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Abstract—Target localization, especially the estimation of tar-
get altitude, is a challenging task in over-the-horizon radar
(OTHR) because of the narrow signal bandwidth as well as the
complexity and uncertainty involved in the ionosphere conditions.
This task becomes further complicated when the height of the
ionosphere layer varies over time. Therefore, it is important
to jointly estimate the instantaneous height of the ionosphere
and the target altitude as well as other motion parameters. In
this paper, we achieve these objectives by analyzing the Doppler
frequencies of the target local-multipath signals and the clutter.
We reveal that the change of the ionosphere height can either
enhance or deteriorate the performance of target parameter
estimation depending on its direction of motion relative to the
target’s motion profile. In addition, it is found that the received
target and clutter Doppler signatures follow the chirp signal
profile at the OTHR receiver. Based on these observations, we
develop a general framework that achieves joint target and
ionosphere parameter estimation and accounts for the velocity
and accelerations of both target and ionosphere layer. Unlike
existing time-frequency-based strategies for target localization
and tracking in OTHR where the Doppler signatures only directly
determine target vertical velocity and the target altitude is
estimated indirectly, the proposed model enables direct estimation
of target altitude and ionosphere parameters. The parameter
estimation problem in the proposed strategy is analytically
derived and the effectiveness is verified using extensive simulation
results.

Index Terms—Doppler signature, dynamic ionosphere, over-
the-horizon radar, target geo-location, time-frequency analysis,
fractional Fourier transform.

I. INTRODUCTION

KY-WAVE over-the-horizon radar (OTHR) is designed to

detect and track non-line-of-sight targets which are far
beyond the earth horizon [1]-[4]. Unlike conventional line-of-
sight radar systems which use wide-band signals to provide
accurate target localization and tracking, sky-wave OTHR
systems enable long-range surveillance by exploiting the iono-
spheric reflections of narrow-band signals whose frequency
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and bandwidth must be properly chosen depending on the
dynamic ionospheric conditions. This fact, together with the
complexity and uncertainty of the time-varying ionospheric
conditions, makes accurate target geo-location, especially the
estimation of target altitude, extremely challenging. Significant
research efforts have been dedicated to the target localization,
tracking, and other associated problems in OTHR operations
[S1-9].

Target altitude information is particularly valuable for clas-
sification and perception. Direct estimation of target altitude
is difficult due to several reasons, including the low range
resolution associated with the narrowband radar signal and the
inaccuracy in the estimated ionosphere parameters. Significant
efforts have been dedicated to estimate target altitude in
OTHR [10]-[17]. In [11], the authors obtained a matched-
field estimate of aircraft altitude by employing multiple OTHR
dwells and the altitude-dependent structure of the local mul-
tipath rays resulting from reflections local to the aircraft.
This work was further extended in [12] where the altitude
and altitude-rate were jointly estimated by investigating the
local multipath Doppler frequencies for the case of constant
altitude-rate. A state-space model-based generalized altitude
estimation approach was presented in [13] where the effects of
random ionospheric and target motions, that degrade the dwell-
to-dwell predictability of target returns, were investigated.
In [14], the authors estimate instantaneous target altitude by
exploiting time-frequency signal analysis of the time-varying
local multipath Doppler signatures with the initial target state
being estimated using the maximum a-posteriori criterion. Tar-
get altitude estimation by exploiting two-dimensional MIMO
radar using maximum likelihood estimation was discussed
in [15]. An interesting experimental study of target altitude
estimation by exploiting local multipath propagation model
was reported in [16].

In order to achieve accurate target altitude estimation in
such challenging situations, the local mutipath model (also
referred to as the micro-multipath model) developed in [6],
[14] is considered to be effective. According to this model, the
received OTHR signals consist of signal components reflected
through the direct path (i.e., by an ionosphere layer) and
those through the local multipath (i.e., further reflected by the
specular ground/ocean surface). The specular reflection model
generally applies to sea surface and when the ground surface
has a low roughness. Therefore, the received OTHR sig-
nals contain signal components propagated through different
paths which possess distinct Doppler signatures. Resolution
of such multipath Doppler signatures through sophisticated
time-frequency analysis reveals valuable information about the



target elevation velocity and enables enhanced target localiza-
tion and tracking [6], [14], [17]-[20]. Existing research work
in this research direction generally assumes that the target
experiences a maneuvering pattern involving the elevation
motion. In such a scenario, the target elevation velocity is
considered as the primary source to generate a detectable
frequency difference between the Doppler signatures of the
OTHR signals received through different propagation paths.
On the other hand, a target usually flies at a constant altitude
during most of the time. In this case, the target does not
yield sufficient Doppler difference to enable reliable resolution
and detection of each signal component. Therefore, it is of
great importance to analyze and resolve the Doppler signatures
of the multi-component OTHR signals and achieve accurate
target localization and tracking capability when the target flies
without changing its altitude. In practice, the ionospheric con-
ditions are continuously monitored using ionosondes but the
results are subject to delays and inaccuracies [21]. Therefore,
it is important to track the ionospheric parameters, along with
the target motion parameters. On the other hand, the case
where the velocities of the target and ionosphere vary, the
estimation of target and ionosphere parameters becomes more
complicated and challenging.

The problem of joint estimation of target and ionosphere
parameters using their likelihood functions is discussed in [9].
Note that [9] only considers the target range, whereas the the
target altitude estimation, which is the main motivation of our
work, is not considered. In addition, even under the condition
of unchanged ionosphere height and target velocity over the
processing time, as assumed in [9], real-time estimation of
the parameters that characterize the statistical model of the
ionosphere is not necessarily feasible because the time vari-
ations of the ionosphere are highly random and depend on
several factors such as time of the day and month, penetration
from high to low magnetic latitudes, and disturbance winds
dynamo action [21]. Any deviation of the assumed statistical
model and parameters from the actual conditions would yield
degradation in the estimation accuracy of the target and
ionosphere parameters.

