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a b s t :r a c t  o f  d iss is r t a t io n  

A HIGH BANDWIDTH RADAR OPERA'riON OVER THE INTERNET;

SIGNAL ANALYSIS, NETWORK PROTOCOLS AND EXPERIMENTAL

VALIDATION

The VirtiiaLCHILL (VCHILL) project is an initiative;! to provide full ojreration 

of the CSU-CHILL radar over the Internet, As part of this project, VCHILL 

aims to transmit Digitized Radar Signal (DRS) in real-time over high-bandwidth 

data network, estimate radar parameters at remote sites, and distribute them for 

display and further applications. This concept is referred to fis the high-bandwidth 

VCHILL. The distribution of real-time DRS enables tlie remote users to process 

the digitized signals according to their interests.

First, a new digital-IF receiver, which operates in parallel with the existing dig­

ital receiver (DRX) of the CSU-CHILL radar, was developed. The parallel receiver 

operates in conjimction with the DRS network server so that the server arranges 

the DRS into a specified format in real-time and transmits it to clients at up to a 

few liimdrcid Mlrps. Subsequently, end-system architectures for the high-lraridwidth 

VCHILL were developed. The arctiitcicture design includes various Fimctions, sucli 

as DRS acquisition, DRS transmission, DRS receive/radar parameter com|:)uta- 

tion, and parameter transmission, as well as generic packet and data structures for 

the data transiuission and sharing. Tldrd, transmission wmveform design scheme 

for congestion control was developed to make the real-time opciratioii tolerable and
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provide high quality end prochurl,s witder im{),redicrtable network conditions. Tiic; 

devc'lo|)(3(l sdieimr relies on the operating i,>r!iu::it)ie of tiie pnlsed-Dot,)i-)lcir radar 

and estimation theory of tlie radar parameters. A eoinlhiiation of tins waveform 

design sclieme and a sonree-based rate control algorithm with Additive Increase 

and Proportionate Decrease based on the feedl)ac;k provides the higlie.st quality of 

service possible. Perfo,nnanc,e evaluation of the system, while operating the CSU- 

CHILL radar in real-time, shows the linearity of the end-to-end TCP throughput 

proportional to the data, rate, coiiicidonce with the output of 1.he DRX system, 

quality improvement of displa.y, as well as apparent conge.stion control functional­

ity. Finally, to increase computing capacity at client sites, a concept of distributed 

DRS client wa,s developed. The essential idea is that the computation loads are 

evenly distributed a,mong the computing nodes that ate coimected to each other 

in networked environment.

Another aspect of the VCHILL is networked radar operation. In this scenario, 

a networked radar system can be readily used for the simultaneous observation of 

a same target by multiple radars, and the replacement of a large centralized radar 

with multiple small radars. Operational models, end-system architectures, and 

network models to make possible the notion of the networked real-time weather 

radar system are proposed. Scalability of the networked radar system was studied 

in terms of power consumption for pulse transmission, computation load, and 

communication load varying the Quality of Service parameters of spatial resolution 

and da,ta a,(,:cura,c;y.

Yoong- G oog Clio
Department of Elef:tric.a,l and Cloiiijiiifcfir Engitiet;riiig 
Colorado State University 
Fort Collins, Colorado 80523 
Spring, 2004
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C h ap te r 1

IN T R O D U C T IO N

1..1 B rief Overview of VCH ILL P ro jec t

Colorado State University (CSU)-CHILL radar system is a national facil­

ity operatrxi under a. (X)operativc agreement with the National Science Fourjda.tion 

to support education and research in remote sensing of the atmosphere [1], The 

CHILL radar is an S-baiid dual-polarization Doppler radar with polarization agility

and diversity {2].

Virtual CHILL (VCHILL) project is an initiative to enable the real-time op­

eration of radar over the Internet, which is a paradigm shift in comparison with 

the traditional radar operation [3]. The traditional way for operating the radar is 

that the researchers visit the radar site or get the data in tapes at the end of data

collection process. The VCHILL initiative changes this paradigm as sliown in Fig.

1.1. The VCHIIjL paradigm is being implemented at various Icvtds, such as low- 

bandwidtli VCHILL, high-bandwidth VCHILL, and networked radar operation.

The goal of the low-bandwidth VCHILL is to transfer tlte int(:!grated radar pa,- 

ramcters tliat axe estimat<;d at the radar site to remotely locat(x3 display nodes with 

various transport layer irrotocols over the Iivteruet [4, 5]. Since; tlit; transmission 

requiixs tlie bandwidth of a few hundred Klips, it is reft;rred to as a low-baudwidth 

VCHIIjL. Currently many universities and research communities ovc;r the Uuitinl 

States are able to access and display either the real-time or the a;rdiivod the CSU- 

CHIL'L radar data for thoir educational or research, purpose. Tliey caT,i also control
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the radar system remotely through graphic user iiiterfei.ee sinmltaueously observing 

the radax system with a digital video system [1].

The goal of the high-bandwidth VCHILL is to transmit Digitized Radar Sig­

nal (DRS) to remotely located client sites in real-time over high-bandwidth data 

network, such as Next Generation Internet (NGI) or Gigabit Ethernet, where the 

radar parameter estimation process is physically and logically separated from the 

radar. Providing the remote sites with the DRS enables the radar to be operated 

in a typical multi-user environment wherein each user independently processes the 

same digitized output signals for various applications as well as with varying al­

gorithms, such as clutter filtering, spectral processing, and oversampling [6j. This 

apjxroach to rada.r signal estimation is likely to stimulate devolo|,)ment of new and 

innovfitive signal-processing algorithms. The higlnbandwidtli application involves 

cliallengoK that include strict real-time rcciuirements for rnanii>ulati.ng DRS and 

signal processing, variable latencies introduced by physical distances, router de­

lays and end-system performances, as well as deficiency of the available bandwidth 

[6].
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The gooJ. of the networked radar operation is to dcvcdop the networked radar 

system, which, can be used for tiie simultaneou.s observation of same targets and the 

repla,cement of a large centralized radar with mnlti|.)k! suudl radars [7|. Operating 

multiple networked radar systcaus increases in reiiabillty of the overall rada.r system 

and tlie ciuality of tlie end product compared to a. single conventional radar, sueli as 

high spatial resolution and reduced coverage floor [8, 2], Moreover, the networked 

distributed radar system can also provide benefits in radar system design, such 

as great reductions in cost brought about by low power transmitters, cheaper 

rece,ivers, as ŵ ell as smaller a,ntemias, radome and pedes1;al size [6]. Research 

towards achieving this comprises the; developments of operation<al models, network 

architecture and end-system architecture for the operating the real-time networked 

radar system, im^luding application layer managenient protocols.

1.2 O bjectives of th e  .Research

This dissertation primarily focuses on the high-bandwidth aspect of VCHILL 

and the networked radar operation. The primary goal of the research is develop­

ment and experime.ntal validation of the high-bandwidth VCHILL concept. This 

spans into numerous specific objectives, namely a) evaluation of radar signal han­

dling and networking protocols for transmitting the high-bandwidth digitized radar 

signal in real-time and b) theoretical studies on the operation of networked radar 

systems. The a.ccomplish:rri(:nts of this research include the development of the 

digitablF radar receiver .system, the development of the end-.systera archit'.ectures 

for tlie high-bandwidth VCHILIj, the development of a traiisinissioii waveform de­

sign for congcistion control for fclte higl!-ba.i.Klwidth VCHILL, as well as tlui dev('lo|,)- 

incnt of tl'K! distrilruted DRS cliejit. In a.dditiou, the study ou tin; iwTworked raxlar 

system in terms of operating model, network model and end system architecture 

is included.
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1.3 Overviciw of th e  DissertatioH.

The organi'/atiou of this dissertation is described as follows.

•  C h a p te r 2: D evelopm ent o f a  parallel digital-IF  ra d a r  receiver for 

th e  h igh-bandw idth  'VCHILL

Chapter 2 describes the paxallel digital-IF receiver systems develope<l exclu­

sively for the high-bandwidth VCHILL. The description includes the func­

tionality of blocks composing the new receiver system, details on the design 

of the system, and the performance evaluation. The chapter also gives a 

brief description on the application layer from the perspective of the network 

server.

•  C h a p te r  3: D evelopm ent of end-system  architectures for the high- 

bandwidth VCHILL

The end-system architectures for the real-time operation of the high-bandwidth 

VCHILL are described in Chapter 3. The description includes the design phi­

losophy, operation of the individual process, and the implementation and per­

formance evaluation of the arcliitectures. The output from the two receiver 

systems are compared. In addition, critical factors affecting the end-to-end 

TCP perfomiancc are explored.

• Chapter 4: D evelopm ent of transm ission waveform design for con­

gestion  control ill th e  h.igh~bandwidth VCHILL

Chapter 4 explains data selection sdieines and a congestion control algorithm 

to provide toleraiic.e of the high-liandwidth VCHILL system. The theoret­

ical basis and the simulations to develop the signal handling scheme are 

explained. Performance results showing the tran.siuissioii rate and quality of 

the radar Hifjasuremcuits are also i)resent;ed.
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• C h ap te r 5: D evelopm ent of th e  d is trib u ted  DRS client

The concept and architecturt's of the distributed DRS client system to acliieve 

the required couipirfcing capability are des(;ribed in Cliaptcr 5. I^a'formanoe 

evaluation rc!sults to (ieinoiistrate the feasilrility for the high-bandwidth VCHILL 

applications are also included.

® Chapter 6: Study on the networked radar system  

Chapter 6 explores the operational models, end-system architectures, and 

netw'ork models for enabling i.he notion of the networked radar system. The 

chapter also introduces Quality of Service (QoS) parameters for the applica­

tions of the networked, radar system. Scalability is examined varying tlie QoS 

parameters. Finally, technical issues related to the networked radar systems 

are discussed.

• C h a p te r 7: Conclusion
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C hap te r 2 

D E V E L O PM E N T  OB̂  T H E  D IG ITA L-IF RADAR, R E C E IV E R  FO R  

T H E  H IG H -B A N D W ID T H  VCH ILL

2.1 In tro d u c tio n

Essential idea of the high-bandwidth Virtual CHILL (VCHILL) is that the 

received signals of tlie CSU-CHILL rada;r are digitized at the radar site and trans­

ferred to rcmiote sites in real-time over a high-bandwidth data, network [3, 6|. Once 

received over the primary network, radar parameters can be estimated at remote 

sites and distributed to display nodes over otiier remote data networks [9]. This 

all-digital networked approacli is very useful if the radar is operated in a typi­

cal multi-user environment wherein ea,cli user independently processes the same 

digitized output signals for various applications, such as clutter filtering, spectral 

processing, and oversampling [10]. This networked approach to radar signal pro­

cessing is likely to stimulate development of new and innovative signal-processing 

algor itlims.

Up until now, the received signals of the CSU-CHIIjL radar have been rou­

tinely processed by the existing digital receiver/processor (Lassen Research As- 

pcn/DRX unit) which produces end products with the conventional rfidar op­

eration iraradigm [2, 11]. Atteiojjts to modify the current mode for the higli- 

baiidwidtli VCHILL validation, while maintaining the current; operatiiou, were not 

possible. A:ftcr extensive analy,sis, an in.dei.)endeiit riicdver tlia.t would serve tlie
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higli-bandwidtii VCHILL syateiu primarily is the best way to iinpleHietrt its eon- 

cept without extei,isiv<;ly compromising mimerous imiovafcivc aspects of the higli- 

bandwi<ith VCHILL. such as agility in transmit waveforin design and estimation 

algoritlmi.

To acliieve flexibility in the high-bandwidth VCHILL, a ncwv IF-digital receiver 

system is designed to operate in parallel with the existing DRX signal processor. 

Data rate geiierated by the parallel receiver is determined l>y a combination of 

fa.ctors relating to quantization level, sampling rate, and number of receive chan­

nels. The parallel receiver for dual channels of colierent receiver system sa,nipied 

at a few MHz and IC-bit quantization level produces an ovm'ail data rate of a few 

hundreds Mbp.s. The paxallel recei\’'er functions as a ])art of the DRS server con­

cept in networked environment so tliat it integrates all input data into a specified 

format; in leabtirne. Because of the features of the pulsed-Doppler polaximetric 

radar operation and the high data rate, the integration requires extre,mely careful 

timing for synchronized data acquisltio:n and high speed data manipulation.

Development of this new digital-IF parallel receiver for the CSU-CHILL radar 

combined with innovative data, niani};nilation protocol for the transmission of the 

digitized radar signa,l (DRS) lays the foundation of the high-bandwidth VCHILL. 

Another innovative aspect of this development is that the receiver systeiii has been 

imple:mei:it€d using a generic Analog-to~Digital Couversion/Digital-Downconversion 

(ADC/DDC) signal processor. The signal processor is interfaced with high-speed 

PCI slot mounted on a standard PC (Intel Xeon Dual processors 2.8 GHz) ruii- 

nii:i,g wdtli Linux. Therefore, the perhrrmauce can br; co:n.tinuo'usly improved by tlw! 

a,dvent; of higli ,spei;d PC/PCl |,)Iatfon;us as well as upgrad(.?d signal })roccssor.

2.2 R ece ived  signals of polarim etric  D oppler radar system

ITairsiuitter of a pulscxl-Doppler radar consists of tlie stabilized local oscillator 

(STALO), pulse modnlcvtor and power a,mpli:fier. The STALO generates a contin­
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uous wa.ve siipial of nearly perfect sinusoixi form which is modulated and amidified 

to produce high power microwave eiierg,y. I ’ho .pulse modulntor generates a train 

of microwave pulses tliat are spaced at. the puls«3 repet,ition time (PRT) interval. 

The transmitted signal can be written as,

S tr { i )  =  l i i r i t )  GX]l{j2l(f^t) (2.1)

where /o is the carrier frc?qiiency, t is time. The rectangular pulse i.s defined as,

f 1 . lo I 2i
Utr{t) =  J n (2.2)^  [ 0 : o th erw ise ,  ̂ '

where Tq is the pulse widtli.

When the STALO is connected to synchronous detectors, the received signal 

due to a point scatter moving a uniform velocity is proportional to the tx’ansmitted 

waveform, tfe- The received signal is given by,

S,.(0 =  dl/«,.(fe-T)exp(j27r/o(f.-r)) (2.3a)

=  A  exp(- f27r/or)IItr (/; -  r) exp(j27r/oh) (2.3b)

where r  is defined as 2r/c with r being range and c being the speed of light, A is 

the complex amplitude, XG-\/PtS/4m-'^. Here, G is receiver gain, f \  is transmitted 

signal power, and S  is scattering matrix element. Therefore, the echo voltage for

a single moving pa;rticle is given by,

\v(£) =  Aexp(-j2';T/or)('4.(/, -  r) (2.4)

In gcuieral, the scattering amiilitude can be tiine-varying and the liinctional 

dependciice can l)c (expressed as / 1( t : /:). Additionally, precipitation is coin|)osed of 

a large number of hydrorneteors exttmding over a large ra.nge with widely different 

scatttiring amj)litudes and moving with dilh’rent velocities. Tlierefore, the ifxieived
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voltage can be expressed a,s a disa'eto sum of the c:outril)utioa from individual 

particles in the medium as,

Vr(t) =  E^fc(Adi)exp(-?27rior&)fA.(^^r,) (2.5)
k

where Ai- is the scattering amplitude of the Adli particle, and is 2rs./c [12].

Virtually all radar receivers operate on tlie superheterodyne principle. The 

echo signal, after modest amplification, is shifted to an IF by mixing with a local 

oscillator (LO) frequency. Actual receivers have several stages of RF and IF pro­

cessing. The received signals of the CSU-CHILL radar are down converted to a 

50-AIHz IF by mixing the received signal with the STALO frequency after passing 

through image rejection filters. A second conversion to the 10-MHz IF is performed 

by mixing with the 40-MHz reference clock coming from the DRX processor [2, 11].

In the digital radar receiver which performs IF digitizing, an IF signal is ap­

plied directly to the input of a. w'ide-bandwidth ADC, then digital signal xrrocessing 

(DSP) is used to process the digitized samples. Figure 2.1 shows au example of 

digital quaxirature demodulation scheme [13]. The system consists of digital mix­

ers, luimerictally controlled oscillators (NCOs), and digital filter.s. The digitized 

IF signal is multiplied with cosine and siiK,; wave samples coming from Hk! NCC) 

to extract In-piiase (/) and Quadrature (Q) compt)nents, respectiwjly. The series 

of digital filters then perform, low'-pa,ss liltcriug and digital decima.tion to get the 

digitiztid signal data at a desired sampling ra.te.
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The CSU-CHIliL radar ca;ri transmit fonr typris of polaxizatioii sequc:n.c<s, 

namely vertical (V) only, iiorizontal (H) only, alternating between V axici H, and 

Iiybrid mode which contains V and II components .siniiiltaiieously [Ij. Tlie diial- 

polarized radar system also has two coherent receivers, V and H receivers. Tlie 

receive states are always V and li independent of the transmitting states. I'he 

digitized signal a,t the receiver is referred to as Digitized Radar Signal (DRS). It is 

well known that the alteriiatiag mode and thf? hybrid mode can provide extensive 

set of additional paxaineters compared to the V or H only transmit mode [12], 

The CSU-CHILL radar transmits pulses at a PRT of an 800 - 2000 psec. 

After transmission of every pulse the receiver digitizes the received signal with a 

few MHz sampling rate during PRT. At a particular pointing angle, the pulses 

are transmitted multiple times to obtain reliable data sets. A digitized data set 

of the return signal from a transmitted radar fnilsc and the regularly spaced data 

are referred to as ’a range sampde data set’ and ’gate’, respectively. Thcjrelbre, the 

position in the row of the data set indicates the distance of the object from the 

radar. Here, we have two types of time scales, one is ’range time’ that is associated 

with the digitizing of the return signals. Another is ’sample time’ that is related 

to the time at which pulses are transmitted. The concepts of the range time and 

sample time are illustrated in Appendix A.

For the CSU-CHILL radar, four combinations of the received signal can be 

obtained depending on the radar operating mode as shown in Eq. (2.6). Conven­

tion that 'we will follow to d(3uote the DRS through this dissertation is written as

belows.

~  [ti] T  [u-j (2 .ha.)

(2-6b)

Vph[n] fvh\:n]+jQvhlri] (2.6c)

Vhhl'ri] =  Ihh\nl+jQhhM  (2-6<i)
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where V  stamls for the complex voltage of digitized signal which consists of J

and Q components. TIkj firet and second Bubscripts indicate tlie receiver and the 

polarization status of the transmitted pnlse. resixictivelr. The n within square 

brackets indicates the sample of tlie received signals with the same range time.

2.3 D esign of th e  digital receiver system

2.3.1 O verview  of th e  digital receiver system

The digital receiver system is d(3sigried to operate in pa.rallel with the As- 

pen/DRX signal digitizer/processor that is the existing system of the CHILL radar. 

Figure 2.2 provideK a schematic diagram showing the various signal sources and the 

connections fissociated with the parallel receiver. The receiver system is made up 

of an ADC/DDC signal processor, a digital Input/Output (I/O) card, and a serial 

I/O  port, as well as a standard PC and a circruit board to convert data IbiMiiat of 

Azimuth ( AZ) and elevation (EL) a,i:igles.

The received signals split from the existing channels are fed into the x\DC/DDC 

signal processor, along with the 40-MHz clock and a sampling trigger signal. The 

processor digitizes the received IF signal, produces I and Q components of the 

digitized signals, and decimates them by a selected factor. The sampling trigger 

signal, which is active every time a pulse is transmitted, informs the ADC/DDC 

signal processor of the instant when it starts to sample. The ADC/DDC signal 

processor is interfaced with the 64-bit/66-MHz PCI bus of the DRS server.

The signals of Aziniuth, elevation angles, and the polarization states of the 

transmitted pulses go into the digital I/O caixl with two types of trigger signals 

corning from tlie DRX processor. The digital I/O  card reads the Azimuth and 

elevation angles inxm a receipt of tiie integration cycle trigger signal tliat is active 

every time; the first pulse Is transmitted at a particular pointing angle. The Ax- 

iimxtili arui elevation ajigles coming from the position sensor in serial, data fon,u are
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converted to }3arallel data Ibrmat a.t tiie AZ/EL intcrfa,ce circuit. The 16-bit data 

bus ixitween tiM? AZ/EL interface drcuit and tlie digital 1 /0  card is shared for de­

livery of both Azimuth and elevation angle data. The digital I/O  card is interfaced 

with tlie 32-bit/33-MHz PCI bus of the DRS server. Other important tailar op- 

eratiiig conditions coming from the antcmia controller are I'leriodically transferred 

into the DR.S server through serial I/O  port. Tiie parallel receiver arranges all 

these data into a. specified format and passes them to a thread that is respotisible 

for transmission to remote sit;e,s. Detail infonnation on the data formats will be 

explained in later sections.

2.3.2 G eneric  fim ctionality  of th e  A D C /D D C  signal processor

The ADC/DDC signal processor from the Interactive Circuits and Sy.stems 

Ltd. (Model: ICS-554B-MN) has not only 14-bit ADC module, but also DDC 

capability [14]. It has four input channels and is available with 100 MHz maximum 

sampling clock per channel. Figure 2.3 shows the block diagram of the signal 

processor. The full-scale input signal level is approximately 1.2V peak-to-peak 

(+5.5dBm) into 50 ohms. The fundamental functions of the 1CS-554B-MN signal 

processor and the evaluated results with artificial input signals will be described 

in this section. Detail information about the signal processor can be found in the 

instruction manual [14].

