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Abstract— This paper describes the results of an experimental study of Forward Scatter Radar (FSR) air target detection based on the 
multi band signals of opportunity: FM radio, Digital Audio and Video broadcast stations. This Passive FSR (P-FSR) operation is obtained 
by means of a simple and robust correlation process based on self-mixing. Target detectability is discussed as a function of the carrier 
frequency, the target size and its height at the baseline crossing. Experimental results are shown using a wide variety of sources of 
opportunity, target types, baselines and receiver configurations. The target signatures obtained from the different illuminators are 
compared and ways of extracting the kinematic parameters of the aircraft are discussed. This validates the claimed effectiveness and 
robustness of the P-FSR with the presented processing scheme.  

Index Terms --- Aircraft detection, Forward scattering, Passive radar, Radar detection 

I. INTRODUCTION 

Forward Scatter Radar is a subclass of Bistatic Radar, defined by the bistatic angle (β) close to 180º [1], [2] forming an ‘electronic fence’. As 
known for the resolution of bistatic radar [3], both the range resolution and the Doppler (velocity) resolution becomes very poor when the forward-
scatter case is approached. In this case the ‘ambiguity diagram’ [3] as conventionally understood becomes meaningless. The target can be almost 
anywhere the range-velocity space, being limited only to remain within the forward-scatter regime throughout the measurement time. It was 
demonstrated in [4], however, that precise estimates of the target’s speed can be obtained by matched filtering the non-constant Doppler signal 
seen from a target as it approaches, passes through and emerges from the forward-scattering region. 

The behavior of the ‘known’ but non-constant reference Doppler profile differs from the conventional ambiguity function which assumes a 
constant Doppler shift but has some analogy with the non-linear (parabolic) phase response assumed in Synthetic Aperture Radar (SAR) 
processing. As in the SAR case this method generates ‘cross-range’ (cross baseline) information, but as the target is known to be moving and the 
radar stationary, the FSR case yields cross-range speed rather than cross-range position. In practice in this approach to FSR target detection the 
Doppler processing is preceded by a conventional ‘matched filter’ in the fast-time domain. Such an approach uses the assumption that for the low 
Doppler shifts seen in this mode the signals from the broadcast transmitters can be treated as being Doppler-tolerant. This is also analogous to 
many forms of SAR processing. In some literature the FS coherent signal processing refers as Inverse Shadow SAR 

The FS principle for target detection is the interruption of the direct signal between transmitter (Tx) and receiver (Rx) due to the crossing of 
their line of sight (LoS) [5]. Rather than considering FSR as a ‘singular’ case of a ‘general’ bistatic configuration, it is more useful to see FSR as a 
separate class of radar system. This is because the FSR target characteristics originate from different physical principles from most traditional 
radar. In the forward-scatter case, the target signature is obtained through the shadowing of the direct signal by the target [1], rather than 
reflections from it. (In practice this means that only moving targets can be detected since the receiver must look for a change in the level of the 
direct signal). 

Using broadcasting transmitters as illuminators for passive radars meanings, which have not been designed for radar use, mean that the 
ambiguity function is not under the system designers control. However, this is not an issue in the forward-scatter case because of the ‘explosion’ 
of the ambiguity function in the forward-scatter case to cover all the range-velocity space. This distinctive feature defines FSR’s strengths and 
limitations at the same time. The physical principle and topology of FSR implies that the target can only be detected when it is moving within the 
proximity of the baseline. Although the radar has no ‘classical’ resolution in this configuration, the physical principle on which these systems rely 
allows the detection performance to be completely independent on both the target material and shape [1]. This makes this type of radar a good 
counter-stealth system, which naturally makes it capable to serve as an electronic fence [6]. As well as giving a return which is independent of the 
target material, the target FS Cross Section (FSCS) in the optical scattering region is usually significantly bigger than its monostatic and bistatic 
counterparts. 

As stated in [2] a FSR mode can add considerable extra benefits to the existing bistatic radar and can in practice be integrated in those systems 
without requiring significant changes to the hardware. One of the appealing characteristic of a P-FSR system is that, as long as the frequencies of 
signals of opportunity are within the receiver bandwidth, such signals may be exploited in FSR applications. When multiple baselines are 
available, crossing time-based techniques can be exploited for the non-ambiguous retrieval of all the kinematic parameters [7], [8]. As shown in 
this paper the power level is not a restriction in a wide range of situations: thus only signal frequency has a strong impact on the P-FSR 
performance. This significantly reduces the constraints on the range of operational waveforms which will allow such a system to function 
effectively.  

