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1. Introduction  
 
As specified in Reference 1 (the EISCAT_3D Design Specification Document), the 
3D Central Transmitting/Receiving Core should provide, among other things,  
 

- grating-lobe free beam pointing out to 40o zenith angle,  
- a beam steering resolution of 0.625o,  
- pulse-to-pulse beam steering capabilities,  
- low side-lobes,  
- better than 100 m height/range resolution,  
- graceful degradation, and 

- long mean-time-between-failures (MTBF) 
 
It has been recognised for some time (basically since the evaluation of the user 
requirements was completed) that the only antenna configuration that can sensibly 
meet all these requirements simultaneously is a densely packed phased array, 
constructed from several thousand independently time-delay steerable element 
antennas (typically crossed dipoles over a ground-plane) spaced at 0.6 – 0.7 
wavelengths. This insight was made part of Section 2.3 of Reference 1, which defines 
the scope and characteristics of the Central Transmitting/Receiving Core. 
 
The Active Element is a subset of the Central Transmitting/Receiving Core, 
comprising all subsystems required to amplify the RF drive signal to the required 
power level, radiate it in a controlled manner and recover the backscatter signal: 
 

- the central transmit/receive phased-array antenna, 
- the RF power amplifiers, 
- the receiver front ends,  
- the RF power distribution/feed system (to the extent required), and 
- built-in test equipment (BITE) as required 

 

The present document addresses the first two of these (the phased-array antenna 
and the RF power amplifiers) in-depth, considers the receiver front ends in more 
general terms and briefly discusses those feed system issues having a bearing on 
the array architecture and practical implementation. 
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2. The phased-array antenna  

2.1 Beam-width 

  
We first consider how optical performance requirements, i.e. desired beamwidth and 
grating-lobe-free field of view, govern the array size and number of elements:  
 
A circular, evenly filled, aperture with n elements separated by a distance de will have 
a diameter DA: 
 

DA = Õ(4/p) de Õn        (2.1) 
 

q, the width of the beam produced by this aperture at a wavelength l, is 
approximately 
 

q = 1.22 l / DA         (2.2) 
 
so therefore 
 

q º  1.1 (l/ de) n
-0.5        (2.3) 

 
The maximum permissible inter-element distance for grating-lobe free performance 

out to an angle ± q1 is (Ref. 2): 
 

 de(q1) =  l (1+|sin q1|) 
-1        (2.4) 

 

In the following, de is set to 0.6 l, the maximum permissible distance when q1 = 40o 
(Ref. 1).  Eq. (3) then reduces to  
 

q º 1.83 n-0.5         (2.5) 
 
or, expressed in degrees: 
 

q º 79.1 n-0.5         (2.6) 
 
In practice we might get away with a slightly larger element separation; Eq. 2.4 
assumes isotropic sources, but the actual radiating elements will most likely be 
shortened dipoles above a ground-plane, or even short three-element X yagis. In the 
(80 - 90)o range the element patterns will be down by at least –10 dB relative to the 
maximum direction, thus suppressing the grating lobes as they first appear inside the 
visible region. If a grating lobe suppressed by –20 dB or more at  -80o can be 
tolerated simultaneously with the main beam pointing to 40o, de can be allowed to 

increase to at least 0.65 l. This would lower the number of element antennas by 
about 15 % and probably reduce the investment cost by a similar amount. In the 
following, we stick to the isotropic boundary to remain on the safe side.   
 
In order to establish the maximum acceptable inter-element distance, a detailed 
numerical study of two or three promising element antenna types with regard to their 
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radiation patterns, electromagnetic characteristics and immunity to ice and snow 
cover should be started as soon as possible. In particular, 3-element Yagis with thick, 
shortened elements should be investigated in depth. 

 

2.2 Power-aperture product 

 
The power-aperture product PxA, that is, the product of peak transmitter power and 
receiving antenna aperture, is often used as a figure-of-merit for comparing different 
incoherent scatter radar systems. Here, we use it to gauge the performance of 
different size phased arrays compared to the present EISCAT VHF system.  
 
