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ABSTRACT The high Doppler effects in satellite communications make the equivalent channels fast varying,
which leads to channel estimation difficulties and the need for high channel estimation overheads. In this
paper we propose a state-space approach for tracking channel variations for satellite links with high Doppler
frequency shifts. We consider the communication between satellite links where a multi-antenna receiving
satellite is connected to several transmitting satellites, which can have substantially different Doppler drifts.
The proposed channel tracking technique follows the individual Doppler drifts for the different satellites.
Finally, our performance results indicate that the proposed channel tracking is able to cope with strong
Doppler drifts, without the need for high channel estimation overheads, making it a promising technique for

future systems using satellite mega-constellations.

INDEX TERMS Channel tracking, Doppler effects, extended Kalman filters, satellite communications.

I. INTRODUCTION

The integration of non-terrestrial networks (NTN) into 5G as
specified by the 3GPP [1]-[4] represents the first systematic
effort to include satellite-based networks into the standard of
a new mobile communications generation. In fact, there are
two approaches to effectively integrating satellites into the
cellular network: backhaul and direct access.

Backhaul, which is already well established [5], uses satel-
lites to connect cellular base stations in remote areas to the
cellular network, if necessary without any further infras-
tructure. It requires, however, that both the satellite and the
user terminal are connected to a cellular base station. Direct
access, conversely, is supported on direct communication
between the satellite and the user terminal. This means access
to the 5G network at all times everywhere, even when a base
station is not available. Moreover, network architectures in
which the satellite itself, either fully or partially, serves as the
base station are also possible [6].
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This integration means that not only terrestrial cellular
networks can count on satellites to support truly ubiquitous
coverage, but also that the satellite industry has here an
opportunity to expand its business. In fact, the deployment
of mega-constellations counting several thousands satellites
is currently underway (see [7] and references within), where
low-earth orbits (LEO)s are preferred to the higher altitude
medium-earth orbits (MEO)s or even the geostationary-earth
orbits (GEO)s due to their reduced delay, path loss, and satel-
lite production and launching costs [8]-[11]. Moreover, since
propagation loss is small in LEOs, it is possible to realize
practical communication systems with small satellites and
earth stations. In addition, non-geostationary LEO satellites
have access to earth stations located in high latitude areas
such as the polar regions, thus contributing to a truly global
coverage.

Both LEO and GEO satellites communications can ben-
efit from duplex communications [12]. For GEO satellites
pointing to a fixed ground station, the Doppler shift is not
expected to introduce any critical issue, since the transmitter
and receiver are static, but the very large propagation delays
might have a strong impact on the PHY/MAC procedures.
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On the other hand, for LEO satellites the propagation delays
are much smaller, and real-time duplex communication chan-
nels can be more easily amenable.

Though the non-geostationary LEO satellite systems have
attractive features, they also present some particular chal-
lenges [12]. Being one of the most important issues the fre-
quency Doppler shift. Since the non-geostationary satellites
change their relative positions to earth stations, the signals
suffer from Doppler shifts whose value and drift rate are very
large compared with that in the systems with geostationary
satellites or in the terrestrial systems.

Various Doppler shift estimation algorithms have been pro-
posed for the LEO satellite communication systems. An early
characterization of the Doppler shift in the non-geostationary
LEO satellite communication systems is found in [13] where
the satellite communicates with a fixed terminal on Earth.
Similarly, [14]-[16] exploit the fact that the relative angular
velocity between the satellite and the Earth is constant to
characterize the Doppler shift as a function of the time and
the maximum elevation angle of the LEO satellite. These
approaches, however, consider that the satellite speeds and
directions are known to the Earth terminal and that the Earth
terminal is fixed while in our setup the satellites speeds and
directions are not known to the terminal and the terminal
itself is moving. Moreover, the efficiency of Doppler tracking
techniques based on satellite trajectory is directly linked to
the accuracy of the Doppler characterization curves, which
are typically obtained using approximations [14]. Even if
these approximations do not compromise the value of such
approaches, the presence of inaccuracies on the model means
that they are not able to fully compensate the detrimental
presence of Doppler shifts. The presence of residual Doppler
shifts motivates the proposal of different Doppler tracking
techniques supported on alternative approaches, eventually
complementing the satellite trajectory-based approaches.

