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ABSTRACT The next generations of wireless communications are promising high capacity, low latency,
and high throughput, enabled by millimeter wave spectrum. Beamforming and beam steering are key
requirements for millimeter wave systems due to the fundamental limitations of such high frequencies.
Traditional phased array antennas are narrow band and conventional beamforming techniques are too
bulky, energy hungry, and expensive to integrate into consumer electronics. Therefore, new approaches of
beamforming and beamsteering are required for 5G and beyond due to shortcomings of existing technologies.
Here we present a comprehensive review of the photonic true time delay units for application in beamforming
of next generations of wireless communications. The prospects and progress of several photonic techniques
are discussed here along with their challenges. The fundamental focus of this endeavor will be on the
on-chip Silicon-on-Insulator based approaches which enable utilizing conventional CMOS fabrication
process for integration with other optical components for compact photonic integrated circuit.

INDEX TERMS Beamforming, silicon photonics, wireless communication, 5G, true time delay, mmWave,
ultra wideband.

I. INTRODUCTION
The next generations of wireless communication (5G and
beyond) are going to exploit the enormous spectrum of
the high frequency mmWave spectrum (30 GHz-300 GHz)
which promises low latency, high capacity, and through-
put [1]–[4]. The current deployment of 5G mobile com-
munication is already proving useful for solving spectrum
shortages. However, it will also eventually fall short in
the near future for emerging applications like autonomous
driving, virtual/augmented reality (VR/AR), and the Inter-
net of Things (IoT), requiring going beyond (6G) which
plan to use spectrum above 100 GHz and extending into
the higher sub-mmWave and Terahertz (THz) bands [3].
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The premise of mmWave bands can only be achieved if
challenges associated with higher propagation loss can be
effectively addressed [1], [3], [4]. Phased array technologies
enable beamforming, providing much needed gain to com-
pensate atmospheric-losses for mmWave communications.
Moreover, for mobile mmWave communications, beam-
forming is essential in avoiding blockages and/or utilizing
non-line-of-sight channels. Real-time beamforming is thus
essential for the proliferation of mobile mmWave connectiv-
ity [1], [3], [4]. Analog beam steering involves using phase
shifters integrated with each antenna array. Phase shifter tech-
nology has significantly evolved in the past several decades,
resulting in low-cost devices that can be packaged and inte-
grated into array printed circuit boards (PCB) [5]–[8]. These
are cheap and relatively simple to implement compared to
its digital counterpart which involves challenges, such as
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FIGURE 1. (a) Schematic demonstrating phased array antennas (PAA)
transmitting (TX) or receiving (RX) signals along 2 direction due to input
phase of 8.

complexity, energy consumption and cost for large-scale
antenna system implementation [9]. However, beam steering
utilizing phase shifter technology suffers from a very well-
known bottleneck, beam squinting, making it unsuitable for
broadband signals [2], [10]–[12]. An effective remedy for the
phase-shifter beam-squint problem is to employ true-time-
delay (TTD) to introduce progressive delays independent of
frequency, thereby making the beamformer inherently broad-
band [13], [14]. However, the high losses and bulkiness of
the connecting cables of TTD units at the mmWave spectrum
shadow its promises over the phase shifters using current
TTD technologies [14]. This paper summarizes existing TTD
technologies and proposes novel alternatives based on inte-
grated photonic realizations if such devices harness extra-
ordinary light-propagation modes, such as the frozen-mode.
Currently, photonic TTD relaxations rely on effective integra-
tion and small form factor and this challenge can be resolved
by delaying the signals in a low loss optical medium, such
as photonic waveguides. The RF signal can be up-converted
to the optical domain for true time delay and can be later
down-converted to the RF domain before being fed to the
arrayed antennas for progressive delaying. In addition to
addressing the solution to a well-known bottleneck in wide-
band phased array systems and beam-squinting [11], photonic
TTD beamforming has the added advantage of having broad
bandwidth [15], [16], low loss and power consumption [17],
and immunity to electromagnetic interference [18] compared
to electronic counterpart.

Photonic TTD beamforming can be implemented in multi-
tude of ways. For non-integrated photonics, several schemes
have already been demonstrated based on white cell bulk
optics [19]–[21], fiber Bragg gratings [22], [23], stimulated
Brillouin scattering (SBS) [24], [25], stimulated Raman scat-
tering (SRS) [26], [27], and two-dimensional array of liq-
uid crystal [28]. On the other hand, implementations for
integrated photonic TTD engines have been demonstrated
utilizing waveguide Bragg gratings [29], [30], microring
resonators [31]–[40], photonic crystal or periodic waveg-
uides [41]–[47], on-chip nonlinear photonics [48], [49]
and switchable waveguide delay lines [50]–[53]. The latter

FIGURE 2. Schematic showing the (a) transmitter architecture and the
(b) receiver architecture for the photonic beamforming network.

implementation of on-chip monolithically integrated TTD
is preferred, being compact and having the opportunity to
integrate with other on-chip optical components such as mod-
ulator [54], filter [55], coupler [56], [57], laser [58], and
detector [59].