The goal of this paper is twofold. Firstly, it presents initial results of the ongoing research. Secondly, it demonstrates the feasibility and 
practical applicability of P-FSR using: Digital Video Broadcasting-Terrestrial – DVB-T [9], Digital Audio Broadcasting – DAB [10], and 
Frequency Modulated – FM [11] waveforms of opportunity to detect airborne targets and estimate target speed. For this purpose two challenging 
scenarios involving small targets and non-ideal trajectories (i.e. with crossing angles significantly smaller than 90°) are considered.  

The paper is organized as follows. In Section II a new simple approach to extract Doppler signature from the received signal is presented 
having its effectiveness analytically demonstrated for both digital (DAB and DVB-T) and analogue (FM) modulated signals. Some considerations 
about the received power and the influence of the target trajectory on the system performance are then discussed in Section III. Trials scenarios 
and experimental setups to detect various aircrafts are described in Sections IV and V together with experimental results analysis. Speed 
estimations for the targets, obtained from the data, are presented in Section VI. At the end of the paper, general conclusions are formulated. 

II. FORWARD-SCATTER TARGET DOPPLER SIGNATURE EXTRACTION PROCESSING CHAIN

Optimal radar detection is based on correlation of the received signal with a sample of the transmitted reference signal. This same approach is 
used in systems using illuminators of opportunity and in FSR and also in the algorithm described here. Systems using illuminators of opportunity 
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The figure also indicates the horizontal plane wave illumination broad side onto the target plane cut. This corresponds to the baseline plane in 
Fig. 4 where θ is the elevation angle (defined as negative below horizontal). In order to simulate RCS of aircraft at particular altitude with respect 
to the transmitter the angle of illumination was varied from -2° to 5° with 1° intervals. This range of angles matches the geometry of the 
experimental scenarios.  

Figure 4 – (a) CST model of Cessna 172 (b) 3D RCS simulated at 223 MHz shown for 0° illumination angle (c) FSCS elevation 
patterns for three frequencies with a target illumination angle of 0° elevation is the FS direction. 

The simulations have been made at frequencies of 93 MHz, 223 MHz and 650 MHz corresponding to FM radio, DAB radio and DVB-T 
signals.  

An example of the 3D RCS for 0° angle of illumination is shown in Fig. 4 (b). For this study, the elevation plane of the RCS pattern, as 
defined in Fig. 4 (a), is of importance. Fig. 4 (c) shows 2D RCS pattern at this plane for a target illuminated at broad side (0° angle of 
illumination), for each frequency of interest. It should be noted, however, that the forward-scatter regime can be considered to extend to about 40⁰ 
either side of broadside, even at higher frequencies. At those angles the FSCS is actually similar at all wavelengths, being the edge of lower (but 
wider) pattern at low frequencies and the sidelobes of such higher (but narrower) pattern seen at higher frequencies, at the same power level. 

3. Comparison of Analytical Approximation and Modelling
Table 1 confirms the substantial agreement between the theoretical values obtained by (2) and (4) and the simulations of the FSCS pattern 

obtained from the accurate CST model. 

Table 1 – Simulated (CST) and analytical (an.) FSCS results 
Parameter 

of FSCS 93 MHz 223 MHz 650 MHz 

CST An. CST An. CST An. 
𝜃𝜃𝐸𝐸𝐸𝐸 

[deg] 70.4 79.7 36.9 33.6 13.5 11.5 

σFS max

[dBm2] 
23.5 23.25 30.43 30.76 38.35 40.1 

Given the FSCS values and elevation patterns for different illumination angles, it is now possible to make some estimation of sensitivity and 
of the maximum altitude at which target can be detected as shown in Section III.B.3. 

