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Abstract —Future generations of communication and surveillance
platforms will be based on large-aperture phased array antennas com-
posed of many active-MMIC-based transmit /receive modules. This pa-
per concerns the phase and frequency coherency of these modules. A
review of various methods of phase and frequency synchronization of
active modules is presented, and particular emphasis is placed on the
synchronization of oscillators through the use of an indirect subhar-
monic optical injection locking technique. In this approach, the nonlin-
ear behavior of both large-signal modulated laser diodes and solid-state
oscillators is exploited to extend the bandwidth of the synchronizing link
to the millimeter-wave frequency range. Experimental results of the
phase and frequency coherency of two 21.5 GHz FET escillators are also
reported here. Optimum performance has been achieved at a subhar-
monic factor of 1/4, with a locking range of 84 MHz and a phase noise
degradation of only 14 dB. The phase coherency measurement of two
injection-locked oscillators points to a phase shift, which is introduced
as a result of the frequency detuning between the slave and master
oscillator signals. A scheme to correct for this phase error is also
presented.

I. INTRODUCTION

ITH RECENT advances in low-cost fabrication
Wtechniques for solid-state electronic circuits and
high-speed parallel signal processing capabilities, complex
surveillance and communication systems can now be de-
signed according to the concept of distributed sensors.
The active and passive sensors utilize coherent integra-
tion methods for signal processing, which demand a phase
and frequency coherency in these distributed microwave
systems.

For example, in the case of future high-data-rate satel-
lite communication systems, large-aperture phased array
antennas are designed with as many as of 10°-10° active-
MMIC-based millimeter-wave transmit/receive (T/R)
modules. These modules must be phase and frequency
synchronized so that a coherent radiating /receiving beam
can be constructed. Because of the complexity of feed
networks at millimeter-wave frequencies, fiber-optic links
are employed to distribute reference signals, amplitude
and phase control information, and data/communication
signals. Optical distribution of the modulated millimeter-
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wave frequency carrier demands ultrag-high-speed
fiber-optic links; however, because of the performance
limitations of electro-optic components, millimeter-wave
modulation of light is not feasible at present. Therefore,
it the fiber optical feed network is to satisfy the stringent
system performance requirements, the conventional sys-
tem architectures should be modified to address the
bandwidth inadequacy of the fiber-optic links.

The most viable system architecture at millimeter-wave
frequencies, satisfying bandwidth and dynamic range te-
quirements, is 7'/ R level data mixing [1], shown in Fig. 1.
In this approach the communication and reference signals
are distributed using separate fiber-optic links to the T/R
(or subarray) modules for mixing, as opposed to the
commonly used CPU level data mixing, where communica-
tion signals are up-converted at the CPU prior to the
optical distribution. In the T/R level data mixing ap-
proach, however, a number of local oscillators (LO’s),
collocated with the active modules and dedicated to each
T/R module (or subarray), are synchronized to the same
frequency reference, which in turn can be used to up-con-
vert or down-convert the information.

The major advantage of the T /R level data mixing
architecture lies in the separation of the ultra-high-speed
fiber-optic link, dedicated to distribution of millimeter-
wave carrier signal at a single frequency, from the high-
speed fiber-optic link, which is used for distribution of
communication signals with bandwidths up to a few giga-
hertz. As result of this separation, the frequency refer-
ence link is designed for maximum bandwidth, whereas
the data fiber-optic link is optimized for lowest loss and
highest dynamic range [1].

Development of low-loss, high-dynamic-range fiber-
optic links, which is quite realizable, is discussed in detail
elsewhere [2]. On the other hand, distribution of carrier
frequency signals extending well into millimeter-wave fre-
quencies (particularly of 60 and 94 GHz) using state-of-
the-art fiber-optic links presents a challenge that requites
more attention. The goal of this paper is i) to review
various methods of establishing a coherent carrier fre-
quency up to the millimeter wave, with particular empha-
sis on the subharmonic indirect optical injection locking
technique; ii) to present experimental results that support
the viability of subharmonic indirect optical injection lock-
ing by evaluating coherency of the two 21.5 GHz free-run-
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Fig. 1. Conceptual representation of T/R level data mixing based on
the subharmonic indirect optical injection locking of distributed an-
tenna structure and distribution of data signals. The bandwidth limita-
tion of the fiber-optic link requires exploitation of both laser and
oscillator nonlinearities. To address synchronization of a large num-
ber of modules, microwave distribution, laser diode arrays, and optical
distribution networks should be used.

ning FET oscillators synchronized to the same frequency
reference; and finally iii) to discuss those emerging con-
cepts that bear on the optical synchronization of millime-
ter-wave oscillators.

II. BACKGROUND
A. Millimeter-Wave Modulated Laser Light

The generation of modulated light up to millimeter-
wave frequencies is necessary for the distribution of mil-
limeter-wave carrier signals. A number of methods have
been shown to generate millimeter-wave optical modu-
lated signals. Among them, only the heterodyning tech-
nique has demonstrated millimeter-wave modulation. In
this approach, the outputs of two stabilized lasers are
heterodyned and low-pass filtered by a photodetector; the
detected signal is related to the frequency difference
between the two lasers and can be adjusted to operate at
microwave or millimeter-wave frequencies. In fact, the
high temperature sensitivity of the laser wavelength (for
semiconductor lasers = 0.6 nm /°C) can be used to sweep
into millimeter-wave frequencies, but this dependence
also restricts the practical application of this scheme to a
few specialized cases. Another disadvantage of this tech-
nique is that any optical frequency jitter of the lasers is
directly translated to the FM noise of the heterodyned
electrical signal. Nevertheless, reference signals up to 100
GHz have already been reported using this novel tech-
nique [3]1-[5].

