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The design of an integrated graphene-based fine-tunable optical delay line on silicon nitride for optical beamforming in 
phased-array antennas is reported. A high value of the optical delay time (τg = 920 ps) together with a compact footprint 
(4.15 mm2) and optical loss < 27 dB, make this device particularly suitable for a highly efficient steering in active phased-
array antennas. The delay line includes two graphene-based Mach-Zehnder interferometer switches and two vertically-
stacked microring resonators between which a graphene capacitor is placed. The tuning range is obtained by varying the 
value of the voltage applied to the graphene electrodes, which controls the optical path of the light propagation and, 
therefore, the delay time. The graphene provides faster reconfigurable time and low values of energy dissipation. Such 
significant advantages, together with negligible beam-squint effect, allow to overcome the limitations of the conventional 
RF beamformers. A highly efficient fine tunable optical delay line for the beam steering of 20 radiating elements up to 
±20° in the azimuth direction of a tile in a phased-array antenna of an X-band SAR has been designed. © 2016 Optical 
Society of America 

 

OCIS codes: (230.3120) Integrated optics devices; (230.5750) Resonators; (230.4555) Coupled resonators, (230.0250) Optoelectronics. 
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1. INTRODUCTION 
Optical delay lines are attracting a rising scientific interest due to their 
inherent advantages such as compact footprint, wide bandwidth and 
low power consumption, and to their crucial role assumed in several 
applications, such as information processing, communications, and 
microwave photonics (MWP). In telecommunication and information 
processing, they are often used for synchronization, buffering and 
storage of wideband data stream [1]. High-speed optical delay lines are 
essential to achieve real time imaging in optical coherence tomography 
(OCT) [2], and they are also key elements for reconfigurable filters, 
oscillators, correlators and beamformers in MWP field [3-6]. In 
particular, True Time Delay (TTD) beamforming provides the steering 
function in active Phased-Array Antennas (PAA), through progressive 
differential time delay in the excitation of the radiating elements [5]. 
A remarkable advantage of TTD lines concerns negligible beam-squint 
effect, so preventing the distortion of the radiating beam, which is a 
critical issue of the conventional RF beamformers based on phase-
shifters (i.e. switched line, loaded line, traveling wave and vector 
modulated based phase shifters) [5,7]. Further advantages of integrated 
technologies for optical devices are related to volume and mass 

reduction, immunity to electromagnetic interference, and low 
transmission loss. 
Since early 90s, many configurations of optical beamformers have been 
proposed in literature, based on discrete optics [8], fiber optics [9-12], 
and integrated optics [13-19]. 
Several integrated optical delay lines have been proposed in literature 
based on different configurations, such as spiral waveguides [20], 
gratings [21-23], ring resonators [24], and photonic crystals [25]. 
High values of time delay, while preserving a compact footprint, have 
been demonstrated by using long spiral waveguides. In [20] a 7 m long 
spiral waveguide on a silicon chip, with a diameter equal to 4 cm, is 
reported, allowing a delay higher than 30 ns and a loss less than 0.1 
dB/m. 
A delay line based on an apodized grating realized on silicon-on-
insulator rib waveguides has been proposed in [21]. The structure, of 
length equal to 2 cm, incorporates a pn junction on which a forward 
voltage is applied in order to achieve a continuous tunability up to 660 
ps. A loss per unit delay equal to 3.3 dB/ns is reported. 
An enhancement of the manipulation of the light dispersion properties 
has been obtained with resonant cavities [26], but at the expenses of the 
bandwidth [27]. 
In [28] a grating-assisted contradirectional coupler with a length equal 
to 3.72 mm has been realized on SOI technology. A fine-tunable delay 



