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Abstract

Turkish State Meteorological Service (TSMS) has been operating a weather radar network of four C-Band Doppler weather radars as an essential component of observing network. TSMS is planning to expand the existing network to be able to cover the whole country as much as possible. One of the critical issues while determining the basic specifications of the network is to select the type of the transmitter. During the preparation of the project for the expanding the radar network, we tried to get all the information available by discussing the manufacturers and the experts. The choice of transmitter type affects overall success of the project by means of the  price, operation and maintenance of the system. In this presentation a comparison of transmitter types which have been concluded by this study will be presented. 

1.Introduction
Defining  a weather radar configuration is crucial issue for users like NHMSs(National Hiydrological and Meteorlogical Service), Airport Administrations, Research Organizations. There are a couple of  main criterions should be taken into considiration during this phase. These are mainly band, transmitter type, beam width and polarization type of the radar. Some specifications like doppler, digital receivers and antenna types are almost standart products of manufacturers with improving of technology. Each user evaluates their own conditions like installation region, main using purpose of the radar and budget. In this presentation, general matters effects determination of transmitter types of a weather radar system will be examined. Transmitter which generates high power RF signal  is  one of the essential components of a weather  radar system. 
2.Transmitter Types Used in Weather Radars
Vacuum  and  solid-state electronics are two  technologies used to generate and amplify microwaves. Microwave power tubes present advantages like efficiency, wide band performance and robustness with high power and high frequency. Solid-state amplifiers consist of a lot of transistors and uses some combining techniques for a total power. This presents reliability, bandwidth and efficiency with low power and frequency.  In long range weather radar applications solid state power amplifiers are not common with present technology. Classification and characteristics of microwave tubes are shown below:
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[image: image1.jpg]Figurel- Summarizes the various types of microwave power tubes in use today




Magnetrons, klystrons and travelling wave tubes still continue to be the main powerhouse of most radars.  They are used in radar transmitters to produce microwave energy of required wavelength and intensity. Though solid-state transmitters have become available, they have not overtaken the age-old vacuum tube technology so far due to their limited power. There was a belief decades ago that high-power microwave transistors would soon reduce klystrons and TWTs to obsolescence, but though solid-state has made inroads, the older technologies remain alive and well for the time being. Klystrons and particularly TWTs are reliable, efficient, and cost-effective, and in the absence of any major advantage provided by solid-state technology, there is no reason to abandon them just yet. Gyrotrons are newly emerging microwave power tubes, currently with limited applications. A gyrotron, a more recent development, looks like a linear beam device but performs like a combined linear beam and crossed-field device.  It is large, heavy, expensive, and employs  very  high  voltages  and  high  magnetic  fields  generated  by  superconducting solenoids.  It can do what no other microwave power tube can do -- generate very high- power levels at millimetre wavelengths.  The gyrotron promises important advances in fusion and because of the high resolution possible with its millimetre wavelengths, great improvements in radar imaging. Currently gyrotrons are used in High-energy Particle Physics, Particle Accelerators, Magnetic Fusion Reactors, Scientific Radars. These radars are used to located and identify space debris and for weather imaging projects. Due to its extensive expertise in the design, development, and construction of gyrotron microwave power sources, they are not used in operational weather radars presently. So magnetron, klystron and travelling wave tubes which are sharing weather radar transmitter market mainly today will be focused  with respect to operational weather  radars.  Especially magnetron and klystron  technologies represent the current state-of-the-art concerning transmitter technologies for commercially off-the-shelf weather radar systems. Especially for high-end applications like at national weather services or airport authorities, 99% of all weather radar systems rely on these transmitter architectures. 

2.1.Magnetron Tubes

The magnetron tube for generating microwaves was invented by John Randall and Henry Boot in November 1939 (Buderi, 1996). Their small size and high power output made them ideal for airborne use. Magnetron transmitters are now used at a variety of radar frequencies and can generate transmitted signals in excess of 1000 kW. Magnetrons are “oscillators” and usually operate in a pulsed mode. Magnetron tubes are representative of an entirely different kind of tube than the klystron. Whereas the latter tubes use a linear electron beam, the magnetron directs its electron beam in a “circular pattern” by means of a strong magnetic field.                             [image: image2.jpg]Magnetron Tube
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2.2.Klystron Tubes

The klystron tube, as a high power amplifier, was invented at Stanford University in 1937 by a pair of brothers named Sigurd and Russell Varian. The klystron generally is referred to as a “linear beam” device because it utilizes a magnetic field in line with its electric field.  Output power can range from 10 kilowatts (continuous) to 10 megawatts (pulsed). Amplification klystrons continue to find use in high-power (Radar), high-frequency radio transmitters and in scientific research applications.
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                                                      [image: image4.jpg]Figure3- Klystron Tube




