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Abstract—The development of an integrated satellite-terrestrial
communication network has become one of the focuses in both
academic and industry in order to provide genuine seamless
coverage. For the integrated satellite and terrestrial 5G commu-
nication systems, positioning information of user terminals (UTs)
can be beneficial in addressing several challenges. In this paper,
we propose to utilize 5G new radio synchronization signals to
perform positioning. To simultaneously guarantee synchroniza-
tion and positioning performances for UTs in any place of a cell
coverage, we investigate the precoding design at the satellite side
for joint synchronization and positioning (JSP) in 5G integrated
satellite-terrestrial networks. By considering the missed detection
probabilities and angle of departure estimation for the UTs, we
provide the precoding design criteria for synchronization and
positioning, respectively. Then we introduce the constraint of
equal transmit power on every antenna. Based on the criteria and
constraint, we formulate the optimization problem for JSP and
exploit the conjugate gradient algorithm under the manifold op-
timization framework to design the precoder. Simulation results
show that the proposed precoder can ensure that JSP achieves
satisfactory performances within the whole cell coverage.

I. INTRODUCTION

Recently, with the continuously increasing demands for In-
ternet applications, future communication systems aim to pro-
vide global coverage, seamless connectivity, and all-scenario
services. In this context, the integrated satellite and terrestrial
5G networks are considered as a promising solution for the
future wireless networks, which can take advantage of both the
terrestrial and the satellite segments [1]. Meanwhile, in order
to deliver broadband interactive data traffic, the multi-beam
radiation pattern has been widely implemented in satellite
communication (SatCom) systems [2].

For wireless communications in the 5G integrated satellite-
terrestrial networks, there are several practical issues that
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should be taken into consideration, one of which is the
positioning problem. It has been identified in 5G new radio
(NR) protocols/architectures that positioning information can
be beneficial in addressing several challenges in the satellite-
5G integrated networks, e.g., Doppler compensation, delay
compensation, random access, and uplink power control [3].
Global Navigation Satellite Systems (GNSS) in operation
include GPS, GLONASS, Galileo, and BeiDou Navigation
Satellite System. However, the user terminal (UT) may not
have the capability of GNSS positioning, e.g., in urban scenar-
ios where it is troublesome to have enough GNSS satellites to
perform the positioning. Motivated by this, positioning with
communication technologies has been investigated over the
past decades. In the existing literature, the transmitted signals
exploited for positioning are mostly different. For example,
the work in [4] addressed the positioning and tracking of
moving devices utilizing the time of arrival (ToA) and angle-
of-arrival (AoA) obtained from uplink reference signals in 5G
ultra-dense networks. The authors of [5] proposed a position-
ing approach based on the transmitted training sequences in
millimeter-wave communication systems. A 3-D positioning
algorithm based on the broadcast optical signals was proposed
in [6]. Contrary to these literature in the transmitted signals,
in this paper, we consider employing 5G NR synchronization
signals specified by 3rd generation partnership project (3GPP)
to address the positioning problem. The 5G NR downlink
synchronization signal block (SSB) is introduced, comprising
the primary synchronization signal (PSS) and secondary syn-
chronization signal (SSS). The PSS and SSS possess good
correlation properties allowing accurate time and angle mea-
surements, and thus show great potential for positioning.

In this paper, we investigate the UT positioning based on
the NR synchronization signals in the 5G integrated SatCom
systems with multi-beam architecture. Furthermore, we pro-
pose to design a precoder to optimize the joint synchro-
nization and positioning (JSP) performance of UTs within
the whole cell coverage. We investigate the precoding design
criteria of synchronization and positioning and introduce the
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constraint of equal transmit power on every antenna. Based
on the aforementioned criteria and constraint, we formulate
the optimization problem for JSP and exploit the manifold
optimization framework to design the precoder.

