Preamble

Over the years NSSL has been providing technical information to the National
Wesather Service. This exchange had many forms, from formal reports and algorithms to
consultation and supply of radar datain real time to the Weather Services Forecast
Office. After the decision to evolve its network of WSR-88Ds to keep pace with
emerging knowledge and technology, the NWS provided a spare WSR-88D to NSSL.
Hence, NSSL became the principal NOAA Laboratory for evolutionary and revolutionary
enhancements of weather radar science and technology. At that time (mid nineties)
Doppler Radar and Remote Sensing Research group committed to document in report
form al significant innovations, changes, and results deemed of special value for
operationa applications regardless whether such writing was formally required. Thisis
the seventeenth report in the series since 1997. It deals with calibration of differentia
reflectivity, Zpr.

In spring of 2004 at the meeting of Technical Advisory Committee (TAC) to the
Radar Operation Center (ROC) the issue of Zpr calibration was raised. | did not attend
the meeting due to travel abroad hence the following is a here say rendition of post facto
impressions. Which are that | was under the impression that the TAC was under the
impression that no adequate consideration had been given to this matter. On the contrary
| gave it considerable thought and had a scheme that worked on paper (trandation: with
merit but never been tested). The scheme uses existing automatic calibration circuits on
the WSR-88D. Needless to say minor details (ayear of effort!) had not been worked out.
Suggestions at the meeting to use meteorological scatteres only increased the anxiety of
the engineers. | am partly to blame for not divulging the scheming scheme. It was
premature and other urgent (read: less important) chores were in the way. Moreover the
date for the beginning of upgrade was on a schedule predicted by me, guessed my many,
but not admitted by any, so there was ample time for development.

The procedure on how to calibrate differential reflectivity on the WSR-88D is
described herein. It has been tested on the KOUN proof of concept and achieves an
accuracy of about 0.1 dB. It is straight forward, requires good engineering practice, and
experience in microwave measurements. To quote a yet to be recognized philosopher:
“Devils and Angels are in the details; mastery is to avoid the former and find the latter”.
So, graduate and undergraduate students, post docs, academicians, as well as professors
at esteemed to be Universities do not qualify for this chore except as kibitzers.

| thank Allen Zahrai for leading the team of engineers who designed the new
processor and controls of the radar and oversaw subsequent modifications used herein.
Igor lvic gave valuable advice concerning coherent leakage. Mike Schmidt and Richard
Wahkinney made extensive modifications of microwave circuitry and controls and
actively participated in many measurements.

May 2005 in the prairie town of Norman where all meteorologists are No. 1 and
engineers are second to none!
Dusan S. Zrnic
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CALIBRATING DIFFERENTIAL REFLECTIVITY
ON THE WSR-88D

Introduction

On polarimetric radars which transmit simultaneous horizontal and vertical
polarizations three polarimetric variables must be calibrated. These are reflectivity
factor, differential reflectivity, and differential phase. Reflectivity factor remains the most
difficult and elusive. Differential phaseis not calibrated per se; rather the system
differential phase is measured to determine the beginning of the phase unwrapping
interval (Zahrai and Zrnic 1993). This can be done easily using ground clutter (Zrnic et
a. 2005). Differential reflectivity does need to be calibrated and this paper suggests a
way to do it on the WSR-88D network. Section 1 describes a step by step procedure.
Constraints and assumptions are also listed. Section 2 contains more detailed description
on how to make the measurements and presents results obtained on the KOUN
polarimetric radar. Section 3 discusses an aternate method for calibrating differential
reflectivity; for the proposed polarimetric WSR-88D that method has practical
disadvantages. More measurements were made than listed in the steps of first section.
These were done to verify the overall procedure. Sentences in italic highlight important
details; whereas adhering to these does not guaranty a well calibrated Zpg for operational
use, skipping will result in a calibration worthy of academic discussionand presentation
at PT meetings.

1. Functional description

In developing the procedure we set the following goals. 1) Use existing parts and
capabilities of the current WSR-88D; this eliminates calibration at vertical incidence, or
addition of extra hardware beyond at most one mechanical switch. 2) Calibration must be
possible immediately after retrofitting the radar; this eliminates reliance on precipitation.
3) Calibration should be over the full dynamic range; this enlists variable attenuator. 4)
There should be no temporal drift in the calibration curve between volume scans; this
demands calibration at the end of each volume scan.

The block diagram in Fig. 1 captures the gist of the KOUN radar with points
labeled 1 to 4 which are relevant for the subsequent discussion. The single line arrow
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Fig. 1.1 Diagram of the KOUN system with crucia points for calibrating Zpg.

connects Transmitter to the Power Splitter (PS) and corresponds to the waveguide on
KOUN which goes from the transmitter to the pedestal. Block arrows indicate two
channelsH and V as well as direction of signal flow. TheH and V signas are
simultaneously transmitted and received.

Point 1 represents coupler for transmitter power measurement. Point 2 represents
two couplers above the elevation rotary joints for power measurements. Point Sisthe
sun’s radiation flux at the antenna. Point 3 corresponds to calibration couplers near the
input to the LNASs. Between it and LNA is a waveguide filter (bandwidth ~ 16 MHz) and
receiver protector. A variable attenuator under computer control is connected to a signal
generator (or noise generator) for calibrating automatically the receiver. Thisis standard
on the WSR-88D and it is crucia for maintaining calibrated Zpr. Point 4 represents
output of the digital receiver, that isdigital |, Q values of both H and V components;
from these one computes various powers, noises, and differential reflectivity.

The premise behind the procedure is to partition calibration into parts which are
constant (time invariant) and parts which can vary with time. The time invariant part is
measured once to establish the constant bias valid for the full dynamic range. The slowly
varying part is tracked over the full dynamic range from volume scan to volume scan
analogous to the AGC calibration in the Legacy system. Initially the sun scan is used to
determine the two way bias between the elevation rotary joint and the space outside the
radome. There are two assumptions in the calibration procedure. First, the time constant
of the dow drift is considerably longer than duration of volume scan. This is needed
because measurements are sequential and some have common paths, so we assume there
are no changes between measurements. This assumption must be checked by repeating
the measurement. Second, the sun’s radiation is randomly polarized so that the
horizontal and vertical components have equal mean powers.

Bias between any two points is denoted with the symbol ?;;, where the first
subscript (i) is the input point and the second is the output. Although ?j; = ?;i, some of the



bias can be easily measured in one direction because of the placement of couplers, or
signal flow. Hencein general the signal flow direction both during measurement and
actual operation is from the port indicated by the first index.

Bias measurement procedure
1) Transmission chain
1.1) Point 1 to point 2:
Differential reflectivity in the transmission chain must be measured at the time of
retrofit.
Deviation from O isthe bias  ?1o. (1.2)

NSSL measurement indicates ?1, =-0.06 dB (i.e., 10logio(Pn/Py)).

1.2) Point 2 to outside of radome:
Thisis more involved and round about because it is deduced from measurements
in the receiving chain (see 2.3)).

The bias is denoted with ?,s (1.2

2) Receivers chain

2.1) Point 3 to point 4: Split the power of the internal generator after the variable
attenuator and apply to both couplers. Change attenuation in steps of 2 dB over the
whole dynamic range. Generate the curve of Zpr Vs power Py, where Py isthe value of
attenuated power in the horizontal channel at the output of digital receiver and k is the
setting index. This power isin units internal to the digital receiver (i.e., digital numbers
which are uniquely related to the input powers at the antenna — but that relation is
immaterial for computing the bias!). Ideally this Zpr curve should have the value of 0 dB;

deviation is the bias ?34(P). (1.3

This biasis constant over most of the dynamic range of the receiver (except at
saturation).

