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SUMMARY

The PIP II project involved analysis of random noise impact on synthetic-thinned-aperture radiometer (STAR) systems.  Specifically, how noise added to the oscillator signal supplied to each channel affects system performance.  Analytical and computer simulation methods were employed to observe the required affects and to validate one another. Once an understanding of this impact is attained, a system engineer can more easily select an appropriate oscillator for the STAR.  Impacts are very system specific thus the simulator was designed to allow engineers with little knowledge of the simulator’s mechanics to profile and evaluate their own oscillator system design.  The PIP II is a continuation of work began with the PIP I where a phase-locked-oscillator (PLO) was designed and built for a STAR, but needed a refined noise-requirement study.  A final determination of whether the PLO is within specification is pending.

INTRODUCTION & GOALS

Radiometers measure properties of microwave radiation in order to assess the properties of a particular scene.  This can include measuring temperature, moisture content, matter-states, etc.  The scene property to be measured is associated with a particular microwave frequency that must be measured.  However, the lower the required frequency, the larger the reflecting dish required to collect the signal.  Further, often the resolution level of the scene is directly related to dish-size.  Therefore several types of radiometer flight missions are impractical due to overly large reflector requirements.  A solution to this problem is to employ synthetic aperture systems.  By clever system design and data processing, many receivers can be arranged to emulate one receiver using a very large reflector.  STAR systems are currently considered state-of-the-art and are being applied to problems in soil moisture and ocean salinity measurements.  
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Figure 1: STAR Oscillator System

Each STAR receiver is a radiometer unto itself and the system can employ up to 300 receivers.  As radiometers, each receiver will be designed to observe a particular band of frequencies.  To accomplish this, the band will be down-converted to a useful frequency range by mixing it with an oscillator signal.  A requirement for a successful measurement of the scene by the STAR is that the oscillator signal used to mix the bands has to be phase-coherent amongst all the receivers.  However, there will always be a limited amount of noise added to the oscillator signal which will cause a degree of randomness between the phases of the oscillator signals arriving at each receiver.  This will affect system performance and effort is made to reduce the noise of the signal.

One way to accomplish this is to split the signal of one very low-noise, low-frequency oscillator amongst each receiver and then multiply this frequency up at the receiver to the desired frequency.  The PIP I project which preceded the current project involved the design and construction of a frequency multiplier to accomplish this for a STAR called HYDROSTAR.  The frequency multiplier was created using a phase-locking (PLO) system and was built to consume low power and produce low noise.  

The primary goal of the project is to determine if the PLO built for the PIP I has low enough noise to meet the data quality objectives for the HYDROSTAR system.  This will involve first determining how local oscillator noise propagates to generic STAR system specs and then determining a desired noise spec for HYDROSTAR.  Next the PLO should be evaluated to see if it operates within spec and modify it as necessary.  This will require a method to model the sources of noise within the PLO and ways to mitigate them.  Finally, the method of modeling how LO noise affects system specifications should be made easily expandable to observe how the distribution system for the low-frequency oscillator will affect system performance. 

METHODOLOGY

The ways LO noise (phase noise) affects STAR performance is complicated and dependent on properly accounting for many details of how the STAR actually works at the component and voltage level.  At the same time, results from the modeling process must be trusted and verifiable.  To accomplish this, the basic way LO phase noise affects the STAR will first be analytically calculated on paper.  Next, the same affect will be modeled by creating a computer simulator in MATLAB which will emulate the STAR to the same level of complexity as the analytical method.  Both methods should then give the same results in order to establish the correctness of their basic assumptions and approaches.  Next, trusting the simulator to be intuitively correct, much more complexity can be added to it that would be overly-burdensome to find on paper but allowing a level of detail that would allow the simulator to give results matching those from an actual laboratory bench-top setup.    Simulator results will then be compared with those in the lab, verifying the correctness of the simulator and allowing the determination of the HYDROSTAR spec.

ANALYTICAL ANALYSIS

STARs operate by measuring the degree of correlation between the noise received by each of its antennas and using those measurements to construct an image.  Figure 2 shows a simplified version of a 2-channel STAR.  As stated earlier, a low frequency source is supplied to each channel where it is multiplied to a higher frequency before mixing the antenna signal to an intermediate frequency (IF) band.  Frequency multiplying is done using a phase-locked-loop (PLL).  The IF signal from each radiometer is then correlated with the other to produce a cross-correlation result.  As seen in the diagram, LO-RF leakage in the mixer was seen as an important parameter to account for, thus what enters the RF port of the mixer is the filtered antenna signal plus the attenuated LO signal, Vlo(t).  Vmx(t) represents the final signal going into the correlator.  
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Figure 2: Basic 2-Channel STAR System

[image: image2]
Above are the equations for the various signals found in Figure 2.  Note the noise portion of the PLO output is a sum of correlated ( Nc(t) ) and uncorrelated ( Nuc(t) ) noise.  This is due to all noise received by the PLOs from the central oscillator comes from the same central source and is thus correlated.  During frequency multiplication, each individual  PLO will add its own noise, thus this noise is uncorrelated between channels.  Each noise source is filtered by a complex envelope. 