B. Preliminary Power Budget 
In a typical scenario where the transmitted wave is propagating above the surface there are two signals at the receiving point: direct path or 

LoS signal and the signal reflected from the ground. The Two Ray Path model [19] is therefore used as a reference model for the estimation of the 
power level received at a distance d from the transmitter (5): 
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where Pt is the transmitted power, Gt and Gr are the transmitter and receiver antenna gains and ht and hr are the heights of the transmitting and 
receiving antennas above the local ground surface. The surface is assumed to be flat and smooth. 

The target scattered signal power level can be calculated with the same model applied to the target signal as discussed in [19]: 
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where ztgt is the altitude of a point like target, dt and dr are the distances to the target from the transmitter and the receiver respectively and σfs is 
the target FSCS. 
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The power budget analysis considers a system with the parameters shown in Table 2. 

Table 2 – Parameters used in the power budget evaluation. 
PARAMETER VALUE 
fc (DVB-T) 650 MHz 

∆f 8MHz 
Pt 50 dBW 
Gt 0 dBi 
Gr 8 dBi 
ht 270 m 
hr 1.5 m 
ztgt 200 m 
σfs 10 dBm2 
Τint 10s 
Le 10dB 

1. Direct Signal Reception Range
It is appropriate first to calculate the signal to noise ratio for the direct path signal.  This is given by 

eDS LNPDSNR −−=  ( 7 ) 
where N is the receiver noise power in the signal bandwidth, Le represents the miscellaneous losses and all the values are in dBm or decibels.  

This equation allows us to evaluate the maximum possible separation between transmitter and receiver. If the direct signal (which is usually 
stronger than signal scattered from the target) cannot be received, then we will not be able to detect the scattered signal. The noise power is given 
by N’=kTNf∆f where k=1.38 10-23J/K is the Boltzmann constant, T=290K is the system temperature, N'f=6dB is the receiver noise figure and ∆f is 
the frequency interval of interest, which in our case is the 8 MHz DVB-T signal bandwidth. The results of the DSNR calculation are presented in 
Fig. 5. The DSNR is shown by the solid curve. The dashed line represents the minimum signal to noise ratio, the threshold value which has been 
set to 10 dB for efficient processing (see section II.A and [13]). The intersection between these lines indicates that the maximum distance at which 
the DVB-T coverage is guaranteed is 300 km. It should be remembered, however, that a ‘flat earth’ model is used and in practice the earth’s 
curvature will limit the maximum baseline length to around the horizon. For radio frequency signals the horizon will be at around 70 km since the 
effective radius of the earth at these frequencies can be taken as 4/3 of its geometrical value. 

(a) (b) 
Figure 5 – (a) Signal to Noise Ratio for the direct signal (dot dashed curve) and for the Target signal (solid curve). The 

dashed curve highlights the lowest received power level to have DVB-T coverage and to guarantee good detection 
performance. (b) Maximum target altitude for detection within -3dB (lines without markers) and -10 dB (lines with markers) 

FSCS main lobe as a function of the distance from the receiver and frequency of illumination. 

2. Target Detection Range
The power of the signal scattered from the target will be considered for the worst case scenario: i.e. a very small target (see Fig. 4(c) – 

σfs=10dBm2) which crosses the baseline at the midpoint, i.e. dt = dr = dm = L/2, because it results in the minimum of the scattered power as
)(1 22

trtgt ddP ∝ . In this case LNPSNR tgt −−= 0   where N’0 is the noise power after matched filtering (which by definition gives the best 

potential SNR), so the bandwidth is the inverse of the visibility time (Tint) (i.e. ∆f=0.1Hz) and all the values are in dBm or decibels. The result 
using values in Table 2 is shown in the solid curve in Fig. 5. It is apparent that an SNR of 10 dB is attainable for baselines up to 150-200 km in this 
flat earth scenario. Considering fading margin of 10 dB, this will be reduced to 100-150 km still suitable for the wide area surveillance. 

3. Maximum Target Altitude
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We may assume that detection occurs if the FS main lobe is directed towards the receiver down to -3 dB or -10 dB off axis levels. A single 
baseline length of 25 km is considered here. The maximum target altitude tgtz is estimated for different target crossing distances dR from the 

receiver starting from the middle (see Fig. 3). The transmitter height of 270.5 m corresponds to that of the broadcast transmitter in Sutton 
Coldfield, UK (Section IV) and the maximum altitudes are capped to 1.4 km to limit the range of simulation required. For the lowest frequency 
(FM radio), the -10 dB result is not shown as the target main lobe is always visible to the receiver for the altitudes considered here. This is also 
true for the -3dB ML, except for when is very close to the receiver, and the same is true for the DAB frequency when considering the -10 dB lobe 
width. However, at this frequency, detection within the -3 dB width at the maximum altitude of 1400 m is only attainable at crossing distances of 
more than 5000 m from the receiver. 

