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Abstract. Light controlled phased array has the advantages of fast response speed, compact system, diverse
functions, and flexible control, and has been widely applied in many scientific and technological fields. Optical
true delay technology (OTTD) is the most direct technical means to achieve phase delay of optical carrier sig-
nals, and it is also the most basic technical means to implement optical controlled beamforming systems. In
order to fully understand the optical true delay technology, this article first elaborates on the principle of
phased array antennas and the reasons for beam squint, and analyzes the impact of true delay on the perfor-
mance of phased array radar. Then, the basic principle, technological progress, and related applications of opti-
cal true delay are introduced. Taking four common structures of optical true delay lines as examples, which are
micro-ring resonant cavity array, grating true time delay line, multi-path switchable optical true time delay line
(OTTDL), and wavelength selective optical delay line, their performance in delay accuracy, adjustable delay
range, and frequency bandwidth are compared. Finally, the current problems and future development trends
of optical controlled beamforming technology were summarized.

Keywords: Microwave photonics, True time delay (TTD), Optical true delay technology (OTTD), Optically
controlled beamforming network, Light controlled phased array.

1 Introduction

With the increasing complexity and diversity of detection
environments and targets, radar urgently needs to have
higher resolution capabilities to achieve precise detection
of targets and complete recognition functions [1, 2].
However, traditional radar is limited by the “electronic
bottleneck”, making it difficult to achieve substantial break-
throughs in expanding operating bandwidth and improving
signal processing speed, and increasingly unable to meet the
detection needs in complex environments in the future.

Microwave photonics is an emerging interdisciplinary
field that combines microwave technology and photonics
[3]. Different from traditional electronic microwave systems,
microwave signals in microwave photon systems are first
loaded into the optical domain through electro-optic
converters, then transmitted and processed through optical
devices and related links, and finally converted into electri-
cal signals for external transmission [4, 5]. Microwave
photon radar utilizes photonics methods to generate and
process radar signals, and has outstanding broadband
capability, which can significantly improve radar range res-
olution [6]. In order to improve the radar angle resolu-
tion capability and achieve flexible beam control, the
combination of microwave photon radar technology and

phased array technology is an inevitable development trend
[7–10]. Therefore, optical controlled beamforming technol-
ogy is receiving increasing attention in modern radar appli-
cations and future radar development.

Generally speaking, devices and systems that can
achieve active array optical field phase control can be
referred to as optically controlled phased arrays. With the
rapid development of high beam quality light sources
[11–13], electronic engineering technology [14, 15], materials
science, and optoelectronic devices [16] in recent years, the
diverse forms of optically controlled phased array technol-
ogy have gradually improved and been widely applied in
fields such as laser coherent synthesis, optically controlled
phased array radar, and atmospheric turbulent calculation
[17–20].

2 Principle of phased array antenna and beam
squint phenomenon

2.1 Phased array antenna

Phased array antennas achieve beam scanning by generat-
ing a certain relative phase shift between the signals reach-
ing each transmitting element.

As shown in Figure 1, N antenna elements are arranged
in a linear array with equal spacing [21]. Assuming that the* Corresponding author: antinghbdl@163.com
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angle at which the beam pointing power is maximum is h0,
the phase difference between adjacent antenna elements
emitting microwave signals at h0 satisfies the following
formula

�u ¼ 2p
k

� �
d sin h0 ð1Þ

In formula (1), d is the spacing between adjacent elements,
and k is the wavelength of the transmitted microwave
signal.

The phase difference between the elements at both
ends is

�u ¼ 2p
k

N � 1ð Þd sin h0 ¼ 2p
k

� �
L sin h0 ð2Þ

In formula (2), L is the total length of the linear array
antenna, which is the distance between the two end ele-
ments. According to the principles of antennas and vector
field theory, the directional diagram of a one-dimensional
linear structure array antenna can be represented as

F hð Þ ¼
XN�1

i¼0

aiej2p i�tð Þf sin h�sin h0ð Þ ð3Þ

Among them, h is the antenna scanning angle, ai is the
power value of the radiated signal of each antenna unit,
2pfDt is the phase difference between adjacent antenna
units, Dt is the signal transmission time between adjacent
antenna units.

According to formula (3), the directional pattern of the
antenna is not only determined by the beam pointing angle,
but also by the frequency of the radar signal.

