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Abstract—A photonic true-time delay beamforming network
to provide tunable progressive time delays for phased array
beamforming is proposed and demonstrated. In the proposed
system, a microwave signal is modulated on multiwavelength
optical carriers and sent to an optical dispersive recirculat-
ing loop that contains a linearly chirped fiber Bragg grating
(LCFBG) to provide a wavelength-dependent round trip time. As
the microwave-modulated optical signals recirculate in the loop,
the microwave signals carried by different wavelengths will experi-
ence different time delays at the output of the loop. By controlling
the number of round trips, tunable progressive true-time delays
are achieved, which are required for true-time delay phased array
beamforming. The proposed true time delay beamforming network
is experimentally evaluated. Two dispersive loops that can intro-
duce a single-round-trip true-time delay difference of 2.5 ns and
160 ps are designed, which are implemented by using two LCFBGs
with two different dispersion coefficients of 2500 and 200 ps/nm.
The progressive time delays for beam steering achieved by the two
dispersive loops can cover a beam scanning range from —60° to 60°.

Index Terms—Dispersion, microwave photonics, phased array
antenna, radar, true-time delay.

1. INTRODUCTION

HASED array antenna (PAA) plays a key role in modern
Pradar systems as it can provide beam steering at a high
speed without mechanical movement and with ultra-high di-
rectivity [1]. A beamforming network is required to produce
progressive phase or time delays to the microwave signals to
feed the array elements in a PAA, which can be implemented
using phase shifters or true-time delay lines. The advantage
of using true-time delay lines is that the beam is squint free,
which is essential for broadband applications. The time delays
can be realized using electronic delay lines but with a smaller
bandwidth, a larger size and a higher loss [2]. For example, an
electrical delay line having an electromagnetic bandgap struc-
ture was recently demonstrated on a 6.8-cm long chip, which
has a bandwidth of 5 GHz, a maximum time delay of 750 ps
and an insertion loss of over 5 dB [3]. The bandwidth cannot be
further increased as strong ripples have already been seen in the
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bandwidth of the delay line. Photonics is considered a potential
solution to implement true-time delays with greater bandwidth,
smaller size and lower loss [4].

In the past few years, numerous photonic true-time delay
beamforming networks have been demonstrated. In [5], a pho-
tonic true-time delay network based on free space optics was
demonstrated. The time delay of a microwave signal modulated
on an optical carrier is tuned by changing the polarization state
of the optical carrier to make it travel along different optical
paths with different time delays. As a free-space optical system
generally requires a large number of mirrors and lenses, it is
usually very heavy and bulky. Fiber optics and photonic inte-
grated circuits can be used to mitigate these limitations thanks
to the much smaller size and lower loss. In [6], a fiber Bragg
grating (FBG) array was used to realize true-time delays. The
tunability of the time delays was achieved by tuning the optical
carrier wavelengths. A maximum true time delay of 233 ps was
experimentally demonstrated. Since an FBG array contains a
large number of discrete FBGs, to reduce the complexity, in [7]
a true-time delay network using a single linearly chirped fiber
Bragg grating (LCFBG) was proposed. Multiple optical carriers
at different wavelengths with a uniform wavelength spacing are
used, which, after modulation, are reflected by the LCFBG at
different locations. Different time delays can be achieved for
a microwave signal modulated on the optical carriers. Tunable
time delay difference was achieved by tuning the wavelength
spacing. The time delays can also be tuned by changing the
chirp rate of the LCFBG. A time delay tuning range of 100 ps,
with a tuning step of 1 ps was demonstrated. In [8], a dispersion
compensating fiber was used instead of an LCFBG. Tunable
true-time delays were achieved by changing again the wave-
length spacing. Similarly, in [9] a single-mode fiber was used as
a dispersive element to realize tunable time delays by changing
the wavelength spacing of an optical frequency comb, which
is used as the optical carriers. A fiber-optics-based beamform-
ing network features a smaller size, but a tunable laser source
(TLS) or tunable laser array (TLA) is usually required [6], [8],
[9] to achieve tunable time delays, making the system costly,
and beam scanning speed is limited by the wavelength tuning
speed of the TLS or TLA. In addition, the wavelength stability
due to wavelength tuning may be deteriorated, which will affect
the time delay accuracy. In [10], instead of using a TLS or a
TLA, a tunable dispersive medium based on the similar effect in
[7] was used to implement tunable true-time delays. A true-time
delay with a tuning range of 200 ps was demonstrated, which
is still very limited. In [11], a multicore fiber was employed
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to achieve tunable true-time delays. By designing the refractive
index profile of the multicore fiber, optical signals travelling in
different cores will experience different time delays. Since the
optical path lengths of the cores are fixed, the time delays cannot
be conveniently tuned. Photonic true-time delays can also be re-
alized based on the stimulated Brillouin scattering (SBS) effect
in a fiber [12]. In the SBS gain spectrum, the time delay is wave-
length dependent. By changing the optical wavelengths which
are located within the SBS spectrum profile, the time delays are
tuned. However, the spectral width of an SBS gain profile is
very small, which would limit the bandwidth of the microwave
signal to be time delayed. Other techniques to achieve true-time
delays include the use of stack integrated micro-optical compo-
nents [13]. Since movable prism groups are used, the reliability
is poor. Recently, an on-chip microwave photonic beamformer
based on SizN4/Si02 waveguide technology was demonstrated
[14], [15]. The stability is better than using fiber delay lines. Due
to the small size of the chip, the achievable time delay is small,
limited to a few hundreds of ps. In [16], a photonic microwave
filter was designed to have a frequency response that is similar
to a microwave delay line with a linear group delay response.
However, the tunable range of the time-delay is only 31.9 ps. It
was also demonstrated that a silicon chip with a low-loss spiral
waveguide can achieve a time delay of 130 ns [17]. However, the
time delay is fixed with no tunability, which is not applicable for
true-time delay beamforming. For phased array beamforming,
large tunable time delays are required to provide beam steering
with a large scanning range.