The effect of the narrowing of the main FSCS lobe at DVB-T frequencies (650 MHz) for this baseline length dramatically reduces the 
maximum target detection altitude: specifically, when considering the -3 dB width, the maximum altitude reaches about 900 m for the mid-point 
baseline crossing.  

The above analysis assumes that detection is always possible given the FSCS values obtained. For increased baseline lengths, which may 
involve detection at longer ranges, higher frequency passive signals would be preferable. In fact, due to the increase in FSCS, the limitation of 
narrower main lobe width is compensated by the reduction in angles due to the longer baseline length itself. 

The analysis has not considered how the elevation coverage of the transmitter affects the coverage. [20] suggests that the designed elevation 
coverage of DVB-T transmitters may limit the effectiveness of such signals for detection of targets at higher altitudes, but [21] shows 
experimental results that are better than [20] would suggest, a phenomenon which is perhaps attributable to the actual installed elevation patterns 
of the transmitters being rather less well controlled than would be expected from the laboratory. 

IV. MEASUREMENTS. AIRLINER TRIALS

A. Radar system set up 
A single baseline passive FSR system was set up to test the performance of the algorithm described in Section II. The Sutton Coldfield, UK 

broadcast transmitters [22] were used as illuminators of opportunity. Its antennas are 440m above sea level (a.s.l.), which corresponds to a 270m 
tower and 170m terrain height. The station broadcasts analogue and digital signals for both radio and television services with the parameters 
shown in Table 3. This transmitter was chosen because of its wide range of transmitter frequencies and their high power levels. 

The experimental receiver of the University of Birmingham (UoB) was designed around a National Instruments USRP-2950R [23] software 
defined radio which contained two full-duplex transceivers, controlled by a host laptop running LabView. 

Table 3 – Sutton Coldfield transmitted signals used in our experiments with their frequencies and powers. 
Signal Frequencies [MHz] Signal Bandwidth [MHz] Transmitted Power [kW] 

FM 

88.3 
90.5 
92.7 
95.6 
96.4 
97.9 

0.150 

250 
250 
250 
11 
10 

250 

DAB 222.06 
225.65 1.536 8.7 

10 

DVB-T 650 
674 8 200 

200 

Parameters of the receiver are summarized in Table 4. During the initial experiments only DVB-T and FM signals were exploited, while for 
those described in Section V.B DAB signals were also used. 

In each recording a pair of signals (i.e. either DVB-T & FM, or DVB-T & DVB-T) was acquired simultaneously by the two USRP receiving 
channels. One of the constraints imposed by the USRP is that both acquired channels must be sampled at the same rate.  This is obviously set by 
the signal with the larger bandwidth. In our case this corresponds to the 8 MHz bandwidth of DVB-T. In order to make acquisitions in the most 
efficient way we decided to record signals in both USRP channels with over 10 MHz bandwidth, which is slightly larger than the DVB-T channel 
width.  So the final sampling rate was 20 MHz for each RF channel. For both USRP channels, the center frequency was chosen to allow recording 
of as many available broadcast channels as possible. Thus all six FM frequencies, shown in Table 3 were recorded simultaneously. 

In the two scenarios of the experiments presented in this paper, the receivers were placed so as to provide far field operation at all the 
frequencies used. Moreover, we are interested in operating in the optical scattering regime to exploit the increased FSCS (4) in order to deliver the 
required detectable power of the scattered signal. The above conditions are satisfied if: 

• the target size is significantly smaller than its distances from both the Tx and the Rx.  This means that both distances must be greater than
the Fresnel length S=D2/(4λ) [15] and

• the target dimensions are much bigger than the signal wavelength, i.e. the target is electrical large: D/λ>>1 [2].
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Table 4 – Parameters of the UoB experimental receiver 

Table 5 –Fresnel parameter Estimation. 

