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A Memorandum on

Comparisons of Weather and Aircraft Surveillance Radar Requirements
to Determine Key Features for a 10-cm MPAR and SENSR 
(A Basis for Polarimetric Phase Array Radar Design)
R. J. Doviak

Summary: Matching the performances of the ARSR-4 and ASR-9/11 for aircraft detection and tracking, and that of the TDWR and the WSR-88D for weather surveillance, with a 10-cm wavelength Multi-function Phased Array Radar (MPAR; Stailey and Hondl, 2016), or the Spectrum Efficient National Surveillance Radar (SENSR, 2017), using a 4-face Planar Polarimetric PAR (PPPAR) or a 4-sector Cylindrical Polarimetric PAR (CPPAR) is a challenging task. This memorandum is principally based on specifying the key requirements of an MPAR or SENSR if either is to meet the present day performances of the existing national network of aircraft and weather surveillance radars. MPAR could also be a spectrum efficient surveillance radar, but specifications for SENSR include additional requirements that are not met by the existing network of surveillance radars. Whereas the MPAR is intended to be a cost-efficient single system of radars, the SENSR solution may be a system of systems.
If a single beam per sector or face is used, the MPAR requires at least 8 kW (2 kW per 90o sector or face—i.e., 2 kW for each of the four radars that comprise MPAR) of average power transmitted at 10-cm wavelength radiation propagating through precipitation described by the  FAA model  (Appendix 1, annotation15c); 2 kW of the 8 kW is used for weather observations updated once every 2.5 to 3 minutes, about twice as fast as presently achieved. About 5 of the 8 kW is required for the ARSR function of tracking aircraft at long ranges using 10 instead of 20-cm wavelength radiation. The remaining 1 kW of average power is needed for the ASR function and is that presently used for surveillance of aircraft near the airport. Thus using a single azimuthally scanned transmit beam  per sector and with a modest increase of average power (needed for the ARSR function), the volumetric update rates for aircraft surveillance are 12 s and 4.8 s respectively for the ARSR and ASR functions, which is that presently attained, but weather data can be collected twice as fast. To meet the NWS desired update rate of about 1 minute could require 2 beams per 90o sector incurring added challenges and additional power, or an alternative weather data collection mode (Appendix 1, annotation 16).
 Matching the 0.95o beamwidth of the WSR-88D, operating at a frequency of 2.7 GHz, sets the size of the MPAR (12.1 m diameter by 8.54 m tall for the CPPAR, and 4 faces each having an elliptical aperture 12.1 by 8.54 m for the PPPAR—an elliptical aperture is needed to meet the NWS’s requirement that the beamwidth should be 1o or less in all azimuth directions). The area of the active array for each sector of the MPAR for weather is about the same as that for the ARSR-4.  The total 325 m2 active aperture area is the same for the 4-sector CPPAR and 4-face PPPAR. Although the total number of elements is the same for the CPPAR and PPPAR, the PPPAR needs all elements to form a 1o beam at 
[image: image120.emf]45o azimuths from broadside. But because the CPPAR forms its 1o beam by commutating, it has extra array elements in each of the four sectors—these extra elements can be utilized for sidelobe blanking and pattern synthesis (Zhang et al. 2011). 

The ARSR function of the 10-cm MPAR using 5 kW of average power can meet the 20-cm ARSR-4 capability to detect and track aircraft at the longest range
 with precipitation if the ARSR-4 precipitation model specified by the FAA (1988) for storm systems is used in computing propagation loss (Appendix 1, annotation 15c). But there can be more demanding precipitation conditions typical of lines of storms containing rain or mixtures of rain and hail. Attenuation for these conditions is computed in Appendix 1(annotation 10c) and Appendix 2. But these are relatively rare events that typically occur over central USA—higher average power would be required during these events if availability requirements are not met Appendix 1 (annotation 15d).  However, increased power might not be necessary if all MPARS have the same functionality because the MPAR coverage will blanket the continental US and there are likely other MPARs that can detect aircraft if echoes from one MPAR are not detected because of unusual excessive attenuation. Moreover because the MPAR might be a backup system to the upcoming GPS tracking system for the continental USA, the availability requirements might be relaxed.  
To match the height resolution of the TDWR for the detection of low altitude wind shear along the approach and departure corridors of an airport, the 10-cm wavelength MPAR serving the ASR-9/11 function needs to be located closer, by a factor of two, to the airport than present TDWR sites or, perhaps better yet, located on the airport at or near the present site of the ASR-9/11 (Cho, et al., 2013). 
The most stringent antenna sidelobe level is set by the performance of the WSR-88D antenna (NWS, 2015). To match this, it is recommended the specified MPAR two-way sidelobe level be below -64 dB at 2o decreasing to -100 dB below the mainlobe gain at about 12o and then decreasing to -110 dB at 20o and beyond. Any increase in the sidelobe levels of the MPAR over what is effectively present with the WSR-88D would likely increase the incidence of data corrupted by sidelobe coupled power (Appendix 1, annotation 13). 
Furthermore, polarimetric H and V radiation patterns need to be well matched and to differ by less than 0.5 dB down to the -20 dB level below the peak of the mainlobe (Appendix 1 annotation 12). 
If time multiplexing of the surveillance functions as described herein proves practical, and the transmitted pulse can be smoothly shaped, spectrum utilization might be decreased significantly from that presently allocated for the present day network of four independently operated surveillance radars (Appendix 1, annotation 16).
1.0 Introduction

The University of Oklahoma (OU) with support from the National Severe Storms Laboratory (NSSL) is designing a CPPAR to demonstrate its capability not only for the multiple-missions of surveying weather and aircraft with a single type of radar, but also to provide a platform for faculty and student research of weather, communications, aerobiology, etc. OU and NSSL are also testing a PPPAR demonstrator that has been designed and built by Lincoln Laboratory. This memo reviews the existing weather and aircraft surveillance radar capabilities that should be met by a full size MPAR if it is to be a CPPAR or a PPPAR. The present surveillance of weather and aircraft is achieved with four different radars, each at different locations, and operating in three different frequency bands. They are (Stailey and Hondl, 2016):
1.) The FAA’s Airport Surveillance Radar (ASR-9/11) for the detection and tracking of aircraft on the approach and departure around airports; 225 ASRs operate in the S-band (2.7 to 3 GHz). 
2.) The FAA’s Terminal Doppler Weather Radar (TDWR) for the detection of low altitude wind shear along aircraft’s approach and departure corridors; 45 TDWRs operate in the C-band at approximately 5-cm wavelengths. 
3.) The NWS’s Weather Surveillance Radar-1988 Doppler (WSR-88D) for detection and warning of weather hazards, measurements of precipitation fall rates, etc. The WSR-88D also has a polarimetric capability to measure polarimetric parameters of precipitation; 156 WSR-88Ds operate in the same band as the ASRs. 
4.) The Air Route Surveillance Radar (the Common ARSR and the ARSR-4) for the long range surveillance of aircraft. The ARSR-4 radars are deployed mainly along the USA coast, and USA Islands (Healy et al., 1997). A secondary mission of the ARSRs is to detect and report weather within the coverage area.  These radars are operated and maintained by the FAA, but serve both Homeland Security Functions (e.g., tracking aircraft crossing the borders of the USA), and Air Force defense goals; 79 CARSRs and 43 ARSR-4s operate in the L-band (1.30-1.35 GHz).

5.) In addition, at Military bases there are 81 Airport Surveillance Radars, called Ground Position Navigation (GPN) radars---these also operate in the S-band.
In summary there are about 629 radars deployed for surveillance of weather and/or aircraft at 629 sites. Because in densely populated areas there often are more than one nearby ASRs (e.g., NYC area has 3 major airports—LaGuardia, Kennedy, and Newark) some WSR and ARSR functions might not be required at all 306 ASR sites. At those sites a smaller PAR could be deployed, or the WSR and ARSR functions can be kept in a standby status if MPAR is deployed at all 306 ASR sites. There might be a few locations which need WSR and ARSR functions and there is no nearby ASR site. At those locations the ASR function can be removed or placed in a standby mode. .Nevertheless it is expected that MPAR can significantly reduce the number of radar sites and reduce the number of radar types from 4 to 1.
A goal of the National Severe Storms Laboratory (NSSL) and the Advanced Radar Research Center (ARRC) at the University of Oklahoma is to test concepts in the design a polarimetric phased array radar (PPAR) operating within the single 10-cm wavelength band that can accomplish the mission of four radars (University of Oklahoma, 2014). One purpose of a proposed mid-sized CPPAR/MPAR demonstrator
 is to determine if all of these radar functions can share common frequencies, within the bandwidth allowed by the National Telecommunication and Information Administration’s RSEC (Radar Spectrum Engineering Criteria; NTIA, 2012) for each MPAR, thus freeing valuable spectral allocations (annotation 16). The NTIA has been tasked to free up, by 2020, 500 MHz of spectrum to support wireless communications. The use of a MPAR in place of the existing network of weather and aircraft surveillance radars would help free spectral space as demand for commercial use continues to increase.

The MPAR demonstrators will also provide engineering information that can reduce the risks of building a full size MPPAR (either a CPPAR or PPPAR), and results of engineering and meteorological tests will provide valuable data to determine whether a full size MPAR can fulfill the requirements of all four radars used by the NWS, FAA, DOD, and the DHS. For cost reasons, the MPAR demonstrators are planned to have an antenna aperture diameter no more than 4 meters, about half that of a full size MPAR (i.e., approximately 8.5 m diameter) producing a circular symmetric beam of about 2o width for the CPPAR demonstrator. 
For the PPPAR, Lincoln Laboratory is assembling an Advanced Technology Demonstrator (ATD) at NSSL and it will have a single face that can be mechanically steered in elevation and azimuth.  It’s beam is 2o circular only at broadside—the beam shape is generally elliptically shaped having major and minor axis beams of widths larger than 2o, and the ellipse orientation is a function of beam direction relative to broadside. 
It is most important that the full size MPAR at least meet present day aircraft and weather surveillance performance levels plus improve the volume scan rate to match the time scale of severe thunderstorm evolution (
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one minute or less), and provide more accurate aircraft height coverage than present day surveillance radars. Furthermore, the MPAR needs to comply with the National Telecommunications and Information Administration’s (NTIA) criteria established for radars operating in the 2.7 to 2.9 GHz band (NTIA, 2012). It is desired to remain within the presently allocated bands for operation of the MPAR.

