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Multiwavelength Optically Controlled
Phased-Array Antennas

Dennis T. K. Tong and Ming C. WuMember, IEEE

Abstract—A novel multiwavelength scheme is proposed and . PAA
demonstrated for one-dimensional (1-D) and two-dimensional RF in D WI?N:
(2-D) optically controlled phased-array antenna (OCPAA) sys- emultiplexer ~
tems with true time delay (TTD). This hardware-compressive
architecture employs a multiwavelength laser source in con- Programmable-
junction with a programmable dispersion matrix (PDM) and Dispersion
switched optical delay lines (SODL's) to generate all the required Multi-1 Matrix
time delays for beam steering in 2-D phased-array antenna
systems. Independent control of elevation and azimuthal scan is
achieved by combining wavelength-dependent and wavelength-
independent time delays. An experimental prototype of 4x 2 Fig. 1. Schematic diagram of an 1-D MWOCPAA using PDM.
array with 2-b x 2-b resolution is constructed to demonstrate the
feasibility of the multiwavelength OCPPA (MWOCPAA). Broad-
band linear RF phase shift is measured in both elevation and  Previously, we have reported a multiwavelength OCPPA

azimuthal planes over the entire bandwidth of the electro-optic (MWOCPAA) which employs a multiwavelength source and

(EO) modulator. System issues such as insertion loss, array size, ; ; ; ;
and channel isolation are discussed. Extension of the multiwave- a programmable dispersion matrix (PDM) for TTD processing.

length scheme to a common transmit/receive (T/R) module with N contrast to the wavelength-division-multiplexed (WDM)
TTD is also described. schemes with tunable lasers, the multiwavelength scheme

employs a distinctive wavelength to carry the RF signal
of each antenna element. The PDM, which is basically a
wavelength-dependent tunable optical-delay line, constitutes
the common beamforming network for one-dimensional (1-D)
MWOCPAA [8], [9]. In this paper, we extend this concept
to a two-dimensional (2-D) MWOCPAA system. We begin
) ) . _ with a detailed description of the PDM and its application
FIBER OPTICS is very attractive for implementing truqn 1-D MWOCPAA systems. Next, a 2-D MWOCPAA is
time delay (TTD) beamforming networks in phasedgemonstrated by cascading the PDM with switched optical-
array antennas because optical fibers have low attenuanag,,ay lines (SODL’s). Experimentally, a # 2 MWOCPAA
light weight, high flexibility, broad bandwidth, and irnmu'prototype with 2-bx 2-b resolution is demonstrated. The in-
nity to electromagnetic interference (EMI). More importantlyga tion loss in the PDM and its impact on system performance
opt|_cally controlled pha_\sed-array_ an_tennas (OCPAA) a"‘?ﬁ’re discussed. The use of optical amplifiers to compensate the
squint-free beam scanning with wide instantaneous bandwi@h\ insertion loss is investigated. Issues associated with the
[1}-[9]. In addition to satisfying the required RF performancgypy demultiplexer, such as array size and isolation between
practical OCPAA also needs to be hardware-compressiy§ements are also discussed. Finally, we describe the receive

robust, manufacturable, and affordable. Recently, there ha§qe of MWOCPAA and the possible implementation of a
been a growing interest in applying the wavelength-divisiofy ,mon transmit/receive (T/R) module.
multiplexing (WDM) techniques to reduce the complexity of
the optical beamforming networks [2]-[9]. Most of WDM
schemes employ a tunable laser source in which each wave- !l MWOCPAA TRANSMITTER IN 1-D SvSTEM
length corresponds to a different scan angle [2], [3], [6], [7]. Fig. 1 illustrates the schematic diagram of the 1-D MWOC-
However, the full parallelism of the WDM has not yet beePAA system withp antenna elements. It comprises: 1) a
exploited. multiwavelength laser source wighoptical wavelengthg A,
A2, - -+, Ap}; 2) an electro-optic (EO) modulator; 3) a PDM to
control the relative time delays-py among different optical
Manuscript received December 10, 1996; revised October 9, 1997. TW@V_elengthS; and 4) a WDM demultiplexer to route the optical
project was supported by DARPA NCIPT, JSEP, and the Parkard Foundatiéarrier to the corresponding antenna element. The number
The authors are with the Electrical Engineering Department, UanerSlty 6& optlcal Wavelengths requ”‘ed In thls Scheme |S equal to
California at Los Angeles (UCLA), Los Angeles, CA 90095-1594 USA (e; . .
the number of array elements. Potential candidates for the

mail: wu@ee.ucla.edu). . ) o ;
Publisher Item Identifier S 0018-9480(98)00623-1. multiwavelength laser source include monolithically integrated

