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A 2-bit polymer waveguide delay device 
using right-angle X junctions
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A 2-bit polymer waveguide delay device composed of right-angle junctions, Mach–Zehnder
thermo-optic switches and bending polymer waveguides is demonstrated. The four path device
and Mach–Zehnder thermo-optic switch are fabricated using direct ultraviolet photolithog-
raphy process. The fabrication procedures are demonstrated. The loss of bending waveguides,
right-angle X junctions and Mach–Zehnder thermo-optic switches is calculated and analyzed.
The near-infrared field guided-mode patterns of the device are obtained. Time delays of the 2-bit
device are measured to be 0, 121.1, 242.3, and 365.7 ps.
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1. Introduction
Optical true time delay (OTTD) technology is a promising technology in ultra-wide
bandwidth phased array antenna (PAA) systems. With this technology, the beam
squint effect can be eliminated, for the beam-steering direction of the phased array
antennas is determined only by the time delay between the different optical elements.
Because the RF signals are transmitted via the optical fiber or the waveguide, the noise
due to the external electromagnetic interference can be greatly reduced. Several OTTD
technologies have been proposed and demonstrated, including acousto-optic (AO)
integrated circuit technique [1–3], Fourier optical technique [4–6], bulky optics tech-
niques [7–12], slow light approach [13, 14], and substrate guided wave techniques
[15–17]. A great deal of materials have been used to fabricate OTTD devices [18–21].
Polymer is considered as promising material, which has adjustable refractive indices,
generally higher thermo-optic coefficients and lower thermal conductivities. Polymer
can be coated on most of the substrates, which can reduce manufacturing costs and
open the possibility of integrating a single chip with active PAA components. 

An OTTD is typically composed of a series of optical delay lines with different
optical paths, and a set of optical switches to select optical paths for a specific time
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delay. A 2-bit polymer OTTD device with delays up to 199.2 ps has been reported with
an insertion loss 9.81 dB [19]. In this paper, we report a 2-bit OTTD device with delays
up to 366 ps. In order to achieve a large time delay between adjacent waveguides in
finite space, a cross spiral waveguide array is introduced. Four Mach–Zehnder (MZ)
thermo-optic switches were involved in the design. SU-8, a negative tone photoresist
from MicroChem, is selected to be the channel waveguide core material. The upper
and under cladding layers are made of a UV-cured resin, Norland Optical Adhesive 61
(NOA-61). The refractive indices of the core, lower cladding and upper cladding
materials are 1.571, 1.547 and 1.547, respectively.

2. Design, fabrication, experiment result
Figure 1 shows the design of the OTTD device. Figure 1a shows schematic of a 1×4
OTTD device in a rectangular chip with dimensions of 1.5 cm×1.8 cm. Numbers 1
and 4 stand for the input and output numbers. The 1×4 OTTD contains a 1×4 splitter.
The spacing between the output waveguide array of the splitter is 40 μm. The angle

Fig. 1. Design of the OTTD devices: schematic of a 1×4 optical delay device (a) and schematic of
a 2-bit optical delay device (b).
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of the Y-branch is less than 1°. There are four paths in our design. Path 1 is a straight
waveguide. The other paths are composed of a bend waveguide and straight wave-
guide. The bend radius of each path is fixed. The bend radii from inner to outer paths
are 1.5, 3 and 4.5 mm. The lengths of straight connection waveguides from the inner
to outer paths are 2.2, 4.4 and 6.6 mm (the corresponding length l is 2.2 mm in Fig. 1a).
We made a design to introduce four MZ thermo-optic switches between two 1×4 OTTD
elements to form a 2-bit optical delay device, as shown in Fig. 1b. The thermo-optic
switch using SU-8 was reported before [22]. The integrated device which overcomes
the topographical constraint can provide 0, 122, 244 and 366 ps time delays in
a 1.5 cm×4 cm rectangular chip.