The use of Kalman-based techniques for synchronization
purposes is not new to the literature (see [17], and refer-
ences within, or the more recent work [18]) and some of
these techniques were even considered for space applica-
tions, particularly as a mean to track highly dynamic GPS
signals [19]-[22]. The use of Kalman filters for tracking
Doppler shifts in broadband radio inter-satellite communica-
tions appears in [23]-[25]. Particularly in [25], the tracking
of the Doppler shift is done using a prime synchronizing
signal while resorting to the Kalman filter as an additional
measure to further stabilize the tracking procedure. In [23],
a distributed MIMO system emulating virtual antenna arrays
is considered where a reference signal is sent by the master
node to the cooperative nodes and a Kalman filter is used
to track the Doppler shift. However, the tracking procedure
takes place at the transmitter, which sends a pre-compensated
signal. Finally, in [24] an auto-correlation function is used to
obtain an initial estimate of the frequency offset and then a
Kalman filter to optimize this estimate. The Kalman filter
is shown to improve the stability of estimated frequency
offset and track the time-varying frequency offset. However,
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this approach is limited to scenarios with a single satel-
lite link or multiple satellite links with identical Doppler
shifts.

An extensive analysis of the power budgets for satel-
lite communications supporting ground communications and
inter-satellite links is provided in [26]. Although focused
solely on CubeSats, their analysis is particularly valu-
able since CubeSats have very limited power resources.
This means that the results obtained for them may even-
tually lower bound larger satellites, potentially provided
with more resources (e.g., larger solar-panels and batteries).
The link budget analysis of [26] assumes a transmit power
level of 15dBm (about 31.62 mW) for the satellite, corre-
sponding to a Universal Software Radio Platform (USRP)
B-200 with no additional amplifiers, and a transmit power
level of 50dBm (100 W) for the ground station. The latter
value, however, assumes that the ground station transmit
power is only limited by its operating license, which is some-
thing that is not aligned with our scenario where the ground
station is a mobile, eventually, handheld device. Thus, a more
realistic assumption would be less than 0.5 W transmit power
for handheld devices, 2 W for portable devices (e.g., laptop
or notebook), and 10 W for vehicular terminals [27].

Power constraints and efficient amplification require-
ments favours single-carrier (SC) modulations instead of
the more popular OFDM schemes. Notably, SC combined
with frequency-domain equalization (SC-FDE) if dealing
with time-dispersive channels [28]-[31]. In fact, for terres-
trial mobile communications SC-FDE has been advocated as
a particularly promising scheme for the uplink (i.e., when
the communication signal goes from the mobile terminal to
the base station) [32]. This is due to the fact that SC-FDE
schemes have simpler transmitters, lower peak-to-average
power ratio (PAPR), and increased robustness to carrier-
frequency offset (CFO) compared to OFDM. This makes
SC-FDE schemes also an interesting candidate for satellite
communications.

This work proposes a state-space approach for tracking
channel variations for satellite links with high Doppler fre-
quency shifts. With the proposed approach, we aim at solving
the problem of Doppler shifts in both space-to-space and
earth-to-space communications. Where in the latter, the earth
device is assumed to be mobile. As far as we know, our work
is the first to consider a mobile communication system archi-
tecture where a multi-input multi-output (MIMO) receiver
satellite (or earth receiver) is connected to multiple transmit-
ter satellites with high Doppler frequency shifts associated.
If the Doppler shifts associated to each different satellite link
were identical, this would be similar to scenario with a carrier
frequency offset (CFO) [24]. However, the different velocities
of the satellites lead to different Doppler shifts making their
estimation and compensation much more complex. Typically,
the estimation overheads increase with the Doppler shift [33],
and the number of simultaneous transmissions, while in our
case they only increase with the number of simultaneous
transmissions.
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FIGURE 1. Transmission scenario with both space-to-space and
earth-to-space communications.

This work is organized as follows. After this introduc-
tory section we present the transmission scenario in Sec. II,
the frequency-domain channel equalization and estimation in
Sec. I11, and the Doppler frequency shift tracking in Sec.IV.
Finally, we present the performance results in Sec. V, and the
conclusions in Sec. VL.

