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Abstract—The channel estimation and signal detection are key
issues in the Multi-Input Multi-Output and Orthogonal Fre-
quency Division Multiplexing (MIMO-OFDM) system. However,
there exist severe impacts of phase noise (PN) on the estimations
with the application of higher frequency in 5th Generation New
Radio (5G-NR). In this paper, the joint channel estimation and
signal detection (JCESD) method based on the maximum a pos-
teriori (MAP) criterion under the assumption of Wiener process
for PN is proposed in MIMO-OFDM system, which is called
as the JCESD-PN-MAP method. Firstly, the MAP criterion is
derived based on Bayesian theories and the structures of matrices
in MAP criterion are analyzed to simplify the optimizations.
Secondly, the optimizations for PN of receiving and transmitting
antennas are translated into solving a tridiagonal linear equation
and a sparse linear equation, respectively, which are optimized
by the Gaussian elimination (GE) method with low computation
complexity. To further reduce the computational complexity,
the latter is solved by the alternating direction method of
multipliers (ADMM) method. Thirdly, the optimizations for
channel responses and transmitted signals are translated into
solving two block diagonal linear equations, which are solved by
calculating the inverse matrix with low computation complexity.
The numerical results and complexity analysis confirm the
effectiveness of our proposed method in terms of the accuracy
and computation complexity.

Index Terms—Phase noise, channel estimation, signal detection,
MIMO-OFDM, maximum a posteriori.

I. INTRODUCTION

THE orthogonal frequency division multiplexing (OFDM)
[1] is the main multi-carrier modulation technology in

5th Generation New Radio (5G-NR) [2]. Meanwhile, the
Multi-Input Multi-Output (MIMO) [3] is a widely applied
diversity and multiplexing technology in 5G-NR. For MIMO-
OFDM system, the channel estimation and signal detection
are key issues [4], [5]. However, the oscillators with limited
capabilities of both transmitting and receiving antennas will
produce impure output signals with additional cumulative
errors in their phases, which is known as the phase noise
(PN) [6]. The performance of channel estimation and signal
detection in MIMO-OFDM system will be affected by the PN
significantly [6]–[9].
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A. Impacts of PN

The performance of OFDM system will be limited by the
orthogonality degradation and nonlinear distortions caused by
the PN, which include the common phase error (CPE) and
inter-carrier interference (ICI) [6]. The CPE and ICI lead to
the rotation and divergence of constellation [7], respectively.
For MIMO-OFDM system, the PN of multiple transmitting
and receiving antennas needs to be considered and the impacts
of PN are more complex and intractable, which include the
CPE and ICI within and among different antennas [8], [9].
With higher frequencies in 5G-NR, the power of PN is greater
and its impacts on channel estimation and signal detection are
more severe [6]–[8]. Therefore, the channel estimation and
signal detection in MIMO-OFDM system with PN need to be
investigated and studied.

B. Related Works

The channel estimation and signal detection methods were
widely studied and summarized in [4], [5]. A number of effec-
tive channel estimation methods were proposed, such as the
least squares (LS) [10], minimum mean square error (MMSE)
[11], sparse Bayesian learning [12], tensor based [13] and deep
learning [14] methods. Meanwhile, a lot of effective signal
detection methods were also proposed, such as the decision
feedback [15], QR decomposition [16], maximum likelihood
(ML) [17] and deep learning [18] methods. However, the
above methods considered the channel estimation and signal
detection separately and better performance can be obtained
by considering them jointly [19].

The joint channel estimation and signal detection (JCESD)
methods in MIMO-OFDM system improved the performance
of the system and were summarized in [19]. The weighted
least squares (WLS) method [20] was proposed to improve the
performance of LS method. In addition, the MMSE criterion
[21] was proposed and achieved better performance. Moreover,
the tensor based model was derived and optimized by the al-
ternating LS method [22] with low computational complexity.
Additionally, the Bayesian inference [23] and sparse Bayesian
learning [24] methods were proposed to utilize the sparsity
of channel matrix. Furthermore, the deep learning method
[25] was proposed based on the long short term memory
(LSTM) network and achieved great performance regardless
of the black-box model. However, the above methods did not
consider the impacts of PN and their performance was limited
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by the PN [6]. Therefore, the JCESD methods in MIMO-
OFDM system with PN need to be investigated and studied.

The JCESD methods in MIMO-OFDM system with PN
were summarized in [26] and divided into two categories
according to the estimation of PN. Firstly, the CPE estimation
methods focused on the estimation of CPE while the ICI
was considered as the Gaussian noise [26], [27]. The JCESD
methods with CPE estimation were proposed based on the
LS [28], [29] method with low computational complexity. In
addition, the tensor based model was derived and optimized
by the bilinear alternating LS method [30]. Secondly, the PN
estimation methods focused on the estimations of both CPE
and ICI [26], [31]. The extended Kalman filter (EKF) and
WLS methods were combined to track the PN and estimate the
channel state information (CSI) and transmitted signals [32].
In addition, the variational expectation maximization (VEM)
method [33] was proposed and the PN was parameterized by
the basis vectors related to the covariance matrix. Moreover,
the orthogonal matching pursuit (OMP) and pattern search
methods [34] were combined and dealt with the truncated PN
in frequency domain. Furthermore, the maximum a posteriori
(MAP) [35], [36] criterion was proposed to combine the
statistical prior and likelihood information and dealt with
the truncated PN [35] and complete PN [36], respectively.
Generally, compared to the CPE estimation methods, the PN
estimation methods achieved better performance but suffered
from high computational complexity and increased the load of
the system significantly [26]. Therefore, the JCESD methods
with PN estimation in MIMO-OFDM system need to be
studied and improved to achieve great performance with low
computational complexity.

C. Motivations
In this paper, the JCESD method based on the MAP

criterion under the assumption of Wiener process for PN
is proposed in MIMO-OFDM system, which is called the
JCESD-PN-MAP method, to achieve great performance with
low computational complexity and the major motivations are
described as follows.

To achieve great performance, the MAP criterion is applied
to combine the statistical prior and likelihood information [36],
[37]. The joint signal detection and PN estimation method
based on the MAP criterion [37] achieved great performance
in MIMO-OFDM system and confirmed the effectiveness of
MAP criterion but it required perfect CSI, which was not
realistic. In addition, The joint signal detection and PN esti-
mation method based on the MAP criterion [36] was proposed
with a separate channel estimation before the iterations, which
was not sufficient and degraded the performance of MIMO-
OFDM system. Therefore, the MAP criterion needs to be
further studied to consider the channel estimation sufficiently
and jointly.