NSSL measures ?34 = - 0.44 dB.

Make this measurement immediately after 1.1); the vaue presented herein was
obtained on March 10, 2005.

2.2) Point 2 to point 4: Take asigna generator, split its power and inject into the
two couplers above the elevation rotary joints. Make few measurements of differential
reflectivity by changing the power of the signal generator.

Record the bias ?24. (1.9

NSSL measures ?-4 = -0.75 dB.




Take the difference between (1.4) and (1.3) to obtain 7,3

NSSL measures(on March 10) ?93 = ?4- ?34 = -0.31dB (1.5)

Repeat measurement 2.1) to make sure that nothing has changed. Then go to 2.3).
2.3) Point outside of radometo 4: Use sun scan and record differential
reflectivity bias
?4. (1.6)

NSSL measures(on March 17) ? ¢» = -0.69 dB.

2.4) Point outside the radome to 3:
Apply the internal noise generator to the LNA inputs and measure again the ?34(Ng). Do
not use the value obtained with the CW generator, i.e., the one from 2.1)! Then measure
again the ?34 with the CW generator. If the two measurements with the CW generator
agree accept the measurement with the noise generator. Otherwise split the difference or
repeat the measurement.

The difference ? g =251 - 234Ny (L.7)
obtained from 2.3) and the new ?34(N) is this bias.

NSSL measures(onMarch 17) 2= ? s1- ?31(Ng) =-0.69 (-0.44) =-0.25dB

2.4) Point outside the radome to 2:
The difference ? 9 = ? 3 - ?230btained from (1.7) and (1.5) is this bias. By reciprocity it
is equal to the bias on transmission between 3 and outside, that is
?9 =722 (See 1.2)). (1.8)

NSSL measures ? o = ? g - 7?23 =-0.25—(-0.31) = 0.06 dB

Repeat measurement 2.1) to make sure that nothing has changed.

3) Bias computation
Sum all the fixed biases to obtain the constant bias:

?c=?12 +2?9 +?x3 = -0.06 +2x0.06 + -0.31= -0.25dB (1.9)
Add this bias to the ?34(Prk) to obtain the correction ?(Pr) for the whole dynamic range:

?2(Phk) = ?c + ?34(Pr). (1.10)



NSSL measured (on March 10, 2005) an ailmost flat ?34(Phk) which at the SNR
corresponding to sun power was -0.44 dB. Hence the correction for most of the dynamic
range was an additive 0.44 + 0.25 = 0.69 dB.

4) Correctioninreal time

At the end of each volume scan generate (1.3) than compute (1.8) and use it for
correcting differential reflectivity. Remember noisesin the H and V channels are
different.

5) Check at regular intervals.
Check with the sun scan if the receiver maintains calibration. This could be done
daily, weakly, or monthly.

2. M easurements on the KOUN

Measurements on the KOUN radar were made over atwo year period. Beginning
in 2002 the polarimetric processing was done on the Sigmet RV P7 receiver/processor,
which is the time when we begun developing the Zpr calibration procedure. At that time
our verification was made using precipitation which has intrinsic differential reflectivity
of zero (Melnikov et a. 2003). The RV P8 processor with a 36 MHz sampling rate was
installed in the Fall of 2003. Due to difficulties associated with Open systemsin
devel opment, (trandlation: metamorphosizing opagque but porous system) it took until mid
Spring of 2004 to reach the status of the RVP7. Then in Oct of 2004 we replaced the
digital receiver with the new model which has a 72 MHz sampling rate and will be
standard on the operational network.

We present a more detailed explanation of steps outlined in section 1 and support
these with measurements. Further we indicate which measurements are to be made at the
time of retrofit, which at time of periodic checks, and which at end of volume scans.
Notation and order of presentation follow section 1.

The esserce in the calibration procedure is to separately measure the corstant bias
?¢ and the time varying bias ?34. Then update at the end of each volume scan the time
varying part. The constant bias must be measured at the time of retrofit, and could be
checked occasionally after changes on the system have been made, or during periodic
mai ntenance.

The fixed bias from transmission and back to the calibration port is

?c = ?12 ¥2?25+ (24 - ?34) (2.1)

where ? s isthe bias between the El joint (at port 2 in Fig. 1.1) and the antenna output
referred to outside of radome (Figs, 1.1 and 2.4). The factor 2 accounts for the two way
path (transmit and receive). This ? ¢ is constant and will be stable because it is caused by
fixed passive components. The remaining bias ?34 from calibration port (3in Fig. 1.1) to
output of digital receiver is caused by the two active receiver paths (input to the LNA,
mixers, and amplifiers). Thus?cwill be added to the variable bias. Unless stated
otherwise the bias is expressed in dB.



2.1 Measurement of constant biases in transmission chain

2.1.1 Point 1 to point 2, (?12)

Waveguides were opened at the elevation rotary joints (point 2, Fig 1.1). Power
was injected at the coupler (point 1 in Fig 1.1) just above the transmitter. The difference
at the output of the two wave guides was about 0.04 dB, for al practical purposes non
discernible. At that time we measured and recorded the coupling losses; these agreed
exactly with the values stamped by the manufacturer. Because there are no reasons for
the polarimetric WSR-88D radars in the network to be any different we recommend
bypassing this step and making the measurements at the output of the couplers at the time
of retrofit. Nonetheless, comprehensive measurements should be made on the
preproduction model to back this recommendation. Differencesin coupling must be
accounted for.

Next the wave guides were properly connected, the transmitter was turned on, and
measurements were made at the couplers above the elevation rotary joints. Figure 2.1
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Fig. 2.1 Schematic for measurement of difference in transmitted powers, measured
values are indicated. 1DC1 and J1 are points depicted in the WSR-88D drawings.

illustrates the paths and values of power levels. For safety it may be wise to reduce the
transmitter power by 10 or 20 dB, which we have not done on the KOUN!



Because the measurements were made sequentially we have recorded the transmitter
power during each measurement (valuesarein Fig. 2.1). Thisis highly recommended!

In Figure 2.1 the P(H meas) signifies the input power inside the guidein dBm; it
consists of the one read off the meter (1.86 dBm) plus two attenuators (3 and 20 dB) plus
the loss through the coupler (35.17 dB). Similarly the P(v meas) is computed (the meter
showed 1.9 dBm). The coupler losses (at the elevation rotary joints) and attenuator
settings at the power meter inputs are indicated. The measured power loss in the H path
is5.2dB andintheV path itis5.14 dB. The difference of losses between the H and V
channelsis 0.06 dB (H higher), in excellent agreement with the measurement on open
waveguides. Thus we record ?12 = -0.06 dB.

Before the change to dua polarization the loss in the H channel (according to
adaptation data) was 1.52 dB. Adding 3 dB of power lost viathe splitter brings the total
to 4.52. Therefore the change to dual polarization on KOUN has increased loss by (5.2 -
4.52) = 0.68 dB. There should be no such increase in the production model of the dual
polarization WSR-88D. On the KOUN the microwave components are assembled outside
the pedestal with the primary requirement for easy access to accommodate changes and
measurements. Thiswill not be the case on the production units

From the coupler above the elevation joints to the feed horn the specified loss (but
not measured) is 0.2 dB and therefore the match between the two channels in the transmit
chain up to the feed horn is considered to be perfect. Nonetheless there could be a
differential gain of the antenna at two polarizations. Measurement from sun scan will
establish this.

