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V 1.0 INTRODUCTION

1 .1 The Need for Improved Radar Weather Data for A ir Traff ic Control.lers
Severe weather , particularly that due to convective turbulence, can cause

significant disruption to the safe, orderly flow of aircraft and correspondingly
increases the work load for air traffic controllers. The impact of severe
weather would be substantially reduced if controllers were presented a weather
situation displ ay showing the location of potentially hazardous regions assoc-
iated wi th individua l storm cells and a very short term forecast of the hazardous
weather movement f 10 to 20 minutes into the future. This capability would
allow controllers to preplan for pilot-requested course deviations and to issue
weather advisories where necessary and would thereby enhance safety , reduce

F delays and decrease controller work load. The need for improved weather data
for air traffic controllers Is motivated in greater detail in Ref. 5 wherein
the impact of weather on aircraft delays and accidents is addressed.

The radar weather images presently available to controllers fall far
short of meeting the needs outlined abo’” The weather data are derived as
a by-product of surveillance radars intended for aircr3ft target detecti on.
The various techniques employed to enhance targets relative to ground and rain
cl utter, such as the use of circular polarization, Sensiti vi ty-Time-Contro l
(STC) and Movi ng Target Indication (MIl), all act to degrade the weather in-
formation presented to controllers. The display is in the form of wi de
areas of generally inaccurate weather reflectivity within which the smaller 

V

hazardous regions are not i denti fiable. Hence, control lers are often unaware V

of weather details visible to radar-equipped aircraft. The depiction of
potentially hazardous turbulence provided on the ground shoul d be at least as
good as in the a i rcraft and shoul d, in addition , include a very short term

V forecast presently unavailable in ei ther location.

The wide disparity between air traffic controllers ’ radar weather needs
and current capability led to the investigations on radar systems reported

1
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1.2 Summary of Approach and Supporting Background V

Recent studies reported in a companion volume [2]* have produced en-
couraging evidence that regions hazardous to aviation due to convective tur— V

bulence can be identified by precision measurement and processing of radar
reflectivity maps. The rationale for this approach is the association of
localized areas of vertical velocity fluctuations with the up drafts that
produce ra in showers and the subsequent down drafts that are produced as the
storm cel l matures. The up drafts provide the moisture to generate local
regions of increased precipitation intensity which l ead to relative maxima
in reflectivity . The local reflectivi ty peaks can be detected as storm cells.
Analysis of recorded data from the NASA SPANDAR radar at Wallops Island i ncH - 

V

cates that 1) storm cells are detectable with a reasonable probability of
success , 2) they can be tracked over the cell lifetime of 10 to 40 minutes ,
and 3) thei r motion can be predi cted from the track histories .

Evi dence on the correlation between turbul ence and reflectivi ty peaks is

found in the literature on penetration flights through storms under observation

by weather radar. In general there is a high correlation between the vertical

velocity fl ucturations hazardous to aircraft and liqui d water content, and ,

for lack of more deta i led knowl edge , pilots are advised to avoid regions of
hi gh radar reflecti vi ty ( 40 dBZ)t. The regions with strong gusts are in

general considerably smaller than the area wi thin the fixed level contour,

and some gusts are not associated with the main peak of reflectivi ty wi thin

the large echo area . Moreover, one finds gusts outside the regions of high
reflectivi ty but within regions of detectable radar echo. Thus , the strategy

of avoiding areas of high reflectivi ty reduces the potentially usable airspace

and also occasionally fails to detect hazardous turbulence. Al though the re-

ported reflectivi ty measurements are not as precise as desired for cel l deter-

mi nation, the location of at least some of the secondary reflectivity peaks V

can be estimated from the published contour data . The regions of reported

turbulence along the flight paths predominantly fall In the vicinity of the

pri mary and secondary peak locations.

Number in brackets indicate references on p. 65.

~Z is a radar-independent measure of precipitation reflectivity [1].
2
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II
Analyses reported in [2] also reveal that Doppler radar data 1 as could

be acqui red in a practical radar network, is not a di rect measure for identi-
fying aircraft hazards due to convective turbulence . As a supplement to, or
in combination with , cell detection by reflectivity measurements, Doppler data
may provide additional information for assessing aircraft hazards. The deri-

vation of specifi c algori thms for accomplishing this and an evaluation of their
effectiveness and practicality are unresolved issues . Radial Doppler signa-
tures are known to be useful in identifying tornadoes and squalls that may
cause surface wind damage, but these severe wea ther phenomena w ill al so be
associated wi th rain or hail cells detectable by reflectivity measurements.
Doppler data, particularly from multiple radars with overlapping coverage,

— facilitates the study of large scale wind fields that carry precipi tation .
However , the processing of precision reflectivity maps as descri bed here and
in Reference 2 has the potential for detection of thunderstorm hazards of
particular concern to air traffic contro ll ers .

1 .3 Summary of Report

This report documents the Investigations on radar systems to meet the
needs of air traffic controllers for radar weather data. The requirements
imposed on the radar and assoc iated processors to support indi v idual storm
cell detection and forecasting are reviewed. In the two environments , ter-
minal and en route, two different sets of radar characteristics are appropriate .

In the terminal area where the des i red covera ge range is limited and
where storm hei ght information is not essential , the Airport Surveillance
Radar (ASR) is a useful source of weather data. Several candidate methods
are descr ibed to extract weather data from the ASR for storm cell detection
and forecasti ng. These functions would be performed by a digita l processor
and in a mi ni-computer interfaced to the ARTS III display system.

The preferred ASR approach , exc l udi ng implementatIon cos t factors , is
a dual RF channel system employing two orthogonal polari zation outputs from
the antenna. The primary polari zation signal that dri ves the aircraft channel
may be switched from linea r to circular to optimi ze target visibility in
weather clutter. The weather channel accepts primary linear or opposite

3
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1:

sense circular to avoid the rain suppression and reflecti vi ty uncertainty of
same sense circular polarization . The dual channel configuration also per-
mi ts separate optimi zation of Sensitivity Time Control (SIC) thereby eliminat-
ing the necessity for compromising conflicting STC requi rements. The ASR (8)
has been specified with provision for an orthogonal polarization output
through the rotary joint making the dual channel configuration directly appli- V

cable. Older radars woul d requi re retrofit of the feed system and rotary joint.

The anticipated implementation of advanced Moving Target Detectors (MID)
[3] for existing ASR ’s which do not have dual orthogonal polari zation outputs
and the reduced cost of a single processor, motivate consideration of a single
RF channel configuration. Section 3.2 describes a method for expanding the
processing functions of the P110 to produce weather data for cel l detection
and forecasting. Here linear antenna polarization is required for satisfactory
weather data and circular polari zation should be employed only when absolutely
necessary. Although in tests at NAFEC the MID has shown excellent target de-
tectability in heavy rain using linear polari zation , additi onal exper imental
evidence is necessary to claim that ci rcular polari zation can be elimi nated. V

In the single channel system a compromise on SIC must be reached to prevent
excessive attenuation of weather echoes at close range while avoiding satura-
tion of the A/D converters by strong ground clutter. Both polari zation and
STC choices are site dependent and no general concl usions can be drawn based
on the evidence at hand. Additional effort is recommended to establish the 

V

suitability of the single channel configuration in meeting both aircraft and

weather detection requirements.

In a dual channel configuration the weather processor could be of coher-
ent or incoherent type. Since the cell detection mechanism does not utilize
Doppler information , the main advantage of coherence is potential separability
of weather and ground clutter due to radial storm velocity . The processing
for coherent ground cl utter suppression is similar to the operations of the
MID for which the potential separability of overl apping weather and ground
cl utter is real izable wi th around 50% probabIlity for typical storms. When

4 V
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relative radial motion is insufficient for distinguishability , the Doppler
spectral spread can serve to discriminate between non-overlapping weather and
ground clutter and hence to eliminate the latter from further processing.
When an MID is employed in the aircraft channel , parallel computations can be
performed in the weather channel using a shared control structure . An inte-
grated dual channel MID processor of this form is described in Section 3.3.

A conventional ASR(8) in dual channel mode wi thout MID does not have
the advantage of shared computation control for a coherent weather processor
and is somewhat l ess effect i ve in se para ting overl apping wea ther and ground
clu tter. These factors prompted consideration of a noncoherent weather pro-
cessor using a logari thmi c detector and relying only on Doppler spectral spread
as a discriminant to el iminate ground clutter. A weather processor of this
type is described in Section 3.2; it is sui table as an add-on to a standard
ASR(8).

The achievement of a capability to displ ay the present and future posi- 
V

tion of hazardous weather regions to controllers requires further effort on
al gorithm developme nt, concept validation and implementation methods . Since
these activi ties may lag the deployment of MTD and the all digital ARTS, an
interim radar weather display shoul d be available to replace the current ana-
log vi deo presentation. To accomplish this a procedure is described in
Secticn 4.0 to extract weather data from the MID for input to a contour gener-

ator , but it must be emphas i zed that this type of presentation does not satisfy

the true needs of ATC controllers for i dentifi cation and forecasts of smal l
V 

hazardous regions and also suffers from the above-cited conflicts between

aircraft target and weather detection .

V The storm height information requi red by en route controll ers dictate

the use of pencil beam radars. Wi th their capability to detect weather at

V long range these radars can also serve the needs of the National Weather Ser-

vice and Air Weather Service. Preliminary design parameters and issues of
compatible shared operation for a joint use weather radar are discussed in 

V

Secti on 5.0. It is reconriended that the radar operate at C-band wi th a 1°

V 
V

5
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beamwi dth antenna to achieve adequate spatial resolution . In addition to the
acquisition of reflectivity data to support ATC needs , coherent pulse-pair
processing on a staggered pulse train is included to attain accurate unam-
biguous measurements of mean Doppler freqeuncy for analysis of radial wind
fields by the other users . A sequence of nonuniform ly spaced elevation tilt
scans is suggested to acquire data automatically in the verti cal dimension

V 

within the time limits imposed by the update rate required for cell trackinq .

Vihe report concludes with the followin g recommendations for future work
to provide air traffi c controllers with a display of the severe weather situ-
ation. The suggested steps are :

1. Develop a real-time demonstration system using an ASR
to evaluate storm cell detection and forecasting for
termi nal controllers . To demonstrate weather processing
only, the system need not be dua l channel . A coherent
processing capability with MTD-like fi l tering is de—

- : sirable to minimi ze ground cl utter effects.

2. Conduct weather radar and flight test experiments to
confirm the turbulence/cell associati on , to refine
forecast algorithms , and to axplore the utility of Doppler

~ I 
information to improve hazard detection.(See Reference 2.) 

V

3. Continue the investigation of single vs dual channel
operation by determinin g the appropriateness of linear
polari zation for the MID under extreme precipitation
and by establishing compromise SIC characteristics .

4. Estimate implementation costs of single vs dual channel
configuration and coherent vs noncoherent processing . - -

These comparisons will aid in the selection of the most
cost effective approach.

5. Conduc t a cost/benefit study to determi ne the expected cost
V and benefits that may accrue from implementation of the design

alternatives .

