CHECKOUT PROCEDURE FOR BOOSTER SSD AMPLIFIER
T. Kubicki
2/28/13

1. Before turning on power to the Fermilab 1kW Amplifier:
a. Check the LCW flow (should be ~3 GPM).
b. Ensure that safety ground cable is connected to the chassis.
c. Connect up all cables to rear panel of amplifier chassis. Ensure tightness.
d. Check the 4 amplifier cables from the amplifier outputs to the combiner inputs to make sure they are properly terminated and the SMA connectors are tight using the SMA wrench (for proper torque).  
e. Check all PCB grounding screws and DC power screws – make sure they are tight.
f. Make sure F1 and F2 are properly seated in the fuse clips.
g. Verify that the 22pF mica capacitors have been added between the RF signal and return paths just after T4 and T5 on the amplifier PCB.
h. Check Amplifier test fixture to make sure the Gate Bias is in the OFF position.
i. Turn all potentiometers (R2, R3, R5, R6 for the Output FET’s, R10 and R11 for the Driver FET’s) several turns counter-clockwise to ensure no DC Bias Current will be present before turn on.  

2. Turn on DC power supply.  Measure voltage at P1A or P1B.  Set to 47.2V.  

3. To set up FET Bias Current from scratch:  The FET current is measured by the voltage across R65 and R60.  It is a 0.03Ω 1% resistor (3mV = 100mA).  Measuring across R65 gives you the sum of the FET bias currents for the channel A output FET and channel B driver FET.  Likewise, measuring across R60 gives you the sum of the FET bias currents for the channel B output FET and channel A driver FET.  Using a DVM (set to mV), ensure that there is no voltage drop across R65.  If there is adjust R2, R3 and R11 CCW until it reads 0V.  Then proceed to adjust R2 so that the DVM reads 7.4mV.  This will bias one gate of the output FET.  Then adjust R3 so that the DVM now reads 14.8mV.  Adjust R11 so that the DVM now reads 21mV.  This biases the A channel output FET at ~493mA and the B driver FET at ~207mA.  Adjust R5 so that the DVM reads 7.4mV.  Then adjust R6 so that the DVM now reads 14.8mV.  Adjust R10 so that the DVM now reads 21mV.  This biases the B channel output FET at ~493mA and the A driver FET at ~207mA.  Repeat this procedure on the other board to ensure the same bias current settings.  Once adjusted, let the amplifier sit for a few minutes to thermally stabilize.  Re-check the voltages across R65 and R60 on both boards to ensure it hasn’t drifted too far away from the nominal bias settings.  If it has, readjustments will need to be made to the respective channels to ensure that all FET channels are biased to 700mA.  This is a good starting point to begin.  

4.  CW Power measurements: Set the network analyzer for center frequency of 53MHz, 0 span, and output power level of 0dBm.  This older network analyzer has a separate S-parameter test set, so the power levels are actually ~5dB lower than what the instrument shows (i.e. 0 dBm on network analyzer is -5dBm output power).  At 0 dBm output power from the network analyzer, the amplifier output power should be ~28 Watts as measured using the vector voltmeter and the probe attachments.  Display the settings in dBm on the vector voltmeter, and the output power can be calculated since there is 50dB of attenuation from the output of the amplifier through the 30dB 1kW attenuator, the 20dB 2W pad, and the interconnecting cable.  The power measurements for each setting should be close to the ones in Table 1.  The formula for calculating power (input in dBm to output in Watts, and assuming 50dB of attenuation from the amplifier output to the vector voltmeter probe) is 
                                                                                  eq. 1

	Output power from Network Analyzer
	Output power from Fermilab Amplifier

	0 dBm
	28 W

	5 dBm
	104 W

	10 dBm
	337 W

	15 dBm
	871 W

	16 dBm
	1002 W

	Input power to amplifier
	Output power of amplifier


Table 1.  Input power into Fermilab amplifier and typical output power.