2.2 Beam squint phenomenon

Assuming the center frequency of the signal is f0 and the
maximum scanning angle of the antenna array beam is
hm [22]. The “spatial phase difference”between adjacent
elements at the maximum scanning angle should be

�u0 ¼
2p
k0

d sin hm ð4Þ

The “phase difference within the array” between the Nth
antenna unit and the 1st antenna unit is

�u ¼ 2p
k0

N � 1ð Þd sin hm ð5Þ

Different from the “spatial phase difference”, this phase
difference is the phase difference that needs to be provided
by the phase shifter. Assuming that the distance L between
the Nth antenna and the 1st antenna is (N�1)d, this
distance is called the linear array aperture. Since the wave-
length of the signal k is equal to the speed of light c divided
by the center frequency of the signal f0, the phase difference
can be expressed as

u ¼ 2pf0T 0 ð6Þ
Where

T 0 ¼ L sin hm=c ð7Þ
T0 is called the “aperture transition time” of an array
antenna, which is the time difference between the signals
radiated by the antenna elements at both ends of the array
antenna reaching the target located in the direction of the
maximum beam. If the antenna is in the receiving state,
T0 reflects the time difference between the two antenna
units receiving the target signal from the maximum
scanning angle hm direction.

The phase difference within the array u increases with
the increase of the antenna array, and its value can be m
times 2p, where m is any integer. If a phase shifter is used
to control the antenna pattern, due to the limitation of
the phase shift value provided by the phase shifter, the
phase shift value generated by the Nth antenna element is:

u0 ¼ u� 2mp ð8Þ
The phase shift value provided by a phase shifter usually
does not vary with frequency. When the signal frequency
increases from f0 to (f0+Df), for the target located in the
direction hm, the phase difference between the echo signal
between the Nth unit and the 1st unit will become

us ¼ 2pL f0 þ�fð Þ sin hm=c ð9Þ

us ¼ us0 þ�us ð10Þ

�us ¼ 2p�fT 0 ð11Þ
It can be considered that the direction of the antenna beam
depends on the balance between the “spatial phase differ-
ence us” of the antenna array and the “intra array phase
difference u0

” provided by the phase shifter, that is, it needs
to meet the condition us=u0. When the signal frequency
changes from f0 to (f0+Df), then us>us0, breaking the
balance relationship will cause the beam direction to
deviate.

From formula (6) and formula (7), sinhm can be calcu-
lated as

sin hm ¼ u
c

2pf0L

� �
ð12Þ

Figure 1. Schematic diagram of phased array.
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By taking the derivative of both sides and substituting the
u expression in equation (6), we can obtain

�hf ¼ ��f
f0

tan hm ð13Þ

According to equation (12), a change in signal frequency
will cause a shift in the direction of the antenna beam,
and as the signal bandwidth increases, the directional shift
Dhf also increases. This phenomenon is called the “aperture
effect” of phased array antennas, which reflects the spatial
oscillation of the antenna beam direction with the change
in signal frequency, that is, the beam squint phenomenon,
as shown in Figure 2.

The directional diagrams of the antenna are shown in
the Figure 2 for operating frequencies of 27 GHz, 28 GHz,
and 29 GHz. It can be observed that the beam direction
varies with different operating frequencies, with a maxi-
mum difference of about 8�, and the antenna sidelobes also
vary with different operating frequencies. An important
parameter of an antenna is its bandwidth. Here, the limita-
tion for Df can be referred to as the bandwidth criterion for
phased array antennas.

Assuming the maximum allowable beam offset angle is
one-quarter of the half power point width of the beam, then

hf max ¼ �h1=2 hMð Þ=4 ð14Þ
Dh1/2(hM) is the half power point width of the beam when
scanned to hM, and Dh1/2 is the half power point width of
the lobe in the normal direction of the array.

hf max ¼ �h1=2= cos h ð15Þ

Therefore, it can be concluded that

�fmax

f0
� �h1=2= 4 sin hMð Þ ð16Þ

Among them, Dfmax is the maximum bandwidth of phased
array antenna. Assuming the above equation is satisfied,
the maximum beam offset is Dh1/2(h)/4, and when
hM = 60�, the antenna beam widths are 1� and 2�, respec-
tively. Therefore, the limitation on the signal bandwidth is

�fmax

f0
¼ 0:01 or 0:02 ð17Þ

Assuming the radar signal is an L-band signal with a
center wavelength of 1300 MHz, the instantaneous band-
width of the radar signal is 13–26 MHz, which is far from
sufficient for high-resolution measurement and radar imag-
ing radars.

