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Signal Detection for OFDM-Based Virtual MIMO
Systems under Unknown Doubly Selective
Channels, Multiple Interferences and Phase Noises

Ke Zhong, Yik-Chung Wu, and Shaoqian Li, Senior Member, IEEE

Abstract—In this paper, the challenging problem of signal de-
tection under severe communication environment that plagued by
unknown doubly selective channels (DSCs), multiple narrowband
interferences (NBIs) and phase noises (PNs) is investigated for or-
thogonal frequency division multiplexing based virtual multiple-
input multiple-output (OFDM-V-MIMO) systems. Based on the
Variational Bayesian Inference framework, a novel iterative algo-
rithm for joint signal detection, DSC, NBI and PN estimations is
proposed. Simulation results demonstrate quick convergence of
the proposed algorithm, and after convergence, the bit-error-rate
performance of the proposed signal detection algorithm is very
close to that of the ideal case which assumes perfect channel
state information, no PN, and known positions and powers of
NBIs plus additive white Gaussian noise. Furthermore, simula-
tion results show that the proposed signal detection algorithm
outperforms other state-of-the-art methods.

Index Terms—Signal detection, virtual multiple-input multiple-
output (V-MIMO), orthogonal frequency division multiplexing
(OFDM), phase noise (PN), doubly selective channel (DSC),
narrowband interference (NBI), Variational Bayesian Inference
(VBI).

I. INTRODUCTION

ULTIPLE-input multiple-output (MIMO) communica-

tion [1] has emerged as an important technology for
boosting spectrum efficiency and system capacity. On the other
hand, orthogonal frequency division multiplexing (OFDM)
[2] provides high-data-rate transmission capability and is
robustness to frequency-selective fading. Therefore, MIMO
combined with OFDM (MIMO-OFDM) is a promising access
scheme for modern communication systems [3]. However,
physical implementation of multiple antennas at a small mo-
bile terminal (MT) may not be feasible due to cost, size, power
and complexity constraints. To overcome this problem, virtual
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A V-MIMO system under unknown DSCs, multiple interferences

MIMO (V-MIMO) [4], [5] is an attractive alternative, where
multiple single-antenna MTs independently or cooperatively
transmit signals to the multiple-antenna base station (BS). In
fact, OFDM-based V-MIMO (OFDM-V-MIMO) has been in-
corporated in recent wireless standards, such as IEEE 802.11e
[6] and 3GPP-LTE [7].

Although with many attractive features, there are a lot of
challenges faced by OFDM-V-MIMO systems in practical
scenarios (depicted in Fig. 1):

1) Due to cost constraint, low-cost oscillators are usually
used in MTs, which results in phase noise (PN). It
is known that the performance of OFDM systems is
very sensitive to PN due to the induced common phase
error (CPE) and inter-carrier interference (ICI) [8], [9].
Making the situation even more challenging is the fact
that in V-MIMO, each MT has its own oscillator, leading
to received signal at BS corrupted by multiple PNs.

2) In emerging communication scenarios, such as femtocell
[10] and cognitive radio systems [11], spectrum sharing
is common. In these systems, sophisticated measures
for detecting and mitigating multiple narrowband inter-
ferences (NBIs) must be employed, otherwise risking
significant degradation of system performance [12].

3) Requesting high-data-rate wireless communication while
under high-speed movement is one of the key features
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in modern communications. In fact, current and future
wireless communication systems, such as 3GPP-LTE
and WiMAX, are required to provide support for high-
mobility users at speeds up to 350km/h. High mobility
together with high data rate result in time and frequency
selectivities in channel (i.e., doubly selective channel,
DSC), which significantly complicate channel estimation
and signal detection in OFDM and multiple-antenna
systems [3], [13].

Any one of the above challenges calls for extensive re-
search, let alone all three together. In fact, previous works on
related topics only consider subsets of the problems mentioned
above. In particular, assuming the channel is perfectly known,
signal detection and PN cancelation was investigated under
time-invariant frequency-selective channel (TIFSC) in [14],
[15] and DSC in [16], respectively. For static channel esti-
mation under PN, it was investigated in [17] using Maximum
A Posteriori (MAP) estimator, and in [18] using sequential
Monte Carlo (SMC) based algorithm. To deal with NBIs,
expectation-maximization (EM) algorithms were developed to
jointly estimate TIFSC and NBI in [19], and to detect data
under NBI in [20], respectively. On the other hand, joint
channel estimation and signal detection was investigated for
OFDM systems under static channel [21], [22] and under DSC
[23], respectively. For data detection under unknown TIFSC
and PN, it was addressed in [24] based on pilot-aided estimator
and decision-feedback scheme, and in [25] using Markov
Chain Monte Carlo (MCMC). Finally, joint signal detection
and channel tracking in the presence of PN was addressed in
[26]. However, the channel is assumed to be quasi-static for
the duration of an OFDM symbol.

