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Analysis of Oscillators with External Feedback Loop
for Improved Locking Range and Noise Reduction
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Abstract—A simple scheme for enhancing the locking/capture
range and phase-noise performance of FET-based voltage-
controlled oscillators (VCO’s) is presented using a low-pass
feedback loop from the oscillator output to the varactor tuning
port. The nonlinearity of the FET provides for mixer or
phase detector behavior (a self-oscillating mixer). The resulting
feedback oscillator advantageously combines the principles of a
conventional injection-locked oscillator (ILO) and phase-locked
loop (PLL), which we refer to as an injection-locked phase-locked
loop (ILPLL). The analysis suggests that the ILPLL can be
designed for superior near-carrier phase-noise performance
compared with conventional ILO or PLL circuits. A 10-GHz
prototype was fabricated, which demonstrated a locking range
more than double that of the isolated VCO injection-locking
range over the same range of injected signal power.

Index Terms— Feedback loop, injection-locked oscillator,
injection-locked phase-locked loop, locking range, mixer,
oscillator, phase detector, phase-locked loop, phase noise,
transfer function, voltage-controlled oscillator.

I. INTRODUCTION

I NJECTION locking of microwave oscillators [1] has been
widely used for synchronization, high-gain amplification,

and phasing of oscillators in communication electronics and
phased-arrays. An injection-locked oscillator (ILO), shown in
Fig. 1(a), is simply a conventional voltage-controlled oscillator
(VCO) with some means for injecting an external RF signal.
An ILO is a relatively simple circuit compared with alter-
native synchronization techniques such as phase-locked-loops
(PLL’s). However, ILO’s have the disadvantage of a relatively
small locking range compared with PLL’s. The ILO locking
range is related to the injection signal strength and the-factor
of the oscillator intrinsic resonant circuit. Low-factors are
required for wide locking range, but there are practical lower
limits on the -factor relating to circuit realization and the
necessity of maintaining oscillation at a desired frequency.
Low- is also at odds with low phase noise, although this
can be compensated near the carrier by the injection-locking
process itself.

A standard PLL circuit uses a phase detector (PD), low-pass
filter/amplifier, and a VCO. The gain and bandwidth of the
loop determines the locking/capture range of the system; for
most applications, this is a small fraction of the VCO center
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Fig. 1. (a) ILO with the injection port. (b) ILPLL where the VCO also
serves as a PD, due to the inherent nonlinearity of the constituent devices.
The dc amplifier output can be connected at the anode or cathode of the
varactor diode. The connection position of the dc amplifier output can affect
the locking bandwidth of the whole circuits.

frequency, although it can be much larger than the isolated
VCO injection-locking range. Unlike the ILO, the locking
range (or “hold-in” range) of a PLL can be easily controlled by
adjusting the loop gain independent of the VCO characteristics.
With proper design of the loop filter, near-carrier phase noise
of the PLL can also be superior to an ILO.
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We recently proposed a simple circuit, which combines the
principles of ILO and PLL in an efficient and advantageous
manner, shown in Fig. 1(b). The circuit consists of a standard
VCO with a low-frequency feedback loop connecting the VCO
output to the varactor tuning port. This circuit makes use
of the inherent nonlinearity of a VCO, which allows it to
simultaneously provide the function of a mixer or PD, i.e.,
a self-oscillating mixer. As such, the circuit is similar to a
PLL, where the PD and VCO functions are served by the same
component. However, the following are two significant differ-
ences between this new circuit and a PLL; 1) since the external
signal is directly injected into the VCO, the synchronization
mechanism is a combination of ILO and PLL methods. For
this reason, we label the circuit an injection-locked phase-
locked loop (ILPLL) and 2) perhaps most significantly from an
application standpoint, we show that, under certain conditions,
the phase-noise characteristics of the ILPLL can be superior
to both the ILO and PLL. Therefore, by simply adding a low-
frequency dc-coupled amplifier to an existing VCO, we can
create an oscillator with a potentially large locking range and
exceptional phase-noise characteristics.

