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ABSTRACT Low Earth Orbit (LEO) satellite systems have received considerable attentions for its advan-
tages and potential applications in global communication. Yet LEO satellite-ground communication is
challenged by the huge Doppler shift. This article is devoted to studying how to deal with this challenge in
Multi-carrier Direct Sequence Code Division Multiple Access (MC-DS-CDMA) systems in the presence of
multi-path and partial band interferences for LEO satellite-ground link in urban areas. To this end, we design a
two-dimensional joint acquisition algorithm. Specifically, we acquire the delay andDoppler factor by solving
theMaximumLikelihood (ML) problemwith decision variable falling into two-dimensional uncertain region
of the estimated parameters. We then use grid-based searching method to access the ML estimates of the
delay and Doppler factor at the cost of acceptable complexity. We also derive the detection probability and
Mean Square Error (MSE) in both Additive White Gaussian Noise (AWGN) and Rayleigh fading channels.
It is shown that the performance of MC-DS-CDMA with the proposed algorithm significantly outperforms
its single-carrier counterpart in Rayleigh fading channel, and is proved to be more tolerant to partial band
interferences for both AWGN and Rayleigh fading scenarios.

INDEX TERMS LowEarth orbit (LEO) satellite system, multi-carrier direct sequence code divisionmultiple
access (MC-DS-CDMA), two-dimensional joint acquisition, detection probability, mean square error (MSE).

I. INTRODUCTION
Low Earth Orbit (LEO) satellites play an important role
in providing global communication services [1]. In recent
years, more than 20 enterprises have submitted applica-
tions to Federal Communications Commission (FCC) for the
permission of accessing Non-geostationary Orbit (NGSO)
market, including Boeing, O3b, SpaceX [2], [3] and
OneWeb [4]. For the existing LEO satellite communication
systems, Single-carrier Direct Sequence Code Division Mul-
tiple Access (SC-DS-CDMA) technique has been widely
employed for its advantages of providing higher capacity
and easier network planning over its conventional coun-
terparts like Single-carrier Time Division Multiple Access
(SC-TDMA) and Single-carrier Frequency Division Multiple
Access (SC-FDMA). However, the complex channel char-
acteristics of LEO satellite link in urban areas challenge
the SC-DS-CDMA systems. Specifically, in urban areas,
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the direct line between the ground terminal and the LEO
satellite is almost completely obstructed by high buildings
and multistory residences. Therefore, electromagnetic energy
propagation in urban areas is largely by way of scattering
[5], [6], and the multi-path channel between satellite and
ground terminal would be frequency-selective whenever the
bandwidth of signal exceeds the coherent bandwidth of the
channel. Besides, the inherent anti-interference capability
deriving from correlating received signal with predefined
spreading sequence is also quite limited. This means the
adverse effect introduced by Partial Band Interference (PBI)
would fail to be completely eliminated, especially in the
presence of strong interferences. To overcome these draw-
backs, Multi-carrier Direct Sequence Code Division Mul-
tiple Access (MC-DS-CDMA) system has been proposed
[7]–[11], where the acquisition (coarse synchronization)
of MC-DS-CDMA is essential to the correct recovery of
received signal. Meanwhile, the acquisition is rather dif-
ficult due to the presence of Doppler shift incurred by
high relative movement between LEO satellite and ground
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devices [12]. Several works have studied the synchronization
problems for MC-DS-CDMA [13], [14]. Nevertheless, these
analyses assume that the acquisition of received MC-DS-
CDMA signal has already been completed. Works [15]–[17]
have designed the joint code acquisition algorithms based
on non-coherent sub-carrier combining for MC-DS-CDMA.
However, they do not consider the impact of Doppler shift,
and cannot be used in LEO satellite-ground communication
systems.

Against these deficiencies, in this article we propose a
two-dimensional joint acquisition algorithm for MC-DS-
CDMA system to obtain the coarse estimates of Doppler
factor and delay, which is applicable for LEO satellite-ground
communication systems. The contributions of this article are
listed below:

1) Two-dimensional joint acquisition algorithm for MC-
DS-CDMA system is proposed in this article, in which
the coarse estimates of Doppler factor and delay could
be obtained concurrently by solving the Maximum Like-
lihood (ML) problem deriving from observations collected
from all sub-carriers.

2) The solution of ML problem claims for a continuous
two-dimensional brute search. And the computing complex-
ity of this exhaustive search seems to be formidable. To coun-
teract this defect, a practical two-dimensional grid-based
searching scheme is further provided for the sub-optimal ML
estimates of Doppler factor and delay.

3) The detection probability andMean Square Error (MSE)
performance of the proposed algorithm are analyzed in com-
parison with that of SC-DS-CDMA system in urban LEO
satellite system in presence of multi-path fading, Doppler
shift and PBI. It is shown that the MC-DS-CDMA with
the proposed algorithm has superior performance to SC-DS-
CDMA system in multi-path fading case, and is proved to
be more resistant to PBI for both Additive White Gaussian
Noise (AWGN) and multi-path scenarios.

The rest of this article is organized as follows. In Section II,
the system model of discussed MC-DS-CDMA is profiled.
Given the potent formation in system model, in Section III,
we propose a two-dimensional joint acquisition algorithm
for MC-DS-CDMA and detail an achievable scheme with an
acceptable computing complexity. The performance of the
proposed algorithm is investigated in Section IV, involving
the detection probability andMSE values of Doppler factor as
well as delay in both AWGN and multi-path fading channels.
Finally, the corresponding numerical results are provided in
Section V, and performance comparison with single-carrier
system is also conducted in this discourse.