Alternatives to the heterodyning scheme are the direct
modulation of a laser diode or the use of external modula-
tors. The external modulators take advantage of optical
wave interaction with the electrical, magnetic, or acoustic
waves throughout the electro-optic, magneto-optic, or
acousto-optic property of the guided wave material re-
spectively. Even though magneto-optic modulators hold
great promise for attaining very high speeds, the highest
speeds of external modulators reported to date are
in Mach-Zehnder electro-optic modulators. Using
Ti: LiNbO; Mach—Zehnder traveling wave modulators, an
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electro-optic modulation bandwidth up to 17 GHz [6] has
been reported. The bandwidth limitations of traveling
wave modulators are primarily a result of the velocity
mismatch between electrical and optical waves and are
not affected by the electro-optic response, which is in the
picosecond range. Recently, traveling wave
Mach-Zehnder modulators with bandwidths up to 40
GHz have been reported [7], where velocity matching is
obtained by introducing a 180° coded phase reversal of
biasing electrodes. The disadvantages of the external elec-
tro-optic modulators at present are high optical insertion
loss, size, and, for coded velocity matched modulators,
phase distortion.

On the other hand, direct modulation of short cavity
laser diodes at room temperature has been reported up to
20 GHz [8], [9], where parasitic roll-off was reduced by
minimizing the substrate capacitance and operating lasers
at high bias currents. But while the high-speed laser diode
operation is achieved at high bias current in the small
active region, this operating condition reduces laser relia-
bility. On the other hand, multi-quantum-well laser diodes
[10] enjoy high differential quantum efficiency, leading to
ultrahigh relaxation oscillation without high bias currents.
Nevertheless, Su [11] has predicted that the damping
factor caused by gain compression would inherently limit
the bandwidth of laser diodes to a level well below their
relaxation oscillation frequency. Therefore, it is not pre-
dicted that low-cost fabrication of laser diodes with band-
widths in excess of 20 GHz will be feasible in the near
future. Furthermore, because lasers exhibit chirping at
fast modulation rates, the usable bandwidth of a directly
modulated laser diode will also be limited. Therefore,
new methods to generate ultra-high-speed modulated light
need to be developed.

B. Coherency of Local Oscillators

In the T /R level data mixing system architecture, stabi-
lized microwave or millimeter-wave local oscillators are
used to up-convert the data signal to the carrier frequency
or down-convert the modulated RF to the IF frequency.
The viability of this architecture depends on highly stable
local oscillators. Numerous methods to generate highly
stabilized single-frequency microwave and millimeter-
wave signals exist [12] and full discussion of this important
subject, within the context of this paper, is practically
impossible. Historically, direct and indirect synthesis tech-
niques have been employed to produce a microwave car-
rier from a frequency reference. Optical synchronization
of distributed independent oscillators to the same fre-
quency reference, in principle, can be implemented by
synthesis of the frequency reference at the CPU or the
T /R modules.

1) Phase Locked Loop (PLL): The essence of this
method is better known in control engineering than mi-
crowave circuits. Gardner gives a suitable introduction to
this subject [13]. In this approach the frequency reference
is used to synthesize coherent carriers at each T/R
module. In the optically synchronized oscillators, a fre-
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quency reference at low frequency (typically about 100
MHz) is distributed through a fiber-optic link and used to
generate comb lines; after filtering, only one of these
comb lines is used to phase lock a voltage controlled
oscillator (VCO). For example, a fiber-optic link was
employed to distribute a 100 MHz frequency reference to
phase lock 14.15 GHz dielectric stabilized oscillators in
the antenna mounted electronics of distributed antenna
structures [14]. The advantage of this technique is that the
carrier signal is synthesized from lower frequencies, re-
placing ultra-high-speed fiber-optic links with links of
much lower bandwidth and higher efficiency.

Nevertheless, because each LO requires a comb line
generator composed of amplifiers and a step recovery
diode operating in large-signal domain, thermal dissipa-
tion and overall efficiency limit the applicability of this
approach to higher frequencies. Even though in the PLL
approach the average phase error can be reduced to zero
by having a large dc amplification gain, because of instan-
taneous phase differences between the frequency refer-
ence and VCO, stemming from the VCO’s frequency
instability, spurious signals manifested by low-frequency
FM noise will be present in the stabilized LO. The
low-frequency noise is reduced by increasing the locking
range as seen in the second-order PLL [13]' however the
penalty is a longer settling time.

2) Optical Injection Locking: In this approach fiber-
optic links distribute the synthesized carrier signal to each
module, which is then used to injection lock a local
oscillator. Injection locking, or forced oscillation of an
oscillator to follow characteristics of a master oscillator, is
a well-known phenomenon in nonlinear oscillators {15],
[16); hence, only relevant issues in optical injection lock-
ing will be reviewed. In this approach, the master oscilla-
tor signal directly or externally modulates the laser diode
output light, and the modulated light is then distributed
to the modules for injection locking of the LO. Two
methods can be used for injection locking, viz. direct and
indirect. In direct optical injection locking, the modulated
light is injected into the active region of the solid-state
device used in the local oscillator, as demonstrated for
TRAPATT [17], BJT [18], IMPATT [19], MESFET [20],
and HEMT {5].

