism inherent to the spatial
dimension of these fibers can be used to implement TTDLs [14],
[15], [16], and therefore, allow simultaneous distribution and
processing of microwave signals within the same fiber link.
This approach, which eliminates the need for an external de-
vice to process the signal, particularly gains importance in
scenarios where the radio-over-fiber link is required anyway.
Moreover, taking advantage of the spatial diversity in MCFs
and FMFs makes it possible to use only one laser source,
while other fiber-based TTDLs that exploit optical wavelength
diversity require several lasers [4], [5]. Recently, this scheme
was used to demonstrate a TTDL beamformer for PAAs in a
custom dispersion-engineered heterogeneous MCF [17]. A few
beamforming networks using FMFs have also been reported so
far [18], [19], [20]. However, their main drawback is that the
tunable TTDL operation is not solely provided by the FMF
and external delay control is required by either changing the
FMF length [18], using FMF Bragg gratings [19], or employing
optical switches [19], [20]. We have recently proposed [21] and
experimentally demonstrated [16] a dispersion-tailored FMF
that overcomes this limitation by acting as a tunable TTDL,
offering continuous time-delay tunability over a broad range
through varying the optical wavelength. Here, we use this
FMF-based TTDL to realize an optical beamforming network.
To the best of our knowledge, this is the first experimental
demonstration of tunable optical beamforming for PAAs using
a FMF, where the FMF itself provides the required tunable
TTDL operation, making the system reconfigurable and yet
simple. Such a scheme, which allows simultaneous processing
and distribution of microwave signals, could be particularly in-
teresting for next-generation wireless communications systems,
such as Beyond 5G, as it offers increased versatility, capacity
and compactness.

II. FEW-MODE FIBER TRUE-TIME DELAY LINE

The different spatial modes of a FMF have distinct group
delays and propagate at different velocities in the fiber. There-
fore, at the FMF output, different time-delayed replicas of an
input signal are provided by the different modes. We can utilize
this property to implement a tunable TTDL. In this case, through
custom fiber design, two specific conditions should be met. First,
the dispersion properties of the modes must be tailored such
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Fig. 1. (a) Refractive index profile of the developed double-clad step index
FMF at 1550 nm along with the transverse mode profiles of the 5 modes of
interest that are suitable for true-time delay line operation. (b) Differential group
delays of the modes of interest, with respect to LPy;. The circles represent
measured data, while the solid lines are the fitted trend lines. (c¢) Measured (red
dots) and fitted (dotted blue line) values for the average A 7. The corresponding
error bars for the measured values are also shown.

that the differential time delay AT between adjacent replicas (or
the differential group delay (DGD) between adjacent modes)
is constant at a given wavelength. Second, to obtain continu-
ous delay tunability, A7 should vary linearly with the optical
wavelength, which means that the differential dispersion slope
between adjacent modes should be minimized.

In mathematical terms, the group delay of spatial mode n,
can be expanded in a 1-st order Taylor series around an anchor
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Fig. 2. (a) The in-house built 8-element phased array antenna. (b) Radiation

pattern of a single antenna element, measured for 4 different individual elements.

wavelength X, as

Tn()\) = Ton T+ ()‘ - )‘-O)DnL (1

where 7, and D, indicate the group delay and chromatic
dispersion of mode n at Ao, respectively, and L is the fiber
length. When exploiting the space dimension, the basic time
delay among adjacent samples at a particular wavelength is given
by the differential group delay between each pair of adjacent
modes, expressed as A7(A) = 7,(A) — 7,,—1(%). If the FMF is
designed such that all modes have the same group delay at the
anchor wavelength (identical 7y ,, value), then we have

AT(3) = (A — ho)ADL 2)

where AD = D,, — D,,_ is the differential chromatic disper-
sion between neighboring modes. Based on (2), to fulfill the
two above-mentioned conditions for tunable TTDL operation,
AD should be constant [21].

Considering these requirements, we have recently developed
a few-mode fiber with a double-clad step-index profile that fea-
tures relatively evenly-spaced incremental chromatic dispersion
values of AD = 1.7 ps/nm/km among 5 of its linearly polarized
(LP) modes, namely, LPy;, LP;;, LPy;, LP3; and LPy4;. The
modal crosstalk is minimized among these modes as they belong
to different mode-groups. Fig. 1(a) shows the refractive index
profile of the 1-km long FMF, fabricated by YOFC company,
where the radii of its silica core, inner and outer claddings are
9.1, 13 and 62.5 um, while their GeO, doping concentrations are
7.79,5.93, and 0.22 mol%, respectively. The measured differen-
tial group delays of the modes with respect to LPy; are displayed
in Fig. 1(b), where for every wavelength, we can see that the
group delay increases in constant steps as the mode number
increases. The average A7 value among neighboring modes at
different wavelengths, together with its standard deviation is
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Experimental setup used for measuring the radiation pattern of the optical beamforming network. PC: polarization controller, IM: intensity modulator,

EDFA: erbium-doped fiber amplifier, MMUX (MDMUX): mode (de)multiplexer, VOA: variable optical attenuator, PD: photodetector, LNA: low-noise amplifier,

PAA: phased array antenna.

depicted in Fig. 1(c). It clearly shows that A7 increases linearly
with the optical wavelength in the 35-nm wavelength range of the
optical C-band, indicating that the developed FMF can operate
as a continuously tunable TTDL.