When the ADC output mode is selected, the digitized signals bypass the DDC 

niodulc and are stored in the FIFO as 2's complement 16-bit samples. These are 

justified to  the most significant 14 bits out of each 16-bit word. Figure 2.4 shows 

the (iuaiitized values with increase, in the iieak-to-peak voltage of tlie input signal. 

Figure 2,5 shows the good linearity lietweeu output of the ADC and voltage of tlie 

input signal.
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CLOCK
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Figure 2.3; Block diagram of the ICS-554B-MN signal processor.

Tlie ICS-554B-MN signal processor includes four Graychip GC4016 DDC 

chips, each containing four identical digital down-conversion circuits, giving a to­

tal of up to 16 individual output cliannels [15]. Each of the four identical down- 

converters on the DDC chip accepts a sampling clock up to 100 MHz, down- 

converts a  selected IF frequency, filters the signal, decimates the signal rate by 

a programmable factor ranging from 32 to 16,384, and then resamples the chan­

nel to adjust the sample rate up or down by an arbitrary factor [14]. Moreover, 

each channel can produce complex data, namely /  and Q components of the dig­

itized signals. The DDC function can be configured in various modes, such as 

16-Clianu.el Narrow Band Configuration, 8-Chamiel Split-I/Q Configuration, and 

4-Charmol Wideband Configuration [14]. Tlie 4-Channel Widcbaiid Configuration 

is used for our development. The DDC output arc sf;ored in the FIFO as 2’s 

complement 24-bit samples, which leads to the maximum absolute value is a-round

8.4 X lOC

Figure 2.6 shows the sampled / and Q coinponeiits of sinusoidal input signals. 

Note that the data, show tire effectiveness of decimation functionality. Although
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Figure 2.4: sigiia.l« arc contijuioiis sine wa.ves of tlie frequency of 10 MFIy..
The peak to peak voltage of the input signal varies from 0.2 V to 1.2 V. The 
sa.mj.)ling froqueiiey is 100 M’Hz.
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Figure 2.5: The quantized maximmxi peak-to-peak value which is projiortioiial to 
the peak-to-peak voltage of input signal.

the data shown in Fig. 2.6 are quantized value at 1-MHz sampling rate after deci­

mation, which is lower frequency than the input signal frequency of 10 MHz, tliey 

show clearly the sinusoidal characteristic of the input signal. Fig. 2.7 shows the 

linearity between the quantized output and the peak-to-peak voltage of the input 

signal in the DDC configuration too. In this measurement, the selected gains of the 

filters of each, channel are listed in Table 2.1. The Cascade Integrate Combo (CIC) 

filter reduc(.:s the sample rate l>y a programmable factor [15]. The coarse gain 

cuit boosts the gain of weak signals. The Compensating FIR (CFIR) filter and the 

Progranimal)lo FIR {PFIR) filter, wtuch contain a 21 tap and 63 tap respectively, 

decimate the oTit|>ut of the coarse gain circuit liy two with programmable 16-bit 

coefficient.

Figure 2.8 shows tlie in-phas(‘ and qT.iadra;ture comircments of the pnIse-nio<lnlated 

sinusoidal ii.ipnt signal. The iToquency of the siin,isoid.al signal is 10 MHz, and t,he 

|:)iilse-tnodiiiation Iroquency is 1 K,Hz wfith duty cycle of 50%. Th.c inpi.it signal 

ŵ as digitized at a sa,mplc clock of 40 MTIz and was decimated by a faf;tor of 40,
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Figure 2.6: Inpi.it signal is a eoiitii,iuoii.s sine wa,ve with the frequency of 1,0 MHz. 
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Filter Setting Gain (dB)
CTC Idlter ,¥=10 50
Coarse gain off 0
CFIR Filter CF1RJ50 -0.7679
PFIR Filter PFIIL:I50 -3.9857

Table 2.1: Selected gains of the filters of a down-converter channel contained in 
the GC4016

(a) In-phase component (b) Quadrature componentx10 xIO

12
Input peak-to-peak voltage (V)Input peak-to-peak voltage (V)

Figure 2.7: Change in tlic niaximnm peak to peak (luantized value with tlie increase 
in th,e peak to peak voltage of iiii>ut signal, (a) In-phase comi.ionenfc and (b) 
Qu a-dr at ure corap orient.
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Figure 2.8: Quantized output of the pulse modulated (1 KHz) sinusoidal (10 MHz) 
input signal. The peaJc-to-peak voltage of the sinusoidal signal is 0.8 V. Sampling 
clock is 40 MHz and the sampled signal is decimated by the lactor of 40. Timing 
frequency is 10 MHz.

which produces the data output stream that is equivalent to a sampling rate of 

1 MHz. Since great difference in the output can be found depending on the tun­

ing frequency, the selection of the tuning frequency is important to get expected 

signal information from the DDC functionality. Here, another example of the effec­

tiveness of decimation can be seen. During the one pulse cycle, 1000 samples are 

captured when the period is 1 msec and the sainpliiig rate is 1 MHz. M.oreover, ten 

sinusoidal wa,ves a,re shown during on tiinr! of the pulse even though the; fxequency 

of the sinusoidal is 10 MHz.

Figure 2.9 shows the dynamic range of tlio ICS--554B-MN signal processor. 

The most, significant 24 bits among 32 bits should have been shifted to right by 

16 bits to produce 16-bit words, wliich is necessary for transmission to the remote
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Figure 2.9: Dynamic range of the JCS-554B-MN ADC/DDC signal processor.

sites in order to save bandwidth. However, the data were shifted to right by only 

14 bits to  calibrate the power output from the parallel receiver to that from the 

DRX processor in evaluating the dynamic range and bandwidth. The dynamic 

range of the DRX processor is shown in Fig. 2.10 for comparison.

Figure 2.11 shows the bandwidth of the ICS-554B-MN card. It shows ex­

tremely sharp boundary in output power at round 10.5 MHz. The bandwidth of 

the DRX system is shown in Fig. 2.12 for comparison.

2.3.3 Acquisition of the DRS

Figure 2.1.3 })resents the spectrum anaiyz<.;r disi)lay of tlie down converted 10- 

MHz IF signals, in which the bandwidtli is a})proxi,Tnatcly 60 KHz. Figure 2.14 

is an C!xa,iriple of 1;b.e rec.eived signals when tlie radar -vras pointing at the West, 

which show's some echoes bounded from Rocky mountains. I'lie 10-MHz IF sig,nais
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(a) DRX V -C h a n n e l (b) DRX H -C h a n n e l
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Figure 2.10: Dynamic range of the DRX signal digitizer /processor.

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



22

80

75

70
ST
TO 65

I
O

.a 50 
c
3  45 
O

40

35

30

(a )  ICS-554-M N V~Channel (b ) IC S -5 5 4 -M N  H - C h a n n e l
— - - - - - - - - - - - - - - - - - - — - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - , — — - - - - - - - - - - - - - - - - - - 80 — - - - - - - T “  . . . . . . . . . . . . . . . . . .

75 ”

- 70 - -

- -
m
2 ,6 5

-

1  60
0
1  55 
©
M 50

-

-

1

c
3  45
O

-

1

10.5 MHz 40
1 10.5 MHz

i

1

f

35

30

[

1

!
— . . . . . . . . . . . . . . . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

13 11 12 13
Signal Frequency (MHz)Signal Frequency (MHz)
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Figure 2.12; Bandwidth of the DRX signal digitizer/processor.
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Figure 2.13: Spectrum analyzer display of the received signal that has been down 
converted to the 10-MHz IF. (a) Vertical, channel and (b) Horizontal channel.

coming fro.m tiie vertical and ,horizonta.l receivers are led i.nto th<; Channel 1 and the 

Channel 3 of the ADC/DDC signal processor, respectively. The signal processor 

starts to digitize the input signals into 14-bit words at the sampling clock of 40 

MHz upon a receipt of the external sampling trigger signal that is synchronized 

with the pulse transmission. Next, the digitized data are tuned with the frecpiency 

of 10 MHz and extracted into I  and Q components. Each component is filtered 

aud decimated by the factor of 40, which leads to the data with the sampling 

rate of 1 MHz keeping characteristics of the received signals. The outputs of the 

vertical receiver and the horizontal receiver are stored in the FIFO 1 and FIFO 2 

that a.re mounted on the ADC/DDC signal processor, respectively. Subsequently, 

the output data are delivered to the butfer of the D.RS server from the FIFOs by 

tlie DMA iu(.:chanism. I ’lie ADC/DDC signal processor is set to be in Interrnpt- 

.Driveu I /O  inode such tliat wlieu the data is ready to be read, the interrupt signal 

is invoked requesting the process to read the data fro,m the buffer [16j. At last, 

tlie proc.evss reads the data and leaves the buffer empty.
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Figure 2.14: A snap shot display of the received signal. (Top) Vertical receiver
and (Bottom) Horizontal receiver.

In principle, the pulsed-Doppler radar receives the back-scattered signal from 

targets after transmitting a pulse. Therefore, synchronization in sampling and 

digital-downconversion processing of the received signal with the pulse transmis­

sion is extremely critical to obtain expected result. The DRX processor generates 

the trigger signal when individual pulse is transmitted. The trigger signal is a 

rectangular waveform which originates from the modulation for the pulse trans­

mission. Figure 2.15 presents the clock and the sampling trigger signal coming 

from the DRX processor. The time between two pulses of the trigger signal is 

identical with the PRT. The external sync generator produces a sync signal, which 

is applifid to botli external trigger and external sync, input ports. Figure 2.16 

shows tlie external sync signal and clock signal coiuiug into the ICS~554B-MN 

signal processor. Here, the width of the sync sliould bo a.|,)|>roximately a period 

of the clock, which is critical requiroment Ibr suitable opera1;ioti of the GC4016s. 

Sinc.e tlie cxtenial sync signal is fed into the trigger and sync porta, both the ADC 

a.nd DDC are syndironizcd, which produ(.;es the range sample data sets from each
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Figure 2.15: 40-MHz clock (Left) and Trigger signal synchronized with the pulse
transmission, (Right) generated by the D'RX system.

3. Figure 2.17 shows internal connection of the GC4016 chips contained in the 

ICS-554B-MN signal processor. Not only four GC4016 chips but also four DDC 

channels contained in each GC4016 chip are synchronized with the external signal.

Figure 2.18 shows that the ADC is precisely triggered by the external sync. 

Figure 2.19 shows the DDC ouputs of the transmitted pulses produce jitters when 

the DDC is perfornred with tlie internal-sync mode. The internal sync is gener­

ated independently of the radar pulse transmission. Figure 2.20 shows the DDC 

outputs of the transmitted pulses when the DDC is triggered by the external sync. 

Extremely consistent DDC outputs are obtained with multiple pulse transmissions.

2.3.4 A cquisition  of th e  A ziniuth/E ,levation angles and  polarization  
s ta te s

Tlie AZ/EL Interface circuit is placed between the iiosition sensor and Die 

digital I/O  card as shown in Fig. 2.2. Figure 2.21 illustrates the circuit board and 

the detail circuit diagram can be found in .Appendix B. The interhico crard convcrt:s 

the AZ/EL data in serial form coming frorn tlie position sen.so,r to parallel data

format, and keeps them in latches until tiiey are read liy the I/O card. The
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Figure 2,16; External sync and clock siginils coming from the exteranl sync gen­
erator.
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Figure 2.18; ADC outputs of tlie transmitted pulses of the CSU-CIIILL radar. 
Five ADC outputs are overlaid. Sampling rate is 40 AIHz.
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wliei'i iutemally syucliroiiized. The DDC oiiiprits of fifty triuisinitted |)u]ses are 
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Figure 2.21: Azimuth/Elevation interface circuit.

trigger and polarization status signals are also amplified in the interface circuit 

and fed into the digital 1/0 card.

Two types of the trigger signals go into the digital I/O card as shown in Fig. 

2.2. The sampling trigger signal is synchronized with the pulse transmission and

lasts for 1 /i.sec, which also go into the ADC/DDC signal processor to start to dig ­

itize the received signals. Figure 2.22 (Left) shows the trigger signal coming out 

from the .AZ/EL interface circuit;, which indi(::ates that, the PRT is ap|)roximatcIy 

1 msec. Anotlier trigger signal, which will be referred to as an integration cycle 

trigger, iridlcatts the begimiing of aii integration cyche Figure 2.22 (Right) shows 

the intc;gratio:n cycle trigg<*r wliose re{)etition tiiru? is approxlmatcily 128 msec be­

cause 128 pulses are transmitted with tlic PRT of ~1 msec. It lasts apinoximately 

for a PRT as shown ii:i Fig. 2.23 (Left). Go:inparion of tlie timi,iig betwccrn the two 

trigger signals are shown in B’ig. 2.23 (Right).
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f t i m

Figure 2.22: (Left) Sampling trigger signal and (Right) Integration cycle trigger
signal.

K

Figure 2.23; CompaJ'isoii of tiro timing Iretweon the sampling trigger signal and 
the integration cycle trigger signal. (Loft) timfi scale is 200 us(x; aiicl (Riglit) time 
scale is 0.5 usee.
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Digital i /( )  Ports Sigua.ls
PIAO - P1A7
PIBO - P1B7
PICO
P lC l
P.IC2
P1C4
P1C5

Input
Input-
Input
input
Input

Output
Output

Lower 8 i>its of AZ/EL
Higher 8 bits of AZ/EL
l>igger signal (Interrupt request)
Polarization status of the transmitted pulse
Integration cycle trigger
Selection of AZ (0) or EIL (1)
Enabk latches (1)

Table 2.2: List of the digital I/O ports that are coimecteci to the AZ/EL interface 
circuit.

The digital I/O  card (Model: PC7I-7248) from tlie ADLINK is set to operate 

with an interrupt mode [.17]. Tlie sampling trigger signal is used as an interrupt 

request signal. Wlienever the interrupt request is invoked, the interrupt signal 

handler routine, wliich is a. part of the application progTarn, is activated. Tlie 

routine reads the polarization status of the transmitted pulse, and checks whether 

the integration cycle trigger is on. Figure 2.24 shows the signal that indicates the 

polarization states. The signal state lasts until the next pulse is transmitted. The 

process reads the Azimuth and elevation angles in series by sending a selection 

signal through a digital I/O port (P1C4) upon the receipt of the integration cycle 

trigger signal. After reading the Azimuth and elevation angles, the process sends 

another signal through a port (P1C5), which enables latches to keep a updated 

angle data for the next reading. Table 2.2 displays the list of connections between 

the digital I/O cart! and tlie signals coming from, the AZ/.E1L Interface circuit.

2.3.5 Acquisition of th e  radar opera ting  conditions

The radfu' operating pa.raineters coming from the antenna co.r.itroller are pe­

riodically delivered to the DRS server through the serial port. Each parameter is 

assigned with ti specilic value, and termi.uai('.d liy a sciiii-colon oi* newline to lie 

distinguished cacti other. The parameters arc fdassified into different items, sucli
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Figure 2.24: Signal in.dica,ting tlie polarization states of tiic transmitted pulses 
with the alternating mode. High aud Low corresponds to the transmission with 
vertically and horizontally polarized states, respectively. For the hybrid mode 
operation, the application program does not concern about the polarization states.

as controlling the DRX processor opera.tion, archiving DRX process activities, and 

informational items to be recorded. Among those parameter types, some of them 

that are a.ssociated with the fields of the ray header structure as shown in Table

2.3 are stored in a structure global variable in the application program.

2.4 D a ta  acquisition process

The data acquisition process, which is a component of the DRS server, is 

an applicfition program associate,d with the hardware systems described earlier. 

Functions of the data ac-quisitiou |>roce,ss include.s initialization, of 1;he interfaced 

hardware systems, gathering of all data, arrangeincnt of t;,he data into a specified 

data format, and tra,nsfer of i,he da;ta, to a transmission proce.ss. The limctions 

are divided into threads rumung simultaneously for the real-time operatio,n. Main 

thread initializes the ,ADC/DDC signal p.rocessor and tlie digital I/O  card, aud 

prcfiares sliared memory scg,nieuts for passing the fonriatted data to the DR.S
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trfwismission process. It also writes the Aziimith and elevation angles and tlie 

poloxization statiis of the traiisrnittecl pulses into global variables after reading 

them, and sets the flag to indicate the state of the integration cycle trigger signal.

The second thread reads not only the Information ori tlie radar operating 

conditions, but also the information necessary for the calibration of estiniatcd 

parameters through the serial port. These information are periodically delivered to 

the DRS server and reserved in a global structure variable for the further reference. 

The global structure variable is repeatedly updated every time this thread gets new 

information.

The third thread reads the digitized /  and Q components of the radar sig­

nal and arranges them into specified data. Ibrmats. Ibble 2.3 and 2,4 show the 

striic;tures of ray header and range sample header, respectively. When this thread 

detects an integration cycle trigger signal, it assembles a ra.y header by reading the 

global structure variable that keeps the updated information. For the ray header, 

the fields are classified into various categories, such as data identification, radar 

operating condition, calibration, and data transmission. These are necessary for 

the DRS client located at the remote sites to estimate the radar parameters. In 

addition, the thread assemblas the range sample header before reading the output 

of the ADC/DDC signal processor from the buffer mounted on the DRS server. 

The information included in the range sample header helps the DRS client to iden­

tify where the recei ved range sample data set belongs to. For a range sample data 

strt, tlie riwige sample header is reserved in the front and followed hy the scries of 

the gate data.

Depending on tfie radar operat.iug mode, the attribute of the arranged data 

set; changes. For ea.ch gate, the /  and Q comporieiits of vc;rtical channel are loca.ted 

in lower uiuuber of addxaiss, and tlie /  and Q components of horizontal channel 

aix; stored in the next address. For the alternating mode, all thr; gates have the
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D ata  Iden tification
Header ID 0 - ray header,

Radar ID
1 - range sample data set header 
Uiiiquo number for a specific radar

Sta,rt time Unix Date and time in word
R adar o p era tin g  condition

OP mode 0 - V only, 1  ̂ II only, 2 -  VH, 3 - VMS
Scan mode 0 - RHI mode, 1 ~ PPI mode
Volume uitmber Integer
Sweep nimiber 
Ray number 
Azimuth

Integer
Integer
.Azimuth angle degrees x 1000000

Elevatioxi Elevation angle degrees x 1000000
Pfr Pulse repetition frexpienc.y x 1000
Ngates Number of gates
Ga-te spacing Millimeters
Start range Millimeters
Nprilsf? Number of pulses transmitted at

a particular angle
C alib ration

Txmit power II Horizontal peak transmit power 
dBm X 100

Txmit power V Vertical pcah transmit power 
dBm X 100

Receiver gain H dB X 100
Receiver gain V dB X 100
Zdr offset d.B X 1000
Noise power H dB X 1000
Noise power V dB X 1000
Phidp rotation degree x 1000000
Test type 0 - no test, 1 - Zdr calibration 

others TBD
IVansm ission

Ndata set number of range sample data sets 
in a data packet

RTT round tri|> time(rasec)
Tra.nsfer rate level 1 - 10
Trar isport protocol 0 - TCP, 1  ̂ UDI’

Ta,l)le 2.3: Structure of ray header that consists of 28 fields. Data, type; is integer 
and each field occupies 4 bytes.
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Header ID 0 •" ray header, 1 - range sample rlat.a set lieader
Volume uimilier Integer
Sweep numbei' Integer
Ray number Integer
Data number Sequence number of range, sample data sets i.n a ray
Polarization 0 - Vertktal radiation, 1. - Horizontal radiation
Data code 0 - normal data, 1 - last data in a ray,

2 - retransmitted data,

Table 2,4: Structure of a range sample header that consists of 7 fields. Data ty 
is integer and each field occupies 4 bytes.

received signals tor pulse 1 {V transmission), i.e. a copolar sample and

cross-polar sample (JhviQiw)-, followed by the received signal of all the gates for 

pulse 2 ( / /  transmission), i.e. a. cross-polar sample (!vh,Qvh) and copolar sample 

(Jhh, C2/,i,,)and so on. In the hybrid mode, all the gates have tlie received signal 

for ea,c:h pulse, i.e. UvviQvv) and {IhkiQhh) and so on. In latter mode, there are 

no cross-polar received signals. These ray header and the range sample data set 

are written into a shared memory segment and passed to the DRS transmissiou 

process. Detail description on the whole end-system architectures for the real-time 

operation of the high-bandwidth VCIIILL will be provided in the next chapter.

2.5 Im plem entation  and  Perform ance Evaluation

2.5.1 C ritical factors for im plem entation

The new parallel receiver has been iiupletuenied on the standard I*C cou- 

ta.ining Xeoii dual jjrocessors (2.8 GHz). Oi::)era,ting .sysirne is Red Hat 8.0 Linux. 

The ADC/DDC signal processor an.d tlie digital I/O ca.rd are interfaced witli a 

I’CI-X (C)4d>it/()6 MHz) and a PCI (32"bit/33 AIHz) slots, re.spectively. Fig. 2.21 

illustrates the AZ/EL interfacing circuit made by liaud. The a|)})lication jrrograKi 

was imi)lonK’iit<‘d using C laugucige, System V IPC aud Posix tlireads with, gcc
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c;ompil(’r. In afldition, Af^plicatioii Progra.mmers Interi’aces, which are provided by 

tlic inaimfacturers to access the ADC/DDG signal processor and the digital I/O 

card [18, 19], were used in coding.

The traxisfer rate from the FIFO to the bufter mounted on the DRS server 

should be fast eiiougii not to lose any data stored in the FIFO because of overfkw. 