The notation used in this work is the following. Transpose,
conjugate, and conjugate-transpose are denoted by (-) T, (-)*,
and ()T, respectively. Operator /{-} returns the phase of a
complex number; DFT{-} denotes the discrete Fourier trans-
form and IDFTY{-} its inverse. The matrix I; is an (M x M)
identity matrix, and 1;; is a column vector with M elements.
Operator ® is the Kronecker matrix product.

Il. TRANSMISSION SCENARIO

Consider the transmission scenario depicted in Fig. 1 where
M satellites (or mobile earth devices), each with T antennas,
transmit a radio signal to a receiver satellite with R antennas.
The receiver satellite moves with velocity v, and the ith
transmitter satellite (or earth device) with velocity v;. For the
sake of simplicity we consider line-of-sight (LoS) conditions,
which is the typical situation in satellite-to-satellite commu-
nications [16], [24]. For satellite to ground communications,
we can have multipath propagation effects, especially when
the ground antennas are not too directive.

Consider the Doppler shift fg) = ]%171.’, where f, is the
carrier frequency, ¢ the speed of light, and v/ the relative speed
between the ith transmitter and the receiver. Now, assume an
angle-of-departure (AoD) 6; formed by the velocity vector v;
of the transmitter satellite Tx; and the LoS path, and an angle-
of-arrival (AoA) ©%; formed by the velocity vector v of the
receiver satellite Rx and the LoS path (see Fig. 2) then results
that the Doppler drift at the receiver caused by Tx; is

W _ fe

Ip' == (il cos(6;) — [V] cos()) - ey
c
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Tx;

FIGURE 2. Relation between the AoD 6; and the AoA ¥;.

Considering that we have LoS communication only, and
that the radio channel between the transmitter satellite Tx;
and the rth antenna element of the receiver satellite is char-
acterized by a path coefficient " € C, and a path delay t?,
results that the baseband channel impulse response (CIR) is
given by

(1, 1) = o (1)t — TD(a0)). @

Assuming that the path delay is slowly varying,!
ie., Tty ~ 1@ with @ £ ¢((0), and that «"(ty) ~
@Dy 0 with o) 2 o)(0), and £ the Doppler
frequency shift (1), then (2) can be written as

KDt 1) = o(1D 27U o+ r=Deosl 5p _ 2y (3

where o) denotes the path coefficient associated to Tx; and
the first antenna element of the receiver,? d the separation
between the array elements, and A the radio signal wave-
length. Notice that, each AoA ©¥; should be different (i.e.,
|9; — ¥y| > 0) in order to ensure that we are able to separate
the different incoming signals at the receiver.

Ill. CHANNEL EQUALIZATION AND ESTIMATION

This section deals with the equalization and estimation of the
satellite radio channel, which we are assuming to happen in
the frequency-domain.

A. FRAME STRUCTURE

Consider Fig.3 where we depict the proposed frame struc-
ture. Particularly, the frame starts with one training block*
(TB) from Tx1, followed by a TB from Tx», and so forth until
Txys transmits its TB. This is done twice.

During this training stage, while one satellite is transmit-
ting the other satellites are silent. So the training stage is
orthogonal in time. Notice that the training stage allows to
obtain an estimate fg) of the Doppler shift. Accordingly,

jo_ L1y ) @)

D ™27 AT R

r=1
with

") = / {iﬁ”")(t, 0) (iz<”")(t, fo — AT))*} (5)

IThis is motivated by the fact that the tap amplitudes change at a much
slower rate than its phase in the presence of the Doppler effects associated to
satellite communications.

2We consider a uniform linear array (ULA) but other array geometries
could be examined.

3Signals from satellites coming from the same direction need to be sepa-
rated by other means, such as different bands or time slots.

4Notice that the training block can be smaller than the data block.
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FIGURE 3. Proposed frame structure.
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t

where A" (1) is the estimate of the CIR obtalned during the
training stage (see Sec.III-B), and |27th AT| < m. The
2

variance of the estimate is O’A X AF-

Notice that, the estimate of the CIR results from applying
the IDFT to the de facto estimated CFR after an appropriate
: : 70,
sampling process, ie., {h,"’;n = 0,1,...,N — 1} =
IDFT{A""; k=0,1,...,N — 1}.