II. SYSTEM MODEL
A. TRANSMITTER
The MC-DS-CDMA system considered here transmits DS
signal of kth user on U sub-carriers. It is assumed that the U
associated sub-bands are disjoint in frequency and the signal
in each sub-band is bandlimited. Therefore, there exists no

FIGURE 1. Diagram of MC-DS-CDMA transmitter for kth user.

self-interference affecting the signals in other sub-bands [15].
The diagram of MC-DS-CDMA transmitter for kth user is
demonstrated in Figure 1, and the transmitted signal sk (t) is
given by

sk (t) =
U∑
u=1

√
2s(k,u)B (t) cos (2π fct + θt) (1)

where fc denotes the Radio Frequency (RF) of MC-DS-
CDMA transmitted signal, while θt is a random phase caused
by up-conversion and is uniformly distributed over [0, 2π );

s(k,u)B (t) =
√

2P
U bk (t) ck (t) cos (2π fut) denotes the base-

band transmitted sub-carrier signal for kth user, where
√

P
U

is the associated sub-carrier transmitted power; bk (t) is the
data waveform consisting of a sequence of mutually indepen-
dent rectangular pulses of duration Ts, fu = {f1, f2, . . . , fU }
denotes the baseband center frequencies of associated sub-
carriers; ck (t) =

∑L−1
l=0 ck (l)PTc (t − lTc) is the signature

waveform employed by sub-carriers of kth user, where L is
the spreading gain, Tc =

Ts
L is the chip period, and ck (l) is the

Pseudo-random Noise (PN) spreading sequence with ck (l) ∈
{−1, 1}. Here we use PTc (t) to denote the impulse response
of the bandlimited Chip Pulse Shaping Filter (CPSF), which
is typically a unit-energy Square Root Raised Cosine (SRRC)
waveform having a roll-factor of λ and time-supported
over the interval of [0,DTc] with D ∈ {1, 2, 3, . . . } and
2D ≤ L [18].

B. CHANNEL
The channel model discussed is the LEO satellite link in
urban areas exhibiting Doppler shift, multi-path fading and
Gaussian PBI. Given the direct line between the ground
terminal and the satellite is almost completely obstructed
by high buildings and multistory residences, the receiver
could only pick up reflected signals from all directions in
the horizontal plane. Therefore, the envelope of the received
signal undergoes fading with a Rayleigh statistical distribu-
tion [5], [6]. And the channel is deemed as a slowly varying
frequency-selective Rayleigh channel in which the signal in
each sub-band is non-frequency-selectively fading and inde-
pendently. Therefore, the Channel Impulse Response (CIR)
matched to user k and sub-carrier u is defined as

hk,u (t) = αk,uδ [(1+ β) t] exp
(
−jϕk,u

)
(2)
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where β = v
c (v is the relative speed between transceiver

while c is the speed of light) is the Doppler factor; αk,u denote
Independently Identically Distributed (IID) Rayleigh random
variables with a unit second moment while ϕk,u is the IID
uniform randomvariables over [0, 2π ). Notedly,αk,u andϕk,u
would be ignored in terms of non-multi-path fading AWGN
channel. We consider the first user is the user of interest.
Therefore, the baseband form of the received signal could be
provided as (3) under the hypothesis that the code-frequency
offset caused by Doppler shift is so small that it can be neg-
ligible [19], and there is no data modulation adopted during
acquisition process (i.e.,b1 (t)=1).

r (t) =
U∑
u=1

α1,u

√
P
U
c1 (t − τ1) exp [j2πβ (fu + fc) t

+jθ1,u
]
+ I (t)+ w (t)+ J (t)

I (t) =
K∑
k=2

U∑
u=1

αk,u

√
P
U
bk (t − τk) ck (t − τk)

× exp
[
j2πβ (fu + fc) t + jθk,u

]
(3)

where τk denotes the unknown delay for user k uniformly
distributed over [0,Ts); θk,u=− 2πβfcτk−2π fu (1+ β) τk +
θt − θr − ϕk,u is the random phase which is uniformly
distributed over [0, 2π ) while θr is derived from the process
of down-conversion; w (t) represents AWGN with zero mean
and a double-sided power spectral density of ηo2 ; J (t) denotes
Gaussian PBI having power spectral density of

SJ (f ) =


ηJ

2
, fJ −

WJ

2
≤ f ≤ fJ +

WJ

2
0, otherwise

(4)

where fJ and WJ represent the center frequency and band-
width of PBI, respectively. I (t) denotes Multiple Access
Interference (MAI) for the user of interest.