6. Imp l ement an interim capabilit y to extract weather data 
F 

-

from the MID for the all-digita l ARTS . 
V

7. Coordinate wi th NWS and AWS on specifications for a new - V

.

weather radar leading to a field demonstration test V -

system that serves en route controllers and also provides
the necessary thta inputs for the other agencies.

i i  
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2.0 RADAR REQUIREMENTS TO SUPPORT STORM CELL DETECTION AND FORECASTING

2.1 System Configuration

The basic configuration under consideration Is shown in Fig. 2.1. The
output from a more or less conventional radar is digitized and pre-processed to
produce an estimate of reflectivity in suitably defined spatial resolution bins .
A mini-compute r accepts the data , performs storm ce l l detec tion and forecasts ,
and formats the resul ting cel l locations and other attributes for presentation
on the controllers ’ graphic display . Depending on the geographical relationship
of radar and ATC facilities , the computer functions may be divided between a
radar on-site processor and a computer system at the controllers ’ location. V

The followi ng paragraphs state the requirements on the radar and associated
processing system for potentially providing the controllers with the desired
severe weather situation display . The requirements were derived from studies
reported in the companion volume [2].

2.2 Precision and Accuracy

The successful detection of individ ua l storm cells based on reflectivity
peaks is dependent on clean data wi thout signifi cant distortion or extraneous
maxima due to the fl uctuations of the underlying random scattering phenomenon.
Computer studies of cell detection algorithms indicate that 0.5 dB (rms) pre-
cision is satisfactory .

The precision is determined by the residual fl uctuation in the estimate
of reflectivity after a number of samples from the random (Rayleigh ) process
have been averaged. The mean arid standard deviation of the sampled process
is found in the literature for three types of video detectors: linear , square
law and log magnitude . When N independent samples are averaged the standard
deviation decreases i nversely as ~~ Tabl e 2.1 gives the mean , standard devia-
tion , and corresponding error expressed in terms of dB relative to mean reflec-

V tivity [7].

-V - -— -V

~~~~~~~~~~~~~~~~~~~~~~ V~~~~~~~_V -V - V - V~~~~ _V V -V~~~ V~~~~~~~~~~~~ V~~~ V V  ~~~~~~~~~~~~~~~~~~~~~~ V



V V V V  -
~ ~~~~~~~~~ ~~ V~ TVV ~~ ~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
‘-V- V

~ 
--

f__ - V-V-V.-V
~_ VV~ VVV V - _ _ _ _ _

~

--

~~~~~~~~~ 

V

________________ 

fATC— 67—II(2.l)(

ANTENNA
SYSTEM

it ~~ .TRANSMITTER
AND

- RECEIVER

-~~~iDIGITIZER
AND

V 
PRE-PROCESSOR

_ _ _  

V

I PSTORM CELL
DETECT iON

L
AND FORECAST

Fl
rCONTROLLERS I
I GRAPHIC

V L DISPLAY
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TABLE 2.1

RAYLEIGH PROCESS STAT ISTICS

V Standard V

-Detector Mean Dev iation dB Error

Square law A2 A2/~4i 10 log(l ± 1/ v ~ ) ±

Linear 0.886 /~ 0.463 ~~~~~ 20 log(1 ± 0.525/a) z ±

Logarithmic log(0.561 ~
) O.557/A~ ±

With the square law detector for finite SNR In the samples , the resul t
V in the last column is modified to 4.34 (1 + SNR~~)/vN (See App. B).

The desi red 0.5 dB is attained with about 83 samples for linear or

V square law averaging at high SNR. The log magnitude averaging demands 50% more
samples for the same precision. At 10 dB SNR the precision is degraded by 10%
or the number of samples must be increased by 20% to keep it constant.

The absolute accuracy requirements are governed primarily by the necessity

to assess cel l severi ty from the echo intensity . A reasonable goal for accuracy
is 5 dB combining radar calibration and beam filling errors.

~ 1 1 2.3 Dynamic Range of Radar Reflectivity

Excluding the dependence of signal strength on range, the reflectivity of

interest varies between 25 and 65 dBZ. These numbers correspond to mean values
after averaging, hence another 5 dB should be added at both ends to allow for

statistical fluctuations in the samples being averaged. The receiver dynamic 
V

range should therefore be 50 dB plus 30 to 40 dB for (range)2 dependence. If

SIC compensa tes for range dependence , then 50 to 55 dB dynamic range from noi se
floor to saturation is sufficient.

9
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2.4 Update Interval and Processing Delay

The update interval is defined as the time between successive acquisitions
V of reflectivity data from any spatial resolution bin. The update rate must be

fast enough to provide sample sequences of individua l storm cells useful for
tracking and forecast generation . The ouserved cel l half-life is on the order
of 10 to 15 minutes [2], hence the update interval shoul d be no greater than 3

m i nu tes , and preferably smaller.

Another factor related to the update i nterval is the delay from the time

— 
the data is first acquired to the time it appears on a controller display. This
delay encompasses processing as well as transmission functions. Because of these
delays what is presented to the controller as “current conditions ” is actually
a forecast from acquisition time to display time .

Let Tu be the update interval and T~ the processing delay . A new image
is available for display T~ after acquisition . The image about to be replaced

V is based on data acqui red + T~ earl ier. Therefore, the maximum forecast time
for “current conditions ” is + T. It is important that this forecast be
accurate since it will be compared to airc raft real—time observations during
pilot-controller i nteractions. An upper limi t of 6 minutes for the forecast
range is reasonable.

The selection of Tu and Ti,, within the constraints Tu < 3 m m .  and
T
~ 

+ T~ < 6 mm ., depends on the system design trade-offs between speed of
acquisiti on and processing. The best choice may be di fferent for terminal
and en route implementations .

2.5 Spatial Resol ution

Exami nation of storm cells in the available data base indicates that the
V 

most probable cel l size is 3 km in horizontal diagonal dimension and that over
80% of severe cells are larger than 2 km [2].

A range resolution of 1 km is satisfactory to locate a cell and estab.

lish its radial extent. In the cross-range (azimuth) dimension the resolution
V 

V 
is li mited by prac tical cons idera tions of beamw idth as discussed in the next
subsection.

ii.

10
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As for the vertical dimension , storm cell height information is required
by en route controllers since aircraft under their jurisdiction may overfly con-

V 

vec ti ve turbulence retions . In the terminal control areas storm cel ls may only V

be avoided by hori zontal course deviations , and consequently storm top data is
not essential [5]. For a radar with an elevation scan capability , the storm

- 
. height resolution depends on the range, the bean~vi dth and the elevation angle. 

V

A reasonable objective for height resolution is 2 km with maximum tops at 8 km.

2.6 Ground Clutter Suppression

To avo id confus ion of ground clutter and anomalous propagation echoes
with storm cells , mechanisms should be provided for rejecting the unwanted sig-

nals. Several levels of processing are possible toward attaining this objective.
1) Stationary ground cl utter echoes can be elimi nated on the basis of cel l
track histories ; 2) the difference in Doppler spread between ground and weather 

V

• echoes can serve as a criterion for distinguishing between the two when the
echoes are spatially separated; 3) the radial velocity of weather echoes permits

veather extraction by Doppler filteri ng for a fraction of overlapping situations
(see Appendix A). The first two and possibly all three techniques are necessary

I - for satisfactory storm cel l detection and tracking in a ground clutter environment.

The use of a cl utter map to remove ground clutter from the weather pro-
cessing has also been suggested but is not favored for the following reasons.

V 

In the absence of precipi tation , this technique woul d be equivalent to elimi-
nation of stationary cells as in mechanism (1) above . When ground cl utter and
wea ther echoes overl ap, the two signals combine additively in power, so that
power subtraction is called for . Subtracting the clutter map power from the
combined echo power leads to weather reflectivity estimates which are subject 

V

to large erro rs res~ltlng from the subtraction of two potentially large numbers,
each w ith its own stati stical i naccuracy . Furthermore, the ground clutter map
shoul d not be corrupted by weather echoes . Hence the map must be updated only
in the absence of precipitation . This implies a decision mechanism to deter-
mine whether a change in echo power i n a partic ular resolution bin is due to
weather or a variation in ground clutter. Neither the subtraction accuracy
nor the clutter update problem is amenable to simple solution .

•11
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2.7 Bean~iidth and Range Considerations

Reflectivity accuracy and spatial resolution requirements determine the
effective operating range for a radar wi th a given beanw,idth. Two cases are
considered: the existing surveillance radars and a new l ong range weather
radar.

As stated above , the en route controllers requi re storm height data ,
hence the long range radars (LRR ) with eleva tion fan beam antennas are not a V

suitable source of wea ther data . Even if this requirement were lifted, the
LRR operating range would be limited by the loss in accuracy incurred through
partial beam filling .

This error comes about when a cell of low height only partially fills the 
V

eleva tion beam. The reflected energy is interpreted as though the beam were
completely filled and consequently the reflectivity is underestimated. A 3 dB
contribution to the accuracy budget has been allocated to beam filling error.

Assuming an elevation beam cut-off at 4.8°, corresponding to an ASR(8)
antenna tilted up by half a beamwidth , the range at which a cel l of nomi nal
3.5 km height half fills the beam is 75 km. This range is comparable to the -

V

coverage of the Ai rport Surveillance Radar (ASR); it falls far short of the
required coverage for en route radars.

At 75 km the 1.35° azimuth beamwidth of the ASR provides a cross-range
resolution of 1.8 km a val ue consistent wi th the storm cel l dimensions. Thus
the ASR is a viable source of radar weather data for terminal controllers . V

The en route requi rements for weather data can be met with a pencil beam

weather radar. A beani~,idth of 1° allows an operating range of 180 km with a

beam filling error of 3 dB on a 3.5 km high storm cell. The cross-range error

at 180 km is 3.1 km , sl ightly larger than the most likely cell size but still

acceptable. A radar with these characteristics coul d also serve the needs of 
V

the National Weather Service (NWS) and the Air Weather Service (AWS).

Prel iminary designs for the ASR modification and a new joint use weather

radar are addressed in the following chapters. V

12
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3.0 ASR MODIFICATION FOR STORM CELL DETECTION V

3.1 Si ngle vs. Dual RF Channel

One of the first issues that must be faced in designing a weather data
extractor for the ASR is how much of the aircraft target receiver system can
be shared for weather detection. The major conflicts discussed in detail below
arise in the requirements on antenna polarization and SIC characteristics .

3.1.1 Linear vs. ~..ircular Polari zation

For aircraft targets the choice of polari zation revolves around
the enhancement in target signal relative to weather clutter necessary to achieve
satisfactory target detectability . Although the aircraft cross-section wi th
l inear polarization is often larger by more than 3 dB compared to circular
[13], it is common practice to employ circular polarization during periods of

V 

- rain so as to gain an improvement of 10 to 15 dB due to reduced precipitation
reflectivity [12].

The weather cl utter suppression capability of the MID is considerably
better than conventional MTI radars as has been demonstrated during tests at
NAFEC on a hi ghly modified FPS-18.[l0]. The FPS—l 8, which is very similar to

an ASR-8, was run with linea r polarization rather than circular polari zation.

The heaviest rain encountered at NAFEC during these tests was about 1/2” per
hour. -At that rate, l inear polari zation used in conjunction with the MTD was
adequate to suppress the rain and still have excel lent detectability on all

V
,1~~ aircraft in the coverage. In some areas of the country the rainfall rate is

at times signifi cantly greater than 1/2” (12.5 m) per hour. It remains to be 
V

measured experimentally whether or not the MID will work adequately in a linear

polarization mode in such high rainfall rates.