For OTTD device, the total insertion loss will be the sum of the coupling loss
(including fiber to waveguide and waveguide to fiber) (ICL), the input and output
reflection losses (IRL), the loss from the X junctions (IJL), the bending loss (IBL) from
the waveguide delay lines, the mismatching losses (IML) between bend waveguides
and straight waveguides and the total path propagation loss (IPL). We demonstrated
these losses separately below. The losses of each channel in a 1×4 OTTD are given as:

(1)

(2)

(3)

(4)

Each of the channels 2, 3 and 4 has 4 connections of straight waveguide and bending
waveguides. And the light passes through 7 X-junctions in the propagation in each
channel. The bending loss is also introduced in these channels. So, the optical output
power of the delay channel waveguide is attenuated gradually as the lengths increase.

2.1. Structure of waveguide

In order to reduce polarization sensitivity, the width and thickness of the waveguide
core are selected to be equal. The dimension of the waveguide determines the quantity
of modes in the waveguide and the coupling loss between the single mode fiber (SMF)
and the waveguide. We simulate the coupling loss of the fiber to waveguide versus
the waveguide dimension by beam propagation method (BPM). The coupling loss is
shown in Fig. 2.

The core width and thickness are selected to be both 4 μm to keep single mode,
and the coupling loss is 1.52 dB. The thickness of the upper cladding layer is important
to the loss of the waveguide. We simulate the optical field distribution of the waveguide

Iloss1 ICL 2IRL 3IJL IPL1+ + +=

Iloss2 ICL 2IRL 7IJL IBL2 4IML IPL2+ + + + +=

Iloss3 ICL 2IRL 7IJL IBL3 4IML IPL3+ + + + +=

Iloss4 ICL 2IRL 7IJL IBL4 4IML IPL4+ + + + +=
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profile by BPM. In order to decrease the loss of the waveguide, we should ensure
that the waveguide dimension is larger than the optical field distribution region. So,
the upper cladding layer thickness is selected to be 4 μm.

2.2. Right-angle X junction
Right-angle X-junction with two identical waveguides intersecting at 90° help
overcome the topographical constraint in the design of long-length waveguide device
within a confined area. The structure is shown in Fig. 3; nco is the refractive index of
the core, and ncl is the refractive index of the cladding. The waveguide width is selected
to be 2a.

The transmission coefficient for the fraction of incident power leaving port 2 is
found to be 99.8% in a 4×4 μm2 waveguide using the beam propagation method (BPM)
and a physical model reported before. The loss of the right junction is approximately
0.07 dB. When the angle is larger than 75°, the loss is below 0.13. The total loss of
the X-junctions is 0.91 dB theoretically in the longest channel.

2.3. Bend waveguide
Curved waveguides are widely used in OTTD. The small radius bends are essential to
achieve a higher packaging density of optical component in PICs to improve their

Fig. 2. Coupling loss vs. different waveguide dimensions.
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Fig. 3. The structure of the right-angle junction.
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functionality and reliability. The method of Marcuse is used to calculate pure bending
loss. It can be seen from Fig. 4 that for R = 100 μm, the pure bending loss can be 0.1 dB
per 90° turn. Comparing with the propagation loss, the bending loss is small enough
when the bending radius is larger than 500 μm.

The bend loss is experimentally confirmed to be small. Different radius S-bend
composed of two 90° circular waveguides were fabricated. Figure 5a shows schematic
of the device. The radii from inner to outer paths were 500, 750, 1000, 1250, 1500 μm.
We obtained a near-infrared field of the device in Fig. 5b, with 0.4 mW input power
and in a 2 cm long sample. The losses were all below 10 dB. The result demonstrated
that we can fabricate a device with the bend radius larger than 500 μm.

2.4. Propagation loss

Because of the low junction loss and low bend loss, the variation in insertion loss
between adjacent paths is mainly caused by the different lengths of the waveguide. In
the parameters given above, the propagation loss which is shown in Fig. 6 has been
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Fig. 4. Bending loss of the 4 μm×4 μm waveguide/90°.

