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Nonintrusive Characterization Method for Integrated
Optical Delay Lines

Pablo Martinez-Carrasco

Abstract—In this work we present an automatic calibration
technique for switched Optical True Time Delay Lines which allows
the control of all of the switchers without relaying on intermediate
attenuators nor external test ports, thus optimizing the number
of active elements on chip and the footprint. This technique has
been used for the characterization of a delay line fabricated on a
silicon photonic chip.The accuracy and reliability of this technique
were validated for applications beyond beamforming by utilizing
the calibration data to synthesize variable optical interleavers.

Index Terms—Beamforming networks, microwave photonics,
optical filters, silicon photonics, true time delay.

I. INTRODUCTION AND CONTEXT

N RECENT years, microwave photonics has emerged as
I a technology with immense potential, destined to enhance
the capacity and speed of modern telecommunications. This is
especially critical in light of the escalating demands for high-
speed and high-capacity communication driven by emerging
applications like the Internet of Things (IoT) and future 5/6G
networks [1], [2].

It accomplishes this by transcending the limitations of ra-
diofrequency devices and systems, capitalizing on the unique
optical attributes of low loss, minimal power consumption,
broadband operation, immunity to electromagnetic interference,
and extensive tunability [3]. This is achieved through the up-
conversion of radiofrequency signals into the optical domain,
their processing, and subsequent downconversion, effectively
capitalizing on the advantages of photonics.

An area of substantial focus is optical true-time delay (OTTD),
atechnology enabling precise control over the propagation delay
of optical signals. This capability finds application in various
domains, including synchronization and buffering of optical
signals [4], optical signal filtering and processing [5], and more
recently, in reservoir computing [6].
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Fig. 1. Scheme of a single M-bit switched OTTDL, where AT is the basic
delay of the line.

However, among these applications, OTTD has proven to be
an ideal solution for phase array antennas (PAA) and beam-
forming networks, greatly enhancing their performance [7],
[8]. These notable improvements over traditional beamformers
stem from the elimination of the beam squint effect associated
with electronic phase shifters, where changes in the microwave
frequency cause a deviation in the pointing angle, limiting the
operating bandwidth to less than a few hundred megahertz [9],
[10], [11]. This translates into higher bandwidth, increased
speed, and reduced power consumption.

The ongoing progress in integrated photonics has made it
possible to integrate on-chip OTTD systems with increasingly
complex circuits. This integration not only encompasses all the
previously mentioned advantages but also extends to devices
with an exceptionally compact footprint [12], [13]. Numerous
schemes for implementing OTTD have been demonstrated, but
among them, tunable OTTD based on microring resonators
(MRRs) and optical switchable waveguides stand out for their
simplicity and suitability for monolithic integration on silicon-
on-insulator (SOI) chips.

PAA architectures relying on single and cascaded MRRs offer
continuous time delay tuning, delivering high angular resolu-
tion [14], [15], [16], [17]. However, they encounter bandwidth
limitations due to the resonant behavior of their delays and
exhibit high sensitivity to thermal crosstalk and manufactur-
ing errors. Conversely, switched delay lines, while offering a
more limited angular resolution, provide significant operational
bandwidth and exhibit low sensitivity to thermal effects and
manufacturing variations, which make them the central focus
of this work.

The uses of this type of integrated structures go beyond just
PAA with high performance [18], [19], [20], [21], including
wavelength division multiplexing (WDM) filters [22], [23], gain
and dispersion equalization filters [24].

Fig. 1 depicts the conventional setup of a switched OTTDL.
This configuration comprises M delay stages (bits) featuring two
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selectable paths. The lower path maintains a constant length
for each bit, while the other one exponentially increases its
length as the number of bits progresses. These delay lines
are interconnected by tunable switches, consisting of 2 x 2
Mach-Zehnder Interferometers (MZIs). By switching between
the long and short delay paths in each stage, it is possible
to achieve discrete delays that are multiples of a fundamental
delay AT, from 0 to (2™ — 1)AT. This method of obtain-
ing delays can be straightforwardly represented using binary
notation, where a “0” denotes the selection of a short path
in a delay stage, and a “1” represents the selection of a long
path.

