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SUMMARY 

Prior work has demonstrated the feasibility and benefits of producing a Multi Static Primary 
Surveillance Radar (MSPSR) system using dedicated transmissions operating at Ultra High 
Frequency (UHF), in order to provide coverage of terminal areas.  The initial work suggested 
that the selection of operating frequency was critical, and that the UHF band had significant 
advantages. The change over from analogue to digital television, the so called ‘digital 
dividend’, will release spectrum in the UHF band. However, there is significant demand for 
this spectrum, particularly from telecommunications network operators, and it is probable 
that any available spectrum will be auctioned off to the highest bidder. Hence, it could be 
considered unlikely that any spectrum would become available for the operation of Primary 
Surveillance Radar. This report assesses the feasibility of the alternative operating 
frequencies for a Multi-Static Primary Surveillance Radar, in either the L or S bands. 

Radar operating at a higher frequency will have an increase in propagation loss due to the 
reduced antenna efficiency, that is, the effective collection area of the antenna, being of a 
shorter physical size, is reduced. However, the results of this study demonstrate that the 
rise in loss can be compensated for by increasing the number of antenna elements, thus 
maintaining the overall antenna efficiency. However, it is not necessary to consequently 
increase the number of receiver channels as antenna elements can be combined prior to 
down-conversion. This is normal practice in phased array radars, where, for example, a 
thousand elements can be combined into 8 sub-arrays.  

Atmospheric attenuation increases with frequency, but it is not considered to be significantly 
different at L and S band compared to UHF, the change being an incremental increase rather 
than a step change. This is supported by the fact that existing surveillance radars operate at 
L and S band. The UHF band is used for very long range surveillance radars. 

The modelling undertaken to support the MSPSR study has been conducted using a general 
purpose multi-static radar modelling tool. Multi-static radar systems have a potential 
advantage over monostatic radar systems for a number of reasons and the simulation 
investigated three operating bands (UHF, L & S).  

The output of the simulation concludes that the coverage predicted in the previous study, 
see [Ref 1], is reasonable and matches the Radar 1 variant modelled herein. 
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Radar systems operating in any of the bands investigated can be constructed to have similar 
coverage performance. 

The choice of baseline size within the bounds of 20 km to 40 km has little impact on the 
theoretical coverage of any of the multi-static systems modelled. 

In a multi-static radar system it is necessary to use multiple transmitter frequencies in order 
to allow the use of multiple transmitters. However, the number of different transmitter 
frequencies should be limited in order to minimise the requirements on the receiver. The use 
of multiple frequencies, and different ranging waveforms, will provide sufficient 
discrimination to facilitate the determination of the transmission source for a received 
signal. 

It is estimated that the spectrum allocation for a MSPSR system will be commensurate with 
the signal bandwidth of a conventional PSR. However, whereas adjacent conventional PSRs 
have separate spectrum allocations, it is anticipated that adjacent MSPSR systems will be 
able to operate within a single spectrum allocation. 

A noise like waveform, such as a pseudo-random noise waveform, is the optimum waveform 
for the determination of range, as such waveforms have good auto-correlation performance, 
which is an important criterion in range estimation. In this application, where each receiver 
will be in view of multiple transmitters it is also important that a receiver can distinguish 
between specific noise waveforms. Therefore, it is important that the chosen noise 
waveforms also have low cross-correlation properties, in order that there is the minimum of 
interaction between different waveforms. Gold codes represent the optimum choice, as they 
have both good auto-correlation performance and also low cross-correlation products. 

The implementation of a receiver at L or S band is a slightly more involved process, than at 
UHF, but again it is an incremental change rather than requiring the application of a 
different technology. 

A receiver suitable for this application would be required to simultaneously provide reception 
on a number of frequencies. The best way to achieve this is to digitise following a single 
down-conversion stage. This means that the intermediate frequency (IF) and bandwidth 
could be identical, irrespective of the radio carrier frequency (RF). The IF bandwidth and 
hence the analogue to digital conversion (ADC) bandwidth would be determined by the 
number of and individual bandwidth of transmitters. An analysis of the required 
instantaneous dynamic range indicates that the desired range is within that available from 
existing ADCs. 

The digital signal processing load required for the proposed MSPSR system is recognised as 
being significantly greater than that required for a conventional PSR system. However, 
advances in processor technology mean that the extra processing requirement is entirely 
within the bounds of feasibility. 
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1 INTRODUCTION 

Prior work, see [Ref 1], has demonstrated the feasibility and benefits of producing a multi 
static primary surveillance radar system using dedicated transmissions operating at Ultra 
High Frequency (UHF). Such radar would initially be used to provide coverage of terminal 
areas and then may be extended to provide en-route cover.  
 
The initial work, see [Ref 1], suggested that the selection of operating frequency was 
critical, and that the UHF band had significant advantages. The change over from analogue 
to digital television, the so called ‘digital dividend’, will release spectrum in the UHF band. 
However, there is significant demand for this spectrum, particularly from commercial 
companies, such as telecommunications network operators. Hence, it is highly likely that 
any available spectrum will be auctioned off to the highest bidder. Hence, it is considered to 
be unlikely that any UHF spectrum would be assigned to the operation of Primary 
Surveillance Radar without significant effort and backing of governments and regulators.  

Many governments are seeking to commercialise the trading of spectrum, particularly in the 
UHF band, as it is seen to have significant commercial value. To make a case for a safety 
critical system to operate in these bands it would be important to demonstrate that this is 
the only viable band of interest and then to demonstrate that there are no safety 
implications from operating a system in such a busy part of the spectrum.  

This report assesses the feasibility of the alternative operating frequencies for a Multi-Static 
Primary Surveillance Radar (MSPSR), in either the L or S bands. The report specifically 
examines the frequency dependant factors that determine performance, in order to assess 
the impact of operation at the higher frequencies. 

The current spectrum usage in the UHF, L and S bands is examined first, together with the 
likelihood of the spectrum re-allocation at UHF due to the ‘digital dividend. 

The next section provides a detailed comparison of frequency dependant aspects of the 
deployment of a bistatic radar. 

The following section provides an indication of performance via the use of a mathematical 
simulation of an ideal multi-static radar. 

The final section provides an outline design. 

1.1 REPORT STRUCTURE 

The report is structured such that the supporting detail is contained in a number of 
appendices.  

This report contains the following sections: 

Section 2 Spectrum Usage 

Section 3 Operation at UHF/L band/S band  

Section 4 Simulation of UHF, L band & S band 
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Section 5 Design Study  

Section 6 Conclusions 

Section 7 References 

Section 8 Related Documents 

Section 9 Glossary 

 

Appendix A ATM Surveillance Requirements Extract 

Appendix B Atmospheric absorption 

Appendix C Slant Range, Elevation 

Appendix D Receiver Front-End 

Appendix E High Power Amplifier 

Appendix F Transmit Antenna 

Appendix G Bistatic Radar Equation 

Appendix H Propagation loss 

Appendix I Array Processing 

Appendix J An Example Sub-array Adaptive Beamformer 

Appendix K Bistatic  

Appendix L Radar Cross-Section 

Appendix M Antennas 

Appendix N Propagation 

Appendix O UHF European Spectrum Allocation 

Appendix P L-band European Spectrum Allocation 

Appendix Q S-band European Spectrum Allocation 

Appendix R Processing Gain 

Appendix S Modelling Output 
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2 SPECTRUM USAGE 

This section examines the potential for operation in each of the three bands of interest. 

The radar frequency bands were given the designation listed in Table 2-1 early in the 
development of radar. The typical applications for radar in each of the three frequency 
bands are listed in Table 2-1, see [Ref 2]. 

The classic use of the three bands in question suggests that there is no serious drawback to 
using any of the three bands for moderate range surveillance. 

Historically the UHF band has been used for long range airborne surveillance radar, where 
the radar horizon is greater than for a land based radar. 

Band Designation Frequency Range Typical Usage 

UHF 300 – 1000 MHz Very long range, typically airborne surveillance 

L-band 1 – 2 GHz Long range surveillance 

En-route air traffic control 

S-band 2 – 4 GHz Moderate range surveillance 

Terminal area air traffic control 

Long range weather (200 NM) 

Table 2-1 Typical Radar Frequency Band Usage 

S band has traditionally been the frequency band for the operation of terminal area PSR, 
while L band has been used for en-route PSR. 

2.1 UHF BAND 

In accordance with the Institute of Electrical & Electronics Engineers (IEEE) designation of 
Radar bands UHF is defined as being from 300 MHz through to 1000 MHz, see [Ref 5] pp 19. 

The current usage of the UHF band in Europe is summarised in Figure 2-1. A complete 
listing of the European frequency allocation is detailed in Appendix O. 
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Figure 2-1 European Frequency Allocation [300 MHz – 1 GHz] 

The European Radiocommunications Office (ERO) under the auspices of the Electronic 
Communications Committee Task Group 4 (ECC TG4) is preparing a draft CEPT Report in 
response to the Mandate from the EC on technical considerations regarding harmonisation 
options for the digital dividend. An interim report on the technical feasibility of harmonising 
a sub-band of bands IV and V for mobile applications, including uplinks, is due to be 
updated with the results of technical studies in December 2007. 

The current usage in the United Kingdom (UK) is summarised in Figure 2-2. 

The transition from analogue terrestrial television to digital terrestrial television (DTT) will 
release spectrum in the frequency range from 470 MHz to 862 MHz. The analogue signal will 
be switched off region by region within the UK between 2008 and 2012. 

The UK regulator Ofcom published a statement on the results of UK consultation in May 
2007, see [Ref 10]. A further statement was issued on the 13th December in which it was 
stated that ‘the market will decide how the spectrum is used in an open auction’, see [Ref 
17]. The auction will start in 2009. 

Ofcom identified four key spectrum uses: 

1. National digital terrestrial television 

2. Cognitive radio 

3. High-speed mobile broadband and mobile TV 

4. Local television. 

In addition much of the so-called interleaved spectrum, i.e. current guard bands, will be 
dedicated to use by services such as wireless microphones. 
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Figure 2-2 UK Frequency Allocation [300 MHz – 1 GHz] 

2.2 L BAND 

In accordance with the IEEE designation of Radar bands L band is defined as being from 1 
GHz through to 2 GHz, see [Ref 5] pp 19. 

The current usage of the L band in Europe is summarised in Figure 2-3. A complete listing of 
the European frequency allocation is detailed in Appendix N. 

 

Figure 2-3 European Frequency Allocation [1 GHz – 2 GHz] 

The upper end of the band, 1710 MHz to 2010 MHz, is assigned to commercial mobile 
communications, Global System for Mobile (GSM) communications, Universal Mobile 
Telecommunications System (UMTS) and Digital Enhanced Cordless Telecommunications 
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(DECT), and as the respective operators are seeking further allocations it is unlikely that any 
spectrum will be available in this part of the band. 

A large portion of the next section of the band, 1660.5 MHz to 1710 MHz, is assigned to 
defence systems. 

The next chunk of the band, 1525 MHz to 1660.5 MHz, is assigned, principally, to Mobile 
Satellite Service (MSS). The World Meteorological Organization have already objected, see 
[Ref 18], to the sharing of this band, hence it is apparent that there is already objections to 
sharing in this section of the band. 

The next section of the band, 1350 MHz to 1525MHz, has large portions assigned to Defence 
systems. 

The remainder of the L band is already largely allocated to Aeronautical Navigation. The 
following sub-section provides more details of this lower slice of the band. 

2.2.1 AERONAUTICAL RADIO NAVIGATION APPLICATIONS 

A number of Aeronautical Radio Navigation systems operate in the lower part of the L band: 

• DME 

• TACAN 

• SSR 

• ADS-B 

• JTIDS 

• L Band Radar 

2.2.1.1 DME 

The Distance Measuring Equipment (DME) system provides a measurement of the slant 
range from a ground station to an aircraft. 

The DME system operates in the frequency range 960 MHz to 1215 MHz, with a channel 
separation of 1 MHz. Adjacent ground stations operate on different channels. The ground 
station transmit power is typically between 100 W and 1 kW. 

The distance is determined by measuring the propagation delay of a radio frequency (RF) 
pulse that is emitted by the aircraft transmitter and returned at a different frequency by the 
ground station. 

It is not anticipated that DME will be abandoned in the near future. 
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2.2.1.2 TACAN 

The Tactical Air Navigation (TACAN) system is essentially a military version of DME, but also 
provides a bearing measurement. 

The TACAN system operates in the frequency range 960 MHz to 1215 MHz. 

An example of a TACAN ground station is the Rockwell Collins TCN-550 Tacan Beacon 
System, which has a 500 W solid state transmitter. 

It is not anticipated that TACAN will be abandoned in the near future. 

2.2.1.3 SSR 

Secondary Surveillance Radar (SSR) provides additional data to air traffic controllers in 
addition to Primary Surveillance Radar (PSR). 

An SSR system provides additional data, principally aircraft identity and altitude. The ground 
station transmits on 1030 MHz and the aircraft responds on 1090 MHz. The Effective 
Radiated Power (erp) is 52.5 dBW. 

SSR has recently been upgraded, to Mode S, which provides unique aircraft identification 
and the capability to provide additional information. 

SSR signals have recently been used in multi-lateration systems for the passive monitoring 
of aircraft, in support of programs such as Reduced Vertical Separation Minima (RVSM), see 
[Ref 28]. Similar deployments have been proposed, using both passive and active systems, 
in support of surveillance, providing extended area coverage. Such systems are known as 
Wide Area Multi-lateration (WAM). In the case of an active WAM deployment the WAM 
system would interrogate the aircraft, using the standard SSR frequencies. 

2.2.1.4 ADS-B 

Automatic Dependant Surveillance – Broadcast (ADS-B) is a system where position and 
other data are broadcast from the aircraft, to both ground stations and other aircraft. 

There are three technologies that may be employed for ADS-B 1090 Extended Squitter, Very 
High Frequency (VHF) Data Link Mode 4 (VDL4) and Universal Access Transceiver (UAT). 

• The 1090 Extended Squitter system uses the 1090MHz SSR frequency and SSR Mode 
S data formats. 

• The VDL4 system uses two 25 kHz VHF channels for a data link. 

• The UAT system uses a 1MHz broadband signal at 978 MHz. 

2.2.1.5 JTIDS 

Joint Tactical Information Distribution System (JTIDS) is a relatively new, secure, frequency-
agile, spread-spectrum, military communication system. 
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The JTIDS system is not an Aeronautical Radio Navigation Service, but it has been cleared to 
operate in the frequency range 960 MHz to 1215 MHz, subject to the provision that ‘JTIDS/ 
Multifunctional Information Distribution Systems (MIDS) transmissions shall not cause 
harmful interference to either existing or future equipment and systems in the Aeronautical 
Radio Navigation Service’. 

JTIDS operates in the 969 -1206 MHz band, which contains the TACAN and Identification 
Friend or Foe (IFF) (military version of SSR) frequency bands. As a result the JTIDS band is 
"Notched" from 1008 to 1053 and 1065 to 1113 MHz to prevent interference. JTIDS is 
installed on all types of aircraft, ships and on both fixed and mobile based ground systems. 

JTIDS employs a Time Division Multiple Access (TDMA) network with a maximum of 128 
nets, with 128 slots per second per net. The transmit power of a ground station may be as 
high as 1 kW. 

2.2.2 L BAND RADAR 

The spectrum allocated to radars in the L band is 1215 MHz through to 1400 MHz. 

2.3 S BAND 

In accordance with the IEEE designation of Radar bands S band is defined as being from 2 
GHz through to 4 GHz, see [Ref 5] pp 19. 

The current usage of the S band in Europe is summarised in Figure 2-4. A complete listing of 
the European frequency allocation is detailed in Appendix Q. 

The frequency band 1980 – 2200 MHz is principally allocated to UMTS/International Mobile 
Telecommunications-2000 (IMT-2000), which covers the lower part of the S band. There is 
also a second allocation to UMTS/IMT-2000 between 2500 – 2690 MHz. 

The sub-band 2400 – 2500 MHz is allocated to Industrial, Scientific and Medical applications 
(ISM), Radio Local Area Network (RLAN) and Radio Frequency IDentification (RFID) 
applications and hence with their widespread use is unlikely to be released for alternate use. 

Services Ancillary to Programming (SAP) and Services Ancillary to Broadcasting (SAB) 
applications are also liberally spread throughout the band. 

It is therefore assumed that any transmission in S band will need to be sympathetic with the 
existing frequency allocation for radars. 
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Figure 2-4 European Frequency Allocation [2 GHz – 4 GHz] 

2.3.1 S BAND RADAR 

The spectrum allocated to radars in the S band is 2.7 GHz through to 3.5 GHz. 

2.4 SUMMARY OF FREQUENCY ALLOCATION 

Spectrum is already allocated in both the L and S bands for radar.  The L band spectrum 
allocation is 1215 MHz through to 1400 MHz and the S band spectrum allocation is 2.7 GHz 
through to 3.5 GHz. 

The UHF band will see a reallocation of spectrum due to the so called ‘digital dividend’, 
which is due to the change over from analogue to digital television transmission. However, it 
is considered likely that most of the released spectrum will be sold to commercial operators 
on a highest bidder basis, as already declared in the United Kingdom. 

It is anticipated that a multi-static radar would have to operate in the existing allocated 
radar bands. 
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3 OPERATION AT UHF/L BAND/S BAND 

This section considers the general implications of operation in UHF, L band and S-band. 

The following sub-sections focus on comparing various factors that affect operation in the 
three bands of interest. 

The loss factors associated with the bistatic radar equation, and any variation with 
frequency, are examined first, followed by an examination of the variation of clutter with 
frequency. 

3.1 BISTATIC RANGE 

The range equation for a bistatic radar can be expressed as shown in Figure 3-1, and 
Appendix G. 

The radar range equation is divided into 6 components, see Figure 3-1. 

If it is assumed that the transmitter has similar behaviour over the frequency bands of 
interest, that is the transmitter power, antenna gain, etc., and polarisation are similar over 
frequency, then, what are of interest are the frequency dependant components, listed 
below: 

• Transmitted Signal Propagation 

• Target 

• Return Signal Propagation 

• Receiving System 
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Figure 3-1 Bistatic Radar Range Equation 

3.1.1 TRANSMITTED SIGNAL PROPAGATION 

The transmitted signal propagation has two components;  
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The left hand term has no frequency dependency, so it is only the LMT , loss in transmitted 
signal propagation, term that is relevant. 

3.1.2 TARGET 

A real target will have a number of physical components that will cause the return of the 
incident transmitted power to the receiver, some of which are frequency dependant. 

3.1.3 RETURN SIGNAL PROPAGATION 

The return signal propagation has two components; 
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Similarly to the transmitted signal propagation, the left hand term has no frequency 
dependency, so it only the LMR, losses in return signal propagation, term that is relevant. 

3.1.4 RECEIVING SYSTEM 

The receiving system has two components; 
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It is the left hand term, which describes the antenna efficiency 
π

λ
⋅4

2

that is of concern, as 

the effect of frequency on the right hand term can be mitigated by standard design 
practices. 

3.1.5 FREQUENCY DEPENDANT FACTORS 

The frequency dependant factors identified above can be grouped in to three parts; 

• propagation loss 

• radar cross section 

• receiving antenna efficiency 

3.1.5.1 Propagation Loss 

The power from a transmitter decreases with increasing range due to spherical spreading, 

i.e. the 24
1
R⋅⋅π

 term in the radar equation. 

LMT  and LMR represent the various losses that are in excess of the reduction in power due to 
spherical spreading. These excess losses are due to atmospheric attenuation, the variation 
of which with frequency, is described in the following sub-section. 

3.1.5.1.1 Atmospheric Attenuation 

This sub-section examines the frequency dependency of atmospheric absorption at the three 
frequencies of interest. Appendix B provides background information on atmospheric 
absorption. 

The three bands of interest are UHF, defined as 300 – 1000 MHz for the purposes of this 
study, L band 1 – 2 GHz and S band 2 - 4 GHz. 
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In the case of the example Terminal Area radar, the maximum range is at 50 NM and the 
maximum altitude is 20,000 ft. The slant range at 50 NM @ 20,000’ is 50.13 NM and the 
elevation angle is 3.42°. The atmospheric absorption versus frequency at 2° and 5° 
elevation is presented in Figure 3-2. The specific values for 670 MHz, 1.5 GHz and 3 GHz are 
listed in Table 3-1. The worst case value for atmospheric absorption at 50 NM range is less 
than 1.5 dB at 4 GHz. 
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Figure 3-2 Atmospheric Absorption @ 50 NM 

 Attenuation 

Frequency 2° 5° 

0.67 GHz 0.7 dB 0.5 dB 

1.5 GHz 0.98 dB 0.7 dB 

3 GHz 1.15 dB 0.8 dB 

Table 3-1 Attenuation @ 50 NM range for 2° & 5° Elevation 

3.1.5.1.1.1 Rain Attenuation 

This sub-section examines the frequency dependency of rain on path loss. 

Rain drops both absorb and scatter radar signals, with the result that less energy reaches 
the target and even less returns to the radar receiver as an echo. Precipitation affects the 
propagation of electromagnetic (EM) waves in two ways. Firstly, absorption of 
electromagnetic energy by water drops and, second, signal reflection from the rain, which is 
known as rain clutter. 

The absorption rate increases with frequency, and is of particular concern to radars 
operating above 10 GHz, and hence, there is scant detail available for frequencies below 10 
GHz. The two-way attenuation coefficient at 3 GHz is estimated as being between 0.0015 
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and 0.004 dB.km-1, see [Ref 3], extrapolation of this data suggests that the rate at 1 GHz 
would be between 0.0001 and 0.0005 dB.km-1. 

Some sources, see [Ref 9], state that at wavelengths of 10 cm (3 GHz) attenuation by rain 
is small and generally can be neglected. S band is used for long range weather radars. 
Attenuation of a radar signal by rain at either UHF or L band is negligible. 

Attenuation due to rain is negligible at the frequencies of interest, as asserted in the 
following quote: “Absorption due to rain or fog matters only for very high frequencies 
(above 6 GHz)”, see [Ref 21] sub-section 2.1.5 Atmospheric Absorption, pp 20. 

3.1.5.2 Radar cross section 

This sub-section examines the frequency dependency of a targets radar cross section (RCS). 

The RCS of a target will vary with frequency. A target will typically contain various scattering 
features, e.g. corner reflector, flat plate, singly curved surface, etc. 

The RCS for these scattering features can be approximated using the formulas detailed in 
Appendix L. The following scattering features exhibit a frequency dependency: 

1. Corner reflector 

2. Flat plate 

3. Curved edge 

The RCS of some features is frequency dependant, typically increasing with frequency, 
whilst others are frequency independent. Thus, in general the RCS of a target constituted 
from various scattering features will tend to increase with increasing frequency. However, 
the rate of change of RCS with aspect also tends to increase with frequency. 

3.1.5.2.1 Bistatic RCS 

The RCS of a target is more complicated in the case of a bistatic radar. The RCS defines how 
much of the energy incident upon a target is transmitted on to the receiver. In a monostatic 
radar the topology is fixed, and it is only the reflections in one direction that are of concern. 

In a bistatic radar the signal can come from any angle through 360°. In addition there is a 
special case, forward scatter, where the target is located between the transmitter and the 
receiver. In the case of forward scatter the RCS can be considerably bigger than the general 
back scatter level, see Figure 9-29 in appendix L.1. In this case the forward scatter RCS for 
a 1m sphere is over 25 dB greater than the average in other directions. 

A similar effect can be also be seen in the predicted bistatic RCS for a small aircraft, see 
Figure 9-31 in appendix L.1. In this case the RCS also peaks in the forward scatter direction. 
However, the general RCS shows a much gentler transition than for the 1m sphere. 

In general, the RCS will increase with increasing frequency, but the rate of change of RCS 
will also tend to increase as the energy is focussed. 
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3.1.5.3 Antenna Efficiency 

This sub-section is discusses the variation of antenna efficiency with frequency. 

Antenna efficiency varies as a function of frequency, see Appendix M. It can be seen that the 
free space propagation loss, for the case of a single antenna element, increases with 
frequency, see Appendix H. The loss is 7 dB more at 1.5 GHz and 13 dB more at 3 GHz, 
compared to the path loss at 670 MHz. 

The increase in loss is due to the reduction in antenna efficiency, as the spherical spreading 
loss is independent of frequency. 

The effective area of an antenna is given by the equation below, see Equation 9-39 in 
Appendix M; 

Antenna effective area ),(
4

),(
2

ϕθ
π

λϕθ GAe ⋅
=  

Thus it can be seen that the effective area reduces with increasing frequency, effectively the 
antenna couples with less of the radiated energy. 

The reduction in antenna efficiency can be counteracted by providing more receiving 
antenna elements at higher frequencies. 

3.1.6 BISTATIC RANGE SUMMARY 

An examination of the bistatic radar equation identifies a number of frequency dependant 
factors, which are; propagation loss, target cross-section and antenna efficiency. 

Propagation loss, both from the transmitter to target and target to receiver, increases with 
frequency. The propagation loss has two components; being free space loss and 
atmospheric attenuation. The free space loss is frequency invariant, being merely a function 
of range, i.e. spherical spreading. The loss due to atmospheric attenuation increases with 
frequency, but even at S band the loss is considered to be negligible. For example, normal 
atmospheric attenuation at 3 GHz at low elevation is just over 1 dB, against 0.7 dB in the 
middle of the UHF band. The attenuation level of atmospheric attenuation in even the worst 
conditions, i.e. storm force rain ( 100 mm.h-1 ), is less than 0.1 dB.km-1 at 3 GHz. 