The transfer rate for a single channel is 128 Mbps when the sampling rate is 1 

MHz. Here, the DDC data output format of the signal processor includes the data 

generated by the unoccupied iu|:mt channel 2 and 4 by default, which consume the 

half of the transfer bandwidth [14]. The maximum bandwidth of the PCI local bus 

is tlieoretically 4.224 Gbps for the 64-bit/66 MHz PCI-X slot. This bandwidth is 

equivalent to the sampling rate of 16.5 MHz. However, since the highest sampling 

clock is 100 MHz and the lowest decimation factor is 8 according to the specification 

of the signal processor [14], the highest equivalent baseband sampling rtite is 12.5 

MHz. In our development, the highest sampling clock comping from the DRX 

processor can be doubled up to 80 MHz. Therefore, tlie rnaxiinurn sampling rate 

achievable is 10 MHz.

The computer system should be set to miixirnize Cf^U performance. For exam­

ple, the enabled hyper-threading option can greatly increase the CPU performance, 

such as reading speed from the buffer to the application program, which eventually 

increases tdie transfer rate from the P'IF(3s to the buffer [20]. If the transfer rate is 

lower thaxi the data rate, some stored data in the FIFO are lost arbitrarily during 

operation because of tlie overflow, wdiich leads to the failure in providing expected 

outputs. I t  was experienced that; wlieii tlie DRS server was liooted with disabled 

hyper-threading, user display sliowed arbitrary range offsets from the center due 

to the un{3redictable lost of output data stored in the FIFO.

The size of a FIFO is 4.608 MB (72K x 64) and each gate data, set of a single 

(;lia,ii:nel ( /  and Q cxuuponents) occupies 16 bytes. Tlierefore, a FIFO can collect
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up to 288K gates data. As m<;nti()ned earlier, half ainoimt of the gate data, are 

dummy eoining from tlie lUKX'cupied cliannels. When tlie number of gates is 1000 

and 128 pulses are transmitted at a |)ointing angle, a FIFO can store up to data 

amount of two and oiie fourth rays. The time taken to fill up a .FIFO is around 288 

msec assimiing tlie PRT is 1 msec. Even though the transfer rate is fiister than 

the data rate, the server might not be able to read the data from the FIFO in the 

begimiing of operation because of initialization procedures tliat last longer than the 

time taken to fill up the FIFO, leailing to some loss of outputs. This also makes 

arbitrary range offsets varying every time the system operates. To remove this 

problem, the implementing code should complete lengthy initialization procedures 

before enabling the ADC/DDC signal processor.

2.5.2 C a lib ra tio n  of th e  range position

RF Test signal, which can be applied between the antenna, and the receiver, 

has been used to calibrate the parallel receiver system. Figure 2.25 presents an 

example of the ascope display showing the test signal. The equivalent number of 

gates along which the test signal is applied is approximately 30. The test signal was 

used for calibration of the absolute gate position compared to the DRX system.

Figure 2.26 shows the unexpected reflectivity along the gates for the three 

consecutive rays in early stage of implemenation with the applied test signal. Long 

plateau of high reflectivity, which lasts along the gates in a cyclic fashion, is shown 

for each ray  instead of a spike of reflectivity. The number of gates that make 

the plateau was counted to be approximately 512. Figure 2.27(a) iliustates the 

origin of th e  prolilem. Because of tlie feature of the ADC/DDC signal processcrr, 

it prodiiceid additional output of a frame tliat are equivalent, to four gate data. 

When the amount of data, to be read by the processor was set based on 1000 gates, 

tlie diminiy da.ta were continuously accumulated in the FIFO. Cons<?qiiently, the
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Blgure 2,25; An display of ascope sliowing test signal thcit are applied to tlie 
receivers. The ast;ope tiontinuously displays the radar parameters coming from the 
DRX processor along the gates.
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relative position of the gfitcs aJong wliich ttie test pulse was appiied was shifted 

to outwarci ranges. Thcretbro, when the parimieters were estimated with the 128 

range sample data sets, the re;flcctivit,y plateau with the total shifted niunbor of 

gates of 512 was geiKa'ated as showai in Fig;. 2.26. To solve the problem, wc 

incremented intentionally the amount of data to be read by four gate as shown 

in Fig. 2.27(b). Users can change the settings of the DDC module configuration 

which determines the amount of a range sample data, set to be read by the signal 

procxissor. Figure 2.28 shows the spike of reflectivity displaying the test signal as 

expected.

Absolute position of the gate was also calibrated compared to the DRX system. 

After solving the previous problem, Ifirger range offset by 56 gates compared to the 

DRX system was found because of the intrinsic system setting of the ADC/DDC 

signal processor. In order to get rid of tlie ofiset, the additional 56 gates data are 

discarded at the DRS server just after being read from the buffer. Figure 2.29 

shows the comparison of displays produced from two different receiver systems.

2.5.3 D ata  comparison w ith the DR X system

To deinoiistrate tlie functionality of the parallel receiver, the radar parameters 

are compared between the parallel receiver and the DRX receiver as shown in Fig. 

2.30 - Fig. 2.34. The radar was pointing at a. specific angle that refiected strong 

echo signa.ls from precipitation during received signal a.cqiiisition. The paranieters 

of eacli gate were obtaiiuxl by averaging the estimated iiararnctcrs of the gate over 

50 rays for both the parallel receiver and the DRX receiver. Mainly the parameters 

are compared along the gates which were in precipitat.ion. Th.e parameters obtained 

from the parallel receiver show good coiiKddence witli those obtained from the DRX 

rcceivtrr even thougli niinor calibration is re(|uired. The comparison demonstra,tes 

that th,e piirallcf rectaver operates properly for the Iiigh-baudwidth, VCUIIjL.
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Figiu'c 2.26: Reflectivity of the tiiroe consecutive rays along the gates, (a) ray 
number 59, {l:>) ray number 60, aiui (c) ray mrmber 61. The reflectivity was not 
calibrated yet wlien they were measured.
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Figure 2.27: Illustration showing the output of the ADC/DDC signal processor 
stored in th e  FIFO. The ADC/13DC signal proc:essor creates additional data that 
are ecjuivalent to four gates. Th(' amount of dat.a to l>e read by the processor ŵ as 
set (a) ba.sed on tlie op(;ra.ting iiiamiaL (1>) by the intentional iiicreinent by four 
samples.

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



30 .............. .......... ’... .

ao •

10

y  0CD
s
&
'E
<5

1  -2 0
%

-3 0 -

-4 0

-50^ .............. — - 400 600
G ates

800 1000

Figure 2.28: Spike of the reflectivity representing the test signal applied to the 
receiver. The reflectivity was not calibrated yet when it was measured.

*fri Sep 5

.

PPJ K» ^

lr»teneityi

70.̂ 0
sa.33S<J*08
4».G7
43.33m.m32,8/
27.33I
;.S7 

1135
. . .

M
1 -10.00

ilew 0,SNB 
Bate 15(bd.054

Figure 2.29; Comparison of the displays lietweeii the parallel receiver and the DRX 
system. Rings due to the test pulse are shown in tl:ie .same ranges.

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



4G

VH-Reflectivity

V H -R e fle c tiv ity

-  P a ra lle l  R e c e iv e r  
D R X  R e c e iv e r

950750 800 850 900
G a te s

S20

DRX receiver (dBZl

VH-ZDR

V H -Z D R

^  0.5

-0 ., 300 340 360180 320 380
G a te s

1.5

CO
B

1> '
o<D

5 0.5
toQ.

0 0 0 gO *■
„ 0 0£i, 0 f  S

cP “8 8 " o %"cp-0

% o 0

0.5 1
DRX receiver IdBI

1.5

F'igure 2..30: lieliectivity and Za.,. are ccrnpaxed l)etween the paralle] receiver arid 
tiie DR.X receiver. CSU-CHIIjL radar was crporated in alternating mode.

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



47

VH-LDRvh

V H -L D R v h

£X1
T3

- 2 6

7 8 07 4 0
G a te s

7 6 0720

-2o:
CQ nnX! —fcc
1—

•S -24 0) 
o  
©
^  -26 ©
“i
©-280.

-30

-30

V «  • ,

0 o ' V

0 Cj'J
f  «?f 0 8%, 0

1 .0

-28 -26 -24 -22 -20
DRX receiver fdB)

VH-LDRhv

V H ~LD R hv

-16

-22

- 2 4

7 8 07 4 0
G a te s

7 6 0720 -24 -22 -20 -18 -16
DRX receiver IdBI

Figure 2.31; LDIif,h and LDRhv arc compared between the parallel receiver and 
the DRX rec;eiver. CSU-CHILL radar was operated in altenia.tiBg iiiode.

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



4 8

VH-Velocity

V H -V elocity

800 850
G a te s

V H -P h id p

V H - R h o

950

-5

-1 0

<D -15
CD

O)
-20

-25

760 780720 740
G a te s

0.9

0.8

0.7

750 800 850 900 950
G a t e s

- 1 2

-14

> - 1 6

-20

- 1 2-2 0  -1 8 -1 6 -1 4
DRX receiver (m/sec1 

VH-Phidp

V H -R ho

-2 4

■i -2 6
00

0 0

15-27

-28

DRX receiver (dearee)

^0.8

oO

0.7 0.9
DRX receiver

Figure 2.32; Mean velocity, Phidp, and phv are compared between the parallel 
receiver and the DRX receiver. CSU-CHILL radar was operated in alternating 
mode.

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



49

V H S -R e fle c tiv ity

P a ra lle l R e c e iv e r  i 
DRX  R e c e iv e r  |

750 850 900800
G a te s

30

NOD OK X5
W

0)>
©
O 20 
d
©
1ttj
0.

15

VHS-Reflectivity

.Po d-'

15 20 25
DRX Receiver fdBZI

30

VHS-2DR

V H S -Z D R

0.8

 ̂ 0.6 

0.4 
0.2

■0.2 280 300 320 340
G a te s

360

1
CD
X5

feO-8>
§ 0.6
®
15w
n.

0.4

0.2

a

OrM ,
0,, p  °°(5Sf>°°o
Oc

c?8
0 °

0 0.2 0.4 0.6 0.8
DRX receiver fdB)

Figure 2.33: Reflectivity and Z,ir are comparcxl between the parallel receiver and 
the DRX receiver. CSlFGIiILL rada.r was o}>era,t(x:l in liy1>rid mode.

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



5 0

V H S -V elo c ity
- 1 5

-20

-21

720 740
G a te s

760 780

V H S -P h id p

G a te s

V H S - R h o

<D -30 0)

% 780

0.8

Ofoo 850750 900

-12

o
g-14

1-16
5
l - , 8
Q)
15
cd-20
a.

VHS-Velocity

-20 -1 8  -1 6  -1 4
DRX Receiver Im/seci

VHS-Phidp

-12

0)
S
® -4 9
S
w-
Q)

■ 5-50o
<D
cc

0
0 0 0

^ - 5 1V.
CL

00 0 0 Q 0 ' ”
0 0 0

„ 0 e  0

0 floPfl-'i -

-13 -1 2  -11 -1 0
DRX Receiver (deareel

VHS-Rho

.6 0,7 0,8 0.9
DRX Receiver

Figure 2,34: .Mean velocity, Phiip, aud /)/,,„ are c:ojiipare<l between the parallel 
receiver and the DRX r<x;eiver, CSU-CHILL radar was operated in hybrid mode.

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



•51

.Decimation laetor Sampling rate (MHz) Trivnstnissioi i rate (M.l)ps)
10 ^ 1 61.0
20 2 121.7

40/3 3 184.5
10 4 245.9
8 5 307.4

Table 2.5: Change of transmission rate with tJie increase in the sample output 
rate.

2.5.4 M easurements of transmission rate

DRvS server is designed for tlie real-time transmission of the DRS to the 

remote sites. Tlie DRS transmission process, wliich runs simultaneously with the 

data acquisition process on the DRS server, is responsible for the transmission. 

Since the external sampling clock is 40 MHz and the lowest decimation factor is 

8, the highest sample output rate possible is 5 MHz currently. The transmission 

rate over a Gigabit Ethernet was measured increasing the sampling rate up to 

5 MHz. During this measurements, the DRS client just received the data and 

discarded them without estimating radar parameters. Socket buffer size and max­

imum transmission unit (MTU) were set to be 64 KB and 1500 bytes, respectively. 

Table 2.5 shows that the transruission rate increases linearly in proportion to the 

output sampling rate.

2.6 Siiiriraary and Conclusion

The digitaUF receiver develofied primarily for tlie higli-bandwidth VCHIIjL 

is desc:ribed. The receiver operates in parallel with the DRX processor of the 

CSU-CHILL radar. Tlie design of the parallel receiver is based on a Kstandard 

PC platform witli PCI-interfaced high-speed ADC/DDC signal processor and a 

digital I/O , as well as a data conver,sion circuit for AZ/EL. Ttie parallel receiver
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ivmctioris as a ('.omponeut oi:' tb.c DRS servc r̂, fmd provides the (iigitizeci /  and 

Q coniponents of the received sigtuii of the CSU-CHILL radar with information 

required for estirna.i,jon in a specified format;. Since the overall data rate that the 

signal processor geiicratcjs are over a few hundreds Mbps in conjunctitiu with tiie 

operation of the; pnlsed-Doppler radar, tlie integration of the all received data into 

the specified format requires extremely careful timing for synchronized data acqui­

sition and high-speed data manipulation. Optimization of the computer system 

for the high-speed transfer of data from the FIFO to buffer and the well-organized 

code are critical for the satisfactory operation of the parallel receiver. In addition, 

the ADC and DDC processing should be synchronized externally with the pulse 

transmission. The parameters obtained from the iiarallel receiver sluw good coin­

cidence with those obtained from the DRX receiver, which demonstrates that the 

parallel receiver operates properly for the high-bandwidth VCHILL. The liighest 

sampling rate is 5 MHz currently, and the transmission rate to the remote sites 

increases linearly in proportion to the sampling rate. The sampling rate can be 

increased up to 10 MHz with use of the maximum sampling clock of 80 AIHz.
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C h ap te r 3

EN D -SY STEM  A R C H IT E C T U R E S FO R  T H E  H IG H -B A N D W ID T H

VCHILL

3.1 In tro d u c tio n

The high-l;)andwidth VCHILL is an approach to transmit the Digitized Radar 

Signal (DRS) over data network to multiple remote loc;ations where the radar 

parameters axe estimated and delivered to other display nodes in real-time. In a. 

multi-user environment, different users may be interested in different sets of end 

products. The quality of the end products may depend on the algorithm applied for 

the processes too. This networked approach to the distribution of real-time DRS 

provides multiple users with the same quality of the digitized radar signal as at the 

radar site. Moreover, this approach enables multiple users to independently process 

the same digitized output signals for various applications [3]. Such an environinent 

demands not only sustained bandwidth requirements of a few hundred Mbps which 

is much higher than the low-bandwidth VCHILL, but also end systems with high 

computing capability.

The preliminary implementation of architecture for the DRS data transmis­

sion laid foundation of development [21]. The preliminary design wa-s a simuLition 

test systern lacking in the details of the. ra.dar processes !>ecausc of a,:u iiiitiai trial 

Further develojtraents in the cnd-system architectures, which were chrsigiicd based
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on the operating prineipk^ of the pu,l8C(l~J3opplcr radar and the parameter estima­

tion theory, are sliown iu [9]. The perfomiance was evaluatxjd using a simple test 

bed via emulation.

In this cha.pter, wc pro|:)Ose e.i:id-system a.rchitectures ft>r making the riofcioii 

of high-bandwidth VCHILL possible in conjunction witli the tra,nsmission. of DRS 

over ILansmissiou Control Protocol (TCP). The architecture is designed baaed 

on the client-server model relying on tlie operation of multiprocesses and muL 

titlireads. The key fimctionaiities of the arcliitectures are divided into multiple 

processes performing the digitized radar signal acquisition and transmission of the 

DRS on the DRS server, as well as the radar parameter computation a;nd pa­

rameter transfer on the DRS client. In addition, generic packet structures and 

data structures for the information sharing between processes are also designed. 

The digital-IF receiver described in Chapter 2 is an essential component of the 

digitized radar signal acquisition. The perlbrmance of the proposed architecture 

implemented on a standard PC/Lirmx platform is evaluated by using test bed 

with gigabit link, while operating the CSU-CHILL radar in real-time. Factors 

that affect the end-to-end TCP throughput are also examined via emulation. The 

proposed architectures establishe a basic framework for the applications of the 

high-bandwidth DRS transmission.

3.2 D igitized Radar Signal and Parameters

The GSU-CHILL T‘ad;.ir i.s a duaT):>oIa.rized mdar system such that it (::an tT'aus- 

init four types of polarization sequences, namely horizontal (H) only, vertical (V) 

only, altxrriiating between horizontal and vertic-al, and hybrid mode whidi coutaius 

V and H <.x:)niponcrits simulta,ueously. In addition, the CHILL radar has two coher­

ent receivers, namely vertical (V) and horizontal (//) receivers [1]. The digitized 

J a,nd Q compomnits of the received signal are produced on (?ach receiver. It is
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well known tbfit the alt(^n:ia,tiug mode and the liybrid modt; eaii, provide ex:t:eiisivvj 

set of additional parameters in <-,omparison witli tlie H or V only transiriit mode 

[12]. Therefore, we will primarily focus on the radar operation witli the alterna,ting 

rriode and the liylirid mode.

The CSU-CHILL radar transmits a pulse at intervals of pulse repetition time 

(PRT). The receiver digitizes the received signal, with a few MHz clock during PRT 

after every pulse is transmitted. The digitized data set for each transmitted pulse 

is referred to as a range sample data set. At a particular pointing angle, the pulses 

are transmitted multiple times to obtain reliable data sets. A collection of the 

multiple range sample data sets will be referred to as a ray DRS block. Based on 

this operating principle of pulsed-Doi.)pier raxiar and synchronized digitizing, we 

can conceptually visualize the ray DRS block as a two-dimensional array of data as 

shown i,n Fig. 3.,1. In one dimension, the rows are regularly spax'.ed range samples 

of the return signal from individually transmitted radar pulses, which are referred 

to as ’gates’. The position of the data in each row indicates the distance of the 

object from the radar. When the next pulse is transmitted, the return signals are 

digitized and stored in the next row of the array. Therefore, the array has a number 

of rows equal to the number of pulses transmitted and a number of columns equal 

to the number of samples taken from the return signals.

At remote sites, the DRS client estimates tlie covaria,rice matrix of the received 

signal vector, which reqi,ures high computing capaliility. Given those outputs, var­

ious radar parameters, such as reflectivity (Zh), mean velocity (v), normalized 

spec.tral widtli (■«;), norrualized inaguitudo of aiitocorrclatjou with, lag one {R\ '), 

differentia] reflectivity (Z,ir), linear de|)olarization ratio with hori7,oiital trai,isuiis- 

sion {LDIRh), linear depolarization ratio witli vc,rtical transmission (LDRhv), <hf- 

ferential phase and copolar and crosspolar correlation cocdTicie.iits (p/i,,, /t;..,,), 

are cistimated. Note that the availability (,)f the i’a,dar parameters vary dei:)erKii.ng
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•

«

«

*

*

Gate 1 Gate 2 Gate 3 Gate M

Figure 3.1; A ray DRS block generated when the radar emits N  pulses and the 
receiver digitizes M  gates at a pointing angle. Digitized signal attribute varies 
depending on the radar operating mode. For the alternating mode, the all gates 
have the copolar sample, i.e. Im and Q w ,  and the cross-polar sample, i.e. Ihv 
and Qhvj for the pulses {2n -- 1). They have the cross-polar samples, i.e. 
and Qvh, and the copolar samples, i.e. Ik.h and Qhh, for the pulses (2n). Here, 
n =  1,2 , ..., N/2.  For the hybrid mode, all the gates have Iw- Qw> hih, and Qhh 
for each imlse.

on the radar operating mode. For example, the hybrid mode does not provide the 

linear depolarizations. Algorithms for the paramet;er estimation, are provided in 

Appendix C. More detail description about radar paranusters can be also found in 

[12|.
The output from one integration cycle is referred to as a ray data set at a

particular pointing angle. The collection of all the rays outi:)ut for a single fixed 

elevation angle or Azimuthal angle is referred to as a sweep. The collection of a 

complete set of sweeps is referred to as a, volume. The identification numbers of 

ra,y, sw'eex>, and volume are delivered to the DIIS server through the serial port, 

and included into the header struc.rture varial)les. These information are involved 

in th.e parameter estimation aft(‘r being transmitted to the DllS client.

3.3 D esign  of the end-system architectures
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3.3.1 A n  overview of th e  a rch itec tu res

The design is aimed at the DRS transitussion througli a ,high--baudwidth data 

network, such as Next Generation Inteniet (NGl') or Gigahit IAN. The end-system 

architectures of tlie DR.S server and client ai'e designed based on tiie clicnt-server 

model comprising miiltiprocesse.s and niultithreads a.s shown in Fig. 3.2. On the 

DRS server, the DRS acquisition process reads the DIIS and the radar operat­

ing conditions, and passes them to the DRS transmission process through shared 

memory. The DRS transmission process establishes an end-to-end connection to 

the DRS client, and sends the formatted data using Ihansmission Control Proto­

col (TCP) over the high-bandwidtli network after reading them from the shared 

memory. Shared memory and message queue are used for interprocess communica­

tions at the end systems, and global varialjles are used ibr data, exchauge between 

multiple threads [22]. An user payload for transmission is either a ray header or 

a range sample data set. On the DRS client, the DRS receive process estimates 

the radar parameters from the received data consisting of the DRS and radar op­

erating conditions, and writes the estimated parameters into the slxaxed memory. 

The parameter transmission process sends the radar parameters to other nodes for 

display or further applications over the multicasting protocol after reading them 

from the shared memory. Primary functiotis of each process are listed in Table 3.1.

