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Abstract—In an optically fed phased array antenna system, the mi-
crowave carrier signal is transmitted via a modulated lightwave to each
active T/R (transmit/receive) module, where it must be converted back
to the microwave domain. Currently, efficient optical to microwave
conversion is extremely diff]cult, as the detected microwave signal is
weak and noisy. A novel circuit, containing a high-gain/low-noise mi-
crowave injection-locked oscillator, has been developed to improve the
interface between the optical and microwave components. The circuit
utilizes two FET’s and a dielectric resonator, which serves as a fre-
quency-dependent feedback element. The circuit, designed to operate at
about 8 GHz, provides significant amplitude and phase noise suppres-
sion. In addition, the circuit realization is compatible with MMIC
technology.

I. INTRODUCTION

A new generation of phase array antennas will utilize a
large number of individually powered monolithic mi-

crowave integrated circuit (MMIC) transmit\ receive (T/R)
modules. The frequency and phase synchronization of each
T/R module is critical in ensuring array coherence. In an
optically fed phased array antenna system, coherence is
accomplished by the distribution of the frequency reference
signal to each T/R module via high-speed fiber-optic links
[1]-[3]. The reference signal is utilized for both up- and
down-conversion of information at the T\R module [3] and
must have adequate phase stability, good noise performance,
and sufficient power to drive the mixers of the T/R module.
The modulated optical signal, which carries the RF refer-
ence, is weak and noisy, particularly at higher frequencies
[41. Therefore, special circuitw is required to provide an
efficient interface between the optical feed and the T/R
module microwave circuits. The primav purpose of this
circuitry is to convert the optical signal into a strong, low-
noise microwave signal.

A block diagram of the reference circuit, including an
injection-locked oscillator for an optically fed phased array
antenna, is shown in Fig. It The frequency reference signal is
provided from the CPU (central processing unit) to the T/R
level through a fiber-optic network. The high-speed intensity
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Fig. 1. Block diagram of RF reference circuit including the injection-
locked oscillator.

modulation of the light may be performed by either a direct
modulation of the laser or an external electro-optic modula-
tor. The microwave reference signal is then directly detected
at each element by a highly sensitive p-i-n photodiode. Next,
the power level of the recovered microwave reference signal
has to be enhanced. For this purpose, a novel circuit has
been designed and built utilizing an injection-locked oscilla-
tor to serve as an interface between the optical feed and the
T/R module microwave circuitry. The injection-locked mode
of operation has been chosen because its AM noise suppres-
sion is higher than that of the amplifier mode of operation
[5], [6]. The circuit design criteria are high gain, high fre-
quency and phase stability, high AM (amplitude modulation)
and FM (frequency modulation) noise compression, and
compatibility with MMIC implementation.

II. CIRCUIT DESCRIPTION

A schematic block diagram of the new injection-locked
oscillator is shown in Fig. 2. The circuit utilizes two transis-
tors, which are operated as wide-band amplifiers. The fre-
quency reference used for injection locking is input to the
oscillator from port 1. Port 2 is the output of the injection-
locked oscillator, which is fed to the local oscillator (LO)
port of the T/R level mixers. The dielectric disk resonator
serves as a narrow-band feedback element which determines
the free-running oscillation frequency. The function of the
matching circuits is to provide efficient coupling between the
p-i-n photodetector and the input of the oscillator, as well as
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Fig. 2. Two-stage injection-locked oscillator circuit.

between the oscillator output and the T/R module mixers. It
should be noted that efficient matching of the n-i-n to the
first transistor requires special consider~tion [7]. ”

Several advantages are realized in the present design
configuration. The two-stage approach enhances the output
power of the oscillator while providing good noise perfor-
mance even at low injection levels. To minimize the noise of
the oscillator, a low-noise FET or HEMT is used in the first
stage. This stage is operated as an almost linear amplifier,
with its bias adjusted according to low noise requirements. In
the second stage, a high-gain FET is operated in a nonlinear
mode to increase the oscillator output power level and also
to compress the amplitude of oscillation. In addition, for a
specific locking band, the two-stage design, because of its
increased gain, requires an injected signal power lower than
that of a single-stage design,

The new arrangement also offers advantages in the oscilla-
tor noise performance. The present design provides signifi-
cant AM compression because of the enhanced gain of the
two-stage injection-locked oscillator. Inaddition, both ampli-
fiers are designed to operate over amuch wider band than
the locking band; therefore, they will not exhibit frequency
dependence over the locking range. The oscillation fre-
quency is therefore controlled merely by the resonant fre-
quency of the dielectric resonator.

