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Abstract—In this paper, we propose an algorithm for estimat-
ing the carrier frequency offset (CFO) in OFDM-based multi-
cell networks. In 3GPP-LTE single-cell systems, the CFO can be
estimated by applying the Schmidl algorithm. However, multi-
cell interference (MCI) is induced in multi-cell environments;
as a result the MCI degrades estimate accuracy. One solution
to mitigate MCI may be via properly designing the training
sequences. In this paper, we propose a method for generating
training sequences with good orthogonality in both time and
frequency domain. Therefore, MCI can be effectively suppressed
and CFO estimation algorithms designed for single-user or single-
cell environments can be slightly modified, and applied in multi-
cell environments. An example is given for showing how to
modify the estimation algorithms. Consequently, the computa-
tional complexity can be dramatically reduced. Moreover, the
training sequences can be applied for detecting cell identity
(ID) thanks to its good orthogonality. Simulation results show
that the proposed sequences and the CFO estimation algorithms
outperform conventional schemes in multi-cell environments.

I. INTRODUCTION

Recently, OFDM based two-tier cell networks, which con-

sist of a conventional macrocell cellular network overlaid with

small cells access points (FAPs), attract extensive research at-

tention due to their enhanced capacity and improved coverage,

see e.g., [1]-[3]. In many cases, different cells may appear

in the same frequency band to increase user capacity and

data capacity. However, multi-cell interference (MCI) appears

and degrades the accuracy of carrier frequency offset (CFO)

estimation.

In this paper, we propose a CFO estimation algorithm

for multi-cell environments. We take the single-cell CFO

estimation algorithm in [4] as an example, and show how to

modify it in multi-cell environments if the training sequences

have good orthogonality in time domain multipath channels.

As a result, the computational complexity for CFO and channel

estimation can be greatly reduced thanks to the mitigation of

MCI.

On the other hand, in order to achieve the required sequence

property of the proposed CFO estimation algorithm, we pro-

posed a set of training sequences. The proposed sequences

are inspired by the Zadoff-Chu (ZC) sequences [5] and the

Gold code. We prove that the proposed sequences can achieve

mutually orthogonal in multipath channels by appropriately

selecting the sequence index. Moreover, since the proposed

1This research was supported by the National Science Council (NSC),
Taiwan under Grant NSC 102-2221-E-009-017-MY3.

sequences have good orthogonality, they can also be applied

to detect the cell identity (ID). Simulation results show that

the proposed sequences as well as the CFO estimation algo-

rithms greatly outperform conventional schemes in multi-cell

environments.

The following notations shall run through the contents: Vec-

tors are in lowercase boldface and matrices are in uppercase

boldface. (·)T and (·)H denote the transpose and conjugate

transpose of matrix.

II. SYSTEM MODEL AND PROBLEM FORMULATION

A block diagram describing OFDM-based multi-cell cell

search structure is illustrated in Fig. 1. Assume there are I
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Fig. 1. The block diagram of a OFDM based multi-cell system.

cells in the same frequency band and each cell is assigned a

unique synchronization sequence wi = (wi[0] · · ·wi[N−1])T ,

0 ≤ i ≤ I − 1. The synchronization sequence wi is converted

to di through inverse DFT (IDFT) operation, i.e., di = FHwi,
where F is the N ×N DFT matrix with the kth row and the

nth column being [F]kn = 1√
N
e−j 2π

N kn. Assume there is a

user attempting to connect to one of these I cells. For this

user, the time-domain received signal after removing cyclic

prefix (CP) is represented as

r =

I−1∑
i=0

ΦiHidi + n, (1)

where Φi = diag
(
ej

2π
N Ngεi . . . ej

2π
N (N+Ng−1)εi

)
is the CFO

matrix with Ng being the CP length and εi being the CFO
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between this user and the ith cell. n ∈ C
N×1 is the noise

vector and Hi is an N ×N circulant matrix given by

Hi =
(
P(0)hi P(1)hi · · · P(N−1)hi

)
,

where hi = [hT
i 01×N−L]