In this paper, a simple fiber-optic true-time delay beamform-
ing network is proposed and demonstrated to provide very large
tunable progressive time delays at a high tuning speed. The
large time delays are generated using a switch-controlled recir-
culating wavelength-dependent dispersive loop incorporating an
LCFBG. Due to the multiple use of the LCFBG, the time de-
lays can be large. Since only a single LCFBG and a laser array
with fixed wavelengths are needed, the system is simpler and
less costly. The tuning of the time delays can be performed by
controlling the optical switch to allow the microwave-modulated
optical signals to travel in the dispersive loop for a given number
of round trips.

In the proposed system, a microwave signal, which should
be pulsed with a pulse duration less than the round trip time
of the recirculating dispersive loop, to be radiated is modulated
on the multi-wavelength carriers from an array of laser diodes
(LDs). The microwave-modulated optical signals are sent to a
switch-controlled wavelength-dependent recirculating disper-
sive loop [18]. Since the optical signals modulated on different
wavelengths are reflected at different locations of the LCFBG,
different time delays are achieved. The tuning of the time
delays are realized by controlling the number of round trips that
the optical signals recirculate in the dispersive loop, which is
done by using a 2 x 2 optical switch to direct the optical signals
back to the loop for additional time delays or to the output of
the loop. The proposed true-time delay beamforming network
is experimentally demonstrated. A four-channel true-time delay
beamforming network using two different recirculating disper-
sive loops with a single-round-trip true-time delay difference of
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Fig. 1. Schematic diagram of the true-time delay beamforming network using
a recirculating wavelength-dependent dispersive loop. LD: laser diode; WDM:
wavelength-division multiplexer; AWG: arbitrary waveform generator; MZM:
Mach-Zehnder modulator; OF: optical filter; EDFA: erbium-doped fiber ampli-
fier; OC: optical circulator; LCFBG: linearly chirped fiber Bragg grating; PD:
photodetector.

2.5 ns and 160 ps per round trip incorporating two LCFBGs with
different dispersion coefficients of 2500 ps/nm and 200 ps/nm
are demonstrated. The use of the beamforming network to gen-
erate tunable progressive true-time delays for phased arrayed
beamforming that can cover a scanning range from —60° to 60° is
demonstrated.

