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Abstract 
 

A novel 1-to-64 (6-bit (2
6
)) optical true-time delay module that can provide linear 

time delays ranging from 0 to 443.03 picoseconds is presented. The bandwidth of the fully 

packaged module is determined to be as high as 539 GHz. This true-time delay module is 

employed to control an eight-element K-band phased array antenna system. Far field 

patterns covering 18 GHz to 26.5 GHz are measured and compared with the simulated 

results to verify this module’s wide instantaneous bandwidth. This module can be 

employed to control phased array antennas working at 5 GHz – 40 GHz. 

 

  Index Terms–Phased array antenna, true-time-delay, substrate guided wave, holographic 

optical element. 

 

I. INTRODUCTION 

Phased array antennas (PAAs) have the advantages of low visibility, high directivity 

and quick steering. Each antenna element of a phased array antenna must have the correct 
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phase condition to accomplish the desired beam scanning. However, the conventional 

electrical phase trimmer technique is an intrinsic narrow band technique that introduces 

beam squint. Recently, there has been growing interest in optical true-time-delay (TTD) 

modules. Optical TTD techniques are promising for squint-free beam steering of PAAs 

with features of wide bandwidth, compact size, reduced weights and low electromagnetic 

interference. Many kinds of optical TTD techniques have been proposed. These include the 

acoustic-optic technique [1], Fourier optics technique [2], [3], wavelength-multiplexing 

technique [4], [5], [6], [7], free space techniques [8], [9], [10], planar waveguide techniques 

[11], [12], fiber delay lines techniques [13], [14], [15], [16], and chirped fiber grating 

technique [17]. However, these modules are for applications with low RF frequencies, 

having higher insertion loss, limited resolution and complicated structures for steering 

control. 

In a previous paper [18], a compact optical true-time-delay module based on substrate-

guided wave structure was demonstrated. Delay intervals were obtained using holographic 

volume gratings that were recorded on a substrate. However, this module is restricted to 

PAAs working at low frequencies, since the delay interval is limited by the height of the 

substrate. Furthermore, large input coupling loss was introduced, which generated 

enormous insertion loss of the module. 

We recently demonstrated an optical true-time-delay module for ultra wideband PAAs 

[19][20], having linear time delay steps ranging from 0 to 443.03 picoseconds. Moreover, 

the specially designed substrate is able to provide control signal for zero degree steering of 

PAAs that the structure in reference [18] unable to provide.  
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In this paper, a new TTD module is fabricated and packaged. The time delay error and 

bandwidth of the packaged device are specified. This module is employed to control an 

eight-element K-band PAA system. The wide instantaneous bandwidth of the TTD module 

is confirmed by measurements of far field patterns covering 18 GHz to 26.5 GHz. 

 

II. STRUCTURE OF THE TTD MODULE 

Fig. 1 illustrates the structure of the TTD module. This module is composed of eight 

sub-units. The optical signal, encoded by a microwave signal, is distributed among the eight 

sub-units using a 1-to-8 splitter. Each of the sub-units has a wedge of 21.5 degrees as 

indicated in Fig. 1. The wedges are coated with total reflect material to ensure that all the 

optical power is coupled into the substrate. The wedge angle introduces a bounce angle that 

is larger than the total internal reflection angle (41.8 degrees) at the interface of the 

substrate (BK-7 glass) and air. Adjacent to each wedge, the height of each sub-unit is 

maintained at the same value of t.  The height of each sub-unit varies after one zig-zag 

bouncing and maintains at a fixed value for the rest of the sub-unit. Heights of the eight 

sub-units after the first zig-zag bouncing are from h1 to h8, with a difference of h∆  between 

adjacent sub-units. The difference h∆  is pre-selected to satisfy the required delay 

combinations. The input signals from single-mode optical fibers are coupled into the 

module using graded index (GRIN) lenses. The substrate-guided wave zigzags within the 

substrate through total internal reflection. A portion of the substrate guided wave is 

extracted out each time the wave encounters the output holographic-grating coupler. The 

extracted optical waves are focused back into optical fibers using GRIN lenses. From Fig. 