In general, the target RCS will increase with increasing frequency, and the rate of change of 
RCS will also tend to increase as the energy becomes focussed into the main beam. In the 
case of a bistatic radar, the RCS varies with the relative geometry of the transmitter and 
receiver. In the case of a monostatic radar, i.e. collocated transmitter and receiver, it is the 
back scatter energy that is of interest. In the case of a bistatic radar, the RCS will be 
greatest were the target is in between the transmitter and receiver, the forward scatter 
case. It is possible that the RCS of targets may be lower than for a monostatic radar for 
angles away from the forward and back scatter geometries. However, if the target is 
deliberately engineered to minimise back scatter returns, then the reverse could occur.  

The effective antenna aperture, of a resonant element, decreases in area with increasing 
frequency, and hence, couples with less of the incident energy. This means that there is a 
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relative loss with increasing frequency. However, if the aperture area could be maintained 
then this loss could be negated. 

3.2 CLUTTER 

This sub-section is concerned with the effect of clutter over the three bands of interest. 
Clutter can be defined as unwanted radar returns that can mask the wanted radar signal 
returns. 

There are considered to be three forms of clutter that are relevant to this application, 
surface clutter, land or sea, point clutter and rain clutter. Surface and rain clutter have a 
systematic dependency on radar operating frequency, whilst point clutter is largely 
insensitive of frequency, see [Ref 4]. 

Wind farms generate two forms of clutter. Firstly, point clutter, typically due to the large 
RCS of the mast supporting the turbine, which can desensitise a radar in the range cells 
corresponding to the physical location of the wind farm, see [Ref 29] sub-section 20 
Obscuration, pp7, & sub-section 21 Shadow, pp11. Second, the movement of the turbine 
blades can produce clutter returns with a Doppler component which can break through the 
radar MTI filters, see [Ref 29] sub-section 20 Obscuration, pp7, generating false plots which 
can overload the system. 

3.2.1 SURFACE CLUTTER 

A radar will illuminate the surface in the immediate vicinity of the transmitter. Surface 
clutter is principally limited in extent to the radar horizon, after which it falls rapidly. The 
surface will scatter the incident signal energy, some of which will be captured by the 
receiving antenna. The return from a particular area will typically be the combination of 
individual returns from many scattering elements. As frequency increases so the wavelength 
decreases and smaller features appear rough. 

Very little information is available for bistatic radars; therefore the data for monostatic radar 
is used to indicate frequency dependence. 

3.2.1.1 Ground Clutter 

The scattering cross section, or surface clutter reflectivity, of land σ o, is a function of both 
look angle and ground area. The equivalent cross section for a particular type of ground is 
dependant upon the dielectric properties of the surface, the roughness of the surface, the 
nature of any vegetative cover and frequency. 

An approximate value for land scattering cross section, for the case of a monostatic radar, is 
given by Equation 3-1, see [Ref 4]. 

scattering cross section for land   
λ

σ 00032.0
=o  

Equation 3-1 

Typical ground clutter characteristics for the three bands of interest are presented in Table 
3-2, see [Ref 4]. 
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Radar band σ o Velocity Spread 

UHF -33.5 dB 

L-band -29.0 dB 

S-band -25.0 dB 

0.06 to 0.3 m.s-1 

Table 3-2 Typical Ground Clutter Characteristics 

3.2.1.2 Sea Clutter 

The scattering cross section, or surface clutter reflectivity, of the sea σ o principally depends 
upon the sea state, and look angle. An approximate value for sea scattering cross section, 
for the case of a monostatic radar, is given by Equation 3-2, see [Ref 4]. 

scattering cross section for sea   ( ) ( )( ) ( )dBdBBdB
o EK λσ −+⋅+−= sin664  

Equation 3-2 

where: 

KB = sea state [Beaufort scale] 

E = grazing angle 

Typical sea clutter characteristics for the three bands of interest are presented in Table 3-3, 
see [Ref 4]. 

Radar band σ o Velocity Spread 

UHF -55.0 dB 

L-band -51.5 dB 

S-band -47.5 dB 

0.45 to 1.0 m.s-1 

Table 3-3 Typical Sea Clutter Characteristics 

3.2.2 POINT CLUTTER 

A specific case of surface clutter is large reflections from man-made structures such as 
water tanks, radio towers, etc, which are not the desired target. Point clutter is different in 
that it has distinct range and azimuth extent. These structures are discrete reflectors, which 
tend to have a radar cross section which is largely independent of frequency. 

3.2.3 RAIN CLUTTER 

The presence of rain has two effects upon a radar, absorption, as discussed in sub-section 
3.1.5.1.1.1, and scattering from the rain particles, which is a form of clutter, i.e. an 
unwanted radar return.   
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Rain clutter is usually described in terms of volume reflectivity ŋ. The impact of rain clutter 
can be reduced by the judicious selection of polarisation, as indicated in Table 3-4, see [Ref 
4]. The data presented is for a rainfall rate of 4 mm.hr-1, moderate rainfall. 

 ŋ  

Radar band Co-polar Cross-polar Velocity Spread 

UHF 1.25.10-11 1.25.10-13 

L-band 2.10-10 2.10-12 

S-band 5.10-9 5.10-11 

1.8 to 3.0 m.s-1 

Table 3-4 Typical Rain Clutter Characteristics 

The volume reflectivity of rain ŋrain can be calculated approximately by use of Equation 3-3 

4
6.114106
λη r

rain
⋅⋅=

−
 

Equation 3-3 

where: 

r = rainfall rate [mm.hr-1] 

The data presented in Table 3-5, see [Ref 25] & [Ref 26], lists theoretical and experimental 
values of the volume reflectivity, or backscatter coefficient, ‘η’ for different frequencies and 
precipitation rates. 

  η [ dB.m-1]     Frequency 

 UHF L band S band C band X band 

Rain Type 450 MHz 1.25 
GHz 

3 GHz 5.6 GHz 9.3 GHz 

Heavy stratocumulus 
clouds 4 gm.m-3 

-1401 -1401 -118 -108 -98 

Fog    -120 -110 -100 

Drizzle 0.25 mm.hr-1   -102 -91 -82 

Light rain 1 mm.hr-1  -107 -92 -81.5 -72 

Moderate rain 4 mm.hr-1  -97 -83 72 -62 

Heavy rain 16 mm.hr-1   -73 -62 -53 

Table 3-5 Reflectivity of Uniform Rain [m2.m-3] 

                                          

1 Experimental points, see [Ref 26] 
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3.2.4 BISTATIC RADAR CLUTTER 

Clutter in the case of a bistatic radar is more complicated than for the situation of a 
monostatic radar. In a bistatic radar the amount of energy scattered by terrain and sea is a 
function of the relative angle, known as the bistatic angle, between the transmitter and 
receiver. The bistatic angle is defined as the angle subtended at the clutter cell by the lines 
joining it to the transmitter and receiver that are separated in space, see [Ref 12]. 

The surface clutter radar cross section is significantly larger in the forward scattered 
direction, see bistatic RCS appendix L.1. However, at an azimuth angle of approximately 90° 
from the backscatter direction then the clutter return may be significantly less than that for 
a monostatic radar. For example the difference in clutter radar cross-section is ~50 dB 
between 0° (backscatter) and 90° at 10 NM, see [Ref 12] pp. 240. 

The enhanced RCS for the case of forward scatter could be a problem for point clutter 
sources such as wind turbine farms. At lower frequencies the angular extent of the forward 
scatter will be greater than at higher frequencies, where the maximum will be greater but 
over a narrower angular extent. 

 

Figure 3-3 Wind Turbine – Forward Scatter Geometry 

If it is assumed that only one wind farm is located within a particular surveillance area then 
only one transmitter and receiver pair should be subject to forward scatter, see Figure 3-3. 
Consider the deployment as illustrated in Figure 3-3, where a wind turbine is located in the 
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forward scatter zone of transmitter Tx#2 and receiver Rx#3. The clutter return at receiver 
Rx#3 will be greater than for any other transmitter and receiver pair. In fact the wind 
turbine clutter should be less at all of the other receivers, than would be the case for a 
monostatic system. If an extra receiver is added, in this case receiver Rx#4, then coverage 
could be maintained, whilst blanking out the affected sector for receiver Rx#3. 

3.2.5 CLUTTER SUMMARY 

There are three forms of clutter that are relevant to this application, surface clutter, point 
clutter and rain clutter. Surface and rain clutter have a systematic dependency on radar 
operating frequency, whilst point clutter is largely insensitive of frequency. 

The level of surface clutter, i.e. reflections from land or sea, rises with increasing frequency. 
The available data is principally for a monostatic radar geometry, i.e. back scatter. In a 
bistatic radar the clutter level will likely be higher in the forward scatter zone, but lower in 
the regions between forward scatter and back scatter. Hence, in a multistatic deployment an 
area of ground or sea that is in the forward scatter zone of one transmitter/receiver pair, 
will generally have a lower clutter return for the other transmitter/receiver pairs. 

Similarly, a point clutter source may be in the forward scatter zone of one 
transmitter/receiver pair, but will generally have a lower clutter return for the other 
transmitter/receiver pairs, especially away from the back scatter zone. 

The reflection from rain is generally accepted to be negligible at the frequencies of interest. 
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4 SIMULATION OF UHF, L BAND & S BAND 

4.1 INTRODUCTION 

The modelling undertaken to support the MSPSR study has been conducted using a general 
purpose Multi-Static Radar Modelling Tool (MSRMT). 

Multi-Static Primary Radar System (MSPSR), is a proposed candidate to replace the current 
conventional monostatic radar systems deployed in Europe that provide primary radar 
coverage for air traffic management. Multi-static radar systems have a potential advantage 
over monostatic systems for a number of reasons, see [Ref 1]. The modelling investigates 
three hypothetical radar configurations in the operating bands UHF, L & S respectively. 

Previously THALES Air Systems have proposed a UHF based multi-static radar concept for 
this purpose, see [Ref 1] and this study starts at this point and investigates possible 
restrictions against operating such systems in the higher frequency bands. 

This section of the report is organised in the following sub-sections: 

Sub-section 4.2 provides a description of the MSRMT. 

Sub-section 4.3 introduces the scenarios to be modelled. 

Sub-section 4.4 presents the results of the modelling activity. 

Sub-section 4.5 provides a discussion on the modelling results. 

Sub-section 4.6 draws conclusions from the modelling activity. 

Appendix S contains the result plots of the modelling activity. 

4.2 MULTI-STATIC RADAR MODELLING TOOL 

The MSRMT was created to support development work for multi-static radar systems. It is a 
windows application written in Visual C++ using the MFC libraries. The core capability is the 
synthesis of received video data in a synthetic receiver within a synthetic environment 
consisting of transmitters and reflection sources. This takes the form of an event driven 
simulation and incorporates: 

• Free space Link budget.  

• Doppler shift.  

• Realistic Bistatic RCS capabilities by linking to EpsilonTM  [Ref 27]. 

The MSRMT also has a number of ancillary capabilities for supporting analysis and trials 
activities, including: 

• Scenario planning. 
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• Synthetic track generation. 

• Volkslogger ( GPS position logging unit ) data decoding. (http://volkslogger.de) 

• GSM/GPS survey data decoding and display. 

4.2.1 BISTATIC COVERAGE PLOTS 

The Bistatic Coverage plots are incorporated into the Scenario Planning function and the 
operator specifies the locations of Transmitter and Receiver, the Transmitter and Receiver 
properties and the Target RCS and evaluation altitude. The tool then displays the area within 
which the S/N is greater than a user specified threshold. 

The formulation follows the equations in [Ref 2] pp25.6. with the following constraints: 

• Antenna Gains are non-directional ( i.e. Omni ) 

• Pattern Propagation Factors ( Fr and Ft) are 0dB ( i.e. free space) 

• The target RCS is constant with radar – target geometry. 

4.3 SCENARIOS 

The strategy for the modelling is to take an existing MSRMT, and generate coverage plots 
that can be compared to the coverage reported for the UHF radar in [Ref 1]. Then to model 
similar radar configurations in the higher bands and to see the impact on coverage that this 
may have. 

4.3.1 DEPLOYMENTS 

In addition to comparing frequency bands, the modelling is also attempting to investigate 
the sensitivity with deployment baseline. The THALES UHF deployment model assumes a 
30km baseline, which in practice may not always be possible. The modelling therefore 
addresses regular deployments of 20km, 30km and 40km baselines. 

To match the THALES modelling three target sizes will be modelled: 

• UAV – 0dBsm target. 

• BIZJET – 10 dBsm target. 

• LINER – 20 dBsm target. 

The modelling is performed assuming that the bistatic RCS is constant with geometrical 
arrangement of radar and target. Note this is a generally a pessimistic assumption as typical 
RCS increases with bistatic angle and forward-scatter RCS values are often significantly 
higher than back-scatter RCS values. 
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4.3.2 GENERAL 

The THALES modelling generates probability of detection values and accuracy values and 
includes some RF propagation effects. The capability within the MSRMT is somewhat less 
sophisticated and for the purposes of this modelling it plots the Ovals of Cassini as detailed 
in [Ref 2] pp25.6 for a specific threshold of detection value. In all cases unless otherwise 
stated this threshold has been chosen to be a Signal to Noise ratio (S/N) of 10dB. 

The THALES modelling presents data at evaluation altitudes of 100m and 1000m in most 
cases. As terrain masking and ground propagation effects are excluded from the MSRMT 
model an evaluation altitude of 1000m has been chosen for all simulations in order to 
provide a like for like comparison to the THALES results, except where otherwise stated. 

The MSRMT uses a flat earth model. 

4.3.3 RADAR 1 – UHF 650 MHZ 

Table 4-1 provides a summary of the parameters used for the modelling of the Radar 1 
system. This is broadly based on the parameters detailed in [Ref 1] Tables 11 & 12. 
Parameters omitted from this table and present in [Ref 1] are not needed for the MSRMT 
modelling input and relate to other radar performance metrics not covered in this report. 
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Attribute Value Comments 

Frequency 650MHz Centre of band for UHF system. 

Bandwidth 1.0 MHz  As THALES radar system and affects, range resolution, 
receiver noise and integration gain. 

Tx Power 500W It is often ambiguous if this is the input power or the output 
power in the main beam. For the purposes of this modelling 
it has been assumed that the Effective Isotropic Radiated 
power (EIRP) excluding antenna gain is 27dBW (dBi). 

Tx Antenna Gain 2dBi  Simple quarter wave. Giving a total EIRP of 29 dBi. 

Tx System losses 1.5dB  

Rx LNA Noise 
Figure 

3dB  Typical good quality LNA. Equivalent to a Noise Temperature 
of 289 Kelvin. 

Rx Front end filter 
Loss 

3dB  

Integration period 500 ms  

Max Integration 
Gain. 

57dB  In 500ms at 1MHz there is an effective integration of 
500,000 signal voltage samples and 500,000 noise voltage 
samples. Noise samples sum as root(N), coherent sample 
sum as N. So voltage gain is N/root(N) so power gain is N. 

Rx Noise 
Bandwidth 

1.0 MHz  

No. Rx Elements 8  

Max Antenna Gain 10dBi 8 x 2dBi elements minus a 1dB inefficiency factor. 

Table 4-1 Radar 1 UHF 650MHz, Attributes. 

4.3.4 RADAR 2 – L BAND 1.5 GHZ 

Table 4-2 provides a summary of the parameters used for the modelling of the Radar 2 
system. The differences to Radar 1 are: 

• Operating Frequency. 

• Number of receiver antenna elements. 

• Design of Transmitter antenna. 
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Attribute Value Comments 

Frequency 1.5 GHz Centre of band for L band system. 

Bandwidth 1.0 MHz  As Radar 1. 

Tx Power 500W It is often ambiguous if this is the input power or the 
output power in the main beam. For the purposes of this 
modelling it has been assumed that the Effective Isotropic 
Radiated power (EIRP) excluding antenna gain is 27dBW 
(dBi). 

Tx Antenna Gain 9dBi  Stacked Antenna trading off Elevation gain for Azimuth 
gain.  

Tx System losses 1.5dB  

Rx LNA Noise 
Figure 

3dB  Typical good quality LNA. Equivalent to a Noise 
Temperature of 289 Kelvin. 

Rx Front end filter 
Loss 

3dB  

Integration period 500 ms  

Max Integration 
Gain. 

57dB  In 500ms at 1MHz there is effective integration of 500,000 
voltage samples and 500,000 noise voltage samples. Noise 
samples sum as root(N), coherent sample sum as N. So 
voltage gain is N/root(N) so power gain is N. 

Rx Noise 
Bandwidth 

1.0 MHz  

No. Rx Elements 32 In order to provide an equivalent receiving aperture to the 
UHF radar an increased number of higher frequency 
elements are needed. In addition to providing the required 
gain for the link budget this arrangement can provide 
superior angular resolution by steering narrower beams.  

Max Antenna Gain 16dBi 32 x 2dBi elements minus a 1dB inefficiency factor. 

Table 4-2 Radar 2 L band 1.5 GHz, Attributes. 

4.3.5 RADAR 3 – S BAND 3 GHZ 

Table 4-3 provides a summary of the parameters used for the modelling of the Radar 2 
system. The differences to Radar 1 are: 

• Operating Frequency. 

• Number of receiver antenna elements. 

• Design of Transmitter antenna. 



      

 
Use, duplication or disclosure of data contained on this sheet is subject to the restrictions on the title page of this document 

Page 40 of 183  72/07/R/376/U 
      

Attribute Value Comments 

Frequency 3.0 GHz Centre of band for S band system. 

Bandwidth 1.0 MHz  As Radar 1. 

Tx Power 500W It is often ambiguous if this is the input power or the 
output power in the main beam. For the purposes of this 
modelling it has been assumed that the Effective Isotropic 
Radiated power (EIRP) excluding antenna gain is 27dBW 
(dBi). 

Tx Antenna Gain 9dBi  Stacked Antenna trading off Elevation gain for Azimuth 
gain.  

Tx System losses 1.5dB  

Rx LNA Noise 
Figure 

3dB  Typical good quality LNA. Equivalent to a Noise 
Temperature of 289 Kelvin. 

Rx Front end filter 
Loss 

3dB  

Integration period 500 ms  

Max Integration 
Gain. 

57dB  In 500ms at 1MHz there is effective integration of 500,000 
voltage samples and 500,000 noise voltage samples. Noise 
samples sum as root(N), coherent sample sum as N. So 
voltage gain is N/root(N) so power gain is N. 

Rx Noise 
Bandwidth 

1.0 MHz  

No. Rx Elements 128 In order to provide an equivalent receiving aperture to the 
UHF radar an increased number of higher frequency 
elements are needed. In addition to providing the required 
gain for the link budget this arrangement can provide 
superior angular resolution by steering narrower beams.  

Max Antenna Gain 23dBi 128 x 2dBi elements minus a 1dB inefficiency factor. 

Table 4-3 Radar 3 S band 3.0 GHz, Attributes. 

4.4 RESULTS 

This section summarises the results of the modelling.  

4.4.1 SINGLE TX/RX PAIR RADAR 1, 30KM BASELINE 

Figure 4-1 Shows the MSRMT output for coverage for a single Tx/Rx pair with a 30km 
baseline. The shaded in area is the region where the S/N ratio is greater than 10dB. This 
corresponds well to Figure 19 in [Ref 1] and it is re-assuring that these two tools have 
independently achieved similar results for what are believed to be commensurate input 
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parameters. Note that the major axis of the coverage is ~92.6km and the minor axis of the 
coverage is ~83.1km. 

  

Figure 4-1 30km baseline Radar 1 coverage plot at 1000m AGL for UAV, and 
Dialog2. 

It should be emphasised that the MSRMT model does not include propagation losses in its 
calculation and apart from the 3dB front end filter loss in the receiver, the receiver is 
otherwise assumed to be optimal. For these reasons, it is believed that this theoretical 
performance is unlikely to be achievable in practice with the Radar 1 configuration as it 
stands. If it were necessary from a system perspective to achieve this coverage from a 
single Tx/Rx pair then serious consideration should be given to improving the performance 
margin of Radar 13 probably by increasing the transmitted power and/or the transmitter 
antenna gain. 

4.4.2 BASELINE SENSITIVITY DEPLOYMENTS 

Three deployments are considered for the three radar variants. The coverage plots are 
available in the Appendices and the results are summarised in the following sections. 

4.4.2.1 Single Cell 20km Baseline Deployment 

The MSRMT was designed around the display of real world data and all physical locations are 
described using their Latitude and Longitude. The choice of the absolute location for this 
analysis has been driven by the defaults within the application that centre the view on the 
Isle of Wight, UK. As terrain effects are not considered in this analysis mode, the choice of 
                                          

2  Scale on the plot is 10km per division in both X and Y. 

3 Whilst care has been taken to extract the relevant details from [Ref 1] it is possible that some mistake has been 

made in transcription that could account for this perceived difficulty. 
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absolute location will have no impact on the displayed results. The locations used for the 
20km baseline cell are given in Table 4-4. 

Location Unit Latitude / Longitude 

A Tx N050°16'20"  W001°26'03" 

B Rx N050°16'19"  W001°09'11" 

C Tx N050°25'40"  W001°00'38" 

D Rx N050°34'60"  W001°08'59" 

E Tx N050°34'60"  W001°25'58" 

F Rx N050°25'40"  W001°34'31" 

Table 4-4 20km Baseline Simulation Locations. 

 

Figure 4-2 20km Baseline simulation locations with distance markers 

Figure 4-2 shows a visualisation of the basic 20km baseline cell unit locations. Note the 
small deviations from the ideal 20km separation are due to rounding to the nearest second 
of arc. The distance measures are made assuming a flat earth and a standard projection is 
used to convert Latitude / Longitude locations into a local 3D Cartesian space. None of these 
approximations are expected to have a significant impact on the results achieved. 
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4.4.2.2 Single Cell 30km Baseline Deployment 

The locations used for the 30km baseline cell are given in Table 4-5. 

Location Unit Latitude / Longitude 

A Tx N050°10'52"  W001°26'30" 

B Rx N050°10'52"  W001°01'15" 

C Tx N050°24'57"  W000°48'27" 

D Rx N050°38'54"  W001°00'60" 

E Tx N050°38'54"  W001°26'30" 

F Rx N050°24'48"  W001°39'05" 

Table 4-5 30km Baseline Simulation Locations. 

Figure 4-3 shows a visualisation of the basic 30km baseline cell unit locations. 

 

Figure 4-3 30km Baseline simulation locations with distance markers 
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4.4.2.3 Single Cell 40km Baseline Deployment 

The locations used for the 40km baseline cell are given in Table 4-6. 

Location Unit Latitude / Longitude 

A Tx N050°10'52"  W001°34'40" 

B Rx N050°10'52"  W001°00'60" 

C Tx N050°29'31"  W000°43'40" 

D Rx N050°48'12"  W001°00'10" 

E Tx N050°48'12"  W001°34'19" 

F Rx N050°29'32"  W001°51'30" 

Table 4-6 40km Baseline Simulation Locations. 

Figure 4-4 shows a visualisation of the basic 30km baseline cell unit locations. 

 

Figure 4-4 40km Baseline simulation locations with distance markers 



      

 
Use, duplication or disclosure of data contained on this sheet is subject to the restrictions on the title page of this document 

72/07/R/376/U  Page 45 of 183 
      

4.4.3 DEPLOYMENT RESULTS SUMMARY 

Table 4-7 summarises the results for the three radar configurations and the three baselines 
for the UAV target. The metric chosen for comparison is the diameter of the area where at 
least three Tx/Rx pairs meet the 10dB S/N threshold. 

Radar 2 and Radar 3 have marginally better performance than Radar 1 mainly because the 
improved Tx antenna gain and increasing the number of receiver antenna elements has 
overcompensated a little too much for the change in operating frequency. Note this is 
probably not a bad thing as there is expected to be a few dBs of additional atmospheric 
attenuation at the higher frequencies not accounted for in the MSRMT model. 

The change in baseline has a remarkably small effect on the chosen metric leading to the 
conclusion that the sensitivity to layout appears is quite low. This is a significant advantage 
in realistic deployments where the sites that can be made available for the units are likely to 
be dictated by other factors. 

Table 4-8 shows the results for the BIZJET size target and Table 4-9 for the LINER target. 
Again a similar degree of insensitivity to baseline size is evident within the range sampled. 

 

 

Radar Baseline 

(km) 

Diameter of coverage for 3 overlapping 
Tx/Rx pairs (km) 

Radar 1 20 91.7 

Radar 1 30 95.2 

Radar 1 40 92.5 

Radar 2 20 125.3 

Radar 2 30 129.2 

Radar 2 40 131.1 

Radar 3 20 132.3 

Radar 3 30 134.9 

Radar 3 40 138.8 

Table 4-7 Deployment results summary based on overlapping coverage metric for 
1000m AGL and UAV target. 
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Radar Baseline 

(km) 

Diameter of coverage for 3 overlapping 
Tx/Rx pairs (km) 

Radar 1 20 159.6 

Radar 1 30 161.9 

Radar 1 40 162.7 

Radar 2 20 219.7 

Radar 2 30 222.0 

Radar 2 40 223.6 

Radar 3 20 233.6 

Radar 3 30 232.8 

Radar 3 40 235.1 

Table 4-8 Deployment results summary based on overlapping coverage metric for 
1000m AGL and BIZJET target. 