from 21 ps to 96 ps can be achieved exploiting the thermo-optic effect 
with a power efficiency equal to 11 mW/ps. The loss per unit delay is 20 
dB/ns, mainly due to sidewall scattering. 
The delay lines consisting of the cascade of several ring resonators in All 
Pass Filter (APF) and Coupled Ring Resonator Optical Waveguide 
(CROW) configurations were investigated in [29-30]. The ring 
resonators in CROW and APF configurations proposed in [30] are 
manufactured in silicon wire with a radius of 6.5 µm. The CROW 
includes 100 elements, achieving a fixed delay of 220 ps with an 
attenuation of 23 dB, while the APF delay line, consisting of 56 elements, 
arranged within an area of about 0.09 mm2, provides a fixed delay equal 
to 510 ps and an attenuation of 22 dB. In [29] a thermo-optically 
reconfigurable delay line in silicon oxynitride (SiON) waveguide has 
been demonstrated. This delay line includes a CROW structure, which 
acts as a discrete delay section, followed by a ring resonator phase 
shifter that adds fine tuning. The discrete variation of the delay is 
achieved by tuning at resonance the proper number of resonators by 
means of the thermo-heater placed on each ring. The power required by 
every thermo-heaters is about 12 mW/GHz, so a shift of twice the 
FWHM (~6 GHz) requires a power equal to 72 mW. With four 
resonators tuned at resonance, a delay of 800 ps has been 
experimentally measured with an attenuation of about 8 dB. 
Photonic crystals have been also investigated to realize high efficient 
optical delay lines, but with the drawback of tighter fabrication 
tolerances. A delay time up to 200 ps has been achieved by properly 
engineering the dispersion of line defect waveguide [25]. Moreover, a 
Photonic Crystal Coupled Cavity Waveguide (PC-CCW) was proposed 
that can reach a delay time as high as 12 ns, with a footprint of a few 
millimetres [31]. 
Discrete optical delay lines can only allow discrete beam-steering, which 
is not adequate for phased array antenna used in SAR for Earth 
Observation. Such devices are usually realized by a switched 
architecture to allow optical path changes, so involving a delay time 
variation [16,32]. In particular, delay lines based on fiber grating prism 
[9] or photonic crystal waveguides [25, 19], exploit the resonance shift 
in order to achieve different discrete time delays. 
The fine tuning capability is a crucial aspect of an optical delay line used 
for beamforming applications. An example of a continuously tunable 
delay network for beamforming application is proposed in [17]. Such 
device is based on ring resonators in APF configuration arranged in a 
binary tree topology. The delay introduced by a single ring resonator 
can be tuned by using a thermo-optic heater integrated on each ring. 
The major drawback of this configuration is the system complexity. The 
combination of a discrete delay section, having fixed delay step Δτ, with 
a second continuously delay section which allows the fine tuning of the 
delay up to Δτ, represents the most suitable solution to overcome the 
limitation of discrete delay lines. Such approach has been exploited by 
several integrated structures, such as spirals [15], CROWs [29], and also 
optical fibers [12]. The thermo-optic technique is the most used 
approach to obtain the tunability of the delay time. This is an efficient 
and mature tuning method that allows a high range of tunability, 
although at the expenses of a slow response time (> 10 μs) [33]. 
Moreover, it is difficult to control locally the temperature rise [21]. The 
electro-optic tuning method is much faster, even providing a switching 
time of the order of nanoseconds, and also allowing a very compact 
device footprint. However, this approach is typically affected by higher 
values of absorption loss, thus requiring proper design and 
manufacturing technique to limit losses. 
In the last years, electro-optic tuning based on the graphene integration 
in optoelectronic components has demonstrated the feasibility of 
realizing extremely fast and broadband electro-optically tunable optical 
devices [34-36]. 

