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ABSTRACT 
 

A novel optoelectronically-controlled wideband 2-D phased-array antenna system is demonstrated. The inclusion of 
WDM devices makes a highly scalable system structure. Only (M+N) delay lines are required to control a M×N array. 
The optical true-time delay lines are combination of polymer waveguides and optical switches, using a single polymeric 
platform and are monolithically integrated on a single substrate. The 16 time delays generated by the device are 
measured to range from 0 to 175 ps in 11.6 ps. Far-field patterns at different steering angles in X-band are measured. 
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1. INTRODUCTION 
 
Next generation capabilities of microwave fiber optic systems include true time delay (TTD) beamforming, tunable 
microwave filtering, and signal processing. Radar system can benefit significantly from the low loss and EMI immune 
remoting, reduced size, weight and mechanical flexibility of a microwave fiber optic system. A key photonic integrated 
circuit module is a scalable, integrated optical delay line with fast reconfiguration time. 
 
Many optical schemes have been proposed to take advantages of an optical feed for true-time delay, including acousto-
optic (AO) integrated circuit technique [1-3], Fourier optical technique [4-6], bulky optics techniques [7-12], dispersive 
fiber technique [13-17], fiber grating technique [18-19], and substrate guided wave techniques [20-22]. Time delay 
modules utilizing the AO technique are considerably compact and integrated.  However, this approach has a relatively 
limited bandwidth. Fourier optical technique is capable of rapid and high-resolution beam steering with only azimuth 
and elevation commands and no digital processing. However, this method is not a broadband true-time delay 
technology, because the optical frequency needs to change with the RF frequency of the antenna to maintain the correct 
phase ramp period for a certain steering angle. The drawbacks of the bulk optics approach are large space requirement 
and alignment maintenance. Increased maximum time delay will require more space, so the total size of the TTD 
control unit will be massive. Dispersive fiber technique is quite effective in power consumption and space consumption. 
However, it is relatively difficult for this technique to produce large enough time delays, since it requires excessively 
long dispersive delay lines. Bragg fiber grating technique can be used only for microwave signals of less than 1 GHz. 
The waveguide loss is a limiting factor of substrate guided wave techniques. Furthermore, when the above technologies 
are used in large 2-D phased-array antenna (PAA) systems, the entire system will be bulky and not practical.  
 
We demonstrate an innovative 2-D PAA systems controlled by monolithic TTD module based on polymer platform in 
this paper. The inclusion of WDM devices makes a highly scalable system structure. Only (M+N) delay lines are 
required to control a M×N array. Offset and trench structures are introduced to reduce bending loss of waveguides.  
Total internal reflection (TIR) thermo-optic switches are designed and fabricated. Compact TTD devices are obtained 
through the monolithic integration of the TIR switches and waveguide delay lines. The delay device is then integrated 
into the 2-D PAA system for beam steering measurements. 
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2. 2-D PAA SYSTEM STRUCTURE 
 
The scalable 2-D PAA system structure is illustrated in Fig.2.1. RF signals are injected simultaneously onto multiple-
wavelength optical carriers that have been multiplexed through WDM. The signals are dynamically routed in TTD units 
through integrated high-speed optical switches. The PAA structure can support tens of simultaneous beams. 
Reconfigurability is achieved through the incorporation of the optical switch in the TTD lines. The inclusion of WDM 
devices makes this structure highly scalable. The delay signals are encoded by the first stage of MUX, and are decoded 
by the second stage of DMUX, so that only (M+N) delay lines are required to control a M×N array. The optical true-
time delay lines are combination of polymer waveguides and optical switches, using a single polymeric platform and are 
monolithically integrated on a single substrate. Due to the wide range of time delays achievable from the switched TTD 
lines, the phased-array antenna can support ultra-wide instantaneous bandwidth from hundreds of MHz to hundreds of 
GHz. We use 6 MUX/DMUX modules and 4 plus 4, totally 8 true time delay module to control a 4x4 sub-array. 

 
 

Fig.2.1 Schematic diagram of the 2-D scalable true-time delay PAA.  

 
The optical-switch-based reconfigurable true-time delay line is detailed in Fig.2.2. Reconfigurability is built into the 
structure by combining the polymer waveguides and optical switches. Using optical switches, various time delay values 
are achieved with a minimum number of hardware devices. For example, we can achieve 10242 =N  time delay values 
with 10=N  segment waveguides. The differential delay time through one TTD line is  
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jlS ,
 is the state of the j-th optical switch in the l-th TTD unit.   

 
Fig.2.2 Schematic diagram of a reconfigurable true-time delay line. 
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3. OPTICAL TIME DELAY LINE FABRICATION 
 
The fabrication is discussed in two parts, one is the low loss waveguide, the other is the 2x2 optical switch array. 

3.1. Low bend loss curvature waveguide fabrication 
In order to have a small footprint, curved waveguide must be used in the time delay circuit. There are two kinds of 
losses related to curved waveguides. One is the radiation loss at the junction, due to the difference of the guided modes 
in straight and curved waveguides. The other is power dissipation or “pure bending loss” when light travels down a 
bend of constant radius. To reduce the junction loss, the overlap integral of the straight segment and curved segment 
modes can be maximized by varying the offset between the two modes, and therefore the two segments [23], as in 
Fig.3.1. Placing a trench outside the curved waveguide can reduce the pure bending loss. This trench prevents light from 
spreading outward toward larger radii, thus improving beam confinement [24]. We took into account both of these 
approaches and optimize the position of waveguide offset (WO), trench offset and the size of the trench, on the delay 
line topology shown in Fig.3.1. 

