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Abstract. An optical beamformer capable of controlling a phased array
antenna in receive/transmit mode for multiple simultaneous independent
rf beams is proposed. The processor can be programmed to sweep the
antenna aperture following an independent angular sequence for each rf
beam. A two-beam two-channel version of the beamformer has been
experimentally demonstrated. The optical beamformer processes two rf
beams and it is based on a ternary array of three delay lines. Measure-
ments are performed for both receive and transmit modes and for rf
signals between 0.5 and 1.5 GHz. We present beampattern results

showing that two independent beams can be steered simultaneously. In
the transmit mode both rf beams are characterized for a broadside target
position. In the receive mode the beamformer performance is character-
ized by detecting two rf beams independently. © 2005 Society of Photo-Optical
Instrumentation Engineers. [DOI: 10.1117/1.2061407)
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1 Introduction

Many rf and microwave systems, such as high-resolution
phased-array antennas and signal processing electronics, re-
quire true-time delay (TTD) phase shifters. In such sys-
tems, the individual transmit/receive (T/R) element control
allows the implementation of beam steering and shaping. In
conventional rf systems, TTD is achieved by switching to
different lengths of electrical cable. However, these imple-
mentations tend to be bulky, heavy, and susceptible to elec-
tromagnetic interference. The use of photonics for phased
array antennas control is an active field of research, which
has helped to overcome some of the problems mentioned
above. Fiber-optic systems can provide a lightweight, com-
pact, low-cost phased-array antenna processor, which is im-
mune to electromagnetic interference. Several optical ap-
proaches for both phase- based and TTD-type antenna
control have been proposed

Photonics systems have been used in applications for
providing optical time delays. A possible approach to
achieve different time delays is to use a binary delay line
configuration in which the fiber-optic optical signal is
routed by optu.al switches through the lines to obtain se-
lected delays.” The use of ternary architectures in optical
beamformers and programmable arrays of delay lines is
considered in Refs. 3 and 4. To introduce time delays be-
tween rf signals, optical beamforming networks can also
take advantage of wavelength division multiplexing
(WDM) encoding. Radio-frequency signals from/to each
T/R element of the antenna are coded using optical carriers
with different wavelengths. Thus, different time delays can
be introduced between different optical carriers using
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wavelength dependent components 'iuch as fiber Bragg
gratings (FBG) or high-dispersion fiber.”® Using this tech-
nique, a beamformer capable of process- :ndependent rf
beams in receive mode’ and receive/transmit modes'’ is
demonstrated. In addition, several optical processors using
far-field diffraction and acousto-optic modulation to dn ve a
multibeam antenna array have been also proposed

Our paper describes an optical beamformer that allows
TTD control of multiple simultaneous rf beams using
WDM components. The rf signals, which feed the T/R el-
ements of the phased antenna array, are coded using optical
carriers with different wavelengths. The beamformer is
based on a ternary array of optical delay lines. Delay lines,
which are constructed by a sequence of FBG, are intercon-
nected by standard fiber components such as optical
switches and circulators. Multiple beam processing is
achieved by encoding signals associated with each rf beam
by a different WDM optical channel. This allows the beam-
former to receive and transmit each beam independently
with a wide variety of programmable time delays. The
present system is able to provide 15 time-delay configura-
tions with an equivalent resolution of 4 bits in a binary
beamformer.

In Sec. 2 we describe a two-beam two-channel optical
beamformer in transmit and receive modes. The beam-
former characterization is discussed in Sec. 3. Concluding
remarks are given in Sec. 4.

