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Abstract: The deployment of 6G network requires multiple number of antennas at the base station with multiple signals that undergo
constructive interference to create thinner beams with more energy so as to mitigate path loss. This will support higher data rates, lower
latency levels, and improved energy efficiency. This paper proposes a phase-shifting technology for beamforming that focuses radio
energy to a specific user equipment, thus maximizing spectral efficiency. We present a novel approach of phase-shifting technology by
generating tunable microwave pulses using the slicing-level technique in an optoelectronic oscillator (OEO) setup. Two laser sources
undergo intensity and phase modulation using a well-characterized Mach—Zehnder modulator and a phase modulator. Modulating
signals in the range of 100 kHz—13.3 MHz are used to generate microwave waveforms. Repetition-rate-tunable pulses are generated
from the microwave waveforms using the slicing-level technique. Photonic-assisted tunable pulses generated have a pulse width ranging
from 0.6 ns to 7.5 us and a duty cycle ranging from 17% to 96% optimized for phase shifting (¢) of signals, with potential for multiple
antenna elements, which act as time delays aimed at creating constructive interference of the beams that form a concentrated beam of
energy. This work successfully creates phase shifters ranging from 14° to 299° that can be used to steer antennas for 6G network by
controlling pointing angles at the antenna array terminals, which creates a multiplex transmission line as a linear combination of signals.
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1. Introduction

The evolution of network generations is being necessitated
by the desire to have a network that supports higher data rates,
lower latency levels, and improved energy efficiency to address the
large traffic of devices and the internet globally [1, 2]. 6G network
will operate on higher frequency ranges above 95 GHz, and at this
higher frequency, signals can encounter propagation challenges
such as path loss, thus requiring essential beamforming tech-
niques to focus the beam more narrowly to a specific target [3].
Efficiency of the spectrum is key, which aims at minimizing inter-
ference and energy loss during propagation; beamforming focuses
radio energy to a specific required direction instead of sending it
to all directions, thus maximizing spectral efficiency while con-
centrating beam energy to a specific user equipment (UE) [4].
Furthermore, the formation of beams with Multiple Input Mul-
tiple Output technology that is being used in 5G network has
complications in terms of antenna element design, interference,
and power loss, which requires more advanced beamforming tech-
niques that can concentrate beams so as to have more energy
being focused to a specific direction [5, 6]. The high frequencies of
operation in communication face many challenges such as energy
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loss and interference arising from bad weather conditions such as
heavy rain; these challenges can be overcome by utilizing multiple
antenna elements whose signals are concentrated into one strong
beam between base stations (BS) and users [7].

Beamforming aims at aligning and focusing signals from BS
to UE, where the received signal can be used to determine the
strength of the beam and the strongest beam can be reported back
to BS [8]. The use of beamforming technology and alignment of
antenna elements using a phase-array approach to focus beams to
a specific required direction allows the energy of mmWave signals
to be focused and transmitted over a long distance to users [9].
Tracking of the beams can be established by updating the beam
orientations and widths of the beams along the trajectory. Beam-
forming orientations allow proper alignment between BS and UE
for ample gain by minimizing interference [10, 11]. Phase-array
technology can be used to control multiple interferences, espe-
cially when aiming at complex patterns [12]. Antennas are key
in wireless communication; therefore, proper antenna alignment
creates maximum spectral efficiency that successfully enhances
beamforming to steer antennas for 6G network [13]. Phase shift-
ing for steering antennas can be achieved by adjusting the duty
cycle of microwave pulses.

Microwave waveforms can be used to generate photonic-
assisted tunable microwave pulses. By adjusting direct current and
the modulating frequency, the repetition rate of the pulses can be
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varied [14]. While other published work records pulse durations
of 24 ns and up to 165 ns, microwave pulses can be made tunable
by adjusting the pulse width and period between adjacent pulses,
which in turn affects the duty cycle [15, 16]. Tunable microwave
pulses have the advantage of adjustable frequencies and a con-
trollable duty cycle [17]. Beamforming techniques are aimed at
improving the efficiency of the spectrum by minimizing power
loss, ensuring low driving voltage, and focusing the beam more
narrowly on the users [18]. Each square or sine wave has one
photonic-assisted tunable pulse, with a duration that corresponds
to the pulse repetition [19]. Periodic tunable pulses with short
pulse width and period within the picoseconds, nanoseconds,
and microseconds range are a candidate for improving sensitivity
and range of resolutions [20, 21]. By tuning the modulating fre-
quency of the scheme being used, the repetition rate and the duty
cycle of the microwave-tunable pulses can be varied accordingly
[22]. This work successfully creates phase shifting for phase-
array antennas by adjusting the duty cycle of tunable microwave
pulses. Increasing the number of antennas leads to a narrower
beam with higher gain, making it more precise. This should
however incorporate hybrid beamforming to minimize power
consumption.

