
Waveguide-hologram-based wavelength-multiplexed
pseudoanalog true-time-delay module for
wideband phased-array antennas
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A pseudoanalog true-time-delay ~TTD! module based on substrate-guided waves and wavelength-division
multiplexing is presented. A 1-to-32 ~5-bit! even fan-out is demonstrated by use of a two-dimensional
waveguide hologram array. This module has a packing density of 2.5 linesycm2 and very compact
packaging ~8 cm 3 4 cm 3 8 mm!. It also reduces TTD system complexity by providing continuously
tuned delay signals to parallel-control the whole phased-array antenna system. The device has a
measured bandwidth of as high as 2.4 THz. The delay signal can range from tens of picoseconds to
several nanoseconds. © 1999 Optical Society of America

OCIS codes: 050.7330, 060.4230, 200.4650.
1. Introduction

Phased-array antennas ~PAA’s!, which combine the
signals from up to thousands of stationary antenna
elements with the same frequency, can be scanned
electronically by means of reprogramming the signals
fed to the individual elements. PAA’s have the po-
tential for a wide variety of applications from surveil-
lance, tracking, astronomy, and geodesy to wireless
and satellite communications. The use of phased
arrays has been severely limited because phase-
shifting electronics are intrinsically narrow band.
Replacing phase shifts with true time delays ~TTD’s!
allows the microwave phase shift at each antenna
element, which is proportional to the microwave fre-
quency, to follow the frequency change without cre-
ating drift in the beam-steering angle.1–3 Therefore
signals from different antenna elements can be cor-
related without frequency dependence.

For real system implementations of TTD beam
steering a specific beam-forming direction is achieved
by selection of a TTD setting. To scan the beam into
another angle, it is necessary to establish a com-
pletely different configuration of the delays. Most
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existing TTD beam-steering systems adopt two
approaches.2–4 First, the array elements are
grouped into subarrays; each subarray shares a com-
mon time delay. Second, each time-delay unit is
built to provide a discrete set of delay lines. The set
of discrete time-delay increments selected for each
steering angle represents a quantized approximation
to a linear phase taper. Photonic systems promise a
means of obtaining the beam agility of array systems
combined with a wide bandwidth, a compact size,
reduced weight, a low high-frequency rf loss, and
lower electromagnetic interference.3

Various types of photonic TTD delay units, such as
fiber delay lines,4–7 fiber optical Bragg grating
TTD elements,8,9 waveguide optical time-shift
networks,10–12 acousto-optic TTD elements,13

wavelength-multiplexed TTD lines,14–17 and free-
space TTD lines,18–20 have been demonstrated by a
few research groups. These TTD lines do have some
advantages such as accurate time delays and mono-
lithic integration with detectors, but they suffer from
some disadvantages such as a need for many light
sources, switches, and modulators, a low packing
density, complexity in fabrication and control, and
high loss.

2. Structure of Substrate-Guided-Wave
True-Time-Delay Lines

Our previous papers21–23 reported two-dimensional
substrate-guided-wave TTD modules operating at
850 nm that were designed and fabricated to provide
successive optical delays of as long as 32Dt. Figure
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1 illustrates the basic system architecture of our 5-bit
device. A 1-to-4 fiber beam splitter with predeter-
mined output fiber lengths is used to provide four
delay signals, each with an 8Dt-delay increment.
Each delay signal from the 1-to-4 beam splitter is
coupled into the substrate surface normally with a
specific substrate bounce angle through a holographic
coupler and then zigzags within the substrate

Fig. 1. Diagram of the structure of 5-bit TTD lines based on a
substrate-guided mode with holographic-grating couplers. OEIC,
optoelectronic integrated circuit; GRIN, graded index.

Fig. 2. Substrate-guided-wave optical TTD line with a surface-
normal configuration.

Fig. 3. One 5-bit TTD module tha
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through total internal reflection. Portions of the
substrate-guided waves are extracted sequentially
and surface normally through holographic output-
coupler arrays.