High frequency and phase stability can also be expected
over a wide temperature range owing to the inherent tem-
perature stability of the dielectric resonator [8]. The phase
shift of an injection-locked oscillator is a function of the
difference bet&een the injected frequency and the free-run-
ning oscillation frequency [9]. Because of manufacturing tol-
erances and differential temperature effects, that difference
will vary from element to element in a phased array system.
The manufacturing tolerances can be compensated by appro-
priate adjustments of the specific oscillators. Furthermore,
the use of a dielectric resonator with a low temperature
coefficient minimizes the tem~erature de~endence of the
free-running oscillation frequency and hence the tempera-
ture dependence of the phase shift. This feature is very
important because temperature-dependent phase shift errors
can cause severe beam steering errors in phased array anten-
nas [2].

The present design requires only standard MMICtransis-
tors and passive components (capacitors and no inductors);
therefore, it is totally compatible with MMIC technology. In
addition, since the injection-locked oscillator is not a reflec-
tion type, no circulator will be required. A nonlinear circuit
analysis of the new injection-locked oscillator along with
experimental results will be presented in the following sec-
tions.

111. ANALYSIS OF THE DOUBLE-STAGE
INJECTION-LOCKED OSCILLATOR

The injection-locked mode of operation has been investi-
gated by numerous authors. Several papers cover theprinci-
ples of injection locking [10]–[15]. Other papers discuss the
most important properties of injection-locked oscillators
[16]-[18]. However, there are some requirements which can
not be met applying the well-known single-stage circuit con-
structions. For example, in many cases the locking band and
the Q factor are determined by the specification of the
circuit; therefore the gain cannot be chosen freely. This
difficulty may be overcome in part by the double-stage con-
struction suggested in this paper.

In this analysis the capabilities of the double-stage injec-
tion-locked oscillator construction have been evaluated. A
nonlinear circuit analysis has been performed to determine
the expected circuit performance. Both the free-running and
injection-locked modes of operation has been investigated,
specifically the AM compression and AM-to-PM conversion.
The optimum operating point for the circuit with respect to
noise performance [5] has been determined.

A. Basic Relationships

The simplified block diagram shown in Fig. 2 is used for
the analysis. Voltage control is assumed in the analysis

consistent with the FET implementation such that only the
fundamental voltage appears at each port [9]. The port

volt ages of the amplifier stages are designated as P’l, V2, and

V3 and all are assumed to be real quantities. Furthermore,
bci is the voltage coupling factor at the input, bco is the
volt age coupling factor at the output, and Q, is the external
Q factor of the dielectric disk resonator, where the loss of
the dielectric resonator is neglected in the feedback circuit.

Both amplifier stages are considered to be nonlinear for
completeness and are described by the following voltage
transfer functions, where only two terms of the general
power series presentation of nonlinear networks are retained
for simplicity:

V2 = AIO(l– n13V~)Vl (1)

V3= A20(1– n23V/)V2. (2)

A lo and A 20 are the voltage gains for the first and second
stages, respectively. In addition, n 13 and nz~ are the coeffi-
cients of the third power terms of the power series for the
first and second stages, respectively.

The overall voltage transfer function for the two amplifiers
may now be obtained from the previous expressions:

V3= AO(l– n3V~)V1 (3)

where

AO=AIOA20 (4)

n~= xlzonl~ + A~On23. (5)

The voltage transfer function of the dielectric resonator is
also required and is given as follows:

1 – 2jQei3
F= F,+jFi=

1+(2 Q,6)2
(6)

where F, is the real part and Fi is the imagina~ part of the
transfer function; Q. is the external Q factor of the res-
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onator; and 3 is the relative frequency deviation from the
resonant frequency f.as defined below:

~= f-fo

fo “
(7)

In general, the voltage at port 1 consists of both feedback
and injected voltage components and may be expressed as

VI= v3bc(Fr+ W,)+ JZr+ M (8)

where bC is the overall voltage feedback coupling factor,
which is simply the product of the input and output coupling
factors:

bc = bclbco . (9)

K, and ~, are the real and imaginary parts of the injected
signal voltage, and V3 is given in (3). Equation (8) is valid for
operation in the locking band, where the operating fre-
quency is determined by the frequency of the injected signal.