In this endeavor, we explore the recent progress, prospects,
and advancements in the field of on-chip monolithically
integrated TTD devices for applications in mm-Wave beam-
forming for next generations of wireless communications.
The first part of the article will briefly explain the under-
lying physics behind the design of general TTD engines
and their corresponding applications in beamforming. In the
following sections, past and current advancements for each
of the above-mentioned techniques of on-chip TTD devices
will be presented along with their corresponding advantages
compared to other techniques.

II. PHOTONIC BEAMFORMING FOR PHASED ARRAY
To enable beamforming and beamsteering in wideband
phased arrays, multiple stationary antenna elements are fed
individually and coherently, either via phase shifters or true
time delay to synthesize a directive beam (also known asmain
lobe) and scan it electronically towards a desired angle [11].
As depicted in Fig. 1, a proper phase relationship of array
element excitations needs to be maintained. The beamform-
ing manifold works similarly for receive or transmit signals
and enables electronic steering of the main beam by vary-
ing the input phase among the antennas. For a narrow-band
phased array, beam-steering via phase control works well,
however, the beam quality deteriorates quickly for wider
bandwidths due to frequency dependent beam shape causing
temporal pulse distortions, resulting in wider beams, and
spatial/temporal distortions of resolution [60]. To address
this limitation, photonic beamforming is proposed as a viable
solution to realize wideband beamforming of modern phased
arrays.

The architecture of the transmit/receive beamformingman-
ifold is pictorially depicted in Fig. 2. For transmitting arrays
(Fig. 2(a)), the input signal is first modulated in the optical
domain at, for example, the communication wavelength of
1550 nm. The modulated optical signal is then controlled in
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the optical waveguide where different delays are generated
for each antenna element depending on the required direction
of beamforming. The delayed optical signals are demodulated
back into the RF domain before being fed into each antenna
element of the phased array. Typically, element signals are
amplified using a power amplifier (PA) right before the array
antennas. For reception, as depicted in Fig. 2(b), the received
signal is first amplified using a RF low noise amplifier (LNA)
whose output is modulated into the optical domain for pho-
tonic TTD. The delayed signals are demodulated to retrieve
the total RF signal after summing all element signals coher-
ently. Such a photonic TTD manifold can be implemented
in several ways, which is the topic of this article as detailed
below.

III. PHOTONIC TTD DEVICES FOR RF AND mm Wave
BEAMFORMING
Considering a light wave propagating in an optically trans-
parent nondispersive medium of material refractive index n,
the velocity (v) and the time delay (τ ) are defined as,

v =
ω

k
=

c
neff

τ =
L
v
=

L
c
neff

=
Lneff
c

(1)

where L is the length of the propagation medium, c is the
velocity of light, neff is the effective refractive index of
the guiding medium for a given polarization and mode, k is
the wave number and ω is the angular frequency.
As seen, (1) states that a long time delay can be achieved

either by increasing the length (L) or by increasing by the
effective refractive index (neff ). In general, though simple
to implement, increasing length to achieve long delay is not
considered efficient as it poses challenges with continuous
tunability and requires large real state for implementation
such as utilizing coils of fiber-optic delay lines [61], [62].
Alternatively, a large value of refractive index indicates corre-
sponding large delay for the propagating wave which can be
achieved utilizing either material resonance or structural res-
onance in a dispersive media [55]. For a dispersive medium,
even though phase velocity can still be expressed as (1), the
pulse propagation is determined by group velocity, vg and is
expressed as the slope of the dispersion relation, viz.

vg =
∂ω

∂k
= c(neff + ω

dn
dω

)−1 (2)

where dn/dω is the dispersion of the effective refractive index
of the medium. Equation (2) illustrates that in addition to
the effective refractive index neff , the dispersion of neff (ω)
(or group refractive index) can also be viable option
for introducing a variable photonic delay. Therefore, for
a strongly dispersive medium, the following condition
holds [46], [47], [63],

if ω
dn
dω
� neff , then vg ≈ c(ω

dn
dω

)−1 � c (3)

and the group velocity of the pulse coincides with the elec-
tromagnetic energy velocity. The most spectacular demon-
stration of this temporal dispersion due to material resonance
in [64] resulted in a so-called ‘‘Slow Light’’ with neff ∼ 109,
yielding group velocity of 17 m/s. This sharp resonance is
due to electromagnetically induced transparency (EIT) in an
atomic system where the interaction of the incident light with
the atomic spin excitations form dark-state polaritons. The
on-chip method of achieving slow light utilizing the EIT will
be discussed further later in this paper. We will focus on
structural resonances and spatially periodic dispersion which
are simpler to realize in compact form with better control
over tunability opposed to material resonance. However, both
the material and structural resonance occurs within a very
narrow bandwidth. Therefore, if the Fourier transform of the
short light pulse exhibits a bandwidth that is larger than the
resonance bandwidth, the pulse will undergo a dispersion or
phase induced distortion and this relation can be expressed
as,