C. INPUT OF ACQUISITION SYSTEM
Generation network for the input signal of MC-DS-CDMA
acquisition system of the first user is depicted in Figure 2,
and the signals at each point are presented in (5) and (6). In

FIGURE 2. Generation network for the input signal of MC-DS-CDMA
acquisition system of the first user.

order to ignore the adjacent channel interference, there is a
Chip Pulse Matched-Filter (CPMF) whose impulse response
is PTc (t) = PTc (DTc − t) adopted. And the output of CPMF
for uth sub-channel is given in the form of

ru (t) = α1,u

√
P
U

L−1∑
l=0

c1(l)ψTc (t − lTc − τ1)

× exp
[
j2πβ (fu + fc) t + jθ1,u

]
+ nI (t)+ nw (t)+ nJ (t) (5)

where ψTc (t)
1
=

∫
+∞

−∞
PTc (τ1)PTc (τ1 − t)dτ1 is a raised

cosine waveform having a time-domain support range of
[0, 2DTc). nw(t)

1
=

∫
+∞

−∞
w(τ1)PTc (τ1 − t)dτ1 denotes the

filtered noise; nJ (t)
1
=
∫
+∞

−∞
J (τ1)PTc (τ1 − t)dτ1 is the term

of PBI interference J (t) after passing through CPMF, while
nI (t)

1
=
∫
+∞

−∞
I (τ1)PTc (τ1 − t)dτ1 denotes the term of I (t)

after filtering. To accommodate the sampling rate ( 1
Tsamp

=

N
Tc
) of Analog-to-Digital Converter (ADC), ru (t) is supposed

to be over-sampled, and the over-sampling ratio N ∈ N+
must be higher than 1. By stackingM = NL samples of ru (t)
over Ts, the following data sequence comprising M samples
is given by

ru [m] =
L−1∑
l=0

c1(l)Du [m]+ nI [m]+ nw [m]+ nJ [m]

Du [m] = α1,u

√
P
U
ψTc

(
mTsamp − lTc − τ1

)
× exp

[
j2πβ (fu + fc)mTsamp + jθ1,u

]
(m = 0, 1, . . . ,M − 1) (6)

where nI [m], nw [m] and nJ [m] denote the sampling
sequences of nI (t), nw (t) and nJ (t), respectively. Note that
nw [m] and nJ [m] are both Gaussian by assumption, while
nI [m] is asymptotically Gaussian with the sufficient con-
dition on ψTc (t) (reported in APPENDIX A). In the next
section, we will use (6) as the starting point of the proposed
algorithm.

III. PROPOSED ALGORITHM
To exploit all the observations collected from sub-carriers for
the coarse estimates of delay and Doppler factor, the two-
dimensional joint acquisition algorithm is proposed in this
discourse. Since there is no knowledge of carrier phase of the
received signal in each sub-band, non-coherent sub-carrier
combining scheme is considered in our proposed algorithm.
Therefore, the process of estimating target parameters is
equivalent to solve the problem provided in (7) when Equal
Gain Combining (EGC) scheme is adopted.

Z
(
τ̃1, β̃

)
=

U∑
u=1

∣∣∣∣∣
M−1∑
m=0

ru [m]c
(
mTsamp − τ̃1

)
× exp

[
−j2π (fu + fc) β̃mTsamp

]∣∣2 (7)
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FIGURE 3. Block diagram of two-dimensional joint acquisition of delay and Doppler factor for MC-DS-CDMA.

where τ̃1 and β̃ denote the possible candidates of τ1 and β,
respectively. And the estimates of parameters we concerned
are thereby obtained by{

τ̂1, β̂
}
= argmax
{τ̃1,β̃}

Z
(
τ̃1, β̃

)
(8)

It is noted that the optimal ML solution
{
τ̂1, β̂

}
claims

for solving the optimization problem provided in (8), which
is determined as a continuous two-dimensional brute search
over [0,Ts) and [−βmax, βmax), corresponding to the uncer-
tain region of τ1 and β, respectively. However, the computing
complexity of this exhaustive search seems to be prohibitive.
Hence a practical alternative with the aid of grid-based
searching scheme is employed to access the sub-optimal solu-
tion. The block diagram of the proposed algorithm achieved
by gird-based search is demonstrated in Figure 3, with the
searching step sizes of τ1 and β are1τ1 =

Tc
2 and1β = 1

Tsfc
,

respectively.
Referring to Figure 3, there are five main phases in

the proposed algorithm, including Pre-modulation, Correla-
tion,Weight-allocation, Combining andMaximum Selection.
Among them, Weight-allocation module serves as a calcula-
tion of combining weight with the aid of Adaptive Gain Con-
trol (AGC) technique, so that the following combining is able
to counteract the adverse effect of PBI. Pre-modulation and
Correlation modules are used to visit the possible candidates
(predefined by searching grids) of Doppler factor and delay
with observations collected from a single sub-carrier. Note
that the estimated parameters τ1 and β are the same for all
sub-carriers in user k. Therefore, the outputs of Correlation
module are capable to be combined and the maximum value
would then be selected. The two-dimensional coordinates of
maximum value index the sub-optimal ML estimates of τ1
and β, respectively. The signals marked in block diagram can
be expressed as (9) to (12).

r (u)p
[
m, β̃

]
= ru [m] exp

[
−j2π (fu + fc) β̃mTsamp

]
+ n [m]

= α1,u

√
P
U
B [m] exp [j

(
2π
(
β − β̃

)
× (fu + fc)mTsamp+θ1,u

)]
+ n [m]

B [m] =
L−1∑
l=0

c1(l)ψTc
(
mTsamp − lTc − τ1

)
(9)

r (u)c
(
τ̃1, β̃

)
=

2L−1∑
m=0

r (u)p
[
m, β̃

]
c1 (m1τ1 − τ̃1)+ n (τ̃1)

≈ α1,uA1,u exp
(
jω1,u

)
+ n (τ̃1)

A1,u =

√
P
U
R (τ̃1) sinc

[
(fu + fc)

(
β − β̃

)
Ts
]

ω1,u = π (fu + fc)
(
β − β̃

)
Ts + θ1,u (10)

r (u)y
(
τ̃1, β̃

)
= gu

∣∣∣r (u)c
(
τ̃1, β̃

)∣∣∣2
= gu

{[
Re
(
r (u)c

(
τ̃1, β̃

))]2
+

[
Im
(
r (u)c

(
τ̃1, β̃

))]2}
(11)