II. SYSTEM MODEL

In order to enable JSP of UTs in the whole cell coverage,
a multi-beam SatCom equipped with phased array antennas
at the satellite side is considered. The 5G synchronization
sequences are transmitted in different satellite beams.

Consider a multi-beam SatCom system with N single-
antenna UTs. The transmitter at the satellite side deploys a
uniform rectangular array (URA) with Mh antennas in each
row and a total number of Mv rows in the vertical dimension
(M =MhMv). There are U UTs to be served simultaneously
and U ≤ M . Let L denote the length of a synchronization
sequence. The signal yu ∈ C1×L received by the UT u can
be given by1

y = hWX+ z, (1)

where h ∈ C1×M denotes the downlink channel vector
between the UT u and satellite, W ∈ CM×U denotes the
precoding matrix, X ∈ CU×L is the transmitted synchroniza-
tion signal in 5G NR, and z ∈ C1×L is the additive white
Gaussian noise (AWGN) vector with i.i.d. CN (0, σ2) entries.

Consider the typical geometric channel model [7]. In this
paper, the channel model is simplified to include only one
propagation path. Then the channel vector h can be given by

h = α
√
MvH(θ, φ), (2)

where
v(θ, φ) = v(v)(θ)⊗ v(h)(θ, φ), (3)

with the normalized channel steering vector

v(v)(θ) =
1√
Mv

[
1, e−j

2π
λ dvuv , ..., e−j(Mv−1) 2π

λ dvuv
]T
,

(4)

v(h)(θ, φ) =
1√
Mh

[
1, e−j

2π
λ dhuh , ..., e−j(Mh−1) 2π

λ dhuh
]T
.

(5)
In addition, α is the complex path gain, uv = cos θ, uh =
sin θ sinφ, 0 < θ < π and −π2 < φ < π

2 are the angle-
of-departure (AoD) towards the UT under consideration in
vertical and horizontal dimensions, respectively, dv and dh
are the distances between two adjacent antenna elements in a
row and a column, and λ is the carrier wavelength.

Based on the system model presented above, the synchro-
nization and positioning can be achieved via the observation
of y at the receiver. In the following, we further analyze the
precoding design criteria for synchronization and positioning,
respectively.

III. PRECODING DESIGN CRITERIA

In this section, the precoding design criteria for synchroniza-
tion and positioning are provided, respectively, by considering

1To simplify the notation, the subscript u is dropped in the following.

the performances of missed detection (MD) probabilities and
AoD estimation within the whole cell coverage.

A. Criterion for Synchronization

In this paper, we consider the synchronization to be a
sequence of binary statistical hypothesis tests [8]. At each
timing offset, the hypothesis H1 means that the received
synchronization signal is properly aligned with the transmitted
signal. The other hypothesis H0 represents that the signal is
misaligned or absent. Denote the test statistic as T (τ), where τ
is the timing offset. Given the observed signal y, test statistic
T (τ) is evaluated at each timing offset τ . If T (τ) exceeds
the threshold ρ, successful synchronization is claimed. We
consider the generalized likelihood ratio test as our synchro-
nization detector [8]. The performance of synchronization is
then characterized by the MD probability under the accurate
τ . Based on proof in [9], the MD probability can be given by

PMD = P{T (τ) < ρ|H1}

= P
{
‖hWXXH + z2‖22

‖z1‖22
<

ρ

1− ρ

}
,

(6)

where z1 ∈ C(L−U)×1 and z2 ∈ CU×1 have i.i.d CN (0, σ2)
entries. For purpose of improving the synchronization perfor-
mances of UTs over all interested AoDs within the entire
cell coverage, MD probability fairness over all interested
AoDs is taken into account. Following this consideration, the
conditions that the precoding matrix should satisfy can be
expressed as [9]

vH(θ, φ)WWHv(θ, φ) = U, ∀(θ, φ) ∈ B. (7)

According to (7), we define the desired radiation power pattern
C ∈ CP×Q and the actual discrete generated radiation power
pattern B ∈ CP×Q, which can be given by

