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Wideband Integrated Optical Delay Line Based on a
Continuously Tunable Mach-Zehnder Interferometer

Daniele Melati, Abi Waqas, Zarlish Mushtaq, and Andrea Melloni

Abstract—An integrated optical delay line is presented and
experimentally demonstrated with a true-time delay continuously
tuned up to 125 ps. The proposed device is based on a Mach-
Zehnder interferometer with tuneable couplers, can be ideally
operated with a single control signal and achieves a bandwidth -
delay product consistently larger than ring-based delay lines. The
device is successfully used in a transmission system to control the
delay of a 10 Gbit/s data stream.

Index Terms—Optical delay lines, true-time delay, microwave
photonics, optical filters, MachZehnder interferometer, inte-
grated photonics, indium phosphide waveguides.

I. INTRODUCTION

OPTICAL true-time delay lines allow to arbitrary control
the propagation delay of an optical signal and can

be exploited for a variety of applications. Typical examples
include synchronization and buffering of optical signals [1]–
[3]; optical signal processing and microwave photonic systems
[4]; optical coherence tomography [5]; optical beam forming
networks for phased-array antennas [6], [7], where the use of
optical true-time delay lines increases the bandwidth of the
antenna and avoids beam squinting [4].

Photonic integration technologies are particularly advanta-
geous for the realization of (tunable) optical delay lines since
allow to reduce costs and sizes of the devices [8] and ease the
integration with other optical functions such as filtering [9],
modulation and light generation. Many different schemes have
been proposed for the realization of integrated optical delay
lines, relying on different types of optical filters [10], [11].
The first broad class comprises all the devices that exploits
resonant enhancement. This includes both the exploitation
of material resonances, inducing large dispersion and thus
small group velocities, and “circuit” resonance (i.e. infinite
impulse-response filters), forcing light to recirculate and hence
increasing the group delay. Among others, ring resonators are
very common devices to realize a circuit resonator and tune
group delay up to several hundreds of picoseconds [12]–[14],
possibly exploiting multiple resonators either with coupled
resonator optical waveguide designs (CROW) [15] or side-
coupled integrated spaced sequence of resonators (SCISSORs)
[16]. Delay lines based on photonic crystals can be included
in this class as well [14]. Although resonant delay lines make
possible to obtain large delays with very compact devices,
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this generally comes at the expense of large losses and
narrow bandwidth [10]. Coupled resonators can increase the
operational bandwidth but generally require complex tuning
strategies.

The second class of delay lines includes structures that do
not employ resonant enhancement. Group delay tunability is
in the order of the size of the device and is generally smaller
compared to resonant delay lines. On the other hand, non-
resonant structures guarantee a much larger bandwidth and
a finer control of the tuning. The most common integrated
devices comprised in this class are switched delay lines where
path with different physical lengths are selected by a series
of switches thus changing the total propagation length and
delay [17]. Their use has been proposed also in combination
with ring resonators [18]. The drawback of this solution is
the need of a large number of switches with a high on-off
extinction ratio to guarantee the proper functionality. Further,
continuous tune of the delay is not possible since the control is
necessarily done by discrete steps. A non-resonant delay line
implementing a finite impulse-response filter (Mach-Zehnder)
has been proposed and realized with fibre-based components
exploiting either dispersive media [19] or a polarization-
domain Mach-Zehnder interferometer [20]. Because of the use
of a single tunable coupler, the amplitude of the light travelling
through this device necessarily depends on the applied delay,
also in the ideal lossless case [21]. Ring resonators operated
far from resonance wavelengths could be included in the class
of non-resonant structures [9].

In this work we propose an architecture to realize a non-
resonant optical delay line based on a Mach-Zehnder inter-
ferometer equipped with two tunable couplers. For a given
delay tuning range, this solution achieves a true-time delay
operation on a larger bandwidth (calculated on the group delay
spectra) and induces a smaller dispersion compared to ring-
based delay lines, even used at off-resonance wavelengths.

I

T

Tunable coupler K

Fig. 1. Sketch of the proposed optical delay line based on a Mach-Zehnder
interferometer with two tunable couplers.
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Group delay is tuned in a continuous manner by using a single
control signal to vary the coupling ratio of both couplers, thus
simplifying the operation. At the operative wavelength, the
power transfer function of the device does not depend on
the tuning of the group delay (for the ideal lossless case),
preventing any modulation of the amplitude of the optical
signal due to the reconfiguration of the delay line. The device
is realized on an InP-based photonic integration platform and
experimentally demonstrated with a group delay tunability up
to 125 ps. Although the proposed delay line does not depend
on any particular integration technology, the use of a platform
based on InP may ease the integration of the device with high-
performance active components, such as fast tunable couplers
or photodiodes.