Signal 
Fresnel 

parameter S 
[m] 

Target 
Electrical 
Dimension 

Forward scatter 
main lobe 

FS ML [Deg] 
FM 

[90 MHz] 86.7 10.2 (θh , θv)= (5.6;16.3) 

DVB-T 
[650 MHz] 626.2 73.7 (θh , θv)=(0.8;2.3) 

IV.B. The largest S is defined by DVB-T signal frequencies and requires that the receiver to be at a minimum distance of 626.2 m from the
crossing point. 

On the other hand, the optical scattering condition will be less easily satisfied at FM signal frequencies for smaller aircrafts, discussed in the 
Section V.A, B, as is also apparent from the FSCS peak gain shown in Fig. 4 (c). This case is closer to Mie scattering, but does not significantly 
affect the results of detection. 

Therefore, whereas for DVB-T we have guaranteed the strong FS CS increase within its main lobe [2] for FM we have a border line situation. 
The initial experiments, presented in Section IV.B, were conducted near Birmingham International Airport (BHX), UK where we aimed to 

record signatures of planes taking off and landing. The crossing point was therefore at 6 km from site Rx1 and 15km from site Rx2, as shown in 
Fig. 6 (a). The distance between BHX and the Sutton Coldfield transmitter is about 20 km, making the baselines 26 km and 35 km to Rx1 and 
Rx2, respectively. In both experiments the constraint for far field operation was satisfied for all the frequencies used. 

 To obtain ground truth, all recorded passenger airplanes have been tracked using Flightradar24 [24], which provides information on their 
altitude (a.s.l.), location and speed with good accuracy. Due to the geometry between the transmitter and the airport flight path (cyan line in Fig. 6 
(a)) the trajectories of each aircraft were similar, with a small crossing angle of about 15 degrees. 

(a) (b) 
Figure 6 – Trials topology shown in Google Earth [25] (a), receiver Rx1 site at 6km (b) distance from crossing point, with FM and DVB-T 

antennas. 

B. Experimental results 
The recorded signals have been processed using the approach described in Section II. For the DVB-T signals the pass-band of the BPF was set 

at the signal bandwidth (8MHz), while a cut-off of LPF was 100 Hz. For the FM signals an additional pre-processing step was undertaken which 
comprised separation of the different FM channels and decimation to a lower sampling rate in accordance with the Nyquist criterion for FM 
broadcasting channel bandwidth of 150 kHz. Then the upper cut off frequency of the BPF (Fig.1) was set to 150 kHz and for the LPF (after the 
hard limiter) it was set to 100Hz. The decimation block decimated signals to a fixed sampling rate of 200 Hz.  

The experimental results presented in this section are Doppler signatures and their spectrograms, obtained at the output of the processing chain 
shown in Fig. 1 (point E), which allows visualization of the amplitude modulation due to the target crossing the baseline. The time domain 
signatures are shown together with the Short Time Fourier Transform (STFT) of the signatures. To ease the comparison of the spectrograms, they 
have been normalized so that the maximum levels of the FM and DVB-T signals are the same color.  

The first experiment, with the receiver at position Rx1, providing 26 km baseline (Fig. 6 (a)), was carried out to record FM and DVB-T signals 
as explained in Section IV.A. Fig. 9 (a) shows the Doppler signature of an ascending plane after take-off from BHX. The aircraft was an Airbus 
A320 with dimensions of 33.8 m length, 11.7 m height and 34.1 m wingspan. It was at 180 m altitude when crossing the baseline. The speeds 
given by Flightradar24 for this takeoff phase are between 240 and 285 km/h. 

Doppler signatures were extracted from all six FM channels from 88.3 MHz to 97.9 MHz and all of them are slightly scaled version of each 
other. To avoid dense plotting of very similar signals only two of them are shown in Fig. 9 (a). The gradual increase of the oscillation rate of the 
signatures due to acceleration during take-off stage is clearly visible. It is worth nothing that the signature in the 95.6 MHz channel is as clear as 

Tunable frequency range 50 MHz-2.2 GHz. 