Although this technique is very elegant, it suffers from
poor optical coupling efficiency of the modulated light to
the sensitive region of the device, resulting in a limited
locking range and poor close-in carrier FM noise level,
The alternative approach is indirect optical injection lock-
ing (cf. Fig. 1), where the modulated light is first detected
by a high-speed photodiode and, after amplification, is
electrically injected into the LO [21]. The advantages of
this technique are greater coupling efficiency and higher
master oscillator signal power before injection locking,
resulting in a higher locking range and a better close-in
carrier phase noise. Furthermore, because the master
signal can be amplified before injection to the LO, the
nonlinear characteristics of the oscillator can be exploited
and synchronization can be observed at parametrically
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related frequencies of the slave oscillator’s frequency.
More specifically, frequency entrainment can be observed
at those injected frequencies that are subharmonically
related to the free-running oscillation frequency of the
slave local oscillator. Therefore, the bandwidth of the
fiber-optic link necessary for distribution of the frequency
reference can be much lower than the slave oscillator’s
frequency, as demonstrated in the case of a 389 GHz
IMPATT oscillator [22]. In this experiment, the nonlin-
earities of both the laser diode and the IMPATT diode
were exploited to achieve the frequency multiplication
necessary for synchronization of the millimeter-wave
oscillator. For subharmonic injection locking, the rela-
tionship between the master oscillator frequency, f, . er
(= 3.3 GHz), and the slave oscillator, f,. (= 38.9 GHz),
can be expressed more explicitly as

f slave (1)
where my,., (=4) and mg, (=3) are the frequency
multiplication factors of the laser diode and the oscillator,
respectively, and 8f is the frequency detuning. The laser
nonlinearity demonstrates a desirable feature by which
practical optical synchronization of oscillators can be ex-
tended to Ka-band and above.

Maser X mOsc.X fmaster + ‘Sf

C. Nonlinear Characteristics of Laser Diodes

One way to overcome the bandwidth limitations of
laser diodes and extend the effective synchronizing fiber-
optic link is to exploit the inherent nonlinearities of
semiconductor laser diodes. In fact, a study comparing
the characteristics of an optically injection Jocked oscilla-
tor in terms of locking range and FM noise for various
multiplication factors of m ., and mg, indicated that
nonlinearity of the laser diode is more significant and
should be exploited [23]. A study of the dynamic behavior
of a large-signal direct modulated laser diode demon-
strated that at modulating frequencies close to the large
signal relaxation oscillation results in a strong nonlinear
behavior, leading to high harmonic levels [23], [24]. The
harmonics generated at these frequencies are at a much
higher level than those achieved by fundamental modula-
tion at the same harmonic frequency. The generated
harmonics of the frequency reference can then be used to
injection-lock millimeter-wave free-running oscillators
subharmonically. The time evolution of photon density,
P(t), for a large-signal modulated laser diode at an angu-
lar frequency @ can be expressed as [24]

P(t) = I(a)+2 Z I(a)cosk(wt +8)

1 ( ) k=1
where [,(a) is the modified Bessel function of the first
kind and order k, and P, is the average photon density.
The parameter a corresponds to the exponential ampli-
tude of the photon density. The amplitude a is related to
laser physical parameters and the current modulation
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Fig. 2. Comparison of the detected harmonics as a function of current
modulation index for symmetric and asymmetric ———= laser
diodes modulated by a 0 dBm signal at 5 GHz.

index of the laser [25]:
2 2

m=a { w—;)—qﬁ(&)} +w275{[ 21 ]—l—l}
w; WHT T,

where w}=aP,/ 7, is the small-signal relaxation oscilla-
tion frequency, P, is the time-averaged photon density, «
is the differential optical gain, and 7, and 7, are electron
and photon lifetimes respectively. The current modula-
tion index is defined as m ={Iyp /(I, — I;)}, where Inp
corresponds to the RF current passing through the laser
diode’s junction for bias and threshold currents of I, and
I, respectively. Finally, the term ¢(a)=21(a)/al(a).
This expression can be used to evaluate the harmonic
content of different laser diode structures, such as sym-
metric and asymmetric, in terms of 7, and 7, and operat-
ing conditions [26] as well as the device structure.

The degree of nonlinear behavior is predominantly
affected by the ratio of 7, to 7,; these two physical
parameters are influenced by the Fabry-Perot facet coat-
ing for the given laser diode geometry and structure. In
particular, lasers with back facet reflective coating (asym-
metric) have a shorter electron lifetime and a longer
photon lifctime than the uncoated laser diodes (symmet-
ric). This degree of control can enhance or suppress the
harmonic generation in the laser diode. A theoretical
comparison of harmonic content of symmetric and asym-
metric buried heterojunction (BH) laser diodes for an RF
input current of 6 mA (0 dBm input power to 50 Q
system) at a modulating frequency of 5 GHz is rendered
in Fig. 2 for various modulation indices. This graph pre-
dicts that higher harmonic content will be observed for
symmetric laser diodes close to the relaxation oscillation
frequency than asymmetric laser even though the asym-
metric laser provides higher output power from the front
facet.
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Fig. 3. Simplified layout of the 21.5 GHz FET oscillators.

