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Abstract. A novel 3-bit optical true-time delay module that can provide
64 time delays ranging from 0 to 443.03 ps is presented. The total inser-
tion loss, including the propagation loss and the 1-to-64 fan-out loss is
confirmed to be less than 20 dB. The crosstalk among channels is mea-
sured to be less than 240 dB. 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 to 26.5 GHz are mea-
sured and compared with the simulated results to verify this module’s
wide instantaneous bandwidth. © 2003 Society of Photo-Optical Instrumentation
Engineers. [DOI: 10.1117/1.1578084]
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1 Introduction

Phased-array antennas~PAAs! have the advantages of low
visibility, high directivity, and quick steering. Each anten
element of a PAA must have the correct phase condition
accomplish the desired beam scanning. However, the
ventional electrical phase trimmer technique is an intrin
narrow-band technique that introduces beam squint.
cently, there has been growing interest in optical true-ti
delay~TTD! modules. Optical TTD techniques are prom
ing for squint-free beam steering of PAAs with features
wide bandwidth, compact size, reduced weights, and
electromagnetic interference. Many kinds of optical TT
techniques have been proposed. These include the aco
optic technique,1 the Fourier optics technique,2,3 the
wavelength-multiplexing technique,4,5 free-space
techniques,6,7 planar waveguide techniques,8–10 the fiber
delay line technique,11 and the chirped fiber grating
technique.12 However, these modules are for applicatio
with low rf frequencies, limited resolution, and complicat
structures for steering control.

In this paper, a new TTD module having time del
steps ranging from 0 to 443.03 ps is designed, fabrica
and packaged. The insertion loss of this module is m
sured. The time delay error and bandwidth of the packa
device are specified. This module is employed to contro
eight-element K-band PAA system. The wide instantane
bandwidth of the TTD module is confirmed by measu
ments of far-field patterns covering 18 to 26.5 GHz.

2 Structure of the TTD Module

Figure 1 illustrates the structure of the TTD module. Th
module is composed of eight subunits. The optical sign
encoded by a microwave signal, is distributed among
eight subunits using a 1-to-8 splitter. Each of the subu
2000 Opt. Eng. 42(7) 2000–2005 (July 2003) 0091-3286/2003/$15
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has a wedge of 21.5 deg, as indicated in Fig. 1. The wed
are coated with 50-nm aluminum deposited by e-beam
ensure that more than 98% optical power is confined in
substrate. The wedge angle introduces a bounce angle
is larger than the total internal reflection angle~41.8 deg! at
the interface of the substrate~BK-7 glass! and air. Adjacent
to each wedge, the height of each subunit is maintaine
the same value oft. The height of each subunit varies aft
one zigzag bounce and is maintained at a fixed value for
rest of the subunit. The heights of the eight subunits a
the first zigzag bounce are fromh1 to h8 , with a difference
of Dh between adjacent subunits. The differenceDh is pre-
selected to satisfy the required delay combinations. The
put signals from single-mode optical fibers are coupled i
the module using GRIN lenses. The substrate-guided w
zigzags within the substrate through total internal refl
tion. A portion of the substrate guided wave is extract
each time the wave encounters the output holograp
grating coupler. The extracted optical waves are focu
back into optical fibers using GRIN lenses. To avoid affe
ing total internal reflection boundary conditions and da
aging the holographic-grating coupler, there is a space
tween the GRIN lens and corresponding holograph
grating coupler. From Fig. 1, we can see that an 838
matrix of time delays is obtained. Figure 2 shows the 2
view of this TTD module to illustrate how to calculat
achievable delay intervals. The position of delay signals
the delay matrix is depicted by~i,j!, where i is the row
number, andj is the column number. Assuming the wedg
angle isu, the introduced time delay between signals at~i,j!
and ~k,l! is given by

t5
2n

c cos~2u!
@~ l 21!hk2~ j 21!hi #, ~1!
.00 © 2003 Society of Photo-Optical Instrumentation Engineers
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Fig. 1 Diagram of the structure of the 3-bit TTD module based on substrate-guided wave and
holographic-grating couplers: GRIN, graded index.
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wherec is the velocity of light in free space,n is the re-
fractive index of the substrate,hi is the height of thei th
substrate, andhk is the height of thek’ th substrate.