[C]p,q = U, (8)

BT =


diagT (V0WWHVH

0 )

diagT (V1WWHVH
1 )

· · ·
diagT (VQ−1WWHVH

Q−1)

 , (9)

respectively, where

Vq =


vH(θ0, φq)
vH(θ1, φq)
· · ·

vH(θP−1, φq)

 , (10)

the continuous AoDs are discretized to (θp, φq) through sam-
pling, p = 0, 1, ..., P −1, q = 0, 1, ..., Q−1 and (θp, φq) ∈ B.
Then the correlation matrix is utilized to represent the distance
between the actual discrete generated and the desired radia-
tion power pattern. Hence, the precoding design criterion for
synchronization can be finally reformulated as

argmin
W

1−
tr
(
BTC

)
‖B‖F ‖C‖F

. (11)
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B. Criterion for Positioning

As illustrated in Fig. 1, with the AoD values (θ, φ) of the
path and the location of the satellite s = [xs, ys, zs]

T in the
Earth Centered Earth Fixed (ECEF) coordinate system, the
unit direction vector from the satellite to the UT can be given
by

d = [sin θ cosφ, sin θ sinφ, cos θ]T . (12)

Then the UT position p = [x, y, z]T in ECEF can be given by

E (p− s) = rd, (13)

In (13), E is the transformation matrix from ECEF to local
tangent coordinate expressed as

E =

− sinϑ − cosµ cosϑ − sinµ cosϑ
cosϑ − cosµ sinϑ − sinµ sinϑ
0 − sinµ cosµ

T

(14)

where ϑ and µ denote the longitude and latitude of the sub-
satellite point. In addition, r in (13) denotes the distance
between the satellite and UT, which can be calculated by the
AoDs (θ, φ) and the satellite position s (The altitude of UT is
simplified to be zero).

The crucial aspect of this positioning approach is the unit
direction vector d, i.e., the AoDs, which determine the posi-
tioning accuracy of UT. For this reason, in the following, we
further present the AoD estimation method based on maximum
likelihood (ML) and its Cramér-Rao lower bound (CRLB).

Satellite 
orbit

s

p

Equatorial 
plane

d
y

z

x

x
y

z

eR

r

Coverage
area

Fig. 1. Illustration of positioning approach in SatCom system.

We model the observation vector y in (1) as a Gaussian
random variable. Given the unknown parameter r

r = [α, θ, φ]
T
, (15)

then the likelihood function of all observations can be ex-
pressed as

f(y|r) = 1

(πσ2)L
exp

{
−‖y − αg(θ, φ)X‖

2

σ2

}
, (16)

where
g(θ, φ) =

√
MvH(θ, φ)W ∈ C1×U , (17)

which can be derived from (1) and (2).

The ML estimates of the unknown parameter r are calcu-
lated as the maximizing values of f(y|r). For convenience, the
ML estimates are alternatively considered as the minimizing
values of the negative log-likelihood function log f(y|r). Ig-
noring the parameter-independent L log π-term, we can obtain
the equivalent function

fl(y|r) =− log f(y|r) = L log(σ2)

+
1

σ2
(y − αg(θ, φ)X)(y − αg(θ, φ)X)H .

(18)

Hence, the ML parameter estimates can be acquired by solving
the minimization problem in the following

r̂ = argmin
r

fl(y|r) (19)

Taking derivative of (18) with respect to α and equating it to
zero, we can obtain

α̂ =
yXHgH(θ, φ)

g(θ, φ)XXHgH(θ, φ)
. (20)

Substituting (20) into (18), we can then obtain

(θ̂, φ̂) = argmax
(θ,φ)

(g(θ, φ)X)(yHy)(g(θ, φ)X)H

(g(θ, φ)X)(g(θ, φ)X)H
. (21)

With (21), the vertical and horizontal AoD estimates can be
finally obtained by the high-resolution parameter estimation
algorithm in [10]. Then we can back substitute (θ̂, φ̂) and get
our ML estimates α̂ from (20).