Index Terms—Bragg fiber grating, optical beamforming, true
time delay, wavelength—division—multiplexed.
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2x2 as “tailorable-dispersive” elements in the PDM by fabricating
Dispersive Fiber Optical a series of grating reflectors at different positions along the
| | ' | Spieh fiber. Each gratind; reflects a wavelength of the sourge
E’c‘)’h"‘l‘ L, 2L, i, Tl;’e"rx‘?:" as shown in Fig. 2(b). In this situatiomy is given by
— 0 00 ... 0.0 —> 2. Ag -
............ 55 SRR @
Non_dispe,'sive Fiber where Aq is the grating spacing in the first stage, is
@) the refractive index of the fiber, and is the speed of
light in free space. Optical circulators are used to route the
Grating . , 27, 201 A, reflected lightwave to the next stage. The grating spacing
Spacing G, ‘/GF‘:EE' at successive stages increases exponentially, Ag.,2A,,
) o ranngs 2ZAg, -+, 2°7TAg. The PDM is highly scalable with scan
Optical . 2X2 resolution—the total number of stages in PDM increases
Circulator | P Qptical logrithmatically with the resolution.
From - . 1 To WDM By programming the optical switches, the total relative
EOM Demux time delay between adjacent optical channglgy; can be
g S/ S 0\ — expressed as
n
® TPDM = Z 27t S 3)

Fig. 2. A n-b PDM implemented with (a) dispersive fiber and (b) Bragg
fiber grating.

=1
where S; = 0 or 1 is the state of theth optical switch.

multiwavelength distributed feedback (DFB) laser arrays [10Equation (3) indicates thatppy; can vary from zero to
[11] and, as will be demonstrated in this paper, monolithi@” — 1 - 1) in increments ofry. The WDM demultiplexer
mode-locked semiconductor lasers. The detail of the PD#rects ); to the ith element of the array, creating a linear
is shown in Fig. 2. In general, a PDM with-b resolution time shift of {0, 7ppy, 27ppM, -+ + (p — 1) - 7TpDM | @CTOSS
requiresn dispersive elements; nondispersive fiber lines, the array elements. For an array element spacing, ahe
and (@ + 1) 2 x 2 optical switches. The optical switchesheam-steering anglég; v is
at each PDM stage route the modulated lightwave to either
the dispersive element or the nondispersive fiber line. The OpLev = sin? (ﬂ)
dispersive element in the PDM can be realized by dispersive d
fiber [see Fig. 2(a)] or fiber grating [see Fig. 2(b)]. In eithefor all RF frequencies. Equation (4) indicates the squint-free
case, the relative time delay generated between adjacent optigaim-steering operation of TTD systems.
channels at successive PDM stages increases exponentially,
i.e., 70, 219, 2279, -, 2" 11y, Here, 7y is the relative time
delay between adjacent optical channels in the first stage of lll. MWOCPAA TRANSMITTER IN 2-D SvSTEM
the PDM. If the PDM is implemented with dispersive fiber, the The multiwavelength scheme can be extended to 2-D sys-
dispersion of the fiber induces a temporal “walk-off” amontems. Here, we demonstrate a 2-D MWOCPAA system by
the optical channels, ang) can be expressed as cascading the PDM and the SODL’s, similar to those described