Graphene is a monolayer of carbon atoms arranged in a two 
dimensional honeycomb lattice. It is a zero gap material with very 
attractive properties: linear dispersion, vanishing rest mass, large 
carrier mobilities (up to 200000 cm2V-1s-1, in suspended graphene), and 
very good thermal and mechanical features. 
Its extraordinary properties in terms of high conductivity and optical 
transparency, make graphene particularly suitable to realize 
transparent charge injecting electrodes in organic light-emitting diodes 
(OLEDs), or conducting films in touch screens, optical polarizer, mode 
locked laser, photodetector, optical switches and modulators [37-39]. 
Microwave photonic devices based on graphene, such as filters, phase 
shifters and delay lines, have been also proposed in literature [40]. 
Graphene-based electro-optically tunable optical delay lines have been 
proposed with PhC cavities [41] and microring resonators [42]. High 
values of maximum delay time of about 200 ps and 250 ps have been 
obtained with microring resonators in CROW and APF structures, 
respectively, with a footprint smaller than 105 mm2. The delay time is 
tuned electro-optically, with a very fast reconfiguration time of about 
0.12 ns, which is five orders of magnitude faster than typical values 
obtained with thermo-optic effect [33]. 
In this paper, we report on the design of a new graphene-based fine 
tunable optical delay line on silicon nitride (Si3N4) platform to be used 
as the key element in a beamforming network for the PAA of an X-band 
Synthetic Aperture Radar (SAR). The optical delay line is formed by the 
cascade of two Mach-Zehnder interferometric (MZI) switches and two 
graphene-based vertically-stacked microring resonators, as described 
in the next section. The graphene integration in the delay line allows an 
electro-optical tunability. A tunable delay line with a differential delay 
time up to Δτg = 920 ps, together with a reduced footprint of about 4.5 
mm2, optical loss α < 27 dB, reduced energy consumption and fast 
reconfiguration time has been designed. This device appears to be 
particularly useful for the steering of the transmitted/received beams in 
a PAA tile, comprising 20 radiating elements, operating at the central 
frequency fc=1/λc =9.65 GHz and equally spaced by 0.7 λc, at an 
azimuthal angle of ±20°, which is consistent with the application of a 
SAR for Earth Observation [43]. 

2. DEVICE CONFIGURATION 

The configuration of the delay line includes a first section with two 
cascaded spiral waveguides and two MZI switches, which provides a 
discrete value of the delay time, and a second section with two 
vertically-stacked microring resonators to obtain a fine tunable 
differential delay, as shown in Fig. 1. The graphene integration in the 
switches and between the stacked microrings allows the realization of 
the graphene capacitors responsible for the electro-optical tuning. 

 

Fig. 1.  Configuration of the graphene-based optical delay line. 

Silicon nitride technology has been chosen as the most suitable for the 
design of the optical delay line, due to the fabrication of very low loss 
waveguides [44,45] and also to possibility of realizing vertically-stacked 
microring resonators [46,47]. Furthermore, radiation hardness tests 
carried out on silicon nitride structures have confirmed that there is no 
refractive index change after radiation, so demonstrating the suitability 
of this technology also for space applications [48]. 
Each element of the optical delay line (see Fig. 1) is based on a Si3N4 
(nSi3N4 = 1.98) waveguide with a width of w = 900 nm and a height of h = 



644 nm [45], totally embedded in a silicon dioxide (nSiO2 = 1.45) 
cladding. 
Graphene capacitors are formed over one arm of each MZI and above 
the lower ring of the vertically-stacked resonant structure. These 
capacitors include two graphene monolayers (electrodes) with a 
thickness t = 0.35 nm and a layer of dielectric material, alumina (Al2O3), 
with a thickness s = 10 nm [49]. The graphene monolayer can be 
fabricated by Chemical Vapour Deposition (CVD), due to its feasibility to 
obtain large and high quality area [50]. The same technique can also be 
used for the deposition of the Al2O3 film and the second monolayer of 
graphene, which is placed on top of the alumina. The whole cavity is fully 
embedded in silica. 
The device proposed in Fig. 1 is a switched optical delay line, in which 
the incoming signal can be transmitted through different optical paths 
in the first section, thus achieving different discrete delays. The 
graphene-based MZI switches can route the incoming signal to the 
spiral waveguides, with a delay proportional to their length, or to the 
straight waveguides, where delay is much lower. The first section 
provides a discrete tunability of the optical delay time, as a function of 
the path in which the light propagates. The two vertically-stacked 
microring resonators in the second section provide a fine tunability to 
obtain a total delay time of the device of about 1 ns. 
Such performance makes the on-chip graphene-based optical delay line 
well suitable in optical beamforming networks, where high values of 
differential delay time and a wide continuously tuneable range are 
required, so enabling a tight control on the steering angle of the PAA 
radiation. 