B. CHANNEL ESTIMATION WITH TRAINING

Assume that only Tx; is active and that the transmitted signal
is a known training block {S,;FB (’); k=0,1,...,N — 1} in
the frequency-domain, and that the signal received at the rth
antenna element is {Y(r); k=0,1,...,N — 1}, also in the
frequency-domain. Accordingly, an estimate of the channel
frequency-response (CFR) associated to the rth antenna ele-
ment of the receiver and ith transmitter satellite is readily
available doing

HEB (r,i) Y(r) (STB (1)) /|STB (i) | (6)

Alternatively, we can implement a decision-directed
(DD) channel estimation approach where symbols decisions
(89 k=0,1,...,N — 1} are used.

C. CHANNEL ESTIMATION WITH DECISIONS
For the DD estimation of the CFR we do

I:I/?D (r,i) Y(r i) (S(l)) /‘S(l)} @)
I(r,i)

where Y, ) — =Y " _y fi is the signal at the rth receive
antenna w1th all mgnals but the one associated with Tx;
removed. Clearly, ¥, "D is the interfering signal and

I(r i) ZH(r i )S(l) (8)

i'=1

i #i

Notice that although we have written (8) using the true
CFR, {H, (r.d) k=01, — 1}, and transmitted symbols,
(95 k = 0,1,...,N
available to the receiver. Thus we use estimates H,,
for the first data symbol H

1} in practice these values are not
7y EKF (r,i) ( or

)) resulting

M
51(r,0) . 7~ {EKF‘,TB} (r’i/) o
I o 50, ©)

=1
i i
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EKF (r,i) .

where the computation of H is described in Sec. IV-B,

and A, TB(0) i oiven by (6).

D. CHANNEL EQUALIZATION

Consider the column vector Yy = [Y,gl) e Y,ER)]T

associated
with the received signals in the frequency-domain {Y,Er); k=

0,1,...,N — 1}. Then
Yi = Hi S + Ny, (10)

where Hy is the (R x M) channel matrix with the (r, i)th
element given by {H,Er”); k =01,....N =1}, S =
[S,El) ‘.- S,EM)]—r the column vector associated to the data sym-
bols (S k =0,1,...,N — 1}, and Ny = [NV ... NF|T
the column vector associated to the channel noise process
{N<r); k=0,1,. — 1}. For a linear minimum mean
squared error (MMSE) based receiver, the output of the
equalizer, Sy = [S(l) 81T s given by

= (HH] + o) 'H Y, (11)

where I is an appropriate identity matrix and a =
EONS21/ENIX," 2], which is assumed identical for all val-
ues of r and i. For the zero-forcing (ZF) receiver we have
o = 0. The computation of (11) requires, for each kth sub-
carrier, the inversion of a matrix which, depending on the
number of antennas, can be very large.

IV. DOPPLER FREQUENCY SHIFT TRACKING

The state-space approach for tracking the Doppler frequency
shift is formulated in this section. Particularly, we define an
extended Kalman filter (EKF) [34] in terms of its process,
and observation models. The process (or state-transition)
model captures the rules governing the state dynamics, and
the observation model the state observation, where the state
is only partially observed. Notably, the definition of the
process model (Sec.IV-A1) and observation model (Sec. I'V-
A2) are specific to the particular setup we are considering
(i.e., multiple transmitters, MIMO receivers, and the channel
model (3)), and are these steps that introduce novelty in our
approach. After properly framing the problem as a state-
space estimation problem through the definition of the pro-
cess model and observation model, all the other steps (from
Sec. IV-A3 to Sec. IV-A7) follow naturally.