Dupont photopolymer film HRF600* 14-20 was used to
form the holographic gratings. BK-7 glass was employed
the guided wave substrates. The surface dimension of e
subunit is 90311 mm. The step heightt is 2.6 mm. The
height difference between the adjacent substrates is 0
mm. The heights after the first bounce of the eight s
strates are 3.600, 3.747, 3.894, 4.041, 4.188, 4.335, 4.
and 4.629 mm, respectively. Therefore, the volume of t
module is 9038834.63 mm. The 838 2-D time delay
matrix is shown in Table 1. The unit of time delays in Tab
1 is 1 ps. Time delays are calculated with reference to
first column of the delay matrix, providing time delay
ranging from 0 to 443.03 ps.

The relationship between the time delay intervalDt and
the corresponding antenna steering angle can be expre
as13

u5sin21 @c~Dt/d!#, ~2!

wherec is the velocity of light in free space,Dt is the time
delay interval between adjacent antenna elements, andd is
the space interval of adjacent antenna elements. By taki
derivative of the scanning angle with respect to the ti
delay, we can write the resolution of the scanning an
with respect to the resolution of the time delay interval
h

7

,

ed

a

du5
cdt

d cosu
, ~3!

where c is the velocity of light in free space,du is the
resolution of the scanning angle,dt is the resolution of the
time delay interval,d the space interval of adjacent anten
elements, andu the steering angle of a PAA.

The K-band PAA used in the experiment has eight e
ments with a spacing interval of 0.3 in. between adjac
elements. By employing the TTD settings for beam-squi
free phased-array steering, we are able to calculate pos
degrees of the steering of the K-band PAA to be 0, 4.5, 9
13.7, 18.5, 23.3, 28.3, and 33.6 deg, as long as the colu
of the matrix are used to provide delay steps as shown
Table 1. Even wider scanning range can be achieved w
more subunits or higher substrates.

This module is designed to control eight antenna e
ments with eight possible steering angles. For more ante
elements, more substrates are employed. Furthermore
more steering angles, more fan-outs are coupled out.
large arrays, optical amplifiers that can provide more th
40 dB gain will be adopted to compensate for the opti
insertion loss. Compared to a 1364 fiber splitter delay
lines, the preceding substrate-guided-wave module is a
to provide high-resolution time delays~0.01 ps!, which is
tremendously difficult for common fiber cutting and spli
ing techniques.
Fig. 2 Two-dimensional view of the TTD module.
2001Optical Engineering, Vol. 42 No. 7, July 2003
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Table 1 The delay matrix and corresponding scanning angles of the TTD module.

Column

Row 1 2 3 4 5 6 7 8

1 0 49.22 98.44 147.66 196.88 246.10 295.32 344.54

2 0 51.23 102.46 153.69 204.92 256.15 307.38 358.61

3 0 53.24 106.48 159.72 212.96 266.20 319.44 372.68

4 0 55.25 110.50 165.75 221.00 276.25 331.50 386.75

5 0 57.26 114.52 171.78 229.04 286.30 343.56 400.82

6 0 59.27 118.54 177.81 237.08 296.35 355.62 414.89

7 0 61.28 122.56 183.84 245.12 306.40 367.68 428.96

8 0 63.29 126.58 189.87 253.16 316.45 379.74 443.03

Delay steps 0 2.01 4.02 6.03 8.04 10.05 12.06 14.07

Scan angles (deg) 0 4.5 9.1 13.7 18.5 23.3 28.3 33.6

Unit of time delay: 1 ps.
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3 Characteristics of the TTD Module

To achieve uniform fan-out beams from each subunit,
diffraction equation of thei th and thei 11th holograms
have to satisfy the following equation:

h i 115
h i

12h i
, ~4!

where h i is the efficiency of thei th holographic-grating
coupler, and h i 11 is the efficiency of the i 11th
holographic-grating coupler.