3. DESIGN AND NUMERICAL RESULTS 

A. Discrete delay time section 

The spiral waveguides have been designed as two interleaved 
Archimedean spirals with S-bend connections [51], as shown in Fig. 2. 
We have calculated by FEM simulations the value of group index ng = 
2.07 for the fundamental quasi-TE mode in the Si3N4 waveguide at λ = 
1550 nm. The spirals have different lengths to provide different delay 
time, according to τg = (L·ng)/c, where L is the length of the spiral and c 
the velocity of light. The results obtained by 2D FEM simulations have 
demonstrated that a curvature radius equal to 100 µm for each S bend 
ensures negligible bending loss and a separation between neighbouring 
waveguides in the spirals set at 3 µm prevents any coupling effect 
between them. Thus, the first spiral resulted with a length equal to L1 = 
67 mm with 39 coils and an external radius of about 352 µm, in order to 
achieve a delay time τg1 = 460 ps; the second one has a length L2 = 33.5 
mm with 22 coils and the external radius of about 286 µm, so providing 
τg2 = 230 ps, which is exactly half the delay of the first spiral. Considering 
the intrinsic attenuation coefficient of 0.12 dB/cm in the Si3N4 
waveguide, which includes scattering and absorption losses [45], and 
neglecting the bending losses (< 10-2 dB/cm), the total optical loss α = 
0.8 dB and α = 0.4 dB have been calculated for long and short spirals, 
respectively. 

 

Fig. 2.  (a) Spiral waveguide configuration with a length L, a diameter of 
S-bend connection d = 200 μm and a separation between neighboring 
waveguides g = 3 μm. (b) Cross-section of the Si3N4 waveguide 

embedded in silica, used to realize the spiral with width w = 900 nm and 
height h = 644 nm [45]. 

Two graphene-based MZI switches have been used to reconfigure the 
optical path of the signal. Each switch has two 207 µm long 3-dB coupler 
and a graphene capacitor, as shown in Fig. 3. The couplers are 
constituted by curved waveguides having bending radius equal to 100 
µm, and coupling sections with a length of about 12 µm in which the two 
coupling waveguides are separated by 600 nm, to obtain a perfect 
power splitting in both arms of the MZI. The graphene capacitor on one 
arm of the MZI switch has been designed to manipulate the optical 
power at the outputs. The graphene capacitor has been placed 240 nm 
above the Si3N4 waveguide, because of the requirement of the vertically-
stacked microring resonator to avoid the resonance splitting, as 
discussed in the next section. 

 

Fig. 3.  (a) Configuration of the graphene-based MZI switch; the inset 
shows the graphene capacitor placed above the Si3N4 waveguide, with 
G = 240 nm. (b) 2D FEM simulations of the graphene-based MZI in OFF-
state with Vg = 3.14 V; (c) in ON-state with Vg = 23.2 V. 

Assuming the light enters the lower arm of the switch, a length L = 1.27 
mm of the MZI arm is necessary to obtain the total power in the top 
waveguide at the output, according to Pout2 = Pincos2(ΔΦ/2), when ΔΦ = 
Δβ·L = 0. The presence of undoped graphene capacitor on one arm of 
the switch causes a change of the effective index between the arms, 
which corresponds to an undesired asymmetry in the structure with an 
uncompleted power exchange. It is necessary to apply a voltage across 
the graphene electrodes to obtain a shift of the graphene Fermi level, so 
providing the same effective index for both the waveguides (neff = 