First-order phase dynamics of the ILPLL are first studied,
assuming a FET-based VCO, in order to quantify the non-
linearity responsible for the mixing operation. The phase dy-
namics can be derived by extension of well-known injection-
locking theory [1], leading to an equivalent Adler equation for
the ILPLL. From this, it is shown that the locking range of the
ILPLL can be larger than that of the ILO, by careful design
of the phase shift and dc amplifier gain in the feedback loop.
This is demonstrated and verified with a 10-GHz prototype
circuit using a VCO based on a commercial packaged GaAs
MESFET. We then present the amplitude dynamics, and then
the theoretical results for the output phase noise, derived from
the phase dynamics. No direct measurements of the phase
noise or analysis of amplitude noise has yet been undertaken.

II. PHASE DYNAMICS AND LOCKING RANGE

When an oscillator is externally injected with a low-level
RF signal, as depicted in Fig. 1(a), the phase dynamics of the
ILO are described by [2]

(1)

where , , , and are the instantaneous-
phase free-running frequency (radian per second)-factor of
the embedding network, and the phasor output voltage of the
VCO, respectively. is the phasor voltage
associated with the injection signal. When the VCO is locked
onto the injection signal

(2)

where

We find that the oscillator can synchronize to an injected signal
as long as

(3)

which indicates that represents half the entire locking
range.

Now consider the circuit of Fig. 1(b). If the frequency of the
injected signal is such that (3) is not satisfied, then the oscilla-
tor cannotlock onto the injected signal; the nonlinearity of the
oscillator will then generate mixing products. We can quantify
this in a simple fashion assuming theI–V characteristics of
an FET

(4)

where and are the saturation current and pinchoff
voltage of the MESFET, respectively. If the external signal
is injected at the gate, then the gate voltage includes a
contribution from both the oscillator and injected signal

(5)

where , are the amplitude and phase of the intrinsic
oscillator, measured at the gate (this would include pulling
effects from the injected signal); , are the amplitude
and phase of the injection signal. Substituting (5) into (4) gives
a low-frequency mixing product, which can be extracted from
the drain through an RF choke and expressed as a voltage

, where

(6)

and where is the drain bias resistor, as shown in Fig. 1(b).
This low-frequency signal is then amplified and fed back to
the varactor bias network, as in a PLL. The output of the dc
amplifier is expressed as , where is the
loop amplifier voltage gain and is a phase term that includes
the phase shift from gate to drain through the device, and any
residual phase shift around the loop. This could be determined
empirically if accurate nonlinear models are not available for
the device.

The intrinsic VCO frequency will track the low-frequency
voltage on the varactor such that

(7)

where is the VCO frequency with the feedback loop and
injection source removed, and is the tuning sensitivity
of the VCO with units of radians per second per volt. The
“ ” sign in (7) refers to whether the amplifier output is
connected to the cathode or anode side of the varactor, as
shown in Fig. 1(b). Substituting (7) into (2) and assuming that

gives a new phase equation

(8)

Comparing (8) with (1) shows that we can view the circuit
as an ILO with two injection signals, one due to the external
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source, and the second coming from the feedback loop. These
terms can be combined using trigonometric identities into an
equivalent Adler equation for the circuit

(9)

where

(10)

and

(11)

The upper sign in the above equations is for the dc amplifier
output connected at the cathode of the varactor, and the lower
sign is for the anode of the varactor. Clearly, can
be regarded as the new locking range of the system, and
can be increased. Note that a measurement of locking range
for the case of no feedback and the two different methods
for connecting to the varactor give sufficient information to
uniquely determine all of the required parameters in the model.

