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ABSTRACT OF DISSERTATION

A HIGH BANDWIDTH RADAR OPERATION OVER THE INTERNET:
SIGNAL ANALYSIS, NETWORK PROTOCOLS AND EXPERIMENTAL
VALIDATION

The Virtual-CHILL (VCHILL) project is an initiative to provide full operation
of the CSU-CHILL radar over the Internct. As part of this project, VCHILL
alms 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 as the high-bandwidth
VCHILL. The distribution of real-time DRS enables the remote users to process
the digitized signals according to their interests.

First, a new digital-TIF receiver, which operates in parallel with the existing dig-
ital receiver (DRX) of the CSU-CHILL radar, was developed. The parallel receiver
operates in conjunction 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 hundred Mbps. Subsequently, end-system architectures for the high-bandwidth
VCHILL were developed. The architecture design includes varions functions, such
as DRS acquisition, DRS transmission, DRS receive/radar parameter computa-
tion, and parameter transmission, as well as generic packet and data structures for
the data transmission and sharing. Third, transmission waveform design scheme

for congestion control was developed to make the real-time operation tolerable and
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provide high quality end products under unpredictable network conditions. The
developed scheme relies on the operating prineiple of the pulsed-Doppler radar
and estimation theory of the radar parameters. A combination of this waveform
design scheme and a source-based rate control algorithm with Additive Increase
and Proportionate Decrease based on the feedback provides the highest quality of
service possible. Performance 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, coincidence with the output of the DRX system,
quality improvement of display, as well as apparent congestion control functional-
ity. Finally, to increase computing capacity at client sites, a concept of distributed
DRS client was developed. The essential idea is that the computation loads are
evenly distributed among the computing nodes that are connected 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 simultancous 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 data acouracy.

Yoong-Goog Cho

Department of Electrical and Computer Engineering

Colorado State University

Fort Collins, Colorado 80523
Spring, 2004
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Chapter 1

INTRODUCTION

1.1  Brief Overview of VCHILL Project

The Colorado State University (CSU)-CHILL radar systern is a national facil-
ity operated under a cooperative agreement with the National Science Foundation
to support education and research in remote sensing of the atmosphere [1]. The
CHILL radar is an S-band 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 shown in Fig.
1.1. The VCHILL paradigm is being implemented at various levels, such as low-
bandwidth VCHILL, high-bandwidth VCHILL, and networked radar operation.

The goal of the low-bandwidth VOHILL is to transfer the integrated radar pa-
rameters that are estimated at the radar site to remotely located display nodes with
various transport layer protocols over the Internet [4, 5], Since the transmission
recuires the bandwidth of a few hundred Kbps, it is referrved to as a low-bandwidth
VCHILL. Currently many universities and research communities over the United
States are able to access and display either the real-time or the archived the CSU-

CHILL radar data for their educational or vesearch purpose. They can also control
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Figure 1.1: A conceptual diagram of the VOHILL.

the radar system remotely through graphic user interface simultaneonsly observing
the radar 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 [6]. This
approach to radar signal estimation is likely to stimulate developient of new and
innovative signal-processing algorithins. The high-bandwidth application involves
challenges that include strict real-time requirements for manipulating DRS and
signal processing, variable latencies introduced by physical distances, router de-
lays and end-gystem performances, as well as deficiency of the available bandwidth

[6].

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Lo e r e e m e e o n mm me e e e e e e



The goal of the networked radar operation is to develop the networked radax
system, which can be used for the simultaneous observation of same targets and the
replacement of a large centralized radar with multiple small radars [7]. Operating
multiple networked radar systems increases in reliability of the overall vadar system
and the quality of the end product compared to a single conventional radar, such as
high spatial resolution and reduced coverage Hoor [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
receivers, as well as smaller antennas, radome and pedestal size [6]. Research
towards achieving this comprises the developments of operational models, network
architecture and end-system architecture for the operating the real-time networked

radar system, including application layer management protocols.
1.2 Objectives of the 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 experimental 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 accomplishments of this research include the development of the
digital-1F radar receiver system, the development of the end-gystem architectures
for the high-bandwidth VCHILL, the development of a transmission waveform de-
sign for congestion control for the high-bandwidth VCHILL, as well as the develop-
ment of the distributed DRS client. In addition, the study on the networked radar
system in terms of operating model, network model and end system architecture

is inchaded.
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1.3 Overview of the Dissertation
The organization of this dissertation is described as follows.

o Chapter 2: Development of a parallel digital-IF radar receiver for
the high-bandwidth VCHILL
Chapter 2 describes the parallel digital-IF veceiver systems developed exclu-
sively for the high-bandwidth VCHILL. The description includes the fune-
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.

e Chapter 3: Development 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 architectures. The output from the two receiver
systems are compared. In addition, critical factors affecting the end-to-end

TCP performance are explored.

e Chapter 4: Development of transmission waveform design for con-
gestion control in the high-bandwidth VCHILL
Chapter 4 explaing data selection schemes and a congestion control algorithm
to provide tolerance of the high-bandwidth VCHILL system. The theoret-
ical bagis and the simulations to develop the signal handling scheme are
explained. Performance results showing the transmission rate and ¢uality of

the radar measurements are also presented.
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e Chapter 5: Development of the distributed DRS client
The concept and architectures of the distributed DRS client system to achieve
the required computing capability are described in Chapter 5. Performance
evaluation results to demonstrate the feasibility for the high-bandwidth VOCHILL

applications are also included.

o Chapter 6: Study on the networked radar system
“hapter 6 explores the operational models, end-systemn architectures, and
network models for enabling the notion of the networked radar systemn. The
chapter also introduces Quality of Service (QoS) parameters for the applica-
tions of the networked radar system. Scalability is examined varying the QoS
parameters. Finally, technical issucs related to the networked radar systems

are discussed.

e Chapter 7: Conclusion
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Chapter 2

DEVELOPMENT OF THE DIGITAL-IF RADAR RECEIVER FOR
THE HIGH-BANDWIDTH VCHILL

2.1 Introduction

Essential idea of the high-bandwidth Virtual CHILL (VCHILL) is that the
received signals of the CSU-CHILL radar are digitized at the radar gite and trans-
ferred to remote 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 other remote data networks [9]. This
all-digital networked approach is very useful if the radar is operated in a typi-
cal multi-user environment wherein each 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
algorithms.

Up until now, the received signals of the CSU-CHILL radar have been rou-
tinely processed by the existing digital receiver/processor (Lassen Research As-
pen/DRX unit) which produces end products with the conventional radar op-
eration paradigm [2, 11]. Atteapts to modify the current mode for the high-
bandwidth VCHILL validation, while maintaining the current operation, were not

possible.  After extensive analysis, an independent receiver that would scrve the
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high-bandwidth VCHILL system primarily is the best way to hmplement its con-
cept without extensively compromising numerous innovative aspects of the high-
bandwidth VOHILL, such as agility in transmit waveforn design and estimation
algorithm.

To achieve flexibility in the high-bandwidth VOHILL, a new [F-digital receiver
system is designed to operate in parallel with the existing DRX sigual processor.
Data rate generated by the paralle]l veceiver is determined by a combination of
factors relating to quantization level, sampling rate, and number of receive chan-
pels. The parallel receiver for dual channels of coherent receiver system sampled
at a few MHz and 16-bit quantization level produces an overall data rate of a few
hundreds Mbps. The parallel receiver functions as a part of the DRS server con-
cept in networked environment so that it integrates all input data into a specified
format in real-time. Because of the features of the pulsed-Doppler polarimetric
radar operation and the high data rate, the integration requires extremely careful
timing for synchronized data acquisition and high speed data manipulation.

Development of this new digital-IF parallel receiver for the CSU-CHILL radar
combined with innovative data manipulation protocol for the transmission of the
digitized radar signal (DRS) lays the foundation of the high-bandwidth VCHILL.
Another innovative aspect of this development is that the receiver system has been
implemented using a generic Analog-to-Digital Conversion/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) run-
ning with Linux. Therefore, the performance can be coutinnously improved hy the

advent of high speed PC/PCI platforms as well as upgraded signal processor.
2.2 Received signals of polarimetric Doppler radar system

Transmitter of a pulsed-Doppler radar consists of the stabilized local oscillator

(STALO}, pulse modulator and power amplifier. The STALQO generates a contin-
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nous wave signal of nearly perfect sinusoid form which is modulated and amplified
to produce high power microwave encrgy. The pulse modulator generates a train
of microwave pulses that are spaced at the pulse repetition time (PRT) 7% interval.

The transmitted signal can be written as,
Sty = Up(t) exp(j2n fol) (2.1)

where [y is the carrier frequency, ¢ is time. The rectangular pulse is defined as,

P 2 2
Up (L) {() : otherwise, (z)

where T4 is the pulse width.
When the STALO is connected to synchronous detectors, the received signal
due to a point scatter moving a uniform velocity is proportional to the transmitted

waveformy, Uy.. The received signal is given by,

S5:(t) = AUn(t — 7)exp(72r fo(t - 7)) (2.3a)

= Aexp(—j2m for)Up (t — 7) exp(j2m fol) (2.3b)

where 7 is defined as 2r/c with 7 being range and ¢ being the speed of light, A is
the complex amplitude, A(4/F,S/4nr?. Here, G is receiver gain, F, is transmitted
signal power, and S is scattering matrix element. Therefore, the echo voltage for

a single moving particle is given by,
Vilty = Aexp(~j2x for)Up(t — 7) (2.4)

In general, the scattering amplitude can be time-varving and the functional
dependence can be expressed as A(7; ¢). Additionally, precipitation is composed of
a large number of hydrometeors extending over a large range with widely different

scattering amplitudes and moving with different velocities. Therefore, the received
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voltage can be expressed as a discrete sum of the contribution from individual

particles in the mediun as,

f o
fa ]
T

Vi(t) = > Ap(re;t) exp(=727 fori)Up (t — 75) (2.
k

where A, is the scattering amplitude of the kth particle, and 7 is 2ry /¢ [12].

Virtually all radar receivers operate on the superheterodyne principle. The

oscillator (LO) frequency. Actual receivers have several stages of RIF and IF pro-
cessing, The received signals of the CSU-CHILL radar are down converted to a
50-MHz 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 wide-bandwidth ADC, then digital signal processing
(DSP) is used to process the digitized samples. Figure 2.1 shows an example of
digital quadrature demodulation scheme [13]. The system consists of digital mix-
ers, numerically controlled oscillators (NCOs), and digital flters. The digitized
IF signal is multiplied with cosine and sine wave samples coming from the NCO
to extract hephase () and Quadrature () components, respectively. The series
of digital filters then perform low-pass filtering and digital decimation to get the

digitized signal data at a desired sampling rate.
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The CSU-CHILL radar can transmit fowr types of polarization sequences,
namely vertical (V) only, horizontal (H) only, alternating between V and H, and
hybrid mode which contains V and H components simultancously [1]. The dual-
polarized radar system also has two coherent receivers, V and H receivers. The
receive states are always V and H independent of the transmitting states. The
digitized signal at the receiver is referred to as Digitized Radar Signal (DRS). It is
well known that the alternating mode and the hybrid mode can provide extensive
set of additional parameters 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 trapsmitted multiple times to obtain reliable data sets. A digitized data set
of the return signal from a transmitted radar pulse and the regularly spaced data
are referred to as 'a range sample data set” and "gate’, respectively. Therefore, 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
gsample 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 denote the DRS through this dissertation is written ag

bhelows.

