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Abstract - Some of the limitations of Coupled Oscillator 
h=YS, mainly intrinsic small locking bandwidth, 
amplitude fluctuations and limited agreement between unit 
cells and models, can be overconw with the use of Coupled 
Phase-Loeked Loop Arrays, which with appropriate models 
are more predictable than COAs and offers larger locking 
range and amplitude-independent phase relationships. The 
two offer similar advantages, such as phase-shifterless beam 
scanning and modulation abilities, as well as analogous 
challenges, for example the modeling and consequent design 
of unit cell and coupling schemes at microwave frequencies. 
The discrete and continuum modeling of CPLLAs is 
presented. The phase dynamics shows a diffusion type 
behavior, where the locking propagates away from the 
detuning points. The ability of beam scanning is then 
showed as the steady state solution of edge detuning. 
Additionally, the length of the coupling line together with 
the sign of the IF loop gain is proved to be an important 
factor in the transient and the steady-state phase 
distribution along the array. These theoretical results are 
experimentally verified through the design of a 2.45 GHz 
CPLLA and its characterization. Being governed by strongly 
nonlinear behaviors, still a lot needs to be undentood about 
these synchronized arrays: the aim of these paper is to show 
that, together with some limitations, they also present 
interesting pmperties that futux research may exploit. 

I. INTRODUcrfON 

Phased array systems, once realm of military and 
university research, are now receiving increasing interest 
in commercial applications. Coherent power combining, 
beam scanning and signal tracking at microwave 
frequencies are typical applications of array of radiating 
structures, where linear or nonlinear devices control the 
amplitude and phase distributions. 
Structures, in which the antenna is fed by non-linear 
elements, such as coupled oscillators or coupled PLLs, are 
very interesting because together with the ability of 
locking to a common frequency, other interesting features 
arise from the equations governing their synchronization 
ptVCeSS. 
Such properties include easy control of a linear phase 
distribution by edge detuning and overall phase noise 
reduction. Their characteristic equations are strongly 
nonlinear and thus attractive by a research viewpoint as 
they exhibit a full range of behaviors, from the mode 
locking to chaos, from quasi-periodic to synchronized 
state. 

While Coupled Oscillator Arrays have been under intense 
investigation in the last decades, only recently their 
limitations, mainly intrinsic small locking bandwidth, 
amplitude fluctuations and limited agreement between 
unit cells and models, drove research efforts towards 
Coupled Phase-Locked Loop Arrays. Firstly proposed by 
Martinez and Compton [l], CPLLAs are, with 
appropriate models, more predictable than COAs and 
offers larger locking range and amplitude-independent 
phase relationships. 
As it was done with COAs, a discrete and a continuum 
can be derived. These models predict synchronization as 
well as beam scanning by edge detuning. The locking 
process proceeds diffusively away from the detuning 
points. 
The experimental verification of such results was done 
with a five element array design for at 2.45 GHz 
operation. 

II. F%ASE DYNAMICS 

According to the basic laws of phase locked loops, the 
phase of each oscillator can be changed relative to a 
reference input RF signal by adjusting a DC Offset added 
in the feedback loop. In steady state the phase difference 
behaves as in the phase injection phenomenon, but shifted 
of 90” (Fig. 1). This occurs because the mixer DC output 
has the center of its stability range when the two input 
signals are in quadrature. The addition of a d2 
transmission line would solve this issue. 

However the phase dynamics of the unit cell presents 
significant differences with the injection model: 

i=~-u,,+aK,K,cos(yr-B) (1) 

where G = cK,K, is the loop gain. 
First even without considering filters and delays in the 

feedback loop, we can see from the resulting 
characteristic equation (1) that there is no amplitude 
involved in the phase dynamics. In addition the locking 
range is determined by the loop gain, a parameter easily 
controlled. Finally it is known that PLLs have lower 
phase noise than their open loop oscillators and the 
feedback loop reduces the sensibility to component 
tolerances. 
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Fig. 1 Schematics of the single phase-locked loop used 
in CPLLAs with free-running control, IF/RF inputs and 
outputs for nearest-neighbors coupling. Typical relative 
phase vs. natural frequency measurement of a 2.45 GHz 
PLL. 

All these observations led to consider CPLLAs better 
systems to implement beam scanning with large 
bandwidth modulation. 

The coupling scheme in Fig. 2 ensures the same phase 
dynamics as COAs if the loops have no delay, the filters 
are not present and the phase detector has a sinusoidal 
response to phase differ&es. In this way a constant 
phase progression could be realized by adjusting the free- 
running frequencies of only the end elements in the array 
as proposed by Liao and York for COAs [2]. 
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Fig. 2 Proposed schematics for coupled PLL arrays. 

II. TIME DELAY C~N~~DERAT~ON~ 

When a filter loop is taken into account higher order 
derivatives show up in the dynamic equation of the array. 

L Y J 
Fig. 3 PLL model modified to include a first 

pass filter. A loop delay will then be added. 
order low 

Understanding the behavior of two coupled loops helps 
us understand how to build larger arrays. In the case of 
two coupled PLLs the phase equation becomes [3]: 

T,,Adj+(l+r,GsinA))A/-GcosA@=Aw (2) 

where A@ is the phase difference, Ao is the frequency 
d&wing, G is the’ loop gain and z, and % are the filter 
zero and pole constants. 

