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Abstract

Expanding the functionality and quality of thermoreflectance measurements were the motivations behind implementing heterodyning signal processing techniques. The ability to use upsampling was desired for devices operating at very low frequencies to reduce pink noise, and downsampling was favored to extend the range of the camera to very high frequencies. The method described in a paper1 by Dr. S. Grauby was used as a guideline. There were many obstacles to the implementation of these processes. Both upsampling and downsampling were accomplished, but recovery of the signal was not consistent. A pattern was recorded, but the impediment to signal recovery was explainable only by an unproven hypothesis.
Basics of Thermoreflecance

Every material reflects and absorbs certain amounts of different wavelengths of light. When a material heats, it’s the amount reflected also changes. For small temperature variations (above extremely low temperatures), the relationship can be considered linear according to the equation.
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Thus, if the “reflectivity” constant is known, the change in temperature can be derived by measuring the change in reflectivity. With a sensitive CCD camera, a temperature resolution of 10 mK can be achieved with nano-scale spatial pixels. For our standard setup, illumination is provided by a blue LED, the device is modulated with a current source, the images captured with an Andor iXon camera, and the data processed in Labview using an FFT algorithm.
Heterodyning Fundamentals

The basic principle of heterodyning is the generation of new frequencies by combining two or more signals. For our purposes, modulating the LED at a frequency f1 is used as a carrier signal and the device under test is modulated at a lower frequency f2. Combining these two signals results in a waveform with sidebands at f1-f2 and f1+f2 where the signal can be recovered.
Initial Heterodyning Attempts

Heterodyning was attempted using a gold heater and the FFT method to process the signal. No real signal was acquired in the thermal image, but instead the DC image was recorded where the signal should have been. At some frequencies, a small phase image signal was recovered, and even a weak thermal image signal. No pattern was established in the interference, and the DC signal was much too strong for the method to generate reliable measurements. The theory was that this interference was due to some type of aliasing that propagated the DC signal to higher frequencies. The successful “stroboscope” processing algorithm used by Grauby differed from ours, so it was hypothesized that perhaps the FFT technique caused the undesired distortion effect when heterodyning was introduced. 
The “Stroboscope” Algorithm

The “stroboscope” method is a signal processing technique developed by Grauby that uses simple mathematical formulas to extract a signal when oversampling at exactly four times the signal frequency.

Normalization (DC) image: 
[image: image2]
Phase image: 
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Normalized AC signal: 
[image: image4]
The technique is further illustrated through the timing diagrams below.
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          Not using heterodyning


  Heterodyned

After learning Labview and the camera interface, the algorithm was implemented. Its operation was verified, as it produced the same thermal images as the FFT method when the sample was not heterodyned. Unfortunately, the same DC interference that occurred previously presented itself again with the new algorithm when heterodyning was attempted. 
Heterodyne Tests

The gold heaters were large and incapable of being cycled at frequencies much higher than 100 Hz with our current source. A much smaller platinum resistor was chosen to be tested at higher frequencies in order to further evaluate the DC interference effect. The device was cycled at a wide spectrum of frequencies and viewed in the lower sideband at 25 Hz. Above 2 kHz, the DC image no longer appeared to affect the signal, but as the frequency was decreased, the interference increased until the signal was no longer visible around 600 Hz.

To further investigate the occurrence of the DC image, many tests were run using the FFT method. The frequency spectra plots produced were analyzed to determine what factors caused the normalization image peaks to shift. Each peak in the sample plot shown below represents the aliased DC signal.
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It was concluded that changing the camera frequency, the LED frequency, the shape of the voltage signal driving the LED, and changing the burst count to less than the time constant of the camera all changed the position of the normalization image peaks. Factors that did not affect the location of the DC image were the device frequency, the shape of the signal driving the device, room lights, or changing the number of camera frames acquired.
Square waves naturally have more harmonics than sinusoids. It was thought that pulsing the LED to produce a pure sinusoidal illumination may reduce the harmonics, and thus aliasing interference, as it was previously proven that changing the shape of the LED signal altered the position of the normalization peaks. The LED was driven in the linear region with a sinusoidal current, but there was no difference between the results of that trial and when the LED was driven with a square wave. However, it was not proven that the illumination was actually purely sinusoidal because of time constraints and the lack of a suitable photodetector apparatus.
The current theory is that the aliasing may be caused by an uneven illumination of camera frames. The CCD camera accumulates photons while it is acquiring a frame, and the frames are gathered at a set frequency. If the LED frequency is not a multiple of this frame frequency, then some of the frames will receive a different amount of illumination than others. This effect would also explain why distortion is reduced at high frequencies; the difference in illumination between frames decreases as the frequency of the LED increases. If n is the maximum number of pulses any frame receives, the smallest number of pulses any other can receive would be n-1.
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A series of experiments were run taking the previous hypothesis into account. As predicted, using the heterodyning technique, the signal was recovered in the lower sideband when the LED was run at multiples of the camera frequency. When the LED frequency was not matched to the camera frequency, the signal was very distorted by the DC image or not present at all. This downsampling was repeated at many different frequencies. 