Travelling Wave Tubes (TWTs)

The TWT is an important member of the linear beam family of microwave power tubes.  It is similar to the klystron in that a pencil beam of electrons is generated in an electron gun and kinetic energy is converted into RF energy as the beam interacts with an RF circuit.  Unlike the klystron, the interaction occurs continuously as an increasing travelling wave instead of discrete steps in cavities.  
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                              [image: image7.jpg]Figured- Travelling Wave Tube(TWT)




Comparison of Klystron, Magnetron and TWT  Tubes
The main comparing criterias for microwave power tubes can be defined as “Cost, Complexity, Maintenance and Power Consumption”, “Sensitivity”, “Coherency”, “Bandwidth&frequency allocation” and “Suitability for new Technologies”.
	Cost, Complexity, Maintenance and Power Consumption

	Magnetron

Advantages:

· low system price(approxinmately %30-35 cheaper than Klystron, and %10 than TWT-pulse compressed system),

· Magnetron market is more competitive due to a higher number of manufacturers (especially low-cost),

· Low price of the tube itself, available from several suppliers(3 times cheaper than Klystron),

· Low technical complexity, 


· Small size, small dimensions and weight,

· Lower operating voltages, generally no oil-isolated housings are needed, which simplifies maintenance significantly,
· Excellent efficiency in terms of input/output power ratio, 

· Less electrical power consumption (Magntrons operate on single phase power drawing approximately 12-14 amperes during normal operation),

· Less heat dissipation (lower costs for air conditioning),

· Long expected lifetime of the tube,

· Lower maintenance costs (lower costs for spare parts and lower mean time to repair),

· Better for higher powers like 1000kW (cooling easier than Klystron)
	Disadvantages:

· No significant disadvantages compared with klystron and TWT 



	Klystron
Advantages:

· Long expected lifetime of the tube (comparable to magnetrons),


	Disadvantages:

· Large size, dimensions and weight (tools like hand crane are required for installation and maintenance),

· Higher operating voltages, generally oil-isolated housings are needed (higher mean time to repair and Klystrons require 3 phase power at 30-40 amps per phase during normal operation),

· Higher electrical power consumption (about +10%, therefore higher operational costs also),

· Higher heat dissipation (higher costs for air conditioning), (problems arising from power supplies and air conditioning systems)

· High price of the tube itself (about 3 times), available from only one supplier, 

· High technical complexity, more parts, therewith also the theoretical system availability reduces, (with more components, more units can fail and more spare parts of different type are needed) 

· Higher maintenance costs, (higher costs for spare parts and higher mean time to repair),

· Better for higher powers like 1000kW (cooling easier than Klystron) 

· Needs higher cooling(like high technology water cooling systems)
· Higher training costs


	TWT

Advantages:

· Low peak power(~7-8kW) with pulse compression technique

· Higher duty cycle;

· Long pulse width possible (~ 50 us);

· Smaller in dimensions and weight;

· Low power consumption

· Low Initial Price

· Some methods have been developed for problems like “Range Sidelobe” and “Blind Range” , but  more research may be expected for operational and common usage of PC TWT Radars from leading manufacturers. There is a 
probability that full solid state transmitters can be used instead of TWTs in the future according to researchs.

· TWT may operate at lower cathode (beam) voltage, which simplifies the construction of the modulator.


	Disadvantages:
· Higher initial and operational costs than magnetron systems

· Supply is limited(only one manufacturer)

· Still not commonly used in operational networks. 

· Operating costs still not clear (TWT price and life time)

· Higher training costs




	Sensitivity

	Magnetron

Advantages:

· High peak and average power,

· High sensitivity(very close to Klystron)

· Higher peak power with new applications(500kW) brings better target illumination and better reflectivity detection.
· Suitable for long range measurements and country-wide coverage if clutter has a negligible impact
	Disadvantages:

· No long-term experience available from testing in the field that new 500kW magnetrons


	Klystron

Advantages:

· High peak and average power, thus capability for generating long pulses,

· Slightly improved sensitivity (about 1 dB only, due to smaller matched filter bandwidth for tube without frequency drift).