In this paper, we perform joint estimation of target and
ionosphere parameters using time-frequency-based methods,
and the target is assumed to experience a constant accelera-
tion without changing its altitude. The target and ionosphere
motion parameters are estimated by exploiting the observed
data. Contrary to existing work [9], we do not utilize the
statistical behavior of the ionosphere motion. More specifi-
cally, we achieve accurate parameter estimation by resolving
the Doppler signatures of the received signal components and
extracting their parameters. We reveal that the Doppler sig-
natures corresponding to different local multipath components
are resolvable and the feasible conditions are discussed.

To provide insightful observations, we consider a flat-earth
model which is an approximation of the earth curvature model
but enables us to analytically study the relationship between
the Doppler signatures and various parameters of interest
[22]. A comparative study of the multipath Doppler signatures
corresponding to the earth curvature model and the flat-earth
model is provided in [23]. We derive analytical formulations

of the average Doppler and difference Doppler frequencies
with approximations held under the practical assumption that
the target range is much larger than the ionosphere height and
the target altitude. The accuracy of the results are examined
using extensive numerical simulations that are held without
using these approximations related to the range. Mathematical
analysis show that the target Doppler signatures can be mod-
eled as parallel chirp signals (i.e., linear frequency modulated
signals) with Doppler frequency varying linearly with time.
The frequency difference between the Doppler signatures of
different local multipath components is proportional to the
carrier frequency, ionosphere height, target altitude, and target
horizontal velocity, but is inversely proportional to the square
of the target range.

We further consider the effect of velocity and acceleration
of the height of the ionosphere layer. Ionospheric layers
experience different patterns of altitude variations. For ex-
ample, the E-layer is relatively stable, whereas the F-layers
show more rapid and dynamic variations. Time variation in
the ionosphere height acts as another source that changes
the Doppler signatures of the targets and induces additional
frequency difference between the multipath Doppler signa-
tures. We show that, depending on the relative directions of
the target motion and the ionosphere height variation, their
respective contributions to the Doppler frequency difference
may be constructive or destructive, which respectively make
the detection and resolution of Doppler signatures easier or
more difficult.

We verify our analysis with numerical simulations in differ-
ent situations with and without variation in the ionosphere and
target velocity. The time-varying Doppler signatures are visu-
alized using the spectrogram, whereas the fractional Fourier
transform (FrFT) is exploited to detect the chirp rate as well
as the centroid frequency. The obtained chirp parameters are
then used to estimate the parameters of the the target and the
ionosphere, including their height, velocity and acceleration.

II. SIGNAL MODEL
A. Multipath Propagation Geometry

Consider an OTHR system characterized using a flat-earth
ionosphere model, as shown in Fig. 1. A point-like isotropic
target is assumed to be moving at a constant but unknown
altitude h above the ground or sea surface [14]. In Fig. 1, the
propagation paths and the target below the ionosphere layer
are actual ones, whereas those above the ionosphere layer are
virtual ones that illustrate the mirrored images of the actual
propagation paths and targets through the ionosphere layer and
ground/sea reflections.

It is observed in Fig. 1 that the specular reflection from the
ground or sea surface results in different transmit and receive
paths whose combinations can be represented in the form of
three distinct components. The first component reflects the
signals transmitted and received along path 1. For the second
component, both the transmitted and received signals follow
the propagation along path II. The third component comprises
two propagation paths, one emitting along path I and returning
along path II whereas the other emitting along path II and
returning along path L.
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Fig. 1: Flat-earth model of local multipath propagation in an
OTHR system.

Consider a coherent processing interval (CP) of 0 <t < T,
and denote H (t) as the time-varying height of the ionosphere
layer, where a coarse estimate of its initial height, H(0) = Hy,
is assumed to be known from ionosonde monitoring. As we
can see in the sequel, the detection and resolution of the target
multipath Doppler signatures are not sensitive to the initial
height of the ionosphere layer.

From Fig. 1, the one-way slant ranges {1 (¢) and l3(t) of
path I and path II are obtained in terms of the ground range
R(t), the ionosphere height H(t), and the target altitude h, as

L) = [R*(6) + (2H(t) — 1)*] 2,

lo(t) = [R2(t) + (2H () + h)2] /% 1)

The slant ranges of the three round-trip paths (path 1:
[11(t), 11 ()], path 2: [I2(¢), l2(t)], and path 3: [I1(t),l2(t)] or
[l2,11]) are expressed as

Li(t) =2:(t), La2(t) =202(t), La(t)=1i(t) + l2(2).
2
In this paper, we consider a general and challenging situa-
tion where the target and ionosphere layer have time-varying
velocities and their respective accelerations are considered to
be constant. This assumption is reasonable because we are
processing the data over a short time period.
For notational simplicity, we omit the explicit notation of

(t) in the sequel.

B. Doppler Signatures

The Doppler signatures corresponding to the three round-trip
paths can be obtained as

fD,'L' = _EL“ 1= 172733 (3)

c
where the path lengths L; are given in Eq. (2), and L, =
dL;/dt represents the derivative of L; with respect to time. In
addition, f. is the carrier frequency of the transmitted signal,

and c is the speed of electromagnetic wave in free space.