In order to insure that the locking range of the ILPLL is
larger than that of the ILO or , we must have

(12)

This shows that, for any given , we can always obtain an
increase in the locking range by either adjusting the point
of feedback on the varactor or by using an inverting or
noninverting amplifier. Clearly, it is important to characterize
the parameter . Once done, the locking range can then be
increased easily by increasing or increasing the loop gain

. Also note that we have ignored the effects of loop filtering in
this first-order analysis. These conclusions will apply without
significant modification as long as the loop bandwidth equals
or exceeds the desired locking bandwidth.

III. A MPLITUDE DYNAMICS

As the oscillator is injected by an external signal, the
amplitude-dynamics equation of the ILO is [1], [2]

(13)

where , , , and are the output voltage amplitude after
locking, the gain saturation parameter, the free-running output
voltage amplitude, and -factor, respectively. For the ILPLL,
the output of the dc amplifier is .
Therefore, the normalized total injection voltage phasor of the
oscillator becomes

(14)

and the amplitude dynamics of the ILPLL is

(15)

Fig. 2. The prototype circuit used in this paper. The VCO is designed as
a common-gate GaAs MESFET circuit operating at 10 GHz. The feedback
amplifier is a simple dc-coupled two-staged BJT design with over 30-dBm
voltage gain for broad input frequency range. The measured characteristics
of the whole ILPLL are dependent on the dc amplifier output connection
position to the varactor diode.

Fig. 3. The tuning range and output power of one single free-running VCO
(without feedback loop) versus the tuning voltage.

The locking bandwidth of the oscillator is affected by the
connection of the dc amplifier output at the anode or cathode
of the varactor diode. However, the amplitude dynamics of
the oscillator in the ILPLL is not affected by the connection
position of the dc amplifier output at the cathode or anode of
the varactor diode.

IV. EXPERIMENTAL RESULTS

The ILPLL concept was verified using a 10-GHz prototype
circuit [4]. The VCO was designed with an NEC32184A GaAs
MESFET in a common gate configuration for a large tuning
range, and uses an M/A-COM 46 580 beam-lead hyperabrupt
varactor diode (Fig. 2). The tuning range and output power
versus the tuning voltage of the VCO component are shown
in Fig. 3. From this figure, we can determine the tuning sen-
sitivity as MHz/V in the linear region. The external
signal is injected from an HP 8350B sweep oscillator at the
gate through a one-wavelength 50-microstrip transmission
line. As described earlier, the nonlinearity of the FET will mix
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Fig. 4. The voltage gain of the two-staged dc BJT amplifier versus the input
signal frequency.

Fig. 5. The experimental results and the models of the locking bandwidth
of the ILPLL for different connection positions of dc amplifier output at the
varactor diode. The models are quite consistent with the experimental results.

the oscillator signal against the injection signal, and the mixing
product will be superimposed on the oscillator output. The
RF choke used in the bias circuit serves as a low-pass filter,
coupling the low-frequency mixing products to an amplifier.
The output of the amplifier is, in turn, fed back to the varactor
through a second RF choke. The varactor diode cathode is
biased with a reference voltage at a virtual RF ground, with
the anode end connected to the FET gate, which is also a
dc ground via an RF choke. The low-frequency feedback can
then be introduced at either the cathode or anode end, which
changes the sign of the feedback signal on the FET gate.

The loop amplifier uses a two-stage bipolar junction tran-
sistor (BJT) (NEC56708) broad-band feedback amplifier [5],
which provides over 30 dB of gain up to 300 MHz, with
a linear gain near dc of approximately . The fre-
quency response of the amplifier is shown in Fig. 4. The
low-frequency gain of the amplifier is of most interest for
the “hold-in” range, while the bandwidth of the loop strongly
influences the “capture” range of the system.