In this scheme, it is customary to incorporate variable optical
attenuators (VOAs) [18], [19], [21] or test ports (such as pho-
todetectors or grating couplers) [20] between the delay stages.
These elements are strategically placed along all connection
waveguides, serving two objectives. Firstly, they enable the
calibration of the optical switches, ensuring accurate switching
states. Secondly, they attenuate the residual signal in the case
of having limited extinction ratio (ER) on the switches, thereby
enhancing the quality of the transmitted signal. However, both
configurations introduce additional complexity to the integrated
circuit, accompanied by higher power consumption due to the
VOAs and extra insertion losses caused by the test ports. Most
notably, these additions result in an increase of the chip’s foot-
print and more complex packaging.

Non-invasive characterization techniques have recently been
studied in the literature, such as using intermediate phase shifters
in the delay stages as monitoring elements that avoid adding
losses [25], or techniques that rely on optimization algorithms
to reduce the standard deviation in the optical response of the
delay lines [26].

In this paper, we extend the work presented in [27], and we
present and validate a calibration method for switched delay
lines that eliminates the necessity of supplementary structures.
Our proposed approach allows for the development of novel
architectures that are not only more compact but also exhibit
reduced power consumption. Section II introduces the calibra-
tion method based on spectral Fourier transform. In Section III,
we show the details of the silicon photonic OTTDL used for the
experimental demonstration of the proposed approach. Moving
forward, Section IV discusses the chip calibration measurements
and demonstrates its application for a tunable optical interleaver
based on a lattice filter, showcasing the method’s efficacy. Fi-
nally, in Section V, we provide a summary and conclusions of
the study.

II. CALIBRATION METHOD

While theoretically, the initial state of each MZI should be
a perfect cross-state, this ideal state is often far from reality.
Minor variations in the width and height of the waveguides in
the two paths of the MZI result in discrepancies in the group
index, leading to a phase difference between the arms. Typically,
the default state of each MZI in the OTTDL is unpredictable and
random due to these manufacturing imperfections and that is the
reason of using VOAs or test ports. Nonetheless, we present an
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alternative approach that only utilizes Fourier transform analysis
of the optical spectrum.

Equation (1) characterizes the transfer function of an indi-
vidual tunable coupler, expressed as a function of the phase ¢
applied to one of its arms.

Hpo(d) = —ic®/? [sin<¢/2> cos(¢/2>] o

cos(¢/2)  —sin(4/2)

The phase variation is uniform across both outputs and will
be eliminated post-photodetection, rendering it inconsequential.
Given this, we can simplify the preceding equation by expressing
it in terms of the coupling coefficient k.

s(k)  c(k) _|[VI-k VE )
c(k) —s(k) VE  —V1—k

When a signal is injected into one of the inputs of the delay line,
the initial tunable switch divides the signal between the paths of
the first delay stage and the subsequent tunable coupler combine
them.
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The time difference between paths is related with the physical
length difference, A L, and the group index, n4, of the waveguide
mode, AT = n,AL/c.

This analysis can be extended for additional tunable couplers
and delay stages and after photodetection, the contributions
from all length imbalances mix in the photodiode. Hence, in the
presence of optical leakages between delay stages resulting from
inefficient switching, we will detect a distinctive interferometric
pattern in the frequency response of the delay line. This pattern
exhibits a combination of all the characteristic Free Spectral
Range (FSRs) corresponding to all the length imbalances across
each delay stage and the associated coupling coefficients.

To illustrate the calibration procedure, consider a generic
switched OTTDL with 3 delay stages with respective delay
values of AT, 2AT and 4AT. The transfer matrix of the
delay line has been calculated similarly to the one expressed
in (3), but with the inclusion of two additional delay stages
alternated between tunable couplers. Equation (4) shown at the
bottom of the next page, depicts the photodetected normalized
optical power considering a bar-state transmission at the top
port, | H11|?, the signal is injected through the top input, and the
measurement is taken at the top output.

