Synchronous amplitude and time control for an
optimum dynamic range variable photonic delay line

Nabeel A. Riza and Nicholas Madamopoulos

A synchronous-amplitude-controlled and time-delay-controlled photonic controller for phased-array an-
tenna applications is proposed and demonstrated. Amplitude control is based on a variable optical
attenuator system that operates in synchronism with the photonic delay line (PDL). This amplitude
control system can provide both the signal calibration for the different PDL channels and settings
required for driving the antenna elements of a phased-array radar and the optimum optical power levels
that impinge on the photodetector for optimum fiber-optic-link performance. Various variable ampli-
tude control modules based on ferroelectric liquid crystals, polymer-dispersed liquid crystals, and pho-
toconductive devices are proposed. We show that the dynamic range loss due to a switched-PDL
inherent structure loss can be compensated when we control the optical power from the laser, using the
synchronous optical attenuation system. For the first time to our knowledge, full dynamic range loss
compensation is demonstrated for an external-modulation-fed 3-bit switched PDL with a structure optical
insertion loss of 5.5 dB. A compression dynamic range of 158 dB-Hz was measured at 6 GHz, and a
spurious free dynamic range of 111 dB-Hz?® was estimated. Feasibility of the dynamic range compen-
sation technique for multichannel, higher-insertion-loss PDL systems is discussed. © 1999 Optical

Society of America
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1. Introduction

In recent years different photonic approaches have
been proposed and experimentally demonstrated for
the implementation of variable photonic delay lines
(PDL’s) for phased-array antenna applications.!
One of the main issues with variable PDL’s and their
use in practical phased-array antenna applications is
their insertion loss. In the past few years we have
been developing switched PDL’s based on bulk optics
and ferroelectric liquid-crystal (FLC) polarization
switches. We have demonstrated switching times of
35 ws (Ref. 2) and within channel rf leakage noise
suppression of less than —75 dB for the 16 different
settings of a 4-bit PDL.3 Radio-frequency insertion
loss numbers of 3.6 dB/bit have been demonstrated3
and are expected to be reduced at <2.8 dB/bit with
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improved FLC devices. Nevertheless, this PDL loss,
in conjunction with the limited fiber-optic- (FO-) link
gain, especially at high rf frequencies (e.g., >2 GHz),
is sometimes the limiting factor in terms of compres-
sion dynamic range (CDR), spurious free dynamic
range (SFDR), and noise figure (NF) of the photonic
system. These factors are important for phased-
array antenna applications and hence are the subject
of this paper with respect to PDL’s.

Over the past few years the use of analog FO links
for phased-array antennas has been explored.4 Cur-
rently, external modulation FO links give a greater
degree of freedom to the optical engineer to obtain
optimized performance. Thus an external modula-
tion FO link gives better performance characteristics
for analog applications compared with direct modu-
lation FO links.5¢ Externally modulated links com-
pared with directly modulated links have
demonstrated higher gains,®7 higher modulation fre-
quencies® and bandwidths,”-# and higher dynamic
ranges.® Specifically, a gain of +11 dB has been
reported with a 22-MHz bandwidth.6 Frequencies
of 20 GHz with a 6.6-GHz bandwidth® have been
demonstrated, and maximum CDR’s of 160 dB-Hz
and SFDR’s of 117 dB-Hz?/3 have been reported for
an external modulation link at 870-930 MHz.°
With a balanced detection scheme for a 3-GHz FO
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Fig. 1. Typical experimental setup for the externally modulated
FO link. A FO attenuator is used to adjust the optical power
impinging on the photodetector. PM, polarization maintaining;
cw, continuous wave.

link, a CDR of 168.4 dB-Hz and a SFDR of 119.5
dB-Hz?? have also been reported.l® Thus the pre-
ferred choice at present for phased-array antenna
applications is external modulation FO links.