In addition, the PN estimation methods suffered from high
computational complexity and increase the load of the system
significantly [26]. Especially, the computational complexity of
[36], [37] increased three-order with the numbers of subcarri-
ers and transmitting/receiving antennas. To reduce the compu-
tational complexity, the structures of matrices in MAP criterion

are analyzed and the optimization processes can be simplified
significantly. There are some unitary matrices due to the PN
and discrete Fourier transform (DFT) and sparse or block
diagonal matrices due to the channel matrix. Furthermore,
many statistical methods and numerical simulations considered
the PN as the Wiener process [26], [36]–[39], which can be
applied as the prior information for PN, and the tridiagonal
structure related to its covariance matrix is proved in this paper
and can be utilized to reduce the computational complexity
significantly.

D. Contributions and Novelties

In this paper, the JCESD-PN-MAP method is proposed
and the major contributions and novelties of this paper are
summarized as follows:
• The MAP criterion for JCESD and PN estimation is

derived based on Bayesian theories in MIMO-OFDM
system to achieve great performance. In addition, the PN
is described by the Wiener process [26], [36]–[39] and
the tridiagonal structure related to its covariance matrix is
derived, which simplifies the optimization processes and
reduces the computation complexity significantly.

• The optimization of MAP criterion for PN of receiving
antennas is translated into solving a tridiagonal linear
equation and optimized based on the Gaussian elimina-
tion (GE) method [39], [40] to reduce the computation
complexity1 from O(N3

rN
3) [36], [37] to 8NrN , where

O is the order of computational complexit.
• The optimization of MAP criterion for PN of transmit-

ting antennas is translated into solving a sparse linear
equation and optimized based on the GE method to
reduce the computational complexity from O(N3

t N
3)

[36], [37] to O(N3
t NL

2). When Nt and L are not very
small, the computational complexity is further reduced to
O(N3

t N+NrN logN+K ·2NtN logN+K ·8NtN) by
applying the alternating direction method of multipliers
(ADMM) method [41] to decompose it into two simpler
subproblems.

• The optimizations of MAP criterion for channel responses
and transmitted signals are translated into solving two
block diagonal linear equations and solved by calculating
the inverse matrix with low computation complexity, and
the computational complexity for channel responses is
reduced from O(N3

rN
3
t L

3) [36], [37] to O(N3
t L

3).

E. Organization and Notations

The rest of this paper is organized as follows. The model
of MIMO-OFDM system with PN is introduced and the
structures of matrices are analyzed in Section II. In addition,
the models of PN are described in Section III. Moreover, the
JCESD-PN-MAP method is proposed for the JCESD and PN
estimation in Section IV. Furthermore, the numerical results
and complexity analysis demonstrate the effectiveness of our
proposed method in Section V. Lastly, the paper is concluded
in Section VI.

1N , Nr , Nt, L and K are the numbers of subcarriers, receiving antennas,
transmitting antennas, paths of channel responses and iterations of ADMM
method. Generally, L is much smaller than N .
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Throughout this paper, the bold lower-case and upper-case
letters denote the vectors and matrices, respectively, and the
unbold letters refer the scalars. In addition, (·)H, (·)T, (·)−1,
ej(·), || · ||F, <{·} and ={·} represent the Hermite transpose,
transpose, inverse, complex exponent, Frobenius norm, real
part and imaginary part of a matrix or vector, respectively.
Moreover, [(·)T, (·)T, · · · ]T is the vector composed of multiple
vectors. Additionally, CN , RN , CN×M and RN×M refer the
sets of all complex and real vectors and matrices, respectively.
Furthermore, CN and N denote the complex and real Gaus-
sian distributions, respectively. Finally, 0K , 1K and IK denote
the K-dimensional all-zero vector, all-one vector and identity
matrix, respectively, and ΩI,J,··· denotes the set of integers
{(i, j, · · · )|0 ≤ i ≤ I − 1, 0 ≤ j ≤ J − 1, · · · }.

II. SYSTEM MODEL

In this section, the MIMO-OFDM system with PN is intro-
duced and the structures of matrices are analyzed. In additon,
the equivalent channel responses and PN are mentioned.

A. MIMO-OFDM System with PN
Considering Nt transmitting antennas, Nr receiving anten-

nas and N subcarriers, the MIMO-OFDM system with PN
[36] can be represented as2

yq = ejθq �
Nt−1∑
p=0

(
hp,q ⊗ (ejφp � xp)

)
+wq (1)

for p, q ∈ ΩNt,Nr
, where x̄p ∈ CN , xp = F Hx̄p ∈ CN ,

ȳq = Fyq ∈ CN and yq ∈ CN are the transmitted signals
of p-th transmitting antenna and received signals of q-th
receiving antenna in frequency and time domain, respectively,
in which F ∈ CN×N is the N -point DFT matrix. In addition,
h̄p,q = F ĥp,q ∈ CN and hp,q ∈ CL are the channel responses
between p-th transmitting antenna and q-th receiving antenna
in frequency and time domain, respectively, in which L is the
number of paths and ĥp,q ∈ CN is obtained by padding hp,q
with N−L zeros. Moreover, w̄q = Fwq ∈ CN and wq ∈ CN
are the white Gaussian noise of q-th receiving antenna in fre-
quency and time domain, respectively. Additionally, φp ∈ RN
and θq ∈ RN are the PN of p-th transmitting antenna and PN
of q-th receiving antenna in time domain3, respectively, which
are introduced in Section III. Furthermore, ⊗ and � are the
cyclic convolution and Hadamard product operators, and j is
the imaginary unit. Finally, it should be noted that parts of
transmitted signals are known as the pilots while others are
unknown and need to be estimated as described in Section IV.

It can be obtained from Eq. (1) [36] that

ȳ = T (θ,φ,h, x̄) + w̄ (2)

= FNr
DθChDφF

H
Nt
x̄+ w̄

= FNrDθF
H
Nr
Dh̄FNtDφF

H
Nt
x̄+ w̄, (3)

2In this paper, ā denotes the representation in frequency domain corre-
sponding to a variable a.

3Independent oscillators of different antennas are considered for single user
[36], [37] and multiple users [33], and therefore independent PN is considered
for different antennas in this paper. The shared oscillators are easier to be
processed with the same mathematical principles, which is not the focus of
this paper.

where T (·) represents the process described in Eq. (1). In ad-
dition, x̄ = [x̄T

0, x̄
T
1, · · · , x̄T

Nt−1]T ∈ CNtN , hq = [hT
0,q,h

T
1,q,

· · · ,hT
Nt−1,q]

T ∈ CNtL and h = [hT
0,h

T
1, · · · ,h

T
Nr−1]T ∈

CNrNtL. Moreover, ȳ ∈ CNrN , θ ∈ RNrN , φ ∈ RNtN ,
w̄ ∈ CNrN , y ∈ CNrN , x ∈ CNtN and w ∈ CNrN are
defined similar to x̄ while h̄q ∈ CNtN and h̄ ∈ CNrNtN are
defined similar to hq and h. Additionally, Dθ ∈ CNrN×NrN

and Dφ ∈ CNtN×NtN are corresponding diagonal matrices
of ejθ and ejφ, respectively. Furthermore, FNr ∈ CNrN×NrN

and FNt
∈ CNtN×NtN are the corresponding block diagonal

matrices of F with different dimensions. Finally, Ch ∈
CNrN×NtN and Dh̄ ∈ CNrN×NtN are defined as

Ch =

 Ch0,0
· · · ChNt−1,0

...
. . .