V;},v {‘11} = ] e {N} - } (J wu {lll (26‘{”
Vi [”J = Ipy [7 7’} + Qe [“} (26 h>
Vvh [71} w vh {'Hl + ] (9 vh [7’] (26()

lv/z‘lt [”J] = [ ML{'“{I -+ }(J hh [77;} (2(’}(”
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where V' ostands for the complex voltage of digitized signal which consists of [
and ¢ components, The first and second subscripts indicate the receiver and the
polarization status of the trapsmitted pulse, respectively. The n within square

brackets indicates the nt® sample of the received signals with the same range time.
2.3 Design of the digital receiver system
2.3.1 Overview of the digital receiver system

The digital receiver system is designed to operate in parallel with the As-
pen/DRX signal digitizer /processor that is the existing system of the CHILL radar.
Figure 2.2 provides a schematic diagram showing the various signal sources and the
connections associated with the parallel receiver. The receiver system is made up
of an ADC/DDC signal processor, a digital Input/Qutput (I/0) card, and a serial
I/O port, as well as a standard PC and a circuit board to convert data format of
Azimuth (AZ) and elevation (EL) angles.

The received signals split from the existing channels are fed into the ADC/DDC
signal processor, along with the 40-MHz clock and a sampling trigger signal. The
processor digitizes the received IF signal, produces [ and () 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 Azimnth, elevation angles, and the polarization states of the
transmitted pulses go into the digital I/O card with two types of trigger signals
coming from the DRX processor. The digital 1/O card reads the Azimuth and
elevation angles upon a receipt of the integration cycle trigger signal that is active
every time the first pulse is transmitted at a particular pointing angle. The Az-

imuth and elevation angles coming from the position sensor in serial data form are
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converted to parallel data format at the AZ/EL interface cirenit. The 16-bit data
bus between the AZ/EL interface cireuit and the digital 1/O card is shared for de-
livery of both Azimuth and elevation angle data. The digital 1/O card is interfaced
with the 32-bit/33-MHz PCI bus of the DRS server. Other important radar op-
erating conditions coming from the antenna controller are periodically transferred
into the DRS server through serial 1/O port. The parallel receiver arranges all
these data into a specified format and passes them to a thread that is responsible
for transmission to remote sites. Detail information on the data formats will be

explained in later sections.
2.3.2 Generic functionality of the ADC/DDC signal processor

The ADC/DDC signal processor from the Interactive Circuits and Systems
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 ICS-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
module 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 quantized values with increase in the peak-to-peak voltage of the input signal.
Figure 2.5 shows the good linearity between output of the ADC and voltage of the

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

The 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 channels [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 programimable 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]. Morcover,
cach channel can produce complex data, namely I and € components of the dig-
itized signals. The DDC function can be configured in various modes, such as
16-Channel Narrow Band Configuration, 8-Channel Split-1/Q) Configuration, and
4-Chaunel Wideband Configuration {14}, The 4-Channel Wideband Configuration
is used for our development. The DDC output are stored in the FIFQ as 28
compleraent 24-bit samples, which leads to the maximum absolute value is aronnd
8.4 x 10°,

Figure 2.6 shows the sampled I and ¢ components of sinusoidal input signals.

Note that the data show the effectiveness of decimation functionality. Although
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sampling frequency is 100 MHz.
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Figure 2.5: The quantized maximum peak-to-peak value which is proportional 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, they
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 reduces the sample rate by a programmable factor [15]. The coarse gain cir-
cuit boosts the gain of weak signals. The Compensating FIR (CFIR) filter and the
Programmable FIR (PFIR) filter, which contain a 21 tap and 63 tap respectively,
decimate the output of the coarse gain circuit by two with programmable 16-bit
coeflicient,
Figure 2.8 shows the in-phase and quadrature components of the pulse-modulated

sinusoidal input signal. The frequency of the sinusoidal signal is 10 MHz, and the
pulse-modulation frequency is 1 KHz with duty cycle of 50%. The input signal

was digitized at a sample clock of 40 MHz and was decimated by a factor of 40,
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40 MHz. Decimation factor is 40. The tuning frequency is 10 MHz.
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Filter Setting | Gain (dB) |
CIC Filter N=10 50
Coarse gain off 0

CFIR Filter | CFIR.150 | -0.7679
PFIR Filter | PFIR.50 | -3.9857

Table 2.1: Selected gains of the filters of a down-converter channel contained in
the GC4016 chip.
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Figure 2.7: Change in the maximum peak to peak quantized value with the increase
in the peak to peak voltage of input signal. (a) In-phase component and (b)

Quadrature component.
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Figure 2.8: Quantized output of the pulse modulated (1 KHz) sinusoidal (10 MHz)
input signal. The peak-to-peak voltage of the sinusoidal signal is 0.8 V. Sampling
clock is 40 MHz and the sampled signal is decimated by the factor of 40. Tuning
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 eflec-
tiveness of decimation can be seen. During the one pulse cycle, 1000 samples are
captured when the period is 1 msec and the sampling rate is 1 MHz. Moreover, ten
sinusoidal waves are shown during on time of the pulse even though the frequency
of the sinusoidal is 10 MHz.

Figure 2.9 shows the dynamic range of the ICS-bh4B-MN signal processor.
The most significant 24 bits among 32 bits should have heen shifted to right by

16 bits to produce 16-bit words, which is necessary for transmission to the remote
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Figure 2.9: Dynamic range of the 10S5-554B-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-

the DRX systemn is shown in Fig. 2.12 for comparison.
2.3.3 Acquisition of the DRS

Figure 2.13 presents the spectrum analyzer display of the down converted 10~
MHz IF signals, in which the bandwidth is approximately 60 KMz, Figure 2.14
MHz IF signal hich the bandwidtl pproximately 60 KMz, Pigure 2.14
is an example of the received signals when the radar was pointing at the West,

which shows some echoes bounded from Rocky mountains. The 10-MHz IF signals
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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 from the vertical and horizontal receivers are fed into the 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 frequency
of 10 MHz and extracted into I and € components. Fach component is filtered
and 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 are mounted on the ADC/DDC signal processor, respectively. Subsequently,
the output data are delivered to the buffer of the DRS server from the FIFOs by
the DMA mechanism. The ADC/DDC signal processor is set to be in Interrupt-
Driven /O mode such that when the data is ready to be read, the interrupt signal
is invoked requesting the process to read the data from the buffer [16]. At last,

the process 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 applied to both external trigger and external syne mput ports. Figure 2.16
shows the external syne signal and clock signal coming into the ICS-554B-MN
signal processor. Here, the width of the syne should be approximately a period
of the clock, which is eritical requircment for suitable operation of the GC4016s.
Since the external syne signal is fed into the trigger and sync ports, both the ADC

and DDC are synchronized, which produces 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

o o]

transmission (Right) generated by the DRX system.

pulse. 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 DDCQC is performed with the 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 Acquisition of the Azimuth/Elevation angles and polarization

states

The AZ/EL Interface circuit is placed between the position sensor and the
digital 1/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 interface card converts
the AZ/EL data in serial form coming from the position sensor to parallel data

format, and keeps them in latches until they arve read by the digital 1/0 card. The
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Figure 2.18: ADC outputs of the transmitted pulses of the CSU-CHILL radar.
Five ADC outputs are overlaid. Sampling rate is 40 MHz.
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Figure 2.21: Azimuth/Elevation interface cireuit.

trigger and polarization status signals are also amplified in the interface circuit
and fed into the digital 1/O 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 psec, 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 indicates that the PRT is approximately
1 msec. Another trigger signal, which will be referred to as an integration cycle
trigger, indicates the beginning of an integration cycle. Figure 2.22 (Right) shows
the integration cyvele trigger whose repetition time is approximately 128 msec be-

cause 128 pulses are transmitted with the PRT of ~1 msec. It lasts approximately

for a PRI ag shown in Fig. 2.23 (Left). Comparion of the tindng between the two

trigger signals are shown in Fig. 2.23 (Right).
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Figure 2.22: (Left) Sampling trigger signal and (Right) Integration cycle trigger

&

Figure 2.23: Comparison of the timing between t]
the integration cycle trigger signal. (Left) thme scale is 200 usec and (I

e sampling trigger signal and
ight) time
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Digital 1/0O Ports | loput/Output | Signals

PLAO -~ P1A7 Input Lower 8 bits of AZ/BL

P1RO - P1B7 Input Higher 8 bits of AZ/EL

P1C0 Tuput Trigger signal (Interrupt request)

PiC1 Input Polarization status of the transmitted pulse
PiC2 Input Integration cycle trigger

P1C4 Ontput Selection of AZ (0) or EL (1)

P1C5 Output Enable latches (1)

Table 2.2: List of the digital 1/O ports that are connected to the AZ/EL interface
circuit.

The digital I/O card (Model: PCI-7248) from the ADLINK is set to operate
with an interrupt mode [17]. The sampling trigger signal is used as an interrupt
request signal. Whenever the interrupt request is invoked, the interrupt signal
handler routine, which is a part of the application program, is activated. The
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 transinitted. The
process reads the Azimuth and elevation angles in series by sending a selection
signal through a digital 1/0 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 hetween

the digital I/0O card and the signals coming from the AZ/EL luterface cireuit.
2.3.5  Acquisition of the radar operating conditions

The radar operating parameters coming {romn the antenna, controller are pe-
riodically delivered to the DRS server through the serial port. Each parameter is
assigned with a specific value, and terminated by a semi-colon or newline to be

distinguishod each other. The parameters are classified into differout items. such
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Figure 2.24: Signal indicating the polarization states of the transmitted pulses
with the alternating mode. High and 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 operation, archiving DRX process activities, and
informational items to be recorded. Among those parameter types, some of them

that are associated 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 Data acquisition process

The data acquisition process, which is a component of the DRS server, is
an application program associated with the hardware systems described earlier.
Functions of the data acquisition process includes initialization of the interfaced
hardware systems, gathering of all data, arrangement of the data into a specified
data format, and trapsfer of the data to a transmission process. The functions
are divided into threads numuing sinndtaneously for the real-titme operation. Main
thread initializes the ADC/DDC signal processor and the digital I/O card, and

prepares shared memory segments for passing the formatted data to the DRS
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transmission process. It also writes the Azimuth and elevation angles and the
polarization status of the transmitted 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 on the radar operating
conditions, but also the information neccessary for the calibration of estimated
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 I and ¢ components of the radar sig-
nal and arranges them into specified data formats. Table 2.3 and 2.4 show the
structures of ray header and range sample header, respectively. When this thread
detects an integration cycle trigger signal, it assembles a ray 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 assembles 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 received range sample data set belongs to. For a range sample data
set, the range sample header is reserved in the front and followed by the series of
the gate data.

Depending on the radar operating mode, the attribute of the arranged data
set changes. For each gate, the [ and € components of vertical channel are located
i lower munber of address, and the [ and ) components of horizontal chanpel

arc stored in the next address. For the alternating mode, all the gates have the
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Pata Identification

Header 1D

Radar ID
Start time

{} - ray header,

1 - range sample data set header
Unique number for a specific radar
Unix Date and time in word

Radar operating condition

OP mode
Scan mode
Volume number
Sweep number
Ray number
Azimuth
Elevation

Pfr

Ngates

(ate spacing
Start range
Npulse

0-Vouly, I - Honly, 2- VH, 3 - VHS
0 - RHI mode, 1 - PP mode
Integer

Integer

Integer

Azimuth angle degrees x 1000000
Elevation angle degrees % 1000000
Pulse repetition frequency x 1000
Number of gates

Millimeters

Millimeters

Number of pulses transmitted at

Calibration

Txmit power H
Txmit power V

Receiver gain H
Receiver gain V
Zdr offset

Noise power H
Noise power V
Phidp rotation
Test type

Horizontal peak transmit power
dBm x 100

Vertical peak transmit power
dBm x 100

dB x 100

dB x 100

dB x 1000

dB x 1000

dB x 1000

degree x 1000000

0 - no test, 1 - Zdr calibration
others TBD

Transmission

Neata set

RITT

number of range sample data sets
in a data packet
round trip tirme(msec)

- Transfer rate level | 1- 10
Transport protocol | 0 - TCP, 1 - UDP

Table 2.3: Structure of ray header that consists of 28 fields. Data type is iuteger
and each field occupies 4 bytes.
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Header ID 0 - ray header, 1 - range sample data set header
Volume number | loteger
Sweep mumber | Iuteger

Ray number Integer

Data munber Sequence number of range sample data sets in a ray
Polarization 0 - Vertical radiation, 1 ~ Horizontal radiation

Data code 0 - normal data, 1 - last data in a ray,

2 < retrangmitted data

Table 2.4: Structure of a range sample header that consists of 7 fields. Data type
is integer and each field occupies 4 bytes.

received signals for pulse 1 (V transmission), i.e. a copolar sample (1, Qy,) and
cross-polar sample ([, Qny), followed by the received signal of all the gates for
pulse 2 (H transmission), i.c. a cross-polar sample (L, Qon) and copolar sample
(I, Qur)and so on. In the hybrid mode, all the gates have the received signal
for each pulse, i.e. Ly, Qup) and (Inn, Qpn) and so on. In latter mode, there arve
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 transmission
process. Detail description on the whole end-system architectures for the real-time

operation of the high-bandwidth VCHILL will be provided in the next chapter.
2.5 Implementation and Performance Evaluation
2.5.1 Critical factors for implementation

The new parallel receiver has been implemented on the standard PO con-
taining Xeon dual processors (2.8 GHz). Operating systme is Red Hat 8.0 Linux.
The ADC/DDC signal processor and the digital [/O card are interfaced with a
PCL-X (64-bit/66 MHz) and a PCL (32-bit/33 MHz) slots, respectively. Fig. 2.21
illustrates the AZ/EL interfacing circuit made by hand. The application program

wag implemented using C language, System 'V IPC and Posix threads with gee
" s bl X el
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compiler. In addition, Application Programuners Interfaces, which are provided by
the manufacturers to access the ADC/DDC signal processor and the digital 1/0O
card [18, 19], were used in coding.