· Higher peak power with new applications brings better target illumination and better reflectivity detection.
	Disadvantages:

· Large size, dimensions and weight (tools like hand crane are required for installation and maintenance),
· No long-term experience available from testing in the field that more than 250 kW(like 750kW. which brings cooling, prinitial cost, maintenance and power consumption problems)

	TWT

Advantages:

· Low power TWT tubes are used with pulse compression technique. With this technique sensitivity is increased upto 15 dB. This would mean that a PC radar with peak power of 8 KW 
would have the same performance in regard to detectability as a conventional 250 KW radar.  

· Better range resolution can be achieved(up to 50m)
	Disadvantages:
· No significant disadvantages compared with magnetron and klystron.




	Coherency

	Magnetron

Advantages:

· Although frequency drift, still be able to measure velocity to a 1 meter accuracy with the magnetron tx.

· Second trip echo identification and recovery can be done in magnetron systems by producing a coded train of pulses and other methods

· Some of the magnetron disadvantages may also be compensated (or at least mitigated) by modern technologies: Today a state-of-the-art digital receiver allows phase-locking with highest accuracy resulting in a good clutter suppression value for magnetron systems. A modern solid-state modulator employing sophisticated current stabilization schemes together with modern coaxial magnetron further increases the transmitter stability. Pulse-to-pulse frequency variations, aside phase-locking the main

· Instability  source, are minimized. Moreover long-term frequency drift is reduced and can be compensated by means of automatic receiver frequency control


	Disadvantages:

· lower clutter suppression capability,


· inherent frequency drift and frequency modulation,

· frequency can be adjusted mechanically only,

· insufficient stability for generating very long pulses,

· 40 dB Improvement Factor Limitation

· Doppler radar images are not so widely used as the conventional reflectivity images. Nonetheless, the Doppler data is important for all radar outputs because the clutter suppression, which is used in all images, basically relies on Doppler information.



	Klystron

Advantages:

· The coherent principle offers a higher “phase-stability”. As Doppler measurements of velocity and spectrum width are phase measurements, the Klystron features the more accurate Doppler data. The real advantage of a Klystron is the enhanced coherency, which results in a better phase stability of 10-15 dB. This can be translated in an improved suppression of clutter. inherent stability against frequency drift and frequency modulation gives also better velocity accuracy,

· best for airports, because they scan short ranges at high antenna revolutions and very low elevations to monitor takeoff and landing zones.

· Best for hilly terrains and coastal lines which means an extraordinary impact of ground clutter, sea clutter and partial beam blocking is to be expected. A Klystron radar can mitigate these clutter impacts.

· 50-55dB Improvement Factor Limitation

· Better in phase coding
	Disadvantages:

· Large size, dimensions and weight (tools like hand crane are required for installation and maintenance)

	TWT

Advantages:

· TWTs work as an amplifier like Klystron. They are coherent tx types also. 

Less susceptible to multi-trip echoes
	Disadvantages:

· Higher initial and operational costs than magnetron systems


	Bandwidth & Frequency Occupation

	Magnetron

Advantages:

· Larger frequency range to work with in a magnetron tx, where you klystron is usually limited to ~50 Mhz adjustment only.  (~ 5.4 – 5.8 GHz sample for C-Band)


	Disadvantages:

· Larger occupied RF bandwidth (higher spurious power level), thus potential problems with frequency allocation and interferences with other systems.

	Klystron

Advantages:

· Frequency can be controlled by software settings (in a small range),

· The ability of the Klystron to tune the input frequency signal offers the basis for several improvements (like Second Trip Recovery based 

on phase-coded pulses) that may modernize radar meteorology in the near future.

· Smaller occupied RF bandwidth (less spurious emission), thus less problems with frequency allocation and interferences with other systems.
	Disadvantages:

· frequency can be adjusted in a smaller range only (5.6 – 5.65 GHz sample for C Band),

	TWT

Advantages:

· Higher resistance to interferences and spurious emissions by other external RF sources;
· A wide bandwidth is necessary in applications where good range-resolution is required or where it is desired to avoid deliberate jamming or mutual interference with nearby radars
	Disadvantages:

· Occupied Bandwidth. PC radars require a larger occupied bandwidth(here TWTs discussed with pulse compression technique)

· Range sidelobes and blind range




	Suitability for New Technologies and Sophisticated Options

	Magnetron

Advantages:

· Supports dual polarization
	Disadvantages:

· Doesn’t support techniques need coherency like pulse compression.

	Klystron

Advantages:

· Multi-trip echo recovery (less false echoes and ambiguities),

· Frequency agility (more independent samples, higher data update rate),

· Pulse compression (lower peak power, higher sensitivity),

· Pulse shaping (optimized spectrum, lower bandwidth),

· Klystron technology is more “flexible” in regard to options and future extensions. An available option for instance is the multi-trip echo recovery, which works nicely with Klystron radars. It helps to reduce blind echoes (“phantoms”). Also the new trend for adaptive clutter filtering (a kind of automatic “self-adjustment” of the filter, per individual range cell) would make better use of high-coherent Klystron data. 