1.7032). The symmetry condition has been calculated by assuming μc = 
0.42 eV. 
The relationship between the graphene chemical potential μc and the 
applied voltage Vg across the electrodes is: 
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where ħ is the reduced Plank constant, vF is the Fermi velocity, C’ = 
ε0εAl2O3/s is the effective capacitance per unit area with εAl2O3 = 10, e is the 
electron charge and V0 (= 0.8 V) is the offset voltage for the natural 
doping. 
An applied voltage Vg = 3.14 V is necessary to provide μc = 0.42 eV, 
according to Eq. 1, so obtaining the condition ΔΦ = 0 with a total power 
transfer from the input waveguide to the top one at the output of the 
MZI switch, as confirmed by 2D FEM simulations (see Fig. 3b). 
The mathematical model proposed in [52] has been used to calculate 
the graphene optical conductivity σ and the relative permittivity given 
by ε = 1+iσ/ωε0t, where ω is the angular frequency and t the thickness 
of the graphene monolayer. An effective index neff = 1.7032-i8.53x10-5 
has been calculated for μc = 0.42 eV, which corresponds to the graphene 
loss α = 30 dB/cm, obtained by applying Vg = 3.14 V between the 
graphene electrodes with a length L = 1.27 mm. A slight doping of 
graphene corresponds to high values of optical loss in the 
corresponding arm of the MZI. Assuming an input power of 1 mW at the 
lower waveguide, with Vg = 3.14 V the optical power calculated at the 
output from the top waveguide is P1 = 0.68 mW and P2 < 0.03 mW from 
the bottom one, which corresponds to a total optical loss of each MZI 
switch α = 1.67 dB. 
The power transfer changes with different values of the applied voltage 
on the graphene-capacitor. The phase shift ΔΦ = π, which corresponds 
to the maximum power at the output in the same bottom waveguide 
with a minimum power exchange condition in the MZI switch, has been 
calculated with μc = 1.30 eV. Such condition corresponds to an applied 
voltage Vg = 23.2 V, for a length of the MZI arm L = 1.27 mm. In this case, 
an effective index neff = 1.7026-i4.80x10-7 has been obtained, which 
corresponds to an optical loss α in that MZI arm of 0.17 dB/cm, taking 
into account also the scattering and the absorption loss of the 
waveguide. An effective index change Δneff = 6x10-4 has been calculated, 
which corresponds to the condition of the minimum power exchange, 
obtaining an output power P1 = 0.01 mW in the same waveguide and P2 
= 0.97 mW in the lower one. The transparency condition of graphene 
obtained with μc = 1.3 eV corresponds to an optical loss α < 0.2 dB at the 
output of the MZI switch. 
The insertion loss of the switch depends on its operating conditions. In 
fact, as already mentioned, the bar state of the switch is obtained for μc 
= 1.30 eV while the cross state is achieved for μc = 0.42 eV. For μc = 1.30 
eV the graphene is transparent at the operating wavelength and 
consequently the switch loss in the bar state is very low (< 0.2 dB). For 
μc = 0.42 eV the graphene is not transparent at the operating 
wavelength. Therefore, in the cross state the switch loss increases up to 
1.67 dB. 
The energy consumption necessary to obtain the switching of optical 
power from the top waveguide to the bottom one is given by: 

 2 21
( )
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where C is the capacitance, VON (= 23.2 V) and VOFF (= 3.14 V). A 
capacitance C = 10.1 pF has been calculated with an area of the graphene 
electrodes of 1.1x10-3 mm2, corresponding to Eswitch ~ 2.7 nJ. 

B. Fine tuneable delay time section 

The two vertically-stacked microring resonators represent the last key 
element of the optical delay line to obtain a fine tunable delay time. The 
configuration, already proposed in [46], includes two vertically coupled 

Si3N4 microring resonators with the same radius of 20 μm. The 
graphene-based capacitor has the same structure of those of the MZI 
switches, with two graphene monolayers (t = 0.35 nm) and an alumina 
layer with s = 10 nm as electrodes and dielectric, respectively. It is placed 
exactly in the middle of the vertical gap between the microring 
resonators to manipulate the coupling condition, as shown in Fig. 4a. 
The graphene structure is on the same plane of the capacitors used in 
the other optical devices, so simplifying the device manufacturing with 
a decrease of the fabrication steps. 

 

Fig. 4.  (a) Configuration of the graphene-based vertically-stacked 
microring resonators with a radius R = 20 μm. The inset shows the 
device cross-section with the graphene capacitor placed in the middle of 
the vertical gap between ring resonators (G = 240 nm). (b) 
Transmission spectra of the resonant cavity for two different values of 
the applied voltage to the graphene electrodes to provide a differential 
delay time Δτg = 230 ps [46]. 

