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SUMMARY Binary and ternary 5-bit programmable disper-
sion matrix, based on fiber Bragg reflectors, is built to control a
two-channel receive/transmit beamformer at 1550 nm. RF phase
measurements for the 32/31 delay configurations are presented.
The programmable dispersion matrix is fully demonstrated and
characterized for RF signals from 0.2 to 1GHz.
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1. Introduction

Many RF and microwave systems, such as high-
resolution phased-array antennas and signal process-
ing electronics, require true-time delay (TTD) phase
shifters. In such systems, the individual 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 electri-
cal cable. However, these implementations tend to be
bulky, heavy and susceptible to electromagnetic inter-
ference. The fiber-optic control systems provide bene-
fits in the above areas.

Varieties of optical techniques have been proposed
for obtaining TTD capability using fiber-optic sys-
tems [1]. In particular, systems using fiber Bragg re-
flectors for providing time delays have been proposed
and demonstrated [2], [3]. In Ref. [4] a 2-bit trans-
mit/receive module using a fiber Bragg grating matrix
has been demonstrated.

In this paper, we design and experimentally
demonstrate a binary and ternary version of a two-
channel true-time delay programmable dispersion ma-
trix (PDM) for controlling a phase array antenna. The
wideband processor has a resolution of 5-bit and it can
be easily scaled to large number of T/R elements.

In Sect. 2 we describe in detail the theory for both
architectures along with an overview of the beamformer
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in transmit and receive modes. The beamformer mea-
surements and analysis are discussed in Sect. 3. Con-
cluding remarks are given in Sect. 4.

2. System Overview

Figure 1(a) shows a schematic drawing of the beam-
former architecture in the transmit mode. Two laser
diodes provide optical carriers (channels) with wave-
length λ1 and λ2. Both channels are multiplexed and
externally modulated with an RF signal using a Mach-
Zehnder electro-optic modulator (EOM). Modulation
of multiplexed channels ensures zero phase delay be-
tween the RF components before the optical carrier is
processed in transmit mode. Modulated carriers feed a

Fig. 1 Beamformer setup configuration for: (a) transmit mode
and (b) receive mode. PC: polarization controller, PD: photodi-
ode.
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PDM, which performs the true-time delay processing.
For each configuration of the PDM, λ1 either leads or
lags λ2 by a time-period. At the output of the PDM,
after proper phase difference is set, channels are de-
multiplexed. Two broadband photo-detectors recover
the delayed RF signals that would feed the antenna el-
ements.

The schematic drawing for a receive-mode beam-
former is shown in Fig. 1(b). An incoming RF signal
from a target is received by the two antenna array el-
ements. The phase difference at the antenna elements
depends on the target position. The received RF signal
at each element separately modulates two individual
optical carriers, at wavelengths λ1 and λ2.

Modulation of optical carriers is performed by two
Mach-Zehnder EOMs. The multiplexed optical carri-
ers feed the PDM, which performs the true-time delay
processing. The time delay between optical channels is
corrected by the PDM and detected with a single pho-
todetector. The output power of the photodetector is a
function of the corrected phase difference between the
two RF signals and is given by

P (dB) = 10 log (K1 + K2 cos∆φ) (1)

where ∆φ is the phase difference and K1, K2 are the
proportionality constants. Thus, the output power is
related to the target angular position via this phase
difference. When the PDM corrects for the phase dif-
ference at the antenna elements a maximum power will
be detected for the target position.

2.1 PDM Binary and Ternary Architectures

The architecture of a binary 5-bit PMD, which is
based on fiber Bragg grating (FBG) arrays, is shown
in Fig. 2(a). The N -bit version of two-channel bi-
nary architecture consists of an array of N delay lines.
Each delay line is constructed by splicing two FBGs.
The center wavelength of each FBG matches the wave-
lengths of the multiplexed optical channels. The sep-
aration between Bragg reflectors is different for each
delay line. Thus, the time delay(s) between channels
are proportional to these FBG separations. The sepa-
ration of two adjacent gratings for the ith line is given
by

∆Li = 2i−1∆L1 (2)

where ∆L1 is the minimum separation between two
gratings in line 1. Using Eq. (2) the time delay pro-
vided by the ith line can be written as