The transfer rate from the FIFQ to the buffer mounted on the DRS server
should be fast enough not to lose any data stored in the FIFO because of overflow.
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
cenerated by the unoccupied input channel 2 and 4 by default, which consume the
half of the transfer bandwidth [14]. The maximum bandwidth of the PCI local bus
is theoretically 4.224 Gbhps 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 rate is 12.5
MHz. In our development, the highest sampling clock comping from the DRX
processor can be doubled up to 80 MHz. Therefore, the maximum sampling rate
achievable is 10 MHz.

The computer system should be set to maximize CPU 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 the transfer rate from the FIFOs to the buffer [20]. If the transfer rate is
lower than the data rate, some stored data in the FIFO are lost arbitrarily during
operation because of the overflow, which leads to the failure in providing expected
outputs. It was experienced that when the DRS server was booted with disabled
hyper-threading, user display showed arbitrary range offsets from the center due
to the unpredictable lost of output data stored in the FIFQ.

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

channel (£ and @ components) occuplies 16 bytes. Therefore, a FIFO can collect
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up to 288K gates data. As mentioned earlier, half amount of the gate data are
dummy coming from the unoccupied channels. When the number of gates is 1000
and 128 pulses are trapsmitted ab a pointing angle, a FIFO can store up to data
amount of two and one fourth rays. The time taken to fill up a FIFO is around 288
wsec assuming the PRT is 1 msec. Even though the transter rate is faster than
the data rate, the server might not be able to read the data from the FIFO in the
beginning of operation because of initialization procedures that last longer than the
time taken to fill up the FIFO, leading 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

hefore enabling the ADC/DDC signal processor.
2.5.2 Calibration of the 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 nunber 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 systen.

Figure 2.26 shows the unexpected reflectivity along the gates for the three
consecutive rays in carly 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 nwnber of gates that make
the plateau was counted to be approximately 512, Figure 2.27(a) illustates the
origin of the problem. Because of the feature of the ADC/DDC signal processor,
it produced additional output of a frame that are equivalent to four gate data.
When the amount of data to be read by the processor was set based on 1000 gates,

the dummy data were continuounsly accumulated in the FIFO. Consequently, the
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Figure 2.25: An display of ascope showing test signal that are applied to the
receivers. The ascope continuously displays the radar parameters coming from the
DRX processor along the gates.
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relative position of the gates along which the test pulse was applied was shifted
to outward ranges. Therefore, when the parameters were estimated with the 128
range sample data sets, the reflectivity plateau with the total shifted munber of
gates of 512 was gencrated as shown in Fig. 2.26. To solve the problem, we
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 sataple data set to be read by the signal
processor. 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, larger 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 the oflset, the additional 56 gates data are
discarded at the DRS server just after being read from the bufter. Figure 2.29

shows the comparison of displays produced from two different receiver systems.
2.5.3 Data comparison with the DRX system

To demonstrate the 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 reflected strong
echo signals from precipitation during received signal acquisition. The parameters
of each gate were obtained by averaging the estimated parameters 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 precipitation. The paraweters obtained
from the parallel receiver show good coincidence with those obtained from the DRX
receiver even though minor calibration is required. The comparison demonstrates

that the parallel receiver operates properly for the high-bandwidth VCHILL.
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Figure 2.26: Reflectivity of the three cousecutive rays along the gates. (a) ray
munber 59, (b) ray number 60, and (¢) ray number 61. The reflectivity was not
calibrated yet when they were measured.
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Figure 2.28:

receiver. The reflectivity was not calibrated yet when it was measured.
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Figure 2.29: Comparison of the displays betwesn the parallel receiver and the DRX

system. Rings due to the test pulse are shown in the same ranges.
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Figure 2.30: Reflectivity and £y are compared between the parallel receiver and
the DRX receiver. CSU-CHILL radar was operated in alternating mode.
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} Decimation factor | Sampling rate (MItz) | Transmission rate (Mbps) ]
40) 1 61.6
20 2 121.7
40/3 3 184.5
10 4 245.9
8 ) 307.4

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

2.5.4 Measurements of transmission rate

The DRS server is designed for the real-time transmission of the DRS to the
remote sites. The DRS transmission process, which runs simultaneously with the
data acquisition process on the DRS server, is respousible for the transmission.
Since the external sampling clock is 40 MHz and the lowest decimation factor is
8, the highest samnple 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 transmission rate increases linearly in proportion to the

output sampling rate.
2.6 Suwmmary and Conclusion

The digital-1F receiver developed primarily for the high-bandwidth VCHILL
is described. The receiver operates in parallel with the DRX processor of the
CSU-CHILL radar. The design of the parallel receiver is based on a standard
PC platform with PCl-interfaced high-speed ADC/DDC signal processor and a

digital I/O, as well as a data conversion circuit for AZ/EL. The parallel receiver
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functions as a component of the DRS server, and provides the digitized I and
(2 components of the received signal of the CSU-CHILL radar with information
required for estimation in a specified format. Since the overall data rate that the
signal processor generates are over a few hundreds Mbps in conjunction with the
operation of the pulsed-Doppler radar, the 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 FIFQ 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 parallel receiver show good coin-
cidence with those obtained from the DRX receiver, which demonstrates that the
parallel receiver operates properly for the high-bandwidth VCHILL. The highest
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 MHz.
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Chapter 3

END-SYSTEM ARCHITECTURES FOR THE HIGH-BANDWIDTH
VCHILL

3.1 Introduction

The high-bandwidth VOHILL is an approach to transmit the Digitized Radar
Signal (DRS) over data network to multiple remote locations where the radar
parameters are 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-timme 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 environment
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 was a simulation
test systern lacking in the details of the radar processes because of an initial trial.

Further developments in the end-system architectures, which were designed baged
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on the operating principle of the pulsed-Doppler radar and the parameter estima-
tion theory, are shown in [9]. The performance was evaluated using a simple test
bed via emulation.

In this chapter, we propose end-system architectures for making the notion
of high-bandwidth VCHILL possible in conjunction with the transmission of DRS
over Transmission Control Protocol (T'CP). The architecture is designed based
on the client-server model relying on the operation of multiprocesses and mul-
tithreads. The key functionalities of the architectures 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 and 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 performance of the proposed architecture
implemented on a standard PC/Linux 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 Digitized Radar Signal and Parameters

The CSU-CHILL radar is o dual-polarized radar system such that it can trans-
mit four types of polarization sequences, namely horizontal (H) only, vertical (V)
only, alternating between horizontal and vertical, and hyhrid mode which contains
V and H components simultaneously. In addition, the CHILL radar has two coher-
ent receivers, namely vertical (V) and horizontal (H) receivers [1]. The digitized

I and @ components of the received signal are produced on each receiver. It is
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well known that the alternating mode and the hybrid mode can provide extensive
set of additional parameters in comparison with the H or V only transmit mode
[12]. Therefore, we will primarily focus on the radar operation with the alternating
mode and the hybrid 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-Doppler radar and synchronized digitizing, we
:an conceptually visualize the ray DRS block as a two-dimensional array of data as
shown in Fig. 3.1. In one dimension, the rows are regularly spaced 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 nnnber of samples taken from the return signals.

At remote sites, the DRS client estimates the covariance matrix of the received
signal vector, which requires high computing capability. Given these outputs, var-
ious radar parameters, such as veflectivity (Z3), mean velocity (v), normalized
spectral width (w), normalized magnitude of autocorrelation with lag one (R,),
differential reflectivity (Z4.), linear depolarization ratio with horizontal transmis-
sion (LD Ry,), lincar depolarization ratio with vertical transmission (LD Rp,), dif-
ferential phase ( @,gp) and copolar and crosspolar correlation cocfficients (ppy, Pec)s

are estimated. Note that the availability of the radar parameters vary depending
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Range samples

Pulse 1 Gate 1| Gate 2| Gate 3 AR Gate M
Pulse 2 Gate 1] Gate2| Gate 3 se s v e s e 00w Gate M
Pulse 3 Gate 1) Gale 2| Gale 3 Par s e e e v (Gate M
Pulse Ny | Gate 1| Gate2| Gate 3 N 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 altérnating mode, the all gates
have the copolar sample, Le. I, and @, and the cross-polar sample, i.e. I,
P ) , , :

and QQp,, for the pulses (2n — 1). They have the cross-polar samples, i.e. I,
and Qun, and the copolar samples, i.e. Ip, and Qy, for the pulses (2n). Here,
n = 1,2,..., N/2. For the hybrid mode, all the gates have o, Quo. Iy, and Qpy,
for each pulse.

on the radar operating mode. For example, the hybrid mode does not provide the
linear depolarizations. Algorithms for the parameter estimation are provided in
Appendix G, More detail description about radar parameters 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 output 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
ray, sweep, and volume are delivered to the DRS server through the serial port,
and included into the header structure variables. These information are involved

in the parameter estimation after being transmitted to the DRS client.

3.3 Design of the end-system architectures
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3.3.1  An overview of the architectures

The design is aimed at the DRS transmission through a high-bandwidth data
network, such as Next Generation Internet (NGI) or Gigabit LAN. The end-system
architectures of the DRS server and client are designed based on the client-server
model comprising multiprocesses and nmultithreads as shown in Fig. 3.2. Ou the
DRS server, the DRS acquisition process reads the DRS 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 counection to
the DRS client, and sends the formatted data using Transmission Control Proto-
col (TCP) over the high-bandwidth 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 variables are used for data exchange 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 shared 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 functions of each process are listed in Table 3.1.
3.3.2 DRS acquisition process

The DRS acquisition process consists of three threads that operate simultane-
ously for the real-time operations as shown in Fig. 3.2. Since the detail description
on the DIRS acquisition process and the functions of the threads were provided in
Section 2.4, essential functions will be explained from a perspective of the DRRS

server operation over the data network in this subsection.
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Figure 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 e Initialize the ADC/DDC signal processor and the digital 1/0.
e Read radar operating conditions.

e Read digitized radar signal.

e Assemble header information.

o Write the formatted data into shared memory.

DRS transmission || e Create listening TCP socket.

e Create threads for the service to the accepted client through
the connection TCP socket.

e Book keeping for all client socket information.

e Read the formatted data from the shared memory.

¢ Transmit the formatted data.

DRS receive e Create TCP socket and establish connection to the DRS server.
e Request and get the DRS data.

e [stimate the radar parameters.

e Calibrate the estimated parameters.

o Scale the radar parameters for digplay.

o Make header information for parameter transmission.

e Write the radar parameters into shared memory.