 

Radar Baseline 

(km) 

Diameter of coverage for 3 overlapping 
Tx/Rx pairs (km) 

Radar 1 20 278.3 

Radar 1 30 282.2 

Radar 1 40 282.1 

Radar 2 20 391.6 

Radar 2 30 386.9 

Radar 2 40 391.6 

Radar 3 20 410.1 

Radar 3 30 411.6 

Radar 3 40 414.7 

Table 4-9 Deployment results summary based on overlapping coverage metric for 
1000m AGL and LINER target. 

4.4.4 LINER AT 10KM ALTITUDE 

As all the modelling in the previous sections has been done at 1000m AGL it is necessary to 
provide some sample coverage plots for representative LINER altitudes for the three radar 
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variants. The altitude chosen is 10,000m AGL which is just over 30,000 feet. The 30km 
baseline has been chosen for the modelling as we have already demonstrated that baseline 
changes make little difference to the achieved coverage. 

Radar Baseline 

(km) 

Diameter of coverage for 3 overlapping 
Tx/Rx pairs (km) 

Radar 1 30 281.3 

Radar 2 30 386.9 

Radar 3 30 411.6 

Table 4-10 Deployment results summary based on overlapping coverage metric for 
10,000m AGL and LINER target. 

Table 4-10 demonstrates that the change from 1000m AGL to 10,000m AGL makes only a 
marginal difference to the coverage metric. This is to be expected from the underlying 
maths and where identical results are shown this is due to a limited resolution available on 
the output graphics for analysis. 

4.5 DISCUSSION 

The scenarios modelled have revealed that baseline size is not a particularly significant 
factor in the multi-static radar coverage within the bounds investigated in the modelling.  

The modelling conducted broadly confirms the work in [Ref 1], with the caveat that 
deployments could be made using higher bands as the Radar 2 and Radar 3 models show. It 
is the author’s opinion that Radar 2 configuration (L band) is a more likely alternative due to 
the lower number of receiver elements needed compared to the Radar 3 configuration. 

4.6 CONCLUSIONS OF MODELLING WORK 

The modelling work has been conducted in order to investigate the coverage claimed by 
prior work undertaken by Thales, see [Ref 1], to also examine operation at L & S band, and 
to investigate the sensitivity with the size of baseline. 

• The coverage predicted for the THALES UHF radar is reasonable and matches the 
Radar 1 variant modelled herein. 

• Radar systems operating in any of the bands investigated could be constructed to 
have similar coverage performance. 

• The choice of baseline size within the bounds of 20km to 40km has little impact on 
the theoretical coverage of any of the multi-static systems modelled. 
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5 DESIGN STUDY 

This section provides outline design details for a multi-static radar, for application to the 
specific application of Primary Surveillance Radar. 

The deployment of transmitters is considered first. 

5.1 FREQUENCY PLANNING 

With multiple transmitters it is necessary to arrange adjacent transmitter frequencies such 
that the signals from separate transmitters can be readily separated. 

In order to provide for the extension of coverage in any direction then an arrangement 
similar to that used in cellular phone deployment has been adopted. 

First consider a ring of alternate transmitters and receivers, as indicated in Figure 5-1. In 
the interest of simplicity each transmitter and receiver is centred in its own hexagonal zone. 
This provides for the easy visualisation of extension in any direction. 

The direct path between transmitters and receivers is considered first, then the ability to 
resolve targets by frequency in examined. 

 

 

Figure 5-1 Frequency Plan#1 – 3 Tx & 3 Rx Pattern 
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5.1.1 DIRECT PATH ISOLATION 

Consider the isolation between receivers and transmitters; where the distance between the 
centres of adjacent zones is 30 km, and all antennas are at 30 m elevation.  

The maximum direct path power for Tx#1 frequency ‘A’, as received by Rx#1 and Rx#2, 
which are both equally spaced from Tx#1, will be -44.5 dBm, see sub-section 5.4. Of these 
two receivers Rx#2 is nearest to the next frequency ‘A’ transmitter, Tx#5, with the range 
being ~79 km. Thus maximum theoretical direct path power received by Rx#2 will be -53 
dBm. 

However, the curvature of the earth will limit the maximum range. At UHF with a 30 m high 
transmit and receive antennas then the maximum transmission range will be ~45 km, see 
appendix C.2. Thus, the receiver Rx#2 would not receive a direct path signal from the next 
frequency ‘A’ transmitter, Tx#5.   

The receiver Rx#3 is equidistant, 60 km, from both the nearest frequency ‘A’ transmitters, 
Tx#1 & Tx#5.  Rx#3 will therefore not receive a direct path signal from either transmitter. 
The minimum separation between adjacent zones, assuming a flat earth, and 30 m antenna 
elevation, would be 22.5 km, before Rx#3 was theoretically able to see both frequency ‘A’ 
transmitters. 

Due to the symmetry of the frequency plan then all other frequency transmitters will have 
the same relationship to receivers as frequency ‘A’ transmitters. 

Adding an extra receiver, to the central zone inside of the ring of transmitters and receivers, 
see Figure 5-2, does not affect the isolation to the nearest adjacent same frequency 
transmitter, hence, the addition of this additional receiver has no performance penalty. The 
additional receiver could provide increased performance, as it is more likely to receive 
bistatic reflections off a target, from all three transmitters. This would be the case 
particularly where there was limited coverage from the ring of transmitters and receivers 
due to obscuration from the local terrain. Any enhanced performance, due to the additional 
receiver, would of course come with the penalty of increased cost and the overall processing 
load. 

Whether an additional, central, receiver is useful could only be ascertained by modelling a 
particular potential deployment, which would include topographical data in order to 
determine the effect of obscuration due to terrain features. Terrain obscuration is 
particularly relevant to low level coverage where the terrain will represent the principal limit 
to signal propagation. 
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Figure 5-2 Frequency Plan#1 - – 3 Tx & 4 Rx Pattern 

Self-jamming from adjacent transmitters is one consideration, but another is the ability of a 
receiver to resolve target position ambiguity. If a receiver only has one parameter, 
frequency, from which to identify the source transmitter of a signal, then all transmitter 
frequencies within reception range of a particular receiver must be unique.  

5.1.2 TARGET RESOLUTION 

This sub-section considers the resolution of targets with respect to the deployment of 
transmitters. A receiver needs to be able to determine from which transmitter a signal has 
originated, in order that the range can be estimated.  

With reference to Figure 5-1, consider a 1 m2 target located over transmitter Tx#3, i.e. mid-
way between frequency ‘A’ transmitters Tx#1 and Tx#5. The power received from the target 
will be identical, assuming identical propagation conditions. Thus, it can be seen that with 
this arrangement of transmitters that there will be ambiguity of position about a line 
connecting Rx#3 and Tx#3. Hence, more than four operating frequencies are required. 
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Figure 5-3 Frequency Plan#2 – 3 Tx & 3 Rx Pattern 

Now consider the five frequency plan shown in Figure 5-3. Again, a 1 m2 target is located 
over transmitter Tx#3, the received power from frequency ‘A’ transmitter Tx#1 [30 + 52 
km] is only 4.5 db greater (-157 dBm) than the received power from frequency ‘A’ 
transmitter Tx#6 [30 + 90 km] (-161.5 dBm), assuming that the target is above 2000’, i.e. 
above the radar horizon.  

 

Figure 5-4 Frequency Plan#3 – 3 Tx & 3 Rx Pattern 

Next consider the eight frequency plan shown in Figure 5-4, the transmitter pattern is 
repeated, hence the next frequency ‘A’ transmitter is Tx#9, bordering Rx#8. Similarly, a 1 
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m2 target is located over transmitter Tx#3, the received power from frequency ‘A’ 
transmitter Tx#1 [30 + 52 km] is 9 db greater (-157 dBm) than the received power from 
frequency ‘A’ transmitter Tx#9 [30 + 155 km] (-166 dBm), assuming that the target is 
above 5000’, i.e. above the radar horizon. 

5.1.3 FREQUENCY PLANNING SUMMARY 

The number of transmitter frequencies defines the analogue to digital conversion bandwidth 
of any digital receiver that is required to receive multiple transmitter signals. The greater 
the number of frequencies then the larger the required bandwidth.  

It is therefore sensible to limit the number of separate frequencies. One consideration is the 
isolation between transmitter and receiver. With a separation of 30 km and all antennas 
mounted on a 30 m tower, then five frequencies are adequate to ensure isolation.  

However, more transmitter frequencies cannot ensure that target range resolution can be 
guaranteed, that is frequency alone cannot identify from which transmitter a received signal 
was transmitted from, and hence be used to estimate range. If, for example, a receiver only 
has one parameter, frequency, from which to identify the source transmitter of a signal, 
then all transmitter frequencies within reception range of a particular receiver must be 
unique. 

It will be necessary to coordinate the operating frequencies of adjacent radar systems in 
order to minimise the effect of mutual interference. 

The deployment of transmitters and receivers should provide a robust system, where the 
loss of a single transmitter, or receiver, in a cluster does not result in a total loss of 
performance, rather a gradual reduction in performance. 

5.2 WAVEFORMS 

Frequency alone is not sufficient to ensure the identification of a received signal’s 
transmitter. The ranging waveform can provide additional discrimination. 

A noise like waveform is an attractive candidate because of the following properties that are 
well suited to the application. Such waveforms have the best auto-correlation properties, 
which equates to the best ranging performance. Such a noise like modulation waveform is a 
pseudo random code. Each transmitter should use a different code, in order to aid 
discrimination. The different codes should have a low cross-correlation. This is achieved 
when orthogonal codes are used. 

The choice of pseudo random code depends upon the application, and what balance is 
required between cross-correlation and auto-correlation. 

5.2.1 AUTO-CORRELATION 

Auto-correlation is the correlation of a code with a time-delayed version of itself. A definition 
of the ideal autocorrelation property: if a maximal linear sequence is compared with any 
proper phase shift of itself over its period, the number of terms for which they agree minus 
the number of terms for which they disagree is always minus one, [Ref 22]. 
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A received code will be correlated with a time-delayed version of the code generated by a 
particular transmitter. The time offset will represent the propagation delay between the 
transmitter and receiver, and thus the distance the signal has travelled. The distance is the 
summation of the transmitter to target range and the target to receiver range. 

5.2.2 CROSS- CORRELATION 

Cross-correlation is the correlation of one code with a time-delayed version of another code. 

If all of transmitters in range of a receiver used the same code and the same frequency then 
a receiver would be unable to distinguish as to which transmitter a particular signal came 
from. If all of the transmitters used different frequencies, assuming that the receiver has 
sufficient frequency discrimination, then the receiver can determine from which transmitter 
a signal originated, based upon frequency. 

However, in a system where frequencies are reused, then this may not be possible. In order 
to aid discrimination different codes could be used for all of the transmitters operating on 
the same frequency. The discrimination between same frequency transmitters then depends 
upon the cross-correlation performance of the different codes. 

Ideally, code A would have zero cross-correlation with code B. 

5.2.3 DIRECT SEQUENCE SPREAD SPECTRUM CODES 

There are a number of Direct Sequence Spread Spectrum (DSSS) codes: 

1. Barker codes 

2. Maximal Sequence codes 

3. Gold and Kasami codes 

5.2.3.1 Barker codes 

A Barker code is a sequence of N values of +1 and −1, 

aj for j = 1,…,N such that 

1
1

≤⋅∑
−

=
+

υ

υ
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Equation 5-1 

For all N<≤υ1  

The absolute value of the auto-correlation is less than 1 except for the zero shift, providing 
excellent processing gain and low side lobe interference, see [Ref 23]. Barker code 
sequences are known for N = 2,3,4,5,7,11 & 13. 
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Barker codes are used in Radar pulse compression, however, they do not have good cross-
correlation properties, and therefore are of no use in this multi-code environment. 

5.2.3.2 Maximal Sequence codes 

A Maximal Sequence (m-sequence) code is so called because it is the maximum length that 
can be generated from a shift register of a defined length. A shift register of length m, will 
have 2m -1 possible states, excluding zero, e.g. a set of 5 shift registers will have 31 
different output states. A generic m-sequence generator is shown in Figure 5-5, the output 
of m shift registers is combined and fed back into the register.  

 

Figure 5-5 m-sequence Generator 

The auto-correlation function is ideal, i.e. -1 except when aligned. 

In the case of ranging it is not practical to use a periodic sequence, and hence a single 
period, with padding if required, would be used. The cross-correlation properties are not 
good enough for a multi-code environment. 

5.2.3.3 Gold and Kasami codes 

Gold and Kasami codes are both derived from m-sequence codes. Both of these codes meet 
the Walsh bound for cross-correlation. 

Particular pairs of m-sequences of length n exhibit a convenient three-valued cross-
correlation function with values {-1, -t(m),t(m)-2), where 
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Equation 5-2 

Such sequences are called preferred sequences, [Ref 24]. 



      

 
Use, duplication or disclosure of data contained on this sheet is subject to the restrictions on the title page of this document 

72/07/R/376/U  Page 55 of 183 
      

5.2.3.3.1 Kasami codes 

Kasami codes are formed by taking an m-sequence code and decimating it by removing 

every 12 2 +
m

 bit from the periodic sequence, known as decimating by 12 2 +
m

. The cyclic 
decimated sequence is then combined with all shifts of the original m-sequence. This creates 
a set on n sequences with excellent cross-correlation properties. 

5.2.3.3.2 Gold codes 

Gold codes are formed by taking two specific m-sequence codes, called preferred sequence, 
which have only three values for their periodic cross-correlation. 

Given a pair of sequences of period n = 2m -1, say s = {s(t)} and r = {r(t)}, a new family of 
sequences can be constructed by taking the modulo-2 sum of s with the n cyclicly shifted 
version of r, or vice versa. 

This generates n new periodic sequences with period n. By including the original sequences 
s & r a new family of n+2 sequences is obtained. These sequences are known as Gold 
sequences. 

An example of a pair of shift registers that generate a pair of preferred sequences 
corresponding to the polynomials 
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Equation 5-3 

are shown in Figure 5-6 below. 

 

Figure 5-6 Gold Sequence Generator – Length 31 
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In this case, there are 33 different sequences, corresponding to the 33 relative phases of 
the two m-sequences. 

The set of Gold sequences does not contain maximum length shift register codes of length n, 
except, of course, s & r. Therefore, the auto-correlation functions are not two-valued. The 
off peak auto-correlation function is three-valued, with values {-1, -t(m),t(m)-2). The off-
peak values of the auto-correlation function have a maximum value of t(m). 

The cross-correlation function between any pair of sequences in the family of Gold 
sequences generated with a given preferred pair is three valued as defined in Equation 5-2. 
The Gold codes from different Gold code groups have bad correlation properties, even when 
synchronised. 

The cross-correlation values of m- and Gold sequences are listed in Table 5-1. 

m n=2m-1 
Number of 

m-sequences θc θc/θu(0) t(m) t(m)/ θu(0) 

3 7 2 5 0.71 5 0.71 

4 15 2 9 0.60 9 0.60 

5 31 6 11 0.35 9 0.29 

6 63 6 23 0.36 17 0.27 

7 127 18 41 0.32 17 0.13 

8 255 16 95 0.37 33 0.13 

9 511 48 113 0.22 33 0.06 

10 1023 60 383 0.37 65 0.06 

11 2047 176 287 0.14 65 0.03 

12 4095 144 1407 0.34 129 0.03 

Table 5-1 Cross-correlation of m- and Gold Sequences 

θc  - peak cross-correlation of m-sequence 

t(m)  - upper bound of Gold sequence cross-correlation 

θu  - auto-correlation 

θc/θu(0) - ratio peak cross-correlation to peak auto-correlation for m-sequence 

t(m)/ θu(0)  - ratio peak cross-correlation to peak auto-correlation for Gold sequence 

The data presented in Table 5-1 indicates the superior performance of Gold sequences. Not 
only are the peak cross-correlation values for the Gold sequence t(m) significantly lower 
than those for the same length m-sequence θc , but the ratio of peak cross-correlation to 
peak auto-correlation is also significantly better for a Gold sequence. 
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The peak cross-correlation value for an m stage shift register m-sequence is θc = 1407, 
compared to t(m) = 129 for the peak cross-correlation value of the corresponding Gold 
sequence. The ratio of peak cross-correlation to peak auto-correlation for an m stage shift 
register m-sequence is θc/θu(0)= 0.34, whilst the corresponding Gold sequence ratio of peak 
cross-correlation to peak auto-correlation t(m)/ θu(0) = 0.03. 

5.2.4 WAVEFORM SUMMARY 

In the case of a ranging application where there is a requirement to discriminate between 
different sources then there are two criteria that are important for a pseudo-random noise 
(PN) sequence. The auto-correlation property needs to be good in order to provide accurate 
range estimation. However, as there will be multiple PN sequences then the cross-
correlation between the separate PN sequences is also important. 

The optimum PN sequences are what are known as Gold sequences, which have good auto-
correlation performance, whilst also having good cross-correlation properties. 

5.3 TRANSMITTER 

This sub-section outlines the general requirements of the transmitter. 

5.3.1 TRANSMITTER BANDWIDTH 

The transmitter bandwidth is a compromise between spectral efficiency and range 
resolution. 

The higher the signal bandwidth then the greater the potential range resolution that can be 
obtained. However, conversely, the smaller the range cell then the faster the aircraft will 
traverse from one cell to another, which in turn limits the maximum integration time for an 
individual range cell. 

A signal bandwidth of 1 MHz, as proposed by Thales, see [Ref 1], should readily yield a 
range resolution of a few hundred meters. It may well be possible to achieve a similar range 
resolution with a smaller signal bandwidth. For example location accuracies of approximately 
100 m can be attained from GSM signals, where the carrier spacing is 200 kHz, see [Ref 
32]. 

Assuming that the bandwidth of the signal from each transmitter is 1 MHz, and the carriers 
are conservatively placed 2 MHz apart, see Figure 5-7, then for the case of eight separate 
frequencies then the overall bandwidth is 17 MHz. 



      

 
Use, duplication or disclosure of data contained on this sheet is subject to the restrictions on the title page of this document 

Page 58 of 183  72/07/R/376/U 
      

  

Figure 5-7 Example Transmission Frequency Set 

Thus, the potential spectrum bandwidth required for an eight frequency MSPSR system is 
commensurate with the bandwidth of a single conventional PSR signal bandwidth, i.e. 10’s 
of MHz. 

5.3.2 TRANSMITTER DESIGN 

The basic elements of the transmitter are shown in Figure 5-8. The code generator is 
clocked by a precision clock, in order to preserve ranging accuracy. The resultant code is 
then converted to in phase (I) and quadrature (Q) samples, designated x(t) and y(t) 
respectively in Figure 5-8. These two signals are then used to modulate the carrier fc, 
resulting in the modulated carrier signal s(t). 

The modulated carrier signal is then amplified and filtered, to limit the spectrum spread, and 
then finally applied to a high power amplifier. 

 

Figure 5-8 Transmitter Schematic 

There are various ways in which the power amplifier for a transmitter could be implemented 
for this application. Two variants are presented in Figure 5-9. 
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Figure 5-9 Transmitter Options 

The simplest solution is that shown on the left hand side of Figure 5-9. Here a high power 
RF amplifier feeds a single omni-directional  antenna. Solid state amplifiers are available for 
all three bands, see Appendix E. All three amplifiers are constructed using multiple solid 
state amplifiers that are combined using broadband RF matching networks and power 
combiners. High power amplifiers in the frequency range of interest are typically custom 
tailored to a specific application. The modelling has assumed a transmit power of 500 W. 
The example amplifiers listed in Appendix E all have a power output in excess of 500 W. 

An example of a suitable high power antenna, for operation in L band, is detailed in 
appendix F.2. This example antenna has an azimuth gain of 9 dBi, which is greater than the 
gain of the transmit antenna used in the modelling at UHF. The extra azimuth gain could be 
used to either increase detection or allow for a reduction in transmit power. The antenna 
pattern is also squinted upwards, which means that less power is radiated towards the 
surface thus reducing the surface clutter level. 

An alternative approach is shown on the right hand side of Figure 5-9. In this case medium 
power RF amplifiers feed multiple antennas. The antenna radiation patterns could be defined 
in order to provide a combined omni-directional radiation pattern. However, this 
arrangement is unlikely to be cost effective, unless shaped azimuth coverage is required. It 
might be deemed useful to reduce transmit power in certain directions, in order to reduce 
clutter returns from fixed locations. 

5.4 DYNAMIC RANGE 

It is important to determine the amplitude range of incident signals as this will define one of 
the most important receiver parameters, the instantaneous dynamic range. The lowest 
signal power is defined by the thermal noise, which is dependant upon the bandwidth at the 
relevant point in the receiver. The maximum signal power, in this application, is considered 
to be the direct path signal from the nearest transmitter. 

If it is assumed that the transmitter carrier is continuous (CW) in time, i.e. not a pulsed 
waveform, then the receiver must be able to receive the direct transmitter signal without 
degradation to the wanted incident signals, i.e. without overloading the receiver. A 
monostatic pulsed radar achieves this by blanking the receiver during transmission. 
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If it assumed that the transmitter power is 500 W [57 dBm], and that the transmitter and 
receiver are separated by 30 km. Then, assuming free space propagation loss [119.5 dB] 
and 9 dBi transmit and receive antenna gain, see appendix F.2. Then at 750 MHz the 
received power direct from the transmitter will be -44.5 dBm. Table 5-2 lists the received 
power for various transmitter to receiver separations. 

Tx/Rx Separation Path Loss Received Power Level 

1 km 90 dB -15 dBm 

2 km 96 dB -21 dBm 

5 km 104 dB -29 dBm 

10 km 110 dB -35 dBm 

20 km 116 dB -41 dBm 

30 km 119.5 dB -44.5 dBm 

40 km 122 dB -47 dBm 

50 km 124 dB -49 dBm 

60 km 125.5 dB -50.5 dBm 

70 km 126.9 dB -51.9 dBm 

80 km 128 dB -53 dBm 

Table 5-2 Maximum Received Power Level Versus Separation @ 750 MHz 
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Figure 5-10 Example Bistatic Radar Deployment 

Now consider a 1 m2 target at the edge of possible coverage, x = 0, y = -40 km, see Figure 
5-10. The slant range is 42.7 km from both the transmitter and to the receiver. Taking the 
gain of the transmit antenna to be 9 dBi and the gain of the receive antenna to be 2 dBi, 
then the receive target power for the case of free space propagation is -158 dBm at 750 
MHz. Table 5-3 lists the received power for 750, 1500 and 3000 MHz. 

Frequency Path Loss Received Power 

750 MHz 122.6 dB -158 dBm 

1500 MHz 128.6 dB -164 dBm 

3000 MHz 134.6 dB -170 dBm 

Table 5-3 Example Receive Power for 1m2 Target 

The theoretical minimum dynamic range dynamic range at 750 MHz is -44.5 dBm to -158 
dBm = 113.5 dBm. However, the minimum signal level is defined by the bandwidth. The 
thermal noise power for various receiver bandwidths are listed in Table 5-4, below. 
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Bandwidth Noise Power 

100 KHz -124 dBm 

1 MHz -114 dBm 

10 MHz -104 dBm 

20 MHz -101 dBm 

Table 5-4 Noise Power versus Receiver Bandwidth 

5.4.1 INSTANTANEOUS DYNAMIC RANGE 

The instantaneous signal to noise ratio (S/N) is determined by the noise level of the 
receiver. If, for example, a bandwidth of 1 MHz is defined then the thermal noise level will 
be -114 dBm, and if the minimum S/N is defined as 10 dB then the minimum useful 
received signal level is -104 dBm, i.e. 10 dB above the thermal noise level, neglecting the 
influence of the receiver noise figure. 

Consider a receiver where the analogue signal is converted to digital format, by the use of a 
analogue to digital converter (ADC). It is sensible to have the thermal noise level above the 
least significant bit (lsb) of the ADC, for instance 6 dB. Thus, if we assume that the receiver 
bandwidth is 20 MHz at the input to the ADC it can be seen that the required instantaneous 
dynamic range is -44.5 dBm to -101 dBm = 56.5 dB, which with the noise at 6 dB, gives an 
instantaneous dynamic range of 62.6 dB. This is commensurate with the dynamic range of 
suitable analogue to digital converters ADC. 

5.4.2 PROCESSING GAIN 

The minimum useful received signal level can be below the thermal noise level, where the 
signal bandwidth is smaller than the bandwidth at the point of conversion. If the noise is 
truly random then integration, low pass filtering, can effectively increase the signal to noise 
ratio, as the noise level is reduced. Consider a sampling rate of 1 MHz, then over a period of 
a ½ second 50,000 samples will be accumulated. Now, assuming that the signal samples 
add coherently and the noise samples add incoherently, i.e. the phase between noise signal 
samples is random, then the S/N will increase by 57 dB, see appendix Appendix R. This is 
the ideal processing gain. 

Thus, with a noise level of -114 dBm, then the minimum instantaneous received signal level 
in order to maintain a minimum signal to noise ration (S/N)min of 10 dB is -161 dBm. This is 
the theoretical maximum performance. 

If the noise does not have random phase, or the noise spectrum is not white, i.e. uniform, 
then the noise will not reduce as expected. Likewise, if successive signal samples do not 
have a perfect phase relationship, i.e. there is an element of random noise present, then the 
actual integration gain will be less. 