The frequency-dependent nature of the response creates a
periodic pattern. Only relying on the spectrum is insufficient for
accurately characterizing the MZIs; it is necessary to take the
Fourier transform. By doing so we move from frequency to time
space, in other words, to a space in which the repeating patterns
in the spectrum are quantified. One of the benefits of using the
Fourier Transform is its independence from the absolute optical
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Fig. 2. (a) Optical spectrum of a random state in the OTTDL example.
(b) Zoom of a section of the spectrum normalized to the largest FSR, covering 3
repetitions. (c) Fourier transform of the spectrum through the OTTDL expressed
as a function of all the possible time combinations.

power measured; only a relative measurement is needed. This is
because the information provided by the FFT relies exclusively
on the shape of the spectrum, not its absolute power. As shown in
(5) shown at the bottom of the next page, the Fourier transform
exhibits peaks in time aligning with the inverse of the FSRs
associated with the different delay interferences. Thus, each
peak contains information about the ’intensity’ in the number
of repetitions in the spectrum corresponding to the different
time combinations. Fig. 2 represents the optical response for
a random configuration of this delay line. With the transformed
spectrum we are able to discern the contributions of the different
optical paths and to know which MZIs are in an intermediate
state.

Since all time differences in the delay stages are multiples of
a fundamental basic delay, we can normalize the time to this
value, k = t/AT. That way the peaks will be located uniformly
as shown in Fig. 2(c).
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Algorithm 1: Delay Line Calibration.
1: Stage 1: Characterize the first M MZIs

2: fori=1to M do
3: Sweep current applied to MZI;
4: Withu € {n|n € N, 1 <n < 2= p odd}
5: Save first current that nulls the peaks 20"V uAT
6: Save second current that nulls the peak 20~ Dy AT
7: Apply first/second current to MZI;
8: end for
9: Stage 2: Characterize the last MZI
10:  Sweep current applied to MZI /4
11: Save current that maximizes the output optical power
12: Save current that minimizes the output optical power

By systematically adjusting the currents from the first MZI to
the latest one, we can effectively suppress the contributions on
the spectrum. This process involves gradually diminishing the
peaks of interference on the transformed spectrum, starting with
those associated with the smallest optical delays.

‘We commence the tuning process with the first MZI. Referring
to (5), it becomes evident that the initial peak cancellation occurs
only when this MZI is in either the bar state (s = 1 and ¢y = 0)
or the cross state (so = 0 and ¢y = 1). By doing this, we not
only suppress the first interference peak but also eliminate all
odd contributions, as they all share a common factor of sgcg.

Then, we repeat the same process with the second MZI,
shutting down the peak corresponding to 2AT" when s; = 0 or
c1 = 0. At this point, the peak corresponding to 6 AT will also
have vanished, leaving only the contribution of the third delay
stage. We perform the same procedure once more for ss and co,
suppressing the peak at 4AT. Subsequently, we determine the
bar and cross states of the final MZI by optimizing the optical
power, adjusting s3 and cs. Algorithm 1 shows a more detailed
version of this process for a delay line with M delay stages,
(M + 1) MZIs.

Finally, when the spectrum has been completely flattened,
it indicates that all the MZIs have reached either a perfect bar
or cross state, this is x,, € {0, 1}. At this point, the remaining
question is to determine which specific state each MZI is in.
To accomplish this, we can utilize a Vector Network Analyzer
(VNA) to measure the phase of the signal and extract the corre-
sponding delay information.

Po(w) = (80818283)2 + (80816203)2 + (00618283)2 + (00616203)2 + (80010283)2 + (80018203)2 + (00816283)2

+ (00515203)2 + 2s0¢o [3101 ((5233)2 + (0203)2 _ (3203)2 _ (0233)2) + 3590y (s§ — cg) — 5%035303} cos(wAT)

+ 2s1c109 {52 ((5053)2 + (coes)® — (socs)® — (0083)2) + 9533 (sg — cg)] cos(w2AT)

+ 2s0c0Co [8363 (2510182 + cfcz) + 3?92 (cg — s%)] cos(w3AT)

+ 2899833 {(5051)2 + (0061)2 - (5001)2 - (0051)2} cos(w4AT)

+ 250coC15283C3 [251¢2 — €152] cos(WHAT) + 251 ¢15253¢3 [s% — cg] cos(wBAT) + 2s0cos2sas3cs cos(WTAT) (4)
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III. CHIP STRUCTURE

In order to evaluate the characterization method, an OTTDL
was specifically designed for use as a reconfigurable lattice
filter. The OTTDL configuration consists of 5 delay stages and
6 tunable couplers. The unit delay within the system has a value
of AT = 9.5 ps, resulting in a maximum delay of 16AT" = 152
ps for the final stage.