1ω

ω
<
vg
c

(4)

Finally, even though for comprehensive evaluation of the slow
light, delay bandwidth product (DBP) is commonly utilized,
for comparing slow wave devices with different dimensions
and/or operating bandwidth, normalized delay bandwidth
product (NDBP) ismore appropriate whenever available [65].
DBP is defined as the product of delay time and frequency
bandwidth whereas NDBP is defined and expressed as,

NDBP = ng ×
1ω

ω0
(5)

where, ng is the group refractive index, ω0 is the central
frequency of light, 1ω is the bandwidth. Below, we describe
several well-known photonic slow wave structures and dis-
cuss their properties.

A. PHOTONIC CRYSTAL WAVEGUIDES (PCW)
Originally conceptualized by Sajeev and Yablonovitch
in 1987, Photonic Crystals (PC) are a class of artificial optical
materials with periodic dielectric structure that gives rise to
unusual optical properties including photonic bandgap, where
optical frequencies are not allowed to propagate within the
structure [68]–[70]. Figure 3(a) shows the scheme of a simple
PC with its corresponding dispersion diagram depicted in
Fig. 3(b) which is significantly different than a conventional
dispersion diagram of a material, outlined in Fig. 3(c). In gen-
eral, PCWs can be classified as line defect waveguide [71]
or photonic crystal coupled waveguide (PCCW) [72]–[74].
By introducing defects in the PC in the form of missing array
of periodic dielectrics, it is possible to guide and slow down
light due to existence of bandgap along the lateral direc-
tion and a total internal reflection in the wave propagation
direction [75]–[77]. However, the operating point in PCWs
is usually near the band edge which takes a near-parabolic
dispersion curve and causes high dispersion for optical pulses
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FIGURE 3. (a) Schematic of a 2D PC slab fabricated from a silicon-on-
insulator (SOI) wafer. (b) Dispersion of light in the PC shown in (a).
(c) Dispersion of light in conventional materials. PBG: photonic bandgap;
LL: light line (adapted with permission from [66]).

with short duration. This regime eliminatesmost of the advan-
tages of slow light due to bandwidth limitation and requires
careful and crafty design engineering of PCWs with the aim
of achieving wideband, low group velocity dispersion (GVD)
slow light with high group refractive index, ng [78]–[82].
This problem can be addressed by coalescing two PCWs with
opposite dispersion characteristics (dispersion-compensated)
slow wave devices [46], [67], [73], [83]–[86] or by utilizing
zero-dispersion slow-light devices which suppress the higher
order dispersion [79], [80], [82], [87]–[89].

Notomi et al.first demonstrated such slowing down of light
in Silicon photonic crystal [90] and spurred demonstration of
PC waveguides [91], [92]. Nishikawa et al. demonstrated an
early TTD device in 2002 by utilizing an impurity band in
defect coupled PCW on SOI platform and achieved 600 fs
delay within a length of 20 µm at 1.55 µm [93], [94].
Vlasov et al. demonstrated 300 fold reduction of group veloc-
ity on SOI platform along with active tuning of the refrac-
tive index of the device employing integrated heater [43].
Notomi et al. demonstrated a delay line depicted in
Fig. 4(a) and (b) by utilizing ultrahigh-Q nanocavity in pho-
tonic crystals with an optical delay of 1.53 ns corresponding
to c/50,000 [95].

Even though this is the highest delay achieved on
all-dielectric system so far, from practical application per-
spectives, devices with wider bandwidth will be much more
useful as opposed to such ultrahigh-Q resonator devices.
To this end, Mori and Baba proposed a chirped PCW to
form a unique flat band of coupled modes in the pho-
tonic band gap [83], [84]. The device was later real-
ized and verified for the first time by Huang and Notomi
with measured group delay corresponding to c/60 [73].
Notomi et al. later extended this for a large scale (N>100)
array of ultrahigh-Q coupled nanocavities as depicted in
Fig. 4(c). For a 1 nm bandwidth of input optical pulse, this

FIGURE 4. (a) Slow light in a cavity, (b) Slow light propagation in a single
ultrahigh-Q nanocavity, (c) Schematic of coupled nanocavities, (d),
(e) Slow light propagation in coupled nanocavities for different number
of arrays. (adapted with permission from [66]).

particular device achieved lowest group velocity correspond-
ing to c/170 and highest delay of 125 ps, depicted respectively
in Fig. 4(d) and (e) [96].

In 2008, Mori and Baba reported a PCCW with a
record high delay-bandwidth product (DBP) product of 57
(bandwidth of 1.4 THz and a 40 ps delay) with observation
of∼ 1 ps optical pulse transmission on the SOI substrate [67].
Figure 5(a) and (b) depict the device, whereas Fig. 5(c)
outlines the flatband. They successfully demonstrated that
utilizing laser heating to change the refractive index as an
external controlling, the slow light pulse can be delayed
by 23 ps.

