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Abstract—Target altitude estimation is an important and challenging task in over-the-horizon radar. It has been shown that
the elevation motion of a maneuvering target can be effectively
revealed by local multipath signals which generally contain
three distinct components with highly time-varying and closely
separated Doppler signatures. Because of the close separation
between the Doppler signatures, it is challenging to accurately
estimate the Doppler frequency difference. In this paper, we
develop a low-complexity technique that effectively estimates the
Doppler frequency difference by utilizing the a priori knowledge
of the Doppler characteristics of the local multipath signals. The
effectiveness of the proposed method is veriﬁed using simulated
results.
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I.

I NTRODUCTION

By utilizing ionospheric reﬂections, skywave over-thehorizon radar (OTHR) systems are designed to perform target
detection over a wide surveillance area that is signiﬁcantly
beyond the limit of the Earth horizon. OTHRs are typically
operated in the high frequency (HF) band with a narrow
signal bandwidth that is determined based on the ionospheric
conditions and the target range [1]. Limited by the signal
bandwidth and the instability of the ionosphere layers, the
range resolution of an OTHR system is typically in the order
of kilometers or tens of kilometers [2].
An important task in OTHR operations is to determine
the geolocation of the targets, particularly the target altitude
information [3–5]. In particular, the target altitude information
is valuable in determining the class of the targets. Nevertheless, direct estimation of target altitude is generally infeasible
because of the poor range resolution associated with the very
narrow bandwidth of the OTHR waveforms. In practice, the
ground or ocean reﬂections nearby the targets generates socalled local multipath signals which can be used to reveal
the elevation motion of the targets [6]. More speciﬁcally,
signals directly reﬂected by the ionosphere layers and those
also reﬂected by ground/ocean surface would generate slightly
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different Doppler signatures when a target maneuvers vertically. That is, different multipath signals manifest themselves as different non-linear time-frequency trajectories, each
corresponding to a Doppler signature of the target along a
different round-trip propagation path [3, 5]. It has been shown
in [3, 5] that high-resolution time-frequency analysis of the
Doppler signatures can resolve Doppler signatures, enabling
fast and robust altitude tracking. Nevertheless, due to the
close separation between the Doppler signatures and their
non-linearity, accurate estimation of the Doppler frequency
difference is often complicated and even difﬁcult. Existing
techniques require extensive parametric analysis with a high
complexity [5, 7, 8].
In this paper, we develop a low-complexity technique for
the estimation of the Doppler frequency difference. By taking
advantages of the a priori knowledge that, in the underlying
application, the multipath signals comprise three components
with close and symmetric frequency characteristics, the proposed technique is based on simple multiplication of the received
multi-component signal waveform with its complex conjugate.
As a result, the squared magnitude operation precisely removes
the nominal components and generates four symmetric components, which are associated as positive and negative harmonics,
and a direct current (DC) component. Therefore, the estimation
of target Doppler frequency can be solved using conventional
time-frequency analysis, such as short-time Fourier transform.
The effectiveness of the proposed method is veriﬁed using
simulated results.
II.

S IGNAL M ODEL

A. Multipath Propagation Geometry
Consider a ﬂat-earth ionosphere model as shown in Fig.
1, where H is the height of the ionosphere layer, and h
is the height of the target [5]. We only consider propagation through the stable E-layer of ionosphere and its height,
H, is considered constant over the processing time and is
known (an OTHR system periodically monitors the ionosphere
conditions). In this ﬁgure, the targets and propagation paths
below the ionosphere are the true ones, whereas those above
the ionosphere illustrate their images through the ionosphere
layer and ground reﬂections for the convenience of slant range
computations.

the three different paths are then respectively obtained as
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ḣ(t),
c dt
c
R(t)c

fD,2 (t) = −

2fc
4fc H
2fc dl2 (t)
≈−
K(t)Ṙ(t) −
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where fc is the carrier frequency, and c is the velocity of the
electromagnetic wave.
By further denoting f¯D (t) = −2fc K(t)Ṙ(t)/c as the
nominal Doppler component, and f˜D (t) = 4fc H ḣ(t)/[R(t)c]
as the differential component, then the above expressions can
be reformulated as
fD,1 (t) = f¯D (t) + f˜D (t),
(5)
fD,2 (t) = f¯D (t) − f˜D (t),
fD,3 (t) = f¯D (t).
fD,3 (t) = −

Fig. 1. Flat-earth model of local multipath propagation in an OTHR system.

