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Angle of arrival (AOA), time of arrival (TOA), and frequency of arrival (FOA) can be measured for a signal from multiple
platforms. By combining such measurements it is possible to obtain high-accuracy emitter position estimates. This requires a
data link with low latency and sufficient data-rate, and synchronization of the platforms in space, time, and search pattern.
Typically several of the platforms will have to make their measurements in the radar sidelobes that require very high receiver
sensitivity. This paper focuses on discussing how the sensitivity can be improved using antenna gain or signal processing.
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I . I N T R O D U C T I O N

Fire control radars usually are active only for short time periods
and represent severe threats to fighter aircraft. Using onboard
electronic support measures (ESM) receivers, the threat
signals can be detected and measured. It would be of a high tac-
tical value if these ESM receivers had the capability to obtain a
high-accuracy emitter position estimate almost instantaneously.

In order to obtain accurate position estimates of radar
emitter, it is crucial to have accurate position and time syn-
chronization among the cooperating platforms. Clocks and
platform positions can be synchronized with a theoretical rela-
tive accuracy of the order of 10 ns and 5 m using common
view GPS (see [1]). Furthermore, precision crystal and rubi-
dium clocks are now commercially available mitigating the
requirements for precise clock synchronization. Reference
emitters with well-known positions can also be a complement
to GPS for synchronization of clocks and platform positions.

The time of arrival (TOA) of intercepted radar pulses
can theoretically be measured with an accuracy of
sTOA ≈ 1/(BW

������
2SNR

√
). In practice, an accuracy of around

10 ns is expected. The phase change of a signal during a
10 ms radar illumination typically can be measured with an
accuracy of around 208 which corresponds to a frequency
measurement accuracy of around 10 Hz.

Assume that the time difference of arrival (TDOA) of a pulse
to two ESM systems can be measured with an accuracy of the
order of 15 ns which corresponds to a distance difference of
4.5 m. Using multi-platform (MP)-TDOA with an ESM plat-
form separation of 1 km the bearing to the emitter then can be

obtained with an accuracy of around 0.38 in the normal direction
to the platform separation line. With more than two platforms
the 2D emitter position can be estimated. An introduction to
TDOA emitter geolocation can be found in Wiley [2].

For MP frequency difference of arrival (MP-FDOA) the
orientation of the line of positions and the accuracy is strongly
dependent on the platform relative trajectories. Assume that
two ESM platforms move 1 km after each other with a speed of
300 m/s and that the FDOA to the platforms can be determined
with an accuracy of around 10 Hz at 10 GHz. In the normal
direction to the line between the platforms this corresponds to
a bearing difference of 0.068. At a range of 10 km from the
emitter the range can then be estimated with an accuracy of
the order of 100 m. FDOA geolocation is discussed in Wiley [2].

In order to obtain a good range estimate, the measuring
ESM platforms must have a rather large separation.
Measurement of TOA and frequency on the same pulses
implies that some of the ESM platforms will perform their
measurements in the radar sidelobes that require a very
high sensitivity. The objective of this contribution is to
discuss how such a high sensitivity can be obtained and how
high-accuracy measurements still can be obtained.

In Section II, ESM receiver sensitivity requirements are motiv-
ated from a scenario example. With a channelized receiver with
narrowband receiver channels a basic good sensitivity can be
obtained. The use of antennas and signal processing in order to
improve the sensitivity is discussed in Sections III and IV, respect-
ively. Processing management and methods to measure signal
parameters for weak signals are then considered in Section V.
After a discussion in Section VI, the conclusions are finally sum-
marized in Section VII, which is followed by a list of references.

I I . S E N S I T I V I T Y R E Q U I R E M E N T S

A modern fire control radar using pulse compression can be
expected to have an output power Ptr ¼ 1 kW and a
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mainbeam antenna gain Gtr ¼ 35 dB. The effective aperture
area of an ideal isotropic antenna at a frequency f ¼ 10 GHz
is given by Aiso ¼ l2/(4p) ¼ 0.72 cm2. At a range R ¼
20 km the power received by such an ideal isotropic antenna
is then given by Prec ¼ PtrGtrAiso/(4pR2) ¼ 243 dBm. The
sidelobe antenna gain of a radar can be expected to be 35–
40 dB below the mainlobe antenna gain. In a sidelobe of the
radar in our scenario example the power level can hence be
expected to be down to around 280 dBm for an ideal isotro-
pic antenna. In a real scenario there would be very large vari-
ations. For example, one could require a detection range that
is up to a factor 10 larger. This would result in a sensitivity
requirement that is 20 dB higher. Another important factor
to consider is the output power of the radar which in many
important cases could be a factor 100 larger implying 20 dB
lower requirement on the sensitivity.