III. PHASED ARRAY ANTENNA

Phased array beamforming is obtained when a constant time
delay of A7 is introduced between the microwave signals radi-
ating from the antenna elements, corresponding to a progressive
phase shift of A¢ = 27 frr AT among them, where frp is the
operating radiofrequency (RF). The total radiation pattern from
an PAA is the radiation pattern from a single-element, known
as the element factor, multiplied by an array factor (AF). The
AF, which is dependent on the geometry of the array and the
excitation of the elements in terms of amplitude and phase, is
given by [22]

N-1
AF(G) _ % Z anej27rfRFn(AT+dsin(0)/c) (3)

n=0

where 6 is the far field angular coordinate, N is the number
of radiating elements, a,, represents the amplitude of the signal
radiated by element n, d is the spacing between the antenna
elements, and c is the speed of light in vacuum. As we can
understand from (3), the beam-pointing angle, at which the
maximum radiation occurs, depends on Ar. Thus, when using
our developed FMF-based TTDL to implement a beamformer
for PAAs, the beam can be steered by changing the differential
group delay among the spatial modes, which we can realize by
simply varying the operational optical wavelength, as seen in
Fig. 1(c).

A microstrip PAA, with 8 elements separated by d = 5.77 mm
(Arr/2at26 GHz), was designed and fabricated at our facilities,
using a milling machine on a substrate Rogers RT5880 with a
height of 0.381 mm and relative permittivity of 2.2. A picture
of the fabricated 8-element PAA is illustrated in Fig. 2(a). The
measured radiation patterns of 4 representative antenna elements
are displayed in Fig. 2(b). These patterns, which should ideally

be similar, are very different and have considerable power vari-
ations. This non-uniformity affects the total radiation pattern
from the PAA, as will be discussed in the following sections.

IV. OPTICAL BEAMFORMING EXPERIMENTAL SETUP AND
RESULTS

We use our developed FMF-based TTDL to experimentally
demonstrate 5-element optical beamforming for the PAA, using
the setup of Fig. 3. The optical signal from a tunable laser
is intensity modulated by a 10 dBm RF signal at 26 GHz,
generated by a vector network analyzer (VNA). The modulated
signal is amplified and split into 5 paths. After controlling the
polarization, the signal in each path is injected into one of the
5 modes of interest (LPy;, LP;;, LPy;, LP3; and LP4;) of the
1-km FMF using a mode multiplexer. After propagating through
the FMF, the signals are extracted from the modes using a
demultiplexer. The multiplexer/demultiplexer pair are fabricated
by Cailabs, with an average back-to-back modal crosstalk and
average insertion loss of —19 dB and 9.3 dB at 1565 nm,
respectively. Among every two degenerate asymmetrical LP;,,
modes (I > 1), the power from only one of them is collected.
Thus, we maximize the power in that specific mode using
the polarization controller placed before the multiplexer. The
variations in its power, caused by the inevitable mode coupling
with the other degenerate mode can also be controlled using
this approach. At the FMF output, the powers coming from the
different modes are equalized using variable optical attenuators.
The 5 optical signals are then directed to an anechoic chamber,
where each one is detected by an individual photodiode and
converted back to the electrical domain. After amplifying the RF
signals, they are fed into 5 consecutive elements of the 8-element
PAA. For measuring the radiation patterns, the PAA is mounted
on an antenna positioner that is capable of 180-degree azimuth
rotation. The received power is measured using a receiver horn
antenna, placed 3 meters away from the transmitter antenna. The
power is then amplified by a low-noise amplifier (LNA) and the
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radiation pattern is measured by the VNA. Beam-steering is
realized by sweeping the optical wavelength of the laser.

Using (3) and the DGD values extracted from the fitted lines
of Fig. 1(b), the normalized radiation patterns and beam-pointing
angles for different wavelengths are calculated and illustrated in
Fig. 4(a) and (b), respectively. The results indicate that theoret-
ically, beam-steering from approximately —90° to 90° could be
achieved. However, as seen in Fig. 4(a), the farther the angle is
from broadside direction, the main lobe becomes broader and
the main-to-side-lobe ratio (MSLR) decreases; thus, limiting the
operational range. Additionally, in practice, the beam-steering
range is restricted by the characteristics of the single-element
radiation patterns, which have significant variations from one
another.