A. THE EKF FOR TRACKING THE DOPPLER FREQUENCY
SHIFT
1) PROCESS MODEL

Assuming that the state vector is x; = v (oT]—r where v =
[flgl)AT ...fD(M)AT ,and @; = [(p(] D (pl(R M)]T, then
the state-transition equation is

X1 = Fxq, (12)

where we introduce the subscript / denoting the snapshot
instant, and where F is the state-transition matrix

_ Iy Op xRM
- |:27TIM ® 1g Irm :| ’ (13)
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2) OBSERVATION MODEL
Consider the observations to be the real and 1mag1nary parts
of the modulo one complex exponential al / |oe0 [

Defining

T 7"
flo) = i@ Latepl] (14)
with f1(¢;) = [cos«z;{ ) - cos(@ M) and, fr(p)) =
[sin(<p @, l)) s1n((p T results for the observation z; =
[ (L1 ZER M)]T
z; = f(g)) + vi, (15)
where v; = [vgl’l) ng’M)]T is the observation noise
vector.

The covariance matrix of the observation noise is R = %I,
where o is the variance of the complex white Gaussian noise
process vl . We assume the elements of the noise vector to be
independent and identically distributed (IID).

3) PREDICTION STAGE

The prediction stage corresponds to the computation of the
a priori state-mean X;;_1, and state-covariance Py;_1, using
the a posteriori state-mean X;_j;—1, and state-covariance
P;_1);—1, obtained during the previous iteration of the filter:

xj—1 = Fxj_1-1 (16)
Py—1 = FP_j F' (17

4) FILTERING STAGE

The filtering stage is when the a priori state-mean X;;_1 is
combined with the information on the observation, resulting
in a refined state estimate. Particularly, it corresponds to the
computation of the a posteriori state-mean X;;, and state-
covariance matrix Py;:

X = xq-1 + Key (18)
Py =d-KJy-0)Pyi— (19)

where e; is the so called residual, K; the Kalman gain, and
Jiji—1 the Jacobian of (14) evaluated w.r.t. the prediction state-
mean X1, i.e.,

Jini—1 = I&D Ixy=xy_; - (20)
For the derivation of the Jacobian see Sec. IV-A7.
5) RESIDUAL

In (18), e; corresponds to the measurement residual z; —
f(@;);—1)- Clearly,

_ | Riau}/leul| COS(‘P1|1—1)]
‘[I{&lm&zd [sin«pm_])' @h

where @; is the vector of the channel coefficient estimates
Al ~
=&’ -

102382

6) KALMAN GAIN
In (18), K| is the Kalman gain

-1
K; =Py 1Jni-18; 7, (22)
where S; is the residual covariance matrix,

St =R+ J—1Py1J_;. (23)

7) JACOBIAN DERIVATION

The EKEF is derived by approximating the nonlinear obser-
vation function (14) by the first term in its Taylor series
expansion evaluated at the estimated state vector. The first
term of the Taylor series corresponds to the Jacobian

of
J&xp) = —a((p[)
X]
[ofi(@)  dfile)
_ | o 09,
— | (e dfa(e))
A 09,
Y [fl/((pl)]TIM} 24
T on [ ep] Ty @4)
where f{(¢) = [— sm(<p(1 1)) — sin(wl(R’M))]T, and
£e) = [cos(p)"") - cos(<p<R T

B. EKF CFR ESTIMATE
The state estimate, X;, results from the posterior state-mean
(18) and it is used to produce an estimate ﬁf lfF(r’m) of the
CFR. In fact, using the elements of the state vector estimate
% = [9] ¢, 17. Particularly, b, = [fy))AT - ') ATTT,
and ¢; = [cp(1 D @(R’M)]T, we produce the estimate of the
CIR
EKF(r m) __ ’ (r,m) |5(lT — 7, exp (](p(r m))' (25)

Since we will be using the channel estimate obtained in the
current time-slot, /, in the ensuing time-slot, / 4+ 1, we update
(25) with the value of the Doppler shift obtained with the
EKEF, i.e.,

EKF (r,m) __

s = |o 0 m)|5(1T ~ Tm)

xexp[( P +2rrfD’lAT)]. (26)
The estimated CFR results from applying the DFT
to (26), BTk = 01, N - 1) =

DFT{hEKF(r m) =0,1,...,N — 1} and later used in the
channel equahzatlon.