2.0 Comparison of the characteristics a weather and aircraft surveillance radar


In this section the characteristics of today’s radars, principally being used to survey weather and aircraft, are compared. The values listed in the accompanying table are, wherever possible, based on measurements. These parameter values and detection capabilities should not be compromised by the full size MPAR whether the MPAR’s antenna is a cylindrical or planar array. 
Note that two radars (i.e., The TDWR and the ARSR-4) presently operate outside the 10-cm wavelength band. It is assumed that the MPAR would operate in the 10-cm band to perform the functions of all four existing radars. A downside of decreasing the wavelength for the ARSR-4 function is the increased attenuation principally due to precipitation (Doviak and Zrnic, 2006, Section 3.3). Attenuation due to precipitation can be significant and needs to be considered when moving the ARSR-4 functions to the 10 cm band (Appendix 1, annotation 10). 
The TDWR has an angular resolution of 0.5o. Given the MPAR has about the same aperture area, increasing wavelength from 5 to 10 cm will degrade the angular resolution. The prime purpose of the TDWR is for the detection of low altitude wind shear along the aircraft’s approach and departure corridors. Presently the TDWRs are located many kilometers from the airport with concomitant degradation of performance to detect low altitude wind shear. Thus it will be assumed the MPAR with its 1o beam circular beam (i.e., for the CPPAR/MPAR) can be located on airports where presently the ASR-9/11 is located (the newer ASR-11 has a solid state transmitter whereas the ASR-9 does not, but both radar have identical measurement capabilities). Although the angular resolution of the TDWR function is degraded by a factor of two, locating the MPPAR on the airport will likely provide the same spatial resolution of low level wind shear as does those TDWRs located far from the airport. Thus it will be assumed that the MPAR with a nominal 1o beam will meet the low-altitude wind shear detection requirements presently provided by the TDWR.
However, locating the MPAR on the airport presents other challenges. To obtain the weather coverage presently provided by the WSR-88Ds, the MPAR might need to be placed on sufficiently tall structure to provide nearly 360o azimuth surveillance of weather with beams at the lowest elevation angles. 

Table 1 lists the present day operating characteristics of radar used for weather and aircraft surveillance. These characteristics are taken to be the minimum capability that the MPAR must provide, but at a much faster rate for weather observations (i.e., 1 minute or less for full volume coverage for weather of interest) and better height resolution for locating aircraft.  More comprehensive documents that provide specifications to match or exceed present day performance in many other ways are recent FAA documents (FAA, 2013; and FAA Clarifications, 2013). Although most of the requirements listed in the FAA reports are met with present day radar capabilities, there are some that exceed these capabilities and some that are worse (e.g., sidelobe levels; FAA, 2013, and Appendix 1, annotation 13).
There are many other performance criteria not covered in Table 1. The MPAR also needs to meet the established data quality standards for aviation and weather measurements (e.g., the standard deviation and bias limits on Doppler and polarimetric parameter estimates; clutter cancellation; the probability of detecting aircraft given radar cross sections and false alarm rates, etc.). The present WSR-88D performance in resolving range and velocity ambiguities also needs to be matched by the MPAR. An excellent summary of some of these requirements is given by Torres (2013), and the complete set of requirements is provided by NWS (2015).
In preparing Table 1, an effort has been made to substantiate all entries by citing the source and or providing information as to how the entries were obtained. These substantiations are given in annotations in Appendix 1. 
An examination of this table shows that the parameter values of the various operating modes cannot be met using existing mechanically scanned reflector technologies or even single-agile-beam electronically scanned radars.  True multifunction capability will require the use of next generation array technology to simultaneously form multiple, independent beam clusters supporting these different operating modes. An example of such a multiple beam cluster is one proposed by Zrnić, et al., (2015). 

Table 1: Present capabilities for weather and aircraft surveillance

	Parameters
	FAA’s

     TDWR
	FAA’s

ASR-9/11
	FAA’s

ARSR-4
	NOAA’s
WSR-88D

	Frequency Fc (GHz) (1)
 
	5.5
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5.65
	2.7
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2.9
	1.2
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1.4

Fc, Fc+83
	2.7 
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3.0

	Peak power P​t (MW) (2)
	0.250
	1.1
	6.4
	0.475 

	Pulse width 
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	1.1
	1.0
	1
	1.57

	2-way beamwidth(3) 
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	0.55
	1.4 (Az)
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	0.95
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0.85(4)

	Antenna Gain (dB)(5)
	50
	34
	35(T.); 40(R)
	45.36
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46.32

	Range resol.;
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Elevation span (o)(8)
Max Height (km)
	0.25
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0.25
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0.25
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60

6.1
	0.9
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0
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7.3
	9 
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2
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300

0.5
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20

20

	Sys. Noise Temp. Tsy (K)
	NAv
	NAv
	NAv
	730(9)

	Detection(10a) Z10(dBZ): RCS(m2) at 460 km
   w/o precip(10b):

   with precip(10d):
	-25.6 

0.6

NAp
	-6 

35
NAv
	0 

0.14

0.30
	-23
[image: image30.wmf]®

-25
0.30
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0.24
0.46
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0.36

	Polarization
	Linear H
	Cir.&Lin V
	Cir. & Lin V
	Dual linear H, V

	Polarization data mode(11)
On-axis copolar/Xpol (dB)
Patt. Match: at -20 dB(12)
	NAp

NAp
NAp
	NAp
NAp
NAp
	NAp
>17

NAp
	STSR
>45 dB

< 0.5 dB

	Sidelobe levels (two-way; dB)(13)
	-54;1st 

-80; 
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 > 5o
	<-48
	EL: < -60;
AZ: < -70 
	    -64 1st @ 2o 
  <-100; 
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 > 10o 

	Volume update rate(14) (s)
	60 lower

3 min. upper
	4.8 
	12 
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Appendix 1: Table 1 Annotations
(1) The FAA radar entries were obtained from a variety of cited sources.  The ASR-11 is a newer solid state version of the ASR-9; both have nearly identical parameter values. The ARSR-4 has been deployed in the mid-1990s and incorporates a solid state transmitter and replaces the aging ARSR-3. Its notional specifications are presented in the FAA report (FAA, 1988). The ARSR-4 is a dual frequency radar that transmits a pair of Nonlinear Frequency Modulated pulses, one at the center frequency Fc and the second one 62 
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later at a frequency Fc + 83 MHz. The dual frequencies are implemented to mitigate target detection loss due to blind speeds.