By comparing heterodyned images to those not heterodyned operating at the same frequencies, it was concluded that heterodyning has slightly more noise. This intuitively makes sense, as the sidebands of a signal naturally have less power than the center frequency. 

Upsampling was also attempted, but instead of modulating the LED at a multiple of the camera frequency, it was operated at a fraction of it to evenly distribute the illumination. Both the device and LED were run at 1/8th the frequency of the frame acquisition, and the signal was viewed in the upper sideband at ¼ the frame rate. Again, the signal was recovered only at the matched frequency, but not others. 
It seems that upsampling may reduce 1/f “pink” noise as well. From the one upsampling trial, the thermal image is visibly clearer than the DC. Also, another technique was used for measuring signal noise. The temperature was divided into bins and the frequency of each occurrence was recorded into a histogram as shown below. The sharper the peak, the clearer the signal. Another experiment was conducted to confirm the consistency of signal recovery with upsampling and the reduction of noise, but the results were not conclusive and would have been repeated using more current to drive the device if time had allowed.


       Bins vs Frequency of Occurrence Histograms
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      Low frequency, not heterodyned 

            Using Upsampling

An experiment was designed to directly test the latest hypothesis. It was assumed that the thermal image from a non heterodyned sample would not change significantly if the number of frames to acquire per camera period was changed. If the theory was correct, then likewise when the LED is matched to camera frequency, the thermal image should not change significantly when the number of frames is changed. When the LED is mismatched, the image should have much more change than the matched one, especially when the minimum number of frames (4) is acquired. However, when the test was run, my basic assumption was proved false. Using the FFT method, the thermal image became significantly less clear when the number of frames per camera period was reduced, even when not heterodyning. The opposite was observed for the stroboscope method; it became clearer as number of frames per camera period was reduced. The same number of total frames was acquired for each test. The trend seemed to be in agreement with the latest hypothesis, as the images acquired with the matched frequency seemed to correlate to the non heterodyned images much better than the mismatched ones. No conclusion can be made because the basic assumption for the experiment was proved to be invalid.
FFT vs “Stroboscope”
All of the experiments were completed using the stroboscope and the FFT methods, and the results of both techniques were compared. For the majority of measurements, there was little or no difference between the quality of images acquired by each algorithm. The results produced by operating the device at midrange frequencies (10-150 Hz) were virtually the same. For viewing low frequencies however, the stroboscope method was definitely superior to the FFT. The FFT uses bin selecting to view different frequencies, so it becomes increasingly difficult to lock in to a specific frequency with a reasonable camera time constant below 5 Hz. Also, around 1 Hz and below, the DC image (which can be directly viewed at 0 Hz) strongly interferes with the signal. On the other hand, the stroboscope method can lock in to any frequency, low or high, with the same quality.

Because of the simplicity of the stroboscope algorithm, the acquisition of frames is much faster and more efficient than the FFT method, but only one frequency can be viewed. The FFT is more user friendly because all of the frequencies are processed, displayed in a plot, and can be selected. 
Future Work

The next logic step would be to find a way to test the theory about uneven illumination as a cause for aliasing. If this proven wrong and there are no other probable causes, then the aliasing may be due to the way the software processes the data. To eliminate this possibility, the stroboscope method should be created from scratch instead of using the same interface and basic structure of the FFT method. 

Once the aliasing problem is definitively resolved, more upsampling data should be taken to explore the possible reduction of noise. 

If the stroboscope algorithm is viable as a permanent fixture for measurements in the lab, then a way to properly calibrate the thermal images should be sought.
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[image: image19.emf]Mismatch with High Frequencies
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