1, it can be seen that an eight by eight matrix of time delays is obtained. The position of 
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delay signals in the delay matrix is depicted by (i, j), with i for the row number, j for the 

column number. Assuming the wedge angle is θ , the introduced time delay between 

signals at (i, j) and (k, l) is given by 
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where c is the velocity of light in free space, n the refractive index of the substrate, hi the 

height of the ith substrate, and hk the height of the kth substrate.  

Dupont photopolymer film HRF600*14-20 is used to form the holographic gratings. 

BK-7 glass is employed as the guided wave substrates. The surface dimension of each sub-

unit is 90mm × 11mm. The step height t is equal to 2.6 mm. The height difference 

between the adjacent substrates is 0.147 mm. The heights after the first bouncing of the 

eight substrates are 3.600 mm, 3.747 mm, 3.894 mm, 4.041 mm, 4.188 mm, 4.335 mm, 

4.482 mm, and 4.629 mm, respectively. Therefore, the volume of this module is 90 mm × 

88 mm × 4.63 mm. The eight by eight two-dimensional time delay matrix is shown in 

Table 1. The unit of time delays in Table 1 is picosecond. Time delays are calculated in 

reference to the first column of the delay matrix, providing linear time delays ranging from 

0 to 443.03 picoseconds. If the distance interval of a PAA is equal to half of the working 

wavelength, these time delays can be employed to control PAAs working in the frequency 

range of 5 GHz – 40 GHz.  

The K-band PAA used in the experiment has eight elements with a spacing interval of 

0.3 inch between adjacent elements. By employing the true-time-delay settings for beam-

squint-free phased array steering, we are able to calculate possible degrees of the steering 

of the K-band PAA to be 0, ±4.5
0
, ±9.1

0
, ±13.7

0
, ±18.5

0
, ±23.3

0
, ±28.3

0
, and ±33.6

0
, 
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as long as the columns of the matrix are used to provide delay steps as shown in Table 1. 

Even wider scanning range can be achieved with more sub-units or higher substrates. 

 

III. CHARACTERISTICS OF THE TTD MODULE 

The delay intervals are measured using a FPL-01T femtosecond Er-fiber laser from 

Calmar Optcom Inc., providing optical pulses around 0.2 picoseconds in the vicinity of 

1550 nm. We measured the delay interval between the (1, 8) fan-out and the (8, 8) fan-out. 

As shown in Fig. 2, the measured delay interval is 98.49 ps, which is the same with the 

designed value. 

Since the module may be used in field demonstration, the temperature effect on the 

module needs to be evaluated. The index of BK-7 glass has a temperature coefficient 

( dtdn / ) of 5x10
-6

. When the temperature varies from –25
0
C to 75

0
C (+/-50

0
C deviation 

from room temperature), the index will have a change of +/-0.00025. According to Eq. (1), 

the maximum change of time delay interval happens to the eighth column in Fig. 1, and the 

change is +/-0.0023 picoseconds. This change generates a maximum scanning shift of +/-

1.2 seconds. This error is so small that it will not degrade the system performance seriously. 

In order to determine the maximum frequency range of the microwave signals that can 

be carried by the TTD module, the bandwidth of the packaged device is specified. To 

evaluate the real bandwidth of this TTD module, a femtosecond laser and the Fourier 

spectrum analysis method are employed [21]. A FR-103MN autocorrelator from 

Femtochrome research Inc. is adopted to measure pulse widths before and after passing the 

fully packaged TTD module. Fourier transform of the two pulses generates bandwidth 

information of this TTD module, as shown in Fig. 3, indicating a 539GHz 3dB bandwidth. 
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IV. SYSTEM INTEGRATION AND MEASUREMENTS 

The integrated K-band PAA system is demonstrated in Fig. 4. A microwave signal 

is generated by the heterodyne technique using two external cavity tunable semiconductor 

lasers. The optical carriers are evenly distributed among the eight sub-units of the TTD 

module by a 1-to-8 splitter. Desired time delays are added by this TTD module. In order to 

have a reference plane, a pre-adjustment delay bank is inserted at this point to compensate 

for the different delays caused by devices other than this TTD module. Afterwards, the 

microwave signals are detected by InGaAs high-speed photodetectors. The eight 

microwave signals with correct phase relationship are fed into eight antenna elements 

individually after amplification. The on/off states of photodetectors are controlled by a 

printed circuit board, which also serves as a microwave power uniformity controller. For 

single angle scanning of this K-band PAA, only one column of the fan-out beams from the 