3.3.2 D R S  acquisition process

The DRS acquisition process consists of three threads tliat operate simultane­

ously for the real-time operations as sliowu in Fig. 3.2. Since tlic deta.il description 

on the DRS acqui.Hition process and the fiructions of the threads were provided in 

Scthiou 2.4, essential functions will be exirloiucal from a perspc(d,ive of the DRS 

server operation over thtr data network in this subscchion.
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DRS Server DRS Client
Multicasting

AZ/EL 
Polarization ■

Radar
operating
conditions

D R S -------

DRS
Acquisition
Process

Main
Thread

Serial Data
Read
Thread

DRS 
Read 
Thread 
r

DRS
Transmission
Process

Waiting
Thread

Service
Thread

TCP or UDP

T T
• -

M essage queue

Global variable Shared memory

Data & M essage Flow

DRS Receive 
Process

DRS I Parameter
Receive i Computing
Thread I Thread

Parameter
Transmission
Process

Global variable

M essage queue :

Shared memory

LAN/Internet
 ---

High Bandwidth-^ 
Network

Fignre 3.2: Overall end-system architectures for the transmission of the digitized 
radar signal, the computation of radar parameters, and the delivery of parameters 
to multiple display nodes and further applications.
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Processes Functions
DRS acquisition • Initialize the ADC/DDC signal processor and the digital I/O.

• Read radar opera,ting conditions.
« Reijd digitized radar signal.
• Assemble header information.
• Write the formatted data into shared memory.

DRS transmission • Create listening TCP socket.
• Create threads for the service to the accejrted client through

the cormection TCP socket.
• Book keeping for all client socket information.
• Read the formatted data, from the shared .memory.
« Transmit the fori.na,tted data.

DRS receive •  Create TCP socket and establish connection to the DRS server. 
« Request and get the DRS data.
• Estimate the radar parameters.
• Calibrate the estimated parameters.
• Scale the radar parameters for display.
• Make header information for parmiieter transniissioii.
• Write the ra.dar parameters into shared memory.

Parameter
transmission

• Ma,ke UDP sockets for the transmission of parameters over 
mnlticfxsting protocol.

• Read header informa.tion mid the radar parameters from 
the shared memory.

• Make user payload which ii'iclude the disphiy header and 
the scaled parameters.

• Transmit the packets to ninlticating groups.

Table 3.1: Furietions of each process designed for the real-time DRS da;ta taans- 
rnissioii and computation.
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The; DRS rĉ ad tliread a-Svsembles two types of lujaders, namely ray l;uaKier and 

range sample header, that are used for radar paraiaetcu' estimation and display 

at the remote sites. Tlie ray header is assembled once at; a particular pointing 

augle when the first pulse is transmitted, which spedties the integration cyc:le in 

estimating the parameters. However, the range sample header is assembled every 

time a digitized data set for an individual pulse is read. The structures of the ray 

header and the range sample header are shown in Table 2.3 and 2.4, respectively. 

The meaning of the fields can be understood by their names, and will be explained 

in detail if necessary. While the size of the ray header is constant, the size of a 

range sample data set depends on tlie number of gates.

The DR,S read thread passes the ray header and the range sample data set 

to the service thread of tlie DRS transmission process through a, shared memory 

block. Once the memory is mapped into the address space of the processes tlrat are 

sharing the memory region, no kernel involvement occurs in passing data between 

the processes [22]. The shared inemory block for data passing consists of four 

segments. Size of each segment is designed so that each segment can accomodate 

the largest size of the range sample data set. Data is written into the segment in a 

circular manner. That is, after a ray header or a range sample data set is written 

into an available segment, the next data set is written on the next segment and so 

on. The ray header is fcillowed by the consecutive range sample data sets.

Message queue is utilized for comnuuuca.ting between the DRS acquisition 

process and the DRS transmission process [22]. After writing a new data on an 

availalile segment, the DRS read thread writes the segment number in which the 

data has lieen written into the message queue. Anotlier sluired inemory block 

is occupied by a structure variable indicating the status of the segment for the 

data passing. The members of the structure variable indicate information about 

availability of segment for writing a new data and how many service threads in
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the DRS transmission process bn.ve ixjad the data. After writing u new data into Ji 

segment, the DRS read tliread sets the corresponding axray element of the member 

to be one indicating tlie availability of the segment, wliicli irnplies that the segrnenl; 

keeps a new data to be read.

3.3.3 D R S transm ission process

The DRS transmission process is responsible for sending the ray header and 

the range sample data sets to the DRS client upon the receipt of request. It 

consists of a waiting thread and multiple service threads. The number of the 

multiple service threads depends on a combination of the number of connected 

DRS clients at a time and the available bandwidth of a physical link whicli the 

DRS server is connected to.

The waiting thread creates a TCP socket and waits for requests from the 

DRS clients. Whenever a client connects to the DRS server, a service thread is 

spawned from the waiting thread. After passing the receiver’s socket information 

to the service thread, the waiting thread waits for another connection. The service 

thread creates a new socket and transmits the data to the DRS client. Since thread 

creation can be 10 - 100 times faster than process creation, the concurrent server 

model, which is one thread per client [23], is utilized for our development.

The service thread fetches the message that specifies the segment at which the 

new data is located from the message queue. The service thread (hecks the element 

of the structure axray member corresponding to the segment number notic.ed. If 

the clement value is one, the thread reads the data, in the segment mid sends 

them to tlie DIIS client. After tea,ding tlie data stored in tlie segment, the service 

threa.d increments the corre.spoiiding cirray element of th,e member by one, which 

points out liow many service threads have read tlie sa.nie data in the multiiile 

clients environment, lire  service thread that has read tlie data, at last sots the
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a,rray element of th(; mcmbtu* to 1)e zero, which notifies tl,i.e segment is again 

availalfie for tlicj DRS acqnisition process to write a nciw data.

As described in tlie; |)rcvions sul)sectiort , either a ray header or a range sample 

data set is transferred in a shared memory segment. Thereibre, a data transniission 

unit (a user payload) is either a ray header or a range sample data sot. While the 

size of the ray header is constant, the size of the range .sample data set varie.s 

depending on the number of gates. Since the ray header keeps the number of 

gates, the size of tlie range sample data set can be resolved bj*' reading the ray 

header.

The service thread checks the tyjxi of user payload before sending them by 

looking at the header identification. It is important to make sure that the first data 

transmitted to a client .should be the ray header after e.stablishiiig the connection. 

Then the first, the second and the third range sample data sets are transmitted 

sequentially until the last one is sent. After completion of transmission of a ray 

DRS block, the next ray header is transmitted followed by the range sample data 

sets and so on. Without the ray header inforniation, the following range sample 

data sets cannot be used for estimating radar parameters at the remote sites, which 

just results in the w âste of the netwî ork bandwidth.

3.3.4 D RS receive process

3.3.4.1 D a ta  receive th read

The DRS r(K;cive thread reciuests the DRS data transmission to tlie server 

after establishing TCP cormection. Th.c first data l.hat the DRS ri'ceive thread 

should get is a ray header followed by the seciueutially delivered range ,sain|>le 

data sots. The DRS receive thread accmnulatos the received data in a segment 

of liuffer until a, ray DRS block is assemiiled. This tliread also prepares au array 

variable that becomes a part of the ray DRS block. When the tliread rec;eive,s a.
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ra,B.g(! sample data set, it sets the correspondi,iig element to bo one after reading 

the field of tlie data rmmber in the rinige sarnple header, wliicli indicates tlie range 

sample data set has been received. If any range sample data sets are missing, 

the corresi;)0!Kling array elements arc: set to be zero. For the transmiasion over 

TCP, bec.ause of the guaranteed data transmission tlie check is not. necessary. 

However, for the transmission over unreliable transport layer protocol, such as 

UDP, the information about missing range samjile data sets should be reflected on 

the estima;tion of the parameters. Eventually, a ray DRS block is composed of a 

ray header, an array variable, and range sample data sets as illustrated in Fig. 3.3. 

A ray DRS block is iiandled as a data unit fi>r tlie estimation of tlie parameters.

The buffer that keeps the ray DRS block consists of four segments. The 

ray DRS block is accumulated in the segment and read in the circular manner. 

A global array variable is used for interchanging hiformatioii between the DR,S 

receive thread and the parameter computing thread. Once a ray DRS block is 

stacked in a segment, the corresponding array element is set to one, which notifies 

the parameter computing thread the availability of a new' ray DRS block. After 

all radar iiararaeters are computed, the parameter computing thread resets the 

element, releasing the segment free. Then, the DRS receive thread can refill the 

segm.Gnt with a new DRS ray block.

3.3.4.2 P a ram ete r com puting th read

The ]>arameter computing thread estimates the radar paranieters w'ith. tlie ray 

DRS l)lock read from the biitfer. The cstima.tion process is perforuM'd ga.te by gate. 

Given a ray DRS block, a covariance matrix for a gate is estimated along the sample 

time. Thc'ii radar parameters are computed with the estimators of the covariance 

matrix according to the equations described in Appendix C. Iterating the above 

procedure: over the all gat.os produces tlie radar paraiuoters for a ray. Next, the
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Ray header
Range sample data set check array

Range sam ple 1 header Ivv Qvv Ihv Qhv Ivv Q w  Ihv Qhv •  •  « •  • Ivv Q w  Ihv Qhv

Range sam ple 2 header Ivh Qvh Ihh Qhh Ivh Qvh Ihh Qhh ivh Qvh Ihh Qhh
•

•
•

Iw Q w  Ihv Qhv Ivv Qvv Ihv Qhv iw  Qvv ihv Qhv
Range sam ple ;V header Ivh Qvh Ihh Qhh Ivh Qvh Ihh Qhh ivh Qvh ihh Qhh

gate 1 gate 2

(a) Alternating mode

gate M

Ray header
Range sample data set check array

Range sam ple 1 header Ivv Qvv Ihh Qhh Ivv Qvv Ihh Qhh •  »  •  •  * Iw Q w  Ihh Qhh
Range sam ple 2 header Ivv Qvv ihh Qhh Iw Qvv Ihh Qhh Ivv Q w  Ihh Qhh

•

»

•

Ivv Qvv Ihh Qhh Iw Qvv Ihh Qhh Iw Q w  Ihh Qhh
Range sam ple A? header Ivv Qvv Ihh Qhh Iw Qvv Ihh Qhh *  •  •  »  « Ivv Qvv Ihh Qhh

gate 1 gate 2

(b) Hybrid mode

gate M

Figure! 3.3: A ray DRS blook asseml)led in a segment of Itnffer on the DRS client. 
Altliougli t;lie block format is idtaitical, the data attributes art! difierent depcjnding 
on the radar opt'rating mode, (a) Alternating mode a.iid (b) Hyltrid inode.
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P a ra m e te r
T ra n sm iss io n  p a c k e t h e a d e r

P a ra m e te r
I ra n s m is s io n  p a c k e t h e a d e r

2 Z

V V
W  - Not av a ilab le W

R1 R1

Zdr Zdr

LDRh LDRh - N ot av a ilab le

LDRv
4>dp

LDRv - N ot av a ilab le  

4»dp

R ho R ho

E xtra  s p a c e  for fu tu re E xtra s p a c e  for fu tu re

(a) A lternating  m o d e (b) Hybrid m o d e

Figure 3.4: I'-’araineter data block structure. Available rada,r parameters change 
depending on the radar operating inode. The size of parameter transmission packet 
header is 148 bytes. The size of one radar parameter data, is determined by the 
number of gates, in which one gate data occupies 1 byte.

parameters are calibrated and scaled for the displa.y. Appendix D describes the 

equations for the calibration in detail. This period of parameter estimation for a

ray is referred to as an integration cycle.

The parmneter computing thread also constructs a header based on the ray 

header information for parameter display. Structure of the parameter transmission 

header is described in [24]. The structure of the para,meter data block consisting 

of tlie header and the pa,ranieters is shown in Fig. 3.4. The’ data lilock is passed to 

the pa,ranieter transmission process tlirough a shared memory segment. The DRS 

receive process and the parainet;er transmission process exchauge information each 

other in the same way as thosi’ on the DRS serv(>r.

3.3.5 P a ram e te r transm ission process

The |)ara,Tneter transmission process reads tlie pararncter lilock a segment 

of the shared lueniory and sends them to the group of end users over multicasting
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protocol at a time. The process creates multiple UDI’ sockets, each of wliicli is 

associated with a radar parameter. A user pa,yioad for the trfuismission consists of 

a disphiy lieader and a radar parameter data set. The process releases the segment 

after sending all parameters for one ray.

The use of multicasting jirotocoi provides liigh scaiabilit;y with, respect; to the 

number of end users without any additional resource demands, such as bandwidth 

and workload for transmission. Each IP multicast group has an identifier called a 

multicast group ID that is composed of a Class D IP address and a port number 

[23]. Whenever a packet, is sent out from a sender, a multicast group ID included 

in the the packet specifies the dcstiua.tion group.

3.4 Im plem entation  and perform ance evaluation

3.4.1 E nd-to-end T C P  th ro u g h p u t

The proposed end-system architectures have been implemented on the stan­

dard PC/Linux platioriri using C language, standard BSD socket interface, System 

V Interprocess Communication (IPG), and Fosfac threads. As described in Chapter 

2, the DRS server was implemented on a PC containing Xeon dual processors (2.8 

GHz) with Red Hat 8.0 Linux operating system. The ADC/DDC signal proces­

sor and the digital I/O ca,rd are interfaced with a PCI-X (64-bit/66MHz) and a 

PCI (32-bit/33 MHz) slots, raspectively. The APIs, which are provided by the 

manufacturers to access tlie ADC/DDC signal |)rocessor and the digital I/O  card 

[18, 1.9], are utilized in irnplcmenting the DRS acqui.sitioa process. The DRS client; 

program was iniplemented on a. PC containing Xeon dual |)roc,essors (2.2 GHz) 

witli Red Hat 8.0 Linv.ix operating systeni.

Fignre 3.5 shows the test bed estalilished .for the performance evaluation. Be­

fore perfonuing the real~ii:tne TCI’ throughput :tneasuremeut lietween the D.IIS 

server and client, available link capa.c;ity of the test bed wi:i.s determined Iry the

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



6 7

100 Mbps 
Gigabit Ethernet

Parallel Receiver/ 
DRS Server 
Linux Boxi

Display node

Gigabit Switch 
AT-9410GB

DRS Client 
Linux Box2

Figure 3.5: Test bed for evaluating performance of the end systems and through­
put.

1000

800

1. 600

200

Message Mize (bytes)

Figure 3.6: Link capacity between the DRS server and client.

Netperf [25]. The most coirmion use of Netperf, wliicli is designed based on the 

basic client-server model, is measuring bulk data transfer performance, or in other 

words ’stream  ̂ or ’unidirectional stream’ performance. Essentially, the test mea­

sures how fast one system can send data to <mother and/or how ia.si that other 

system can receive it [25|. In the measurements, sending/receiving socket buffer 

size find MTU were; set to be 64 KB and 15t)() bytes, r(?specti vely. Figure 3.6 sliow.s 

the throughput varying the message size, wliich is equivalent to bulk data size to 

be transferred.
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The eti,d~to-ejid TCP throitgliput between, the DRS servc r̂ and client was eva.b 

nated using the simple test bed, while operating the CSU-CHIIJj rariar. Tlie 

sampling rate at the; DRS server wjis varied from 1 MHz to 5 MHz. As described 

in Section 3.2, the DRS server at 1 MHz and 5 MHz san:ip.ting rates approximately 

generates a row of range sample data set per a pulse transmission whose size are 

8,000 bytes and 40,000 bytes, respectively. The server generates intermediate sizes 

of range sample data set when the sampling rate is between the two sampling 

frequencies. Since the DRS transmission process write the range sample data sot 

after reading them from the shared memory, the range sarnple data set set can 

be referred to be a user payload. When the a,p]»lica.ticm program f;alls 'write’, the 

kernel copies the user payload from the application buffer into the TCP socket 

send buffer [23]. Here, since the user payload is generated per pulse transmission, 

the user payload can be equivalent to the message presented in the Netperf mea­

surement. Accoridng to the Netperf results, the maximum throughput achievable 

with these message sizes is approximately 940 Mbps as shown in Fig. 3.6. In this 

test bed configuration, the DRS transfer consequently utilizes small portion of the 

available link capacity in the real-time operation. Table 3.2 shows that the end- 

to-end TCP throughput, which is measured by using a time-measuring function in 

the service thread on the DRS server as shown in Fig. 3.2. The throughputs are 

identical with the data rate generated in the parallel receiver, linearly increase in 

})roportioual to the sampling rate within the maximum link capacity acliievable. In 

addition, the throughputs are definitely idetitical with the results obtained witli no 

parameter estimation at the DRS client. Beca,u.se of the high comiuiting capabihty 

of the DR.S client, the parameter estimation does not a.ffect the TCP througliput 

at all. However, wdien the coinputing capability is insufficient for real-time ap­

plications, tlie TCP throughput is affeci:ed by t;he compcitatioual workload at the 

DRS clienf: as described in the following section.
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Deciinat: ion factr:>r Sarnpiing rate (MHzj |  Tra:usmission rate (Mlrpsj
40
20

40/3
10
8

..

2 122.9
3 183.4
4 242.2
5 1 294.3

'Kible 3.2: Change of transmission rate with the iiic:rea,se in the sample ovitput 
rate. The transmission rate is identical to the data rate generated by the parallel 
receiver.

3.4.2 Display comparison with the DIIX system

To evaluate the functionality of the end-system architectures of the high- 

bandwidth VCHILL, we compared the displays of the radar parameters estimated 

by the high-bandwidth VCHILL and the DRX system, while operating the CSU- 

CHILL radar. The displaying pictures were captured simultaneously from the 

display windows ruiming on Sun workstations. Comparison of the display.s show 

good coincidence between the two displays as shown from Fig. 3.7 to Fig. 3.14.

3.5 Performance evaluation via emulation

3.5.1 Factors affecting the end-to-end TCP throughput

The performance? of the propose?d end-system architectures were also evaluated 

on Sun/Solaris platform (Sun Blade 1000/Solaris 8) via emulation to study effect, 

of the end-system computing capability on the ond-to-cnd TCP throughput. The 

Sun Blade 1000 has dual 750 ME/. UltraSPARC”III processors running with Solaris 

8. The computing capability of tiie Sim Blade 1000 is lower tliaii that; of 1;lie FC 

with the dual Xeoii jirocessors [26]. Gigaliit Ether:net Network Interface Card SK- 

9821 from SysKormect GmbH is plugged into a. 64-l>it/66 MHz PCI slot. A simple 

test l)ed was established with the similai' configuration as the real-tlrm,! operation
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Figure 3.7: PPl-scan displays of Reflectivity and if*.. CSU-CHILL radar was 
operated in alternating mode. (Left) High-bandwidth VCHILL and (Right) DRX 
system.
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Figure 3.8: PPI-scan displays of LDRyh and LDRhv- GSU-CHILL radar was 
operated in alternating mode. (Left) High-bandwidth VCHILL and (Right) DR,X 
system,.
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Figure 3.9: PPI-sca,n displays of rneiin velocity, Phi,ip, and p̂ „,. CSIJ-CHILL radar 
was operated in alternating mode. (Left) High-bandwidth VCHILL and (liight) 
DRX sysiicm.
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Figure 3.10: RHI-scan displays of Reflectivity and GSU-CHILL radar was 
operated in alternating mode. (Left) High-bandwidth VCHILL and (Right) DRX 
systeni.

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



{4

3 9 , < »  m,t.f
d t t  f l E > ) £ 3 . 0  E l . B  rm.,7

Figure 3.11: RHI-scan displays of LDR„h and LDRhv CSU-CHILL radar was 
operated in alternating mode. (Left) High-bandwidth. VCHILL and (Right) DRX
system.
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Figure 3.12: RJil-scaii displays of mean velocity, Phi,ip, and pfr„. CSU-CHILL 
radax was operated in alternating’ mo<ie. (Left) High-bandwidth VCHILL and 
(Right) DUX. system.
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Figure 3,13: PPI -scan displays of Reflectivity and Zdr- CSU-CHILL radar was o{>- 
erated in hybrid mode. (Left) High-bandwidth VCHILL and (Right) DRX system.
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Figure 3.14: PPI-scan displays of mean velocity, Phiap, and puv CSU-CHILL
radar was operated iix hybrid mode. (Left) High-bandwidth VCHILL and (Right) 
DRX system.
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Figure 3.15: Test bed for emulation and evaluation of the performance.
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Bdgure 3.16; Link capacity between the DR.S server and client.

as shown in Fig. 3.15. The link capacity of the test bed over TCP, which was 

obtained by the Netperf, is shown in Fig. 3.16.

For this emulation, a sweep of the real DR.S data was prepared as a file. The 

radar operating conditions w{3i:e assumed as follows; a) the P'RT was 1 msec, b) the 

miniber of pulses transmitted at; a specific: angle was 128, c) the angular resolution 

of a ray was 0.75 degrees, and the sampling ra;te was 1 MIfe. The DRS data, 

was stored in the server RAM after being loaded. The DRS acquisition process 

emniated the radar o|,)eration by wuiting the ray lieadc:r into the shared memory
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followed by the 128 range sample da,ta sets seqiu:;nt.ially- The end-to-end I'CP 

throughput was 462 Mbps wlien the parameters were not estimated at the DR.S 

client. This measuring condition is equivalent to the Netperf measurement with 

the message size of 8000 bytes because the DRS ser̂ êr transmits the data as fast 

as it can. The throughput measured shows the coincidence in coraparison with the 

available link capacity of the emulation test bed as shown in Fig. 3.16, in which 

the throughput is approximately 470 Mbps with the message size of 8000 bytes. 

However, the throughput of 100.9 Mbps was obtained when the parameters were 

estimated at the DRS client, which shows that the estirnat.ion of the parameters 

reduces considerably the end-to-end TCP throughput even though the throughput 

is still higher than the assumed data rate.