The paper is organized as follow. Section II presents the
operational principle and the design of the proposed delay line.
Performance is evaluated in terms of delay tuning, bandwidth
and induced dispersion and compared with ring-based delay
lines. Section III describes the realization of the circuit and
the experimental characterization of the tunable couplers and
the delay line, reporting both power transmission spectra
and group delay spectra. Polarization dependence is carefully
investigated and the continuous control of the delay of a 10
Gbit/s OOK NRZ signal is demonstrated. Lastly, conclusions
and outlook are presented.

II. MACH-ZEHNDER-BASED OPTICAL DELAY LINE

This section describes the design and operation of the
proposed optical delay line based on a continuously tunable
Mach-Zehnder interferometer. The same device could be re-
alized also exploiting a Michelson scheme, using the same
control strategy while implementing only one tunable coupler
and obtaining exactly the same behaviour. This configuration
is not discussed in this work.

A. Design and Functionality

The proposed integrated optical delay line is schematically
shown in Fig. 1. The circuit implements a Mach-Zhender inter-
ferometer with two tunable couplers whose coupling ratios K1

and K2 can be varied from 0 to 1. Tunable couplers can be re-
alized for example with two balanced Mach-Zhender couplers
equipped with phase shifters, as experimentally demonstrated
in Sec. III-A. The interferometer has an unbalancing �L
between the two branches and a phase shifter integrated on one
of the arms allows to tune the operative frequency of the device
to match that of the incoming signal, as described below. The
time unbalance between the two arms of the interferometer is
defined as

T =

n
g

�L

c
=

1

FSR
(1)

where n
g

is the group index of the waveguide, c is the speed
of light and FSR is the Free Spectral Range.

In the most general case this interferometric structure has
two input ports and two output ports but in this work it is
used as a single-input single-output circuit in bar state [see
Fig. 1] to control in a continuous mode the delay of the
light travelling through the device. To this purpose, the two

coupling ratios are chosen such that K1 = K2 = K, thus actually
controlling the couplers with a single control signal. The
same behaviour described below could be obtained also using
the interferometer in cross state but choosing the coupling
coefficients K1 = 1 - K2. Being H the transfer function of
the interferometer in bar state and ⌧ = @( 6 H)/@(2⇡f) the
corresponding group delay (with 6 H the phase of H), the
normalized group delay ⌧̃ = (⌧ � ⌧0)/T can be written as

⌧̃ =

K(K � cos�'+K cos�')

2K2
cos�'� 2K cos�'� 2K + 2K2

+ 1

(2)

where T is defined by Eq. (1), ⌧0 is the minimum de-
lay, associated to the shortest branch of the interferometer,
�'(f) = 2⇡f�L/c + � is the phase difference between the
light propagating in the two branches of the device, f is the
light frequency, and � is a constant phase shift applied through
the phase shifter integrated in the interferometer [see Fig. 1].
Changing � the transfer function of the delay line is tuned in
the spectral domain. The minimum group delay ⌧ = ⌧0 hence
corresponds to ⌧̃ = 0 while ⌧̃ = 1 corresponds to ⌧ = ⌧0
+ T, the maximum group delay obtained travelling through
the longest branch of the interferometer. The simulation of
the intensity transmission |H|2 of the circuit is reported in
Fig. 2(a) while Fig. 2(b) shows the normalized group delay
⌧̃ . Both are reported as function of the normalized frequency
˜f = (f � f

o

)/FSR for different values of K from 0 to
1 and neglecting propagation losses. f

o

is a frequency such
that �'(f

o

) = (2N + 1)⇡, with N integer. According to the
scheme shown in Fig. 1, when K = 0 the entire input power is
coupled to the shortest branch of the Mach-Zehnder and then
to the output port. The power transfer function and the group
delay are hence spectrally flat, |H|2 = 1 and ⌧̃ = 0 [yellow
lines]. Increasing K, input power is subdivided between the
two arms of the interferometer and recombined at the output

K=0.0

K=0.1

K=0.2

K=0.3

K=0.4

K=0.5

K=0.6

K=0.7

K=0.8

K=0.9

K=1.0

(a)