C. RECURSIVE BAYESIAN CRAMER-RAO BOUND

In order to determine the best performance achievable by the
EKF we resort to the results of [35], where Tichavsky et al.
propose a recursive Bayesian Cramér-Rao bound (CRB).
Accordingly, the recursion for the Fischer information matrix
is

Ji = (FJz_lFT) + Exiy [D1+1R1+1D1+1} 27
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Defining,
Jyv JV‘P
) = [ by 1 } : (28)
iy
the first term on the right-hand-side of (27) is,
-1
(o)
_ [(271)2 I —Ang +up —2mdfl + J,W’} 29)
= v .
=2+, Ve

Noting that matrix Dy is the Jacobian of the observation
function (14) results for the 2nd term on the right-hand-side
of (27),

- 20 o

T Rl

Exiyi {Dl+1Rz+1Dl+1} =2 [o 1} : (30)
\4

Adding the two terms, (29), and (30), results in the follow-
ing recursive expression,

=27 + )¢

X HAE T g
122 2 ’
I+

(3D

where the values used for Jy depend on the initialization
conditions of the EKF [34].

Finally, we conclude this section by noting that the vari-
ance of the Doppler shift estimate, 77, and of the phase
estimate, ¢y, are lower bounded by the inverse of the Fischer
information matrix elements J"*, and J;*, respectively, i.e.,

Var(h) > (1), (32)
Var(¢)) > (J79) . (33)

V. PERFORMANCE RESULTS

In this section we present the performance results for the
proposed solution. Unless stated otherwise, the values used in
the simulations are those listed in Table 1. Particularly, we set
each value in Table 1 with the scenario of space-to-space (or
earth-to-space) communications in mind.

When considering a particular modulation order, we have
to take into account the magnitude of the Doppler shifts,
since larger modulation orders are significantly more sensi-
tive to phase shifts that lower modulation orders. Since we
are considering relatively large Doppler shifts, we selected
QPSK modulations for robustness. Notably, QPSK is also
the standard modulation scheme for satellite transmission
[27, p.88]. To keep the computational complexity of our
simulations low, we set the FFT block size to 64, although
our approach is suitable for any FFT block size. As for the
number of data blocks, we set it to 100. This is a fairly large
number and is selected so as to better illustrate the tracking
performance of the EKF. Relatively to the minimum number
of training blocks to be used in the initial estimation step,
we set it to twice the number of transmitter satellites. A larger
number of training blocks (e.g., four times the number of
transmitter satellites), can be used and, eventually, could
provide more precise estimates for the initial step obtained
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TABLE 1. Simulation parameters.

Parameter Value
Modulation QPSK

FFT-size N = 64 symbols
Number of data blocks 100 blocks

2 M blocks

R = 4 antennas

M = {2, 3} satellites
[9; — 94| > %

Number of training blocks
Number of receiver antennas
Number of transmitter satellites
AO0A separation

TABLE 2. Maximum Doppler shifts for LEO orbits.

Altitude [km] ~ f.[GHz]  |f™*|[kHz] AT [ns] |fR|AT
600 2 48 1000 0.048
520 0.025

260 0.012

20 480 260 0.125

130 0.062

30 720 260 0.187

130 0.094

1500 2 48 1000 0.040
520 0.021

260 0.010

20 480 260 0.104

130 0.052

30 720 260 0.156

130 0.078

but this would come against what we are advocating with
our work. Particularly regarding the use of overheads. As for
the number of receiver antennas, we choose it to be 4. This
number is selected so as to illustrate the MIMO scenario but
other numbers could have been selected with similar results.
Regarding the number of transmitter satellites, we consider
in our simulations both the scenario with 2 and 3 satellites.
These values are selected so as to illustrate ability of the pro-
posed approach to cope with multiple Doppler shifts. Finally,
the angle-of-arrival (AoA) separation was selected so as to
provide enough diversity to separate the different sources.

For context, we list in Table 2 the maximum Doppler shifts
for LEO orbits with different altitudes and carrier frequencies
(see Table5.3.4.3.2-7 of [4]) and compute the maximum
normalized Doppler shifts assuming different values for the
duration of the data block where each data block has N = 64
modulation symbols.