Externally modulated links typically include a
diode-pumped solid-state laser with an optical output
power of ~200 mW or more, a Mach—Zehnder inte-
grated electro-optic modulator capable of handling
200 mW or more of continuous-wave (cw) optical
power, and a fast photodetector that usually has a
maximum acceptable optical power of 3-5 mW for
operation at frequencies >1 GHz. This 3-5-mW
limitation is due to the nonlinear response of the
photodiode at high-optical-power densities. The
low-optical-input-power photodetector is currently
the limiting factor for low or negative FO-link gains
operating at frequency bands of a few gigahertz.
Gain is considered in the general sense where nega-
tive gain means loss. The lower levels of acceptable
optical power on the photodetector are due to the
small photodetector area (e.g., approximately 10-20
pm in diameter) required so that the corresponding
capacitance does not limit the link operational band-
width.” Thus the available optical power from the
laser needs to be attenuated before it reaches the
receiver. This can be done with a FO attenuator as
shown in Fig. 1. There are two possible FO attenu-
ator positions in the FO link. The first is before the
electro-optic modulator, and the second is after it.
Since the modulator is capable of handling the laser
optical power, we chose to place the FO attenuator
after the modulator. For reasons that are discussed
below (Section 4) this FO attenuator position gives a
better performance to the FO link in terms of noise
issues. Typical FO-link gain numbers obtained with
a diode-pumped Nd:YAG laser (\ = 1319 nm), a
Uniphase Telecommunications Products (UTP)
Mach-Zehnder analog modulator, and a Lasertron
fast photodetector for operation in the 3—6-GHz band
isapproximately —30dB. Preamplifiers and/or post-
amplifiers can be used to improve the FO link gain,
but this may affect the NF and/or the dynamic range
of the link.1?

To use a FO link for phased-array antenna appli-
cations, a variable PDL is inserted after the FO at-
tenuator. The optical insertion loss of the PDL will
lower the optical power detected at the photodetector
and thus will further reduce the FO link gain. Thus
a limited dynamic range will be obtained for the FO-
link—PDL system. This is particularly important in
the receive mode of the photonic beam former, as
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signals coming from the antenna elements are lower
in power. Note also that for most advanced phased-
array applications the signals driving the antenna
elements are required to be of equivalent amplitudes.
Thus a balanced loss performance between the dif-
ferent settings of a PDL is also a critical system-
design need. Recently we proposed a balanced
insertion loss PDL bit architecture that has equal
loss for each PDL bit setting.’2 Nevertheless, small
insertion loss variation due to the different optical
losses of the optical components or due to the loss
variation throughout their entire active area may
lead to an insertion loss variation for the different
PDL channels and/or settings. Thus the use of the
optical attenuator is required not only for providing
the optimum optical power for maximum dynamic
range but also for providing equal optical signal am-
plitudes for all different PDL settings and channels.

In this paper we propose an optical amplitude con-
trol system that operates in synchronism with the
PDL to provide the necessary signal amplitude cali-
bration and the important dynamic range loss
compensation that produces the optimized rf perfor-
mance of our FO-link—PDL system.? We also dem-
onstrate how this optical attenuation system can be
used to obtain maximum rf dynamic range for a FO-
link—PDL system made up of commercially available
components. The proposed signal amplitude cali-
bration and dynamic range loss compensation tech-
nique is not limited to our PDL design and technology
and can also be used with alternative PDL ap-
proaches. To our knowledge, our amplitude con-
trolled approach gives the highest FO-link dynamic
range ever reported with use of a switched-PDL
system.13-18  The previously reported high dynamic
range (160 dB-Hz) has been demonstrated with non-
switched FO PDL’s.19

2. Synchronous Signal Calibration and Dynamic Range
Loss Compensation Technique

The proposed synchronous signal calibration and dy-
namic range loss compensation method is based on
the high optical power available from the laser source
and on an electrically controlled optical attenuator
after the electro-optic modulator. This attenuator is
set such that the incident optical power after propa-
gation and attenuation through the PDL is at levels
required from the detector for maximum photode-
tected dynamic range. Figure 2 shows such a con-
figuration where the optical attenuator is computer
controlled. For PDL calibration purposes on a day-
to-day basis the rf power splitter sends a small por-
tion of the rf power to the power meter, and, with the
help of a computer and a database, the appropriate
feedback signal is sent to the attenuator for fine con-
trol. Because the PDL loss for each bit setting is
known, the attenuator settings are also known a pri-
ori, and thus the appropriate attenuator setting is
applied by means of an electronic signal that controls
thehigh-speedoptical attenuator. Advancedphased-
array antenna applications require switching times
of a few microseconds. Currently the FO attenua-
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Fig. 2. Dynamic range loss compensation method based on high-
speed electronic control of the variable optical attenuator in syn-
chronous control with the PDL settings.

tors available on the market are limited to slower
switching times (e.g., 200-ms full span scanning for a
30-dB attenuation range).2° Thus a faster switching
speed optical attenuator is required.