If a less than perfect system is assumed where the achievable processing gain is 30 dB, 
then in a 1 MHz bandwidth the minimum received signal level for a minimum signal to noise 
ration (S/N)min of 10 dB would be -134 dBm. 
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5.4.3 SUMMARY DYNAMIC RANGE 

The required instantaneous dynamic range of the receiver is defined by the thermal noise 
level at a particular receiver bandwidth, and the maximum expected signal level. For 
example, consider a transmitter power of 500 W at a distance of 30 km from the receiver, 
then at 750 MHz the received power direct from the transmitter will be -44.5 dBm. If the 
receiver bandwidth is 20 MHz then the thermal noise level is -101 dBm and the required 
instantaneous dynamic range is 56.5 dB, which is well within the range of available ADCs. 

In order to detect a target with an RCS of 1 m2 at greater than 2 km, it will be necessary to 
effectively reduce the noise level by integrating over multiple samples. 

5.5 RECEIVE ANTENNA 

The size of an antenna, e.g. a half-wave dipole, decreases with increasing frequency, sees 
Table 5-5. 

Band 
Designation 

Frequency Range Wavelength Dipole Length 

UHF 300 MHz – 1,000 MHz 100 cm – 30 cm 50 cm – 15 cm 

L Band 1,000 MHz – 2,000 MHz 30 cm – 15 cm 15 cm – 7.5 cm 

S Band 2,000 MHz – 4,000 MHz 15 cm – 7.5 cm 7.5  cm – 3.75 cm 

Table 5-5 Dipole Dimensions 

However, the effective area of the antenna also decreases with increasing frequency, see 
Appendix M, which means that the antenna couples with less of the radiated power. This 
means that the efficiency of the antenna degrades with increasing frequency. 

The increase in link loss can be negated by increasing the receive antenna gain, where 
appropriate, or by increasing the array aperture, or by increasing the transmit power. 

5.5.1 ARRAY APERTURE 

The free space path loss for radio frequency propagation, given by the Friis equation, see 
Appendix H - Equation 9-12, indicates that propagation loss increases with increasing 
frequency. RF power decreases with range due to spherical spreading, however, this loss is 
independent of frequency. The frequency dependency comes from the reduction in size of 
the receive antenna with frequency, which means that less of the available energy is 
coupled into the receiver. 

One way to overcome this increase in loss with frequency is to maintain the aperture size. In 
the case of a system employing an antenna array then the number of antenna elements 
must be increased. However, it is not necessary to increase the number of receiver 
channels. 
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The digital signal processing associated with digital beam forming typically requires between 
n2 and n3 complex multiplications, where n is the number of channels. Hence, it is prudent 
to limit the number of receiver channels in order to minimise the required computation. 

A larger number of antenna elements can be accommodated without increasing the number 
of receivers. For example, an active phased array radar with 1000 antenna elements, but 
only 8 receiver channels, see Appendix J. In this example each receiver would be fed from a 
sub-array consisting of ~125 antenna elements. 

Thus, one solution to mitigating the increased propagation loss with increasing frequency 
would be to use more antenna elements, but to maintain the same number of receiver 
channels. The antenna elements would be passively combined before connection to a 
receiver channel. 

5.5.1.1 Antenna Patterns 

This sub-section provides plots of representative antennas, assuming a single dipole 
element at UHF, four elements at L band and sixteen elements at S band. 

5.5.1.1.1 Single Dipole – UHF 

The horizontal and vertical plane antenna patterns of a single dipole element, modelled at 
750 MHz, are shown in Figure 5-11 and Figure 5-12, respectively. The horizontal (azimuth) 
plane pattern, see Figure 5-11, is omni-directional  with a gain of 2.13 dBi. The gain is due 
to the shaped vertical (elevation) plane pattern, see Figure 5-12. 
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Figure 5-11 Single Dipole Element Antenna Pattern - Horizontal Plane 
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Figure 5-12 Single Dipole Element Antenna Pattern - Vertical Plane 

5.5.1.1.2 Four Element (Colinear) Array 

The horizontal and vertical plane antenna patterns of a four dipole element, colinear, array, 
see Figure 5-13, modelled at 1.5 GHz, are shown in Figure 5-14 and Figure 5-15, 
respectively. The horizontal (azimuth) plane pattern, see Figure 5-14, is omni-directional  
with a gain of 8.12 dBi. The gain is due to the shaped vertical (elevation) plane pattern, see 
Figure 5-15, which results from the combination of multiple stacked dipole elements. 

The antenna elements can be printed elements. The effective areas of the individual 
elements would have a small degree of overlap, which would result in a small loss. Also, the 
combining network would introduce some loss. 
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Figure 5-13 Four Element Colinear Array 

 

 

Figure 5-14 Four Element Colinear Antenna Pattern - Horizontal Plane 
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Figure 5-15 Four Dipole (Colinear) Element Antenna Pattern - Vertical Plane 

It would be beneficial to elevate the azimuth beam such that the maximum gain is 
commensurate with the highest altitude and furthest range. If the maximum range is 50 km 
and the maximum altitude is 20,000 ft then the azimuth pattern could be elevated by ~ 7°. 

Such a squinted beam can readily be obtained by introducing a delay before the individual 
elements are summed, see Figure 5-16. The delays effectively tilt the summed resultant 
array output such that an incident plane wave front arriving at the squint angle is in phase 
across all of the elements. 

The delay elements can be printed elements, the delay being implemented as different 
length delay lines, i.e. different PCB track lengths.  
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Figure 5-16 Squinted Four Element Colinear Array 

 

5.5.1.1.3 Sixteen Element (Square) Array 

The horizontal and vertical plane antenna patterns of a sixteen dipole element array, 
arranged as 4 x 4 elements, see Figure 5-17, modelled at 3 GHz, are shown in Figure 5-18 
and Figure 5-19, respectively. 

 

Figure 5-17 Sixteen Element Square Array 
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Figure 5-18 Sixteen Element (4x4) Antenna Pattern - Horizontal Plane 

The horizontal (azimuth) plane pattern, see Figure 5-18, is directional with a maximum gain 
of 14.6 dBi. The gain is due to both the shaped vertical (elevation) plane pattern, see Figure 
5-15, which results from the combination of multiple stacked dipole elements, and multiple 
elements in the horizontal plane, see Figure 5-17. The arrangement modelled is only one 
option for the deployment of 16 elements. It may well be better to have an arrangement 
with 8 vertical elements and thus only two horizontal elements, which would result in a 
much wider azimuth beam.  

If the vertical pattern is again squinted to say 7°, then the narrower vertical pattern, 
resulting from 8 stacked elements, would have little practical impact. 
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Figure 5-19 Sixteen Element (4x4) Antenna Pattern - Vertical Plane 

The fact that the azimuth gain is not omni-directional  means that the array gain, that is at 
the output of the 8 receivers, will be less, as only one or at most two combined antenna 
elements will benefit from a significant combined antenna gain. 

The use of directional elements in a beamforming array is acceptable, but the description of 
the azimuth antenna pattern is obviously more complex than is the case for omni-directional  
azimuth coverage. 

5.5.1.1.4 Sixteen Element (Colinear) Array 

The horizontal and vertical plane antenna patterns of a sixteen dipole element array, 
arranged as colinear array, modelled at 3 GHz, are shown in Figure 5-20 and Figure 5-21, 
respectively. 

The horizontal plane pattern is omni-directional , see Figure 5-20. However, the vertical 
plane pattern is now rather narrow, see Figure 5-21. 
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Figure 5-20 Sixteen Element (Colinear) Antenna Pattern - Horizontal Plane 
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Figure 5-21 Sixteen Element (Colinear) Antenna Pattern - Vertical Plane 

5.5.2 SUMMARY RECEIVE ANTENNA 

The increase in propagation loss with increasing frequency, from UHF through L band to S 
band, could be compensated for by increasing the number of receive antennas. 

At L band the elements would be stacked vertically, a colinear array, retaining omni-
directional  azimuth coverage. The elevation pattern could also be squinted upwards in order 
to provide maximum gain where it is most required, i.e. maximum range and maximum 
height. 

At S band the elements would most probably be stacked vertically, as at L band, but also 
horizontally. This would mean that the azimuth coverage would no longer be omni-
directional . This is not ideal, but can be accommodated in the subsequent array 
beamforming. 

Only two arrangements of sixteen elements has been considered, and it may be possible to 
use another arrangement which better suits the application. 
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5.6 RECEIVER DESIGN CONSIDERATIONS 

This sub-section examines the performance and cost penalty, if any, of operation in the 
higher frequency bands of L and S band as compared to UHF. 

Firstly, a generic receiver architecture is used in order to facilitate a comparison of typical 
components in each band of interest. 

Then the implementation of multi-channel digital receiver is examined for each of the three 
bands. 

5.6.1 GENERIC RECEIVER ARCHITECTURE 

This sub-section examines the performance of typical receiver components, using a generic 
receiver architecture, over the three bands of interest. 

The major portion of a UHF, L band or S band receiver will be identical, assuming that the 
receiver has the same bandwidth and dynamic range requirements. Therefore, it is only the 
components prior to the first down conversion stage that will vary with the frequency of 
operation. 

In order to establish the effect of frequency then an generic receiver design is postulated, as 
shown in Figure 5-22, below. The defined receiver topology is considered representative in 
that the majority of the components would be common to the front-end of any receiver, i.e. 
amplifier, mixer, etc.  

In general the layout of a UHF, L band or S band receiver would be similar. The same 
common engineering standards are applicable to all three bands. Slightly more care would 
need to be taken during the layout of an S band circuit, with respect to that required for a 
UHF layout, but it only represents a small incremental change. 

The details of representative components are listed in Appendix D, from which a summary is 
presented in the following sub-sections. 

 

Figure 5-22 Example receiver front-end 
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5.6.1.1 Antenna 

It is considered unlikely that a COTS antenna will be available, as it will be preferable to 
operate outside of high usage bands such as GSM. Therefore, a custom design based upon a 
printed circuit implementation is believed to be the likely solution, and hence, the cost is 
expected to be similar whatever frequency band is selected.  

5.6.1.2 Down feeder 

The receiver may be collocated with the antenna array, or alternatively at the bottom of the 
supporting mast. In the later case the antenna and receiver will be connected via a down 
feeder cable. In order to maintain a given loss then more expensive cable would be required 
at the higher frequencies, see Table 9-15 in Appendix D. 

5.6.1.3 Filter 

It appears likely that the same technology could be used for a suitable band pass filter for 
all three bands, see sub-section D.3 in Appendix D. 

5.6.1.4 Amplifier 

The specification of a low noise amplifier is presented in D.4, see Appendix D. This indicates 
that a low cost amplifier has little degradation in performance over the three bands of 
interest. 

5.6.1.5 Power Splitter 

The principal parameters of three representative power splitters, covering the three bands of 
interest are listed in Table 9-17, see Appendix D. The cost is similar for all three devices and 
only the isolation varies significantly with increasing frequency. The quoted prices for all 
three devices is < €12. 

5.6.1.6 Mixer 

The specification of a mixer that can operate over the entire frequency range of interest is 
listed in D.6, see Appendix D. The slight increase in conversion loss with frequency could be 
accommodated by a slight increase in gain prior to down conversion. 

5.6.1.7 Oscillator 

The principal parameters of three representative oscillators are listed in Table 9-19, see 
Appendix D. The phase noise increases with increasing frequency, however, without a 
detailed system design, it is not possible to determine if the phase noise deterioration with 
increasing frequency represents a significant factor limiting performance. 
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5.6.1.8 90° Power Splitter 

The principal parameters of three representative 90° power splitters, covering the three 
bands of interest are listed in Table 9-20, see Appendix D. As in the case of the 0° power 
splitters the only performance degradation with increasing frequency is isolation. The cost of 
all three devices is similar, i.e. < €6. 

5.6.1.9 Summary of Generic Receiver 

The example generic receiver details presented above, and supported by Appendix D, 
indicate that there is no significant cost implication concerned with an L or S band receiver 
with reference to a UHF design. 

Some device parameters degrade with increasing frequency operation but it is not possible 
to comment on whether they would represent a significant reduction in performance without 
recourse to a detailed system design. 

The design of an S band receiver would be slightly more difficult than a UHF band receiver. 

5.6.2 MULTI-CHANNEL RECEIVER 

The general arrangement of transmitters and receivers means that each receiver will be 
required to receive multiple signals, each on a separate frequency. Each receive should also 
be capable of receiving all frequencies simultaneously. That is time multiplexing is not 
practical. 

5.6.2.1 Multi-channel Digital Receiver 

A multi-channel receiver is best implemented using a digital receiver. That is the band 
containing all of the desired frequencies is digitised and then digital signal processing is 
employed to provide multiple narrower band channel filters. 

The arrangement is indicated by the spectrum excerpt shown in Figure 5-23. In this 
example there are four frequencies of interest, denoted freq. A through D. The bandwidth 
prior to digitisation has to include at least that spectrum indicated by the dotted line, shown 
in Figure 5-23. 

 

Figure 5-23 Multiple Frequencies/Channels 
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The post digitisation processing would then facilitate the channelised filtering, the purpose of 
which would be generate the separate frequency signals. In this instance four channel filters 
would be implemented, centred on frequencies A through D. 

There are two options for the implementation of such a channelised digital receiver. 

5.6.2.1.1 Direct RF Digitisation 

In the simplest case the RF carrier is digitised directly, with the channelisation being 
achieved by digital filtering. The essential elements of such a receiver are shown in the 
schematic diagram presented in Figure 5-24. 

 

Figure 5-24 Direct RF Digitisation 

The RF stage consists of an antenna and associated down-feeder, a band defining filter and 
a low noise amplifier (LNA). The RF carrier is digitised directly, and then a digital mixing 
stage generates in-phase (I) and quadrature-phase (Q) signals, in order to preserve phase 
information. A digital low pass filter then both reduces the sampling rate and provides 
further frequency definition, prior to subsequent signal processing. In the case of a 
channelised receiver simultaneous narrowband signals would be generated corresponding to 
the desired channels. 

One method of implementing multiple narrow band filters is to Fourier transform the time 
sequence out of the digital filter.  

The Nyquist criterion specifies that the sampling rate must be at least twice the highest 
frequency present in the input spectrum in order to preserve the spectrum. Simply, in the 
case of direct RF sampling, then the sampling frequency should be at least twice the carrier 
frequency. 

There is a limit to how fast an analogue to digital converter (ADC) can be clocked, and also, 
how fast the accompanying digital processing can be clocked. The number of bits drops as 
the clock rate increases, but what is really of interest is the useful dynamic range. 

Direct digital conversion of HF is common, see [Ref 20]. The digital mixer and digital low 
pass filter would typically be implemented in an ASIC or FPGA. These can both handle 
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input/output at 70 – 80 MHz. Once the data rate has been reduced, to accommodate the 
final required bandwidth, then general purpose DSP devices are typically used to implement 
the final filtering and subsequent signal processing functions, such as beamforming. 

At higher frequencies it is possible to digitise bandwidths up to ~500 MHz, using sub 100 
MHz clocking rates. The ADC has the appropriate input bandwidth, i.e. 500 MHz, and anti-
aliasing, due to the lower clock frequency, is dealt with by constraining the input frequency 
band such that there is no spectrum overlap. 

5.6.2.1.2 Direct IF Digitisation 

An alternative is to have one stage of down conversion, and then to directly digitise the IF 
signal. A schematic of such a receiver is shown in Figure 5-25.  

 

Figure 5-25 Direct IF Digitisation 

What is now of concern is the required IF bandwidth. If for example the IF bandwidth is 
comparable to that of a HF receiver, i.e. 30 MHz, then the performance will be identical to 
that for direct RF conversion. The component limiting performance, and in particular 
dynamic range, is still the ADC, the dynamic range of which are typically between 60 and 80 
dB.  

Consider, for example, that eight frequencies, ‘A’ through ‘H’ are required, centred on 1.2 
GHz. Each signal has 1 MHz bandwidth and channels are set 2 MHz apart. The RF channels 
are therefore centred on, 1.2 GHz, i.e. Freq. ‘A’ = 1.193 GHz, Freq. ‘B’ = 1.195 GHz, 
through to Freq. ‘H’ = 1.207 GHz. 

The desired IF frequency is, for example 21.4 MHz, therefore the local oscillator frequency is 
1.2 GHz ± 21.4 MHz, i.e. either 1.2214 GHz or 1.1786 GHz. The RF signal spectrum is 
therefore transposed, by the mixer, to 21.4 MHz, as shown in Figure 5-26. 
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Figure 5-26 Multiple Channels Superimposed on an IF 

Therefore, at IF, the channels are centred on 21.4 MHz, i.e. Freq. ‘A’ = 14.4 MHz, Freq. ‘B’ 
= 16.4 MHz, through to Freq. ‘H’ = 28.4 MHz. An ADC clocked at 60 MHz will therefore 
readily satisfy the Nyquist criterion, and a clock rate of 60 MHz is readily achievable in either 
an ASIC or FPGA. 

5.6.2.2 Multi-Channel Receiver Summary  

It is considered that a digital receiver provides the best implementation of a multi-channel 
receiver. Direct IF digitisation is applicable for all three bands, UHF, L band and S band. The 
IF bandwidth is determined by the desired tuning range. 

 

Figure 5-27 Direct IF Digitisation – Multi-Channel Receiver 

5.6.3 BEAMFORMING 

Spatial beamforming will be required in order to both increase the received signal level, with 
respect to that received by a single omni-directional  element, and to provide wanted signal 
spatial selection and unwanted signal discrimination. 

The beamforming processing load is directly related to the number of receiver channels. 
Therefore, knowledge of the signal environment, principally the density and number of 
signals, is necessary in order to make an informed decision on how many receiver channels 
are required. The processing load is principally dependant upon the number of complex 
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multiplications, see appendix I.3. The number of complex multiplications in a typical digital 
beamformer implementation is between n2 and n3, where n is the number of channels. 
Hence, it is prudent to limit the number of channels to avoid excessive processing load. 

The beamformer is used to achieve two objectives: 

1. To increase gain to a desired signal 

2. To reduce gain to all other signals 

The first objective is obtained by steering a beam in the direction of the desired signal, i.e. 
constructively phasing up the signals from the individual antennas, see appendix I.2. 

The second objective is partially aided by the first action, i.e. the gain will be less in any 
direction other than the current steer direction. However, the second objective can be 
further enhanced by steering nulls on the other, unwanted signals, i.e. combining the 
signals from the individual antennas such that the power is minimised, see appendix I.4. 

In the limit, with an ‘n’ element array then n-1 nulls can be steered. That is, an ‘n’ element 
array will have ‘n-1’ degrees of freedom.  

 

Figure 5-28 Multiple Beamformer 

5.6.3.1 Number of Beamformers 

Once the data is digitised then it is relatively straight forward to implement parallel 
processing, i.e. the same data can be supplied to multiple processors, see Figure 5-28. 
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In order to increase the dynamic range through integrating a sequence of coherent signal 
samples, it is necessary to maintain a beam on a target for the duration of the integration 
time. Hence, in order to track multiple targets it is necessary to simultaneously provide 
multiple beamsteering processes. 

It is likely that a certain number of beamsteering processes would be assigned to target 
tracking and other beamsteering processes would be assigned to target acquisition, i.e. 
target surveillance. 

The number of beamsteering processes will be defined by the signal environment.  

5.6.4 RECEIVER ARCHITECTURE 

The processing as indicated in the Thales report represents a significant processing load, but 
once the data has been channelised, then the required processing is readily implemented 
using a parallel processor architecture. The latest generation of quad core PC chips, have a 
floating point processor per core and hence can undertake 4 floating point operations per 
clock cycle, at clock frequencies in excess of 3 GHz. Additionally, the latest generation of 
graphics processor have many floating point processors, which are optimised for image 
processing, which is predominantly matrix based. Digital beamforming requires similar 
matrix processing, hence, the MSPSR requirement may map especially well on to a high-end 
graphics processor. 

The digital beamforming can be undertaken in a number of ways. Either all possible beams 
are processed continuously, which from the simple diagrams in the report is what is 
suggested. Alternatively, an intermediate stage can be employed which is divided into 
surveillance and tracking. 

Once a target has been acquired and is being tracked then a dedicated beamformer can be 
assigned. The number of dedicated beamformers will be defined by the maximum expected 
signal environment. These beamformers will operate at full bandwidth. The beamformer 
weights will be calculated at a lower data rate, defined by the dynamics of the signal 
environment, i.e. rate of change of angle, etc. 

In parallel, a separate signal search process would be undertaken to identify new targets. 
This process would cover all bearings and ranges at a rate governed by the expected rate of 
acquisition of new targets. 

5.7 TIME SYNCHRONISATION 

The location of a target can be determined by first determining the range between a 
particular transmitter, the target, and a particular receiver, see bistatic radar geometry 
described in Appendix K. The range can be determined by performing an auto-correlation 
between the transmitted signal and the received signal the time delay being equal to the 
combined transmitter to target delay and target to receiver delay. A particular value of the 
overall delay locates the target somewhere on the surface of an ellipsoid, the loci of which 
are the transmitter & receiver sites, see [Ref 11], pp 77. A second transmitter and receiver 
pair will define a second surface for the same target, and the intersection of the two 
surfaces will yield two possible positions for the target, with respect to the transmitter and 
receiver sites. A third transmitter & receiver pair define a unique position. 
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In order to determine the delay, and therefore range, it is necessary to have a common 
measure of time between the transmitter and receiver sites. The common measure of time 
is used to both synchronise to the transmitted ranging waveform and to measure time delay 
accurately. 

This can be achieved in a number of ways, of which beacon and Global Navigation Satellite 
System (GNSS) synchronisation are two options. 

In either case each receiver has its own clock, against which all events are recorded. The 
synchronisation then determines the offset between the ‘wrap-around’ of this local clock and 
the global system time. The combination of the two measurements provides a measure 
compared to the global system time. 

5.7.1 BEACON SYNCHRONISATION 

In a system employing Beacon Synchronisation the received signal is correlated using a 
clock local to each receiver. The time delay through the down feeder and the receiver would 
then add to the delay value to arrive at a delay value relative to the phase centre of the 
antenna, relative to the local clock.  

 

Figure 5-29 Beacon Synchronisation 

In this type of system a means of effectively synchronising the local clocks is required. This 
can be achieved by the use of a dedicated beacon. Each receiver receives this beacon signal, 
and measures the ToA, against its local clock.  

Beacon Synchronisation is illustrated in Figure 5-29. In the interest of clarity only two 
receivers are considered. Each receiver has a free running clock against which the target 
delay is measured. In this example the measured delay of the aircraft is recorded as count 
(LTR1) = x in receiver#1 and count (LTR2) = r in receiver#2. 

Similarly, the ToA of the synchronisation beacon signal is recorded as local count (LTR1) = y 
in receiver#1 and count (LTR2) = s in receiver#2. 
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The position of the synchronisation beacon and the two receivers is known, therefore the 
local clock counts at the time of reception of the synchronisation beacon, relate to a known 
instant in time, i.e. the time of transmission from the synchronisation beacon.  

The ToA of the synchronisation beacon signal at each receiver is dependant upon the Time 
of Flight (ToF) between the beacon antenna and the point of timing in the respective 
receivers, see Figure 5-30. Thus, by subtracting the ToF from the ToA, see Equation 5-4, 
then a relative time event is established, in each receiver. 

RxnRxnRxn ToFToATimeEvent −=  

Equation 5-4 

 

Figure 5-30 Beacon Synchronisation Timing 

This is somewhat of a simplification, as the ToF is made up of a number of time elements, 
the propagation of the signal between beacon and receiver antennas, the delay in the 
antenna down feeders, the delay in the receiver RF sections, etc. If timing is related to the 
arrival of the signal at the phase centre of the receiving antenna then the latter elements 
have to be known, in order to reference the actual ToA, at the antenna, to the point where it 
is measured in the receiver. The delay due to the receiver is often referred to as the group 
delay. 

5.7.2 GNSS SYNCHRONISATION 

In a GNSS synchronisation system an external timing source is used to relate the timing 
information from local clocks at each receiver site. 

This can be undertaken either by referencing local clocks to an absolute time reference, such 
as Global Positioning System (GPS) time, or by using a GNSS system such as GPS to 
calculate the timing offset between two or more receivers. One implementation of this latter 
technique is known as Common View GNSS Synchronisation. 
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5.7.2.1 Standalone GNSS Synchronisation 

In a standalone GNSS Synchronisation system a timing reference such as GPS is used to 
relate local receiver clocks to an absolute time reference such as Coordinated Universal Time 
(UTC). GPS can provide synchronisation to UTC with an accuracy of the order of 50 ns. 

The accuracy is limited by variation in the propagation environment, such as changes to 
Tropospheric and Ionospheric propagation. 

5.7.2.2 Common View GNSS Synchronisation 

In a Common View GNSS Synchronisation system an external system, such as GPS, is used, 
but rather than aligning local receiver clocks to an absolute timing reference, the external 
system is used to determine the relative timing, or clock offset, between the local clocks, 
using one or more satellites that are in view of all of the receivers. 

 

Figure 5-31 GNSS Common View Synchronisation System Schematic 

The outline schematic of a GNSS common view synchronisation system is shown in Figure 
5-31. 

The increased performance achieved by a Common View GNSS Synchronisation system is 
due to the fact that data is only used from satellites that can be seen at all receiver sites, 
i.e. are in common view of all receivers. Therefore, only the differential data is used which 
means that the majority of error mechanisms are common and therefore effectively cancel 
out. 
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Sub-nanosecond synchronisation accuracy has been achieved using this technique. 

5.7.3 TIME SYNCHRONISATION SUMMARY 

It is necessary to have a common time reference in a bistatic radar system in order to relate 
timing measurements between a transmitter and receiver. There are a number of methods 
available to provide time synchronisation, of which beacon and GNSS time synchronisation 
are the most common. 