On the other hand, the measurement of precipitation reflectivity imposes
specific constraints on the choice of polari zation . If linear polari zation Is

employed on transmi t, the same linear polarization is required on receive. If

circular polarization is transmi tted, the opposite sense circular is needed on

receive. The circular polari zation sense that suppresses rain not only reduces

13 
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the weather-to-noise ratio but al so introduces large errors in reflectivity
estimates because the rain cross section is strongly dependent on drop shape.

The requi rements for both ai rcraft and weather detection can be met by a
dual RF channel system in which the two opposite sense circular polari zations
are brought out from the antenna. A swi tching arrangement can then apply the
appropriate signal to the weather channel in accordance with the selected
polar i zation .

3.1.2 SensitIvi ty Time Control

STC gain control is an essential feature of a linear digi tal radar

processor to achieve the necessary overall dynamic range. Linear processing
stages and A/D converters have a dynamic range less than the overal l require-
rnent and must be preceded by STC to avoid saturation. The form of SIC char-
acteristic depends on the distance dependence of both the desired target signal
strength and the interfering echoes such as clutter and birds.

A point target with R 4 echo power dependence on range R leads to R4 gain
characteristic. Except for gain variation due to the elevation pattern , this
will maintain a constant SNR* for constant cross-section over the active STC
range. Clutter , whose distance dependence is slower than R 4, is then subject
to greater attenuation at short ranges thereby minimizin g A/D saturation by
strong clutter. An important benefit of R4 SIC is that the MTD operating wi th

V a noise dependent threshold can discrimi nate against bi rds since weak targets,
V even at close range, rarely rise above the detection level .

For weather detection the desired signal power varies as R 2 assum ing
complete beam filling. When this signal is amplifi ed by R4 gain , the net
result Is an R2 si gnal variation. Consequently the weather SNR decreases
with decreasing range In the acti ve SIC region.

A compatible SIC for both weather and aircraft demands a l~mit on how
far out in range the R4 STC applies to assure that the weather SNR is ade-
quate for reliable processing. To establish the STC range limi t denoted by

we consider the weather power budget for an ASR(8) shown in Table 3.1.

*SNR refers to receiver noise if SIC is the first acti ve receiver stage.
If STC follows RF amplifi cation , SNR refers to AID quantization noise.

14
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V TABLE 3.1

S-BAND REFLECTIVITY POWER BUDGET

rt 3P G20q h 2
- 

= 2 Z (Batta n [1] p. 42)r l024 A l n 2  r

7r3/(1024 in 2) = 0.0437 -13.6 dB

Transmitter Power , = 1 F~ +90.0 dB mW

Ga in, G2 67.0 dB

Az beam. 0 = 1.35° = 0.0236 rad -16.3 dB rad

El beam, ~ = 4.8° = 0.0838 rad -10.8 dB rad

-

V Pulse Length, h(0.6 ps) = 180 m 22.6 dB m

V~ Wavelength , = (0.1 mY2 20.0 dB m 2

Maximum Range, r 2 
= (75,000 mY2 -97.5 dB m~

2

- Constant’ 1K 1
2 

= (0.935) 2 -1.2 dB

Reflectivity , Z(27 dBz m61m3) -153 dB m3

- Rotary Joint and Waveguide Losses —0.7 dB
- - Atmospheric Loss -1.0 dB

- 
Receiver Power, 

~r 
-94.5 dB mW

Ref Noise Dens ity, kT0 -114 dB mW (MHzY

- Bandwidth, 8= 2 MHz 3 dB MHz

No i se Figure 4 dB

—lO7 dB mW

SNR per pulse at maximum range 12.5 dB

: *Rela ted to the index of refraction. See Reference 1.
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The formula for received power taken from the referenced text assumes guassian-
shaped beam patterns and complete beam filling .

Signifi cant storm cells may have reflectivity as low as 30 dBZ. To per-
mit measurements 3 dB down from peaks of this intensity a val ue of 27 dBZ has
been selected as the minimum reflectivicy of interest. This yields an SNR per
pulse of 12.5 dB at the maximum range. Assuming the ASR i ncorporates Doppler
fi l tering to imp rove ground clutter elimi nation , coherent averaging over a se-
quence of pulses (8 in the MID) enhances the SNR by an amount dependent on the
degree of signa l correlation between successive pulses . Or stated differently,

— the SNR enhancement is determined by the spectra l spread in relation to the
frequency resolution achievable in one coherent processing interval . For con-
stant signal the ful l coherent gain of 8 pulses is obtained. If the spectral
spread covers , say, 3 frequency resolution cells , proper design will yield an
SNR improvement of about 8/3 or 4.3 dB. Adding the last quantity to the per-
pulse SNR gives an effective SNR per reflectivity sample of 16.8 dB at 75 km
under the stated conditions .

The minimum acceptable SNR per sample is 10 dB. This is based in part
on the considerations of the number of independent samples that must be aver-

aged to achieve the desired estimate variance . The number of samples is pro-

portional to [1 + (SNRY ’1
2, hence 10 dB SNR requi res 20% more samples than

V 

the noiseless case. Also this SNR allows a smal l margin for unaccounted losses,

e.g., less coherent avera gi ng imp rovement due to larger Doppler spread . (Under
the assumption in the preceding paragraph the SNR per pulse before Doppler

filtering is only 5.7 dB.)

The point where 10 dB SNR is reached can be deri ved as a function of the

range R
~ 

(km ) where the R4 SIC termi nates , i.e., where the rece i ver reaches
ful l gain. The SNR for minimum reflectivi ty precipitat ion located at R

~ 
may

be expressed relati ve to the 16.8 dB SNR found above at the 75 km maximum

range by

(SNR)C 
= 16.8 + 20 log (75/Re)

k

16
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At closer ranges under R4 SIC the SNR i s

SNR = 16.8 + 20 log(7S/R~) - 20 log (R~/R)

= 54.3+2O l o g R _ 4 O log R
~

- 

A min imum operating range of 4 km should be maintained to permit accu- V 

-

rate observation in the vicinity of an ai rport of storm cells typical ly 2-4 km V

• in di ameter. Setting SNR = 10 and R 4 resul ts in R = 25.7. Therefore the
maximum extent of R SIC action is 25.7 km or 13.9 nmi . Si te adaption of SIC

V shoul d remain wi thin this limi t under singl e RE channel operati on of aircraft
V 

and weather detection.

NAFEC , where the MTD was tested , has very light ground clutter and moder-
ate bird (angel) activi ty. With this m ild environment a 48 dB R4 SIC was used

f which dropped off to zero attenuation at 9.5 mi l es. In more normal and in
extreme clutter environments an R4 SIC which terminates at 25 to 30
nauti cal miles may be necessary to maintain the good aircraft detection and I -
false alarm performance of the MID [10). This represents a weather SNR degrada-
tion of 10.2 to 13.4 dB at the minimum range or an increase in the latter to 13.0
and 18.7 km respectively.

Unless a compromise can be found where both aircraft and weather detec- 
V

tion incur some loss in performance , SIC considerations also point toward dual
RE channel operation with separate optimi zation in each channel .

3.2 Single Channel Configuration

• 3.2.1 Overall System Structure

A block diagram of a possible future ASR system when weather and

aircraft detection share the same RF channel is gi ven in Fig. 3.1. After Doppler

filtering in accordance wi th an MID algori thm, a branch to a reflectivity pre-
— processor for weather is indicated. Al though shown as functionally separate,

~
- - I  the operations may actually be performed by the same processing elements that

also do aircra ft detection.

17
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The reflectivity preprocessor produces a reflectivity map for the cover-
age area. The data is then transferred to a mini-computer for execution of
the storm cell detection and forecasting algorithms . The resulting cel l data
is formatted for interfacing wi th the ARTS lOP and display on the controllers ’
PVD. The cell data is also displaya ble on a supervisor ’s console which is
pa rt of the total weather data management system [5].

3.2.2 MTD Common Elements

The common signal path for aircraft and weather -detection includes
the RF and IF stages , A/D conversion of coherent in phase (I) and quadrature V

(Q) signals , and di gi tal Doppler filtering.
*V The timing structure of the MID is based on a 10 pulse coherent processing

interval (CPI) in each 1/16 nm range gate to a maximum operating range of about
48 miles . The PRF in successive CPI’s is varied to avoid bl i nd speeds , but this
does not impact on weather data . Each CPI is processed through a 3-pulse can-
celler and 8-point fi lter algori thms to produce 7 filter outputs corresponding

V to non-zero Doppler. A zero-velocity output is produced by a low pass fi l ter
bypassing the 3-pulse canceller.

The avera ge PRF for the ASR is near 1,200 Hz. At S-band the 3 dB width
and spacing of the Doppler fi l ters correspond to approximately 13 knots ye-
loci ty. (See Appendix B.)

The magnitud e_of each fi l ter output is computed by an algorithm that

V 
approximates /12+Q2 . The separate weather processing begins with the mag-
nitude outputs.

3.2.3 Reflectivity Preprocessor

~ I 
The functions of the preprocessor are signal averaging, ground clutter

elimination and range normaliza tion.

*
V The parameters stated here pertain to the model documented in Ref. 3. A new —

V version currently under development has sli ghtly different parameters , but
V performs essentially the same functions . The new imp l ementation is based on

programmable mi croprocessors (PMP) which are sufficiently flexible to execute
most of the weather preprocessing functions .

19
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Prior to signal combining, the filters should be equal i zed in gain so that
the weather echoes are equally weighted independent of average Doppler offset.
Gain equalization can be accomplished through the coefficients in the fflter
algorithms or by scaling the output magnitudes . The weather echoes , when pre-
sent , seldom occupy more than three adj:cent fi l ters since the weather spectral V

spread (rms) rarely exceeds 15 knots . Therefore , a si gnifi rant improvement in
weather SNR is attainable by combining only the two or three largest fi l ter
outputs which are the most likely to contain weather echoes.

The inclusion of the zero velocity fi l ter requires special consideration.
Its output is often domi nated by ground clutter and would , in those cases ,

V 
corrupt the weather reflectivity estimate . However , the zero-velocity fi l ter
output cannot simply be discarded . As shown in Appendi x B, a substantial frac-
tion , up to 5o~:, of the weather echoes have velocity that places more than half
the energy in the zero velocity notch. The zero velocity fi l ter is to be in-
corporated in the refl ectivity estima te whenever its output is more likely to
be weather than ground clutter. This determination is made on the basis of the
generally larger Doppler spread of weather echoes which causes more energy to
appear in the non-zero fi l ters with weather than with ground clutter.

The spectral spread of the ground cl utter is primarily due to antenna
beam modulation . The rrns spectral width due to this effect is given by [9].