Figure 3(a) shows the basic structure of a digital
control, high-speed, binary design, variable optical
attenuator that operates in synchronism with the
variable PDL. Each attenuator module has two pos-
sible settings: the zero attenuation (A,) setting and
the A; attenuation setting, where i = 1, 2,..., N.
This is achieved by use of two light propagation paths
with different optical losses in the attenuator module.
One path gives the zero attenuation (4,), and the
other one gives the A, attenuation. The attenuation
modules are arranged in a cascade switched config-
uration, with each module having twice the attenu-
ation of the previous one; ie., A;,; = 2 X A;. Thus
the cascade of these binary attenuation modules pro-
vides the desired attenuation range. Note that since
polarization-maintaining fibers are used in the sys-
tem configuration (see Fig. 2), a polarization-
dependent high-speed optical attenuator can be used.
Similar to our PDL designs, one polarization-based
attenuator uses high-speed (e.g., 35 ws) binary FLC
polarization switching devices and polarization beam
splitters (PBS’s) to route the optical signal to one of
the two possible paths in the attenuator module.2!
Figure 3(b) shows a multichannel design with atten-
uation plates that can be simple neutral-density fil-
ters designed to provide the desired attenuation.
Another option is to use fixed-power polarization ro-
tators such as half-wave retarders or voltage-
controlled birefringent mode nematic liquid-crystal
devices. These polarization rotators are set such
that they rotate the incident linear polarization by a
predefined angle. Then, owing to the output PBS,
only one polarization component (e.g., horizontal po-
larization) of the linearly polarized light will be trans-
mitted through the PBS toward the output of the
attenuator module. Thus by adjustment of the de-
gree of rotation of the incident polarized light the
desired attenuation can be realized. The first polar-
ization switch labeled S in Fig. 3(b) is used to control
the state of polarization of the input light to the
single-bit module. Depending on this state of polar-
ization, the light can follow either the zero attenua-
tion path A, or the A, path. The second switch S in

the module and the polarizer in the subsequent mod-
ule are used to suppress any polarization leakage
that is due to the switches and to the PBS’s. Note
that the polarization rotator approach gives greater
flexibility to the optical engineer compared with the
neutral-density filter approach for obtaining the de-
sired attenuation, since the attenuation can be fine-
tuned to the desired level by adjustment of either the
voltage applied to the NLC device or the orientation
of the optical axis of the half-wave retarder.

Another FLC-based optical attenuation system is
depicted in Fig. 3(c). With this approach, FLC de-
vices operate in the binary phase mode and act as
beam profile spoilers. This can be achieved by place-
ment of the FLC device such that the optical axis is
switching symmetrically around the output polarizer
axis, and thus the output signal is phase modulated
with a phase factor of w.2223 By individual control of
the axis orientation of the two-dimensional (2-D)
FLC-pixelated array, areas with alternating 0 and =
phases can be realized. Thus a variable fringe spac-
ing O—m phase 2-D grating can be realized that can
cause phase perturbations on the beam phase front.
In general the 0—m phase distribution can have any
configuration and not necessarily a gratinglike one.
Single-mode fiber-coupling efficiency with a FO colli-
mator approach is highly dependent on the wave-
front characteristics of the incident wave.2425 Thus
the 2-D phase perturbation can affect the coupling
efficiency of the beam into the FO collimator. Hence
an attenuated optical signal can be obtained by
proper adjustment of the phase perturbation distri-
bution across the incident beam.

An alternative gray-scale optical attenuator option
is shown in Fig. 3(d). This design is based on holo-
graphic polymer-dispersed liquid-crystal (PDLC) de-
vices. PDLC devices can be used as variable
diffraction efficiency voltage-controlled gratings and
have been reported to have switching speeds of <50
ws.26 The excess light in a PDLC device can be re-
jected into the first diffraction order. Thus the right
amount of optical attenuation can be accomplished.
Compared with the binary design, this approach
gives a reduced size and reduced excess optical loss
attenuator, as it has only one attenuation stage.
Nevertheless, it requires a precise analog voltage con-
troller for driving the PDLC device.

