README for JPSS-1 ATMS Spectral Response Functions for 
Channels 18-22

1. Introduction
ATMS Channel 18-22 are double sideband channels, i.e. there is a single pass band in both the lower and upper sidebands relative to the frequency of the local oscillator (LO) signal that is provided to the mixer (nominally 183.31 GHz).  
[bookmark: _GoBack]Unlike all the other double sideband channels (10-15 and 17), due to integration and test schedule  limitations, Sideband Balance (SBB) Data (in the RF) was not measured for these channels during the final 2016 G-shelf testing.  Furthermore, due to the replacement of the IF amplifier modules during the 2016 rework, the instrument contractor (NGAS) has declared the previous (2012) SBB data obsolete; sideband imbalance (ratio of the peaks of the lower and upper pass bands) will be somewhat different following the replacement of the IF amplifier modules.  
Bandpass Characteristics (BC) data was measured in 2016 during re-integration and test of the G-band receiver shelf.   The BC data was measured using a wide-band blackbody thermal load (near liquid nitrogen temperature) as the input stimulus at the shelf level, with the output measured at the IF output after the bandpass filter and just before the detector.   The BC data is the spectral characteristics of the received power, which is different from the channel spectral response function (SRF) in the RF.
2.  Difficulties in Deriving the RF SRF from the BC Data
There are two potential problems with trying to deduce a double sideband SRF from BC data:
(1) The mixer converts the RF signal at both frequencies fLO+x and fLO-x to an IF signal at frequency x.  Therefore, the power measured in the BC data at frequency fIF is the sum of the power received at fLO-fIF and fLO+fIF.  Thus, the BC received power measurement at fIF is an admixture of the channel response (i.e. points on the SRF) at fLO-fIF and fLO+fIF.  Characteristics of the individual pass bands, such as “sideband imbalance” (the difference between the mean response over the peaks of the two pass bands—see Figure 1) is lost in the BC data.
(2) The coefficients of this admixture of responses are proportional to the Planck blackbody function at fLO-fIF and fLO+fIF. The bandwidths of some of channels 18-22 are wide (2GHz for channels 18 and 19, 1 GHz for channels 20 and 21), and also there is a large separation (2-14 GHz) between the pass bands in the lower and upper sidebands.  Therefore, unlike measurements of BC data for the single sideband channels (3-9), for channels 18-22 the variation in the Planck blackbody spectrum over the frequency ranges of interest can be significant.  The Planck spectrum for a blackbody thermal load near 80K is monotonically increasing over the entire RF frequency range of these channels.  That means that the coefficient of the lower (upper) pass band in the admixture of responses is decreasing (increasing) as fIF increases.   Therefore, in the presence of significant sideband imbalance, the shape of the single pass band in the BC data could be a little different from the shapes of the actual SRF in the upper and lower pass bands.  
In Appendix A we discuss these issues, and the limitations imposed on the accuracy of the derived SRF.  We find that the variation in the Planck function is not a serious impediment to deriving an RF SRF that represents the pass band shape with reasonable accuracy.
3.  GSFC Recommendation for Generating RF SRFs for Channels 18-22
a. Raw BC Data and the GSFC Method
We provide the channel 18-22 raw BC data for others to experiment with and see what they can get from it, and we describe this data in Section 4.  We also derive in Appendix A the GSFC method for deriving RF SRFs that have a good approximation to pass band shape (but with zero sideband imbalance) and include a discussion of error analysis on the shape.  We believe this method is superior to generating SRFs with boxcar pass bands. We also provide Excel files of sample RF SRFs for all channels, produced using the GSFC method.
b. Boxcar Pass Band Shape
The simplest way to synthesize the SRF for channels 18-22 is to use the center frequency and bandwidth data derived from the BC data to generate boxcar (rectangular) pass bands of equal height for the lower and upper pass bands.  We realize some centers have done this in the past.  Table 1 includes the bandwidth and IF center frequencies derived by Northrop Grumman from the BC measurements at +20 C.  In Table 2, we translate this data into the RF, giving the center frequency and -3dB points of the upper and lower pass bands.   To do this, we use the measured LO frequencies for the A-side (primary) and B-side (redundant) LOs, which are as follows:
Frequency LO-A: 183.311 GHz
Frequency LO-B: 183.309 GHz
c. Sideband Imbalance
Both the boxcar and GSFC methods produce RF SRFs that are reflection-symmetric about the LO frequency, i.e. with zero sideband imbalance.  An estimate of sideband imbalance could be made using O-B sensitivity analyses on sideband imbalance; one would use an RTM and NWP to simulate earth scene brightness temperatures (or radiance) for a series of SRFs, derived from either boxcar or GSFC method, with various levels of pass band imbalance (see eqn. (2) of Appendix A), and compare to the calibrated ATMS measurements (SDRs).  This is more of a long-term endeavor, as the JPSS-1 ATMS SDRs will need to reach maturity for an accurate O-B comparison to be made.   
Table 1: Bandwidth and IF center frequencies derived from BC measurements at +20 C
	Channel
	Redundancy
	3 dB Band Width (MHz) +20°C
	IF Center Frequency (MHz) +20 C