To evaluate the performance of the FMF-based beamformer,
we vary the optical wavelength from 1543 nm to 1560 nm,
corresponding to average time delays between 66.7 ps and
95.6 ps. This steers the beam-pointing angle from 22° down to
—37°, as we can see in Fig. 5, where the normalized measured
radiation patterns at 8 different wavelengths are displayed. The
corresponding beam-pointing angles are shown by red squares
in Fig. 4(b). The results show main lobe broadening at angles far-
ther from broadside direction, as expected from the simulations
of Fig. 4(a). This can be improved by using a TTDL with a higher
number of samples, which could be achieved by increasing the
number of modes, but at the expense of an increase in the modal
crosstalk. An alternative is to increase the number of samples
by using optical lasers with different wavelengths at the input
(combining wavelength division multiplexing and space division
multiplexing). For example, using two lasers instead of one,
would double the number of samples. Another technique would
be to use a combination of cores and modes, i.e., a customized
multicore fiber in which each core supports a few modes. This
way, through proper design, we can ensure a low level of
crosstalk among the modes within each core and among different
cores.

V. DISCUSSION

In our beamforming experiment, initially the system was op-
timized to perform the measurements using 5 specific elements
of the 8-element PAA. In this case, the beam-pointing angle
had good agreement with the theoretical values at different
wavelengths, but in some cases high power was observed in
the side-lobes, decreasing the MSLR. As Fig. 4(c) shows, this
is due to non-uniform power distribution among the 5 signals.
Even though before starting the measurements, the powers of the
signals radiated from the elements were equalized, their power
distribution varied throughout the measurements at different
beam-pointing angles, which is mostly attributed to the con-
siderably different power levels of the single-element radiation
patterns. Therefore, to achieve uniform power distribution, it
was necessary to make up for the element factor variations at
every step, which required a lot of time and was not feasible for
us. Hence, to reduce the effect of the dissimilar element radiation
patterns, for steering the beam to a specific beam-pointing angle,
rather than using a fixed set of antenna elements, we chose
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Fig.4. (a) Simulated radiation patterns of the phased array antenna at different

wavelengths. The DGD values extracted from the fitted lines of Fig. 1(b) are used
to perform these simulations. (b) Variations of the beam-pointing angle (shown
in degrees) with the optical wavelength, found through simulations (blue line)
and measurements (red squares). (c¢) Simulated radiation patterns of the phased
array antenna with different input power distributions (a,, is the normalized
amplitude of the signal fed to each of the 5 elements).

the 5 consecutive elements whose radiation patterns were least
different at that particular angle. For example, for steering the
beam to —30°, according to Fig. 2(b), we avoided the element
whose radiation pattern is shown in green, as it experiences a
significant power drop at this angle. This notably improved the
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Fig. 5. Radiation patterns of the phased array antenna, measured at different

optical wavelengths at an RF operating frequency of 26 GHz.

MSLR compared to the case where a fixed set of elements were
used for all angles. However, the downside of this approach
is that using different elements for different angles introduces
slight variations to the electrical paths of the 5 signals, leading
to minor changes in the time delay A7 among them. According
to (3), this causes a shift in the beam-pointing angle, explaining
the offset observed among theoretical and measured values of
Fig. 4(b). Employing a PAA that exhibits better performance in
terms of its element radiation patterns would overcome these
issues and further improve our results in terms of steering range
and MSLR. Nonetheless, our results show the applicability
of a FMF-based TTDL in tunable beamforming for a PAA.
Moreover, besides the single-element radiation patterns, which
we believe are the main restriction in this experiment, minor
variations in A7 between neighboring modes could cause a
slight shift in the beam-pointing angle. Also, coupling between
the modes could affect the power distribution among the signals
and reduce the MSLR. However, for several wavelengths, we
repeated the experiment after 10 minutes and quite similar results
were obtained, even though the FMF spool was not placed on
a vibration isolating table. This indicates that the linear mode
coupling did not notably affect the radiation patterns. Keeping
the FMF spool in a controlled environment would reduce the
effect of external coupling sources.

VI. CONCLUSION

We experimentally present continuously tunable optical
beamforming for a phased array antenna using a 1-km few-mode
fiber link. To the best of our knowledge, this is the first-ever
demonstration in which the FMF itself provides the tunable time
delay required for beam-steering, without requiring external
delay control. This was made possible by the unique dispersion
properties of the custom-designed double-clad step-index FMF,
which allowed it to operate as a tunable sampled true-time delay
line. The 5-element radiation pattern of a PAA is measured in
an anechoic chamber at an RF frequency of 26 GHz, where
the beam-pointing angle is steered within a 59° range, from
22° to —37°, by sweeping the optical wavelength of the laser
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from 1543 nm to 1560 nm. The radiation patterns of different
individual elements show different behavior, indicating that our
in-house fabricated PAA is not ideal. Thus, we believe a wider
steering range could be obtained by employing an PAA with
improved performance.

Such FMF-based TTDLs offer a promising approach for
implementing fiber-distributed signal processing in a compact
and versatile manner, where the distribution and processing
functionalities are realized simultaneously within the same fiber
medium. We have previously demonstrated the applicability
of this technique to tunable microwave signal filtering [16].
Arbitrary waveform generation and shaping, as well as time
differentiators/integrators are among other signal processing
functionalities that could benefit from this approach.
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