In this paper, we consider all three challenges together.
More specifically, signal detection in the uplink of OFDM-
V-MIMO systems operating over DSCs in the presence of
multiple unknown NBIs and PN is investigated. In this severe
scenario, besides the unknown interferences caused by NBIs
and CPEs caused by PNs, the combined ICIs from both
DSCs and PNs will make signal detection extremely difficult.
Moreover, we consider the worst case where data, DSCs,
NBIs and PNs change from one OFDM symbol to another,
which means that there is no correlation among adjacent
OFDM symbols can be utilized, and only the information
from the current OFDM symbol can be used. As is well
known, the optimal signal detection in this scenario is to find
the maximum value of the marginalized posterior distribution
of the data signal. However, finding exact expression for this
posterior distribution leads to intractable integrals [27]. In this
paper, we employ the Variational Bayesian Inference (VBI)
[28], [29] approach to develop an iterative algorithm to solve
this challenging problem. VBI is a systematic framework
for approximating intractable integrals arising in Bayesian
statistics and machine learning, and has recently been suc-
cessfully applied to tackle subsets of challenges mentioned
in this paper [15], [21]-[23], [26]. Simulation results show
that after convergence, the proposed signal detection algorithm
performs very close to that of the ideal case which assumes
perfect channel state information (CSI), no PN, and known
positions and powers of NBIs plus additive white Gaussian
noise (AWGN). Furthermore, it is shown that the proposed

signal detection algorithm outperforms other state-of-the-art
methods.

The organization of this paper is as follows. The system
model for OFDM-V-MIMO systems operating over DSCs
with multiple NBIs and PNs is introduced in Section II. In
Section III, based on VBI, an iterative algorithm for joint
signal detection, DSC, NBI and PN estimations in such severe
communication environment is proposed. Extensive simulation
results are given in Section IV to demonstrate the effectiveness
of the proposed algorithm. Finally, conclusions are drawn in
Section V.

Notation: Matrices and vectors are represented by boldface
uppercase and lowercase letters, respectively. A hat over a
variable (e.g., ) indicates an estimate of the variable. E{-}
denotes the expectation. Superscripts [-]”, []7!, []¥ and
[]* denote the transpose, the matrix inversion, the Hermitian
and the complex conjugate operations, respectively. Iy is
an identity matrix with dimension N. diag{x} stands for
the diagonal matrix with vector x on its diagonal. Bldiag{-}
denotes the block diagonal concatenation of input arguments.
The symbol @ denotes the Kronecker product. Tr{X} and
det(X) are the trace and the determinant of a square matrix
X, respectively. |-| denotes the modulus of a complex number.
R{-} denotes the real part of the quantity in the bracket. The
matrix F is the normalized fast Fourier transform (FFT) matrix
with the (m,n)!" element given by \/—%e*ﬂ’”’mm, where
7 = /—1. o means equal up to a normalizing constant. 0,,
and 1,,, denote the m x 1 all-zero and all-one column vectors,
respectively. 6(-) denotes the Dirac delta function. The k"
element of vector x is denoted by x(k).

II. SYSTEM MODEL
A. Received OFDM-V-MIMO Signal

We consider an uplink OFDM-V-MIMO system with Np
receive antennas at the BS and Np (Nr > Nrp) selected
MTs with each MT equipped with one transmit antenna (for
user selection in V-MIMO, see [30], [31] and references
therein). Each MT independently transmits its own OFDM
symbols to the BS. For the i* MT, the time domain signal
st = [s%(0),...,s°(N — 1)]T is generated by taking the N-
point inverse FFT (IFFT) of the source signal in the frequency
domain x* = [2(0), ..., ' (N —1)]T as s* = F¥x". In general,
the elements of x* can be categorized into

