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• Dynamical properties of the virtual PLL vs. the rea l one : the experiment consists in exciting the PLL 
with a 150 kHz sine wave and applying at a certain moment a frequency step of –10 Hz. The PLL output 
is recorded to assess how fast the PLL gets locked onto the new frequency. The experiment is repeated 
for various settings of  the gains K0 and Kd which control the lock-in time [2].

The experimental and numerical behaviors are very similar; the former can be fitted with an exponential 
function whose characteristic decay time is very close to that deduced from the numerical simulation as 
long as the gains ensure successful lock-in.

• Frequency shifts compared with analytic expressions  : these expressions can be obtained from 
variational [4] or perturbation [5] approaches which assume z(t)=A0

setsin(wt+j ). This approximation, 
which is justified as long as kA0

set >> max |Fint|, provides an accurate description if all the controllers 
were working infinitely fast. 

Numerical results obtained for reasonable parameters are in very good agreement with the analytic 
expression including the complete interaction force (equ.9).  The smallest deviations occur if the PLL 
and amplitude controller are critically damped (fastest response).
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A user-friendly ncAFM simulator with
Phase Locked Loop-controlled

frequency detection and excitation
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Abstract
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We report the realization and successful testing of a modular virtual ncAFM implemented in Labview™. The various modules 
correspond to the mechanical elements and electronic components of the real digital setup used for ncAFM experiments in UHV in 
our group since 1998 [1] (cf. fig.1). In particular, the output of a Phase-Locked Loop is  used not only for detecting the 
frequency shift of the oscillator representing the cantilever excited near its fundamental bending mode, but also for generating the 
time-dependent phase of the excitation signal . This phase can be shifted by a constant amount, while separate feedback loops 
can keep constant the frequency shift and/or the oscillator amplitude (within deviations limited by the time constants of the respective 
circuits). In our virtual setup individual modules are represented by coupled differential equations in time which are solved using a 
time step that matches the sampling time (Dt = 50 ns) of the digital electronics in the real setup.
A graphical user interface (GUI) allows convenient tuning of the parameters like in real ncAFM measurements and adds flexibility for 
testing the performance of individual components. The numerical PLL described in this work is a third order linear PLL and although it 
uses a second order low-pass filter [2] (instead of a 15th order finite impulse response digital filter [1]), it reasonably reproduces the 
behavior of  the real digital PLL in the lock-in range.
Typical experiments, like approach and retraction curves, scanning at constant frequency shift and oscillation amplitude, frequency 
and excitation amplitude vs. phase shift away from resonance can be simulated. The tip-sample interaction is modeled as the sum of 
a Hamaker-like long-range contribution and of a short-range Morse potential. So far, no deformations or dissipation have been 
incorporated in order to focus on deviations arisin g from the finite loop time constants and scanning speed [3]. If these 
parameters are properly adjusted, simulated frequency versus distance curves and line scans along a sinusoidally corrugated surface 
show only little deviations from the expected behavior in the attractive range where most real experiments are conducted. Systematic 
deviations appear as the approach or scanning speed is increased.
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How the GUI works

• Block 4, the PLL :

• Block 5, the amplitude detector :

• Block 6, the distance controller :

• Block 1, the oscillator :

• Block 2, the amplitude 
controller :

• Block 3, the phase shifter :

1 - the PLL is engaged

2 - the amplitude
controller is engaged

Damping Frequency shift

Legend

Output monitoring PLL control panel

Main control panel Interaction parameters

Amplitude Phase

1

2

3 4

5

• Interaction force: Van der Waals + Morse

• Scan lines : the simulator can further be tested by computing scan lines along various types of model 
surfaces (cf. #5 on fig.2), e.g. a sinusoidally corrugated surface (cf. figs. below) or a surface with  a step.
Relevant parameters like the scan speed vx, the P and I gains of the distance and/or amplitude controllers
(cf. #4 on fig.2), the number of points... are tunable online, like during a real experiment. For instance, the 
following scan line was computed from the curve of fig.4 by choosing  
Dfset = -30 Hz in the range where Df(D) drops with decreasing distance and vx = 1 nm.s-1.

Equ.1

Equ.2

Equ.3

Equ.4

Equ.5

Equ.6
Equ.9

Equ.8

Equ.7

The realization and successful testing of a modular virtual ncAFM implemented in Labview™ is 
reported. A graphical user interface allows convenient tuning of the parameters like in real ncAFM 
measurements. The design of the simulator is based on the real microscope which includes a digital PLL 
whose output is used not only for detecting the frequency shift but also for generating the time-dependent 
phase of the excitation signal.  Good agreement is obtained between the lock-in time of the real PLL and 
that obtained from the simulator. When the system is operated with good parameters, frequency shift 
versus distance curves successfully compare to the analytic expression which ignores the finite response 
times of the electronics. Similarly, the topography is faithfully reproduced if the scanning speed is 
sufficiently low.  The dependence of the dynamical behavior upon the gains K0 , Kd, P and I is being 
systematically investigated to address the question of apparent damping [3]. 
The authors are grateful to colleagues of the electronics workshop of the university of Basel for fruitful 
discussions, in particular C.Wehrle and M.Steinacher. This work was supported by the National Center of 
Competence in Research of the University of Basel and by the BUN project (IST 1999-11565).
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