Z
(
τ̃1, β̃

)
=

U∑
u=1

r (u)y
(
τ̃1, β̃

)
(12)

where R (τ̃1) =
cos
[
λπ
Tc
(τ1−τ̃1)

]
1−
[
2λ
Tc
(τ1−τ̃1)

]2 sinc [ (τ1−τ̃1)Tc

]
denotes the cor-

relation result of B [m] and local PN code replica, and is
defined as a unit-energy Root Raised Cosine (RRC) wave-
form with a roll-factor of λ. n [m] and n (τ̃1) are the noise
terms in the output of Pre-modulator and Correlator, respec-
tively, where n (τ̃1) has zero mean and the variance of

σ 2
u = σ

2
nw + σ

2
nI + σ

2
nJ (13)

where

σ 2
nw =

ηo

2
L (14)

σ 2
nI =

P (K − 1)L
2U

(
1−

λ

4

)
(15)

σ 2
nJ =

L
2

∫
∞

−∞

[SJ (f − (fc + fu))

+SJ (f + (fc + fu))]X (f ) df (16)
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where X (f ) is the Fourier transform ofψTc (t); gu =
1
Pr

is the
AGC coefficient of uth branch, and would be omitted if there
is no PBI existing. It is noted that Pr denotes the received
signal power of uth branch, and has

Pr =
ηo

2
+
PK
2U

(
1−

λ

4

)
+

1
2

∫
∞

−∞

[SJ (f − (fc + fu))

+SJ (f + (fc + fu))]X (f ) df (17)

IV. PERFORMANCE ANALYSIS
In this passage, detection and estimation performance of
the two-dimensional joint acquisition algorithm for MC-DS-
CDMA would be explored. And the corresponding criteria
of interest are detection probability and MSE values of delay
and Doppler factor.

A. DETECTION PROBABILITY
To determine the detection probability of proposed algorithm
for MC-DS-CDMA, we first develop the Probability Density
Function (PDF) of Z

(
τ̃1, β̃

)
. Assuming H1 represents the

case that there is a signal in a searching cell whileH0 denotes
the other cases, the mean value and variance of r (u)c

(
τ̃1, β̃

)
under H0 and H1 are

H0 :


µ0

[
Re
[
r (u)c

(
τ̃1, β̃

)]]
= 0;

µ0

[
Im
[
r (u)c

(
τ̃1, β̃

)]]
= 0;

σ 2
0 =

1
2var

[
r (u)c

(
τ̃1, β̃

)]
=

1
2
σ 2
u ;

(18)

H1 :


µ1

[
Re
[
r (u)c

(
τ̃1, β̃

)]]
= α1,uA1,u cos

(
ω1,u

)
;

µ1

[
Im
[
r (u)c

(
τ̃1, β̃

)]]
= α1,uA1,u sin

(
ω1,u

)
;

σ 2
1 =

1
2var

[
r (u)c

(
τ̃1, β̃

)]
=

1
2
σ 2
u ;

(19)

Note that the conditional PDF of r (u)y
(
τ̃1, β̃

)
conditioned

on α1,u and Hi (i = 0, 1) obeys Chi-square distribution [20]
with two degrees of freedom, then we have

P
[
r (u)y |α1,u;Hi

]
=

1
2guσ 2

u
exp

(
−
r (u)y + guα21,uA

2
1,u

2guσ 2
u

)

× I0

α1,uA1,u
σ 2
u

√
r (u)y

gu

 , r (u)y ≥ 0

(20)

where I0(.) is the zeroth-order-modified Bessel function.
Therefore, for AWGN scenario (α1,u = 1), the PDF of
r (u)y

(
τ̃1, β̃

)
conditioned on Hi is described as

P
[
r (u)y ;Hi

]
=

1
2guσ 2

u
exp

(
−
r (u)y + guA21,u

2guσ 2
u

)

× I0

A1,u
σ 2
u

√
r (u)y

gu

 , r (u)y ≥ 0 (21)

And in the Rayleigh fading case, the PDF of r (u)y
(
τ̃1, β̃

)
conditioned on Hi could be derived by substituting (20) and

the PDF of α1,u, which is given by

P
[
r (u)y ;Hi

]
=

∫
∞

0
P
(
α1,u

)
P
[
r (u)y |α1,u;Hi

]
dα1,u

=
1

gu
(
A21,u + 2σ 2

u

) exp

− r (u)y

gu
(
A21,u + 2σ 2

u

)
 , r (u)y ≥0

(22)

where P
(
α1,u

)
denotes the PDF of α1,u, and is defined as

P
(
α1,u

)
= 2α1,u exp

(
−α21,u

)
(23)

Therefore, the PDF of Z
(
τ̃1, β̃

)
conditioned on Hi could

be calculated by the following formula chain from (24) to
(25) for AWGN case, and (26) to (27) for the Rayleigh fading
counterpart.