The CRLB is the minimum variance that an unbiased
parameter estimator can attain. In the following, we derive
the CRLB to assess the performance of our proposed AoD
estimation method. Separating the complex path gain α into
real and imaginary parts, we define

u = [<{α},={α}, θ, φ] , (22)

for which we intend to draw the bounds. The Fisher infor-
mation matrix (FIM) for complex data can be expressed as
[11]

[F(u)]ij =
2

σ2
<
{
tr

(
∂RH(u)

∂ui

∂R(u)

∂uj

)}
, (23)

where
R(u) = αg(θ, φ)X. (24)

Then the FIM F(u) can be given as

F(u) =


F11 F12 F13 F14

F12 F22 F23 F24

F13 F23 F33 F34

F14 F24 F34 F44

 , (25)

Since the variance of the estimation error can be lower
bounded by the diagonal elements of the inverse of FIM for
each parameter, CRLB for AoDs can be then calculated as

CRLB(θ) = [F−1(u)]3,3

= G(W)/I(W),
(26)
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CRLB(φ) = [F−1(u)]4,4

= H(W)/I(W),
(27)

respectively, where

I(W) = det(F(u)), (28)

G(W) = F 2
11F44 − F 2

14F11 − F11F
2
24, (29)

H(W) = F 2
11F33 − F 2

13F11 − F11F
2
23. (30)

According to (26) and (27), which are functions of the
precoding matrix W, the performance of positioning can
be characterized by the CRLB. In trying to guarantee the
positioning performance of UTs in the entire cell coverage,
we focus on the CRLB over all interested spatial directions.
Considering AoDs uniformly distributed in (θ, φ) ∈ B, where
B = [0, π] × [−π2 ,

π
2 ] is the coverage region that we are in-

terested in, then the precoding design criterion for positioning
can be given by minimizing the integral of CRLB with respect
to the whole cell coverage written as

argmin
W

∫∫
B
{CRLB(θ) + CRLB(φ)}dθdφ. (31)

IV. PRECODING MATRIX DESIGN FOR JSP

Within this part, considering the aforementioned two criteria
(11) and (31), we propose to design the precoder based on the
dual-objective optimization algorithm.

A. Problem Formulation

Considering the MD probability and AoD estimation ac-
curacy, two precoding design criteria have been summarized
in (11) and (31), respectively. According to these criteria, the
cost functions J1(W) and J2(W) can be defined as

J1(W) = 1−
tr
(
BTC

)
‖B‖F ‖C‖F

, (32)

J2(W) =

∫∫
B
{CRLB(θ) + CRLB(φ)}dθdφ, (33)

respectively.
In order to guarantee the power efficiency at the satellite

side, the equal power constraint on precoding matrix W is
introduced, which can be given by

IM ◦ (WW)H =
U

M
IM . (34)

where the operator ◦ denotes the Hadamard product. Hence,
the 2-norm of each row of precoding matrix can be the same
and the condition of equal average power on every antenna
can be satisfied.

Considering the objective functions and the constraint,
(32), (33), and (34), the optimization problem to achieve the
precoding design can be finally rewritten as a multiobjective
optimization problem

minimize (with respect to r) (J1(W), J2(W))T

subject to IM ◦
(
WWH

)
= U

M IM ,
(35)

where r ⊆ R2 is a proper cone (R2 denotes real 2×1 vectors).

