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Continuously Delay-Time Tunable-Waveguide
Hologram Module forX-Band

Phased-Array Antenna
Zhong Shi, Yongqiang Jiang, Brie Howley, Yihong Chen, Feng Zhao, and Ray T. Chen, Senior Member, IEEE

Abstract—Tunable optical true time-delay modules based on a
dispersive waveguide hologram are presented to provide contin-
uous radio-frequency beam scanning for an -band (8–12 GHz)
phased-array antenna system. The true time-delay modules oper-
ating in the 1550-nm region were fabricated with continuously tun-
able time delays from 5 to 64 ps. The far-field radiation patterns
were measured with different delay combinations and the conti-
nuity of the scanning angles from 35 to 55 was experimentally
confirmed at -band frequencies.

Index Terms—Grating dispersion, optical true time delay,
phased-array antenna, wavelength tuning.

I. INTRODUCTION

T HE PHASED-ARRAY antenna is one of the key tech-
nologies in modern radar and communication systems. It

offers advantages such as quick and accurate radio-frequency
(RF) beam scanning without physical movement, reduced
weight, and less power consumption. true time-delay tech-
niques are used in phased-array antenna systems to overcome
the frequency squint effect that causes the undesired changing
of the beam-scanning angle. Compared with electrical true
time-delay techniques, optical true time-delay techniques
have better performance in bandwidth and electromagnetic
interference [1], [2]. A waveguide-hologram-based optical
true time-delay technique has been drawing lots of attention
due to the advantages of easy fabrication and large packaging
density [3]–[5]. However, the time delays provided by [3]
and [4] are only partially continuous. Although [5] proposed
a pseudoanalog true time-delay scheme, it is difficult to get
wide continuous-tuning time delays with this scheme due to
the requirement of very large wavelength tuning range up to
hundreds of nanometers.

It is desirable to provide continuous-tuning time delays with
the operating wavelength in 1550-nm region, considering its
real application in a phased-array antenna system. In this letter,
we present an improved wavelength-tuning method in wave-
guide-hologram true time-delay modules to provide continuous
RF beam scanning for an-band (8–12 GHz) phased-array an-
tenna system. The true time-delay modules reported herein can
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Fig. 1. Configuration of the wavelength-tuning hologram waveguide-based
true time-delay modules, consisting ofN discrete glass waveguide strips of
thicknessesh ; h ; . . . ; h , each with the same hologram grating structure on
its top surface. Continuous time delays are achieved by tuning wavelengths in
the different time-delay modules.

provide continuous time delays from 5 to 64 ps. These mod-
ules were fabricated for use in the 1550-nm wavelength region,
which is compatible with the transparent transmission window
of optical communications.

II. PRINCIPLE

The general configuration of the proposed wavelength-tuning
scheme is shown in Fig. 1. The system hasdiscrete wave-
guide stripes with thicknesses of , and , respec-
tively. They are controlled independently by discrete wave-
lengths, . All waveguide stripes have the same
hologram grating structure on the top surface to provide sur-
face-normal fanouts. Therefore, all diffracted beams have the
same diffraction angle in all modules when the incident beams
have the same wavelength. The th fanouts ( : bouncing
number in the substrate) between theth module and the

th module have a time delay at the incident center
wavelength . If the incident wavelength for theth module is
tuned from center wavelengthto , the diffraction angle
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TABLE I
DESIGNED TRUE-TIME-DELAY RESULTS AT DIFFERENT INCIDENT

WAVELENGTHS. THE TIME DELAYS ARE CONTINUOUS FROM 5 TO 64 ps
ACROSS THEWAVELENGTH-TUNING RANGE

becomes and is determined by the dispersion equa-
tion which is derived from the Bragg condition [6]

(1)

This introduces a time delay between and for
the th fanout in the module. is determined by

(2)

Here is the refractive index of the glass substrate. When
the wavelength is tuned from to in the th
module, the diffracted beam has a diffraction angle
of and is also determined by (1). The time delay

between and for the th fanout in
the th module is determined by the same equation as (2)
except substrate thicknessis replaced by . The total time
delay for the th fanout between the adjacent
modules can be continuously tuned as the following equation
depending on the wavelength tuning direction in the different
modules:

(3)