φr(u)y |Hi
(s)

=

∫
∞

0
exp

(
sr (u)y

)
P
[
r (u)y ;Hi

]
dr (u)y

=
1

1− 2guσ 2
u s

exp

(
guA21,us

1− 2guσ 2
u s

)
(24)

P [Z ;Hi]

=
1
2π j

∮
exp (−sZ )

U∏
u=1

φr(u)y |Hi
(s)ds

=
1
2π j

∮
1

U∏
u=1

(
1− 2guσ 2

u s
)

× exp

(
−sZ +

U∑
u=1

(
guA21,us

1− 2guσ 2
u s

))
ds (25)

φr(u)y |Hi
(s)

=

∫
∞

0
exp

(
sr (u)y

)
P
[
r (u)y ;Hi

]
dr (u)y

=
1

1− gu
(
A21,u + 2σ 2

u

)
s

(26)

P [Z ;Hi]

=
1
2π j

∮
exp (−sZ )

U∏
u=1

φr(u)y |Hi
(s)ds

= −

U∑
u=1

[
gu
(
A21,u + 2σ 2

u

)]U−2
exp

(
−

Z

gu
(
A21,u+2σ

2
u

)
)

U∏
i=1i 6=u

[
gu
(
A21,u + 2σ 2

u

)
− gi

(
A21,i + 2σ 2

i

)]
(27)

It is noted that the integration result of (25) is tough to
obtain precisely since the complicated nature of the expo-
nential factor. To circumvent this problem, we define σ 2

L and
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σ 2
U as the variances of noise components of correlator output

when there is PBI and there is no PBI respectively. Therefore,
the upper bound of detection probability could be obtained
when σ 2

u = σ 2
U , and the corresponding gu can be derived

from (17) with the absence of PBI. While the lower bound is
derived in the case of σ 2

u = σ
2
L . Under this assumption, (25)

can be converted into (28) with the aid of residue theorem and
(24).

P [Z ;Hi]

=
1
2π j

∮
1(

1− 2guσ 2
u s
)U exp

−sZ +
U∑
u=1

guA21,us

1− 2guσ 2
u s

ds

=
1

2guσ 2
u

 Z
U∑
u=1

guA21,u


U−1
2

exp

−
Z +

U∑
u=1

guA21,u

2guσ 2
u


× IU−1

 1
guσ 2

u

√√√√Z
U∑
u=1

guA21,u

 (28)

The detection probability is determined as the chance that
the largest of the decision variable Z

(
τ̃1, β̃

)
associating with

Ngrid =
2βmax
1β
× 2L cells corresponds to the correct estimate

of τ1 and β [16]. Hence, the detection probability is provided
as

Pd =
∫
∞

0
P [Z ;H1]

[∫ Z

0
P [x;H0] dx

]Ngrid−1
dZ (29)

The remaining integrations of (29) for these two channel
cases have been done numerically.

B. MEAN SQUARE ERROR
Given estimation error would occur when the largest of the
decision variable associatingwithNgrid cells arises in the case
of H0, the MSE values of Doppler factor and delay could be
described with the aid of the probability of error. Defining
Q0 and Q1 as the decision variable values of H0 and H1
respectively, then the probability of Q0 overtopping Q1 is
provided as

PT =
∫ 1

−∞

[∫
∞

0
PZ ;H1 (ty)PZ ;H0 (y) ydy

]
dt (30)

For the case of AWGN, PT is the Cumulative Distribution
Function (CDF) of non-central F distribution [20] with 2U
degrees of freedom for both numerator and denominator upon
substituting (28) into (30), and is thereby shown as

PT =
∫ 1

−∞

exp

−
U∑
u=1

guA21,u

2guσ 2
u


∞∑
p=0

1
p!

×


U∑
u=1

guA21,u

2guσ 2
u


p

tU+p−1

B (U+p,U)
(1+t)−2U−pdt (31)

where B (U + p,U) = 0(U+p)0(U)
0(2U+p) denotes Beta function

with 0 (.) representing Gamma function. The remaining inte-
gration has been done numerically. And PT for Rayleigh
fading scenario can be obtained in the similar way by sub-
stituting (27) into (30). We now assume the probability of Q0
overtopping Q1 for all the candidates in H0 is the same, then
the MSE values of Doppler factor and delay could be given
by

MSEDf = PTE
2(Df )
total

MSEDelay = PTE
2(Delay)
total (32)

where E2(Df )
total and E2(Delay)

total denote the sums of squares of
all the possible error values for Doppler factor and delay
respectively in grid-based searching process.

V. NUMERICAL RESULTS
A. SIMULATION SYSTEM SET UP AND PERFORMANCE
METRICS
The performance analysis of the proposed algorithm has been
developed in Section IV. In this discourse, we will conduct
verifications of previous deduction numerically, and develop
performance comparison with the existing single-carrier
system. The primary performance criteria concerned here
include the detection probability (namely Pd ) as well as the
MSE of Doppler factor and delay. Note that the estimates
of β and τ1 are deemed as ‘‘correct’’ only when the cor-
responding estimation errors have absolute value less than
the corresponding searching step sizes. The system param-
eters adopted in our simulations are the common choices
of LEO satellite communication systems that provide global
real-time personal communication services [21], and are
listed in Table 1. For a fair comparison, we assume the total
bandwidth of single-carrier system is equal to that of MC-
DS-CDMA system, which implies that the spreading gain of
MC-DS-CDMA system using U sub-carriers is a factor of
U lower than that of the corresponding single-carrier system,

and the chip period of sub-carrier satisfies Tc = UT (SC)c .

TABLE 1. System parameters of simulation.