The measured locking ranges for the isolated VCO (ILO)
and the ILPLL for both possible varactor configurations are
shown in Fig. 5. The locking range in this figure is the

Fig. 6. The experimental results of the output power of the ILPLL system
for different connection positions of dc amplifier output at the varactor diode
under external injection powerPinj = �3:0 dBm. The output power (or
amplitude dynamics) of the whole system is not affected by the connection
position of the dc amplifier output, but the locking bandwidth of the system
is affected.

full locking range, i.e., . The figure clearly shows
that the locking ranges can be significantly improved by the
feedback amplifier; in this case, when the dc amplifier output
is connected at the anode of the varactor diode. This ILPLL,
therefore, has . The locking range for the ILPLL is
more than doubled over the range of injection power examined
compared with the ILO. This is a significant improvement
for coupled oscillator applications [2], [3], [7], [10], [11].
Note that theincrease in the locking range is not simply
a loading effect whereby the loop amplifier decreases the

-factor of the VCO; this is verified by thedecreasein
the locking range when the amplifier is connected at the
cathode of the varactor. The locking range could be further
increased by increasing the gain of the feedback amplifier
or the drain resistor . In addition, the circuit could be
improved significantly by providing a matching network for
the injection source.

Using the model (10), we find an excellent fit to the
measured data using the measured amplifier and VCO char-
acteristics along with best-fit parameters and

, where is the external injection source voltage
amplitude (estimated from the known injection power and an
assumed load impedance). The model predictions are shown
as solid dots in Fig. 5.

The measured output power versus injection frequency for
the ILPLL is shown in Fig. 6, over the range of frequen-
cies associated with the respective locking ranges for each
case. The ILO amplitude variation is also shown. In all the
measurements, an injection power of3 dBm was used. The
amplitude variation for the ILO case is related primarily to the
saturation of the device nonlinearity, whereas for the ILPLL
case with enhanced locking range, the amplitude variation also
includes a large contribution due to the frequency dependence
of the nonlinearity, which we can think of as an equivalent
frequency-dependent negative resistance. It is possible to im-
prove the circuit design to minimize the variation in equivalent
negative resistance versus frequency and, thus, “flatten” out the
amplitude variation. This has not yet been attempted.
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V. NOISE ANALYSIS

In this section, we will find the upper and lower bounds of
the phase noise of our ILPLL, and the conventional PLL for
comparison. In the simulations, we assume that the phase noise
of the dc amplifier introduced in the ILPLL is very small and
negligible as compared to that of the oscillator or PD. For the
best case, we assume that the phase noise of the PD is zero.
As a worst case, we assume that the phase noise introduced
by the PD is the same as that of the oscillator in the system
for calculation convenience.

To analyze the output phase noise of the ILPLL, a noise
admittance is used to represent the internal noise source of the
oscillator [6], [8]–[10], and a loop transfer function [12]–[14]
to describe the circuit external to the VCO. The approach
involves linearizing the system under the assumption of small
fluctuations, and transform to the frequency domain to examine
the spectral characteristics of the noise. In this analysis, we
neglect AM noise and possible AM-to-PM conversion in the
VCO; therefore, the analytical results are expected to be
optimistic and are primarily intended to compare the ILPLL
scheme with the ILO and PLL.

Under these assumption, it has been shown that the output
phase noise of a single ILO is [6], [8]–[10]

(16)

where the tilde denotes a transformed or spectral variable,
is the frequency offset from the carrier,

is the full-width-half-maximum bandwidth of the free-running
oscillator’s embedding circuit (i.e., the 3-dB bandwidth), and

is the free-running frequency of the slaved oscillator.
is the relative injection signal amplitude normalized to

the free-running signal amplitude,is the steady-state value of
the output phase, and is the injection signal phase.
represents the power spectral density of the phase noise of
the free-running oscillator, and is, similarly, the phase
noise of the injection signal into the oscillator [6], [8]–[10].
From (16), the ILO phase noise is that of the injection source
near carrier frequency, and returns to its free-running noise for
the noise offset frequency far from the carrier frequency.