The design of the vertically-stacked microring resonators has been 
already discussed in [46]. A vertical gap of 480 nm is necessary to avoid 
the resonance splitting, which corresponds to a distance G = 240 nm 
between the graphene-capacitor and the lower microring. The 
graphene electrodes have been assumed to cover only the microring 
resonators with an annulus shape and area of 110 μm2. 
The applied voltage on the graphene capacitor is changed to obtain the 
fine tuning of the optical delay time. A transparent condition has been 
assumed for the vertically-stacked microring resonators with a 
chemical potential μc = 0.53 eV, which corresponds to an applied voltage 
Vg = 4.53 V, as given by Eq. 1. Under this condition, a Q-factor of 6.4x103 

with a resonance condition at λ = 1546.05 nm has been calculated, with 
an extinction ratio ER = 1.7 dB and an optical delay time τg = 130 ps (see 
Fig. 4b). A decrease of the applied voltage provides an increase of the 
optical loss in the cavity, which also corresponds to higher values of 
delay time [46]. 
Even if the vertically-stacked microring resonators introduce a fixed 
minimum delay time of 130 ps, it does not represent a critical issue for 
the target application chosen for proposed device, because only the 



differential delay between two consecutive radiating elements affects 
the beam steering in a specific direction. 
Since the minimum time step of the discrete delay section is Δτg = 230 
ps, in order to assure the fine tunability of the overall delay line, the 
graphene-based vertically-stacked microring resonators have been 
designed to provide such differential delay time. 
Taking into account a minimum delay time of 130 ps, calculated with μc 
= 0.53 eV, that is the condition of transparency for graphene, it has been 
observed that a chemical potential μc = 0.465 eV is necessary to obtain 
τg = 360 ps, so fulfilling the condition Δτg = 230 ps for a fine tuning of the 
optical delay line. The value of the chemical potential μc = 0.465 eV has 
been obtained by assuming an applied voltage Vg = 3.67 V, which 
corresponds to a Q-factor of 7x103 and an extinction ratio ER = 23 dB for 
the resonant cavity, as shown in Fig. 4b.  
In the vertically-stacked microring resonators, the delay tuning is 
achieved by the voltage-induced change in the real part of the graphene 
refractive index. Since in the graphene layer any change of the real part 
implies a variation of the imaginary part, the delay tuning induces also a 
variation of the insertion loss. 
This range of tunability in the vertically-stacked microring resonators 
corresponds to a total energy consumption Eswitch = 3.4 pJ and a 
switching time ts < 2 ns with a total footprint of 1.6x103 μm2, as 
calculated in [46]. 

C. Overall performance of the optical delay line 

The performance of the optical devices included in the optical delay line 
have been discussed in the previous sections. Here, a description of the 
overall behavior of the optical delay line, in terms of delay time, optical 
loss and footprint, is reported. 
The minimum delay time has been obtained when the light does not 
propagate in the spiral waveguides, which is obtained assuming an OFF 
condition for the first MZI switch and an ON-state for the second one, 
(see Fig. 4 (b), (c)) assuming an input power Pin = 1 mW in the bottom 
waveguide. This condition can be obtained by applying the voltage VOFF 
= 3.14 V on the graphene of the first MZI, which corresponds to an 
optical loss α = 1.67 dB, and VON = 23.2 V with α = 0.2 dB for the second 
switch. A differential delay time 0 ≤ Δτg ≤ 230 ps, as a function of the 
applied voltage across the graphene capacitor of the vertically-stacked 
microring resonators, can be obtained if the light propagates in the 
straight waveguide for both paths. In this case, the optical loss is in the 
range 3.6 dB ≤ α ≤ 24.9 dB, depending on the tunable voltage on the 
vertically-coupled microrings. 
If the MZI switches are both set in the OFF-state, then a crossing 
condition is achieved, which corresponds to the light propagation only 
in the short spiral, as shown in Fig. 5a. Therefore, an optical delay time 
in the range 230 < Δτg < 460 ps has been calculated, because a fixed delay 
time of 230 ps is given by the propagation in the shorter spiral and a fine 
tuneable delay from Δτg = 0 ps to Δτg = 230 ps is allowed by the 
vertically-coupled microrings. The optical loss calculated is 5.5 dB < α < 
26.8 dB, as shown in Fig. 5a. 
Moreover, if only the first MZI switch is ON, the light propagates only in 
the longer spiral and the minimum delay time is Δτg = 460 ps, which 
corresponds to a low optical loss α ≤ 4.4 dB. The maximum delay is Δτg 
= 690 ps when the vertically stacked microring resonators are in ON-
state, corresponding to α ≤ 25.7dB. 
Finally, when both the MZI switches are in ON-state, the light propagates 
in both spirals, so obtaining 690 < Δτg < 920 ps, as shown in Fig. 5b. In 
this case, the optical loss is α ≤ 24.6 dB, as a function of the applied 
voltage on the vertically-coupled microrings. 

