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 
Abstract—In this paper, behavior of an oscillator under injection 

of another signal has been investigated. Also, variation of output 
signal amplitude versus injected signal phase variation, the effect of 
varying the amplitude of injected signal and quality factor of the 
oscillator has been investigated. The results show that the locking 
time depends on phase and the best locking time happens at 180-
degrees phase. Also, the effect of injected lock has been discussed. 
Simulations show that the locking time decreases with signal 
injection to bulk. Locking time has been investigated versus various 
phase differences. The effect of phase and amplitude changes on 
locking time of a typical LC oscillator in 180 nm technology has been 
investigated. 
 

Keywords—Injection-lock oscillator, oscillator, analysis, phase 
modulation.  

I. INTRODUCTION 

N the signal injection to oscillator, a signal with frequency 
close to that of the oscillator is applied as injection signal. 

The signal injection and oscillator locking is investigated for 
the first time by Adler [1] Analysis of oscillator behavior has 
been investigated in several papers and in most of them, the 
effect of input signal power, input frequency and behavioral 
modeling of this phenomenon have been discussed [2]. Phase 
analysis which is the main idea of this phenomenon, has been 
mentioned in these papers. Another point of view is the 
analysis in time and phase domain. The proposed model in 
these reports is based on impulse sensitivity [3], [4].  

Time domain delayed model has been proposed which is 
not proper for time and signal amplitude analysis. In Razavi’s 
paper, different analyses such as locking time analysis, the 
effect of the oscillator non-linearity in this phenomenon and 
phase noise have been investigated [5]. Injection-lock 
oscillators are used in modern analog systems like receivers 
[6], frequency dividers [7], [8], phase-locked loops [9], [10], 
and multipliers. In most of these applications, using this 
technique reduces the power consumption and area required 
for hardware implementation. 

If an oscillator with resonance frequency, ω0 is stimulated 
with another signal with frequency of ωini, considering the 
distance between ω0 and ωini, and oscillator parameters like 
quality factor, output signal amplitude and injection signal 
amplitude, the effect of injected signal will be different [11]. 

In this paper, the effect of phase variation of injected signal 
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on the amplitude and frequency of the output signal and 
locking time has been discussed and simulated. For this 
purpose, basic equation this phenomenon are presented in 
Section II. Section III, involves the effect of signal injection 
versus phase changes and its effect on the output signal 
amplitude and locking time. Simulation results for a typical 
LC oscillator are present in Section IV. Conclusions are in 
Section V of this paper. 

II. OSCILLATOR 

For simple investigation of injected signal behavior on the 
oscillator, consider Fig. 1. In this paper, the structure of an 
oscillator with feedback has been shown. A phase difference 
of 180 degree is generated in feedback path. Applying the 
injected signal generates an additional phase difference in 
feedback path. θ0 is the phase difference of the injected signal. 

 

0cos( )inj injV t  cos( )os injV t 

 

Fig. 1 Block diagram of an oscillator with injection signal 
 

To keep the oscillations, the oscillator omits the generated 
phase difference. In this condition, the frequency of the 
oscillator changes for free-running frequency (with this 
assumption that injected frequency is in locking bandwidth of 
injection lock). As shown in Fig. 1, output voltage after adding 
injected signal and oscillator output signal is: 

 
V୶ ൌ V୧୬୨ cos൫ω୧୬୨t ൅ θ଴൯ ൅ V୭ୱ cos൫ω୧୬୨t ൅ θ൯              (1) 

 
V୶ ൌ Acos൫ω୧୬୨t൯ െ Bsinሺω୧୬୨tሻ                         (2) 

 
Vinj is the amplitude of the injected signal, Vos is the 
amplitude of the oscillator output signal and Q is the quality 
factor of the oscillator. Values A and B are defined in the 
appendix.  Voltage Vx, can be expressed as sine signal: 

 
 V୶ ൌ V୫cos൫ω୧୬୨t ൅ φ൯	                                (3) 

 
φ and Vm are defined in the appendix. Noting that V୧୬୨ ≪ V୭ୱ , 
equation for Vx can be simplified as: 
 

V୶ ൎ V୭ୱcosሺω୧୬୨t ൅ φሻ                                   (4) 
 
If signal Vx is passed through an LC tank, the output 
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voltage will be: 
 

ሺV୭୳୲ ൌ V୫ cos ቀω୧୬୨t ൅ φ ൅ tanିଵ ቂω଴ െ ω୧୬୨ െ
ୢ஦

ୢ୲
ቃቁ			(5) 

 
If we equate (3) with output of the oscillator, it can be seen 

that:  
 

φ ൅ tanെ1 ቂω0 െ ωinj െ
dφ

dt
ቃ ൌ θ                         (6) 

