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Abstract
Analysis has been carried out to obtain the expression of beam 
current of Reflex Klystron Oscillator (RKO). The beam current 
has been found to contain both in phase and quadrature phase 
component which was overlooked by the earlier workers. These 
affect both the amplitude and frequency of the oscillator. Effects 
of delay due to various modes have been demonstrated for the first 
time. Effect of synchronization on the phase locking characteristics 
of the oscillator has also been demonstrated. 
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I. Introduction 
The RKO finds useful applications in double-detection receivers 
or as a frequency modulated oscillator in low power transmitters 
[1].
In the development of the theoretical basis of the Klystron 
operation, kinematics was used by the W C Hahn neglecting the 
space charge effects. Latter W C Hahn hinted how space charge 
effect can be taken into account to predict the tube behavior, 
On the other hand, latter Simon Ramo developed  the theory 
of velocity modulation by incorporating displacement current 
and variations of fields charge and current densities with beam 
cross section, length and time  by invoking Maxwell’s equations. 
He explained the principle of velocity modulation through the 
existence of two slow space charge waves – one of the waves 
propagates with a velocity slightly greater and the other slightly 
less than that of the beam current [2]. In fact this concept helped 
Webster to explain the phenomenon of de-bunching in Klystron. 
This creates difficulty in realizing the ideal efficiency. According 
to him de-bunching does not limit the number of bunches a beam 
may contain but limits length.  But the author feels that the final 
conclusions more or less agree with the outcome of Kinematic 
principle of velocity modulation [3-10]. 
RKO is a velocity modulated tube and is fairly an old topic. As 
such a large number of papers have been published on RKO.

Fig. 1: Schematic of a Reflex Klystron Oscillator (J. R. Pierce)

Not with standing these efforts by the earlier workers, the authors 
feel that the some of the concepts behind velocity modulation have 
been overlooked by previous authors. A schematic arrangement of 
an RFO is depicted in fig. 1 along with the potential distribution 
(Neglecting Space Charge Distribution).

II. Fourier Component of Beam Current
If we plot the relation between the arrival and departure time 
of electrons at the cavity grids (Fig. 2), we will observe that for 
X<1, the electrons which arrived during the time interval ‘1’ left 
the resonator grids during the time interval ‘3’, whereas for X≥1, 
the electrons which arrived during the time interval ‘2’ left the 
resonator grids during the time interval ‘4’, ‘5’ and ‘6’. As a result 
of the principle of charge conservation we obtain two different 
relations, namely [11].

    (1)

    (2)

The summation has to be taken over all the three intervals. In these 
relation )(ti  is the returning beam current and 0I  is the forward 
beam current. Obviously the returning beam current in both the 
cases is periodic in return and so it can be 
expressed by Fourier series as 

                       (3)

where , t  being the arrival time of electrons at

the cavity grids and  0T  the dc transit time in the repeller space. 
Let , 1T being the time period of the

Fig. 2: Plot Showing the Relation Between Arrival and Departure 
Time of Electron Beam to the Resonator for Different Values of 
Bunching Parameter X.
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signal and N, the mode number, is given by N=(n-1/4), n=1, 
2.....
The transit time in the repeller space can be easily derived as

    (4)

where β is the beam coupling coefficient.

Let , V being the steady state amplitude of rf signal 

and 0V  the dc beam voltage.

Thus, from (4)                          (5)   

Let      (6) 

where X is the bunching parameter or the modulation index.
Now we have Ttt += 0 , or, 
Where t0 is the departure time of electrons

   (7)

By simple algebraic manipulation and taking the help of (6) it 
can be shown that

   (8)
 
 In (3) '' 0a  turns out to be the dc beam current 0I  and  

   (9)

   (10)

The fundamental component of beam current  and  is given by

    (11)
              

   (12)

Substituting θ from (8) into (11) and (12) and remembering that 

  (13)

   (14)

one obtains

where a and b  is obtained by evaluating 

  (15)    
                  

  (16)

It is interesting to note that the beauty of the transformation is 
that it not only avoids the singularity problem but also absorbs 
the summation sign. 
From the equivalent circuit of reflex klystron (Fig. 3) we can 
write   

 (17)

where  are the in-phase and quadrature 
phase component of beam current which also takes delay into 
account, and si is the synchronizing current. 

For simplicity let us consider vpx .=  ,     
 where  and . 
Since (17) is non linear equation, we need to convert into an 
equivalent linear one by applying linear describing function 
technique. By this technique we can write,

 (18)
                                  
where  are the polynomial coefficients.
Considering 

    (19)

    (20)

Phase difference between input and output is given by

    (21)

Fig. 3: Modified equivalent circuit of Reflex Klystron 
Oscillator

Further we can write

  (22)

So, (19) may be written as 

   (23)
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From (17) we can write

   (24)

We can write (24) in terms of X as

   (25) 
From (22) we can write (25) as

 (26)

Inserting (26), (23) and (18) in (17) and equating real and imaginary 
parts and also considering delay in the synchronizing current we 
obtain

 (27)

 (28)

where CI s 2/  has been replaced by  and 

III. Results and Discussion
The effect of delay causes the amplitude )(tX  to attain steady 
state value at a later time (Fig. 4(a) and 8(a)), the effect being 
more pronounced at higher mode (n=2, Fig. 5(a)).The presence 
of quadrature component causes change in frequency (Fig. 
4(b) and 5(b)) and hence phase θ (Fig. 6). In the presence of 
synchronizing signal, the quadrature component stabilizes the 
amplitude earlier (Fig. 6a) compared to that in the absence of the 
same. The effect on frequency change and phase change is shown 
in Fig. 7(b) and 7(c) respectively. The presence of delay (in the 
presence of synchronizing signal) locks the frequency and phase 
of the RKO at a later time (Fig. 8(b) and 8(c)). All quantities are 
normalized with respect to CI 2/0 . 

Fig. 4: Variation of amplitude (a) and frequency change (b) with 
time for the mode n=1 in the absence of synchronizing signal. 

Fig. 5: Variation of amplitude (a) and frequency change (b) with 
time for the mode n=2 in the absence of synchronizing signal.

Fig. 6: Effect on the phase change of the signal due to the presence 
of quadrature component that also causes change in frequency 
in the absence of synchronizing signal (mode n=1). Amplitude 
change is ignored here.
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Fig. 7: Variation of Amplitude (a), Frequency Change (b) and 
Phase Change (c) With Time in the Presence of Synchronizing 
Signal and Incorporating Delay 

Fig. 8: Variation of amplitude (a), frequency change (b) and phase 
change (c) with time in the presence of synchronizing signal and 
considering the quadrature component of beam current 

IV. Conclusion
It is thus concluded that when the modulation index is equal to and 
greater than one, the relation between the departure and arrival time 
of electrons at the cavity grids is a multivalued function resulting 
in the appearance of quadrature terms in the Fourier component of 
beam current. As a result of this during the growth of oscillations, 
both amplitude and frequency changes till the steady state is 
reached. Delay due to modes has a marked effect on amplitude 
and frequency response even in the presence of synchronizing 
signal. Moreover, presence of quadrature components produces 
asymmetry in the frequency response of a synchronized oscillator. 
The details will be presented in the accompanying paper.
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