Under assumption that the uncertainty ranges of Doppler
factor and delay are [−2.5 × 10−5, 2.5 × 10−5) and [0,Ts)
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FIGURE 4. Detection probability versus Ec/η0 when K = 1 in terms of AWGN and Rayleigh fading channels, performance
comparison of single-carrier system and two-dimensional joint acquisition algorithm for MC-DS-CDMA system, computed from (45)
and (29) respectively.

respectively, with 1
Tsfc

and T (SC)c
2 being the corresponding

searching step sizes, the total number of searching girds for
single-carrier system would be equal to 430080, and that
of two-dimensional joint acquisition of MC-DS-CDMA is
thereby satisfying Ngrid = 430080

U . It is also noted that the
uncertainty range of Doppler factor is derived from the case
that satellite elevation equals to 780km [21], and our simula-
tions are conducted at the worst case of Doppler factor and
delay, which means the true values of β and τ1 fall just at the
middle of two neighboring searching grids.

B. EVALUATION OF DETECTION PROBABILITY
The detection probabilities of proposed algorithm under dif-
ferent Ec/η0 in both AWGN and Rayleigh fading cases are
reported in Figure 4 when K = 1, together with the dis-
cussion of the existence of PBI. As a comparison, detection
performance of single-carrier system with equivalent sim-
ulation parameters is also provided. The results appearing
in Figure 4 (a) and (c) are generated when there is no PBI.
For all these, it is apparent to see the detection probabilities
of systems in AWGN scenario outperform those in Rayleigh
fading case. Besides, it is also observed that in AWGN chan-
nel, the detection probability of proposed algorithm for MC-
DS-CDMA is inferior to that of its single-carrier counterpart.
And the probability would keep worsening as the increase in
the number of sub-carriers (U ) since there is no frequency
diversity gain, but has Signal-to-Noise Ratio (SNR) loss due
to the non-coherent equal gain combining. However, things
are quite different when we project the light on Rayleigh

fading case, where the detection probability of proposed algo-
rithm for MC-DS-CDMA remains rising when U increases,
and is always superior to that of its single-carrier counterpart.
It is also presented that in Rayleigh fading channel the perfor-
mance gap between the proposed system and its single-carrier
counterpart would be narrowedwhenU decreases. Therefore,
when it comes to the case that PBI is absent, the proposed
algorithm for MC-DS-CDMA is capable to present supe-
rior detection performance to its single-carrier counterpart in
Rayleigh fading channel.

The influence of PBI on detection probabilities in both
AWGN and Rayleigh fading channels are depicted in
Figure 4 (b) and (d), respectively, with fJ = f1 + fc, WJ =
1+λ
Tc

and JSR = 10 log
(

WJηJ
UEc/Tc

)
= 26dB. The detec-

tion probability in AWGN case is described by its upper
and lower bounds, and these two bounds are shown to be
rather tight when the adverse effect of PBI is small com-
paring to the effects of noise and MAI. It should be noted
that the detection performance gap between the cases of
U = 4 and U = 8 is narrowed in AWGN channel.
On the contrary, this performance gap is observed to be
wider in Rayleigh fading channel. This implies the adverse
effect caused by PBI contributes more in MC-DS-CDMA
system with fewer sub-carriers though AGC technique is
employed. Moreover, We can also observe that for both
channel cases, the degradation incurred by PBI is much
more severe in single-carrier system than in proposed algo-
rithm for MC-DS-CDMA, and the detection probability of
single-carrier system would not improve though the number
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FIGURE 5. Detection probability versus the number of users K when Ec/η0 = −20dB in terms of AWGN and Rayleigh fading
channels, performance comparison of single-carrier system and two-dimensional joint acquisition algorithm for MC-DS-CDMA
system, computed from (45) and (29) respectively.

FIGURE 6. MSE of Doppler factor (normalized by
(
1/2Tsfc

)2) and delay (normalized by Ts
2) versus Ec/η0 when K = 1 in terms of

AWGN and Rayleigh fading channels, performance comparison of single-carrier system and two-dimensional joint acquisition
algorithm for MC-DS-CDMA system, computed from (47) and (32) respectively.

of resolvable paths increases in terms of Rayleigh fading
channel. Thus, conclusion could be drawn that the detec-
tion probability of proposed algorithm for MC-DS-CDMA

is advantageous comparing to its single-carrier counter-
part when PBI is present. However, it is predictable that
same detection performance would be achieved by proposed
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system and its single-carrier counterpart when PBI spans all
the sub-carriers.

Figure 5 is dedicated to show the detection probabilities
versus the number of users (K ), when Ec/η0 = −20dB in
terms of two types of channel mentioned above. As expected,
the detection probabilities of both single-carrier and proposed
system suffer degradation as the increase in K not only in
AWGNchannel but in Rayleigh fading case as well. However,
the detection probability in AWGN channel remains superior
with respect to that of Rayleigh fading channel, though quite
opposite trends have been followed by the detection proba-
bilities of previous two channels as the increase in U .

C. EVALUATION OF MEAN SQUARE ERROR
Figure 6 focuses on the MSE values of Doppler factor and
delay for proposed system with single-carrier system serving
as a contrast, when both AWGN and Rayleigh fading chan-
nels are considered. Apparently, when PBI is absent, MSE
values of Doppler factor and delay are observed to be more
superior as the decrease in U in the former channel case,
as a consequence, optimal performance would be achieved
by single-carrier system (U = 1). On the contrary, advan-
tageous MSE performance of Doppler factor and delay are
provided when U increases in Rayleigh fading scenario, and
slight improvement can also be seen in single-carrier system
when the number of resolvable paths (Q) increases. The pres-
ence of PBI brings MSE performance deterioration for both
MC-DS-CDMA and single-carrier systems in AWGN and
Rayleigh fading channels, by contrast, the MSE performance
of Doppler factor and delay in proposed system are proved
to be better with respect to its single-carrier counterpart not
only in AWGN case but in Rayleigh fading channel as well.
Therefore, the MC-DS-CDMA system with proposed algo-
rithm has advantageousMSE performance in Rayleigh fading
channel and the case that PBI presents comparing with its
single-carrier counterpart.