Increase the output power from the network analyzer in the increments in Table 1 and measure the output power from the vector voltmeter probe in dBm and calculate the output power in Watts.  Be careful not to exceed 1050W on the load attenuator, since that is the absolute maximum power it can handle!  At 16dBm input to the amplifier, adjust the driver FET bias for equal power sharing by carefully measuring the FET currents across R60 and R65 on both PCB’s.  Try to make the output power slightly above 1000W since it will tend to drift lower as the temperature of the FET’s increases (a vector voltmeter reading of 10.02dBm is fine here).  Make sure that each channel has a comparable current reading, it should be somewhere between 259mV to 269mV.  This will ensure the current is below 9A for each channel.  Each channel should be no more than 33mV away from each other (i.e. highest to lowest difference between the four channels should be less than 100mA in bias current).  If the power and/or current balancing cannot be met, it may be necessary to replace any low gain/high gain FET’s.  Verify that the FET current readings for each channel are comparable on the meter readings on the Gate Bias/Amplifier test fixture.  If the current readings are not comparable, try pushing on the fuses with an insulated rod to make sure the fuses are making good contact.  Do this for each channel.  

When the amplifier is close to matching the power levels in Table 1, disconnect the RF input from the amplifier and connect the HP4400B signal generator to the Fermilab amplifier RF input.  Set the signal generator to 53MHz at 0dBm (make sure modulation is OFF).  Turning the RF on should yield ~117-120W of RF power on the output (or ~0.7dBm-0.8dBm on the vector voltmeter reading).  Next, connect a DVM across R60 to measure the bias current of channel A.   Using a high impedance scope probe, measure the RF output at the 2200pF coupling capacitor output junction (make sure to have a short ground path from the scope ground, a wire curled around the probe is good).   The voltage should be around 112-114V pk-pk for each channel.  If there is more than ±2V pk-pk difference between the channels, adjust the output FET bias current SLOWLY until the output voltage for each channel is within tolerance of ±2V pk-pk (shoot for ±1V pk-pk between channels if at all possible).  If one or more channels is higher (or lower) SLOWLY lower (or raise) the output FET bias current by an equal amount of 1mV increments on each output FET channel potentiometer (R2, R3, R5, and R6).  This is equivalent to an increase (or decrease) of 33.3mA for each channel of the output FET.  

After this step is done and all RF output voltages are within tolerance, connect up the network analyzer again and repeat the CW power measurements.  Check to verify that all power levels are comparable to the ones in Table 1.  It will probably be necessary to readjust the bias current for the driver FET’s after readjustment of the output FET’s bias current.  The driver FET tends to increase (or decrease) the output power at the higher power levels (i.e. 10dBm up to 16dBm) while the output FET’s tends to increase (or decrease) the output power at the lower power levels (i.e. 0dBm up to 10dBm).  

It will most likely take several iterations of adjusting the driver FET’s currents to achieve at least 1000 W out of the amplifier, and also adjusting the output FET’s to achieve no more than ±2V pk-pk between the highest and lowest channel.  After several iterations, the amplifier should converge to meet all the specifications listed above.  If it turns out that convergence on meeting all the requirements cannot be achieved, it may require the replacement of the one channels FET’s (either driver FET or output FET) with a different one to meet all the required parameters (i.e. output power, equal current sharing, voltage output). Once all of the above conditions are met, the gain can be considered to be adjusted properly.  

5. Once the gain has been adjusted in the above step, the phase adjustment of the amplifier can begin.  Phase adjustment is done to achieve an electrical delay of 21.5 nanoseconds with a phase reading of 50.9° (±0.5°) at 53MHz.  The phase from 37MHz-53MHz should be fairly flat (less than 1° deviation).  Phase calibration is done by setting the network analyzer up to sweep from 10MHz-100MHz, number of points is set to 1601 and averaging set to 16 with an input power of 10dBm.  Be sure that the Gate Bias to the amplifier has been turned OFF before disconnecting any cables from the amplifier, otherwise the output FET’s will be damaged.  Perform a thru calibration by connecting up the network analyzer drive cable to the amplifier output cable that goes to the Bird RF power analyzer, and then the other network analyzer cable to the short ¼” heliax cable.  This will remove all the cables, the Bird RF power analyzer, and attenuators from the measurement.  Once a good calibration has been performed, reconnect the amplifier output cable to the Bird RF Power analyzer.  Next, connect one cable from the network analyzer Port 1 to the input of the amplifier, and the other from the short ¼” heliax cable back to Port 2.  The Gate Bias can be turned ON now.  This will make a S21 measurement of the gain and phase.  Let the amplifier thermally stabilize for a few minutes if it hasn’t been running previously.  