	18
	Pri
	1972.5
	6995.7

	18
	Red
	1971.7
	6995.3

	19
	Pri
	1958.2
	4500.9

	19
	Red
	1960.4
	4499.5

	20
	Pri
	983.5
	2996.6

	20
	Red
	982.8
	2996.8

	21
	Pri
	983.4
	1800

	21
	Red
	984.2
	1800

	22
	Pri
	489.3
	1002.8

	22
	Red
	489.3
	1002.8




Table 2: RF center frequencies and -3dB points of pass bands, derived from Table 1 and LO frequencies
	
	
	Lower Sideband
	Upper Sideband

	Channel
	Redundancy
	Center Frequency (MHz)
	Lower 3dB Freq (MHz)
	Upper 3dB Freq (MHz)
	Center Frequency (MHz)
	Lower 3dB Freq (MHz)
	Upper 3dB Freq (MHz)

	18
	Pri
	176315.3
	175329.1
	177301.6
	190306.7
	189320.5
	191293.0

	18
	Red
	176313.7
	175327.9
	177299.6
	190304.3
	189318.5
	191290.2

	19
	Pri
	178810.1
	177831.0
	179789.2
	187811.9
	186832.8
	188791.0

	19
	Red
	178809.5
	177829.3
	179789.7
	187808.5
	186828.3
	188788.7

	20
	Pri
	180314.4
	179822.7
	180806.2
	186307.6
	185815.9
	186799.4

	20
	Red
	180312.2
	179820.8
	180803.6
	186305.8
	185814.4
	186797.2

	21
	Pri
	181511.0
	181019.3
	182002.7
	185111.0
	184619.3
	185602.7

	21
	Red
	181509.0
	181016.9
	182001.1
	185109.0
	184616.9
	185601.1

	22
	Pri
	182308.2
	182063.6
	182552.9
	184313.8
	184069.2
	184558.5

	22
	Red
	182306.2
	182061.6
	182550.9
	184311.8
	184067.2
	184556.5



4.  The Raw Bandpass Characteristics Data
Band Pass Characteristics Data was measured at three thermal chamber temperatures, nominally -10 C, +20C and +50C.  The +20C Bandpass Characteristics data set was chosen for inclusion here, because it is the dataset closest to the expected operational temperature of the V-band receiver shelf.  Table 3 shows the Spectrum Analyzer settings for this data.
Table 3: Spectrum Analyzer Settings by Channel for Narrow Band Bandpass Characteristics Measurement

	
Channel No.
	Center Frequency (MHz)
	
Frequency Span (MHz)
	Res.
Bandwidth (KHz)
	Video Bandwidth (Hz)
	
Sweep Points

	18
	7000
	3000
	1000
	10
	5001

	19
	4500
	3000
	1000
	10
	5001

	20
	3000
	1500
	1000
	10
	5001

	21
	1800
	1500
	1000
	10
	5001

	22
	1000
	750
	1000
	10
	5001



a. Bandpass Characteristics File Naming Convention
Supplied are two ZIP files containing the raw Band Pass Characteristics Data:

CH17-22_P20_VN_LON_NB_PRI.zip for the A-side LO
CH17-22_P20_VN_LON_NB_RED.zip for the B-side LO

Within each ZIP file, there is one raw BC data file for each of the channels.  The naming convention for the BC data files is given in Table 4.