...
Ch0,Nr−1

· · · ChNt−1,Nr−1

 (4)

and

Dh̄ =

 Dh̄0,0
· · · Dh̄Nt−1,0

...
. . .

...
Dh̄0,Nr−1

· · · Dh̄Nt−1,Nr−1

, (5)

respectively, in which Chp,q ∈ CN×N and Dh̄p,q
∈ CN×N

are the corresponding circular matrix of ĥp,q and correspond-
ing diagonal matrix of h̄p,q , respectively, and it should be
noted that Ch = F H

Nr
Dh̄FNt

according to the property of
DFT matrix.

One form of T (·) is given in Eq. (3), which is used for
the estimation of transmitted signals x̄, and other equivalent
forms for the estimations of PN of receiving antennas θ, PN
of transmitting antennas φ and channel responses h are given
in Section IV.

B. Structure of Matrices

It should be noted that Dθ and Dφ are diagonal and unitary
matrices while FNr

and FNt
are block diagonal and unitary

matrices. In addition, Chp,q
is a sparse and circular matrix

with L non-zero elements per row and Dh̄p,q
is a diagonal

matrix. Therefore, it can be obtained that CH
hCh =

∑Nr−1
q=0 CH

h0,q
Ch0,q

· · ·
∑Nr−1
q=0 CH

h0,q
ChNt−1,q

...
. . .

...∑Nr−1
q=0 CH

hNt−1,q
Ch0,q

· · ·
∑Nr−1
q=0 CH

hNt−1,q
ChNt−1,q

 (6)

∈ CNtN×NtN is a sparse matrix with Nt(2L − 1) non-zero
elements per row and DH

h̄Dh̄ =
∑Nr−1
q=0 DH

h̄0,q
Dh̄0,q

· · ·
∑Nr−1
q=0 DH

h̄0,q
Dh̄Nt−1,q

...
. . .

...∑Nr−1
q=0 DH

h̄Nt−1,q
Dh̄0,q

· · ·
∑Nr−1
q=0 DH

h̄Nt−1,q
Dh̄Nt−1,q

 (7)

∈ CNtN×NtN is a block diagonal matrix (after rearranging
its rows and columns according to order [0, Nt, · · · , Nt(Nt−
1), 1, 1+Nt, · · · , 1+Nt(Nt−1), 2, · · · , N2

t −1)]T ∈ RNtN ),
whose inverse matrix can be calculated with the computation
complexity of O(N3

t N). It should be noted that Ch =
F H
Nr
Dh̄FNt

according to the property of DFT matrix.
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All the above properties and others related to PN given in
Section III can simplify the optimization processes described
in Section IV significantly.

C. Equivalent Channel Responses and PN

In fact, the equivalent channel responses h̃p,q = ejφ̂pejθ̂q

hp,q , PN of receiving antennas θ̃q = θq − θ̂q1N and PN
of transmitting antennas φ̃p = φp − φ̂p1N are estimated,
which also satisfy Eq. (1), where θ̂q = 1

N

∑N−1
n=0 θq(n) and

φ̂p = 1
N

∑N−1
n=0 φp(n) represent the CPE [9]. The equivalent

channel responses h̃ are defined according to h̃p,q with similar
relationship between h and hp,q in Eq. (3). In addition, the
equivalent PN θ̃ and φ̃ are defined according to θ̃q and φ̃p
with similar relationships among θ, θq , φ and φp in Eq. (3),
and their expectations are both all-zero vectors. Therefore, the
initializations of PN in Section IV can be configured as all-zero
vectors. For convenience, the equivalent channel responses and
PN of transmitting and receiving antennas are still called as
h, θ and φ.

III. PN MODELS

The power spectrum density (PSD) model is an empirical
model and applied to the generation of PN in the simulations,
which is more practical but difficult to handle. In addition,
the Wiener process model is a statistical model and applied
to design of our proposed JCESD-PN-MAP method in this
paper, which is easy to handle and also accurate.

A. PSD Model

The PSD model can be used to describe PN [42], [43] and
a typical PSD curve4 from 3GPP TR 38.803 is presented as

STotal(f) =

{
SRef(f) + SPLL(f), f < fLoopBW

SVCO v2(f) + SVCO v3(f), f > fLoopBW
, (8)

where

SRef/PLL/VCO v2/VCO v3(f) = P0 ·
(1 + ( ffz )k

1 + fk

)
dB

and

P0 = PFOM + 20 log fc − 10 log(
P

1 mW
) dB,

in which fLoopBW is the loop bandwidth, PFOM is the figure of
merit, fc is the carrier frequency, P is the consumed power,
fz and k are the control parameters. Moreover, {Ref, PLL,
VCO v2, VCO v3} represent different models of PN and the
parameter settings of these models for user equipment (UE)
and base station (BS) can be seen in TABLE I, which will be
employed for the generation of PN in the simulations5.

4The PSD curve is obtained from 3GPP TR 38.803, Study on new radio
access technology: Radio Frequency (RF) and co-existence aspects, (Release
14), 2022-04 (https://www.3gpp.org/ftp/Specs/archive/38 series/38.803/).

5The method for the generation of PN is cited as: Alex Bar-Guy (2022).
Phase Noise (https://www.mathworks.com/matlabcentral/fileexchange/8844-
phase-noise), MATLAB Central File Exchange.

TABLE I: The parameter settings of PSD model for UE/BS

Model: UE / BS
Ref PLL VCO v2 VCO v3

fc [GHz] 10 ∼ 60 / 10 ∼ 60
fLoopBW [kHz] 187 / 112
PFOM [dB] -215 / -240 -240 / -245 -175 / -187 -175 / -130
fz [Hz] Inf / Inf 1e4 / 1e4 50.3e6 / 8e6 Inf / Inf
P [mW] 10 / 10 20 / 20 20 / 50 20 / 50

k 2 / 2 1 / 1 2 / 2 3 / 3

B. Wiener Process Model

The PN is also widely described by the Wiener process [26],
[36]–[39] model as

φp(n) =

n∑
m=0

vp(m), θq(n) =

n∑
m=0

uq(m) (9)

for p, q, n ∈ ΩNt,Nr,N , where {vp(m)}N−1m=0 and {uq(m)}N−1m=0

follow the independent identically distributed (i.i.d) real Gaus-
sian distribution in time domain and the average powers are
σ2
v and σ2

u, respectively.
Consequently, the PN of both transmitting and receiving

antennas follows the multivariate real Gaussian distribution as

P{φp} = N (φp|0N , σ2
vΣ), P{θq} = N (θq|0N , σ2

uΣ) (10)

for p, q ∈ ΩNt,Nr
, where the normalized covariance matrix

Σ ∈ RN×N and its inverse matrix Σ−1 ∈ RN×N are

Σ =



1 1 1 1 · · · 1
1 2 2 2 · · · 2
1 2 3 3 · · · 3

1 2 3 4 · · ·
...