i Jah(k) Y keT
x(k)_{x;;(k) Vooked, M

where J9 is the index set of subcarriers allocated for data
symbols (with Ny elements) and 7;, is the index set of
subcarriers allocated for pilot symbols (with N, elements),
respectively. Notice that N = Ng 4+ N,. From (1), we
can write x' = E}x} + E,x;, where E} and E; denote
the matrices collecting columns of Iy corresponding to J7
and Jj, respectively, and x} = [z}(0),...,a(Ng — 1)]7,
xi = [25(0),...,z5 (N, — 1)]” denote the data and pilot
vectors, respectively. A cyclic prefix (CP) with length N,
longer than the maximum delay spread of channels between
MTs and BS is inserted at the beginning of each OFDM

symbol to eliminate intersymbol interference (ISI).
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At the j*" receive antenna of the BS, assuming perfect tim-
ing and frequency synchronization are achieved, the received
signal for a whole OFDM symbol, after discarding the CP and
transforming back into the frequency domain, is given by

Nr—1

= > FH/'P's' +¢ 4+ v/, )
i=0

where the symbols in (2) are defined as:

e H7 represents the DSC matrix between the i** MT and the

4" receive antenna at the BS and is given by Eq. (3) at the top

of the next page, where h’%(n,l) denotes the corresponding

DSC of the [*" path at time n, and L’° represents the

corresponding channel length. Each channel path is assumed

to obey the classical Jakes model [32].

e The PN process for the i*" MT is represented by

P = diag{e’®'}, “)
where e = [e22'0) e’ (N-DIT  ywith ¢ =
[#%(0), ..., ' (N — 1)]T representing the discrete-time PN se-
quence.
o¢/ =[c7(0),...,¢"(N-1)]T and v/ = [v7(0), ...,v7 (N—1)]"

denote the disturbance terms that account for the NBI and
AWGN at the j** receive antenna of the BS, respectively.
Elements of v’/ are zero-mean Gaussian distributed with
unknown variance crg. Furthermore, following [19], [20], ¢ (k)
is modeled as a complex Gaussian random variable with zero
mean and unknown power o J(k) The multiple NBIs are
assumed to be mutually independent which can be regarded
as the worst-case scenario. This is because if correlation exists
between NBIs, this correlation can be profitably exploited
to improve the system performance against NBI. Notice that
the NBI is not the ICI due to PNs and DSCs. ICI has been
explicitly modeled in system model (2).

Notice that H7? in (3) can be decomposed as a sum of L7
terms as )
L ..
= ) diag{h{'}A,, )
1=0

where b/’ = [p71(0,1),..., W7 (N — 1,1)]T is the I"" path
channel between the i*" MT and the j* receive antenna at
the BS, and the N x N matrix A; is a permutation matrix
obtained from cyclically shifting the columns of the identity
matrix Iy to the left by [ positions. Substituting (4) and (5)
into (2), we obtain

Nr—1L7—1 - o
= Z Z Fdiag{h]'} A diag{e’® }s' + w’, (6)
=0 1=0

where w? £ ¢7 + v/ with the k*" element w’(k) being
a complex Gaussian random variable with zero mean and
unknown variance o (k) £ o2 (k) + 02

B. Reformulation With Basis Expansion Model

From (5) it is observed that the number of unknowns in
H’¢ is NL7, which is much larger than the number of
received samples. This leads to identifiability problem for
direct channel estimation. However, considering the fact that
time correlation of channel exists during one OFDM symbol

period, the basis expansion model (BEM) [33], [34] can be
adopted to represent the channels as

hit(n,1) Zﬁqlbnq+§3 (n,1), (7)

where Bgfl is the coefficient of BEM associated with the
channel between the i** MT and the j*" receive antenna at
the BS; b,, 4 represents the basis that captures time variations
of channel; @ + 1 is the number of the basis and &£7¢(n, 1)
represents the BEM modeling error. BEM is motivated by the
observation that the temporal (n) variation of h7¢(n, 1) is usu-
ally rather smooth due to the low-pass nature of the channel’s
band-limited Doppler spread, and therefore, {bn,q}qQZO can be
chosen as a small set (i.e., Q < N) of smooth functions.
Motivated by the fact that the BEM modeling error is usually
on the order of 10~% [34], [35], which is much smaller than
the typical received noise level, using (7) the hj" in (5) can
be expressed as

hi' = BB}, ®)
where B = [by,...,bg] with by, = [bo,q,...,bn—1,4)" and
Bl =1 (ijl, s g,z]T- It is observed from (8) that the number

of channel parameters to be estimated is significantly reduced.
Substituting (8) into (6), we obtain a BEM-reformulated
expression as

