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Abstract— The injection-locked behaviour of a high efficiency 
pulsed waveform oscillator is analyzed in detail. The design is 
based on a closed-loop configuration, loaded with a short 
nonlinear transmission line (NLTL). A new technique is provided 
to predict the effect of the circuit elements on the synchronization 
bandwidth, which enables an overall optimization of the 
oscillator design, considering efficiency, pulse width and locking 
interval. The phase-noise minimum in free-running conditions, 
obtained for particular values of the design parameters, is 
investigated through the use of phase sensitivity functions. The 
impact of this minimum on the noise spectrum in injection-locked 
conditions is also studied. The techniques have been applied to a 
pulsed-waveform oscillator at 0.9 GHz. 

Keywords: Injection-locking, solitons, oscillators, nonlinear 
transmission lines, efficiency, phase noise. 

I.  INTRODUCTION  
As shown in several previous works, pulse shaping can be 

achieved with nonlinear transmission lines (NLTL), usually 
composed by a high number of inductance-varactor cells [1-2]. 
The narrow pulses can be applied [3-4] in reflectometry, 
harmonic generation, signal sampling and ultrawideband 
communications. They are obtained through the suitable 
combination of two different effects, the inherent dispersion of 
the lumped-element line and the nonlinear capacitance C(v) of 
the varactor diodes, giving rise to a shorter propagation delay 
for higher voltage amplitude [1-2]. In fact, an input signal with 
full width at half maximum TFWHM will decompose into 

B FWHMN 2f T=  individual pulses or solitons, with fB the Bragg 
frequency of the NLTL [2]. The individual pulses propagate 
independently and for higher pulse amplitude, the propagation 
velocity increases, whereas the TFWHM decreases.  

The need for a periodic source at the NLTL input can be 
eliminated through the design of a free-running soliton 
oscillator, as shown in the works [3-4]. In [3] a feedback 
topology is considered, with the NLTL constituting the 
feedback network of the device used. In [4] the NLTL is the 
load of a reflection oscillator [4]. The reflection effects enable 
a reduction of the number of L-varactor cells to about one half 
of the number used in the feedback configuration. In both 
cases, the authors use an adaptive bias of the active device to 
favour one of the pulses while attenuating the others. A 
different reflection-oscillator design has been proposed in [5], 
which avoids the need for the adaptive-bias mechanism. It is 
based on a specific choice of the line elements, enabling a 

quick formation of the pulsed signal after passing through a 
small number of NLTL cells. Using the same kind of NLTL 
design, a high efficiency pulsed-waveform oscillator has been 
presented in [6]. In that configuration, the NLTL constitutes the 
load of a feedback Class E oscillator, so the average input 
impedance exhibited by the NLTL must fit the values required 
for high efficiency operation. With this kind of design, narrow 
pulses of about 10% duty cycle were obtained with 48% 
efficiency. Here the causes for a phase-noise minimum 
obtained in [6] when varying some critical circuit elements will 
be investigated using phase-sensitive functions [7]. The 
relevant aspect of the oscillation start-up and turn-off times, not 
tackled in [6], is also considered. Unlike [6], the oscillator will 
be analyzed in injection-locked mode. A new technique 
enabling an efficient broadening of the synchronization interval 
will also be presented. The technique, intended for harmonic 
balance (HB) is of general application to injection-locked 
oscillators. This optimization technique, valid for small-signal 
values of the synchronizing source, is applied to the original 
free-running oscillator design, with no need to obtain the 
synchronized solution curve resulting from each circuit 
modification. Therefore, it is computationally very efficient. In 
this way, it is possible to perform an overall optimization of the 
oscillator taking into account efficiency, pulse height and width 
and locking interval. As will be shown, the main advantage of 
the new pulsed-waveform oscillator configuration is its 
modularity. In fact, with the particular NLTL design, based on 
reflection effects, the output pulse duty cycle will keep narrow 
provided the voltage amplitude at the NLTL input remains 
sufficiently high. The techniques have been successfully 
applied to a pulsed waveform oscillator at 0.9 GHz. 

II. FREE-RUNNING OSCILLATOR 
The oscillator basically consists of a Class E amplifier at 

the fundamental frequency of the pulsed waveform fo with a 
feedback path and loaded with the NLTL. The transistor used 
is a CLY5. The amplifier output elements (parallel capacitance 
and series resonant network) are calculated in order to fulfill 
the zero-voltage switching (ZVS) conditions [8]. The average 
input impedance of the NLTL, c effZ L / C= , with Ceff the 

effective capacitance, must approximately agree with the 
resistance RL required for the high-efficiency operation. The 
pulsed waveform is achieved with a small number of NLTL 
cells (n=8) using the reflection effects due to the reactive part 
of the output load.  For a fast decomposition of the input wave 
into individual pulses or solitons, the Bragg frequency 
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B efff 1/( LC )= π  must not be much higher than the input 

frequency. This condition is combined with L cR Z≅ , which 
leads to the values: fB=3.2 GHz and L=0.8 nH, with the 
varactor diode SMV1235. The inductive part of the output load 
is tuned for a sharp single pulse at the 50 Ohm load. After re-
optimization of the overall circuit, the duty cycle is about 10%, 
with 48% efficiency [6]. 