...
...

...
...

. . . N − 1
1 2 3 · · · N − 1 N


(11)

and

Σ−1 =



2 −1 0 · · · · · · 0

−1 2 −1
. . .

...

0 −1 2 −1
. . .

...
...

. . . −1
. . . . . . 0

...
. . . . . . 2 −1

0 · · · · · · 0 −1 1


, (12)

respectively. In fact, the (m,n)-th element of the normalized
covariance matrix can be calculated by

Σm,n =
1

σ2
v

E[φp(m)φp(n)] =
1

σ2
v

m∑
k=0

n∑
l=0

E[vp(k)vp(l)]

=
1

σ2
v

min(m,n)∑
k=0

E[v2p(k)] = min(m,n) + 1 (13)

for p,m, n ∈ ΩNt,N,N , because E[vp(k)vp(l)] = 0 for k 6=
l ∈ ΩN,N and E[vp(k)vp(l)] = σ2

v for k = l ∈ ΩN,N . In
addition, the same conclusion can be obtained by calculating
Σm,n = 1

σ2
u
E[θq(m)θq(n)] for q,m, n ∈ ΩNr,N,N .



JOURNAL OF LATEX CLASS FILES, VOL. 14, NO. 8, AUGUST 2021 5

It can be obtained from Eq. (9) and (10) that

P{φ} = N (φ|0NtN , σ
2
vΣNt

),

P{θ} = N (θ|0NrN , σ
2
uΣNr

), (14)

where ΣNt
∈ CNtN×NtN and ΣNr

∈ CNrN×NrN are
the corresponding block diagonal matrices of the normalized
covariance matrix Σ with different dimensions.

The above properties of block diagonal matrices of Σ−1Nt
and

Σ−1Nr
as well as the tridiagonal matrix of Σ−1 can simplify the

optimization process described in Section IV significantly.

IV. JCESD-PN-MAP METHOD

In this section, the details of our proposed JCESD-PN-MAP
method will be presented. In Section IV(A), the MAP criterion
for the JCESD and PN estimation is derived based on Bayesian
theories. In Section IV(B) - (E), the optimizations for PN
of receiving antennas, PN of transmitting antennas, channel
responses and transmitted signals6 are described, respectively.
In Section IV(F), whole process of our proposed JCESD-
PN-MAP method and initialization scheme are described. In
Section IV(G), the computation complexity of our proposed
JCESD-PN-MAP and compared methods is given.

A. MAP Criterion
According to Bayesian theories, the posteriori probability

related to the process in Eq. (2) can be represented as

P{θ,φ,h, x̄|ȳ} =
P{ȳ|θ,φ,h, x̄}P{θ}P{φ}P{h}P{x̄}

P{ȳ}
,

(15)

and the MAP criterion [36], [37], [39] is to maximize the
posteriori probability or minimize its negative logarithmic
function as

min
θ,φ,h,x̄

{
G(θ,φ,h, x̄) = − lnP{ȳ|θ,φ,h, x̄} − lnP{θ}

− lnP{φ} − lnP{h} − lnP{x̄}
}
, (16)

where the constant lnP{ȳ} is ignored. In addition, P{φ} and
P{θ} are given in Eq. (14). Moreover, it is assumed that

P{ȳ|θ,φ,h, x̄} = CN (ȳ − T (θ,φ,h, x̄)|0NrN , σ
2
wINrN ),

P{x̄} = CN (x̄|0NtN , σ
2
xINtN ),

P{h} = CN (h|0NrNtL, σ
2
hINrNtL), (17)

in which σ2
x, σ2

h and σ2
w are the average powers of x̄, h and

w̄, respectively [36].
The details of negative logarithmic function G(θ,φ,h, x̄)

in Eq. (16) can be seen in Appendix. The PN of receiving
antennas, PN of transmitting antennas, channel responses and
transmitted signals are estimated alternately according to Eq.
(16) after the initializations of them by applying the pilots, and
the negative logarithmic function decreases through each step
in the above iterations. The whole process of our proposed
JCESD-PN-MAP method as well as the initialization scheme
is summarized in subsection (F) according to the derivations
given in subsection (B) - (E).

6In fact, the transmitted signals that need to be estimated are the unknown
ones and the pilots are known.

B. Estimation for PN of Receiving Antennas

Eq. (2) can be rewritten as

ȳ = T (θ,φ,h, x̄) + w̄ = FNr
Dse

jθ + w̄ (18)

for the estimation of PN of receiving antennas θ, where
Ds ∈ CNrN×NrN is the corresponding diagonal matrix of
the vector s = Chr = F H

Nr
Dh̄ FNt

r ∈ CNrN . In addition,
r = Dφx ∈ CNtN and x = F H

Nt
x̄ ∈ CNtN .

1) Objective Function: According to Eq. (16) and (18), the
MAP criterion for estimation of PN of receiving antennas θ
is a minimization problem as

min
θ
G0(θ) = min

θ

{ ||ȳ − FNr
Dse

jθ||2F
σ2
w

+
θTΣ−1Nr

θ

2σ2
u

}
(19)

by giving the estimated PN of transmitting antennas φ, esti-
mated channel responses h and estimated transmitted signals
x̄ and ignoring other constant terms relative to θ.

Considering the linear approximation ejθ ≈ 1 + jθ [36]–
[38] and the unitary matrix FNr

, the minimization problem
(19) can be rewritten as

min
θ
G′0(θ) = min

θ

{ ||z − jDsθ||2F
σ2
w

+
θTΣ−1Nr

θ

2σ2
u

}
, (20)

where z = y − s ∈ CNrN and y = F H
Nr
ȳ ∈ CNrN .

2) Optimization Method: The optimization problem (20) is
convex and equivalent to solving ∂G′0(θ)

∂θ = 0NrN , which is(
DH
sDs +

σ2
w

2σ2
u

Σ−1Nr

)
θ = ={DH

sz}, (21)

and can be solved by the GE method with the computational
complexity of 8NrN [39], [40] rather than O(N3

rN
3) given

in [36], [37] because of the tridiagonal structure of DH
sDs +

σ2
w

2σ2
u
Σ−1Nr

and no calculation of its inverse matrix.

C. Estimation for PN of Transmitting Antennas

Eq. (2) can be rewritten as

ȳ = T (θ,φ,h, x̄) + w̄ = FNrDθChDxe
jφ + w̄ (22)

for the estimation of PN of transmitting antennas φ, where
Dx ∈ CNtN×NtN is the corresponding diagonal matrix of
x = F H

Nt
x̄ ∈ CNtN .