Beacon synchronisation is relatively simple but in order to achieve the ultimate accuracy 
requires precise knowledge of the delay through the receiver system. GNSS time 
synchronisation can provide relative time synchronisation to the order of a few 
nanoseconds, or better. 

5.8 SYSTEM INTERFACES 

A system constituted from multiple receivers and transmitters necessarily has to transfer 
data between the various elements of the system. The basic interconnections are shown in 
Figure 5-32, below. 

 

Figure 5-32 MSPSR Data Interfaces 

It can be considered that there are three different types of data, system data, target data 
and timing data. In the schematic diagram shown in Figure 5-32 all data is sent to a central 
processor, and there is no direct interconnection between the individual elements. This 
assumes that all of the higher level processing is undertaken in the central processor. A 
alternative would be to distribute the central processing between the constituent elements, 
however, it is simpler to consider a central processor. 

The following sub-sections provide a definition of the three different types of data. 
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5.8.1 SYSTEM DATA 

System data is the information that is used by the elements to configure the system. 
System data would be exchanged when the separate elements, i.e. receivers and 
transmitters first establish communications and will include data such as identification data, 
antenna positions, etc., and hence this data is of relatively low bandwidth. 

In addition status and heartbeat data will be exchanged, but again this data is relatively low 
bandwidth compared to the target data. 

5.8.1.1 Transmitter Data 

Each transmitter has a unique location, a defined transmit frequency and ranging code. The 
central processor will define the transmit frequency and ranging code, which will facilitate 
the re-configuration of the system. 

At power-up each transmitter will then broadcast their location, transmit frequency and 
ranging code. In addition, each transmitter will periodically broadcast the start time, and 
sequence length for their ranging code. 

Each transmitter will also periodically transmit status and ‘heart beat’ messages. 

5.8.1.2 Receiver Data 

Each receiver has a unique location. At power-up each receiver will then broadcast their 
location.  

Each receiver will also periodically transmit status and ‘heart beat’ messages. 

5.8.2 TIMING DATA 

The local clock in each receiver and each transmitter needs to be referenced to a common 
global time, whether this is by means of beacon or GNSS time synchronisation, see sub-
section 5.7. It is anticipated that each element, receiver or transmitter, will send a time 
synchronisation signal once per second. 

The Time Synchronisation data message could be based upon the standard UTC time 
message: 

YYYY-MM-DDThh:mm:ss.sTZD 

See Appendix U. 

The structure for such a message is shown in Figure 5-33 below. 
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Figure 5-33 Time Synchronisation message structure 

Time is specified to a resolution of 1 ns. The total message length is 11 bytes. 

The maximum rate of transmission will be one Time Synchronisation data message per 
second, per receiver or transmitter. This will be the principal continuous message from each 
transmitter, but in the case of the receivers the signal data will dominate the data 
communication. 

The receivers also need to know the start time of the ranging code from each transmitter in 
order to determine target range. 

5.8.3 TARGET DATA 

The target data from each receiver represents the greatest quantity of data transferred to 
the central processor. 

The amount of data will depend upon the data update rate and the number of targets. 

The exact form of the target data message will depend upon the details of the 
implementation, but it could take the form as shown in Figure 5-34. 

 

Figure 5-34 Example Target Data Message 

Assuming that the system ID is 2 bytes (e.g. see [Ref 30] sub-section 6.2 ), the Rx ID is 1 
byte, the target 2D position is 6 bytes (e.g. see [Ref 31] sub-section 5.2.5, Data Item 
I020/042 ), the height is 2 bytes (e.g. see [Ref 31] sub-section 5.2.11, Data Item I020/105 
), the time of day is 3 bytes (e.g. see [Ref 31] sub-section 5.2.13 Data Item I020/140 ), the 
target ID is 1 byte, and the target status is 1 byte ( e.g. see [Ref 31] sub-section 5.2.15, 
Data Item I020/170 ), the calculated track velocity is 4 bytes (e.g. see [Ref 31] sub-section 
5.2.16, Data Item I020/202 ), the calculated acceleration is 2 bytes (e.g. see [Ref 31] sub-
section 5.2.17, Data Item I020/210 ), and the position accuracy is 1 byte (e.g. see [Ref 31] 
sub-section 5.2.26 Data Item I020/500 ), then the message length is 23 bytes. 
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If there are 25 target reports per receiver, and the update rate is 2 Hz, then there will be 50 
messages per second, which equates to 1150 bytes per second, for this particular case. 

5.8.4 DATA ASSOCIATION 

It is considered that the most difficult task is the association of target returns with particular 
targets. 

There are considered to be two principal types of target, co-operative and non-co-operative 
targets. A co-operative target is one which provides additional data from, for instance, 
either SSR or ADS-B. One option would be to use the same distributed system receiver sites 
to collocate related information from a multi-lateration system, which would use SSR and 
ADS-B signals independently to determine location. 

The multi-static PSR system could then assign more resources to the identification and 
tracking of non-co-operative targets for which no other location data is available, by virtue 
of the fact that additional related information obtained from the multi-lateration system 
would be used to cross-correlate with the MSPSR data. The MSPSR data would still be 
independent. 

5.8.5 SYSTEM INTERFACES SUMMARY 

A system formed from multiple receivers and transmitters necessarily has to transfer data 
between the various elements of the system. It is considered that there are three different 
types of data, system data, target data and timing data.  

System data is the information that is required to configure the system together with status 
data. The various elements in the system require a common relative time reference, and the 
timing data represents that transfer of data for this purpose. 

The largest volume of data is the target data. 
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6 CONCLUSIONS 

Prior work, see [Ref 1], has demonstrated the feasibility and benefits of producing a multi 
static primary surveillance radar system. This work suggested that operation would only be 
feasible at UHF. This report examines the implications of operation in either L band or S 
band. 

6.1 SPECTRUM USAGE 

It was suggested, see [Ref 1], that the advent of digital television would free spectrum in 
the UHF band, 470 – 862 MHz, that could be used for the deployment of a multi static 
primary surveillance radar system. However, it is considered that the spectrum that will 
become available through the so-called ‘digital dividend’ will be allotted to commercial 
operators on a highest bidder basis, as has already been announced in the United Kingdom. 

It is anticipated that a multi-static surveillance radar would, therefore, have to operate in 
the existing allocated radar bands, at either L band or S band. Consequently, an 
examination of the implication of operating at L band or S band with respect to operation in 
the UHF band was undertaken. 

6.2 OPERATION AT UHF, L BAND & S BAND 

6.2.1 BISTATIC RANGE 

An examination of the bistatic radar equation identifies a number of frequency dependant 
factors, which are; propagation loss, target cross-section and antenna efficiency. 

Propagation loss, both from the transmitter to target and target to receiver, increases with 
frequency. The propagation loss has two components; being free space loss and 
atmospheric attenuation. The free space loss is frequency invariant, being merely a function 
of range, i.e. spherical spreading. The loss due to atmospheric attenuation increases with 
frequency, but even at S band the loss is considered to be negligible.  

In general, the target RCS will increase with increasing frequency, and the rate of change of 
RCS will also tend to increase as the energy becomes focussed into the main beam. In the 
case of a bistatic radar, the RCS varies with the relative geometry of the transmitter and 
receiver. In the case of a monostatic radar, i.e. collocated transmitter and receiver, it is the 
back scatter energy that is of interest. In the case of a bistatic radar, the RCS will be 
greatest were the target is in between the transmitter and receiver, the forward scatter 
case. It is possible that the RCS of targets may be lower than for a monostatic radar for 
angles away from the forward and back scatter geometries. However, if the target is 
deliberately engineered to minimise back scatter returns, then the reverse could occur. 

The effective antenna aperture, of a resonant element, decreases in area with increasing 
frequency, and hence, couples with less of the incident energy. This means that there is a 
relative loss with increasing frequency. However, if the aperture area could be maintained 
then this loss could be negated. 
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6.2.2 CLUTTER 

There are three forms of clutter that are relevant to this application, surface clutter, point 
clutter and rain clutter. Surface and rain clutter have a systematic dependency on radar 
operating frequency, whilst point clutter is largely insensitive of frequency. 

The level of surface clutter, i.e. reflections from land or sea, rises with increasing frequency. 
The available data is principally for a monostatic radar geometry, i.e. back scatter. 

The reflection from rain is generally accepted to be negligible at the frequencies of interest. 

The clutter environment for a bistatic radar is more complicated than for the case of a 
monostatic radar. In a bistatic radar the amount of energy scattered by terrain and sea is a 
function of the relative angle, known as the bistatic angle, between the transmitter and 
receiver. The surface clutter radar cross section can be significantly greater in the forward 
scattered direction, than for the back scatter case. However, the clutter RCS can be 
significantly less when the bistatic angle is away from forward and back scatter alignment.  

Hence, in a multistatic deployment an area of ground or sea that is in the forward scatter 
zone of one transmitter/receiver pair, will generally have a lower clutter return for the other 
transmitter/receiver pairs than for the case of a monostatic radar. 

The enhanced RCS for the case of forward scatter could be a problem for point clutter 
sources such as wind turbine farms. At lower frequencies the angular extent of the forward 
scatter will be greater than at higher frequencies, where the maximum will be greater but 
over a narrower angular extent. 

If the high clutter level in the forward scatter case is found to be problematic then one way 
to avoid the high clutter levels when the bistatic angle is at or close to the forward scatter 
angle would be to have an extra receiver. This extra receiver would enable the system to 
maintain coverage whilst allowing for the blanking out the affected sector. 

6.3 SIMULATION OF UHF, L BAND & S BAND 

The modelling work has been conducted in order to investigate the coverage claimed by 
prior work undertaken by Thales, see [Ref 1], to also examine operation at L & S band, and 
to investigate the sensitivity with the size of baseline. 

• The coverage predicted for the THALES UHF radar is reasonable and matches the 
Radar 1 variant modelled herein. 

• Radar systems operating in any of the bands investigated could be constructed to 
have similar coverage performance. 

• The choice of baseline size within the bounds of 20km to 40km has little impact on 
the theoretical coverage of any of the multi-static systems modelled. 
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6.4 DESIGN STUDY 

6.4.1 FREQUENCY PLANNING 

The proposed multi-static radar system has both multiple transmitters and receivers. Each 
receiver will receive signal from a number of transmitters and, therefore, it is necessary to 
be able to distinguish between transmitters. Operating each transmitter on a separate 
frequency is an obvious solution, however, this would have an impact on the bandwidth of 
the associated receiver. Hence, it is sensible to limit the number of transmitter frequencies. 

There are two requirements on a frequency plan, firstly, it is useful to have direct path 
isolation. That is, each receiver should only be able to see transmitters, via a direct path, 
which all have a separate transmission frequency. Additionally, it is necessary to determine 
from which transmitter a target signal has come from. The latter requirement is a more 
severe constraint on the reuse of frequencies. It is considered that an additional 
discriminant will be required. 

6.4.2 WAVEFORMS 

The optimum waveform for ranging is considered to be a for a pseudo-random noise (PN) 
sequence. In the case of a ranging application, where there is a requirement to discriminate 
between different sources, then there are two criteria that are important. The auto-
correlation property needs to be good in order to provide accurate range estimation. 
However, as there will be multiple sequences in simultaneous use then the cross-correlation 
properties between the separate sequences is also important. The ideal waveform would 
have high auto-correlation discrimination and low cross-correlation. 

The optimum PN sequences are what are known as Gold sequences, which have excellent 
auto-correlation performance, whilst also having beneficial cross-correlation properties. 

6.4.3 TRANSMITTER 

A 1 MHz signal bandwidth, as suggested by Thales, is considered to be commensurate with 
the provision of a location accuracy of a few hundred metres. Hence, an eight frequency 
system would, require an overall spectrum allocation of only a few ten’s of MHz 

It is estimated that the spectrum allocation for a MSPSR system will be commensurate with 
the signal bandwidth of a conventional PSR. However, whereas adjacent conventional PSRs 
have separate spectrum allocations, it is anticipated that adjacent MSPSR systems will be 
able to operate within a single spectrum allocation. 

Transmitters with a suitable output power, i.e. 500 W, are available. Transmitters, operating 
at the desired operating frequencies, are typically implemented by combining the output of 
multiple smaller power amplifiers, and are typically customised to a specific application. 

A DME system has similar coverage requirements to the multi-static surveillance radar 
application. An typical DME system transmit antenna has a narrow elevation beam with 
omni-directional  azimuth coverage.  
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6.4.4 DYNAMIC RANGE 

The required instantaneous dynamic range of the receiver is defined by the thermal noise 
level at a particular receiver bandwidth, and the maximum expected signal level. For 
example, consider a transmitter power of 500 W at a distance of 30 km from the receiver, 
then at 750 MHz the received power direct from the transmitter will be -44.5 dBm. If the 
receiver bandwidth is 20 MHz then the thermal noise level is -101 dBm and the required 
instantaneous dynamic range is 56.5 dB, which is well within the range of available ADCs. 

In order to detect targets with small RCS it will be necessary to effectively reduce the noise 
level by integrating over multiple samples. 

6.4.5 RECEIVE ANTENNA 

The receive antenna will be an array of antenna elements, which will feed multiple receivers, 
in order to facilitate digital beamforming which is used to enhance signal reception. 

The reduction in antenna efficiency with increasing frequency can be mitigated by deploying 
multiple antennas at higher frequencies. It is not necessary to place a receiver behind each 
additional antenna element. A number of antenna elements can be passively combined, for 
instance four antennas could be passively combined at L band and thus offer similar 
performance to a single element at UHF. If these four elements are stacked, in a colinear 
array, then the azimuth coverage remains omni-directional and the vertical pattern is 
compressed. This is not considered to be a disadvantage as the maximum gain is required 
only over a narrow elevation range. It may also be beneficial to squint the main beam 
upwards. This can be achieved simply by the use of differential delay lines between the 
antenna elements and the summing element. 

6.4.6 RECEIVER DESIGN 

The common components in a receiver, such as amplifiers, mixers, etc., have similar 
performance over the UHF, L band and S band frequencies, with modest performance 
degradation with increasing frequency. It is considered that the design of a receiver at S 
band is only slightly more difficult compared to a UHF band receiver. 

6.4.6.1 Multi-Channel Receiver 

Each receiver will be required to receive signals from multiple transmitters each on a 
separate frequency. The most suitable receiver architecture for this application is considered 
to be a digital receiver, where the analogue to digital conversion (ADC) is undertaken after a 
single down-conversion stage, to an intermediate frequency (IF). The ADC therefore only 
needs to have a bandwidth commensurate with the total useful IF bandwidth. In this case 
that will correspond to ‘n’ transmitter bandwidths, and with, for example, eight frequencies, 
each of 1 MHz bandwidth, then the total IF bandwidth would be of the order of 20 MHz. An 
ADC capable of capturing a 20 MHz bandwidth is well within current ADC capabilities. 

6.4.6.2 Beamforming 

It will be necessary to provide as much discrimination between signals as possible, and to 
boost the signal to noise ratio (SNR). Therefore, it is reasonable to implement beamsteering, 
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that is to combine the signal from each antenna element, or groups of elements, in such a 
way as to enhance reception of the wanted signal, and if possible, minimise the power of 
unwanted signals. 

The simplest way to achieve this is to phase up the signals for the wanted direction. 
However, a more advantageous approach is to steer a beam in the wanted signal direction 
and to also allow the cancellation of power from any other direction, that is, place nulls on 
any signals not from the wanted signal direction. 

In order to continuously track targets it would be necessary to have a beamformer for each 
wanted signal. Once the signal has been digitised, then all that is required is the application 
of a set of digital weights, which can be achieved in parallel. 

6.5 SUMMARY 

Prior work, see [Ref 1], has demonstrated the feasibility and benefits of producing a multi 
static primary surveillance radar system, operating at UHF. This report examines the 
implications of operation in either L band or S band. 
 
It is considered unlikely that the transition from analogue to digital television, the ‘digital 
dividend’, will offer a suitable spectrum allocation in the UHF band, and hence a multi-static 
PSR would have to operate within either of the existing L band or S band allocations. 
 
Atmospheric attenuation is less than 1 dB more at S band than at UHF, and hence will have 
a negligible effect on higher frequency operation. There is, however, a significant increase in 
loss with increasing frequency, due to the commensurate reduction in antenna coupling 
efficiency. 
 
In general, the radar cross-section (RCS) of a target will increase with frequency, with an 
attendant increase in the rate of change. In the case of a bistatic radar the RCS varies 
according to the relative geometry of the transmitter and receiver, typically being greatest 
when the target lies directly between the transmitter and receiver, i.e. forward scatter. 
 
The clutter level will in general increase with frequency, although it not considered to be 
significant even at S band. Point clutter, such as a wind farm turbine, is likely to be worse in 
the particular case where the source lies directly between the transmitter and receiver, i.e. 
in the forward scatter zone, than for a monostatic radar. However, the clutter level ought be 
lower for the majority of cases where the bistatic geometry will be between the forward 
scatter and back scatter alignments. 
 
The modelling work undertaken by Roke showed a reasonable match to the Thales modelling 
at UHF. L band and S band were also modelled, with the increase in loss with frequency due 
to the reduced antenna coupling efficiency being compensated for by increasing the number 
of antenna elements. The variation of baseline, which was varied by ±10 km from the 
nominal 30 km, had little impact on the theoretical coverage. 
 
The frequency plan for the transmitters should provide for enough frequencies in order to 
ensure that any receiver only receives a direct signal from one transmitter at a particular 
frequency. It is unlikely that it will viable to provide enough frequencies to ensure that a 
target return can be linked to an individual transmitter by frequency alone. 
 
It is estimated that the spectrum allocation for a MSPSR system will be commensurate with 
the signal bandwidth of a conventional PSR. However, whereas adjacent conventional PSRs 
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have separate spectrum allocations, it is anticipated that adjacent MSPSR systems will be 
able to operate within a single spectrum allocation. 

A pseudo-random noise sequence is the most suitable modulation waveform for this 
application, with Gold sequences providing the optimum performance. 
 
The required instantaneous dynamic range is estimated to be within the capability of 
available analogue to digital converters. 
 
The increase in loss between a system operating in the UHF band and L band can be 
negated by combining the output of multiple receive antennas. One suitable arrangement 
would be a colinear array, which would maintain omni-directional azimuth coverage at L 
band. 
 
It is suggested that an S band receiver represents only a modest performance degradation, 
compared to a UHF band receiver, with no significant cost implication. A digital receiver 
were the first intermediate frequency signal is directly digitised is believed to be the 
optimum receiver architecture, for this application. 
 
Digital beamforming can be readily implemented, and offers both increased signal selectivity 
and sensitivity. The attendant digital signal processing is considered to be readily 
achievable, given the recent increase in even general processors. 
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9 GLOSSARY 

9.1 DEFINITIONS 

HF  3 MHz – 30 MHz 

VHF  30 MHz – 300 MHz 

UHF 300 MHz – 1,000 MHz [ λ = 100 cm – 30 cm ] {273 – 960 MHz Freq. Allocation} 

L Band 1,000 MHz – 2,000 MHz [λ = 30 cm – 15 cm ] {960 – 1980 MHz Freq. Allocation} 

S Band 2,000 MHz – 4,000 MHz [λ = 15 cm – 7.5 cm ] {1980 – 4200 MHz Freq. Allocation} 

9.2 ACRONYMS 

ADC Analogue to Digital Converter 

ADS-B Automatic Dependant Surveillance – Broadcast 

AGL Above Ground Level  

ASIC  Application Specific Integrated Circuit  

ASTERIX  All Purpose STructured Eurocontrol Radar Information Exchange  

ATC  Air Traffic Control  

ATM  Air Traffic Management  

BPF  Band Pass Filter 

COTS Commercial Of The Shelf 

CW Continuous Wave 

DECT Digital Enhanced Cordless Telecommunications 

DME Distance Measuring Equipment 

DSSS  Direct Sequence Spread Spectrum 

DTT Digital Terrestrial Television 

DoA Direction of Arrival  

EC  European Commission 

ECC Electronic Communications Committee  
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EHQ  EUROCONTROL Headquarters  

EM  Electromagnetic  

ERO European Radiocommunications Office 

ERP Effective Radiated Power  

FPGA Field Programmable Gate Array 

GaAs Gallium Arsenide 

GCP Gain Compression Point 

GDOP  Geometric Dilution Of Precision  

GNSS  Global Navigation Satellite System  

GSM  Global System for Mobile communications 

HF High Frequency ( see sub-section 9.1 ) 

HMU  Height Monitoring Unit  

ICAO  International Civil Aviation Organisation  

ID Identification 

IEEE Institute of Electrical & Electronics Engineers 

IF Intermediate Frequency 

IFF Identification Friend or Foe 

IMT-2000 International Mobile Telecommunications-2000, the global standard for third 
generation (3G) wireless communications 

ISM Industrial, Scientific and Medical applications 

ISO  International Standardization Organization 

JTIDS  Joint Tactical Information Distribution System 

LNA Low Noise Amplifier 

LO Local Oscillator 

MIDS  Multifunctional Information Distribution Systems 

MMIC Monolithic Microwave Integrated Circuit 

MSPSR Multi-Static Primary Surveillance Radar 
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MSRMT  Multi-Static Radar Modelling Tool 

MSS  Mobile Satellite Service 

PCB Printed Circuit Board  

PN Pseudo-random Noise 

PSR Primary Surveillance Radar 

RCS Radar Cross Section 

RF  Radio (Carrier) Frequency 

RFID Radio Frequency IDentification systems 

RLAN Radio Local Area Network 

RM Radio Microphone 

RVSM Reduced Vertical Separation Minima  

Rx Receiver  

SAC  System Area Code 

SAB Services Ancillary to Broadcasting 

SAP Services Ancillary to Programming 

SIC  System Identifier Code 

S/N Signal to Noise Ratio 

SSR  Secondary Surveillance Radar 

TACAN Tactical Air Navigation 

TDMA Time Division Multiple Access 

TDOA  Time Difference Of Arrival  

TFTS Terrestrial Flight Telephone Service 

ToA  Time Of Arrival 

ToF  Time of Flight 

Tx Transmitter 

UAV Unmanned Air Vehicle 
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UHF  Ultra High Frequency ( see sub-section 9.1 ) 

UK United Kingdom 

UMTS Universal Mobile Telecommunications System 

UTC  Coordinated Universal Time 

VHF  Very High Frequency ( see sub-section 9.1 ) 

9.3 UNITS 

ft Foot 

GHz Giga Hertz [109 Hertz] 

km Kilometres [103 metres] 

MHz Mega Hertz [106 Hertz] 

NM Nautical Mile 
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APPENDIX A ATM SURVEILLANCE REQUIREMENTS EXTRACT 

These sections outline the requirements placed upon a Primary Surveillance Radar (PSR), 
see [Ref 6] & [Ref 7]. 

A.1 TRAFFIC CHARACTERISTICS 

A.1.1 EN-ROUTE AIRSPACE 

For En-route Airspace the following sector traffic numbers are defined: 

• Average sector flight duration = 6 minutes 

• Average flights per hour  = 65 flights 

• Traffic numbers in sector  = 20 aircraft (maximum instantaneous count) 

A.1.2 TERMINAL MANOUVERING AREA 

A.1.2.1 Medium Density 

For medium density TMA Airspace the following sector traffic numbers are defined: 

• Average sector flight duration = 3 minutes 

• Average flights per hour  = 25 flights 

• Traffic numbers in sector  = 20 aircraft (maximum instantaneous count) 

A.1.2.2 High Density 

For high density TMA Airspace the following sector traffic numbers are defined: 

• Average sector flight duration = 1.5 minutes 

• Average flights per hour  = 60 flights 

• Traffic numbers in sector  = 15 aircraft (maximum instantaneous count) 

A.2 MINIMUM PERFORMANCE REQUIREMENTS 

A surveillance system providing data for one of the following three applications: 

 Application A – 3 NM horizontal separation + 1000 ft vertical separation 

 Application B – 5 NM horizontal separation + 1000 ft vertical separation 

 Application C – 5 NM horizontal separation + 2000 ft vertical separation 
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needs to be time consistent by design, see [Ref 7]. 

Table 9-1 lists the requirements on the update period for the three applications listed above. 

Requirement thresholds per application Data 
Items 

Quality of Service 

A B C 

All Update period N1 = 5 s N1 = 8 s 

Table 9-1 Surveillance System Periodicity 

Table 9-2 lists the requirements for calculated data for the three applications listed above. 

Requirement thresholds per application Data 
Items 

Quality of Service 

A B C 

All Update period N1 = 5 s N1 = 8 s 

Core accuracy/error (95%) X2 = 520 m X2 = 870 m 

Tail accuracy/error (95%) X3 = 1852 m X2 = 3000 m 

Correlated errors P4 = 3.10-4 

X2 = 520 m 

N4 = 3 updates 

P4 = 3.10-4 

X4 = 870 m 

N4 = 3 updates 

Rate of delivery P5 = 97% 

Calculated 
horizontal 
position 

Relative  N6 = 0.3 s N6 = 0.6 s 

Table 9-2 Data Items Related to True Target Reports 

Table 9-3 lists the requirements for forwarded data for the three applications listed above. 

 

Requirement thresholds per application Data 
Items 

Quality of Service 

A B C 

Rate of delivery P8 = 93 % 

Integrity P9 = 10-3 

Forwarded 
airborne 
barometric 
altitude 

Processing delay TBD 

Integrity P10 = 10-3 Forwarded 
aircraft 
identity Processing delay TBD 

Table 9-3 Data Items Related to Forwarded Data 
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Table 9-4 lists the requirements on false targets for the three applications listed above. 