2.1.2 Recommendation for measurement at the time of installation of the dual
pol arization system

1. Coupling loss in waveguide couplers above the elevation rotary joints

Normally these are measured by the manufacturer and stamped with the value. If
not, it isimperative to make this measurement as these couplers affect both receiver and
transmitter calibration.

2. Difference in power between transmitting channels at the couplers above the
elevation joints.

Stop antenna and point high and away from the sun. Turn transmitter on.
Measure powers at the outputs of the elevation rotary joints (point 2, Fig. 1.1).

Use one power meter for both measurements and repeat the measurement to make
sure results are consistent. Take into account the coupling differences between the two
couplers.

The difference in powersis the bias ?1>.

2.2 Measurements of constant biasin receiving chain

2.2.1 Receiver noiselevelsin thetwo channels

Thisis straight forward. It requires antennato be pointed high into the sky away
from the ground. The two noise powers Ny, and Ny should be recorded. On the KOUN
the N =-113 dBm and N,=-114 dBm. (We recommend that in future upgrade the noise
powers at each elevation angle be measured either from regions of no echo, or from
spectral analysis, ideally noise power should estimated for each radial.) We offer Fig.



2.2, to dert readers about variability of noise due to interference which at KOUN has
strong spatial dependence. For calibration of Zpr it isimperativeto avoid erratic noise
and interference.
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Fig. 2.2. Receiver moise powers (in internal linear RV P8 units) and differential
reflectivity (dotted curve) as function of azimuth on the KOUN radar. Therelatively
constant noise in the vertical channel between 20 and 170 deg correspondsto -114 dBm
at the LNA input. The noise in the horizontal channel correspondsto — 113 dBm.

2.2.2 Differencein receiver chain from El couplerstoinput of digital receivers

This measurement is for consistency and can be bypassed because the next one
(section 2.3.3) encompasses its path. Nonetheless it might be convenient in case of
trouble shooting.

Turn transmitter off. Use signa generator and set it to - 20 dBm power, split its
output, compar e the split powers and record the difference (we measured -0.07 dB) for
precise determination of bias. Inject the split signals into the couplers above the elevation
rotary joints. A good range of generator power for this measurement is between -30 dBm
to 10 dBm. Above this range saturation effects might appear and below this range
receiver noise begins to affect the measurement. Measure the powers at the output of the
IF amplifiersin the H and V receiver channels. Take the difference in dB and correct for
cable and coupler differences (on KOUN add 0.34+0.07) co compute the bias in Zpr Up
to that point.



The measurement schematic for KOUN and results are depicted in Fig. 2.3. Gain
in the H channel is smaller by 0.12 dB from the gain in the VV channel. Thisagainisa
negative bias of -0.12 dB.
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Fig. 2.3. Schematic for measurement of difference in Zpr from couplers above El joints
to the input of the digital receivers.

2.2.3 Difference in receiver chain from El couplerstothe calibration port (?23)
Two measurements are recommended to obtain ?»3. These are measurement of
? 24 and measurement of ?34, SO that

?23 = ?4 - 234 ISthe difference bias. (2.2)
Both are described in the sequel.

2.2.3.1 Difference from El coupler to the output of digital receiver (?24).

The sole purpose of this measurement is to combine it with the one between the
calibration port and digital receiver output (2.3.3) so that the fixed bias from El coupler to
the calibration port can be computed (Fig. 1.1 and 2.4). This measurement should be done
in real time with the signal processor; on the KOUN we recorded time series data to

obtain the values.
3 2

l l

Digital 4 —Y_
Receiver \'/‘: Calibration El
Port — Coupler })

H, V channels

Fig. 2.4 Schematic for calibrating the receiver chain.



Inject a CW signal (HP generator) at the coupler above elevation rotary joint (as
in2.2.2, port 2in Figs. 1.1 and 2.4) and measure the powers from H and V channels at
the output of the digital receiver (i.e., I, Q powers). A good vaue for the signal power is
about — 20 dBm which amounts to (-20 - Insertion Loss - 3) dBm — referred to the power
in the waveguide at the elevation rotary joint. Insertion Lossis about 44 dB (but
different for the two channels, see exact valuesin Fig. 2.3) so that the power would
correspond to about —67 dBm of weather signal or an SNR of over 45 dB. Hence the
effect of recelver noise is negligible on determination of this bias. Make sure that the
SR = 30 dB so that the receiver noises have no effect on the measurement.

Now decrease the power in 3 dB steps to about -32 dBm. Record the values of
bias ?24(P;) where P, are few powers at the output of digital receiver. Thesearein
arbitrary units! For Zpr calibration no absolute value of power is needed, but the
changesin relative values of power at the digital receiver output must be known. Average
the values if they change by less than 0.05 dB. Over arange of 50 dB this bias on the
KOUN changes by less than 0.05 dB (see Fig. 2.5).

External HP Generator above the El Rotary Joints, 3M10/2005  UT:16:41
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Fig. 2.5 Bias ?24 measured on the KOUN. The dashed line indicates receiver noise

power (in internal relative RV P8 units).

In Fig. 2.5 isthe ?,4(P,) obtained on the KOUN over a much larger dynamic range
than needed for this calibration. It sufficesto choose a 10 dB interval in the middle of
dynamic range (somewhere between -40 and -60 dB in Fig. 2.5). The SNR,=0dB
corresponds to — 113 dBm referred to the LNA input. The P, on the ordinate is the output
power from which the noise power N}, has been subtracted, i.e., P, = Prtota —Nh. Two bias
curves are shown; in one the noises N and N, have been subtracted from P, and P, to
compute the bias, in the other they have not. Thisis to illustrate the match between the
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two channels, and to determine the value at which receiver noises begins to influence the
measurement. Note the difference between ?,4 (-0.75 dB) measured on March 17 (see
page 4) and -0.8 measured on March 10 (Fig. 2.5). Inthisand all other plots and
measurements the differences in coupling losses have been accounted!

For calibration at the time of retrofit the output powers should be at least 30 dB
larger than receiver noise. Then noise effects can be ignored to speed up this manual
measur ement.

2.2.3.2 Calibration port to output of digital receiver (?34)

This calibration can be done as described in section 2.3.1 but should be
automated. On the KOUN we have done it manually. Only values at strong SNR are
used for fixed bias computation!

Connect the internal CW generator to the calibration ports of the H and V
receivers (port 3in Fig. 2.4; this features is automatic and internally build in the WSR-
88D for the H channd). For the polarimetric WSR-88D a hardware modification is
required to include addition of power splitter. Check the power using the internal
generator. Apply the internal generator (set internal attenuator to about 40 dB) through
the splitter to the two LNAs and record the difference between the two outputs (on the
KOUN the H output is higher by 0.04 dB). Record the difference between the two
couplers using stamped values by the manufacturer (on KOUN this difference is 0 dB)!
The total difference between the couplers and in power splitting is constant and must be
accounted in all measurements with the internal generators.

Plot the bias curve ?34(Px) as suggested in section 2.3.1.2 Look at the bias for the
range of power values which overlaps the P, in ?24(P,) from measurement described in
section2.2.3.1.

The difference in the overlapped part between the two curves ?,4 - ?34 iSa
constart bias ?23, independent of P.. A good estimate is obtained by averaging the ratios
(biasin linear units) or by averaging the bias in dB units in the region of overlapping P,.
This bias isintroduced in the receiver between the Calibration port (3 in Fig. 2.4) and the
port above the Elevation joint (2 in Fig. 2.4). In these parts of channels there are no
active components hence the bias will be fixed.