As explained in Section 3.3.4, the DRS receive thread on the client writes the 

received data into a segment of the buffer. When there is no available segment, the 

thread waits for a released segment. The TCP socket buffer on the client is filled up 

with the delivered data during this time. The segment can be only released after 

the completion of the parameters of a ray by the parameter computing thread. 

Consequently, the DRS client cannot receive any data from the DRS server due to 

no available socket buffer space, which results in the degradation of throughput. 

During the evaluation of the performance, it was observed that the DRS receive 

process was utilizing more than 90% of the total available computing resources 

of the DRS client. Therefore, the computing capability determines the segment 

release speed and eventually affects tlic end-to-end 4X1P throughput.

To study the effect of optiiuization in compiling on the perforuiance, the DRS 

receive proc:ess was comjiiled with different optimization levels in the Suu/Solaris 

platform. Table 3.3 sliovvs the dependency of througliputi on the compiling opti­

mization level, wliich obviously indicates that; the com|)uting c.apability i.s critical
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Q)ptimii;a~tion level |  OO [ (}'i J  02  03  ^

T\i.bie 3.3: Throughputs rimoing the DRS receive processes compiled with different 
optirnixatioii levels of gcc compiler,

to obtain the required TCP throughput too. Compiling with higher optimization 

level tha.n -03 did not improve the throughput any more.

Especially in implementing the signal processing thread, we should be very 

careful in coding. For c;xample, wlieii the parameter computing thread directly 

handled the DRS data components, such as Qwi hh, and Qhh-. the throughput 

was 100.9 Mbps. However, the use of redundant variables, which makes the code 

look easy to read, reduced the throughput to 46.4 Mbps. To sum up, preserving 

high computing capability of the DRS client, developing high speed algorithm 

for computing, and programming skills, are critical for the successful real-time 

operation.

3.5.2 Function profile of the data receive process

As observed in tire previous subsection, tire parameter computing thread is 

critical for improving the throughput. To study how much time individual function 

in the DRS receive process occupies, we profiled the process using 'GNU gprof’ 

[27]. The result shows that most time the DRS receive process spent was consumed 

by two functions. The function calculating the radar pju’funeters and the function 

fiiiding the available segment into wliich the thread was going to write the received 

data,, occupy 49% and 47.5%i of the tota,l time, respectively. Using time measuring 

fiiuctioii included iu gcc co.m|)iler, a,lso analyzed th(3 percentage of time spent by 

different p>arts within the parameter calculation function. As sliowu in Fig. 3.17, 

approximately 80% of time was spent for calcuatiiig the covariance estimators. The

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



81

11.6 %
27.1 %10.1 % \ Etc

paramete 
'"---jCalc

lag zero 
Calc.

25.4 %

Figure 3.17: Profiling gra;ph.

code for computing the parameters from those covariance estimators consumed 

around 10%.

A library function of ’mutex’ was employed to regiila.te synchronously the 

threads access to the global variable segment [22]. At a time, only a thread, which 

is either the DRS receive thread or the parameter computing thread, has privilege 

to access to the buffer in which a ray DRS block is stored. For instance, when the 

parameter computing thread is computing the radar parameters with a ray DRS 

block that is stored in a buffer, the DRS receive thread cannot write the next ray 

DRS block into it. Once the global variable is unlocked, the DRS receive thread 

can write next data into that variable. The result of ’gprof’ showed that 92.7% 

of the running time was occupied by tlie function calculating radar- parameters, 

which is much longer compared to the case with no use of mutex. This indicates 

that most time the global variable was locked by the function calculating the radar 

parameters as we expected.

However, this longer occupation did not contribute to the improvement of 

througlif)ut, and even reduced tin; throughput as shown in Table 3.4. Iku'centage 

of tlio CPU occupation by the DRS receive process was also dropped by 15 - 20%!. 

When tlie covariance estimators of lag 0, lag 1, and lag 2 were calcuhited, the
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average througliputs was redvieert from 85.3 Mbps to 79.1 Mbps. Similarly, when 

the covarience estimators of lag 0 and la,g 1 arc calcula,ted, the average throughput 

dropped from 110.7 Mibps to 97.9 Mbps.

Measurements lag 0, lag 1, lag 2 lag 0, lag 1, lag 2 lag 0, lag 1 lag 0, lag 1
Trials calculation calculation calculation calculation

(no mutex) (mutex) (no .mutex) (mutex)
1 85.4/70 - 75% 78.1/48 - 51% 117.3/ 61 - 73% 97.7/ 46 - 51%
2 86.1/70 - 76% 78.8/48 - 51%, 109.3/ 65 - 73% 96.8/ 47 - 50%
3 84.3/70 - 75% 80.4/49 - 51%, 108.9/ 62 - 70% 98.2/ 46 - 51%
4 84.5/70 - 75% 79-6/48 - 51% 109.4/ 62 - 70% 99.1/ 47- 51%
5 86.1/71 - 76% 78.5/48 - 51% 108.4/ 62 - 70% 97.9/ 46 - 51%

Average
Throughput 85.3 Mlips 79.1 Mbps 110.7 .Mbps 97.9 Mbps

Table 3.4; Effect of the ’mutex’ on the end-to-end TCP throughputs (Mbps) and 
CPU occiipa.tion of the DRS receive process

3.6 Summary and Conclusion

End-system architectures for making the notion of the high-bandwidth VCHILL 

possible have been described. Design of the architectures is based on the client/server 

model, relying on the simultaneous operation of multiprocesses and multithreads 

to meet the real-time recjuirements. The design includes the data and packet 

structures too. The architectures include the functions of the DRS acquisition 

and the transmission of the real-time DRS over TCP to remote sites on the DRS 

server, as well as the r<':;ceivc/estima.tion of the radar parameters a,nd tlie delivery 

of the parauK'ters to other display nodes on th.e DllS client. Each function of t;he 

operations are divided into individual process. The ardiitecture was succes.sfully 

implemented on a, standard PC/Linux platforms and evaluated in real-time using 

a test bed, while operating the CSU-CHILL radar. The implemented application 

and nctw'ork protot;ols support, the real-time operation of tlic GSIJ-CHILL radar
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with the data, rate of 294.3 MbpB, wliich is equivalent to the sampling rate of 5 

MHz. Comparison of the displays !)Ctwe(»n the, liigh-bandw-idth VCHILL system 

and the DRX system shows coincidence. The performance evaluation via emu­

lation on the Sun/Solaris platform shows that the estimation of the parameters 

can reduce the end-to-end TCP throughput, which might cause failure in real-time 

operation. Therefore, preserving high computing capability of the DRS client, de­

veloping high speed algorithm for computing, and programming skills, are critical

for the suet 

computing c

essful real-time operation in future applications that require higher 

apability. The end-system architectures developed can be used for the

various a.pp!icatioris of the high-bandwidtli VCHILL.
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C h ap te r 4

R A D A R  W AVEFORM  D ESIG N  FO R CO N G ESTIO N  CO N TRO L IN  

T H E  H IG H -B A N D W ID T H  VCHILL

4.1 lilt  r  odiict ion

End-system architectures for the transmission of the high-bandwidth DRS 

over TCP and the estimation of the radar parameters at remote site were developed 

in Chapter 3. The server transmits the real-time DRS in a specified format to 

the client using TCP over high-bandwidth data network. However, the end-to- 

end TCP throughput is generally deteriniiied by segment size, round trip time 

(RTT) and packet loss rate [28]. Therefore, the end-toend TCP throughput varies 

depending on the physical distance between end nodes and network traffic load, 

wrhicli might lead to failure in satisfying the I'eal-time requirement. For example, 

long RTT delay and multiple packet losses that cause slow start phase frequently 

degrade the end-to-end t;hroughput [29, 30, 31].

Consequently, User Data.grain Protocol (IJDF) lias been considered as an ah 

terna.te transport protocol for real-time streaming applications. However, UDF-̂  

does not guarantee reliable data transniis,sion, so that packets can lie dro])ped 

randomly during transinission. Unreliable sei'vice over UDP degrades eventually 

the quality of tiu; estima.ted parameters. Another drawback of UDP is tliat it 

lacks congestion control and flow control uiedumisnis, which also invokes the issue 

of fairness among the connections tfiat siiaro tlie suuk! bandwidth resources [32].
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Currently, most streaming data, of the real-tixno appiieatious are trausniittecl (.iver 

UDP through the Internet, As a result, the application programs require addi­

tional hinctions of the transport layer protocol, such, as the guarantee of delivery 

and the congestion control. As an example, Real-time Transport. Protocol (RTF) 

and its companion protocol Real-time TVansport Control Protocol (RTCP), which 

enhance the guarantee of the data delivery by retransmission and the congestion 

control providing a feedback to source, are being adopted for real-time multiinexlia 

applications [33].

A user payload transmitted to the DRS client is either a ray header or a range 

sample data set. When the DRS server transmits a range sample data set to the 

client, the server fragments a range sample data set into a couple of datagram 

packets because the size of a range sample data set is usually larger than that of

the typical MTU of 1500 bytes. For the transmission over UDP, t,he packet loss can 

oc;ctir randomly during transmission because of impredictable network conditions 

a.nd insufficiency of buffer space at the client end system [34]. The packet loss 

causes random loss of the ray headers or the range sample data sets. Loss of the 

ray headers results in missing rays iu the user display. In the same way, loss of the 

range sample data sets results in the decrease in the number of data, sets involved 

in the estimation of parameters. This degrades the the accuracy of the estimated 

ra.dar parameters, which results in serious problems in furtlier applications.

The preliminary design of the DRS data transmission over UDP is described 

in [35, 36]. A server co.ntrols the trausruissiou ,ra.te by varying the time gap Ixdwetin 

the transmissions of coiisecutive range sample data, sets a.fter receiving feedback 

from the client. An iuherent issue presented licrc is that the overall throughpt,it is 

lower than the data rate from tlie receiv(;r liecausc of longer time gap so that tlui; 

server cannot a,11 ra.ugc sample data sets in a ray DRS block. In such a case, tlie 

latter parts of the range sample data .sets in sequence number amo,ug a ray DRS
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block might be dropped at the server. In addition, under more severe congestion 

some ray DliS blocks iniglit be dropped. Tliese lead to severe degradation, in 

quality of the estinmted radar pa,rameters. Further developnrent in maximizing 

the quality of the end-products under t;he congestion are described in [37, 38].

In this chapter, we develop transmission waveform designs for congestion con­

trol to adapt the transmission rate to the available bandwidth over UDP transport 

protocol. The server controls the transmission rate based on the feedback from 

the client. This algorithm employs data selection schemes to provide the highest 

quality of the estimated radar parameters possible under unpredictable network 

conditions. The selection schemes are developed relying on the operating principle 

of the dual-polarized Doppler radar and the theory of polarimetric parameter esti­

mation. The performance of this transmission waveft:)rrn design scheme combined 

with t,lie co.ngestion control alg'orithm is evaluated operating the CSU-CHILL radar 

in real-time.

4.2 Establishment of QoS for radar data transmission

4.2.1 Theoretical approach

As described in Section 3.2, the CSU-CHILL radar typically transmits a high

power pulse (approximately 1 MW) and receives range samples over 100 - 150 

km at high resolution such as 150 meters. This is referred to as a range sample 

data set. At a pointing angle, the pulses are transmitted multiple times to obtain 

:niulti|)le returns from the same olrservatioii volume. A collection of the niultii>!e 

range sa.mplc data sets is reibrred to as a, ray DRS Irlock as showm in Fig. 3.1

Tabic; 4.1 presents tlie dual-polarization Dofipler radar parameters that are 

typically iiscxi f<.)r the weather radar applications. The parameters are calculated 

from the csti:mates of the power averages and covariance elements with lag 0, lag 1, 

and lag 2. The standard deviations of the estimat,ed parameters essentially control
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the quality of subsequent applications, such as rainfall rate estimation, meteoro­

logical event classifit;:atio;n or severe storm warning. The standard deviations of t;he 

radar parameters are affected by a combination of the nimiber of signal samples, 

signal spectral width, correlation, coefficient between polarizations, and signal to 

noise ratio (SNR) [12, 39]. Some of these factors are determined by the radar 

operations whereas the rests are determined by p)revailing atmovspheric conditions.

Parameters .Estimates of power and covariance matrix elements
Alternating mode Hybrid mode

Zar
LDRh,,
LDR„h
Velocity

Phv
Siiectral width

pv  ̂COpv ph* CÔ  ̂CO
pv pi CO’ ‘ c:t: 
ph pCO' ox

î 'hh,vv [11) Rvv,hh [ 1 ] 
[l]) '^vv,hhf 1]

Ph
Pv,Ph

Rhh\n
4/40]

Rhhin, Ph
4/40], 4/*[il

Table 4.1: Radar parameters.

Moreover, when the DRS is transferred over a data, network like the high- 

bandwidth VCHILL, the network condition becomes an additional factor iiittiienc- 

ing the estimation of the radar parameters. For example, when the real-time DRS 

is transferred to remote sites over UDP, packet losses can happen depending on the 

network traffic condition and available buffer size of the client end system. Since 

the varii.ince of parameter is inversely proi.>ortional to tlie s(;|uare of the number of 

san.iples that are involved in the estimation, the availability of the range sample 

dat;a sets is critical i.ii decreasing the variances [12, 39]. Another important factor 

is tba,t some of radar parameters, .sucli as velocity, Tdp, p/,,,,, and S|>ectral widtli, 

are calcailated with, the estimators of correlation at,id t;ova.ria,r.K,;e a,s shown in Ihirle 

4.1. The ra,iidoin loss of the {rackets causes the deficiency of tlic consecutive time

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



88

sajQples and associated estimators at tlie remote sites, which produces no corre­

sponding paro,meters. Therefore, it is necessary to develop an transport protocol 

in the application layer to solve these problems.

4.2.2 SimiiLntion stu d y

To study the cffec.t of the data-loss pattern on the average and standard de- 

via.tiori of the estimated radar parameters, three scenarios of the da.ta-'loss were 

simulated assuming the real-time transmission over UDP. For the first scenario, 

the server transmits the DRS without any congestion control. The transmission 

rate is constant at a data rate irrespective of the network traffic condition so tiiat 

the data loss occurs randomly. For the second scenario, the server transmits the 

DRS while operating a rate control algorithm in which the time gap lietween the 

data transmissions is varied depending on the network condition [35, 36].

For the third scenario, the server transmits the DRS while operating the rate 

control algorithm proposed in this chapter. The DRS server deliberately drops 

some range sample data sets and transmits selected data to adapt the transmission 

rate to the available bandwddth so that the transmission rate is controlled. This 

is equivalent to synthetic waveform design by suppressing transmit pulses. Figure

4.1 and 4.2 provide the proposed schemes for selecting the range sample data sets 

to be transmitted depending on the available bandwidth for the alternating mode 

and the hybrid mode, respectively. The server selects paired range sample data 

sets so that the selected pairs are evenly distributed along the row of a ray data 

block, l)ased on tlie specified rules described as belows. For the alternating mode, 

the parameters, such as velocity, and p/„,, are calculated from the correlation 

estimators of lag 0, lag 1, and lag 2. Therelbre, at least three consecutive range 

sample data sets are required to estimate those parameters. Iffir the hybrid mode, 

the piJTaiucters, such as velocity, ifgjp, p/„,, and spectral width,, arc calculated from
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the (iorrelatioii estirnators of lag 0 and lag 1. Hencx;, at least two consecutive ra.nge 

sample data sets are rccjuired to estimate tliose parameters.
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Figure 4.1: Synthetic waveform design scheme depending on the data loss rat'.e for 
tlte alternating mode.

Note that the available bandwidth is associated with the data-loss rate once 

the data rate is set up. Data rate generated by a radar is determined by a com­

bination of various factors, such as quantization level, receiver bandwidth, and 

nmnber of receive channels. For a coticrent receiver of dual channels witli the 

sampling rate of 1 Milz and the quantization level of 16 bits, the data rate is 

estimated to be apirroximately 64 Mbps. Therefore, if the available bandwidth is 

64 Mbps, no transmitted data would be lost. However, if the available bandwidth 

is 32 Mbps, then 50% of the transmitted data would l>e lost. Tlic data-loss ratcH
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Figure 4.2; Synthetic waveform design scheme depending on the data loss rate for 
the hybrid mode.

(a,vailable bandwidtlis) are ranked into 10 levels, ranging from no data loss to 90% 

of data-loss rate as illustrated in Fig. 4.1 and 4.2.

For this study, simulated DRS with the hybrid-mode operation were used 

beca-use of the ease with evaluating the effect of the data loss pattern on the esti­

mation of parameters. The validity of the DRS data simulation and the estimating 

algorithms was confirmed in advance of the study. Figure 4.3 shows the confirma­

tion pro(,:cdure. The DRS were simulated using variou.s data scd;s of the |)arameters 

that are shown in Taldc 4.2 [40, 41, 42, 12], Subsequently, the radax parameters 

were estimated witli the siimilatod DRS using the algorithm as de8cril)ed in y\}> 

pendix C. The mean and standard deviation of the estiiua.ted i'a.dar p£U'a..meters 

were calculated over the 1000 gates. l"ina.lly, the means of estim,a,ted parameters 

were compsfired to the iupiit |)a.rameters.
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Figure 4.3: Procedtire to eoiifirm the DflS siimilatioii and tlie radar signal estiina.- 
tion aigorithins.

Reflectivity 
(dBZ) ’ (dB)

Phv phi
(degree)

Mea:n velocity 
(m/sec)

Spectral width 
(m/sec)

SNR
(dB)

10 3 1 45 10 3 10
10 3 1 45 10 3 15
10 3 1 45 10 3 20
10 3 1 45 10 3 ^ 3 0

Table 4.2: Dual-polarization Doppler radar parameters used for simulating the 
DRS. The radar operation is assumed to be in hybrid mode.

Figure 4.4, 4.5, 4,6, and 4.7 show the changes in standard deviations of the

estimated parameters varying th(? data-loss rate. Simulation results show that even 

though the mean of the estimated radar parameters does not change much, the 

standard deviations increase proportional to the data-loss rate for all scenarios. In 

particular, the third scenario, in which the transmission wavefrom design scheme is 

employed, shows the lowest increase in the standard deviation when the data-loss 

rate is below 80%. The second scenario shows the highest increase in standard 

deviation.

The simulation study shows that the standard deviation of the estimated 

radar parameters is a suitable quality of service (QoS) for the performance evalu­

ation of the high-bandwidth VCHILIj. In addition, the simulation study presents 

that the optimized selection of data to be sent <::a:n provide the high-quality radar 

parameters. A combination of the transmission waveform design sclieme and tlie 

congestion control algoritlirn, wliich provides the highest: quality of service possible 

over u:rii)redictal)ie network conditions, will be described in the next section.

4.3 Congestion control a lgorithm
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Figure 4.4: Changes in standard deviation of estimated radar parameters varying 
the data-loss scenario and the data-loss rate. Scenario 1 is the case where the data 
are lost randomly, scenaxio 2 is tliC! case where tiio last parts of the data, in a ray 
are lost, and s<M>nario 3 is the case where the data are iutelligently flropped a,t a 
server as shown in Fig. 4. SNIl is 10 dB. (a) llellectivity (b) (c) rhoh:„ (d)
mean velocity
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Figure 4.5; Changes in sta,ndard deviation of e,stimated radar paramet,ers varying 
the data-loss scenario and the data-loss rate. Scenario 1 is the ease where the data 
are lost randomly, scenario 2 is the case wlicre tli<! last parts of tlie <lata in a ray 
are lost, and scenario 3 is the case whore the data are intelligently dropped at a 
server as shown, i.ri Fig. 4. SNR is 15 d'B. (a,) Ileilectivity (b) Z*. (c) r/ro,, (d) 
mean velocity
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are lost, and scenario 3 is the case where the data are intelligently dropped at a 
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Figure 4.7: Cliaiiges in standard deviation of astimated radar parameters varying 
the data,-loss scenario and the data-loss rate. Scena.rio I is tlie case where the data 
are lost randomly, scenario 2 is the case wh(>re tlie last parts of tlie data in a ray 
are lost, a,nd scenario 3 is the case where tlie data are iritelhgeiitly drojiped at a 
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4,3.1 C ongestion  c;ontrol algoritiim

The propos€xl congestion control algorithm is dassificxl as tlie source--baserl 

rate control with the Additive Increase/Loss Proportionate Decrease (AlPD) al­

gorithm [28, 43]. The server estimates amilable bandwidth based on the feedback 

from the client and controls tlic transiiiission rate. The client measures tlie amount 

of data loss, and sends feedback including the transmission level and the amount 

of data loss. The transmission rate is updated every time just; after completing the 

transmission of a ray DRS block, and lasts during transmission of next ray DRS 

block.

The transmission level is defined such that the data rate is divided into 10 

levels. Transmission level 10, which is the maximum transmission rate {RmaxJtrona)̂  

indicates entire data transmission at the data rate whereas level 1 corresponds to 

transmission with 10% of the data rate. Each transmission level also corresponds 

to a data-loss rate, as explained earlier. Table 4.3 shows the relation between 

the transmission level, transmission rate, data-loss rate, and percentage of the 

transmitted data.