The above-mentioned optical attenuator architec-
tures perform rf signal attenuation in the optical do-
main, as the optical signal propagates through the
PDL system. A different optical architecture for ob-
taining the important signal calibration is based on
an N-bit optically controlled microwave photoconduc-
tive attenuator.27.28 This approach is based on the
photoconductive effect in coplanar waveguide (CPW)
microwave transmission lines, and the attenuation is
applied directly on the microwave signal by optical
means. The photodetected microwave signal is
transmitted to the antenna element by use of a mi-
crowave transmission line fabricated on a silicon pho-
toconductive substrate. When optical beams hit the
transmission line, hole—electron pairs are generated.
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programmable gratings (PG’s).
(Si:CPW PCS, coplanar microwave waveguide on a photoconductive silicon substrate).

to activate each photoconductive bit.
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Thus, a solid-state plasma is created in the semicon-
ductor. The interaction of this plasma with the
propagating microwave signal provides the rf atten-
uation. It has been shown that if the transmission
lines are illuminated by NV control beams with differ-
ent optical powers that follow a binary pattern, then
an N-bit attenuator can be implemented. Figure
3(e) shows a possible design for the photoconductive-
effect-based attenuator. The optical beams incident
on the photoconductive material can be from a VC-
SEL array.2” The VCSEL structure contains many
individual laser diodes that can be independently ad-
dressed with a 2-D VCSEL driver and interface.
The individual lasers can be computer controlled to
be either oN or orr depending on the desired attenu-
ation level. In the oN case the individual laser can
be arranged to have a binary power pattern. Thus,
by independently turning oN and orr the lasers, we
can realize an N-bit rf attenuator.

In the following paragraphs we describe and test a
method for dynamic range loss compensation in a FO
link without a rf amplifier.

3. Experimental Demonstration of the Signal
Calibration and Dynamic Range Loss Compensation
Technique

The optical source used in our experiments was a
diode-pumped Nd:YAG laser at 1319 nm from ATX
Telecom Systems, Inc. The electro-optic modulator
is a UTP LiNbO3; Mach—-Zehnder analog modulator
biased at quadrature, and the detector is a Lasertron
QRX-51-053 receiver. A manually controlled OZ-
Optics FO attenuator is used to simulate an electron-
ically controlled high-speed optical attenuator. First,
the performance of the externally modulated FO link
without the PDL at 6 GHz is tested. The optical at-
tenuator in the FO link was adjusted so that an optical
power of 3 mW is incident on the photodetector. This
3-mW optical power is the optimum optical power for
our Lasertron receiver. The FO link exhibits a
—32.16-dB rf gain (or a 32.16-dB rf loss) at 6 GHz.
Figure 4 shows the measured FO link fundamental-
output versus the link fundamental-input plot at a
frequency of 6 GHz. The 1-dB compression output
power is —11.26 dBm at a +20.9-dBm input power.
As the 1-dB compression point we define the point
where the conversion loss is increased by 1 dB. The
noise-floor power spectral density of the FO link was
measured at —139.2 dBm/kHz (or —169.2 dBm/Hz).
Thus a compression dynamic range (CDR) of 127.8 dB
at 1-kHz bandwidth (or 157.8 dB-Hz) is calculated.
The CDR is a measure of the variation of the signal
levels that can be carried by the link. Typically, it is
defined as the difference (in decibels) between the
maximum detectable power in the linear regime (de-
fined as being 1 dB higher than the 1-dB compression
output power) to the minimum detectable power
(usually defined as being equal to the noise floor).?
The CDR is also often called the signal-to-noise ratio
(SNR) of the FO link. The 1-dB input power com-
pression point is found to be close to the theoretically
expected one given by UTP for their modulator.2®
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Fig. 4. FO-link fundamental and two-tone intermodulation dis-
tortion output versus the link fundamental input at 6 GHz (reso-
lution bandwidth 1 kHz).