Make the measurements of ?,4 and ?3 in rapid succession to avoid possible drifts
in receiver gains between the measurements. That isfirst 23, then ?24 then ?34; if 2
does not change between measurements the bias (eg. 2.2) isvalid. If it changes scratch
your head and start over. Or split the differenceif it isless than 0.06 dB.

2.2.4 Difference from the outside of radome to El couplers (? )
Like 2.2.3 this measurement requires two steps and use of previously determined
valueof ?3. The equation is

?32 :?54-?34(Ng) -?23 . (2.3)

Note, ? is measured with the sun scan, and ?34(Ng) mug be measured with the
internal noise generator!

To distinguish the ?34 measured with internal noise generator we have included
(Ng) in parenthesis. There are two reasons why the noise generator must be used: 1) The
sun, noise generator and the weather signal are broad band whereas the signal generator
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is narrow band. The two receivers might not be identical, there is the obvious difference
of gains which can be calibrated with the narrowband CW generator; but the small
difference of integrated powers (over all frequencies) of broad band signals could be of
the order of 0.1 dB (on KOUN it is lessthan quantization of 0.06 dB inherent to the
Sigmet A-scope). 2) On the KOUN there are leakage signas if the internal CW generator
is connected and these affect measurements at SNR < 30 dB. No leakage signals are
present if the internal noise generator is connected. Furthermore, in the differential
measurements with the noise generator and the sun, the difference between the frequency
transfer functions of the two receivers cancels out (see Appendix A).

In the case of KOUN the values of ?34 obtained with the internal noise generator
are lower from the values obtained with internal signal generator (at SNRs < 30 dB) due
to coherent lekadge. The difference is repeatable, although the absolute biasin
differentia reflectivity sowly changes There is no such difference if amplified noise
and strong signal from the internal CW generator (> 40 dB SNR, the output from the
internal noise generator is amplified to obtain sufficient power) are used.

2.2.4.1 Calibration port to output of digital receiver ?34(Ng) - internal noise generator
As explained in section2.2.4, ? 34 must be measured again. To make the
measurement use the internal noise generator and build in attenuator in the range from O
to 20 dB; thisresults in an output signal (from the noise generator) to receiver noiseratio
of 22to2dB. To measure the Ny and N, increase attenuation to a large value (> 60 dB).

Internal noise Generator at the inputs of the LMAs 3M7°2005  UT:16:10
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Fig. 2.6 Biasin differential reflectivity ?34 measured with the interna noise generator.
The receiver noise level Ny, (subtracted from Piota) Would correspond to -86.8 units.



That way the noise generator need not be disconnected as it would have no effect on the
measurement. Make sure there are no outside interferences. Compute ?34(Ngh), where
Ngnk stands for the power at the output of digital receiver after subtraction of noise power
Np (internal RV P8 units), h stands for the horizontal channel, and k is attenuator index
(number of points for measurement). The ?34(Ngnk) measured on the KOUN is plotted in
Fig. 2.6. For the noise corrected curve the receiver noise powers were subtracted before
computation but in either case the noise generator power on the abscissa Ng= Phota- Nh,
where Priota 1S the estimate at the output of digital receiver and Ny, is the receiver noise
power estimate (also at output of digital receiver).

The noise corrected bias (Fig. 2.6) isfairly uniform down to the SNR, = 0 dB.
The change thereafter is due to small coherent leakage and noise. Because the power
from the sun is typically between -75 and -80 units, the measurement (on the KOUN) is
sensitive to these effects. We expect the same to hold on the polarimetric WSR-88Ds.

2.2.4.2 un scan for ?g

Determine the powers from the sun in the horizontal channel and in the vertical
channel; subtract the corresponding noises from these powers and compute the value of
differential reflectivity. Thus ?s will be measured at only one value of power.
The procedure used with the RVP7 processor is documented in Melnikov et al. 2003
(page 31). We used it with the RVP8 as well; only this time the two receiver bandwidths
are much better matched so that the measurement is more precise. Briefly we scan the
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Fig. 2.7 Sun scan. Powers at horizontal and vertical polarizations (linear internal RV P8
units) and bias in differentia reflectivity ?g.
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antenna over a small sector at an elevation close to the elevation of the sun. We let the
sun drift through the scanning plane and record ? s, (that is Zpr) and Py, (see Fig. 2.7).
The pesk of P, indicates that the sun is centered on the beam. There will be several peaks
(Fig. 2.7) as the sun enters the plane of the scan. The highest of the peaks is identified
and differentia reflectivity is computed for that point and all the points up to 2 dB below
it. The average of these values is the differential reflectivity bias ? .

Noises N and N, must be subtracted before computing the differential
reflectivities. These noises are estimated at the end of sun scan.

Plotted in Fig. 2.7 are P, and P, (in linear units at the output of digital receiver)
and differentia reflectivity ?g, (dotted curve). The noises N, and Ny have not been
subtracted in any of these plots. One can see that the biasis near -0.6 dB. At the time of
about 310s there is a sharp increase of differential reflectivity and drop in signal powers.
Thisiswhen we begun receiver noise measurement. Clearly the difference in noise
powers between the two receivers causes discontinuity in differential reflectivity. Inthe
KOUN case the SNR from the sun scan istypically 10 dB.

To give readers afed of the stability of the measured differential reflectivity from
the sun (noise corrected), we list values obtained over about 1 hour of time on March 11,
2005 (same day asfor datain Fig. 2.7). Noises have been subtracted to compute ?s,. The
rms deviation about the mean (~ -0.62 dB) of these measurements is 0.025 dB.

Table 1. ? 5 measured on March 11, 2005 over a period of one hour

Time (CST) | 16:51 17:03 17:012 17:21 17:32 17:42

?< (dB) -0.59 -0.66 -0.64 -0.64 -0.64 -0.60

The estimated values of ? < and ?34(Ng=Pan) are substituted into (2.3) to obtain
the bias ? 5. Because the ?34(Ng) is available in discrete increments one might need to
interpolate to obtain the ?34(N¢=Pan) @t the power corresponding to the power from the
sun.

Next, in Table 2, we present ?34(Ng), ? o4, and their difference measured over
severa days. The sun scan measurement was preceded with the “before” and followed

Table 2: Measurement of ?g, and ?34 over several days

Date Time ?34 Noise ?gSunscan | 734 Noise ?29 =9 —734
Gen (dB) Gen (dB)
before (dB) after (dB)

03/17/2005 15:46 -0.50 -0.76 -0.50 -0.26

16:18 -0.50 -0.79 -0.50 -0.29
17:01 -0.50 -0.82 -0.50 -0.32
17:43 -0.50 -0.83 -0.50 -0.33