II. PRINCIPLE

The schematic diagram of the proposed true-time delay beam-
forming network is shown in Fig. 1. The light waves from a
laser array consisting of four LDs with four different wave-
lengths of A; to A, are combined at a wavelength-division
multiplexer (WDM1) and sent to a Mach-Zehnder modulator
(MZM), where a microwave feed signal, generated by an elec-
trical arbitrary waveform generator (AWG), is modulated on
the four wavelengths. The microwave-modulated optical sig-
nals at the output of the MZM are then launched into a switch-
controlled wavelength-dependent optical dispersive recirculat-
ing loop through a 2 x 2 optical switch. An LCFBG is incor-
porated in the loop via an optical circulator (OC) to provide a
wavelength-dependent time delay. An erbium-doped fiber am-
plifier (EDFA1) is also incorporated in the loop to compensate
for the loss in the loop so that an optical signal can recirculate in
the loop for multiple round trips. A programmable optical filter
(OF) with four passbands centered at Aq to A4 is also employed
to suppress the amplified spontaneous emission (ASE) noise
from EDFA1. The number of round trips is controlled by the
2 x 2 optical switch. It is required that the optical switch can
change its state within a time window with no signal travelling
through it. This can be realized by a high-speed optical switch
such as an electro-optic switch reported by us which has a sub-
nanosecond switching time [19]. At the output of the loop, a
second EDFA (EDFA?2) is used to further amplify the optical
signal and a second WDM (WDM?2) is used to demultiplex the
time-delayed optical signals, which are converted to four time-
delayed microwave signals at the photodetectors (PDs), which
are radiated to free space via the array elements in a PAA.

The microwave feed signal x(¢) from the AWG is mod-
ulated on the multi-wavelength optical carriers. The optical
switch is first configured at the cross state, so that the
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Fig. 2. The time delay of the signal in each channel relative to channel 1 as
the number of round trips N increases.

microwave-modulated optical signals at different wavelengths
can be directed into the recirculating dispersive loop. After the
signals enter the loop, the switch is changed to the bar state.
Thus, the optical signals will be recirculating in the loop until
the state of the switch is changed from the bar to the cross state.
Depending on the number of round trips in the loop, the optical
signals will experience different time delays.

Due to a wavelength-dependent time delay resulted from the
LCFBG in the loop, the time delay for a wavelength A;(i =
1,2,3,4) is given by

T =to+ B (ki —Ar) (D

where t; is the fixed time delay of the loop excluding the
LCFBG; [ is the dispersion coefficient of the LCFBG and A,
is a reference wavelength which is equal to the wavelength of
the lower end of the LCFBG connected to the optical circulator.
Assuming that the microwave feed signal x(¢) recirculates in
the dispersive loop for N round trips, a time delay signal given
by x;(t — NT;) can be achieved at the output of the loop. The
time delay difference between the signals carried by two adja-
cent wavelengths, z; (t — NT;) and x; 41 (t — NT;41), is given
by

At = NT,,; — NT, = NBAA )

where A2 is the wavelength spacing between two adjacent op-
tical carriers. Note that the wavelengths are uniformly spaced in
our system. It can be seen that progressive true-time delays can
be obtain for the optical signals as the number of round trips N
increases. The relationship between the time delays, the number
of round trips and the carrier wavelengths are shown in Fig. 2.
By increasing the number of round trips, a time-delay incre-
ment of SAA can be achieved. A relationship between the beam
steering angle and the number of round trips that the signals
recirculates in the loop can then be written as [4]

0 = sin~* <CN§AA) 3)

where d is the spacing between two adjacent antenna elements
ina PAA; cis the light velocity in vacuum. It can be seen that, as
N increases, the beam pointing direction will be changed with
a step determined by SAA and a scanning range determined by
the maximum value of N. In our system, N can be controlled to
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Fig. 3.

The photograph of the experimental setup.

be a large finite number if the round trip loss in the loop can be
fully compensated by EDFA1.