The rms V_ of the UTP modulator is 4.3 V, which
corresponds toa P of 25.7dBm. P, is defined as the
rf power required for generating V_.2° The 1-dB in-
put power compression point (P;, _; 4p) is then esti-
mated by29-30

Pin,—l dB — P.n. —3.9dB =21.6 dBm. (1)

The third-order intermodulation (TOI) point, defined
as the point where the fundamental signal and third-
order intermodulation product powers are equal, can
also be calculated with the following equation to
be29,30

Pin,TOI - Pﬂ + 5.1 dB - 30.7 dBm. (2)

With the P;,, 1o and the fact that the two-tone inter-
modulation distortion plot has a slope of 3, the ex-
pected two-tone intermodulation distortion link
output versus the link fundamental input power can
be plotted (Fig. 4). Hence a potential SFDR of 91.8
dB-kHz?/3 or (111.8 dB-Hz?*?) is estimated. The
SFDR is defined as the maximum difference between
the noise floor and the fundamental output that pro-
duces distortion terms of equal amplitude to the noise
floor. The NF ofthe FO link is also measured at 36.9
dB. The NF is the degradation in the SNR caused
by transmission through the link when the input
noise is thermal noise at 290 K and is defined as3!

input SNR
output SNR B

S;/N;

NF = 10 log og S./N,’

101

3)

where S, and S; are the output and the input signal
powers, respectively. N, is the available output
noise power, and N; = KTB is the available input
noise power from the generator, at temperature 7' =
290 K and with bandwidth B. K is the Boltzmann’s
constant. When we rearrange Eq. (3), the NF can
also be expressed as

NF = Pnoise floor — [_174 +10 ].Og(B)] - G7 (4)
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where P, ;.. foor 1S the noise-floor power measured in
decibels referenced to milliwatts at a specific band-
width B, —174 dBm is the available thermal noise at
the input of the link at a temperature of 290 K and a
1-Hz bandwidth, and G is the gain of the FO link in
decibels.

When the PDL is inserted into the externally mod-
ulated link path by use of fiber-to-free space coupling
optics (e.g., gradient-index or GRIN lens fiber-optic
collimators), an extra rf loss is expected. The FO
attenuator remains in its previous setting; hence the
input optical power to the PDL was 3 mW. Our 3-bit
PDL had best and worst optical insertion losses of 5.5
dB and 5.7 dB, respectively. Using our optical at-
tenuator, we equalized the optical insertion loss for
all different settings at a 5.5 dB. Thus the rf gain of
the FO link is now expected to be —32.16 + 2(—5.5) =
—43.16 dB. Indeed, Fig. 5 shows a measured rf FO-
link gain of —43.17 dB at 6 GHz. Figure 5 also
shows the measured FO-link—PDL system funda-
mental output and the expected two-tone intermodu-
lation distortion link output versus the link
fundamental input. We assume that the effect of
the PDL in the two-tone intermodulation distortion
would be only an attenuation of the output signal.
This is assumed, because the third-order intermodu-
lation products are generated by the nonlinearities in
the external modulator. Thus the PDL only atten-
uates the third-order intermodulation product power
by the same amount as the fundamental, i.e., by the
amount that the gain decreases. The 1-dB compres-
sion output power is —22.8 dBm at +20.4 dBm input
power. We measured a noise-floor power spectral
density of —142.8 dBm/kHz (or —172.8 dBm/Hz).
Thus the CDR is 120 dB-kHz (or 150 dB-Hz). This
FO-link gain (which is lower by —11.01 dB, affects
the CDR, which now is 8 dB lower than in the previ-
ous case. The lower noise floor observed in this case
is due to the lower optical power impinging onto the
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photodetector and thus to the lower photodetector
shot noise, which is the dominant source of noise in
our externally modulated FO link. The poten-
tial SFDR can also be estimated as above at 86.8
dB-kHz?? (or 106.8 dB-Hz%*®). The NF of the sys-
tem is calculated with Eq. (4) at 44.3 dB, a 7.4-dB
degradation compared with the previous case.

The next step was to reduce the optical attenuator
setting by 5.5 dB so that the PDL optical insertion
loss is balanced and the light incident on the photo-
detector is again 3 mW. The measured FO-link—
PDL system fundamental output and the expected
two-tone intermodulation distortion link output ver-
sus the fundamental link input are plotted in Fig. 6.
The compensation of the PDL optical insertion loss by
an equal amount of reduction in the optical attenua-
tion of input optical power to the PDL has an effect
such that the FO-link gain and the CDR reach their
links without PDL values of —32.16 dB and —127.8
dB, respectively, at a 1-kHz bandwidth (or 157.8
dB-Hz). The 1-dB compression output power is
—11.4 dBm at a 20.8-dBm input power. The noise-
floor power spectral density is —139.2 dBm/kHz (or
—169.2 dBm/Hz), and the NF and the SFDR also
obtain their links without PDL values.