T and hi ∈ C
L×1 are the channel of

the ith cell, with distribution CN (0, 1). P(n) ∈ R
N×N denotes

a permutation matrix obtained by cyclically down shifting the

row of an identity matrix IN by n elements. Since the circulant

matrix Hi can be diagonalized using DFT and IDFT matrices,

i.e., Hi = FHΛiF, where Λi = diag(λi), and λi is the

frequency response of the ith channel expressed as λi = Fhi.
We can rewrite (1) as

r =
I−1∑
i=0

ΦiF
HΩiFhi + n, (2)

where Ωi = diag(wi).
The system would perform cell ID detection before estimat-

ing the CFO. Without loss of generality, assume the jth cell

is the targeted cell. The matched result can be expressed as

dH
j r = dH

j

[
I−1∑
i=0

ΦiF
HΩiFhi + n

]

=

⎧⎪⎪⎨⎪⎪⎩dH
j ΦjF

HΩjFhj︸ ︷︷ ︸
desired signal

+
I−1∑

i=0,i �=j

dH
j ΦiF

HΩiFhi︸ ︷︷ ︸
MCIj←i

+dH
j n

⎫⎪⎪⎬⎪⎪⎭ .

(3)

The MCI would degrade the CFO estimation performance.

One solution is to design training sequences to mitigate the

MCI effect.

III. PROPOSED MULTI-CELL CFO ESTIMATION

ALGORITHM

In multi-cell environments, the MCI would affect the accu-

racy of CFO estimation. In this case, the Schmidl scheme may

not be directly applied to estimate CFO [4]. To overcome this

issue, we propose an CFO estimation algorithm for multi-cell

environments. It is noted that this algorithm is modified from

the Schmidl scheme. From (1), two consecutively received

signals are expressed as

r(1) =

I−1∑
i=0

Φ
(1)
i FHΛiwi︸ ︷︷ ︸

s
(1)
i

+n(1)

r(2) =
I−1∑
i=0

Φ
(2)
i FHΛiwi︸ ︷︷ ︸

s
(2)
i

+n(2),

where Φ
(1)
i and Φ

(2)
i are diagonal CFO matrices whose

elements are respectively represented as
[
Φ

(1)
i

]
nn

=

ej
2π
N (n+Ng)εi and

[
Φ

(2)
i

]
nn

= ej
2π
N (n+N+2Ng)εi , 0 ≤ n ≤

N − 1. n(1) and n(2) are thermal noises and can be ignored

at high SNR.

To explicitly explain why the Schmidl scheme may not work

in multi-cell environments, we give an example which consists

of three cells in the same frequency band. Moreover, we

assume the user already determines which cell to link before

the CFO estimation; this assumption is reasonable because cell

ID is in general determined before CFO estimation. Also, we

consider the system is at high SNR. Therefore, the received

signals can be expressed as

r(1) = s
(1)
1 + s

(1)
2 + s

(1)
3

r(2) = s
(2)
1 + s

(2)
2 + s

(2)
3 (4)

The Schmidl algorithm is applied to estimate the CFO of cell

1 and the value q is given by

q =
[
r(1)
]H

r(2) =
[
s
(1)
1 + s

(1)
2 + s

(1)
3

]H [
s
(2)
1 + s

(2)
2 + s

(2)
3

]
=
[
s
(1)
1

]H
s
(2)
1 +

[
s
(1)
2

]H
s
(2)
2 +

[
s
(1)
3

]H
s
(2)
3

+

3∑
j=1

3∑
i=1,i �=j

[
s
(1)
j

]H
s
(2)
i , (5)

where the term
[
s
(1)
j

]H
s
(2)
i represents the MCI. If

the synchronization sequences have good orthogonality,[
s
(1)
j

]H
s
(2)
i = 0 if we appropriately grouping the sequences.

However, even the sequences have good orthogonality, there

still exists the interference terms
[
s
(1)
2

]H
s
(2)
2 and

[
s
(1)
3

]H
s
(2)
3 .