2 System Overview

The beamformer in transmit mode is shown schematically
in Fig. 1(a). Four laser diodes are utilized to provide optical
carriers with wavelengths from A, to A4 for four different
WDM channels. Each pair of wavelengths, odd-numbered
and even-numbered channels, carries information of one rf
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Fig. 1 Two-beam two-channel optical beamformer: (a) transmit
mode configuration; (b) receive mode configuration. PC: polarization
controller, EOM: electro-optic modulator, FC: fiber coupler, PD:
photodetector.

beam independently. In this approach one rf beam is con-
trolled by the odd channels (\; and A3) while the second
beam is processed via the even channels (A, and \,). Odd
and even channels are coupled using two 2X | fiber cou-
plers. The combined odd and even channels are separately
modulated with rf signals using two Mach-Zender electro-
optic modulators (EOM). Modulation of multiplexed chan-
nels ensures zero phase delay between the rf signals before
the optical carriers are processed. The modulated optical
carriers feed the programmable dispersion matrix (PDM),
which performs the TTD processing. The PDM is capable
of providing independent time delays for the even and odd
channels. For each configuration of the PDM, X, lags A4
and A, lags A3 by independent time periods A7, and A7y
for odd channels and even channels, respectively. At the
output of the PDM, after the proper phase difference is set,
optical signals are demultiplexed. Four broadband photode-
tectors, in a direct detection configuration, recover the pro-
cessed rf signals. Then the rf signals are linearly combined
and amplified before feeding the antenna T/R elements.

A schematic of the two-beam optical beamformer in re-
ceive mode is shown in Fig. 1(b). Incoming rf beams from
two targets with different frequencies wgy and wy are re-
ceived by two antenna array elements. Radio-frequency
bandpass filters split the signal at each antenna element
according to their frequency. Even and odd optical channels
are modulated by the signals RFz and RF, respectively.
The phase difference between the antenna elements for
each rf beam A¢ depends on the target angular position ¢
as ¢=arcsin(Agc/wA), where ¢ is the speed of light, A is
the separation of the antenna T/R elements, and w is the
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Fig. 2 Schematic of the ternary PDM. The PDM can be set to pro-
vide 15 different delay configurations. This performance is similar to
a 3-bit binary PDM. S: optical switch, OC: optical circulator, FC: fiber
coupler, INT: optical interleaver, EDFA: erbium-doped fiber amplifier.

center frequency of the rf signal. The time delay between
the even and odd multiplexed optical channels is corrected
independently by the PDM and detected with a single pho-
todetector. The output power of each photodetector is a
function of the corrected phase difference between the rf
signals for each beam

P(dB) =10 log(C, + C, cos Ag), (1)

where here Ag are the phase differences of each rf signal
after the PDM, and C, and C, are proportionality constants
that depend on the power of the optical carriers. Thus, the
output power in each photodetector is related to each target
angular position via this phase difference. When the PDM
properly corrects for the phase difference at the antenna
elements, a maximum power will be detected for the given
target position.

A two-beam two-channel version of the ternary PDM is
shown in Fig. 2. This ternary PDM consist of three delay
lines for controlling an antenna array with two T/R ele-
ments. It can produce 15 different delay configurations for
each beam, thus it is capable of pointing the even and odd
rf beams independently in 15 different angular directions.
In general, the 2V~1 delay configuration version of the
ternary PDM consists of an array of N—1 delay lines. Each
delay line has four gratings organized into two pairs, where
the center wavelength of each FBG matches one of the
multiplexed optical channels. The separation between FBG
with center wavelengths corresponding to either channel
(odd or even) is increased in multiples of two from delay
line to delay line. Thus, time delays between channels are
proportional to these FBG separations. The separation of
two adjacent gratings corresponding to either channels (odd
or even) of the i'th line are given by AL,=2""'AL,, where
AL, is the minimum separation between the Bragg gratings
of line | that may be different for odd and even channels.
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The time delay provided by the i’th line for either odd or
even channels is 7,=(2n.AL;)/ ¢, where n. is the effective
refraction index of the fiber. The programmable optical
switches configure independent propagation of the even
and odd channels throughout the PDM. Each switch unit
consists of two 1 X3 optical switches and three 1 X2 cou-
plers. The upper switch in the subset shown in Fig. 2 di-
rects the odd channels either to the top or to the bottom end
of the delay line, for introducing a time delay between the
channels or to bypass the delay line. Meanwhile the lower
switch performs a similar function as described above for
the even channels. The 1 X 2 couplers are used to combine
the outputs from both switches; those either going to delay
or bypass lines. Circulators route the optical channels to/
from both ends of the delay lines. A 1 X3 coupler is used to
combine the optical signals coming from the delay line and
the bypass line for a second time. After the 1 X3 coupler,
an interleaver is used to separate the four multiplexed chan-
nels again into odd and even channels. Each interleaver is
followed by a switch unit that is connected to the next
delay line. This structure repeats itself until the 1 X3 cou-
pler after the last delay line. With this configuration both
positive and negative time delays are possible. This means
A, lags A4 by 7; when the signal is routed to the bottom end
of the i’th delay line and X\, leads A4 by the same period
when the signal is routed to its top end. Therefore, both rf
beams “generated by these time delays can be steered in
both positive and negative angular directions relative to the
broadside. Each possible time delay introduced by the
PDM on each rf beam can be calculated from