The VHF was specified and designed to have a peak power of 5 MW, but in practice 
it has never been run at more than about 3 MW.  When the whole antenna is fed in-
phase to generate a single beam (Mode 1), the effective aperture is about 3200 m2 
for a PxA of about 9.8 GW m2. In the dual-beam configuration (Mode 2), the system 
is essentially operating as two independent radars, each having half the transmitter 
power and half the effective aperture of the Mode 1 configuration, resulting in a 
power-aperture product of about 2.5 GW m2 per beam. In both configurations, the 
power density at the antenna aperture is 0.94 kW m-2.  
 
 

2.3 Numerical evaluation of PxA of some arrays 

 
In a mono-static phased array system where the antenna is shared by the transmitter 
and the receiver, the total transmitter power and the receiving antenna aperture both 
increase linearly with the number of array elements (assuming all elements are driven 
and no aperture tapering is applied). It follows that to first order, the power-aperture 
product PxA goes as the square of the number of elements. 
  

Solving Equation (2.5) for nq, the number of elements required to produce a beam 

with a given q (expressed in degrees), we have: 
 

nq º (79.1 / q)2         (2.7) 
 
The parameters of some phased arrays with (–3 dB) beam-widths in the (2.5 – 0.46)o 

range are now computed, assuming an operating frequency of 240 MHz (l = 1.25 m) 

and an element spacing de = 0.6 l = 0.75 m. 
 
Since the area covered by a single element is Ael = de

2 = 0.56 m2, it follows that 
 
 

 PxA (q) = 0.56 (79.1 / q)4 Pel = 2.192 108 q-4 Pel    (2.8) 
 
 
where Pel is the power radiated by the individual element and [PxA]= Wm2. 
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In order to establish the PxA of each array, a value for Pel must be selected. Pre-
empting the conclusions of the “RF power amplifiers” section later in this document 
we assume that each element antenna is fitted with two independent 300-watt power 
amplifiers, supplying RF power the two orthogonal linear polarisations for a total of 
600 watts per element. The resulting array power density is then about 1.07 kW m-2, 
i.e. almost the same as the EISCAT VHF power density. The results are tabulated 
below: 

 

Table 2.1:  Parameters of some phased arrays for operation at l = 1.25 m. Inter-  

element distance = 0.6 l, transmitter power 600 W / element. 

  
 

Array  
# 

Beam-
width 

[degrees] 

Number of 
elements 

Array diameter 
[wavelengths] 

Power-
aperture 
product 
[GW m2] 

Notes 

      
1 2.5 1024 22 0.35  1 
2 1.65 2304  32 1.8  2 
3 1.2 x 1.7   2.4  3 
4 0.6 x 1.7   9.8  4 
5 1.24 4096 43 5.7  
6 1.0 6250 54 13.2   
7 0.62 16384 87 90.6 5 
8 0.46 29584 116 295  

 
 
Note 1: Minimum size phased array, performance comparable to the ESR Phase 1 system 

Note 2:  Equivalent to four basic array modules (if arranged in a square, PxA º 1.4 GW m2) 
Note 3: EISCAT VHF, Mode 2 (dual beam, power-aperture product per beam) 
Note 4: EISCAT VHF, Mode 1 (full antenna, single beam, 3 MW) 

Note 5: Cf. the EISCAT UHF (32 m parabolic dish, q = 0.6o, 2 MW @ 928 MHz), 
             whose power-aperture product is only 1.1 MW m2 
 

 
 
 
3. RF power amplifiers 

3.1 Boundary conditions 

 
To achieve all of the Reference 1 system performance requirements relating to beam 
pattern, beam pointing and range resolution, the RF power amplifier subsystems 
must be designed to meet the following boundary conditions:  
 
Pulse-to-pulse beam steering: It must be possible to time-shift the RF signal feeding 
each antenna independently of all others, and to change the time-shifts on a pulse-
by-pulse basis, 
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Suppression of transmitted side-lobes: It must be possible to control the power 
distribution over the aperture, ideally on a pulse-by-pulse basis, 
 
Sub-100-m range resolution: The instantaneous power bandwidth must be at least 

2/(0.66 ms) or 3 MHz. At 240 MHz, this is a relative bandwidth of 1.25 %, 
 
Additionally, the operational requirements of ñgraceful degradationò and ñlong MTBFò 
must be taken into account. 