Therefore, we propose a method to mitigate the interferences

to improve the CFO estimation accuracy. More specifically,

r(1) and r(2) are both multiplied by the Hermitian of the time

domain synchronization sequence for the targeted cell before

performing inner product. Below we explain how to mitigate

the MCI by applying the proposed method for CFO estimation:

The value q using the proposed method is expressed as

q =
[
dH
j r(1)

]H [
dH
j r(2)

]
. (6)

From (1), (6) can be expressed to (7), shown at the bottom of

the next page, and it can be manipulated as⎡⎣dH
j Φ

(1)
j FHΛjwj +

I−1∑
i=0,i �=j

MCI
(1)
j←i, domi + MCI

(1)
j←i, resi

⎤⎦H

·
⎡⎣dH

j Φ
(2)
j FHΛjwj +

I−1∑
i=0,i�=j

MCI
(2)
j←i, domi + MCI

(2)
j←i, resi

⎤⎦ .
(8)

From [6], if the sequences have good orthogonality in multi-

path channels, MCIj←i, resi is sufficiently small to be ignored

when CFO is small. Moreover, MCIj←i, domi is zero due to

the sequence property. Therefore, (8) can be approximated to

q ≈
[
dH
j Φ

(1)
j FHΛjwj

]H [
dH
j Φ

(2)
j FHΛjwj

]
= e

j2πεj
(
1+

Ng
N

)
‖dH

j Φ
(1)
j FHΛjwj‖2.

Authorized licensed use limited to: National Chiao Tung Univ.. Downloaded on June 09,2022 at 08:47:53 UTC from IEEE Xplore.  Restrictions apply. 



Therefore, the estimated CFO ε̂j of the targeted cell can be

obtained by

ε̂j =
1

2π(1 +
Ng

N )
angle(q).

It is worth to emphasize that the proposed CFO estimation

is modified from the Schmidl algorithm, which is designed

for single cell environment. The proposed CFO estimation by

using the designed sequences for multi-cell environments in

concluded in Algorithm 1.

Algorithm 1: Proposed CFO estimation algorithm for

multi-cell environments.
1: Multiply the Hermitian of the time-domain

synchronization sequence of the targeted cell dj to the

two consecutively received signals r(1) and r(2).

2: Calculate q =
[
dH
j r(1)

]H [
dH
j r(2)

]
.

3: The CFO of the targeted cell εj is obtained by

ε̂j =
1

2π(1+
Ng
N )

angle(q).

IV. THE PROPOSED SEQUENCES

To mitigate the MCI, we refer to the concept for generating

the Gold sequence. Since ZC sequence has constant ampli-

tude and zero autocorrelation (CAZAC) property; while Gold

sequences have good orthogonality, one intuition to generate

a set of sequences that can preserve both properties is to

combine the generation of these two kinds of sequences.

More specifically, the proposed sequences are generated by

combining two ZC sequences with different roots u1 and

u2. The proposed sequences can be collected to form a

matrix W = [w0,w1, . . . ,wN−1], where wi ∈ C
N×1 is the

synchronization sequence and is the combination of two ZC

sequences x and y, 0 ≤ i ≤ N − 1. Each column in W is

generated by the following formula

wi = YP(i)X, (9)

where Y = diag(y) and X = diag(x). For example, the

proposed sequences for length N = 4 are expressed as

W =

⎛⎜⎜⎝
y[0]x[0] y[0]x[3] y[0]x[2] y[0]x[1]
y[1]x[1] y[1]x[0] y[1]x[3] y[1]x[2]
y[2]x[2] y[2]x[1] y[2]x[0] y[2]x[3]
y[3]x[3] y[3]x[2] y[3]x[1] y[3]x[0]

⎞⎟⎟⎠ .

It is noted that the entry of the proposed sequences can be

summarized as

wi[k] = e−j π
N αi[k], (10)

where

αi[k] =

{
u1(k − i)2 + u2k

2, if N is even.

u1(k − i)(k − i+ 1) + u2k(k + 1), if N is odd.
(11)

We would show that the proposed sequences have good

orthogonality in multipath fading channels if we appropriately

select the sequence indices.

Theorem 1 Let the root u1 for generating W be odd and
the sequence length N = 2s, s ≥ 2. Let the parameter G be
G = 2s

′ ≥ L, s′ ∈ N. The number of mutually orthogonal
cells is N/G. More specifically, if cell j is selected, the indices
of the other mutually orthogonal cells are

i = (( j + oG ))N , o ∈ Z.

Proof: From [6], there are L − 1 interfering cells to the

cell j and the corresponding indices can be obtained through

(( (j − i) ))N = n, 1 ≤ n ≤ L− 1.