Table 4     BC File Digital File Names:
	CHxx
	Channel Number

	Pxx, Nxx
	Positive (P) or Negative (N) degrees C of the Thermal Chamber

	VN
	Bias Voltage Level (Nominal)

	LON
	Local Oscillator Power Level (Nominal)

	PRI, RED
	Primary (Side A), Redundant (Side B)

	NB
	Narrow Band



Example: CH18_P20_VN_LON_NB_PRI.csv
This file contains data for Channel 18, +20degC, Nominal Bias Voltage, Nominal LO Power Level, Narrow Band, Primary (Side A).
b. Band Pass Characteristics File Format  
As the raw BC data files are “comma separated value” files (true .csv, not Mac or MS-DOS oriented), they can be read on any machine.  Figure 1 shows the contents and format of a .csv file, as read into Excel.  Lines (rows) 1-11 contain the header.  The actual data begins on line 16, and extends to line 5016, giving 5001 data points; frequency in Hz is in the first column, and received power in dBm (dB relative to 1 milliWatt) is in column B. There is no useful BC data beyond column B.
Note that Excel chooses to format the frequency values in scientific notation using only two decimal places, while in fact the values are stored in up to 10 decimal places in the .CSV files; if using Excel, one must then reformat numbers in scientific notation with 6-8 decimal places to read the values correctly from the spreadsheet rows.
Figure 1:  Format of the file Bandpass Characteristics data file CH18_P20_VN_LON_NB_PRI.csv
[image: ]
Note data in above file should have the reference level at -56 dBm & sweep time of 240 Sec.  For the other files, these need to be interchanged if sweep time is a negative value. 


5. GSFC Generated RF SRFs
a. Method
These are RF SRFs produced directly from the BC data.  If the power measured in the BC data at IF frequency fIF is P(fIF), then the RF radiance response (Rr) of the upper and lower sidebands at the corresponding RF frequencies (fLO-fIF and fLO+fIF, respectively) is taken as: 

Again, this is found to be justified in Appendix A, Section 3.  The LO frequencies used are included in Section 3, and are slightly different for the A and B sides.
b. File Naming Convention
There are two .CSV files containing the GSFC-derived RF SRFs, one for the primary (A) side, and one for the redundant (B) side.  They are named:
JPSS-1_ATMS_GSFC_RF_SRFs_Chan18-22_Primary_Dec_3_2017.csv
JPSS-1_ATMS_GSFC_RF_SRFs_Chan18-22_Redundant_Dec_3_2017.csv
c. File Format
Each file contains 1 SRF for each channel.  Each SRF occupies 4 columns, with one blank column between the SRFs for different channels.  The 4 columns are
Lower Pass Band Frequency (Hz)
Lower Pass Band Response (dBm)
Upper Pass Band Frequency (Hz)
Upper Pass Band Response (dBm)

Like the raw data, the actual SRF data is in rows 16 through 5016.  Above the first two columns of data, the header from the raw data file appears in rows 1-11.  Row 12 contains the LO frequency that was used to create the data.  Row 13 contains the channel ID.  Rows 14-15 are the titles for the columns of data. Figure 2 shows the first 17 rows for the first 10 columns (Channels 18A and 19A) in the primary channel file. The pattern repeats column-wise for channels 19, 20, and 21.
Note that Excel chooses to format the frequency values in scientific notation using only two decimal places, while in fact the values are stored in as many decimal places as needed in the .CSV files; if using Excel, one must then reformat numbers in scientific notation with 6-8 decimal places to read the frequency values correctly from the spreadsheet.