III. PuaseE anD FREQUENCY COHERENCY
EXPERIMENTS

The concept of large-signal modulation of laser diodes
and its applicability in indirect subharmonic optical injec-
tion locking are well illustrated by the following case. Two
oscillators operating at 21.5 GHz were designed and
fabricated using low-noise 0.5 um GaAs MESFET’s from
Avantek. The FET oscillators, realized on alumina sub-
strates in a hybrid form, were self-biased at 50% of I,
using a chip voltage regulator of 8 V. The biasing condi-
tions were V;; =4 Vand V,, = -1V for 1, = 45 mA. The
I, was adjusted with the bias resistance in the source as
shown in Fig. 3. By using the transistor model and mi-
crowave CAD program, the value of the series feedback
capacitance was determined to optimize the negative re-
sistance around the desired frequency of 21.5 GHz.

A microstrip open-circuited stub in the gate was ad-
justed to satisfy the oscillation frequency at 21.5 GHz. A
matching stub on the drain was used primarily to maxi-
mize the output power. The output power of 10 mW was
measured at 21.55 GHz. The power spectrum of the
free-running oscillators is shown in Fig. 4. A good pushing
factor of 100 kHz/V was obtained for the oscillator due
to the stable dc biasing provided by the voltage regulator.
The external Q of the free-running oscillators was deter-
mined by direct electrical injection locking and was calcu-
lated to be 205 using Adler’s locking range equation [27].

A. Frequency Coherency Fxperiments

1) Experimental Setup: In the experimental setup
shown in Fig. 5, two 21.5 GHz FET oscillators are opti-
cally synchronized to a reference source. A high-speed
BH GaAlAs laser diode, manufactured by the Ortel Cor-
poration, is used in this experiment as an optical source.
The fiber pigtailed laser diode package emits light at 810
nm and has an output power of 4.5 mW out of the fiber
end. The laser diode has a threshold current of 17 mA
and is biased by an optical power monitored power supply
to maintain constant output power., The 3 dB bandwidth
of the laser diode is 9.3 GHz at a biasing level corre-
sponding to 90% of maximum output power. The laser
diode is modulated under the large-signal domain at f,
by a synthesized source through a bias tee.

The modulated light output is coupled to a 3 dB optical
coupler from Canstar with coupling coefficient of 47%
and 43%. Light in the first arm of the coupler is colli-
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Fig. 4. Spectrum of the free-running oscillators at 21.5 GHz: (a) oscillator #1, (b) oscillator #2 (horizontal scale of 100
kHz /div., vertical scale of 10-dB/div., and resolution filter of 10 kHz).
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Fig. 5. Experimental setup for frequency synchronization of the two FET oscillators. Thin lines corresponds to optical
fibers and the thicker lines refer to the electrical connections, The pzt ring is used for examining the phase coherency of the
injection locked two oscillators. For frequency observation the network analyzer is replaced by a spectrum analyzer.

mated using a 0.25 pitch graded index lens and is focused
on a high-speed p-i-n photodiode by a short-focal-length
lens from: Melles Griot. The output from the second arm
of the coupler is spliced to 100 m of graded index multi-
mode fiber, which is wrapped around a piezoelectric (pzt)
crystal 150 times.

The light is then detected by a hlgh speed pigtailed
p-i-n photodiode. The p-i-n photodiodes, manufactured
by Ortel, have 3 dB bandwidths of 14 GHz. The respon-
sivities of photodiodes are 045 mA/mW and 0.35
mA/mW at 840 nm for 20 V reverse biasing respectively.
The detected fundamental and harmonics (i.e.,
fos2f4,3fy) of the master source are amplified in both
arms by broad-band (6-12 GHz) amplifiers from Avantek.
Amplification gain stages of either 25 or 50 dB can be
introduced using two ac coupled amplifiers. The ampli-
fied signals are then injected to the free running FET
oscillators at 21.5 GHz through broad-band (1-26.5 GHz)
directional couplers from Krytar in place of circulators.

The output of the injection locked oscillators is monitored
on a spectrum analyzer using external mixers.

2) Experimental Results: In the injection locking of
two slave oscillators, nonlinear multiplications in laser
diode and FET were exploited. More specifically, when
the BH laser diode was large-signal modulated by an 8
dBm signal from a synthesized master source at frequen-
cies of S-, C-, and X-bands, the harmonics were gener-
ated in the laser diode [23], [24]. In particular, the signal
at 10.764 GHz was. filtered out and amplified by the
cascaded amplifier stage. The amplified signal was then
subharmonically injected to the 21.5 GHz FET oscillators.
Therefore, a multiplication factor of 2 was attained in the
FET, and, based on the modulating frequency employed,
multiplication factors of 3, 2, and 1 were obtained in the
laser. More explicitly from the master oscillator point of
view, injection locking occurred at subharmonics of 1/6,
1/4, and 1/2 respectively (i.e., 3.588 GHz X3 X2 = 21.528
GHz, 5.382 GHzX2x2=21.528 GHz, 10.764X1X2 =
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H().

Spectrum of the 21.5 GHz FET oscillators synchronized to the master oscillator signal of 5.383 GHz: (a) oscillator

#1, (b) oscillator #2 (vertical scale of 10 dB/div., horizontal scale of 10 kHz/div., and resolution filter of 1 kHz).