= D Lo AX (1) in [4] and [6]. Fig. 3 shows the schematic diagram gf & ¢

0 0 2-D MWOCPAA with n-b x m-b scanning resolution. The
where D (ps/km—nm) is the dispersion coefficient of the fibef>DM described in the previous section is employed for beam
Lo is the length of the fiber in the first stage, amelA steering in the elevation plane. The WDM signals processed
is the channel spacing. The length of the dispersive fibdrg the PDM are equally split intg columns of the array. Each
increases exponentially at successive stages, i&.,2Lg, column consists of an SODL and a WDM demultiplexer. The
22Lg, -+, 27 1Ly. Equation (1) also indicates that in ordelSODL’s control the relative time delays among the columns,
to generate a linear relative time delay across the optiGaid, therefore, beam scanning in the azimuthal plane. The
channels, a multiwavelength laser source with uniform chanf@DDL can be cascaded with the PDM because the time
spacing is required. This can be realized by using the modkelay it introduces is wavelength-independent and will be
locked supermode as the multiwavelength laser source sirokled to the wavelength-dependent relative time delays among
the wavelength spacing is precisely equal to the mode-lockiogtical wavelengths. Under this configuration, a one-to-one
frequency. correspondence is established between optical wavelengths

The drawback of dispersive fiber PDM is that long fiberand rows of the array, i.e\; is assigned to th&th row

are needed to generate large time delays. Moreover, tifethe array.
time delay is accompanied by dispersion-induced RF signalThe principle of SODL is well known [13]. Fig. 4 shows a
attenuation and thus the instantaneous bandwidth of the systgpical SODL withm-b resolution. Time delays are generated
is limited [12]. This can be solved by employing fiber gratingt each stage by the difference in optical path lengths between

(4)
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Fig. 3. Schematic diagram of a 2-P x ¢ n-b x m-b MWOCPAA constructed of cascaded PDM and SODL.
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Fig. 5. Experimental setup for RF phase measurement of the 1-D MWOP-
the upper and the lower fiber delay lines. In particular, tHeAA system. This setup is also used for RF phase measurement in the 2-D

time delay induced at the first stage of the SORLis MWOCPAA setup.

_Alg-n
= %)

is controlled by the time delay between adjacent columns of
the arrayrsopr. as follows:

where Alj is the difference in length between the upper and ¢ TSODL

the lower fiber delay lines in the first stage. The SODL can faz =sin™! (T) (6)
generate a time delaysopr, from zero to 2™ — 1 - ¢g) in .
an increment ofto. It is important to note that although the '™ 9eneral, & x ¢ 2-D MWOCPAA with n-b x m-b scan-
architecture of the dispersive PDM fiber in Fig. 2(a) and tHang resolution requires one multiwavelength laser source with

SODL in Fig. 4 are similar, their operating principles aré opucal wavelength channels, oneb PDM, one.1><qopt|cal
different. In contrast to PDM, the time delays generated aplltter, ¢~ 1) m-b SODL, andg WDM demultiplexers.
SODL arewavelength-independerind a uniformrsopr, IS
imposed on all the optical wavelengths, while the dispersion in
dispersive fiber PDM inducewavelength-dependemnglative To demonstrate the principle of PDM, a 2-b experimental
time delaysrpy @among the optical channels. Since all tim@rototype (as shown in Fig. 5) is constructed to measure the
delays in the azimuthal plane are relative to that of thelative time delays among the optical channels. In this setup,
first column in the array, the SODL attached to the firgtn 80-GHz monolithic passive colliding-pulse mode-locked
column can be replaced by a fiber. The length of this fibé€PM) InGaAs/InGaAsP quantum-well laser is employed as
should be appropriately matched to compensate for the optita multiwavelength source [14]. The mode spacing of the
path length of minimum delay in SODL. It should also b&PM laser is 0.60 nm. The reduced mode partition noise in
mentioned that the SODL associated with each column ahe mode-locked laser makes it a suitable multiwavelength
different because the time increments in successive SODksurce for our application [15]. To measure the time delays
have to increase linearly to preserve the linear time delaygluced by dispersive fiber, a 2.3- and 20-km-long fiber with
across the azimuthal plane during the beam-steering operatibn.ps/km—nm are used in the first and the second stage of the
The steering angle in the elevation plaf\g v is related PDM, respectively. Although the lengths of the fibers used in
to 7epum by (4). The steering angle in the azimuthal pl#ne this PDM do not increase exponentially along the stages, the

to

IV. EXPERIMENT
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Fig. 6. Relative RF phase shift versus frequency generated by dispersive
fiber for various optical wavelength relative to the reference optical channels 2000 T T T
at A, = 1547.61 nm. The length of the fibers are (a) 2.3 and (b) 20 km.
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concept of dispersion-generated time delay among the optica
channels can still be clearly demonstrated by this prototype.
The RF signal is applied to all optical channels through an EO
modulator with 5-GHz bandwidth. A tunable fiber Fabry—Perot
filter with 0.15-nm bandwidth is placed after the PDM to select .=
different optical channels for RF phase measurement. The,
selected channel is fed to a high-speed photodetector. The RIEC
phase measurement is measured by an HP 8510 RF network
analyzer. Fig. 6(a) and (b) shows the measured RF phase 00

Channel Spacing o
1200 A =0.62nm

A, = 1548.71 nm
Tppm = 292.59 ps

800

Phase Shift {deg.)