03/21/2005 15:30 -0.31 -0.60 -0.31 -0.29

03/25/2005 15:21 -0.19 -0.48 -0.19 -0.29

03/29/2005 14:52 -0.25 -0.51 -0.25 -0.26

03/31/2005 15:41 -0.42 -0.73 -0.50 -0.310r -0.23

15:50 -0.50 -0.74 -0.42 -0.24 or -0.31
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16:00 -0.42 -0.72 -0.42 -0.30
16:10 -0.42 -0.72 -0.42 -0.30
16:20 -0.42 -0.68 -0.42 -0.26
16:32 -0.42 -0.69 -0.42 -0.27
16:45 -0.42 -0.69 -0.42 -0.27
04/01/2005 13:56 -0.38 -0.68 -0.38 -0.30
04/04/2005 13:59 -0.31 -0.58 -0.31 -0.27
04/08/2005 14:40 -0.31 -0.61 -0.31 -0.30
14:50 -0.31 -0.64 -0.31 -0.33
04/11/2005 21:20 -0.54 -0.84 -0.54 -0.30
04/14/2005 14:49 -0.25 -0.54 -0.25 -0.29
04/27/2005 13:54 -0.38 -0.64 -0.38 -0.26
05/06/2005 13:29 -0.25 -0.58 -0.25 -0.33
05/11/2005 13:31 -0.54 -0.88 -0.54 -0.34
05/20/2005 13:12 -0.25 -0.54 -0.25 -0.29
06/01/2005 13:36 1.20 0.87 1.20 -0.33
06/03/2005 13:09 0.64 0.31 0.64 -0.33
07/06/2005 12:59 1.60 1.24 1.60 -0.36
13:11 1.58 1.24 1.60 -0.34
07/08/2005 13:15 1.58 1.26 1.58 -0.32
13:25 1.58 1.25 1.58 -0.33
13:35 1.58 1.22 1.58 -0.36
07/13/2005 14:15 1.51 1.20 1.51 -0.31
14:36 151 121 151 -0.30
07/15/2005 13:38 1.58 1.25 1.58 -0.33
13:53 1.51 1.19 1.51 -0.32
07/18/2005 13:48 1.51 1.21 1.51 -0.30
13:57 1.51 1.19 1.51 -0.32

Mean ?g =-0.30 dB, standard deviation = 0.028 dB.

by “after” measurement using the Noise generator. The time between the two
measurements with the noise generator was about 10 min. Note the remarkable stability
of the difference ? 51 —?34. In al but two cases there were no changes in the before and
after measurements; until June 15 we had to manually disconnect the cables between
ports to make the measurements, thereafter we used a mechanical switch. The 0.028 dB
standard deviation might be caused by variatiors in the polarization of sun’s radiation.

Measure ?34(Ng) and ?s in rapid succession to avoid possible driftsin receiver
gains between the measurements. That is, first ?3a(Ng) then ? s, then ?34(Ng); if ?34(Ng)
does not change accept ?s, and use it in (2.3), if not read page 11.

Calibration with the sun scan must be made at the time of retrofit. The
measurement should be repeated if changes are made above the LNAs in the receiver
chain. Noise powers at the output of digital receiver (arbitrary units) N and N, should be
subtracted. The measurement is also recommended at regular (longest) intervals
scheduled for the reflectivity calibration.
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2.3 Calibration over thefull dynamic range

The active receiver paths should be calibrated over the full dynamic range of the
receiver (i.e., for the full range of H powers Prx measured at the digital receiver output) at
the end of each volume scan. Thisway the ?34(Ph«) will be measured; ?c will be added to
it such that

?(Phk) = ?c+ ?34(Phk)- (2.4)
Note: The Pk in the argument of ?34in (2.4) is dways
Pk = Phktotal = Nh, (25)

that is, the noise is subtracted from the power at the output of the digital receiver!

Thus as stated at the beginning of section 2, the total bias consists of two parts,
long term stable ?¢ and the slowly changing part ?34(P) mainly due to the difference in
the amplifiers of the two channels. This measurement should be automated.

2.3.1 Calibration with the internal CW generator

The internal signal generator’ s output should be split and left permanertly
connected to the two ports below the Az rotary joint; this was done on the KOUN.
Further we have semi automated the procedure on the RRDA to step automatically
through all setting of the attenuator. No such automation is yet available on the Sigmet
RV P8 receiver which is passively connected to the system. Because the RV P38 will be
used on the future dual pol WSR-88D we present measuremernts made on that system in
Fig. 28 and 2.9.

2.3.1.1 Power

Although our primary goal is calibration of differential reflectivity we digress
here to present power measurement. In Fig. 2.8 two power calibration curves (blue solid
and greendotted) are displayed vs the setting of the built in attenuator. The blue oneis
for the horizontal channel P, and the green is P;; the dB values are in internal, RV P8
units.

The powers are shown at high attenuator setting (but measurements were made over the
full dynamic range). The attenuator was commended via the Legacy RDA SOT; the
values were changed in steps of 2 dB. Estimates of power were obtained from 128
consecutive samples (at a PRF=1013Hz), 100 range gates were used and 30 records were
averages, so that the total number of samples for a power estimates was M= 128* 100* 30.
At high SNRs (> 10 dB) thisis way too many samples, but it was used throughout the
calibration process to smplify the manual implementation.

The value of -87 dB (on the ordinate) correspondsto -113 dBm (SNR, = 0 dB)
which is the power of N;,. Observe that the two power curves approach asymptotes thet
are larger than the receiver noise power Ny (or Ny not shown). This is because the internal
CW generator adds its own noise!  The two curves cross because the N, ? Ny,
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Internal CWY generator at input to the LMAs, 31772005 UT:A7:3
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Fig. 2.8. Powers P, and P, at the output of digital receiver vs the setting of interna
attenuator. The output power corresponding to receiver noise (i.e., SNR,=0, -87 dB in
internal RVP8 units) is indicated with the dash-dot line and receiver noises have not been

subtracted from these powers.

Recommendation:

Because calibration of differential reflectivity is needed over the receivers full
dynamic range we recommend that reflectivity be calibrated at the same time. Therefore
step the attenuator and record the two power transfer curves. Start with small steps (2 to
3 dB) at the high end of dynamic range (saturation range). Below 15 dB of attenuation
the steps can be 5 dB down to about 55 dB. Least square fit the P, in its linear part (from
15 dB of attenuation to about 55 dB, SNR~30 dB), project it into the weak signal region
(dashed line in Fig. 2.8) and use as atransfer characteristic. For computing reflectivity
factor (Zn) use P, — Nj dong the line at SNR < 25 dB. The noise power should be
measured asin 2.2.1 (generator off, receiver hooked to the antenna so that the generator
noise power is eliminated from the calibration!). Noise powers have not been subtracted
inFig. 2.8! At high attenuator settings (starting at 70 dB) a coherent leakage begins to
affect the measurement; this is discussed in section 2.3.3.

Note: In the automatic calibrationbetween volume scans (section 2.3.2) thereis a
congtraint in step size. Too small a size would increase the time to accomplish the
calibration. Maximum allowed time equals the amount of time it takes the antenna to
descerd from the top of volume scan to the beginning of next scan(see section 2.3.2).
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2.3.1.2 Differential reflectivity

In genera the number of samples to achieve a desirable error in Zpr depends on
the signal to noise ratio; recommendations for an automatic procedure are in section
2.3.2.

The bias curve ?34(Prk) in Fig. 2.9 is computed as

?34(Pri) = 1010010{ (Phk total — Nn)/(Puk total - Nv)}, (2.5)

Internal CWV generator at input to the LNAs, 37172005 UT:17:31
T

— Ay, (witH noise)
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Fig. 2.9. Bias ?34 measured with the internal CW generator over the full dynamic range.
The 0.04 dB difference in cables has been subtracted from (2.5) for this (and other) plots.

where the index k refers to the sequence of output power changes (corresponding to 2 dB
attenuation steps), h and v refer to the polarization channels in the digital receiver, and
the signal and noise powers should be estimated from numerous samples (see 2.3.2).