(b)

-1.5       -1.0      -0.5          0         0.5        1.0       1.5
Normalized frequency f

0
-5

-10
-15
-20
-25
-30Po

we
r t

ra
ns

m
iss

io
n 

[d
B]

2.0
1.5
1.0
0.5

0
-0.5
-1.0No

rm
. g

ro
up

 d
el

ay
 

B̃

∼

Fig. 2. Simulation of (a) the power transfer function |H|2 and (b) the
normalized group delay ⌧̃ = (⌧ � ⌧0)/T of the delay line as function of the
normalized frequency f̃ = (f � f

o

)/FSR. Dashed lines mark the operative
frequency of the device while B̃ is the normalized 3-dB bandwidth.
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Fig. 3. (a) Normalized group delay and (b) bandwidth-delay product calculated at f̃ = 0 as function of the coupling coefficient K. (c) Group delay dispersion
as funcition of the normalized frequency for the value of K that generates the minimum bandwidth. Data are reported for the Mach-Zehnder delay line [blue
solid curve], an all-pass ring resonator used out of resonance [red dashed line] and the same ring used at the resonance frequency [yellow dot-dashed line].

with the same coefficient. For this reason, maxima and minima
appear on the power transfer function and group delay of the
device [green to blue marks]. The deepest notches in the power
spectrum are reached with K = 0.5, that causes the group delay
to be again spectrally flat with ⌧̃ = 0.5. With K = 1 light travels
only on the longest branch of the Mach-Zehnder and leaves
again the interferometer from the bar port. In this case |H|2
= 1 and ⌧̃ = 1 [yellow lines]. The same behaviour can be
obtained also using the other bar state (entering and leaving
the device from the two upper ports in Fig.1), with the only
difference that ⌧̃ changes from 1 to 0 when K increases from
0 to 1.

Interestingly, at the frequency f
o

(corresponding to ˜f = 0,
represented in Fig. 2 with dashed lines) the intensity transfer
function of the delay line is constant and does not depend on
K. We can hence define f

o

as the operative frequency of the
device. At this operative frequency, the group delay is linearly
dependent on K, as can be easily demonstrated through Eq.
(2):

|H(f
o

)|2 = 1, ⌧̃(f
o

) = K. (3)

For this reason, if the bandwidth of the signal travelling
through the delay line is sufficiently small, its delay can be
changed in a continuous manner between ⌧0 and ⌧0 + T
without introducing any extra loss or filtering effect due to
variations of the coupling ratio K hence leaving the signal
undistorted. For this structure the normalized 3-dB bandwidth
around f

o

as indicated in Fig. 2(a) can be calculated as

˜B(f
o

) =

B(f
o

)

FSR
=

1

⇡
arccos

"
(K � 0.5)2

K(1�K)

#
. (4)

As expected, the minimum bandwidth is reached at K = 0.5,
where ˜B(f

o

) = 0.5 (corresponding to B(f
o

) = FSR/2) and
⌧̃(f

o

) = 0.5 (⌧(f
o

) = T/2).

B. Performance and Comparison with Ring Resonators

The performance of the proposed delay line is evaluated
here with a general approach in terms of maximum delay
tunability, bandwidth and induced dispersion on the signal with
respect to the widely exploited delay lines based on optical
all-pass ring resonators. The Mach-Zehnder-based delay line

exhibits a larger bandwidth-delay product (i.e. a larger band-
width for a given delay) and a smaller dispersion compared
to ring resonators. The ring delay line considered for the
comparison has a single ring resonator equipped with a tunable
coupler that allows to control the amount of optical power
K coupled in and out of the resonant cavity. Also for this
structure the normalized group delay as function of frequency
and coupling coefficient K can be analytically calculated [22].
The comparison is done through normalized quantities and
hence the actual unbalance of the Mach-Zehnder and length
of the ring do not play a role and results can be applied to delay
lines of any length. In both cases losses are neglected. Since
in the ideal case taken into account here the 3-dB bandwidth
cannot be defined for an all-pass filter, the bandwidth is
measured directly on the spectrum of the group delay response
for both the ring and the Mach-Zhender. In particular, the
normalized bandwidth is defined as the difference between
the two normalized frequencies around ˜f = 0 (the operative
frequency) where the delay ⌧̃ drops by 5%.