Cg = 

lO .7 O~~ 
m/sec

where for the ASR

= 0.lm wavelength
= 75 deg/sec rotationa l rate of antenna

02 
= 1.0 deg two-way half-power beamwidth

Hence a = 0.7 rn/sec in contrast to a minima l weather spectra l spread of 2 rn/sec. V

Using the methods of Appendix A we find for a specific filter realizati on
of the MTD that a weather spectrum centered on zero Doppler with a nominal spread
of 4 rn/sec is attenuated by 14 dB through the fi rst non-zero filter. A ground

20
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clutter spectrum wi th a spread of 0.7 rn/sec is attenuated by 38 dB. Thus a

V 
simple test can be made on the fi l ter output magnitudes to decide whether the
zero fi l ter contains ground clutter or weather; e.g., if the ratio of the zero
fi l ter output to both of the adjacent filters is greater than 18 dB, the zero

V. output is discarded . Otherwise it is combined with the adjacent fi l ter which
failed the ratio test provided that fi l ter also has the largest output of the

V non-zero veloci ty filters . This example is intended to illustrate the concept;
- 

. actual parameter settings will depend on more detailed analysis involving fil-
ter and weather spectra , signal-to-noise ratio , etc. Of course, if weather and
ground clutter echoes of comparable magnitud e overlap in range, azimuth and
Doppler , reflectivi ty errors will be incurred.

To properly combine the weather energy from several Doppler fi lters , the
square magnitudes should be summed. This can be accomplished by repeated

V application of the magnitude algorithm with two inputs (I and Q a b o v e ) .  The

algorithm is re-entered for each added fi lter.

After the selected fi l ters have been combined for a particular range
gate , the result is one sample of the Rayleigh random process whose mean
power (after range normaliza tion ) is the desired reflectivity estimate. In
Section 2.2 the relationship of estimate fl uctuation to the number of inde-
pendent samples averaged was discussed for linea r, square law and log magni-
tude averaging. Since the result of filte r combining is a linear magnitude ,

- 
- it is convenient to deal with magnitude averages. The objecti ve of 0.5 dB
V precisi on is attained when about 100 samples are averaged . The samples from

different range gates are independent , and 8 successive gates may be summed
p 

resulting in a resolution bin size of 0.5 nm or approximately 1 km. In the
azimuth dimension one CPI corresponds to one half beamwidth ; hence two CPI ’s,

V - nearl y independent samples , may be summed while retaining the required angle
resolution . Finally, mu ltiscan averag ing in each resolution bin over 6 to 8
rotations will yield a reflectivity map with the desired precision. The map

V dimensions are 256 azimuth by 90 range bins.

-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Before this data can be correctly termed a reflectivi ty map, range
normalization must be applied . In Section 3.1.2 it was pointed out that the
SIC characteristics optimized for aircraft detection introduces weather echo
variat~on dependent on range , R, that should be corrected. With the receiver
at ful l gain and assuming complete beam filling the normalization factor is
R2. During STC action the normalization is modified , e.g., for R4 SIC the
factor is R 2 to yield the net R2 behavior. The normalization can be applied
additively if the data has been transformed to logarithmic units .

Transformation to logarithms is desirabl e also for the computer input.
This choice minimizes core storage and simplifies the relative reflectivity
computations since ratios are expressed as differences of logarithms .

The issues of data representation , word length , etc. are left to detail
design. However, it is anticipated that multiscan averaging would be per-
formed by means of a solid state memory external to the mini -computer. The
capacity per resolution bin should be sufficient to avoid data truncation
before all samples are accumulated. Thereafter, the sum may be rounded to an
acceptable number of si gnificant bits . Upon convers ion to l ogarithms 8 bits
should suffice for each bin to cover a dynamic range in excess of 60 dB with
a resolution of 0.25 dB. Moreover, an 8-bit byte is convenient for data mani-
pulation in a mini-computer. The software algorithms for cell detection ,
forecasting and display are discussed in Section 3.5.

3.3 Dual Channel Configuration Coherent Processing V

3.3.1 Overall System Structure

A system that permits separate optimi zation of aircraft and weather •

detection without compromising the performance of either is diagrammed in
Fig. 3.2. In this version the weather channel employs coherent processing
and performs functions like those described above for the single channel con- ‘1
figuration.

The system permi ts the option of selecting either linear or circular
polarization to optimi ze aircraft detection depending on weather conditions.
An opposite sense circular polarization port is brought out to feed the weathe ’

22
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V

channel whenever circular is selected . Since orthogonal linear polarization
is not suitable for weather echoes , the primary polarization is swi tched i nto
the weather channel when linear is selected . The power division and switching 

V

takes place after RF amplification and before SIC action. Reference frequencies
and timing signals for the weather chaniel are derived from the main trans-
mitter/receiver.

Since the signal paths are not shared between aircraft and weather detec-
V 

tion , some latitude exists in the detailed parameters of the weather channel
but l i t t l e  advantage can be realized from this flexibility . The pulse width

- . and PRE timing is , of course , common, and the analog receiver components
could for convenience be copies of the aircraft channel . The power budget 

V

calculation in Section 3.1.2 revealed that the weather receiver channel has
adequate margin and could even be degraded somewhat below the main channel .

In an integrated digital system for aircraft and weather, although the

data elements are not the same, there is sufficient similarity in processing

that common control functions can be imp l emented for the MTD and reflectivity

preprocessor. This would inc lude operations such as memory addressing , timing —

• and parts of computation control .

3.3.2 Reflectivity Preprocessor

- 

V 

The preprocessor in the dual channel coherent configuration per- V

forms nearly the same functions described in Section 3.2.2 for the single
channel system. Wi thout the constraint of utilizing the MTD Doppler filter

— 

characteristics , the design of these filters could be modified . For example,

fewer filters having wider bandw idth might be satisfactory. This question V

is best left to a detailed desi gn study , since it is also related to the

adva ntage of shared control structure wi th MTD.

One step which can be eliminated from the preprocessor under dual channel —

operation is range normalization. The separate SIC for weather echoes can be

V adjusted to have R2 or similar optimi zed gain variation .

The preprocessor functions conclude as before with the transfer of the

multi-scan reflectivity map to a mini-computer where storm cell tracking and

forecasting proceeds as described in Section 3.5.

V 24 
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3.4 Dual Channel Configuration Noncoherent Processing

3.4.1 Overal l System Structure

When aircraft and weather detection follow sepa rate signal paths ,
the possibility of noncoherent processing in the weather channel should be con-
sidered because of potential cost savings relative to a coherent Doppler system.
A block diagram of a noncoherent configuration is shown in Fig. 3.3. The
dual channel RE and swi tching arrangement is the same as the one described in
Section 3.3.1.

F - In the conversion from IF to video a logarithmi c detector has replaced
the coherent (I ,Q) detectors. Wi th the proper SIC the dynamic range of the
log detector need be no greater than 60 dB. An A/D converter with 8 bit

V accuracy can adequately quantize the log variable to less than 0.25 dB resolu-
tion.

The reflectivity preprocessor receives the digitized video and a second
input resulting from a test based on Doppler spread to distinguish nOn-
overlapping weather and ground clutter. riultiscan si gnal averaging is fol-

l owed as in the previous configurations by transfer of the reflectivity map

to a mini-computer for cell detection , forecast and displ ay.

3.4.2 Reflectivity Preprocessor

The averaging of N logari thmi c samples is one of the methods for
estimating the mean reflectivity , A2. Section 2.2 reviewed the pertinent V

statistics , viz, the mean log is 10 log A2 - 2.5 (dB) and the standard devia-
tion is 5.57/,4i~ (dB). The desired 0.5 dB precision is obtained by averaging
128 independent samples represented by 8 range gates , 2 half-beanwiidths, and
8 scans.

Since the noncoherent weather processor has few features in common with
aircraft detection there is no strong motivation to retain the range-gate
timing of the MTD. An A/D sampling rate of 1.2 MHz is adequate and leads to
1 km resolution when 8 range gates are combined.

- ‘ V
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Fig. 3.3 Dual RF channel configuration noncoherent processor.
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In the coherent systems the average radial Doppler of the rain is a
discrimi nant to extract weather echoes evc~n when there is overlapping ground

clutter. The analysis in Appendi x B showed that this procedure is successful
in about 50% of the overlap situations for typical translationa l velocities
of storms. For the cases of small radial velocities , a Doppler spectral spread

criterion is used to eliminate obvious ground clutter from the reflectivity
estimate. A noncoherent processor is insensitive to average radial velocity

V and is forced to treat all echoes as having zero Doppler offset. However, a

Doppler spread criterion is still applicable since the spectral width is evi-

denced by pulse-to-pulse envelope fl uctuations .

The rms spectrum width due to antenna beam modulation alone was found to

be equiva l ent to 0.7 rn/sec. By comparison , the standard deviation of the pre-

cipitation spectrum goes from 1.0 to 10 rn/sec depending on the degree of tur-
bulence and shear conditions . The larger weather Doppler spread opens the

*possibility of classifying echoes as being either ground clutter or weather.
V The categori zation is accomplished with the aid of a high pass fi lter acting

on the signa l envelope. Al though the spectral shapes are distorted by passage
through a log detector, a spectral width cri terion is still applicable.

The accumulation of video samples from each range gate proceeds under the
control of a ground clutter test as follows . The absolute value of the high
pass fi l ter output is a measure of the signal strength that has passed through
the fi l ter and is to be compared to the total signal bypassing the fi l ter. If
the fi l ter output is less than a predetermi ned fraction of the total signal ,

the spectral spread is small , the echo is assumed to be pri marily ground

V 
clutter , and the video output is inhibited . If the converse is true, the

- . Doppler spread is sufficiently great that the echo is assumed to be from rain.
V 

Although the classification may not be correct in all cases, a large portion

- 
, of strong ground clutter can be elimi nated . Some ground clutter patches over~

lapped by rain echoes may be accepted initially as weather , but would be re-
jected as storm cells by the tracking algorithm for lack of spatial movement. —

* 
V

A third category denoted ‘~uncertai n~ was also considered to account forsituati ons where the binary classification is not clearly evident. However,
the complication of carrying the extra category i dentification through most of - -

the processing steps does not appear justifiable.
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Storm cells that overlap extended ground clutter regions would have a reduced
probability of detection or erroneous reflectivity estimate.

The design details of the high pass filter having a cut-on frequency near
1 rn/sec need further investigation. Its form depends in part on the PRF ti ming.
Wi th a four-pulse stagger as in the ASR(8), a strictly periodic sampling train
can be produced by a simple sum of four successive sweeps. The resulting
sequence , at one fourth the original average PRF , is suitable as an input to
a recursive filter. With a multiple burst PRF , such as in the MTD, the fi l ter V

design is less obvious . A recursi ve type filter would have to re-initialize V

each PRF interval. Alternatively, a finite impulse response fil ter for the
constant PRF interva l can be designed to approximate the desired response.

The reflectivity map formed by s umming the selected logari thmi c samples
is formatted for transfer to the mini-computer by simply rounding the sum to
8 bits .

The noncoherent weather processor could be considered as a retrofit for
radar systems where the cost of a coherent implementation is excessive . The
cost advantage must be weighed against the reduced effectiveness in ground
clutter discrimi nation.

3.5 Cell Detection, Forecasting and Display V

For all the candidate systems described above , the output , consisting of
a reflectivity map for the coverage area , is transferred to a mini-computer
system where the data is further processed to generate the storm cell struc- V

ture anc! forecast of future positions for display to ATC controllers .