For radar applications, the radial resolution is determined by
the time-bandwidth product of the radiated radar signal. It is
required that a true-time delay system is capable of providing
tunable time delays to a signal with not only a large bandwidth
but also a long temporal duration [1]. In our system, it is required
that the temporal duration of a microwave feed pulse should be
smaller than the round trip time of the loop, so that two adjacent
time-delayed pulses will not overlap when recirculate in the
loop, i.e., the duration of the microwave feed signal should
satisfy 7 < ty. Thanks to the very low loss of an optical fiber,
tp can be controlled large by using a long optical fiber in the
loop. Note that the loop length cannot be chosen arbitrarily long,
since a longer dispersive loop will slow down the beam steering
speed. In addition to radial resolution, the angular resolution of
a radar system is determined by the beam steering step, which
can be calculated from (3) for our system.

The bandwidth limit, on the other hand, is mostly limited
by the opto-electronic devices used in the system, such as the
MZM and the PD. In addition, the dispersion-induced power
penalty [4] should also be considered as it may get significant
due to the large equivalent dispersion of the recirculating disper-
sive loop [18]. To avoid the dispersion-induced power penalty,
the spectrum of the microwave signal should be within the
3-dB bandwidth of the recirculating dispersive loop. Thus, it
is required that the highest spectral component in the radar feed
signal should satisfy [4]

/1
Smax < m 4)

It should be noted that the dispersion-induced power penalty
can be completely eliminated by employing single-sideband
with carrier (SSB+C) modulation [4], which is an effective way
to overcome the bandwidth limitation imposed by (4).

III. EXPERIMENT

Two experiments are performed using two recirculating
dispersive loops with each incorporating a different LCFBG
with a different dispersion coefficient. The experimental setup
is shown in Fig. 1 with a photograph shown in Fig. 3. First,
the experiment is carried out using a recirculating dispersive
loop with a large progressive time delay per round trip, i.e.,
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Fig. 4. The spectrum of the optical carriers at the output of WDMI (red), the
reflection power spectrum (blue) and the group delay response (green) of the
LCFBG. The peak reflectivity of the LCFBG is 98%.

BAM is chosen to be large. The central wavelengths of the
four LDs (Agilent N7714A) are set to be 1548.9, 1549.9,
1550.9 and 1551.9 nm, with a uniform wavelength spacing of
I nm. The OF is then programmed to have four 10-GHz-wide
passbands at the same wavelengths. The optical spectrum of
the wavelength-multiplexed optical carriers from the four LDs
at the output of the WDM is shown in Fig. 4. Since the output
power of a LD is independently tunable, a flat optical comb is
generated. The LCFBG is fabricated to have a dispersion coeffi-
cient of 2500 ps/nm within its 4-nm reflection band centered at
1550.5 nm, which is also shown in Fig. 4. It can be calculated
that SAA = 2.5 ns, i.e., a true-time delay difference of 2.5 ns
can be achieved between two adjacent channels when the signal
recirculates in the loop for one round trip. The AWG (Tektronix
7102), which has a sampling rate of 10 GSa/s, is configured to
generate a microwave feed signal. A 2 x 2 coupler is used instead
of the 2 x 2 switch to simplify the experiments and to study the
round-trip-by-round-trip behavior of the system. Although the
coupler cannot actively control the number of round trips for the
optical signal to recirculate in the loop, part of the optical signal
will be coupled out of the loop after each round trip, generating
time-delayed signals with a uniformly increasing time delay dif-
ference between two microwave signals carried by two adjacent
wavelengths. The time delays with a uniformly increasing time
delay difference would induce a steering beam that scans over
a certain range determined by the maximum value of N when
the microwave is sent to a PAA. Note that the extra 3-dB loss
introduced by the 2 x 2 coupler can be compensated by EDFA1
in the loop. The time-delayed signals are detected by four
identical PDs with each having a bandwidth of over 20 GHz
and sampled by a 4-channel oscilloscope (Agilent 93204A).
To demonstrate the generation of progressive time delays of
the system, an electrical pulse with a temporal width of 1 ns
is generated by the AWG, and applied to the MZM via the RF
port. Four modulated optical signals are generated and sent to
the dispersive loop to generate the required time delays. The
waveforms detected at the outputs of the four PDs following
the second WDM (WDM?2) are shown in Fig. 5(a). Multiple
time-delayed replicas of the electrical pulse are detected at the
output of each channel with a repetition time of around 380 ns.
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Fig. 5. Measured electrical signals at the outputs of the four PDs when an

electrical pulse is applied to the MZM. (a) The generated time delayed replicas
and the zoom-in view of the signals for (b) N= 0, (c) N= 2 and (d) N= 4.