The dependence of the normalized group delay ⌧̃ on the
coupling coefficient K at the operative frequency of the delay
lines is shown in Fig. 3(a). Blue line refers to the Mach-
Zhender interferometer. As already discussed, in this case ⌧̃ =
K meaning that the group delay changes linearly with K from
⌧0 to ⌧0 + T. For the ring, two different operative frequencies
are considered. The first one is the off-resonance frequency,
such that the round-trip phase delay of the ring is equal to
(2N + 1)⇡ [red dashed line]. At this frequency the group
delay of the ring has its minimum and is not affected by the
resonance. When K = 0 light does not couple in the ring and
just travels in the bus, experiencing the minimum delay. When
K = 1 all the light is coupled in the ring and back in the bus
after a single round-trip, experiencing the maximum delay.
The behaviour is hence very similar to the Mach-Zehnder
structure and ⌧̃ grows from 0 (with K = 0) to 1 (with K =
1). The difference is that for the ring the dependence on K
is highly non-linear. The second possible operative condition
for the ring is the resonant frequency, such that the round-
trip phase delay is equal to 2N⇡ [yellow dot-dashed line]. On
resonance, the group delay of the ring has its minimum ⌧̃ = 1
when K = 1 and steeply increases with decreasing K. For the
Mach-Zhender, the minimum normalized bandwidth (defined
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Fig. 4. Simulation of the power transfer function |H|2 with propagation losses
for (a) the Mach-Zehnder delay line and (b) the all-pass ring resonator. Pos-
sible operative frequencies are marked with dashed lines (both on-resonance
and off-resonance conditions are highlighted for the ring).

on the group delay) is about 0.31, reached for K equal to
0.25 and 0.75. For the ring resonator used out of resonance,
minimum normalized bandwidth of 0.22 is reached at K '
0.9. On resonance, the ring has an almost null normalized
bandwidth with K ' 0 (ideal case without losses). On-
resonance operation hence guarantees the largest continuous
delay tunability but at the expense of narrow bandwidths [10].

In order to better compare the performance of the considered
delay lines in terms of delay and bandwidth (calculated
on the group delay spectra), Fig. 3(b) shows the value of
the bandwidth - delay product as function of the coupling
coefficient K for the three cases. As can be seen, a ring-
resonator-based delay line has a product value that is almost
identical when used in resonance or off resonance [red dashed
and yellow dot-dashed line, respectively]. The bandwidth -
delay product slowly grows with K up to about 0.15 (excluding
values of K either close to 0 or close to 1). The larger group
delay of the ring when used at the resonance frequency is
compensated by a narrow bandwidth while off resonance the
opposite condition apply: a lower group delay is guaranteed
on a much larger bandwidth. The delay line based on a Mach-
Zehnder interferometer has a bandwidth - delay product that
is always larger than that of the ring and grows with K. The
product goes to infinite for K = 0, K = 0.5 and K = 1 because
for these values the bandwidth (defined on the group delay) is
infinite. For a given value of the group delay, the bandwidth
of the Mach-Zehnder delay line is hence always larger than
the bandwidth of a ring-resonator-based delay line, even when
used out of resonance.

Figure 3(c) shows the value of the normalized group delay
dispersion @⌧̃/@(2⇡ ˜f ) as function of ˜f . Dispersion is cal-
culated in the three cases at the value of K that gives the
minimum value of the bandwidth (K = 0.75 for the Mach-
Zehnder, about K = 0.9 for the ring out of resonance and

Tunable coupler Tunable coupler

Unbalance 

Frequency tuning

InP
Q 1.7 m

2 m
1 m

500 m

Fig. 5. Photograph of the realized Mach-Zehnder-based tunable delay line.

K close to zero for the ring used at the frequency of the
resonance). The value of the bandwidth (defined on the group
delay spectra) is reported for the Mach-Zehnder and off-
resonance ring. For all the three cases the dispersion is zero
at the operative frequency of the delay lines ( ˜f = 0). As
expected, the ring resonator used on resonance [yellow dot-
dashed line] exhibits a very high dispersive behaviour around
˜f = 0. On the contrary, the Mach-Zehnder [blue solid line] and
the off-resonance ring [red dashed line] have a much smoother
and similar dependence of the dispersion on the frequency.
The maximum dispersion for the Mach-Zehnder is reached
around ˜f = 0.4 and it is equal to about 0.5. The ring has a
maximum dispersion that is almost twice that of the Mach-
Zehnder at the same frequency. In general, the dispersion of
the Mach-Zehnder is always lower than the dispersion of the
off-resonance ring.