2. Principle of Operation

The experiment uses intensity and phase modulation to gen-
erate microwave signals and the slicing-level (SL) technique to
generate photonic-assisted tunable pulses. Herein, the concept of
the sum and difference frequencies was applied by optical hetero-
dyning at the photodiode (PD). As a result, the beat frequency
was equivalent to the difference in frequency of two interfering
beats. The corresponding sine wave from the signal generator
(SQG) is represented by the following equation:

Y(¢) = AsinQnft + @) 1

where Y (¢) is the instantaneous value of the signal at specific
time t, A is the amplitude, f is the frequency of the wave, ¢ is
time, @ is the phase shift, and 2z is a constant. The waveform
generated from the SG is stable and repetitive with clear ampli-
tude, frequency, and phase. The sine wave is split into two waves
with the same amplitude, frequency, and initial phase but with a
phase difference of 180° (7 radians) between them, as shown by
the equations below:

Therefore, the phase-modulated wave in our setup is given by
the equation:

Y(t) = Asin(wct + M psinw,,t) 4)

where M), w., and w,, are the modulation index, carrier fre-
quency, and modulated velocity, respectively. The carrier signal
and the message signal are superimposed to develop the output
signal M psinw,,t, which is a function of sinw.t and sinw,,t. “A4”
is the amplitude; therefore, the change in phase of the carrier sig-
nal is linearly related to the amplitude of the message signal. As
shown in Equation (5), the output signal obtained after optical
heterodyning at the PD is given by:

ACos 2rfit) + ACos 2nf>t) =2ACos (zﬂ(fl ;/‘2)[)

: (5)
Cos (27T (/1+f2> l)

Here, the first term after the equal sign is the frequency differ-
ence of the two beat frequencies and gives the output microwave
signal. The synchronization of the output signal is dependent on
the frequency difference of the input signals f| and f5. The beat
frequency from the PD gives the offset frequency f(), which is
the first mode of the generated output frequency. Moreover, the
offset frequency can be measured and stabilized, and after under-
going phase modulation, microwave pulses are then generated by
applying the SL technique.

As seen in Figure 1(a), the threshold voltage of the tempo-
ral waveform of the generated microwave pulse train is selected
using the SL formula, SL = if (V' < Vp,, 0, 1), where V' is the
applied voltage and V', is the threshold voltage.

The electronic comparator generates photonic-assisted tun-
able pulses by comparing two input voltages: the PD voltage
(Vpp) and the threshold voltage (V' 1y,). In this work, the com-
parator acts as a voltage threshold detector and switches its output
on and off repeatedly, creating a series of pulses in what we call
pulse-width modulation (PWM). Figure 1 summarizes the pho-
tonic method of generating photonic-assisted tunable pulses using
the SL technique.

The duty cycle (D) in microwave pulses is given by the
following equation:

Ton

= ——— X 100% 6)
Yi(t) = Asin Qrft + @) ) (Ton + Top)
] i Consider a periodic pulse wave y (f) with period 7. The power
V(1) = AsinQrft + ¢ + 7) () is maximum (P,,,) when the switch is on, and the power is
Figure 1
(a) Sine wave showing the slicing level and (b) tunable pulses showing pulse width (PW) and period (T)
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minimum (P,,;,) when the switch is off, with a constant duty
cycle D. The average power P,z 0f the waveform is given by:

T

= f Y(@) dt, (Pax for0<t< DT )
0

for DT<t<T)

1

P avg ;

to Pmin

1 DT T
Pavg = T(f Paxdt + / Pin dt)
0 DT

1
T(D.T. P, + T =D)P,,,
=D.Pyy + (1=D) Py,

As D tends to maximum, Py = D. P,,,,. Therefore, the average
power is directly dependent on the duty cycle. Changing the D
causes a phase shift of phase-array antennas depending on the
direction required [23]:

Phase shift(p) = 27(1 — D) 9)

Each element of the antenna is fed with a microwave signal that
is phase-shifted to create diverse electronic delays to form a con-
centrated beam for a phase array. The number of phase-array
antenna elements used determines beamforming array gain aimed
at creating thinner beams so as to mitigate path loss between the
BS and the UE [24]:

Garray = 10l0gyo (N) (10)

where N is the number of antenna elements.

