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ABSTRACT 

A simple method to evaluate the phase noise 
properties of the coupled oscillators for arbitrary 
coupling and injection-locking topologies is pre- 
sented [1,2]. The method is based on the phase 
dynamics equation and the concept of noise ad- 
mittance [3,4] to  represent the noise source. The 
PM noise of the coupled oscillators can be eas- 
ily analyzed by solving the coupling matrix re- 
lated to the coupling topologies, after neglect- 
ing amplitude noise and AM-to-PM conversion. 
An 8.5 GHz prototype array was constructed to 
verify the phase noise reduction of the total PM 
noise and the array injection locked by the ex- 
ternal low phase noise source. 

I. INTRODUCTION 

Coupled oscillator arrays (figure 1) have been 
used in quasi-optical power combining and beam 
scanning applications[2]. In this paper we 
present the coupled oscillator noise theory with 
the noise source expressed by the noise admit- 
tance. The noise admittance is equivalent to the 
concept of the noise voltage or current. Assum- 
ing that phase noise sources of the oscillators 
are mutually uncorrelated and have equal power 
spectral density[l,3,4], we find total PM noise 
of N coupled parallel resonator oscillators with 
coupling phase CP = 0 reduced to 1 / N ,  indepen- 
dent of the phase progression along the array. 
We also prove that N oscillator coupled through 
the reciprocal coupling network always lead to 
1/N reduction in total phase noise. Though the 
total phase noise shows 1/N reduction for the 
bilaterally reciprocal coupled oscillators, the ef- 
fect is not sufficient to overcome the poor noise 
property for small array. In our previous work 
the array can be locked to  the external low phase 
noise source to reduce the total phase noise[6]. 
Here we also study and measure the total phase 
noise of the array locked to an external source. 
The array noise can only be reduced by the 
external injection source near the carrier, and 
noise offset frequency far from the carrier is not 
affected by the injection source. 
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11. PHASE NOISE OF MUTUALLY 
SYNCHRONIZED ARRAYS 

We can express the noisy oscillators by adding 
an independent noise admittance[l.3,4] Y,,,,,, = 
GLY, = GL(G, +jB,) to the parallel resonator 
oscillator model. Assuming the oscillators have 
identical amplitudes, the phase dynamics equa- 
tion of N coupled noisy oscillator array becomes 

wi 
- -&z(t) 

2Q 
where 8i? wi, and Q are the phase, free-running 
frequency, and Q-factor of the i th oscillator, re- 
spectively. ~ i j  and Qpij are the coupling parame- 
ters between the ith and j t h  oscillators. G ,  and 
B, describe the in-phase and quadrature com- 
ponents of the noise source, respectively. For 
phase noise analysis we perturb (1) by substi- 
tuting 8i + ei + S0i where 0 is the steady-state 
solution of (1) without B,i, and 6Bi is the phase 
fluctuation of the ith oscillator. Assuming small 
fluctuations , (1) being linearized around 8 and 
Fourier transformed gives 

- - N 
= - (60, - 68,) cos($, - e J )  

(2) 
where the tilde (-) denotes a transfornied or 
spectral variable, W3dB = wi/2Q, half the 3 dB 
bandwidth of the oscillateor tank circuits, and w 
the noise offset frequency from the carrier. The 
matrix form of (2) can be written as 

( 3 )  
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Figure 1-Diagram of the experimental five-element 
coupled oscillator array. The elements within the 
dashed blocked was used for the phase noise reduc- 
tion of the array by low phase noise source HP8350B 
sweep oscillator 

The matrix reflects the coupling topology of 
N-element coupled oscillator array. The phase 
fluctuations of the individual oscillators are then 
determined by (4). The individual noise fluctu- 
ation is given by < &',&': >, where the notation 
<> represents an ensemble average. Assuming 
PM noise sources, B,,(t), are random (ergodic) 
processes with zero time average, uncorrelated 
and have same power spectral density, it can be 
shown, using the Wiener-Khintchine theorem [5] 
that - -  

< B,,B;, >=< [E# > a,, (5) 

where Sij is the Kronecker delta [4,5]. From (3) 
and (5), the PM noise of the i th  oscillator is 

j=1 

- 
where pZJ is the element of p. Furthermore, 
for notational convenience we will hereafter drop 
the notation <> and write the power spectrum 
as ( @ l a  or lBnl , with the ensemble or time 
average being implicitly understood. Assum- 
ing the outputs of the array are combined ef- 
ficiently, the combined output signal is V ( t )  = 

A cos(w0t + S 8 j )  = N A  cos(w0t + 66'total), 
where 

- 2  

j=l 

With (3),(5) and (71, the total phase noise be- 
comes 

. A >  
j=1 l i d  

The single uncoupled oscillator phase noise can 
be found by substituting etJ = 0 into (2), and 

For the scanning nearest-neighbor coupled os- 
cillator chain with uniform phase progression 
~ 8 [ 2 ] ,  the coupling matrix is 

-1-2s 1 0 , I .  

1 - 2 - J Z  1 . . .  