3 The influence of true time delay on the
performance of phased array radar

Based on the above analysis, the traditional method of pro-
viding phase shift through phase shifters on each elements
cannot obtain a large instantaneous signal bandwidth for
scanning. To solve this problem, true time delay (TTD)
lines can be used for phase shifting at the level of each unit
or sub antenna array.

Taking the linear array shown in Figure 1 as an
example, the delay line is used to control the phase of the
elements in the linear array. The length difference of the
delay lines at both ends of the linear array in the Figure 1
is DL. Assuming that the delay can fully compensate
for the spatial distance difference, and the radar signal
pointing angle is hm, the relationship between them can
be expressed as

�L ¼ L sin hm ð18Þ
The pointing angle hm is

hm ¼ arcsin
�L
L

ð19Þ

According to formula (19), the pointing angle hm is indepen-
dent of the signal frequency, so the beam pointing remains
unchanged.

In fact, for ease of control, the time delay line is usually
implemented using a transmission line with a length that is
an integer multiple of the wavelength k, that is, it can only
be implemented with mk. Therefore, the remaining
Dl = L�mk delayed over time and the remaining phase
residual are compensated by the phase shifter.

If delay line control is applied to each radiating element
and a delay line of length l is inserted into the channel of the
Nth element, resulting in a delay T = l/c, then the delay
required to be generated in the i-th element is is/(N�1),
and the corresponding delay line length is il/(N�1). Under
the action of the delay line, the aperture transition time T0
of the antenna decreases to

Figure 2. Traditional phased array without optical delay line
generates beam squint.
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�T ¼ T 0 � s ¼ L= sin hm
c

� 1
c

ð20Þ

If the beam offset �h0f is allowed to be less than one fourth
of the beam width in the hm direction, and when s < T0, the
beam offset Dhf can be expressed as:

�h0f � 1
4
�h1=2 hmð Þ ¼ 1

4
�h1=2

1
cos hm

ð21Þ

The allowed signal relative bandwidth can also be
increased, becoming

�f
f0

� �h1=2
T 0

T 0 � s
� 1
4 sin hm

ð22Þ

Due to T0/(T0�s) > 1, using delay compensation can
improve the instantaneous bandwidth of the signal, and
the bandwidth limitation on the radar can be expressed as

�h0f � 1
10 T 0 � sð Þ ¼

1
10

� c
L sin hm � l

ð23Þ

According to the derivation process of equation (23), the
beam pointing offset �h0f caused by signal frequency
changes can be expressed as

�h0f ¼ ��f
f0

1� s
T 0

� �
tan hm ð24Þ

According to the above equation, when s = T0, the instan-
taneous delay fully compensating for the aperture transition
time, the pointing angle shifts �h0f ¼ 0, that is, there is no
aperture effect. The beam direction of phased array
antenna is no longer affected by the instantaneous band-
width of the signal.

The time delay caused by signal over a single transmis-
sion line is called true delay [23], and both true delay and
phase shifters are functional devices designed to achieve
beamforming. The characteristic of true delay is that its
time delay is independent of frequency or the resulting
phase shift is linearly related to frequency. The phase
response characteristics of phase shifters are generally dif-
ferent from true delay. For example, it does not have linear
phase-frequency characteristics like true time delay line.
This leads to a fundamental difference between delay lines
and phase shifters in practice. In order to achieve broad-
band wide-angle scanning in phased array radar, TTD
should be used instead of the phase shifter in conventional
phased array radar. Different from the traditional phase
shifters that are only suitable for narrowband operating
ranges, TTD can achieve precise control of time delay over
a wide operating frequency band.

If microwave signals are modulated onto optical fibers
and the fibers are used as TTD, it is called Optical True
Time Delay (OTTD). In the optical phased array antenna
system based on OTTD, the microwave signal to be trans-
mitted is converted into changes in optical characteristic
parameters by an electro-optic modulator firstly. Then,
optical methods are used to propagate the optical signal
through different optical paths to achieve time delay
control. Finally, at the transmitting end, an optoelectronic
conversion element is used to restore the optical signal to a

microwave signal. As shown in Figure 3, the introduction of
optical true delay lines did not result in beam squint.