Antennas 
DVB-T – Yagi, gain – 8 dBi;  

DAB – three element DAB commercial antenna gain – 6.2 dBi 
FM – Yagi FM antenna Gain – 5dBi 

 

Number of channels 2 
USRP channel bandwidth 10 MHz 

Azimuth coverage DVB-T- 20˚; DAB – 60˚; FM - 110˚ 
Elevation coverage DVB-T- 20˚; DAB – 60˚; FM - 70˚ 
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Table 6 – Fresnel parameter, electrical target dimensions and FS ML of the Cessna target at FM, DAB and DVB-T frequencies. 

Signal 
Fresnel 

parameter S 
[m] 

Target 
Electrical 
Dimension 

Forward scatter main 
lobe FS ML  

[deg] 
FM [90 MHz] 9.1 3.3 (θh , θv)=(17.4,83.0) 

DAB [225 MHz] 22.7 8.3 (θh , θv)=(6.9,33.2) 

DVB-T [650 MHz] 65.5 23.8 (θh , θv)=(2.4,11.5) 

In this experiment, the receiver was set in the open field near Sibson, close to Leicester, UK. The site is at 81.5 m height a.s.l., at 25 km 
distance from the Sutton Coldfield transmitter. There was a clear LoS between Tx and Rx. In addition to the receivers used for the airliner 
measurements, in this case, a three element DAB commercial antenna was available with a -3dB beamwidth of 60⁰ in both horizontal and vertical 
planes and having 6.2 dBi gain. The site and scenario were chosen to satisfy two requirements:  

1) the target can fly at a relatively low height (for rural area a limit of 450 m);
2) to be able to avoid the air traffic control constraints in the region of BHX.

The trials were conducted with the target following the ‘racetrack’ shown in Fig. 8 (a) which was selected, in consultation with the pilot, to 
cross the baseline almost perpendicularly at a point approximately one third of the way along the baseline, whilst maintaining a safe flight path. 

The aircraft altitude increased by nominally 100 m on each circuit, in order to determine the system’s ability to detect targets flying at different 
altitudes.  

The results presented and discussed in this section correspond to three representative altitudes: the lowest of 450m a.s.l, the highest of nearly 1 
km and an intermediate value of about 800 m as shown in Table 7. The start times of the recordings were synchronized with a GPS tracking device 
onboard the aircraft. The GPS ground truth data are shown in Table 7.  

(a) (b) (c) (d) 
Figure 8 – Trials topology on Google Earth (a); Cessna 172 ultralight aircraft (b); receiver DVB-T and DAB antennas (c); USRP and the laptop 

(d). 
The bandwidth of the receiver used for DAB signals comprises two DAB channels centered at 222.0 MHz and 225.65 MHz (see Table 7), so, 

as with the FM signal, an initial processing step was incorporated to separate them. Then, after the BPF with a cut-off frequency of 750 kHz, 
decimation was applied to reduce the sampling rate and the LPF cut-off frequency was again set to 100 Hz. 

Table 7 – GPS ground truth of three acquisitions with Cessna. 

Data Crossing distance from Rx[km] Crossing Angle 
[deg] 

Crossing Height a.s.l. and above 
baseline)[m] 

Recorded Signals 

D1 9.1 86 483 (354) DVB-T + DAB 
D2 9.0 87 788 (659) DVB-T + FM 
D3 7.9 85 947 (833) DVB-T + FM 

The results of the first acquisition D1 (see Table 7) at 650 MHz shows that, even though the target is much smaller than the airliner seen in the 
previous section, the Doppler signature in Fig. 9 (a) is well defined although the power of the scattered signal is smaller compared with that of the 
airliner shown in Fig. 7 (a). Moreover, the different flight stages when the target is approaching, crossing and departing from the baseline can be 
easily distinguished not only in the DVB-T signals but also in the DAB signatures signals in Fig. 9 (b) despite the fact that the transmitted power is 
14 dB lower.  

The two branches of the spectrogram in Fig. 9 (c) are symmetrical, due to the orthogonal crossing and constant speed. Moreover, the wider FS 
ML of the smaller target leads to an increase of the time interval in which the Doppler chirp with a frequency sweep up to 15 Hz is clearly visible. 