Parameter o Make UDP sockets for the transmission of parameters over
transmission multicasting protocol.

e Read header information and the radar parameters from
the shared merory.

e Make user payload which include the display header and
the scaled parameters.

e Transmit the packets to multicating groups.

Table 3.1: Functions of each process designed for the real-time DRS data trans-
mission and computation.
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The DRS read thread assembles two types of headers, namely ray header and
range sample header, that are used for radar parameter estimation and display
at the remote sites. The ray header is assembled once at a particular pointing
angle when the first pulse is transmitted, which specifics the integration cycle in
estimating the parameters. However, the range sample header is assembled every
time a digitized data set for an individual pulse is read. The stroctures 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 the number of gates.

The DRS read thread passes the ray header and the range sample data set
to the service thread of the DRS transmission process through a shared memory
block. Once the memory is mapped into the address space of the processes that are
sharing the memory region, no kernel involvement occurs in passing data between
the processes [22]. The shared memory 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 followed by the consecutive range sample data sets.

Message queue is utilized for communicating between the DRS acquisition
process and the DRS transmission process [22]. After writing a new data on an
available segment, the DRS read thread writes the segment number in which the
data has been written into the message queue. Another shared memory 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 have read the data. After writing a new data into a
segment, the DRS read thread sets the corresponding array element of the member
to be one indicating the availability of the segment, which baplies that the segment

keeps a new data to be read.
3.3.3 DRS transmission process

The DRS transmission process is vesponsible 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 which 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 seginent at which the
new data is located from the message queune. The service thread checks the element
of the structure array member corresponding to the segment number noticed. If
the element value is one, the thread reads the data in the segment and sends
them to the DRS client. After reading the data stored in the segment, the service
thread increments the corresponding arvay element of the member by one, which
points out how many service threads have read the same data in the multiple

clients environment. The service thread that has read the data at last sets the
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array element of the wember to be zero, which notifies that the segment is again
available for the DRS acquisition process to write a new data.

As described in the previous subsection, either a ray header or a range sample
data set is transferred in a shared memory segment. Therelore, a data transmission
unit (a user payload) is either a ray header or a range sample data set. While the
size of the ray header is constant, the size of the range sample data set varies
depending on the number of gates. Since the ray header keeps the number of
gates, the size of the range sample data set can be vesolved by reading the ray
header.

The service thread checks the type 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 establishing the connection.
Then the frst, the second and the third range sample data sets are transmitted
sequentially until the last ove 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 information, the following range sample
data sets cannot be used for estimating radar parameters at the remote sites, which
just results in the waste of the network bandwidth.

3.3.4 DRS receive process
3.3.4.1 Data receive thread

The DRS receive thread requests the DRS data transmission to the server
after establishing TCP connection. The first data that the DRS receive thread
should get is a ray header followed by the sequentially delivered range sample
data sets. The DRS receive thread accuunnlates the received data in a segment
of buffer until a ray DRS block is assembled. This thread also prepares an array

variable that becomes a part of the ray DRS block. When the thread receives a
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range sample data set, it sets the corresponding element to be one after reading
the field of the data mumber in the range sample header, which indicates the range
sample data set has been received. If any range sample data sets are missing,
the corresponding array elements are set to be zero. For the transmission over
TCP, because of the guaranteed data transmission the check is not necessary.
However, for the transmission over unreliable transport layer protocol, such as
UDP, the information about missing range satople data sets should be reflected on
the estimation 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 handled as a data unit for the estimation of the 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 information between the DRS
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 parameters are computed, the parameter computing thread resets the
element, releasing the segment free. Then, the DRS receive thread can refill the

segment with a new DRS ray block.
3.3.4.2 Parameter computing thread

The parameter computing thread estimates the radar parameters with the tay
DRS block read from the buffer. The estimation process is performed gate by gate.
Given a ray DRS block, a covariance matrix for a gate is estimated along the sample
time. Then 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 gates produces the radar parameters for a ray. Next, the
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Ray header

Range sample data set check array

Range sample 1 header | vy Quv thy Qhv [ v Qv thy Qhy U tvv Qwv lhy Qhv
Range sample 2 header | vh Quh thh Qhh | ivh Qvb thih Qbh vh Qvh thh Qhh
v Qv thy Qhv | vy Qwv Thy Ghy vw Quv thv Cihy
Range sample & header | Ivh Qvh thh Qbh | ivh Qvh thh Qhh R vh Qvh thh Qhh
gate 1 gate 2 gate M
(a) Alternating mode
Ray header
Range sample data set check array
Range sample 1 header | lvv Quv Ibh Qhh | lvw Quv thh Qhh I vy Quv Ihh Qhh
Range sample 2 header | lvv Quv thh Qhh | lvv Qvv Ihh Qhh vv Quv thh Qhh
fvv Qvv thh Qhh | vw Qv thh Qhh lvv Quv Ihh Qhh
Range sample N header | lvv Quv Ihh Qhh | lvv Quv ihh Qhb oo e lvv Quv thh Qhh
gate 1 gate 2 gate M

(b) Hybrid mode

Figure 3.3: A ray DRS block assembled in a segment of buffer on the DRS client.
Although the block format is identical, the data attributes are different depending
on the radar operating mode. (a) Alternating mode and (b) Hybrid mode.
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Ri1 R1
Zar Zdr
LDRh LDRn - Not available
LDRy LDRy - Not available
bdp $dp
Rho Rho
Extra space for future Extra space for future
{(a) Alternating mode (b} Hybrid mode

Figure 3.4: Parameter data block structure. Available radar parameters change
depending on the radar operating mode. 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 hyte.

parameters are calibrated and scaled for the display. 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 parameter 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 parameter data block consisting
of the header and the parameters is shown in Fig. 3.4. The data block is passed to
the parameter transmission process through a shared memory segment. The DRS
receive process and the parameter transmission process exchange information each

other in the same way as those on the DRS server.
3.3.5 Paraeter transmission process

The parameter transmission process reads the parameter block from a segment

of the shared memory and sends them to the group of end users over multicasting
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protocol at a time. The process creates multiple UDP sockets, each of which is
associated with a radar parameter. A user payload for the transmission congists of
a display header and a radar parameter data set. The process releases the segment
after sending all parameters for one ray.

The use of multicasting protocol provides high scalability with respect to the
number of end users without any additional resource demands, such as bandwidth
and workload for transmission. Fach 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 destination group.
3.4 Implementation and performance evaluation
3.4.1 End-to-end TCP throughput

The proposed end-system architectures have been implemented on the stan-
dard PC/Linux platform using C language, standard BSD socket interface, System
V Interprocess Communication (IPC), and Posix 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 1/O card are interfaced with a PCI-X (64-bit/66MHz) and a
PCI (32-bit/33 MHz) slots, respectively. The APIs, which are provided by the
manufacturers to access the ADC/DDC signal processor and the digital 1/O card
[18, 19], are utilized in implementing the DRS acquisition process. The DRS client
prograsn was implemented on a PC containing Xeon dual processors (2.2 GHz)
with Red Hat 8.0 Linux operating system.

Figure 3.5 shows the test bed established for the performance evaluation. Be-
fore performing the real-time TCP throughput measurement between the DRS

server and client, available link capacity of the test bed was determined by the
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Figure 3.5: Test bed for evaluating performance of the end systems and through-
put.
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Figure 3.6: Link capacity between the DRS server and client.

Netperf [25]. The most common use of Netperf, which is designed based on the
basic client-server model, is measuring bulk data transfer performance, or in other
words 'stream’ or 'unidirectional strearn’ performance. Essentially, the test mea-
sures how fast one system can send data to another and/or how fast that other
system can receive it [25]. In the measurements, sending/receiving socket bufler
size and MTU were set to be 64 KB and 1500 bytes, respectively. Figure 3.6 shows
the throughput varying the message size, which is equivalent to bulk data size to

be transferred.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



0¥

The end-to-end TCP throughput between the DRRS server and client was eval-
uated using the simple test bed, while operating the CSU-CHILL radar. The
sampling rate at the DRS server was varied from 1 MHz to 5 MHz. As described
in Section 3.2, the DRS server at 1 MHz and 5 MHz sampling 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 set
after reading them from the shared memory, the range sample data set set can
be referred to he a user payload. When the application program calls "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
proportional to the sampling rate within the maximum link capacity achievable. In
addition, the throughputs are definitely identical with the results obtained with no
parameter estimation at the DRS client. Because of the high computing capability
of the DRS client, the parameter estimation does not affect the TCP throughput
at all. However, when the computing capability is insufficient for real-time ap-
plications, the TCP throughput is affected by the computational workload at the

DRS client as described in the following section.
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! Decimation factor | Sampling rate (MHz) | Transmission rate (Mbps) ]
40 1 61.6
20 2 122.9
40/3 3 183.4
10 4 242.2
& H 294.3

Table 3.2: Change of transmission rate with the increase in the sample output
rate. The transmission rate is identical to the data rate generated by the parallel
receiver.

3.4.2 Display comparison with the DRX 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 running on Sun workstations. Comparison of the displays 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 proposed end-gystem architectures were also evaluated
on Sun/Solaris platform (Sun Blade 1000/Solaris 8) via emulation to study effect
of the end-gystem computing capability on the end-to-end TCP throughput. The
Sun Blade 1000 has dual 750 MHz UltraSPARC-TII processors running with Solaris
8. The computing capability of the Sun Blade 1000 is lower than that of the PC
with the dual Xeon processors [26]. Gigabit Ethernet Network Interface Card SK-
9821 from SysKonnect GubH is plugged into a 64-hit /66 MUz PCI slot. A simple

test bed was established with the similar configuration as the real-time operation
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Figure 3.7. PPl-scan displays of Reflectivity and Zy.. CSU-CHILL radar was
operated in alternating mode. (Left) High-bandwidth VCHILL and (Right) DRX
system.
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Figure 3.8: PPl-scan displays of LDR,, and LDR,. CSU-CHILL radar was
operated in alternating mode. (Left) High-bandwidth VCHILL and (Right) DRX
system.
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Figure 3.9: PPLscan displays of mean velocity, Phig,, and pp,. CSU-Cl
was operated in alternating mode. (Left) High-bandwidth VCHILL and (Right)
DRX system.
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Figure 3.10: RHI-scan displays of Reflectivity and Zg.. CSU-CHILL radar was

operated in alternating mode. (Left) High-bandwidth VCHILL and (Right) DR.
system.
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Figure 3.11: RHl-scan displays of LDR,, and LDRy,. CSU-CHILL radar was
operated in alternating mode. (Left) High-bandwidth VCHILL and (Right) DRX
er.
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Figure 3.12: RHl-scan displays of mean velocity, Phig,, and pp,. CSU-CHILL
radar was operated in alternating mode. (Left) High-bandwidth VCHILL and
(Right) DRX system.
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Figure 3.13: PPl-scan displays of Reflectivity and Zy.. CSU-CHILL radar was op-
erated in hybrid mode. (Left) High-bandwidth VCHILL and (Right) DRX system.
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Figure 3.14: PPl-scan displays of mean velocity, Phiy,, and py,. CSU-CHILL
radar was operated in 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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Figure 3.16: Link capacity between the DRS 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 DRS data was prepared as a file. The
radar operating conditions were assurned as follows; a) the PRT was 1 rasec, b) the
number of pulses transmitted at a specific angle was 128, ¢) the angular resolution
of a ray was 0.75 degrees, and the sampling rate was 1 MHz. The DRS data
was stored in the server RAM after being loaded. The DRS acquisition process

emulated the radar operation by writing the ray header into the shared memory
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followed by the 128 range sample data scts sequentially. The end-to-end TCP
throughput was 462 Mbps when the parameters were not estimated at the DRS
client. This measuring condition is equivalent to the Netperf measurement with
the message size of 8000 bytes because the DRS server transmits the data as fast
as it can. The throughput measured shows the coincidence in comparison 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 estimation 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 the end-to-end TCP throughput.