Consider a channelized receiver (see [3]) with B ¼ 20 MHz
channel bandwidth and a noise and loss factor F ¼ 15 dB.
Then, the sensitivity is given by Pmin ¼ kTFB.SNRmin ¼

273 dBm. Here, kT¼2174 dB (mW/Hz) is the product of
Boltzmann’s constant and a reference temperature, and
SNRmin¼ 13 dB is a minimal signal-to-noise ratio (SNR).
The boresight gain of a wideband widelobe antenna is around
0 dBi and around 220 dBi at 908 from boresight.

In order to detect and measure important threat radars in
their sidelobes, an extra sensitivity improvement of at least
around 10 dB is required. The sensitivity can be improved
by using a directional antenna, two antennas, signal inte-
gration, or a matched filter. Different methods to detect
weak signals are also discussed in Tsui [4] and Pace [5].

I I I . U S E O F A N T E N N A S

A) Directional antennas
A wideband phased array antenna covering a frequency 3:1
ratio with 8 × 8 elements could be a suitable alternative to
obtain extra sensitivity. With an antenna element separation
of l/2 at the highest frequency the antenna width would be
4l. Then at the highest frequency the beamwidth would be

around 158 and the gain would be 23 dBi. At the lowest fre-
quency, the beamwidth and the gain would be around 458
and 13 dBi. With a frequency coverage of 6–18 GHz such
an antenna would have an aperture width of 6.7 cm. A draw-
back with wideband phased arrays is their complexity and that
they have a limited instantaneous field of view. Hence, precise
synchronization between the platforms is required in order to
focus the antennas toward the threat under investigation. This
does, however, require some knowledge of the position of the
threat, something which may not be available.

B) Two antennas
An alternative to a phased array is to use two separate equally
directed antennas and two separate receivers. The noise and
loss factor of a wideband receiver usually is of the order of
15 dB. Hence, the internal noise in each receiver dominates
the noise in the received signals. Now let us consider the
signals from the same frequency channel for the two antennas.
The signals received from a certain emitter will then be the
same except for a constant phase difference and the two essen-
tially independent receiver noises. In order to detect a signal
one of the antenna signals is down-converted by the other
and low-pass filtered.

Pulsed radar signals usually have no modulation, linear fre-
quency modulation (LFM), binary phase shift keying (BPSK),
poly-phase coding including digital variants of LFM, or more
random complex frequency modulation such as Costas codes.
The pulse width and the bandwidth of typical modulated
radar pulses can be expected to be 3–10 ms and 1–10 MHz,
respectively. This means that LFM pulses have a frequency
derivative of 0.1–3 MHz/ms.

In Fig. 1, a set of 280 dBm pulses from a 20 MHz receiver
frequency channel is shown, the receiver noise and the sum of
the ideal signal and the noise. The three first signals have LFM
with bandwidths of 5, 10, and 10 MHz and pulsewidths (PWs)
of 3, 5, and 10 ms. The fourth signal has a binary phase modu-
lation with 31 subpulses with 150 ns length each. The two last
pulses are short unmodulated pulses with PWs of 1 and 0.5 ms.

Fig. 1. (a) Ideal received signal power in dBm. (b) Noise power in dBm. (c)
Power of signal and noise.

Fig. 2. (a) 2-antenna signal mutual down-conversion. (b, c) Down-conversion
and 16- and 32-point averaging.
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The noise floor reference is at 277 dBm. In the frequency
channel, all carrier frequencies are equal to 4 MHz.

In Fig. 2, the down-conversion of one antenna signal with
the other is shown with 1-, 16-, and 32-point averaging.
All 280 dBm signals can be easily seen above the noise
background. The noise floors are at 279, 288, and 289 dBm.
This corresponds to processing gains of 2, 11, and 12 dB. The
TOA of the pulses can be expected to be measured with an accu-
racy of around 100 ns for the case with 16-point averaging.