Figure 2:  Contents of the first 10 columns of the file containing the GSFC-derived SRFs for channels 18-22 primary side.  Note the inclusion of the LO frequency used to create the data in row 12 of the header, and the channel number (A for primary) in row 13.
[image: ]
6.  Use of SRFs in Deriving RTM Coefficients
For the purpose of deriving RTM coefficients the SRFs must be converted from dB back to power relative power (P), by using the inverse of 


and then identically scaling the lower and upper pass band segments of the SRF that are used so that the total integral of P over these segments is unity.

7.  Point of Contact
Any questions or comments regarding the raw IF or sample RF SRFs should be directed to the GSFC ATMS Instrument Scientist, Dr. Ed Kim, edward.j.kim@nasa.gov.




Appendix A:  Approximating Channel 18-22 RF SRFs from Bandpass Characteristics Data
1.  Preliminaries:  Characteristics of Channel 18-22 Response
To start the discussion, Table A1 gives the nominal (not actual) frequency characteristics of channels 18-22 in the first two columns, and derived from the these columns, the nominal frequencies of the -3dB points and centers of the pass bands (see Figure A1 for locations of f1 through f6). 
Figure A1:  Heuristic plot of the RF SRF for any of channels 18-22.  f1, f3, f4, f6 correspond to the frequency of the -3dB points (below the average across the pass band peak), while f2 and f5 are the center frequencies of the pass bands (average of (f1,f3) and(f4,f6), respectively).   Note the reflection symmetry about the LO frequency, except for the height of the pass bands (due to sideband imbalance).
[image: ]
Table A1:  Pass Band Parameters for Channels 18-22, in GHz
	Channel
	Freq (nominal)
	BW (nominal)
	f1
	f2
	f3
	f4
	f5
	f6

	18
	183.31±7.0
	2.0
	175.31
	176.31
	177.31
	189.31
	190.31
	191.31

	19
	183.31±4.5
	2.0
	177.81
	178.81
	179.81
	186.81
	187.81
	188.81

	20
	183.31±3.0
	1.0
	179.81
	180.31
	180.81
	185.81
	186.31
	186.81

	21
	183.31±1.8
	1.0
	181.01
	181.51
	182.01
	184.61
	185.11
	185.61

	22
	183.31±1.0
	0.5
	182.06
	182.31
	182.56
	184.06
	184.31
	184.56



The reason for the approximate reflection symmetry of the RF SRF (in dB) across the LO frequency (except for the differing heights of the two pass band peaks) in Figure A1 will become apparent shortly.
The mixer, the first element in the receiver chain, converts the RF signal at both frequencies fLO+x and fLO-x to an IF signal at frequency x.  The IF signal is then amplified, and then bandpass filtered.  
The IF pass band shape is determined mostly by the IF bandpass filter; for channels 18-22, there is a single IF pass band, usually with a few small undulations in the response over the peak (exaggerated in Figure A1).  The IF amplifier generally has a sloping response over the IF pass band, which leads to a no-zero slope over the IF pass band peak, and somewhat different slopes of the left and right “skirts” of the IF pass band (the part below the -3dB points but above the noise floor). This difference in slope is also exaggerated in Figure A1.
If the receiver components before and including the mixer had a flat (constant) frequency response over the entire RF frequency range of interest, then, due to the mapping of both fLO+x and fLO-x to an IF signal at frequency x before the bandpass filter, the RF SRF (as a function of radiance incident on the antenna, denoted Rr) for these channels would be reflection-symmetric about the LO frequency:
	
	
	(1)