B. Free-Running Oscillation

First, the case of free-running oscillation is considered.

The free-running case is characterized by the absence of the
injected signal, such that KY = ~i = O and the free-running
oscillation frequency is equal to the resonant frequency of
the dielectric resonator. Substituting Vl from (8) into (3), the
voltage V30 is expressed as

AobC–l
v;=

Aon3b~

from which the condition of oscillation is obtained:

bC>+.
o

(lo)

(11)

The feedback coupling factor must be greater than the
reciprocal of the voltage gain for oscillation.

The free-running oscillator power may now be found and
is given by

AobC–l
P30 = ; GLV; = ; GL

Aon3b~ “
(12)

An expression for maximum power can be obtained by
differentiating Pqo with respect to b, and equating the
derivative to zero: An
b~~Pt, is then obtained:

optimum feedback coupling factor,

3
b—c opt = 2A0

(13)

and the maximum output power can be expressed by

(14)

where the voltage belonging to the maximum output power is
given by

(15)

The maximum output power of the free-running oscillation
will serve as a reference. Both input and output powers in

the injection-locked mode of operation will be normalized to
that value.

C. Injection Locking

Next, the injection-locked mode of operation at the funda-
mental frequency is considered where the injected voltage is
a complex quantity as previously mentioned. The real part of
(8) may be substituted into (3) to obtain a third-order expres-
sion for V3:

+ V3(3n3AobCFrV# – bcFrAo + 1)

– Ao~r+ n3Ao~~= O. (16)

The phase difference, 8, between the injected signal and
the feedback signal may now be found by solving the imagi-
nary part of (8):

so that

()– bCV3~
@=tan”l

~,
(18)

Finally the powers are normalized to the maximum output
power of the free-running oscillator. The normalized input
and output powers are denoted by small letters: p, and p~ or

P.. The output power, PO, is lower than p~; however, this
difference will be omitted.

1) Locking Band: The locking band can be determined
based on (8). If the phase shift, 0, is equal to + n/2, then
the real part of the injected voltage, K,, will be zero and the
voltage V3 will be the same as in the case of the free-running
oscillator (eq. (10)). The imaginary part of (8) utilizing (6)
then becomes

2Q=8
–q, =o.

‘7bc 1 + (2 Qei$)2
(19)

Solving the previous expression yields the following expres-
sion for the locking band:

fo P,

–[“ = Q,bC ~
(20)

The locking band is inversely proportional to the feedback
coupling factor, bC, which is again inversely proportional to
the voltage gain A o. An increased locking band may there-
fore be obtained by increasing the voltage gain and properly
choosing bc. The advantage of the increased gain capability
of the double-stage injection-locked oscillator is thus obvious
with respect to the locking band.

2) Noise Properties: In the analysis, the injected signal is
considered as having mainly amplitude (AM) noise. The AM
noise can be described by the amplitude modulation of the
input signal; this approximation is valid for a narrow fre-
quency band around the carrier [19]. Thus the AM noise can
be considered a perturbation of the signal, and it is affected
mainly by the so-called derivative nonlinear transfer charac-
teristics: the AM compression and the AM-to-PM conversion
[9]. These properties have been investigated in detail.
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Fig. 3. Oscillator’s normalized output power versus normalized input
power.

Owing to the nonlinearity of the circuit, the AM of the
transmitted signal is changed—usually reduced—which is
called AM compression. Another property of the nonlinear
circuit is the AM-to-PM conversion, which means that phase
modulation (PM) of the transmitted signal will appear to the
output when an amplitude-modulated signal is applied at the
input. In other words, the AM at the input is some extent
converted to PM at the output.

Specifically, the AM compression (CP) and the AM-to-PM
conversion (CV)of the double-stage injection-locked oscillator
are given by the following expressions, respectively:

Cp = 20 log :$ [dB]

180 do
CV = 0.26=pi Z [O/dB]

(21)

(22)

The AM compression of the circuit reduces the AM noise.
However, there is a noise conversion effect as well. Because
of the AM-to-PM conversion, a part of the AM noise is
converted to phase noise as well. For an optimum solution,
therefore, a high AM compression and an associated low
AM-to-PM conversion are needed; these are functions of the
voltage gain, feedback coupling factor, and injected power.
These relationships are numerically analyzed and the results
are discussed next.