τi =
2neff ∆Li

c
(3)

where neff is the effective refraction index of the fiber
and c is the speed of light. Each of the 2N delay con-
figurations of the PDM is an integer multiple, m, of

Fig. 2 Two-channel 5-bit programmable dispersion matrix for:
(a) Binary switching configuration; (b) Ternary switching config-
uration. SW: optical switch, B: optical balancer, OC: optical
circulator.

minimum time delay τ1. The minimum time delay, as-
sociated with line 1, is directly related with the angu-
lar resolution and the minimum steering angle of any
beamformer [5]. The steered angle θm is related to a
characteristic parameter of the PDM, that is τ1, and a
geometrical parameter of the antenna, the T/R element
spacing Λ, by

θm = arcsin
(c m τ1

Λ

)
(4)

As can be noted in Fig. 2(a), the order of FBGs in the
last line is reversed. This inversion allows an almost
symmetrical beamforming by obtaining time delays of
opposite sign when the last line is combined with the
others.

Time delays with opposite sign can also be
achieved by routing the optical signal to the top end
of a delay line. In the ternary PDM version shown in
Fig. 2(b) this approach is used to obtain symmetrically
distributed delay configurations.

The architecture of four delay-lines ternary-PDM
is shown in Fig. 2. The PDM is arranged in a ternary
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layout, so that, the RF signal modulating λ1 can ei-
ther leads or lags the RF signal modulating λ2 in each
line hence allowing perfect symmetrical beamforming.
As we discussed above, to achieve the same resolution
in binary systems an additional line is required. The
2N − 1 delay configurations version of the two-channel
ternary architecture consists of an array of N −1 delay
lines. Each delay line is constructed in the same way as
described for the binary case. Each possible time-delay
can be calculated from

τ (m) =
N−1∑
i=1

ai,m · τi, (5)

where the value of the constant ai,m depends on the
optical signal path. The optical signal can be routed to
the bottom end or top end of the ith delay-line being
ai,m = 1 and ai,m = −1 respectively. On other hand,
when light is bypassing the ith delay line ai,m = 0.
Time-delays, which are integer multiples of the mini-
mum delay τ1, range from −2N−1 · τ1 to 2N−1 · τ1. This
results in a symmetrical distribution around zero delay.
Because in the ternary arrangement the value for ai is
not unique for a certain time-delay τ (m). This prop-
erty can be used to improve the performance of the
system, i.e., a desirable time delay (a combination of
array lines) is chosen by including a minimum number
of delay-lines in order to avoid excessive insertion loss.

3. Experiment and Results

Two 15mW semiconductor lasers, Alcatel model
A1905LMI; with wavelengths of 1551.7 nm and
1550.9 nm provide optical carriers. Two in-fiber polar-
ization controllers set proper polarization at the input
of the 10GHz bandwidth SDL EOMs. Experiments are
performed over both, a 5-bit binary PDM that provide
32 delay configurations and a ternary PDM allowing 31
different delays. The central wavelengths of the fiber
Bragg gratings match ITU frequency channels 32 and
33 (100GHz spacing). All the gratings have reflectiv-
ity from 94.8% to 99.3% and FWHM of 0.3nm. For
lines 1 to 4 the first FBG reflects light of channel ITU
32 meanwhile the second FBG reflects light of chan-
nel ITU 33. According to Fig. 2(a) the order of FBGs
for line 5, in the binary version, is reversed in order to
obtain symmetrical beamforming.

The minimum separation between FBG is ∆L1 =
0.02m corresponding to the line 1. Separations for suc-
cessive lines are: ∆L = 0.04m, 0.08m, 0.16m, and
0.32m. The theoretical minimum time delay of the
PDM, calculated from Eq. (2), is τ1 = 195.8 ps. Op-
tical circulators are used to route the signals to/from
the lines. In the binary version, two 1 × 2 and four
2× 2 Hitachi optical switches are programmed in order
to obtain all the delay configurations. For the ternary
system, two 1×3 and three 3×3 Hitachi optical switches