From (2) two quantities can be defined. Within the hold 
in range, R,,, the oscillators remain locked. In the pull-in 
range, 4, the oscillators will come to lock. These can be 
evaluated as: I 

d 
J P 1+4r*c* -1 

0,=2G and a,=2 
21; 

(3) 

It can be shown [4] that from the characteristic 
constants in the solution of (2) as a function of G, z, and 
h presents a bifurcation. The presence of a pole causes 
the solution to bifurcate for a particular gain, below 
which the acquisition time, determined by the slowest 
constant, diminishes. Above that value if the zero is taken 
into account, the gain increase improves the acquisition 
time. 

In real systems increasing the gain brings the system to 
unlock. To be able to account for this phenomenon, a 
delay must be introduced in the feedback loop. 

The solution of (2) still presents the bifurcation as 
before, but the gain increase after the bifurcation causes 
also an increase of the acquisition time (Fig. 4). Further 
increase of the gain lead to unstable negative solutions. 
Thus we &I now define a range for the loop gain from 
the optimal gain to the critical gain. This range is 
strongly dependent from the delay value. 
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Fig. 3 Optimal gain and critical gain limit the value of 
the loop gain, when introducing a delay and a filter in the 
PLL feedback. 

In integrated PLL, the effect of this delay is negligible. 
On the other hand, in discrete assembled PLL (as the one 
used in CPLLAs’ prototypes) it limits the max gain loop 
and thus the locking range. 



II. COUPLING NETWORK 

Concerning the coupling network for CPLLAs, the 
nearest-neighbor coupling scheme proposed above present 
the advantage of being simple to implement and showing 
the promise of easy beam steering. Nevertheless, other 
two issues have been addressed. 

First, as for COAs, the coupling phase plays an 
important role together with the loop gain sign in 
determining where the 180” phase difference range will 
be centered. It can be shown that to obtain a broadside 
beam, the PLLs must have negative loops and n/2 
coupling lines or positive loops and 3rd2 coupling lines. 
Other configurations will create endiire beams (Fig. 5). 

I 
Fig. 5 Influence of loop gain sign and coupling line 

length on the steady state phase difference along a 3- 
element CPLLA. 

Fig. 6 Influence of the coupling line length on the 
locking transient time 

Second, as intuition suggests longer the line, longer the 
delay associated with the phase information and thus 
slower the locking along the array. The CPLLAs with the 
delay line are intrinsically asymmetric, and thus the 
longer the coupling line, the longer and more asymmetric 
will be the locking phenomenon as shown in Fig. 6. 

II. EXPERIMENTAL RESULTS 

A five-element 2.45 GHz coupled PLL array was build 
and tested (Fig. 7). 

Based on the previous theory, we design the array for 
broadside radiation, thus the loop gain was negative and 
the coupling line phase shift was n/2. The other important 
parameters are: 

G=2OOMHz ~,=40MHz T=lns (41 

Fig. 7 A five-element 2.45 GHz coupled PLL array. 

The total phase difference ranges from -315’ to +300”. 
Digital frequency modulation by global control of the free 
running frequencies can be done up to 10 MHz when the 
beam is centered 

We verified the ability to lock with a simple setup as 
shown in Fig. 8, where the free running frequencies are 
slowly changed to reach the capture range of the center 
element leading the array to a progressive 
synchronization. 

Fig. 8 Verification of the synchronization process. 
The beam scanning ability by edge detuning has being 

experimentally verified, as shown in here the radiation 
beam is steered of 15”, as shown in Fig. 9. 
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Fig. 9 Beam scanning by edge detuning of a 5.element 
2.45 GHz CPLLA. 

Fig. lOTransient of the beam scanning by edge detuning 
of the CPLLA. 

Also the transient associated with the edge-detuning 
procedure can be measured using a fast oscilloscope with 
multiple input ports. The interesting feature is that the 
offset due to the array coupling asymmetry is present as 
show in Fig. 10. Moreover the heat-type dynamics is 
evident as the elements at the sides reach steady state 
faster than the inner elements. 

In conclusion the recent studies on CPLLAs have 
shown their interesting properties as well as the 
constraints associated to their design. The corrections 
applied to the models improved our understanding of 
these systems that showed to be more reliable and 
predictable than COAs. 

We want to point out that a new idea that combines the 
improved locking range of PLL with the noise 
performances of the injection-locked oscillator was 
proposed in [5] and [6]. The subharmonic injection 
locking phase locked loops enhances drastically the 
operating frequency, the locking range and the phase 
noise. This circuit could be also embedded in a coupling 
network with the potential of improving the overall 
performance of the array. 

V. CONCLUSION 

We presented the recent findings in phase-locked loop 
coupled arrays. While the COAs have been extensively 
studied in the last two decades, the CPLLAs have been 
only recently proposed to overcome the limitations of 
COAs. 

The governing equations of ideal CPLLAs are similar 
to the COAs ones. Thus the ability of controlling a linear 
phase distribution by edge dctuning together with a 
locking range controllable and independent from the free 
running frequency validate their potential for reliable 
low-cost beam scanning systems. The recently modified 
models of CPLLAs offer the tools for more predictable 
and performing systems. 

Being governed by strongly nonlinear behaviors, still a 
lot needs to be understood about these synchronized 
arrays: the identification of other attractive features and 
limitations, will be particularly useful in future 
communications. 
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