IV. RESULTS OF THE ANALYSIS

First, the output power was investigated as a function of
the input power for different feedback coupling factors. This
is plotted in Fig. 3. Here the small-signal power gain, 14 dB,
corresponds to the designed circuit gain. Thus, maximum
output power is obtained with bc = 0.3 in the free-running
mode of operation. In the injection-locked mode of opera-
tion, the maximum output power is the same as in the
free-running mode of operation. However, in the injection-
locked mode of operation, a different feedback coupling
factor belongs to the maximum output power. For a specific
input power, an optimum feedback coupling factor can be
obtained which gives maximum output power. At this point,
the AM compression has a pole (or infinite value). For
example, for a normalized input power of – 20 dB, the
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Fig. 4. AM compression versus normalized input power.

maximum output power is obtained with an overall feedback
coupling factor bc equal to 0.2.

Next, the AM compression was investigated as a function
of the input power for different feedback coupling factors.
This is depicted in Fig. 4. Here the power gain is again 14
dB. The maximum output power is obtained with bc = 0.3 in
the free-running mode of operation. As Fig. 4 shows, a
higher AM compression can be reached if the overall feed-
back coupling factor b, is smaller than 0.3, For example, for
a normalized input power of – 20 dB, an infinite AM com-
pression is obtained if bc = 0.2. When the gain is high (i.e.,
the input power is low), the AM compression is very high.
With decreasing input power, both the AM compression and
the gain are increased. Thus, the two-stage injection-locked
oscillator simultaneously exhibits a high AM compression
and a high gain. Therefore, the AM noise originating in the
modulated laser diode and in the fiber-optic link will be
significantly suppressed, while the associated gain will be
high.

Fig. 5 shows the AM compression as a function of the
relative frequency deviation if the overall feedback coupling
factor bc is equal to 0.2. For an input power of – 20 dB a
very high AM compression is obtained in a wide band. The
curve exhibits two poles.

Another property of the circuit is the AM-to-PM conver-
sion, which also has an effect on the noise performance. Fig.
6 shows the AM-to-PM conversion as a function of relative
frequency deviation for different input powers, In this case,
the small-signal power gain, GPO is again 14 dB. This figure
reveals that the magnitude of the AM-to-PM conversion
increases with a decrease in the input power. When the AM
noise is compressed significantly, therefore, the magnitude of
the AM-to-PM conversion increases, and a part of the AM
noise is converted into phase noise. However, the AM-to-PM
conversion of the two-stage injection-locked oscillator is low
enough; thus, there is no noticeable noise conversion. Fur-
thermore, as seen in Fig. 6, an optimum adjustment can be
found where the AM-to-PM conversion is zero. Conse-
quently, at this operation point, the AM noise will not be
converted to phase noise. This is a very convenient feature of
injection-locked oscillators.



BERCELI et al.: A DOUBLE-STAGE INJECTION-LOCKED OSCILLATOR

~ 10EzEl ‘i’-15dB
-0.10 -0.05 0.00 0.05 0.10

Qe(f-fo)lfo

Fig. 5. AM compression versus relative frequency deviation for differ-
ent normalized input powers.

-’vdB -
i\~pi = -20 dB I0 .

#l:
.-
g o-

g.l -

~-2-

&-3- ~
pi=- 15dB

y

z -4 , ,
4 -0.10 -0.05 0.00 0.05 0.10

Qe(f-fo)lfo

Fig. 6. AM-to-PM conversion response for different normalized input
powers as a function of frequency deviation.

For the reference signal, a low phase noise is also re-
quired. The phase noise contribution of the fiber-optic link is
not negligible; therefore, it should be suppressed as well.
The phase noise can also be reduced significantly by the
two-stage injection-locked oscillator. For this purpose, a res-
onator with a high Q factor is applied at the input of the
injection-locked oscillator, very effectively reducing the phase
noise of the reference signal by its high selectivity. However,
the temperature dependence of the oscillator is enhanced if
its Q factor is increased. This contradictory problem has
been solved by applying a dielectric resonator which exhibits
a high Q factor and a very low temperature coefficient
simultaneously [20].