are used. In both approaches, optical switches are con-
trolled using an Agilent 34970A data acquisition unit.
Note that the optical signals will undergo different lev-
els of attenuation depending upon the delay configu-
ration, because the number of components is not the
same for each of the paths. Thus, as the insertion loss
of PDM is path dependent, spurious power variations
from changes in constants K1 and K2 for different con-
figurations can affect the measurements. In order to
balance the optical power in the PDMs, in-fiber air-gap
mechanical attenuators are placed in each of the paths
as shown in Fig. 2(a) and (b). Optical insertion loss of
the system is approximately 26 dB. The main sources
of loss are the EOM biased on quadrature (6–8 dB) and
the optical connectors along the PDM. Due to optical
losses over the system, an IPG Photonics erbium doped
fiber amplifier (EDFA) with 25 dB gain is inserted to
improve the dynamic range of the network.

3.1 Time-Delay Characterization

In order to characterize the delay-lines a slightly mod-
ified version of the setup shown in Fig. 1(a) is used.
The modulator is fed with an RF signal out of port
#1 of a Vector Network Analyzer. Port #2 detects
the RF signal out of the two broadband photodetectors
one at a time. Therefore, the phase and magnitude of
S-parameter S21 are measured for each channel. For a
given frequency, the time-delay introduced by the PDM
can be obtained by subtracting the phase values asso-
ciated with the parameter S21 for the two channels as

∆φm = φ0 + 2π νRF τ (m), (6)

where ∆φm is the phase difference for the mth delay
configuration, νRF is the signal frequency, and φ0 is
an arbitrary constant phase. Figure 3(a) shows the
phase difference between channels for switching config-
urations involving: no delay and individual delay lines
1 to 5 of binary PDM. The experimental data is ob-
tained by sweeping the RF signal from the vector net-
work analyzer from 130MHz to 2 GHz. The time delay
is calculated from the linear fit to data using Eq. (6).
Figure 3(b) shows the time-delays for all possible con-
figurations of the PDM. The minimum time-delay cor-
responding to line 1 is calculated to be 219.3 ps. The
linear behavior of the curve shows a good agreement
with Eq. (6). Measurement errors are less than 10%
and are attributed to grating spacing errors and phase
noise.

3.2 Beampattern Characterization in Transmit Mode

The results in this section characterize the array-factor,
which is equivalent to the beampattern when isotropic
antenna elements are used. For transmit mode charac-
terization, the configuration shown in Fig. 1(a) is mod-
ified. The output signal from the PDM is detected by
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Fig. 3 (a) Phase difference vs. RF frequency for: no delay
and delay lines 1–5. (b) Time delay versus switch configuration
(parameter m) for all the possible time-delays in PDM.

a single photodetector and a Tektronix 2782 RF Spec-
trum Analyzer. Thus, the RF phase shift created by
the PDM is transformed to power variations, according
to Eq. (1). In order to obtain the transmit beam pat-
tern for a desired RF frequency, the PDM is stepped
through each possible time-delay configuration. Fig-
ure 4 shows the experimental and theoretical beam-
patterns for the transmission of a RF signal at 1GHz.
Plotted data represents power received by an observer
at broadside position for different configurations of the
PDM. The theoretical curve is calculated from Eqs. (1),
(4) and (6). The plot represents a beam steering range
of ±61.7◦, using Λ = 1m as the element spacing of the
antenna-array. Discrepancies between the experimen-
tal points and the theoretical curves are attributed to
errors in the power balance of the PDM and power fluc-
tuations due to crosstalk. The bandwidth of the FBG
for both channels causes some overlap between the re-
flectivity profiles, which in turn produces crosstalk.

3.3 Receive Mode Beam-Pattern Characterization

An HP model 83650A RF synthesizer simulates an in-

Fig. 4 Beampattern obtained in transmit mode using the
ternary PDM with 31 time-delay configurations. The frequency
of the transmitted signal is 1GHz.

coming RF signal from a target. The output of the
RF synthesizer is split and sent to optical modulators
shown in Fig. 1(b). To simulate the phase difference be-
tween two antenna elements due to a moving target an
RF phase shifter is introduced before one of the mod-
ulators. Beam patterns are obtained by sweeping the
RF phase shifter and measuring the RF output power
from a single photodetector using a Tektronix 2782 RF
spectrum analyzer.