Baba and Notomi later presented an improved version of
this device in 2011 by utilizing higher electron-beam extrac-
tion voltage with 72 ps tunable delay for 2 ps wide pulse
(fractional delay 36) which was further enhanced to 110 by
compressing the output pulses through self-phase modulation
and dispersion compensation in external fibers [97]. Later
in 2012, they integrated multi-heaters to optimize heating
power and adjust the index distribution to compensate for fab-
rication errors. The device enabled continuous tunable range
from −32 to 54 ps/nm/mm with quadratic chirp generating
arbitrary group delay dispersion within a 3 nm bandwidth
around 1550 nm [98]. Sancho et al. also demonstrated a PC
delay line in 2012 with tunability of 70 ps and spectral band
0-50 GHz for integrated microwave filter [41].

Recently, our group proposed a novel technique for
ultra wideband delay line utilizing a much simpler and
robust form of PC, allowing coupling among periodic ridge
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FIGURE 5. (a) Scanning electron microscope image of the PCCW device
with I/O PCWs fabricated on a SOI substrate with airhole diameter 2r.
(b) Magnified image of the branch between the input PCW and PCCW.
(c) Group index and dispersion diagram of unchirped structure (left) and
chirped structures (center and right) showing band-shift of frequencies
with airhole diameter (adapted with permission from [67]).

waveguides [45], [99], [101]. Extraordinarily-slow or
frozen-modes stemming frommode degeneracy in anisotropic
magnetic photonic composites have been demonstrated
before which are only enabled by the simultaneous break-
down of time and space inversion symmetries requiring
biased magnetic materials [102], [103]. Previously, Figotin
and Vitebskiy extensively discussed the theoritical aspect of
slow waves based on magnetic photonic crystals [63], [100],
whereas Sertel et al. demonstrated several applications of
this unique phenomenon in RF domain [102]–[108]. Regular
band edge (RBE), depicted in Figure 6(a), is the simplest
exceptional point of degeneracy (EPD) that exists at the band
edge of a periodic structure when two eigenmodes coalesce to
give rise to a second-order eigenwave degeneracy, (ω−ω0) ∝
(k−k0)2, whereω and k are wave number and frequency with
ω0 and k0 being corresponding band edge parameters. Sim-
ilarly, the degenerate band edge (DBE) requires coalescing
of four Floquet-Bloch eigenwaves with dispersion relation,
(ω−ω0) ∝ (k−k0)4 and is depicted in Fig. 6(b). Reano et al.
analyzed and demonstrated coupled periodic optical waveg-
uides exhibiting slow light resonance associated with DBE
which could be utilized as slow wave devices [109], [110].
Finally, the stationary inflection point (SIP) or frozen mode
is depicted in Fig. 6(c) which is a third-order degeneracy

FIGURE 6. Dispersion relations portraying different stationary points:
(a) a regular band edge (RBE), (b) a degenerate band edge (DBE),
(c) a stationary inflection point (SIP), (d) Device schematic for coupled Si
ridge waveguides to achieve SIP (e) Corresponding group delay for a
propagating pulse (f) Scheme for integrated and tunable TTD employing
thermal modulation for 4 channels of unit TTD, where the golden bars
present the electrodes, placed on both sides of the 4 channels for
thermal modulation of the spiralling slow light (adapted with permission
from [99], [100]).

with dispersion relation, (ω − ω0) ∝ (k − k0)3. It is showed
that the same frozen-mode phenomena of biased magnetic
materials can be more readily achieved in all-dielectric
3-way coupledwaveguides to exhibit a maximally-flat behav-
ior within the propagation band, giving rise to SIP. The device
schematic is depicted in Fig. 6(d) and Fig. 6(e) demonstrates
that it enables a 5 ps pulse at 1.55 µm (193.4 THz) to have a
delay-bandwidth product of 6.75 along with unprecedented
frequency independent bandwidth of about 0.5 THz for
RF-mmWave–THz beamforming. It translates into slow-
ing down light wave over c/600 compared to free space.
Figure 6(f) depicts the device schematic for a TTD beam-
forming network with thermal tunability of each channel for
on-chip integration.