B. Precoding Design for JSP

In order to cope with the multiobjective optimization prob-
lem (35), it is convenient to convert the objective vector into a
single one. In this paper, we propose a weight sum approach to
obtain a combination of the different objectives [12]. Denote
the weighted vector as λ = (λ1, λ2)

T , λ1, λ2 ≥ 0, and
λ1 + λ2 = 1. Then (35) can be transformed into a scalar
optimization problem written as

minimize
W

Jws(W|λ) = λ1J
′
1(W) + λ2J

′
2(W)

subject to IM ◦
(
WWH

)
= U

M IM .
(36)

When λ1 = 1, λ2 = 0 or λ1 = 0, λ2 = 1, the JSP
optimization problem is degraded into only the MD or AoD
optimization. In (36), J ′1(W) and J ′2(W) are the scaling of
J1(W) and J2(W), respectively, which can be expressed as

J ′1(W) = J1(W)/µ1, J
′
2(W) = J2(W)/µ2, (37)

where µ1 and µ2 are the maximum value of J1(W) and
J2(W), repectively, so that the range of J ′1(W) and J ′2(W)
are both between 0 and 1. In practice, µ1 and µ2 can be chosen
to be J1(W

0) and J2(W
0), respectively, where W0 is the

initial precoding matrix of the following iterative method. The
optimal solution to (36) is a Pareto optimal point to (35). With
different weight vectors in (36), we can obtain a set of different
Pareto optimal vectors.

To solve the constrained problem (36), we propose to utilize
the conjugate gradient algorithm under the matrix manifold
given by

N =

{
W ∈ CM×U : IM ◦

(
WWH

)
=

U

M
IM

}
, (38)

which is called the complex oblique manifold.

Under the manifoldN , the iterative equation of the precoder
matrix can be expressed as

W(k+1) = PN (W
(k) + β(k)D(k)), (39)

where W(k) and W(k+1) represent the precoding matrix
acquired at the k-th and (k+1)-th iteration, respectively. β(k)

and D(k) are the step length and iterative direction for the
k-th iteration, respectively. The operator PN (·) denotes the
projection of a point in the Euclidean space onto the manifold
N , which can be formulated as [13]

PN (W) =

(
M

U
IM ◦ (WW)H

)−1/2
W. (40)

To ensure the sufficient decrease in the objective expression
Jws(W) and rule out unacceptably short steps, the line
iterative condition stipulates that the step length β(k) should
satisfy the Wolfe conditions

Jws(W
(k+1)) ≤Jws(W(k))

+ c1β
(k)<

{〈
D(k), gradNJws(W

(k))
〉}
,

(41)
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Algorithm 1 Precoding Design for JSP

Input: The initial precoding matrix W(0) and weighted vec-
tor λ

1: Calculte µ1 and µ2 by J1(W
(0)) and J2(W

(0)). The
initial iterative direction D(0) = −gradNJws(W(0)).

2: repeat
3: for all k > 0 do
4: Calculate the Riemannian gradient gradNJ

(k)
ws and

iterative direction D(k) based on (43) and (44), respec-
tively. Calculate the step length β(k) until the Wolfe
conditions are satisfied.

5: Update W(k) by (39).
6: end for
7: until convergence of W(k)

Output: The optimal precoding matrix W∗ ∈ N

and
<
{〈

D(k), gradNJws(W
(k+1))

〉}
≥ c2<

{〈
D(k), gradNJws(W

(k))
〉}
,

(42)

with 0 < c1 < c2 < 1, which are called the Armijo
and curvature condition, respectively. In (41) and (42),
gradNJws(W

(k)) and gradNJws(W
(k+1)) represent the Rie-

mannian gradient of Jws(W(k)) and Jws(W
(k+1)) on the

manifold N , respectively. In the following, we further present
the complete expression of the Riemannian gradient on the
manifold N written as [14]

gradNJ
(k)
ws = ∇J (k)

ws

−
(
M

U
IM ◦ <

{
W(k)

(
∇J (k)

ws

)H})
W(k),

(43)
where∇Jws is the Euclidean gradient of the objective function
Jws(W). The iterative direction D(k) can be given by the
negative Riemannian gradient −gradNJ

(k)
ws , which is known

as the steepest descent method. In this paper, the conjugate
gradient method is adopted, which can converge faster than
steepest descent method. Then D(k) is reformulated as

D(k) = −gradNJ (k)
ws + γ(k)D

(k−1)
+ , (44)

where γ(k) is defined by modified Hestenes-Stiefel rule and
D

(k−1)
+ is D(k−1) transported to W(k) given by [14],

D
(k−1)
+ =D(k−1)

−
(
M

U
IM ◦ <

{
W(k)

(
D(k−1)

)H})
W(k).