 
If we calculate the derivative of (6): 
 

dφ

ୢ୲
ൌ

୚౥౩మ ା୚౥౩୚౟౤ౠሺୱ୧୬஘బୱ୧୬ାୡ୭ୱ஘ୡ୭ୱ஘బሻ

୚౥౩
మ ା୚౟౤ౠ

మ ାଶ୚౥౩୚౟౤ౠሺୱ୧୬஘బୱ୧୬஘ାୡ୭ୱ஘ୡ୭ୱ஘బሻ

ୢ஘

ୢ୲
                     (7) 

 
As the injected signal has smaller amplitude in comparison 

to the output signal of the oscillator, equation can be 
approximated as: 

 
dφ

ୢ୲
ൎ ୢ஘

ୢ୲
                                            (8) 

 
Using trigonometry relationships: 
 

tanሺθ െ φሻ ൌ
୚౟౤ౠሺୡ୭ୱ஘బୱ୧୬஘ିୡ୭ୱ஘ୱ୧୬஘బሻ

୚౥౩ା୚౟౤ౠሺୱ୧୬஘బୱ୧୬஘ାୡ୭ୱ஘ୡ୭ୱ஘బሻ
       (9) 

 
with approximating (9): 

 

tanሺθ െ φሻ ൎ
୚౟౤ౠሺୡ୭ୱ஘బୱ୧୬஘ିୡ୭ୱ஘ୱ୧୬஘బሻ

୚౥౩
                            (10) 

 
The following result can be achieved: 
 

dθ

ୢ୲
ൌ ω଴ െ ω୧୬୨ െ

னబ୚౟౤ౠ
ଶ୕	୚౥౩

sin	ሺθ െ θ଴ሻ                 (11) 

 
If the frequency of injected signal is within the bandwidth 

locking can be achieved. This range is given by (12) based on 
discussion and analyses: 

 

ω୐ ൌ
னబ୚౟౤ౠ
ଶ୕୚౥౩ౙ

                                         (12) 

 
Equation (11) can be rewritten by using =	θ െ θ଴: 
 

dΦ

ୢ୲
ൌ ω଴ െ ω୧୬୨ െ ω୐sinΦ                             (13) 

 
The time interval which is required for oscillator to be 

stable after signal injection or in the other words, locked is 
called locking time. After locking time, phase does not change 
anymore (d/dt=0), so: 

 

Φ ൌ sinെ1 ቀ
ω0െωinj

ωL
ቁ                                       (14) 

 
After phase difference generation in injected signal, locking 

condition is reached again. Final phase difference after 
locking, θ2 can be achieved from (14): 

 

θଶ െ θ଴ ൌ sinିଵሺ
னబିன౟౤ౠ

னై
ሻ                               (15) 

 
θଶ ൌ θଵ ൅ θ଴                                          (16) 

 
Before locking, structure was in locking condition and 

output signal phase difference with injected signal is equal to: 
 

θଵ ൌ sinିଵሺ
னబିன౟౤ౠ

னై
ሻ                                      (17) 

 
So, from (17), it can be seen that with generating phase 

difference in injected signal, output signal will have equal 
phase difference with injected signal. 

III. ANALYSIS OF INJECTED SIGNAL PHASE CHANGE ON 

LOCKING TIME 

Analysis of locking time when the phase of injected signal 
changes is investigated in the following. Equation (13) can be 
rewritten as: 

 

dt ൌ dΦ
ω0െωinjെωLsin	ሺΦሻ

                                    (18) 

 

sinሺΦሻ ൌ ଶ୲ୟ୬	ሺ஍/ଶሻ

ଵା୲ୟ୬మሺ஍/ଶሻ
                                    (19) 

 
Using variable change u ൌ tan	ሺΦ/2ሻ		and with the 

assumption that the frequency of injected signal is within the 
bandwidth of injection-lock:  

 

αωL ൌ ω0 െ ωinj                               (20) 
0 ൏ α ൏ 1 

 
Replacing in the equations above: 
 

ୢ஍

னైሺ஑ିୱ୧୬	ሺ஍ሻሻ
ൌ dt                                (21)                   

 
Equation can be written as: 
 

ଶ

஑னై

ୢ୳

୳మି
మ౫
ಉ
ାଵ
ൌ dt                                 (22) 

 
ଶୢ୳/னై

ሺ୳ି୳భሻሺ୳ି୳మሻ
ൌ dt                                (23) 

 

uଵ,ଶ ൌ
ଵ

஑
േ ට ଵ

஑మ
െ 1                                   (24)  

 
Using differential equations: 
 

u ൌ ୳భି୳మ୏ୣ౪/ేభ

ଵି୏ୣ౪/ేభ
                                      (25) 

 

With initial condition at t=0, phase difference is equal to 1. 
 

୳భି୳మ୏

ଵି୏
ൌ tan ቀ

஘భି஘బ
ଶ

ቁ                                (26) 
 

K ൌ
୲ୟ୬ቀ

ಐభషಐబ
మ

ቁି୳భ

୲ୟ୬ቀ
ಐభషಐబ

మ
ቁି୳మ

                                       (27) 

 

The rate of phase variation at t→ is equal to 0. So: 
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