In order to provide insightful observations of the relation-
ship between the Doppler frequencies and the target parame-
ters, we approximate the one-way slant ranges in Eq. (1) using
the first-order Taylor series expansion. Assuming R > H > h
holds in practice, we can write

_ (2H — h)? 4H? — 4Hh + h?
li~R+ ¥ =R+ °R
2H? —2Hh
~R4+ —mM8M
+ R )
N (2H +h)> 4H? +4Hh+ h®
lo~ R+ R =R+ R
2H? +2Hh

Taking the derivative of the above one-way slant ranges with
respect to time, we obtain

z‘lzm%(zm_m)_%’;(m_m),
ing+%(2HR—HR)+%Z(HR—HR). )

We can express the time derivatives of the range and
the ionosphere height in terms of their initial velocity and
acceleration as

R = Ry + Rt, H = Hy + Ht, (6)
where Ry denotes the horizontal velocity of the target, H, is
the initial vertical velocity of the ionosphere, whereas R and
H denote their respective accelerations which are assumed
constant during the entire processing time. It is noted that, for
both the target and the ionosphere layer, positive velocities are
defined for the motion when the value of range and ionosphere
height increases. Substituting Eq. (6) in Eq. (5) yields

ilz(RO+Rt)+% 2 (8 + fit) R~ H (F + r)]

—% [(H0+Ht)R—H(RO+Rt)],
z'w(RO+Rt)+%I (2 (8 + i) R~ H (Fo + Fr)]
+%’; [(H0+Ht)R—H(RO+Rt)]. %

The Doppler frequencies of the received OTHR signal due
to the three different paths are then respectively given as

fpi= .fD +Afp,
fp2=fp—Afp,
fos= fp, (8

where
- id(ll + ZQ) N 2fc (
c

== ¥
- 4;};? [2 (HO +Ht) R—H (Ro +Rt)} , (9a)
_fedlh—b)

c dt

(1o + i1t) R~ 11 (i + )]

Ro + Rt)

Afp =

_4f.h
T CR2

(9b)



It is clear from Eqgs. (8) and (9) that the target and iono-
sphere parameters for path 1 and path 2 symmetrically wrap
around the Doppler signatures generated due to path 3. The
average Doppler component, fp, is shared by all three prop-
agation paths, whereas Afp characterizes the symmetrical
difference of the Doppler frequencies between these different
paths. Note that both f and A fp are functions of R and H. If
the three Doppler components are resolvable from the received
data, they would enable joint parameter estimation of the target
and the ionosphere layer by analyzing their respective Doppler
signatures. It is noted that Egs. (8) and (9) are also valid for the
Doppler signatures generated due to clutter by letting h = 0,
Rozo, and R = 0.

From Eq. (9b), note that the relative direction of the
ionosphere motion as well as the target can either increase or
decrease the Doppler separation Af . Since it is difficult to
resolve the closely-spaced frequency components, the relative
motion of ionosphere and target can have a constructive or
destructive effect on the frequency resolution capability of
OTHR.

The required CPI depends on the Doppler difference be-
tween local multipath signal components. For the parameters
considered in this paper, the Doppler difference between local
multipath signal components is generally on the order of
a fraction of a Hz. We know that the required observation
time 7" to resolve any two closely separated frequencies with
separation of Af is given by T' o 1/Af. Therefore, a large
CPI is typically required to resolve a small frequency sepa-
ration between the three local multipath Doppler components
generated by the target. Such a large CPI is supported by the
current state-of-the-art [6], [19], [24], [25].

III. STABLE IONOSPHERE LAYER CASE

In this section, we consider the case where the altitude
of the ionosphere layer does not change over time, whereas
the target moves towards or away from the radar with a
constant acceleration. In this case, HO =0, H = 0, and
H = Hj. We first analyze the effect of the target motion on the
estimated Doppler frequencies, and then develop a framework
for the estimation of target height and motion parameters. The
analysis and parameter estimation for the case of time-varying
ionosphere height are provided in Section IV.

A. Doppler Signature Analysis

_ For the case of a constant ionosphere layer height, by taking
Hy =0 and H = 0 into account, Eq. (9) becomes

fp= —2fc (
fc

— R2H2> (RO + Rt) , (10a)

AfD%—

© Hh (Ro + Rt) (10b)

That is, the received signal contains three frequency com-
ponents expressed in Eq. (8) where fp and A fp are given by
Eq. (10).

Proposition 1: For a stable ionosphere layer with a constant
height, the received signal due to horizontal motion of the

target with a constant acceleration can be approximately
represented as the sum of three chirp signals.

Proof: First, we take the time derivative of Eq. (10) as

- 2f, 4(Ro + Rt)?
fom== l(l‘RzH2>R+0RsH2]’
(11a)

AfD ~ —

4chh < _ 2(R0+Rt)2> ) (11b)

c

Since the traveling distance of the target during the process-
ing time is much smaller than the target range, we can treat
R as a constant. In this case, we can approximate Eq. (11) as

- 2f. 2
fp~—=F (1 - R2H2> R, (12a)
Afp ~ f4chhR (12b)

The changes in frequency for the three Doppler frequencies
fpa, fp2, and fp 3 can respectively be expressed as

= ; 2f. 2(H—h)H\ -
rpap=fp+Afp = f (1—(R2))R, (13a)

= ; 2f. 2(H+ h)H\ -
rpo=[fp—Afp~— / (1—(;—2)>R, (13b)

72 (13¢)

It can be observed that such Doppler frequency changes are
almost constant (with insignificant variations due to the change
in R). Therefore, Eq. (13) shows that the received signal is the
sum of three chirp signals where the chirp rates are directly
proportional to the target acceleration.

= 2C
rp3=fp~— f (1_H2>R

B. Chirp Parameter Estimation

We exploit two methods in order to visualize the three
chirp signals from the received OTHR signal z(t). In the
first method, we use the spectrogram of z(t), which is the
magnitude square of the short-time Fourier transform (STFT),
expressed as [26]

s =|[ =

where ¢(t) is a window function. In this paper, the Hamming
window is used. In the second method, we employ FrFT which
not only enables the visualization of Doppler signatures but is
also effective in estimating the parameters of the chirp signals
[27]-[29]. The FrFT of the signal z(t), denoted as X, (u), is
defined as [27], [28]

2

g(t —u)exp(—j2m fu)du| , (14)

Ko (u) = /_00 () Ko (t, u)dt, (15)



where

1-— jCOt ((i)) 6.]% cot(¢)

27
Kalt,u) = { xel's ot@)gmivesc®) ¢ £ o,
ot —w), ¢ = 2km,
o(t +u), ¢+ m=2km,

and k is a non-negative integer and ¢ = an /2.