21.528 GHz). The spectrum of the free-running FET
oscillators after injection locking by the 5.382 GHz signal
from the master oscillator is shown in Fig. 6, where not
only synchronization is achieved but also the close-in
carrier phase noise is substantially reduced.

Similar results were also achieved for subharmonic
factors of 1/6 and 1/2. The characteristics of the injec-
tion locked oscillators in terths 'of figures of merit, such as
locking range and FM noise degradation of the master
source, were studied. The performances of the injection
locked oscillator #1 for subharmonic factors of 1/6, 1/4,
and 1/2 are compared in Table I, where a gain of 25 dB
was used. In these experiments the laser diode dc biasing
was adjusted at each modulating frequency to optimize
the attainable locking range for a constant 8 dBm input
RF power (i.e., current modulation index was adjusted for
best results). These results indicate that the best perfor-
mance in terms of locking range and close-in carrier noise
is at a subharmonic factor of 1/4.

Next the optimum locking range for a 50 dB amplifica-
tion gain was measured. For a subharmonic of 1/2 (i.e.,
modulating frequency of 10.764 GHz) a locking range of
12 MHz was attained. However, for the modulating fre-
quency of 5.389 GHz (subharmonic of 1/4), a larger
locking range was achieved, as shown in Figs. 7 and 8 for
oscillators #1 and #2 respectively. Similar results were
also obtained for a subharmonic factor of 1/6; however
the performance was inferior to the subharmonic factor of
1/4. Since the best results were achieved at 5.389 GHz,
all the other characterizations were made for the subhar-
moriic factor of 1/4. Next, the FM noise levels of the two
oscillators were compared for the subharmonic factor of
1/4 at the midband of locking range, indicating very
similar characteristics. In addition, the FM noise of injec-
tion locked oscillator #1 was compared at the midband to
the end of locking range, revealing that the usable range
of the injection locked oscillator is narrower than the
locking range. These results are summarized in Table II.

B. Phase Coherency Experiments

1) Experimental Setup: The approach to measuring the
phase coherency of the two injection locked oscillators is
to compare the phase of one with that of the other on a

TABLE 1 )
CoMrARISON OF LOCKING RANGE AND FM NOISE DEGRADATION OF THE
OscILLATOR #1 FOR THREE DIFFERENT SUBHARMONIC
Facrors or 1/6,1/4, AND 1/2

Modulating Freq. Biasing Current Locking Range FM Noise Degradation at
o (GHz) Ib (mA) Af (KHz) 1KHz Offset (dB)
3.593 22 ~800 ~13
5.389 32 1600 =12
10.779 42 =400 =4

The RF input power to the laser diode is kept constant at 8 dBm for
all frequencies, while the laser dc bias is adjusted for maximum pulling
range. The FM noise degradation i$ measured with reéspect to the master
oscillator signal at the modulating frequencies of 3.588, 5.382, and
10.764 GHz.

HP8510A network analyzer’s test set. The experimental
setup is similar to the one used for frequency coherency
measurement (cf. Fig. 5), except that the spectrum ana-
lyzer is replaced by the network analyzer. The output of
oscillator #1 is fed to the reference port of the test set
and the signal from oscillator #2 is provided to port 2 of
the test set. When the oscillators are locked, superhetero-
dyne detection provides the phase difference between the
reference (oscillator #1) with respect to the test signal
(oscillator #2). For examination of the phase coherency
of the injection locked oscillators, the pzt ring is utilized
as a variable phase shifter. The pzt crystal has a diameter
of 9.6 cm and the radial strain factor, AC/C, is 1072
ppm/V, where C is the circumference of the ring. The
capacitive breakdown voltage of the pzt crystal is calcu-
lated to be as high as 4 kV. A highi-voltage dc supply
provides the biasing voltage for expansion of the pzt ring,
hence causing the fiber to stretch. This expansion intro-
duces a variable time delay (i.e., phase shift) for the phase
of the reference signal [28]. The phase shifting by the
piezoelectric stretcher follows the simple relation

AD =27 (Al/A,)=2N7’D 107V /A,

where A® is the phase shift in radians, Al is the stretch-
ing introduced in the fiber, A, is the guide wavelength of
the microwave modulating envelope of the optical carrier,
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Fig. 7. Master—slave pulling range of the FET oscillator #1 for 15 steps of 1 MHz/step, corresponding to a locking range

of 60 MHz (horizontal scale of 10 MHz /div. and vertical scale

of 10 dB/div.): (a) 5.375 GHz (beginning of locking range),

(b) 5.376 GHz (locked), (c) 5.380 GHz (locked), (d) 5.384 GHz (locked), (¢) 5.388 GHz (locked), and (f) 5.390 GHz (end of

locking range).

N is the number of turns, D is the diameter of the pzt
ring, and V is the dc applied voltage in kV. With this
variable phase shifting scheme, a phase shift is introduced
in the synchronizing signal which is monitored as a phase
shift between oscillator #1 and oscillator #2 on the
network analyzer. The phase difference arising from any
frequency detuning between the free-running oscillators is
also measured using the same measurement technique.