A similar analytical approach is applied to the ILPLL using
the block diagram in Fig. 7 [12]–[14]. In this figure, is
the slaved oscillator transfer function (the tuning sensitivity),

is the PD transfer function linearized around the
operating point (PD sensitivity), and is the transfer func-
tion of the dc amplifier and associated filtering components.
These transfer functions are used to examine how the spectral
characteristics of noise are affected by the feedback. The noise
associated with each block function is linearly superimposed
with the signal immediately following the transfer function.

is the output phase fluctuation of the ILO as given by
(16), is the noise introduced by the PD, and is the
dc amplifier noise (different symbols are used for the PD and
amplifier noise since these are amplitude fluctuations). The

Fig. 7. The block diagram of the ILPLL system. The noise introduced by
each transfer function can be added with the respective output signal for the
calculation of total output noise power spectral density of the system. The
VCO can also act as the PD (or mixer) function, and the noise of the slaved
oscillator and that of the PD function may be correlated. The block diagram of
“�1” in the ILPLL represents the effects of the dc amplifier output connection
position at the varactor diode on the ILPLL performances. The “+1” means
the amplifier output connected at the cathode and “�1” at the anode of the
varactor diode.

output phase fluctuation is easily found as

(17)

The power spectral density of the output noise is then found
as , where denotes an ensemble average (this
notation is subsequently suppressed). Computation of the
power spectral density, therefore, requires knowledge of the
cross correlation of all the various noise sources in Fig. 7.
Since the VCO is functioning as both an ILO and PD, the
phase fluctuations and are probably correlated to
some extent; a noise correlation coefficient is used to
express this correlation as

where . We assume all other noise sources are
uncorrelated. The output phase noise of the ILPLL circuit
then becomes

(18)

where the loop transfer function is

(19)
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Fig. 8. Spectral characteristics of the relative output phase noise of the
free-running oscillator, external injection source, ILO (with feedback loop),
conventional PLL, and ILPLL with the first-order loop versus normalized
injection source strength�. The phase-noise curves of PLL and ILPLL shown
here use the assumption that PD noise in the circuits is zero for best case.
The ILPLL has lower output phase noise than the PLL in the low-noise offset
frequency range for the best case.

From (7), the upper sign is for feedback to the varactor
cathode, and the lower sign is for anode connection. The spec-
tral characteristics of the output noise are, therefore, strongly
dependent on the filter function . In the following, we
discuss two loop transfer functions: a first-order loop and a
second-order loop.

A. First-Order Loop

A first-order low-pass loop transfer function is [12]–[14]

(20)

where is the dominant pole of the loop transfer func-
tion. This is a good approximation for our prototype circuit
using the parameters , and .
Substituting (20) into (18) and using the model parameters
previously described allow us to compute the expected noise
spectral characteristics for a given set of noise sources. For
the purposes of illustration, we assume that the injected signal
and free-running noise sources have ideal dependence,
with an injected signal noise several orders of magnitude lower
(better) than the free-running FET oscillator. We also assume
that the contribution to output noise due to fluctuations in the
loop amplifier are negligible in comparison to those of
the oscillator and phase detector.

With the above transfer functions, we plot the phase-
noise curves of the free-running oscillator, injection source,
ILO without feedback loop, PLL, and ILPLL with different
normalized injection source strength (Fig. 8). The PLL use
the same PD and amplifier (or filter) transfer functions as
those in the ILPLL, but the VCO phase noise in the PLL is
independent of an external injection source. We have assumed
that the output steady-state phase of the oscillator is the same

Fig. 9. Spectral characteristics of the relative output phase noise of the ILO
(without feedback loop), conventional PLL, and ILPLL with the first-order
loop at normalized injection source strength� = 0:25. The possible output
phase-noise ranges of the ILPLL and conventional PLL are also shown in
the figure, which are affected by the magnitude of the phase detector (or the
mixer) noise in the circuits (see text).