 

3.2 Different RF power devices and their suitability for the 3D application 

 
RF power devices can be broadly classified into three families: 
 

- Semiconductor devices 
- Power grid tubes 

- Electron beam devices (klystrons, TWTs and IOTs) 
 
Semiconductors have replaced vacuum tubes and other electron devices in almost all 
fields of electronics and power engineering, so a semiconductor-based RF power 
amplifier system might be seen as the self-evident choice for the 3D system. 
However, high power generation at VHF, UHF and microwave frequencies is one of 
the few areas where the two technologies still co-exist and complement each other. 
In fact, development work in the vacuum tube field continues to this day, producing 
among other things the inductive output tubes (“IOTs”) that are now universally used 
in the output stages of high-power UHF TV transmitters as well as in particle 
accelerator RF sources. It is therefore instructive to take at least a cursory look at the 
whole spectrum of devices. 
 
Some important device characteristics are summarised below: 

 

Table 3.1: Characteristics of different RF power devices 

 
Device type POUT [kW] GP 

[dB] 
BW  
[%] 

Operating 
voltage(s) 

h [%] Lifetime 
[103 h] 

Power Grid Tubes 0.5 – 10 (500+) 10 – 13  2 – 3  (0.5, 5-10) kV 50 – 60  3 – 10  

Medium Power Klystron 30 – 70  30 – 40  ~1 ~25 kV 40 – 50  10 – 20  

High Power Klystrons 500 – 2000  > 40 < 1 80 – 100 kV 30 – 45  10 - 20 

Inductive Output Tubes 30 – 70  20 2 – 3   60 º 10 

Travelling wave tube 0.1 - >100  30 – 40  > 50  25 – 35  10 - 20 

Semiconductors (FETs) 0.3 – 0.5  11 - 17 > 5 25 – 100 V 50 – 65  > 50 

 
 
 
We now consider the different devices and device-specific characteristics with regard 
to the requirements of a Reference1 phased array:  
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Travelling-wave tubes, klystrons and IOTs all belong to the electron beam device 
family. They all require multiple operating voltages, one of which is a high DC voltage 
(tens of kV) that accelerates the electron beam. 
 

Travelling-wave tubes (TWTs) are presently produced for all common microwave 
communication and radar bands, but not for frequencies much below 400 MHz. While 
it is perfectly possible to design and manufacture TWTs for use at VHF frequencies, 
there appears to be no good reason for doing so - they would become physically 
large, unnecessarily complicated and delicate and probably also very expensive. 
Their strong point, extremely large power bandwidth, cannot be exploited to 
advantage in a radar operating in the VHF band, because of the severe congestion in 
this part of the radio frequency spectrum.  Also, their DC-to-RF conversion efficiency 
is poor, 25-35 %, implying severely increased operating costs compared to other 
devices.  
 
Klystrons possess one important characteristic that is considered an advantage in 
many applications (e.g. the old EISCAT radar systems): very high output power per 
device. However, this very characteristic militates strongly against using them in the 
3D system: At 30 – 2000 kW per device, the output power is 30…1000 x greater than 
that needed to drive an individual array element, thus requiring a very complicated 
system of power dividers and high-power phase-shifters to distribute and control the 
power flow to as many as 1000 elements per klystron. In a feed system of this kind, 
variable power tapering is almost impossible to realise.  
 
By extension, klystrons are also a poor choice from the graceful degradation point of 
view, as a single failed device will result in a large fraction of the array losing power at 
once. Also, the instantaneous power bandwidth of a large klystrons is only marginally 
sufficient, or even insufficient, to meet the range resolution requirement. 
 
IOTs fare better in the bandwidth department, but with output power levels in the 30 – 
70 kilowatt range they are subject to the same complications as the klystrons with 
regard to the RF power distribution / feed / beam-steering system.   
 