Notice that the achievable maximum efficiency of t
HRF600* 14-20 photopolymer at 1550 nm is 40%, the e
ficiencies of the eight holographic-grating couplers on e
subunit are designed as 10.5, 11.7, 13.3, 15.4, 18.2, 2
28.6, and 40% sequentially. The corresponding 64 fan-
spots are shown in Fig. 3 in 2-D format. To further det
mine the uniformity of the insertion loss, powers of fan-o
beams from all eight subunits were accurately measu
and the total insertion loss, including the propagation l
and the 1-to-64 fan-out loss was experimentally confirm
to be less than 20 dB. The crosstalk between channels
measured to be less than240 dB.

Fig. 3 Sixty-four fan-outs from the TTD module.
2002 Optical Engineering, Vol. 42 No. 7, July 2003
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The delay intervals were measured using a FPL-0
femtosecond Er-fiber laser from Calmar Optcom Inc., p
viding optical pulses around 0.2 ps in the vicinity of 155
nm. Figure 4 illustrates the diagram of the experimen
setup for measuring delay intervals. The delay signals
fed into an HP 83480A digital oscilloscope with a resol
tion of 0.01 ps. Since the HP 83480A digital oscillosco
can detect signals only up to 40 GHz, the detected pu
were broadened to 25 ps. Due to this broadening eff
small delay intervals of several picoseconds can not
shown by the digital oscilloscope. However, since eve
bounce inside one subunit introduces a same delay, ins
of measuring every delay interval in Table 1, we measu
the delay interval between the~1,8! fan-out and the~8,8!
fan-out. As shown in Fig. 5, the measured delay interva
98.49 ps, which is the same with the designed va
~443.03 ps minus 344.54 ps!.

Since the module may be used in field demonstrati
the temperature effect on the module must be evalua
The index of BK-7 glass has a temperature coeffici
(dn/dT) of 531026. When the temperature varies from
225 to 75°C~650°C deviation from room temperature!,
the index will have a change of60.00025. According to
Eq. ~1!, the maximum change of time delay interval ha
pens to the eighth column in Fig. 1, and the change
60.0023 ps. This change generates a maximum scan
shift of 61.2 s, as implied by Eq.~3!. This error is so small
that it will not degrade the system performance serious

To determine the maximum frequency range of the m

Fig. 4 Diagram of the experimental setup for measuring delay inter-
vals. PD: photodetector.
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Chen and Chen: K-band phased array antenna system . . .
crowave signals that can be carried by the TTD module,
bandwidth of the packaged device is specified. There
three main factors that decide the dispersion capacity
this TTD module. One is the dispersion caused
holographic-grating couplers. The second factor com
from the dispersion of GRIN lens and optical fibers. T
third one is material dispersion caused by different ph
velocities of different wavelengths. To evaluate the r
bandwidth of this TTD module, a femtosecond laser a
the Fourier spectrum analysis method were employe14

The same femtosecond laser was used as in the delay
surement. A FR-103MN autocorrelator from Femtochro
Research Inc. was adopted to measure pulse widths be
and after passing the fully packaged TTD module. The o
put signal from the autocorrelator is processed and
played by a computer. Figure 6~a! depicts the autocorrela
tion traces of the reference and dispersed puls
respectively. Fourier transform of the two pulses genera
bandwidth information of this TTD module, as shown
Fig. 6~b!. As can be seen in Fig. 6~b!, the 3-dB bandwidth
of the device is 539 GHz.