Figure 2 illustrates the structure of one of the four
TTD subunits with delay paths provided by cascaded
substrate-guided optical fan-outs. The input
holographic-grating coupler is designed to couple the
surface-normal incoming TEM00 heterodyned optical
signal into a substrate-guided mode. The output
holographic-grating couplers extract an array of
substrate-guided beams into a free-space one-
dimensional array that has eight surface-normal fan-
out beams. Different optical delays are obtained at
subsequent fan-outs within the substrate. Equiva-
lent delay intervals are obtained at subsequent fan-
outs as a result of equivalent propagation-distance
differences. The time delay between two successive
collinear fanouts is Dt. Thus 32~25! delay lines are
achieved. The fan-out optical signals are detected
by a high-speed photodetector array and then sent to
antenna transmitters by means of programmed
switching.

To illustrate the implementation of the device
shown in Fig. 2, we used a 5-bit module as four 3-bit
units to control a PAA with five antenna subarrays
~one of the five subarrays is provided with a zero-
delay signal!, as shown in Fig. 3. Each subarray has
four antenna elements that share the same delay
signals. A phase shifter is placed behind each an-
tenna element to fine-tune the phase delays and
therefore to scan with a small angular increment.
Similarly, suppose the PAA is programmed to steer in
an angular range from 145° to 245°. The possible
canning angles and the corresponding delay signals
eeded by each subarray are listed in Table 1 with Dt

set at 50 ps. As shown in Fig. 3 and Table 1, to look
in one direction, say 245°, we see that the microwave
switches behind the subarrays connect the desired
delay signals of 0, 8Dt, 16Dt, 24Dt, and 32Dt to sub-
arrays 1, 2, 3, 4, and 5, respectively. To look in

trols one PAA with five subarrays.
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Table 1. Scanning Angles and the Corresponding Delays of Each Subarray
another direction, say 132°, we find that the switches
controlled by the control signals send delay signals of
24Dt, 18Dt, 12Dt, 6Dt, and 0 to the corresponding
subarrays. For scanning into angles not listed in
Table 1, the delay signal that is closest to the desired
delay signal can be used instead. For example, if
2.8Dt is needed, 3Dt will be used instead. In such an
arrangement the antenna array can be controlled
easily by one 5-bit TTD module and an electronic
switch chip instead of five different 3-bit TTD mod-
ules with different delay steps. Similarly, a 6-bit
TTD module based on the structure described above
can serve as eight 3-bit units or four 4-bit units. And
one 7-bit module can serve as sixteen 3-bit units,
eight 4-bit units, or four 5-bit units, and so on.
Therefore the signal loss is much lower and the
weight and the cost of the system are reduced dra-
matically.

3. Characteristics of Holographic-Grating Couplers

The structure of a volume holographic Bragg grat-
ing24 for surface-normal coupling is shown in Fig. 4.
The grating induced by the refractive-index modula-
tion is slanted with a tilt angle of f. The grating
spacing is L. The incident angle and the diffraction

Fig. 4. Structure of a surface-normal holographic-grating cou-
pler.

Scanning Angle

Subarray

1 2 3 4 5

245° 0 8Dt 16Dt 24Dt 32Dt
238.2° 0 7Dt 14Dt 21Dt 28Dt
232° 0 6Dt 12Dt 18Dt 24Dt
226.2° 0 5Dt 10Dt 15Dt 20Dt
220.7° 0 4Dt 8Dt 12Dt 16Dt
215.4° 0 3Dt 6Dt 9Dt 12Dt
210.2° 0 2Dt 4Dt 6Dt 8Dt
25.1° 0 1Dt 2Dt 3Dt 4Dt

0 0 0 0 0 0
Delaystep 0 Dt 2Dt 3Dt 4Dt
angle to the surface-normal direction are a and u,
respectively. The grating designed by use of the
phase-matching condition satisfies the following:

2k sinSa 1 u

2 D 5 K, (1)

where k 5 2pnyl is the wave vector and K 5 2pyL is
the grating vector.