In addition, the pulses from the four channels overlap in time
only for N= 0 and an increasing time delay difference between
two adjacent time-delayed pulses can be observed for N > 0,
indicating that progressive true-time delays have been achieved
for the channels when the optical pulses start to recirculate in
the dispersive loop. Note that a reduction in the amplitudes
of the time-delayed pulses as N increases is observed. This
is because the gain of EDFAI cannot be controlled to fully
compensate for the loop loss, to avoid possible lasing at certain
wavelengths. Nevertheless, the pulses can still recirculate for
more than ten round trips before being imbedded in noise. The
reduced amplitudes may be compensated by a microwave power
amplifier that is commonly used in a PAA.

The higher frequency limit of the system for N= 10 is cal-
culated to be 3.2 GHz by (4), which can be improved by us-
ing an LCFBG with a smaller dispersion coefficient, as will be
shown later. Detected waveforms with more details are shown in
Fig. 5(b)—(c) for different numbers of round trips of 0, 2 and 4.
The time spacing between two pulses from two adjacent chan-
nels are measured to be 5.0 and 10.0 ns for N= 2 and N= 4,
which are in perfect agreement with the theoretical value of
2.5 ns per round trip. Due to the relatively large progressive
true-time delays, the system can be used for a PAA with a large
element spacing and with a low operation frequency. Fig. 6
shows the calculated array factor of a four-element linear PAA,
which has a uniform element spacing of 5 m and is driven by
the time-delayed signals with different number of round trips.
For N= 0, the beam is pointing to the broadside direction. An
increment in the steering angle of 8.6° can be observed when the
feed signal recirculates in the dispersive loop for one additional
round trip, which is in good agreement with the theoretically
calculated steering angle by (3). For four round trips, the beam
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Fig. 6. Calculated array factors of a four-element linear PAA with an element
spacing of 5 m. The array factor when the optical signals recirculate in the
dispersive loop for (a) 0 round trip corresponding to a beam pointing direction
of 0°, (b) 1 round trip corresponding to a beam pointing direction of 8.6°, (c) 2
round trips corresponding to a beam pointing direction of 17.5° and (d) 4 round
trips corresponding to a beam pointing direction of 36.9°.

is pointing to 36.8°. It can be calculated that, if the number N
can be controlled to be 12, the beam can be steered to cover a
scanning range from —60° to 60°.

A linearly chirped microwave waveform (LCMW) with a
large bandwidth and a long time duration is commonly used as
amicrowave feed signal [20]. To evaluate the performance of the
system for a microwave signal with a large bandwidth and a long
time duration, the AWG is configured to generate an LCMW
with a large time duration of 300 ns and a chirp rate of 2 MHz/ns,
with an instantaneous frequency starting from DC to 600 MHz.
Fig. 7(a) shows the time-delayed signals at the outputs of the
PDs. As can be seen again, a signal carried by a wavelength has
a repetition time of 380 ns. The zoomed-in view of the signals
after the optical signals recirculate in the dispersive loop for 0, 2
and 4 round trips are shown in Fig. 7(b)—(d). Again, progressive
true-time delays can be observed, which again agree with the
theoretical values. Since the time duration of the LCMW is
shorter than the repetition time, the time delayed LCMWs do
not overlap in time. Note also that a good signal-to-noise ratio
is maintained even when the optical signals recirculate for more
than 6 round trips in the dispersive loop.