400

shifts induced by the 2.3- and 20-km fibers, respectively, as a 1 2 3 4 5
function of RF frequency for various optical channels. All the RF Frequency (GHz)
measured phase shifts are relative to thak at 1547.61 nm. ©

very Ilr!ear phase shift with frequency _IS observed for the entll’:?g. 7. Relative RF phase shift versus frequency generated by fiber grating
bandwidth of the EO modulator. Using the 2.3- and 20-Kiip\ for various optical wavelength relative to the reference optical channels

fibers, relative time delays of 23.5 and 204 ps are obtainedh, = 1548.71 nm. The time delays measured in (a)-(c) are generated by
; ; : fiber grating in the first stagg;, the second stagé., and both stages
between adjacent optical channels. The length of the fiber d_glﬁ—i— Sa of the PDM, respectively. The insets show the path of lightwave

be reduced by using high dispersion. through the PDM.

The fiber-grating PDM is characterized by a similar setup
with dispersive fibers replaced by fiber gratings. Each fiber hstage of the PDM are 1 and 2 cm, respectively. All the
four Bragg gratings centered at 1546.85, 1547.47, 1548.@®atings used in the setup have a reflectivity of 85% and
and 1548.71 nm, which match the optical wavelengths of tlefull width at half maximum (FWHM) bandwidth of 0.15
CPM laser. The grating spacings in the first and the seconoh. Fig. 7(a)—(c) shows the measured RF phase shifts for
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Fig. 8. Relative time delays measured among various optical channels by
the gratings in the first stag®, and the second stag® of the PDM. @)

various optical channels as a function of RF frequency. The ,_\1000 ' ' ' '
phase shifts are measured relative to thak at 1548.71 nm. o _SL_-%Z'Q_Q‘E"
Linear phase shift spans over the entire bandwidth of the EO § 800 Channel Spacin ]
modulator is observed for all switching conditions of the PDM. = AX = 0.62 nF:n g
The time delays among the optical channels corresponds toﬁ 600" ) =1548.71 nm
various switching states of the PDM is illustrated in Fig. 8. ¢, TsopL = 98.33 ps
By routing the optical wavelengths through either/or both & oo
grating fibers, the measured time delays between adjacentf
wavelengths are 98.38, 201.30, and 292.59 ps, respectively, L 200
which agree well with the theoretical values of 97.33, 194.67,
and 292 ps.
To measure the relative RF phase shifts among array ele- 00 1 2 3 4 5
ments of the 2-D MWOCPAA, a 4 2 MWOCPAA prototype
with 2-b resolution in both planes is constructed. Fiber grating RF Frequency (GHz)
is used for beam steering in the elevation. The output of the (b)
PDM is split by a 1x 2 optical coupler. An SODL with 2-b 1000 : : : i

resolution is attached to one branch of the optical coupler. The
lengths of the delay lines in the first and the second stages of g _E&I'Q—Q‘E]"
the SODL are 1 and 2 cm, respectively. Fig. 9(a)-(c) shows 5 8oor .

. -~ Channel Spacing
the measured RF phase shifts for the second column of they AL = 0.62 nm
array. These RF phase shifts are measured relative to the firste 6001, - 154871 nm
element § = 1546.85 nm) in column one. In addition to the f;ooﬁ 150 ps
phase shifts among the elements in the same column, whichg 400
are identical to Fig. 7(a), the column phase shift generated byf
the SODL is clearly indicated by the rotation of the data lines 200

away from thez-axis in Fig. 9(a)—(c). The degree of rotation &=

is proportional to the time delay between the two columns. ;

The full set of time delays for column two is summarized in 00 1 5 3 4 5
Fig. 10. The dotted line represents the wavelength-dependent

relative time delay generated by the first fiber grating of the RF Frequency (GHz)

PDM only (same as that in Fig. 8). The solid lines are the (©)

t'me. delays measured.between the two columns by rou“ﬂ@. 9. Relative RF phase shifts measured for various optical channels in
the lightwave through either delay lines, or both, of the SODlthe second columns of the array, relative to the reference optical channels

The measured time delays between the two columns are 444\, = 1548.71 nm in the first column, generated by SODL in a 2-D
OCPAA prototype. The RF phase shifts among different optical channels

98.33, and 150 ps, compared to the theoretical value 48. the same column are controlled by the first stage in the fiber grating PDM.