1) Objective Function: According to Eq. (16) and (22), the
MAP criterion for estimation of PN of transmitting antennas
φ is a minimization problem as

min
φ
G1(φ) = min

φ

{ ||ȳ − FNrDθChDxe
jφ||2F

σ2
w

+
φTΣ−1

Nt
φ

2σ2
v

}
(23)

by giving the estimated PN of receiving antennas θ, estimated
channel responses h and estimated transmitted signals x̄ and
ignoring other constant terms relative to φ.

Considering the linear approximation ejφ ≈ 1 + jφ [36]–
[38] as well as the unitary matrices FNr

and Dθ, the
minimization problem (23) can be rewritten as

min
φ
G′1(φ) = min

φ

{ ||ẑ − jChDxφ||2F
σ2
w

+
φTΣ−1Nt

φ

2σ2
v

}
, (24)
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where ẑ = ŷ − ŝ ∈ CNrN , ŷ = DH
θy ∈ CNrN and ŝ =

Chx = F H
Nr
Dh̄FNtx ∈ CNrN . In addition, x = F H

Nt
x̄ ∈

CNtN and y = F H
Nr
ȳ ∈ CNrN .

2) First Optimization Method of Eq. (24): The optimization
problem (24) is convex and equivalent to solving ∂G′1(φ)

∂φ =
0NtN , which is(
<{DH

xC
H
hChDx}+

σ2
w

2σ2
v

Σ−1Nt

)
φ = ={DH

xC
H
hẑ}, (25)

and can be solved exactly by the GE method with the computa-
tional complexity of O(N3

t NL
2) [40] rather than O(N3

t N
3)

given in [36], [37] because of the same sparse structure of
<{DH

xC
H
hChDx} +

σ2
w

2σ2
v
Σ−1Nt

as CH
hCh and no calculation

of its inverse matrix. Generally, L is much smaller than N .
3) Second Optimization Method of Eq. (24): The first

optimization method reduces the computational complexity
from O(N3

t N
3) to O(N3

t NL
2). when Nt and L are not very

small, the minimization problem (24) can be optimized by
the ADMM method [41] and transformed into two simpler
minimization subproblems to further reduce the computational
complexity, which will be simply described.

The minimization problem (24) is equivalent to a condi-
tional minimization problem, which is

min
x̂,φ

G′′1(x̂,φ) = min
x̂,φ

{ ||ẑ − jChx̂||2F
σ2
w

+
φTΣ−1Nt

φ

2σ2
v

}
,

s.t. x̂ = Dxφ, (26)

where x̂ is a intermediate variable. In addition, its augmented
Lagrange function is

L(x̂,φ,λ) =
||ẑ − jChx̂||2F

σ2
w

+
φTΣ−1Nt

φ

2σ2
v

+
ρ

2
||x̂−Dxφ||2F

+ <{λH(x̂−Dxφ)}, (27)

where ρ ∈ R is the penalty factor and λ ∈ CNtN is
the Lagrange multiplier, and the optimization process can be
represented as

x̂(k+1) = min
x̂
L(x̂,φ(k),λ(k)), (28)

φ(k+1) = min
φ
L(x̂(k+1),φ,λ(k)), (29)

λ(k+1) = λ(k) + ρ
∂L(x̂(k+1),φ(k+1),λ)

∂λ

∣∣∣
λ=λ(k)

, (30)

where k is the index of iterations of ADMM method and
∂L(x̂(k+1),φ(k+1),λ)

∂λ

∣∣∣
λ=λ(k)

= (x̂(k+1) −Dxφ(k+1))
H.

In addition, the optimization problem (28) is convex and
equivalent to solving

∂L(x̂,φ(k),λ(k))

∂x̂

∣∣∣
x̂=x̂(k+1)

= 0NtN , which

is (
2DH

h̄Dh̄ + ρσ2
wINtN

)
FNt

x̂(k+1) =

− 2jDH
h̄FNr ẑ + FNt

(
ρσ2

wDxφ(k) − σ2
wλ

H
(k)

)
(31)

by considering that Ch = F H
Nr
Dh̄FNt

.
The inverse matrix of 2DH

h̄Dh̄ + ρσ2
wINtN ∈ CNtN×NtN

can be calculated with the computation complexity of
O(N3

t N) because of the same block diagonal structure of

2DH
h̄Dh̄ + ρσ2

wINtN as DH
h̄Dh̄. In addition, it should

be noted that the matrices
(

2DH
h̄Dh̄ + ρσ2

wINtN

)−1
and

DH
h̄FNr

ẑ only need to be calculated once for iterations.
Therefore, the computation complexity for the optimization of
Eq. (31) is O(N3

t N +NrN logN +K · 2NtN logN), where
K is the number of iterations of ADMM method.

Furthermore, the optimization problem (29) is convex and
equivalent to solving ∂L(x̂(k+1),φ,λ(k))

∂φ

∣∣∣
φ=φ(k+1)

= 0NtN ,

which is(
Σ−1Nt

+ ρσ2
vD

H
xDx

)
φ(k+1) =

<{ρσ2
vD

H
xx̂(k+1) + σ2

vD
H
xλ

H
(k)}, (32)

and can be solved with the computational complexity of K ·
8NtN [39], [40] because of the tridiagonal structure of Σ−1Nt

+

ρσ2
vD

H
xDx ∈ RNtN×NtN .

Moreover, the penalty factor ρ = 1
σ2
w

and the number of
iterations K = 3 are selected in the simulation, and lower
computational complexity can be obtained through the second
optimization method when Nt and L are not very small, which
can been seen in Section IV(G).

D. Estimation for Channel Responses
Eq. (2) can be rewritten as

ȳ = T (θ,φ,h, x̄) + w̄ = FNr
DθDrh+ w̄ (33)

for the estimation of channel responses h, where

Dr =


Cr

Cr
. . .

Cr

 ∈ CNrN×NrNtL,

Cr = [Cr1 , · · · ,CrNt−1
] ∈ CN×NtL and Crq ∈ CN×L is

the first L columns of corresponding circular matrix of rq and
rq ∈ CN is composed of the qN -th to (q+1)N -th elements of
r. In addition, r = Dφx ∈ CNtN and x = F H

Nt
x̄ ∈ CNtN .

1) Objective Function: According to Eq. (16) and (33), the
MAP criterion for the estimation of channel responses h is a
minimization problem as

min
h
G2(h) = min

h

{ ||ȳ − FNr
DθDrh||2F
σ2
w

+
||h||2F
σ2
h

}
(34)

by giving the estimated PN of receiving antennas θ, estimated
PN of transmitting antennas φ and estimated transmitted
signals x̄ and ignoring other constant terms relative to h.

2) Optimization Method: The optimization problem (34) is
convex and equivalent to solving ∂G2(h)

∂h = 0NrNtL, which is(
DH
rDr +

σ2
w

σ2
h

INrNtL

)
h = DH

r ŷ, (35)

where ŷ = DH
θy ∈ CNrN and y = F H

Nr
ȳ ∈ CNrN .