The details of the cell detection , tracking and prediction algorithms are
covered in Reference 2. The procedure begins wi th a search for local reflec-

V tivity peaks which are indicative of storm cells. For each peak a contour
down by a selected fraction from the peak is found. Contours surrounding more
than one peak are discarded. A storm cell is characterized by its peak inten-

-

r 

sity , the area of the surrounding contour , and the location of the peak or
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another measure of contour center. The cell data from successive acquisition

cycles is passed on to a tracker where cell trajectories are determined. Based

on the track history , a projection to a specified time in the future can be

V 
made. Also at this point in the procedure , stationary cells representing

ground clutter are discarded. The cel l attributes including intensity , s i ze ,
growth or decay are used to assess the cell severity before the data is con-
veyed to the display processor.

The normal display consists of the cel l position and attributes as pro-
jected to current time at the control facility . At the option of the operator,

the view of current conditions may be replaced by a forecast for selected time
intervals up to 20 minutes into the future.

In the TRACON facilities the weather situation is ultimately depicted on
the controllers ’ PVD and a supervisor ’s console. This data flow woul d be in-
tegrated into the recommended weather data management system, specifically,
the TRACON WEa ther Processor (TWEP ) descr ibed in Reference 5. TWEP acts as
an interface between the radar processor and the ARTS lOP which displays data
on the PVD’s. This link could exist without TWEP if appropriate functions are
included in the radar mini-computer. Si nce the weather data originates at the
same radar as the ai rcraft reports , a common data channel for weat her and V

surveillance data could be implemented.
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4.0 INTERIM MTD WEATHER EXTRACTION
V 

4.1 Requirements for Weather in all Digital ARTS Display

As part of the ARTS enhancement program the FAA is sponsori ng the develop-
ment of an all digital display system. Digitized target reports from beacon
and/or radar reply processors constitute the input to the system. Since analog
radar video is not displayed , a vector generator capability is planned to
depict weather echo contours and map outlines .

If the all-digita l system including the MID is deployed before the storm
cel l detection and forecasting procedures described el sewhere are developed ,

useful but limi ted weather data in the form of fixed reflectivi ty contours
can be extracted as an interim measure. These data extraction and display
methods woul d not satisfy the real needs of controllers for hazardous turbu-
lence depiction and forecasts. However, the early deployment of MID and the
all-d igi tal system demands that provisions be made to furnish the controll ers
with radar weather data. The data should be equivalent to or better than
what i s currently available from the ASR in analo g form or from the ARSR
narrowband weather subsystem.

The following sections describe the recommended methods for extracting
weather data from the MTD in a relatively simple manner to generate fixed
reflectivity contours for the controller displ ay. The flexibility of the MID
opens the possibility of signal process i ng prior to data transfer to the ARTS 

V

lOP that can improve overall system operation.

4.2 Recommended Processing V

The recommended procedures fol low those of the single RF channel config-
uration in Section 3.2 up to the point before the reflectivity map is found

by mul tiscan ave raging.

4.2.1 Selective Summation of Filter Outputs V

The na tural beginning of the separa te p rocess ing for weather ex trac tion
is with the output magnitudes of the 8 Doppler fi l ters. It is assumed the

V 
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fi lters have been normalized for equa l gain. The weather echoes will in gen-
eral be significant in no more than three adjacent fi l ters since the fil ter
width and spacing is about 13 knots and weather spectral rms width rarely
exceeds 20 knots. The desired weather processing consists of summing the

square magnitudes of those fi lters whose outputs are predominantl y weather

as compared to noise or ground clutter. For the non-zero Doppler fi lters

a subse t, say 2 or 3, containing the largest signals is summed , thereby yield-

ing an imp rovement in SNR over the receiver input . Improved SNR partly miti-

gates the effect of SIC on weather data (see Sec tion 3.1.2).

The zero-veloc i ty filter is summed if its output is more likely to be
weather rather than ground clutter as determined by the amount of Doppler
spectral spread. The algorithm described in Section 3.2.3 is employed here
also viz , the zero filter is added if the ratio of its output to either of the
adjacent ones is below a preset limit. This processing step is necessary to
avoid loos ing a si gnificant fractiOn of weather echoes (see App. B).

V 
The accumulation of square magnitudes may be accomplished by entering

the two input magnitude routine once for each added component , i.e.,

/F1
2 + F2

2 
+ F

3
2 

= 4/~~2 + F2
2 ) + F3

2

where F
~ 

represents a fi l ter output magnitude .

After the root-sum-square magnitude has been computed , the results are
accumulated over 16 range gates and 2 coherent processing i ntervals . The
range resolution is 1 nm , a factor of two coarser than the system discussed
in Section 3.2. Without mult iscan averaging , the number of i ndependent
samples summed is 32 giving a precision of 0.8 dB at large SNR . Since the
interim solution is not intended to support individual storm cell detection ,
but rather to provide weather contours , the larger spatial and ampl i tude reso-
lution is acceptable.

*Aircraft targets that appea r as weather may be removed in later pro-
V~ 

cess i ng s tages.
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4.2.2 Range Normalization to Compensate for SIC

The physical quantity of interest for radar weather is the vol ume re-
flectivity or a related measure , the reflectivity factor. When the receiver
gain is held constant and under the assumption that the scattering volume com-
pletely fills the antenna beam , the conversion from signal strength to reflec-
tivity invo l ves normalizati on by the square of range (R2). In a receiver
with STC the conversion to reflectivity must take account of the range depend-
ent gain variation . If the STC has an R2 characteristic out to the maximum
useful operating range , no further convers ion i s necess ary. Correc tion is
required wi th radars intended for point targets which employ R4 STC ou t to
a preset distance from the radar.

The range normalization for weather data should be adapted to the STC
characteristics in use. This computation can be mechanized in a number of
ways depending on specific imp l ementations of the MID. The normalization
numbers can be stored in a small memory. The addressing procedure or the
contents of the memory are established at the time of site adaption and
selection of SIC characteristics. Range normalizations other than simple

- j integer powers of R can also be accommodated based on a more detailed optimi-
zation involving antenna elevation pattern , assumed storm heigh t and SIC. A
procedure for deriving such a range normalization is outlined in Appendix C.

4.2.3 Hardware Thresholding

The data from the MTD is to be used for findin a contours of fi xed
reflectivity level and disp laying these via a vector generator on the PVD.
Thresholding the data in the MTD at the desi red levels can facilita te this
objective and at the same time reduce the rate of data transfer to the ARTS
Instead of transferring a refl ectivity value for each resolution bin and form-
ing contours in software, the up and down threshold crossings for each selected

V 

level are determ i ned for each azimuth bin (2 CPI ’s). The ranges at which the

- 
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crossings occur are transferred to the software along with the azimuth identi-
*fier. This data is sufficient to generate contours by connecting the appro-

pr iate po ints. However , since the number of points on the contour may exceed
the capacity of the display ’s vector genera tor , a software algorithm can be
used to replace the point-by-point contour by “best-fit” line segments. 

V

4

*The narrow-band weather subsystem (formerly WFMU) employs this conceptJ in extracting weather from the ARSR .
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5.0 A LONG R~A N GE WEATHER RADA R TO SUPPORT FAA , NWS AND AWS

5.1 Overall System Structure

V A joint use network of weather radars to serve all interested government

agencies promises significant cost sav ir~gs to each user agency . This chapter

covers the character istics of a weather radar that satisfi es the ATC requi re-

mcn ts outlined in Chapter 2 and has the potential of providing anticipated

da ta i n p u t s  to other users .

The geographic structure consists of a weather radar and on—site proces-
sor connected by da ta link to several user facilities . The distribution of
processin g functions between radar site and other facilities is governed by the

communicat ions load and by the advantages of centralized processing. The NWS
funct ions incorporated in the Radar Data Processor (RADAP) are candidates for
on-si t2 processing. Some adjustments of parameters and mode of operation may

be necessary to make the R.ADA P functions compatible with the ATC requirements.

For the ATC weather support , the on-site processing comprises the storm cel l

detection and determina tion of cel l attributes such as i ntensity , area and 
V

height. The cell description an d contour data for perhaps two fi xed reflec-

tiv ity levels are transmitted to an ARTCC WEather Processor (AWEP) [5]. AWEP

combines data from radars with overlapping coverage , generates the very short
term forecast and interfaces with the controller and supervisor displays .

The on-site equi pment consists of a penc il beam radar automatically

sequenced through a data acquisition cycle under the control of the on-site

min i-computer. The rada r employ s coherent Doppler processing for ground clut-

ter suppression and for the benefit of meteorologists who wish to analyze and

interpret radial wind fields. The Doppler data is extracted by means of a

pulse-pair correlator.

An overall block diagram of the system configuration is given in Fig. 5.1 .

5.2 Prelimi nary Inputs from AWS ROC

Specific requirements for next generation AWS and NWS weather radars are

V
no t fully formulated. A prel iminary draft of the Required Operating Character-

i5tics (ROC ) prepa red by the Air Force states features such as unattended
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Fig. 5.1 Weather radar for ATC and other users .
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operation , digital output data , Doppler capability and automatic severe weather
alerting. Many of the functions are in the category of data processing and
communication which are outs ide the scope of the basic sensor. However , the
ROC does include a specification of reliable measurements out to 110 km plus
detectability of minimum 13 dBZ precipitation at 400 km. The latter is wel l

beyond the approximatel y 200 km maximum useful range of the radar for ATC
weather purposes .* If the density of radars is sufficient to provide full
coverage for ATC , the 400 km operating range would be unnecessary . The re-
quirement pri mari ly impacts the receiver dynami c range and the selection of
PRF , and , of course, demands the added capacity to handle the data . Because
of the significant implementation impact , the long-range , low reflectivi ty
requirements need strong justifi cation. The following sections go into more
detail on the choice of radar parameters.

5.3 Recommended Radar Parameters

- 
V 

5.3.1 Carrier Frequency

The choice of RF frequency is governed by the follow ing issues :

a) angular resolution

V b) attenuati on in rain

c) reflectivity

d) antenna gain

e) Doppler sensitivity

The candidate frequencies are S.~band (A = 10 cm) and C-band (A = 5.3 cm).
Higher frequencies have excessive attenuation in rain , and l ower frequencies

V lead to insufficient angular resolution .

I To achieve a beamwidth of JO as stated in the requirements (Section 2.6),
- the ratio of antenna diameter 0 to wavelength A shoul d be D/A = 70. This

t *
- -V __ V_ -VV_V-V~~VV_V_ _~ -V_ 

-

V For purposes of this prelimi nary desi~n exerc ise , 200 km instead of
— 180 km will be used for the ATC operatina rance .
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assumes a circular aperture illumi nation of the form 0.25 + (l-r 2)2. The
corresponding antenna diameters are 7 m(23.2 ft) and 3.7 m(l2.3 ft) for S-
band and C-band , respectively.

Attenuation in rain has been related to reflecti vi ty factor Z by (1)

V 

~ x 0.3 x lO~~ S-band

-

. 

-
~ k (dB/km) Z°~

62 ~p o V
V4

-
~ 
. x 1.12 x 10 C-band

for 10 log Z = 50 dBz , about 50 mm/hr rainfall , the attenuation is 0.038 and
V 0.14 dB/km. The consequence of attenuation along the path to the target storm

cell is pri marily an underestimation of its intensity . This effect can be
corrected by a bootstrap method of integrating the attenuati on along the path
using the reflecti vi ty data itself. Due to the accumulation of errors with

V 
the method , successful correction depends on high accuracy in the data . How-
ever , with or without correction , the shape and location of storm cells are

-

V affected only to the extent that there exist strong azimuthal gradients in

V 
attenuation errors . This is unlikely to happen except where smal l intense
cells intervene between the radar and l arger wea k cells.