We know that the received OTHR signals consist of three
distinct Doppler components where each component follows
the characteristics of a chirp signal. Using the received signal
z(t), a two-dimensional spectrogram image can be plotted
with respect to frequency u and rotation angle «. Three
equispaced peaks are estimated in the fractional Fourier axis
using the FrFT plot. Subsequently, the maximum rotation
angle o, is recorded for each frequency. Once the optimal
rotation angle a,p¢ is determined, we can find the chirp rate
of each respective chirp signal using the following equation
[28], [29]: )
N bl
where fi is the estimated chirp rate of the Doppler components,
fs is the pulse repetition frequency, and NN is the number of
samples used for calculating the FrFT. The centroid frequency
of the chirp can be found as [30]

fo = — cot(aopsm/2) (16)

f frft

sin(aoptm/2)’ a7

f centroid —
where frg is the estimated peak frequency of the individ-
ual chirp in the fractional domain. Once three equispaced
frequencies are estimated, differential component A f can be
easily calculated by taking the average of two intra-frequency
spacings.

C. Target Parameter Estimation

Substituting (Ro + Rt) from Eq. (10a) into Eq. (10b) and
isolating the target altitude, we obtain the estimated target
altitude at time ¢t = 0 as

i (R —2H*)Afp

2Hfpo ’
where R, is the initial target range and fp,o denotes the
estimated average Doppler component at time ¢ = 0. Note
that fp, can be calculated using the centroid frequency of

the average Doppler component and the corresponding chirp
rate, obtained using Eqs. (16) and (17) through FrFT, given as

(t = 0.5T) fp, (19)

(18)

f_D,t = fD,center -

where f D,center and fp are the estimated centroid frequency
and the corresponding chirp rate of the average Doppler
component, respectively. By substituting Eq. (18) into Eq.
(10b), we obtain the instantaneous target velocity as

CR2 fD,O

Bt = =5 p Ry — 2m)

(20)

Substituting ¢ = 0 in (20), we obtained the estimated initial
target velocity as
P cR3fp.o
07 T 9f.(R2-2H?)

Substituting (21) into (20) at ¢ = T, we obtain

¢ (Rifpr— Rifpo)
2f.T (R3 — 2H?) ’
where Rp is the target range at time 7. As the change in

range is insignificant during the entire processing time, i.e.
R~ Ry = Rp, we get

21

e

2 c

fia B (oo — For)
~of.T \ RZ—2H2) VPO IPT

c R2 *
T2 (R2 - 2H2> Tp-
c 0

Since R > H, an error in the ionosphere altitude informa-
tion has a negligible impact on target velocity and acceleration
estimation as can be observed in Egs. (21) and (22). However,
Eq. (18) shows direct dependency between the accuracy of
the target altitude estimation and that of the ionosphere height
information. Note that Eq. (22) is equivalent to Eq. (13c) for

the estimation of the target acceleration.

(22)

IV. TIME-VARYING IONOSPHERE ALTITUDE CASE

In this section, we consider the case where the ionosphere
height varies with time with a constant acceleration. Similar
to the stable ionosphere layer case considered in Section III,
the target is assumed to move towards or away from the radar
with a constant acceleration.

A. Doppler Signature Analysis

As illustrated in Eq. (9), the variation of the ionosphere
altitude, Hy + Ht, affects both the average Doppler frequency
and the difference Doppler frequency. In this case, the dif-
ference Doppler frequency is proportional to (Ho + Ht)R —
H(Ry + Rt). It is thus clear that both the motion of iono-
sphere and that of the target contribute to the yielding Doppler
frequency, and their contributions can be either constructive

TABLE I: Key Parameters (Unless Otherwise Specified)

Parameter Notation Value
Initial range Ry 2,500 km
Initial ionosphere height Hy 350 km
Target altitude h 20 km
Initial target velocity (horizontal) RO +400 m/s
Initial ionosphere velocity (vertical) HO +35 m/s
Target acceleration (horizontal) R +3 m/s?
Ionosphere acceleration (vertical) H +0.5 m/s?
Carrier frequency fe 16 MHz
Pulse repetition frequency fs 140 Hz
Signal-to-noise ratio SNR —15 dB
Clutter-to-noise ratio CNR 35 dB
Coherent processing interval T 60 s




TABLE II: SUMMARY OF ESTIMATION EQUATIONS

Estimation Parameter \

Stationary Ionosphere Case |

Moving Ionosphere Case

Step 1: Estimate the frequencies and the chirp rates of target and clutter Doppler signatures using FrFT

\/ 1- jQCOt (9) %2 cot(6) pi2 cot(9) gjucse(d) b £ L
T
Xy (u) = ffooo x(t)Ko(t,u)dt, where Ko (t,u) = 5t — ), 6 = 2k,
5(t+ u), ¢+ m=2knm
Step 2: Calculate ionosphere parameters
S . . : : cRo fR5
Initial ionosphere velocity (vertical) Hy=0 0= —"——"7—
. 8ch0
a A rclutter R,
Ionosphere acceleration (vertical) H=0 H= ,u
8ch0
Step 3: Estimate target parameters
. . 2 CRngDp 2 R% CJFD70 4HOH0
Target initial VelOClty RO = —W RO = — R% — 2Hg 2fc + RO
. & c R% = o R% 1 Cf_D’O 4HOH0
Target acceleration R=- 27, (R%—ZH&) o R=— 72— 2m, \ 2. + R
1 cfpr L AHpHy
R(Q) — 2HT 2fc RO
“ R2 —2H*)A “ A R2
Target altitude h= M h = . Jp.0cky -
2H fp 4f.(HyRo — HyRy)
= 5 . &
8 4 04
30 0.3
20 0.2
R 0.1
= 0 0
E -10 -0.1
= 0
2. -30 -
& .40 0.4
E 50 e 05 ‘ : ‘ ‘ ‘
T T 20-16 12 08 -04 0 04 08 12 16 20 -0.2 -0.1 0 0.1 0.2
Target horizontal velocity R (km/s) Af (Hz)