The results confirm a fine tuneable optical delay time up to Δτg = 920 ps 
with total optical loss α ≤ 27 dB. 
Since it is not possible to decouple the electrabsorptive and the 
electrorefractive effects in the graphene layer, the device loss depends 
on the required delay. To solve this critical aspect, the loss could be 
properly compensated by an amplification that should be tuned 
accordingly to the delay. This approach implies the use of an optical 
amplifier with a tunable gain at the device output and a properly 
designed electronic circuit regulating both the delay and the 
compensating amplification. 
In Tab. 1, a comparison between the performance of the proposed delay 
line and the state-of-the-art of integrated optical delay lines has been 
reported. The delay lines based on SOI technology have the lowest 
footprint, which also corresponds to the highest ratio of the achievable 
delay time to the occupied area (τg/A). In particular, a value τg/A = 5.7 
ns/mm2 in [30] and τg/A up to 9.58 ns/mm2 for the thermo-optic 
continuously tunable delay line reported in [33] have been obtained. 
Since both these delay lines are based on ring resonators in APF 
configuration, they are characterized by a high attenuation, equal to 43 
dB in the case of the 56 ring resonators reported in [30] and 14 dB in the 
case of the 20 ring resonators in [33]. Silicon OxyNitride (SiON) 
technology provides lower optical losses, as verified in [29] with a 
device including 4 racetrack resonators in CROW configuration, where 
low loss equal to 8 dB for 800 ps of delay has been achieved. A further 
decrease of optical losses can be achieved by considering lower values 
of index contrast of optical waveguides such as those based on silica [15] 
and silicon nitride technology [16,24]. In particular, the delay line 
reported in [16], which comprises 4 spirals in Si3N4 with MZI thermo-
optic switch provides a maximum delay time up to 12.35 ns with a very-
low optical loss α = 2.43 dB, but at the expense of the device footprint (A 
= 38 cm2) and also a discrete tunability with a resolution of delay time of 
0.85 ns, which makes unsuitable such device for SAR application. A 
similar behavior has been observed in [24] where a delay line in Si3N4 
technology allows a maximum delay of 632 ps with a low attenuation of 
5.3 dB, but with the advantage of a continuous tunability by using the 
thermo-optic approach. 
The proposed graphene-based delay line ensures a continuously 
tunable delay up to 920 ps with a small device footprint A = 4.15 mm2, 
corresponding to a figure of merit τg/A = 0.22 ns/mm2. The ratio 
between the maximum delay and the occupied area is equal to 0.22 
ns/mm2, much higher than the values obtained by the other delay lines 
based on silica or silicon nitride technology, but lower than performance 
of delay lines in SOI technology, which, however, typically provide lower 
values of delay time. The electro-optical tuning is typically affected by 
higher values of optical losses, as confirmed by the obtained values of α 
< 27 dB and a figure of merit α/τg = 29 dB/ns, which is more than one 
order of magnitude higher than the corresponding value obtained by 
using a thermo-optical approach with delay lines in the same 
technology. However, the most relevant advantage of such tuning 
approach is related to very low response time of about few nanoseconds 
and low energy consumption with compact device footprint.  
The proposed fine tunable delay line can be used to implement a 
beamforming network for a PAA used in X-band SAR for Earth 
Observation. The target application is the beamsteering of the radiation 
of a tile, comprising 20 radiating elements operating at the central 
frequency of 9.65 GHz. The differential delay time Δτg = 920 ps is 
suitable to control the radiation up to a maximum steering angle of 
about ±20°, which is consistent with the application of a SAR for Earth 
Observation. 