2) Experimental Results: First the concept of phase
shifting in the optical path by stretching the optical fiber
‘using the pzt crystal was investigated. For no bias voltage
applied to the pzt, the phase difference between the two
injection locked oscillators, which is primarily due to
electrical path length difference between the reference
and the test path, was calibrated out using the . port
extension feature of the HP8510A network analyzer. Fig.
9 shows that analog phase shifts of up to 40° can be
introduced to-the test signal for a 3.8 kV dc voltage
applied to the pzt crystal. The phase shifts introduced by
the pzt crystal are linear functions of the dc biasing
voltage. ‘

The phase difference was always repeatable as long as
the oscillators were kept at the same temperature. How-
ever as the temperature of oscillator #2 was lowered (by
spraying Freon), a fixed phase shift was measured, as
shown in Fig. 10. The result of this simple measurement

indicates that the injection locked oscillators experience a
temperature-dependent phase offset, which would lead to
phase incoherency between the two injection locked oscil-
lators. This phase error was first predicted by Adler [27]
and should be corrected for in the phased array scenario.

IV. Discussion

Two. FET oscillators at 21.5 GHz were fabricated on
alumina substrate by the use of hybrid techniques with a
very low pushing factor. These free-running oscillators
were subharmonically synchronized to a synthesized ref-
erence signal through a fiber-optic link.'A locking range
of 84 MHz was achieved for a subharmonic factor of 1/4
with respect to the master source. Multiplication factors
of 6, 4, and 2 were attained by using laser diode and FET
nonlinearities. The performance of the injection locked
oscillators was evaluated from locking range and FM
noise degradation figures of merit, and subharmonic lock-
ing using the factor 1/4 was preferredto 1/6 and 1/2, as
a result of a compromise between FM noise degradation
and locking range. A more efficient use of frequency
reference power can be made by minimizing the insertion
loss of the synchronizing fiber-optic link [2]. The design of
narrow-band reactively matched optical transmitter and
receiver modules is being actively pursued to synchronize
a larger number of oscillators.
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Fig. 8. Master—slave pulling range of the FET oscillator #2 for nine steps of 1 MHz/step, corresponding to a locking
range of 36 MHz (horizontal scale of 10 MHz/div. and vertical scale of 10 dB/div.): (a) 5.380 GHz (beginning of locking
range), (b) 5.381 GHz (locked), (c) 5.383 GHz (locked), (d) 5.386 GHz (locked), (&) 5.388 GHz (locked), and (f) 5.389 GHz

(end of locking range). :

TABLE 11
FM Noise MEASUREMENT OF THE INJEcTION Lockep 21.5 GHz
FET OsciLLaTORs AT DIFFERENT CARRIER OFFSET FREQUENCIES:
CoMpARISON OF THE FM NoISE LEVEL OF OSCILLATOR #1 AT
THE FREQUENCY CORRESPONDING TO THE MIDBAND
Locking RaNGE (5.383 GHz) anp THE EDGE oF
Gerting Out oF Lock (5.390 GHz).

FM Noise Level 100 Hz 300 Hz 600 Mz 900 Hz 1.2kHz
(Offset Carrier) {dBc/Hz) (dBc/Hz) (dBc/Hz) (dBc/Hz) (dBc/Hz)

I

* Master Osc. Freq 38 40 52

s aster Osc. 3 . . - - -

4 (5.382G Hz) 3 50

[}

g‘ Master Osc. Freq. .37 -39 .40 -48 -51

2 (5.382GHz)

=]

- Master Osc. Freq. . - . -47 -54

- (5.383GHz) 3 42 3

F

o] Master Ose. Freq. R . - -

h90G ) 4. -19 26 24 28 34

This paper also presents results of a phase coherency
examination of the optically injection locked oscillators.
Initial results indicate that the phase of the injection
locked oscillators does not remain coherent and that their
phase is dependent on the frequency difference of the
master and free running oscillators. In the context of
large-aperture antennas with distributed LO’s injection
locked to a frequency reference, if the active antenna
aperture experiences temperature gradients, then the

free-running oscillation frequency of the local oscillators
would be shifted, resulting in a phase difference between -
the injection locked oscillators. This phase difference
would result in an inaccurate difference between the
injection locked oscillators. This phase difference would
result in inaccurate phase shifting for an individual radiat-
ing element, distorting the radiating beam. Approaches
such as injection locked phase locked loops [29] or optical
phase lock loops [30] are therefore recommended to en-
sure both frequency and phase coherency of the dis-
tributed oscillators, The former scheme [29] not only will
correct for any phase error introduced due to a tempera-
ture gradient across the active aperture, but also is suit-
able for introducing analog phase shifts in the range of
+90°. This approach could reduce.the size of MMIC-
based real-time-delay phase shifters, as presently de-
signed for beam steering, by performing some of the
phase shifts.

When the phase errors of the injection locked oscilla-
tors are corrected for, then because of low AM to PM
conversion and high AM compression [31], injection lock-
ing is the preferred method of synchronization over direct
amplification of the carrier signal. Furthermore, by ex-
ploiting both the oscillator nonlinearity and the laser
diode, synchronization can be extended well above the
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Fig. 9. Phase difference between the two subharmonic indirect opti-
cally injection locked oscillators as a function frequency for three bias
voltages to the pzt crystal (vertical scale of 10/div., reference level of
—20, and start frequency of 21.505 GHz and stop frequency of 21.555
GHz): zero bias (red), bias voltage of 2 kV (green), bias voltage of 3.8
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Fig. 10. Standard Smith chart plot of the two injection locked oscilla-
tors. Oscillators are at the same temperature (red); temperature of
oscillator #2 is lowered with Freon spray (blue).

bandwidth of electro-optic devices, as was previously re-
ported (cf. [22]). For synchronization of oscillators at
frequencies above 40 GHz (such as 60 and 94 GHz), other
methods of injection locking, such as sideband [32] or
idler [33] techniques, should be investigated. Both tech-
niques are currently under investigation.