Requirement thresholds per application Data 
Items 

Quality of Service 

A B C 

Short living P21 = 0.4 % 

False 
Horizontal 
Position Long living 

N131 = 1 

N132 = 3 

N133 = 1 hour 

Table 9-4 Data Items Related to False Target Reports 
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APPENDIX B ATMOSPHERIC ABSORPTION 

Electromagnetic waves are absorbed by the atmosphere, with the amount being dependant 
upon the wavelength. The majority of the signal absorption is due to two compounds: 
oxygen (O2) and water vapour (H2O). The first peak occurs at 22 GHz, due to water, and the 
second at 63 GHz, due to oxygen. The actual amount of water vapour and oxygen in the 
atmosphere normally declines with increasing altitude, because of the decrease in pressure, 
and attendant cooling. The graph shown in Figure 9-1 is applicable from sea level to around 
1 km altitude. This graph indicates that at the frequencies of interest then oxygen 
absorption dominates, see green trace in Figure 9-1. 

 

Figure 9-1 Atmospheric Absorption 

The attenuation through the entire atmosphere is listed in Table 9-5, see [Ref 8], at various 
frequencies and elevation angles. An elevation angle of 90° represents a line normal to the 
earths surface. 

The variation of absorption with frequency is plotted in Figure 9-2. 
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Frequency 0° 2° 5° 10° 30° 90° 

300 MHz 1.2 dB 0.6 dB 0.18 dB <0.1 dB <0.1 dB <0.1 dB 

600 MHz 2.5 dB 1.2 dB 0.6 dB 0.32 dB 0.12 dB <0.1 dB 

900 MHz 3.3 dB 1.5 dB 0.75 dB  0.4 dB 0.14 dB <0.1 dB 

1 GHz 3.5 dB 1.6 dB 0.8 dB 0.42 dB 0.15 dB <0.1 dB 

1.5 GHz 4 dB 1.7 dB 0.88 dB 0.47 dB 0.16 dB <0.1 dB 

2 GHz 4.3 dB 1.8 dB 0.9 dB 0.48 dB 0.165 dB <0.1 dB 

3 GHz 4.6 dB 1.9 dB 0.95 dB 0.5 dB 0.17 dB <0.1 dB 

4 GHz 4.8 dB 2.0 dB 0.99 dB 0.51 dB 0.18 dB <0.1 dB 

Table 9-5 Attenuation due to Atmospheric Absorption 
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Figure 9-2 Atmospheric Absorption versus Frequency 

In the case of terrestrial radars it is the low elevation angles that are of interest.  

B.1 ATMOSPHERIC ABSORPTION VERSUS RANGE 

The following tables list the overall attenuation for both elevation angle and distance, at 10 
NM Table 9-6, 25 NM Table 9-7, 50 NM Table 9-8, 100 NM Table 9-9, 150 NM Table 9-10, 
200 NM Table 9-11 and 250 NM Table 9-12.  
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Frequency 0° 0.5° 1° 2° 5° 10° 

300 MHz 0.05 dB 0.05 dB 0.05 dB 0.05 dB 0.05 dB 0.05 dB 

1 GHz 0.2 dB 0.2 dB 0.2 dB 0.2 dB 0.2 dB 0.2 dB 

3 GHz 0.3 dB 0.29 dB 0.28 dB 0.26 dB 0.24 dB 0.22 dB 

10 GHz 0.55 dB 0.5 dB 0.48 dB 0.45 dB 0.41dB 0.38 dB 

Table 9-6 Attenuation due to Atmospheric Absorption @ 10 NM 

 

Frequency 0° 0.5° 1° 2° 5° 10° 

300 MHz 0.145 dB 0.144 dB 0.142 dB 0.14 dB 0.13 dB 0.12 dB 

1 GHz 0.5 dB 0.49 dB 0.48 dB 0.47 dB 0.42 dB 0.31 dB 

3 GHz 0.78 dB 0.77 dB 0.75 dB 0.7 dB 0.58 dB 0.4 dB 

10 GHz 1.3 dB 1.25 dB 1.2 dB  1.1 dB  0.8 dB 0.6 dB 

Table 9-7 Attenuation due to Atmospheric Absorption @ 25 NM 

 

Frequency 0° 0.5° 1° 2° 5° 10° 

300 MHz 0.25 dB 0.25 dB 0.25 dB 0.24 dB 0.225 dB 0.17 dB 

1 GHz 1.1 dB 0.99 dB 0.97 dB 0.88 dB 0.62 dB 0.4 dB 

3 GHz 1.48 dB 1.4 dB 1.35 dB 1.15 dB 0.8 dB 0.48 dB 

10 GHz 2.55 dB 2.35 dB 2.2 dB 1.8 dB 1.1 dB 0.62 dB 

Table 9-8 Attenuation due to Atmospheric Absorption @ 50 NM 

 

Frequency 0° 0.5° 1° 2° 5° 10° 

300 MHz 0.51 dB 0.49 dB 0.48 dB 0.46 dB 0.32 dB 0.18 dB 

1 GHz 1.95 dB 1.8 dB 1.62 dB 1.31 dB 0.75 dB 0.42 dB 

3 GHz 2.75 dB 2.4 dB 2.15 dB 1.65 dB 0.9 dB 0.5 dB 

10 GHz 4.6 dB 3.8 dB 3.2 dB 2.35 dB 1.27 dB 0.65 dB 

Table 9-9 Attenuation due to Atmospheric Absorption @ 100 NM 
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Frequency 0° 0.5° 1° 2° 5° 10° 

300 MHz 0.75 dB 0.725 dB 0.675 dB 0.575 dB 0.33 dB 0.18 dB 

1 GHz 2.7 dB 2.3 dB 2 dB 1.5 dB 0.78 dB 0.42 dB 

3 GHz 3.6 dB 3.02 dB 2.55 dB 1.87 dB 0.95 dB 0.5 dB 

10 GHz 5.8 dB 4.5 dB 3.63 dB 2.55 dB 1.27 dB 0.65 dB 

Table 9-10 Attenuation due to Atmospheric Absorption @ 150 NM 

 

Frequency 0° 0.5° 1° 2° 5° 10° 

300 MHz 0.95 dB 0.88 dB 0.79 dB 0.61dB 0.33 dB 0.18 dB 

1 GHz 3.1 dB 2.6 dB 2.16 dB 1.65 dB 0.78 dB 0.42 dB 

3 GHz 4.1 dB 3.3 dB 2.7 dB 1.91 dB 0.95 dB 0.5 dB 

10 GHz 6.3 dB 4.85 dB 3.85 dB 2.63 dB 1.27 dB 0.65 dB 

Table 9-11 Attenuation due to Atmospheric Absorption @ 200 NM 

 

Frequency 0° 0.5° 1° 2° 5° 10° 

300 MHz 1.1 dB 0.95 dB 0.82 dB 0.615dB 0.33 dB 0.18 dB 

1 GHz 3.3 dB 2.68 dB 2.2 dB 1.65 dB 0.78 dB 0.42 dB 

3 GHz 4.35 dB 3.43 dB 2.75 dB 1.91 dB 0.95 dB 0.5 dB 

10 GHz 6.6 dB 4.95 dB 3.9 dB 2.63 dB 1.27 dB 0.65 dB 

Table 9-12 Attenuation due to Atmospheric Absorption @ 250 NM 

The atmospheric absorption with range at 0° elevation at 300 MHz, 1 GHz, 3 GHz and 10 
GHz is plotted in Figure 9-3. 
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Figure 9-3 Atmospheric Absorption versus Range @ 0° Elevation 

Similarly the atmospheric absorption with range at 2° elevation at 300 MHz, 1 GHz, 3 GHz 
and 10 GHz is plotted in Figure 9-4. 
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Figure 9-4 Atmospheric Absorption versus Range @ 2° Elevation 

Finally the atmospheric absorption with range at 5° elevation at 300 MHz, 1 GHz, 3 GHz and 
10 GHz is plotted in Figure 9-5. 
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Figure 9-5 Atmospheric Absorption versus Range @ 5° Elevation 

B.1.1 RAIN ATTENUATION 

The attenuation due to rain is considered to be insignificant below 6 GHz, see [Ref 21]. 

The data presented in Table 9-13, is from [Ref 21] pp 20. The attenuation for drizzle, rain, 
heavy rain and a storm is given for five wavelengths from 3 to 60 GHz. The attenuation due 
to rain is less than 0.1 dB.km-1 for storm conditions, i.e. 100 mm.h-1, at 3 GHz. 

λ 
[cm] 

Freq 
[GHz] 

Drizzle 
[dB.km-1]  

Rain 
[dB.km-1]  

Heavy 
Rain 

[dB.km-1]  
Storm 

[dB.km-1]  

10 3 0.0001 0.001 0.007 0.08 

5 6 0.001 0.015 0.1 1.1 

2 15 0.02 0.2 1.2 10 

1 30 0.2 0.9 4 25 

0.5 60 0.5 2 7 30 

Table 9-13 Attenuation due to Rain versus Frequency 

The data from Table 9-13 is shown graphically in Figure 9-6, below. 
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Figure 9-6 Attenuation due to Rain versus Frequency 

B.2 TOTAL ATMOSPHERIC ATTENUATION 

Total attenuation through the atmosphere at any frequency through unobstructed 
atmosphere is the sum of free space path loss, attenuation caused my oxygen absorption 
and attenuation caused by water vapour absorption. Rain attenuation, when present adds an 
additional element.  

AttenTotal = AttenFreeSpacePathLoss + AttenOxygen + AttenWaterVapor + AttenRain 
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APPENDIX C SLANT RANGE, ELEVATION AND HORIZON 

This appendix provides equations for slant range and radar horizon. 

C.1 SLANT RANGE 

The range between a radar and a target is known as the slant range. The slant range is 
different to the range as measured on the Earth’s surface, see Figure 9-7. 

The slant range ddirect is projected onto the Earth’s surface giving the distance dearth. The 
other parameter of interest is the elevation ψ of the target with respect to the radar 
antenna. 

 

Figure 9-7 Slant Range and Elevation 

The slant range ddirect can be derived by applying the Law of Cosines 

The Law of cosines as referenced to the triangle shown in Figure 9-8 is: 
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Law of cosines  Θ⋅⋅⋅−+= cos222 cbcba  

 Equation 9-1 

 

 

Figure 9-8 Law of Cosines 

Substituting components shown in Figure 9-7 gives: 

Slant range ( ) ( ) ( ) ( ) 




⋅+⋅+⋅−+++=

E

earth
acErxEacErxEdirect r

dhrhrhrhrd cos222
 

Equation 9-2 

as  

Distance on Earth’s surface                Θ⋅= Eearth rd   

Equation 9-3 

Again using the Law of cosines to solve for the angle φ 

( )








⋅⋅
−+

= −

ba
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2
cos

222
1ϕ  

Equation 9-4 

( ) ( )
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Equation 9-5 

Taking the tangent to the circle of radius rxE hr + , then elevation 
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°−=Ψ 90ϕ    

Equation 9-6 

C.2 RADAR HORIZON 

The radar horizon is the locus of points at which direct rays from a transmitter become 
tangential to the earth's surface. Assuming a smooth surface, the distance of the horizon is 
given approximately by the equation where RH is the distance, in kilometres, and h is the 
height, in metres, of the antenna above the surface. 

The effective radius of the earth, due to atmospheric refraction, is taken as 4/3 the actual 
earth radius, i.e. earth radius at equator = 6378. 155 km. 

radar horizon ( ) hRR EH ⋅⋅= .3
42  

Equation 9-7 

The radar horizon for antenna heights from 1 m to 50 m is shown in Figure 9-9. 
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Figure 9-9 Radar Horizon vs Antenna Height 
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Figure 9-10 Radar Horizon vs Aircraft Height 
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APPENDIX D RECEIVER FRONT-END 

This appendix provides details of an example RF receiver front-end, that is the components 
up to and including the first stage of down-conversion, see Figure 9-11. The subsequent IF 
circuits are not included as it is assumed that a common IF would be used, and hence the 
components would be identical. 

 

Figure 9-11 Example Receiver Front-end 

D.1 ANTENNA 

It is considered unlikely that a suitable COTS antenna could be obtained for the frequency of 
interest. This is because it would be sensible to use a frequency away from existing widely 
used frequencies, such as the GSM bands. 

The antenna used in a UHF passive radar system is representative of the construction 
techniques utilised at the target frequencies, a Jaybeam MA423UV03. The specification is 
detailed in Table 9-14. The cost of this antenna is ~ €27. The antenna is a Yagi, fabricated 
on a PCB. 

The Jaybeam MA423UV03 is designed for use at the top end of the UHF band, however, 
printed circuit antennas are also common at L band and S-band frequencies. 
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Parameter Value 

Frequency range 870-960 MHz 

Gain 7 dBi 

VSWR < 1.5:1 

Horizontal beamwidth 94° (±8°) 

Vertical beamwidth 60° (±4°) 

Polarisation Liner, vertical 

Dimensions 21 x 19.5 x 6.5 [mm] 

Weight 0.47 kg 

Table 9-14  UHF Antenna Specification 

D.2 DOWN FEEDER 

Cable 700 MHz 1500 MHz 3000 MHz Cost.m-1 

LDF1-50 [¼”] 11.244 dB 17.04 dB 25.171 dB €2.34 

LDF2-50 [⅜”] 9.519 dB 14.446 dB 21.376 dB €3.37 

LDF4-50 [½”] 6.009 dB 9.093 dB 13.407 dB €4.51 

LDF5-50 [⅞”] 3.375 dB 5.178 dB 7.764 dB £7.34 

Table 9-15 Andrews Cable – Attenuation per 100 m 

D.3 FILTER 

If it is assumed that the frequency band covers 100 MHz, then the 3 dB bandwidth of a band 
pass filter (BPF) will be 13.3% , 6.6% and 3.3% of the centre frequency, @ 750 MHz, 1500 
MHz and 3000 MHz respectively. 

A suitable filter would be the RLC Electronics MBP series surface mount BPF, which can be 
supplied to operate between 10 MHz and 4000 MHz, with a 3dB bandwidth from 2% to 50%. 
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D.4 MMIC LOW NOISE AMPLIFIER 

An example low noise amplified is the Avago Technologies MGA-82563 GaAs MMIC amplifier 
is listed in Table 9-16. The operating temperature range of the amplifier is -40°C to +85°C. 

Parameter 0.5 GHz 1.5 GHz 3.0 GHz 

Gain 14.34 dB 13.50 dB 11.84 dB 

Isolation 22 dB 22 dB 21 dB 

Noise Figure 2.10 dB 2.10 dB 2.15 dB 

IP-3 output 31 dBm 

1 dB Compression 17.4 dBm 17.4 dBm 17.1 dBm 

Output return loss 28.18 dB 22.95 dB 23.60 dB 

Table 9-16 Avago Technologies MGA-82563 GaAs MMIC Amplifier 

D.5 POWER SPLITTER 

An example set of power splitters are the Mini-Circuits ADP-2-4+, SBTC-2-25+ and SP-
2W1+, which are for operation in UHF, L band and S band respectively. 

Typical performance data is listed in Table 9-17, below. 

750 MHz 1500 MHz 3000 MHz  
Parameter ADP-2-4+ SBTC-2-25+ SP-2W1+ 

Price € 11.53 € 10.85 € 6.77 

Insertion Loss 3.7 dB 4.02 dB 3.44 dB 

Amplitude Imbalance 0.11 dB 0.30 dB 0.02 dB 

Phase Imbalance 0.06 ° 0.64 ° 0.48 ° 

Isolation 22.55 dB 17.83 dB  15.34 dB 

Table 9-17 Mini-Circuits 0° Power Splitters 

The operating temperature range of all three of the Mini-Circuits power splitters is -40°C to 
+85°C. 

D.6 MIXER 

An example is the M/A-COM SM5T17 Mixer is listed in Table 9-18. The operating 
temperature range of the mixer is -40°C to +85°C. 
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Parameter 0.5 GHz 1.5 GHz 3.0 GHz 

SSB Conversion Loss 6.9 dB 6.9 dB 7.5 dB 

Isolation L - R 35 dB 33 dB 33 dB 

Isolation L - I 40 dB 35 dB 35 dB 

Isolation R - I 32 dB 

IP-3 output 24 dBm 

1 dB Compression 13 dBm 

VSWR 1.5:1 

Table 9-18 M/A-COM SM5T17 Mixer 

The mixer performance is generally degraded with increasing frequency; however, the 
slightly increased conversion loss could be accommodated by increased signal gain 
elsewhere. 

D.7 OSCILLATOR 

An example set of oscillators, for each band, are the tfc TA400-10, Lucix LO-0152-X8B and 
Lucix LO-030-X4B. 

Typical performance data is listed in Table 9-19, below. 

 tfc Lucix Lucix  

Parameter  TA400-10 LO-0152-X8B LO-030-X4B 

€ tba € tba € tba 

Frequency range 1 MHz – 1GHz 1.489 – 1.565 GHz 2.977 – 3.129 GHz 

RF Power 0 dBm 12 – 15 dBm 12 – 15 dBm 

Fo +100 Hz -100 dBc/Hz -90 dBc/Hz -84 dBc/Hz 
Phase Noise 

Fo +1 kHz -125 dBc/Hz -115 dBc/Hz -109 dBc/Hz 

Ageing ±1.5 ppm (1st yr.) ±2 ppm (10 yrs) ±2 ppm (10 yrs) 

Table 9-19 Local Oscillator 

The operating temperature range of all three oscillators is -40°C to +70°C. 

It is apparent that the phase noise increases with increasing frequency. In an ideal system 
this noise would degrade the wanted signal. However, without a detailed system design it is 
not possible to determine if the phase noise deterioration with increasing frequency 
represents a significant factor limiting performance. 

D.8 90° POWER SPLITTER 

An example set of 90° power splitters are the Mini-Circuits LRPQ-700+, QCN-19+ and QCN-
45+, which are for operation in UHF, L band and S band respectively. 

Typical performance data is listed in Table 9-20. 
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The operating temperature range of the Mini-Circuits LRPQ-700+ 90° (UHF) power splitter is 
-40°C to +85°C, whilst the QCN-19+ and QCN-45+ power splitters operate over -5°C to 
+100°C. 

640 MHz 1540 MHz 3100 MHz  
Parameter LRPQ-700+ QCN-19+ QCN-45+ 

Price € 5.95 € 2.71 € 2.37 

Insertion Loss 3.41 dB 3.6 dB 3.64 dB 

Amplitude Imbalance 0.44 dB 0.45 dB 0.44 dB 

Phase Imbalance 89.64° 90.65° 89.79° 

Isolation 23.55 dB 31.34 dB  19.2 dB 

Table 9-20 Mini-Circuits 90° Power Splitters 

The power splitter performance of the sample devices varies little over the target frequency 
ranges. 
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APPENDIX E HIGH POWER AMPLIFIER 

This appendix provides details of high power amplifiers, with examples given for UHF, L 
band and S band. 

E.1 UHF HIGH POWER AMPLIFIER 

An example of an UHF high power amplifier is the Empower RF Systems, Inc. 4006 – 
GCS3Q3SUT General Communication High Power RF Amplifier. Typical performance data is 
listed in Table 9-21. The operating temperature range of the power amplifier is 0°C to 
+50°C. The cost of this amplifier is €81,650. 

Parameter Value 

Bandwidth 800 – 900 MHz 

Power Output CW 1000 W 

Power Output @ 1dB GCP4 800 W 

VSWR 1.9:1 

Harmonics @ 1dB GCP4 -20 dBc 

Spurious Signals -70 dBc 

Supply Voltage 208 v 

Power Consumption 4000 W 

Table 9-21 Empower RF Systems UHF High Power RF Amplifier 

E.2 L BAND HIGH POWER AMPLIFIER 

An example of an L band high power amplifier is the Empower RF Systems, Inc. 4018 – 
GCS4M4OUT General Communication High Power RF Amplifier. Typical performance data is 
listed in Table 9-22. The operating temperature range of the power amplifier is -10°C to 
+50°C. The cost of this amplifier is €153,090. 

                                          

4 GCP – Gain Compression Point 
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Parameter Value 

Bandwidth 1.6 – 1.7 GHz 

Power Output CW 1200 W 

Power Output @ 1dB GCP4 1000 W 

VSWR 2.0:1 

Harmonics @ 1dB GCP4 -40 dBc 

Spurious Signals -70 dBc 

Supply Voltage 260 v 

Power Consumption 9600 W 

Table 9-22 Empower RF Systems L band High Power RF Amplifier 

E.3 S BAND HIGH POWER AMPLIFIER 

An example of an S band high power amplifier is the Empower RF Systems, Inc. 6009 – 
MBS6C6KUT General Communication High Power RF Amplifier. Typical performance data is 
listed in Table 9-23. The operating temperature range of the power amplifier is 0°C to 
+50°C. This particular amplifier is for pulse applications. The cost of this amplifier is 
€61,240. 

Parameter Value 

Bandwidth 3.1 – 3.5 GHz 

Power Output Pulse5 1200 W 

VSWR 2.0:1 

Harmonics @ 1dB GCP4 -40 dBc 

Spurious Signals -70 dBc 

Supply Voltage 230 v 

Power Consumption 500 W 

Table 9-23 Empower RF Systems S band High Power RF Amplifier 

                                          

5 10% duty cycle 
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APPENDIX F TRANSMIT ANTENNA 

This appendix provides details of example high power antennas.  

F.1 UHF ANTENNA 

An example a UHF omni-directional  antenna, capable of transmitting 1kW, is the Kathrein K 
72 20 4, the parameters for which are listed in Table 9-24, below. 

Parameter Value 

Frequency Range 470 – 860 MHz 

VSWR < 1:1.05 

Maximum Power 4 kW (average) 

Gain 11 dBd 

Polarisation horizontal 

Weight 170 kg 

Windload (@160km.h-1) 1.45 kN 

Maximum wind velocity  225 km.h-1 

Height 5.1 m 

Diameter 300 mm 

Table 9-24 Kathrein UHF Omni-directional  Antenna 

 

Figure 9-12 Horizontal & Vertical Radiation Patterns 
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F.2 L BAND ANTENNA 

An example an L band omni-directional  antenna, capable of transmitting 1kW, is the 
Kathrein antenna, model No.722 394, the parameters for which are listed in Table 9-25, 
below. 

This antenna is used for the DME system, which operates at the bottom of L band, 960 – 
1215 MHz. The antenna pattern is designed to provide coverage to aircraft in flight, which is 
precisely the requirement desired by MSPSR. 

The horizontal and vertical radiation patterns are presented in Figure 9-13. 

Parameter Value 

Frequency Range 960 – 1215 MHz 

Bandwidth 255 MHz 

VSWR < 1.8:1 

Gain 9 ± 0.5 dBi 

Vertical Pattern Uplift 3 ± 0.5° 

Polarisation Vertical 

Peak Power 10 kW 

Weight 21 kg 

Height 2.601 m 

Diameter 86 mm 

Table 9-25 Example L band Antenna 
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Figure 9-13 Horizontal & Vertical Radiation Patterns 

 

F.3 S BAND ANTENNA 

An example an S band omni-directional  antenna, capable of transmitting 1kW, is the 
Kathrein MMDS 776 012, the parameters for which are listed in Table 9-26, below. 

Parameter Value 

Frequency Range 2500 - 2700 MHz 

VSWR < 1:1.05 

Maximum Power 1.2 kW 

Polarisation vertical 

Weight 170 kg 

Maximum wind velocity  225 km.h-1 

Height 2.88 m 

Diameter 186 mm 

Table 9-26 Kathrein S band Omni-directional  Antenna 
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APPENDIX G BISTATIC RADAR EQUATION 

The bistatic radar equation can be derived in a similar manner to that for a monostatic 
radar, see [Ref 11]. 

Bistatic radar equation 

( )
( ) ( )

½

min

3

222

max 4 













⋅⋅⋅⋅⋅⋅⋅

⋅⋅⋅⋅⋅⋅
=

RTns

RTBRTT
RT

LLN
SBTK

FFGGPRR
π

σλ
  

Equation 9-8 

where: 

RT = range from transmitter to target 

RR = range from target to receiver 

PT = transmitter power output 

GT = transmitting antenna power gain 

GR = receiving antenna power gain 

λ = wavelength at operating frequency 

σB = bistatic radar target cross section 

FT = pattern propagation factor for transmitter to target path 

FR = pattern propagation factor for target to receiver path 

K = Boltzmann’s constant 

TS = receiving system noise temperature 

BN = noise bandwidth of the receiver 

( )
minN

S = signal–to-noise power ratio fro required detection 

LT = transmitting system losses ( not included in other parameters) 

LR = receiving system losses ( not included in other parameters) 

It is more illustrative to consider the following equation, see [Ref 13], which is arranged in 
sequential order 
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Equation 9-9 

where: 

LMT, LMR = propagation losses above free space loss 

LP = losses due to polarisation effects 

G.1 MAXIMUM RANGE 

The signal to noise ratio at RT – RR can be estimated with  

22
RT RR

k
N

S
⋅

=  

Equation 9-10 

where k is, see Equation 9-8 

( ) MRMTNS

RTBRTT

LLBTK
FFGGPk

⋅⋅⋅⋅⋅⋅
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= 3

222

4 π
σλ

 

Equation 9-11 
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APPENDIX H PROPAGATION LOSS 

This appendix examines free space propagation loss.  