Figure 3 shows the directional patterns of the antenna
at operating frequencies of 27 GHz, 28 GHz, and 29 GHz,
respectively. It can be observed that the beam direction
has not changed and there is no beam squint phenomenon.
By comparing Figure 2 and Figure 3, we can conclude that
using optical true delay lines can achieve broadband micro-
wave photon beamforming without beam squint, and its
operating bandwidth is determined by the flat delay band-
width of the delay line.

Therefore, in broadband systems, Optical Beam Forming
Network (OBFN) has more obvious technical advantages
and application potential compared to radio beam forming
networks using electronic phase shifters. The optically con-
trolled beamforming scheme is shown in Figure 4 [24].

As is shown in Figure 4, the scheme include five basic
units . The first unit is a laser (LD) used to provide an opti-
cal carrier for transmitting microwave signals. The second
unit is an electro-optic converter (E/O converter), which
is used to modulate and convert the input RF signal into
an optical carrier signal. The third unit is the Optical
Beamforming Network (OBFN), which is used to control
the phase delay of modulated optical carrier signals. The
fourth unit is the O/E converter, which recovers the optical
signal into an electrical signal and obtains multiple coherent
microwave signals; The fifth unit is the transmitter/receiver
(T/R) component of the antenna unit, which is used to
receive and transmit microwave signals.

As mentioned in this section, in broadband systems,
OBFN has more obvious technical advantages and applica-
tion potential compared to radio beam forming networks

Figure 3. Introducing optical true delay lines does not produce
beam squint.
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using electronic phase shifters. Figure 5 shows a 1 � 4
OBFN phased array antenna system based on adjustable
optical delay lines or microwave photon phase shifters.

In Figure 5, the laser (LD) generates an optical carrier,
and the RF signal is loaded onto the optical carrier through
modulation and conversion to achieve electro-optical
conversion. The OBFN consists of Optical True Time Delay
Line (OTTDL) and Microwave Photon Phase Shifter
(MWPPS). It should be pointed out that the MWPPS
controls the phase of the output RF signal by changing
the carrier phase. OTTDL delay signals by introducing dif-
ferent transmission times in the signal path, ensuring that
signals of all frequencies have the same delay time during
transmission. OTTDL is linear and independent of the
frequency of the signal. Main function of the OBFN is to
operate the OTDD and MWPPS in the optical domain,
allocate and transmit them to each antenna element
through the distribution network. Finally, use optical detec-
tors to demodulate and recover RF or microwave signals in
order to achieve signal transmission in antenna units and
beam scanning.

Thanks to the inherent advantages of photonics such
as ultra wideband optoelectronic devices, low transmission
loss of optical fibers, and resistance to electromagnetic
interference, it has great potential for applications in the
generation, reception, and processing of high-frequency
broadband microwave signals. In recent years, scholars at
home and abroad have conducted in-depth research on

optical beamforming networks and technologies. Outstand-
ing achievements have been made in areas such as
optical true delay lines, microwave photon phase shifters,
optically controlled beamforming networks, and their
miniaturization.

4 OTTD technology and its research status

OTTD technology is the most direct technical means to
achieve phase delay of optical carrier signals, and it is also
the most basic technical means to implement optical con-
trolled beamforming systems. There are four common phase
delay methods, including three time-domain processing
methods and one spectral domain processing method.

It had been summarized that the relationship between
the time delay caused by signal transmission in optical
fibers and fiber length or refractive index in Reference [25].

�s L; kð Þ ¼ L
mg kð Þ þ

L
c
�n kð Þ þ LD kð Þ�k ð25Þ

In formula (25), Ds(L,k) is the delay time of an optical sig-
nal with a wavelength of k in a path of length L. c is the
propagation speed of light and mg(k) represents the group
velocity of the transmitted optical signal. Dn(k) is the
relative refractive index of the medium material in the path.
D(k) is the dispersion coefficient of the medium in the path

Figure 4. Schematic diagram of optical beamforming scheme.

Figure 5. Schematic diagram of a 1 � 4 OBFN phased array antenna system based on adjustable optical true time delay lines or
microwave photon phase shifters [23].
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during propagation of the optical signal, and Dk is the
wavelength change of the transmitted optical signal.