The photonic integrated circuit was produced by Advanced
Micro Foundry, using a conventional Silicon-on-Insulator (Sol)
fabrication process. The chip was crafted from an Sol wafer
with a 220 nm thick slab, and deep ultraviolet lithography
(193 nm) was employed to define the 500 nm wide single-mode
waveguides.

For the waveguide sections containing phase shifters, a thin
heater layer consisting of 120 nm TiN was deposited over the
waveguide, which is powered by metal DC tracks of 2000 nm
thickness. These thermo-optic phase actuators are implemented
using suspended waveguides and trenches, key elements that
enable areduced power consumption of only 1.35 mW/x. Fig.4
shows the layout and the micrograph of the fabricated silicon
photonics OTTDL.

IV. EXPERIMENTAL RESULTS
A. Experimental Calibration

The calibration process was executed according to the tech-
nique described in Section II. The chip was powered through
a multicontact probe equipped with 8 electrical channels, and
optical input and output were facilitated using a single fiber
and grating couplers. For the wavelength sweep, we employed
a tunable laser, the EXFO T100S-HP, in conjunction with a
full-band component tester, the EXFO CT440 comb source. The
wavelength span we utilized was 3 nm, with aresolution of 1 pm.
Smaller delay lengths may necessitate larger spans to achieve the
highest resolution in the reciprocal spectrum.

Fig. 3 illustrates the characterization process, presenting both
the optical spectrum and its corresponding Fourier transform in
a unified view.

At first, the line arrived with the MZIs in a completely random
state (first row of Fig. 3) resulting in a spectrum with numerous
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interferences and contributions in time. We initiated the process
by suppressing the first peak, which was all most negligible,
until we saw how all the odd terms disappeared (second row
of Fig. 3). As we systematically turned off contributions by
configuring the MZIs in the bar or cross positions, the spectrum
became smoother, and the contributions gradually vanished.
This iterative process was repeated for the second and third
MZIs, ultimately leaving us with only the contributions of
the last two delay stages (third row of Fig. 3). Unfortunately,
due to limited ER, thermal crosstalk, and electrical precision,
achieving a fully flattened spectrum is impossible, resulting in
small, uncorrelated noise variations in both frequency and time
domains. In our experimental demonstration, the best result we
achieved exhibited a standard deviation in the optical spectrum
of 0.4 dB compared to the ideal value.

After achieving a this flattened optical spectrum, the next
step involved measuring the phase and group delay for all the
bar/cross configurations, thus 32 different positions. Utilizing
a phase-shift approach, the RF-to-RF response was measured
as the signal traveled through the integrated circuit, thereby
providing information of the delay suffered by the signal for
each line configuration. The input RF-modulated signal was
generated by a VNA Agilent N5245 A capable of modulating
signals up to 50 GHz. With a lightwave component analyzer
(LCA) module N4373 C we upconverted the signals to the
optical domain using a 1550 nm internal source. Afterwards, the
output signal from the OTTDL was also downconverted using
the same optical module from the VNA. The experimental setup
is shown in Fig. 5(d).

Fig. 5 shows the phase, time, and optical response of the line
across its 32 delay states. We extract the applied delay across a
broad spectrum of frequencies from the RF phase measurements.
Once we have all the delays ordered in ascending order, it
becomes straightforward to correlate the set of currents applied
for each delay with the bar or cross position of the MZlIs.