Items (c) reflectivity and (d) antenna gain affect the system power bud-
get. C-band is preferred but the issue is of secondary importance in fre-
quency selection.

The final issue on Doppler concerns the maximum unambiguous estimates of
velocity for a given PRF. The relation 

~d 
= 2 v/A , where 

~d 
is Doppler shift ,

and v is target speed, favors longer wavelengths to accommodate larger v for
< 1/2 PRF. As will be seen below the PRF constraints are such that pulse

V 

stagger is required in any case. By employing pulse -pair correlation with
- 

V pulse-stagger , accurate, unambiguous Doppler estimates are attainable at either
S-band or C-band.

The domi nant factor in frequency selection is the antenna size for the
spec i fied beamwidth. A 23 ft parabolic dish leads to a mechanically difficul t -

~ V
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implementation for the antenna itself , the moun t, and radome. For a networ k
of many radars the smaller di mens ions and corres pondi ng lower cos ts offered
at C—band are much more attractive .

The other factors in the frequency choice ei ther favor C-band (c and d)

— 
or are amenable to solutions other than l owering the frequency. • We conclu de
that C-band should be the operating frequency of the new weather radar.

5.3.2 Pulse-Pair Correlation

The method of Doppler measurement known as pulse -pair correlation
has received much attention in the literature and is favored for weather radar
appl i cations [11]. This is considered a minimum capability for a new network
of operational weather radars . We have not tried to anticipate more sophisti-
cated Doppl er processors for weather that may be evolved in the future .

The complex correlation of pairs of successive pulses in each range gate
is computed as

R(T ) = 

~ 

s(nT) s*(nT + t
5
)

Here s( t )  is a complex video process , TS is the delay between pulses in a pair ,

V 
and N products of pairs separated by I are averaged . From the complex correla-
tion R(T5) the mean frequency is estimated as:

= 
2ir~ 

Arg [R(T 5 )]

This estimator can be deri ved from maximum likel i hood theory . Its reasonable-
ness is seen from the Fourier transform relation between power spectrum , S(f),
and correlation function p(- r) ,  and the translation property of the transform,
i.e., letting “

p
” i n d i c a t e  transform ,

-

V 
~~- if S(f) ~ p ( T )

J2irf T
then S(f+f0

)e e ~~ p(T )  = R ( T )

V 
~~~~~

V
.

V

: 

V
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The correlation R(t ) is also the basis for an estimator of the spectral
variance. Its properties are discussed in the literature, [4,8] but the esti- 

V

mate has found little practical appl ication.

The spectral variance defined by V

b — .rf2S(f) df
1 

- 

.rS(f) df V

V pl ays a role in determining the statistical quality of the mean frequency esti-
- mator. V

Reference 8 finds the standard deviation of f to be

where ~ is a normalized standard deviation dependent on SNR and the parameters V

b1T 5 . Figure 5.2 is a plot of ~ vs. x = 2irb1 -r5. The optimum x is near one
and values larger than two shoul d be avoided. 

V

V 
These considerations set a limit on the useful interpul se period T

5
. 

V

A nominal value ’
~for the spectral spread of b1 is 4 rn/s or 150 Hz at C-band .

V 

I Hence for x < 2, 
~ 

< 1/(l5cy~r) = 2.1 ms. Assumi ng N = 18 pairs and ~ 
= 2,

V 

the resulting estimate error is = 71 Hz = 1.9 rn/s.

5.3.3 Pulse Stagger Interval s V

The 400 km range objective of Sec. 5.2 demands a pulse interval of
V 

at least 2.67 ms. According to the preceding analysis, this spacing is un-

acceptable for Doppler estimation because of excessive error. One is, there-

fore , led to consider staggered pulse intervals where one spacing allows the V

maximum range coverage for reflectivity only and other shorter intervals are

- 
suitable for mean frequency estimation .

In addition to the mean frequency error, one must consider the unamb i guous

V interva l of the estimate . Assume one pulse pair is separated by 1.33 ms cor- -~

responding to the 200 km operating range for ATC . The unambiguous Doppler

~ 39 -
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- interva l of ±375 Hz or ±10 rn/s is too small for observing storm motion . This
— limitation can be overcome by employing two different pul se intervals for mean
- frequency estimation and conbining the results to produce an unambiguous

answer.

A possible 3 pul se stagger sequence is [3.06, 1.7, 1.36] (ms). The long
interval serves for maximum range detection. The 5:4 stagger ratio of the
other two periods leads to an unambiguous Doppler interval of

T~7 1.36 
= 2.94 kHz

corresponding to ±39 rn/s or ±76 knots which is adequate for analyzing wind
fields .

For illustration , the sum of the two shorter intervals was arbitrarily
set to equa l the longest interval. The stagger sequence parameters actually

- represent degrees of freedom that can be used to optimize the design of a multi-
ple canceller to reject ground clutter. A pul se canceller is one real i zation
of a high pass filter for separating weather and ground clutter on the basis
of average radial Doppl er.

5.3.4 Independent Sample Size Factors

1 From Section 2.2 we recall that 83 i ndependent samples of linear

V 
video must be averaged to attain 0.5 dB rms precision . If the pulse repeti-
tion i nterval is less than the decorrelation time of the random process , more

IV samples are required. For purposes of counting samples , the pulse separating
the two short intervals in the stagger sequence may be ignored. The precipi-
tation echo intensity is strongly correlated for delays as short as 1.7 ms;
hence the pulse provides little non-redundant information. The effective PRI

*At S-band the 200 km PRI produces a Doppler interval of ±19 rn/s or ±37
knots whi ch is still too small. A reduction of the PRI to avoid staggered

V pulse-pair correlation would unduly restrict the range of utility of the radar
V 

- for wind field analyses.
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may, therefore be taken as 3 ms , and N pulses at this spacing are averaged.
Assuming a low spectrum spread due to turbulence of 0.7 rn/s. the equivalent

V number of independent samples Meg N/3.5 [see Appendix C]. For Neg 
= 83,

N = 290 pulses.

Excluding the possibility of frequency diversity , the necessary number V

of pulses may be collected in range and azimuth . In range the 1 km resol ution
bin may be subdivided into several range gates, with a corresponding adjust-
ment in pulse width to achieve independence between adjacent gates . The

V limitation here is primarily the computation and storage burden imposed on
V 

the processor by small range gates .

In azimuth , the available number of pulses in a 1° beam width is a func-
tion of scan rate. If data acquisition speed were not a problem , the antenna

could simply be rotated slowly so that a sufficient number of pulses is

collected in each range gate. However, as indicated in Section 2.4, the data

acquisition cycle, including elevation scans (see Section 5.7), should be

completed in 2 to 3 minutes .

V A feasible compromise among the above considerations consists of the

fol l owing: rotation at 1.5 rpm or 11 1 ms/deg., implying 37 pulses per 10

resolution bin; combining 8 range gates spaced at 1/8 km (0.833 usec) for a

total of 296 pulses. V

V 5.3.5 Power Budget

Several of the remaining radar parameters appear in the system

power budget and will be treated in that context. The power budget is pre-
dicated on achieving an SNR per pulse of 10 dB for 25 dBZ reflectivity factor

V 

at 200 km. The parameters listed in Table 5.1 are all reasonable and can be

achieved wi thout difficulty .

Pursuing the AWS requirement (Section 5.2), to observe low reflectivity

(13 dBZ) targets at 400 km, a 18 dB difference must be accounted for. The

possible mechanisms for extending the range i ncl ude 1) relax the SNR require-

ment , 2) increase transmi tter power, and 3) reduce noise figure .
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TABLE 5.1

C-BAND REFLECTIVITY POWER BUDGET

ir3P G2 e~ h 1K 1
2

= 2 
— 

2 Z (Battan [1], p. 42)
l024 X l n2 r

~~/(lo24 in 2) 
= 0.0437 -136 dB

Transm itter Power , 
~ 

= 140 kw 81. 5 dB mW

Ga in , G2 = ~
2(irD/A)4 = 0.25 (70rr)4 87.0 dB

Az beam, 0 = 1° = 0.017 rad -17.6 dB rad

El beam , q = 10 = 0.017 rad -17.6 dB rad

Pulse length , h(0.833 ~.is) = 250 m 24.0 dB m

Wavel ength , = (0.053 mY2 25.5 dB m 2

Max imum Range , r 2 
= (200,000 m~~

2 -106.0 dB rn~
2

Constant,* 1K) 2 
= (•935)2 -1.2 dB

Reflectivity , Z (25 dBZ mm6/m 3) -155 dB m3 V

Losses -3 dB

Rece i ver Power , 
~r 

-96 dB mW

Ref Noise Density , kT0 -114 dB mW (MHzY
1

Bandwi dth , B = 1 .6 MHz 2 dB Mhz V

No i se Fig ure 6 dB 
—

-lO6 dB mW

SNR per Pulse at Max im um Range 10 dB

*Related to the index of refraction. See Reference 1.
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If the entire 18 dB differential is absorbed by SMR , the SNR per pulse V

becomes -8 dB , which is unsatisfactory for reflectivity estimation. Moreover ,
all three approaches increase the requirements of the receiver and A/D convert-
er to acconiiiodate a wide dynamic range. As discussed in the succeeding subsec-
tion , adequate dynamic range is diffic~~t to achieve even wi thout the low
reflectivity objective. The need for observing low precipitati on echoes at
long ranges shoul d , therefore, be thoroughly justified .

5.4 RE/IF Components and A/D Converters

1~o si gnifi cant departures from conventional design are required in the
RF/IF stages of the radar. Only the recei ver dynamic range needs special atten-
tion. Front-end STC is expected to compensate for 40 dB of R2 echo dependence
from 2 to 200 km. The remaining variation of 55 dB from noise floor to peak

V 

reflecti vity must be accommodated by the coherent detector and A/D converters .
Extrapolating from the 45 dB dynami c range achieved with the first MID devel-
oped at MIT Lincoln Laboratory , the desired performance may be achievable with
normal advances of the state of the art in components and signal processing .

V 

If not , some degradation at the extremes of the dynami c range would have to be V

tolerated .

V For operation out to the 400 km , it should be noted that the front-end
R2 SIC terminates at 200 km. The receiver is at ful l gain for targets beyond

that distance , and subsequent range correction shoul d be applied to the re-
flectivity estimates . This can be accomplished by an R2 gain control in the
IF or video. In contrast to front-end SIC, this gain has no effect on SNR ,

but it serves to maintain the signals in the favorable operating region of the

A/D as the SNR degrades.

5.5 Reflectivity Preprocessor

The reflectivity preprocessor for the weather radar consists of those

computationa l el ements that accept digitized I and Q video and produce a re-
fl ectivity map for a spatial sector.
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5.5.1 Ground Cl utter Suppression

The Doppler capability of the radar, although not a direct part
of storm cell tracking, is useful in the discrimination of ground clutter and
weather on the basis of average radial velocity . An important characteristic
of the ground clutter is its rms spectral width °g due to antenna beam motion.
For the parameters of this radar; viz.A = 0.053 m , 02 

= 0.75° ( two way hal f-
V 

power beanwidth ) and c~ 9 deg/sec (1.5 rpm rotation rate) one has

° 
= 

i~ 
= 0.06 rn/sec

2

The ground cl utter spectrum is sufficiently narrow so that a narrow-band zero-
velocity notch to reject it woul d eliminate a negligible portion of the weather.
A notch width of ±0.5 rn/sec at the 3 dB point should provide adequate suppres-
sion of ground cl utter. According to Appendix A , when yr 

= 0.5 m/sec, a trans-

V 
lation speed v~ as low as 2 rn/sec is sufficient to ensure over 84% success in
extracting accurate weather data . For more typical speeds of 8 rn/s (15.5 knots)
the success rate is 96%.

The high-pass filter is preferably based on a multiple delay canceller
empl oying an optimized stagger sequence . As an alternative or supplement to
the canceller , a recursive realization using a periodic subsequence could be
considered.

If necessary , the elimination of even a small percentage of weather echoes
by a zero-veloc i ty notch can be avo i ded by performing a Doppler spread test.

V Echoes having low average radial velocity but large spread would be processed

V 

via a signal path that by-passes the notch filter. Such a test woul d involve
additional computations , perhaps drawing on the mean frequency and variance
estimates from the pul se-pai r correlator.

5.5.2 Sample Averaging

The high-pass fi l ter operates on the I and Q channels in each
1/8 km range gate. Subsequently, the magnitude /12 + is formed , and
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samples from 8 range gates and the number of sweeps between 1° azimuth in-
crements are accumulated .

The reflectivity data quantized to no more than 8 bits (logari thmic) per
- bin is transferred to the on-site mini-computer for further processing or dis- V

tribution to users .

V 5.6 Pulse-Pair Correlator

The operations performed by the pulse -pair correlator are complex multi-
plication and averaging. For each of the two smaller stagger spacings T~ the
products