Fig. 4 depicts the BER performance for the proposed sys-
tem with different normalized Doppler drifts fp AT, and M =
2 transmitter satellites. For reference, we also depict the
BER curve for the case without Doppler shifts. Addition-
ally, we included in our simulations the decision-feedback
loop (DFL) proposed in [36]. Although being a mature tech-
nology, the DFL is the preferred approach to tackle the prob-
lem of synchronization in current operating communication
systems [37], which makes it the natural choice with which to
compare our proposal. Notice that, the BER curves depicted
in the figure are computed taking the mean BER with respect
to the first 100 data blocks, each with N = 64 QPSK symbols,
and also the mean of the M = 2 links. By inspecting the
figure we see that the EKF guarantees a BER performance
close to the optimal, i.e., without Doppler, even when Doppler
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FIGURE 4. BER performance for different Doppler drifts, and M = 2
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FIGURE 5. BER vs. the normalized Doppler shift fy AT, and M =2
transmitter satellites.

is present. In fact, for a BER of 107> the loss relative to the
optimal curve is less than 2dB for fp AT < 0.0316. Notice
that, the green dashed line, which is associated with the DFL
and a normalized Doppler shift of fp AT = 0.0562, does not
behave as the other curves, for which the BER drops steeply
as we increase the Ep/Np, but holds on despite we increase
the Ep/Np. This behavior is also visible in Fig. 6 for the
dashed yellow, magenta, and green lines and the solid green
line and results from the presence of the Doppler shift. In fact,
what is happening in these cases is that the BER is no longer
limited by channel noise (corresponding to the Ej /) but by
the phase rotation induced on the signal constellation by the
Doppler shift. For such values of the Doppler shift, the EKF
(or the DFL) is no longer capable of tracking the Doppler
drift properly and erroneous symbol decisions are produced
at the receiver. Eventually, as we increase the Doppler further,
the BER curves will became straight lines likes those associ-
ated to a normalized Doppler shift of fpAT = 0.1 in Fig. 4
and Fig. 6.
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Fig.5 depicts the BER vs. the normalized Doppler shift
fpAT, and M = 2 transmitter satellites. By inspecting the
figure we see that the EKF ensures a BER below 1072 for
Ep/No = 8dB and fpAT < 0.04, or E/Nyp = 10dB
and fpAT < 0.05. Similarly, we have BER < 107> for
Ep/No = 12dB and fpAT < 0.03.

Fig. 6 depicts the BER performance for the proposed sys-
tem with different normalized Doppler drift fp A, and M = 3
transmitter satellites. By inspecting the figure we can see that
the EKF ensures a BER smaller that 10~ for Ej, /Np > 14dB
even when fp AT = 0.0422.

Fig.7 depicts the BER vs. the normalized Doppler shift
fpAT, and M = 3 transmitter satellites. By inspecting the
figure we see that the EKF ensures a BER smaller that 10~#
for Ep /Ny = 14dB, and fpAT < 3 x 1072

Fig. 8 depicts the mean-squared error (MSE), and the CRB
of the Doppler frequency estimate fDAT. We consider a
Doppler frequency shift fp AT = 0.01. Clearly, the EKF is
capable of tracking effectively the Doppler shift, even with
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small values of E,/Np (e.g., with E,/Ny > 8dB we have
a MSE of less than 10~8 for [ greater than 50. Moreover,
if the Ej /Ny is sufficiently high then the MSE is close to the
BCRB. Finally, although the DFL presents also a small MSE,
the EKF is clearly superior.

Fig.9 depicts the MSE, and the CRB of the CFR H.
We consider a Doppler frequency shift fp AT = 0.01. Clearly,
the EKF is capable of tracking effectively the CFR, even with
small values of E,/Np (e.g., with E, /Ny > 8dB we have
a MSE of less than 107> for / greater than 30. Again, if the
E} /Ny is sufficiently high then the MSE is close to the BCRB.

VI. CONCLUSION

In this paper we considered inter-satellite radio communica-
tions, where a multi-antenna receiving satellite is connected
to several transmitting satellites. Associated with each trans-
mitting satellite we can have substantially different Doppler
shifts. We proposed a state-space approach for estimating the
channels and track their variation, following the individual
Doppler shift for each transmitting satellite. Our performance
results indicate that the proposed channel tracking scheme
is able to cope with high Doppler shifts, without the need

VOLUME 9, 2021

for large channel estimation overheads. The proposed scheme
may be fundamental for the communication systems of future
satellite mega-constellations.
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