If the antenna separation is short the phase of the down-
converted signal can be used for estimation of the angle of
arrival of the received signal. The major drawbacks with this
approach are that it requires twice the hardware resources
and space compared to a single-channel approach and that
the sensitivity will be dependent on the direction to the threat.

I I I . U S E O F S I G N A L P R O C E S S I N G

A) Short-time Fourier transform (STFT)
Typical threat LFM pulses have a frequency derivative of
0.1–3 MHz/ms. Hence, a receiver could use an STFT with a
frequency resolution of around 1 MHz to create a time-
frequency (TF) representation of the received signal. The
next step could then be to search for patterns in this TF
picture with an energy above a suitable threshold. In Figs 3
and 4, a 16-point STFT of the noisy 280 dBm signal in
Fig. 1 is shown. Here, we can clearly see the time-dependent
instantaneous frequencies for the three LFM pulses. The
BPSK pulse has an instantaneous spread of its power and
the short unmodulated pulses are concentrated in frequency.
The noise floor is at 289 dBm which corresponds to a proces-
sing gain of 12 dB. The TOA of the pulses can be measured
with an accuracy of around 100 ns.

B) Signal squaring
Let us now consider a BPSK signal in a 20 MHz frequency
channel. Such a signal can be expressed as

x(t) = Ab(t)e j(2pf0t+w0) + n(t).

Here, x(t) is the signal in the frequency channel, A is the
amplitude, b(t) = +1 is the binary phase modulation signal,
f0 is the carrier frequency, w0 is a phase, and n(t) is the
noise that we assume to be additive. After squaring the
signal and using b2(t) = 1 we obtain

x2(t) = A2e j2p2f0t + 2A b(t) e j2pf0tn(t) + n2(t).

A 16-point STFT for the square of the noisy simulated
signal in Fig. 1 is shown in Fig. 5. The fourth signal around
the time 60 ms is the square of the squared signal x2(t). The
first term in the squared BPSK signal is an unmodulated sinu-
soidal signal with a frequency that is twice the original carrier
frequency. In Fig. 5, this signal can be seen as an enhancement
at the doubled carrier frequency 8 MHz. The second term is
the product of the original binary phase-modulated carrier
signal and the noise. This will result in a noisy spread spec-
trum signal during the pulse duration. The spread spectrum

Fig. 3. Signal power in dBm after a 16-point STFT.

Fig. 4. (a) Some 16-point STFT frequency channels. (b) Maximum of all
frequency channels. (c) One of the frequency channels.

Fig. 5. 16-point STFT of the square of the received noisy signal.
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signal can be seen in Fig. 5 spread among all frequencies
during the pulse duration. The third term is squared
complex noise which will be enhanced if the SNR is large.

In the TF picture shown in Figs 5 and 6, the beginning and
end of each pulse is easily seen. The LFM pulses have doubled
frequency ridges due to frequency folding of the doubled
frequency. The BPSK pulse has a frequency ridge with con-
stant frequency. Measurement of the carrier frequency will
be ambiguous in this case. The noise floor is at 286 dBm
which corresponds to a processing gain of 9 dB.

C) Correlation with a delayed signal
Costas codes can be seen as LFM pulses where subpulses have
been randomized in time. In order to detect Costas-coded
pulses, we have to use more general methods. Radar pulses
are often transmitted as a train of coherent equal pulses. In
such a case, one can correlate the received signal with a
delayed copy of the signal. There will then be a pronounced

peak for a delay that is equal to the pulse repetition interval
(PRI). With an integration time of 1 ms there will be a proces-
sing gain of around 10 dB.

D) Matched filter method
In a typical scenario, at least one of the ESM platforms is illu-
minated by the radar main beam. Then the radar waveform
can be measured at a high SNR and the parameters of the
received pulses can be sent to the cooperating ESM platforms.
These parameters can be used to compute pulse templates.
The noisy received signal at the cooperating ESM platforms
can then be correlated with these templates and obtain a
large processing gain. This of course requires that the pulse
waveform does not change. In Fig. 7, the received noisy
280 dBm signal in Fig. 1 is correlated with noise-free copies
of each of the three LFM pulses. The TOA of the pulses
here can be measured with an accuracy of around 25 ns.