WSR-88D data is, for the most part, for the Legacy WSR-88D  and those radar parameter values are based on the specifications listed in Table 3.1 in Doviak and Zrnic (2006), and measurements  Reliable gain and pattern measurements made on the network WSR-88D antennas upgraded to have polarimetric capability have yet to be made. 
(2) Pt, peak pulse power, absolute antenna gain g (annotation 5), and system noise temperature Tsy (annotation 9) for the WSR-88D are referenced, to the antenna ports (for the legacy WSR-88D this port is located behind the reflector where transmitted power is monitored). The antenna port is a convenient reference point if receiver noise temperature  is also referenced to the antenna port because weather reflectivity factor Z and aircraft Radar Cross Sections (RCS) can be directly calculated using the weather radar equations and point target equations given by Doviak and Zrnic, (2006). The PRT is variable and typically it varies from 0.78 to 3.11 ms. 
The peak powers for the FAA ASR-9 were obtained from Weber (2000). The ASR-9 transmits two batches of pulses at two different PRFs with a 9/7 ratio (the average PRF is about 1000 pps; Taylor and Brunins, 1985). 10 pulses on the short PRT and 8 pulses on the long PRT are processed. Thus the dwell time is about 18 ms. There are two beams (upper and lower) but both have an approximately cosecant squared pattern. The radar transmits only on the lower beam but receives on both beams. The high beam is used for short range reception. 
The ARSR-4 transmits nonlinear frequency modulation (NFM) of two long pulses, one 60 
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and the other 90 
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 that are spaced 2
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apart. The compressed pulse width of each of these long pulses is about 1
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 and the carrier frequencies are spaced 83 MHz apart (Roulston, 2013). The peak power of the 60 
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 pulse is about 93 kW and the peak power of the 90 
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 pulse is about 80 kW. Thus the effective peak power of the pair of compressed pulses is estimated to be 5.6 and 7.2 MW (Roulston, 2013). The goal was for the two pulses to have approximately equal energy. Let’s assume the powers of these two pulses are those at the antenna port, and the mean transmitted peak power of each pulse is about 6.4 MW; this is entered into Table 1. The PRT is variable from 3.33 to 5.29 ms (Roulston and Hardina, 1995). Thus the average power per pulse is about 1.5 kW. Because there are two pulses, the average transmitted power is about 3 kW.
(3) 
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, the two-way angular beamwidth is equal to
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, the one-way half power beamwidth, a commonly used measure of radar angular resolution of a non-scanning beam (Doviak and Zrnic, 2006; henceforth D&Z). But the effective azimuthal beamwidths or azimuthal resolutions (
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in Table 1) are larger because antenna rotation and dwell time, which varies from radar to radar, increases the effective beamwidth (D&Z, Fig.7.25; annotation 6c), but the vertical beamwidths remain the same. The scan rates of the ARSR-4 and ASR-9/11 are 30 and 75os-1 respectively. The TDWR and WSR-88D have variable scan rates with a maximum azimuthal scan rate of about 18os-1. 
The ASR-9 fan beams have a cosecant elevation pattern (the half-width at half power is about 5o) to maintain constant echo power for aircraft flying toward or away at constant height from the radar. 
The ARSR-4 transmits two beams, both broad in elevation; a low beam having a width of about 7o on which 9 pulses are transmitted, and a high beam (having a cosecant shape starting at about 5o) on which 3 pulses are transmitted (Roulston and Hardina, 1995). Both beams are relatively broad having a 3 dB width of about 5-6o, both having a rapid decrease of gain at elevation angles below the peak, but a much less rapid decline of gain above the peak gain (e.g., the low beam gain changes by about 40 dB from 0o to 30o. The ARSR-4 receives on 10 stacked beams, the lower 5 beams each have about a 2o elevation beamwidth, and beams 7 to 10 (i.e., with peaks at 7.5, 10, 13, and 17.5o) have increasing widths as the elevation angle increases. Beam 6 of the upper stack is the same as beam 5 of the lower stack. The upper stack of beams covers the angular interval from about 8o to 30o (FAA, 1988). The azimuth beam width is about 1.4o for all beams, but the effective beamwidth in azimuth is larger (annotation 6c).  
The entry for the TDWR is obtained from Weber (2000). The 0.55o beamwidth of the TDWR is that when the beam is not scanning. However, because of beam scanning the effective azimuthal beam width (D&Z, 2006) is currently spoiled to 1o by the coherent processing operations (Weber, 2000).
(4) Beamwidth for the WSR-88D is calculated using the theoretical formula 
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(D&Z, Eq.3.2b). This theoretical expression gives 
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= 10 cm; this compares reasonably well (i.e., less than a 0.02o difference) with 0.93o (at 
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) and 0.85o (at 
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= 10 cm) measured by Andrew Canada (Paramax, 1992 pp. C-55, C-57). The Andrew Canada reported measurements at each of the selected wavelengths are an average of five measurements made at different cuts across the beam. Thus the theoretical formula
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appears to provide, for the WSR-88D antennas, beamwidths with accuracy better than 0.2o.
Furthermore, oversampling in azimuth by one-half the beamwidth is performed by the WSR-88D to provide real-time displays of storm images with significantly better resolution (i.e., about 1.1o vs an effective azimuth beam width of 1.4o) without significantly sacrificing real-time display accuracy (although estimate variance increases, the increase in variance is not obvious on color displays because of the coarse quantization of the reflectivity, velocity, and spectrum width color scales). The full scale CPPAR/MAPR can achieve data with an azimuth resolution of about 1o everywhere without increase of estimate variance, and yet have data also presented in real time every 0.5o (Borowska, et al. 2015). However the angular resolution remains 1o because the MPAR beam direction is fixed during the dwell time.
(5) Antenna gain G (dB) of large apertures is one of the more difficult antenna parameters to measure. Thus gain, referenced to the antenna port for the WSR-88D, is calculated from 
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 is directivity (D&Z, section 11.6.3), and Lar (dB) is the sum total one-way loss due to the radome, mismatches (i.e, return loss) at the antenna port, and the ohmic losses in the transmission lines between the antenna port and the radiating element, losses in the radiating element, and the reflector. 
The theoretical formula for directivity assumes antenna patterns are well represented by a Gaussian function and the beam is assumed to be circular. Examination of Andrew Canada’s beam width measurements for five cuts showed the 10 dB beamwidth is circular to within plus minus 0.02o. The dual pol feed installed on KOUN by NSSL was also designed by Andrew Canada and the feed is identical except for the addition of the V port. Thus the KOUN H and V beam patterns are also likely to be circular. Hopefully this holds true for the circular feed of a different design installed on the network of WSR-88Ds. 
 Comparison of directivity Andrew Canada computed by integrating measured antenna pattern data from a WSR-88D antenna (Paramax, 1992 pp. C-55 to C-57), and that computed using the theoretical formula given in the previous paragraph, shows the two agree within 0.1 dB over the entire wavelength band from 11.11 to 10 cm.
The measured one-way attenuation, due to dry-radome ohmic loss as well as radome scatter and reflection, varies from 0.18 dB at 2.7 GHz to 0.13 dB at 3.0 GHz (OSF, 1992, Appendix D). Thus assume radome loss is 0.15 dB and is independent of frequency. Loss to due to mismatch at the antenna port, loss in the waveguide to the feed horn, etc., all sum to 0.55 dB. Thus the total one-way loss with radome attenuation is estimated to be about Lar = 0.70 dB; this loss needs to be subtracted from the directivity to obtain the antenna gain referenced to the antenna port; that is, G = Gd – 0.70 (dB). This is the gain needed to compute detection performance of the WSR-88D using equations given by D&Z. 
The antenna gains for the FAA radars were obtained from Weber (2000). The TDWR directive gain, computed from beamwidths, is 50.8 dB and compares well the power antenna gain (50 dB) given by Weber. 
The ARSR-4 gain is a function of elevation angle but the specified gains are those for the lower beams having most directivity.  Transmit (tx.) gain is less than receive (rec.) gain because on transmit the elevation width of the beam is broader.
(6) (a) The nomenclature 
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 applies to the WSR-88D and is the 6 dB width of the range weighting function of a matched filter receiver. The receiver frequency response is assumed to be Gaussian shaped and have a 6 dB width matched to the width of a rectangular transmitted pulse (i.e., 
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= 1.04; Doviak and Zrnić, 2006; Eq.3.39) where B6 is the 6 dB width of the receiver’s frequency response (i.e., B6 = 0.66 MHz for the WSR-88D). For the other radars it is assumed range resolution is cτ/2 where τ is the time width at half voltage (i.e., the 6 dB level) of the transmitted pulse.
(b)  The elevation resolution for all radars but the ARSR-4 radar is the beamwidth. The ARSR-4 has monopulse capability and its elevation angular resolution is specified as 3,000 ft (0.91 km) rms at a range of 324 km (FAA, 1988); this translates to an elevation resolution of about 0.12o. The monopulse data is used by the USAF by not by the FAA, but for the MPAR, the FAA has expressed interest in having the higher angular accuracy offered by a monopulse capability (FAA, 2013).
(c) 
The azimuth resolution
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 entries for all radars are the effective azimuth beamwidths when the antenna is scanning. The effective azimuthal beamwidth of the mechanically scanned radar is larger than the beamwidth of a stationary beam and is proportional to the dwell time. For example, the beamwidth for the WSR-88D is stipulated as 1o, but the effective azimuth beamwidth is about 1.4o (D&Z, section 7.8). To mitigate the effects of scanning, the WSR-88D strongly weights the samples collected over a 1o interval and provides two sequences of samples that overlap by 0.5o. Thus the effective dwell time in each of the two sequences is about one half the dwell time so the effective beamwidth is about 1.1o (Torres and Curtis, 2007). 


Although WSR-88D data of higher variance are presented in real time every 0.5o of azimuth, archived WSR-88D data of lower variance has an effective azimuthal resolution of about 1.4o and data are recorded every 1o of azimuth. But the MPAR will not have beam broadening due to scanning and data recorded every 1o will have an effective azimuthal beamwidth of 1o. 
Although the azimuthal beamwidth of the TDWR is 0.55o, azimuthal scanning smears azimuthal resolution to about 1o. 
(7) The ASR-9’s minimum and maximum range, and height and elevation coverage is specified for an 80% detection probability (10-6 False alarm rate) assuming an aircraft (a/c) having a Radar Cross Section (RCS) of 1 m2 and a Swerling model (Taylor and Brunins, 1985; Raytheon, 1999). The actual coverage is a bit less. For example, the maximum detection range for the 1 m2 aircraft is about 102 km for a height of 4.6 km and is worse at lower and higher altitudes (Taylor and Brunins, 1985), but the worse-than-specified performance is deemed acceptable.
The ARSR-4’s minimum and maximum ranges are specified to be 9.3 and 460 km respectively (FAA, 1988). More specifically the ARSR-4 should detect, with a 80% probability of detection on one scan, an aircraft at a 306 km range and having a RCS of 1 m2.   The actual performance is a bit better and can detect this aircraft with RCS = 1 m2 at a range of 324 km (Roulston, 2013).  The calculated height coverage for the same RCS is about equal to that specified (i.e., 30 km; Roulston, 2013).
The TDWR coverage in range and elevation is common to the coverage area of the ASR-9/11.