The inverse matrix of DH
rDr+

σ2
w

σ2
h
INrNtL ∈ CNrNtL×NrNtL

can be calculated with the computational complexity of
O(N3

t L
3) rather than O(N3

rN
3
t L

3) given in [36] because
the matrix DH

rDr +
σ2
w

σ2
h
INrNtL is a low dimensional block

diagonal matrix with Nr identical blocks CH
rCr+

σ2
w

σ2
h
INtL ∈

CNtL×NtL.
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E. Estimation for Transmitted Signals
1) Objective Function: According to Eq. (16) and (3), the

MAP criterion for the estimation of transmitted signals x̄ is a
minimization problem as

min
x̄
G3(x̄) = min

x̄

{ ||ȳ − FNrDθChDφF
H
Nt
x̄||2F

σ2
w

+
||x̄||2F
σ2
x

}
(36)

by giving the estimated PN of receiving antennas θ, esti-
mated PN of transmitting antennas φ and estimated channel
responses h and ignoring other constant terms relative to x̄.

2) Optimization Method: The optimization problem (36) is
convex and equivalent to solving ∂G3(x̄)

∂x̄ = 0NtN , which is(
DH
h̄Dh̄ +

σ2
w

σ2
x

INtN

)
FNt

DφF
H
Nt
x̄ = DH

h̄FNr
ŷ (37)

by considering the unitary matrices Dθ, Dφ, FNr and FNt

as well as that Ch = F H
Nr
Dh̄FNt described in Eq. (5). In

addition, the hard decision is performed and the pilots are
replaced by their true values.

The inverse matrix of DH
h̄Dh̄+

σ2
w

σ2
x
INtN ∈ CNtN×NtN can

be calculated with the computation complexity of O(N3
t N)

because the matrix DH
h̄Dh̄ +

σ2
w

σ2
x
INtN has the same block

diagonal structure as DH
h̄Dh̄. Therefore, the computation

complexity for the optimization of Eq. (37) is O(N3
t N +

2NtN logN +NrN logN).

F. Summary of JCESD-PN-MAP Method
According to the derivations in subsection (B) - (E), the

whole process of JCESD-PN-MAP method is summarized in
Algorithm 1 and Fig. 1, in which the convergence condition
is that the estimated transmitted signals do not change and M
is the maximum number of iterations.

Algorithm 1 JCESD-PN-MAP Method

Require: the received signals ȳ and pilots P x̄;
Ensure: the PN of receiving antennas θ, PN of transmitting

antennas φ, channel responses h, transmitted signals x̄;
1: initialization: the PN of receiving antennas θ and PN

of transmitting antennas φ are both all-zero vectors and
channel responses h are given by Eq. (40);

2: while not converged do
3: update the transmitted signals x̄ according to Eq. (37)

and hard decision;
4: update the PN of receiving antennas θ according to

Eq. (21);
5: update the PN of transmitting antennas φ according to

Eq. (25) or Eq. (28) - (30);
6: update the channel responses h according to Eq. (35);
7: end while

The initialization scheme will be simply described. As
described in Section II(C), the initializations of both PN of
receiving antennas θ and PN of transmitting antennas φ can
be configured as all-zero vectors. In this case, Eq. (3) can be
rewritten as

ȳ = FNr
ChF

H
Nt
x̄+ w̄. (38)

Fig. 1. One iteration of JCESD-PN-MAP method.

By considering the pilots, it can be obtained that

ȳ = FNrChF
H
Nt
P x̄+ ŵ = FNrDr̂h+ ŵ, (39)

where ŵ = FNrChF
H
Nt

(INtN−P )x̄+w̄ ∈ CNrN and P ∈
RNtN×NtN is a diagonal matrix with the diagonal elements
of 1 or 0, which represents the position of pilots. In addition,
Dr̂ ∈ CNrN×NrNtL andC r̂ ∈ CN×NtL are defined similar to
Dr and Cr in Eq. (33) and r̂ = F H

Nt
P x̄ ∈ CNtN . Therefore,

the initializations of channel responses h can be obtained by
the LS estimation of Eq. (39), which is

h =
[
DH
r̂Dr̂

]−1
DH
r̂y. (40)

G. Computation Complexity

The computation complexity of our proposed JCESD-PN-
MAP for each iteration are analyzed as follows and summa-
rized in TABLE II.

1) Estimation for PN of Receiving Antennas: The main part
for the construction of Eq. (21) is the calculation of s, which
requires the computation complexity of O(2NtN logN +
NrN logN). In addition, the optimization of Eq. (21) requires
the computation complexity of 8NrN .

2) Estimation for PN of Transmitting Antennas: For the
first optimization method, the main parts for the construction
of Eq. (25) are the calculations of ẑ and CH

hCh, which require
the computation complexity of O(NtN logN + NrN logN)
and O(NrN

2
t L

2), respectively. In addition, the optimization of
Eq. (25) requires the computation complexity of O(N3

t NL
2).

For the second optimization method, the main part for the
construction of Eq. (27) is the calculation of ẑ, which requires
the computation complexity of O(NtN logN +NrN logN).
In addition, the optimization of (28)/(31) and (29)/(32) require
the computation complexity of O(N3

t N + NrN logN + K ·
2NtN logN) and K · 8NtN , respectively.

3) Estimation for Channel Responses: The main parts for
the construction of Eq. (35) are the calculations of CH

rCr
and DH

r ŷ, which require the computation complexity of
O(N2

t NL
2) and O(NtNL). In addition, the optimization of

Eq. (35) requires the computation complexity of O(N3
t L

3).
4) Estimation for Transmitted Signals: The main part for

the construction of Eq. (37) is the calculation of h̄, which
requires the computation complexity of O(NrNtN logN). In
addition, the optimization of Eq. (37) requires the computation
complexity of O(N3

t N + 2NtN logN +NrN logN).
The computation complexity of compared methods in [37],

[36], [34] for each iteration are summarized in TABLE
II. As described above, the computation complexity of our
proposed JCESD-PN-MAP method increases at most linearly
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TABLE II: The computational complexity of our proposed JCESD-PN-MAP and compared methods for each iteration

Method Steps Construction Optimization
Eq. (21) O(2NtN logN +NrNtNL) 8NrN

JCESD-PN-MAP Eq. (25) / (28) - (30) O(NtN logN +NrN logN) O(N3
t NL

2) or O(N3
t N +NrN logN +K · 2NtN logN +K · 8NtN)

Method Eq. (35) O(N2
t NL

2), O(NtNL) O(N3
t L

3)
Eq. (37) O(NrNtN logN) O(N3

t N + 2NtN logN +NrN logN)
[37] - O(N3

rN
3) +O(N3

t N
3) + O(N3

t N + 2NtN logN +NrN logN)
[36] - O(N3

rN
3) +O(N3

t N
3) + O(N3

rN
3
t L

3) + O(N3
t N + 2NtN logN +NrN logN)

[34] - O(ngN2
rNtN

2) + O(ngN2
rNtN

2) + O(N3
rN

3
t L

3) + O(N3
t N + 2NtN logN +NrN logN)

with N logN , Nr, K and two-order with Nt, L regard-
less of the computational complexity of O(N3

t NL
2) and

small computational complexity of N3
t N and O

(
(NtL)3

)
.