The ray header includes the transmission level and the total number of range 

sample data sets, which enables the DRS client to expect which range sample 

data sets in a ray DRS block will be delivered. The expected range sample data 

sets are predefined according to the Fig. 4.1 and 4.2 as a protocol between the

DRS server and client. Based on tins exfiectation, the client cormts the amount 

of lost ra.nge sample da,t;a sets during the transmission of a. ray DRS l)Iock. The 

lost ari'Knint is calculated l)y .sulrtracting tlie amount of delivered data from the 

ainoiiiit of exp(ictcd data. Note that; when all expecl.ed arnoimt of the data at 

a spcc;ific transmission level arrives a,t the client, then the number of lost data, 

is counted as zero. 'Phe feedback partet contedns the transmission level and the
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rraiisiuission 
lovel

Transmission 
rate (M!>ps]

Y q R-inax ..trans 

R fm ixJ-ra n s  

R 'tnaxJ/rans

R ’ftiaxJ,rans 

Yfi R'max-irana 
R m a xJ .ra n fi 

R m ax.J.ra its  

R n m xJ-ra n s

Data-loss Percentage of data, 
trtmsniittcd (%)

all da,ta generated

Table 4.3: Elach transmission icsvel is associated witli a transmission rate, data-loss 
rate and percentage of data transmitted.

amount of lost data in a ray DRS block as shown in Table 4.4. The server updates 

the transmission rate upon the arrival of the feedback packet.

If no data loss is reported, the server increments the transmission level by one. 

However, if some amount of data loss is reported, the server adapts the transmission 

rate to the available bandwidth. The server calculates the total amount of lost 

data, for the transmission with respect to the total amount of da.ta generated at 

the radar. According to this updated transmission rate, the range sample data

Header ID 0 - request for transmission,
1 - feedba.ck, 2 - request for retransmission

Message Reservefi
Sweep number Integer
Ra,y number Integer
Transmission level 1 - 10
Data, loss Total arnoiuit of da,ta loss at, a transmission level
Data nuiribcr lor retransniissioti Reserved

Table 4.4: Structure of feedback pac.ket. Relj'anstnission associated fiolds are in­
cluded for future upgrade.
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sets to be sent are selected dejrendiiig on tlit' radar operation inode as shown in 

Fig. 4.1 or 4.2.

4.3.2 Overall tim ing  sequence

Figure 4.8 shows a timing chart of data exchange between the DRS server and 

client. All data including the transmission of DRS and feedback are exchanged 

over UDP. Initially, the server transmits a ray header after getting a request of 

the DRS data transmission. Subsequently, the server starts to trausmit the range 

sample data sets. The client sends the feedback packet just after the arrival of tlie 

last range sample data set of a ray. The feedback packet may arrive at the server 

during the transmission of following ray DRS block because of the propagation 

delay. The server checks the arrival of the feedback packet after transmitting 

the last data of a ray. Note that the server UDP socket is set as a nonblocking 

I/O  mode [23]. Therefore, once the server finds a feedback packet to read, the 

server reads it, estimates the available bandwidth, and updates the next sending 

rate. However, if no feedback packet is found in the socket buffer, then the server 

continues to transmit the next ray DRS block at the previous transmission rate. 

A time lag, which is at; least the time taken for tire traiisinission of a ray DRS 

block, exists between transmitting the last range sample data set and reading the 

corresponding feedback. Depending on the propagation delay, the time lag can 

be extended, bfor example, the server transmits the first and the second ray DRS 

block with a default transmission rate in Fig. 4.8. During tlie traiisniission of 

the second ray DRS block the feedback packet of the first ray transmission arrives 

at the server. Then, the server reads this feedback after {ompletiog transmission 

of the sec-ond ray DRS lilock, updates the trarismis.siou rate, and applies it to 

transmission of the third ray DRS block.
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DRS Server DRS Client

Signal ComputingRaw DRS

Application layer

UDP
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Estimator
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Rate Shaper

Figure 4.9: An end-system ardiitecture for performing congestion control over 
UDP.

4.4 Implementation and performance evakiation

Figure 4.9 provides the eiid-system architecture for the congestion control 

combined with the transmission waveform design scheme. The existing application 

programs designed over TCP was modified to include the proposed congestion 

control algorithm. The service thread of the DRS transmission process on the 

DRS server and the DRS receive thread of the DRS receive process on the DRS 

client, which are responsible for the transmission of data over the data network, 

were mainly subject to the rnodificcition. On the DRS server, the bandwidth 

estimator calculates the data-loss rate and es<;irnat.cs tlic? available bo,n<lwidth. The 

bandwidth, esti,raator |:)a.sses the infonr,iatio,n to t;hc traiismission-rato sha,per that 

selects the range; saniple data sets to transmit a,moiig a. ray .DIlS l.)lock. On the 

client, the dativloss counter counts tlie auiouut of lost; data, and the feedliack 

'module smids the relevant information t(,) the server.
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Figure 4.10: Test bed for the performance evaluation of the the implemented
congestion control algorithm.

Our proposed congestion control algorithm was evaluated in real-time using a 

simple test bed, while nuining the CSU-CHILL radar. The test bed consists of the 

DR.S server and client connected to each other through a network emulator over a 

gigabit link as shown In Fig. 4.10. NIST Net emulation package (Version 2.0.12) 

changes the available bandwidth of the established gigabit link between the server 

and the client [44]. One-way delay was set to be 25 msec. The important operating 

conditions of CSU-CHILL radar is presented in Table 4.5. The transmission level, 

which is only effective during transmission of a ray DRS block, was recorded varying 

the available bandwidth. Figure 4.11 shows the change in the transmission level 

for 10 rriiiiutes varying the available bandwidth. The DRS stjrver dynamically 

adapts the transmission riite to the jwmhrble bandwidth. Figure 4.12 shows the 

improvement of the end user display by the deployment of the congestion control. 

Tliese figures wcue captured from a display window showing the reflectivity ju.st 

after the second 3we(!|) disjilay was coniplotixl.
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Figure 4.11; I ’lie transmission level changes according to the available link band- 
width. The X a;xis and Y axis arc time and transmission level, respectively. The 
measurem(m1;s were con<litcted for 600 sec, in which, 10 swecip data were trans­
mitted. The F. BW stands for full reciiiired bandwidth for the data rate iif 64

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



1 0 3

Pulse repetition time 1 msec
Number of pulses emitted for a ray 128

Angular resolution of a ray 0.75 degree
SanxpUng rate 1 MHz

Table 4.5; Operating conditions of CSU~CHILL radar for the performancx! evalu­
ation of the implemented congestion control algoritlim.

e.ii3v 0,151

Figure 4.12: Comparison of displays bc;tweeu the case when our proposed algorithm 
is conducted (left column) and the <;;ase when no congestion control is applied (right 
column). The available band widths of the first row and the second row are 0.7 
F.BW and 0.6 F.BW, respectively.
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4.5 D iscussion

The use of tl:ie signal driven I/O  on tiie server is an option for tlic socket; to 

receive the UDP packet sent, fro;m the dient [23]. An a,dvantage of this option 

is that tlie application program is not. l)locked while waiting for the datagram to 

arrive. The main loop can continue executing and just wait to be notified by the 

kernel that the datagram is ready to read. This socket option allows the client to 

send various kinds of packets to the server, such as feedback and retransmission 

request when it realizes that some data have been lost. Then, the server can take 

action depending on the type of the arrived datagram. For instance, if the server 

receives the request of a retransmission, it sends the lost data again during the 

transmission of current data. It was confirmed that the signal driven I/O worked 

with a simple test program. However, it did not work on the real implemented 

programs for the DRS transmission.

As pointed out earlier, the server sends the ray headers and the range sample 

data sets. The ray header contains the radar operating condition information 

required for estimating various radar parameters. Consequently, once a ray header 

is lost, then the following range sample data sets are useless and cannot be involved 

in the estimation, which wastes the bandwidth of the data network. Similarly, the 

feedback packet loss degrades the dynamics in controlling the transmission rate. 

Therefore, an intelligent way to guarantee the ray header and the feedback delivery 

is necessary. Although the TCP-based transmission of ray header and feedback 

packet has bfsrn tried, syndn'onization contixtl in exchanging data over both TCP 

and UDP was not easy at high ti'auso)i.s.sion rfi.t.e of a few hundred Ml>ps.

Moreover, some fine tuning of the algorithm is necessary to be carried out 

considering the; real network traffic feature. lh)r cxcunple, the b\iffcr .size of the 

nodes in the uetw'ork and end node can affcxd, the d3aiaiiiics of traiisniissiou rate 

c;ontrol. f’lirther study on tliis 1:.opic is riec.rissary.
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4.6 Summary and Conclusion

The quality of the estimated parameters is critioal for the weather radar appli­

cations. When the DllS are transmitted over UDP, the data, might be lost during 

transmission because of the insufficiency of the network bandwidth and buffer size 

of the client. This affects the quality of the parameters estimated at the remote 

sites. A transmission waveform design schemes tailored for the high-bandwidth 

VCHILL over UDP lia,ve been proposed to provide tolerance of the real-time op­

eration and high quality of end products. The waveform design schemes rely on 

the operating principle of the pulsed-Doppler radar and the estimation theory of 

the polarimetric radar parameters. The DRS server groups two or three consec­

utive range sample data sets depending on the radar operation mode, transmits 

some of the groups, and suppresses other transmissions according to the available 

bandwidth. Simulation study presents that the proposed data selection scheme is 

extremely effective in providing high quality end products. The waveform design 

schemes have been combined with the source-based rate control with a AIPD based 

on the feedback to develop congestion <;ontrol algorithm in the high-bandwidth 

VCHILL over unpredictable network. The performance of the proposed conges­

tion control algorithm was evaluated via real-time operation of CSU-CHILL radar. 

The results clearly show that the server dynamically adapts the transmission rate 

to the available bandwidth. The end-user displays also provide much higher quality 

in comparison with the case with no congestion control
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D EV EL0PM :EN T o f  t h e  d i s t r i b u t e d  DRS C LIEN T

5.1 Introduction

Pulsed-Doppler weather radars average the echo signals from the individually 

transmitted pulses to reduce the statistical uncertainty of estimates of spectral 

moments and polarimetric parameters for each resolution volume [12, 39]. For 

the radar meteorology applications, such as meteorological events classification 

and rain rate estimation, the quality of the estimated parameters is critical to 

obtain expected results. For this reason, innovative signal processing algorithms 

and techniques, such as clutter filtering, spectral processing, and oversampling [10], 

have been being developed in the weather radar applications.

Advantage of the high-bandwidth VCHILL is that users at the remote sites 

can receive the DRS in the networked environment and process the DRS for 

various applications in real-time [37, 38]. For the stable operation of the high- 

bandwidth VCHILL, network baiidwidtli and end-systern capability should Ire 

sustained enough to support the DRS transmission, at a data rtde. For the DIIS 

transmission over TCP, insufficient computing c:apability might reduce the end- 

to-end t.hroughput and lead to failure in siitisfyiug t:he r(?al-time re(3uireTrjcnts as 

desc*ribed in Section 3.5. Moreover, the i.mploi,uoiitation of extended signal pro­

cessing at the reuiote sites increa.ses the computing workloads much so tha.t; an 

ei.id system might be uualrle to baiidle the iiicrc,ased workloads. In some cases, the
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implementation of an innovative; signal processing in(;rea,ses botli tht! dat-a rate and 

the computing loads simultaneonsly. Oversampling radar signals in range time is 

an example [10]. Siiu;;e the data rate of the DRS is lin.ea.rly proportiraial to the 

sampling rate assuming that the quantization level and number of channels are 

unchanged, the (,)versamf)ling increases tlie data rate by a specified factor. More­

over, it requires whitening transformation over range samples, which increases the 

computing w'-orHoads at the Hient.

In this (liapter, we develop a concept of distributed DRS client consisting of 

networked multiple nodes to increase overall computing capability. The essential 

idea, is to distribute the computing wx»rkloa,ds among the networked multiple nodes 

and combine the individual results. The architecture and the scheme to distribute 

the worldoads are designed based on the operating principle of the pulsed-Doppler 

radar and the theory of polarimetric parameter estimation. The idea is successfully 

demonstrated by Implementing the end systems on Linux boxes in a networked 

environment and evaluating the end-to-end throughput between the DRS server 

and the distributed client .system.

5.2 Architecture for the distributed DRS client

5.2.1 End-node architecture

Figure 5.1 provides a conceptual diagram of the distributed DRS client. Among

tiie distributed nodes data, are exchanged over TCP through high s|)eed networks, 

namely Gigabit Ethernet or MyririG, [45]. Moreover, another library specifica­

tions, su(.h as Message Passi.ug Intcrfocc (Ml"’!) [46]. can be ustxl for clustering 

workstation-based end sy.stc.ms. A node .serves ris a ruasl.er node, which, is .respou- 

sil)I<! for coinmunicatioii with, the .DRS server, distril>uiion of tlie re(;eived DRS 

data, integration of tlie radar parameters, frind t,ra,usiiiis.siou of the com|)lf;te set of 

para.ni6t(’rs. It c.an bt; also involved in the estimation of radar parau',u.jtcrs partially.
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Figure 5.1: Conceptual diagram for the distributed DRS node to increase the 
computing capability.

Signal processing on the DRS are mostly applied to the time samples associ­

ated with a range and the parameters are estimated on the range. For the whiten­

ing transformation, the transformation is applied to the oversampled consecutive 

range samples and subsequently applied to the sampled da,ta sets. Tlierefore, the 

ray DRS block which is visualized as a two-dimensional array can be partitioned 

into multiple data groups along the columns, and then the data groups are dis­

tributed among the nodes as shown in Fig. 5.2. Note that the w^orkloads should 

be distributrxi evenly among all nodes to achieve the highe.st performance possible 

without any bottleneck in processing and estima.tion.

Figure 5.3 illustrates the network configuration and the end-systcru architec­

ture for the distributed D.RS client. 'I'lie DRS server operates wdtli the same archi­

tecture as tliat descril,)cd in Gliapter 3. Each node of the distributed DRS clir'ut 

itidiidc.s tlie DRS receive process and the parameter transmission process. In tli<; 

master node, the DRS receive process c;onsists of a. receive/retransmit thread and a. 

I)<xrain(!ter computing thread. Tin; parameter transinis.siori process is co.mposed of
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Figure 5.2: A ray DRS block is divided into multiple groups to be distributed to 
other DRS client nodes. Here, a ray DRS block with 128 range-sample data sets 
is divided into 3 groups.

integration thread and parameter transmission thread. However, the other nodes 

have the same architecture with that of the DRS client described in Chapter 3 ex­

cept the transport protocol for the parameter transmission. In this configuration

of the distributed DRS client, all data are exchanged over TCP.

Two TCP sockets in the receive/retransmit thread, one is for connecting to 

the DRS server as a client and another is for retransmitting the partial DRS to 

other distributed nodes as a server, are created. In the beginning of operation,

the master node connects to the DRS server via the client TCP socket and tlien 

waits imtil other distributed nodes establish the connection to it via tlie server 

TCI'’ socket. After establishing the counectioiis between the master nodi;! and the 

distril:)iited ,nod(;!s, the mast;er node sends tlic reqw!.st for the DRS transmission 

to tlie DRS server. The reccive/retransmii; thrcud in the master node distriliuti’s 

the received DRS data, to the distributed nodes and posses partial DRS to the 

parameter computing thread of itself.
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Figure 5.3; Net;work and end-system aTciiitectures for the <iistrjbnt,ed DR.S ree.t'ivor.
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Tlie sigiia.1 processing aiid t,rai::i8fomi;i.tions can l)c irnpiement.oci within tlie 

parameter computing thread. Other TCP counectioiis arc also cstablislied lictw'een 

the integration thread in tlie master node and the parameter transfer process 

in tlie distributed nodes. Tlie other distributeii nodes transmit tlie estimated 

radax iiaranieters to tiie integration tliread in the master node. Tiie mtegration 

thread in the master node assembles the parameters of all gates and delivers them 

to the display nodes with the multicasting protocol. To establish multiple TCP 

connections, the integration thread creates a TCP server socket, even though the 

other distributed nodes transmit the parameters to it.

5.2.2 Comimi,nicatioii among the distributed nodes

When the master node distributes the partial DRS to the other distributed 

nodes, it utilizes the same ray header format as tiiat described in Table 2.4. The 

master node changes only the values of ’Ngates’ and ’Ndata set’ fields before re­

transmitting the ray header to other distributed nodes. The former contains the 

number of gates and the latter contains the first gate number included in the 

user payload, respectively. Usage of the latter field is temporarily changed for the 

cominunications among the distributed nodes, which, is necessary when the partial 

parameters are integrated in the master node. The distributed nodes can recog­

nize thc3 amount of data transferred and the first gate number after reading the 

received ray header. Table 5.1 provides the header format for the transmission of 

the estiinated parameters to the ma.ster node. Depending on the operation mode, 

tlie da,ta block structures sent t,o the master node have different paran:ieters as 

sho\v.u i,i.i Fig. 5.4.

Tliti intt’gratic..)!! thread in the master node recognizes the para.meters of an 

idt.!T:itical ra,y by comparing tlic field of ’Start; angkf field in tlK; licader after k.c 

ceiving tlie partial parameter. lT,ic integra,t:ion thread assenibie.s complete scd, of
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Node ID Integer, Sequentially assigned to the distributed nodes
Start angle Unsigned Integer
OP mode Integer, 0 - V only, 1 - H only, 2 -- VH, 3 - VHS
Number of gates Integer
Start gate number Integer
End gate number Integer

Tfible 5.1; Hea<ler structure sent by other distributed nodes for the transmission 
of the estimated parameters.

P a r t ia l  P a r a m e te r  
T r a n s m is s io n  P a c k e t  H e a d e r

P a r tia l  P a r a m e t e r  
T r a n s m is s io n  P a c k e t  H e a d e r

Z Z

V V

R1 w
Zdr R1

LDRh Zdr
LDRv ‘I*dp
‘t'dp R h o

R h o

(a) A lte rn a tin g  m o d e (b) H y b rid  m o d e

ff: 5.4: User i)ayloa,ds for the transiolssion of riidar parameters to the master 
norie. The Ireader occupies 24 bytes. However, tlie amount of the parameter data 
changes depending on the mimlier of gates and the operating mode;.
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parameters of all gates l>y looking at fields of tlie Node ID, the Nnmlx'r of 

gates, and tlie start gate nuiriber. The a.ssembled radar parameters are delivered 

to the display nodes over multicasting irrotocoL

5.3 Im plem en ta tion  and perform ance evaluation

The increase in computing capability of t;'he DIIS client was demonstra.ted by 

evaluating the end-to-end TCf* throughput between the DRS server and the master 

node of the DRS client. Figure 5.5(a) illustrates a simple test bed consisting of 

end systems connected to each other over Gigabit Ethernet. The end system is a 

standard PC containing Intel Xeon dual Processors (2.2 GHz). Operating system 

is Red Hat 8.0 Linux. Intel PR O /1000 Gigabit network interface card (NIC) is 

plugged into a 64-bit/66-MHz PCI slot in the PC.

Figure 5.6 shows that the peak throughput between the Linux boxes shown 

in Fig. 5.5(a) is approximately 940 Mbps. The DRS server program runs on 

the Linux box 1, and the DRS client was made up of either one or two Linux 

boxes. Table 5.2 shows the end-to-end TCP throughputs between the DRS server 

and the master node by changing the configuration of the distributed DRS client. 

The end-to-end TCP throughput between the two Linux boxes was 958.4 Mbps 

without estimating parameters in the DRS client, which is almost the maximum 

throughput achievable with the Gigabit NIC. The little lower performance of the 

Netperf than that of the measurement might; come from tlie additional cycles 

consumed for the evaluation of tlie {lerfonnance in Netperf. ():ti the other hand, 

when the par'ameters are estimated in a single node of DRS client, the throughput 

was reduced to 348.5 Mlips, whicli shows the same result with that olitained via 

emulation as desc-ribod in Section 3.5. Wlien the DRS dient consists of two Linux 

boxes, the tlirougliput was increased up to 766.7 Mbps. Tins result clearly shows 

ti:iat wlieu tlie liigh-bandwidth VCHILIj aiipliGations fail to operate in roaLtime
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xe 5.5: Test bed for evaluating pcrfonnance of the distributed DRS client. 
The end systems are connected to each other through Gigabit Ethernet.

because of the insufficient computing cairability of a DR.S client, the distributed 

DRS client can be a promising solution.

.Here, it should be noted that the throughput between the DR.S server and 

client should not be a bottleneck to obtain the ex|)ect(xl resi.ilts. Figure 5.5(b) 

shows another test bed consisting of end systems and two Gigabit Ethernet switches. 

The DRS server is a Si.m workstation (SutiBlade 1000) and the distrilnited DRS 

client is comprised of three Liinix boxes that were utilized in the previous evalua­

tion. The Suu workstation has dual UltraSPAR.C-HI pi'ocessors (IhhO MHz) running 

with Solaris 8 operating syste,UL .A. Giga,bit Eth,enict NIC (SK-9821) fro.rn SysK.oii~ 

nect GmbH is plugged into a 64-bit/60--MIl7, 1K.T slot. Thĉ  inaxii.!;mm availabto
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Figure 5.6: Performance for the Gigabit links.

CoTifigiiration Mean Eiid-to-End
TCP throughput (Mbps)

Linux Box 1 Single client Linux Box 2 (No computation) ')5x {
Linux Box 1 —̂ Single client Linux Box 2 •j4b.u
Li.nux Box 1 —> Distributed client with two Linux Boxes 766.7

Table 5.2; l!/ud--toa3nd TCI^ throughput; va,ryi.ng tlie configuration of ttie I3IIS client 
wlicn t;lic link capacity lietween tlie DRS server and client is not li:mited.
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Configuration Mean End-to- End

Sun, W.S. —>• Single client Linux Box I (No coniputatiori) 308.1
Sun W.S. Single clk;ut Linux ,Bo.x 1 314.5
Sun W.S. Distributed client with two Linux Boxes 316.7
Sun W.S. ~> Distributed client; with three Linux. Boxes 319.0

Ilible 5.3: Eiici-to-eiid TCP throiigliput varying the configuration of the DRS client 
when the link capacity between the DRS server and client is limited.

throughput between the Sun workstation and the master node with the block size 

of 8000 bytes was approximately 350 Mbps as shown in Fig. 5.6.