The experiment was repeated at 3 GHz to test the
wideband capability of the FO link. Figure 7 shows
the fundamental output and the expected two-tone
intermodulation distortion link output versus the
fundamental link input of the FO link at 3 GHz. A
CDR of 123.05 dB-kHz (or 153.05 dB-Hz) and a
SFDR of 88 dB-kHz*? (or 108 dB-Hz*/%) was ob-
tained. Figure 8 shows the linear and the third-
order intermodulation distortion responses of the FO
link with the PDL. The insertion loss of the PDL
reduces both the CDR and the SFDR at 116.5
dB-kHz (or 146.5 dB-Hz) and 83.5 dB-kHz?*? (or
103.5 dB-Hz?®), respectively. Figure 9 shows the
linear and the third-order intermodulation distortion
responses of the FO link with the PDL when the
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dynamic range compensation technique is used.
Again, full dynamic range compensation is obtained
with our technique. A CDR of 123 dB-kHz (or 153
dB-Hz) and a SFDR of 88 dB-kHz?>? (or 108
dB-Hz?/%) was obtained. The optical attenuator set-
tings used for this experiment were the same as those
used in the 6-GHz case. Note that the acquired CDR
and SFDR are ~5 dB and ~3 dB lower, respectively,
than in the 6-GHz case. This is due to the lower P_.
of the modulator at 3 GHz and thus to the lower 1-dB
compression point at this frequency. Our experi-
ments showed a 1-dB compression input power of 17
dBm, which is ~4 dB lower than the 1-dB compres-
sion input power at 6 GHz.

The gain of the FO link was also tested for the 3—6
GHz band. A Hewlett-Packard rf network analyzer
(Model HP-8720-D) was used. Figure 10 shows the
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Fig. 8. FO-link fundamental and two-tone intermodulation dis-

tortion output versus the link fundamental input at 3 GHz when

the PDL is inserted in the optical path (resolution bandwidth 1
kHz).
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Fig. 9. FO-link fundamental and two-tone intermodulation dis-
tortion output versus the link fundamental input at 3 GHz when
the dynamic range loss recovery technique is used (resolution
bandwidth 1 kHz).

gain for the 3-6 GHz band for the three different
experimental setups. The rf input power of the net-
work analyzer was set at 0 dBm. Figure 10(a) shows
the gain for the FO link with the optical attenuator
set to give 3 mW of optical power incident onto the
photodetector. Figure 10(b) shows the FO link with
the PDL and the same setting for the attenuator, and
Fig. 10(c) shows the FO link with the PDL and the
attenuator set so that the optical power impinging
onto the photodetector is again 3 mW. In Fig. 10 it
can be seen that the PDL acts only as an attenuator
to the FO link. It can be seen from the network
analyzer plots that the loss due to the PDL is ~0.6 dB
lower for the 3-GHz case than for the 6-GHz case.

4. Discussion of Fiber-Optic-Link-Photonic Delay-Line
System Performance

The dynamic range recovery technique proposed is
easily accomplished, since the available optical power
from the diode-pumped Nd:YAG laser is high enough
so that after propagation of the optical signal through
the FO link and the PDL the optical power impinging
onto the fast photodetector is more than what is re-
quired from the photodetector for optimum dynamic
range. The optical attenuator is used to adjust the
optical power at levels acceptable from the photode-
tector for operation below the saturation and the non-
linear regimes. For example, for a 7-bit PDL with
an optical insertion loss of 1.3 dB/bit the total optical
insertion loss of the PDLis 7 X 1.3dB = 9.1dB. The
optical insertion loss of an external modulator is ~7
dB (~4 dB due to the device loss and 3 dB due to the
quadrature bias operation). Thus the total optical
insertion loss is 16.1 dB. Additional optical losses
due to the fibers interconnecting the laser to the mod-
ulator, the modulator to the PDL, and the PDL to the
photodetector and due to the fiber connectors can be
<1dB. Ifa200-mW diode-pumped laser is used, the
optical power available for delivery at the photode-
tector is 4 mW. This is more than what is required
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Fig. 10. Network analyzer plots showing the rf gain of the FO link (a) without the PDL, (b) with the PDL, and (c) with the PDL and the

dynamic range compensation technique.

by our photodetector for optimum dynamic range.
Thus the FO attenuator can be used to adjust the
optical power. Note that if our photodetector could
handle higher optical powers, the dynamic range
would have been higher. Currently, the limited op-
tical power capacity of the photodetectors in the S or
the C band is the limiting factor for much higher
dynamic ranges in these bands.