TTD module is utilized. When the module is used as a beamforming network, all 64 fan-out 

beams from the TTD module are fed into 64 photodetectors, and all photodetectors are in 

the “on” states. Furthermore, microwave signals detected from the same row of the TTD 

module are first combined before they are fed to the PAA.  

The optical heterodyne technique is employed to generate K-band microwave 

signals. Two external cavity tunable semiconductor lasers have the same center wavelength 

of 1550nm, same polarization, and a linewidth of 1MHz. Fig. 5 shows the experimental 

result of a 22 GHz RF signal generated by the heterodyne technique. The output power of 

tunable lasers are both -7dBm. The high-speed photodetecter has a DC responsivity of 

0.8A/W. The resulting RF signal power is –30.92dBm, 4dB less than the theoretical value. 
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Far field patterns of the K-band PAA are measured to verify the instantaneous 

microwave broad bandwidth. Various delay combinations are tested. Far field patterns are 

measured at three frequencies, the center frequency (22 GHz) and two edge frequencies (18 

GHz, and 26.5 GHz). Fig. 6 compares the far field patterns at the three frequencies, with 

solid curves and curves with triangles denoting simulated results and measured results 

respectively. Note that in Fig.6, the fifth column of the TTD module shown in Fig.1 is 

employed to provide delay control signals for 18.5
0
 scanning of the PAA. The locations of 

the main lobes covering all K band resulted from simulation and experiment agree very 

well. Furthermore, the PAA scanning angle is independent of microwave frequencies over 

the entire K-band, a primary feature of the true-time-delay approach.   

In practice, information is transmitted in an encoded digital signal format. Therefore, a 

2.5 Gbit/s random digital signal from Agilent 8133A pulse generator is employed to 

evaluate the degradation of the TTD link. The back-to-back Q factor of the 2.5 Gbit/s 

random digital signal is measured to be 50.42, while a Q factor of 10.20 is obtained after 

insertion of the TTD link with the eye diagram shown in Fig. 7. The main reasons for the 

degradation of Q factor and jitter are the noise coming from modulators, lasers, 

photodetectors and amplifiers. The Q factor does not change with scan angle due to the 

passive nature of the TTD module.  

 

V. CONCLUSION 

In conclusion, a novel 6-bit optical TTD module that can provide 0 to 443.03 

picoseconds time delay has been fabricated, packaged and integrated into a K-band PAA 

system. This module is compact, easy to fabricate, and experimentally confirmed to provide 
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a wide instantaneous microwave bandwidth. Furthermore, this module can be employed to 

control phased array antennas working at 5 GHz – 40 GHz. In addition, this module can 

easily scale up for large arrays due to the miniaturization of the structure. 

This research is currently supported by the AFOSR, BMDO, 3M Foundation, and the 

Advanced Technology Program of the State of Texas. 
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Figure captions 

Table 1.  The delay matrix and corresponding scanning angles of the TTD module 

Fig. 1.  Diagram of the structure of the 6-bit TTD module based on substrate-guided wave 

and holographic-grating couplers.  GRIN, graded index. 

Fig. 2.  Measured delay interval between (1, 8) fan-out and (8, 8) fan-out. 

Fig. 3.  FFT power spectrum for the reference and dispersed pulses. 

Fig. 4.  Photograph of integrated K-band PAA system  

Fig. 5.  22GHz RF signal generated by the optical heterodyne technique 

Fig. 6.  Comparison of far field patterns of the PAA at 18.5
0
 scanning angle at three 

different frequencies: 18 GHz, 22 GHz, and 26.5 GHz. 

Fig. 7.  Eye diagram of a 2.5Gbit/s random digital signal after the optical TTD link 

measured by HP 83480A Digital Communications Analyzer 

(a) back to back  (b) after the optical TTD link 
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