For the time delays to be continuously tuned in the devices,
the maximum time delay from theth output has a fanout equal
to or larger than the minimum time delay from the th
output. Then the following equation should be satisfied:

(4)

With different delay combinations, the proposed scheme is
capable of generating continuous time delays for RF beam scan-
ning. Equation (4) is used to design such parameters of the
true time-delay modules as the diffraction angle at the center
wavelength 1550 nm, thickness difference between modules,
and the total bouncing number in the substrates. These param-
eters should be considered together in the design work. Table I
shows the designed time-delay result for the different fanouts at
the different tuning wavelengths for the two stripes

(a)

(b)

Fig. 2. (a) Experimental setup block diagram for measuring the time delays.
(b) Photo of the experimental system.

having eight fanouts each. The results in Table I show that the
time delay is continuous from 5 to 64 ps within the wavelength
tuning range. The scanning angleof an antenna can be com-
puted from

(5)

where is light speed, is time delay, and is the distance
between adjacent radiating elements which is 2 cm for our case.
The designed beam-scanning angle can be tuned from 4.3to
73 .

III. EXPERIMENTAL RESULTS

To reduce the module size and get sufficient continuous time
delays for an -band phased-array antenna system, a diffraction
angle of 43 was chosen at the center wavelength of 1550 nm.
Using (1), we can get for nm
and for nm. Two modules having
thickness of 4.041 and 4.482 mm were fabricated. The length
of the each module was chosen to provide eight fanouts (

, in our case). To verify the designed result of time delay,
we used the experimental setup shown in Fig. 2(a) to measure
the RF phase versus RF frequency curves. An HP network an-
alyzer (8510C) was used to provide an-band RF signal and
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Fig. 3. Measured results and simulated results of RF phase versus RF
frequency coveringX-band. The time delays can be calculated from the slope
of each curve.

to measure the time delays in the experiment. A Santec tunable
laser was modulated by a LiNbOexternal modulator and the
modulated signal was fed into one of the true time-delay mod-
ules (4.041 mm) or (4.482 mm). After the desired time
delays within the module, the output was fed into the high-
speed p-i-n photodetector connected with postamplifier (PA).
The phase of the electrical signal from the PA was measured
by the HP network analyzer. Fig. 2(b) is a photo of the system
structure. We measured the seventh fan-out for both
modules in the experiment. The results of RF phase versus RF
frequency are shown in Fig. 3. The time delays obtained from
the above measurement are 21 ps at nm for and

nm for , 28 ps at nm for and
nm for , 38 ps at nm for and
nm for , 48 ps at nm for and

nm for , and 55 ps at nm for and
nm for . The measured time delays are indepen-

dent of RF frequency as it can be confirmed through the linearity
of RF phase versus RF frequency curves shown in Fig. 3.

To further verify the functionality of the designed modules,
the radiation patterns of the two radiating elements were mea-
sured across RF -band range. The measurement was made in
the -plane that corresponded to the maximum radiation di-
rection of the antenna. The measured radiation patterns at 11
and 12 GHz are shown in Fig. 4. The void spots represent the
measurement made at 11 GHz and the black spots represent the
measurement made at 12 GHz. The circles represent measure-
ments at nm for both modules, which gives a
beam-scanning angle at 35. The triangles were measured with

nm for and nm for corresponding
to the beam-scanning angle at 46and the squares were mea-
sured with nm for and nm for cor-
responding to the beam-scanning angle at 55. As expected, no
beam squint was found in the experiment. The first null depth is
more than 12 dB for the patterns in Fig. 4. The simulated results
are shown with solid lines for comparison. The simulation was

Fig. 4. Measured and simulated radiation patterns at 11 and 12 GHz under
different tuning wavelengths.

made for a notched antenna used in the experiment at 12 GHz
[7]. Using different fanout combinations can cover all the de-
signed angles in the experiment. By employing more modules,
narrower far-field RF beam width can be achieved.

IV. CONCLUSION

We have proposed an idea of using dispersive waveguide
hologram-based true time-delay modules to provide contin-
uous RF beam scanning for an-band phased-array antenna
system. The designed time delays can be continuously tuned
from 5 to 64 ps. The measured time delays agree well with
the designed values. The radiation patterns across the-band
were measured and the results were shown at 11 and 12 GHz.
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