Measure the electrical delay of the amplifier and adjust it so that the electrical delay will be flat over the 37MHz-53MHz band.  It should read ~50.9° at 53MHz, but at an electrical delay greater than 21.5 nanoseconds.  Once this electrical delay is found, the cable can be cut to the desired 21.5 nanoseconds.  RG-188 with a propagation velocity of 69.5% yields 8.203 inches per nanosecond or ~2.3° per inch at 53MHz.  Either formula can be used to figure out how much cable needs to be cut away from the RF input cable.  It should be noted that the propagation velocity may not be uniform for each RF input cable, therefore care should be taken to not try and cut it on one pass.  

Before cutting the cable, turn off the Gate Bias first and then turn off the DC power supply.  Desolder the cable from the 1 Watt pre-amp and trim to the desired length.  Resolder the cable, turn on the DC power supply and the Gate Bias and remeasure the electrical delay.  Check the electrical delay and retune it until it is at 21.5 nanoseconds and ~50.9° at 53MHz.  Let the amplifier thermally stabilize for a few minutes, the phase will tend to drift upwards a few tenths of a degree as the amplifier warms up.  After reaching thermal stability, if the cable is not at 21.5 nanoseconds and ~50.9° at 53MHz, the cable will have to be cut again.  Repeat the above steps with the new electrical delay and trim what is necessary to achieve an electrical delay of 21.5 nanoseconds and ~50.9° at 53MHz.  It is important to achieve a very close match in phase to make interchangeability between amplifier modules much easier to do without having to retune a RF station if one needs to be changed out.  
Once this is completed, the electrical delay and phase of the amplifier has been set.  

6. From the previous phase calibration step with the network analyzer set up, plot the gain and phase response using the plotter.  Set up markers at 30MHz, 37MHz, 53MHz, and 80 MHz before plotting.  For 10dBm from the network analyzer, make sure the plotter is set to red.  Begin plotting, and then adjust the input power to 0dBm.  The plotter takes some time to make the first plot, so this gives the amplifier plenty of time to thermally stabilize.  After the plotter is done plotting the gain and phase of the amplifier at 10dBm, turn off everything that can be plotted except for the data.  This will ensure that the marker data and everything else aren’t being plotted over each other.  For 0dBm, use the blue pen to make the plots of the gain and phase.  Repeat this procedure for 5dBm (green pen), 15 dBm (violet pen), and 16dBm (orange pen).  Tabulate the network analyzer data on a piece of paper for all the other power settings except for the 10dBm one, since that data has been plotted already.  A sample plot is shown in Figure 1.  


7. After making the plots above for all 5 power levels, set the network analyzer for center frequency of 53MHz, 0 span, and output power level of 0dBm.  Connect up the vector voltmeter probe pickups to the input of the amplifier, and also to the short ¼” heliax cable at the end of the attenuator chain to measure the output level.  Starting at 0dBm, record all the bias currents by measuring the voltage drop across R60 and R65 on both boards.  Next, record the voltage (in RMS) and power (in dBm) of the input signal to the amplifier and the output signal from the ¼” heliax cable.  Calculate the power from eq. 1 and record the output power in Watts.  Repeat each step of recording the bias currents and input and output power (in Vrms and dBm) for the amplifier for 5dBm, 10dBm, 15dBm, and 16dBm network analyzer power settings.   