To calculate the cross correlation coefficient of each channel, Vmx1(t) and Vmx2(t) are multiplied together and integrated.  Various terms drop out leaving the following equation for the correlation coefficient in terms of antenna noise, correlated noise, and uncorrelated noise:


[image: image3]Note that the blue portion of the equation represents unwanted contributions to the correlation coefficient due to the LO-RF leakage in the channel mixer.  This contribution can be easily filtered in different stages of the system.  Portions in green represent signals in the band of interest that cannot be filtered.  It is interesting to see that only correlated noise between the receivers affects the calculation for correlation coefficient.

SIMULATOR DESIGN    

With the mathematical model of the STAR completed, the MATLAB simulator can now be constructed and the results of the two methods compared.  The simulator has various requirements to meet the goals of the project including handling any number of STAR channels, handling all useful system parameters, handling actual antenna data, handling experiments to observe effects of channel mismatches, accurate modeling of RF components, and finally producing the desired cross-correlation matrix.  Effort was made to make the simulator perform calculations in much the same way a laboratory setup would.  Sets of random numbers are generated and scaled to represent actual voltages in time.  However, most calculations are performed in the frequency domain as it is more intuitive to work with when curious about phase noise, envelope distortion, and LO spurs.

The software is written for MATLAB as M-file scripts and contains four main files.  Each is run in succession and represents one stage of the STAR.  The PLO Spectrum Generator has the responsibility of first determining to complex phase noise envelope the PLO would generate based on parameters such as loop bandwidth and noise of its components.  Several envelopes are generated representing the number of channels desired in the STAR and then multiplied by noise either correlated or uncorrelated between channels to represent the final voltage spectrum the PLO would produce.

With the PLO output created, the Convolver takes the PLO spectra and convolves each with filtered, random, antenna noise.  This represents a mixer multiplying the RF signal with the LO.  These demodulated signals are then sent to the Correlator where each down-converted spectra is fourier-transformed to the time domain then cross-correlated with one another to produce the cross-correlation matrix.  The Controller is a program which can adjust system parameters and run the entire three previous steps in a loop should multiple simulation results be desired.
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Figure 3: Simulator Software Layout

RESULTS

Results for the project can be grouped into those which verify the correctness of the methods employed, and those which supply useful information for larger system design.  Results for both groups are ongoing but several steps have been completed.  Regarding verification, the analytical equations, simulator and the lab should all give the same results for the same setup.  Comparing the simulator to the lab, it is found the PLO Spectrum Generator creates a spectra that well matches that observed in lab.  Further, changes to the filter in the simulator and the lab in the same manner results in the same change in the spectra waveform of both.  


[image: image5]
Figure 4: Comparison of Laboratory and Simulator Output Waveforms

Further lab verification was performed to verify the analytical math.  Leakage was discussed as an important topic and the math equations state that a 1dB change in the power level of the LO phase noise will result in a 2dB change in the phase noise power observed from the IF port of the mixer.  This same relationship was observed in the lab and confirms the math governing mixer leakage.  

Next items to be compared are the analytical math and the simulator.  For this test, both the equation for correlation coefficient and simulator were evaluated for an increasing value of uncorrelated noise power.  Both methods reveal the same relationship between uncorrelated noise and final correlation coefficient.


[image: image6]
Figure 5: Comparing Simulator and Mathematical Results

With the logic of the simulator and math now confirmed, they can be used to generate relationships useful for system-level decisions.  Figure 6 shows data from the simulator relating uncorrelated phase noise power in a typical STAR to its correlation coefficient calculation.  For clarity, the vertical axis displays a logarithmic plot of the percent-increase in the correlation coefficient.  The deviation of the correlation coefficient could be mitigated through filtering and data processing.
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Figure 6: Effect of Uncorrelated Phase Noise on Correlation Calculation

Correlated noise can also be related to the correlation coefficient.  Figure 7 shows an increasing correlated phase noise affecting the correlation result with slight significance.  Again, for clarity the vertical axis is labeled simply as a percent change as the precise changes occur far from the most significant digit of the calculation.  This deviation cannot be filtered.
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Figure 7: Effect of Correlated Phase Noise Power on Correlation Calculation

NEXT STEPS & CONCLUSION

Although there has been a good start to simulator verification much more needs to be done in terms of both lab and mathematical comparison.  Further, various improvements to the simulator need to be made and more portions added to raise the completeness of the software enough so it can be used in accomplishing the project goals.  This will include specifying integration time of the correlator, more RF component properties, LO distribution system parameters, and improving the user interface of the program.  Once the improvements are finalized, more useful data can be obtained to observe differing types of problems on the STAR and finally to model HYDROSTAR and determine if the PIP I PLO is within spec.      
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