N-1

mim) = E AimTis )
i=1

where the value of the constant g;,, depends on the optical
signal path and m is an index representing each switch
configuration. The optical signal can be routed to the bot-
tom end or top end of the i’th delay line being a;,,=1 and
a; ,=—1 respectively. On the other hand, when light is by-
passing the i’th delay line a;,=0. Time delays, which are
integer multiples of the minimum delay 7, range from
-2 7, to +(2¥") 7,. This results in a symmetrical distri-
bution around zero delay (‘broadside] with similar resolu-
tion to a N-bit binary PDM.” The achievable steering angles
¢,, for either even or odd rf beams are

cmTy

qﬁ,,;arcsin( ) m=0,1,...,7 (3)

where A is the separation between antenna array T/R ele-
ments. Since the switch configuration m can be set indepen-
dently for each beam, the steering angles are therefore in-
dependent. The minimum time delay associated with the
first delay line is directly related to the resolution of the
beamformer. The minimum resolvable angle for both
beams can be calculated by setting m=1 in Eq. (3). How-
ever, in order to improve the angular resolution of the sys-
tem a shorter minimum time delay is required, i.e., the
minimum grating separation must be decreased.
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3 Results

The center wavelengths of the four gratings in each line
match the International Telecommunications Union (ITU)
frequency channels 30 through 33 with a maximum devia-
tion of +0.1 nm. All the gratings have reflectivity around
98% and FWHM between 0.4 and 0.6 nm. The separation
between the FBG associated with the even channels are
14+2 mm, 28+2 mm, and 58+2 mm for lines 1 though 3,
respectively. For the FBG of odd optical channels the sepa-
rations are 15+2 mm, 30+2 mm, and 60+2 mm. Based on
these separations, the minimum time delay is calculated to
be 137.11 ps for the even channels and 146.90 ps for the
odd channels. In order to measure the minimum time de-
lays, a vector network analyzer is used as a source to drive
the electro-optic modulators and to detect the rf signal from
a photodiode. By direct measurement of the S;, parameter
the time delay introduced by the system can be obtained as
in Ref. 10. The measured minimum time delays for the odd
and even channels are 135.87 ps and 132.24 ps, respec-
tively. Variations from the calculated values can be attrib-
uted to grating spacing errors. A data acquisition unit that is
interfaced with a computer controls the six programmable
optical switches. Based on the electronic control and
switching time, the reconfiguration time for the PDM is
5 ms. If the beamformer steers the main lobe across a far-
field observer located at broadside, the measured rf power
levels of the transmitted beams P at the observer.are given
by Eq. (1). If isotropic radiating elements are assumed the
transmitted power depends on the time delays introduced
by the PDM between the optical carriers through phase
differences A¢ and the power of the optical carriers at the
output of the system through constants C,; and C,. Since a
uniform excitation of the array elements is assumed then
the optical powers have to be independent of the switching
configuration m of the PDM. A similar argument can be
given for the transmit mode. However, in practice, the op-
tical loss throughout the PDM for each switch configuration
is different. In order to achieve optical output powers that
are independent of the switch configuration, optical attenu-
ators are added to the PDM. If a delay line is bypassed, the
optical carrier neither passes through the circulator nor is
reflected by the FBG. Therefore, the insertion loss is quite
different depending on whether the delay line is or is not in
the path of the optical carrier. In addition, variations in the
optical output power can also arise from different reflectiv-
ity of the FBG as well as wavelength-dependent insertion
loss in the multiplexer. To provide equal loss levels, optical
attenuators are placed in two of the three possible paths of
each delay line. The attenuation level is set to compensate
for the insertion loss of the circulators and the reflection
loss of the FBG. To compensate the optical loss, an erbium-
doped fiber amplifier (EDFA) with 26-dB gain is added in
the system as shown in Fig. 2.