Free space path loss is given by the Friis equation 

Friis equation 





 ⋅⋅
⋅⋅=

λ
π RPloss

4log20 10  

Equation 9-12 

However, this equation is somewhat misleading, and it is not immediately apparent how the 
frequency dependency occurs. 

The loss can be considered as being due to two factors: 

• Radial spreading 

• Antenna efficiency 

H.1 RADIAL SPREADING 

Consider a signal radiating from an isotropic antenna, then the power density decreases as 
the square of the radial distance from the centre of the antenna, that is, the power density 
can be calculated from  

Power Density 24
),(),(

r
P

GP o

⋅⋅
⋅=

π
φϑφϑ  

Equation 9-13 

where: 

G(Θ,Ф) = antenna gain 

Po = power accepted by antenna 

Thus, it can be seen that there is no frequency dependant loss in free space propagation, 
the frequency dependency occurs at the receiving antenna. 

H.2 ANTENNA EFFICIENCY 

The power coupled into an antenna depends upon the aperture, see Appendix M. 

The effective capture area 
π

λς
⋅
⋅

=⋅=
4

2 GAAe  

Equation 9-14 
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where: 

A = physical aperture area 

ς = efficiency 

G = antenna gain 

Thus the frequency dependency is referenced to the receiving antenna, and is a function of 
the antenna aperture. 

H.3 ONE-WAY PATH LOSS 

The free space path loss for a simple dipole antenna at UHF (670 MHz), L band (1.5 GHz) 
and S band (3 GHz) is listed in Table 9-27 

Frequency 50 NM 

0.67 GHz 0.0 dB 

1.5 GHz 7 dB 

3 GHz 13.02 dB 

Table 9-27 Free-Space Propagation Loss @ 50 NM 

The one-way path loss at 3 GHz increases by 13 dB over the path loss at 670 MHz. This is 
entirely due to the decreasing effective area, see Appendix M. 
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APPENDIX I  ARRAY PROCESSING 

This appendix provides outline details of array processing as considered applicable to this 
application. 

Assuming that a receiving array is located at a significant distance, many wavelengths, away 
from a transmitting source then the wave front can be treated as a line of constant phase 
across the aperture of the array, a plane wave, as illustrated in Figure 9-14. Taking the 
simplest example, a linear array of equally spaced antennas, then the phase variation across 
the array at each antenna element can be derived from a simple geometric relationship, as 
indicated in Figure 9-14. 

 

Figure 9-14 Plane Wave Intercepting a Linear Array of Antennas 

The signal Sn(t) at each element is given by the following equation 

( ) )sin(θjnkd
n eAtS ⋅=  

Equation 9-15 

where: 

A = complex constant related to the instantaneous amplitude and phase of the plane 
wave 

k = wave number 
λ
ππ ⋅

=
⋅⋅

=
22

c
fk  

d = antenna element spacing 

the phase difference ∆Ψ between adjacent antenna elements is 

Phase difference )sin(θψ ⋅⋅=∆ dk  

Equation 9-16 
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Hence, conversely, it easy to see that transmitting a signal delayed by ∆Ψ between adjacent 
antenna elements, would produce a transmission with an equiphase front at angle Θ to the 
normal of the array. 

I.1 SIDELOBES 

The spacing of the elements defines the side lobe level of the combined array. For the case 
of a linear array of elements, where the aperture weighting is uniform, i.e. a rectangular 
aperture, then the side lobe pattern will be as shown in Figure 9-15. The first sidelobe will 
be 13.5 dB down on the main lobe level. This is the same result as obtained in the frequency 
domain for the uniform weighting of time samples in a Fourier Transform. The sidelobe level 
can be altered by weighting the aperture distribution in a manner analogous to sample 
weighting in the time domain prior to performing a Fourier Transform. 

 

Figure 9-15 Sidelobes for a Uniformly Illuminated, Rectangular Aperture 

Inter-element spacing is also important as it defines at what off boresight angle grating 
lobes appear. Grating lobes are additional unwanted maxima, see Figure 9-16, where the 
element spacing is ~0.85λ. 

In the case of a linear array then the maximum scan angle Θo[max] defines the maximum 
element spacing according to Equation 9-17, see [Ref 15]. 

The maximum element spacing versus maximum scan angle, for a linear array, is plotted in 
Figure 9-17. 
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[max]sin1
1

o

d
θλ +

<  

Equation 9-17 

 

Figure 9-16 Grating Lobes 
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Figure 9-17 Maximum Element Spacing versus Maximum Scan Angle 
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I.2 BEAMFORMING 

The array does not need to be a linear array, any shape of array is possible. What is 
required is knowledge of the phase and amplitude relationships between the array elements 
for plane waves over the incident angles of interest. This description is defined by a gain 
matrix, also known as array manifold, in this case defined in 1° increments, covering 360° 
in azimuth and 90° in elevation. 

Gain matrix ( )[ ]°°= 0,360...)0,1(),( oo ggG ϕθ  
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),(
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ϕθ
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ϕθ

ng

g

g  

Equation 9-18 

The array manifold describes the phase and amplitude relationships for the array for each of 
the ‘look’ directions. The simplest application is to use the array as a beamformer, an 
example of a typical arrangement of a receiving beamformer is presented in Figure 9-18. 

 

Figure 9-18 Basic Array Signal Combination 

The signal from each receive element is adjusted in phase and amplitude, and combined to 
effectively form a beam in a given direction. These phase and amplitude values are 
commonly known as weights, ‘W’, see Equation 9-19. 

weight for element (i) )sin()cos()sin(
kiki

j
ii mmemw k Θ⋅+Θ⋅=⋅= Θ  

Equation 9-19 

Where: 

m = relative amplitude of the weight 
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Θk = phase shift of the weight 

The array output is given by Equation 9-20, below. 

Array Output )()(
1

tswts
N

i
iiout ∑

=

⋅=  

Equation 9-20 

A transmit array would have transmitter elements behind each array element. The 
transmitter elements would be fed with the same signal, but with each element signal being 
altered in phase and amplitude, weighted, to form a beam in the desired direction. 

Beamforming is the most straight forward use of an array of receiving antennas. A 
beamformer can be used in various ways. If the direction of a signal is known then a beam 
can be steered to that direction in order to increase the received signal level. If the direction 
of a signal is not known then the beam direction can be stepped through the desired field of 
view and in the case of a single incident signal then the output magnitude would peak in the 
direction of that signal. 

I.3 COVARIANCE MATRIX 

The receiver signal environment is described by a matrix, known as the covariance matrix, 
which describes the relative signal amplitudes and phases as received by the elements in 
the array. The field measured at antenna element l at DoA Θ at time t is given by Equation 
9-21: 

( ) ( )[ ]θθω sincos)(, ⋅+⋅−⋅= ll yxktj
l etstrE  

Equation 9-21 

where: 

l = element number 

ω = carrier frequency 

and the output of each element 

( ) ( ) )()( sincos tsegtx ll yxjk
ll ⋅⋅= ⋅+⋅− θθθ  

Equation 9-22 

The data sample xl(t) is usually taken after down conversion to baseband hence the carrier 
term ej.ωt is be dropped. 

The data samples are formed into a covariance matrix, see Equation 9-23, for the case of 
three antennas. 
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Covariance matrix R = 
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Equation 9-23 

I.4 MULTIPLE SIGNAL PROCESSING 

Where there is more than one signal, then simply sweeping a beam through the field of view 
is inadequate. In the same way that the phase and amplitude can be adjusted to form a 
beam in a particular direction, the a null can be steered on a particular direction. 

Consider the simplest case of a two element array, as shown in Figure 9-19.  

Now, if the signal from the two antenna elements are combined such that the signal from 
antenna element 2 is equal in amplitude to that from antenna element 1, but is advanced 
180° in phase from antenna element 1, then the resultant Scanc will be zero, see polar 
representation insert in Figure 9-19. 

Weight adjusted version of s2(t)  )()( 22 tswtsadj ⋅=  

Summation )()()( 1 tststs adjcanc +=  

Equation 9-24 

Given s1(t) 

)sin()cos()( 111 jj rrts Θ⋅+Θ⋅=  

 

Then sadj(t) should be 

)180sin()180cos()( °+Θ⋅+°+Θ⋅= jadjjadjadj rrts  

where 

 radj = r1 
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Figure 9-19 Simple Null Steering Implementation 

There are a number of ways to achieve the desired control of the weight w2 to obtain the 
required cancellation. The simplest methods utilise a feedback loop to minimise power at the 
summation output scanc. The difficult part is to differentiate between the wanted signal and 
unwanted signal. In the earliest analogue systems, time, frequency and antenna directivity 
where employed as discriminants. 

With the advent of dedicated digital signal processing devices it has become practical to 
undertake the required processing in the digital domain. The difficult part remains 
differentiating between the wanted and unwanted signals. 

One way to achieve this is to combine beamforming and cancellation. The algorithm 
attempts to minimise power but is constrained to maintain gain in the desired look direction. 
This means that, for example, if a signal is present at 57° then the full signal power is 
apparent when the look direction is 57° but at 56° & 58° the signal power is significantly 
reduced. 

I.4.1 BEAMFORMER WITH NULL STEERING 

One algorithm that provides such a function is the Capon function, see Equation 9-25, below 
and [Ref 14]. 

Capon function (θ )
)(.).(

)(
*1

2

θθ

θ

gRg

g
T −=  

Equation 9-25 

where: 

g(Θ) is the gain matrix in direction θ , and )(θng is the complex gain of array element 

n in direction θ , see Equation 9-18 in sub-section I.2. 
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gT is the transpose 

g* is the complex conjugate 

R-1 is the inverse of the covariance matrix, see I.3 

I.4.2 MULTIPLE BEAMFORMER 

There is no reason why multiple beams, with multiple constraints, cannot be formed 
simultaneously, such an arrangement is shown in Figure 9-20. Different weights can be 
applied to form simultaneous adaptive beams. The output of the antenna elements S(t) can 
be fed in parallel to multiple weighting networks, and to a signal processing block which 
would calculate the requisite weights. 

If the array is to be used as a simple beamformer then the weights would be static for each 
look direction. It is, however, likely that the receivers would require phase and amplitude 
calibration and thus the weights would be adjusted when the calibration data changed 
significantly. 

 

Figure 9-20 Multiple Beamformer 

In the case where adaptive beamforming is required then the rate of updating the weights 
will depend upon the dynamics of the signal environment. 

In the example shown in Figure 9-20, then he set of weights Wj are applied to the set of 
antenna element signals S(t), to form the summation Sjout(t), see Equation 9-26, below 
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Equation 9-26 

and similarly, the set of weights Wk are applied to the set of antenna element signals S(t), 
to form the summation Skout(t), see Equation 9-27, below 

)()(
1

,, tswts
N

i
iikoutk ∑

=

⋅=  

Equation 9-27 

I.4.3 SUB-ARRAY BEAMFORMER 

If a physically large aperture is required then in order to avoid grating lobes the element 
spacing will need to be maintained, see sub-section I.1. In the case a linear array with a 
maximum scan angle of 90° then the element spacing would be ½λ.  

One method employed in phased array radars is to first combine antenna elements into sub-
arrays, and then have a receiver on the output of each sub-array, as illustrated in Figure 
9-21. 

 

Figure 9-21 Multiple Sub-array Beamformer 
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The decision on how many receivers are required depends partly upon the incident signal 
environment. In the limit, for an adaptive array, ‘n’ receivers will allow for the cancellation 
of ‘n-1’ interference sources. In practice the number of receivers would be greater than the 
expected maximum number of interference sources. 
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APPENDIX J  AN EXAMPLE SUB-ARRAY ADAPTIVE BEAMFORMER 

This appendix provides example plots from a phased array radar which employs sub-arrays. 
The radar in question has 1000 elements at an inter-element spacing of ~½λ. The 1000 
elements are combined into 8 sub-arrays, with a receiver on the output of each sub-array. 
An example azimuth plot is presented in Figure 9-22. 
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Figure 9-22 Azimuth Plot of 1000 Element Phased Array 

The antenna gain on boresight is 34.46 dB relative to an isotropic antenna, that is the noise 
level from an isotropic antenna is indicated by the blue horizontal line. The element 
weighting is designed to set the maximum side lobe level equal to the isotropic noise level. 

The same pattern plot is shown in polar format in Figure 9-23. Additionally the contour plot 
is presented in Figure 9-24. The contour plot is a view normal to the face of the array. The 
main beam can be seen as concentric circles in the centre of the plot. The contour plot is 
referenced to U,V space, where U=0, V=0 is boresight. V=0 and U=1.0 represents 0° 
elevation and 90° azimuth, and conversely V=1.0, U=0 represents 90° elevation and 0° 
azimuth. 
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Figure 9-23 Azimuth Plot of 1000 Element Phased Array – Polar 
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Figure 9-24 Contour Plot of 1000 Element Phased Array 
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Figure 9-25 Plot of 1000 Element Phased Array with 5 Interfering Signals 

The plot presented in Figure 9-25 shows the pattern which has adapted to cancel five 
interfering signals, which are located at ~-30°, ~-20°, ~+10°, ~+12° and ~+15°. 
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APPENDIX K BISTATIC GEOMETRY 

This appendix describes the particular geometry of a bistatic radar, which in particular 
affects Doppler frequency. 

A bistatic radar differs from a monostatic radar in that the transmitter to target range RT 
and target to receiver range RR are not, typically, equal, as illustrated in Figure 9-26.  

 

Figure 9-26 Bistatic Radar Geometry 

K.1 BISTATIC DOPPLER 

With reference to the geometry described in, Figure 9-26, the Doppler components for the 
case of a bistatic radar are shown Figure 9-27. 
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Figure 9-27 Geometry for Bistatic Doppler 

What matters is the rate of change of the transmitter to target range RT 






 −⋅= 2cos βδV

dt
dRT

 

Equation 9-28 

And the rate of change of the target to receiver range RR 






 +⋅= 2cos βδV

dt
dRR  

Equation 9-29 

where: 

V = velocity of the target 

β = ΘT - ΘR ( in the monostatic case β = 0° ) 

δ = angle relative to bisector of   RT & RR 

Now, the canonical definition of bistatic Doppler is given as, see [Ref 11], 





 +=

dt
dR

dt
dRf RT

dop λ
1

 

Equation 9-30 
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thus, substituting equations 




 −⋅= 2cos βδV

dt
dRT

 

Equation 9-28 and 




 +⋅= 2cos βδV

dt
dRR  

Equation 9-29 





 





 ++





 −⋅






= 2cos2cos βδβδ
λ
Vf gt  

The Doppler shift due to target motion                ( ) 




⋅⋅






 ⋅

= 2coscos2 βδ
λ
Vf gt  

Equation 9-31 
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APPENDIX L RADAR CROSS-SECTION 

This appendix details the frequency dependency of radar cross section. 

The variation of the cross section of a fixed body as the frequency is increased can be 
characterised by three regions: 

• a Rayleigh region 

• a resonance region 

• an optical or high-frequency region 

In general, when the wavelength of the radar signal is small compared to typical target 
dimensions, then a target with a projected area A will have a forward scatter cross section 
of, see [Ref 13]  

2

24
λ

πσ A⋅⋅
=  

Equation 9-32 

This means that, in general, the forward scatter main lobe gain at S band (3 GHz) will be 
~16 times that at UHF (750 MHz), as illustrated in Figure 9-28. However, the lobe is 
significantly wider at UHF, which means that although it has a lower peak power the angular 
extent is greater. 
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Figure 9-28 Radar Cross Section – Forward Scatter 

The RCS of a target will vary with frequency. A target will typically contain various scattering 
features, e.g. corner reflector, flat plate, singly curved surface, etc. 

The RCS for these scattering features can be approximated using the following formulas, see 
[Ref 2] 

Corner reflector 2

24
λ

πσ eff
cr

A⋅⋅
=  

Equation 9-33 

where Aeff = effective area contributing to the multiple internal reflections 

Flat plate 2

24
λ

πσ A
fp

⋅⋅
=  

Equation 9-34 

where A =actual area of the plate 

Single curved surface λ
πσ

22 la
scs

⋅⋅⋅=   

Equation 9-35 

where a = mean radius of curvature & l  = length of slanted surface 
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Doubly curved surface 21 aadcs ⋅⋅= πσ   

Equation 9-36 

where a1, a2 = principal radii of surface curvature in orthogonal planes 

Straight edge π
γσ

2
=se    

Equation 9-37 

where γ = edge length 

Curved edge 2
λασ ⋅=ce    

Equation 9-38 

where α = radius of edge contour 

The RCS of some features is frequency dependant, typically increasing with frequency, 
whilst others are frequency independent. Thus, in general the RCS of a target constituted 
from various scattering features will tend to increase with increasing frequency. However, 
the rate of change of RCS with aspect also tends to increase with frequency. 

L.1 BISTATIC RCS 

In the case of a monostatic radar then it is only the target backscatter that is of interest. 
However, in the case of a bistatic radar then the relationship between the transmit antenna 
target and receive antenna can vary from the case for backscatter through to the special 
case of forward scatter, see [Ref 16]. 

It is illustrative to examine the predicted RCS of a simple object such as a sphere, as shown 
in Figure 9-29. The sphere has a radius of one meter and the radar frequency is 1GHz. In 
the backscatter direction the RCS is approximately five dBm2 for both polarisations. In the 
forward scatter direction the RCS increases to 31.4 dBm2 for both polarisations. 

It can be seen that for the case of a sphere then the RCS remains fairly constant over the 
180° scan, except for angles close to the forward scatter direction. 
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Figure 9-29 Predicted Bistatic RCS of a sphere 

In order to model the bistatic RCS of an aircraft the first step is to generate a CAD model. A 
visualisation of the CAD model of a Piper PA-28 is presented in Figure 9-30. 

 

Figure 9-30 CAD Geometry of Piper PA-28 

A prediction of the bistatic signature at a frequency of 900 MHz is presented in Figure 9-31. 
A bistatic sweep was made in the mirror plane of the aircraft. The transmitter was fixed at 
30° of elevation, and the receiver was swept through 180° of arc, see Figure 9-32, finishing 
at the forward scatter direction, 180°. 
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Piper-PA28 Bistatic Sweep
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Figure 9-31 Bistatic signature of Piper-PA28 for mirror cut 

 

 

Figure 9-32 Bistatic sweep geometry around Piper PA-28 aircraft 
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The predicted bistatic signature for the F117 is presented in Figure 9-33. The sweep was the 
same as that used for the Piper PA-28 aircraft, but using the CAD model for a F117, a 
visualisation of which is shown in Figure 9-34. 
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Figure 9-33 Bistatic signature of F117 for mirror cut 

 

Figure 9-34 CAD Geometry of F117 
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APPENDIX M ANTENNAS 

This appendix details the frequency dependant features of antennas. 

 

Figure 9-35 Antenna Spherical Coordinate System 

The effective area of an antenna Ae is given by, see [Ref 15],  

Effective area ),(
4

),(
2

ϕθ
π

λϕθ GAe ⋅
=  

Equation 9-39 

where: 

λ = wavelength 

),( ϕθG = antenna gain, as defined with reference to Figure 9-35 

The effective area of a receiving antenna can be considered to be the collection area of the 
antenna, or the effective absorption area. If the gain remains constant then the effective 
area of an antenna Ae decreases with increasing frequency, that is decreasing wavelength. 

The power of an isotropic transmitting antenna decreases with increasing range due to 
spherical spreading. At any given range then the power is equal over the surface of a sphere 
at range ‘r’. The antenna effective area describes how much of the area of the surface of 
that sphere that the antenna covers, and hence the degree of coupling. Hence, it can be 
seen that as wavelength decreases then the coupling decreases.  
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APPENDIX N PROPAGATION 

This appendix provides details of UHF propagation. 

N.1 REFRACTION OF RADIO WAVES 

The variation in density of the atmosphere with altitude results in radio waves being 
refracted towards the earth, in effect increasing the line of site distance to beyond the 
optical line of sight. This effect is typically represented by increasing the earth’s radius by a 
factor of 4/3 rds, such that the straight line path distance is increased. This increase in the 
radio horizon is frequency independent. 

The lower end of the UHF band, up to ~450 MHz, marks the highest frequency at which 
Ionospheric propagation is observed, [Ref 19]. Tropospheric refraction is also prevalent in 
the UHF band.  

N.2 REFRACTION AND DUCTING IN THE TROPOSPHERE 

Radio waves are refracted by natural gradients in the index of refraction of air with altitude, 
due to changes in temperature, humidity and pressure. This effect extends the radio horizon 
beyond the visual line of sight. 

At VHF and UHF frequencies, in favourable conditions, this can extend the range by several 
hundred kilometres, [Ref 19]. 

N.3 DIFFRACTION 

There is some filling in of the twilight zone by rays that are diffracted by the surface of the 
earth. However, this is a complex function of surface roughness and local geometry. In 
general at longer wavelengths a smooth 'round earth' diffraction model dominates, at higher 
frequencies something closer to multiple knife edge diffraction events. In practice, the 
longer wavelengths will survive going round the bend further than the short, as all the 
irregularities in the earth's surface are less serious with respect to the wavelength. 
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APPENDIX O UHF EUROPEAN SPECTRUM ALLOCATION 

This appendix provides details of the current European Spectrum Allocation for the UHF 
band. 

Frequency Band  Allocations  Applications  
273 - 322 MHz FIXED MOBILE 

MOBILE 

Defence systems Harmonised military band 

Air traffic control 

322 - 328.65 MHz FIXED MOBILE 

MOBILE 

RADIO ASTRONOMY 

Defence systems Harmonised military band 

Radio astronomy applications Continuum 
measurements, also VLBI 

328.65 - 335.4 MHz AERONAUTICAL RADIONAVIGATION ILS/Glide path 

335.4 - 380 MHz FIXED MOBILE 

MOBILE 

Defence systems EU7 Harmonised military 
band 

Air traffic control 

380 - 385 MHz FIXED MOBILE 

MOBILE 

Defence systems Harmonised military band 

Emergency AGA  

Emergency DMO  

Emergency services  

385 - 387 MHz FIXED MOBILE 

MOBILE 

Defence systems Harmonised military band 

Digital land mobile PMR/PAMR 

387 - 390 MHz FIXED 

MOBILE 

Defence systems Harmonised military band 

Digital land mobile PMR/PAMR 

390 - 395 MHz FIXED MOBILE 

MOBILE 

Defence systems Harmonised military band 

Emergency AGA  

Emergency DMO  

Emergency services 

395 - 399.9 MHz FIXED MOBILE 

MOBILE 

Defence systems Harmonised military band 

Digital land mobile PMR/PAMR 

399.9 - 400.05 MHz MOBILE-SATELLITE (E/S)  

RADIONAVIGATION-SATELLITE  

 

400.05 - 400.15 MHz STANDARD FREQUENCY AND TIME 

SIGNAL-SATELLITE (400.1 MHz) 

 

400.15 - 401 MHz METEOROLOGICAL AIDS 

METEOROLOGICAL-SATELLITE (E/S) 

MOBILE-SATELLITE (S/E)  

SPACE OPERATION (S/E) 

SPACE RESEARCH (S/E) 

Low earth orbiting satellites  

Meteorological radio sondes 

401 - 402 MHz EARTH EXPLORATION-SATELLITE (E/S) 

METEOROLOGICAL AIDS 

METEOROLOGICAL-SATELLITE (E/S) 

Meteorological radio sondes 

Meteorological satellites, data collection 
platform 

402 - 403 MHz 

 

EARTH EXPLORATION-SATELLITE (E/S) 

METEOROLOGICAL AIDS 

METEOROLOGICAL-SATELLITE (E/S) 

 

Medical implants, Medical implants within 402-
405 MHz 

Meteorological radio sondes 

Meteorological satellites, data collection 
platform 

403 - 406 MHz METEOROLOGICAL AIDS Meteorological radio sondes 

406 - 406.1 MHz MOBILE-SATELLITE (E/S) EPIRB  Band only available for distress and 
safety purposes 

406.1 - 410 MHz LAND MOBILE 

RADIO ASTRONOMY 

Analogue and digital land mobile PMR/PAMR 

Radio astronomy applications 

410 - 420 MHz MOBILE except Aeronautical Mobile Analogue and digital land mobile PMR/PAMR 
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Frequency Band  Allocations  Applications  
Digital land mobile PMR/PAMR 

420 - 430 MHz MOBILE except Aeronautical Mobile 

Radiolocation 

Analogue and digital land mobile PMR/PAMR 

Digital land mobile PMR/PAMR 

430 - 432 MHz AMATEUR 

RADIOLOCATION 

Amateur applications 

432 - 433.05 MHz AMATEUR 

RADIOLOCATION 

EARTH EXPLORATION SATELLITE 
(active) 

Amateur applications 

433.05 - 434.79 MHz AMATEUR 

RADIOLOCATION 

LAND MOBILE 

EARTH EXPLORATION SATELLITE 
(active) 

Amateur applications 

ISM 

Non specific SRD 

434.79 - 438 MHz AMATEUR 

AMATEUR-SATELLITE 

RADIOLOCATION 

EARTH EXPLORATION SATELLITE 
(active) 

Amateur applications, Amateur Satellite 
Service restricted to 435-438 MHz 

Amateur Satellite applications 

438 - 440 MHz AMATEUR 

RADIOLOCATION 

Amateur applications 

440 - 450 MHz MOBILE except Aeronautical Mobile 

RADIOLOCATION 

Analogue and digital land mobile PMR/PAMR 

Digital Land Mobile DMO 

On-site paging 

PMR 446 

450 - 455 MHz MOBILE Analogue and digital land mobile PMR/PAMR 

Digital land mobile PMR/PAMR 

On-site paging 

455 - 456 MHz MOBILE Analogue and digital land mobile PMR/PAMR 

Digital land mobile PMR/PAMR 

On-site paging 

Existing public cellular networks 

456 - 459 MHz MOBILE Analogue and digital land mobile PMR/PAMR 

Digital land mobile PMR/PAMR 

Existing public cellular networks 

Maritime on board communications 

On-site paging 

459 - 460 MHz MOBILE Analogue and digital land mobile PMR/PAMR 

Digital land mobile PMR/PAMR 

Existing public cellular networks 

On-site paging 

460 - 470 MHz MOBILE Analogue and digital land mobile PMR/PAMR 

Digital land mobile PMR/PAMR 

Existing public cellular networks 

Maritime on board communications 

On-site paging 

470 - 608 MHz BROADCASTING 

MOBILE 

Radio microphones 

SAP/SAB 

608 - 614 MHz BROADCASTING 

MOBILE 

RADIO ASTRONOMY 

Radio microphones 

SAP/SAB 

Radio astronomy 



      

 
Use, duplication or disclosure of data contained on this sheet is subject to the restrictions on the title page of this document 

72/07/R/376/U  Page 157 of 183 
      

Frequency Band  Allocations  Applications  
614 - 790 MHz BROADCASTING 

MOBILE 

Radio microphones 

SAP/SAB 

790 - 838 MHz BROADCASTING 

MOBILE 

Defence systems 

Radio microphones 

SAP/SAB 

838 - 862 MHz BROADCASTING 

MOBILE 

Defence systems 

Radio microphones 

SAP/SAB 

862 - 870 MHz MOBILE Cordless Telephones 

Defence systems 

Narrow band analogue voice devices 

Radio microphones 

Social Alarms 

SRD in 868-870 MHz 

Wireless Audio 

870 - 876 MHz MOBILE Defence systems 

Digital land mobile PMR/PAMR 

876 - 880 MHz MOBILE Defence systems 

Digital land mobile 

UIC Railway systems 

880 - 890 MHz MOBILE Defence systems 

EGSM 

890 - 915 MHz MOBILE 

RADIOLOCATION 

GSM 

915 - 921 MHz MOBILE 

RADIOLOCATION 

Defence systems 

Digital land mobile PMR/PAMR 

921 - 925 MHz MOBILE 

RADIOLOCATION 

Defence systems 

Digital land mobile 

UIC Railway systems 

925 - 935 MHz MOBILE 

RADIOLOCATION 

Defence systems 

EGSM 

935 - 942 MHz MOBILE 

RADIOLOCATION 

GSM 

942 - 960 MHz MOBILE GSM 

Table 9-28 European Frequency Allocation: UHF: 0.3 – 1 GHz 

 



      

 
Use, duplication or disclosure of data contained on this sheet is subject to the restrictions on the title page of this document 

Page 158 of 183  72/07/R/376/U 
      

APPENDIX P L-BAND EUROPEAN SPECTRUM ALLOCATION 

This appendix provides details of the current European Spectrum Allocation for the L band. 