TWTs, klystrons and IOTs are seen to be poor alternatives for the 3D power amplifier 
active devices in respect of power supply requirements, output power, bandwidth and 
potential for graceful degradation, and they are therefore excluded from further 
consideration. 
  
Power grid tubes come in many shapes and sizes. The massive market penetration 
of semiconductor RF power devices notwithstanding, low and medium power tubes 
(both triodes and tetrodes) are still manufactured widely in many countries. There 
should be no problem finding a tube in the one-kilowatt class with guaranteed 
availability of spares for a decade. As will be shown later, a kilowatt is in the right 
power range for feeding an individual phased-array element, so tubes of this class 
could be used as the active elements of element-level power amplifiers. However, 
power grid tubes need multiple operating voltages, one of which is always a medium 
high DC voltage (> 2 kV), thus necessitating a fairly complicated power supply 
system. Tubes employing indirectly heated oxide cathodes also exhibit relatively 
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short lifetimes in the order of 3000 – 6000 hours; the more long-lived directly heated 
filament cathode types instead consume substantial amounts of filament-heating 
power, which reduces the overall DC-to-RF conversion efficiency significantly.  
  
RF power semiconductor devices fall in two distinct categories, viz. bipolar junction 
transistors (BJTs) and field effect transistors (FETs). The maximum output power that 
can be obtained from an RF power transistor is limited by the physical properties of 
the semiconductor material, in particular the safe junction/channel power density. 
Increasing the junction/channel area and reducing the device thickness in an attempt 
to increase power also increases the junction/gate capacitance, so reducing 
maximum frequency and power gain. The heat resistance between the semi-
conductor die and the heat sink determines how much loss power can be transported 
away from the die at the maximum allowed device temperature and is often the factor 
that the ultimately limits the output power.  
 
Until recently, these factors combined to limit the practical output power of CW-rated 
semiconductor devices to about 150 watts at all frequencies from VHF upwards. But 
during the last decade, demands from industry for better devices for the base stations 
for 3rd generation mobile telephone systems have caused much R&D to be expended 
on pushing the upper frequency limit of 100+ watt devices to well beyond 2.4 GHz 
and at the same time improving device linearity, culminating in the development of 
the lateral D-MOS (LDMOS) field-effect transistor technology. 100-watt LDMOS 
transistors are now being more or less universally used in 3G base station amplifiers. 
LDMOS technology is also used in lower-frequency devices, where it offers a 
substantial increase in power; dual 250-watt VHF LDMOS devices have recently 
started to appear on the market. 
 
When operated within their ratings, RF power semiconductors show excellent 
lifetimes, upwards of many tens of thousands of hours, primarily limited by slow 
electro-migration of the metal used in contact pads and bonds. However, when 
operated under unusual conditions or outside manufacturer’s ratings, other failure 
mechanisms may show up; not all of these are well understood. 
 
Semiconductor devices typically operate off a single power supply in the 28 – 50 volt 
range, thus simplifying the power supply problem dramatically as compared to all 
electron devices. An additional advantage of FETs is that, being majority carrier 
devices, they do not suffer from thermal runaway effects. Biasing is also very simple, 
requiring only a source of adjustable positive voltage; the bias voltage can be derived 
from the main power supply through a voltage divider or a small regulator IC. 
 

3.3 Power bandwidth considerations 

 
The power bandwidth of an amplifier stage employing power grid tubes or 
semiconductors as the active devices is primarily defined by the loaded Q-values of 
the networks used to transform the device input and output impedances to the 
transmission line impedance, typically (50+j0) ohms. For wide bandwidth, these 
networks should be designed for low loaded-Q, which however cannot be lowered 
below QLmin, which is set by the tube input and output capacitances: 
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  QL > QLmin = R / |XC|        (3.1) 
 
where R is the optimum load resistance and XC is the reactance of the input or output 

capacitance, C. Typical values are R = 1…2kW and C = 10….20 pF. 
 