VI. CONCLUSION
In this article, we have conceived a two-dimensional joint
acquisition algorithm for MC-DS-CDMA in consideration
of LEO satellite systems in urban areas in presence of
multi-path, Doppler shift and PBI. In the proposed algo-
rithm, the acquisition process of delay and Doppler factor
is equivalent to find the ML solution of decision variable
falling into two-dimensional uncertain region of the estimated
parameters. Given the formidable computing complexity of
brute-force search, in this article, grid-based search scheme is
concerned to acquire the sub-optimal ML estimates of delay
and Doppler factor. In order to evaluate the detection and
estimation performance of the proposed algorithm, the detec-
tion probability and MSE performance of delay and Doppler
factor are explored by comparing with its single-carrier coun-
terpart in both AWGN and Rayleigh fading cases. As a conse-
quence, the MC-DS-CDMA with proposed two-dimensional
joint acquisition algorithm is superior to its single-carrier
counterpart in Rayleigh fading channel. Thanks to the gain of

frequency diversity, this advantage would be more significant
when the number of sub-carriers increases. Besides, for both
channel cases, the MC-DS-CDMA with proposed algorithm
is expected to be more robust to PBI comparing with its
single-carrier counterpart.

APPENDIX A
SUFFICIENT CONDITION FOR THE GAUSSIAN
APPROXIMATION
We now shed light on the deduction of the sufficient condi-
tion for the Gaussian approximation of nI [m]. Recalling (6),
nI [m] could be modeled as

nI [m] =

√
P
U

K∑
k=2

n(k)I [m]

n(k)I [m] =
∞∑

m=−∞

a(k)m ψTc
(
mTsamp − τk

)
(33)

where a(k)m is an independent random binary sequence.
Assuming a(k)m and τk are independent for different user,
n(k)I [m] (k = 1, 2, . . . ,K ) is independent and would be
asymptotically Gaussian by the Liapounoff version of the
central limit theorem if its third absolute central moment is
finite [22]. Therefore, the upper bound of the third absolute
moment of n(k)I [m] is given by

E
∣∣∣n(k)I [m]

∣∣∣ 3 = E

∣∣∣∣∣
∞∑

m=−∞

a(k)m ψTc
(
mTsamp − τk

)∣∣∣∣∣
3

≤ E

{
∞∑

m=−∞

∣∣∣a(k)m ψTc
(
mTsamp − τk

)∣∣∣}3

= E

{
∞∑

m=−∞

∣∣ψTc (mTsamp − τk)∣∣
}3

(34)

Hence, a sufficient condition for the Gaussian approxima-
tion of nI [m] for all possible τk would be

∞∑
m=−∞

∣∣ψTc (mTsamp − τk)∣∣ <∞ (35)

APPENDIX B
DETECTION PROBABILITY OF SINGLE-CARRIER SYSTEM
To facilitate the performance comparison of band-limited
single-carrier CDMA acquisition system and the MC-
DS-CDMA acquisition system with proposed algorithm,
the detection probability of single-carrier CDMA acquisi-
tion system is developed in this part. For fair comparison,
we assume the total bandwidth and transmitted power of
single-carrier system are equal to those of MC-DS-CDMA
system. The spreading gain of single-carrier system sat-
isfies LSC = UL, where L denotes the spreading gain
of multi-carrier system. The system parameters adopted in
single-carrier system are listed in Table 1. Besides, it is also
noted that the number of resolvable paths Q for single-carrier
system satisfiesQ = U for all users, and the self-interference
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caused by multi-path is ignored in this discourse. Therefore,
the CIR of single-carrier CDMA acquisition system matched
to user k is defined as

hk (t) =
Q∑
q=1

αk,qδ
[
(1+ β) t − qT (SC)c

]
exp

(
−jϕk,q

)
(36)

where αk,q and ϕk,q are independently Rayleigh random vari-
ables with the secondmoment of 1

Q [15], IID uniform random
variables over [0, 2π ), respectively. Apparently, these two
variables should be both omitted when AWGN channel is
considered. Regarding the first user as the user of interest,
then the received signal of single-carrier system is provided
as

rSC (t) =
Q∑
q=1

α1,q
√
PSCc

(SC)
1

(
t − qT (SC)c − τ1

)
× exp

(
j2πβfct + jθ1,q

)
+ ISC (t)+ w (t)+ J (t)

ISC (t) =
K∑
k=2

Q∑
q=1

αk,q
√
PSCbk

(
t − qT (SC)c − τk

)
× c(SC)k

(
t − qT (SC)c − τk

)
exp

(
j2πβfct + jθk,q

)
(37)

where PSC denotes the transmitted power of single-carrier
system; θk,q = 2πβfcτk+θt − θr − ϕk,q is the random
phase which is uniformly distributed over [0, 2π ); c(SC)k (t) =∑LSC−1

l=0 c(SC)k (l)PT (SC)c

(
t − lT (SC)c

)
denotes the signature

waveform of kth user, where T (SC)c =
Ts
LSC

is the chip period,

and c(SC)k (l) is the PN spreading sequence with c(SC)k (l) ∈
{−1, 1}. Here we usePT (SC)c