B. COUPLED MICRORING RESONATOR (MRR)
WAVEGUIDE
Weakly coupled resonators in a periodic chain can support
a Bloch excitation with significantly lowered group velocity
which is true irrespective of the nature of individual res-
onators [63], [100]. The group velocity in a resonant cavity
decreases proportionately to the cavity finesse (i.e. Quality
factor, or Q-factor), which is defined as the ratio of the
fundamental mode spacing (or free spectral range (FSR)) and
full-width half maximum (FWHM) bandwidth of the reso-
nances. This reduction in velocity increases the intensity of
the propagating field to conserve the energy flux but reduces
the bandwidth, thereby requiring cascading of resonators to
have large delays utilizing a ripple-free wide passband [112],
[113]. This forms the basis for slowing down of light uti-
lizing coupled MRR waveguides for TTD in the optical
domain. The earlier demonstrations of MRR structures uti-
lized either direct coupling among MRRs (also known as
Coupled Ring Resonator Waveguides (CROW), originally
proposed by Yariv. et al. [114]) or by using a common
bus (also known as side coupled integrated spaced sequence
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FIGURE 7. Two different slow-wave structures (a) CROW and (b) SCISSOR
and their corresponding dispersion diagrams (c) and (d). (adapted with
permission from [111]).

of resonator (SCISSOR)) as depicted in Fig. 7(a) and (b)
respectively [47], [111], [112], [115]–[117]. The dispersion
diagrams in Fig. 7(c) and (d) illustrate one fundamental dif-
ference between these two structures: the presence of band
gap for CROW in Fig. 7(c) due to the existence of forward
and backward propagating waves, whereas SCISSOR sup-
ports only forward propagating waves and thereby elimi-
nates the band gap. In addition, localization and significant
performance degradation in terms of achievable delay is
observed in CROW structures as opposed to SCISSOR due
to inevitable dissemination of the resonator parameters of
fabricated CROW structures [118]–[120].

In CROW, light is slowed down due to forced recir-
culation of light through the coupled MRRs [114], the
propagation of which has been described employing either
transfer matrix method [122] or tight binding approxima-
tion [123]. Even though earlier demonstrations of CROW
have been shown on Silicon-Oxynitride (SiON) [124]–[126],
polymers (PMMA) [127] and Hydex glass [128] platforms,
demonstrations on Silicon-on-Insulator (SOI) platform [121],
[129]–[133] enabled several remarkable technological break-
through. Due to high refractive index contrast between
core and cladding (1n = 140%), SOI platform enabled
unprecedented level of integration (4 µm2/ring), high FSR
(up to 10 THz) [117], higher thermal efficiency for tunable
delay lines due to better thermo-optic properties of silicon
(dn/dT is 1.8× 10−4K−1 at 300 K for 1550 nm) [134], lower
power consumption (<50 µW/GHz), faster time response
(about 10 µs) and very low thermal cross talk compared to
glass-based platforms [135], [136]. In addition, SOI platform
enables realization of PIN junction for excellent fast reso-
nance frequency tuning due to carrier depletion and injection,
making the response time about 20 ps [117].

During 2001 to 2007, several researchers including but
not limited to Morichetti, Melloni, Poon, Mookherjea and
Yariv performed in-depth theoretical investigation of CROW
slow-wave structures [112], [119], [120], [122], [123]. Con-
currently, Morichetti et al. devised a continuously tunable
CROWwith discrete rings, combining a digital gating scheme
as depicted in Figure 8(a) along with its group delay charac-
teristics in 8(b) [137], [138]. In 2007, Xia et al. demonstrated
delay line with 100 MRRs achieving 500 ps delay with large
fractional group delay exceeding 10 bits for bit rates as high

FIGURE 8. (a) Sketch of the reflective tunable CROW delay line where
individual heaters on the rings can be addressed individually. (b) Group
delay characteristic of the CROW along with the number of open rings
(adapted with permission from [121]).

as 20 Gbps [130]. Later in 2010, Cooper et al. demonstrated
CROWwith the highest 235 MRRs without localization over
frequency bands spanning several hundred gigahertz [139].
Although the implementation of doped rib waveguide for
PIN junction to enable faster resonance frequency control is
realizable in CROW (response time around 20 ps) [117], the
adoption of rib waveguide weakens the mode confinement
which increases the bending radii. Therefore, many of the
state of the art demonstrations are focused more on SCISSOR
scheme.

In SCISSOR, the separation between the waveguide and
the resonators is kept close enough to enable evanescent cou-
pling but negligible direct coupling among the resonators is
ensured. Heebner and Boyd performed the initial analysis of
SCISSOR [47], [116], [142] and showed that the total delay in
the system is the sum of delay in each individual ring coupled
to the common waveguide. This results in a delay-bandwidth
product proportional to the number of rings and increased
delay without any change in the bandwidth [47]. In 2009,
Khurgin and Morton proposed and analyzed balanced SCIS-
SOR in which resonance pairs are tuned centering the signal
frequency of interest to mitigate the detrimental effect of
group delay dispersion in conventional SCISSOR along with
enabling wide bandwidth and continuous tunability [143].
In 2010, Cardenas et al. demonstrated SCISSOR with eight
racetrack resonators that enabled thermally tunable optical
delay with 10 GHz bandwidth and peak delay of 135 ps [31].
Ring resonators with slightly up or down shifted resonant
frequencies are placed on the opposite side of the com-
mon bus waveguide as depicted Fig. 9(a) with resulting
spectrum shown in Fig. 9(b). Later in 2012, Morton et al.
further improved the device performance with increased
delay of 345 ps with low distortion for a 45 ps (10.5 GHz)
optical pulse and fast thermal switching of 10 µs [144].
Xie et al. in 2014 demonstrated a reflective-type SCIS-
SOR by attaching a Sagnac loop at the end which can
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FIGURE 9. (a) Tunable delay line structure with overall central
frequency ωr (b) Simulated delay spectra of balanced SCISSOR structure
from (a): (I) delay spectra with all rings aligned to ωr ; (II) delay spectra of
red and blue shifted rings; (III) delay spectra for complete device.
(adapted with permission from [31]).