The 2 – 3 % bandwidth quoted for power grid tubes in Table 3.1 is typical of a well-
designed 1-kW, 200 MHz amplifier and more than sufficient to meet the 3D range 
resolution requirements. However, assuming an output capacitance COUT = 15 pF,  

|XC| (200 MHz) º 50W. The amplifier output network will therefore be operating at a 
QL in the order of 20…40. This is uncomfortably high from a long-term stability point 
of view: the transmission line section making up the output matching network is 
typically in direct thermal contact with the tube anode and one has to worry about 
thermally induced de-tuning and possible runaway effects under unfavourable load. 
 

On the other hand, matching a typical 28 V, 300 W, 200 MHz power FET to a 50W 
load calls for a network operating with a loaded Q in the order of 2….4, so thermally 
induced network drift should not normally be an issue.  
 
While small power grid tubes and RF power semiconductors are thus comparable in 
terms of output power and power gain at 200 MHz, the lower operating impedances 
and consequent wider power bandwidths, simpler biasing and power supply 
requirements and longer lifetimes of semiconductors make them the preferred 
solution for the EISCAT_3D RF power amplifiers. Power grid tubes are therefore 
excluded from further considerations.  
 

3.4 VHF power FETs 

 
In the VHF (150 - 225 MHz) range, an important application for 300+ watt FETs is in 
the power amplifiers for Band III TV transmitters. Most of the world’s leading 
semiconductor manufacturers used to be represented in this market segment, but the 
pressure from the mobile telecom marketplace and the changeover to digital 
terrestrial TV (mostly transmitted in Band IV/V) now taking place world-wide have 
caused many of them to pull out. However, a few well-established suppliers, e.g. NXP 
Semiconductor (ex-Philips), Freescale and ST Micro Devices, are still maintaining 
and expanding their VHF device lines. Some presently available semiconductor 
devices in the 300-500 watt class are tabulated below: 
 
 

Table 3.2: VHF power semiconductor devices 

 
Type Output 

power 
[W] 

Gain 
[dB] 

@ freq 
[MHz] 

UCE 
[V] 

Efficiency 
[%] 

Manufacturer Notes 

        
SD2932 300  175 50 50 ST Micro  
SD3932 300  150 100  ST Micro  
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6V2300N 300 27 (!) 225 50 65 Freescale Tentative 
BLF248 300 11.5 225 28 65 Philips  
BLF368 300 13.5 225 32 62 Philips  
BLF369 500 >17 225 32 60 Philips New 

 
 
It has not been possible to find reliable data on either of the ST Micro devices for 
operation at 225 MHz. The Freescale MRF6V2300N is a brand new release, for 
which only tentative data are available so far. Its rated operating voltage of 50 volts 
and its claimed power gain of 27 dB put it in a class of its own, but it remains to be 
seen if the device will actually measure up to those claims.  
 
The Philips BLF248 and BLF368 look promising. These devices are push-pull silicon 
N - channel FETs, designed for broadcast transmitter applications, and have been in 
full production for quite a few years. Both are rated at 300 W CW nominal output 
power up to 225 MHz in class AB. According to the manufacturer’s data sheets 
(Reference 3), typical devices can be expected to produce 350 W CW at 70o C 
operating temperature. They could possibly be run at even higher output power in 
pulsed operation, although this remains to be verified. Complete designs for 
evaluation amplifiers, including PCB artwork, are available from Philips. 
 
Power- and linearity-wise, either device would probably do a good job in the 
EISCAT_3D application if run at less than 350 watts. Operating at 32 volts, the 
BLF368 might be the best choice from the power supply point of view. On the other 
hand, at that voltage its efficiency is about 3 % less than that of the BLF248.  
 
The BLF369 is a recent introduction by Philips. This is also a push-pull device, but in 
contrast to its predecessors, it is a LDMOS FET boasting a 500-watt CW rating all the 
way to 500 MHz (Reference 4). The LDMOS process also delivers better power gain; 
over 17 dB can be expected at 225 MHz and 500 watts output, making it possible (at 
least on paper) to design a (+ 3 dBm => + 27 dBW) power train with just three stages. 
If the long-term reliability of this device can be proven, it becomes a very serious 
contender for the 3D final stage active device. 
 