97.33, and 146 ps, respectively. The operation of the SODL is indicated by the rotation of the lines away from
z-axis. The insets show the path of lightwave through the SODL attached to
V. INSERTION LOSs OF PDM AND the second column.
SODL IN MWOCPAA SYsTEM for the RF performance of the system. The sources of optical

Since the PDM and the SODL comprise serially connectéoks include optical switches, reflection loss in fiber grating,
optical components, optical insertion loss is a potential conceand optical circulators. The total insertion loss of the PDM
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500 where F; and F; are the noise figures and the input optical
power of the optical amplifiers, respectively, aid is the
photon energy. As an example, EDFA’s with gains of 15 and
20 dB are placed at the input and the output of the 10-b
fiber-grating PDM, respectively, for loss compensation in a
32-element 1-D MWOCPAA. To achieve bettRINgrr, an
additional EDFA with a gain of 15 dB is inserted within the
PDM (after the 5th PDM stage). All EDFA’s are assumed
to have noise figures of 4 dBFf = 2.5). The gains of the
EDFA'’s are selected so that no optical output power exceeds
the saturation power of 20 dBm. The initial input optical power
is P, = —10 dBm/wavelength. For a laser relative intensity
noise of RIN; = —165 dB/Hz, theRINgpr calculated from
(10) is —133.6 dB/Hz. Including a 4-dB insertion loss of the
Fig. 10. Relative time delay measured between the two columns of the arl§DM demultiplexer, an optical power of 0 dBm/wavelength
generated by the first stage, and the second stage, of the SODL. The — a¢ the antenna element is obtained. The excessive noise figure
rela}tlvg time delay among the optlcal wavelength; in the same column ar% . o .
maintained by the first fiber grating the PDM during these measuremerfidtroduced by the EDFA’s is 10.8 dB (assume a 4% optical
The dotted line indicates zero time delay between the two columns. modulation index). Similar excessive noise figure can be
obtained in 2-D MWOCPAA.

The insertion loss of the fiber-grating PDM can also be
reduced by combining dispersive fiber and fiber grating in
the PDM. For example, the insertion loss of a 10-b PDM

400

300

200

100

Relative Time Delay (ps)

0
1546.85 1547.47 1548.09 1548.71
Optical Wavelength (nm)

and the SODL are

arpM-DF = (0 +1) - s (™) that employs dispersive fibers in the first five stages and fiber
arpM—rc =(n+1) -, +n- (2 .+ ay) (8) gratings in the last five stage is reduced by 12.5 dB compared
asopL =(m+1) - a,. (9) to a 10-b fiber-grating PDM. Dispersive fibers could reduce

the bandwidth of the system. By keeping the dispersive fibers
Here, appai—pE. ppa—a, andasopy. are the total insertion in the first few stages (shorter relative time delays), reasonable

loss (in decibels) for the dispersive-fiber PDM, the fibe2ysStem bandwidth can be maintained. The length of standard

grating PDM, and the SODL, respectively, is the insertion single-mode fiber in this example is on the order of 400 m,

loss of the optical switchg.. is the single-pass insertion IossWhICh has an instantaneous bandwidth of 60 GHz at 1-dB

. . . . penalty on RF carrier [12]. A more attractive approach is to
of the optical circulator, andy, is the reflection loss of the . . : : ,
: ) ) o . employ PDM without optical circulators since they contribute
grating. The fiber loss is assumed to be negligible. Typic S
. . -dB loss per stage. For example, cascaded contradirectional
values of the various loss are, = 1 dB (for optomechanical

switch), o, — 1 dB, anda, = 0.5 dB (assume a 90% grating-assisted couplers [19] can be used to replace the fiber
1 C - 1 g - .

