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Abstract—Miniaturized, delay-enhanced, continuous true-time
delay modules based on the holographic dispersion have been de-
signed, fabricated, and demonstrated to provide squint-free beam
steering for -, -, and -band (8–26.5 GHz) phased-array
antenna systems. A novel symmetric structure is employed in the
system to achieve large delays and high packaging density. The
delay modules operating in the 1550-nm region provide 130 ps of
continuously tunable time delay. Far-field radiation patterns mea-
sured at 18 and 22 GHz have experimentally verified the -band
beam-scanning coverage from 45 to+45 .

Index Terms—Far-field pattern, holographic grating dispersion,
phased-array antenna, true-time delay, wavelength tuning.

I. INTRODUCTION

AS ONE of the key technologies in modern radar and
communication systems, phased-array antennas are

desirable for low visibility, high directivity, quick and accu-
rate beam steering, and reduced power consumption. Optical
true-time delay techniques have been developed to overcome
the frequency squint effect, providing wide bandwidth and
low electromagnetic interference compared with electronic
phase-shifter approaches [1], [2]. High packaging density and
the large delay coverage are considered two critical factors in a
practical phased-array antenna system.

In this letter, we propose a novel symmetric structure for the
true-time delay module. It has a more compact package size
that is only 5% of the original structure we reported [3]. The
miniaturized time delay module was experimentally confirmed
to provide continuous time delays from 65 to 65 ps with
a 1 4 subarray antenna operating at -band (18–26.5 GHz)
frequency. We describe herein the device structure of the optical
true-time delay module, the measured delay-wavelength curves,
and the far-field radiation patterns of the antenna system.

II. DELAY MODULE STRUCTURE AND CHARACTERISTICS

The optical true-time delay modules we describe here are
based upon the volume holographic grating effect. The wave-
length-dependent diffraction angle out of a volume grating cre-
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Fig. 1. Symmetric structure of the wavelength-tuning hologram waveguide-
based true-time delay modules, consisting of input and output collimators with
single-mode fiber pigtails, input and output dispersive holographic grating
couplers, right angle prism, and glass waveguide strip. The final output position
was fixed while the diffraction angle � changed with the incident wavelength �.
The inset shows a previously proposed structure [3], in which the final output
position was not fixed, which made the coupling to a single-mode fiber much
more difficult.

ates different physical paths for different input signals. The input
wavelength can be precisely tuned to achieve the accurate time
delay required for a continuous beam scanning. The achievable
and required time delays for the antenna system are analyzed,
respectively, in later discussion.

A schematic of the true-time delay module is shown in
Fig. 1. A waveguide hologram-based volume grating was used
to couple an incident beam from a single-mode collimator into
a glass substrate. After traveling for a one-bounce distance,
the beam was surface normally coupled out by an output holo-
graphic grating. According to the coupled-wave theory [4], the
diffraction angle is determined by the Bragg condition

(1)

where is the grating period of the dispersive hologram and is
the incident wavelength. To achieve sufficient dispersive capa-
bility of the holographic grating, a large diffraction angle of 80
was chosen at the center wavelength of 1550 nm with the grating
period nm [3]. The waveguide holograms were
recorded on Dupont photopolymer film (HRF 600 001-20)
by the two-beam interference method. A right angle prism was
placed on top of the photopolymer to achieve required refraction
angles of the recording beams which are larger than the total in-
ternal reflection angle between the air and photopolymer.

In our previous work [3] shown in one of the insets in Fig. 1,
the beam was designed to be coupled out from the substrate and
collected by a collimator directly. This scheme requires a suf-
ficiently large diameter of the collimator to cover the beam po-
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sition shift due to wavelength tuning. For a single zigzag beam
path, the time delay is given by

(2)

where is the refractive index of the glass, is the thickness
of the substrate, and is the light speed in free space. The max-
imum achievable time delay and the variation of the output
position are determined by the minimum and maximum
diffraction angle and , such that

(3)

(4)

where the values of and are limited by the amount of
achievable wavelength tuning range as indicated in (1). Simi-
larly, the time delay difference achieved by different delay
units is derived as

(5)

where is the thickness difference between the substrates in
the time delay units connected to adjacent antenna elements.
Combination of equations in (3) and (5) gives

(6)

The time delay required to steer a phased-array antenna oper-
ating at microwave frequencies over a given range of scan an-
gles is dependent on the element spacing and the number of
elements. Specifically, the time delay difference between adja-
cent antenna elements required to achieve beam scanning
of degree is given by

(7)

such that the required time delay of one delay unit is given by

(8)

A series of delay units with equal thickness difference (
mm, mm, mm, mm) were integrated as

a true-time delay system, in order to use a single tunable laser to
create the required delay difference for multiple elements
in the antenna array. Calculation based on (8) gives the delay
requirements (Table I) for -, -, and -band phased-array
antenna systems. For the original delay module described in [3],
the achievable wavelength tuning range and the device parame-
ters were designed as nm, , ,

ps, mm, which allowed –
beam scanning coverage for the -band phased-array antenna
system. It is seen from the calculation that a collimator with
an effective diameter larger than 36.5 mm has to be used in
the system to cover the large value. Collimators with such
a large numerical aperture introduce a few problems such as
large size multimode outputs and low coupling efficiency, which
make it impractical for real applications.