This results in a slope for the lower RF pass band peak that is the negative of the slope for the upper RF pass band peak.  One would then have an RF radiance SRF that would look very much like Figure A1, but with zero sideband imbalance.
However, real world mixers have a non-flat response.  183 GHz mixer response is a broad envelope, changing slowly over RF frequency, so it has a small impact over a bandwidth (<2 GHz); this also causes the overall slopes of the lower and upper pass band response to deviate slightly from being the negative of each other.  However, the gain of the mixer can change significantly over the separation between the lower and upper pass bands (>2 GHz, up to 14 GHz).  This yields the sideband imbalance, and the resulting RF SRF looks very much like Figure A1.  
As one would expect, the closer in frequency the two RF pass bands are, the smaller the sideband imbalance.  This was born out in the 2015 Sideband Balance Data (full RF SRF measurement), prior to replacement of the IF amplifiers.  For example, sideband imbalance was around 5dB for channel 18, only 2.2-2.6 dB for channels 19 and 20, and decreasing rapidly to 0.2 dB for channel 22.
One can approximate the effect of the mixer’s frequency response by assuming, for the channels where the distance between the pass bands is much larger than the bandwidth of each pass band, that the mixer’s response is flat over the bandwidth of the pass bands but changes in between the pass bands.  That is, in the RF pass bands, away from the noise floor of the measurements,
	
	
	(2)


								
Note that in dB, where RdB=10log10(Rr), that 

where  is the sideband imbalance in dB, a constant over all fIF outside the noise floor.  Therefore, the slopes of the response at corresponding points are equal in magnitude and of opposite sign, identical to the case of no (zero) sideband imbalance:
	
	
	(3)



In this approximation, the RF SRFs in dB show mirror symmetry, except one pass band simply appeared “lowered” relative to the other, but with identical magnitudes of the slopes (dB/Hz) at corresponding points (fLO-fIF and fLO+fIF), when those points are above the noise floor of the measurements.  This is a good approximation to what was seen in plotting and measuring the 2015 full RF SRFs.
2.  The Bandpass Characteristics Data in Terms of the Desired SRF
Because the BC data is measured after the mixer, the power measured in the BC data at frequency fIF (denoted P(fIF)) is the sum of the power at fLO-fIF and fLO+fIF. The power at each of these frequencies is the RF response to radiance of the radiometer channel times the Planck function (B(fRF,T), where T is the blackbody temperature of the target, approximately 80 Kelvin), multiplied by several factors related to the antenna gain, blackbody solid angle, etc, (subsumed in the factor C) that remain relatively constant over the RF frequency range. (We assume the emissivity of the target is constant across the total frequency range of the measurements, and is therefore also absorbed in C).  This can be expressed as
	
	
	(4)



The Planck function for frequency increments (df) is
	
	
	(5)



There are two problems here.  One is that the measured power at any IF frequency is the admixture of the responses at two mirror image points across the LO frequency.   One cannot invert a single equation for P for the two unknowns (Rr’s) in equation 4.  This prevents us from determining the RF response for each pass band uniquely, at least without making assumptions.  There can be no determination, for example, of the sideband imbalance.
Second, the coefficients (Planck function, B) of the admixture of the upper and lower sideband responses does not remain constant over the IF pass band.  Table A2 presents the Plank function values (denoted Bi, the Planck function at fi) at the temperature of the target used in the BC measurements.  
Table A2:  Planck Blackbody function (erg cm-2s-1sr-1 Hz-1) at 80 Kelvin at the points corresponding to f1 through f6 in Table 1.
	Plank
	B1
	B2
	B3
	B4
	B5
	B6

	Ch 18
	7.16E-13
	7.24E-13
	7.32E-13
	8.31E-13
	8.40E-13
	8.49E-13

	Ch 19
	7.36E-13
	7.44E-13
	7.52E-13
	8.10E-13
	8.19E-13
	8.27E-13

	Ch 20
	7.52E-13
	7.56E-13
	7.60E-13
	8.02E-13
	8.06E-13
	8.10E-13

	Ch 21
	7.62E-13
	7.66E-13
	7.70E-13
	7.92E-13
	7.96E-13
	8.00E-13

	Ch 22
	7.71E-13
	7.73E-13
	7.75E-13
	7.87E-13
	7.89E-13
	7.91E-13



The Plank Function is monotonically increasing as a function of RF frequency in the range of channels 18-22.  So as we run through increasing IF frequency in the IF pass band, the coefficient of the response in the lower bandpass is decreasing, and the coefficient of the response in the upper pass band is increasing. We illustrate this with Channel 18, which is the worst case, as it has the maximum bandwidth and maximum separation between the lower and upper pass bands; from Table A2, the power in the BC data at the IF frequency corresponding to f4 is (ignoring factors of 10E-13 in the Planck function) is

whereas the power at the IF frequency corresponding to f6 is

3.  Approximate Solution for the RF SRF
a.  No Sideband Imbalance
In the case of no sideband imbalance, eqn. (1) applies.  Combining with eqn. (4), one can solve for the radiance SRF in the RF, using the BC data (P) as follows.  Dropping multiplicative constants, as an overall scale factor to the SRF does not matter:
	