In transmit-mode measurements, even and odd carriers
are modulated by a 10-GHz-bandwidth LiNbO; EOM of
V..=4.5 V with rf signals provided by two signal genera-
tors. The detection scheme in Fig. 1(a) is slightly modified
just for measurement purposes. The four carriers coupled at
the output of the PDM are detected by a single photodetec-
tor. As the rf signals related to the even and odd channels
have different frequencies, the rf power out of the photode-
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Fig. 3 (a) Simultaneous transmission beampatterns for an even rf
beam at 0.6 GHz and an odd rf beam at 1.5 GHz. (b) Selected
spectral power profiles. Each profile is related to a particular switch
configuration of the PDM and its number is shown in the beampat-
tern (a). Profile 8 corresponds to the switch configuration mggy=0,
Meven=0 and profile 12 to Mggy=-4, Mgyen=4.

tector for each beam is detected using an rf spectrum ana-
lyzer. Notice that rf signals in both even and odd channels
are in phase at the input of the PDM. The rf phase shift
introduced by the PDM is transformed in power variations
according to Eq. (1). These power variations represent the
power of a single received by an observer at broadside (or
0-deg azimuth angular position) for different switch con-
figurations of the PDM. Consequently, beampatterns are
characterized for an observer at the broadside position
when the main lobe of the transmit beam is steered at dif-
ferent angles. The steering angle that corresponds to a
given delay configuration can be calculated from Egq. (3).
Simultaneous transmission beampatterns for the odd rf
beam at 1.5 GHz and the even rf beam at 0.6 GHz together
with the theoretical curves (even beam: solid line, odd
beam: dotted line) are presented in Fig. 3(a). To illustrate
that both beams are simultaneously controlled by the beam-
former, two selected spectral power profiles of the two de-
tected rf center frequencies are shown below the beampat-
terns in Fig. 3(b). To demonstrate that the two beams can be
independently steered, the odd beam is steered from
switching position mpg=7 through -7 (which correspond
to azimuth angles from 69 to —69 deg), while the even
beam is steered from switching position mg,.,==7 to 7
(corresponding to azimuth angles of —61 to 61 deg). To il-
lustrate the performance of the beamformer for two close rf
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Fig. 4 (a) Simultaneous Transmission beampatterns for an even rf
beam at 1.3 GHz and an odd RF beam at 1.4 GHz. (b) Selected
spectral power profiles. Each profile is related to a particular switch
configuration of the PDM and its number is shown in the beampat-
tern (a). Profile 1 corresponds to the switch configuration mggy=-7,
Meyen=7 and profile 10 to Mggy=-2, Mg en=2.

center frequencies, Fig. 4 shows the beampattern results for
the even rf beam at 1.3 GHz and the odd rf beam at
1.4 GHz. Even though data points show good agreement
with the theoretical curves, the odd rf beam exhibits a
larger deviation of power levels in beampattern measure-
ments. It was determined that these deviations are attrib-
uted to cross-talk noise of FBGs associated with odd chan-
nels.