However, [37] and [36] requires the calculation of inverse
matrices without the consideration of their structures and the
computation complexity is more than O(N3

t N
3 +N3

rN
3). In

addition, [34] requires the computation complexity of more
than O(ngN

2
rNtN

2), where ng is the number of components
of truncated PN.

Therefore, under the same number of iterations, the compu-
tation complexity of our proposed JCESD-PN-MAP method
is lower than methods in [37], [36] and [34], which reduces
the load of the system significantly7.

V. NUMERICAL RESULTS

In this section, the effectiveness of our proposed JCESD-
PN-MAP method is verified through numerical results under
different settings compared to existing methods.

A. Basic Settings of Simulation

In the simulation, the number of subcarriers is N = 512, the
subcarrier interval is 60 KHz and the modulation scheme is
16-QAM or 64QAM. In addition, the numbers of transmitting
antennas Nt and receiving antennas Nr are from 4 to 8.
Moreover, the pilots are generated with the same modula-
tion scheme as the transmitted signals for convenience, the
proportion of pilots ρ is from 2% to 16% of all data and
the position of pilots is uniformly distributed. Additionally,
the channel is modeled as the multipath channel, in which
each component of hp,q ∈ CL follows the complex Gaussian
distribution CN (0, σ2

h), the number of paths is L = 5 and its
average power is σ2

h = 1. Furthermore, the PN of multiple
transmitting and receiving antennas is generated by the PSD
model described in Section III(A) and the carrier frequency
fc is from 10 to 60 GHz. Furthermore, the signal-to-noise
ratio (SNR) defined as σ2

h·σ
2
x

σ2
w

is from 16 to 30 dB, in which
σ2
x = 1 and σ2

w are the average powers of transmitted signals
and noise, respectively. The basic settings of simulation can be
seen in TABLE III. Finally, the performance is measured by

7For example, it can be obtained that N3
t N

3 +N3
rN

3 ≈ 2.15× 109 and
ngN2

rNtN
2 ≈ 2.10 × 107 when the numbers of subcarriers, transmitting

antennas, receiving antennas, paths of channel responses, components of
truncated PN and iterations of ADMM method are N = 256, Nt = 4,
Nr = 4, L = 5, ng = 5 and K = 3, respectively. In addition, it can be
obtained that N3

t NL
2 ≈ 4.10 × 105 and 8NrN ≈ 8.20 × 103 under the

same settings. Moreover, it can be obtained that N3
t N +NrN logN +K ·

2NtN logN +K · 8NtN ≈ 9.8× 104 under the same settings.

TABLE III: The basic settings of simulation

Setting
MIMO-OFDM Nt, Nr = 4 ∼ 8, N = 512, σ2

x = 1
Modulation 16-QAM or 64QAM

Pilot Position: Uniformly Distributed,
Structure Proportion: ρ = 2% ∼ 16%

Generation Multipath Channel,
of Channel L = 5, σ2

h = 1
Generation 3GPP PSD Model in Section III(A),

of PN fc = 10 ∼ 60 GHz
SNR 16 ∼ 30 dB

Number of Iterations M = 1 ∼ 5

the curves of symbol error rate (SER) and normalized mean
squared error (NMSE) defined as E||he−h||2F

E||h||2F
, where E(·) and

he are the expectations of a random variables and estimated
channel responses, respectively.

Our proposed JCESD-PN-MAP method is compared with
three existing methods: (1) the joint signal detection and PN
estimation method based on MAP criterion with perfect CSI
[37], which is called the Perfect-CSI case, (2) the joint signal
detection and PN estimation method based on MAP criterion
with a separate channel estimation before the iterations [36],
which is called the Separate-CE case, and (3) the pattern
search and compressed sensing based joint channel and PN
estimation and signal detection method [34], which is called
the PS-CS method. The number of iterations of these methods
is also M = 1 ∼ 5.

In addition, the signal detection method based on MAP
criterion with perfect CSI and PN is called the Ideal case.
Moreover, the JCESD method based on MAP criterion without
PN estimation is called the No PN Estimation case.

B. Simulation of Performance Comparison

Firstly, when the numbers of transmitting and receiving
antennas are Nt = Nr = 4, the modulation scheme is 16-
QAM, the proportion of pilots is ρ = 10% and the carrier
frequency is fc = 30 GHz, the SER curves of different
methods under different SNRs are shown in Fig. 2(a). It can
be seen that the SER performance of our proposed JCESD-
PN-MAP method is better than the Separate-CE case signif-
icantly. A separate channel estimation is considered before
the iterations in the Separate-CE case and its performance is
limited by insufficient channel estimation. For our proposed
JCESD-PN-MAP method, the channel estimation is considered
sufficiently in the iterations to achieve better performance. In
addition, the SER performance of our proposed JCESD-PN-
MAP method is also better than the PS-CS method because the
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Fig. 2. The SER and NMSE curves under different SNRs:
Nt = Nr = 2, 16-QAM, ρ = 10%, fc = 30 GHz.

complete PN is estimated in our proposed JCESD-PN-MAP
method rather than the truncated PN in the PS-CS method.
Moreover, perfect CSI is required in the Perfect-CSI case
and the SER performance of our proposed JCESD-PN-MAP
method is close to the Perfect-CSI case, which means that our
proposed JCESD-PN-MAP method can achieve great channel
estimation implicitly.

Under the same settings of Fig. 2(a), the NMSE curves of
different methods under different SNRs are shown in Fig. 2(b).
The NMSE performance of our proposed JCESD-PN-MAP
method is better than the Separate-CE case and PS-CS method,
which means that our proposed JCESD-PN-MAP method can
achieve better channel estimation than the Separate-CE case
and PS-CS method explicitly.

Secondly, different carrier frequencies are considered. When
the numbers of transmitting and receiving antennas are Nt =
Nr = 4, the modulation scheme is 16-QAM, the proportion of
pilots is ρ = 10% and the SNR is 25 dB, the SER and NMSE
curves of different methods under different carrier frequencies
are shown in Fig. 3. Higher carrier frequency means higher
average power of PN and it can be seen that the SER and
NMSE performance of our proposed JCESD-PN-MAP method
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(a) SER
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(b) NMSE

Fig. 3. The SER and NMSE curves under different frequencies:
Nt = Nr = 4, 16-QAM, ρ = 10%, SNR = 25 dB.

is better than the Separate-CE case and PS-CS method and
a little worse than Perfect-CSI case, which confirmes the
effectiveness of our proposed JCESD-PN-MAP method in
signal detection and channel estimation under different carrier
frequencies or average powers of PN.