For any designed thick grating the phase-matching
condition is strictly true for only one wavelength.
Because the input angle and the grating vector are
fixed, the phase-matching condition will deviate from
the perfect phase-matching condition for wave-
lengths that differ from the designed center wave-
length. By taking a derivative of the diffraction
angle with respect to the wavelength with the input
angle fixed, we can write the angular deviation Du of
the diffraction angle with respect to the perfect
phase-matching diffraction angle as

Du 5
Dl

l
tan u. (2)

The dispersion relation derived in Eq. ~2! can also be
derived from constructive interference of the surface
gratings, as defined by

L

sin f
~sin a 1 sin u! 5

l

n
. (3)

To evaluate the accuracy of Eq. ~2!, we used a Clark
Model MXR NTA-5 femtosecond mode-locked laser
composed of a wide spectrum ~an approximately 50-

m, 3-dB bandwidth!. The laser pulse is surface-
ormally coupled into the Bragg grating coupler
abricated on a DuPont Series HRF-600320 pho-
opolymer with a peak diffraction efficiency of as
uch as 99%. The grating is slanted and is de-

igned for surface-normal input at the center wave-
ength of 833 nm. The diffraction angle is 45° in a
K-7 waveguiding plate ~n 5 1.509!. The cw com-
osition of the laser pulse is coupled out dispersively
y a fused-silica prism ~n 5 1.453! that has a negli-

gible dispersion effect compared with the polymer
grating. The diffraction pattern of a mode-locked

Subarray

Scanning Angle 1 2 3 4 5

45° 32Dt 24Dt 16Dt 8Dt 0
38.2° 28Dt 21Dt8 14Dt 7Dt 0
32° 24Dt 18Dt 12Dt 6Dt 0
26.2° 20Dt 15Dt 10Dt 5Dt 0
20.7° 16Dt 12Dt 8Dt 4Dt 0
15.4° 12Dt 9Dt 6Dt 3Dt 0
10.2° 8Dt 6Dt 4Dt 2Dt 0
5.1° 4Dt 3Dt 2Dt 1Dt 0
0 0 0 0 0 0

Delaystep 4Dt 3Dt 2Dt Dt 0
10 May 1999 y Vol. 38, No. 14 y APPLIED OPTICS 3055
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laser pulse with a pulse width of 300 fs and a detect-
able bandwidth of dl ' 40 nm is shown in Fig. 5~a!.

xperimental data of the light dispersion are ob-
ained by measurement of the wavelengths versus
he corresponding diffracted dot positions. With the
nown refractive indices of the materials the diffrac-
ion angles of the TM wave versus the corresponding
avelengths are calculated and plotted in Fig. 5~b!

ogether with the dispersion angle predicted with Eq.
2!. The theoretical and the experimental angular-
ispersion data are found to be matched perfectly
ithin 61% for both TE and TM waves.25

4. Wavelength-Multiplexed Pseudoanalog
True-Time-Delay Lines

From verified Eq. ~2!, we note that, if the wavelength
of the beam incident upon the structure shown in Fig.
2 changes slightly, the corresponding diffraction an-
gle within the substrate will follow this change, as
shown in Fig. 6. As a result the length of the optical
delay path after n bounces will change slightly, which
causes the signal delay to change in a small range.

Fig. 5. ~a! Dispersion spot of a mode-locked femtosecond laser

Fig. 6. Structure of wave
056 APPLIED OPTICS y Vol. 38, No. 14 y 10 May 1999
For the central wavelength the delay between two
successive bounces is given by

Dt 5
2hn

~cos u!C
, (4)

where h is the height of the substrate, n is the refrac-
tive index of the substrate ~1.528 at 1550 nm!, C is the
elocity of light in free space, and u is the bounce
ngle in the substrate. For a value of u of approxi-
ately 45° the delay between two successive bounces
ill change with the operating wavelength by an
mount given by

D9t 5
2hn sin u

~cos2 u!C
Du

5
2hn sin u

~cos2 u!C
Dl

l
tan u

Experimental dispersion data for a thick holographic grating.

h-multiplexed TTD lines.
. ~b!
lengt
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2hn

~cos u!C
Dl

l

5 Dt
Dl

l
. (5)

Therefore we can continuously tune the delay step by
tuning the operating wavelength instead of the quan-
tized value.

By replacing the four output fibers from the 1 3 4
fiber beam splitter of Fig. 1 with a highly dispersive
fiber that has the same dispersion characteristics as
that of the substrate-guided-wave devices that em-
ploy a tunable laser source, we can achieve continu-
ous delay tuning around 32 discrete signal delays,
and only 32 detectors are needed to detect all the
delay signals from the TTD module. The fan-outs
under different operating wavelengths need to be
grouped and focused onto the small sensitive areas of
the high-speed photodetectors.