 

3.5 Semiconductor-specific thermal issues 

 
The IS radar application is very different from the TV one with respect to the thermal 
stresses imposed on the power devices. In most analogue TV transmitters, the 
transistors are biased class-AB and run at a constant dissipation of perhaps 50 % of 
their rated output. The RF power actually generated during one scan line is controlled 
by the video signal content and is typically very low; maybe 10 – 20 % of rated power. 

The only time that the output reaches full rated power is during the 4.7 ms line sync 

pulses every 64 ms and the 160 ms frame sync pulse at the end of a half-frame (every 
20 ms).  
 
In an IS radar application, the duration of a typical transmit-receive cycle is 
somewhere between 1 and 10 ms, that is, in the same order as (6….60) TV scan 
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lines – but the RF pulse lengths are typically in the 0.5 – 2 milliseconds range, 
transmission is always at full rated power and the devices are completely cut off 
between pulses. This imposes a thermal cycling whose period can be in the same 
range as the thermal time constant of the bonding wire – chip – substrate system, 
thus subjecting the device to cyclic stresses that have been known to induce material 
fatigue and premature device failure. As data for this operating mode are not 
available for the devices listed above, it appears that the only way to assess their 
suitability for radar operation is to run an extended full power stress test (several 
thousand hours) on a relatively large sample, using realistic waveforms. 
 
Obviously, it is not possible to carry out a full-scale test program of this kind within the 
scope of the 3D study, but bidders may eventually be requested to provide such data 
as part of the tender process. However, a limited test program, aiming at identifying 
whether existing devices are prone to heat-cycling-induced infant-mortality failures, 
has been initiated. Following contacts to NXP Semiconductors (ex-Philips), a batch of 
ten BLF248 power FETs has been received for evaluation, printed circuit board 
layouts for a 225 MHz amplifier stage have been obtained, other components and 
ancillary instrumentation are currently being purchased and assembled and a first 
batch of two BLF248 amplifiers is under construction. These will be ready at the 
beginning of April 2007. Extended tests at duty cycles up to 20 % and realistic pulse 
repetition frequencies will commence immediately thereafter. First results from the 
tests should be available by the Mid-Term Review. The new BLF369 will also be 
evaluated as soon as samples become available. 
 

 
 

4. The receiver subsystem 
 
There are essentially two alternative ways to implement the receiver part of the active 
element: it can either be included as a distinct subsystem, or integrated with the 
transmitter exciter and HPA into a combined RF unit, transceiver style. 
 
Other phased-array research radar systems, e.g. the Japanese 50 MHz MU radar 
and the 440 MHz AMISR radar systems now being deployed at different American 
sites, have chosen the transceiver approach for obvious reasons (being mono-static, 
they have no receive-only arrays to worry about).  
 
For the 3D project, the choice is not clear-cut. One could envisage either a hybrid 
system comprising a mixture of transceiver and receiver modules, or a system where 
all receivers are identical. At this point, it is instructive to consider how many 
receivers will be required altogether, compared to the number of receivers in the 
active element. 
 

When the element separation in the core is 0.6 l (as assumed in 2.1), the number of 
elements required to fill a physical area AC is NC: 
 

NC = AC / (0.6 l)2        (4.1) 
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The receive-only arrays will be required to observe only over a relatively restricted 
part of the visible hemisphere, typically within a cone having an apex angle of about 
40o. The element antennas can therefore be e.g. short Yagis with a gain in the order 

of 10 dBi, separated by about 1.25 l in the plane orthogonal to the array boresight 

direction and by about (1.25 l / sin e) along the projection of the boresight direction in 

the horizontal plane, where e is the element antenna elevation.  
 
It follows that NR, the number of element antennas in a remote array, is  
 

NR = AR sin e / (1.25 l)2       (4.2) 
 
where AR is the receive-only array ground area.  
 