The units of powers on the left side of (2.5) are internal to the RVP8. Two curves
are shown, the noise corrected one (as in 2.5, which supposedly should be applicable) and
the curve for which the noise has not been subtracted in the right side of eq (2.5); in both
cases hoise Ny, is not present in the argument of ?34. Unfortunately there is no much
difference between the two curves at low SNRs. Moreover the correction isin awrong
direction. We have determined that the cause is coherent |eakage.
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At the high end of dynamic range the departure from the constant value is due to
saturation effects. Otherwise the curveisflat down to about -55 dB. From there on the
departure above the constant value is caused by the coherent leakage. This we have
established by measuring with an external generator (Fig. 2.5) and with the internal noise
generator (Fig. 2.6). Maximum variation in the flat part is about 0.02 dB. Recommended
attenuation steps for this calibration are asin section 2.3.1.1. The reflectivity and
differentia reflectivity calibration should be made at the same time.

2.3.2 Automating the procedure - number of samples

Automating calibration over the dynamic range is needed for adjustment between
volume scans to compensate drifts with time scales larger than volume updates. The
following suggestion should be followed if the gain difference between the two channels
is not constant. Measurements on more than one system are required to determine if such
mismatch occurs. Otherwise follow the procedure described in sections 2.3.1.1 and
2312

In either case this calibration is at the end of each volume scart it proceeds by
incrementing attenuation settings and is similar to AGC scheme dore on the Legacy
system At low SNR the noise power dictates the required number of samplesto achieve
adesired accuracy in Zpr. At high SNRs very few samples are needed because the signal
isaperfect sinusoid. Because of time constraint we recommend to use a variable number
of samples M such that it satisfies the accuracy requirement at each calibration point. It
can be shown that the required number of samplesin the region of signal to noise ratios 1
to 10 (linear units) is

M > 200/(snr €)?, (2.6)
where snris signal to noise ratio in linear units and e is error of differential reflectivity
expressesin dB.

At values of snr < 1 the differential reflectivity mainly depends on the receiver
noise so that sr = 1 can be substituted in (2.6). To keep overall (composite) calibration
of Zpr within 0.1 dB let the acceptable error in measurement in Fig. 2.9 be, e = 0.03 dB.
Then at snr = 1, M = 222200; with the PRF = 1013 Hz and range gate spacing of 1.16667
us there are 592 sample |, Qs adlong aradial. Therefore, 222200/592 = 376 radials, or
0.37 sof dwell time are needed for computing the bias at one point. Table 2 lists some
possible steps and number of radials, M, for calibrating Zpg.

Table 3: Number of radial M, for accurate measurement of Zpr

SNR (dB) -15 | -12 -9 -6 -3 0 3] 6 [9]12]15 |18
M 376 | 376 | 376|376 | 376 | 3716 | 94| 24|6| 2 | 1 | 1.

Adding 50 points (equivalent to 50 radials) above 15 dB of SNR for calibration
(say in steps of 2 dB, to make 100 dB dynamic range) we compute SM,+50 = 2432.
Then with the PRF =1015 Hz we find the total time for calibration 2432/1015 =24,
which can easily be done automatically between volume scans. On the KOUN the step
size of 5 dB is quite sufficient hence if the same holds on the rest of WSR-88Ds the time
will be about one second.
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Thus calibration should proceed as follows. Step attenuator in 2 dB increments
down to 14 dB of attenuation. Then increase the stepsto 5 dB and proceed until you
reach 15 dB SNR. Compute the powers by averaging over Mg = 592 range gates That is
for the attenuation set at & find

Mg
P(k) =& [17(k) +Q°(K)]/M, (2.7)
i=l
The system noise power Ny, is measured separately aso at the end of each volume
scan and should be subtracted from (2.7) (at lower SNR starting with30 dB). Then at
SNR of 12 dB and below use the number of radials from the table. If finer resolution is
needed, recompute M,. Further, if for some reason a different PRF is used, the set up for
measurement would change but the total number of samples for each estimate would not.
We repeat, the outlined number of stepsis for a hypothetical system which has a
nonlinear gain transfer function; for systems similar to KOUN the number of steps can be
much smaller and that would decrease calibration time! Further, on the KOUN the bias
can be computed with larger steps of attenuation (5dB) at strong SNRs and then
extrapolated from about 30 dB of SNR down to below the noise level.

2.3.3 Existing calibration circuits on the WSR-88D

For calibrating reflectivity and instantaneous gains and phases of the automatic
gain control the WSR-88D has acircuit asin Fig. 2.10. The built in variable attenuator
can be changed in steps of 1 dB over 103 dB of attenuation. Under computer control it
connects to one of the four sources (Fig. 2.10). After the attenuator the signal is directed
by a switch to either the input of the LNA or the input to the first mixer. On the KOUN
the path to the LNA is split into two because there are two channels. In the Legacy
calibration modes the attenuation setting is never more than 60 dB. Therefore the
coherent leakage that we experience was never detrimental.

CW generator To LNAS

—>
RF pulse —e

- Attenuator SWITCH

Klystron pulse |—e

—

: To 1% mixers

Noise generator ———e

Fig. 2.10 Block diagram of existing calibration circuit on the WSR-88D.

Aswas indicated in section 2.3.2, the coherent |eakage complicates calibration of
differential reflectivity if the CW generator is used. We have found several places where
the leakage showed up. Witch was in the switch!, and our angel told us to use the noise
generator. We have terminated the path to the mixer (at the switch) to reduce the leakage
but it was not sufficient. Then there is leakage within the attenuator which was harmful
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only if we use the CW generator. Note that in case of coherent leakage the voltage of the
CW generator and the leakage voltage add so that the effect is very strong, much more so
than if the powers were additive! Rather than fight this problem we have found a way
around it which is robust, repeatable, and produces differential reflectivity with error
smaller than 0.1 dB.

Measurements should be made on the preproduction WSR88D to determine if
similar results apply and if coherent leakage is a factor.

3. Other Possibilities

Another method to calibrate differential reflectivity isbriefly reviewed. Itis
suitable for sequential H,V transmission and could be adapted to the SHV mode.

3.1 Sequential transmission of H and V polarization

Hubbert et al. (2003) suggest a way to calibrate differential reflectivity using
natural scatterers. The method is well suited for radars that transmit sequential linear
polarizations, such as CSUCHILL. The essence of the proposed calibration is to use sun
scan for calibrating the receiving path and use cross polar measurement for calibrating
the transmit path including the transmitted powers. In Fig. 3.1 is a schematic which will

Ph 4.&—. :
? P :
Sequential transmission Simultaneous transmission and
and reception reception

@ (b)

Fig. 3.1 Schematic for calibration of differential reflectivity, adapted from Hubbert et d,
(2003), but smplified.

be used to summarize this technique. The P, and P, are powers at horizontal and vertical
polarizations; these are transmitted sequentially. The total losses on transmit at the two
polarizations are denoted as Lt and Lyt whereas the gains on receive are Gpr and Gyr. SO
the Lt includes losses up to and including the circulator, then to the antenna, and the gain
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of the antenna Gy, all for horizontal polarization! Subscript h stands for horizontal and T
isin the transmit chain.