475

The nonlinear characteristics of laser diodes are very
useful in multiplying the lower frequencies up to the
millimeter-wave frequency references. The nonlinearity of
laser diodes is strongly dependent on the strength of the
relaxation oscillation frequency. Furthermore, the laser
nonlinear behavior in the presense of optical feedback
can be used to generate ultra-high-frequency modulation,
as was recently demonstrated up to 40 GHz by Tucker et
al. [34]. In summary, this paper, along with previously
reported work, points to three subtle issues that should be
considered in selecting laser diodes to be used in optically
controlled phased array antennas:

* Large-signal modulation of lasers is an important
technique to generate harmonics for optical synchro-
nization of oscillators at frequencies above 10 GHz.

* Nonlinear characteristic of laser diodes is optimum at
frequencies which are close to the large-signal relax-
ation oscillation frequency, and this nonlinearity is
highly dependent on the amplitude of relaxation os-
cillation frequency. The amplitude of the relaxation
oscillation frequency for asymmetric laser diodes is
less than that of symmetric ones. Therefore, for dis-
tribution of frequency reference, symmetric lasers are
preferred.

* The asymmetric laser diodes with reflective coating
are more suitable for data transmission, where linear-
ity is of great interest. Furthermore, since the high
reflectivity at the back facet causes the photon to
travel twice in the Fabry-Perot cavity, asymmetric
lasers have lower relative intensity noise than sym-
metric lasers. Therefore, the asymmetric lasers are
more suitable for data transmission.

ACKNOWLEDGMENT

The free-running oscillators were contributed by Dr. A.
P. S. Khanna from Avantek, whose contribution is greatly
appreciated.

REFERENCES

A. S. Daryoush et al., “Fiber optic links for millimeter wave
communication satellites,” in IEEE MTT-S Int. Microwave Symp.
Dig., (New York, NY), May 1988.

A. S. Daryoush, E. Ackerman, R. Saedi, R. Kunath, and K.
Shulkhauser, “High-speed fiberoptic links for distribution of satel-
lite traffic,” pp. 510-517, this issue.

L. Goldberg et al., “Optical injection locking of X-band FET
oscillator using cohereni mixing of GaAlAs lasers,” Electron. Lett.,
vol. 19, no. 20, pp. 848-850, 1983.

C. Rauscher, L. Goldberg, and A. M. Yurek, “GaAs FET demod-
ulator and down-convertor for optical microwave links,” Electron.
Lett., vol. 22, pp. 705-706, 1986.

H. Fetterman and D. Ni, “Control of millimeter wave devices by
optical mixing,” Microwave Opt. Technol. Lett., vol. MOTL-1, pp.
34-39, 1988.

C. M. Gee, G. D. Thormond, and H. W. Yen, “17 GHz bandwidth
electro-optic modulator,” Appl. Phys. Lett., vol. 43, no. 11, pp.
998-1000, 1983.

D. Dolfi, M. Nazarathy, and R. Jungerman, “40 GHz electro-optic
modulator with 7.5 V drive voltage,” Electron. Lett., vol. 24, no. 9,
pp. 528-529, Apr. 1988.

I. E. Bowers, “Millimeter wave response of InGaAsP lasers,”
Electron. Lett., vol. 21, no. 25, pp. 11951197, 1985.

f1]

(2]

(3]

(4]

(5]

[6]

(71

[8]



476
[9]

[10]

[19]

[20]
[21]

[22]

[23]

[24]

[25]

[26]
[27]
[28]

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 38, NoO. 5, MaY 1990

R. Olshansky, P. Hill, V. Lanzisera, and W. Powazinik, “Frequency
response of 1.3 mm InGaAsP high speed semiconductor lasers,”
IEEE J. Quantum Electron, vol. QE-23, pp. 1410-1418, Sept. 1987.
K. Uomi, T. Mishima, and N. Chinone, “Ultrahigh relaxation
oscillation frequency (up to 30 GHz) of highly p-doped
GaAs/GaAlAs multiple quantum well lasers,” Appl. Phys. Lett.,
vol. 51, no. 2, pp. 78-80, 13 July 1987.

C. B. Su, “Dynamics of high frequency semiconductor diode
lasers,” Proc. SPIE, (Los Angeles, CA), vol. 1217, Jan. 1990.

V. Kroupa, Frequency Synthesis: Theory, Design and Applications.
New York: Wiley, 1973.

F. M. Gardner, Phaselock Techniques. New York: Wiley, 1966.
A. S. Daryoush, et al., “Ku-band (14 GHz) FO communication link
for distributed antennas in space station,” Proc. SPIE, vol. 756
(Optical Technologies for Space Communication Systems, Los
Angeles, CA), Jan. 1987.