If AR = AC, a system comprising a core array and four receive-only arrays elevated to 

e = 55o will comprise a total of NRX receivers: 
 

     NRX = AC l-2 [(0.9)-2 + 4/(1.25 sin 55o)-2] = AC l-2 [2.78 + 3.82] = 6.6 AC l-2 

                     (4.3) 
 
where the two terms in brackets are proportional to the number of receivers in the 
core and the number of receivers in the receive-only arrays respectively.  
 
Note that the receive-only arrays account for nearly 60 % of the total number of 
receivers. A system architecture where the active element receiver and transmitter/ 
TR-switch are implemented as physically distinct and separate subsystems therefore 
seems attractive, as it would allow system-wide use of a common receiver front end 
design. This would bring major synergy effects (reducing the HW/SW development 
effort, reducing spare parts inventory, simplifying production and maintenance etc.). 
 
This approach does however introduce some complications. The active element 
antenna array and feed system are shared between the receiver and the transmitter, 
and so a certain amount of transmitter-receiver leakage will be present. This can be 
reduced to an insignificant amount through the inclusion of several stages of RF 
switching ahead of the receiver preamplifiers, but since these introduce losses and 
extra noise on receive, a compromise between receiver overload and noise 
temperature will have to be found. It is likely that pulses of RF at levels in the order of  
(-10…0) dBm, i.e. some 90-100 dB above the noise floor, will be impressed on the 
active element receivers in every radar cycle. The preamplifiers must be capable of 
sustaining this pulsed overload indefinitely without degradation of noise figure or gain 
and the receivers (including the ADCs) must be capable of recovering rapidly from 

the resulting severe overload, with a time constant <<10 ms.  
 
Special attention must be paid to the T/R-switch design with respect to loss on 
receive vs. isolation on transmit and the ability of the receiver to withstand, and 
recover from, overload must be verified.   
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5. System performance vs. 3D design target value  
 
Assuming classical incoherent scattering, the power received from a slab of plasma 
of thickness h, located at range R and filled with plasma of average density NT, is 
 

Pr = (Ar Pt) NT h r0
2 sin2 c  / (4p R2)     (5.1) 

 
where (Ar Pt) is the radar power-aperture product, r0

2 is the classical electron 

Thomson radius and c is the polarisation angle. 
 

h is defined by the radar pulse length t: 
 

h = ½ c t          (5.2) 
 

To recover the main part of the spectral energy from a pulse of length t requires a 
receiver bandwidth B: 
 

B = 2 / t = c / h        (5.3) 
 
The recovered scatter signal is corrupted by noise. Some of this originates inside the 
receiver, but at VHF most of the noise is of celestial origin and picked up through the 
antenna. Assuming that the composite noise can be represented as Gaussian white 
noise characterised by an equivalent blackbody temperature (aka “noise 
temperature”) Tn,  the noise power PN picked up by the receiver can be expressed as: 
 

PN  = c k Tn / h        (5.4) 
 
Thus 
 

SNR = Pr / PN = (Ar Pt) NT h2 r0
2 sin2 c  / (c k Tn 4p R

2)   (5.5) 
 
Factoring out all constants, this can be rewritten as  
 

SNR = [r0
2 sin2 c  / (4p c k)] * (Ar Pt) NT h2 / (Tn  R

2)   (5.6) 
 

For a mono-static radar sin2 c  =1 , so 
 

SNR = 1.92 10-15 * (Ar Pt) NT h2 / (Tn  R
2)     (5.7) 

 
Assuming a system noise temperature in the order of 190 K (not unreasonable),  this 
simplifies further to 
 

 SNR º10-17 * (Ar Pt) [NT h2 /  R2]      (5.8) 
 
For small SNR, Pr << PN and the variance of the power estimate < Pr + PN> is 
therefore approximately equal to the noise power variance, var <PN>, which for 

Gaussian white noise is º  PN. The noise variance can be improved by time-
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averaging a number of statistically independent measurements; it then reduces as 
the square root of the number of measurements, n: 
 

varn = SNR-1 * n-0.5        (5.9) 
 