. L . rating. They are transmission devices and do not need optical
grating reflectivity). A recently reported fiber-based acoustg- 9 y b

. . . - o irculator, wavelengths are reflected at different positions
optic (AO) switch [16] with similara.,, but faster switching along the input waveguide and coupled to output waveguide.
time can also be employed for faster beamformirg 30

A | q | Our calculation shows that a reflectivity 0f90% for each
pS). As a resultarpy-pr, aprpy—c andasopr are equal o yiea) wavelength can be achieved in this type of device.
to (n+ 1), (3.5-n+ 1), and (n + 1) dB, respectively. It

should be noted that the insertion loss of the fiber grating

PDM is path dependent. The path-dependent insertion loss VI. ARRAY SIZE AND

in a fiber grating PDM can be corrected by replacing the OPTICAL-WAVELENGTH DEMULTIPLEXING
nondispersive fibers in the lower path at each PDM stageWith strict one-to-one correspondence between optical
with: 1) optical attenuators to equalize the insertion loss or a)

. . . . avelengths and array elements, the array size could be
fibers with gratings in reverse-wavelength order to construclifited by the number of optical wavelength channels in
“push—pull” fiber-grating PDM.

X ) the WDM source and demultiplexer. Currently, monolithic
The insertion loss of the PDM and the SODL can bg,vavelength DFB laser arrays with 40 optical wavelengths
compensated by optical amplifier. An erbium-doped fib§fg peen reported [11], and up to 50 optical wavelengths have
amplifier (EDFA) with high gain and low noise figure has beegeen ysed in advanced WDM networks [20]. The array size can
demonstrated [17]. It has been shown that the noise contribuf§ether be multiplied by using each optical wavelength to feed
by the EDFA is similar to that of a laser source with a higheficrowave subarray or by partition the array into subarrays,
effective relative intensity noise [18]. The effective relativgych equipped with its own multiwavelength source and PDM.
intensity noise of the cascaded amplifietRINerr, can be  The WDM couplers with low crosstalk between adjacent
related to the laser relative intensity noi$dNy, by [18] channels should be employed for MWOCPAA since optical

crosstalk directly impacts the isolation between antenna ele-
RINgrr = RINy, + 2hp + 2B E + 2B3F (10) ments. The optical crosstalk can pe rgduped by increasing the
Py Py P channel spacing. However, this might limit the total number of
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VIILI.

In conclusion, we have proposed and demonstrated a
hardware-compressive MWOCPPA in both 1-D and 2-D

C ONCLUSION
Base Station

—
PDM -, architecture. In general, ax ¢ MWOCPAA with n-b x m-b
scanning resolution only requires one multiwavelength laser
Received l source withp optical wavelength channels, oneb PDM, one
Prfigg::ng 1 x q optical coupler, 4 - 1) m—p SOD_L’s, andg WDM
demultiplexers. The feasibility of this multiwavelength scheme
—

using PDM and SODL is experimentally demonstrated by a
4 x 2 MWOCPAA prototype with 2-b resolution in both scan

ging'ii':‘ibef I directions. The TTD processing is performed in parallel on all
emoting the optical channels and, therefore, the amount of hardware
required for this scheme is significantly reduced. Extension of
Antenna . . .
Frontend this multiwavelength scheme to receive mode and T/R module

is also described. The MWOCPAA receive mode allows TTD
processing with large instantaneous bandwidth. All these
remarkable features make the MWOCPAA system attractive

wavelengths available. The tradeoff between crosstalk and {REfuture high-performance radar and communication systems.
number of channels needs to be optimized. Subarrays might

need to be used to satisfy both the requirement of channel ACKNOWLEDGMENT
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< 56 dB.ectrical DEtWEEN adjacent antenna elements. Simil&mpson of Lucent Technologies, Bell Laboratories, Murray
device with larger channel capacity (128) will favor largeHill, NJ, for providing the fibers used in this experiment, and
array—however, at the expense of higher crosstalk [22]. M. Ichimura of Sumitomo Company, Los Angeles, CA, who
should be mentioned that the continual rapid advances kimdly provided the modulator.

WDM components driven by the telecommunication industry
will further improve the performance of the MWOCPAA.

Fig. 11. Schematic diagram of MWOCPAA common T/R module.
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