as that of the external injection source for simplicity (i.e.,
), and the PD noise in the ILPLL or PLL is zero

for the best case (or lower bound). We find the output phase
noise of the ILPLL with zero PD noise can be much lower
than that of the PLL with same conditions at low-noise offset
frequency. The noise reduction at low-noise offset frequency is
due to the dc amplifier transfer function in the feedback loop,
which can reduce the output sensitivity and phase noise of the
whole ILPLL feedback system. For higher injection strength
, the phase noise of ILO improves further [8], and that of

the ILPLL also improves. From (9) to (11), we know that
the phase dynamics equation, new locking bandwidth ,
and the new phase depend on the connection position
of the dc amplifier output at the cathode or anode of the
varactor diode. The simulation results show that the output
phase-noise curves of the system for different connection
positions of the dc amplifier output at the varactor diode are
virtually indistinguishable from each other and, thus, difficult
to present on the same curve for comparison (Fig. 8). The
cross-correlation noise term between the ILO noise and PD
noise in the ILPLL is also very small and can be neglected.

In Fig. 9, the possible phase-noise ranges for ILPLL and
PLL are shown for comparison. In the best case of the ILPLL,
where the PD noise in the ILO is zero, the output phase noise
of the ILPLL can be much lower than the conventional PLL
with zero PD noise. In the worst case of the ILPLL, where the
PD noise in the oscillator device has same noise power spectral
density as the ILO, the output phase noise of the ILPLL tracks
the noise curve of the ILO without any loop. In the best case
of the PLL where the PD noise is zero, the phase-noise curve
is very small over a broad noise offset frequency range. In
the worst case of the PLL, where the PD noise power spectral
density is the same as the oscillator noise, the output phase of
the PLL tracks the noise curve of the free-running oscillator.
Therefore, we find the upper and lower bounds of the possible
phase noise for the ILPLL and PLL. For clarity of the figures,
we only plot the case of in Fig. 9 to show the possible
phase-noise ranges of our ILPLL and the conventional PLL.
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Fig. 10. Spectral characteristics of the relative output phase noise of the
free-running oscillator, external injection source, ILO (without feedback loop),
conventional PLL, and ILPLL with the second-order loop versus normalized
injection source strength�. The phase-noise curves of PLL and ILPLL shown
here use the assumption that PD noise in the circuits is zero for the best case.
The ILPLL has lower output phase noise than PLL in the low-noise offset
frequency range for the best case.

B. Second-Order Loop

The transfer function of the dc amplifier (or the
combined dc amplifier and low-pass filter) for a second-order
loop [12]–[14] is

(21)

where and are the parameters of the dc amplifier. We
can use the measured parameters of our prototype ILPLL
at 10 GHz in the noise simulations. We can design the dc
amplifier with the parameters second and

second to obtain 30 dBm of the power gain
of the loop dc amplifier over a large input frequency range.
The VCO tuning sensitivity is assumed MHz/V, and
the PD function of the VCO is with the unit
of volts per megahertz, where is the amplitude of the
external injection signal with the unit of volt.

With the above transfer functions, we can plot the phase-
noise curves of the free-running oscillator, injection source,
ILO without feedback loop, PLL, and ILPLL with different
normalized injection source strength (Fig. 10). The PLL uses
the same PD and amplifier (or filter) transfer functions as
those in the ILPLL, but the VCO phase noise in the PLL is
independent of an external injection source. We have assumed
that the output steady-state phase of the oscillator is the same
as that of the external injection source for simplicity (i.e.,

), and the PD noise in the ILPLL or PLL is zero for the
best case (or lower bound). We find the output phase noise of
the ILPLL with the second-order loop has much better noise
reduction than the one with the first-order loop. The phase
noise of the PLL with the second-order loop also has lower
phase noise than the one with the first-order loop.