Measurements in receive-mode configuration are per-
formed for two rf beams simultaneously by characterizing
the array factor of the antenna for rf signals of different
frequencies. The array factor is equivalent to the beampat-
tern when isotropic antenna T/R elements are considered.
In this characterization, the PDM is fixed to one switching
position and the output power of the system is measured
while a simulated target moves past the antenna elements.
The experimental setup used for receive measurements is a
modified version of the system shown in Fig. 1(b). The
performance of the PDM is tested for each rf beam inde-
pendently. Cross-talk results of WDM channels in the sys-
tem lead us to conclude that the two beampatterns can be
measured separately with no significant difference in the
performance of the beamformer. An rf signal generator
simulates an incoming rf beam from a target. The output of
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Fig. 5 Beam patterns measured in receive mode for the odd chan-
nels at rf signals of 0.5, 1, and 1.5 GHz. The switch configuration of
the PDM is m=0 and the main lobe is located at broadside.

the signal generator is split and sent to two EOMs. An rf
attenuator is used to compensate any difference in the
modulation performance of the two EOM. To simulate the
phase difference between antenna elements due to the mov-
ing target, an rf phase shifter is introduced before one of the
modulators. For each selected rf center frequency, the out-
put signal from the photodiode is measured for 31 discrete
phase-shifter settings using an rf spectrum analyzer. The
phase-shift sequence ranges from 0 deg/GHz to
900 deg/GHz. The angular direction or azimuth ¢ of the
target is related to the phase difference A¢ introduced by
the phase shifter by ¢=arcsin((cAg)/(wgrA)). The antenna
element spacing A is assumed to be 0.5\ at 460 MHz,
which enables the beamformer to process signals with azi-
muth angles up to 69 deg and 61 deg for odd and even
beams, respectively. Beampatterns are measured and ana-
lyzed for the even and odd beams for all possible switch
configurations. Figure 5(a) shows the measured even and
odd beampatterns along with fitted curves for three rf sig-
nals at 0.5, 1, and 1.5 GHz when the PDM is configured for
m=0. At this particular switch position, the optical carriers
do not pass through any of the delay lines of the PDM. For
this reason, a maximum in the output power is detected
when the simulated target is at the broadside position.

4 Conclusion

We have proposed a multibeam WDM optical beamformer
capable of driving a phased array antenna in receive and
transmit modes. The concept is demonstrated by a simple
two-beam two-channel version of the processor. The sys-
tem is based on an array of three delay lines, which provide
the antenna an equivalent angular resolution of 4 bits. That
is, two beams can be pointed independently in 15 different
angular directions. In this prototype the possible angular
range of the antenna is —61 to +61 deg and —69 to
+69 deg for two independent rf beams.

These experiments demonstrate a working prototype of
the proposed T/R beamformer for the rf frequency range of
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0.5 to 1.5 GHz. The transmit mode is characterized for a
broadside target across which the two rf beams are steered.
In the receive mode the beamformer is characterized by
detecting two rf beams from separate targets. Results for
both transmit and receive measurements show good agree-
ment with the theoretical model.

No additional optical components such as circulators,
switches, or attenuators will be necessary to scale up this
proposed PDM for phased-array antennas with a large num-
ber of T/R elements. This upgrade only requires an increase
in the number of FBGs in each delay line. However, in
order to scale up the system for a higher number of rf
beams, multiport interleavers and more optical switches are
needed. The number of WDM channels needed is propor-
tional to the number of rf beams and antenna T/R elements.
Therefore a laser source with wide bandwidth and broad-
band optical components suitable for that wavelength range
are required for multibeam processing. The ternary PDM
requires one less delay line of FBGs in order to obtain
similar performance as its binary counterpart.'’ This advan-
tage is critical when a large number of FBGs have to be
fabricated in a single delay line.

Temperature changes do not introduce significant perfor-
mance degradation in our controlled laboratory environ-
ment since the sensitivity of the Bragg wavelength with the
temperature is about 10 pm/°C. However, a PDM proto-
type designed to work in a harsh environment requires ther-
mally insulated FBGs. '
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