8. The final measurement is a power sweep of the amplifier.  Set up the network analyzer for a power sweep, center power = 8.0 dBm, span of 16dBm, and CW frequency = 53MHz.  Set the number of points to 1601.  Perform a through calibration on the cables, making sure that the Gate Bias to the amplifier has been turned OFF before disconnecting any cables from the amplifier, otherwise the output FET’s will be damaged.  Perform a thru calibration by connecting up the network analyzer drive cable to the amplifier output cable that goes to the Bird RF power analyzer, and then the other network analyzer cable to the short ¼” heliax cable.  This will remove all the cables, the Bird RF power analyzer, and attenuators from the measurement.  Once a good calibration has been performed, reconnect the amplifier output cable to the Bird RF Power analyzer.  Next, connect one cable from the network analyzer Port 1 to the input of the amplifier, and the other from the short ¼” heliax cable back to Port 2.  The Gate Bias can be turned ON now.  This will make a S21 measurement of the gain and phase as a function of input power.  Let the amplifier thermally stabilize for a few minutes if it hasn’t been running previously.  

Set up markers to measure the gain and phase at various power levels as shown in Figure 2.  Use marker 3 to find the peak gain of the amplifier.  Use the max search under the marker function menu to do this.  Once the peak gain has been found, move marker 3 to a point that is exactly -1dB lower than the peak gain.  This will be the 1dB compression point of the amplifier (should be in the range of 15.2dBm-15.8dBm).  Place marker 3 on this point and make a plot.  After the plot has begun, set marker 3 to 15dBm and 5 dBm, respectively, and record both the gain and phase measurements at those two values, since those power levels are not recorded on the power sweep plot that was made.   

9. Once the power sweep measurement has been completed, place a termination on the input to the amplifier, and measure the bias voltages on the gate of both the driver and output FET’s.  Record the voltages for each channel as shown in Fig. 1.  Next, measure the bias current of each channel of the amplifier by measuring R65 and R60 on both boards.  Record this value for each channel.  Turn the Gate Bias OFF, turn of the DC power supply, and begin to disconnect cables and hoses from the amplifier, being careful not to spill water on the bench when removing the amplifier.  This completes the amplifier checkout.  

[image: ]
Figure 1.  Typical Frequency Response of a Fermilab 1kW Solid State Amplifier.

[image: ]Figure 2.  Typical Power Sweep of a Fermilab 1kW Solid State Amplifier. 










APPENDIX
New changes to be aware of as of 11/23/2016
[bookmark: _GoBack]	Testing of amplifiers 85-100 began in September of 2016, and it was noticed that initial testing at the CW frequency of 53MHz was not resulting in a comparable resulting output power as seen in Table 1 for the same input power setting on the Network Analyzer used in testing the Fermi 1kW Solid State Amplifiers. The resulting changes were used to calibrate Amplifiers 85-100:
	Old Power Setting Network Analyzer
	New Power Setting Network Analyzer

	0 dBm
	-0.33 dBm

	5 dBm
	4.67 dBm

	10 dBm
	9.64 dBm

	15 dBm
	14.64 dBm

	16 dBm
	15.64 dBm


Table 2. Old versus New Network Analyzer power settings to be used.
These new settings resulted in amplifiers that were all checked out accordingly to the test procedure and it produced similar results. Therefore, the test procedure should be followed accordingly, but it is prudent to make sure that the Network Analyzer is giving you the correct output power when performing the test and calibration procedure. The following table will help assist the tester in determining the correct setting on the Network Analyzer. Keep in mind that this was measured with the current configuration of cables that are currently used for testing/repair of the Fermi/Intech 1kW Amplifiers. If these cables change, the table cannot be relied upon, and it would be prudent to match the peak-peak voltages with any new cables that are introduced so as to ensure each amplifier will be matched as closely as possible to the original data. 
	Output power from Network Analyzer
	Vpk-pk on scope (50 Ω)

	-0.33 dBm
	0.32V

	4.67 dBm
	0.586V

	9.64 dBm
	1.044V

	14.64 dBm
	1.87V

	15.64 dBm
	2.06V


Table 3. Output power of Network Analyzer and Vpk-pk readings on scope with current cables used in testing amplifiers.
Read through some of the data to get a feel for what the input voltage is reading on the vector voltmeter being used in the test procedure. If it is significantly different from some of the original data, it may be worth a look at checking out the power coming out of the network analyzer and make sure that it matches up with the right-hand column in Table 3. 
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