In Fig. 11, the possible phase-noise ranges for the ILPLL
and PLL are shown for comparison. In the best case of the
ILPLL, where the PD noise in the ILO is zero, the output phase

Fig. 11. Spectral characteristics of the relative output phase noise of the ILO
(without feedback loop), conventional PLL, and ILPLL with the second-order
loop at normalized injection source strength� = 0:25. The possible output
phase-noise ranges of the ILPLL and conventional PLL are also shown, which
are affected by the magnitude of the phase detector (or the mixer) noise in
the circuits (see text).

noise of the ILPLL can be much lower than the conventional
PLL with zero PD noise. In the worst case of the ILPLL,
where the PD noise in the oscillator device has the same noise
power spectral density as the ILO, the output phase noise of
the ILPLL tracks the noise curve of the ILO without any
loop. In the best case of the PLL, where the PD noise is
zero, the phase-noise curve is very small over a broad noise
offset frequency range. In the worst case of the PLL, where
the PD noise power spectral density is same as the oscillator
noise, the output phase of the PLL tracks the noise curve of the
free-running oscillator. Therefore, we find the upper and lower
bounds of the possible phase noise for the ILPLL and PLL.
For clarity of the figures, we only plot the case of in
Fig. 11 to show the possible phase-noise ranges of our ILPLL
and the conventional PLL.

In the above simulations, we study the first- and second-
order loop for our ILPLL. The ILPLL with the second-order
loop can have much better output phase-noise reduction than
the one with first-order loop. However, in reality, the first-
order loop is much easier to implement than the second-order
loop because the typical dc amplifier belongs to the first-
order loop. It should be noted that the curves in Figs. 8–11
only consider the contributions of the oscillator phase-noise
sources. The phase-noise relation of the ILO and PD function
inside the ILPLL is not well known. In the simulations,
we also neglect the background thermal noise introduced by
the resistors in ILPLL circuits, dc amplifier noise, oscillator
AM noise and AM-to-PM noise conversion, and PM noise
deterioration due to the nonzero steady-state phase difference
between the oscillator output and injection source [6], [8].
Unfortunately, it is very complicated to completely treat the
whole output phase noise of the ILPLL. However, it is possible
to minimize these effects by careful design of the low-noise
oscillator in the ILPLL in order to reach the lower bound
curve as closely as possible.

VI. CONCLUSION

We have extended the previous reported work [4] of a
simple scheme for enhancing the hold-in and capture ranges of
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standard MESFET VCO’s using an inexpensive low-frequency
dc-coupled feedback amplifier which combines the injection-
locked and PLL methods. Such a circuit can be termed an
ILPLL since injection-locked and PLL processes are at work.
The oscillator in the ILPLL also provides the function of
a mixer or PD. In this paper, we investigate the phase and
amplitude dynamics of the ILPLL. The locking range of the
ILPLL can be more than double that of the isolated VCO
injection-locking range over the same range of injected signal
power. The amplitude dynamics of the ILPLL is not affected
by the connection position of dc amplifier output at the anode
or cathode of the varactor diode. These theoretical predictions
are consistent with our experimental results. We also propose
a simple method to analyze the phase noise of the ILPLL to
compare the phase-noise performance with the free-running
oscillator, external injection signal, ILO without any feedback
loop, and conventional PLL. The output phase noise of the
ILPLL combines the properties of the ILO and PLL, and has
exceptional noise reduction at low-noise offset frequencies,
where we have assumed that the noise of the PD function of
the oscillator is much smaller than the oscillator phase noise.

By careful design of the oscillator and the loop transfer
function, we can improve the output phase noise at low-
noise offset frequency of the ILPLL. Such circuit design of
ILPLL combining the injection locking and PLL is cheap,
easy to design, and can be applied to any frequency range
because no PD (or mixer) design is involved. The ILPLL
can be modified to include a phase shifter and/or frequency
divider in the feedback loop to improve the circuit performance
further, which can easily adjust the locking bandwidth and
dynamic range of the circuits. Such circuits show promises for
constructing high-performance coupled-oscillator arrays, and
can be applied in many components and subsystems of com-
munication electronics, such as the frequency synthesizer, FM
demodulator, and so on. In the future, we hope to investigate
various modifications and applications of the ILPLL, and the
noise properties of the PD (or mixer) function of the oscillator
in order to further improve the circuit performance and output
phase-noise reduction at the low-noise offset frequency.
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