V. EXPERIMENTAL RESULTS

The two-stage injection-locked oscillator (ILO) has been

built in a hybrid MIC construction to operate around 8 GHz.

Because matching to the p-i-n photodiode was not consid-
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ered in this effort, the circuit was designed with standard 50
Q terminations and connections. A circuit simulation was
performed using microwave CAD Touchstone and more
than 14 dB of power gain was predicted for the two stages.
The circuit layout is shown (although not to scale) in Fig. 7.
Two general-purpose packaged FET’s were utilized for both
stage 1 and stage 2. Although these devices will not provide
as low a noise figure for stage 1 as an HEMT, they would
satisfy the requirements. For the feedback circuit, a V-shaped
microstrip line is applied which makes possible the variation
of the coupling factor. The position of the dielectric res-
onator is movable, allowing the coupling factor and the
distance from the stages to be adjusted.

Experimental investigations have been carried out utilizing
the developed circuit. The oscillation frequency was around
8.5 GHz, and the output power was approximately 1 mW if
the cable losses are deducted. The position of the dielectric
disk resonator was optimized, resulting in an overall coupling
factor of 0.2 approximately. The Q factor of the dielectric
resonator was 4000.

The experimental setup is shown in Fig. 8. At the input
two signals have been combined by a directional coupler.
The level difference between them was set to 20 dB, and the
input level of the circuit under test has been changed by a
variable attenuator, keeping the level difference of the two
signals at the same value. The frequency separation between
these signal was always smaller than half of the locking band.
The frequency difference has been varied from 20 kHz to
200 kHz. A coaxial amplitude detector and a spectrum
analyzer have been used to evaluate the transfer property of
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Fig. 9. Measured AM-to-PM conversion versus relative frequency de-
viation.

the ILO. The combined input signal means simultaneous
amplitude and phase modulation. In this way the amplitude
and phase noise have been simulated [9].

In the first measurement, the AM compression was inves-
tigated. First the power level of the signal injected at the
input was varied in a 10 dB range between – 25 dB and – 15
dB relative to the 1 mW output power. No significant change
has been observed in the output power over this range,
indicating that the AM compression is very high. Further,
the coaxial amplitude detector was used for measuring the
AM component of the combined signal at both input and
output. The detected signal at the input of the ILO served as
a reference. The level of the input signal was varied in a 10
dB range between – 25 dB and – 15 dB. At the output of
the ILO, the detected signal level was always more than 15
dB below the level of the reference signal. Thus the AM
compression was always higher than 15 dB, which is in a
good agreement with the analytical results.

If the AM compression is high enough, the AM modula-
tion is practically eliminated, and the spectrum of the output
signal should contain two sidebands with equal amplitudes.
In this case, the level of the sidebands at the output has to
be 3 dB less than that at the input. If the suppression of the
sidebands is higher than 3 dB, the phase modulation has also
been reduced. The sideband levels have been checked by the
spectrum analyzer, and they were equal and 28.4 dB below
the carrier level. This means that the phase modulation has
been decreased by 5.4 dB because of the filtering effect of
the dielectric resonator at the input of the circuit. This effect
was not dependent on the input signal level; thus, it was the
result of the linear transfer property of the circuit. Conse-
quently, beside a more than 15 dB reduction in the ampli-
tude noise, a further 5.4 dB decrease in the phase noise can
be obtained by the application of the new two-stage injec-
tion-locked oscillator.

In the next experiment, the AM-to-PM conversion was
measured. The result is plotted in Fig. 9, which shows the
AM-to-PM conversion as a function of relative frequency
deviation for an input power of – 25 dB. Finally, the noise
spectrum has been measured and plotted as shown in Fig.
10. In this case, the resolution bandwidth of the spectrum
analyzer was 10 kHz. As can be seen, the signal is very clean:
its noise bandwidth is around 10 kHz. The average level of
the noise is approximately – 60 dBc at 40 kHz or more from
the carrier.
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Fig. 10. Noise spectrum.

VI. CONCLUSION

The novel circuit, containing a high-gain, low-noise mi-
crowave injection-locked oscillator, clearly improves the in-
terface between the optical and microwave subassemblies of
optically fed phased array antennas. The circuit, which uti-
lizes two FET’s and a dielectric resonator, provides signifi-
cant amplitude and phase noise suppression and has been
designed to be compatible with MMIC technology.
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