The minimum range of the WSR-88D is set by the signal processor. The time between the transmitted pulse and the first gate is used for analyzing and recording the transmitted pulse. The first sampling gate is set at 2 km. 
(8) The WSR-88D’s data is rarely collected above 20o,but the antenna can be commanded to elevation angles as high as 60o. Because some ARSR-4s are located on mountain tops overlooking the sea, and some WSR-88Ds are located on hill tops, there is need for the MPAR to have the capability to perform weather and aircraft surveillance at elevation angles a few degrees below the horizon to provide aircraft detection and rainfall measurements as close to the ground as possible. The notional function requirements (FAA, 2013) specify a lower elevation angle of -1o.
For weather radar measurements a PPPAR should have vertical or nearly vertical faces to reduce the cross-polar field in data collected near the ground (note for scans in the principal planes there is a null in the cross-polar field; Lei, et al., 2015). Furthermore, it is even possible that polarimetric data might not require extensive correction if the azimuthal principal plane is near the 90o zenith angle (Zrnic, et al., 2011). Moreover, for a given aperture diameter, this gives the best vertical resolution at the lowest elevation angles (i.e., 0o to +3o), one that can meet the vertical resolution requirements (i.e., 1o vertical beamwidth) with the smallest size aperture (and thus lowest cost). 
The scan strategy of the TDWR is described by Istok et al., (2005). The most stringent requirement is to scan the lowest elevations once a minute and the upper elevations (to 60o elevation maximum) once every three minutes. The 6.1 km height coverage is obtained from Weber, et al., (2005). The high elevation coverage is stipulated mainly to insure that high reflectivity cores located aloft at mid tropospheric heights (e.g., 6.1 km) are observed; these cores are useful predictors of developing downdrafts that produce low altitude wind shear. The requirement to observe developing weather at 6.1 km is a challenge for an MPAR located on the airport, but might be resolved if the CPPAR had a PPAR on top of the CPPAR to observe overhead to zenith angles of 45o, below which the CPPAR would provide observations. Beamwidths above 45o could be larger than 5o and yet would provide a horizontal resolution better than the horizontal spacing of beam in many of the data collection modes at elevations above 12o.
The ARSR-4 height/range coverage is for aircraft observation and is deduced from a height/ range coverage plot for a Radar Cross Section (RCS) of 1 m2 (Roulston, 2013). A -7o elevation coverage was specified and is obtained with a look-down beam (i.e., in addition to the pair of transmitted beams that cover elevation angles from -1o to 30o). But because of ground clutter and siting issues, the look-down beam is rarely used.  
The ASR-10/11 height/range coverage required for aircraft is also deduced from a range/height coverage plot for a RCS = 1 m2 given a POD = 0.8, and a FAR = 10-6 (Taylor and Brunins, 1985).
(9) Noise temperature for the WSR-88D is calculated using  
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 [see annotation (6) for definition and numerical values for B6]. For the WSR-88D N = 10-11.3 mW is that specified in Table 3.1 (D&Z, Sections 3.4 and 3.5). As with antenna gain, noise power as well as transmitted power are referenced to the antenna port defined in annotation (2). Thus noise temperature is calculated to be 730 K.
Because the NWS has (c.a., 2011-2013) upgraded most of the network radars to have dual polarization capability, the noise power of the network radars could be a bit lower from that specified or measured for the Legacy WSR-88D and might account for the improved performance when operating in the dual polarization mode as shown in annotation (10). 
(10) Calculations of detection capabilities and attenuations
(a) Capability to detect reflectivity factor Z of cloud particles:
To compare radar performance to detect and measure weak reflectivity factors Z of cloud particles, ash clouds, and the Z associated with Bragg scatter from refractive index perturbations, the metric Z10 is used (Melnikov, et al, 2011). Z10 is the reflectivity factor at r = 10 km required to produce an expected per-pulse Signal-to-Noise (S/N) Ratio S/N = 1. This metric is used because the wind profiler community uses it to detect the weak reflectivities associated with wind measurements in precipitation-free atmospheres. 
The entries in Table 1 are based upon calculations using Eq. (4.35) of D&Z to compute signal power S.  System noise temperature is assumed to be the same for all surveillance functions and equal to that of the WSR-88D, and noise power is calculated as described in annotation (9). 
In earlier versions of this memo, the detection capability for the WSR-88D was based upon measurements made on the Legacy WSR-88D when transmitting full power in the horizontally polarized wave and receiving horizontally polarized waves in the short pulse mode. In that case the Z10 ranged from -24.8 for the longer wavelength radar to -26.7 for the short wavelength radar. Because the WSR-88D has been upgraded to always simultaneously transmit and receive H and V polarized fields (i.e., the STSR mode), 3 dB loss would have been incurred in the upgraded radar if other upgrades were not installed to improve performance. For example, upgrades include a better Low Noise Amplifier (LNA) now located above the azimuthal rotary joint. Thus it is close to the antenna instead of being in the transmitter shelter away from the antenna tower as in the Legacy WSR-88D. 
Measurements and calculations reported at the 2017 AMS National Conference in Seattle WA by the NWS’s Radar Operations Center (ROC) showed the detection capability, for most if not all radars, ranged from -21 to -27 dBZ (-7 to -13 dBZ at 50 km which was reported), with a mean Z10 of about -24 dBZ. Assuming the mean is associated with the median frequency of about 2.85 GHz, the Table entry gives -23 to -25 dBZ as the expected range of performance for the network of WSR-88Ds. This is almost (e.g., -23 vs -24.8 for the Legacy WSR-88D) the expected performance of the Legacy radar transmitting a single polarized wave. 
Note the H and V echoes could be coherently summed so the 3 dB loss in detection capability is not incurred with the upgraded WSR-88D (i.e., mean Z10 would decrease to -26 dBZ), but this is not presently done nor are there any specified requirements to do so.
The dBZ entries for the FAA radars were obtained from Weber (2000). 
(b) Capability to detect aircraft RCS in absence of precipitation
A comparative measure of the capability to detect aircraft is that RCS producing an expected per-pulse S/N = 1 at a common range of 460 km. Only gaseous attenuation is considered in this sub-section, but attenuation due to precipitation is estimated in annotations (10c, 10d, and Appendix 2). 
To account for normal propagation beam bending, the effective earth radius is 8500 km. The beam is assumed to be directed at the horizon so that a low flying aircraft can be detected; this gives the worse condition of normal atmospheric attenuation. In this case the two-way gaseous attenuation to 460 km range is estimated to be about 3.75 and 3.25 dB for the 10 and 20-cm wavelengths (Blake, 1970). 
Although the WSR-88D is not typically used for detection and tracking of aircraft, we calculate, for comparison purposes, the WSR-88D’s RCS detection capability. Although the RCS detection capability of the WSR-88D is not of interest for this memorandum, the calculation of attenuation in the presence of precipitation at the 10-cm wavelength is of interest. Relative attenuation at 10 and 20-cm wavelengths is needed to compute in annotation (15) the required rf average power for the MPAR, operating in the ARSR mode, to match the detection capability of the longer wavelength ARSR-4.
Because the WSR-88D’s transmitter power of 0.475 MW is split and equal powers are delivered to the H and V ports of the antenna, but echoes are received in only one of the channels, there is, as noted in subsection (a) above, a 3 dB loss in RCS detection capability. But, for the ARSR-4, 6.4 MW effective peak power is transmitted and echoes are received in a linear mode (i.e., power is transmitted and received in the same linear polarization). Although the ARSR-4 can operate in either the linear or circular polarization mode, the linear mode is normally used in absence of precipitation because of a 3 dB loss in RCS detection when operating in the circular mode (FAA, 1988, p.18). The circular mode is used when there is weather between the radar and the targets. 
The RCS detection capabilities were computed using Eq. (3.24) of Doviak and Zrnic (2006), assuming system noise temperatures are the same as that for the WSR-88D and attenuation only due to atmospheric gas. From Table 1, it is seen the WSR-88D has nearly the same (i.e., 3 dB worse) RCS detection performance in absence of precipitation as the ARSR-4. However this equivalent performance is principally due to the fact that transmit and reception beams of the WSR-88D are 1o, whereas the ARSR-4’s larger transmit power is spread over a larger beam (i.e., 
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in elevation), and reception beam is also large (i.e., 
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in elevation). Thus we should not necessarily compare the relative RCS detection capabilities of the ARSR-4 with the WSR-88D, but use the ARSR-4’s RCS detection capability as the requirement MPAR must meet when it is operating in the ARSR mode.
(c) Calculation of attenuation due to rain in a squall line
Rain attenuation at 10 and 20 cm wavelengths differs considerably and needs to be considered for a proper comparison of the MPAR operating in the 10-cm wavelength band as an ARSR. Specific attenuation due to rain is given by Olsen et al. (1978) for various drop size distributions and for radar frequencies from 1 to 1000 GHz.  
Assume a worse case situation where rain lies along most of 460 km path for a beam at 0o elevation; this could be the situation when the beam is along a squall line and the aircraft is at the horizon at a range of 460 km. Using an effective earth radius of 8500 km, the height of the 0o ray is 12.5 km AGL at the range of 460km; thus the ray will be above liquid precipitation for a portion of its length. Assuming a melting layer height of 4 km below which precipitation is rain, the range over which liquid precipitation is present is 260 km. It is assumed that radiation above the melting layer encounters negligible attenuation. 

Using the widely tested Laws and Parsons’ drop size distribution (DSD), the 10-cm two-way attenuation given by Olsen, et al. (1978) is
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where R is rainfall rate in mm h-1. For 20-cm wavelength radar, the two-way specific attenuation due to precipitation is
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Assume an average 47 dBZ reflectivity factor (this corresponds to an R = 30 mm h-1) for the entire 260 km. This Z value was chosen because it is within the range of reflectivity factors observed in an Oklahoma squall line that exhibited excessive attenuation using NSSL’s WSR-88D polarimetric radar (Ryzhkov and Zrnić 1995) and likely represents a worse case condition. Thus rain attenuation at 10-cm wavelengths is about 5.2 dB, but at the wavelength of 20 cm it is only about 1.0 dB.  But, because the ARSR-4 operates in the circular polarization mode during intense precipitation, there is an additional 3 dB loss (FAA, 1988, p18) boosting the ARSR-4 losses to 4 dB. The attenuation in this squall line case is used to compute the increase of average rf power needed for MPAR to match the performance of the ARSR-4.  A case in which squall line storms containing a mixture of hail and liquid precipitation and producing even higher attenuation is discussed in Appendix 2. 
(d) Calculation of attenuation due to rain using an FAA storm model

In this subsection let’s consider the MPAR power requirements based on the model of precipitation in storm systems specified for the ARSR-4 (FAA, 1988; Appendix A. section 3.3). This model considers both cellular and distributed precipitation; here we focus attention only on cellular precipitation which gives the largest attenuation per unit distance. The distributed precipitation is stratiform rain which can coexist with cells. Attenuation in distributed precipitation is ignored because attenuation in stratiform rain at 10 cm wavelengths is typically negligible compared to attenuation through convective cells.

The tropical latitude (and middle latitude) precipitation model considers a storm system in which 233 (170) cells are distributed over an area 370 km by 370 km. The tropical model is often found in the summer weather experienced in Hawaii and Guam, the Gulf states of CONUS and at some sites in Arkansas and Oklahoma. 

The tropical latitude (middle latitude) model cells decrease in number and core diameters but have increasing rain rates starting with 58 (47) cells of 4 (5.7) km diameters with a rainfall rate of 2.5 mm h-1 to about 25 (14) cells of 1.5 (1.5) km diameter with a rainfall rate of 50 (50) mm h-1. The tropical storm system has an additional 17 cells of the 233 cells having a core diameter of 1.1 km over which R= 100 mm h-1.  
To simplify the calculation of attenuation, we shall ignore the 17 cells having R = 100 mm h-1 for the tropical storm system but assume a worse case in which all 233 cells have a core R = 50 mm h-1 with a core diameter of 1.5 km. 
Each cell has a rainfall rate that decreases horizontally and vertically. Let’s neglect the decrease of rainfall rate with height; this negligence overestimates the attenuation. But assume above the melting layer there is negligible attenuation because ice attenuation is typically negligible at 10 and 20-cm wavelengths. The FAA rain model considers rainfall decreasing horizontally from the core value to zero at the rate of 17.5 (11.2) mm h-1 km-1. Thus the rain rate goes to zero at about 2.9 (4.5) km from the core edge. Thus cells with 50 mm h-1 cores have a rain diameter of about 7.2 (10.4) km, outside of which R = 0.
 To compute the attenuation along the ray path at 0o elevation angle, we further simplify the model by assuming all 233 cells have the median diameter of about 4.4 (6) km over which the rainfall rate is 50 mm h-1. The assumption of having cells with larger core diameters is assumed to compensate for the larger cell diameter over which R monotonically decreases to zero. 
If the 233 (170) cells are uniformly distributed over the storm system, there are 15 (13) cells along the radial to 370 km. Attenuation through storms that cluster along lines is consider in subsection c of this annotation, and in Appendix 2. Of the 15 (13), the only ones that contribute significant attenuation are those within the 260 km of the radar. Thus within 260 km there are about 11 (9) cells of intense rain. Given the cell diameter of 4.4 (6) km and 11 (9) such cells along the 260 km path, the total length of intense rain is about 50 (55) km. Thus the middle latitude storms have a slightly higher path length through the precipitation and hence slightly higher attenuation. Henceforth assume the path length of 50 mm h-1 rain rates for both tropical and middle latitude storm systems is 55 km. Thus we no longer draw a distinction for these two types of storm systems in computing total attenuation. 
By using the two-way specific attenuation formulas given in annotation 10c, the total two-way attenuation at the 10-cm wavelength is 1.82 dB, whereas at the 20 cm wavelength the total attenuation is 0.32 dB.  That is, there is at most about 1.5 dB more attenuation due to precipitation specified by the FAA storm model. Thus the RCS for precipitation-free conditions entered into table 1 need to be increased by 100.332 (i.e., 3.32 dB) for the ARSR-4 and by 100.182 for the WSR-88D. The 3 dB added to the detection capability of the ARSR-4 is due to the 3 dB loss incurred when switching from linear to circular polarizations. A 3dB loss for the 88D is included in the RCS for the precipitation-free case. These RCSs are entered into Table 1.
(11) Measurement of the cross-polar fields on large aperture antennas is one of the most difficult to make, especially because the cross-polar field levels of concern are 45 or more dB below the copolar peak (Zrnić et al., 2012). Assuming cross-polar sidelobe levels do not contribute significantly, the cross-polar field lobe along the axis of the copolar beam is the most important contributor to bias of polarimetric parameters. 