Lastly, the effect of propagation losses on the intensity
transmission |H|2 of both the Mach-Zehnder and the all-pass
ring is shown in Fig. 4 for several values of the coupling
coefficient K between 0 and 1. As an example, during the
simulations a differential attenuation between the two arms of
the Mach-Zhender of about 0.7 dB was considered. Likewise,
the considered round-trip loss of the ring is about 0.7 dB. The
operative frequencies for the two devices are marked with
dashed lines. Light travelling in the all-pass ring resonator
experiences a considerably high attenuation at the resonant
frequency, in particular when the coupling coefficient K is
close to the critical coupling condition. This actually limits
the maximum delay that can be practically achieved with this
structure. On the contrary, when light is at the off-resonance
frequency of the ring, the differential attenuation between
the two conditions K = 0 and K = 1 is only due to the
propagation losses of a single round-trip in the ring and it is
hence much smaller. The same is true for the Mach-Zehnder-
based delay line, where the differential attenuation is related to
the difference between the propagation losses for the two arms
(and hence to the unbalance). In this case the the insertion loss
grows linearly with K. The dependence of the group delay on
the coupling coefficient K is similar to the lossless case shown
in Fig. 3(a) except for the critical coupling condition of the
ring that changes for different values of round-trip loss.

III. CIRCUIT FABRICATION AND EXPERIMENTAL RESULTS

Figure 5 shows the photograph of the tunable optical delay
line fabricated through a JePPIX Multi-Project Wafer Run [23]
on an InP-based technological platform [24]. As shown in the
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Fig. 6. (a) Power transmission at the bar and cross ports of the tunable coupler
as function of the driving current. The schematic of the tunable coupler is
shown in the inset. (b) Power spectrum of the cross port of the coupler for
two different values of the fed current.

inset, the exploited waveguide is rib-shaped with 1 µm-thick
InGaAsP core (Q) on top of the InP substrate, etch depth
of 1.7 µm and no top cladding. Waveguide width is 2 µm
and chip facets are covered with an anti-reflective coating
guaranteeing a reflection coefficient smaller than 0.1% at �
= 1550 nm [8]. Expected propagation losses of the exploited
waveguides are about 2 dB/cm [24]. The minimum radius
of the designed bent waveguides is 150 µm. The tunable
couplers are realized through two additional balanced 2x2
Mach-Zehnder interferometers with 3-dB MMI couplers and
250-µm-long thermo-optic phase shifters, as shown also in the
inset of Fig. 6(a). The same phase shifter is integrated also on
one of the arm of the unbalanced Mach-Zehnder to tune the
operative frequency of the delay line. Two delay lines were
realized with an unbalancing �L of 10.5 mm (long delay line)
and 1.275 mm (short delay line) [Fig. 5], respectively. In both
cases the total length of the device is comprised between 3.5
mm and 4 mm. As discussed in section II-A, the device has
two input ports and two output ports but for the purposes
of this work it is used as a 1x1 device in bar state. The
unused output port (cross state) could be exploited to provide a
feedback for the tuning and locking of the operative frequency
of the delay line (e.g. minimizing the power at the cross output
port).

A. Characterization of the Tunable Coupler

The transfer function of the designed tunable coupler based
on a balanced Mach-Zehnder interferometer was characterized
on an isolated test device identical to that integrated in the
delay lines. Figure 6(a) reports the normalized power trans-
mission of the bar [blue dots] and cross ports [orange dots]
of the coupler as function of the current Ic fed into the phase
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Fig. 7. Measured group delay as function of the current Ic fed to the tunable
couplers for the delay line with �L = 10.5 mm [blue squares] and �L =
1.275 mm [orange circles]. Blue solid line and orange dashed line represent
the fit with a squared cosine function in the two cases.