For u1 = 1, the cell j is interfered by the cells with indices

i = (( j + τ ))N , 1 ≤ τ ≤ L− 1, i.e., the neighboring L− 1
cell indices. Therefore, if we select the cell indices i′ that are

uniformly separated by a period G ≥ L, i.e., i′ = j+oG, o ∈
Z, these cells would not interfere with each other. In other

words, they are mutually orthogonal.

For odd number u1 �= 1, the interfering cell indices to the

cell j can be obtained through i = j + (n + gN)/u1, 1 ≤
n ≤ L− 1, g ∈ Z. Since

n+gN = n+g2s = n+g(2s−s′)G �= u1oG, for 1 ≤ n ≤ L−1,
the selected indices i′ would not become an interferer. More

specifically, i′ = j + oG �= j + (n + gN) = i, for 1 ≤ n ≤
L− 1. Therefore, they are still mutually orthogonal.

V. SIMULATION RESULTS

Example. CFO estimation in multi-cell environments: This

example shows the accuracy of CFO estimation for the pro-

posed sequences in multi-cell environments. In this simulation

setting, three cells are deployed in the same frequency band

and its layout is shown in Fig. 2. User is located at different

locations, i.e., Location 1 = (18, 0) and Location 3 =
(0, 20/

√
3), for comparing the estimation accuracy between

q =

[
dH
j

I−1∑
i=0

Φ
(1)
i FHΛiwi

]H [
dH
j

I−1∑
i=0

Φ
(2)
i FHΛqwq

]

=

⎡⎢⎢⎣dH
j Φ

(1)
j FHΛjwj +

I−1∑
i=0,i�=j

dH
j Φ

(1)
i FHΛiwi︸ ︷︷ ︸

MCIj←i

⎤⎥⎥⎦
H ⎡⎢⎢⎣dH

j Φ
(2)
j FHΛjwj +

I−1∑
i=0,i �=j

dH
j Φ

(2)
i FHΛiwi︸ ︷︷ ︸

MCIj←i

⎤⎥⎥⎦ . (7)
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the primary synchronization sequence (PSS) applied in 3GPP-

LTE specification [1] and the proposed sequences. The path

loss model in this example is 38.5 + 20 log(r) dB [7]. Also,

we let the CFO be uniformly distributed between −0.1 and

0.1 (subcarrier spacing), or normally distributed with outage

probability Pr{|CFO| > 0.1} = 10−5. The column indices of

the proposed sequences are {0, 4 , 8} chosen from W. The

channel length L is 4.

The estimation accuracy between the proposed sequence

and the PSS is shown in Fig. 3 for the user at Location

1, and in Fig. 4 at Location 3. Note that Location 3 is the

boundary region of the three cells. Therefore the receiver needs

to perform cell detection before CFO estimation.

(0, 20 3)

(−20,0) (20,0)

Fig. 2. A multi-cell scenario.

From the simulation results we see that the estimation

accuracy of the proposed sequence is much better than that

of the PSS at both locations. The improved accuracy is due

to that the proposed sequence can completely eliminate the

dominant MCI arisen from the CFO, and only leave certain

ignorable residual MCI. Moreover, we see from the figure that

the performance improvement is more pronounced when the

user is at the boundary region of different cells. In this case,

the induced MCI is much stronger. Thus, using the proposed

sequences can better overcome the MCI issue.

VI. CONCLUSION

In this paper we proposed a CFO estimation algorithm for

multi-cell environments. We can slightly modify the CFO

estimation algorithms designed for single-user or single-cell

environments and applied them in multi-cell environments. We

took a popular CFO estimation for instance, modified and ap-

plied it in multi-cell environments. Finally, simulation results

showed the analytical results are accurate, and the proposed

sequences and CFO estimation algorithms outperform conven-

tional schemes in multi-cell environments. The performance

improvement of the proposed sequences is more pronounced

when the users is at the boundary regions of several cells,

because serious MCI appears in this case. We conclude that

with low computational complexity, the proposed sequences

and algorithms can efficiently overcome the MCI issue in

multi-cell networks.

σ

Fig. 3. Multi-cell CFO estimation at Location 1.
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