In the new delay module described here, the output beam is
first coupled into a right-angle prism, which reflected the light
beam and formed an additional reversed beam path within the
substrate. Having bidirectional symmetric beam paths causes

TABLE I
TIME DELAY REQUIREMENT FOR MICROWAVE PHASED ARRAY ANTENNAS

(�h = 2 mm, h = 5 mm)

Fig. 2. Block diagram for time delay (phase versus frequency) measurement
and system demonstration. Tunable laser: used to provide light with wavelength
tunable from 1544 to 1556 nm. Network analyzer: used to measure the phase
and intensity of the RF signal. PD: four 40-GHz photodetectors. AMP: four
two-stage RF amplifiers. MOD: 40-GHz polymer Mach–Zehnder intensity
modulator. TTD: True-time-delay modules of the type depicted in Fig. 1.

the final output position to be fixed. Miniaturized collimators
with single-mode fiber pigtails could then be used to collect the
output signal. This symmetric structure provides a much more
compact packaging size (12 2 1.2 cm) and less coupling
loss (2 dB) compared with the original single-path design (15

15 3 cm, 10 dB), where multimode-to-single-mode con-
version is required. Furthermore, in the novel symmetric struc-
ture, the time delay is doubled due to the backward bounce of
the light beam. With the same requirement of maximum achiev-
able time delay, the incident wavelength tuning range is reduced
compared with the original single-path structure.

III. MEASUREMENT AND RESULTS

The measurement system used to evaluate the new delay mod-
ules is presented in Fig. 2. An HP network analyzer (8510C)
was used to measure radio-frequency (RF) phase as a function
of RF frequency, from which we could calculate the experi-
mental time delay. A -band (1530–1560 nm) tunable laser was
modulated by an external 40-GHz polymer Mach–Zehnder in-
tensity modulator, which was driven by Port 1 of the network
analyzer. The modulated signal was fed into the delay device
and then converted to an electrical signal by the 40-GHz PIN
photodetectors. After amplification, the signal was received by
Port 2 of the network analyzer. The RF phase versus RF fre-
quency as a function of incident optical wavelength is shown
in Fig. 3(a). Linearity of the measured phase versus frequency
characteristic confirms that the measured time delays are in-
dependent of RF frequencies. The corresponding time delays
are shown in Fig. 3(b). Compared with the original structure,
the new structure provides doubled maximum achievable time
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(a) (b) (c)

Fig. 3. (a) Measured (points) and simulated (lines) results of RF phase versus RF frequency. (b) Measured (points) and simulated (lines) results of time delay
versus incident wavelength compared with original structure. (c) Comparison of simulated beam scanning angle versus controlled time delay forX-band elements.

Fig. 4. Measured and simulated radiation patterns at 18 and 22 GHz with beam steering angle � = (�45 ; 0 ;+45 ). The broadside radiation axis of the
antenna array was precisely rotated and situated at the azimuth angle, relative to the horn’s broadside radiation axis.

delay within the same incident wavelength range that is consis-
tent with the simulation results. The simulated beam scanning
angle versus time delay curve for an -band antenna is shown in
Fig. 3(c). With the enhanced delay coverage, the demonstrated
four-element phased-array antenna system can cover a larger
beam scanning angle, for -band antenna el-
ements mm and for -band an-
tenna elements mm . At the receiving end of the system
measurement setup, an antenna horn was used to receive the
phased-array radiation signal. The broadside radiation axis of
the antenna array was precisely rotated and situated at the az-
imuth angle (Fig. 4), relative to the horn’s broadside radiation
axis. The measured radiation patterns and corresponding simu-
lation results for at -band are shown
in Fig. 4. At 18 and 22 GHz, the peaks coincide confirming the
beam-squint-free character of the true-time delay modules.

IV. APPLICATIONS IN LARGE ARRAY SYSTEM

The optical modules proposed in this letter can be cascade-
connected to achieve long enough time delay for real-world
PAA systems that usually have thousands of elements. The
schematic is presented in Fig. 5. Each delay unit is composed
of one delay module and one beam splitter. All delay units are
cascade-connected and the output of each splitter is fed into
the following delay unit, such that each delay module provides
the required delay difference for adjacent antenna ele-
ments. The splitting ratio of each splitter is designed to achieve
equalized output optical power for each antenna element. The
wavelength accuracy of the tunable laser (0.001 nm) and the
dispersion of delay modules (12.5 ps/nm) determine the delay
resolution (0.0125 ps) and beam scanning accuracy (0.022 ) of
the cascaded system.

Fig. 5. Cascaded architecture of delay units for large array antennas. Each
delay module provides the required delay difference �T for adjacent antenna
elements.

V. CONCLUSION

A miniaturized, continuously tunable, optical true-time delay
module has been fabricated, packaged, evaluated, and integrated
with a subarray antenna system. A novel symmetric structure
was introduced to keep the output beam position fixed and pro-
vide doubled maximum achievable time delay. We also pro-
posed a cascaded time delay architecture for the applications
of our true-time delay module in large phased-array antenna
systems.
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