Fig. 5. Device of S-bend composed of two 90° waveguides (a); near-infrared field of the device of
S-bend (b).
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calculated experimentally. Propagation loss of straight waveguide is 2 dB/cm. Though
the propagation loss is a bit large, the material is cheap and easy to obtain. By
using new highly fluorinated polymers, the propagation loss can be reduced to
0.07 dB/cm [23]. Then the total loss of the device can be dramatically reduced.

The fabrication process is listed below. An 8 μm thick film (NOA-61) was spin-
-coated (spin speed 4000 rpm, time ~20 s) on silicon substrate. The exposure was
performed at 365-nm wavelength and 300-W Hg lamp power (100 mW/cm2) for 7 min.
A 4 μm thick core film was spin-coated on it (spin speed 3500 rpm, time ~20 s),
prebaked at 60 °C for 10 min and at 90 °C for 20 min to remove any traces of solvent
before exposure. The pattern exposure was performed at 365-nm wavelength and
350-mW Hg lamp power (10 mW/cm2) for 3 min, then a post exposure baking was
performed at 65 °C for 10 min and at 95 °C for 10 min to crosslink the polymer.
The resist is developed in propyleneglygol monomethylether acetate (PGMEA)
for 40 s, rinsed in isopropyl alcohol followed by deionised water, and blown dry to
form the channel waveguides. After that, it is very important to cure the wafer by
baking it at 150 °C for 30 min so that the adhesion between polymeric waveguide
and the buffer layer can be well enhanced and the glass transition temperature Tg can
be increased. To protect the waveguide and accidental scratches, it is necessary to
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Fig. 6. Propagation loss of the waveguide with cladding.

Fig. 7. The SEM of the SU-8 waveguide core.
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spin-coat a 8 μm thick film (NOA-61) as upper cladding. The square waveguide
sidewall roughness value scanned by the AFM was about 0.44 nm [24]. The SEM
picture of the waveguide arrays is shown in Fig. 7.

The near-infrared field patterns of the 1×4 OTTD device are shown in Fig. 8.
The optical output power of the delay channel waveguide is attenuated gradually as
the lengths increase with the input power 2 mW. The extinction ratio of the MZ switch
was –21 dB and the driving power was 10 mW. The switching property of the device
was tested with DC bias. The rise time and the fall time of the switch were 0.9 ms
and 0.6 ms. The loss of the switches is larger than that required in real-life systems,
so they have not been integrated in the 2-bit OTTD system. To test the loss and
time delay of the 2-bit OTTO device, a 1×4 OTTD element and a 4×4 OTTD element
(the same structure without a 1×4 splitter) are integrated. A schematic photograph of
the fabricated OTTD device is shown in Fig. 9. The insert losses of the 2-bit OTTD
device are measured by the AQ8203 optical power meters. The total losses are 7.4,
15.11, 21.15, 27.74 dB.

Exact time delay values between adjacent channels were measured. A continuous-
-wave laser, operating at 1.55 μm, was modulated by a modulator fed by a network
analyzer (HP37269C), which was used as the probe signal. The probe signal was
input to the delay device. A photodetector covering the band frequency range was
used to convert the modulated optical signal to an electrical signal that was fed back
to the network analyzer.

Fig. 8. Near-infrared field of the 1×4 OTTD.
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The delays between adjacent paths were given by the difference of each path.
Figure 10 shows the measured microwave phase versus the frequency sampled from
0 to 6 GHz. The measured time delays of the 2-bit OTTD were 0, 121.1, 242.3, and
365.7 ps at 1550 nm. The experimental uncertainty in the delay measurement is 3 ps
due to the jitter in the network analyzer’s measurement of the phase.

3. Discussion and conclusions
A 2-bit true-time delay line using right-angle X junctions has been designed, fabricated
and evaluated. This true-time delay line is compact, accurate, and easy to fabricate
while providing a wide instantaneous bandwidth. The power consumption of the device
is low. However, the insertion losses of the polymer delay device are currently larger
than those required for actual PAA systems. These losses could be compensated by
integrating with a polymer waveguide amplifier. Future work will include increasing
the number of bits of the device while at the same time reducing the device size and
insertion loss.
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