Fig. 2: The difference Doppler component A fp (in Hz) for
different instantaneous velocities of ionosphere and target
(R = 2,500 km, H = 350 km, f. = 16 MHz).

or destructive, depending on the direction of their velocities.
Constructive superposition of the Doppler frequencies due to
the target and ionosphere motions will make the difference
Doppler frequency higher for easier detection and estimation
of the three Doppler signatures. On the other hand, when they
are approximately in the same order of magnitude, destructive
combination of their contributions will significantly reduce
the difference Doppler frequency and, as a result, make it
difficult to resolve the three Doppler signatures. For example,
when the target is moving towards the radar (with a negative
velocity) and the ionosphere is ascending (with a positive
velocity), their mutual effect in Eq. (9) adds constructively,
resulting in a higher value of |Afp| for easier separation
of the three Doppler components. On the other hand, when
either of these two components changes direction, |Afp]
becomes smaller and the Doppler signatures of the multipath
signals become more difficult to resolve due to their proximity

Fig. 3: RMSE of multipath Doppler frequency estimates for
varying Af and SNR (R = 2,500 km, H = 350 km, f. =
16 MHz, M = 1000 trials).

in the frequency domain. However, considering the typical
velocities of targets and the ionosphere, such challenging cases
of resolving Doppler frequencies appear with a relatively low
probability.

B. Ionosphere Parameter Estimation from Clutter Doppler
Signature

As discussed earlier, while the OTHR system typically
provides a coarse estimate of the ionosphere altitude from an
ionosonde, it generally does not provide a timely and accurate
update about the ionosphere velocity and instantaneous height.
The velocity and acceleration of the ionosphere must be esti-
mated. In this sub-section, we utilize the Doppler signatures
of the clutter to estimate the ionosphere parameters.

To consider the clutter Doppler frequencies, we use Eq.
(9) and let Ro = 0, R =0and h = 0. As such, the
difference Doppler frequency Afgutter — () ag there are no
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estimated from this simulation are h = 18.81 km, RO

local multipaths for the ground and sea clutter in this case.
The average Doppler frequency is given by

fclutter ~ SfC‘H
p cR

__8f <H0 + ot + ;H#) (HO + Ht) . (23)

(HO + Ht)

cR

where Hj is the initial ionosphere altitude measured by the
ionosonde. Given a coarse knowledge of the initial target
range, we can use Eq. (23) with ¢ = 0 to determine the initial
velocity of the ionosphere as

. cRofguter
0=~~~ or 1r
8ch0

Substituting ¢ = T in Eq. (23), we estimate the ionosphere
acceleration as

(24)

= (28 + 30,T)
~ 572 0+ 311p
. 1/2
. cR clutterT
— <2H0 + H0T> o CRelprTT . (25)
fe(2Hy + HoT)?
In the above expression, approximations

cRr [T /[f.(2Ho + HoT)?) < 1 and R ~ Ry ~ Ry
are satisfied in practice. In this case, we can apply the
Taylor series approximation on Eq. (25) and approximate the

—400.48 m/s, and B = —4.6 x 1075 m/s2.

ionosphere acceleration as

1 cR f‘clutter
4 f.(2H, + HoT)

1

H~ -2 (26)

Proposition 2: The clutter Doppler frequency f&U*e* can be
approximated by a chirp.

Proof: As we discussed previously, the effect of the range
variation over the CPI can be ignored. By taking the derivative
of Eq. (23) with time, we obtain

Felutter 8f ¢ (HOH + H2 + 3HHt + 3H2t2) . @27

The effect of time-varying terms involving Ht and H?t? can
be ignored. For example, for an ionosphere layer at an altitude
of 350 km moving with a velocity of 35 m/s and an acceler-
ation of 0.5 m/s> and CPI of 60 s, 3HoHt + (3/2)H>t? is
only 2.55% of HoH —|—H§ and thus is insignificant. The impact
becomes even smaller when a shorter CPI is considered. After
ignoring these insignificant terms, Eq. (27) can be simplified

as 87,
cR
As a result, the clutter Doppler frequency can be ap-
proximated by a chirp signal whose chirp rate f&utter js
approximately constant.
From Eq. (28), the ionosphere acceleration can be estimated

fgutter ~_

(HoH + HE).

(28)
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as

A Fclutter H?
H:_<fDCR_|_0>’ (29)

8fcHo Hy

where 7, felutter can be estimated as the chirp rate of the Doppler
frequency through the FrFT, and HO can be found using Eq.
(24). The parameter H? 5/ Ho is negligible for a high value of
Hy. For example, for an ionosphere height of 350 km and
ionosphere velocity of 35 m/s, H2/Hy = 3.5 x 10~%m/s2.
Assuming R ~ Ry =~ Ry, Eq. (29) can be simplified as

relutt
fBu ercRO

H~-—
8fcI—IO

(30)

C. Target Parameter Estimation

It can be observed from Eq. (9) that the ionosphere height
has an impact on the observed Doppler frequencies. There-
fore, the observed Doppler frequencies at the OTHR receiver
contain the contributions from the target motion and the vari-
ation due to the dynamic ionosphere height. To estimate the
target parameters, we utilize the ionosphere layer parameters
obtained in Section IV-B, and isolate R from Eq. (9a), and
obtain the following estimate of the target velocity:

¢/p +4HH>. 31)

. .. R2
= ——
R+R R2 —2H? \ 2f. R

Substituting ¢ = 0 in Eq. (31), we obtain the following
estimation equation for range-rate

5o R (CfD,O

R =
0" T RZ_2H?