As we observe in Fig. 1, the local multipath around a target,
due to earth surface reﬂections, yields different propagation
paths of the emitted/received signals which are represented by
the following three groups of signals. For the ﬁrst component,
both the emitted and received signals propagate along path
I, whereas for the second component, both the emitted and
received signals propagate along path II. The third component
comprises two paths, one emitting along path I and returning
back along path II, and the other emitting along path II and
returning back along path I.
From Fig. 1, the slant ranges l1 and l2 can be expressed in
terms of the ground range distance R, the ionosphere altitude
H, and the target altitude h, as
1/2
1/2


l1 = R2 + (2H − h)2
, l2 = R2 + (2H + h)2
.
(1)
In practice, R  H  h holds, and the relationship between
the slant ranges and the other parameters can be better revealed
by the following approximations:
l1 ≈ R +

2H 2 − 2Hh
,
R

l2 ≈ R +

2H 2 + 2Hh
.
R

(2)

B. Doppler Characteristics
For a maneuvering target, its horizontal and elevation motions generate different Doppler frequency characteristics. To
analyze such effects, we denote the target horizontal velocity
as Ṙ(t) = dR(t)/dt, and vertical velocity as ḣ(t) = dh(t)/dt.
Note here that we have introduced t in the range and the target
altitude to emphasize their time dependency. From (2), we
obtain
dl1 (t)
2H
≈ K(t)Ṙ(t) −
ḣ(t),
dt
R(t)
(3)
dl2 (t)
2H
≈ K(t)Ṙ(t) +
ḣ(t),
dt
R(t)
where K(t) = 1 − 2H 2 /R2 (t). The Doppler frequencies of

Therefore, the Doppler signatures for the ﬁrst path and the
second path are symmetric around that of the third path.
The nominal Doppler component, f¯D (t), is shared by all
the three paths and reveals the target velocity in the range
direction, whereas the small Doppler difference between the
paths, f˜D (t), is a function of ḣ(t) and thus reveals the vertical
maneuvering of the target [5, 7, 8]. As such, it becomes
important to estimate f˜D (t) for the purpose of target altitude
estimation and tracking. However, as f˜D (t) is very small as
compared to the variations of f¯D (t), it is often difﬁcult to
resolve the three components, making the estimation of f˜D (t)
challenging.
III.

E STIMATION OF D OPPLER D IFFERENCE

A. Removal of Nominal Doppler Component
Under this assumption, the received signal can be expressed
as:
x(t) = A1 exp(jφ1 (t)) + A2 exp(jφ2 (t)) + A3 exp(jφ3 (t)),
(6)
where Ai and φi (t) are, respectively, the path loss and the
instantaneous phase law of the ith path for i = 1, 2, and 3.
The phase laws can be expressed as


 t
4πfc
2ξi H
h(t) ,
fD,i (t)dt =
φi (t) = −2π
K(t)R(t) −
c
R(t)
0
(7)
where ξ1 = −1, ξ2 = 1, and ξ3 = 0. Note that the local
multipath based approach does not reveal the sign of the
Doppler frequency difference because of the symmetry in (6).
For clarity, we denote θ(t) = (4πfc /c)K(t)R(t) and ψ(t) =
−(4πfc /c)(2ξi Hh(t)/R(t)). Then, (7) can be written as
φ1 (t) = θ(t)−ψ(t), φ2 (t) = θ(t)+ψ(t), φ3 (t) = θ(t). (8)
For the purpose of estimating the target manoeuvring velocity
in the elevation dimension, we only need to estimate ψ(t) from

the received signal. Toward this end, we multiply x(t) with its
conjugation, x∗ (t), and obtain
∗
|x(t)|2 = x(t)x
(t)


2
= |A1 | + |A2 |2 + |A3 |2
∗
∗
+ (A1 A3 + A2 A3 ) exp(−jψ(t))
+ (A∗1 A3 + A2 A∗3 ) exp(jψ(t))
+A1 A∗2 exp(−j2ψ(t)) + A∗1 A2 exp(j2ψ(t)).