4 System Integration

Packaging is always a challenging task for photonic
vices. In this module, there are two crucial issues to m
mize the packaging insertion loss; they are the performa
of the coupling lenses and the alignment among the T
substrates and the coupling lenses. Since the minimum
tance between adjacent output beam centers is only
mm, the package requires small outside-diameter~OD! fi-
ber collimating and focusing lenses. In our package,
divergence angle~DA! and beam diameter~BD! needed to
be as small as possible to minimize the packaging size
to minimize the beam spot size after eight bounces wit
the substrate. It is obvious that small core-size fiber an
lens with a long focal length will collimate well. Howeve
long focal length requires a large-diameter lens and p
duces a large beam spot. Having these constraints in m
the input fiber collimator lenses were designed14 with a BD
of 0.8 mm and a DA of 0.1 deg. Several special mec
nisms were designed to align the optical lenses with
substrates. Each subunit is packaged separately. The
fiber collimator is mounted on a tilt flange, which has
resolution of 0.01 deg and can be easily tuned with scr
drivers, with the accuracy determined by the thread sp

Fig. 5 Measured delay interval between (1,8) fan-out and (8,8)
fan-out.
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ing. The eight output fiber focusers are mounted on a la
piece of tilt flange, with a resolution of 0.005 deg. Th
substrate is held by a 2-D moving stage to ensure that
beam spots from the substrate are centered at the co
the lenses. The packaged TTD module is shown in Fig
with one column fan-out coupled out.

Fig. 6 (a) Autocorrelation traces of the pulses before and after
passing the TTD module and (b) fast Fourier transform (FFT) power
spectrum for the reference and dispersed pulses.

Fig. 7 Photograph of the packaged 3-bit TTD module.
2003Optical Engineering, Vol. 42 No. 7, July 2003
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Chen and Chen: K-band phased array antenna system . . .
The integrated K-band PAA system is demonstrated
Fig. 8. Figure 8~a! shows the transmission part of the sy
tem. Figure 8~b! shows both the transmitter and the ho
antenna receiver. A microwave signal is generated by
heterodyne technique using two external-cavity tuna
semiconductor lasers. The optical carriers are evenly
tributed among the eight subunits of the TTD module b
1-to-8 splitter. Desired time delays are added by this T
module. Since to cut and splice an optical fiber with ac
racy of 3mm ~corresponding to a 0.01-ps propagation tim!
is extremely difficult, a preadjustment delay bank w
eight preadjustment delay lines are inserted at this poin
compensate for the different lengths of fiber pigtailed d
vices. Afterward, the microwave signals are detected
InGaAs high-speed photodetectors. The eight microw
signals with correct phase relationship are fed into ei
antenna elements individually after amplification. The o
off states of photodetectors are controlled by a printed
cuit board, which also serves as a microwave power uni
mity controller. The photodetector outputs of the same r
are connected to an antenna element. For single-angle s
ning of this K-band PAA, only photodetectors from th
specified column are selected. In a multibeam applicat
photodetectors from multiple columns will be chosen.

5 Far-Field Pattern Measurements

Far-field patterns of the K-band PAA were measured
verify the instantaneous microwave broad bandwidth. Va

Fig. 8 Photograph of the integrated K-band PAA system: (a) Pho-
tograph of the transmission part of the PAA system and (b) Photo-
graph of the PAA system with a standard horn receiver. MSA:
microwave spectrum analyzer.
2004 Optical Engineering, Vol. 42 No. 7, July 2003
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ous delay combinations were tested. Far-field patterns w
measured at three frequencies, the center frequency~22
GHz! and two edge frequencies~18 and 26.5 GHz!. Figure
9 compares the far-field patterns at the three frequenc
with solid curves and curves with triangles denoting sim
lated results and measured results, respectively. Note th
Fig. 9, the fifth column of the TTD module shown in Fig.
is employed to provide delay control signals for 18.5-d
scanning of the PAA. The locations of the mainlobes co
ering all K-band resulted from simulation and experime
agree very well. Furthermore, the PAA scanning angle
independent of microwave frequencies over the en
K-band, a primary feature of the TTD approach.

6 Conclusion

In conclusion, a novel 3-bit optical TTD module that ca
provide 0 to 443.03 ps time delay was fabricated, packag
and integrated into a K-band PAA system. This module h
an insertion loss of less than 20 dB, a crosstalk of less t
240 dB, and a bandwidth of 539 GHz. This module
compact, easy to fabricate, and was experimentally c
firmed to provide a wide instantaneous microwave ba
width. By modifying the height difference and refractiv
angle, this module can be employed to control PAAs
wider frequency bands.
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