The three terms on the right side of equation (25) corre-
spond to three time-domain processing methods for optical
true delay. The first term means that variable delay can be
achieved by changing the total path length L of optical sig-
nal transmission, making an optical path difference between
each path. This is the most direct method to achieve vari-
able delay. However, as soon as the length of each fiber is
determined, it cannot be changed. The second term meas
that different delays between different optical channels in
the system can be achieved by changing Dn(k), which is
the refractive index of the dielectric material in the optical
path. This delay method is generally used for systems with
additional control, such as delay systems with temperature
control. However, this method has low reliability and poor
operability, making it difficult to achieve high delay accu-
racy. The third term is that the dispersion of dielectric
materials D(k) can be used to achieve variable delay, that
is, different wavelengths of optical signals will produce dif-
ferent delays when propagating in the same medium.

The fourth type of scheme for achieving true optical
delay is spectral domain processing, which is a true delay
scheme based on spatial optical modulation technology.
The core of this type of scheme is to convert the optical sig-
nal in the time domain into a spectrum in the frequency
domain for processing. By using Fourier transform and
optical modulation techniques in the frequency domain to
adjust the phase and intensity of the signal, to make sure
that optical true time delay can be achieved. The advantage
of this method is that it can weaken the influence of high-
order dispersion in the transmission medium and compen-
sate for the filtering characteristics that may occur in the
system [26].

5 Research status of OTTD technology

Continuously improving delay accuracy and achieving as
much continuous and adjustable delay as possible are two
important aspects of studying fiber optic delay lines. At pre-
sent, research on optical true delay lines mainly focuses on
four aspects: micro-ring resonators, grating delay lines, mul-
ti-path switchable optical switches, and wavelength selec-
tive optical delay lines.

5.1 Micro-ring resonant cavity array and its principle

The micro ring or micro disk resonant cavity array is an
important component of the resonant tunable integrated
fiber delay line. Essentially, the slow light effect is realized
by generating resonance, thus slowing down the propaga-
tion speed of light. Finally, the amount of delay can be
adjusted by adjusting the deceleration factor.

5.1.1 Principles and research status of micro-ring
resonant cavity array

The slow light effect refers to an important physical effect
that enhances the interaction between the optical field

and matter by increasing the group refractive index of the
waveguide to reduce the group velocity of the optical signal
propagating in it. Although the effective refractive index of
the waveguide itself changes very little, the group refractive
index varies greatly due to the slow light effect. The change
in group refractive index can affect the dispersion character-
istics of optical signals, thereby affecting the optical band-
width. By precisely controlling the dispersion
characteristics of the medium and the parameters of the
optical pulse, it is ensured that the change in group refrac-
tive index leads to a reduction in dispersion, which reduces
the degree of waveform distortion of the optical signal and
is beneficial for reducing the optical bandwidth. On the
other hand, due to the slower propagation speed of light
in slow light media, the propagation time of light pulses
through the medium becomes longer, allowing the system
more time to precisely control the delay of light pulses.
Therefore, the slow light effect can be used to achieve
high-precision time delay. Finally, the slow light effect can
significantly increase the delay range. Due to the slower
propagation speed of light in slow light media, media of
the same length can provide greater time delay. This means
that shorter media can be used to achieve larger time
delays, significantly reducing the length of optical delay
lines and tuning power consumption [27].

In 2013, Burla et al. [28] proposed and implemented an
integrated photon beamforming network based on a pro-
grammable optical ring resonator, which can achieve con-
tinuous adjustable optical delay of 236 ps in the Ku band
(10.7–12.75 GHz). However, the adjustment accuracy of
the optical true delay line designed using this method is
not high. In order to further improve the adjustment accu-
racy and maximum adjustable range, and enhance the
adjustment accuracy of the optical true delay line. Xiang
et al. [29] proposed a low loss continuously tunable optical
true delay line based on Si3N4 ring resonator in 2018, cre-
atively using Side Coupled Integrated Spaced Sequence of
Resonators (SCISSOR). The maximum delay of this optical
true delay line can reach 500 ps. To expand the working
bandwidth, Shan et al. [30] proposed a broadband continu-
ously tunable microwave photon delay line based on cas-
caded silicon micro rings in 2021. The working bandwidth
of the delay line can reach 16 GHz, with a minimum adjus-
table step size of 20 ps and a maximum adjustable range of
160 ps. Xue et al. [31] (Tab. 1) demonstrated an optically
controlled beamforming network based on micro microres-
onator frequency comb source and dispersion delay. The
working bandwidth of this network is 12 GHz, and the
adjustable accuracy and range have been further improved
compared to Shan et al.’s research.