 
Fig. 1 Schematic of the pulsed-waveform oscillator, containing an amplifier in 
Class E. 

 

In [6] it was observed that the performance of the pulsed-
waveform oscillator was very sensitive to the inductance L 
(Fig. 2a). In fact, the phase-noise spectral density reached a 
deep minimum when changing this element, validated with the 
experimental results. The causes for this minimum were not 
investigated in [6]. If the phase noise is analyzed suppressing 
the flicker noise current source, connected in parallel at the 
drain terminal, the noise minimum is not observed. As shown 
in [7-9], when using localized models for the noise sources, it 
is theoretically possible to obtain zero phase-noise contribution 
of a particular colored source with spectral density flick iS (f), . 

In fact, the contribution of a particular flicker-noise source 
i (t)ε  to the phase-noise spectral density (at sufficiently large 

offset from the carrier) is given by 2 2
p i o dc i flick iS (f ) f  b  S (f)=, , ,  

[7], where fo is the fundamental oscillation frequency, f is the 
frequency offset and  dc ib ,  is the average value of the phase-

sensitivity function si(t), associated with the particular flicker-
noise source i (t)ε . This function provides the time derivative 
of the phase perturbation due to this noise source i (t)ε , through 

the expression: i i(t) s (t) (t)θ = ε  [7-9]. According to this theory, 
the absolute value of the average of the sensitivity function si(t) 
should be minimum for L≅4 nH. To verify this, the function 
si(t) has been calculated for different L values. As an example, 
Fig. 2b shows the sensitive function corresponding to L=2.5 
nH and L=3.9 nH. Fig. 2c shows the variation of the average 
value of si(t) versus the inductance L. It crosses zero for L= 4 
nH, which approaches the minimum provided by the 
conversion-matrix approach [10] in Fig. 2a. Discrepancies are 
attributed to numerical errors in the two different approaches. 
For explanation, it must be noted that the flicker noise is low 
frequency and its up-conversion to phase noise depends on the 
dc component of the sensitivity function, since all the other 
components will have negligible effect. A resonance effect 
when changing L may ideally eliminate the dependence of the 
carrier modulation [10] on the flicker-noise source. In fact, the 
noise sources are distributed so their contribution cannot be 
eliminated. However, as confirmed in measurements, the phase 
noise is noticeably reduced for the inductance value L=3.3 nH. 
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Fig. 2 Phase noise analysis versus L. (a) Phase noise at constant offset 
frequency 100 KHz. (b) Comparison of the phase sensitivity functions for two 
L values. (c) Variation of the average S(f). 

 
The start-up and turn off transients of the pulsed-waveform 

oscillator have also been analyzed. The initial stage of the 
start-up transient is ruled by the dominant pair of complex-
conjugate poles jσ ± ω  of the dc solution, with >0. Then, the 

transient behavior becomes dependent on the oscillation 
amplitude and can no longer be predicted with the poles. The 
turn-off transient is more complex since it involves a big 
change in the switching element and the dynamics is ruled by 
the properties of the nonlinear manifolds. When varying the 
varactor C1, the turn off transient was extremely long, so this 
possibility was discarded. When varying the varactor C2, the 
turn-off transient was very fast (Fig. 3). On the other hand, 
provided an additional circuit element can be modified so that 
σ increases, we should be able to speed up the initial stage of 
the start-up transient. This analysis has been carried out versus 
the inductance Lg using pole-zero identification [11] (Fig. 3b). 
In the two cases, the same two values of varactor bias voltage 
are considered. For Lg=3 nH we should obtain a transient 
about three times faster than the one corresponding to the 
original value Lg=10 nH. This is confirmed by the simulation 
in Fig. 3a.  
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Fig. 3 Transient behavior of the pulsed waveform oscillator versus 

variations in the varactor C2. (a) Response for two different Lg values. (b) 
Variation of the dominant poles of the dc solution versus Lg. 

III. INJECTION-LOCKED MODE 
The injection locking of the pulsed-waveform oscillator will 

enable control over the oscillation frequency and the pulse 
position within the oscillation period. It will also be possible 
to use the circuit as a harmonic generator with very small 
requirement of RF input power. Here a new technique is 
presented for the pulsed oscillator optimization, considering 
the locking bandwidth as one of the performance 
characteristics, together with the power efficiency and the 
pulse amplitude. Only the free-running oscillator is modified, 
taking into account that, provided that the synchronizing 
source is small signal, the synchronization bandwidth can be 
estimated linearizing the oscillator circuit about its free-
running regime.  