For operation in the Simultaneous Transmit and Simultaneous Receive (STSR) mode ZDR bias depends strongly on the relative phase [image: image64.wmf]b

 of the copolar H and V fields as well as the relative phase
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of the copolar and cross-polar fields. Because hydrometeors typically have a vertical axis of symmetry, and because of other significant advantages, the STSR mode for polarimetric data collection is favored and has been implemented on the network of WSR-88Ds. The advantages of this mode are clearly presented by Zrnic et al, 2012 who compare the estimate variance and biases of polarimetric variables when using the STSR or the ATSR (Alternate Transmit and Simultaneous Receive) modes. 

If cross-polar radiation has a lobe coaxial with the copolar beam, the requirement that ZDR bias should be less than 0.1 dB places stringent limits on the cross-polar field. For example, it can be shown the worst case ZDR bias is obtained if [image: image66.wmf]o
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(Zrnic et al., 2010; Zrnic et al., 2012). In this case, the coaxial cross-polar peak needs to be 50 or more dB below the copolar peak to insure bias is less than 0.1 dB anywhere along the beam. If there is control over the relative phase [image: image68.wmf]b

 of the H and V transmitted signals, and if they can be adjusted so [image: image69.wmf]o
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or 180o (i.e., polarization is linear at a slant of 45o or 135o), the acceptable cross-polar peak can be increased to 45 dB below the copolar peak, a relatively small 5 dB improvement. 


On the other hand, the largest relaxation in the acceptable peak level of a coaxial cross-polar lobe is attained if the cross-polar and copolar fields are either in or out of phase with each other (i.e.,
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 = 0o or 180o). In this case the peak level of the cross-polar radiation is relaxed to about 26 dB below the copolar peak, and the maximum ZDR bias is independent of[image: image71.wmf]b
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Patterns of the WSR-88D cross-polar fields on a WSR-88D reflector after installation of a dual H, V polarimetric horn were made by Seavey Engineering at their antenna range in Massachusetts (Baron, 2009, Zrnic, et al., 2010). The patterns showed deep nulls of the cross-polar field along the axis of the copolar beam. Because of the difficulty in obtaining accurate cross-polar patterns due to artifacts on the antenna range, the cross-polar patterns along two different cuts (i.e., the 
[image: image72.wmf]θ

¢

=


[image: image73.wmf]o

45

±

cuts) showed considerable variability both in the level of the four cross-polar peaks (i.e., ranging from -41 to -33 dB below the copolar peak) located about a beamwidth away from the copolar axis, and in the levels of the null depth (i.e., ranging from -40 to -48 dB). 


Measurements made by Andrew Canada on a WSR-88D parabolic reflector used with OU PRIME, the University of Oklahoma’s 5-cm wavelength dual polarized antenna, showed the null depth to be at least 40 dB (Zrnic, et al., 2010). 

Thus it is likely the WSR-88D and OU-PRIME nulls are significantly deeper, but artifacts of the antenna range prevent the accurate measurement of the levels of these deep nulls. Because the phase[image: image74.wmf]b

 is not controlled, and because we need in the worst case (i.e., [image: image75.wmf]b

 = 90o) to have bias less the 0.1 dB, the WSR-88D on-axis copolar level is estimated to be more than 45 dB below the cross-polar peak which is entered into the Table.
However, obtaining sufficiently low cross-polar radiation along each of the thousands of copolar beams of a PPAR is a challenging task. Theoretically, the CPPAR provides a null of cross-polar radiation for all beam directions because the beams are always in the azimuth broadside direction and always in the vertical principal plane where cross-polar fields are theoretically zero. If sufficiently deep nulls are achieved along the CPPAR’s beam axis, this could eliminate the need for bias correction, or adjustment of the excitation and weighting of the H and V elements on transmission and reception as suggested by (Zrnic et al., 2011).
If on-axis cross-polar radiation cannot be guaranteed to be 45 dB below the copolar peak, precise measurements of the amplitude and phase of the cross-polar field must be made for each of the electronically steered beam directions so that corrections can be made to remove ZDR bias (Zhang et al., 2009, Zrnić et al., 2011). Alternatively, polarimetric data collection could be made in the Alternate Transmit and Simultaneous Receive (ATSR) mode. This mode relaxes significantly the acceptable levels of on-axis cross-polar fields, but would impact severely on the performance of the polarimetric measurements (Zrnic, et al., 2012). On the other hand, the acceptable level on on-axis cross-polar radiation for operation in the STSR mode can be relaxed significantly (i.e., by 20 to 25 dB) if the H and V transmissions are coded (Zrnic, et al., 2014).
The cross-polar levels for the ARSR-4 in Table 1 were obtained from pattern measurements obtained from Roulston (2013).
(12) To maintain ZDR bias below acceptable levels (i.e., < 0.1 dB), radiation patterns of the antenna need to be well matched for all beam directions. If patterns are circularly symmetric and Gaussian shaped to about the -20 to -25 dB level below the peak gain (as are the patterns of the WSR-88D) but the beamwidths are not perfectly matched (i.e., directive gains are not matched), the ZDR bias is given by (Zrnic, 2011)
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where 
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(dB) is the difference in the H and V patterns at a level –L (dB) below the pattern peak. Andrew Canada pattern measurements (Paramax, 1992) show the -10 dB beamwidth to be circular within 
[image: image78.wmf]±

0.02o. Furthermore, measurements made by NSSL on a dual polarimetric WSR-88D (i.e., KOUN, Doviak and Zrnic, 1998) show radiation patterns to be well approximated by a Gaussian shape and 
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 to be less than 0.5 dB at the -20 dB level. It is assumed matching applies to the network of WSR-88Ds. Under these conditions the ZDR bias should be less than 0.1 dB. Because this formula is based on directive gain, the losses between the antenna ports and the feed horn need to be measured to assess the matching of the directive gains from power measurements at the antenna port; power at the antenna ports is used in the weather radar equation. 

Furthermore, these measurements were made on the prototype dual polarimetric feed obtained from Andrew Canada and installed on KOUN. Polarimetric measurements with KOUN (when the Andrew Canada feed horn was used) were made by NSSL for several years with acceptable performance. But, since about 2011, a new feed horn has been installed by Baron (2009) as part of the dual polarimetric upgrades to the network of WSR-88Ds. Measurements of the pattern match has yet to be made on the present dual polarimetric antenna, but it is expected that the two patterns, with Baron’s feed horn on the WSR-88Ds, will be as well matched as that found for the KOUN.
(13) The requirements for two-way sidelobe levels of MPAR to monitor weather will likely be among the most challenging for MPAR to meet. This is due to the fact the sidelobe levels for weather surveillance need to be much lower than for aircraft surveillance (FAA, 2013). Low sidelobes are required because precipitation spans a large angular space and thus encompass hundreds of sidelobes through which unwanted power is obtained. That is, the unwanted power integrated over relatively low sidelobe levels but over large angular space can cause unacceptable levels of power that competes with the power from the main lobe needed to make quantitative measurements of Doppler moments and polarimetric variables. 

Moreover, but not unlike aircraft backscatter cross-sections, weather reflectivity factors of interest span an 85 dB range (i.e., as weak as -25 dBZ for Bragg scatter, clouds, etc., to more than 60 dBZ in hail storms). Often meteorological phenomena of interest (e.g., forming tornadoes) could have low reflectivity not far from high reflectivity regions. WSR-88D sidelobes are known to impact interpretation of weather data (Piltz and Burgess, 2011). Furthermore unwanted power received through the TDWR’s antenna sidelobes has caused errors in the detection of hazardous shear along the approach and departure corridors, thus potentially impacting safety of flight.  The basic conclusion of a Lincoln Laboratory study
 is “far sidelobes were more critical than the first sidelobe, and relaxing the far sidelobe floor further was not recommended”.


Although meteorological data artifacts due to sidelobes have been reported (e.g., the most common are those reflectivity columns above severe storms as seen in Fig.13-1), it appears that the WSR-88D operates at an acceptable level of tolerance against these artifacts. Thus it behooves us to examine the sidelobe levels of the WSR-88D to determine the conditions that could be placed on MPAR’s two-way sidelobe levels. Although one-way radiation patterns are typically specified, two-way sidelobe levels should be stipulated because transmit and receive sidelobe levels of an MPAR might differ—the product of the transmitting and receiving gain patterns is of critical importance.
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Fig.13-1. A vertical cross section of reflectivity factors Z (dBZ) in a severe storm. Data above 14 km over the high reflectivity column are artifacts due to sidelobes. Image is courtesy of Dr. Valery Melnikov, CIMMS, University of Oklahoma.


The weather radar sidelobe levels to be presented in this annotation are mostly based upon extensive pattern measurements made by Andrew Canada on the WSR-88D’s center-fed parabolic reflector antenna (Paramax, 1992).  Fig.13-2 shows the theoretical or ideal one-way radiation pattern (the solid curvy line). The ideal radiation pattern is that which should be attained by the WSR-88D antenna without scatter and blockage of reflector’s radiation due to the feed horn, its supporting struts, the radome, and distortions of the reflector from its specified parabolic shape. Three struts extend from the edge of the reflector to the feed horn assembly; two of the three struts are waveguides conducting the H and V polarized signals.
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Fig.13-2 The WSR-88D one-way theoretical copolar H radiation pattern (solid wavy line) at 
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 is compared with measurements along a -30o cut shown by the dashed-dotted line—this line is also the Radar Functional Requirement (RFR) for MPAR specified by the NWS. The long dashed line is the envelope of sidelobes along a ridge of sidelobes (i.e., 0o cut) due to strut blockage, and the short dashed line is the envelope of a sidelobe ridge due to strut scatter along the -90o cut.

The dashed-dotted line in Fig.13-2 is the envelope of the peak side lobes (without radome) measured by Andrew Canada along the -30o cut that avoids ridges of enhanced sidelobes (Fig.13-5) due to feed support struts—the ridges of enhanced sidelobes due to blockage and scatter from struts on a prototype WSR-88D is shown in Fig.13-3 (more discussion of this figure and Fig.13-5 will be presented later). The dashed dotted line in Fig.13-2 is also the sidelobe level not to be exceeded with an MPAR antenna as specified by the National Weather Service (NWS) as part of the Radar Functional Requirements (NFR; NWS, 2015). 

No specifications are given by the NWS for 
[image: image82.wmf]θ

¢

> 20o but measured one-way sidelobe  levels continue to drop below -60 dB at about 30o followed by an upward trend to about the -55 dB level at 110o beyond which sidelobes decrease  in amplitude. The increase of sidelobe levels beyond 
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= 30o is due to radiation from the feed horn. The decrease of sidelobes for
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> 110o is feed horn radiation being blocked by the reflector (Doviak and Zrnic, 1998). Thus WSR-88D data show far-out two-way sidelobe levels are mostly below -110 dB.