5.1.2 Brief summary

The advantages of the optical true delay line based on the
micro ring resonant cavity array are easy to manufacture, a
large adjustable range of optical delay, and the ability to
achieve continuous delay. The disadvantage is that the
change in deceleration factor is usually thermal regulation,
which limits the beam switching time for beamforming
using micro ring resonators as delay lines or phase shifters.
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5.2 Grating true time delay line

5.2.1 Principles and research status of grating true time
delay line

Fiber Bragg Grating (FBG) plays a crucial role in fiber
delay lines by reflecting or transmitting light of specific
wavelengths to achieve delay effects. By adjusting the
parameters of the fiber Bragg grating (such as refractive
index modulation depth, grating length, etc.), the propaga-
tion time and delay of light can be controlled. Common
types include true delay lines based on fiber Bragg gratings
(FBGs) and linearly chirped fiber Bragg gratings
(LCFBGs). In addition, in photonic integrated circuits, sil-
icon-based waveguide gratings can be realized by periodi-
cally modulating the effective refractive index of the
waveguide, which lays the foundation for the implementa-
tion of compact resonant delay lines.

Delay lines based on LCFBGs have achieved significant
results in practical applications. For example, a 5-bit delay
line based on LCFBG has achieved an average step of
5.39 ps, a delay accuracy of 2.46 ps, and a time delay range
of 0–168.6 ps [32].

5.2.1.1 Principles and research status of grating delay line
Sun et al. [33] used the stepped chirped subwavelength grat-
ing waveguide Bragg grating technology in 2020, which
achieved discrete tunable optical delay lines on silicon on
insulator. The minimum adjustable step size in this technol-
ogy is 6.6 ps, and the adjustable range of 10 subwavelength
gratings is 60 ps. Sun et al. [33] used 10 subwavelength grat-
ings and Bragg gratings in series to achieve a step structure,
and conducted beamforming simulation experiments using
FDTD. The simulation used PML as the boundary condi-
tion, under which the optical radiation in the propagation
simulation area had no effect on the internal field. PML
absorbs incident electromagnetic waves, which is equivalent

to propagating to infinity. The simulation results indicate
that the beams are pointing at 7.56�, 15.13�, and 23.2�,
respectively. The limitation of the above research work is
that the working bandwidth is relatively narrow.

In order to further expand the work bandwidth, Wang
et al. [34] developed an exponentially variable optical real-
time delay line based on a 40 sub-wavelength grating waveg-
uide array in silicon on insulator. The delay line achieves a
phase shift step size of 4.7 ps and a maximum adjustable
time of 181.9 ps within a bandwidth of 10 GHz. Srivastava
et al. [35] (Tab. 2) proposed a photon based broadband
TTD beamforming network, as shown in Figure 4.

In Figure 4, the lightwave from the tunable laser source
is externally modulated by Mach-Zehnder modulator
(MZM), the other two input terminals being powered by
the RF signal produced by the RF signal generator and
the DC signal produced by the modulator driver. The
amplified modulated optical signal from the erbium-doped
fiber amplifier is then divided equally into four arms by a
1 � 4 optical splitter, and each arm consists of an optical
circulator and a raised cosine apodized linearly CFBGs
(RCFBG) of distinct lengths and a chirp parameter as a
TTD module. The lightwave, whose wavelength corre-
sponds to the chirped grating period, is reflected and
reaches the photo-detector (PD) by means of an optical
circulator.

In Figure 6, the network uses different lengths ofraised
cosine apodized linearly chirped Bragg gratings (RCFBG)
and chirp rates as variable TTDs to control the maximum
radiation direction of phased array antennas. The experi-
ment shows that the real-time delay line of the light has
an adjustable delay accuracy of 0.2 ps and a maximum
adjustable delay range of 200 ps. The phased array
antenna using this real-time delay line can achieve continu-
ous beamforming in the Ku band, and the main lobe of its
directional pattern can be scanned without squint between
±36.8�.