The measured differential reflectivity Zq:m at the output of digital receiver is
related to the intrinsic values Zg, with

- I:)thTGhR .
drm P L GvR dr

v —VvT

(3.1)

Clearly the bias is (PhLh1Grr)/(PyLyTGww). Hubbert et al. (2003) propose two
measurements to compensate for this bias. One measurement is from the sun. Because
the sun is wideband the measurement will contain the integral effect over the bandwidths.
Thus let the ratio of horizontally polarized power to the vertically polarized powers from
the sunbe

G.oH. . (f)df
S= LAY (3.2)

Gpr OH e F)dIf

where the power transfer functions Hpr(f) and Hyr(f) are normalized so that Hhr(0) =
Hvr(0) = 1. These transfer functions are at the base band after down conversion (see
appendix C).

The other needed measurement is the ratio of cross polar powers. In asequentia
transmission these powers are obtained simultaneously. By reciprocity the cross-polar
backscatter cross sections are equal. Therefore the ratio of powers for a horizontally
transmitted and vertically received signal (Pyh) to the vertically transmitted and
horizontally received signa is

Puh/Pry = PaLitGR/PULvIGHR. (3.3)

Note that the radar return is narrow band hence there are no bandwidth effects on the Zg,
measurement, only the difference in gains (Gnr and G,r) causes the bias.
By combining (3.2) and (3.3) the bias term next to the intrinsic Zg, (3.1) becomes

Bias = (Pun/Phv) (Gw/GHr). (3.4)

The ratio (G\r/Grr) Can be obtained from sun measurement (3.2) only if the
overall frequency transfer functions Hnr(f) and Hyr(f) areidentical. On the KOUN the
integral difference between the two isless than 0.05 dB, hence it is not a factor. Because
in (3.4) the ratio is squared the net effect istwice aslarge or 0.1 dB. To determine the
difference on other WSR-88Ds requires measurement with noise and signal generators as
suggested in this report.

The bias (3.4) takes account of the transmitted difference in powers and is made
from two measurements at the output of the digital receivers. Still noises in the two
channels have to be measured and appropriately subtracted. Further, the measurement is
at two different power levels; one is the power from the sun the other is the power level
of the cross polar components. There may be biasin Zy, between these two values which
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can be estimated quite well by the method described in section 2. Therefore, automatic
calibration over the full dynamic range of receiver is still required at the end of each
volume scan. On top, one might have to account for the difference between the wideband
(sun) source and the narrowband cross-polar echo powers as explained in section 2 and in
the Appendix C.

3.2 Simultaneoustransmission and reception, SHV mode

In this mode the transmitter power is split (Fig. 3.1 b) hence the direct application
of the scheme by Hubbert et al. (2003) needs to be modified. Whether such scheme
would be available depends on the chosen configuration for the transmitting chain. If the
SHV becomes the only available mode, cross polar measurement would be impossible.
There are no compelling reasons to include cross polar measurements. Nonetheless there
might be reasons to revert to the previous capability which istransmission of H only and
reception of H (and V if desired). Such configuration is implemented on the KOUN
radar.

In Fig. 3.2 plotted is a possible hardware configuration for the SHV scheme. Itis
equivalent (but not identical) to the one implemented on the KOUN and contains the
minimum number of switches (one) with which one can have the SHV mode and the
mode for transmitting H and receiving both. This scheme precludes measurement of the
horizontal cross-polar component (which is also unavailable onthe KOUN radar).

v

v

SP

y

SP -

@ (b)

Fig. 3.2 Configuration for transmission of simultaneous H and V signal; Sisafour port
microwave switch and SP is the power splitter. The lines within the switch indicate which
input ports are connected and the switch rotates 9C° into its second position Connection
in (a) enables the flow from transmitter to the power splitter and then into the H and V
waveguides. Position in (b) isfor transmission of H waves. The circulators and receiver
channels are not shown, but would connect to the H and V lines.

23



The configuration in Fig. 3.3 with two switches makes possible the SHV mode,
the mode for transmission of H, and the mode for transmission of V. Hence both cross
polar powers can be estimated.

H H
—
Sy
T *Qsl i T *@1}7 |
N —
Vv v
» SP » SP
@ (b)

Fig. 3.3 Configuration of the transmission channels with two switches S; and S, that
allows (a) simultaneous SHV mode as well as (b) two modes for cross polar
measurement. Dashed line indicates that there is no connection at the cross over point.

If the switches are asin Fig. 3.3 a), the radar isin the SHV mode. If the position
of S; isasin Fig. 3.3 b) the radar transmits V (and receives both). To transmit H the S,
has to be turned to its second position, and then the cross-polar V component can be
measured. Although from these cross polar components a good part of the system Z; can
be calibrated one component is left out! That is the power splitter. Its differential power
must be measured. These considerations and the added complexities brought by the
switches lessen the appeal of such calibration for the SHV mode, especially since a
simpler and straight forward method demonstrated in this report is more than adequate.

4. Conclusions

A procedure for calibrating differential reflectivity has been developed and tested
on the KOUN polarimetric radar. At its essence is separation of the bias into a constant
part and time varying part (due to active receiver components). It proceeds as follows.

- Constant part is measured at the time of retrofit and is due to the transmitter path
and part of the receiver path.

- Transmitter path is measured at the couplers above the elevation rotary joints
using the transmitted signal.

- Recelver path consists of two pairs of measurements. One pair uses internal
noise generator, sun scan, and again the noise generator to establish the difference
between the outside of radome and the LNAs inputs. The other pair usesthe internal CW
generator, external signal generator, and again the interna CW generator to measure the
difference between the elevation rotary joints and the LNAS inputs.
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- From the differences in the receiver path one computes the part between the
elevation rotary joints and the outside of radome.

- The time varying part must be updated at the end of each volume scan.

- Thetotal biasisthe sum of constant and time varying parts.

Overal there are four measurements, one in the transmission path and three in the
receiving path. We have shown that each of the measurement has rms error smaller than
0.04 dB, hence the total is less than 0.08 dB.

The recommended procedure can achieve errors within 0.1 dB, if caution and care
isexercised such that: 1) all differencesin coupling losses are accounted for, 2) noises are
correctly estimated and subtracted from the H and V powers, 3) some measurements are
repeated or bracketed by a companion measurement, and 4) high quality equipment is
used.

Assuming that the quality of upgraded WSR-88D is equal or better than that of
the KOUN, the procedure tested herein is directly transferable. It was written by city
dudes aiming for village sages to replicate it without the benefit of algorithm description
languages. Nonetheless, similar measurements must be made on the preproduction
model to determine its characteristics. First, al the essential couplers must be present on
the preproduction model. The leakage must be quantified and the bias characteristic over
the full dynamic range must be measured to determine if our procedure isapplicable
verbatim. Most measurements must be automated and under computer control. This
applies to those with internal CW and noise generators, and to sun scans. M easurement
with the external generator attached to couplers above the El rotary joints should be semi
automated so that the results from the output of the digital receiver are immediately
available. Computer routines for initial calibration should be developed such that coupler
losses, number of samples for averaging, noise powers, etc., can be appropriately
inserted. The essential part of calibration for end of volume scan must be automated
within the volume coverage patterns (VCPs). With such automation the drift in
differential gain can be eliminated aimost all the time.

Exception, on the KOUN about once in ten hours there is a significant step
change in differential gain. Such abrupt change would be missed in one volume scan so
that the Zpr could be off by about 0.5 dB. Nonetheless, calibration for the subsequent
volume scan would redress thisimmediately. Measurements must be made on the
prototype dual polarization WSR-88D to determine if similar problem exist.