The technique is based on the use of an auxiliary generator 
for the oscillator analysis [12]. The AG is a voltage source 
connected in parallel at a sensitive circuit node (gate terminal 
for this analysis), with an ideal bandpass filter, which must 
fulfill a non-perturbation condition of the oscillatory solution, 
given by the zero value of the ratio between the current 
flowing through the generator and the voltage delivered: 
YAG=0. When solving this condition through optimization, the 
circuit is analyzed in a two-tier manner, with the pure HB 
system constituting the inner tier and the condition YAG=0 
constituting the outer tier. Then, the synchronization 
bandwidth will be given by [12-13]: 

in AG in

AG v,ω

2E Y E
Y sin(α )

∂ ∂
Δω =

∂ ∂ω
      (1) 

where Ein is the input generator amplitude and v,ωα  the phase 
difference between the derivatives AGY∂ ∂ω  and AGY V∂ ∂ . 
Here the partial derivatives are calculated through finite 
differences in HB using three consecutive sweeps in V, ω and 
Ein, each one starting from the free-running solution, fulfilling 
YAG=0. For the circuit optimization, we will consider 
variations in a relevant parameter, for instance the inductance 
L [14]. At each sweep step, some circuit elements are 

optimized in order to fulfill the non-perturbation condition 
YAG=0, which will provide a new free-running solution (this 
optimization is followed by the three consecutive sweeps). In 
this manner, it is possible to optimize the injection-locked 
behavior with no need to obtain the synchronized solution 
curves at each design modification. Fig. 4 shows the variations 
of the efficiency, pulse amplitude and synchronization 
bandwidth versus the inductance L. The bandwidth becomes 
broader when increasing this inductance but the efficiency 
decreases and so does the pulse amplitude. The validity of the 
simulation technique has been verified by tracing the 
synchronization curves corresponding to L=5.1 nH and 7.9 
nH. The measured pulsed waveforms are shown in Fig. 4c. 
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Fig. 4 Optimization of the free-running oscillator at 0.9 GHz attending 
synchronization bandwidth, efficiency and pulse height. Measurements are 
superimposed. (a) Variation versus L. (b) Validation with the actual 
synchronization curves. (c) Experimental pulsed waveform for two L values.  

 
One advantage of the pulse-forming mechanism used here is 

that the output waveform keeps being a single pulse despite 
changes in the oscillator elements (other than the NLTL 
elements). In fact, the output pulse becomes wider and shorter 
when the amplitude at the NLTL input decreases, but no other 
pulses appear, that is, we do not get waveforms such as those 
in previous cells (Fig. 5). Therefore, it is possible to control 
the overall behavior by simply tracing the pulse amplitude 
versus the particular analysis parameter, as done in Fig. 3.  
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Fig. 5 Voltage waveforms at different circuit locations for three values of the 
inductance L. (a) NLTL input. (b) Cell 7. (c) NLTL output. 

 
Fig. 6 presents the measured output spectrum in injection-

locked conditions obtained for L=6 nH and synchronizing 
power Pin= -16 dBm. As can be seen, the circuit constitutes a 
good harmonic generator. For the phase noise analysis, the 
phase-noise spectrum of the synchronizing source has been 
experimentally characterized and this analysis has been carried 
out with the conversion matrix approach. In Fig. 7, the spectra 
obtained for L=3.9 nH and L=6 nH in injection-locked 
conditions are compared with the one obtained for L=6 nH in 
free-running regime. When the contribution due to the flicker 
noise is minimum (L=3.9 nH), the spectrum follows the one 
corresponding to the input source up to a high offset frequency 
and the overall phase-noise response is better than the one 
obtained for L=6 nH. These results are confirmed by the 
measurements.   

 

 
Fig. 6 Measured output spectrum of the pulsed-waveform oscillator in 
injection-locked conditions. 

 
Fig. 7 Phase-noise spectrum in injection-locked conditions (L=3.9 nH) and 
(L=6 nH) and free-running operation (L=6 nH). 

IV. CONCLUSION 
A high efficiency pulsed-waveform oscillator has been 

analyzed in injection-locked mode. A new simulation 
technique has been provided to optimize the original free-
running oscillator in terms of the power efficiency, pulse 
amplitude and synchronization bandwidth. Due to the 
modularity of the design, changes in the oscillator elements 
have an effect on the pulse amplitude and width but do not give 
rise to irregular waveforms. The phase-noise spectral density 
has been analyzed in detail in both free-running and injection-
locked conditions. 
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