As described in Section 2, one 5-bit module can be
used as four 3-bit units to steer the beam of a PAA
with five antenna subarrays into 17 discrete direc-
tions within the 645° range under one wavelength.
After the configuration of the delay signals is set to
steer the radiated beam to one discrete direction,
continuous scanning in a small range around this
discrete direction can be achieved by means of con-
tinuous tuning of the operating wavelength around
the central wavelength.

From Table 1 let us suppose that the delay step
between two antenna elements for the mth scanning

Fig. 7. ~a! Photograph of the packaged 5-bit TTD module. Scale
in inches. ~b! Thirty-two fan-outs from the TTD modules.
angle is tm and the smallest delay step under the
center wavelength is Dt. We then have

tm 5 mDt, (6)

Dtm 5 mDt
Dl

l
5 mD9t. (7)

Therefore

tm9 5 mDtSDl

l
1 1D . (8)

Fig. 8. ~a! Spectrum diagram of the sampled wavelengths. ~b!
Two-dimensional plot of the fan-out spots after eight bounces un-
der different wavelengths. ~c! Three-dimensional plot of the fan-
out spots after eight bounces under different wavelengths.
10 May 1999 y Vol. 38, No. 14 y APPLIED OPTICS 3057
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To achieve continuous scanning, i.e., a continuous
delay step, it is necessary to satisfy the following:

tm 2 Dtm 5 tm21 1 Dtm21, (9)

.e.,

mDt 2 mDt
Dl

l
5 ~m 2 1!Dt 1 ~m 2 1!Dt

Dl

l
. (10)

Therefore the required minimum wavelength change
is given by

Dl

l
5

1
2m 2 1

. (11)

5. Experimental Results

A packaged 5-bit TTD module composed of a 1 3 4
fiber beam splitter and a quartz substrate with a
holographic-grating coupler is shown in Fig. 7~a!.
The substrate thickness of the waveguiding plate is 3
mm, and the substrate bounce angle is 52.3°, which
yields a distance between two successive fan-outs of
7.8 mm and a delay step of 50 ps. The operating
wavelength is approximately 1550 nm, which makes
it easy to amplify the optical signals by use of com-
mercially available erbium-doped fiber amplifiers.
The 32 resultant fan-out spots are shown in Fig. 7~b!.

he device has a measured bandwidth of as high as
.5 THz23 and a packing density of 2.5 linesycm2.

The total insertion loss, including the 1-to-32 fan-out
loss, is less than 20 dB.

Tuning the incident wavelength around 1550 nm
will move the positions of the fan-out spots along the
propagation direction. Figure 8~a! shows a spec-

Fig. 9. Far-field patterns of a PAA with 128
058 APPLIED OPTICS y Vol. 38, No. 14 y 10 May 1999
trum diagram of the sampled wavelength, and the
corresponding fan-out spots after eight bounces are
shown in Figs. 8~b! and 8~c! in two-dimensional and
three-dimensional formats, respectively.

With one input wavelength the distance between
two successive fan-outs is given by

L 5 2h tan u. (12)

he position change with wavelength is

DL 5
d~2 tan u!

dl
Dl 5

2h sin u

cos3 u
p

Dl

l
. (13)

In our case u 5 52.3°, l 5 1550 nm, h 5 3 mm, and
the number of bounces is 8; therefore

DL
Dl

5 0.107 mmynm, (14)

hich is very close to the experimental result shown
n Fig. 8. The simulated far-field patterns of a PAA
ith 128 elements, which can be realized fully on the
asis of the reported data under different operating
avelengths, are shown in Fig. 9. It is obvious that

he scanning direction changes continuously with the
perating wavelength.

6. Conclusion

In summary a wavelength-multiplexed 5-bit
substrate-guided-wave TTD module that can provide
continuously tuned delay signals for continuous
steering of the beam radiated from PAA’s has been
proposed, fabricated, and experimentally confirmed.

ents under different operating wavelengths.
elem
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13. L. H. Gesell, R. E. Feinleib, J. L. Lafuse, and T. M. Turpin,
This module has a packing density of 2.5 linesycm , a
bandwidth of 2.4 THz, and very compact packaging ~8
m 3 4 cm 3 8 mm!.
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