C. Hyashi, Nonlinear Oscillation in Physical Systems.
McGraw-Hill, 1984.

K. Kurokuwa, “Injection locking of microwave solid-state oscilla-
tors,”. Proc. IEEE, vol. 61, pp. 1386-1410, Oct. 1973.

R. A. Kiehl, “Behavior and dynamics of optically controlled TRA-
PATT oscillators,” IEEE Trans. Electron. Devices, vol. ED-25, pp.
703-710, June 1978.

H. W. Yen and M. Barnoski, “Optical injection locking and
switching of transistor oscillators,” Appl. Phys. Lett., vol. 32,
p. 182, 1978.

A. J. Seeds and J. R. Forrest, “Initial observations of optical
injection locking of an X-band IMPATT oscillator,” Electron.
Lett., vol. 14, pp. 829~830, 1978.

A. A. Salles, “Optical control of MESFET’s,” IEEE Trans. Mi-
crowave Theory Tech., vol. MTT-31, pp. 812-820, Oct. 1983.

A. S. Daryoush and P. R. Herczfeld, “Indirect optical injection
locking of oscillators,” Electron. Lett., vol. 22, no. 3, pp. 133-134,
1986.

P. R. Herczfeld, A. S. Daryoush, A. Rosen, A. Sharma, and V. M.
Contarino, “Indirect Subharmonic optical injection locking of mil-
limeter wave IMPATT oscillator,” IEEE Trans. Microwave Theory
Tech., vol. MTT-34, pp. 1371-1376, Dec. 1986.

A. S. Daryoush, P. R. Herczfeld, Z. Turski, and P. Wahi, “Com-
parison of indirect optical injection-locking techniques of multiple
X-band oscillators,” IEEE Trans. Microwave Theory Tech., vol.
MTT-34, pp. 1363-1370, Dec. 1986.

A. S. Daryoush, “Large-signal modulation of laser diodes and its
applications in indirect optical injection locking of millimeter wave
oscillators,” Ph.D. dissertation, 1986, Drexel University, Philadel-
phia, PA.

S. M. Iyer, “Study of asymmetric laser diodes under large-signal
modulation,” M.S. thesis, 1988, Drexel University, Philadelphia,
PA.

A. S. Daryoush and T. D. Ni, “Dynamic of symmetric and asym-
metric laser diodes,” submitted to IEEE J. Quantum Electron.

R. Adler, “A study of locking phenomenon in oscillators,” Proc.
IRE, vol. 34, pp. 351-357, June 1946.

P. R. Herczfeld et al., “Wideband true-time delay phase shifter
devices,” in [EEE MTT-S Int. Microwave Symp. Dig., (Las Vegas,
NV), June 1987.

A. S. Daryoush ef al., “Phase control of optically injection locked
oscillators for phased arrays,” in IEEE MTT-S Int. Microwave
Symp. Dig., (Dallas, TX), May 1990.

New York:

[30] 1. D. Blanchflower and A. J. Seeds, “Optical control of frequency
and phase of GaAs MESFET oscillator,” Electron. Lett., vol. 25,
no. 5, pp. 359-360, Mar. 1989.

T. Berceli, Nonlinear Active Microwave Circuits.
Elsievier, 1987.

Y. Fukatsu and H. Kato, “Frequency conversion with gain through
side-band locking of an IMPATT oscillation,” Proc. IEEE, vol. 57,
pp. 342-343, Mar. 1969.

H. Okamoto and M. Ikado, “Injection locking of an IMPATT
diode oscillator by using a low-frequency signal parametric injec-
tion locking,” in IEEE MTT-S Int. Microwave Symp. Dig., (San
Francisco, CA), May 1984.

R. S. Tucker et al., “40 GHz active mode-locking in a 1.5 um
monolithic extended-cavity laser,” Electron. Leit., vol. 25, no. 10,
p. 621, Apr. 1989.

[31] New York:

[32]

{33]

Afshin S. Daryoush ($'84-M’86) was born in
Tehran, Iran, in 1957. He received the B.S. from
Case Western Reserve University, Cleveland,
OH, in 1981 and the M.S. and Ph.D. degrees in
1984 and 1986 from Drexel University, Philadel-
phia, PA, all in electrical engineering.

After graduation he joined the staff of Drexel
University, first as Research Assistant Professor
and, since 1987, as DuPont Assistant Professor
of Electrical and Computer Engineering. He has
conducted research in the area of optically con-
trolled microwave devices and subsystems, high-speed fiber-optic links,
and system studies of large-aperture phased array antennas. During the
summers of 1987 and 1988, he was a Summer Faculty Fellow at NASA,
Lewis Research Center, Cleveland, OH, conducting research on high-speed
fiber-optic links for communication at 20 GHz. As a Summer Faculty
Fellow at the Naval Air Development Center, Warminster, PA, he also
designed 1.25 Gb/s LED driver circuits.

Dr. Daryoush has authored or coauthored over 80 technical publica-
tions in the area of light interaction with passive and active microwave
devices, circuits, and systems. He has recently edited a book, entitled
Microwave Photonics, to be published by Artech House. He was the
recipient of the Microwave Prize at the 16th European Microwave Con-
ference, Dublin, Ireland, and the best-paper award at the IMPATT
Session of the 1986 International Microwave Symposium, Baltimore,
MD. He is recipient of a U.S. patent on optically controlled antennas.
Dr. Daryoush is a member of Sigma Xi and of the MTT, AP, and LEO
societies of the IEEE.