potentially buffer 18 bits with 100 ps continuous tunability
utilizing a p-i-p type micro-heater with a power tuning effi-
ciency of 0.34 ps/mW [145]. Even though longer delays
can be achieved by increasing the number of rings, this
also increases the corresponding loss. To address losses,
Xiang et al. in 2018 demonstrated low-loss continuously
tunable optical delay lines based on Si3N4 ring resonators.
This approach achieved a large delay tuning range of 3.4 ns
utilizing the balanced SCISSOR for bandwidth over 10 GHz
and record loss of only. 89 dB/ns [38].

Recently, Yada and Capolino proposed that a slight vari-
ation and proper parameter tuning of the CROW structure
can result in a unique slow wave device by utilizing an EPD
at which two or more system eigenmodes coalesce in both
eigenvalues and eigenvectors [140], [141], [146]. The pro-
posed CROW is shown in Figure 10(a) and (b). Introducing
symmetry breaking in a conventional CROW through peri-
odic coupling to an adjacent uniform optical waveguide gives
rise to these EPDs leading to unique modal characteristics
otherwise unavailable in regular CROW [140].More recently,
a periodic asymmetric serpentine optical waveguide (ASOW)
with broken longitudinal symmetry was also proposed as
shown in Fig. 10(c) due to different coupling among forward
and backward propagating waves within the unit cell [141].
At the EPDs, group velocity is δω/δk = 0, with significantly
reduced group velocity in the vicinity which could be utilized
for efficient true time delay engines.

C. WAVEGUIDE BRAGG GRATING
A Bragg grating (BG) is an optical device with peri-
odic variation of the effective refractive index (by varying

FIGURE 10. (a) Chain of coupled ring resonators of radius R side-coupled
to straight optical waveguide. The field coupling coefficients between the
straight waveguide and the rings alternate between k1 and k2, whereas
between the coupled ring resonators alternate between k

′

1 and k
′

2,
(b) The unit cell of this CROW with the electric field wave amplitudes
defined at the cell boundaries (adapted with permission from [140]),
(c) Periodic ASOW. (adapted with permission from [141]).

FIGURE 11. (a), (b) Reflection of signals from each interface of
periodically modulated refractive index neff 1 and neff 2 (c) mesa-type
(d) grooved-type and (e) chirped raised-cosine-type tunable optical delay
lines on SOI. (adapted with permission from [147]).

either material or physical dimensions of the waveguide),
which enables it to reflect a particular wavelength of light
while allowing other wavelengths to pass [148]. Depicted in
Figure 11(a) and (b), reflected signals from each interface of
the high (neff 1) and low refractive index (neff 2) of the grating,
interfere constructively within a narrow band (1λ) around
one particular wavelength known as Bragg wavelength and
is given by, λBragg = 23neff , where 3 is the grating period
and neff is the effective refractive index of the system.
In 1978, Hill et al. discovered the fiber Bragg grat-

ings (FBGs) and revolutionized the fields of optical
fiber sensing, microwave photonics and telecommunica-
tions [149]. In 2001, Murphy et al. extended this and demon-
strated the on chip integrated-optical Bragg grating filter on
the SOI platform with a bandwidth of 15 GHz (0.12 nm) for a
4 mm long grating [150]. As can be seen from the bandwidth
of 0.12 nm, uniform gratings are not practical for application
as true time delay devices, which typically requires much
wider bandwidths. Rather, chirped BG are employed for
delay line where the grating period is chirped along the way
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FIGURE 12. (a) Schematic of a standard grating waveguide and its delay
spectrum. (b) Schematic of cascaded complementary apodized gratings,
using an outward-apodized grating (grating 1) and an inward-apodized
grating (grating 2). The delay spectra of gratings 1 and 2 are shown in
blue and green, respectively. The combined delay spectrum of the
cascaded device is shown in red (adapted with permission from [152]).