(9)

It is clear from the above expression that the resulting product
|x(t)|2 no longer contains θ(t). Rather, it contains a DC component, the phase difference term exp(jψ(t)), its second-order
harmonic, and the image of the last two terms at the negative
frequencies. The four frequency components are demodulated
and localized in the close vicinity of the DC frequency, and
thus can be clearly resolved in the time-frequency domain
through spectral analysis with the use of a long window.
The concept of demodulating Doppler signatures associated
with local multipath signals in OTHR was ﬁrst discussed in
[8] and was later elaborated in [5] where the nominal Doppler
frequency is estimated using time-frequency analysis techniques. It generally yields inaccurate nominal Doppler frequency
estimation and the processing is highly time-consuming. Compared with such existing methods, the proposed method does
not require such Doppler estimation procedure, yielding much
simpler and more accurate Doppler signature demodulations.
In the following, we describe a simple technique to visualize
the time-frequency characteristics of the Doppler frequency
difference and estimate the instantaneous frequency difference
signature using the conventional short-time Fourier transform
(STFT) method [9, 10]. Other methods, including sparse
reconstruction methods recently developed for time-frequency
analysis [11–15], can also be used for the visualization and
analysis of the Doppler frequency differences.
B. Time-Frequency Analysis and Doppler Detection
The STFT of the squared magnitude of the signal, |x(t)|2 ,
is expressed as
 ∞
|x(u)|2 g(t − u) exp(−j2πf u)du,
(10)
X(t, f ) =
−∞

where g(t) is a window function. Note that X(t, f ) contains
four harmonic components with non-zero frequencies. To
further enhance the Doppler signature and avoid the estimation
ambiguity between the harmonic components, we can fuse
the information contained in the four non-zero frequency
signatures by computing the following quantity:




f
f
Y (t, f ) = X(t, f )X t,
+ X(t, −f )X t, −
. (11)
2
2
Note that Y (t, f ) is symmetric in frequency about the DC,
so we only need to analyze the positive frequency side. The
Doppler frequency at each time instant can be detected through
peak value detection.

TABLE I.
Parameter
initial range
ionosphere height
aircraft initial height
horizonal target velocity
maximum descending velocity
carrier frequency
waveform repetition frequency

K EY PARAMETERS
Notation
R(0)
H
h(0)
vR,max
vc,max
fc
fs

Value
1,500 km
160 km
10,000 m
175 m/s
19.68 m/s
16 MHz
40 Hz

Fig. 2.
Doppler signature and spectrogram of x(t). (a) True Doppler
signature. (b) Spectrogram.

IV.

S IMULATION R ESULTS

A. Operation Scenario
In this section, simulation results are presented to verify
the effectiveness of the proposed technique and examine the
performance with different parameters. As an example, we
consider a maneuvering aircraft which makes a 360o circular
turn of radius 5 km in approximately T = 179.5 seconds to
descend by approximately 2,250 meters [5]. The center of the
transmit and receive arrays is set as the coordinate origin.
The other key parameters used in the simulations are listed
in Table I. All the multipath signals are considered to fall
within the same range cell. The aircraft maintains an horizontal
velocity of 175 m/s (630 km/hr). Its elevation velocity varies
sinusoidally and the corresponding target altitude is expressed
as

 
vc,max T0
πt
h(t) = h(0) −
,
(12)
1 − cos
π
T0
and the corresponding elevation velocity is obtained as
 
πt
4fc Hvc,max T0
4fc H
ḣ(t) = −
sin
f˜D =
.
R(t)c
R(t)c
T0

(13)

As such, the Doppler frequency difference f˜D (t) is sinusoidal
and, for the parameters given in Table I, the peak Doppler
frequency difference is 0.4478 Hz. The maximum frequency
of the nominal Doppler frequency component, f¯D (t), is 18.66
Hz.

the Doppler frequency difference is clearly revealed through
standard STFT operations. To further enhance the result,
we perform the operation depicted in (11), and the result
of Y (t, f ) is shown in Fig. 4(a). Due to symmetry, only
the positive frequency portion is shown. Fig. 4(b) shows
the estimated Doppler difference through peak detection of
|Y (t, f )|2 . Except for the edge portion in which the multipath
components with close frequencies interfere, the estimated
Doppler difference generally well coincides with the true
Doppler difference as depicted by the red lines in Fig. 3(a).
V.

Fig. 3. Doppler signature and spectrogram of the squared magnitude of the
signal, |x(t)|2 . (a) True signature of the Doppler frequency difference. (b)
Spectrogram.

C ONCLUSION

We have developed a novel method that reveals the Doppler difference between multipath signals in over-the-horizon
operation. This signiﬁcantly simpliﬁes the Doppler difference
estimation, facilitating real-time analysis of target altitudes. We
have veriﬁed the effectiveness of the proposed method using
simulated data that closely model real target manoeuvrability.
Compared with existing methods, the proposed technique is
much simpler and more robust.
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