PWM tunable D shifts into radio frequency phase at the
antenna feed system by controlling the time-domain position of
the photonic-assisted tunable microwave pulses or by manipulat-
ing the on-off switching times of pulses. The relative position
of photonic-assisted tunable microwave pulses and duty cycle
determines the phase.

3. Experimental Setup

The proposed scheme for generating tunable pulses is shown
in Figure 2. Two highly coherent laser sources with wavelengths
A1 = 1550.349 nm and 1, = 1550.346 nm are used. The wavelength
interval between the two optical carriers is 0.003 nm (0.375 GHz) at
1550 nm transmission window for optical heterodyning, which are
combined by the optical coupler and directed to a fully characterized
Mach-Zehnder modulator (MZM) where they were modulated.
The MZM was characterized, the driving voltage (V'4) was set at
5V, and the biasing voltage (V},) was set at the quadrature point
at 7 V according to their Q point characterization measurements.
Modulated signals were split into the phase modulator, where phase
difference was introduced between the two signals, while the upper
arm goes through the PD for optical heterodyning and conversion
of optical signals into electrical signals.

In the upper arm, there is an SG for modulating the incom-
ing signals. The phase shifter (PS) changes the phase of the input
signal that is mixed with the beat frequency. Optical splitters split
the optical signals uniformly, optical combiners combine opti-
cal signals from different sources, and the electrical splitters split
the electrical signals. Additionally, the electrical spectrum ana-
lyzer and the oscilloscope monitor the output signals. Moreover,
we have the Vpp from the microwave signals and the threshold
voltage (V1) obtained by using the SL formula directed to the
comparator, which detects and switches its output on and off
repeatedly, creating a series of tunable pulses.

An optoelectronic oscillator set up in Figure 2 combines
optical and electrical signals to generate ultra-stable, tunable
microwave pulses by comparing the ¥pp and the threshold volt-
age using the comparator. This creates a series of pulses with
tunable pulse width and period, making it easy to tune the duty
cycle, thus achieving phase shift for millimeter-waves (mmWave).
The threshold voltage marks the transition point for creating an
on-off switch for tunable microwave pulses.

4. Results and Discussion

When the wavelength of two optical sources was set at
Ay = 1550.349 nm and the 1, = 1550.346 nm and the frequency of
the SG varied from 100 kHz to 13.3 MHz, the temporal waveform

Figure 2
Schematic diagram of the photonic-assisted tunable pulse generator

ESA

—— Optical Signal

A 4

Comparator Hﬂ”

——»  Electrical Signal

Note: NL: narrow linewidth laser source, OC: optical coupler, ES: electrical splitter, MZM:
Mach-Zehnder modulator, V: driving voltage, V,: biasing voltage, PD: photodiode, PM: phase mod-
ulator, SG: signal generator, PS: phase shifter, OSC: oscilloscope, ESA: electrical spectrum analyzer,
Vpp: photodiode voltage, V'1y,: threshold voltage and comparator.
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of the microwave pulse train was generated. By applying the SL
technique to the temporal waveform of the generated microwave
pulse train, tunable microwave pulses with pulse widths ranging
from 0.6 ns to 7.5 ps were generated. This work presents temporal
waveforms and tunable pulses using the SL technique.

Figure 3(a) shows the temporal waveform of the generated
microwave pulse train of up to 40 us. By applying a thresh-
old voltage of 8.3 mV to the temporal waveform in Figure 3(a),
photonic-assisted tunable microwave pulses with a pulse width
ranging from 2.68 us to 3.46 us and a period ranging from 4.57 us
to 5.25 us are generated, as shown in Figure 3(b). The duty cycle
of the pulses obtained ranges from 53% to 68%, and the phase
shift ranges from 115° to 169°, as shown in Figure 3(c), when the
modulating frequency is set at 100 kHz.

When the modulating frequency is set at 186 kHz, a uni-
formly spaced temporal waveform of the generated microwave
pulse train was obtained, as shown in Figure 4(a). By apply-
ing a threshold voltage of 7.8 mV to the temporal waveform in
Figure 4(a), photonic-assisted tunable microwave pulses with a
pulse width ranging from 3.07 ps to 3.32 us and a period ranging
from 5.23 ps to 5.36 us were generated, as shown in Figure 4(b).
The duty cycle of the tunable pulses obtained ranges from 59% to
63%, and the phase shift ranges from 133° to 148°, as shown in
Figure 4(c) when the modulating frequency was set at 186 kHz.