End-to-end TCP throughputs between the DR.S server and the master node 

were also measured by changing the DRS client configuration. Table 5.3 shows the 

DRS client configurations and associated end-to-end throughputs. The end-to-end 

TCP throughput between the Sim Workstation and the Linux Box 1 was 308.1 

Mbps when the client did not compute the radax parameters. When a single node 

of DRS client computed the radar parameters, tlie throughput was 314.5 Mbps. 

The result seems to be contrary to the previous trends in which the end-to-end 

throughput was decreased because of the computation. Here, the throughput was 

even slightly increased by the computation. This might be caused by the effect 

of the hyper-threading as introduced in Section 2.5. When the workload is light, 

most of the CPU capability is idle and the entire performance of the system is low. 

However, when tlic workload is increased, tlie hyper-threading function starts to 

operate and the entire perfomiance iiicrcases.

.Another interesting result is that; the operation of distributed DRS client did 

not increase the th.rougliput significantly. Th(:.! throughput was only 319 Mbps 

wlien three Linux boxes collalroi’ated as a DRS difuifc. This result is caused by 

the low maximum tlirougliput achievable between the DRS server and the master
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node. As shown in Fig. 5,6, tlie maxirniini tlirongliput between the Sim work­

station and the Linux box is approximately 350 Mbps wlien the data size is 8000 

bytes. Tlie performance of the copper-based Gigabit Ethernet depends on PCI 

bus speed, NIC, variations of drivers and of operating systems, and size of MTU 

[47]. This low maximum throughput might be caused by the link passing through 

the Gigabit patch panel, heterogeneity of the end systems, and necessity of byte- 

order conversion. Here, the low performance cannot sup|)oi:t enough transmission 

rate to obtain the anticipated effectiveness of the increased computing ca.pability. 

Therefore, reserving sufficient link capacity between the DRS server and client is 

critical to obtain the effectiveness of the distributed DRS client. Note also that 

optiTnization of the wxirkload balance will be necessary to maximize the computing 

performance.

5.4 Sum m ary and Conclu.sion

Intense signal processing on the received DRS can make the end-to-end TCP

throughput reduced because of the insufficient computing capability of an end 

system, which might eventually result in failure in real-time operation of the high- 

bandwidth VCHILL. To increase the computing capability, the concept of the 

distributed DRS client was developed. The essential idea of the distributed DRS 

client is to Integra,te individual comxiiiting capability via internetworking. Tlie 

design for the distributed DRS client, which includes the end-system architectures 

and the user payload structures for the communication among the distributed 

node.s, was developd relying on the operation principle of the pulsed-Doppler radar 

and the theory of radar pa;ra,meter estima,tion. A master node evenly distributes the 

computation workloads to other distributwl nodes, and integrates the estimated 

parameters of partial gates into complete sets including a,11 ga,t;es. The end-to-cnd 

perfonna.nces were evaluated over test beds liaving dilRu’ent network and end- 

node contigurfitions. The increa,se in the computing capaljility has been clearly
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dernonstrated by achieving approxiiiuitely two times higher eiid-tO'e.nd tliroughinit 

with the distributed DRS client (xmsisting of two Linux boxes tiurn that of a single 

node of DRS client. Reserving high prxrk throughput between the DRS server and 

the master node among the DIIS dient is critical to obtain the effectiveness of 

the distributed client system. For the future ap{)lications of the liigh-l)andwidth 

VCHILL which ret:[iiire intense computing capability, the concept of the distribiit;ed 

DRS client can provide a promising solution to insufficient computing capability 

of an end-system.
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C liap ter 6

S T U D Y  ON THE N E T W O R K E D  R A D A R  S Y S T E M

6,1  I i i t r o d u c t  ioB

Spatially distribxited radax systems cati be used for either observation of same 

targets witii multiple radars, such as concurrent multiple Doppler observations, 

or replacement of a large centralized radar with a cluster of small radars. Multi­

ple Doppler radars provide very useful information about targets, such as multi­

dimensional motion of the scatterers f8, 2]. Benefits obtained by operating clus­

tered radar systems compared with the conventional single radar operation have 

been also pointed out in terms of increase in reliability of measuremcaits and in­

formation quality. As an earlier study introduced, the distributed radar system 

can also provide benefits in radar system design, such as great reductions in cost 

brought about by low-power transmitters, cheaper receivers, as well as smaller 

antennas, radome a,nd pedestal size [6].

These distributed radars must be deployed in a networked environment so that 

data exchange between the nodes wfi.thin a specified time should be feasible. Ad- 

vances in networking technologies and explosive increases in computing capability, 

whicli have revolutionized tb.e prevailetl paradigms in vajious fields, miglit eriaiile 

the notion of tlie distrilnited radar o|)(;rat;ioii. However, iin|)lemcutation of tin; net­

worked radar system involves challenges, such a,s iimltiplc streams of infonuatiou 

at higli bit rates, strict real-time requirements for da.ta transmission and coia|)u- 

tatio.li, .need for spatial and teraporal synchronizatiou of information distributio.n,
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and the variai:)le latencies iritrocluced by pliysical distances, router delays and end- 

system ca.pabilitics [6]. Preliminary studies on the networked radar operation are 

showm in |7, 48],

In this chapter, we present operational models, end-system axcliitectures, and 

network models to make operation of the networked weather radar system feasible 

providing end users with real-time data. The operational models explain how to 

operate and manage the networked radar systems in order to obtain their benefits. 

The end-systern architectures asKSOciated with the operational models axe devel­

oped relying on the operation of multi-processes and multi-threads, which have 

been enabled by the advances in computing capability and operating system. Var­

ious options for the network models are available. However, the wireless link-based 

network models, such as wireless LAN bridge and satellite link, will be mainly ex­

amined considering mobile platfbrmed radar systems. Recently, it was announced 

that the wireless technology enables long distance data transmission with high 

data rate [49, 50). Moreover, satellite communication systems can achieve uplink 

transmission capacity up to 2 Mbps [51, 52, 53]. The evaluation of the factors 

affecting the performance will give an insight into critical issues for implementa­

tion. In addition, the scalability for networked radar system will be examined in 

terms of power consumption for pulse transmission, computation workload, and 

communication workload varying Quality of Service (QoS) parameters and max­

imum operation range of individual radar. These scalability metrics are defined 

in combination with radar operating parameters and ratio of covering radius of a 

large? radar to that of a nelworkcd radar. Finally, some dialienging issues to de.sigii 

the networbxi radar system and develop api)lication layer protocols to provide the? 

higli QoS real-time rada,r data will be discussed.
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6.2 O perational models

The operational iriodels axe developed based on tb.e ibllowing assvimptioiis. 

Radar parameters are estimated at the radar sites and transferred to the integra­

tion center. Coherency across the radars is raaintained by locking all the stable 

local oscillators of the radars to a common GPS clock. A control center and an 

integration center operate at, the same physical location, which cxwi be either one 

of radar sites or other places. The control center computes scanning parameters 

for optimized radar oireration, and the integration center combines radar param­

eters delivered from radar sites. Cartesian, coordinate system is chosen and all 

radar data are converted from the natural polar coordinates to Cartesian before 

.manipulating da,ta.

6.2.1 Case A; O bservation of com m on volume

The multiple radar observatio.n measuring the multi-dimensional Doppler ve­

locity is an example of this application. When two radars are observing the same 

volume, the common vohune where the angle between the beams from the two 

radars exceeds 30'’, are referred to dual Doppler lolres as shown in Fig. 6.1 [2]. For 

a given observation volume, the scan-optiniizatioii procedure speci,fies which radars 

will be involved in measuring and optimal radar scan parameters are accordingly 

decided. The optiiuization depends on the temporal and spatial scale of the event 

as well as scan rate [54]. The optimized radar scan parameters are delivered to the 

radar control syst(,!ms to initiate 1,he ol>servatio,us.

The estimated radar {rarameters are temporarily stored in l,)uffer at each radar 

site. Each radar site sends the coordinate informatioii associated with the mea- 

surcuueut Just afticr comploting a volume scan to the integration center. The inte­

gration center (.;oi,ivc:rts the local radar pc.)lar coordinatcjs to thc> common Cart,e.sifi,n. 

coordiruite. Tlieu, it com|>axes the coordinates to liud <.>ut the overlapped regions.
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Dual
Doppler Lobe

Figure 6.1: An example of distributed radar locations for observing same targets.

The existence of the overlapped coordinates means the availability of data on the 

regions observed by more tlum one radar. Then, it sends the information of the 

overlapped coordinates to the radar sites. The radar sites transmit only the radar

parameters aSvSociated with the overlapped regions to the integration center. The 

integration center creates the multi-dimensional information by integrating the re­

ceived data. The unit processing time of this operation is the scan time of the 

volume. The development of a fast algorithm to integrate the parameters would 

be critical to ensure acceptable performance.

6.2.2 Case B: R eplacem ent of a large radai'

Figure 6.2 illustrates the geornetric model of the a,pi)lica;tiori re|)la,cing a large 

radar witii networked multiple small radars. Tlio configuration of distrilruted 

radars is similar to the cell structure model of wireless communications. The 

iminber of networked radars is linearly |)ro|>ortional to the ratio of the covering ra­

dius of a single radar to tliat of s:iruill rada.r. The equation for deriving the number 

of uetworked radars can be wxitteu as,

A radar 6?i - -  5 (6 .1)
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r
T

(a) (b) (c)

Figure 6.2: Conceptual diagram of the networked radar system, (a) a large radar 
with the covering radius of r km, (b) a networked radar system consists of 7 radars 
with the covering radius of -5 km, and (c) a networked radar system consists of 19
radars with the covming radius of |  km

where n is defined as n =  Here, R„i„x is the covering radius of the large radar 

and Trnax is that of the small radar constructing a clustered radar system. Table 6.1 

shows the number of raxiars necessary to Iruild the networked radar configuration 

depending on the covering radius of radars.

The control center specifies the scan parameters for the radars based on the 

user requirements. Radar parameters are estimated with the digitized radar signal 

at a radar sitxr The radar parameters arc transferred to th,e integration center 

accompanied by tlix: c;ooixlinates, where the radar parameters are integrated into 

a complete scan image. The parameter' values of the overlappxal volurnos axe aver­

aged. The unit-procx'ssirig time of this application is tlie time taken to coni{)!ete a 

sweep scan [7],
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Radius ratio Number of radars
B-moat, radar

1 1
2 7
4 19
8 43

Ta.ble 6.1: Numl)er of reulars required to replace a large radar with networked small 
radars varying the covering radius of the small radar.

6.3 E nd-system  arch itectures

At the radar site, iniittiple processes, namely data acquisition, comi>utation, 

and transmission processes run simultaneously as shown in Fig. 6.3(a). The data 

acquisition process receives the sampled data, and the radar operating conditions 

from the digitizer and the radar controller, respectively. The computation process 

estimates the radar parameters from the digitized radar signal. The transmission 

process maintains a connection to the integration center and sends the radar pa­

rameters referring to the coordinates. Data exchanges between the processes are 

performed through the shared memories. Depending on the computing capa.!)ility, 

the data acciuisition and other processes can operate on distributed computing 

resources as described in [9].

In the case of A, receive/transmission, integration, and transmission processes 

run simultaneously on the integration center as showm in Fig. 6.3(b). The coor­

dinates conversion/comparison process converts the pola,r coordinate to the com­

mon Cartesian coordinate and find out the; overlapped regions. The overlapped 

c;oordinate infirnnation are delivered to both the: radar sites and the integration 

process. Tlie receive/transmission process is resjionsible for (:onimimicating to the 

rarlar sites. The integration process computes the ruuiti-dimensionaJ data, sets and 

passes them to tlie transniission process that is connected to other data, networks,
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such as the Internet. The multi-dimensional radar parameters are distriimted to 

remotely located nodes for display or oilier application programs by the transmis­

sion process.

In the case of B, receive, coordinates conversion/integration, and traiisrais- 

sioxi processes operate simultaneously on the integration centcn as shown in Fig. 

6.3(c), The receive process is responsible for receiving radar signal parameters 

from the individual radar site. A ray data set is moved to the coordinates con­

version/integration process upon the arrival of the data set at the receive process. 

In this application, the complete scan image is integrated over a virtual radar 

sweep and the integrated parameters are delivered to the remotely located nodes 

for display or other application programs by the transmission process.

Figure 6.4 shows the timing sequence of the processes in the integration cen­

ter. One sweep time is equivalent to a imit-processhig time at which all processes 

synchronize. Integration procedure starts upon the receipt of the first parameter 

data from any radar site and is completed when the last data arrives at the inte­

gration center. The time lag between the receiving and integration can be ignored 

compared with the unit processing time. The transmission process starts sending 

the integrated radar image data upon the completion of integration, which intro­

duces a time lag of one sweep time between the actual radar operation and the 

display. While the display is conducted ray by ray for the single radar operation, 

the display mode can bf! flexible for the networked radar oixeratioii according to the 

design. Ho’wever, the time taken for s(:amiing a, S'vveep should be c(|ual if the sweep 

specxis are idta'itic.al for Iroth the single radar and the networked radar operation. 

On tlio assumption tliat tlie sweep siiecd is 6 degrees/sec, the imit-processiug time 

is 60 sec.

6.4 Network model
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F'ignre 6.3; End-systetn arcliitecturc. Data are ex(;hariged betw(;en the processes 
through sliared mcinory.
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Figure 6.4: Timing sequence of the three processes operating in the integration 
center simultaneously. Vaweep stands for the sweep speed in degree/sec.

6.4.1 D a ta  ra te  of netw orked rad a r system

Before considering, it is informative to estimate the required bandwidth to

exchange the data between the networked radai' sites and the control/integration, 

center. Based on the operational model of the case B, the bandwidth to meet the 

requirement for real-time operation can be estiinated.

The amount of data generated in each radar site are calculated as shown in 

Eq. (6.2).

,360,Dsweep

'160
{Dueader + (6 .2)

where Dĝ Eep the data amount of a sweep; Dray is tl:ic data aiiiotint of a ray; 

Dheader is tlic! size of I'iiy header; Ngate is the numl.)er of gates; Nparameier is tlie 

number of radar paxaniefcers; and Ad m the angular resolution in degTt'e. The 

Dgaic is calculated as shown in Eq. (6.3).

^ Dsamplc/'^ m ax
gale (6.3)

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



128

where Rgampie is defiiied as the sampling rate of a. ra.dar; is the radius of area 

under coverage in meters; and c is tluf; speed of light in, m/sec.

As an example, we can assume that a large radar with the coverage radius of 

150 km is replaced with seven small radars with the the coverage radius of 75 kin. 

The following assumptions on the operating conditions arc made, a) the sampling 

rate is 1 MHz; b) the number of radar parameter is 10; c) the angular resolution 

is 0.75 degrees; and d) the ray header size is 150 bytes. Then, the number of gates 

is 500 and the total amount of data for one sweep is 2. 472 MB. It is also assumed 

that the sweep speeds of all networked radars are same (however, not necessary). 

If the sweep speed is Kweep in degrees/sec, the time taken to display one sweep 

radar image (one sweep time) is sec. When the sweep speed is assinn<xl to 

be 6 de^grees/sec, the time taken to display one sweep radar image is 60 sec. Given 

the total amount of data for one sweep, the minimum throughput to meet the 

operational scenario is 329.6 Kbps.

6.4.2 W ireless LAN bridge-based network model

Mobile-platformed radar systems can provide great flexibility and simplicity 

in configuring physical locations of the networked radars [55]. This mobility can 

provide a variety of data collection for various experimental purposes. Since the 

|)osition of the radar can be changed depending on the application, a wireless 

link is suitable for networking the mobile-platformcd radars. In contrast, wired 

networks demand consideralhe expenses, not only ibr constructing initial network 

infrastructures, but also for maintenance.

The commercial wireless vendor market is rapidly advancing and wireles.s Etli- 

ernet bridges are able to achieve data rates higiier tlian 10 iVlbps and long data 

transmission ranges longer than 40 miles [49]. In addition, a variety of products 

leased on the wireless LAN teclmoiogieH, in whidi the data. ra.te ranges from 1
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Figure 6.5: A wireless LAN-based network model for the operation of distributed 
radar system.

Mbps to 54 Mbps and outdoor range is from 5 km to 40 km, is currently avail­

able in the commercial market [50]. Capabilities and performance of the wireless 

communication systems are expected to be improved continuously.

Figure 6.5 illustrates a wireless LAN bridge-based network design for the de­

ployment of distributed radars. The essential function of the wireless LAN bridge 

is to connect sharing LANS over wireless link. It is assumed that individual LAN 

to which the end systems are attached is available at each radar site. These LANs 

axe comiect<Dd to each other via, the wireless Efclienict bridge, wliich leads to a 

networked LAN topology. A gateway to the Interruh, can be connected to the 

networked LAN, such that the integrated radar; parariietrrrs can be deliver<;d re­

mote Joeations for farther appliea,1;ions. This network model can be applied to any 

multiple radar opt:rations if the line-of-sights are maintained between the coininu- 

nicat.ion antennas.
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6.4.3 S atellite  link-based netw ork  m odel

The satellite communication links can be considered as an alternate network 

model because of more flexilrility in the envirotrment of uniaredictable topography 

cviiere the radar systems are deployed. For the wireless LAN Ijridge, the line-of- 

sights mtist be maintained between two an.temias. However, tlie satellite link can 

usually establish the communication link without interruption between ground arid 

satellite. Recently, it was announced that some sa.tellite communication systems 

achieve uplink data rate more than 2 Mbps [51, 52, 53j. The satellite link-based 

network model for the networked radar operation is illustra;ted in Fig. 6.6. The 

estimated radar paranieters are transmitted to a satellite from a ground terininal, 

like Very Small Aperture Terminal (VSAT), loc.ated at individual mobile radar site. 

The satellite, which can perform on-board processing (OBP), retransmits the data 

to a gateway on the ground through a high-bandwidth downlink. Then, the data 

is transferred to the integration center through the Internet. The control data, 

such as optimized parameters for radar scanning and overlapped coordinates, can 

be delivered in reverse direction.

S a te llite  Link

G a te w a y

C o n tro l/in teg ra tio n
C e n te r

A
’— 'x:

In ternet
A 7"

T erre s tr ia l N etw ork
D isplay  n o d e

Figure 6.6; Proposed satellite link-based network inodrd for exchanging data be­
tween the radar sites and the coiitrol/iutegration center.

Althongb, the satellite c;orarmmic;atioii link lias strong features, for instance 

rapid and flexible network configuration, wide c.overage of .service area, multiple
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Satc'lliti obit GEO ME(„) LEO
Propagation delay of satellite links (ms) 250 110 20

Propagation delay of terrestrial links (ms) 42 42 42
BTT (ms) 584 304 124

Ma.x. Throughput (Kbps) 270 513 930

Table 6.2: Maximum achievable throughput without any congestion and error with 
TCP Reno. These data were obtained via ’ns’ simulatioirs.

access capability and multiple distribution capability, it has weaknesses as well, 

namely long propagation delays and error bursts [56]. Therefore, an examination 

on the validation for the proposed operational model is required. For the trans­

mission over TCP, the end-to-end throughput is determined by the RTT and the 

network traffic condition. Propagation delays of geostationary earth orbit (GEO), 

medium earth orbit (MEG) and low earth orbit (LEO) axe approximately 250-280 

msec, 110-130 msec and 20-25 msec, respective^ [57]. Table 6.2 sliows the highest 

end-to-end TCP throughputs achievable depending on the type of satellite link 

under the assumption of no congestion and packet drops. The end-to-end TCP 

throughput changes greatly depending on the types of the satellite links because 

of the difference in RTT. Considering the example mentioned in Section 6.4.1, the 

required bandwidth is around 330 Kbps. Therefore, transmission over the GEO 

satellite link demands data compression to meet the requirements for real-time 

operation because of the low utilization of the available bandwidth caused by the 

long propagation delay.

As described in Section 6.3, Jill radar paraunders of a sweep at the radax 

sites should arrive at the iutcgratioii ceni.er during a unit-processing time. In this 

application, end-to-end packet dehiy oc(;urrt‘d during tlie unit processing time 

is not critical. Howtrver, it is important that entire sweep data from all networked 

radar sites shoiihi arrive at the liitegratitui center by tlie end of a unit-processing
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time. Otlierwise, t;.lie sym:b.ronized processing of the receipt and integration (;aiiri.ot 

be accomplislied. Using a, receiving buffer of o,ppropriate size miglit l)c! able to 

alleviate the problem, while introducing more time lag between the actual scanning 

and display.

6.5 Scalability  of th e  netw orked rad a r  system

6,5.1 QoS P aram ete rs

The important QoS parameters for the weather radar ai>plicatioiis are spatial 

resolution and data accuracy assuming that w iance  of measurenierits is ignored. 

The spatial resolution represents the volume a data point covers as shown in Fig. 

6.7. The range resolution is determined by the pulse width that is a radar operat­

ing condition. The Azimuthal beamwidth resolution and the elevation beamwidth 

resolution are detennined by both the radar o|>era;ting conditions and the mea­

suring range. For the networked radar system, the measuring range is confined in 

the shorter radius in comparison with the single radar operation. This leads to 

the higher spatial resolution than the single radar operation when the pulse width 

angular resolution are assumed to be identical for both operation. The angular 

resolution is calculated from Eq. {6.4).