Beampatterns are measured for RF signals in 0.2–
0.8GHz frequency range. Figure 5 shows beampat-
tern measurements for three RF signals at 0.2, 0.5 and
0.8GHz. Figure 5(a) correspond to zero delay, that
is, the optical carriers do not pass through any of the
FBG lines. Hence, a target is detected at the broadside
position. For the measurement shown in Fig. 5(b) the
carriers pass through the 4th delay line to provide a
time-delay of 8 τ1.

In this case, the PDM is programmed for detect-
ing a target at angular position of 28.02◦. For all the
above figures, experimental data are fit to Eqs. (1), (4)
and (6). Notice that the antenna steering-angle is in-
dependent of the signal frequency. The position of the
main lobe in Fig. 5 is shown to be the same for all three
frequencies 0.2, 0.5 and 0.8GHz thus demonstrating a
“squint-free” characteristic of the processor. Figure 6
further demonstrates the “squint free” nature of the
system. Here, dotted lines for several PDM configu-
rations show the theoretical main lobe positions. The
selected azimuth angles are −28.02◦, 0◦, 3.37◦, 6.74◦,
10.146◦ and 28.02◦. These angular positions in Fig. 3
correspond to values of parameter m = −8, 0, 1, 2,
3, and 8 respectively. Experimental data points are
shown for 0.2, 0.5 and 0.8GHz. Values for azimuth
angles are obtained by fitting the theoretical curve to
experimental results of beampatterns using a non-linear
fit routine. In order to compare the performance of the
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Fig. 5 Beampatterns measurement for receive mode at 0.2, 0.5
and 0.8GHz signal frequencies for target at azimuth angular po-
sition of: (a) 0◦ (broadside), (b) 28.02◦. The main-lobe angular
position is independent of RF operating frequencies. This shows
the squint-free characteristic of this system.

Fig. 6 Comparison of azimuth angular positions of beampat-
terns in receive mode at RF values of 0.2, 0.5 and 0.8GHz. Dot-
ted lines represent theoretical values.

Fig. 7 Azimuth position of the main lobe of the beampattern
for a received signal of 0.5GHz. Solid line represents theoretical
values of Eq. (3).

processor against theoretical predictions from Eq. (4),
beampatterns for all time-delay configurations are mea-
sured. Figure 7 shows the azimuth angular position for
the main lobe obtained from beampattens at 0.5GHz
plotted against the switching parameter m. This fig-
ure shows a good agreement between fitted values and
theoretical calculations.

Our measurements are limited to 0.8GHz in order
to obtain a reasonable number of data points per beam
lobe. Otherwise, the upper limit is restricted by our
phase-shifter and photodetector, which have a band-
width of 2GHz.

4. Discussion and Conclusions

In conclusion, we have analyzed and characterized a 2-
channel 5-bit optical beamformer system operating at
1550 nm using a binary and ternary PDM. Although
only measurements performed over a ternary PDM are
presented, equivalent performance is achieved for the
binary version [6].

The working prototype is used to demonstrate
time-delay measurements and beampattern measure-
ments in the transmit/receive mode for signals in 0.2–
1GHz frequency range. Beampatterns are obtained for
steering angles of approximately ±62◦. Our optical
beamformer exhibits squint-free behavior in RF band
of 0.2–0.8GHz.

Notice that no additional optical components such
as, circulators, attenuators, or optical switches will be
necessary in order to scale the binary and ternary PDM
for phased-array antennas with a large number of ele-
ments. This upgrade will only require that more FBG
to be added to each delay line. However, the ternary
PDM requires one less delay line of FBG in order to
obtain similar performance as its binary counterpart.
This advantage is critical when large number of FBG
have to be fabricated in a single delay line.
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The use of FBG and WDM architecture for con-
structing PDM for phased-array antennas can be ex-
tended to process multiple simultaneous RF beams. In
such approach, optical interleavers along with fused
fiber couplers make possible the separation of opti-
cal channels carrying different RF beams. A simple
prototype for processing two independent simultane-
ous beams in a 3-bit 2-channel beamformer has been
constructed and is currently under investigation. Its
development and preliminary results will be presented
elsewhere.
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