Figure 5(a) shows an equally spaced temporal waveform
of the generated microwave pulse trains when the modulating
frequency was set at 700 kHz. By applying a threshold volt-
age of 442 mV to the microwave waveform in Figure 5(a),

Figure 3
(a) Temporal waveform of the generated microwave pulse train, (b) photonic-assisted tunable pulses, and (c) phase array obtained when
the signal generator is set at 100 kHz
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photonic-assisted tunable microwave pulses with an average pulse
width of 6.19 us and an average period of 6.54 us are generated as
shown in Figure 5(b). Tunable microwave pulses generated have
a phase shift ranging from 14.4° to 25.2° and duty cycles ranging
from 93% to 96%, as shown in Figure 5(c).

By setting the modulation frequency to 1112 kHz, the gener-
ated microwave pulse train exhibits a uniform temporal waveform,
as shown in Figure 6(a). When the SL technique with a thresh-
old voltage of 0.15 mV is applied to the temporal waveform in
Figure 6(a), photonic-assisted tunable microwave pulses with a
pulse width ranging from 6.27 us to 7.45 us and a period ranging
from 7.8 us to 8.95 us are generated, as shown in Figure 6(b). The
duty cycle of the pulses obtained ranges from 81% to 8§3%, and
the phase shift ranges from 57.6° to 68.4°, as shown in Figure 6(c).

When the modulating frequency is set at 1500 kHz, the
temporal waveform of the generated microwave pulse train is gen-
erated, as shown in Figure 7(a). By applying a threshold voltage
of 4.5 mV to the waveform in Figure 7(a), photonic-assisted tun-
able microwave pulses with a pulse width ranging from 430 ns
to 637 ns and a period ranging from 464 ns to 671 ns are
generated, as shown in Figure 7(b). Tunable pulses obtained have
a duty cycle ranging from 93% to 96% and a phase shift ranging
from 14.4° to 28.8°, as shown in Figure 7(c).

The temporal waveform of the generated microwave pulse
train shown in Figure 8(a) was generated when the modulating
frequency was set to 1786 kHz. By applying the SL technique
at the threshold voltage of 4.57 mV to the temporal waveform
in Figure 8(a), tunable pulses with a pulse width ranging from

Figure 6
(a) Temporal waveform of the generated microwave pulse train, (b) photonic-assisted tunable pulses, and (c) phase array obtained when
the signal generator is set at 1112 kHz
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0.05 ps to 0.13 us and a period ranging from 0.09 us to 0.16
us were generated, as shown in Figure 8(b). Microwave pulses
generated have a duty cycle ranging from 54% to 83% and phase
shift ranging from 61° to 166°, as shown in Figure 8(c).

As shown in Figure 9(a), the temporal waveform of the
generated microwave pulse trains follows a uniform pattern. By
applying the SL technique to the microwave waveform, microwave
pulses with a pulse width ranging from 0.6 ns to 0.64 ns and a
period ranging from 1.2 ns to 1.26 ns are generated, as shown in
Figure 9(b). Tunable pulses obtained have a duty cycle ranging
from 48% to 52% and a phase shift ranging from 172.8° to 187.2°,
as shown in Figure 9(c).

When the modulating frequency is set to 13 MHz, a tempo-
ral waveform of the generated microwave pulse trains is generated
as shown in Figure 10(a). By applying the SL technique at a
threshold voltage of 80 mV to the waveform in Figure 10(a),
photonic-assisted tunable microwave pulses are generated with a

pulse width ranging from 0.7 ns to 0.96 ns and a period rang-
ing from 3.85 ns to 4.15 ns, as shown in Figure 10(b). Tunable
microwave pulses generated have a duty cycle ranging from 17%
to 23% and a phase shift ranging from 277.2° to 298.8°, as shown
in Figure 10(c).

Temporal waveform of the generated microwave pulse train,
as shown in Figure 11(a), was generated when the modulating
frequency was set at 13.30 MHz. By applying the SL technique
at the threshold voltage of 55 mV to the temporal waveform
in Figure 11(a), photonic-assisted tunable pulses with a pulse
width ranging from 0.6 ns to 1.62 ns and a period ranging from
3.49 ns to 4.15 ns are generated, as shown in Figure 11(b).
Microwave pulses generated have a duty cycle ranging from 17%
to 42% and a phase shift ranging from 209° to 299°, as shown
in Figure 11(c). Phase shift spans from 14° to 299°, depicting
strong tunability at higher frequencies, as shown in Table 1, which
indicates stronger dependence of pulse properties on modulation

Figure 9
(a) Temporal waveform of the generated microwave pulse train, (b) photonic-assisted tunable pulses, and (c) phase array obtained when
the signal generator is set at 10 MHz
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frequency with clear nonlinear and tunable behavior across all
measured parameters.