	
	(6)



This would be a complete solution for the SRF at all RF frequencies outside the influence of the noise floor of the IF measurements.
b.  With Sideband Imbalance
Equation 2 applies.  Combining with eqn. (4) and solving yields, for the upper RF pass band,
	
	
	(7)



The solution for the lower pass band is contained in equation 2. One could solve for the complete RF SRF if one knew, a-priori, what the pass band imbalance was.  So, what is wrong with assuming the same pass band imbalance as was measured in 2015?  After all, the mixer, which dominates the sideband imbalance, was not changed, only the IF amplifiers have changed.  The key is that the frequency response curve of the mixer depends upon the load and impedance mismatch that it sees in the output of the mixer, i.e. the IF amplifier.  The RF frequency response of the mixer could have changed with the replacement of the IF amplifier.
c. Approximate Error in the No Sideband Imbalance Solution for Finite Sideband Balance
The situation for channels 18-22 is adequately described by equation 2 away from the noise floor, as the 2015 SRFs showed approximately this symmetry within the 3dB points (i.e. undulations and mean slopes of peaks), and very close magnitudes of slopes in the pass band skirts down to a few dB from of the noise floor.
But, we have no a-priori knowledge of the sideband imbalance.  We do however, expect that it should not be worse than 5dB for channel 18, and much less for the other channels.  In the absence of any information on sideband imbalance, we assume that there is none (S=0, =1); i.e. the situation is described by eqn. (1), with the solution for the SRF is eqn. (6).  The actual solution, knowing the sideband imbalance is eqn. (7).  We cannot reproduce the sideband imbalance, but how well does eqn. (6) reproduce the shape of the SRF pass bands (as determined by the slopes of the RF SRF in dB) compared to the true solution eqn. (7)?
To investigate this, we compute the difference of the mean slopes over the longest characteristic length associated with the pass bands, i.e. the endpoints of the pass band peaks.  This distance is slightly smaller than the distance between the 3dB points of the pass bands. 
Letting the solution to the no sideband imbalance case be denoted with primes (while the solution for the non-zero sideband balance case has no prime), we have, for the error in mean slope of the lower pass band peak (SL):

Using equations (6) and (7) along with the knowledge that the corresponding points to f1 and f3 are f6 and f4, and rearranging, gives:

For the error in the mean slope of the upper pass band peak,

Not surprisingly, SU=-SL.
Table A3 shows the result for SU as a function of sideband imbalance S ranging from -5 to +5 dB.  The worst case, as expected, is channel 18, due to having the large bandwidth and largest separation between RF pass bands.  But the maximum mean slope error is less than 0.05 dB, or about 0.01 dB per dB of sideband imbalance.  For channel 19, the error is about the same because the bandwidth is about the same. The maximum slope error declines rapidly for increasing channel number, as the 3dB points and the pass band separation decline, reaching about 0.012dB for channel 22.  The small value of these error results from the fact that B3+B4 is close to B1+B6, and that B3 is close to B1 and B4 is close to B6.
Table A3:  Error in slope of RdB between the 3 dB points, derived by assuming no sideband imbalance (eqn. (7)), as a function of actual sideband imbalance, for an RF SRF that is otherwise mirror symmetric about the LO frequency (T=80K).
	 S (dB)
	-5
	-4
	-3
	-2
	-1
	0
	1
	2
	3
	4
	5

	Alpha
	0.3162
	0.3981
	0.5012
	0.6310
	0.7943
	1.0000
	1.2589
	1.5849
	1.9953
	2.5119
	3.1623