(t) denoting the impulse response
of the bandlimited CPSF of single-carrier system, which is
typically a unit-energy Square Root Raised Cosine (SRRC)
waveform having a roll-factor of λ and time-supported over
the interval of [0,DT (SC)c ) with D ∈ {1, 2, 3, . . . } and 2D ≤
LSC . In order to ensure the system complexity is the same as
that of multi-carrier system, it is assumed that U correlators
are adopted for parallel search in single-carrier system, and
the outputs of all branches are approximately independently
distributed [23]. Therefore, following the similar deduction of
multi-carrier system, the conditional PDF of decision variable
Zq (q = 1, 2, . . . ,Q) conditioned on α1,q and Hi (i = 0, 1)
obeys Chi-square distribution with two degrees of freedom,
and is given by

P
[
Zq|α1,q;Hi

]
=

1

2σ 2
SC

exp

(
−
Zq + ρ

2σ 2
SC

)

× I0

(√
ρZq
σ 2
SC

)
, Zq ≥ 0 (38)

where ρ denotes the non-central parameter, and is defined as

ρ =

α1,q√PSCR (τ̃1) sinc [fc (β − β̃)Ts]︸ ︷︷ ︸
A1,q


2

R (τ̃1) =
cos

[
λπ

T (SC)c
(τ1 − τ̃1)

]
1−

[
2λ

T (SC)c
(τ1 − τ̃1)

]2 sinc
[
(τ1 − τ̃1)

T (SC)c

]
(39)

σ 2
SC denotes the variance under H1 and H0 conditions, and

is given by

σ 2
SC = σ

2
w + σ

2
I + σ

2
J (40)

where

σ 2
w =

ηo

2
LSC (41)

σ 2
I =

PSC (K − 1)LSC
2

(
1−

λ

4

)
(42)

σ 2
J =

LSC
2

∫
∞

−∞

[SJ (f − fc)+ SJ (f + fc)]

×X ′ (f ) df (43)

where X ′ (f ) is the Fourier transform of ψT (SC)c
(t). For

AWGN case, the PDF of Zq conditioned on Hi could be
available by substituting α1,q = 1 into (38) and (39), then the
detection probability would be obtained with the aid of (29).
However, when it comes to the scenario of Rayleigh fading,
the PDF of Zq conditioned on Hi is

P
[
Zq;Hi

]
=

∫
∞

0
P
(
α1,q

)
P
[
Zq|α1,q;Hi

]
dα1,q

=
1

A21,q
Q + 2σ 2

SC

exp

− Zq
A21,q
Q + 2σ 2

SC

 (44)

Note that there is more than one correct estimate of τ1 and
β existing in single-carrier system due to the resolvablemulti-
path. Therefore, the detection probability of single-carrier
system in Rayleigh fading channel is determined as the prob-
ability that the largest of decision variable corresponds to one
of the Q correct paths, and is presented as

Pd = Q
∫
∞

0
P
[
Zq;H1

] [∫ Zq

0
P [x;H0] dx

]UNgrid−Q
×

[∫ Zq

0
P [y;H1] dy

]Q−1
dZq (45)

The remaining integration of (45) has been done numeri-
cally.

APPENDIX C
MEAN SQUARE ERROR OF SINGLE-CARRIER SYSTEM
Analysis of MSE for single-carrier acquisition system is
recorded in this part. We first look at the case of AWGN,
in which the estimation error occurs when the largest of
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the decision variable associating with UNgrid cells appears
in H0. Then the MSE values of Doppler factor and delay
could be described with the aid of the probability of Q0
overtoppingQ1, assumingQ0 andQ1 are the decision variable
values of H0 and H1, respectively. Observing the probability
of interest PT for single-carrier system obeys non-central F
distribution with 2 degrees of freedom for both numerator and
denominator, we have

PT =
∫ 1

−∞

[∫
∞

0
PZq;H1 (ty)PZq;H0 (y) ydy

]
dt

=

∫ 1

−∞

exp

(
−

ρ

2σ 2
SC

)
∞∑
p=0

1
p!

×

(
ρ

2σ 2
SC

)p
tp

B (1+ p, 1)
(1+ t)−2−pdt (46)

where B (1+ p, 1) = 0(1+p)0(1)
0(2+p) denotes Beta function with

0 (.) representing Gamma function. ρ is defined in (39) with
α1,q = 1. The remaining integration has been done numeri-
cally. In terms of Rayleigh fading scenario, there is more than
one correct estimate of τ1 and β in single-carrier system due
to the resolvable multi-path. Therefore, estimation error hap-
pens when the largest of decision variable fails to correspond
to any correct paths. Then the probability of Q0 overtopping
Q1 can be obtained in the similar way by substituting (44) into
(30). Assuming the probability of Q0 overtopping Q1 for all
the candidates in H0 is the same, the MSE values of Doppler
factor and delay could be calculated as

MSE (SC)Df = PTE
2(Df )
(SC)

MSE (SC)Delay = PTE
2(Delay)
(SC) (47)

where E2(Df )
(SC) and E2(Delay)

(SC) denote the sums of squares of
all the possible error values for Doppler factor and delay

respectively in grid-based searching process. Notedly, E2(Df )
(SC)

and E2(Delay)
(SC) is associated with UNgrid − 1 cells for AWGN

case, while is only related to UNgrid −Q cells in its Rayleigh
fading counterpart.
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