The ridges of sidelobes will go away with MPAR, which doesn’t have struts, leaving behind the WSR-88D’s theoretical or “ideal” sidelobes if the MPAR has an aperture illumination that matches that of the WSR-88D. An optimized aperture distribution for MPAR is given by Karimkashi and Zhang (2012, Fig.9) which matches well the aperture distribution of the WSR-88D (Doviak and Zrnic, 1998; errata to the 1998 report). The ideal theoretical sidelobe level given in Fig.13-2 could serve as a design goal for MPAR. But specifying such low sidelobes is not necessary if the objective is to have a performance no worse than the WSR-88D, one that should be acceptable to the NWS. Thus the MPAR sidelobes, which will be annular rings around the beam without sidelobe ridges, can be higher than the levels specified by the NWS based on measurements that avoid the ridges of enhanced sidelobes. Nevertheless, it is recommended to specify MPAR two-way sidelobe levels not to be above -110 dB for 
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> 20o. More rigorous analysis and testing is required if MPAR far-out sidelobe levels exceed those of the WSR-88D.

Even though the WSR-88D’s two-way sidelobe level beyond 15o is nearly everywhere 110 dB or more below the peak gain of the beam, artifacts due to these sidelobes can be seen in Fig.13-1. Undoubtedly, for the beam less than 10o above the storm top some of the echoes above the storm top are due to the close-in sidelobes due to the strut scatter ridge which lies in the vertical plane below the beam axis. But a back of an envelope calculation for beams more than 10o above the storm suggests the power coupled through the -110 dB two-way sidelobes along the vertical plane falls short in contributing to the -10 to 0 dBZ reflectivity factors seen in Fig.13-1 10o or more above the storm top. That is, echo artifacts far above the storm top are due to an angular integral both along azimuth and zenith angles of far-out sidelobes having two-way levels of about -110 dB or more below the main lobe. 


Beam pattern measurements for the NSSL’s R&D WSR-88D (designated as KOUN) are also shown in Fig.13-2.  The measured main lobe data and envelope of sidelobes show agreement within a dB or two of the ideal pattern down to the -50 dB level suggesting distortion of the reflector is not significant. However, sidelobe ridges due to struts are significant.

The solid straight lines in Fig.13-2 are the NEXRAD Technical Requirement’s specified maximum allowed sidelobe levels without a radome (the specifications with radome are a bit higher and are shown in Fig. 13-4). One might be tempted to apply these specifications to the MPAR. However, the WSR-88D antenna exceeds these specifications by a wide margin as seen in Fig.13-4, and the NWS is unlikely to accept an MPAR not meeting present performance of the WSR-88D. Thus the MPAR specifications should lie below the level specified for the NEXRAD, but likely can be above NWS specified level for MPAR, to account for artifacts due to struts not present on the MPAR. Using the NWS’s specified sidelobe levels (Fig.13-2) for MPAR would improve the performance for weather surveillance and should be an objective of the MPAR design if there is no significant increase in cost. However, if cost is significant we could relax the NWS’s (2015) MPAR sidelobe specifications so that the MPAR performance is no worse than that of the WSR-88D.  Estimating this relaxed sidelobe specification is the principal aim of the remainder of this annotation. 
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Fig.13-3. A two-dimensional radiation pattern of a prototype NEXRAD antenna in a radome showing sidelobe ridges due to three struts supporting the feed horn.

The 2D pattern measurements (Fig.13-3) of a WSR-88D prototype antenna (i.e., a NEXRAD antenna) clearly shows the nine radial ridges of enhanced sidelobes due to the three feed horn support struts that block and scatter radiation from the reflector. The one-way half-power beamwidth of the sidelobe ridge width is determined by the equation
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Figure 13-4 The measured one-way sidelobe pattern of the WSR-88D in a vertical plane (i.e., the 
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90o cut) showing envelope of sidelobes due to strut scatter (blue dashed line), the envelope of the theoretical sidelobe level ignoring strut scatter and blockage (solid red line) and the specified sidelobe level for a NEXRAD antenna with radome. This figure is adapted from Fig.7.28 in Doviak and Zrnic (2006).

where L = D/2 = 4.25 m is the length of the strut projected onto the aperture plane, and 
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. Substituting these values into Eq.13-1 each ridge has a width estimated to be about 3 o. This equation is Eq. (19) in Rusch et al., (1982) and has been applied to parabolic antennas used for radio astronomy in which the feed horn is along the axis of the dish and is supported by three struts as with the WSR-88D. Their equation gives an estimate of the width of the ridge of sidelobes due to strut scatter and is assumed to apply as well to sidelobe ridges due to strut blockage. The beamwidth of the ridge of enhanced sidelobes depends on the distribution of currents along the strut which depend on the distribution of radiation incident on the strut which blocks and scatters that radiation. Thus it is assumed the radio telescope and weather radar antenna aperture distributions are equivalent, but strut lengths and wavelengths differ.


The estimated theoretical width of 3o appears to be consistent with that observed in Fig.13-3 for in the angular region below the beam where data are cleaner—the upper half of Fig.13-3 is where data appears to be corrupted by enhanced clutter. It is assumed the upper half is negative elevation angles of the beam for which measurements were made with a horn fixed on a tower in the far field of the antenna. In this case the beam was directed toward the ground to measure radiation to or from the angular region above the beam—thus the enhanced clutter could be scatter from ground objects being illuminated by the beam.


Because this prototype antenna was designed by another manufacturer (i.e., Raytheon), the feed support struts are not likely the same as used in the network of WSR-88D radars which use the Andrew Canada design. Moreover, Andrew Canada’s antenna applied absorbing material on the strut to reduce sidelobes due to scatter—it is not known if this was the case when Raytheon made measurements leading to Fig.13-3. Finally, the reflector of the Raytheon antenna and struts were rotated by 15o ccw—this is not the configuration used by the NWS--which accounts for the rotation of the ridge pattern and for the curvature of the six radial ridges of sidelobes due to strut blockage. For these reasons the sidelobe ridges deduced for the WSR-88D as shown in Fig.13.5 differs from that seen in Fig.13-3. 

Although sidelobe ridges due to beam blockage was discussed in the analysis of the WSR-88D radiation  pattern measurements (Doviak and Zrnic, 1998), there was no mention of the additional three sidelobe ridges labeled “backscatter lobes”; here we refer to them as “strut scatter sidelobes”. Similar ridges of sidelobes are seen in other pattern measurements (Rusch, et al., 1982) of center-fed parabolic reflector antennas having three struts, and these sidelobes have been theoretically shown to be due to scatter from the feed support struts. These additional ridges of sidelobes were not initially identified in Andrew Canada’s one dimensional cuts of patterns at various azimuths through the beam.


However, another look at Andrew Canada’s pattern measurements without radome along the 30o and 90o cuts (the 90o cut is a vertical cut and one spar lies in the vertical plane along the +90o side) show, on one side of the mainlobe, an enhanced ridge of sidelobes consistent with strut scatter. An example of the radiation pattern along the vertical cut is shown in Fig.13-4 adapted and corrected from Fig. 7.28 in Doviak and Zrnić (2006). 
  


From Fig.13-3 it is difficult to estimate the intensity of the three sidelobe ridges due to strut scatter. But using Fig. 13-4 an estimate of the envelope of sidelobe due to strut scatter has been plotted in Fig.13-2. The pattern suggests the close-in strut scatter sidelobes are about -30 dB at 2o and decrease linearly to -50 dB at 10o, and then have a relatively constant level of about -50 dB beyond 10o to about 30o, an extent consistent with what is seen in Fig.13-3. 

Radiation patterns, not shown here, without radome measured by Andrew Canada on its antenna range suggest the ridge of heightened sidelobes levels due to blockage are about -33 dB at 2o and drop linearly to about --50 dB at 15o. These estimates of the ridge of sidelobes due to scatter and blockage of reflector radiation are plotted onto Fig. 13-2. Outside the 9 ridges of enhanced sidelobe levels (i.e., 6 due to strut blockage and 3 due to strut scatter) and beyond 15o from the main lobe, all remaining sidelobes are 50 or more dB below the mainlobe.

A simplified schematic of the envelope of sidelobe ridges due to blockage and scatter for the strut configuration on the WSR-88D is given in Fig.13-5 which shows the ridge of sidelobes due to strut scatter on the side of the beam axis opposite the strut causing the ridge of strut scatter sidelobes. The zenith and azimuth angles are those of the spherical coordinate system in which the polar axis is coincident with the beam axis; this spherical coordinate system is primed to distinguish it from the spherical coordinate system (unprimed) used by radar meteorologists (Lei et al., 2015) in which the polar axis is along the vertical z axis at the antenna site.  

Although the azimuthal one-way half-power width 
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 of the ridges is a function of 
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, it is independent of azimuth in the spherical coordinate system in which the polar axis is along the line of the strut image projected onto the antenna’s aperture—that is the ridge of enhanced sidelobes has a constant width across the main lobe as shown in Fig.13-5. Thus the beamwidth 
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, and is only 3.0o at 
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 = 90o. Therefore each ridge occupies a larger azimuthal region as 
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decreases—the 9 ridges of sidelobes completely fill the angular space to about 
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 = 4o. 


 
Fig.13-5 A simplified plot showing the location and intensities of the envelope of sidelobe ridges due to blockage and scatter from feed support struts as configured on deployed WSR-88D. Angle 
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 is the zenith angle measured from the beam axis (i.e., polar axis) and the azimuth 
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cuts are measured ccw from the x axis (e.g., the +90o cut is along the y axis). The 4o circle is the angular diameter of the first sidelobe ring (Fig.13-2).
(a) Calculating the azimuthally integrated sidelobe level due to strut blockage and scatter to obtain close-in sidelobe specifications for MPAR

Using Fig.13-5 we now shall establish a specification of sidelobe levels for 
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between 2 and 15o. If the azimuthal average of the ridges of the WSR-88D sidelobes is set to be the MPAR sidelobe level at each
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, the performance of the MPAR is assumed to be on average equivalent to that of the WSR-88D. To calculate the azimuthally averaged sidelobe level for each 
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the following assumptions are made:

1) The peak level of sidelobe ridges due to strut scatter decreases linearly in dB as a function of 
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from -30 dB at 2o to-50 dB at 10o as seen in Figs.13-2 and 13-5. 

2) The peak level of sidelobe ridges due to strut blockage decreases linearly in dB as a function of 
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from -33 dB at 2o to-50 dB at 15o.