Table 1. Comparison of research literature on micro-ring resonant cavity array.

Structure Delay
accuracy/ps

Adjustable delay
range/ps

Frequency/GHz Chip platform Fabrication
complexity

Footprint
(mm2)

MRR [28] – 0–236 10.7–12.75 TriPleXTM
waveguide

Mediate –

MRR [29] – 0–500 10 Si3N4 waveguide Mediate 90
MRR [30] 20 0–160 0–16 SOI High 8
MRR [31] 0.03 8–20 SOI High

Note: MRR stands for Miniature Resonant Ring.

Table 2. Comparison of research literature on optical true delay lines.

Structure Delay accuracy/ps Adjustable delay range/ps Frequency/GHz Chip platform

GDL [33] 6.6 60 10 SOI
GDL [34] 4.7 181.9 10 Si
GDL [35] 0.2 200 8–12 SOI

GDL stands for Grating Delay Line.
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Figure 6. Photon based broadband true delay line beamforming network [35].

Figure 7. Setting up two different time delays in a 7-unit layout [36].
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5.2.2 Brief summary

Generally, the advantage of optical true delay lines based
on grating spatial structures is that they are easy to inte-
grate, but the disadvantage is that they cannot achieve con-
tinuous adjustment or require changing the wavelength of
light for adjustment, which will increase the cost of the
system.

5.3 Multi-path switchable OTTDL

5.3.1 Principles and research status of multi-path
switchable OTTDL

Another way to achieve adjustable delay lines is to adjust
the length of the optical path. The adjustable TTD can
be achieved by designing optical waveguides with different
lengths. The advantage of optical switch technology is that
it provides a large delay selection, allowing the module to
operate in ultra wide radar frequency bands.

In 2018, Pérez-López et al. proposed a programmable
photonic integrated circuit, in which the architecture of
the waveguide meshes used can be configured to achieve
optical true time delay lines (OTTDLs) [36]. In this article,
another independent adjustable unit structure was demon-
strated in the experiment, which can achieve independent
beam amplitude allocation and phase control with this cou-
pler. Each path corresponds to a latency of 13.5 ps, with a
maximum achievable latency of 148.5 ps. Figure 7 demon-
strates the hexagonal network configuration with 5 paths
and 11 paths.

In 2020, Zhu et al. designed an integrated optoelectronic
chip based on a silicon on insulator platform, called a 1 � 8
microwave photon beamformer [37]. The chip consists of a

modulator, an eight channel optical beamforming network,
and eight photodetectors, containing hundreds of active
and passive components. Among them, the phase shifting
part adopts eights 5-bit adjustable true time delay lines,
with an adjustable range of 2–16 ps and a total adjustable
range of 0–496 ps.

In 2023, Sun developed a 4-channel 5-bit programmable
optical controlled beamforming network based on a high-
precision optical switch delay line measurement and pro-
duction platform, and conducted experimental tests on
the network. The experimental results showed that the
delay accuracy was better than ±0.5 ps, which was higher
than similar delay lines reported domestically, and the
insertion loss consistency was better than ±1 dB [24].

5.3.2 Brief summary

The most obvious advantage of the optical true delay line
based on multi-path switchable switches is its fast switching
speed, which can reach ns level speeds. This is because the
adjustment method of the optical switch is mainly based on
the photoelectric effect, which can achieve a speed of ns
level. This type of delay line has good accuracy, but the
optical delay line of the multi-path switch cannot achieve
continuous adjustment.

5.4 Wavelength selective OTTDL

5.4.1 Principles and research status of multi-path
switchable true time delay line

Array waveguide grating is a good wavelength selective
device. Figure 8 shows the structure and working principle
of the wavelength selective optical delay line of the array

Figure 8. Wavelength selective turel-time delay line based on AWG [38]. (a) Working principle explanation (b) AWG layout.
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waveguide grating. By cascading two stacked array waveg-
uide gratings, the delay can be changed by changing the
carrier wavelength.

Duan et al. [38] improved the multi-channel pro-
grammable optical controlled true delay network by divid-
ing the optical signal into 8 channels of single wavelength
light. By modulating signals of different wavelengths and
passing them through precision fibers of different lengths,
they achieved a minimum delay accuracy of 10.3 ps and a
maximum adjustable range of 20 ls for the optical true
delay line.