4HyH,
2
TR ) (32)

Eq. (31) and Eq. (32) can be used at t = T while assuming
R~ Ry = Ry, we get

é :Zi(z) 1 CfD,O
R3—2H, \ 2f.
+4HOH0 B 1 C,fD,T 4HTHT
Ro R2 —2H7 \ 2f. Ry ’

(33)

where the ionosphere final altitude is given by Hr = Ho +
HOT +(1/ 2)H T? and the final velocity can be calculated as
Hp = Hy+ HT, whereas fp .0 is the initial average Doppler
frequency and can be calculated using the estimated centroid
frequency and the estimated chirp rate. The target altitude h
can be estimated by rearranging Eq. (9b) for ¢ = 0 as

AfpocR?

h = . —.
4f.(HoR — HoRo)

(34)

Substituting the estimated Ry and H, into Eq. (34), we
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obtain
Afpo(RE — 2H;g)

h= :
8HoHof: - R2 — 9H2) _
2H, ( 0 Of + fD,O) _ ( 0 O)fgrlotter

CR() 2H0
(33)
which explicitly shows the dependence of h on both the
average Doppler frequency, fp, and the difference Doppler
frequency, A fp.

V. TARGET RESOLVABILITY

It can be observed from Fig. 1 that each target results in
three distinct Doppler components due to three distinct round-
trip paths. In the previous sections, we noted that the Doppler
frequency estimation for signals corresponding to all three
paths is important to resolve the altitude information of the
target. If the three Doppler components are closely spaced,
ie., |Afp| is very small, it becomes challenging to resolve
the three distinct Doppler components. In the following, we
examine the resolvability conditions of the three Doppler com-
ponents with respect to the target velocity and the ionosphere
velocity for a fixed CPIL

Fig. 2 depicts the difference Doppler component A fp
against a range of target and ionosphere velocities under the
condition R = 2,500 km, H = 350 km, and f. = 16 MHz.
Considering the 60-second CPI assumed in this paper with a

moderate window effect, we bound the region of |Afp| <
0.02 Hz by red lines as the likely region where the Doppler
frequencies are difficult to resolve, resulting in challenging
target geo-location. The gray level demonstrates the amplitude
of Afp, i.e., dark black color shows high resolvability whereas
white region shows challenging resolvability of the Doppler
signatures. It is observed in Fig. 2 that the values of |Afp|
for the most part remain significant such that the three Doppler
components are resolvable, thus resulting in favorable target
geo-location capability.

In order to illustrate the impact of Afp on the frequency
estimation performance, we present the root mean square
error (RMSE) of the multipath Doppler frequency estimates
with respect to varying A fp and input SNR in Fig. 3. The
RMSE results are obtained by assuming that the chirp rates
are correctly estimated through FrFT. The RMSE is calculated
using the following equation:

1 S centroid fcentroid 2
RMSE = \| o0 >0 D (e = figneid) . Ge)

m=1 i=1

where fgﬁ’fi‘“"id is the estimated centroid Doppler frequency
corresponding to the actual centroid Doppler frequency
fl")e,‘;‘”‘)id of the ith propagation path and M is the total number
of trials. We observe in Fig. 3 that the RMSE of the estimated
multipath Doppler frequencies is low when |Afp| is higher



A
o

A
o

o
o

Doppler frequency (Hz)
o
o

&
S

0 10 20 30 40 50 60
time (sec)
(@)

Fractional domain samples

0.91 0.915

0.92
Rotation angle «

©

0.925

~N
L
>
(&)
c
(6]
5
o
o
S
[oX
o
a
20 40
Time (sec)
(b)
m 40 ;
°
§ 35+
E 30 AA I L
g -51 -50.5 -50 -49.5 -49
E 50 Frequ_gncy in fractjonal domai‘n (Hz)
m P
340 ......... az P QS |
30 FFNAET T T R
0 - V4

0.916 0.917 0.918
Rotation angle «

(d

915 0.919

Magnitude
ol

Fig. 7: Doppler signatures of local multipath signals for the case of stable ionosphere while the target is moving away from
the radar at altitude h = 20 km with velocity Ry = 400 m/s and acceleration 2 = 3 m/s2. (a) Simulated Doppler signature;
(b) Spectrogram; (c) Fractional Fourier transform; (d) Peak detection in frequency domain and the corresponding « plotted
for each of the peak frequencies. The input SNR is set at —15 dB. The target parameters estimated from this simulation are

h = 17.25 km, Ry = 400.86 m/s, and R = 3.015 m/s2.

than 0.02 Hz, provided that the input SNR is reasonably high.
On the other hand, it becomes difficult to extract reliable
frequency estimates when |Afp| < 0.02 Hz due to the close
spectral proximity of the three multipath Doppler signatures.
This observation supports the analysis in Fig. 2 where the
challenging frequency resolution situations are bounded by the
two red lines. Note that the results depend primarily on the
value of Afp, which is a joint function of both target and
ionosphere parameters. For a specific value of A fp, the results
are insensitive to the instantaneous target and ionosphere
velocities.

VI. SIMULATION RESULTS

In this section, we provide simulation results for different
scenarios of ionosphere and target motions and show results
of the joint estimation of ionosphere and target parameters.
We consider the flat-earth model and the parameters for
simulations are listed in Table I unless otherwise specified.

A. Case A: Stable Ionosphere

In this subsection, we consider the case that the ionosphere
layer is stable with a constant height. Two examples are con-
sidered where the target respectively has a constant velocity
and has a constant acceleration.