Angular re so lu tio n  =  Vsweep x ^\uise x T, (6.4)

where is the number of pulses transmitted at a particular angle, and 7). is

the PRT. For example, whcai the swr;ep .speed is 6 degrces/sec, Apwiflc is 128, and 

the PRT is 1 msec for the PPI scan, the .Azimuthal a,Dgular I'esolution is 0.768 

degrees.

The data accuracy, whicdi i.s evaluated with the variances of tiic parameters, 

is detennined fry numlmr pulses tranKmifcted at; a particular poini;iug angle. As 

(explained in Section 3.2, the variances of tlie parameters a;rc inversely iiroportiorial 

to the s(|uare of the tmmlxrr of samples that are involved in estimation.
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Elevation 
Beamwidth resolution

Azimuth 
Beamwidth resolution

Range resolution
cTo

»

Figure 6.7; Corictiptual digram showing the spalial resolution which is represented 
by range resolution, elevation beamwidth resolution, and Aziinuth beamwidth reso­
lution. AO and Ac6 are the angular resolutions in Azirnuth and elevation directions, 
respectively. Tq is the pulse width, R  is the measuring range, and c is the speed 
of light.
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6.5.2 Scalability changes w ith  rad a r  size? ra tio

The scalal)ility can be examined in terms of power consumption for radar 

pulse transmission, computation workload, and communication vcorldoad varying 

the Ĉ oS and tlie number of radars. The power consumption is a metric associated 

with the peak transmitted power of the radar system. The radar range equation 

described in Blq, {6.5), which explains the fandamentai design concepts of radar, 

shows that the peak power of radar is proportional to the square of the radius to 

get the same received power [12],

Priro)
cTo' Gr

X ' \ ¥ in 2
nii'o)

r | (6.5)
)■'

where /'?• is the received signal power; Ft is the transmitted signal power; c is the 

speed of light; T’o is the transmit pulse width; GV is the receiver gain; G is the loss 

clue to receiver filter; A is the wavelength of the radar signal; Gq is the antenna 

gain; Tq is the measuring range; i] is the volumetric radar cross section (per unit 

volume); and 6j and (f>i are the half power beamwidth in, Azi.muth and elevation 

direction, respectively.

The computation workload is a metric associated with the total amount of 

computing resource necessary for the estimation of radar parameters. To compute 

the parameters for a gate, the covariance matrix elements are estimated over the 

samples of the gate. The amount of the computation is proportional to the product 

of the number of samples and the number of gates.

The conuiiunication workload is a iiKitric assor,-iated with the amount of esti­

mated para,meters that are tra,nsf(!rr<3d to the integration center. described in 

Section 6.4, the user {rayload of the trarusferred da,ta consists of the display header 

and tlie mthole {raramriters that are estimated.

The t)ropo.S(Hl ir,i<itric.s for t;he uetworkxl radar .systems are dcfi,ued in <X)£,Dbi~ 

nations with .radar o|)erH,ting irararneters as well a.s the; rada.r size-, ratio(rt) tliat is 

given by Ekj. (6.1) a.s l)elows.
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Scenario 1 Scenario 2 Scenario 3
Outermost Azirnu tii 

Bfjamwidth Resolution
Same

Same

Increa.se 
x2, x4, x8 

Same

Same 

Increase x |Data Accuracy

Table 6.3: Different scen.arios for comparison. The outermost Azimuth, beamwidth 
resolution is the resolution at the edge of the region a radar covers.

•  R,a,dar power consumption

0̂ ' ^ ^rtuiar X Pulse number/sweep

cx 360«
v;,, ^  nnax

Computation workload

oc Nradar X Ngate X Pulse xuuober/sweep

(X 360 R 6  _
Cs-r ty . X n

• Communication workload

o c  ^  radar  X  {D h ea der  " I"  N g a te  X  N p a ra m e te rs ){ ' /^Q )

OC {Dheader + X -  5)

where Gres is the range resolution and a  is a constant coefficient.

To examine the scalability, three scenarios varying the QoS specification are

considered as shown in Table 6.3. Figure 6.8 sIiows the changes in sc;a.Iability met­

rics normalized decreasing the radius of networked radars. The networked radar

Systran docs not increase the metrics compared with the si.rigle rada.r operation 

when the identical or slightly liigher QoS parameters of angular l)camwidth reso­

lution and data a.ccurac:y aixj aimed at.

6.6 Discussion

Networked radar systems can experience undesirable noise in received signals 

due to interference from other netvrlry radar systeina. IMiase coriing technique c;an
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+>.. Scenario-1
Scenario-2 

 « Scenario-3

I  0.5

Radar size ratio (R' I1 /r ‘max max'

Radar size ratio (R /r )'  max max'

...........

Radar size ratio (R' I; /r ; max max

Figure 6.8: 
load, and (c) C 
number of racl<

(a) Power <;oiiKim!.ptioji for pulse emission, (b) Coinpiitation work- 
ommrmieation workload ratios with the (hffcrent scenarios varying 
u:s.
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be used to remove the effect of the iiiter&rrejice. Each raelar systeixi selects a spc ĉific 

phase of tlw; emitted rad;,ir pulse such, that other signals with difiVsrent phases can 

1)6 filtered out.

Networked radar system (am have wrrious enci-uscr a,pplication areas, and 

end users might warxt to access the system through the Internet. An application 

layer management protocol makes the hardware and software of the lower layers 

transparent to the a.pplk’.ations of the networked radar system. The management 

protocol can include the following administrative tasks, such as introducing the 

rules related to data aggregation and clustering of the networked radars, exchang­

ing data related to the location finding algorithms, time sy.nchronization of the 

networked radars, turning networked radars on and off, querying the networked 

radar system configuration and the status of the radars, reconfiguring the network, 

authentication, key distribution, and security in data communications [58].

6.7 Summary and Conclusion

The operational models of the networked radar system have been studied 

for two different applications, namely a) observation of the same volume target 

by multiple radars and b) the replacement of a large radar with a networked of 

sn:iall radars. Design of the end-systeni architectures is based on the multipro­

cesses and .inultithrcads. The end system, at the radar site includes the functions 

of data acquisition, parameter estimation, transmission, as well as radar control. 

The end system at the control/integration contcjr includes the functions of re- 

ceive/tra,i.isiniHsion, coordiiia:fc<;; conver.sion, and intfjgration, and sca.t,i optii.nizatiou. 

The feasibility of the network models based on wireless I.;,AN bridge and satellite 

links have bee,n cxa:u.i.i.iied to provide a network euviroinnent in which, tire dat;a 

are e,xclianged between tlic nodes within a specified tinu.!. Spatial resolution and 

chita. ac<;uracy are considered as primary QoS parameters .for weatlier radar aj:>- 

plicatio.us. ScaJability metric.s of the networked ra,da.r system are not; increased
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much compared to a single radar o|>era1:ioii tincl(3r tlio condition of tiit; identical or 

slightly highca' QoS parameters.
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SU M M A RY  AN D CO N CLU SIO N

In this dissertation, the end-system architectures as well as application 

transmission protocols for the high-bandwidth VCHILL are developed and exper­

imentally validated with the GSU-CHILL radar. In addition, concepts for the 

networked radar operation are also studied. Chapter 2 described the digital- 

IF receiver developed exclusively for high-bandwidth VCHILL. The parallel re­

ceiver has been implemented on a standard PC platform with PCLinterfaced high­

speed ADC/DDC signal processor, a digital I/O, and a data conversion circuit for 

AZ/EL. Since the signal processor generates the overall data rate over a few hun­

dreds Mbps in conjunction with the operation of the pulsed-Doppler radar, the 

integration of the all acquired data into the specified format requires extremely 

careful timing for syndironized data acquisition and high-bandwidth data manip­

ulation. The parameters obtained from the parallel receiver show good coincidence 

witli those obtained from tlie DRX receiver as well as linearity of transmission rate 

proportional to the sampling rate, which demonstrates that; the pa.ral1el receiver 

operates properly for the higli-bandwidtli VCHILIj.

Cliapte:r 3 descrilred the design of the t;nd-syste:tn a.rchitectur<'s for t;he high- 

ba;tidwidth VCHILL. I ’he design is !:)u.sed on tlie t.ypicai client/server model, relying 

on the siiimlta,ueou.s opera.tio;u of multiiirocesses and multithreads to meet the 

real-ti;mc rciquireiucnts. Tlie dat.a and pa.cket striictures are i;uciudcd i.u tlie design

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



1.40

as well. The architectures include tiie functions of the DR.S acquisition and the 

trai.isrnissjon of the real-time .DRS over TCP to remote sites on the DRS servrn, 

as well as tlie receive/estimation of the radar paxaineters and the delivery of the 

parameters to other display nodes on the DRS client. The application and network 

protocols impleme.nted here support tlie real-time operation of the CSU-CHILL 

radar up to the data rate of 300 Mbps, which, is equivalent to the sampling rate of 

5 MI'R. Comparison of the displays between the high-bandwidth VT1H.ILL system 

and the DRX system shows good coincidence.

In Chapter 4, a transmission waveform design schemes tailored for the high- 

bandwidth VCHILL over UDP have been proposed to provide tolerance of the real­

time operation and high quality of end products. The waveform design schemes rely 

on the operating principle of the pulsed-Doppler radar and the estimation theory 

of the polarimetric radar parameters. The D.RS server groups two or three consec­

utive range sample data sets depending on the radar operation mode, transmits 

some of the groups, and suppresses other transmissions according to the available 

bandwidth. Simulation study presents that the proposed data selection scheme 

is extremely effective in providing high quality end products. The waveform de­

sign schemes have been combined with the source-based rate control with a AlPD 

based on the feedback to develop congestion control algorithm over unpredictable 

network. The performance of the proposed congestion control algorithm was eval­

uated via real-time operatio.ii of GSU-CHILL .radar. The results clearly sliow’- that 

the server (.iynarnically adapts the transmission rate to tlie available baiidwidtlL 

The end-user displays also provide much liigher quality in coinpari.so.u with the 

case with no coiigestion control

In Chafiter 5, ti.) increase the computing capability, t.h.c concept of the dis­

tributed DRS cliet,it was developed. Th.e esse.ntial idea of the distributed .DllS 

client, i.s to integrate individual computing capability via iiitirrnetworkiug. I.lie

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



141

design for tlie distributed DRS client, which, includes the end-system architecture 

and the packet striicture for the data exchange a,nd t,he communication arno,tig tlie 

distributed nodes, relies on the operation principle of the puised-Doppler radar 

and theory of rad,ar parameter estimation. The increase in the computing capa­

bility has been clearly demonstrated by achieving approximately two times higher 

erid-to-encl through,put with the distributed DRS client configured with two nodes 

than that of a single DR.S client. Higli link capacity between the DRS server and 

the master node among the DRS client is critical to obtain the efiectiveness of 

the distributed ciiei.it system. For the future applications of the ,hig.h-bandwi<ith 

VCHILL which require intense computing capability, the distributed DRS client 

can provide a solution to insufficient computing capability of an end-system.

In Chapter 6, the operational models of the networked radar system have 

been studied for two different applications, namely a) observation of the same 

volume target by multiple radars and b) the replacement of a large radar with, a 

networked of small ra,dars. Design of the end-system architectures is based on the 

multiprocesses and multithreads. The end system at the radar site includes the 

functions of data acquisition, parameter estimation, transmission, as well as radar 

control. The end system at the control/integration center includes the functions of 

receive/transmission, coordinate conversion, and integration, and scan optimiza- 

tion. The network models based on wireless LAN bridge and satellite links have 

been examined to provide a network environment in which the data arc exchanged 

lietween tiie nodes witlun a .specified tinic. Spatial resolution and data accuracy 

are considered as primary QoS iiarameters for weatlier radar aiiplicatious. Scal- 

abilii.y metrics, such as p(,)wer consumption for pulse emj,ssion, (,:omputiug load, 

and (.'.oirimuiiication load, of t,h,e networked radar system are not increastxl rraich 

assuming the ideutical or slightly hj,glw;'r QoS parameters.
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A ppendix A 

R A N G E -T IM E  AN D SA M PLE-TIM E

Figure A,1 illustrates the received voltage due to a periodic pulse train. For 

a single transmitted pulse, the range-time is defined as r  =  2r/c, and the received 

voltage Vr(t) at t =  r is due to back scatter from particles located in the resolution 

volunie at range-time r. For the periodic pulse train, the received volta.ge at the

same range-time (r) is given as Vr(t =  r), Vr(t = r + T ),.... , Vr{t — r  + rnT) which

form a sequence of temporal samples from the identical resolution volume. For a 

given range-time (r), the voltage samples Vr{t =  r + niT) =- Vr{r, tg ~  m Ts) can 

be interpreted as regularly spaced samples along the continuous sample-time axis 

(/,,) [12],
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Pulse 3

Pulse 2

Pulse 1

V ,it = X)Pulse 0

27; time

■9>-| range-liine

Figure A.l: Illustration sliowing the (contiimous) range-time axis (r) and the 
(discrete) sample-time axis The pulse repetition time (PRT) is Tg.
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A ppendix  B

A Z IM U TH /E LE V A TIO N  A N G LE IN T ER FA C E  C IR C U IT
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Figure B.l: (a.) Circniit diagram for tiie eonversioii from tlic serial data type of 
and eieva,t;ioii agl.es to the jvarailel typ(; of data, (1.)) Cireiiil, diagram for 

generating tlic; external sync signal.
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A ppendix  C

A L G O R ITH M S FO R  E ST IM A T IN G  R A D A R  SIGNAL

PA RAM FiTERS

C .l  A lte rn a tin g  m ode

Let the total number of received signal samples be 2N  with N  interlaced samples 

at V or h polarization states. Let Vw[2« — 1], Vi,,,j[2n -  I], Vpu[2n], Vwi[2n], (n =

1 ,... N) be the samples of the received signal as shown in Fig. C.L 

The power estimators are written as,

L  =  ^ E l a 4 2 n - l l P  (CUa)
T ) . =  l  

1 ^

^  n . = i  

1
P t  =  (c.ic)

n=l

Perl, =  ^ E lK lJan lP  (CMd)
n —1

Two correlation estimators R h h . w l ^ ]  and R vvM - W  be written as,

Rhh,vM =  4  E  Vft42T.](l4,42n   1])* (C.2a)
n;=J,
a

KvMhll] =  ......V  i/,42n + l](14ft[2n])* (C.2b)
'■ fi=i

The corr(;spondiiig correlation coefficient estimates are written as,

a  - j  [  1 ]  , y . ,  ! ,  > ,

Phh.xwlM =  r;,,, /hVli/a (C.e.i)
1 ̂  t n* fol

;• r-,1 R v v J i h m  ( n ‘>u\
f v - v , h h l  \ [ p ( , j i / 2  (

I* e:o ToJ
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V',„42N-lj

fel2A/]
k

Figure C.l: Schematic diagram showing the copolar and cross-polar received sig­
nals for the alternating polarization mode with the first transmit pulse at vertical
polarization.
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I'he phase of h.j:k1 be written as,

== (I'Tgllh^wovW} (C.4a)

\&2 -  a;rg{K ,,,M m  (G-4b)

To calculate the velocity and the differential phase, the 'i'l and '$'2 should be

transformed with an axbitrary cfxfot to allow optimal setting of the radar system 

phase difference (phidp) betwecjn the vertical and horizontal paths. The system 

phase difference comes from the differences in the transmitting Klystrons and the 

wave guide difference between the vertical and horizontal channels. The (j)rot is set 

so that the phidp starts around 80 degrees. This ma,ximizes the amount of phase 

shift which can occur before phidp aliasing occurs.

%  =  arg{Rhh,w[l] • (cos(^rot) +  jsin(^&roi))} (C.5a)

=  ar5{7^,,,,w,|l] • (cos(</>,„i) (C.5b)

The estimates of p[2] can be derived from K,,,[n] and Vhh[ii] as follows, 

[ y - - f£ .t i ‘ U.,[2n + l|{V ;,[2n -l):
p v

(C.6£
CO

[jc t E S i U 42»  + 2](V„.[2n])-]
p[2j =  —  ------------- jp --------------------- A ( C . 6 b )

^  C O

(1) Horizontal Reflectivity (Zk)

The reflectivity is often defined as, 

i' // < mnC
Z, =. in  G.7)

l)( „ {,, nZ
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where Pr and i-\ arc the re('eive(3 power and the transmitted power in luW, respec­

tively: l i  is till! range in krn., Go is the anteuna gain, Or  is the recxavijr gain. Here,

C is defined as,

ir'>|if„,,phe<I> '  '

and for the CSU-CHILL radar, l{}logio(C') =  287.69. 'I’herefore,

dBZ = lOlogi0(/2',,) (C.9a)

=  287.69 101og,o(Go) -  10Iog,o(G',) -  10Iogi„(Ft) (C.9b)

+101og,„{l^') + 201og,„(«)-40  

=  247,69 -  10 log,„{G„) -  10 log,o{f;.) -  10 log,„(7V) (C.9<:)

+ 101og,„(r'‘ ) +  201og,„{7i)

Here, forty is subtracted because the Lassen system adopted the range as Km 

.instead of Km. Currently, 101ogjo(G„) and 101ogio(G,.) are set to be 42.2 d,B and 

130.5 d'B, respectively.

( 2 )  Z,ir

In the beginning, the signal power of the horizontal and vertical receivers are 

calculated-

Phns = P i-P u sh  (C.lOa)

Pvns =  P i-P n s v  (G.lOb)

where P i  and P ‘!̂  are the horizouatl and vertical copolar received power, respiec-

tively. /ha/, and Pnsv the liorizontal and vertical noise povv(!r, respectively. If 

botli and are greater than 1.1, then tlie Z^r is defined as,
>* * n--'T

Zar = 10 log,o I  -“j— I  -h zdr..cal (Cl 11)
^ * IMS Z

Otherwise If*. =  0. Here, zdr,...cal (dB) is deiiued a,s,

zdr,..cal =  zdr o ffse t +  (V-transmit power H-traxismit powe:('^I12)
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(3) L inear Depolarization R atio w ith horizontal transmission, (LDRuk)

10 log xh
6).0 phI f.f.

(4) Linear D epolarization R atio  w ith vertical transm ission {LDIit„)

P-* r'jyo

(5) Velocity (v)

(6) Differential Phase (4>(ip)

dp

(7) \pha\

I fhm 1

1{%  vp;)

0.25

(8) Norm alized m agnitude of R1 (sqi)

sqi 2

p h  pv
■* C O ^  C O

(C.13)

(C.l 4)

(C.l 5)

(C.16)

(C.17a)

(C.17b)

(C.18)

C.2 Hybrid mode

According to the Fig. C.2, the power estimators in the v~ and h~ channels can be

written as.

I I

Ph

N

1
-

The crosscorrciatioii estimators betwiHai 14 and 14 with lag 0 is,

i h jM  =

(C.l 9a) 

(C.19b)

(C.20b)
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K ..1 2 N 1

Vvv{2N̂

V),d2Nj

»► vw, 4 J

V?i/il3jVoAi]

Figure C.2: Schema,tic diagram, showing t,lie horizontal and vertical components of 
the received signals in the hybrid mode.

The aiitocorrelatio.ri estimators with lag 1 and la,g 2 can l)c written as,
A'-1

m

R[2]
N-'~21
E  ^n.k[n +  2]h^:,in]

(C.21a)

(C.21b)

(1) Hor,jzoiital Reflectivity (Z/,,)

The horizontal reflectivity is defined as the same witli the alternatir,ig mode.

(2) Z d r

The di:fferential reflectivity is defined as the samt; with the alternating mode.

(3) Velocity (a)

® “ ...

(4) Differential Phase

tprfp =  nrg[k , , j , ,p]  • {cos{drot) +  j  sin(d<r„f))]

{C.22)

(C.23)
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(5) \Pvh\

(6) Normalised spectral width (•«;)

There are two equatious to calculate tlic sp«5ctrai widtli (<7„).

a,,
A

In i m  1
J

A Ir) m  ■

2^T^sM
1.1.1 R[i)

1 /2

1/2

Normalized spectral width (w) is written as,

w
cr.,:

( 4 )
1

7Tx/2
hi

,H(0) 1/2

(7) Normalized magnitude of R1 (sqi)

\ m \sqt
Ph.

(G.24)

(C.25)

(C.26)

(G.27a)

(C.27b)

(C.28)
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Appendix, D

SC A LIN G  FO R  D ISPLA Y IN G  CHILL FO RM A T DATA W IT H  P P I

PR O G R A M

It is required to scale the calculated radar signal data moment into integers 

which ranges from 0 to 255. This scaled data arc retransmitted with the multi­

casting protocol to the end users. The offset and scaling values are different for 

each parameter and they depend on th,c way tlu; ppi has berm i>rogra.mmed, to 

display the parameters. The offset and scaling for the different values, which can 

be derived from ppi_ctl.c, are specified as follows. Here, calculated values stand 

for the values which come out of the calibration.

• Scaled Z

ScalecLZ =  {CAilcalatexLZ +  32) x 2

• Scaled Zdr

Scaled...Zdr {CalcuhitedJZclr + 3.01) x (64/3.01)

® Scaled I;DR (available for LDR'h, and LDRv)

ScaledJdr =  {daladdddJdr + 48.165) x (255/48.165)

• Scaled

ScaledJdu = CalmlatedJdii * (127/180) + 128
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• Scaled Ilho

ScalccLrho = {Calm M edj'ho  0.:5) x (21)0/0.7)

•  Sc.aled V

ScahxLV  «" C(ilcMhitecLV x (127/(0.5 x NycpustJMertHil)) +  128

•  Scaled W

Scaled J ¥  =  {CaladatedW  x (255) x (W  H / r  H ALU E) x lU}/Nyqmst .Interval

• Scaled SQI

Scaledsgi =  Calculated...sqi x 255
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