5.4.2 Brief summary

The advantages of wavelength selective optical delay lines
are easy processing, large adjustable range, and easy inte-
gration; The disadvantage is that it requires high continu-
ous adjustability of the laser source [39, 40].

5.5 General analysis

Table 3 compares different kinds of optical true delay lines
based on technical indicators such as delay accuracy, adjus-
table delay range, and scanning range.

Through analysis and comparison, it can be seen that
micro ring resonators are easy to fabricate, have a large
adjustable range of optical delay, and can achieve continu-
ous delay, while the beam switching time is relatively long.
Grating delay lines are easy to integrate, but cannot achieve
continuous adjustment or require changing the wavelength
of light for adjustment. The switching speed of the optical
switch is fast, reaching ns level speed, however the delay
accuracy is low and continuous adjustment cannot be
achieved. Wavelength selective optical delay lines are easy
to process, have a large adjustable range, and are easy to
integrate, but require high continuous tunability of the laser
source.

6 Summary and prospect

This article has conducted a study on the theory and
related technologies of OTTDLs. It elaborates on the

principle of phased array antennas and the reasons for beam
squint firstly, and analyzes the impact of true delay on the
performance of phased array radar. Then, the basic princi-
ple, technological progress, and related applications of opti-
cal true delay are introduced. Take four common structures
of optical true delay lines as examples, which are micro-ring
resonant cavity array, grating true time delay line, multi-
path switchable OTTDL, and wavelength selective
OTTDL. Their performance in delay accuracy, adjustable
delay range, and frequency bandwidth are compared.

OTTD and MWPPS technology are the main technical
means currently applied in optical controlled beamforming
systems. With its advantages of low transmission loss and
flat broadband response, the diverse forms of optically con-
trolled phased array technology have gradually improved
and been widely applied in fields such as optically controlled
phased array radar and atmospheric atmospheric turbulent
calculation. There are many aspects that need to be tackled.

Analysis of the impact of parameter errors of OTTDLs
on array performance. As a relatively complex multi-chan-
nel optoelectronic integrated system, OTTDs inevitably has
various parameter errors in the processes of manufacturing,
deploying and applicating. Therefore, it is necessary to
establish a model of the parameter error of OTTDLs with
respect to the performance of optically controlled phased
array, which provides important support for optimizing
array performance and guiding array design.

Miniaturization and integration. For optical beamform-
ing technology, photon integration technology is a neces-
sary path. It is urgent to study the impact of system
packaging on the power consumption, temperature, and
other indicators of array chips. Thus achieving efficient
microwave packaging and system packaging for broadband
beamforming networks.

High precision and efficiency. The number, direction,
and shape of beams can be more accurately controlled to
transmit energy and information more efficiently by
improving photonics signal processing techniques or opti-
mizing subarray partitioning algorithms,.

Intelligence and adaptability. Future optical beamform-
ing technology may include more intelligent and adaptive

Table 3. Comparison of research literature on OTTDLs.

Structure Delay
accuracy/ps

Adjustable delay
range/ps

Scanning
range

Frequency/GHz Chip platform Footprint (mm2)

MRR [28] – 0–236 – 10.7–12.75 TriPleXTM waveguide –

MRR [29] – 0–500 10 Si3N4 waveguide 90
MRR [30] 20 0–160 0–16 SOI 8
GDL [33] 6.6 60 10 SOI
GDL [34] 4.7 181.9 10 Si
GDL [35] 0.2 200 �36.8� to +36.8� 8–12 SOI
PS [36] 13.5 148.5 – – –

OS [37] 2.5 0–96 �75.51� to 75.64� 8–18 SOI 42.8
AWG [38] 10.3 20,000

Note: MRR stands for Miniature Resonant Ring; GDL stands for Grating Delay Line; AWG stands for Array
Waveguide Grating; PS stands for Path Switching; OS stands for Optical Switch.
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elements. For example, the system can automatically opti-
mize beamforming strategies to adapt to different environ-
ments and application requirements by introducing
artificial intelligence and machine learning algorithms.

From the development trend of radar technology and
microwave photon technology, the application prospects
of optical controlled phased array systems and optical true
time delay technology in new radar are very broad. The eco-
nomic benefits and military value generated are incalcula-
ble, and its theoretical innovation and engineering
application will open a new chapter in detection and percep-
tion technology.
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