E) Video filtering
If the SNR in the 20 MHz frequency channel is larger than 0 dB
then low-pass filtering can increase the sensitivity. In Fig. 8, the
16-, 32-, and 64-point averages of the instantaneous power of
the received noisy signal from a 20 MHz frequency channel
from Fig. 1 are shown. The five pulses are all easily seen.

The noise floors are at 283.5, 284.5, and 285 dBm corre-
sponding to processing gains of 6.5, 7.5, and 8 dB. If a pulse is
detected the corresponding samples can be stored for a while
in a short-term memory.

If a pulse template is available within a few seconds then
important signal parameters can be measured with better accu-
racy using cross correlation of the signal and the pulse template.

I V . P R O C E S S I N G M A N A G E M E N T

A) Detect, decide, store, and sort
In important possible scenarios, a sensitive receiver system
will intercept radar pulses at a very high rate. Hence, the real-

Fig. 8. 16-, 32-, and 64-point averages of the instantaneous power.

Fig. 6. (a) Some channels of 16-point STFT of squared signal. (b) Maximum of
all channels. (c) One of the channels.

Fig. 7. Correlation of the noisy received signal with ideal templates of the first
(a), second (b), and the third (c) LFM pulses.
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time processing load on a digital receiver will be very high and
therefore it is important to reduce the data rate in the receiver
system as soon as possible.

The first step in the signal processing chain is to detect
whether there is signal power which is significantly over the
background noise level. In a high-sensitivity receiver, there
will be a lot of signals of interest and a lot of interfering
signals which are not of interest and sometimes also spurious
false signals that are artifacts due to imperfect receiver
performance.

For each detected piece of energy, a decision must be made
with a very short delay if a detected possible pulse is of inter-
est. In order to have a basis for such a decision a rough charac-
terization of the possible pulse must be performed. This means
that provisional measurements of at least a few basic pulse
parameters such as TOA, PW, radio frequency (RF), and
power amplitude (P) must be performed immediately after
detection. Using such a characterization a temporary decision
may be taken if the pulse under consideration is worth a
further investigation or if it is not of interest.

Assume that a certain probable pulse is decided to be of
interest. From the provisional measurements it is clear in
which narrowband receiver channel that the probable pulse
has been found and during which time interval. The corre-
sponding digital data samples are then stored together with
the provisionally measured pulse parameters. Radar pulses
have a PW typically from 100 ns to 10 ms. With a channel
sampling rate of 40 MHz this corresponds to 4–400 samples
for each pulse. Stored provisional pulse data are then sorted
into trains of pulse descriptions with similar parameter values.

B) Pulse ensemble processing
Radars in general send bursts of almost identical pulses with
constant PRIs Tr . A received complex channel signal consist-
ing of a pulse sequence and additive noise can be written as

x(t) =
∑N−1

n=0

Ane jnDwp(t − nTr) + n(t).

Here, p(t) is a generic pulse signal, Tr is the separation in
time, An is the pulse amplitude, Dw is the difference in
phase between two consecutive pulses, and n(t) is the additive
noise.

Assume that such a pulse sequence fulfilling some decision
criteria is intercepted by the receiver. Then the channel
samples of the corresponding pulse are expected to be
sorted into an ensemble of similar pulses. In Fig. 9(a), ten
simulated ideal LFM pulses are shown. In Fig. 9(b), simulated
receiver noise is shown and in Fig. 9(c) a simulated received
noisy signal is shown.

The first step in the processing of such a pulse ensemble is
to measure the difference in TOA and phase of arrival (POA)
of the pulses. The pulse in the ensemble that has the highest
energy is used as a pulse template or pulse reference (see
Fig. 10(a)). The pulse template is then correlated with all
other pulses in the ensemble (see Fig. 10(b)). In such a pulse
correlation, the complex pulse samples are multiplied by the
complex conjugate of the complex pulse template samples
for different delays and summed. The delay that gives the
highest correlation is considered as the time delay between
the pulse and the pulse template. An example of a correlation

peak is shown in Fig. 10(c). In this way, the separations nTr in
time between the pulses are estimated. The phases of the cross-
correlations at the maximum are considered as the phase
differences nDw between the pulses and the pulse template.