Photonic-assisted tunable microwave pulses generated have a
pulse width ranging from 0.6 ns to 7.5 ps with the average duty
cycle ranging from 17% to 96%, as shown in Figure 12(a-i), for
the respective modulating frequencies ranging from 100 kHz to
13.3 MHz.

From the modulating frequency of 100 kHz to 700 kHz,
the phase shift decreases with increasing frequency. The oppo-
site behavior at 1112 kHz and 1786 kHz onward indicates a

transition from a capacitive-dominant region to an inductive-
dominant region, which eliminates the turn-on losses of the power
switches.

Tunability of the microwave pulses generated is exhibited by
the adjustable frequencies, tunable period, and tunable pulse width,
which is achieved by varying the carrier frequency. The duty cycle
of the generated microwave pulses is also tunable. Increasing the
duration of the pulses increases the duty cycle; therefore, the duty
cycle increases with a decrease in frequency. Finally, the comparison

between this work and other published reports is made.

Table 1
Summary of the experimental results corresponding to the photonic-assisted tunable microwave pulses obtained

/\ between two lasers

Modulating Threshold Phase shift
(A,-4;) nm frequency (MHz) voltage (mV) Duty cycle (%) (degrees)
0.1 8.3 53 ~68 115~169
0.186 7.8 59 ~63 133~ 148
0.7 4.42 81 ~84 14~25
1.112 0.15 81 ~83 58 ~ 68
0.003 nm (375MHz) 1.5 4.5 93~96 14~29
1.786 4.57 54 ~83 61 ~ 166
10 0.05 48 ~52 173~ 187
13 80 17~23 277~ 299
13.3 55 17~42 209 ~ 299
Figure 12

Duty cycle versus threshold voltage of the photonic-assisted tunable microwave pulses with the modulating frequency ranging from 100
kHz to 13.30 MHz
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Table 2
Comparison between the reported work and this work

Work Method Technique Wavelength (nm) Pulse period

Jia et al. [16] Frequency conversion Mode-locking 1550 24 ns

Zhang et al. [17] Optoelectronic oscillator Mode-locking 1549.892 148.81-297.62 ns

Liet al. [26] Wavelength Division Mode-locking 1550 481 ps—1.38 ns
Multiplexer (WDM)

Cao et al. [27] Mach-Zehnder Frequency-shifting 1553.3 64-450 ns
Interferometer (MZI)

Lang et al. [28] WDM Mode-locking 1537-1608 549-808 ps

Yang et al. [29] WDM Mode-locking 1564.4 nm 0.8-4.3 ps

This work MZM Slicing-level technique 1550 1.1-9300 ns

Similar results of pulse widths in the microseconds and
nanoseconds range have been reported by Jia et al. [16]. As
reported in published work, the period between adjacent pulses
can be adjusted [25, 26]. This work records photonic-assisted tun-
able microwave pulses with tunability of pulse duration between
0.6 ns and 7.5 us. The comparison between this work and other
reported work is shown in Table 2 [27-29].

From Table 2, this work generates microwave pulses with a
wide tunability range (1.1-9300 ns), compared to other techniques
within the same wavelength transmission window of 1550 nm.
This gives a chance to vary the duty cycle and therefore achieve
phase shifting, which is a potential candidate for beamforming
technology for an antenna array.

5. Conclusion

In this paper, we suggested and demonstrated phase-shifting
technique for an antenna array by varying the duty cycle of
photonic-assisted tunable microwave pulses experimentally. Tun-
able microwave pulses with a pulse width ranging from 0.6 ns to
7.5 us and a duty cycle ranging from 17% to 96% were gener-
ated. By adjusting the duty cycle, phase shifts ranging from 14°
to 299° were obtained, aimed at beam steering. Phase shift can be
used to steer the antennas; the collective effects of phase shifting
from multiple antennas create tunable PS for 6G beamforming
networks. A concentrated beam of energy creates constructive
interference that is aimed at focusing radio energy to a spe-
cific UE, thus maximizing spectral efficiency. The phase-array
technology demonstrated is a potential candidate for 6G network.
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