1) Constant Target Velocity: In the first simulation, we
consider a baseline case where the ionosphere layer remains
stationary at the height of H = 350 km above the earth with
Hy = 0m/s and H = 0 m/s2, and the target is moving towards
the radar with a constant speed of Ro = —400 m/s, and the
target acceleration R is 0 m/s%. Note that the minus sign in
the target speed implies the decrease of target range over time.
Fig. 4(a) shows the simulated Doppler signatures which clearly
exhibit the three frequency components corresponding to the
different multipath signals. Fig. 4(b) shows the spectrogram
of the three Doppler signatures using a Hamming window of
length 4096 samples (which approximately amounts to 29.3 s).
Since the target acceleration is zero, the chirp rates obtained
from Eq. (13) is zero for all three Doppler components. The
actual chirp rate estimated from the Doppler signatures is
—4.85 x 10~* Hz/s for all three components. Such a small
chirp rate is due to the change in the range that alters the
observation direction. Thus, the three Doppler components can
be treated as three parallel horizontal lines (sinusoids) with a
constant Doppler frequency difference A fp and a zero chirp
rate. The FrFT result of the received signal depicted in Fig.
4(c) clearly shows that the rotation angle o, is approximately
1 for all three Doppler components, implying zero chirp rates.

Fig. 4(d) provides two plots to show the rotation angles
and corresponding frequencies more clearly. In the upper
panel of Fig. 4(d), the maximum magnitude of the FrFT
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domains. Clutter-to-noise ratio is set at 35 dB. The ionosphere parameters estimated from this simulation are Hy = —33.65

m/s, and H = —0.48 m/s.

is depicted with respect to the frequency in the fractional
domain. In the lower panel of Fig. 4(d), on the other hand,
we show the magnitude spectrum of the FrFT corresponding
to the rotation angle. Since the CPI is 60 seconds, the FrFT
provides us the estimate of frequencies at the midpoint of
the CPI, i.e., at T/2 = 30 s. As the chirp rate is zero, the
individual frequencies of the three Doppler components can be
considered constant throughout the CPI, and the three Doppler
components are estimated to be 40.97 Hz, 41.07 Hz, and 41.15
Hz, whereas the actual Doppler frequencies are 41.00 Hz,
41.09 Hz and 41.17 Hz, respectively. The estimated chirp rate
was approximately —6.6 x 10~* Hz/s for the three Doppler
components. Using Eq. (18), we calculate the target altitude,
initial velocity, and the acceleration to be 18.81 km, —400.48
m/s, and —4.6 x 1075 m/s?, respectively.

In the second simulation, all the parameters remain the
same, except that the target is now moving away from the
radar with a velocity of R = 400 m/s. Fig. 5 shows similar
results for the frequency and chirp rate estimation. The target
parameters of the altitude, initial velocity, and the acceleration
are estimated to be 17.73 km, 401.13 m/s, and —1.5 x 10~5
m/s2.

2) Constant Target Acceleration: For the third simulation,
the target is assumed to be moving with an initial velocity
of Ro = —400 m/s towards the radar and an acceleration
of R = —3 m/s?. The ionosphere is assumed to be stable

at an altitude of 350 km. Fig. 6(a) shows the three actual
Doppler components generated by the motion of the target.
As the target motion involves acceleration in this case, the
three chirps have a high chirp rate which is in accordance
with Eq. (13). It can be observed in Fig. 6(b) that it is difficult
to resolve the three Doppler components in the spectrogram
even with a small window size of 256 samples. However,
these three components can be clearly resolved by using the
FfFT, as shown in Fig. 6(c). Moreover, Fig. 6(d) illustrates the
FrFT magnitude with respect to the frequency in the fractional
domain and to the rotation angle, respectively. It is observed
that the three frequency peaks emerge at 49.76 Hz, 49.86 Hz,
and 49.96 Hz in the fractional domains and their respective
rotation angles result in the chirp rates of 0.306558 Hz/s,
0.307241 Hz/s, and 0.307925 Hz/s, respectively. Using Eq.
(17), the estimated frequencies at the midpoint of the CPI
become 50.20 Hz, 50.30 Hz, and 50.40 Hz, respectively. Incor-
porating these estimated chirp rates, we can estimate the initial
Doppler frequencies at time 0 s to be 41.00 Hz, 41.09 Hz,
41.17 Hz, respectively, which well match the corresponding
actual Doppler frequencies 41.00 Hz, 41.09 Hz, and 41.17
Hz. Further, by using Eq. (18), we calculate the target altitude,
initial velocity, and the acceleration to be 16.82 km, —400.84
m/s, and —2.998 m/s?, respectively.

In the fourth simulation, we keep all the parameters except
that the target is now moving away from the radar with an
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initial velocity of R = 400 m/s and an acceleration of 3 m/s2.
Similar estimation results for the frequency and chirp rate are
observed in Fig. 7. By using Eq. (18), the target parameters
of altitude, initial velocity, and the acceleration are estimated
as 17.25 km, 400.86 m/s, and 3.015 m/s2, respectively.

B. Case B: Dynamic lonosphere

In this subsection, we examine the joint ionosphere and
moving target parameter estimation for the case of dynamic
ionosphere where the ionosphere height varies with a constant
acceleration. Both ascending and descending ionosphere layer
cases are considered. We first discuss the ionosphere parameter
estimation based on clutter Doppler signature, and the target
parameter estimation is then discussed.