The second step in the processing of a pulse ensemble is to
align the pulses in time and phase. A pulse is aligned in time
by subtracting the time difference between the pulse and the
pulse template. Then the pulse is aligned in phase by subtract-
ing the phase difference between the pulse and the template
from the pulse phase. Examples of such aligned pulses are
shown in Fig. 11(a).

An improved pulse template is obtained by computing the
average of the time- and phase-aligned ensemble pulses for
each sample (see Fig. 11(b) and Langley [6]). The standard
deviation for the averaged pulse in linear scale is improved
by a factor

���
N

√
= ���

10
√ ≈ 3.2 where N ¼ 10 is the number

of pulses in the ensemble in the example. This corresponds
to an improvement of the SNR in power scale by a factor of

Fig. 10. (a) Extraction of a reference pulse. (b) Correlation of pulses with
reference pulse. (c) One correlation peak for correlation with ideal and with
noisy template.

Fig. 9. (a) The first four of 30 noisefree LFM pulses. (b) Noise. (c) Pulses and
noise.
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N ¼ 10 ¼ 10 dB. Such an improvement can only be obtained
if the ensemble pulses have been aligned well enough.

From the sample-by-sample averaging of the aligned
ensemble pulses, an improved pulse template is obtained.
This improved pulse template is then correlated along the
original received channel signal. This is similar to pulse com-
pression in a radar receiver. At certain delays when the pulse
template matches to a received pulse there will be a correlation
maximum. The TOA of the pulse can then be measured with
high accuracy as the time position for the start of the pulse
template. The POA is measured with high accuracy from
the phase of the correlation peak. From the relative phases
of the pulses in the train high-accuracy estimates of the
frequency of arrival (FOA) can be estimated. Pulse-shape
parameters can be measured with high accuracy on the
improved pulse template. By exchanging TOA and FOA
measurement data between platforms high-accuracy estimates
of the emitter positions can be obtained (see [2]).

V . D I S C U S S I O N

The optimal way to obtain high sensitivity and perform high-
accuracy measurements would probably be to use a wideband
phased array antenna with a gain of 15–25 dB combined with
a channelized digital receiver with a channel bandwidth of 10–
20 MHz. The drawbacks with such a solution are high com-
plexity, high cost, and that all contributing antennas must
be pointing toward the same area of interest at the same time.

Using 16-point STFT for selected 20 MHz channels is quite
a good alternative with much less complexity. The processing
gain with such a solution is a factor of 16, which equals 12 dB
if most of the instantaneous signal power falls into one STFT
channel at a time. STFT gives a TF representation of the signal
which can be used to measure pulse characteristics.

Pulses with BPSK with short subpulses have a large instan-
taneous bandwidth and then STFT can be less advantageous
although such a pulse can often be seen quite well anyway
in the STFT channels. A signal processing complement can

be to perform a 16-point STFT on a squared channel signal
instead since the binary phase-shifts are erased by the squar-
ing of the signal.

Often a pulse template can be obtained from a signal
library or from a cooperating ESM platform. Then the
received channel signal can be correlated with this pulse tem-
plate and for each pulse of that type a narrow strong spike is
obtained enabling high-accuracy measurements of TOA and
FOA. For a 10 ms pulse and a 20 MHz channel, we will
have a processing gain of a factor 200 or 23 dB.

A complement to the more advanced methods could be to
use 16-, 32-, or 64-point averaging of the signal power in order
to obtain a substantial processing gain of 6–8 dB. The advan-
tage with such incoherent integration is the low complexity of
this method.

The samples of the detected pulses can be extracted, stored,
and sorted into pulse ensembles. By correlating the ensemble
pulses with a reference pulse the PRIs and the phase differ-
ences, and hence the frequency can be measured with high
accuracy.

V I . C O N C L U S I O N S

It would be very advantageous for modern fighter aircraft to
have a capability of obtaining high-accuracy estimates of the
position of important threat radars after a few seconds. This
is possible by exchanging high-accuracy measurements of
the TOA and FOA of signals to cooperating ESM platforms.
This typically requires that some of the ESM platforms have
to have sensitivity to detect and measure the signals in the
radar sidelobes. After examining a set of possible methods,
we can conclude that there are several methods that can
give a sensitivity that in many important scenarios will
allow measurement also in the radar sidelobes.
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