=T3¢l +w’, ©)
where [ﬁj Ny L 0 Fdlag{BﬁJO}Aldlag{ejd’ .
ST Bliag(BEI 1) A diag e ) vitn
[(ﬁjo) L (BT 1) [Tand 87 =[(B§)7, ., (BLi_) 17,
¢ = [(QSO)T,...,((]&NTA)T]T is the PN vector and s =

[(s)7T,...,(sN7=1)T]T Stacking all the received signals from
Npg, receive antennas at the BS, a BEM-reformulated expres-
sion that explicitly shows the dependence of the unknown data
X4 can be obtained as

y =08 ¢lx+w, (10)

where y = [(y*)", ..., (y"*"1)!]", ©[8, ¢] = [T"[8", ¢,
Sadlcats «:bHH, = [(B), ... (8" HT, w o=
[(WO)T,...,(W “HTT and
x =[x, ..., (N HTT
= Bldiag{F"EY, ..., FIE" 1x,
+ Bldiag{F"EY, ..., F'E)"'}x,

£ Egxq + Epx,, (11)
where x; = [(x)7,.,x)"HTT and x, =
[(x)T, ..., (xYr=HT| T,

On the other hand, substituting (8) into (6), another BEM-
reformulated expression can also be obtained as

y' = G, x]M B + w,
A

where G7[¢,x] £ [07[¢°,x°], ..., [@7[@"" !, xNT—1]] with
ol[¢', x'] & [Fdlag{AOdlag{eJ¢ }FHxi}, ..., Fdiag{A ;i _;
diag{e’?' }Fx'}], M/ 2 Bldiag{I,;0 ®B, ..., I x; 1 ®B}.
Stacking all the received signals from Ng receive antennas at

12)
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R7%(0,0) 0... RIH(0, L7 —1). .. R7%(0,1)
H7 = | hi* (L7 — 1 LIt —1) WYL — 1,:Lji —2)... hji(Lj'i.'— 1,0) 0.:. : 3)
0. WA 1L 1) hji(N—l,'.L'ji—2)... WA - 1,0)

the BS, an equation that explicitly shows the dependence of
the unknown parameter 3 can be obtained as

y =E[¢,x|B+w, (13)
where Z[¢, x]=Bldiag{ G°[¢x]M?, ... .G~ [ x| MNr 1},

C. PN Modeling

In this paper, the fact that multiple MTs supported by their
own oscillators are reflected by the distinct PN process P?
for each 7. On the other hand, the oscillator used at the BS
is usually sufficiently stable to disregard its PN. Since PN
evolves much slower than the modulation rate, (6) can be
expressed alternatively using the small PN approximation [15],

[36] exp{y¢’(n)} ~ 1+ 3¢'(n) as

Np—1L7%—1
v =3 Y Fdiag{h]'}Adiag{s'} (Ly + jo') + w'.
=0 (=0

(14)
Substituting (8) into (14) and stacking all the received signals
from Np, receive antennas at the BS, an equation that explicitly
shows the dependence of the unknown parameter ¢ can be
obtained as

where [, ]—Bldlag{T[ x|, .., X[BYE L x] (AN, ®
INTN)WlthT[BJ x| & [F 71 Fdiag{BB]"} A diag{F7x"},
Y Fdiag BT Adiag (FxVr 1]

Remark 1: We have developed three equivalent models in
(10), (13) and (15) for the received signal y with dimension
NgrN. They all depend on the unknown parameters x4 with
dimension N7 N, (embedded in x with dimension NpN),
(B with dimension (Q + 1) Z;V:R(J_l ZfVTO ' Lii and ¢ with
dimension N7 N. Their usages will be apparent in later
sections.

D. Prior Distributions for the Unknown Quantities

In the Bayesian framework, all the unknown quantities
are assumed to be random variables, with each described by
a prior distribution. It is assumed that the channel follows
Rayleigh fading and each channel tap is independent. The
BEM coefficient 3 can be shown to be complex Gaussian
variable [33] with zero mean and correlation matrix Rg:

1
p(B) = @ Dl det(Ry)
where L = ZNR ! ZfVTO ' 7% represents the sum of all the
channel 1engths The expression for R is derived in Appendix
A and is given by Egs. (43) and (45). In case we do not

exp{—B"R5'B},  (16)

have the statistical information of channel, we can set Rg =
ool(g41)r, which is an uninformative prior.