For a given beam steering angle, different amount of
progressive time delays are required for a PAA with different
antenna element spacing. In our system, the true-time delays
per round trip can be changed by using an LCFBG with a
different dispersion coefficient or a laser array with a different
wavelength spacing, according to (2). Here, an LCFBG with
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Fig. 7. Measured electrical signals at the outputs of the four PDs when an
LCMW is applied to the MZM. (a) The generated time delayed replicas and the
zoom-in view of the signals for (b) N= 0, (c) N= 2 and (d) N= 4.
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a smaller dispersion coefficient of 200 ps/nm is employed, and
the wavelength spacing of the laser array is set at a fixed value
of 0.8 nm. A true-time delay difference between two adjacent
channels of 160 ps per round trip should be expected. Fig. 8
shows the measured time-delayed signals when a 1-ns electrical
pulse is modulated on the multi-wavelength carriers. The mea-
sured true-time delay difference is 159.2 ps per round trip. Fig.
9 shows the calculated array factor of a four-element linear PAA
with a uniform element spacing of 0.2 m when the time delayed
signals are used to feed the antenna elements. Note that in the



3928

t\‘ |
e

N
P
e
e
!

l

/]
||
q
<
y
N

Fig.9. Calculated array factors of a four-element linear PAA with an element
spacing of 20 cm. The array factor when the optical signals recirculate in the
dispersive loop for (a) 0 round trip corresponding to a beam pointing direction
of —28.5°, (b) 1 round trip corresponding to a beam pointing direction of —13.9°,
(c) 2 round trips corresponding to a beam pointing direction of 0° and (d) 4
round trips corresponding to a beam pointing direction of 28.5°.

calculation, an initial time delay difference is added so that the
beam is pointing at —28.5° for N= 0. As the microwave feed
signal recirculate in the loop for 1, 2 and 4 round trips, the beam
is steered to —13.9°, 0° and 28.5°. The PAA can cover a steering
range from —60° to 60° if the dispersive loop allows the optical
signals to recirculate for over eight round trips. Assume that
the signals recirculate in the loop for ten round trips, the higher
frequency limit of the system is calculated to be 11.2 GHz
according to (4), which is significantly higher than that when
an LCFBG with a dispersion coefficient of 2500 ps/nm is
used. It can be seen that, in order to implement broadband
true-time delay system with large progressive time delays, a
good solution is to use an LCFBG with a small dispersion
coefficient and a laser array with a large wavelength spacing.

IV. REMARKS

Note that the proposed beamforming system can be used to
achieve tunable time delays for a pulsed signal. The pulse dura-
tion cannot be longer than the round trip time of the dispersive
loop to avoid an overlap between two consecutive pulses. For
a microwave signal with a longer temporal duration, the loop
length should be longer. A longer dispersive loop will lead to a
slower beam steering speed since the steering speed is limited
by the over round trip time. For our proposed system, the total
time for ten round trips is 3.8 us, which is fast enough for most
radar applications [21].
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Note also that the system can generate true time delays for
a PAA with non-uniform element spacing, which can be sim-
ply done by using a laser array with non-uniform wavelength
spacing.

It should also be noted that the concept demonstrated here
using a recirculating dispersive loop can be applied for many
other applications where a large tunable time delay is needed.

V. CONCLUSION

In conclusion, we have proposed and experimentally demon-
strated a photonic true-time delay beamforming network based
on a switch-controlled wavelength-dependent recirculating dis-
persive loop. The microwave signal, with a temporal duration
less than the round trip time of the dispersive loop, to be radiated
to free space was modulated on the optical carriers of a laser
array with fixed wavelengths. When the microwave-modulated
optical signals recirculate in the dispersive loop, due to the
wavelength-dependent time delays in the LCFBG, tunable pro-
gressive time delays could be achieved, which would lead to the
beam steering when the time-delayed microwave signals are fed
to a PAA. It is different from some previously reported tech-
niques where the time delay tuning was realized by tuning the
wavelength spacing of a laser array or the dispersion coefficient
of an LCFBG, the system here is simpler since a laser array with
fixed wavelengths is needed and the progressive time delays are
generated and tuned by controlling the number of the round
trips of the optical signals recirculating in the dispersive loop.
The proposed true-time delay system was experimentally evalu-
ated. In the experiment, an optical coupler instead of an optical
switch was used to study the tunable time delay behavior of
the system. Two true-time delay beamforming networks using
two dispersive loops incorporating two different LCFBGs with
dispersion coefficients of 2500 ps/nm and 200 ps/nm to achieve
a time delay difference of 2.5 ns and 160 ps per round trip were
demonstrated. The key advantage of the proposed approach is its
simplicity for implementation since no TLA or tunable LCFBG
is needed.
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