of propagation of light which enable different wavelengths to
be reflected at different positions along the grating length and
thus realize different consequent delays among them. In 2011,
Khan et al. proposed an electronically tunable optical true
time delay utilizing a combination of free-carrier plasma
effect and apodised gratings [147]. Figure 11(c), (d) and (e)
depict three variations of the scheme employing mesa-
type, grooved-type and chirped raised-cosine-type apodiza-
tion respectively alongwith p- and n- doped regions to change
the refractive index under forward or reverse bias. The device
achieved tuning as high as ∼ 660 ps along with a loss <
2.2 dB. The grooved-type devices operated at> 20 Gb/s with
a tunable delay of ∼ 40 ps. Giuntoni et al. realized another
variation of continuously tunable delay line by employ-
ing tapered BG and thermo-optic effect which achieved
a tuning range of 450 ps along with tuning coefficient
of −51 ps/◦C [30].
In 2013, Khan et al. demonstrated for the first time two

cascaded apodized grating waveguides with inward and out-
ward super-Gaussian apodization profile that achieved true
time delays of 82 ps along with a tuning range of 32 ps which
could potentially operate at highest bit rate of 107Gb/s. [151].

Figure 12(a) depicts a uniform BG with its correspond-
ing delay spectrum which reflects ripples above and below
the stop band. Cascading of complementary inward and
outward apodized super-Gaussian grating creates an oper-
ation regime with relatively flattened dispersion relation,
portrayed in Fig. 12(b). Concurrently, they also reported
that using only inward apodized super-Gaussian gratings, the
TTD can have time delays as long as 132 ps with tuning
range of ∼ 86 ps, albeit at the expense of lower bit rate
of ∼ 13 Gb/s [152]. It is even possible to have delays as
high as 220 ps with tuning range of 174 ps with lower bit
rates. In 2014, Shi et al. realized a tunable nanophotonic
delay line utilizing linearly chirped uniform Bragg gratings
with contradirectional couplers which enables add-drop oper-
ation circumventing the need for optical circulators [153].

FIGURE 13. Schematic of the tunable nanophotonic delay line using
contradirectional couplers with uniform Bragg gratings: (a) perspective
view and (b) top view (adapted with permission from [153]) (c) Scheme of
the true time delay network utilizing both positive and negative
dispersion coefficients (d) The expected delay curves of the time delay
network (adapted with permission from [154]) (e) Schematic of TTD
based on SWG (adapted with permission from [161]).

Fig. 13(a) depicts the slab perturbed rib waveguide gratings
whereas Fig. 13(b) depicts the realization of index chirping
through linear tapering of the rib widths. This enables input
signals of different wavelengths to couple backward to the
output waveguide at different distances, thus creating distinct
delays. Continuous tuning of group delay up to 96 ps has been
achieved along with< 2 dB of insertion loss. In addition, neg-
ative chromatic dispersion of−11 ps/nm allowed for bit rates
up to 100 Gb/s at the maximal delay. Recently, Zhang et al.
extended this with both positive and negative dispersion with
grating-assisted contradirectional coupler, assisted by index
chirp engineering and asymmetric apodization, depicted in
Fig. 13(c) and (d) [154]. Employing a 4 channel time delay
network, the measured dispersion coefficient of each channel
is 10.35, 4.00, −4.32 and −14.38 ps/nm with 7 nm available
bandwidth which could enable beam scanning angle ranging
from 36.4◦ to −33.9◦ for the beam steering.
Recently, Chen et al. demonstrated true time delay devices

based on sub-wavelength grating (SWG) which is similar
to BG except with a period (denoted 3) that is small
enough to suppress the diffraction effects and behaves
as a homogeneous medium with an equivalent refractive
index. It has found several applications for on-chip light
manipulation, i.e., waveguide crossings [155], bends [156],
couplers [156]–[158] and ring resonators [159]. As depicted
in Fig. 13(e), by varying the grating period, different effec-
tive refractive index can be achieved in each line and thus
distinct delays can be achieved. In 2020, they demonstrated
a discretely tunable TTD using a serial array of 10 SWG
waveguide BGs with a total time delay ∼60 ps in steps of
∼6.6 ps over an operating bandwidth of 41.7 nm [154]. Later
in 2021, they extended it to 40 SWG waveguides in SOI
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FIGURE 14. (a) Loss and Gain due to scattering process and
corresponding delay (adapted with permission from [162]) (b) Intuitive
interpretation of the slow light propagation in an EIT medium going from
left to right (adapted with permission from [163]).

and showed that by controlling the duty cycles, an average
incremental delay of 4.7 ps and a total delay between the
first and last waveguides of approximately 181.9 ps can be
obtained [160].