Reference 1, Section 2.12 specifies design target values for time resolution at 
different altitudes and 10 % uncertainty. If the variance of the estimate is assumed to 
be dominated by noise variance, then 
 

n > (10 / SNR)2        (5.10) 
 
Using numerical values from Section 2.12, we now compute approximate values of 
SNR1 and n for system no. 8, whose power-aperture product is 2.95 x 1011 W m2. 
The results are tabulated below: 
 

Table 5.1: SNR1 and n estimates for System # 8 (corrected for Te/Ti) 

 

R  
 [km] 

NT  
[m-3] 

Te/
Ti 

h   
[m] 

10-17  NT h
2 /  R2 tint 

[s] 
SNR1 

(System 8) 
n 

150 1 x 1010 1.0 100 4.4 x 10-14 1 9.6 x 10-3 1.1 x 106 

300 3 x 1010 2.0 300 3.0 x 10-13 1 2.2 X 10-2 2.1 x105 

800 3 x 1010 3.0 1000 3.0 x 10-13 10 2.6 x 10-2 1.6 x105 

 

We see that under Reference1, Section 2.12 conditions, a System 8 configuration will 
not meet the time resolution requirement at any altitude. The pulse roundtrip times 
are respectively 1, 2 and 5.3 milliseconds, so at most 187 radar cycles per second 
can be used for the 800 km measurement, 500 cycles for the 300 km one and 1000 
cycles for the 150 km one. Using long coded pulses, a number of partially 
uncorrelated power estimates can be derived from each radar cycle, corresponding to 

a factor of º 10 x, but this still leaves a factor of (10….100) unaccounted for. 
 
To make up for the statistics shortfall entirely on the system side would require an 
array about (3….10) x the size of System 8. This is probably unrealistic. On the other 
hand, if the height resolution h could be relaxed, the time resolution could be met 
fairly easily: 
 

According to Equation (5.10), n  ́SNR1
-2 and from Equation (5.7) we see that SNR1 

 ́h2 => 
 

n  ́h-4          (5.11) 
 
Equation (5.11) highlights the fact that extreme height resolution must be paid for at 
very high cost, either in terms of capital investment and operating costs or in 
dramatically increased integration times.  
 
However, if h is allowed to increase by a factor of (2é3.2), SNR1 will go up by a 
factor of (4é10) ï which is sufficient to make a System 8 array meet the time 
resolution requirement at all altitudes between 150 km and 800 km! 
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Array # 7 produces a main beam with a beam-width almost as narrow as that of the 
present EISCAT UHF 32-meter dishes, but its figure-of-merit is about 80 times 
greater than that of the UHF system! 
 
 
6. System architecture 

6.1 General aspects 

6.2 Radio Frequency Unit (RFU) 

6.3 RFU Container 

6.4 Array Sub-Module 

6.5 Array Module 

 

7. Summary, conclusions and recommendations 
 
A promising hierarchical array layout has been identified and analysed. 
 
A detailed numerical study of two or three promising element antenna types, 
including 3-element Yagis with thick, shortened elements, with regard to their 
radiation patterns, electromagnetic characteristics and immunity to ice and snow 
cover will be started as soon as possible.  
 
Vertical or LDMOS FETs will be employed as the active devices in the RF power 
amplifiers. A small-scale test program will address the issue of thermal cycling 
possibly leading to premature device failure. 
 
The user community should reconsider, and hopefully relax, the coupled height/time 
resolution requirement to something more commensurate with the System 8 
performance level. 
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Active array module: 

6x6 orthogonal sub-modules  
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8. 

 

RFU 
container 

2.0-2.1 l  (2.5 – 2.65 m) 

2.0-2.5 m (not to scale) 

Side view 

Top view 

Figure 6.2   
One orthogonal sub-module: 

16 element antennas + 16-RFU 
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Figure 6.3   
Two hexagonal sub-modules: 

2 x (9 element antennas + 9- RFU) 

Top view 

3.9 – 4.2 l ( 4.9 – 5.2 m) 
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Figure 6.5  
Block diagram, one 16-RFU container face 
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Radio Frequency Unit (RFU) 
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