0 1 

. .  - 2 - 3 2  1 
0 . . .  0 1 -1 -gx 

(10) 

N 
where J: = w/(Aqoc. cos A6). From the relation 
P N  = I ,  we can write )-&lpijnjk = 6ik and 

By inspecting (10) we can easily see that the 
sum of the j t h  column, is simply - J W / W ~ ~ B  for 

and the all j. Therefore C jE lp i j  = ___ 

total output phase noise is 

_ _  - -- - 

E;==, Eg1 P i j n j k  = E;, PZj(E;=l nj.1 = 1. 

N -1 
J W I W 3 d B  ' 

The total phase noise is reduced by a factor of 
1/N, independent of the phase difference &I. 
Recently we have shown that the total phase 
noise reduction factor 1/N is true for any N 
reciprocally coupled oscillator array [l] , and the 
nearest-neighbor coupled oscillator chain is just 
a special case of the reciprocal coupled oscillator 
array. 

111. EXPERIMENTAL RESULTS FOR 5- 
ELEMENT ARRAY 

A five-element scanning coupled oscillator ar- 
ray was built for experimental verification of the 
theory (figure 1) .The oscillators use NE32184A 
packaged MESFETs and MA-COM 46600 var- 
actor diodes. These 8.5 GHz VCOs are coupled 
by one wavelength microstrip transmission lines 
(a = 0) and are resistively loaded with two 75R 
chip resistors. The maximum end-element de- 
tuning for the locked array is f125MHz.  Each 
oscillator can either deliver the power to patch 
antenna or SMA connectors in order to measure 
the total and individual PM noise. Because of 
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VCO's poor phase noise behavior and compara- 
tively large thermal drift, the frequency discrim- 
inator method was used for phase noise mea- 
surement. The experimental apparatus can be 
found in [l]. For total phase noise, the output 
signal was measured with a detector in the far 
field. For the individual oscillator PM noise, the 
oscillator was connected directly to the measure- 
ment system using SMA cables. Figure 2 shows 
the PM noise of each element when free-running, 
and the total array output under synchronized 
conditions. The total PM noise is clearly re- 
duced as compared to those of free-running os- 
cillat ors , 
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Figure 2-Comparison of free-running PM noise for 
each of the five oscillators in the experimental array 
with the total P M  noise measured in the far-field. 
The theoretical noise reduction is shown for compar- 
ison, which is the average free-running noise divided 
by 5 .  

IV. PHASE NOISE OF ARRAY WITH 
EXTERNAL LOCKING SIGNAL 

For phase noise analysis of the array locked to 
an external source. we can modify (1) and (2) 
to  get 

where 

(14) 
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E: is magnitude of coupling coefficient between 
the ith VCO and injection source and $i = & - 
8inj. Here we only focus on the array with one 
element locked to the external source and $i = 0 
[9]. Following the same previous procedures, as 
noise offset frequency is near the carrier, we get 

When offset frequency is far from the carrier, 

The injection source can only reduce the array 
total noise near the carrier. As the noise off- 
set frequency is far from the carrier, the to- 
tal phase noise returns to the value without 
the external injection source. If the array is 
injection-locked at one of the end element, the 
array phase noise become noisier as the num- 
ber of the coupled oscillators increases within 
some offset frequency range. When the external 
injection power increases. E :  also increases and 
the total array noise has larger offset frequency 
range with almost same noise property as the 
injection source. Figure 3 shows the simulation 
result of the array noise with end element injec- 
tion locked to the low phase noise source. The 
upper dashed lines show the array noise without 
injection-locked for different coupled oscillator 
numbers. If the number of coupled oscillators 
increases, the total phase noise also increases 
with the offset frequency within certain range. 
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Figure 3-The total phase noise of the array with 
end element injection-locked by the external source. 
The dashed lines represent the array noise without 
injection and the injection source. The solid lines are 
the total P M  noise of the array injection-locked. As 
the number of oscillators increases, the array phase 
noise increases for certain offset frequency range. 



V. EXPERIMENTAL RESULTS WITH 
EXTERNA LOCKING SIGNAL 

We also use the same scanning coupled oscillator 
array with an extra injection port at the center 
element for the experiment. The array is syn- 
chronized at  the same frequency as the injection 
source HP8350B. The array shows the noise re- 
duction near the carrier with almost same noise 
property as the injection source. As the offset 
frequency far from the carrier, the total phase 
noise of the array returns to the value not af- 
fected by the injection source. This agrees with 
our theory. 
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Figure 4-Comparison of the array PM noise with 
different external injection power at  the same syn- 
chronized frequency. When the injection power is 
increased, the array noise has larger offset frequency 
range with almost same noise property as the injec- 
tion source. 

VI. CONCLUSIONS 

The phase noise near the carrier in scanning 
coupled oscillator array has been analyzed, and 
noise reduction proportional to the number of 
oscillators is found. Recently we have proved 
that the total phase noise reduction of 1/N for 
the oscillators coupled through the reciprocal 
coupling network, and N nearest-neighbor cou- 
pled chain is a special case of it. We also analyze 
the phase noise of the array with elements locked 
to the external injection source. Measurements 
for a small MESFET oscillator array at X-band 
confirm the noise reduction. This work has ne- 
glected the AM noise influence, which affects 
PM noise in the case of nonzero phase progres- 
sion. The analysis also neglects possible corre- 
lations between the oscillator noise sources, and 
influence of non-uniform amplitude and phase 
distributions. but these are minor effects. 
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