To study the effect of optimization in compiling on the performance, the DRS
receive process was compiled with different optimization levels in the Sun/Solaris
platform. Table 3.3 shows the dependency of throughput on the compiling opti-

mization level, which obviously indicates that the computing capability is critical
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pimiz 00 | O1 | 02 | O3
| Throughput (Mbps) | 36.5 | 95.1 | 99.5 | 100.9

Table 3.3: Throughputs running the DRS receive processes compiled with different
optimization levels of gee compiler.

to obtain the required TCP throughput too. Compiling with higher optimization
level than -O3 did not improve the throughput any more.

Especially in implementing the signal processing thread, we should be very
careful in coding. For example, when the parameter computing thread directly
handled the DRS data components, such as l,, Qu, I, and Q. 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 the previous subsection, the 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 parameters and the function
finding the available segment into which the thread was going to write the received
data, occupy 49% and 47.5% of the total time, respectively. Using time measuring
function included in gee corapiler, we also analyzed the percentage of time spent by
different parts within the parameter calculation function. As shown in Fig. 3.17,

approximately 80% of time was spent for calenating the covariance estimators. The
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Figure 3.17: Profiling graph.
code for computing the parameters from those covariance estimators consumed
around 10%.

A library function of 'mutex’ was employed to regulate 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 the 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
throughput, and even reduced the throughput as shown in Table 3.4. Percentage
of the CPU occupation by the DRS receive process was also dropped by 15 - 20%.

When the covariance estimators of lag 0, lag 1, and lag 2 were calculated, the
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average throughputs was reduced from 85.3 Mbps to 79.1 Mbps. Similarly, when
the covarience estimators of lag 0 and lag 1 arc calculated, the average throughput

dropped from 110.7 Mbps 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 aleulation caleulation 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 - 5% 80.4/49 - 51% 108.9/ 62 - 70% | 98.2/ 46 - 51%

4 84.5/70 - 7H% 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 Mbps 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 occupation 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 requirements. 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 veceive/estimation of the radar parameters and the delivery
of the parameters to other digplay nodes on the DRS client. Fach function of the
operations are divided into individual process. The architecture was suceessfully
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 network protocols support the real-time operation of the CSU-CHILL radar
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with the data rate of 294.3 Mbps, which is equivalent to the sampling vate of 5
MHz. Comparison of the displays between the high-bandwidth 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 successful real-time operation in future applications that require higher
computing capability. The end-system architectuves developed can be used for the

various applications of the high-bandwidth VCHILL.
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Chapter 4

RADAR WAVEFORM DESIGN FOR CONGESTION CONTROL IN
THE HIGH-BANDWIDTH VCHILL

4.1 Introduction

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 determined by segment size, round trip time
(RTT) and packet loss rate [28]. Therefore, the end-to-end TCP throughput varies
depending on the physical distance between end nodes and network traffic load,
which might lead to failure in satisfying the real-time requirement. For example,
long RTT delay and multiple packet losses that cause slow start phase frequently
degrade the end-to-end throughput [29, 30, 31].

Consequently, User Datagram Protocol (UDP) has been considered as an al-
fernate transport protocol for real-time streaming applications. However, UDP
does not guarantee relinble data transmission, so that packets can be dropped
randomly during transmission. Unreliable service over UDP degrades eventually
the quality of the estimated parameters. Another drawback of UDP is that it
lacks congestion control and flow control mechanisius, which also invokes the issue

of fairness amoug the connections that share the same bandwidth resources [32].
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Currently, most streaming data of the real-time applications are transmitted over
UDP through the Internct. As a result, the application programs require addi-
tional functions of the transport layer protocol, such as the guarautee of delivery
and the congestion control. As an example, Real-time Transport Protocol (RTP)
and its companion protocol Real-time Transport Countrol 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 multimedia
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, the packet loss can
occeur randomly during transmission because of unpredictable network conditions
and 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 in 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
radar parameters, which results in serious problems in further applications.

The preliminary design of the DRS data transmission over UDP is described
in [35, 36]. A server controls the transmission rate by varying the time gap between
the transmissions of consecutive range sample data sets after receiving feedback
from the client. An inherent issue presented here is that the overall throughput is
lower than the data rate from the receiver because of longer time gap so that the
server cannot all range sample data sets in a ray DRS block. In such a case, the

latter parts of the range sample data sets in sequence number among o ray DRS
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block might be dropped at the server. In addition, under more severe congestion
some ray DRS blocks might be dropped. These lead to severe degradafion in
quality of the estimated radar parameters. Further development in maximizing
the quality of the end-products under the congestion are described in |37, 3§].

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 waveform design scheme combined
with the congestion control algorithm 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 | 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
multiple returng from the same observation volume. A collection of the multiple
range sample data sets is referred to as a ray DRS block as shown in Fig. 3.1

Table 4.1 presents the dual-polarization Doppler radar parameters that are
typically used for the weather radar applications. The parameters are caleulated
from the estimates of the power averages and covariance elements with lag 0, lag 1,

and lag 2. The standard deviations of the estimated parameters essentially coutrol
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the quality of subsequent applications, such as rainfall rate estimation, meteoro-
logical event classification or severe storm warning. The standard deviations of the
radar parameters are affected by a combination of the number of signal samples,
signal spectral width, correlation coeflicient 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 prevailing atmospheric conditions.

Parameters Estimates of power and covariance matrix elements
Caraineners

Alternating mode Hybrid mode
Z P, P,

Zar pv_ ph p. P,

ool oo
LD R Py, P
LD R, Ph, P
Velocity ‘é%h.h,m;“}, ﬁ/w,hh“] é"hh[l}

N4 dp ! %hfz,v’u[l}: ﬁ»‘w,hh t;l] Ryh {0}

Pho F)};}, i} c?n ‘ﬁh}z,’w[l}: F %'w {2} ﬁhh{l] ) f) h
Spectral width Ronl0], Bapll]

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 influenc-
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 variance of parameter is inversely proportional to the square of the number of
samples that are invelved in the estimation, the availability of the range sample
data sets is critical in decreasing the variances [12, 39]. Another important factor
is that some of radar parameters, such as velocity, Wa,, pre, and spectral width,
are calculated with the estimators of corrclation and covariance as shown in Table

4.1. The randowm loss of the packets causes the deficiency of the consecutive time
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samples and associated estimators at the remote sites, which produces no corre-
sponding parameters. Therefore, it is necessary to develop an transport protocol

in the application layer to solve these problems.
4.2.2  Simulation study

To study the effect of the data-loss pattern on the average and standard de-
viation of the estimmated radar parameters, three scenarios of the data-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 irvespective of the network traffic condition so that
the data loss occurs randomly. For the second scenario, the server transmnits the
DRS while operating a rate control algorithm in which the time gap between 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 bandwidth so that the transmission rate is coutrolled. 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, based on the specified rules described as belows. For the alternating mode,
the parameters, such as velocity, Wy, aud gy, arve caleulated from the correlation
estimators of lag 0, lag 1, and lag 2. Therefore, al least three consecutive range
sample data sets are required to estimate those parameters. For the hybrid mode,

the paramcters, such as velocity, Wap,, ppe, and spectral width, are caleulated from
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the correlation estimators of lag 0 and lag 1. Hence, at least two consecutive range

sample data sets are required to estimate those parameters.
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Figure 4.1: Synthetic waveform design scheme depending on the data loss rate for
the 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, aund
nuinber of receive channels. For a coherent receiver of dual channels with the
sampling rate of 1 MHz and the quantization level of 16 hits, the data rate is
estimated to be approximately 64 Mbps. Therefore, if the available bandwidth is
64 Mbps, no transmitted data would be lost. However, il the available bandwidth

is 32 Mbps, then 50% of the transmitted data would be lost. The data-loss rates
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Figure 4.2: Synthetic waveform design scheme depending on the data loss rate for
the hybrid mode.

(available bandwidths) 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
because 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 advauce of the study. Figure 4.3 shows the confirma-
tion procedure. The DRS were simulated using various data sets of the parameters
that are shown in Table 4.2 [40, 41, 42, 12]. Subsequently, the radar parameters
were estimated with the sitaulated DRS using the algorithm as described in Ap-
pendix C. The mean and standard deviation of the estimated radar parameters
were calculated over the 1000 gates. Finally, the means of estimated parameters

were compared to the input parameters.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



91

Input ; s ' Estimated ;
. . " [ e . s
'Radar Signal Parameten~—-| Simulation ~mer DRG data Estimation |- Radar Signal Parameten
[ — |
'Data ; 'Data ;

Figure 4.3: Procedure to confirm the DRS simulation and the radar signal estinma-
tion algorithms.

Reflectivity | Zg | Phe pli Mean velocity | Spectral width | SNR
(dBZ) (dB) (degree) (m/sec) (1n/sec) (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 30

Table 4.2: Dual-polarization Doppler radar parameters used for simulating the
DRS. The radar operation ig 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 the 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 schere 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 guality of service (QoS) for the performance evalu-
ation of the high-bandwidth VCHILL. In addition, the simulation study presents
that the optimized selection of data to be sent can provide the high-quality radar
parameters. A combination of the transmission waveform design scheme and the
congestion control algorithuin, which provides the highest quality of service possible

over unpredictable network conditions, will be described in the next section.

4.3 Congestion control algorithm
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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, scenario 2 is the case where the last parts of the data in a ray

are lost, and scenario 3 is the case where the data are intelligently dropped at a
server as shown in Fig. 4. SNR is 10 dB. (a) Reflectivity (b} Zg (¢) rhop, (d)

mean velocity
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Figure 4.5: 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, scenario 2 is the case where the last parts of the data in a ray
are lost, and scenario 3 is the case where the data are intelligently dropped at a
server as shown in Fig. 4. SNR is 15 dB. (a) Reflectivity (b) Zg (¢) rhop, (d)
mean velocity
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Figure 4.6: 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, scenario 2 is the case where the last parts of the data in a ray
are lost, and scenario 3 is the case where the data are intelligently dropped at a
server as shown in Fig. 2.1. SNR is 20 dB. (a) Reflectivity (b) Z (¢) rhop, (d)
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4.3.1 Congestion control algorithm

The proposed congestion coutrol algorithin is classified as the source-based
rate control with the Additive Increase/Loss Proportionate Decrease (AIPD) al-
gorithm [28, 43]. The server estimates available bandwidth based on the feedback
from the client and controls the transmission rate. The chent measures the 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 (R trens ),
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 this expectation, the client counts the amount
of lost range sample data sets during the trausmission of a ray DRS block. The
lost amount is calculated by subtracting the amount of delivered data from the
amount of expected data. Note that when all expected amount of the data at
a specific transmission level arrives ab the client, then the number of lost data

is counted as zero. The feedback packet contains the transmission level and the
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Table 4.3: Each transmission level is associated with 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 data generated at

the radar. According to this updated transmission rate, the range sample data

Header 1D

Message

Sweep number

Ray number

Transmission level

Data loss

Data nummber for retransmission

0 - request for transmission,

1 - feedback, 2 - request for retransmission
Reserved

Integer

Integer

1-10

Total amount of data loss at a transmission level
Reserved

Table 4.4: Structure of feedback packet. Retransmission associated fields are in-

cluded for future upgrade.
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sets to be sent are selected depending on the radar operation mode as shown in

Fig. 4.1 or 4.2.
4.3.2  Overall timing 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 arve exchanged
over UDP. Initially, the server transmits a ray header after getting a request of
the DRS data transmission. Subsequently, the server starts to transmit the range
sample data sets. The client sends the feedback packet just after the arrival of the
last range sarmple 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 the transmission 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. For example, the server transmits the first and the second ray DRS
block with a default transmission rate in Fig. 4.8, During the transmission 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 completing transmission
of the second ray DRS block, updates the transmission rate, and applies it to

transmission of the third ray DRS block.
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Figure 4.9: An end-systern architecture for performing congestion control over

UDP.
4.4 Implementation and performance evaluation

Figure 4.9 provides the end-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 modification. On the DRS server, the bandwidth
estimator calculates the data-loss rate and estimates the available bandwidth. The
bandwidth estimator passes the information to the transmission-rate shaper that
selects the range sample data sets to transmit among a ray DRS block. On the
client, the data-loss counter counts the amount of lost data, and the feedback

module seuds the relevant information to the server.
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Figure 4.10: Test bed for the performance evaluation of the the implemented
congestion control algorithin.