Thirdly, different proportions of pilots are considered. When
the numbers of transmitting and receiving antennas are Nt =
Nr = 4, the modulation scheme is 16-QAM, the SNR is
25 dB and the carrier frequency is fc = 30 GHz, the
SER and NMSE curves of different methods under different
proportions of pilots are shown in Fig. 4. As seen in Fig. 4(a),
to approach the SER performance of the Perfect-CSI case,
the proportion of pilots of 8% is enough for our proposed
JCESD-PN-MAP method while the proportion of pilots of
about 16% is needed for Separate-CE case. In addition, the
SER performance of PS-CS method is limited even if enough
proportion of pilots is given because it deals with the truncated
PN. In Fig. 4(b), our proposed JCESD-PN-MAP method also
outperforms the Separate-CE case and PS-CS method in the
NMSE performance under different proportions of pilots.

Fourthly, different numbers of iterations are considered.
When the numbers of transmitting and receiving antennas
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Fig. 4. The SER and NMSE curves under different proportions:
Nt = Nr = 4, 16-QAM, fc = 30 GHz, SNR = 25 dB.

are Nt = Nr = 4, the modulation scheme is 16-QAM,
the proportion of pilots is ρ = 10%, the carrier frequency
is fc = 30 GHz and the SNR is 25 dB, the SER and
NMSE curves of different methods under different numbers
of iterations are shown in Fig. 5. It can also be seen that
the performance of Separate-CE case and PS-CS methods is
limited even if having enough number of iterations, because
the separate channel estimation or truncated PN is considered.
In addition, the performance of our proposed JCESD-PN-
MAP method is close to that of Perfect-CSI case with enough
number of iterations.

Additionally, different numbers of OFDM symbols are
considered8. When the numbers of transmitting and receiving
antennas are Nt = Nr = 4, the modulation scheme is 16-
QAM, the proportion of pilots is ρ = 3%, the carrier frequency
is fc = 30 GHz and the SNR is 25 dB, the SER and NMSE
curves of different methods under different numbers of OFDM
symbols (J = 1 ∼ 7) are shown in Fig. 6. As seen in Fig. 6(a),
to approach the SER performance of Perfect-CSI case, three

8Our proposed JCESD-PN-MAP method is extended to the case of multiple
OFDM symbols in Appendix.
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Fig. 5. The SER and NMSE curves under different numbers
of iterations: Nt = Nr = 4, 16-QAM, ρ = 10%, fc = 30
GHz, SNR = 25 dB.

OFDM symbols is enough for our proposed JCESD-PN-MAP
method while more than seven OFDM symbols is needed for
the Separate-CE case. In addition, the SER performance of
PS-CS method is limited even if enough OFDM symbols are
given because it deals with the truncated PN. In Fig. 6(b), the
NMSE performance of our proposed JCESD-PN-MAP method
is also better than the Separate-CE case and PS-CS method
under different numbers of OFDM symbols.

Finally, different numbers of receiving antennas are consid-
ered. In addition, more receiving antennas improve the per-
formance significantly and therefore 64-QAM is considered.
When the number of transmitting antennas is Nt = 4, the
modulation scheme is 64-QAM, the proportion of pilots is
ρ = 10%, the carrier frequency is fc = 30 GHz and the SNR
is 20 dB, the SER and NMSE curves of different methods
under different numbers of receiving antennas are shown in
Fig. 7. It can be seen that our proposed JCESD-PN-MAP
method outperforms the Separate-CE case and PS-CS method
and performs close to the Perfect-CSI case under different
numbers of receiving antennas.
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Fig. 6. The SER and NMSE curves under different numbers of
OFDM symbols: Nt = Nr = 4, 16-QAM, ρ = 3%, fc = 30
GHz, SNR = 25 dB.

VI. CONCLUSION

For MIMO-OFDM system, the channel estimation and
signal detection are the key issues and thier performance is
limited by the PN induced from the imperfect oscillators. In
this paper, the JCESD-PN-MAP method is proposed for the
JCESD and PN estimation based on the MAP criterion under
the assumption of Wiener process for PN in MIMO-OFDM
system. The MAP estimation criterion is derived to combine
the statistical prior and likelihood information and achieve
great performance. In addition, the structures of matrices
in MAP criterion are analyzed to simplify the optimization
processes and reduce the computation complexity. According
to the numerical results, the SER/NMSE performance of our
proposed JCESD-PN-MAP method is better than that of the
compared methods under different settings of simulations.
Furthermore, according to the complexity analysis, the com-
putation complexity of our proposed JCESD-PN-MAP method
is significantly lower than that of the compared methods.
Therefore, the effectiveness of our proposed JCESD-PN-MAP
method is verified in terms of the accuracy and computation
complexity.
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Fig. 7. The SER and NMSE curves under different numbers
of receiving antennas: Nt = 4, 64-QAM, ρ = 10%, fc = 30
GHz, SNR = 20 dB.

APPENDIX

A. Negative Logarithmic Function

By substituting Eq. (14) and (17) into Eq. (16), the negative
logarithmic function can be presented as

G(θ,φ,h, x̄) = NrN ln 2πσ2
w +
||ȳ − T (θ,φ,h, x̄)||2F

σ2
w

+
NrN

2
ln 2πσ2

u +
1

2
ln |ΣNr

|+
θTΣ−1Nr

θ

2σ2
u

+
NtN

2
ln 2πσ2

v

+
1

2
ln |ΣNt

|+
φTΣ−1Nt

φ

2σ2
v

+NrNtL ln 2πσ2
h +
||h||2F
σ2
h

+NtN ln 2πσ2
x +
||x̄||2F
σ2
x

, (41)

where four equivalent forms of T (θ,φ,h, x̄) for the esti-
mations of the PN of receiving antennas, PN of transmitting
antennas, channel responses and transmitted signals are given
in Eq. (18), (22), (33) and (3), respectively.
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B. Extension to Multiple OFDM Symbols

The MIMO-OFDM system with J OFDM symbols is con-
sidered. The channel responses and pilot structure are assumed
to be invariant for J OFDM symbols. Considering the cyclic
prefixes, the correlation of PN among multiple OFDM symbols
is small and can be ignored.

According to the similar derivations in subsection (B) - (E),
(35) can be rewritten as

DH
r(0)Dr(0) +

σ2
w

σ2
h
INrNtL

...
DH
r(J−1)Dr(J−1) +

σ2
w

σ2
h
INrNtL

h =

 DH
r(0) ŷ

(0)

...
DH
r(J−1) ŷ

(J−1)


(42)

for multiple OFDM symbols and Eq. (37), (21) and (25)
or (28) - (30) are still optimized for each OFDM symbol
independently, where the added superscripts represent the
indexs of OFDM symbols.
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