3) The azimuthal shape of the ridges of enhanced sidelobes is Gaussian.

4) The azimuth beam width of the ridge satisfies 
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5) Each ridge contributes an azimuthally averaged power independent of the other ridges. 


The contributions are independent if ridge patterns do not significantly overlap. Overlap decreases as 
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 increases as seen in Fig.13-5. Although it is likely the 6 (or 3) ridges due to blockage (or scatter) have the same phase because the strut locations relative to the aperture are identical, there could be phase difference between scatter and blockage ridges. Nevertheless, assume the radiation due strut scatter and blockage is in-phase. This assumption leads to an over estimate of the azimuthally averaged power captured by the ridges of enhanced sidelobes for small 
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 where overlap is significant (e.g. the azimuthally averaged sidelobe level at 
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 = 2o computes to -28 dB if scatter and blockage ridges are in phase).

6) Because the ridges of enhanced sidelobes are visible for 
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15o, assume the spherical surface about the beam axis to 
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=15o can be approximated by the 2D planar surface.
7) Because there is significant overlap of sidelobe ridges for 
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< 4o, the calculation of azimuthally averaged sidelobe levels is made for 
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 4o. The sidelobe level for 
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< 4o is obtained from an extrapolation of the average sidelobe levels for 
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The red line in Fig.13-6 is the average of the WSR-88D’s one-way sidelobe level of the ridges of enhanced sidelobes. It is recommended that this be the level of close-in sidelobe levels that should not be exceeded with MPAR.  For 
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 12o the recommended level for MPAR should be that given by the NWS’s Radar Functional Requirements (NWS, 2015). As stated earlier the recommended level not be exceeded for sidelobes beyond 
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= 20o is -55 dB. Thus to obtain the two-way sidelobe levels not to be exceeded by MPAR, the specified levels need to be decreased by a factor of 2 in decibels.




Fig.13-6 Relaxed specifications of close-in sidelobe levels (red line).

As seen in Fig.13-6 the recommended close-in sidelobe levels not to be exceeded by MPAR are more relaxed than that specified by the NWS. If the levels of close-in sidelobes are allowed to be increased to the more relaxed level, it is expected the unwanted power received through these sidelobes would on average not be significantly more than that presently received with the WSR-88D. However, if the far-out sidelobe levels are allowed not to exceed the more relaxed fixed level of -55 dB, there could be increases in data artifacts, but hopefully not significantly more than that presently obtained with the WSR-88D and, as with the WSR-88D, some artifacts are obvious (Fig.13-1) and thus can be edited.  


The sidelobe levels of the TDWR are obtained from tables in the FAA’s Task Order Request Package 1418 (TORP-1418; 2012) which was being prepared for the NextGen Surveillance and Weather Radar Capability (NSWRC). These are likely specifications similar to those for the WSR-88D (Fig.13-6). Thus these might not be the same as is presently achieved with the TDWR. Because the TDWR and WSR-88D antennas are physically identical, the actual sidelobe levels are likely close to that measured on the WSR-88D.

The ASR-11 one-way sidelobe level is that obtained from Roulston (2013). Transmit and receive beams are the same except for receive there are two beams having nearly identical patterns except that one is elevated to reduce ground clutter. 


The sidelobe levels of the ARSR-4 are more difficult to specify in the table because the transmit beams are two and the receive beams are ten, and most beams have different elevation widths. Beamwidths and sidelobe levels differ for azimuth and elevation and are highly variable. From an examination of transmit and receive radiation patterns, it can be deduced that the receive beams have all azimuthal sidelobes below about -40 dB (one-way). Sidelobe levels in elevation are higher but are less than about -30 dB (one-way). The lower elevation sidelobes of the transmit beam are below about -30 dB (one-way).
(14) Volume update rates: The update rate for the TDWR is obtained from Istok et al., (2005), and Table 1 entries for FAA’s aircraft surveillance radars are obtained from Weber (2000). The update rates of the WSR-88D depend upon the weather being observed. For storms the volumetric update rates vary from about 4 to 6 minutes depending on the Volume Coverage Pattern (VCP) being used (e.g., VCP-12 and VCP-21; from FMH-11, Part C, available at http://www.ofcm.gov/fmh11/fmh11.htm).
Let’s now estimate the volumetric surveillance rates using the MPAR. One of the goals of the MPAR is to reduce the surveillance time of the WSR function. The purpose of decreasing weather surveillance time to nearly one minute as specified by the NWS (2015) is based on research suggesting longer warning times of severe storm events (tornadoes, etc.) might be achieved if faster updates are obtained.

In this analysis we assume that the ARSR, ASR, and WSR functions will be time multiplexed and interleaved as suggested by Zrnić et al. (2015) so that each of the functions collect their data without interfering with other surveillance functions. The simultaneous operation of four synchronized beams allows time sharing of MPAR. The ARSR and ARS functions each use the four beam antenna 25% of the time and the WSR function has the antenna 50% of the time. Thus if the MPAR is functioning solely as an ARSR, the surveillance of long range air space will be updated every 12 s, and when functioning as an ASR the surveillance of the airport air space will update every 4.8 s. Thus both MPAR functions are updating aircraft surveillance as presently achieved. But when MPAR functions as a WSR, the four beam MPAR will provide weather surveillance twice as fast (i.e., about every 2 to 3 minutes). However, in order to nearly meet the one minute volumetric update rates specified by the NWS (2015), more beams will be required or data collection methods will need to be modified. How MPAR can operate four or eight beams without interference between the beams, or how mainlobe-sidelobe coupling can be mitigated, is discussed in annotation (16).
Because the weather function of MPAR will be updating more frequently than that achieved with the WSR-88D, more average rf power is needed by the MPAR. The rf power requirements are discussed in annotation (15).

(15)     We now calculate the required average power of the MPAR to replace the four radars: TDWR, WSR-88D, ARSR-4, and ASR-9/11. The function of the TDWR is assumed to be taken over by the MPAR weather radar for reasons given in Section 2, para.3. An increase in average power of the 10-cm wavelength MPAR, above the average of the sum of powers (i.e., 5.1 kW) for each of the remaining radars (i.e., the ARSR at 3 kW, ASR at 1.1 kW, and the WSR at about 1 kW) it replaces, will shortly be shown to be due to both the weather radar requirement to reduce present day volume scan time by a factor of about four, and the increase in attenuation in replacing the 20-cm wavelength ARSRs with a 10-cm wavelength MPAR. 
(a) MPAR Power Requirements for ARSR operation ignoring propagation attenuation: 

Let’s first examine the average power requirement of an MPAR when operating in the ARSR mode ignoring atmospheric attenuation. Because the aperture size of the MPAR is about the same as that of the ARSR-4, and because the required aperture-area average-power product for detection of aircraft is independent of radar wavelength (Skolnik 1970, 1-6), the average power required to be transmitted by the MPAR during ARSR-4 operation will be 4 times that for the ARSR-4 (essentially the MPAR is 4 ARSR-4 radars on one platform). But because the ARSR-4 function is time multiplexed and collecting long range surveillance data only 25% of the MPAR time, but still updating surveillance every 12 s, the average rf power which needs to be transmitted remains 3 kW (annotation 2) as it should if present capabilities are met and there is no propagation attenuation. Likewise the average power of the MPAR for the ASR function remains at 1.1 kW. However because the weather surveillance (WS) function uses the MPAR 50% of the time, and with four beams the average power for the WS function increases from 1 to 2 kW. But weather data is updated twice as fast (i.e., about every 2 to 3 minutes instead of every 4 to 6 minutes—Annotation 14). Thus the average rf power requirement for MPAR, in absence of propagation loss, is 6.1 kW (i.e., 1.5 kW per sector/radar). 
 (b) MPAR Power Requirements for ARSR operation in precipitation-free atmosphere:
We now estimate the increase of average transmitted power needed when the 10-cm MPAR operates in the ARSR mode in absence of precipitation. As noted in the previous paragraph, in an attenuation-free atmosphere the average-power aperture-area product needed for the 10-cm MPAR is the same as that presently used by 20-cm ARSR-4. The ARSR’s average power given in annotation (2) is 3 kW. For the ray launched at zero degrees there is in the worst case 0.5 dB two-way attenuation difference (10-cm wavelengths have higher attenuation) due to the gaseous atmosphere (annotation 10b). Because the WSR-88D and ARSR-4 aperture areas are about the same, and is that needed for the MPAR, the 10-cm MPAR average transmitted power needs to be increased by 0.5 dB to overcome the increase of gaseous attenuation at 10-cm wavelengths. Consequently for precipitation-free conditions, the average transmit power needs to be about 3.4 kW when the 10-cm MPAR is operating for the ARSR function in absence of precipitation. 
A comment on pulse compression need for the ARSR function: If the MPAR transmit peak power is the 0.475 MW required for the weather function, the required effective peak power (i.e., 7.2 MW; 0.5 dB more than the 6.4 MW presently needed) during the ARSR data collection time slot, can be obtained by applying pulse compression to longer transmitted pulses (as presently done on the ARSR-4s). Because at present the ARSR-4 peak power is limited to about 0.085 MW [annotation (2)], the compression requirement for the MPAR is nearly six times less than that used for the ARSR-4 because it is assumed the MPAR is capable of transmitting 0.475 MW peak power for weather surveillance (WS) without compression as recommended by Zrnic, et al. (2015). This assumption for WS eliminates the need for long and short range modes to cover near ranges specified as close as 2 km. This saves valuable data collection time or frequency allocation, but requires peak rf power, at least for some of the array amplifiers, of about 50 to 100 W. 
 (c) MPAR Power Requirements for ARSR operation with scattered storms (the FAA model):
Now consider the MPAR’s power requirements for the ARSR mode when performing surveillance through storm systems as describe by the FAA (FAA, 1988). In this case we account for differences in 10-cm wavelength MPAR and ARSR attenuation losses (i.e., those due to both atmospheric gas and precipitation). Thus, to meet the specified performance for the ARSR-4 operation with a MPAR during stormy weather, the average transmitted power of the MPAR needs to be increased by 2.0 dB (i.e., to overcome the 1.5 dB difference in rain attenuation and 0.5 dB difference in gaseous attenuation) as shown in annotation (10d). Consequently the 3 kW of average power transmitted by a 20-cm wavelength ARSR-4 needs to be increased to 4.8 kW (i.e., 1.2 kW per sector radar) using the 10-cm wavelength MPAR so it could have the same performance as that presently achieved for surveillance of aircraft during stormy weather. 
If weather updates are to be increased to about every 1 minute, 8 beams could be required, but only during weather surveillance. How these eight beams can operate simultaneously without interference is discussed in annotation 16. Each of the eight beams during weather surveillance requires 1 kW of average rf power during weather surveillance, but weather surveillance is made with a 50% duty cycle so 0.5 kW of average power per beam (but 1 kW per sector/radar) is required for weather surveillance alone. 