Our proposed congestion control algorithm was evaluated in real-time using a
simple test bed, while ranning the CSU-CHILL radar. The test bed consists of the
DRS 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 minutes varying the available bandwidth. The DRS server dynamically
adapts the transmission rate fo the awvailable bandwidth. Figure 4.12 shows the
improvement of the end user display by the deployment of the congestion control.
These figures were captured from a display window showing the reflectivity just

after the second sweep display was comploted.
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The transmission level changes according to the available link band-

width. The X axis and Y axig are time and transmission level, respectively. The

measurements were conducted for 600 sec,
The .

mitted.
Mbps.

i which L0 sweep data were trans-
BW stands for full required bandwidth for the data rate of 64
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Pulse repetition time 1 msec
Number of pulses emitted for a ray 128
Angular resolution of a ray 0.75 degree
Sampling rate 1 MHz

Table 4.5: Operating conditions of CSU-CHILL radar for the performance evalu-
ation of the implemented congestion control algorithm.

g a4 006 ] Y The Jdan 4 KM
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Figure 4.12: Corparison of displays between the case when our proposed algorithm
is conducted (left column) and the case when no congestion control is applied (right
column). The available bandwidths 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 Discussion

The use of the signal driven [/O on the server is an option for the socket to
receive the UDP packet sent from the client [23]. An advantage of this option
is that the application program is not blocked 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 gerver
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/0 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.
Thercfore, 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 been tried, synchronization control in exchanging data over both TCP
and UDP was not easy at high transmission rate of a few hundred Mbps.

Moreover, some fine tuning of the algorithm is necessary to be carried out
considering the real network traffic feature. For examnple, the buffer size of the
nodes in the network and end node can affect the dynandes of transmission rate

control. Further study on this topic s necessary.
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4.6 Summary and Conclusion

The quality of the estimated parameters is critical for the weather radar appli-
cations. When the DRS 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 have been proposed to provide tolerance of the real-time op-
eration and high quality of end products. The waveforin 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 control 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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Chapter 5

DEVELOPMENT OF THE DISTRIBUTED DRS CLIENT

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 algorithims
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 bandwidth and end-system capability should be
sustained enough to support the DRS transmission at a data rate. For the DRS
transmission over TCP, insufficient computing capability might reduce the end-
to-end throughput and lead to failure in satisfving the real-time requirements as
described in Section 5.5, Moreover, the implementation of extended signal pro-
cessing at the remote sites increases the computing workloads much so that an

end system muight be unable to handle the increased workloads. In some cases, the
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implementation of an innovative signal processing increases both the data rate and
the computing loads simultancously, Oversampling radar signals in range time is
an exatuple [10]. Since the data rate of the DRS is linearly proportional to the
sampling rate assuming that the quantization level and number of channels arve
unchanged, the oversamplivg increases the data rate by a specified factor. More-
over, it requires whitening transformation over range samples, which increases the
computing workloads at the client.

In this chapter, 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 workloads among the networked multiple nodes
and combine the individual results. The architecture and the scheme to distribute
the workloads 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 systen.
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
the distributed nodes data are exchanged over TCP through high speed networks,
namely Gigabit Ethernet or Myrinet [45]. Morcover, another library specifica-
tions, such as Message Passing Interface (MPI) [46], can be used for clustering
workstation-bagsed end systems. A node serves as a master node, which is respon-
sible for communication with the DRS server, distribution of the received DRS
data, integration of the radar parameters, and transmission of the complete set of

parameters. It can be also involved in the estimation of radar parameters 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 data sets. Therefore, 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 workloads should
be distributed evenly among all nodes to achieve the highest performance possible
without any bottleneck in processing and estimation.

Figure 5.3 illnstrates the network configuration and the end-gystem architec-
ture for the distributed DRS client. The DRS server operates with the same archi-
tecture as that described in Chapter 3. Fach node of the distributed DRS client
includes the DRS receive process and the parameter trausmission process. In the
master node, the DRS receive process consists of a receive/retransmit thread and a

parameter computing thread. The parameter transmission process is composed of
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Figure 5.2: A ray DRS block is divided into nmltiple 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 then
waits until other distributed nodes establish the connection to it via the server
TCP socket. After establishing the connections between the master node and the
distributed nodes, the master node sends the request for the DRS transmission
to the DRS server. The receive/retransmit thread in the master node distributes
the received DRS data to the distributed nodes and passes partial DRS to the

parameter computing thread of itself.
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The signal processing and transformations can be implemented within the
parameter computing thread. Other T'CP connections are also established hetween
the integration thread in the master node and the parameter transfer process
in the distributed nodes. 'The other distributed nodes transmit the estimated
radar parameters to the integration thread in the master node. The integration
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 Communication 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 that 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
communications among the distributed nodes, which is necessary when the partial
parameters are integrated in the master node. The distributed nodes can recog-
nize the 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 estimated parameters to the master node. Depending on the operation mode,
the data block structures sent to the master node have different parameters as
shown in Fig. 5.4

The integration thread in the master node recognizes the parameters of an
identical ray by comparing the field of “Start angle’ field in the header after re-

ceiving the partial parameter. The integration thread assembles complete set of
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Node ID Integer, Sequentially assigned to the distributed nodes
Start angle Unsigned Iuteger
OP mode Integer, 0 - Vonly, 1 - Honly, 2~ VH, 3 - VHS

Number of gates | Integer
Start gate number | Integer
Fnd gate number | Integer

Table 5.1: Header structure sent by other distributed nodes for the transmission
of the estimated parameters.

Partial Parameter Partial Parameter
Transmission Packet Header Transmission Packet Header
Z pA
\ \
R1 W
Zdr R1
LDRBh Zd
LDRv DBap
Pp Rho
Rho
(a) Alternating mode (b) Hybrid mode

Figure 5.4: User payloads for the transtission of radar parameters to the master
node. The header ocenpies 24 bytes. However, the amount of the parameter data
changes depending on the number of gates and the operating mode.
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parameters of all gates by looking at the fields of the Node I, the Number of
gates, and the start gate pumber. The assembled radar parameters are delivered

to the display nodes over multicasting protocol.

5.3 Implementation and performance evaluation

The increase in computing capability of the DRS client was demonstrated by
evaluating the end-to-end TCP 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 GGHz). Operating system
is Red Hat 8.0 Linux. Intel PRO/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 the additional cycles
consumed for the evaluation of the performance in Netperf. On the other hand,
when the parameters are estimated in a single node of DRS client, the throughput
was reduced to 348.5 Mbps, which shows the same result with that obtained via
emulation as described in Section 3.5. When the DRS client consists of two Linux
boxes, the throughput was increased up to 766.7 Mbps. This result clearly shows

that when the high-bandwidth VOHILL applications fail to operate in real-time
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Figure 5.5: Test bed for evaluating performance of the distributed DRS client.
The end systems are connected to each other through Gigabit Ethernet.

because of the insufficient computing capability of a DRS client, the distributed
DRS client can be a promising solution.

Here, it should be uoted that the throughput between the DRS server and
client should not be a bottleneck to obtain the expected results. Figure 5.5(b)
shows another test bed consisting of end systems and two Gigabit Ethernet switches.
The DRS server is a Sun workstation (SunBlade 1000) and the distributed DRS
client is comprised of three Linux boxes that were utilized in the previous evalua-
tion. The Sun workstation has dual UltraSPARC-IIT processors (750 MHz) running
with Solaris 8 operating system. A Gigabit Ethernet NIC (SK-9821) from SysKon-

nect CGimbIl is plugged into a 64-bit/66-MHz PCI slot. The maximum available
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Figure 5.6: Performance for the Gigabit links.
Configuration Mean End-to-End
TCP throughput (Mbps)

Linux Box 1 — Single client Linux Box 2 (No computation) 958.4
Linux Box 1 — Single client Linux Box 2 348.9
Linux Box 1 — Distributed client with two Linux Boxes 766.7

Table 5.2: Eud-to-end TCP throughput varying the configuration of the DRS client
when the link capacity between the DRS server and client is not limited.
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Configuration Mean End-to-End
TCP throughput (Mbps)
Sun W.S. — Single client Linux Box 1 (No computation) 308.1
Sun W.S. — Single client Linux Box 1 314.5
Sun W.S. ~» Distributed client with two Linux Boxes 316.7
Sun W.S. — Distributed clicat with three Linux Boxes 319.0

Table 5.3: End-to-end TCP throughput varyving 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 DRS 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 Sun Workstation and the Linux Box 1 was 308.1
Mbps when the client did not compute the radar parameters. When a single node
of DRS client computed the radar parameters, the 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 the workload is increased, the hyper-threading function starts to
operate and the entire performance increases.

Another interesting result is that the operation of distributed DRS client did
not increase the throughput significantly. The throughput was only 319 Mbps
when three Linux boxes collaborated as a DRS client. This result is caused by

the low maxitmun throughput achievable between the DRS server and the master
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node. As shown in Fig. 5.6, the maximum throughput between the Sun work-
station and the Linux box is approximately 350 Mbps when the data size is 8000
bytes. The performance of the copper-based Gigabit Ethernet depends on PCI
bus speed, NIC, variations of drivers and of operating systens, 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 support enough transmission
rate to obtain the anticipated effectiveness of the increaged computing capability.
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
optimization of the workload balance will be necessary to maximize the computing

performance.
5.4 Summary and Conclusion

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 integrate individual computing capability via internetworking. The
design for the distributed DRS client, which includes the end-system architectures
and the user payload structures for the communication among the distributed
nodes, was developd relying on the operation principle of the pulsed-Doppler radar
and the theory of radar parameter estimation. A master node evenly distributes the
computation workloads to other distributed nodes, and integrates the estimated
parameters of partial gates into complete sets including all gates. The end-to-end
performances were evaluated over fest beds having different network and end-

node coufigurations. The increase in the coraputing capability has been clearly
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demonstrated by achieving approximately two times higher end-to-end throughput
with the distributed DRS client consisting of two Linux boxes than that of a single

node of DRS client. Res

erving high peak throughput between the DRS server and
the master node among the DRS client is critical to obtain the effectiveness of
the distributed client system. For the future applications of the high-bandwidth
VCHILL which require intense computing capability, the concept of the distributed
DRS client can provide a promising solution to insufficient computing capability

of an end-system.
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Chapter 6

STUDY ON THE NETWORKED RADAR SYSTEM

6.1 Introduction

Spatially distributed radar systems can be used for either observation of same
targets with 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 [8, 2]. Benefits obtained hy operating clus-
tered radar systems compared with the conventional single radar operation have
been also pointed out in terms of increase in reliability of measurements 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 and pedestal size [6].

These distributed radars must be deployed in a networked environment so that
data exchange between the nodes within a specified time should be feasible. Ad-
vances in networking technologies and explosive increases in computing capability,
which have revolutionized the prevailed paradigms in various fields, might enable
the notion of the distributed radar operation. However, implementation of the net-
worked radar system involves challenges, such as multiple streams of information
at high bit rates, strict real-time requirements for data transmission and compu-

tation, need for spatial and temporal synchronization of information distribution,
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and the variable latencies introduced by physical distances, router delays and end-
system capabilities [6]. Preliminary studies on the networked radar operation are
shown in |7, 48].