 

Fig. 5.  Configuration of the optical delay line with (a) both MZI switches in OFF-state to obtain an optical delay time 230 ps < Δτg < 460 ps with an 
optical loss 5.5 dB < α < 26.8 dB, and (b) both MZI switches in ON-state, providing 690 ps < Δτg < 920 ps and optical loss 3.3 dB < α < 24.6 dB. An input 
power Pin = 1 mW has been assumed in the bottom waveguide. 

 

Table 1. State-of-the-art of integrated optical delay lines. 

Configuration Tech. 
Tuning 

mechanism 

Max. time 
delay τg 

[ns] 

Area 
[mm2] 

Loss 
α [dB] 

τg/A 
[ns/ 

mm2] 

α/ τg 
[dB/ns] 

Power  
[mW] 

Resp. 
time 

56 ring resonators 
in APF [30] 

SOI Fixed delay line 0.51 0.09 22 5.7 43 - - 

4 spirals with MZI 
switch [16] 

Silicon 
nitride 

Thermo-optic 
(Discrete with 
step 0,85ns) 

12.35 38.25x102 2.43 3.2x10-3 0.19 1040  
> 1 
ms 

4 spirals and 4 
cascaded ring 

resonators [15] 
Silica 

Thermo- optic 
(continuous) 

2.56  12x102 3.38 2.1x10-3 1.32 - - 

4 racetrack 
resonators [29] 

SiON 
Thermo-optic 
(continuous) 

0.8  5 8 0.16 10 288 
< 1 
ms 

20 racetrack 
resonators [33] 

SOI 
Thermo-optic 
(continuous) 

0.345 ~0.036 14 ~9.58 40.57 - 
< 10 

µs 

40 racetrack 
resonators [24] 

Silicon 
nitride 

Thermo-optic 
(continuous) 

0.632 53.29 5.3 1.2x10-2 4.74 - - 

Apodized grating 
waveguide [22] 

SOI 
Thermo-optic 
(continuous) 

0.22 0.0015 9.3 146.7 42.27 ~ 500  

Complementary 
apodized 

cascaded grating 
waveguide [23] 

SOI 
Thermo-optic 
(continuous) 

0.082 0.003 3.2 dB 27.3 39.02 ~ 500  

This paper 
Silicon 
nitride 

Electro-optic 
(continuous) 

0.92 4.15 26.8 0.22 29 200 < 2 ns 



4. CONCLUSION 
The design of an integrated graphene-based continuously tunable 
silicon nitride (Si3N4) delay line has been proposed. The device includes 
a discrete delay section with two Archimedean spiral waveguides and 
two MZI switches, which can provide a maximum delay time of 920 ps 
with a minimum step of delay time of 230 ps. Two graphene-based 
vertically stacked microring resonators have been designed to obtain a 
continuous tuning range of optical delay time up to 230 ps, so they have 
been placed in cascade to the discrete delay section to realize a fine 
tunable delay line from 130 ps  to 1050 ps, which corresponds to a 
tuning range of 920 ps. Graphene capacitors have been integrated in 
MZI switches and in the vertically-stacked microring resonators to 
exploit the advantages of the electro-optical tuning approach, related to 
fast tunability and low energy consumption. The large tuning range, 
together with the compact footprint of 4.15 mm2 and fast 
reconfiguration time, make the proposed delay line suitable to realize 
the optical beamforming of a PAA tile of an X-band SAR, thus 
overcoming the limitations of conventional RF beamformers in terms of 
occupied area and power consumption. The advantage of the designed 
device with respect to the delay lines based on other approaches 
proposed in literature, e.g. the separate carrier tuning technique [40], is 
the larger maximum delay that it can realize. This key feature has a 
strong impact on the maximum steering angle if the delay line is used as 
basic building block in a beamformer for PAAs. 
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