	Ch 18
	-4.59E-02
	-3.83E-02
	-2.98E-02
	-2.04E-02
	-1.04E-02
	0.00E+00
	1.06E-02
	2.11E-02
	3.13E-02
	4.08E-02
	4.96E-02

	Ch 19
	-4.66E-02
	-3.88E-02
	-3.01E-02
	-2.06E-02
	-1.05E-02
	0.00E+00
	1.06E-02
	2.10E-02
	3.10E-02
	4.04E-02
	4.90E-02

	Ch 20
	-2.35E-02
	-1.95E-02
	-1.51E-02
	-1.03E-02
	-5.26E-03
	0.00E+00
	5.29E-03
	1.05E-02
	1.55E-02
	2.01E-02
	2.43E-02

	Ch 21
	-2.37E-02
	-1.97E-02
	-1.52E-02
	-1.04E-02
	-5.27E-03
	0.00E+00
	5.29E-03
	1.05E-02
	1.54E-02
	2.00E-02
	2.42E-02

	Ch 22
	-1.19E-02
	-9.87E-03
	-7.62E-03
	-5.20E-03
	-2.64E-03
	0.00E+00
	2.64E-03
	5.22E-03
	7.68E-03
	9.96E-03
	1.20E-02



This computation was also performed for the slope between points about 100 and 105 MHz outside the bandwidth, i.e. about 20dB below the 3dB points for channels 18 and 19, and much further down the SRF for channels 20-22.  For a 5 dB sideband imbalance, the slope error is less than 6E-6 dB for channel 18, 4E-6 dB for channel 19, and 1E-6 dB for channel 22.  One might argue that {f1,f3} and {f4,f6} were not good points too chose, because, being the minus 3dB points, they should be at the same dB level.  But that is dependent on P(fIF), and not just the Plank function, the latter being the only parameter that the slope error depends on.
To further drive home the point that the errors in the slopes of the peak and skirts is a very small value in dB, we compute the error in any arbitrary point in the IF frequency range:

Upper RF Pass Band:
	
	
	(8)


Lower Pass Band:

That is, 
	
	
	(9)



That is, the error in a point in the derived RF SRF (dB) for the lower pass band is equal to the error in the corresponding point in the upper pass band, minus the sideband imbalance.  We expected the –S in the last equation; if the lower pass band was S dB higher than the upper pass band, the error in not considering this in deriving the lower pass band SRF is –S plus the error in the corresponding point in the upper pass band.
Figure A2 shows the error in the upper pass band (eqn. (8)) for channel 18, for 11 values of S, ranging from -5 to +5 dB.  The target temperature has been refined to 78 Kelvin. Channel 18 is the worst case, because it has the widest bandwidth and the greatest separation between the lower and upper pass bands.  The error over the entire frequency domain is nearly constant.  In Figure A3, the mean error over the frequency range of the plot has been subtracted from each curve, so the variation with frequency is more apparent.  Again, an overall scale factor (the mean error in dB) has no effect on the shape of the pass band response in dB.  
For the nominal case, the -3dB points are at IF frequencies of 6.0 and 8.0 GHz.  The slope error in the upper pass band peak mean slope is given by the difference of the values at two points a few MHz inside the -3dB points; as in Table A3, this is about 0.05dB, for the worst case (S=+5 dB).  In fact the slope error of the derived upper pass band response between any two frequency points is given by the difference in the error in Figure A3 at those two points.  For the slope of the skirts, the error is equal to the difference of the errors for points at one -3dB point and a point about 100 MHz outside of it, which is exceedingly small.
The conclusion is that:
Assuming an RF SRF (in dB) with perfect mirror symmetry except for sideband imbalance, using the RF SRF solution for the case of no sideband imbalance (eqn. (6)) preserves the SRF pass band shapes.  However, like any solution (since there are two unknowns for one equation), it is not capable of retrieving the sideband imbalance.  This solution will also produce an RF SRF that is perfectly mirror symmetric about the LO frequency, but which gives a good approximation to pass band shape for both the lower and upper pass bands.



