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Transmit/Receive Module of Multiwavelength
Optically Controlled Phased-Array Antennas

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

~ Abstract—We report on a transmit/receive module of mul- coherent beating noise; 2) the optical wavelength demulti-
tiwavelength optically controlled phased-array antennas. Both plexing/multiplexing avoids optical splitting/combining loss;

transmit and receive mode of the module employs a single g 3) it offers common beam forming network for both T/R
programmable dispersion matrix to provide true time delays modes

for all antenna elements. The multiwavelength receiver combines . o
antenna signals in the optical domain without suffering from co-  Fig. 1(a) shows the schematic diagram of the MWOCPAA

herent interference. Therefore, squint-free receiver over a broad T/R module. The module employs distinctive wavelength for
frequency band can be achieved. Experimentally, squint-free eaqch array element, and a multiwavelength laser source for
beam receiving with 2-b scan angle resolution is demonstrated e gntire” array. The transmit and the receive mode share
over an equipment-limited frequency range from dc to 4 GHz. . . .
a single PDM. The X 2 optical switches are placed at the
Index Terms—Phased arrays, gratings, wavelength-division- array elements, before the electrooptic modulator (EOM), and
multiplexing, optical delay lines. after the PDM serve to switch between the transmit and
the receive mode. The BAR state (or “through” state) and
PTICALLY controlled phased-array antennas (OCPAAYhe CROSS sate of the switches correspond to the transmit
with true time delay are of interest. The use of optics tand the receive mode, respectively. The transmit mode has
control PAA’s compares favorably with conventional electrorbeen reported in [9], [10]. In the receive mode, unmodulated
ics in terms of loss, weight, size, bandwidth, and susceptibilipptical wavelengths are routed directly to a remote antenna. A
to electromagnetic interference. Most importantly, OCPAAYDM multiplexer directs each optical wavelength to an array
with true time delay features squint-free beam steering amtément, establishing a one-to-one correspondence between
a large instantaneous bandwidth. Wide-band beam steerihg optical wavelengths and the array elements. Each array
for the transmit mode of OCPAA has been successfulblement is equipped with an EOM to modulate the received
demonstrated by many proposed optical beamforming neticrowave signal onto the optical carrier. The modulated
works [1]-[10]. However, in order to exploit the advantages afptical carriers are then remultiplexed through the same WDM
OCPAA, the optical beamforming network must be functionahultiplexer into one single fiber and sent to the PDM for true
in both transmit and receive mode. Earlier works in OCPABme delay processing. The details of PDM has been reported
receivers employed a microwave mixer at each element, whigteviously [10]. The PDM is a wavelength-dependent time
resulted in a narrow bandwidth [7]. Recently, it has beesfelay unit consisting of 2 2 optical switches and dispersive
shown that large bandwidth can be achieved in the receigiements such as dispersive fibers and Bragg fiber gratings.
mode by optically combining the received signal [8]. HowBy programming the optical switches, the PDM generates a
ever, the optical combining in [8] is performed with a splittime shift across the optical wavelengths. The PDM-processed
tunable single-wavelength laser source and is subject to optioptical carriers are then combined on a single photodetector.
coherent noise. The spacing between adjacent optical wavelengths can be
The optical coherent noise can be avoided by employirgranged (e.g., 1 nm or 120 GHz) such that frequencies
multiple optical carriers with distinctive wavelengths [2], [3]of optical beating signals among different wavelengths are
[6], [9], [10]. For example, we have reported a multivavepeyond the bandwidth of the photodetector. The received beam
length optically controlled phased array antenna (MWOGmngle is determined when the photocurrent is maximized, or
PAA) transmitter that employs a multiwavelength laser sourge other words, when the PDM offsets the time delays among
and a programmable dispersion matrix (PDM) [9], [10]. Inhe optical carriers.
this letter, we further exploit the multiwavelength concept To demonstrate the concept of the MWOCPAA receiver,
to develop a MWOCPAA transmit/receive (T/R) modulewe have constructed a prototype with two elements and a
This multiwavelength scheme offers advantages over otteh scanning resolution. Two external-cavity tunable semi-
wavelength-division-multiplexed (WDM) approaches adoptingonductor lasers are employed to provide optical wavelength
a single tunable laser because: 1) it completely eliminates #riers at 1546.88 and 1547.53 nm. Potentially, monolithic
multiwavelength sources developed for telecommunication
Manuscript received November 10, 1997; revised February 4, 1998. Tiggplications can be used to provide all the optical wavelengths
work was supported l_)y DARPA NQIPT, by'JSEP, and by Packard F_ound'atiqﬁ. MWOCPAA [11]_ Two EOM'’s are used to modulate the
The authros are with the Electrical Engineering Department, University of . . . . . .
California, Los Angeles, Los Angeles, CA 90095 USA. received microwave signal onto the optical carriers. The in-
Publisher Item Identifier S 1041-1135(98)04724-7. coming signals are simulated by splitting the output of an
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Fig. 1. Schematic diagram of the MWOCPAA T/R module. The T/R op-
eration are controlled by the22 optical switches outside the PDM. OC:
Optical circulator, 2< 2: 2 x 2 optical switch. G: Grating matched td\;.
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HP microwave synthesizer and individually delaying the split
signals using microwave phase shifters. The modulated optical
carriers are multiplexed and sent to the 2-b fiber grating PDM
for true time delay processing. Two gratings are implemented I . 4GHz
in each stage of the PDM to reflect the corresponding optical 60 . . N . s .
wavelengths. The grating spacings in the first and the second 80 60 “‘"E;ea;"An ‘I’e (d:"ree)““ 60 #0
stages of the PDM are 1 and 2 cm, respectively. All gratings (b? g
have a reflectivity of 85% and a FWHM bandwidth of 0.15 nm. _
The output of the PDM i fed into a high-speed photodetectdf, 2, eseured i cacuated beam patern 2 a0 i Tre maniohe
The detected microwave signal is amplified by a low-noisger gratingé in both stages of the 2-b PDM; (b) 56.5¢hen the modulated
amplifier and is displayed on a microwave spectrum analyzeptical wavelengths are routed through the fiber grating in both stages of the
Assuming an array element spacing of 10.5 cm X0at b PDM.
2 GHz), the corresponding beam angle is obtained by adjusting
the relative phases of the two microwave signals feeding
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the EOM’s. Fig. 2 shows the measured and the calculated T T i r Y v v v 56540
received beam patterns at 2 and 4 GHz. In Fig. 2(a), the optical 5 50