Thus the total average rf power transmitted by MPAR, if 8 beams are used during weather data collection, is about 10 kW (i.e., about 2.5 kW per sector/radar). Of the  2.5 kW per sector radar 1.25 kW is needed for the ARSR function,  0.25 kW for the ASR function, and 1 kW for the weather surveillance function updating nearly every minute).
(d) MPAR Power Requirement for ARSR operation with squall line storms

The 4.8 kW of average power for ARSR mode calculated using the FAA storm model might not be sufficient for propagation through long lines of intense rain showers and/or mixed precipitation (rain and hail), mostly occurring over continental USA, but not likely over the oceans. An estimate of the attenuation in these two storm conditions (i.e., rain and mixed precipitation) is given in annotations (10c) and appendix 2. Attenuation along long squall lines of only rain can be, for the worst case model as described in annotation (10c), 4.7 dB larger for the 10-cm wavelength MPAR (4.2 dB larger for rain alone and 0.5 dB larger for increase of gaseous attenuation at 10 cm wavelengths) receiving echoes from a scatterer at 460 km. Thus to operate the 10-cm wavelength MPAR in the ARSR mode through lines of rain showers requires about 9 kW of average power. Moreover, if there are storms with wet hail cores, an additional 3.6 dB (Appendix 2) of average power would be required for the MPAR ARSR function to match the detection capability of the ARSR-4. That is, under the most severe attenuation condition MPAR needs to transmit 20 kW of average power during the ARSR operation.  

But because such large attenuation associated with hail/rain mixtures occurs infrequently, the 9 kW of average transmitted power for aircraft detection at the other side of squall lines without hail might be sufficient to meet the availability requirement of 0.9999 (this translates to having less than 1 hour of downtime over a period of a year). 
Moreover, long lines of intense rain and mixed precipitation often are not uniform and straight over long distances (i.e., >260 km), and because there would be other MPARS serving the WSR and ARSR functions within the borders of CONUS,  even powers in excess of 4.8 kW (about 5 kW) average power might not be necessary. That is, other MPARs could detect the aircraft not seen by one of the MPARs. Thus the long range aircraft detection requirements might be met with a less than the 9 kW of transmitted average power during the ARSR operation to meet the availability requirement to detect aircraft at the end of a 260 km squall line.  
Furthermore, the availability requirements might be relaxed because the aircraft tracking function of the MPAR is only a backup system in event of a failure of the GPS tracking system planned for aircraft surveillance after 2020. Thus the availability requirement might be further relaxed because there should be other alternatives to prevent the launching of uncooperative aircraft from the continental USA. Thus the detection of uncooperative aircraft at long ranges should be focused on aircraft over the oceans where squall lines are less frequent. Assuming that is the case, the MPAR would only require 5 kW of average power for the ARSR function based on the FAA’s storm model for the ARSR-4 as stated in annotation (15c). 
(16) Spectrum conservation:
One of the potential benefits of MPAR is freeing spectral space for commercial use. This is also the goal of SENSR. However, as stated in annotation (14), to attain close to the 1 minute update time of weather surveillance requires 8 beams (2 beams for each of the 4 radars that comprise the 4 faces of a PPPAR or the 4 sectors of the CPPAR). If each beam transmits and receives on separate frequencies there should be no interference between beams. But to operate 8 beams on 8 separate frequencies clearly requires lots of bandwidth.
For example, given the Radio Spectrum Engineering Criteria (RSEC) of the National Telecommunication and Information Agency (NTIA, 2012) for the WSR-88D weather radar, the maximum allowed bandwidth at the -40 dBc level is 14.5 MHz for each beam. The WSR-88D’s transmitted pulse requires 12.8 MHz of the allotted band, almost the entire bandwidth. Clearly we cannot operate the radars as they are presently designed and expect to significantly reduce spectral usage as required by SENSR. Let’s first examine how we would fit more than one beam each operating at different frequencies into the 14.5 MHz bandwidth allocated for weather surveillance.

If the MPAR transmitted cosine shaped pulses having the same half-power width as the nearly trapezoidal ones presently transmitted by the WSR-88D as shown in Fig.16-1, four pulses each having a bandwidth of 3.6 MHz at the -40 dBc level but having four supposedly noninterfering carrier frequencies separated Δ = 3.6 MHz. would fit into the 14.5 MHz band allocated by NTIA (Zrnic, et al., 2012, Appendix B, section 5.5.4.3.4). These four pulses could be simultaneously transmitted on 4 beams (one beam for each face of a planar array or one for each sector of a four sector cylindrical array). 
Thus spectral bandwidth needed by MPAR for weather application could fit into spectral bandwidth already allocated by the NTIA and weather data would be updated twice as fast (i.e., every 2 to 3 minutes). Although weather surveillance requires the same bandwidth, spectral savings comes from the fact that the ASR and ARSR functions are time multiplexed with the weather function, and the TDWR function is performed as part of the NWS’s weather surveillance.  
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Fig.16-1 Shaping the transmitted rf pulse to conserve spectral space 
On the other hand the weather update rates, although twice as fast as presently achieved, are about a factor of two longer than the one minute desired by the NWS (2015). To add another beam for each 90o sector without increasing the bandwidth requires an additional four frequency bands, or another approach.  
As an example of an alternate approach consider the Multiple Beam Technique (MBT; Melnikov et al., 2015), yet to be proven, can be applied. In this approach pairs of rf sub-pulses at the same frequency for each sector are nearly contiguously transmitted and echoes simultaneously received along two beams in the same sector are coherently processed to suppress contamination from mainlobe-to-sidelobe coupled echoes (Fig. 16-2). That is, special processing is used to mitigate coupling through sidelobes. 
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Fig. 16-2 Within-the-sector beam multiplexing. On reception two beams are synthesized to receive simultaneously echoes from 1o and 46o. 
If the MBT approach is proven to reduce m-s coupling to insignificant levels, then weather surveillance could be accomplished in about 1 minute as specified by the NWS (2015). Because weather surveillance is independent of aircraft surveillance if the ARSR, ASR, and WSR functions are time multiplexed and interleaved as suggested by Zrnić et al. (2015), weather data collection modes do not affect the modes of operation for aircraft surveillance.

Another alternative: If beam multiplexing is implemented at those heights where clutter cancellation is not needed, then weather data can be collected in about a minute or less (Zhang et al., 2015)

Appendix 2: Increased Attenuation due to Water Coated Hailstones
10-cm attenuation can be significantly larger if convective cells have mixed phase hydrometeors. For example, water coated hailstones can have backscatter cross sections nearly equivalent to water spheres of the same diameter (Battan, 1973). These effectively giant water drops cause significant increase of attenuation due to scatter which increases with the sixth power of diameter (D&Z, 2006, Section 3.3.1).
Ryzhkov and Zrnić (1995) observed large attenuation (i.e., 10 to 11 dB) at 10-cm wavelengths when a 0.4o elevation beam passed through a line of strong convective cells (i.e., 40 to 50 dBZ) to ranges of about 160 km. After accounting for wet radome loss and/or calibration error, the two-way total attenuation due to precipitation was deduced to be about 7 to 8 dB. But gaseous attenuation to this range accounts for about 2 dB of the 7 to 8 dB (Doviak and Zrnic, 2006, Fig.3.6). Thus the total attenuation due to mixed precipitation is about 5 to 6 dB. Using the Attenuation/Rain-rate (A/R) relation given by Olsen et al., and R = 30 mm h-1 (i.e., the 40 to 50 dBZ reflectivity factor values observed by Ryzhkov and Zrnić is assumed to be an average 47 dBZ corresponding to a rainfall rate of about 30 mm h-1 for the Laws and Parsons DSD), 3.2 dB of the 5 to 6 dB of total attenuation due to precipitation could be accounted if all hydrometeor were pure rain. The extra 1.8 to 2.8 dB of attenuation is attributed to giant drops with ice cores formed by melting hail. 

Thus let's assume, in this worst case scenario, mixed phase hydrometeors add about 2.3 dB/160 km or about 3.6 dB excessive attenuation if the squall line extended to 260 km (i.e., the range over which liquid precipitation intersects the beam—annotation 10c). Because attenuation due to scatter decreases with the 6th power of wavelength, assume radiation at the longer 20-cm wavelength does not experience any additional attenuation due to the presence of melting hail stones.  Thus an additional 3.6 dB of average power could be required for the MPAR’s ARSR function. Considering 9 kW of average power is needed for the MPAR to overcome differential attenuation due to squall lines of pure rain and atmospheric gas along the 460 km path (annotation [15d]), 20 kW of average power could be required for the 10-cm MPAR to have equivalent detection capability as the ARSR-4 during the time slot dedicated to its ARSR function if rain mixed with hail is along the path!
Such heavy precipitation as stipulated here rarely occurs over such long straight line distances. Furthermore, over continental USA, other radars, not experiencing excessive attenuation due to wet hail, could detect the aircraft. Thus the long range aircraft detection requirements might be met with a less than the 9 to 20 kW of average power to meet the availability requirement of 0.9999 (i.e., less than 1 hour of downtime over a period of a year).  Furthermore, if the availability requirements could be relaxed because the radar is a backup system in event of a failure of the GPS tracking system planned for aircraft surveillance after 2020, less increase of average power would be required. Finally, for long range detection of uncooperative aircraft over oceans where squall lines are less frequent than in the central USA, the long range aircraft detection capability might be acceptable with only a modest 1.7 kW (about 2 kW) increase of average power over the present 3 kW being transmitted (annotation 10d).
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1Thanks to William W. Shrader of Shrader Associates, Inc. for spotting an error in computing ARSR-4 average power requirements that appeared in an earlier version.


� OU has developed a smaller CPPAR demonstrator to verify theoretical concepts that a CPPAR is the PPAR of choice for weather observations. This smaller CPPAR demonstrator has a diameter of 2 m. The proposed CPPAR/MPAR demonstrator will be larger than OU’s smaller CPPAR demonstrator by about a factor of 2 or 3 (it will be about the size of a smaller MPAR, the so-called Terminal MPAR, being considered by the FAA for short range surveillance of weather and aircraft on their approach and departure to and from airports).  


� The numerals in parentheses refer to annotations listed in Appendix 1 where explanations are given for the entries. “NAp”: Non Applicable; “NAv”: Not Available at this time.


� J. Cho: “Antenna Sidelobe Effects on Microburst Velocity Estimation” Power Point Presentation; 10/7/2014 Lincoln Laboratory MIT.
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