1) Ionosphere Parameter Estimation: First, we assume that
the ionosphere is moving downwards with an initial velocity
of Hy = —35 m/s and an acceleration of H = —0.5
m/s?. Fig. 8(a) shows the actual Doppler signature of the
clutter generated due to the ionosphere motion, and Fig. 8(b)
illustrates the corresponding spectrogram. For the parameters
being considered, the clutter frequency component is much
closer to the zero Doppler frequency compared to the target
Doppler frequencies so that they can be easily separated in the
time-frequency or fractional Fourier domain. Fig. 8(c) shows
the FrFT result of the clutter Doppler component whereas

Fig. 8(d) shows the respective peaks in frequency and rotation
angle domains. The rotational angle was estimated to be at
1.007710, yielding an estimated chirp rate of 0.028257 Hz/s
which is very close to the actual chirp rate of 0.028261 Hz/s.
Using this estimated chirp rate and the estimated centroid
Doppler frequency at 30 sec, we calculate the estimated
folutter 4t 0 sec and 60 sec to be 2.01 Hz and 3.70 Hz, re-
spectively, which exactly match the actual values of the clutter
Doppler frequency. We exploit Eq. (24) and (25) to estimate
the initial velocity and acceleration of the ionosphere to be
—33.65 m/s and —0.47 m/s?, respectively. The approximated
Eq. (26) provides the ionosphere acceleration of —0.45 m/s?
which is also close to the actual ionosphere acceleration.

Next, we change the direction of the ionosphere motion
to move upwards with an initial velocity of 35 m/s and an
acceleration of 0.5 m/sec?, and similar results are obtained.
The initial velocity and acceleration are estimated as 33.9 m/s
and 0.48 m/s?, respectively. These results match well with the
actual values.

2) Target Parameter Estimation: Now, we consider the
target parameter estimation for the dynamic ionosphere case.
We first consider that the ionosphere is moving downwards

with an initial velocity Hy = —35 m/s and an acceleration of
H = —0.5 m/s%. The target moves towards the radar such that
its initial velocity is Ry = —400 m/s and the acceleration
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= —35 m/s and acceleration H = —0.5 m/s. The target is moving away from the radar at altitude A = 20 km with

velocity R = 400 m/s and acceleration R = —3 m/s2. (a) Simulated Doppler signature; (b) Spectrogram using a Hamming
window of size 256; (c) Fractional Fourier transform; (d) Peak detection in frequency domain and the corresponding « plotted
for each of the peak frequencies. Input SNR was set at —15 dB. The target parameters estimated from this simulation are

h = 18.41 km, Ro = 400.75 m/s, and R = 2.74 m/s2.

is R = —3 mis. Fig. 9 shows the results for this case.
The peak frequencies observed in the fractional domain are
52.61 Hz, 52.65 Hz, and 52.68 Hz, respectively, which are
mapped to the estimated centroid frequencies of 53.16 Hz,
53.19 Hz, and 53.23 Hz, respectively. The estimated target
altitude, initial velocity and acceleration are then calculated
as 19.66 km, —400.96 m/s, and —3.27 m/s2. Similarly, Fig.
10 illustrates the parameter estimation results for the case that
the target moves away from the radar with an initial speed of
400 m/s and acceleration of 3 m/s?, whereas the ionosphere
motion parameters remain the same. The target altitude, initial
velocity, and acceleration are estimated for this case to be
18.41 km, 400.75 m/s, and 2.744 m/s?, respectively.

Next, we consider the case that the ionosphere layer ascends
with an initial velocity of Hy = 35 m/s and an acceleration
of H = 0.5 m/s2. The target moves towards the radar with
an initial velocity of By = —400 m/s and acceleration of
R = —3 m/s2. The simulation results for this case are depicted
in Fig. 11. The peak frequencies in the fractional domain
are 46.86 Hz, 47.05 Hz, and 47.23 Hz, respectively, and the
corresponding centroid frequencies are estimated to be 47.19
Hz, 47.38 Hz, and 47.56 Hz. The target altitude, initial velocity
and acceleration are estimated to be 19.86 km, —400.97 m/s,
and —2.70 m/s2, respectively. Similarly, Fig. 12 depicts the
parameter estimation results for the case of that the target

moves away from the radar with an initial speed of 400 m/s
and acceleration of 3 m/s2, whereas the ionosphere motion
parameters remain the same. In this case, the target altitude,
initial velocity, and acceleration are estimated to be 17.67 km,
400.95 m/s, and 2.744 m/s?, respectively.

In this paper, we presented the mathematical formulations
and simulation results for parameter estimation of a single
target. In the presence of multiple targets, the proposed
method can be readily employed if the targets are separable
in the range, Doppler, and angular domains.

VII. CONCLUSION

In this paper, we have addressed the joint estimation of
target and ionosphere parameters in OTHR by exploiting the
local multipath signal model. We assumed a constant altitude
for the target, which flies towards or away from the radar
with a constant acceleration, whereas the ionosphere height
may remain constant or changes with a constant acceleration.
It was observed that the Doppler signatures of the target and
ionosphere motion can be characterized as parallel chirps.
Under practically valid assumptions, analytical expressions
were derived for the estimation of velocity and acceleration
of the ionosphere and provide insightful observations of
the determining parameters. Moreover, the expressions for
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Fig. 11: Doppler signatures of local multipath signals for the case of dynamic ionosphere moving towards the sky with initial

velocity Hy =

35 m/s and acceleration H = 0.5 m/s. The target is moving towards the radar at altitude h = 20 km with

velocity Ry = —400 m/s and acceleration 2 = —3 m/s2. (a) Simulated Doppler signature; (b) Spectrogram using a Hamming
window of size 256; (c) Fractional Fourier transform; (d) Peak detection in frequency domain and the corresponding « plotted
for each of the peak frequencies. Input SNR was set at —15 dB. The target parameters estimated from this simulation are

h = 19.86 km, Ry = —400.97 m/s, and R = —2.71 m/s.

the target altitude, velocity and acceleration have also been
presented for the case of stable as well as dynamic ionosphere
conditions based on the resolved Doppler signatures generated
by both the target and the ionosphere. Simulation results

demonstrate

the effectiveness of the proposed method

to estimate these parameters based on a short period of
processing time.
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