In Fig. 5(c), the measured optical transmission response is
depicted, with the power difference between bit configurations
attributed to variations in propagation and bend losses across
each stage. The obtained delay values exhibit minimal deviation
from the theoretical delays, with an average discrepancy of only
40.16 ps, as shown in Fig. 6.

oo
FTT(t) = / Py(w)e 2™ dw o

X S0Co |:5161 ((5253)2 4 (0203)2 _ (5203)2 _ (0253)2> + C%SQCQ (Sg — Cg) — 5%6%5363} 5(t + AT)

+ s1c109 [52 ((5053)2 + (6003)2 — (8063)2 - (0053)2> + ¢983C3 (5(2) — cg)] o(t £2AT)

+ spcoCa [3303 (2310152 + C%CQ) + s%sz (cg — 83)} o(t £3AT)

+ S2C283C3 [(8081)2 + (6001)2 — (8001)2 — (0081)2} (5(t + 4AT)

+ 50C0C18283¢C3 [251¢o — ¢159] 6(t + BAT) + s1¢15583¢3 [s% — cg} 5(t £ 6AT) + socostsasscsd(t + TAT) (5)
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Fig. 4. Layout (a) and micrograph (b) of the fabricated silicon photonics
OTTDL (4.4 mm x 0.6 mm).

Once we determine the precise locations of all the bar and
cross states, we isolate each MZI one by one for independent
characterization, as illustrated in Fig. 7. We consistently measure
the bar transmission of the OTTDL, ensuring all MZIs are set
to the bar state except for the one being characterized, whose
current is going to be swept. Fig. 7(a) shows the characteristic
curve of one of the MZIs of the line, demonstrating a large
ER, an encouraging indication of the accurate outcome of the
characterization method.

Utilizing these curves, we executed an adjustment of the
coupling coefficient vs electrical current, x(I), a crucial step for
the following synthesis of filters within the line. The fitting curve
of the coupling coefficient can be obtained from (1) and (2). We
compare both bar transmission terms for optical power, |H11|?,
and fit them to the applied current, considering that the induced
phase shift on the thermo-optic actuators follows a quadratic
formula.

w(I) =1 — sin® (ag + ol + aglz) 6)
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B. Application for Optical Filter Synthesis

We have adapted the synthesis of lattice-based filters devel-
oped in Madsen’s work [28] to the simplified design of our
OTTDL. This design, specifically tailored for beamforming ap-
plications, omits phase shifters between the delay stages, thereby
limiting flexibility in terms of filtering design.

The following equations construct the transfer matrix af-
ter the n'" delay stage, where ¢, = /1 — kn, Sn = /Fin
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and m = 2(n=1),

Xn(z) o Xn—l(z)

Y(2) =D, (2) Yo 1 (2) (7)
Cn —18,| [27™ 0

=) e e |0 1 ®)

Iteratively applying the equations from a single delay stage to
five, we derive the total transfer function in the Z-domain for
our OTTDL.

Xout(z)
Yout(z)

Xin(2)

= 05D, P3P2P1 Py )

in\%

Then, we utilize an optimization algorithm based on standard
minimization of the filter response in comparison to an ideal
mask. This fine-tunes the couplings of the MZIs, ensuring that
the final response aligns with a desired filter mask, within the
design parameters if feasible.

The calculated coupling coefficients are then applied to the
lattice filter making use of the previous characterization fittings.
This enables us to synthesize interleavers that are based on notch
and bandpass filters, shown in Fig. 8.

each filter. The results are very close to the theoretical values,
demonstrating the accurate and precise performance of our
proposed characterization method.

V. CONCLUSION

We have introduced a calibration method tailored for switched
OTTDL, marking a significant advancement by eliminating the
requirement for VOAs or dedicated test ports. This strategic
elimination not only optimizes power consumption but also
contributes to a more efficient utilization of device footprint.
Through experimental validation, we have successfully demon-
strated the efficacy of this calibration method on a silicon
photonic chip. We successfully characterized an OTTDL and,
leveraging the results obtained through this characterization,
we extended the application to configure tunable optical in-
terleavers. By introducing this approach, we pave the way for
the development of more compact and simplified designs, ad-
dressing the critical need for miniaturization in next-generation
communications technologies.
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