· Good for airports and dual polarization

	Disadvantages:

· No significant disadvantages

	TWT

Advantages:

· Multi-trip echo recovery (less false echoes and ambiguities),

· Frequency agility (more independent samples, higher data update rate),

· Pulse compression (lower peak power, higher sensitivity),

· Pulse shaping (optimized spectrum, lower bandwidth),

· Supports dual polarization


	Disadvantages:

· Can not be calibtrated conventionaly by using a test signal generator providing a test signal of fixed, known power and frequency. A test signal generator providing a test signal of fixed, known power and frequency. The distortion of the phase information of received echo signals may result in the fact that fast moving targets are assigned to the wrong range gate and therewith to a wrong geographical location. This effect is named the “Range-Doppler-Coupling”


Conclusion:
It is generally desired that all systems have more or less the same configuration. Inhomogeneity is more critical for maintenance than complexity. A network all of the same radar type is the easiest to maintain. Same type & technology from different suppliers is often the first degradation of maintainability. Different types from different suppliers is the worst case for a maintenance team. Depending on the number of systems, these inhomogeneities endanger the reliability of a whole network.  
Magnetrons in Doppler weather radars are adequate and cost effective for general operational purposes since they provide the necessary transmitter stability at reasonable costs. National Met Services are often more interested in long range measurements and country-wide coverage.  If clutter has a more negligible impact, magnetron systems are suitable for this application. Dual polarization magnetrons are a good solution also for the basic operational systems. Especially for new, inexperienced customers, a magnetron radar is the first choice.  It has lower complexity, lower price and covers typically more than 90% of all standard meteorological tasks to the general satisfaction of the customer. So, it is a good choice to start with. Magnetron market is more competitive due to a higher number of manufacturers and its low cost. There are regional trends to be considered: CIS countries, South-America and emerging countries in Asia, these are typical Magnetron users. According to information gathered from manufacturers Magnetron and Klystron radars shared market almost equally up to last five years. But last five years magnetron radars increased their share fairly. In summary, the international market is more or less stable and shows a slight preference for Magnetrons. 

However, for customers, who already have a “history” in radar operation and if a high-end customer, the answer is more difficult, a number of additional aspects must be considered. Klystron systems are suitable for high profile, research situations, airports(like TDWR wind shear applications), high- performance clutter cancellation(hilly and costal areas). There are some impacts that is supposed to become advantage for Klystron radars for future like occupied bandwidth, pulse compression technique and numeric weather modeling. 

Currently, the general occupation of the RF frequency band is increasing rapidly. A lot of new wireless services are going to market; RF band width becomes an important natural resource, with growing importance and price. RF band width becomes an important natural resource, with growing importance and price. The problem of interferences and jamming will probably increase. Klystrons have a natural advantage compared to Magnetrons regarding bandwidth requirements. Their spectrum is more pure, suppression of spurious and harmonic radiation is better. The matched-filter bandwidth of the receivers is decreased as Klystrons do not drift in frequency, so the liability to interference is improved. Secondly, pulse compression is a potential candidate for a wide acceptance in the radar community during the next 5-10 years. The concepts exist, the implementation on research radars has started and the first draft results are promising. Klystron radars are a mandatory basis for pulse compression; it cannot be operated on magnetron radars. In general, klystron radars are safer with regard to investment protection. The ability to tune their pulse shape and frequency by external sources is technically quite attractive. It is an additional level of “design freedom”, which magnetrons do not have. Finally, there is a tendency to use radar data also as input for the numeric weather modelling. This application of radar data becomes more important in the future as radars and models get closer to each other due to their constantly increasing data -resolution, -volume, -quality as well as processing power and update rate. This is supposed to become another advantage for Klystron radars.
It can be expected for TWT transmitter technology with PC to spread out in near future if positive feedbacks come from NHMSs and other associations which are leading to use this technology. But in general, it seems that the radar meteorological market is conservative in its major development steps. A good example is the dual-polarization application, which was expected to attract similar acceptance as the Doppler function. But  DP application still is not widespread technology in the market. This shows how slow the market accepts a new technology. 
There is also a tendency that, customers, who have Magnetrons already, are buying Magnetrons later and Klystron customers stick to their Klystron systems also in their follow-up procurements according to some manufacturers experiences.
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