In this chapter, we present operational models, end-system architectures, 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-system architectures associated with the operational models are devel-
oped relying on the operation of wulti-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 platformed 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 Mhps [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 networked radar. Finally, some challenging issues to design
the networked radar systemn and develop application layer protocols to provide the

high QoS real-time radar data will be discussed.
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6.2 Operational models

The operational models are developed bhased on the following assumptions.
Radar parameters are estimated at the radar sites and transferred to the integra-
tion center. Coherency across the radars is maintained 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 can be either one
of radar sites or other places. The control center computes scanning parameters
for optimized radar operation, 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 data.
6.2.1 Case A: Observation of common volume

The multiple radar ohservation measuring the multi-dimensional Doppler ve-
locity is an example of this application. When two radars ’are observing the same
volume, the common volume where the angle between the beams from the two
radars exceeds 307, are referred to dual Doppler lobes as shown in Fig. 6.1 [2]. For
a given observation volume, the scan-optimization procedure specifies which radars
will be involved in measuring and optimal radar scan parameters are accordingly
decided. The optimization 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 coutrol systems to initiate the observations.

The estimated radar parameters are temporarily stored in buffer at each radar
site. Each radar site sends the coordinate information associated with the mea-
surernent just after completing a volume scan to the integration center. The inte-
gration center converts the local radar polar coordinates to the conmon Cartesian

coordinate. Then, it compares the coordinates to find out the overlapped regions.
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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 than one radar. Then, it sends the information of the
overlapped coordinates to the radar sites. The radar sites transmit only the radar
parameters associated 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: Replacement of a large radar

Figure 6.2 illustrates the geometric model of the application replacing a large
radar with networked multiple small radars. The configuration of distributed
radars is shinilar to the cell strocture model of wireless communications. The
nuwmber of networked radars is linearly proportional to the ratio of the covering ra-
dius of a single radar to that of small radar. The equation for deriving the number

of networked radars can be written as,

Nyodar = n =5 (6.1)
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(a) (b) (€)

Figure 6.2: Conceptual diagram of the networked radar system. (a) a large radar
with the covering radius of r ki, (b} a networked radar system consists of 7 radars
with the covering radius of § km, and (¢} a networked radar system consists of 19
radars with the covering radius of 7 km

where n is defined as n = %}*ﬁ: Here, Ryqe is the covering radius of the large radar
and 1.z 15 that of the small radar constructing a clustered radar system. Table 6.1
shows the number of radars necessary to build 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 site. The radar parameters are transferred to the integration center
accomnpanied by the coordinates, where the radar parameters are integrated into
a complete scan image. The parameter values of the overlapped volumes are aver-
aged. The unit-processing time of this application is the time taken to complete a

sweep scan [7].
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Radius ratio | Number of radars
ﬁ:“’f j\?r‘rm{w
1 1
2 7
4 19
8 43

Table 6.1: Nuruber of radars required to replace a lavge radar with networked small
radars varying the covering radius of the small radar.

6.3 End-system architectures

At the radar site, multiple processes, namely data acquisition, computation,
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 capability,
the data acquisition 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 shown in Fig. 6.3(b). The coor-
dinates conversion/comparison process converts the polar coordinate to the com-
mon Cartesian coordinate and find out the overlapped regions. The overlapped
coordinate information are delivered to both the radar sites and the integration
process. The receive/transmission process is responsible for communicating to the
radar sites. The integration process computes the multi-dimensional data sets and

asses them to the transmissi rocess thal is connected to other data networks
vasses themn to the transmission process that is connected to other data networks,
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such as the Internet. The multi-dimensional radar parameters are distributed to
remotely located nodes for display or other application programs by the transmis-
sion process.

In the case of B, receive, coordinates conversion/integration, and transmis-
sion processes operate simultaneously on the integration center as shown in Fig.
6.3(¢). 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 unit-processing 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 corpletion 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 be flexible for the networked radar operation according to the
design. However, the time taken for scanning a sweep should be equal if the sweep
speeds are identical for both the single vadar and the networked radar operation.
On the asswption that the sweep speed is 6 degrees/see, the unit-processing time

is GO sec.

6.4 Network model
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Figure 6.3: End-systemi architecture. Data are exchanged between the processes
through shared memory.
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Figure 6.4: Timing sequence of the three processes operating in the integration
center simultaneously. Vieep stands for the sweep speed in degree/sec.

6.4.1 Data rate of networked radar system

Before considering, it is informative to estimate the required bandwidth to
exchange the data between the networked radar 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 estimated.

The amount of data generated in each radar site are calculated as shown in

Eq. (6.2).

. 360
D sweep T D ray ( :&5)
. | | 360 .
= (I) header -+ ga,.tt.-';'-jvpm*mnei;e‘r)("Zfé')v (()“)‘)

where Dgpee, 18 the data amount of a sweep; 1), is the data amount of a ray;
Dheader 35 the size of ray header; Nyy. is the number of gates; Nparameter is the
nutber of radar paramcters; and A# is the angular resolution in degree. The

Nyare 18 caleulated as shown in Eq. (6.3).

Nyte = I ) (6.3)
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where Rsgmple is defined as the sampling rate of a radar; vy, is the radius of aren
under coverage in meters; and ¢ is the speed of light in m/sec.

As an example, we can assume that a large radar with the coverage radiug of
150 km is replaced with seven small radars with the the coverage radius of 75 km.
The following assumptions on the operating conditions are made. a) the sampling
rate is 1 MHz; b) the number of radar parameter is 10; ¢) 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 Viueep in degrees/sec, the tire taken to display one sweep

radar image (one sweep time) is 22

sec. When the sweep speed is assumed to
be 6 degrees/sec, the time taken to dmplay 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 Khps.
6.4.2 Wireless 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
position of the radar can be changed depending on the application, a wireless
link is suitable for networking the mobile-platformed radars. In contrast, wired
networks demand considerable expenses, not only for constructing initial network
infrastructures, but also for maintenance.

The commercial wireless vendor market is rapidly advancing and wireless Eth-
ernet bridges are able to aclhieve data rates higher than 10 Mbps and long data
transmission ranges longer than 40 miles [49]. In addition, a variety of products

based on the wireless LAN technologies, in which the data rate 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. If is assumed that individual LAN
to which the end systems are attached is available at each radar site. These LANs
are connected to each other via the wireless Fthermet bridge, which leads to a
networked LAN topology. A gateway to the Internet can be connected to the
networked LAN, such that the integrated radar parameters can be delivered re-
mote locations for further applications. This network model can be applied to any
multiple radar operations if the line-of-sights are maintained between the cormu-

nication antennas.
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6.4.3 Satellite link-based network model

The satellite communication links can be considered as an alternate network
model because of more flexibility in the enviromment of unpredictable topography
where the radar systems are deployed. For the wireless LAN bridge, the line-of-
sights must be maintained between two antennas. However, the satellite link can
usually establish the commumnication link without interruption between ground and
satellite. Recently, it was announced that some satellite communication systems
achieve uplink data rate more than 2 Mbps [51, 52, 53], The satellite link-based
network model for the networked radar operation is itlustrated in Fig. 6.6. The
estimated radar parameters are transmitted to a satellite from a ground terminal,
like Very Small Aperture Terminal (VSAT), located at individual mobile radar site.
The satellite, which can perform on-board processing (OBP), retransmits the data
to o 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.

Satellite Link ;
Control/Integration
it 7| Center
o :!A‘! P \/’“‘W\,\/
s ,_,l o
Gatewa a— Internet )
o~ .

™ Display node

Terrestrial Network

Figure 6.6: Proposed satellite link-based network model for exchanging data be-
tween the radar sites and the control/integration center.

Although the satellite communication link has strong features, for instance

rapid and flexible network configuration, wide coverage of service area, multiple
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i Satellite obit GEO | MEOQ | LEO ]
Propagation delay of satellite links (ms) 250 | 110 20
Propagation delay of terrestrial links (rus) 42 42 42
RTT (ms) 584 | 304 | 124
Max. 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’ simulations.

access capability and multiple distribution capability, it has weaknesses as well,
namely long propagation delays and error bursts [56]. Thevefore, 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 RIT'T and the
network traffic condition. Propagation delays of geostationary earth orbit (GEQ),
medium earth orbit (MEO) and low earth orbit (LEQ) are approximately 250-280
msec, 110-130 msec and 20-25 msec, respectively [57]. Table 6.2 shows the highest
nd-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, all radar parameters of a sweep at the radar
sites should arrive at the integration center during a nnit-processing time. In this
application, end-to-end packet delay jitter occurred during the unit processing time
is not critical. However, it is bmportant that entive sweep data from all networked

radar sites should arrive at the integration center by the end of a wnit-processing
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time. Otherwise, the synchronized processing of the receipt and integration cannot
be accomplished. Using a receiving buffer of appropriate size miglit be able 1o
alleviate the problem, while introducing more time lag between the actual scanning

and display.
6.5 Scalability of the networked radar system
6.5.1 QoS Parameters

The important QoS parameters for the weather radar applications are spatial
resolution and data accuracy assuming that variance of measurements 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 determined by both the radar operating 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 resolution = Ve X Npuse X T (6.4)

where Ny 38 the number of pulses transmitted at a particular angle, and T is
the PRT. For example, when the sweep speed is 6 degrees/sec, Ny s 128, and
the PRT is 1 msec for the PPI scan, the Azimuthal angular resolution is 0.768
degrees.

The data accuracy, which is evaluated with the variances of the parameters,
is determined by the number pulses transmitted at a particular pointing angle. As
explained in Section 3.2, the variances of the parameters are inversely proportional

to the square of the number of samples that are involved in estimation.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Elevation
Beamwidth resolution

ReA ——mry Azimuth
’ Beamwidth resolution
ReAQ

Range resolution

Figure 6.7: Conceptual digram showing the spatial resolution which is represented
by range resolution; elevation beamwidth resolution, and Azimuth beamwidth reso-
fution. A8 and Ad are the angular resolutions in Azimuth and elevation directions,
respectively. Ty 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 with radar size ratio

The scalability can be examined in terms of power consumption for radar
pulse transmission, computation workload, and communication workload varying
the QoS and the number of radars. The power consumption is a metric associated

. B K - ' £ 41 oy " s T . » .
with the peak transmitted power of the radar system. The radar range equation
described in Eq. (6.5), which explaing the fundamental 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].

FTQ"} NP {(f}’.,,] 7 | L n{70)

....... e AV HAVTO7 o
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where F, is the received signal power; F} is the transmitted signal powoer; ¢ is the

pvr (7'0)

speed of light; Ty is the transmit pulse width; (4, is the receiver gain; I, is the loss
due to receiver filter; X is the wavelength of the radar signal; 7y is the antenna
gain; 7y is the measuring range; 7 is the volumetric radar cross section (per unit
volume); and 6, and ¢; are the half power beamwidth in Azimuth 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 nmumber of gates.

The communication workload is a retric associated with the amount of esti-
mated parameters that are transferred to the integration center. As described in
Section 6.4, the user payload of the transferred data consists of the display header
and the whole parameters that are estimated.

The proposed metrics for the networked radar systems are defined in corobi-
nations with radar operating parameters as well as the radar size ratio(n) that is

givon by F. (6.1} as belows.
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] | Scenario 1 | Scenario 2 | Scenario 3|
Outermost Azimuth Same Increase Sarne
Beamwidth Resolution X2, x4, X8
[ Data Accuracy Same { Same { Increase x%

Table 6.3: Different scenarios for comparison. The outermost Azimuth beamwidth
resolution is the resolution at the edge of the region a radar covers.
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where (7,0 is the range resolution and « 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 shows the changes in scalability met-
rics normalized decreasing the radius of networked radars. The networked radar
system does not increase the metrics compared with the single radar operation
when the identical or slightly higher QoS parameters of angular beamwidth reso-

lution and data accuracy are aimed at.
6.6 Discussion

Networked radar systemns can experience undesirable noise in received signals

due to interference from other nearby radar systems. Phase coding technigque can
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Figure 6.8: (a) Power consumption for pulse emission, (b) Computation work-
load, and (¢) Communication workload ratios with the different scenarios varying

nwnber of radars.
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be used to remove the effect of the interference. Bach radar system selects a specific
phase of the emitted radar pulse such that other signals with different phases can
be filtered out.