shifter at � = 1550 nm for TE polarized input light. The same
results were obtained for the TM mode. Blue solid and orange
dashed lines represent the fit performed on the experimental
data at bar and cross ports with a squared sine and squared
cosine functions, respectively. The normalized power at the
cross port represents the power coupling factor K used in Sec.
II. Despite this device is expected to couple all the power to
the cross port when the phase shifter is not used, the realized
device is almost on the opposite condition, with 85% of the
power on the bar port for Ic = 0 mA. For Ic = 34 mA power
is completely coupled at the bar output port (K = 0), with Ic =
60 mA the 3-dB condition is reached (K = 0.5) while at about
Ic = 75 mA input power is coupled to the cross output port (K
= 1). This behaviour is well repeatable over different identical
tunable couplers realized on the same fabrication run along
with the tunable delay lines. Figure 6(b) shows the measured
power transmission spectra at the cross port for Ic = 57 mA
(close to 3-dB condition, dotted line) and Ic = 73 mA [solid
line] for TE mode. As can be seen the behaviour of the coupler
can be considered constant over a bandwidth of at least 60
nm, much larger than the operative bandwidth of the designed
delay lines, with only a smooth wavelength dependence that
is almost invariant for different fed currents. The same results
were obtained at the bar port and for different current values.

B. Tunable Delay Line

In order to characterize the functionality of the delay lines,
input and output ports were selected as represented schemati-
cally in Fig. 1. The responses of the two realized devices were
measured by means of an Optical Vector Analyser that allowed
to characterize both the power transmission spectrum and the
phase spectrum, that was then used to retrieve the group delay
spectrum. During the measurements, the same current Ic was
fed to the two tunable couplers of the delay lines to obtain
the same K value. The shift of the operative frequency due
to the thermal tuning of the couplers (thermal cross-talk) was
compensated through the phase shifter integrated on the short
branch of the Mach-Zehnder.
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Fig. 8. (a) Power transmission spectrum and (b) group delay spectrum for
the Mach-Zehnder delay line with an unbalance �L = 10.5 mm

The realized long delay line has an unbalance between the
two arms of the Mach-Zehnder of 10.5 mm, corresponding to
an expected group delay variation for the TE polarized mode
of about 123 ps. The measured group delay as function of the
current Ic fed into the couplers at the operative wavelength
�
o

= 1534.96 nm for TE polarized input light is shown in
Fig. 7 with blue square marks, normalized to the minimum
measured delay. Solid blue line represents the fit performed on
the experimental data with a squared cosine model. As can be
seen, results reported in Fig. 7 are in very good agreement with
the characterization of the isolated tunable coupler [Fig. 6,
dashed orange line], confirming the linear relationship ⌧(f

o

) =

⌧0+TK between the group delay and the coupling coefficient.
The minimum delay is achieved with a Ic ' 24 mA (K = 0),
causing light to travel in the shortest branch of the Mach-
Zehnder interferometer. On the contrary, light travels only in
the longest branch of the delay line (maximum delay) for Ic
' 78 mA (K = 1). The measured variation of the group delay
at the operative wavelength is about 124 ps, corresponding to
a FSR of 8.1 GHz, in accordance with the designed value.

The normalized power transmission and group delay spectra
measured for the device between � = 1534.8 nm and �
= 1535.1 nm are shown in Fig. 8 (a) and (b) for some
current values (TE mode). The dashed black lines mark the
operative wavelength �

o

= 1534.96 nm. The measured spectral
behaviour is in agreement with the simulations shown in Fig.
2. For Ic = 23 mA (K ' 0) power transmission and group
delay are almost wavelength independent and the latter is at
minimum [yellow lines]. In this condition (light travelling in
the shortest branch of the delay line), the estimated overall
insertion loss of the device is about 5 dB, excluding fibre
coupling losses. Increasing the applied current (and hence
K), maxima and minima appear in the spectra [green to
blue marks]. At the operative wavelength normalized power
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Fig. 9. Power transmission spectra of the delay line with �L = 1.275 mm
for TE (blue solid line) and TM (orange dashed line) polarized input light.

transmission is almost constant while group delay steadily
increases. For Ic = 59.5 mA (K ' 0.5) the deepest notches
appear in the power spectrum while the group delay is almost
spectrally flat at a level that is half of the maximum tuning
allowed by the device (62 ps). With Ic = 76.2 mA (K
' 1), both power transmission and group delay are again
wavelength independent and the latter reaches the maximum
of 124 ps [yellow line]. At Ic = 59.5 mA, the 3-dB bandwidth
measured on the power transmission spectrum around the
marked operative wavelength is 4.45 GHz.