Figure A2:  Error in Derived Response of the Upper Pass Band of Channel 18, for assuming no Sideband Imbalance when Actual Sideband Imbalance is S.
[image: ]

Figure A3:  Error in Derived Response of the Upper Pass Band of Channel 18, for assuming no Sideband Imbalance when Actual Sideband Imbalance is S.  The mean error over the entire IF frequency domain has been subtracted from each curve, so that the variation with frequency can be seen.
[image: ]
d. Final Solution for the RF SRF
As we have seen, the solution found for assuming no sideband imbalance (eqn. 6) reproduces the shape of the pass bands accurately, for a symmetric RF SRF except for the sideband imbalance.  But the method cannot retrieve the sideband imbalance (we discuss how sideband imbalance could be determined empirically in the next subsection). 
So, our solution for the RF SRF, repeating eqn. (6) below, is 

Figure A4 plots the denominator of this equation, over the entire domain of the measurements for channel 18.  The denominator (cgs units*1E12) varies from minimum of 1.522641680 at the lowest frequency to a maximum of 1.524326925 at the highest frequency: in dB the total variation is a factor of 1.524326925/1.522641680=1.00111, or 0.0048 dB.  Over the nominal pass band (IF 6 GHz to 8 GHz) this is 0.0032 dB.  In other words, completely ignoring the variation in the denominator would lead to an error of less than 0.0032dB slope error of the peaks. Given the chance for error in computing the Planck function, and that the denominator varies by only 0.0032dB over the entire pass band, there is no reason to include division by it. This variation is slightly less for channel 19, and much smaller for channels with narrower bandwidths and pass bands that are closer together (channels 20-22).
Therefore, since an overall constant does not affect the shape of the pass band, for the final solution, which is applied in the Sample RF SRF files supplied by GSFC, we use:
	
	
	(10)



We have shown that this method results in an accurate shape for the RF SRF (to within 0.053dB for channels 18-19 and much less for channels 20-22), assuming the true SRF is symmetric about the LO frequency, except for sideband imbalance (eqn. (2)).  To the extent that the actual RF SRF has somewhat different slopes and shapes of the lower and upper pass band peaks, the derived SRF will have the mean slope and shape.

e. On-Orbit Determination of the Sideband Imbalance from O-B Sensitivity Analysis
As we mentioned earlier, sideband imbalance is expected to decline significantly as channel number increases, i.e. as the frequency interval between the lower and upper RF pass bands declines significantly.  
The ATMS Science Team has performed an (unpublished) sensitivity analysis of brightness temperature vs sideband imbalance, using ideal boxcar shapes for the pass bands with a line-by-line radiative transfer model applied to an ensemble of scenes that included clear and cloudy cases.  The greatest sensitivity to sideband imbalance was channel 18 (mean difference around 0.05K/dB).  Channels 19 was next, with a sensitivity around 0.02-0.03K/dB, followed by channel 20 (0.01-0.02K/dB), and negligible for channel 21 and 22. A similar pattern was seen in the standard deviation of the difference in brightness temperatures (larger for channels 18 and 19, smaller for channel 20, and negligible for channels 21 and 22). 

Figure A3:  Plot of the denominator of equation 6 over the entire frequency domain of the channel 18 measurements. 
[image: ]
Therefore channels 18 and 19 are expected to have both the largest sideband imbalance, as well as the largest brightness temperature sensitivity to sideband imbalance.  It may therefore be possible to set up a trade study using O-B for mean and noise error, to determine the sideband imbalance for these channels away from the assumed zero in the RF SRF solution obtained using the method above.  The O-B mean error and noise curves will be shallow, creating some uncertainty in the sideband imbalance yielding the minimum O-B, even with SRFs having the correct shape of the pass bands; using boxcar SRFs would add additional uncertainty.  While pass band shape is a second order effect to sideband imbalance, we hope that the using the method described above to derive pass band shape, followed by the use of equation 2 to generate sideband imbalance away from the noise floor, will reduce this uncertainty somewhat.
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