-

~~~~ 
— [1(t) - jQ(t)] [1(1 + T.) + jQ(t + Ti )] i = 1 ,2

are formed . The real and imaginary parts of the product are averaged over a
sequence of pairs encompassing the 1° beamwidth. For the representative set
of parameters offered in Sections 5.3.3 and 5.3.4 the number of pulse -pairs

V in a beani’~idth is given by

V 

V~

-

~ 111 ms/deg — 18
F - 6 ms/stagger cycle 

-

F The data may be further averaged over a number of range gates consistent with
the des i red range resolution. V

The extraction of the mean-frequency and spectral spread estimates may

be carried out by software after transfer of the data to the on-site mini-
computer or by a dedi cated hardware processor. The operations consist of

V 1 -l Im R (T.)
— V f. = tan 1

1 2irT1 Re R (T 1 )
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The f~ estimates are then further manipulated for ambiguity resolution.

V Assuming a 1 km range resolution , the time allotted per resolution bin is

V 111 ms/az bin 
=

200 range bins

Further investigation is necessary to assess the computational load imposed
V 

by these operations and to decide how to implement them. Experience with
V 

existing pulse- pair correlators will provide useful guidance on this effort .

5.7 El evation Scans

The height information required for ATC and meteorologica l analysis is
to be obtained by a regular sequence of elevation tilt scans. Because of the
stringent requirements on update interval for cel l tracking, manua l probing 

V

of storms in the vertical direction is not feasible. In order to minimi ze
the data acquisition period , both the number of elevation tilt scans and the
time per scan should be minimized.

The elevation tilt positions need not be uniformly spaced throughout
V the range of interest. The height requirements can be satisfied by ensuring

a vertical sample spacing of less than 2 km up to 9 km. Table 5.6 gives a V

sequence of tilt angles that meet: this condition from 18 km outward in range

V 

to a point where 2 km hei ght fails to fill the 1° beam . Each entry in the
table represents the upper beam edge, e.g., the 14° tilt covers a 1° sector

between 13 ° and 14 °. The 1° t ilt is the lowest elevation scan having its
l ower beam edge on the horizon.
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TABLE 5.6

ELEVATION TILT POSITIONS

1° 5° 14°
2° 6.5° 18.5°
30 8.5° 24°
40 11° 300

it is expected that this or a similar sequence of elevation tilts would be

V satisfactory for all users .

The cell detection process is initia ted with the data acquired on the
l owest elevation scan. The data from tilt scans is associated with the cells
found on the l owest scan to determi ne the maximum vertical extent of each

V cell. In forming the association , the requirements on precision can be re-
laxed from the 0.5 dB value specifi ed for cell detection. This permits a
faster scan rate or~ the elevation tilt scans since fewer independent samples

V 

per beamw idth are needed ; two to four times faster rotation rate is tolerable.

At the reconTnended scan rate of 1.5 rpm s the l owest elevation scan
consumes 40 seconds . Taking advantage of the maximum scan rate increase for

V 
elevation tilt, allows 10 sec. for each of 11 tilts for a total of 150 sec.
This is less than the 3 minutes allotted to acquisition in Section 2.4.

5.8 Cel l Detection

Details of the cell detection algorithm are described elsewhere [2];
here we are concerned with the storage , and data compaction issues.

The tota l number n f  resolution bins is 200 (range) x 360 (azimuth) =

72000. W i th 8 bits per bin t h is represents 72K bytes of memory in a 16 bit
byte-addressable mach ine , larger than the addressable space without memory
mapping. The potential difficulties of processing on such a large data base 

V

L can be overcome by perfo rming the initial portions of the algorithms ‘on the fly. ”

Because storm cells are defined by contours relative to local maxima ,
sufficient data must be stored to correctly identify the peak and its
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surrounding contour. Maximum storm cell dimensions dictate the size of the
azimuth sector as a function of range that must be saved before cell con-
touring begins . Near the radar a 360° sector is needed since cell contours

V 
l may surround the site. At long ranges a few 1° azimuth bins may suffice.

Detected cells are represented by their locations (center of mass or

- 

V peak), area , and peak intensity . By association of data from elevation tilt
scans the vertic al extent of the cell is determined and added to its list of

V 

- attributes. The cell characteristics in this compacted form are transmi tted
from the on-site processor to one or more of the ARTCC Weather Processors
(AWEP). The delay incurred in transferring this data can be minimized by
sending the basic attributes as soon as available during or after the lowest
elevation scan. The height data can be transmitted later with a cell identi-
f i e r , a f t e r  the necessary number of elevation scans to determi ne the cell top
are c mpleted .

5 .9 AWEP Radar Functions

V The role of AWEP in the weather subsys tem for ATC is described in detail
in Reference 5. In addition to its weather data management functions , AWEP
continues the radar processing by 1) combining data from sensors with over-
lapping coverage , 2) executing cell forecasting algorithms , and 3) formatting

r 
data for interface to controller displays .

The so-called rada r netting job assures that the controller is presented V

with a consistent , meaningful display even when data arrives from two or more
weather radars. Al so, a cross-calibration check can be performed to verify
performance.

The very short range forecast of storm cell movement , growth and decay
is produced in AWEP based on the time history of individua l cells and clusters V

of cells. The hei ght information aids in the cl assification of cell severi ty 
V

V 
and permits storm overfl i ght. To compensate for acquisiti on and processing 

V

delays , the forecast is used to generate the image of “current conditions ” at

the ti me the data is displayed to controllers . At the operator ’s option the

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~
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current weather situation is replaced by a fo recast display for a selected V

time up to 20 mi nutes into the future . -

In the en route center , the weather situation is depicted on the con- V

trollers ’ PVD and on a flow controller ’ s console. The data for the PVD
passes through the 9020 computer , whe~-eas the flow controller console is
dri ven di rectly from AWEP. Possible methods for indicating the storm cells V

and their parameters on the displays are described in Reference 5.

“1
~~VV i~
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6.0 CONCLUSIONS AND RECOMMENDATIO NS
V 

Various candidate radar systems have been investigated to meet the needs
for weather data by air traffi c controllers . The objective is to provide data
of sufficient quality to support detection and forecasting of hazardous weather

-
~ -

. 
associated with individual storm cells. The major conclusions reached during
this investigation are : V

a) The ASR operating at S-band can be adapted to meet the requirements
deri ved in Reference 2 for thunderstorm detection by reflectivi ty processing .

V b ) If c i rcul ar antenna pol ar i za tion i s empl oyed for enhanced ai rcraft
target visibility in precipitation , then an orthogona l polar ization channel
i s necessar y for weather detec tion. Thereby, the reduc tion in echo power
and uncertainty in reflectivity of the pri mary polarization caused by rain

drop ellipticity is avoided.

c) Al though the MID provides substantially better weather suppression
than conventional radar processors , addi tional evidence should be gathered
to determine the viability of operation excl usively with linear polari zation .

d) Singl e RF channel operati on for both aircraft and weather detection
V requi res linea r pol ar i za tion and a comp romise between R2 an d R4 STC charac- V

teristics . A large portion of the airc raft signal processor can then be
share d for wea ther detect ion.

V 

e) At the price of a dual RF channel system, the conflicts on polari-
zation and STC characteristics can be resolved .

f) Coherent processing in the weather channel facilitates separation
of weather from ground clutter when the average radial velocity of the pre-
cipitati on is favorable. Doppler filters such as in the MID are appropri ate 

V

V 
for this function . If a conventional radar having two orthogonal polarization
ports , e.g., the ASR( 8) , i s to incorpora te a weather channel , a nonco herent
processor can be employed with lesser ground clutter discrimination based on V

the di fference in Doppler spread relati ve to weather echoes.
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g) The implementation of storm cell detection and forecasting requires
additional hardware and software development effort as outl i ned below . Since
the MID may I’~ deployed as part of the all-digital ARTS before these develop-
ments are complete , an interim procedure for extracting data for weather con-
tour generation is suggested as a sub~..itute for analog radar video . This
type of presentati on , howeve r, falls short of meeting the needs of air traffic

V . controllers for i dentification and forecasts of the small regions of hazardous
tur bu l ence .

h) To meet en route control lers ’ requirements for large area coverage
and storm heigh t data , a new weather radar is recommended. Economi c consid- 

V
V 

erations dictate a joint ( FAA , NWS and AWS) na tional networ k of weather radars
desi gned to meet the specifications of each user agency. The radar woul d V

operate at C-band with a 10 penc il beam and execu te a sequence of e leva ti on
V t i l t  scans. Coherent pulse-pair correlation would be incorporated to supply

V Doppler measurement data to NWS and AWS . A multiple staggered PRF structure
is suggested to collect reflectivity observations at long range and accurate
unambiguous Doppler data at shorte r range .

The following tasks are recommended to pursue the work begun under this
study for providing air traffi c controllers with a useful severe weather situ-
ation display : 

V

1. Develop a real-time demonstration system using an ASR
to eval uate storm cell detection and forecasti ng to

V terminal control le rs. To demons trate weather p rocess ing
V only, the system need not be dual channel . A coherent

processing capability with MID-like fil tering is de-
V sirable to minimi ze ground cl utter effects .

2. Conduct weather radar and flight test experiments to
V confi rm the turbulence/cell association , to refine

forecast algorithms , and to explore the utility of Doppler
information to improve hazard detection (See Reference 2.)