Similar results were obtained also with the short delay line,
as reported in Fig. 7 with orange circles for TE polarized
mode. Results of the fit with a squared cosine model are
reported with a dashed orange line. In this case the unbalance
of the Mach-Zehnder is �L = 1.275 mm, with a designed
tunability of the group delay of 15 ps. The behaviour of the
delay line is the same of the previous case, with an operative
wavelength �

o

= 1535 nm. The maximum measured delay
variation of 14.9 ps is reached at Ic ' 79 mA (K ' 1) and
corresponds to a FSR of 67.06 GHz. The spectral behaviour
is very similar to that reported for the first delay line and
in well agreement with the simulations. At Ic = 59.5 mA (K
' 0.5), the 3-dB bandwidth around the operative frequency
is about 35 GHz (again measured on the power transmission
spectrum). As expected, this device can be used to control the
delay of signals with a much wider bandwidth compared to
the 10.5-mm-unbalanced device, at the expense of a smaller
tunability range.

C. Polarization Dependence

The delay line with �L = 1.275 mm was exploited to
characterize the dependence of the device to the polarization
of the input light. Polarization conversion is not expected to
be a particular issue for the exploited waveguide and bending
radius [Fig. 5] and it is hence neglected [8]. Figure 9 reports
the measurement of the power transmission spectra for the
TE and TM polarized input modes with Ic = 59.5 mA (K
' 0.5). Measurements were performed with exactly the same
condition of the experimental setup, including fibre alignment.
Polarization dependent loss (measured on the maxima of the
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Fig. 10. Propagation delay control of a 10 Gbit/s OOK NRZ signal through the
proposed delay line with �L = 1.275. (a) Experimental setup. (b-d) Measured
eye diagrams when the current fed to the two tunable couplers is 0 mA
(minimum delay), 59.5 mA (delay increased of about 7.4 ps) and 76.2 mA
(maximum delay increase, 15 ps).

two spectra) is in the order of 1.4 dB. This value was measured
also on different devices on the same samples and is mainly
due to a slight difference on the coupling efficiency at chip
facets. The wavelength shift between the two spectra is 1.12
nm, corresponding to a birefringence of the effective indices of
about 2.6·10�3, that is in good agreement with the simulation
results for the considered waveguide. Lastly, TE and TM FSR
are 67.06 GHz and 67.13 GHz, respectively. The measured
group index birefringence is hence about 4·10�3 (again in
good agreement with simulations), leading to a negligible
differential group delay of about 20 fs, that is 0.1% of the
maximum obtainable delay variation. With the same group
index birefringence, the long delay line with �L = 10.5 mm
exhibits again a negligible differential group delay between
the two polarization states of about 0.14 ps.

D. Continuous Control of the Delay with 10 Gbit/s Signals

The proposed optical delay line was finally tested within the
transmission system sketched in Fig. 10(a). A 10 Gbit/s OOK
NRZ channel was generated at a wavelength around 1535 nm
and after polarization adjustment was coupled to the short

delay line. The minimum bandwidth of the device, larger than
30 GHz [Sec. III-B], is sufficiently wide to avoid any distortion
to the transmitted impulses. At the output, the channel was
collected and sent into an optical oscilloscope after amplifi-
cation and filtering. Through the controller, several working
points were selected for the delay line, with Ic comprised
between 0 mA and 76.2 mA. The operative wavelength was
tuned by means of the phase controller integrated in the Mach-
Zehnder. Figures 10(b-d) show the eye diagrams measured
at the oscilloscope for different currents fed into the tunable
couplers. As can be seen, a good eye-opening is preserved
in all the cases without any degradation related to a tuning
of the control current. Consistently with the characterizations
shown in Sec. III-B, the delay of the transmitted signal can
be continuously controlled up to a maximum of about 15
ps without distortions, confirming the functionality of the
proposed delay line.

IV. CONCLUSION

In conclusion, we have proposed and experimentally demon-
strated an integrated device implementing a non-resonant
optical delay line. Exploiting a Mach-Zehnder interferometer
equipped with two tunable couplers, this solution allows to
obtain true-time delay operation on a bandwidth consistently
larger than ring-based delay lines, reducing the induced disper-
sion and limiting the effect of propagation losses. The group
delay is continuously tuned by varying the coupling ratio of
the two couplers of the same quantity, preventing amplitude
modulations due to the reconfiguration of the delay line. The
experimental characterization of the realized device proved a
group delay tunability up to 125 ps and the functionality was
exploited also to control the delay of a 10 Gbit/s data stream.
Larger delays could be easily obtained properly designing the
unbalance of the Mach-Zehnder to obtain a trade-off between
delay and operational bandwidth.
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