Networked radar system can have various end-user application areas, and
end users might want to access the system through the Internet. An application
layer management protocol makes the hardware and software of the lower layers
transparent to the applications 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 synchronization 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
small radars. Design of the end-system architectures is based on the multipro-
cesses and multithreads. The end systemn 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 re-
ceive/transmission, coordinate conversion, and integration, and scan optimization.
The feasibility of the network models based on wireless LAN bridge and satellite
links have been examined to provide a network environment in which the data
are exchanged between the nodes within a specified time. Spatial resolution ancd
data accuvacy are considered as primary QoS parameters for weather radar ap-

plications. Scalability nietrics of the networked radar system are not increased

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



138

much compared to a single radar operation under the condition of the identical or

slightly higher QoS parameters.
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Chapter 7

SUMMARY AND CONCLUSION

In this dissertation, the end-system architectures as well as application and
transission protocols for the high-bandwidth VCHILL are developed and exper-
imentally validated with the CSU-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 PCl-interfaced high-
speed ADC/DDC signal processor, a digital 1/0, 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 synchronized data acquisition and high-bandwidth data manip-
ulation. The parameters obtained from the parallel receiver show good coincidence
with those obtained from the DRX receiver as well as linearity of transmission rate
proportional to the sampling rate, which demonstrates that the parallel receiver
operates properly for the high-bandwidth VCHILL.

Chapter 3 described the destgn of the end-system architectures for the high-
bandwidth VCHILL. The design is based on the typical client /server model, relying
on the simultaneous operation of multiprocesses and multithreads to meet the

real-time requirements. The data and packet structures are included in the design

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



140

as well. 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 receive/estimation of the radar parameters and the delivery of the
parameters to other display nodes on the DRS client. The application and network
protocols implemented here support the real-time operation of the CSU-CHILL
radar up to the data rate of 300 Mbps, which is equivalent to the sarupling rate of
5 MHyz. Comparison of the displays between the high-bandwidth VOHILL system
and the DRX system shows good coincidence.

In Chapter 4, a trangraission wavelorm 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 waveformn 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 ou 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 eftective in providing high quality end products. The waveform de-
sign schemes have been combined with the source-based rate control with a AIPD
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 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.

In Chapter 5, to increase the computing capability, the concept of the dis-
tributed DRS client was developed. The essential idea of the distributed DRS

client 18 to integrate individual computing capability via internetworking. The
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design for the distributed DRS chent, which includes the end-system architecture
and the packet structure for the data exchange and the communication among the
distributed nodes, relies on the operation principle of the pulsed-Doppler radar
and theory of radar parameter estimation. The increase in the computing capa-
bility has been clearly demonstrated by achieving approximately two times higher
end-to-end throughput with the distributed DRS client configured with two nodes
than that of a single DRS client. High link capacity between the DRS server and
the master node among the DRS client is critical to obtain the effectiveness of
the distributed client system. For the future applications of the high-bandwidth
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 radars. 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 acquigition, 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 are exchanged
between the nodes within a specified time. Spatial regolution and data accuracy
are considered as primary QoS parameters for weather radar applications. Scal-
ability metrics, such as power consuiuption for pulse emission, computing load,
and communication load, of the networked radar system are not increased much

assutning the identical or slightly higher QoS parameters.
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Appendix A

RANGE-TIME AND SAMPLE-TIME

Figure A.1 illustrates the received voltage due to a periodic pulse train., For
a gingle transmitted pulse, the range-time is defined as 7 = 2r/¢, and the received
voltage V(1) at £ == 7 is due to back scatter from particles located in the resolution
volume at range-time 7. For the periodic pulse train, the received voltage at the
same range-time (7) is given as Vo (¢ = 7), Vo(t = 7+T),....., Vo (t = 7+ mT") which
form a sequence of temporal samples from the identical resolution volume. For a
given range-time (7), the voltage samples V.({ = 7+ mT") = V.(1, 1, = mT's) can

be interpreted as regularly spaced samples along the continuous sample-time axis
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Appendix B

AZIMUTH/ELEVATION ANGLE INTERFACE CIRCUIT
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Figure B.1: {(a) Circuit diagram for the conversion from the serial data type of
Azimuth and elevation agles to the parallel type of data, (b) Circuit dingram for
gencrating the external syne signal.
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Appendix C

ALGORITHMS FOR ESTIMATING RADAR SIGNAL
PARAMETERS

C.1  Alternating mode

Let the total number of received signal samples be 2N with N interlaced samples

at v or h polarization states. Let Vi, [2n — 1], Viw[2n — 1], Via[2n], Via[2n

1,... N) be the samples of the received signal as shown in Fig. C.1.
The power estimators are written as,

1’:0 = ”’"*L!Lw [2n

(£33

F)(:mz = ”Z"’hw 2‘”

?71

Bh _}'__ o Vr Dy 2
P, = /VZ! wnl2n||
* nml

iac::‘ch, == L i V. Uh 2/2

'711

Two correlation estimators Rpp.,[1] and Ry, nnl1] can be written as,

ﬁhh,@mﬂ} =R L ‘];h m) w“ “““““ H)k
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o v 1 Sl .
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The corresponding correlation coeflicient estimates ave written as,
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Figure C.1: 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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The phase of Rapell] and Ry, pell] can be written as,

Wy = arg{ ;i;’:;,_h,,_,,,;{l.}} {C.4a)

Uy = arg{Rpum[l]} (C.4b)

To calculate the velocity and the differential phase, the ¥, and ¥, should be
transformed with an arbitrary ¢, to allow optimal setting of the radar system
phase difference (phidp) between 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 ¢, is set
so that the phidp starts around 80 degrees. This maximizes the amount of phase

shift which can occur before phidp aliasing occurs.

‘Iﬂl = (LT'g{ﬁhh,vu{ﬂ : (‘303(:(7’{’7'01/) +7 Sin(qﬁmt))} <05‘])

i

U, = arg{ Reonnll] - (c08(dror) — 7 8in{chror))} (C.5h)

The estimates of p[2] can be derived from Vi,[n] and Viy[n] as follows,

[ SV Vi 20+ 1)(Voy 20 — 1))

(4]

(C.6a)

[k 0 Vinlan + 2](Vin[2n])]

Ph
[ [81e)

P2} = (C.6b)

(1) Horizontal Reflectivity (Z;)

The reflectivity is often defined as,

(C.7)
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where P and Py are the received power and the transmitted power in mW, respec-
tively. K is the range in km, (7, is the anteuna gain, (7, 18 the receiver gain, Here,
(7 is defined as,

A2%In(2)10%

¢ 0 Ky [PhO® (C8)
and for the CSU-CHILL radar, 10log, (") = 287.69. Therefore,
dBZ = 10log,,(Z.) (C.9a)
= 287.69 — 10log,o(G,) — 10Jogo(Gr) — 101log,o(F4) (C.9b)
+101og;o( Ph) + 2010g,4(R) — 40
= 247.69 — 10log,o(G,) — 10logo(G,) — 101og, (F}) (C.9¢)
+101og;o(P2) + 20 1og,,(R)
Here, forty is subtracted because the Lassen system adopted the range as 0(, Km

instead of Km. Currently, 10log,,(G,) and 101og,,(G}) are set to be 42.2 dB and
5 dB, respectively.
(2) Ed.r

In the beginning, the signal power of the horizontal and vertical receivers are

calculated.

- Sh ‘o

f )h,n.s = [ )(30 — I )T?.Sh (010&)

) v y

L )vns = »P(() l)ns'u ((‘10}))
where Pfﬂ, and F " are the horizonat] and vertical copolar received power, respec-
tively. P and Py, are the horizontal and vertical noise power, respectively. If
\ ) . \ P " \
both :ﬁ{kﬁf and §” are greater than 1.1, then the 7y is defined as,

AN

y hns g

Zar = 10log,, {mw } + zdr_cal (C.11)

VIS

Otherwise Zg = 0. Here, zdr_cal (dB) is defined as,

zdr.cal = zdr offset 4 (V-transmit power - H-transmit powef{’.12)
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(3) Linear Depolarization Ratio with horizontal transmission (LDR,),)

i

LDRy, = 10logy ~5" (CL13)
R

(4) Linear Depolarization Ratio with vertical transmission (LDR,,)

< P . [’3!"»!3’( .
[&7]
(5) Velocity (v)
-~ Al )
o . &

(6) Differential Phase (@,i,,)
T 1 ’ ok ot a
Wy = ”.fj(‘pi). - W) (C.16)

(7) ![’hul

’ [3};1.1 i = { ﬁhh,m: 3.0} ‘ ( C . 7{%)
’ﬁ hhvw “ } ‘

,,,,,,,,,, (C.1Th)

(8) Normalized magnitude of R1 (sgi)

4

‘ ]{hh ~nqr{l>;+I{ﬂW,hh& “] l
3

(C.18)

sqi = s
; l)h/ P

cO7 o

C.2 Hybrid mode

According to the Fig. C.2, the power estimators in the v- and h- channels can be

written as,

A N

P, = »EL IViuln] (C.19a)
ST

. (TN Y

[, N 2_4 Van[nll® (C.19h)
Y el

The crosscorrelation estimators between Vi, and V, with lag 0 is,

4 1)%-*;‘)'1‘ [0} - il L ‘/“” [N} ‘/;h {”.‘ («(’. “)"()b)
* fyue
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Figure C.2: Schematic diagram showing the horizontal and vertical components of
the received signals in the hybrid mode.

The autocorrelation estimators with lag 1 and lag 2 can be written as,

~ 1 N=l

Rl1] = ——=" Vialn+1]Vi[n] (C.21a)
N-1.=

N 1 N2 ‘

R[2} = —7\—],—-:~—~ > Vinln + 21V, [n] (C.21b)
. nel

(1) Horizontal Reflectivity (Z),)

The horizontal reflectivity is defined as the same with the alternating mode.
(2) geir

The differential reflectivity is defined as the same with the alternating mode.
(3) Velocity (v)

A . “ e

(4) Differential Phase (Vg,)

ff),tz, i «ir,'rg[i;%mh, 0] - (cos(dror) + J siti{chre))] (C.23)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



159

(5) |iun]

i By nl0 ..
1P| = 0] (C1.24)

(AR
(6) Normalized spectral width (w)

There are two equations to calculate the spectral width (4,).

G, == A In
2T /2

R(0)
R(1)

1/2
} (C.25)

a, = A In
I 25T NG |

R(TY? .

Normalized spectral width (w) is written as,

v (C.27a)

()
L[ RO o
72 [h‘ R(1) H (C.27b)

(7) Normalized magnitude of R1 (sqi)

: | R[1)| m
B .28
A A (C.28)
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Appendix D

SCALING FOR DISPLAYING CHILL FORMAT DATA WITH PPI
PROGRAM

It is required to scale the calculated radar signal data moment into integers
which ranges from 0 to 205. This scaled data are retrapsmitted with the multi-
casting protocol to the end users. The offset and scaling values are different for
each parameter and they depend on the way the ppi has been programmed to
display the parameters. The offset and scaling for the different values, which can
be derived from ppictle, are specified as follows. Here, calculated values stand

for the values which come out of the calibration.

e Scaled Z

o Scaled Zdr
Scaled . Zdr = (Calculated Zdr + 3.01) x (64/3.01)
e Scaled LDR (available for LDRh and LDRv)

Sealed ldr = (Calculsted ddr -+ 43.165) x (2h5/48.165)

1
e Scaled Wy,

Secaled Phi = Caleulated Phi« (127/180) + 128
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e Scaled Rho
Scaled. rho = (Calculated rho — 0.3) % (200/0.7)
e Scaled V
Scaled V' = Calculated V x (127/(0.5 x Nyquistanterval)) -+ 128
e Scaled W
Scaled W = (Calculated W x (255) < (W IDTH .V ALU E)x10)/ Nyquist interval
e Scaled SQI

Scaled_sgi = Caleulated sqi x 255

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