switches in the PDM are configured such that the optical %40—

wavelengths do not pass through gratings in either stage. D 4 — — " 37
The mainlobe is thus located at broadside. When the optical < Wl

switches are programmed to route the optical wavelengths 2 * A 1638°
through the gratings in both stages, the mainlobe is steered to £

56.5#, as shown in Fig. 2(b). Since only two array elements =0 * e
are assembled here, the received beam patterns in Fig. 2 M s 1 15 2 25 3 35 4 a5 s
contain grating lobes of equal amplitude as the mainlobe Frequency (GHz)

_and broad beamwldth IS Obse,rved' The beam pattern CanFEF& Mainlobe locations versus microwave frequency for various PDM
improved by tailoring the spacings among the array elemeRtings. Squint-free beam receiving is measured across an instrument-limited
to suppress the grating lobe across a wide frequency rarfigeuency span from dc to 4 GHz.
[7], [8], and by increasing the number of array elements
to reduce the beamwidth. Next, squint-free beam receivitg simulate the beam angle of the received signal, are not
is demonstrated in Fig. 3. Here, the PDM is programmagirt of the MWOCPAA T/R module, and are not required
to steer the mainlobe at 0.8016.1%, 33.79, and 56.54, for actual implementation. The true optical combining in
respectively. The measured beam angles are independenMtWOCPAA T/R module exploits the large instantaneous
the microwave frequency and show good agreement witandwidth offered by true time delay. The number of fiber
the predicted values. The deviation is less thaB® and gratings required in this scheme is linearly proportional to the
is attributed to random phase shifts in microwave cabldsit-resolution of the beam angle [9], [10]. Compared with other
amplifiers, and error in grating spacing. WDM schemes [3]-[6], in which the number of fiber gratings
It should be emphasized that the bandwidths of the nmikRcrease somewhat exponentially with the bit-resolution, the
crowave phase shifters used in this experiment limits thdWOCPAA T/R module is hardware-compressive. Moreover,
maximum measurable frequency to 4 GHz. The microwawince each optical wavelength is routed to an assigned array
phase shifters, which are employed in our demonstratiefement by the WDM multiplexer, the multiple wavelengths
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system is therefore free of optical splitting loss. This makéd$he module adopts multiple optical wavelengths and a pro-
the MWOCPAA T/R module particularly attractive for largegrammable dispersion matrix to simultaneously generate all
phased-array systems. the necessary time delays for beam forming. This multiwave-
The optical insertion loss in the MWOCPAA T/R moduldength scheme realizes beam receiving over a broad frequency
is a potential concern. Each PDM stage includes insertion lassige by combining antenna signals in the optical domain
contributed from the optical switcli, ), fiber grating(«,), without suffering from coherent interference. The receive
and the optical circulatof«..). Based on typical loss valuesmode of the module is demonstrated with a 2-b experimentally
(s = 1 dB, o, = 0.5 dB, . = 1 dB), ann-bit PDM has prototype. Squint-free beam receiving is observed over a
an insertion loss of3.5 - n + 1). In addition, optical insertion frequency range from dc to 4 GHz, which is only limited
loss through the transmit and the receive paths are estimabgdthe bandwidth of our equipment.
to be—13 and—28 dB, respectively. The insertion loss of the
PDM and the optical path is independent of the array size and ACKNOWLEDGMENT

can be compensated by using optical amplifiers. Erbium-doped]_he authors would like to acknowledge Dr. J. Brock of

fiber amplifier (EDFA) with 30 dB gain, 30-dBm saturatio : .
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[12]. As an example, we illustrate the implementation roviding the modulators, and Prof. Jalal_i of L_JCLAfor loaning
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