The proposed optical attenuation system does not
require a wide range of attenuation levels (i.e., from 0
to >10dB). Experiments have shown that the within
channel PDL bit insertion loss variation due to the
optical insertion losses of the optical components is
approximately =0.05 dB.3 For a 4-bit PDL we mea-
sured a *0.2-dB insertion loss variation.? Thus it is
expected that for a 7-bit PDL the total insertion loss
variation will be approximately =0.4 dB. Insertion

2316 APPLIED OPTICS / Vol. 38, No. 11 / 10 April 1999

loss variation due to the nonuniformities throughout
the entire active area for the optical components are
expected to be within +5% of their specifications in the
worst case. This leads to a variation of less than +0.3
dB. So the worst-case-scenario variation is expected
to be =0.7 dB. Hence the amplitude control system
would need to have the capability of 1.4 dB of maxi-
mum attenuation. To obtain this 1.4-dB optical at-
tenuation with a resolution of 0.1 dB, a 4-bit binary
optical attenuator can be used. Note also that the rf
characteristics of the modulator and of the photodetec-
tor affect the overall gain of the system and may limit
the performance [Fig. 10(a)]. For a completely bal-
anced, flat gain response throughout the entire
operational band (e.g., 3-6 GHz) the different rf per-
formance can be calibrated and balanced out by use of
the optical attenuation system.



Note that the dominant noise in our FO link is the
shot noise, since the relative intensity noise of the
diode-pumped laser is approximately —170 dBm/Hz.
In our experiment only the input power impinging on
the photodetector changes; thus the noise-floor vari-
ation in the different experimental cases is depen-
dent on the effect of the optical power on the shot
noise. The modulator thermal noise is proportional
to the microwave-modulated optical power and be-
comes significant as the input optical power is in-
creased. Since in our case the optical input power to
the modulator is the same, the modulator thermal
noise contribution is the same in all the cases. This
is why we chose to position the FO attenuator after
the modulator and not before it. The rest of the
noise contribution comes from the photodetector dark
current and the thermal noise that are independent
of the optical power.

From the above discussion and from the fact that
the FO-link gain increases in proportion to the square
of the optical power,? whereas the noise floor in-
creases in proportion to the optical power,® the FO-
link dynamic range can be optimized by adjustment
of the optical power. Currently, the limit to further
maximization of the CDR and the SFDR in the GHz
regime is the inability of the fast photodetectors to
handle larger optical powers that could eventually
lead to an improved FO-link—PDL system dynamic
range and may be in the 3-dB NF limit.32 Neverthe-
less, recent results have shown that photodiode non-
linearities can be reduced with increase of the bias,33
thus promising higher dynamic range. A balanced
high-power photodetection scheme has also demon-
strated increased dynamic range.l® We can also
achieve increased dynamic range by low biasing the
Mach—Zehnder modulator with the penalty of re-
duced gain, provided that single-octave operation is
needed.3* Optical carrier suppression has also been
proposed for improved dynamic range.?5 It has been
proposed that this optical carrier suppression can
be accomplished entirely within the modulator
waveguide circuitry.36

5. Conclusion

In conclusion, we have proposed and experimentally
demonstrated a dynamic range recovery technique
for switched PDL’s used for phased-array antenna
control applications. This method employs a high-
speed variable optical attenuator that operates syn-
chronously with the variable PDL to maintain an
optimized optical power level on the output photode-
tector. We have proposed various optical designs to
implement this high-speed attenuator. Dynamic
range recovery was demonstrated for a 3-bit PDL
with an optical insertion loss of 5.5 dB, fed by a FO
link consisting of commercially available compo-
nents. A compression dynamic range (CDR) of 158
dB-Hz and a noise figure of 36.9 dB were measured
for the FO-link—PDL system. The spurious free dy-
namic range (SFDR) was estimated to be >111
dB-Hz?*3. The use of the high-speed optical attenu-
ator also provides the necessary signal calibration for

the different PDL settings and channels. Improved
overall system dynamic range can be accomplished
with lower insertion loss PDL’s, optical carrier sup-
pression, low biasing of the electro-optic modulator,
and/or photodetectors that can handle larger optical
powers.
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