The effect of the vertical distance, ∆hc, between the flight trajectory and the baseline (Table 7) is seen from comparison of the spectrograms of 
the D1, D2 and D3 data. The latter correspond to the FSML no longer impinging on the receiver, resulting in a reduced received power. The wider 
target FS ML seen at FM frequencies guarantees that the receiver is illuminated by the FSCS ML in a wider range of plane altitude with respect to 
DVB-T. However, as apparent from Fig. 4 (c), the target FSCS at 650 MHz has higher gain than for FM, not only in the main lobe but also in the 
first two sidelobes. Hence in the D2 and D3 acquisitions, where the target is in a lower gain region at the DVB-T frequency, but still inside the -
10dB main lobe (see Fig. 6), the intensity of the FM and DVB-T spectrograms (Fig. 10 (c) and (d) – D2, and Fig. 10 (g) and (h) – D3) are 
comparable, as expected from Fig. 4 (c). 
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Figure 10 –DVB-T and FM Doppler signatures and spectrograms of Cessna at 659m (a)-(d) and 833m (e)-(h) above the baseline (D2 and D3) 

VI. SPEED ESTIMATION

As one of the main drawbacks of FSR is the absence of range resolution, the trajectory parameters of the target cannot be retrieved through the 
methods used in monostatic and bistatic radar. As discussed above ‘SAR like’ matched filtering to the possible Doppler trajectories [4] is a quasi-
optimal approach which is used to extract these parameters in FSR, where the received target signature is correlated with a bank of waveforms 
generated for a range of expected values of speed, crossing point and crossing angle. 

 It was shown in [4] that this procedure is significantly less sensitive to the amplitude of the signature, defined by the FSCS, than it is to the 
Doppler shifts on the signal. Another way to do this estimation is to use spectrograms directly [28]. 

Such processing was applied in two cases discussed in the paper: (1) airliner detection by two DVB-T signals presented in Section IV and (2) 
Cessna detection by DAB and DVB-T as shown in Section V.B. The estimated speeds and those provided by ground truth are given in Table 10 
together with the parameters of the signals of opportunity. Very good agreement with ground truth was achieved for both illuminators, for both 
target types and for both types of ground truth (IFF from Flightradar24 and GPS). 

Table 8 – Comparison of speed estimation with sub-optimal processing and ground truth. 

DATA SIGNALS FREQUENCY 
MHz 

ESTIMATED
SPEED
km/h 

GROUND 
TRUTH 
km/h 

4 
DVB-T 650 248.4 263 by 

Flightradar
24 DVB-T 674 216.0 

D2 DAB 222 176.4 
167 

by GPS 225 176 
DVB-T 650 188.1 

VII. CONCLUSIONS AND FUTURE PLANS

In this paper the effectiveness of passive FSR detection has been demonstrated by exploiting broadcast transmitters of opportunity. A simple 
approach has been proposed to extract the Forward Scatter Doppler signature of target from the signals of terrestrial broadcasting systems, such as 
DVB-T, DAB and FM. The independence of the FSR signature from the modulation of the transmit signal has been demonstrated both analytically 
and experimentally. This shows the universality and wide applicability of the FSR approach for target detection in passive coherent location 
systems. 

Experimentation trials have been conducted to study the system performance for a range of different scenarios and airborne targets in multi-
frequency/multi-mode setting. The feasibility of a passive FSR for airborne target detection has been demonstrated for the first time using FM, 
DAB and DVB-T waveforms. It has been shown that simultaneous multi-frequency/multi-band operation increases robustness of detection. While 
higher frequencies lead to higher accuracy of kinematic parameters estimation, the lower frequency signals define a larger FSR operational region. 
Moreover, it has been experimentally demonstrated, that the transmitted powers of available Illuminators of Opportunity provide the required 
sensitivity for detection of airborne targets ranging from an ultralight aircraft to airliners at altitudes up to 1000 m.  

In addition, the speed of the detected targets has been estimated using quasi-optimal processing and good correspondence to ground truth data 
has been demonstrated. This allows the conclusion that P-FSR is a practical solution not only for detection of the target, but also for the estimation 
of its kinematic parameters. As the next step we plan to investigate the feasibility of extracting kinematic parameters from the spectrograms, which 
should be more robust to presence of clutter and noise than was the time-domain signature. Furthermore, aircraft target profile reconstruction by 
its Doppler signature [29] will be investigated. 
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