Frequency Band  Allocations  Applications  
960.0 - 1215.0 MHz  AERONAUTICAL RADIO NAVIGATION  DME , JTIDS/MIDS , SSR  

TACAN-DME  
Satellite navigation systems (1164.0 - 1260.0 
MHz)  

1215.0 - 1240.0 MHz  EARTH EXPLORATION-SATELLITE 
(active)  
RADIOLOCATION   
RADIO NAVIGATION  
RADIO NAVIGATION-SATELLITE 
(space-to-Earth) 
SPACE RESEARCH (active)  

Satellite navigation systems (1164.0 - 1260.0 
MHz)  
Active sensors (satellite)  
Aeronautical navigation  
Satellite navigation systems  
Radiolocation (military) (1215.0 - 1300.0 
MHz)  

1240.0 - 1260.0 MHz  EARTH EXPLORATION-SATELLITE 
(active)  
RADIOLOCATION   
RADIO NAVIGATION  
RADIO NAVIGATION-SATELLITE 
(space-to-Earth) 
SPACE RESEARCH (active)  
AMATEUR  

Satellite navigation systems (1164.0 - 1260.0 
MHz)  
Radiolocation (military) (1215.0 - 1300.0 
MHz)  
Active sensors (satellite)  
Aeronautical navigation  
Satellite navigation systems  
Amateur (1240.0 - 1300.0 MHz)  

1260.0 - 1270.0 MHz  EARTH EXPLORATION-SATELLITE 
(active)  
RADIOLOCATION   
RADIO NAVIGATION  
RADIO NAVIGATION-SATELLITE 
(space-to-Earth)  
SPACE RESEARCH (active)  
AMATEUR  
AMATEUR-SATELLITE  

Radiolocation (military) (1215.0 - 1300.0 
MHz)  
Amateur (1240.0 - 1300.0 MHz)  
Active sensors (satellite)  
Aeronautical navigation  

1270.0 - 1300.0 MHz  EARTH EXPLORATION-SATELLITE 
(active)  
RADIOLOCATION   
RADIO NAVIGATION  
RADIO NAVIGATION-SATELLITE 
(space-to-Earth)  
SPACE RESEARCH (active)  
AMATEUR  

Radiolocation (military) (1215.0 - 1300.0 
MHz)  
Amateur (1240.0 - 1300.0 MHz)  
Wind profilers (1270.0 - 1295.0 MHz)  
Active sensors (satellite)  
Aeronautical navigation  

1300.0 - 1350.0 MHz  AERONAUTICAL RADIO NAVIGATION  
RADIOLOCATION   
RADIO NAVIGATION-SATELLITE 
(Earth-to-space)  

Aeronautical navigation  
Radiolocation (civil)  
Spectral line observations (1330.0 - 1400.0 
MHz)  

1350.0 - 1400.0 MHz  FIXED  
MOBILE  
RADIOLOCATION   

Spectral line observations (1330.0 - 1400.0 
MHz)  
Defence systems  
Fixed links  

1400.0 - 1427.0 MHz  EARTH EXPLORATION-SATELLITE 
(passive)  
RADIO ASTRONOMY 
SPACE RESEARCH (passive)  

Passive sensors (satellite)  

1427.0 - 1429.0 MHz  FIXED  
MOBILE EXCEPT AERONAUTICAL 
MOBILE  
SPACE OPERATION(Earth-to-space)  

Fixed links  
Defence systems (1427.0 - 1452.0 MHz)  

1429.0 - 1452.0 MHz  FIXED  
MOBILE EXCEPT AERONAUTICAL 
MOBILE  

Defence systems (1427.0 - 1452.0 MHz)  
Fixed links  

1452.0 - 1492.0 MHz  BROADCASTING  
BROADCASTING-SATELLITE  
FIXED  

Satellite radio  
T-DAB  
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Frequency Band  Allocations  Applications  
MOBILE EXCEPT AERONAUTICAL 
MOBILE  

1492.0 - 1525.0 MHz  FIXED  
MOBILE EXCEPT AERONAUTICAL 
MOBILE  

Fixed links  
Defence systems (1492.0 - 1525.0 MHz)  

1525.0 - 1530.0 MHz  FIXED  
MOBILE-SATELLITE (space-to-Earth)  
SPACE OPERATION(space-to-Earth)  

Fixed links  
MSS Earth stations (1525.0 - 1544.0 MHz)  

1530.0 - 1533.0 MHz  MOBILE-SATELLITE (space-to-Earth)  
SPACE OPERATION(space-to-Earth)  
EARTH EXPLORATION-SATELLITE  
FIXED  
MOBILE EXCEPT AERONAUTICAL 
MOBILE  

MSS Earth stations (1525.0 - 1544.0 MHz)  

1533.0 - 1535.0 MHz  MOBILE-SATELLITE (space-to-Earth)  
SPACE OPERATION(space-to-Earth)  
EARTH EXPLORATION-SATELLITE  
MOBILE EXCEPT AERONAUTICAL 
MOBILE  

MSS Earth stations (1525.0 - 1544.0 MHz)  

1535.0 - 1544.0 MHz  MOBILE-SATELLITE (space-to-Earth)  MSS Earth stations (1525.0 - 1544.0 MHz)  

1544.0 - 1545.0 MHz  MOBILE-SATELLITE (space-to-Earth)  GMDSS  

1545.0 - 1559.0 MHz  MOBILE-SATELLITE (space-to-Earth)  MSS Earth stations (1545.0 - 1559.0 MHz)  

1559.0 - 1610.0 MHz  AERONAUTICAL RADIO NAVIGATION  
RADIO NAVIGATION-SATELLITE 
(space-to-space)  

Satellite navigation systems  

1610.0 - 1610.6 MHz  AERONAUTICAL RADIO NAVIGATION  
MOBILE-SATELLITE (Earth-to-space)  

MSS Earth stations (1610.0 - 1626.5 MHz)  

1610.6 - 1613.8 MHz  AERONAUTICAL RADIO NAVIGATION  
MOBILE-SATELLITE (Earth-to-space)  
RADIO ASTRONOMY 

MSS Earth stations (1610.0 - 1626.5 MHz)  
Spectral line observations  

1613.8 - 1626.5 MHz  AERONAUTICAL RADIO NAVIGATION  
MOBILE-SATELLITE (Earth-to-space)  
MOBILE-SATELLITE (space-to-Earth)  

MSS Earth stations (1610.0 - 1626.5 MHz)  

1626.5 - 1645.5 MHz  MOBILE-SATELLITE (Earth-to-space)  MSS Earth stations 

1645.5 - 1646.5 MHz  MOBILE-SATELLITE (Earth-to-space)  GMDSS  

1646.5 - 1660.0MHz  MOBILE-SATELLITE (Earth-to-space)  MSS Earth stations (1646.5 - 1660.5 MHz)  

1660.0 - 1660.5 MHz  MOBILE-SATELLITE (Earth-to-space)  
RADIO ASTRONOMY 

MSS Earth stations (1646.5 - 1660.5 MHz)  
Continuum measurements (1660.0 - 1668.4 
MHz)  
VLBI observations (1660.0 - 1668.4 MHz)  

1660.5 - 1668.4 MHz  RADIO ASTRONOMY 
SPACE RESEARCH (passive)  
FIXED  
MOBILE EXCEPT AERONAUTICAL 
MOBILE  

Continuum measurements (1660.0 - 1668.4 
MHz)  
VLBI observations (1660.0 - 1668.4 MHz)  
Defence systems (1660.5 - 1670.0 MHz)  

1668.4 - 1670.0 MHz  FIXED  
METEOROLOGICAL AIDS  
RADIO ASTRONOMY 
MOBILE EXCEPT AERONAUTICAL 
MOBILE  

Defence systems (1660.5 - 1670.0 MHz)  
Meteorology  
Radio astronomy  

1670.0 - 1675.0 MHz  METEOROLOGICAL-SATELLITE (space-
to-Earth)  
METEOROLOGICAL AIDS  
MOBILE  
FIXED  

Meteorology  
TFTS  

1675.0 - 1690.0 MHz  FIXED  
METEOROLOGICAL-SATELLITE (space-
to-Earth)  
METEOROLOGICAL AIDS  
MOBILE EXCEPT AERONAUTICAL 
MOBILE  

Meteorology  
Defence systems (1675.0 - 1710.0 MHz)  
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Frequency Band  Allocations  Applications  
1690.0 - 1700.0 MHz  METEOROLOGICAL-SATELLITE (space-

to-Earth)  
METEOROLOGICAL AIDS  
FIXED  
MOBILE EXCEPT AERONAUTICAL 
MOBILE  

Defence systems (1675.0 - 1710.0 MHz)  
Meteorology  

1700.0 - 1710.0 MHz  FIXED  
METEOROLOGICAL-SATELLITE (space-
to-Earth)  
MOBILE EXCEPT AERONAUTICAL 
MOBILE  

Defence systems (1675.0 - 1710.0 MHz)  
Meteorology  

1710.0 - 1785.0 MHz  FIXED MOBILE  GSM  

1785.0 - 1800.0 MHz  FIXED MOBILE  Land mobile  
Radio Microphones (1785.7 - 1799.4 MHz)  

1800.0 - 1805.0 MHz  MOBILE  
FIXED  

TFTS  

1805.0 - 1880.0 MHz  FIXED MOBILE  GSM  

1880.0 - 1900.0 MHz  MOBILE  
FIXED  

DECT  

1900.0 - 1980.0 MHz  FIXED MOBILE  IMT-2000/UMTS (1900.0 - 1980.0 MHz)  

Table 9-29 European Frequency Allocation: 1 – 2 GHz 
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APPENDIX Q S-BAND EUROPEAN SPECTRUM ALLOCATION 

This appendix provides details of the current European Spectrum Allocation for the S band. 

Frequency Band  Allocations  Applications  
1980 - 2010 MHz FIXED 

MOBILE 

MOBILE-SATELLITE 

Mobile satellite applications 

UMTS/IMT-2000 satellite component 

2010 - 2025 MHz FIXED 

MOBILE 

Terrestrial UMTS/IMT-2000 

2025 - 2110 MHz EARTH EXPLORATION-SATELLITE  

FIXED 

MOBILE  

SPACE OPERATION 

SPACE RESEARCH 

Fixed links 

SAP/SAB 

Space science services 

Tactical Radio Relay 

2110 - 2120 MHz FIXED 

MOBILE  

SPACE RESEARCH 

Terrestrial UMTS/IMT-2000 

2120 - 2170 MHz FIXED 

MOBILE 

Terrestrial UMTS/IMT-2000 

2170 - 2200 MHz FIXED 

MOBILE 

MOBILE-SATELLITE 

UMTS/IMT-2000 satellite component  

Mobile satellite applications 

2200 - 2290 MHz EARTH EXPLORATION-SATELLITE  

FIXED 

MOBILE  

SPACE OPERATION 

SPACE RESEARCH 

Fixed links 

Radio astronomy applications 

SAP/SAB 

Space science services 

Tactical Radio Relay 

2290 - 2300 MHz FIXED 

MOBILE except Aeronautical Mobile 

SPACE RESEARCH 

Mobile applications 

2300 - 2400 MHz FIXED 

MOBILE 

AMATEUR 

RADIOLOCATION 

Aeronautical Telemetry  

Amateur applications 

Mobile applications 

SAP/SAB 

2400 - 2450 MHz FIXED 

MOBILE 

AMATEUR 

AMATEUR-SATELLITE 

Amateur applications 

Amateur Satellite applications 

Automatic Vehicle Identification 

ISM 

Motion sensors  

Non specific SRD 

RFID 

RLAN 

2450 - 2483.5 MHz FIXED 

MOBILE 

Automatic Vehicle Identification 

ISM 

Motion sensors  

Non specific SRD 

RFID 

RLAN 

2483.5 - 2500 MHz FIXED 

MOBILE 

Fixed links 

ISM 
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Frequency Band  Allocations  Applications  
MOBILE-SATELLITE Mobile applications 

Mobile satellite applications 

SAP/SAB 

2500 - 2520 MHz MOBILE except aeronautical mobile 

FIXED 

Terrestrial UMTS/IMT-2000 

2520 - 2655 MHz FIXED 

MOBILE 

Defence systems 

Fixed links 

SAP/SAB 

Terrestrial UMTS/IMT-2000 

2655 - 2670 MHz FIXED 

MOBILE 

EARTH EXPLORATION-SATELLITE (passive) 

RADIO ASTRONOMY  

SPACE RESEARCH (passive) 

Fixed links 

Radio astronomy applications 

SAP/SAB 

Terrestrial UMTS/IMT-2000 

 

2670 - 2690 MHz MOBILE except aeronautical mobile 

FIXED 

RADIO ASTRONOMY  

Mobile satellite applications 

Radio astronomy applications 

Terrestrial UMTS/IMT-2000 

2690 - 2700 MHz EARTH EXPLORATION-SATELLITE (passive) 

RADIO ASTRONOMY 

SPACE RESEARCH (passive) 

Passive applications 

2700 - 2900 MHz AERONAUTICAL RADIONAVIGATION 

RADIOLOCATION 

Meteorological radars 

Radar and Navigation systems 

2900 - 3100 MHz RADIOLOCATION 

RADIONAVIGATION 

Defence systems 

Radar and Navigation systems 

3100 - 3300 MHz RADIOLOCATION 

EARTH EXPLORATION-SATELLITE (passive) 

SPACE RESEARCH (passive) 

Defence systems 

Radars and active sensors 

3300 - 3400 MHz RADIOLOCATION Defence systems 

Radars 

3400 - 3500 MHz FIXED 

FIXED-SATELLITE (S/E) 

MOBILE 

AMATEUR 

RADIOLOCATION 

Amateur applications 

Fixed links 

Fixed wireless access systems  

Radars 

SAP/SAB 

3500 - 3600 MHz FIXED 

FIXED-SATELLITE (S/E) 

MOBILE 

Fixed links 

Fixed wireless access systems  

Mobile applications 

3600 - 4200 MHz FIXED 

FIXED-SATELLITE (S/E) 

Coordinated earth stations in FSS  

Fixed wireless access systems 

Medium/high capacity fixed links 

Table 9-30 European Frequency Allocation: 2 – 4 GHz 
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APPENDIX R PROCESSING GAIN 

This appendix details the ideal processing gain achievable through integrating a coherent 
signal in the presence of random noise. 

Consider a signal power Si incident upon a receiver with a bandwidth of BN. 

The noise power in a bandwidth BN is given by  

Noise power PN = NS BTK ⋅⋅  [Watts] 

Equation 9-40 

where: 

K = Boltzmann’s constant 

TS = receiving system noise temperature 

The signal to noise ratio is therefore 

( )
n

i

input P
S

N
S =  

When integrating it is the signal and noise voltages that are of interest. 

Now, assume that the signal is sampled at rate T, i.e. 1 MegaSamples per second, and the 
resultant samples are integrated over the period D, therefore the number of samples M in 
the integration period is T/D. 

The signal voltages from M samples add coherently, whilst the noise voltage samples are 
assumed to be random and therefore add incoherently. 

Therefore the signal voltage increases by 
M
VM

sSignalVolt i
AVG

⋅
=  

Whilst the noise voltage increases by 
M
VM

NoiseVolts N
AVG

⋅
=  

The power is: 

Power = (Voltage)2/Resistance 

Thus the increase in ( )NS  is = 
M
M

10log20 ⋅  
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R.1 EXAMPLE OF PROCESSING GAIN 

Consider a system where the receiver bandwidth is 1 MHz, thus the thermal noise power PN 
= -114 dBm (3.98.10-12 mW), and for simplicity neglecting the receiver noise figure. 

The received signal level Si = -120 dBm (1.0.10-12 mW). 

The noise voltage in 1 MHz bandwidth is 44.6 µV, and the input signal voltage is 22.4 µV, 
assuming a 50 Ω system. 

The sampling rate is 1 MHz, and integration is over a period of ½ second, thus the number 
of samples = 50,000. 

The resultant signal voltage is =
⋅

=
−

000,50
10.4.22000,50 6

AVGsSignalVolt 22.4 µV 

And the resultant noise voltage is 
000,50

10.6.44000,50 6−⋅
=AVGNoiseVolts = 63.1 nV 

Thus, assuming a 50 Ω system, the signal and noise powers are now 1.0.10-12 mW (-120 
dBm), and 7.962.10-18 mW (-171 dBm), respectively. 

The S/N has therefore changed from -6 dB (-120/-114) to +51 (-120/-171) an improvement 
of 57 dB. 
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APPENDIX S MODELLING OUTPUT 

The Multi-Static Radar Modelling Tool (MSRMT) plots the Ovals of Cassini as detailed in [Ref 
2] pp25.6 for a specific threshold of detection value. In all cases unless otherwise stated this 
threshold has been chosen to be a Signal to Noise ratio (S/N) of 10dB. 

Terrain masking and ground propagation effects are excluded from the MSRMT model. 

The MSRMT uses a flat earth model. 

It should be emphasised that the MSRMT model does not include propagation losses in its 
calculation and apart from the 3dB front end filter loss in the receiver, the receiver is 
otherwise assumed to be optimal. For these reasons, it is believed that this theoretical 
performance is unlikely to be achievable in practice. 

S.1 EXPLANATION OF PLOTS 

The MSRMT output for coverage for a single Tx/Rx pair is shown in Figure 9-36, e.g. Tx1 and 
Rx1. The single colour pastel shaded area is the region where the S/N ratio for this Tx/Rx 
pair is greater than 10dB. 
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Figure 9-36 Coverage Pattern for Tx1 and Rx1 

Similarly, Figure 9-37 shows the MSRMT output for coverage for a single Tx/Rx pair Tx1 and 
Rx2, and finally, Figure 9-38 shows the MSRMT output for coverage for a single Tx/Rx pair 
Tx1 and Rx3. 
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Figure 9-37 Coverage Pattern for Tx1 and Rx2 
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Figure 9-38 Coverage Pattern for Tx1 and Rx3 

The combined coverage for Tx1 and the three receivers, Rx1 .. Rx3, is shown in Figure 9-39. 
The central ‘grey’ area is the region where the S/N ratio for all three Tx/Rx pairs is greater 
than 10dB. The deeper pastel shades indicated where the various combinations of two Tx/Rx 
pairs is greater than 10dB. 

Thus, it can be seen that when all possible Tx/Rx pairs are plotted simultaneously, that the 
central ‘grey’ area is the region where the S/N ratio for all Tx/Rx pairs is greater than 10dB, 
see Figure 9-40 for example. 
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Figure 9-39 Combined Coverage Pattern for Tx1 with Rx1, Rx2 & Rx3 

S.2 RADAR 1 

The coverage area was selected to be an area to the south of the Isle of Wight.  
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S.2.1 20KM BASELINE 

 

Figure 9-40 Radar 1 20km Baseline cell 1000m AGL, UAV. 
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Figure 9-41 Radar 1 20km Baseline cell 1000m AGL, BIZJET. 
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Figure 9-42 Radar 1 20km Baseline cell 1000m AGL, LINER. 
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S.2.2 30KM BASELINE 

 

Figure 9-43 Radar 1 30km Baseline cell 1000m AGL, UAV. 
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S.2.3 40KM BASELINE 

 

Figure 9-44 Radar 1 40km Baseline cell 1000m AGL, UAV. 
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S.3 RADAR 2 

S.3.1 20KM BASELINE 

 

Figure 9-45 Radar 2 20km Baseline cell 1000m AGL, UAV. 
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S.3.2 30KM BASELINE 

 

Figure 9-46 Radar 2 30km Baseline cell 1000m AGL, UAV. 
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S.3.3 40KM BASELINE 

 

Figure 9-47 Radar 2 40km Baseline cell 1000m AGL, UAV. 
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S.4 RADAR 3 

S.4.1 20KM BASELINE 

 

Figure 9-48 Radar 3 20km Baseline cell 1000m AGL, UAV. 
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S.4.2 30KM BASELINE 

 

Figure 9-49 Radar 3 30km Baseline cell 1000m AGL, UAV. 
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S.4.3 40KM BASELINE 

 

Figure 9-50 Radar 3 40km Baseline cell 1000m AGL, UAV. 
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APPENDIX T TIMING ANALYSIS 

Target position errors δr and timing errors δt are, for small timing errors, related by 
Equation 9-41 

( ) TIdTr
d
rtR
T

T ∂⋅+−=∂






 ⋅
+  

Equation 9-41 

Which can be expressed as 

( ) TKTIdT
d
rtRr
T

T ∂⋅=∂⋅+






 ⋅
+−=∂  

Equation 9-42 
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APPENDIX U COORDINATED UNIVERSAL TIME 

U.1 COORDINATED UNIVERSAL TIME (UTC)  

The convention for the description of UTC is shown in Table 9-31, below. 

Digit(s) Description 

YYYY four-digit year 

MM two-digit month (01=January, etc.) 

DD two-digit day of month (01 through 31) 

hh two digits of hour (00 through 23) (am/pm 
NOT allowed) 

mm two digits of minute (00 through 59) 

ss two digits of second (00 through 59) 

s one or more digits representing a decimal 
fraction of a second 

TZD time zone designator (Z or +hh:mm or -
hh:mm) 

Table 9-31 Coordinated Universal Time 

UTC Standard Format: YYYY-MM-DDThh:mm:ss.sTZD 

NB. The "T" appears literally in the string, to indicate the beginning of the time element, as 
specified in ISO 8601. 

e.g. 

1994-11-05T08:15:30.45-05:00  

corresponds to November 5, 1994, 8:15:30.45 am, US Eastern Standard Time. 

U.2 GPS TIME 

GPS time is related to UTC and TAI. 

GPS time is described as a GPS week number together with either GPS day of week and 
second of day, see Table 9-32, or second of week, see Table 9-33. 
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Currently, GPS week number is represented by a four digit number, 0 .. 1023, where week 
number zero was 00:00:00 UTC on the 6th January 1980. The week number rolled-over at 
23:59:47 UTC on 21st August 1999. 

Digit(s) Description 

WWW four-digit week number 

D one-digit day of week (1 through 7) 

ss two digits of second (00 through 86400) 

s one or more digits representing a decimal 
fraction of a second 

Table 9-32 GPS Time – Week/Day/Second 

 

Digit(s) Description 

WWW four-digit week number 

ss two digits of second (00 through 604800) 

s one or more digits representing a decimal 
fraction of a second 

Table 9-33 GPS Time – Week/Second 
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