 
Fig.3.1 Left: Original delay line topology, right: Modified delay line structure with waveguide offset and trench. 

 
The trench depth is 20 µm and width is 20 µm with an index of 1.0. Various trench offsets were simulated and the 
results are drawn in Fig. 3.2. The simulated values suggest that for bend radii greater than 4 mm the use of trenches and 
offsets have an insignificant effect on the insertion loss. However, for small bend radii of less than 4 mm, trenches 
improve the bend loss performance significantly. Based on a 7-µm trench separation, waveguide offsets were introduced 
and optimized. As can be seen in Fig.3.3, the waveguide offsets further decrease the propagation loss. We measured the 
insertion loss of a fabricated 180˚ bend with 1.5 mm radius. The insertion loss was reduced from 17.74 dB to 2.43 dB, 
with optimized waveguide offsets and an air trench. The combination of trenches and offsets can result in smaller radius 
bends having less insertion loss than bends with greater radii because of smaller propagation losses. For the polymer 
waveguides tested, the bend radius can be reduced to approximately 1.5 mm without significant increases in the loss, a 
50% bend radius reduction over the standard waveguide bend. 
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Fig.3.2 Simulated bend loss versus bend radius and trench offset. 
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Fig.3.3 Simulated bend loss under different offset conditions. 

3.2. 2x2 thermal optical (TO) switch fabrication 
Fig.3.4 shows the schematic diagram of the TO total internal reflection (TIR) switch. The refractive indices of the 
cladding and core are 1.45 and 1.46 respectively, and the waveguide dimension is 6.5×6.5µm2. The separation between 
the input and output waveguide is 250µm, which is compatible with a standard fiber array. The radii of the bent 
waveguides are 10mm, which will cause negligible bending loss and guided mode perturbation. The bent waveguides 
are then connected by two tapered width waveguides to form an X junction. The electrode heater, which is formed by a 
thin gold film, is set at the crossing point of the symmetric X junction. Then enlarged square pads were formed to apply 
the current probe. Fig.3.5 (a) shows the microscopic picture of the fabricated TIR switch. Fig.3.5 (b) shows an SEM 
picture of a portion of the crossing waveguide after RIE. The insertion loss was measured to be 2.8dB. The switching 
time of the TIR switch is mainly determined by the thermal conductivity of the polymer. We used a square waveform 
with amplitude of 1.2V and offset at 0.6V to drive the heater and frequency at 200Hz. The optical response in the two 
output channels has a rise and fall time of 1.5ms and 2ms, respectively. 
 

                                                       
Fig.3.4 Schematic diagram of the TO TIR switch. 

 
 

        
(a)                                                         (b) 

Fig.3.5 (a) microscopic picture of the TO switch (b) SEM of the crossing waveguide. 
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Fig.3.6 shows the optical power in the cross and bar ports as a response to the electrical driving power. The tested 
switch, with a half branch angle of 4°, has a crosstalk of -31dB in the cross state, and the power consumption, which is 
also called static power, is zero. This is a profitable feature since it can reduce the average power consumption by half 
in real applications. When the driving power increases, the optical power in cross port will decrease and the optical 
power in the bar port will increase simultaneously. Eventually, the switch will reach the bar state. Here we define the 
driving power at which we get maximum optical power in the bar state as the switching power. It is 44mW in Fig.3.6. 
The total resistance including the pads and lead lines is 48.0Ω and the resistance of the heater is 39.1Ω. The thermal 
efficiency is estimated to be 81.5%. 
 

 
Fig.3.6 The switching characteristics of the TIR switch. 

 

 

4. 4-BIT TIME DELAY DEVICE CHARACTERIZATION 
 
The 4-bit time delay device is capable of providing 16 time delay values, measured to range from 0 to 175 ps in 11.6 ps 
increments. The first and the last two states are shown in Fig.4.1. We measured the time delay value of all 16 cases. 
Designed and measured time delay values are compared in Fig.4.2, with a maximum derivation of 1.4%. 
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                     Fig.4.1 The first and the last two states.    Fig.4.2 Comparison of designed and measured time delay values. 
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5. FAR FIELD PATTERN OF THE 2-D PAA SYSTEM 
 
First we calibrate a 3-element sub-array at 0°. Then we program the optical switch “on” and “off” states to provide time 
delays for each antenna element for 15.5° and -15.5° beam steering. The measured far field patterns are shown in 
Figs.5.1 (a) and (b). The Figs illustrate the beam steering effect. The elements of sub-array we use are not uniform. 
Therefore we used the average date as the calculation data, which is shift a little bit from the demonstrated value.   
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(a)                                                                                                (b) 

Fig. 5.1 Far field patterns at 15.5° and -15.5°. 
 

6. CONCLUSION 
 
A 2-D PAA system controlled by optical true time delay circuit is designed and evaluated, which dramatically reduce 
the number of hardware required. An optical time delay device, incorporating low loss waveguide and 2x2 TO switches, 
is designed and fabricated. By choosing the correct trench and offset design parameters, the bend radius of low index 
contrast polymer waveguides can be reduced by 50% or more. Low insertion loss optical switches are integrated on the 
circuit, with a switching speed of 2ms. The time delay circuit can be utilized in signal processing, radar beamforming, 
and various other applications. 
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