3. Continue the i nvestigation of single vs dual channel
V 

operation by determining the appropriateness of linea r
polarization for the MID under extreme precipitation and
by establishing compromise SIC characteristics .
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4. Estimate implementation costs of single vs dual channel
configuration and coherent vs noncoherent processing.
These comparisons will aid in the selection of the most 

V

cost effective approach.

5. Conduct a cost/ benefit study to determine the expected
costs and benefits that may accrue from impl ementation
of the design alternatives .

- 6. Implement an interim capability to extract weather
data from the MTD for the all-digi tal ARTS.

7. Coordinate with NWS and AWS on specifi cations for a
new weather radar leading to a field demonstration
test system that serves en route controllers and also V

V provides the necessary data inputs for the other agencies .

I V

-
-

V I

V ~~ V V

: 3~
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APPENDIX A

The Effect of Doppler Filters on Radar Weather Observations

Coherent MI! Doppler filtering ~~rmits the separation of ground clutter
and weather echoes in the same range gate when the radial speed of the precipi -
tation exceeds a certain limit. The radar echoes are in effect passed through
a filter having a notch at the IF frequency to reject zero-velocity , i.e.,
ground clutter returns. Echoes from nearly tangentially moving weather are
also suppressed in the zero-velocity notch. These effects are analyzed here
with specific application to the MTD Doppler filter characteristics for ASR’s.

Two points of view are taken both relating to the magnitude and direction
of the wind velocity vector. The first considers wind -driven precipitation V

moving with a specific velocity through the radar coverage area . Whenever
the radial velocity exceeds in magnitude a quantity V r~ 

determi ned by MTI
filter characteristics and the spectral width of the weather , the weather echo
is observable separate from ground clutter. The observable region corresponds

I V to two angular sectors centered on the radar as indicated in the upper right
diagram of Fig. A. l. The expression for the total observable angle is
27r - 4 sin

~~
(v r/vw) where ~ is the wind speed. This equation is plotted as 

V
a percentage of a fu l l  circle in the fi gure.

V 

The second point of view considers the precipitation velocity as an
arbitrarily oriented vector referred to the radar line-of-si ght (see lower-
right diagram of Fig. A.1). The fraction of velocity orientations that lead to
echoes observable through the MTI filter has exactly the form found above .
Thus the graph in Fig. A.l can be interpreted in either way , i.e., for a given

v
~ 

the curve depicts the fraction oF a full circle of 1) radar coverage or
V 2) velocity orientation for which the radial speed exceeds Vr~

A va l ue of yr has been calculated for the 1410 filter characteristics
reported in Reference 3 under the assumption of weather spectral width (rms) of

2 rn/s and 8 rn/s. Non-zero Doppler filters were approximated by gaussian functions
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IV V

and their power outputs in response to a gaussian power spectral density were
summed. The weather spectrum was translated by an offset velocity v~; the
resulting attenuation is plotted in Fig. A.2. The criterion of observability V

is defined as an error of less than 3 dB in the measured precipitation reflec- 
V

tivity . The -3 dB point occurs near 7 rn/s or 14 knots. This value is used
for Vr to denormalize the scales in Fig. A .l.

I 

The successful separation of weather and ground clutter can be related
to the wind speed for the computed example , e.g., 70% success is achieved when V

V the average wind reaches 30 knots. However , the translational velocity of V

convective storms is often below 20 knots for which the success rate is near V

50%.

I We conclude that the ASR Doppler 1411 fi l ters cause serious degradation
of weather data and that provisions must be made to include zero-velocity data 

V

in the reflectivity estimates when the radial weather motion is small. The
recommended ASR weather processors incorporate this feature utilizing the
Doppler spectral spread to distinguish obvious ground clutter from weather
echoes.

~~~~~~ 
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APPENDIX B

Averaging of Correlated Rayleigh Samples

The estimate of mean radar reflectivity is formed by averaging a sequence
of samples of the radar echo. The fl uctuation of the average establishes a
limit on the precision of the measurement. The variance of the average , which

-V is a useful measure of the fluctuations , is evaluated taking into account
additive noise and correlation between samples . The rada r echo is modelled as
a complex gaussian process l eading to a Rayleigh distributed envelope . Two cases
are considered: the average of 1) square law , and 2) linear envelope samples.

Let x and y be the in-phase and quadrature components of the complex

signal. These components are uncorrelated and their mean power is each equal

to the mean power of the signal , i.e.,

s ( t )  = x(t) sin wt + y(t) cos wt

= (x 2 + y 2)/2
V~~ V 

=

_ � V

_ ;2V (1)

We define the envelope as

~ A ~~~~~~~2 (2)

The reflectivity estimate is then deri ved from

H 14
V 

A2 = ~ A~(t.~) (3)
i=l
M

A =
~~~~~~~ ~~~ A(t1 )

i~ l

for the square law and linear case respectively.
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Focussing fi rst on the square-law case the mean val ue of the estimate
is

A2 = A2 (4)

and its mean square is

(2)
2 

= 22. ~ ~ A2(t 1 )A2(t~)
V 1=1 j=l

Reference 6 gives the correlation function of the squared envelope in terms of
the correlation of the complex components :

V 

A 1
2(t 1 )A 2(t~) 

2 [1 + p2
(t 1 

- ta )]

p (T) x(t) x(t+T)/x2 (6) L

Substituting in Eq. 5 with ~(t1
_ t
~) =

2 2 
= 

2 2
(A
2
,)
2 ~ 2

i=1 j=l
(7 )

= (A ) ~l + ~~ [N + 2(N-1)p 1 + 2(N-2)p2
+...]~

~~

V i  t
The variance of the estimate is given by

A 2
Var A2 = (A2)

2 
- (~?~) (8)

V Making the assumption that p1 diminishes rapidly enough and N is sufficiently
large so that (N-i)p. Np1 leaves
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Va r A2 = 
(~~)2 

[1 + 2p~ + ~~ +...2p~~1] 
= _ _ _

where N eq Is the equivalent or effective number of samples .
This form may be used to calculate the improvement in estimate error as a
function of the number of samples N. Note that for uncorrelated samples p.1=O ,
the variance decreases inversely with N as expected.

When additive receiver noise is present, the preceding is modified as
follows : the correlation function of echo signal plus noise is

p ( T )  = [5
2
p
5
(T) + n

2 
Pn
(T)]/(n

2 + ~2) (10)

V and

V 
A2 = n2 +s 2

Since t 1 - t~ is the pulse repetition interval , we have 
~n I j  

= 0 for i�i .
Therefore (9) becomes

— — 2  —2
Va r A2 = ~[(n~ + ~

2) + 2(s 2) (p~~1 + p
~~ 2+ ...)] 

V

(11) V

= [(1 + SNR 1 )
2 
+ 2(p~~1 + P~~2+ . ..)]

A similar development must be carried out for the averaged linear envelope
samples. The mean value and mean square va l ues of the estimate are

-— 
_ _ _ _ _ _ _ _ _ _ _  

(12)

= —12. ~ ~ A (t~ ) A( t~) 
V

From Re ference 6 we get V
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A(t
~

)A( t
3
.) A2 [E(~1~~) ~(l - ~~~~~~~~~~~ (13)

where K and E are the complete elliptic integrals of the first and second
kind.

When substituting in Eq. (12), it is convenient to remove from the sum
the constant corresponding to E(0) = K(0) =

V 
Then

—

A2 = 
~~~~~ ~ ~~~~~~~~~~~~ - P ~

_
~
)K(P

~..~
) - ~~~~~~ (14)

With E(l) 1 , the variance becomes

Var A A2 ( A ) 2

= L~- [1 - + 

~~~~~ 
~2(N-1)[E (p1 ) 

- ~(l - p
1

2 )K(p 1 ) -

+ 2(N 2)[E(p2)-~~(l - p2
2)K(p2) 

- 

~~
]+ . . .

V 

Making the approximations used previously and incl uding the noise through

- _ _ _ _ _ _  _ _ _ _ _ _ _  
. V

p 1 
— p 5 ~ 

— —— 
= 

-1 , 1 ~ 0
V ‘ 

n2 + s 2 l + S N R

yields

Var ~~~ (1+SNR ~~ ~l + 9.32 ~~~ [E(p.)- (l-p. 2)K(P~) - (16)

To proceed with either Eq. (11) or (16), the correlation function is needed or
its Fourier transform , the power spectral density of the weather echoes . The
latter is generally taken to be gaussian with an rms width 

~~~~~~
‘ 

i.e.,
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2 2-w
= e W in rad/sec

The corresponding correlation function is
2 2

-to /2
V 

= e W

V 
V

For the specific example needed in the text we assume a conservat ively low
spectral spread of 0.7 rn/s. At C-band (A = 0.053 m) this corresponds to

= 165 rad/sec . The pulse interval under consideration is T- 1 
= 3 rnsec ,

hence

= .885 p2 .61 p3 = .33

V i 
For the square law average Eq. (11) gives

V Var A2 = 
(s) 

[i + SNR~~)
2 
+ 2.53]

For a nominal 10 dB SNR

— 2
Var A2 = 

(s2) (3.74)

The required n umber of samples for a given varianc e is 3.74 times the number
for uncorrelated samples and no noise.

If the pulse spacing is increased to 6 ms ,

p1 .61 , p2 = .14

Var A = —i- [(1.1) + 0.78) = 
~~
-
~
- (1.98)

For a fixed-duration time average the number of pulses is reduced by one-half ,
N ’ =N/2 , and therefore

V 

V 
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I

-
V Var A2 =

Due to the high correlation of successive samples , the increased spacing and
corresponding reduction in number of pulses averaged has a small but noticeable
effect on the variance .

• Turning now to the linear envelope average , Eq. (16) gives for -r = 3 ms
and SNR = 10 dB

I 

Var A = 4.66N (3.36) V

V 

At a spacing of 6 ms we get

2
Var A = 

4.661’4 (3.57)

The behavior of the square law and linear averages is simila r; the
V differences are probably not si gnificant in the light of model inaccuracies.

For the design exercise in the main text N = 3
~

SNeq has been chosen.

~~
V i !  ~

-~~~~ - V
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APPENDIX C

V 
Range Normalization

For a given preci pitation reflectivity factor Z and complete antenna

V beam filling , the received power P(R) vuries as R 2 (see Ref. 1). This behav-
- b r  is modified by the STC characteristic which can be expressed as a gain

function g(R). If the storm cel l top is limi ted to a height H, then the re-
ceived power will decrease at long ranges due to partial beam filling. These

- factors can be i ncorporated in an equation for P(R):

e(R ,H)

P( R) P( R0) V f )  (
R)

2 
~~ (c- l)f  G(8)do

0

where
G(B) = measured elevation beam pattern

R0 = reference range where approximately comp lete beam filling
occurs for a storm of height H

V e (R,H) elevation angle to top of storm at range R

From simple geometry it follows that

V J . - l H  RO (R ,H) = sin (
~ 

-

V~~~~~ V
1 

The second term in parenthesis correct for earth curvature wi th an effective
V 

earth radius ae.

V 
If one assumes a nominal cel l height H for which the range normalization

is to be optimi zed , all the elements of Eq. (C-l) can be evaluated. It is then
possible to obtain a tabulation of P(R) vs R whose i nverse becomes the desired
range normalization. This normalization will compensate for range loss , STC
and antenna elevation pattern to yield a measurement proportional to reflectivity

V 

factor.
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