D. NONLINEAR PHOTONICS FOR SLOW WAVES
Several research groups demonstrated on-chip slowing down
of light utilizing nonlinear photonic schemes i.e., stimu-
lated Raman scattering (SRS), stimulated Brillouin scattering
(SBS), four-wave mixing and electromagnetically induced
transparency (EIT). In general, any substantial change in
frequency-dependent refractive index is associated with a
rapid spectral variation in the absorption (or gain) of the
material [164]. In SBS, an induced high-frequency acoustic
wavemodulates refractive index of themedium causing expo-
nential amplification (absorption) of the prove wave causing
large change in refractive index due to coupling among pump,
probe and downshifted (upshifted) waves [162]. For the case
of absorption, corresponding maximum delay occurs at the
sides of the resonance peak whereas for gain, the maxi-
mum delay coincides with the peak of resonance, depicted in
Fig. 14(a). For the SRS, optical phonons are responsible for
scattering which is excited vibrational or rotational motion
of individual molecules, as opposed to acoustic waves in the
SBS process. Another difference is that efficient SBS requires
counterpropagating pump-probe geometry whereas SRS can
occur in both copropagating and counterpropagating pump-
probe structures. Fig. 14(b) depicts an intuitive interpretation
of the slow light propagation process in an EITmedium [163].

In 2006, Okawachi et al. demonstrated optically tunable
on-chip slowing down of light on SOI platform induced
by SRS. Within an 8 mm long nanoscale waveguide, the
team produced a group-index change of. 15 which gen-
erated tunable delays as large as 4 ps for short pulses
as short as 3 ps [48]. In addition to being CMOS com-
patible, it enabled bandwidths exceeding 100 GHz for

FIGURE 15. (a) Reconfigurable true time delay lines (RTTDL) on SOI
platform (b) 3-D view of the single-arm modulated MZI used as an optical
switch. (c) Cross-sectional view of the p-i-n diode for optical phase tuning
and optical power attenuation. (adapted with permission from [51]).

telecommunication wavelengths. Recently in 2020,
Mckay et al. demonstrated TTD devices based on SBS. TTD
devices based on on-chip SBS offer large delay bandwidth
product in addition to simultaneous reconfigurability of car-
rier frequency and bandwidth, only limited by SBS gain and
associated power requirements.They addressed these by com-
bining on-chip silicon nitride MRRs and RF interferometric
delay enhancement, and achieved delay tunability over 600 ps
over a bandwidth of 1GHzwith enhancement factor of 30 and
less than 1 dB of Brillouin gain.

Gaeta’s group in 2008 demonstrated another technique
to generate large and all-optical delays by using temporal
phase conjugation via four-wave mixing in Si nanowaveg-
uide while simultaneously minimizing pulse distortion [165].
They achieved continuously tunable delays over a range
of 243 ns for 10 Gb/s non-return-to-zero (NRZ) signals
which corresponds to a delay-bandwidth product of 2430.
Finally, in 2021, Clementi et al. reported observation of
EIT and amplification of a weak probe beam in a strongly
driven silicon photonic crystal resonator at room temperature
based on oscillating temperature field induced in a nonlinear
optical cavity [49]. It measured maximum delay of. 41 µs
with a FWHM bandwidth of 2π × 17 MHz, yielding a
delay-bandwidth product of 0.45.

E. OTHER SCHEMES AND APPLICATIONS OF TTD
The simplest way to achieve TTD on integrated platform is
to physically change the optical path length by routing light
through optical waveguides of different length employing
optical switches. Even though this approach is not as com-
pact as the approaches based of slow light, it can provide
much higher delay-bandwidth product due to low group delay
dispersion. Several research groups demonstrated switchable
routes on SOI platform to implement TTD devices [51], [52],
[166], [167] withmaximumof 1.27 ns delaywith a 10 ps reso-
lution over a wide wavelength range, reported in [51]. Fig. 15
depicts such a reconfigurable true time delay lines (RTTDL)
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on SOI platform. Park et al. demonstrated an recirculating
buffer utilizing integrated low loss silicon waveguide delay
line and a silicon evanescent gate matrix switch with an
error free operation at 40 Gb/s data rate with a packet delay
of 1.1 ns [168].

The delay lines utilized for beamforming can also be
implemented for several other applications. Optical buffer
for packet switching routers is another important applica-
tion of this delay line for data synchronization [169], [170].
Moreover the availability of on-chip tunable delay lines
paved the path for integrated microwave photonic signal
processors [41], [171]–[173].

IV. CONCLUSION
Modern 5G technology, harnessing the mm-Wave
(30-300 GHz) band is poised to usher an era of networking
and connectivity with immense possibilities. Beamforming
and beam steering are key requirements for mm-Wave sys-
tems due to the fundamental limitations of such high fre-
quencies. Traditional phased array antennas are narrow band
and conventional beamforming techniques are too bulky,
energy hungry, and expensive to integrate into consumer
electronics. In this endeavor, we presented a comprehensive
review on utilizing slow-wave photonic structures to realize
an integrated and wideband true-time-delay (TTD) devices
that can operate over the entire mm-Wave band and enable
much-needed broadband 5G connectivity using compact
beam-forming transceiver architectures. Several on-chip inte-
gration techniques are discussed here with their respective
challenges and prospects, with focus on SOI integration. The
fabrication approaches are completely CMOS compatible,
making the process conventional and cheap and will enable
future prospect of realizing compact photonic integrated
circuits.
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