(45)
We detail the precoding design for JSP in Algorithm 1.

V. NUMERICAL RESULTS

In this section, the simulations are provided to evaluate the
performance of JSP for 5G integrated SatCom system. The
synchronization signal used in simulation is set to be PSS in
5G NR. The other main parameters used in simulations are
summarized in Table I.

SNR (dB)
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Fig. 2. The MD probabilities with joint optimization and only AoD opti-
mization.

In the simulation part, three representative UT positions (UT
1∼3) are firstly selected within the cell coverage area of the
satellite, which are sub-satellite point and two positions at the
coverage edge. The satellite position is set to be [7405.3 km,
9.9 km, 727.9 km]T in low earth orbit (LEO) SatCom systems.
The orbital altitude is set to be 1070 km.

TABLE I
SIMULATION SETUP PARAMETERS

Parameter Value

Subcarrier spacing 15 kHz
System bandwidth 20 MHz
Number of subcarriers 2048
Signal-to-noise ratio 0 dB
Number of antennas at the Tx 8×4
Data stream number of the precoder 3
(λ1, λ2) (0.4,0.6)
Carrier frequency 2.6 GHz

We first study the synchronization performances with our
proposed precoding matrices obtained from JSP optimization
or only the AoD optimization. The synchronization perfor-
mances are given by the MD probabilities. To present the MD
probabilities over the given signal-to-noise ratio (SNR) ranges,
the threshold value ρ in (6) is obtained by the closed-form
equation of the false alarm (FA) probability given by [9]

PFA = (1− ρ)L−1
U−1∑
n=0

(L− 1)!

n!(L− n− 1)!

( ρ

1− ρ
)n

. (46)

By setting PFA to be 10−4, we can acquire the corresponding
threshold value ρ ≈ 0.20127. Fig. 2 illustrates the MD
probabilities with SNR ranging from -15 dB to 5 dB. The
simulation result shows that our proposed JSP optimization
method has a better synchronization performance than that of
only the AoD optimization.

Then we study the positioning performances by analysing
the AoD estimation error with our proposed precoding ma-
trices obtained from JSP optimization or only the MD opti-
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Fig. 3. The cumulative probability distribution of vertical AoD estimation
error.

Estimation Error of Horizontal AoD (degree)
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Fig. 4. The cumulative probability distribution of horizontal AoD estimation
error.

mization. Fig. 3 and Fig. 4 show the cumulative probability
distribution of vertical and horizontal AoD estimation error of
different UTs, respectively. From the figures, we can observe
that the performances of JSP optimization method in AoD
estimation significantly outperforms the performances which
only take into account the MD optimization. In addition, Fig. 5
presents the cumulative probability distribution of positioning
estimation error with the precoding matrix generated from JSP
optimization algorithm. It can be observed that 90% of the
position estimates are within the error range of 5 km.

VI. CONCLUSION

In this paper, we have proposed a precoding design for 5G
integrated SatCom system synchronization and positioning.
The MD probabilities and CRLB of the AoD estimation
algorithm have been employed to formulate the precoding
design criteria for synchronization and positioning issues,
respectively. The constraint of equal transmit power on every
antenna was also considered. With the above criteria and
constraint, we introduced the optimization problem for JSP.
Then we utilized the conjugate gradient algorithm under the
manifold framework to obtain the optimal precoder. Numerical
results illustrated that with the proposed precoding matrix,
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Fig. 5. The cumulative probability distribution of positioning estimation error.

both the synchronization and localization could achieve sat-
isfactory performances under the whole cell coverage.
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