Because absolute calibration of reflectivity within 1 dB is till hard to achieve it
will appear to casua readers that our claim of 0.1 dB accuracy is exaggerated. The
principal reason that thisis not so, is that the essence of the measurement isin relative
comparisons of the two channels! Because the transmitted power is split, on transmit the
relative difference is constant and what remains is to continuously track the relative
difference in the receiver gains.
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Appendix A - Bandwidth effects

The weather signals in range time are broad band and have a frequency transfer
function shaped by the receiver. Therefore, for calibration purposes, measurement with
the sinusoid from the signal generator might not be directly applicable (with no
adjustments) to the weather signal. This, however, is not the case for the sun signal
which is broad band. Thus, if the frequency characteristics of the two chains differ the
measured differential reflectivity from the sun and with the signal generator might differ
(such was the case on the Sigmet’s RVP7 system). Thisis one reason that we have paired
the noise generator with the measurement from the sun. The other reason isto avoid
leakage associated with the CW internal generator.

If the frequency transfer functions of the two receiver chains differ (as was the
case in our implementation of the dual polarization with the RVP7 signal processor) there
would be effects on calibration of differential reflectivity. (There are no such differences
in the implementation with the RV P8 processor.) These are explained herein.

Consider the block diagram in Fig. 2.4 and denote the frequency transfer
functions for the powers at horizontal and vertical polarizations as follows.

Point 3 to 4, from the coupler before the LNA to the output of digital receiver, for
horizontal polarization the transfer is GanHan(f)Hmn(f); for vertical it is Gz Hsy(f)Hm(f).
Hs stands for the analogue part of the transfer function It includes the receiver protector,
and al the filters between the LNA and the digital receiver. Hp, isthe digital matched
filter. Assume that the two digital filters have identical responses so that Hmn(f)= Hmny(f).
The frequencies are referenced to zero at base band, but come from the carrier which has
been down converted. Further it isimplied that

H3n(0)Hmn(0) = Hsy(OQ)Hmw(0) = 1. (A1
Obviously the gain factors are related to the bias ? 34 by
? 34 = 10 10g{[G3n Han(F)Hmn(F)d /[ Gz Hav () Hmy(F)df]} . (A2

But, with the sinusoidal signal generator the ratio of gains Gsn/Gs, is measured, which
might not (like in the case of RVP7) equal to (A.2).

Point Sto 3, from outside the radome to the coupler before the LNA. For horizontal
polarization the transfer function is GssnHsan(f) and for vertical it is GssHsa(f). Again let
the frequency be down converted to base band and the normalization

Hs3n(0) = Hs\(0) = 1, (A3

allows separation of the bandwidths from the gain effects. The bias between the outside
(sun) and the LNA is given by

2 53 = 10 10g(Gsan Hsan(F)dif Gz, Hea (F) ). (A.4)
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From the sun scan and with the internal noise generator we measure

Gaan O san(F)H g, (F)H 1 (F)df H,, (F)H,, () f
Gy OHssar (F)Ha (F)H  (F)f OH g (F)H, (F)elf

(A.5)

The products of three frequency transfer functions in the integrands of (A.5) correspond
to the measurement from the sun and the products of two transfer functions are measured
with the noise generator. The gain parts have canceled out perfectly and we show next
that the integrals for all practical purposes should cancel as well.

The bardwidth of the frequency response from the coupler before the LNA and
the output of the matched filter (in either channdl) is at least an order of magnitude
smaller than the bandwidth of the circuit from the antenna to the coupler. Therefore
Hssn(f) and Hssy(f) have values close to 1 (valid at and near zero frequency). Then the
integrals of the frequency responses almost cancel out and the Zy, approximately equals
to the ratio of gains.

Upon measurement we found that the difference between Zy, measured with a
broadband noise and narrowband signal (both from above El joints) is less than 0.06 dB
(quantization interval on the RVP8's, A-scope). Thisis to be expected because the
frequency transfer functions of the two receivers are primarily shaped by the digita
filters. Unlike in analogue matched filters which could differ due to component
variability the digital ones are identical ard therefore do not cause difference between
measurements with a sinusoidal and noise sources.
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Appendix B — Temporal variation of bias

The fundamental premise behind the suggested automatic calibration scheme is
that the time variation of biasin differentia reflectivity is slow compared to the volume
update time. That way the correction would follow the drift and keep bias within
acceptable bounds. Herein we report measurements of differential reflectivity over
extended periods of time and demonstrate that most of the time the correction should be
very good.

We start with the differential gains (i.e., Zpr) of RVP8 (Fig. B.1). Power from a
signal generator (57 MHz) was split and supplied directly to the RVP8. For aimost 8
hours the differential reflectivity was recorded. The maximum variation over thistimeis
0.02 dB. Clearly the variations caused by the digital receiver are insignificant.

5/20/2005 UT:14:57:2
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Fig. B.1 Time record of differential reflectivity measured at the output of RVP8. Input
was at intermediate frequency and at the two channels of RV P8. Beginning time of the
measurement isindicated in thetitle.

Next the power from the RF generator was split and supplied to the mixer
preamplifiers. The record of differential reflectivity was very stable.

Last the power was injected to the calibration port. Differential reflectivity vs
time (Figs. B.2a, b) exhibits a very sharp discontinuity (~0.7 dB) over afew min interval.
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Fig. B.2 Differential reflectivity bias between the LNAs and the digital receiver outputs

vs time: @ on June 26, and b) on June 27 2005; beginning times are in the titles.
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The discontinuity is either followed or preceded by a “more gradual” change. Because
the “more gradual” change has discontinuities of less than about 0.1 dB, automatic
calibration would capture these changes. The large discontinuity would be missed
somewhere in one volume scan but it would be neutralized by the automatic calibration in
the next volume scan. We conclude that the source isin the LNAS. It could be that there
areregulating circuits (for temperature or power) which activate if the variable is out of
accepted range; at activation time there is a sharp change in the gain of one or both
LNAs. Itislikely that activation brings the system to a new operating point; after that
forcing is turned off and the system drifts slowly back to previous equilibrium.
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Appendix C — Transfer characteristics of the RVP8: Power and differential
reflectivity

Herein we document some details of the transfer characteristic of power and
differential reflectivity. An intermediate frequency (IF) generator was connected directly
to the RVP8 and output powers (in internal RV P8 units) were recorded (also the
attenuations at the input were recorded but are not shown here). For the powers we plot
the difference between the fitted linear linesasin Fig. 2.8 and actual measurements. The
result isin Fig. C.1. The trend over full dynamic range is less than 0.3 dB and maximum
fluctuations are smaller than 0.2 dB, both well within the 1 dB specs.

External IF Gen at the input to the RVP8 7/15/2005 UT:14:29:23

—_— F'h - Linear F'h

1.5}~ -==-=P -LlinearP
W W

Deviations from the linear fit (dB)

-1
-120 -100 -80 -60 -40 -20 0
Power in internal RVPE units (dB)

Fig. C.1 Deviations of the powers from linear at the output of the RVP8 and in units
internal to that processor.

Thetransfer functions of differential reflectivity, measured on two days are
plotted in Fig. C2. Remarkable similarity in details suggests that the hardware is stable,
and measurements are repetitive. The trend is also less than about 0.03 dB and the rms
fluctuations are below 0.02 dB. Note that the RVP8 is only one part of the system. The
linear fit of the total transfer has a smaller trend and about the same fluctuations as on the

RVP8. Clearly the precision with which we can measure differential reflectivity is better
than 0.1 dB.
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Fig. C.2 Differential reflectivity bias within the RVP8. Data were obtained on two
consecutive days. Zpr curves denoted in the text box are from 7/15 and the doted curve
was obtained on 7/14, 2005.
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