For PN ¢, two models are adopted in the literature. 1)
When the system is frequency-locked [8], the resulting PN
is modeled as a zero-mean, nonstationary and infinite-power
Wiener process. 2) When the system is phase-locked [9], the
resulting PN is modeled as a zero-mean, stationary and finite-
power stochastic process. Since in both cases ¢ is Gaussian
distributed with zero mean, the prior distribution for ¢ is given
by

1
(2#)@det(R¢)%
where Ry = Bldiag{Ryo,..., Rgny-1} with the specific
expression for Ry determined by the PN model and is
documented in [8], [9].

For the prior distribution of the data x4, we set equal
preference to all constellation points since we do not have
knowledge on its value before observing the received signal.
Furthermore, due to the independent property among data
elements, we have

p(@) = (17)

exp{~ 387 R;' 6},

Np—1Ng—1

p(Xd) NTNd 11) H {

29

L(k)Ec

AGEEAD]

(18)
where m is the modulation order and ¢ is the set of constel-
lation points of the modulation.

For the unknown interference plus noise power at the j
receive antenna and k' subcarrier 0% (k), an inverse Gamma
prior distribution with shape parameter ay ; and scale param-
eter by ; is adopted. With the fact that ajz-(k) are independent
for different j and k, we have

Nr—1N-1 akj

—ap,;—1 bk 7
H H (k) exp(— =25,
=0 k=0 F a;w Uj(k')
19)
where T'(-) denotes the gamma function and the

NgrN x 1 interference plus noise power vector o? =

[(6d)", ..., (6x,_1)"]" with 0'? = [UJZ(O), ...,UJZ(N - 1)T.
The inverse Gamma distribution has been adopted to describe
the distribution of inter-cell interference in severely fading
channels [37] and the power of interference in radar systems
[38]. In the absence of prior information, small values
of the shape parameter ajr; and the scale parameter by ;
can be chosen (e.g., set ar; = by; = 107°) to produce
uninformative prior for 2.

III. ITERATIVE SIGNAL DETECTION WITH UNKNOWN

DSCs, NBIs AND PNs

It is observed from (10) and (11) that we aim to detect x4
in the presence of unknown parameters 3, ¢ and unknown



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

ZHONG et al.: SIGNAL DETECTION FOR OFDM-BASED VIRTUAL MIMO SYSTEMS UNDER UNKNOWN DOUBLY SELECTIVE CHANNELS, . .. 5

variance o of w. The optimal estimate of x4 is to maximize
the marginalized posterior distribution p(x4|y) which is given
by

ity = [ [ [ 08,07 0 xalyyiaotas. 20

However, this posterior distribution is generally intractable and
cannot be calculated analytically due to the high-dimensional
integrals associated with it. One way to solve this problem is
to approximate the marginalized posterior distribution using
particles, such as in MCMC method [39]. However, these
Monte-Carlo based statistical methods require high complexity
due to the generation and processing of a large number of
samples for approximating various distributions. On the other
hand, in this paper, we are going to make the following
variational approximation [15]

p(lgﬂUQa ¢axd|Y) ~ Q(I@’UQ’ ¢,Xd>,

where Q(B,02%, ¢,x4) is the optimal distributional ap-
proximation chosen to minimize the Kullback-Leibler (KL)
divergence [27] (also known as relative entropy) from
p(B,02%, ¢,x4|y), given by Eq. (22) at the top of the next
page. To reduce the overall computational complexity of
inference and in order to obtain a tractable approximation,
conditional independence (also known as the mean field
approximation) is enforced as a functional constraint in the
variational distribution [40], i.e.,

Q(B,0% ¢,xq) = Q1(8)Q2(0%)Q3(p) Qu(x4).

In essence, the approximation forces 3,02, ¢, x4 to be mu-
tually independent conditioned on y. Substituting (21) and
(23) into (20), we directly have p(xqly) ~ Qa(x4), and
therefore the optimal estimate of x4 over Q4(x4) is a close
approximation to the optimal estimate of x4 over p(x4|y).

ey

(23)

A. Computation of the KL Divergence

Using Bayes’ rule, and due to the independence among
channel, interference plus noise, PN and transmitted data, we
have

p(B, o?, ¢, xq)p(B)p(c?)p(d)p(xa),

(24)
where the normalization p(y) does not depend on the unknown
variables, and therefore can be dropped. Substituting (24)
into (22), and making use of the conditional independence
constraint (23), we obtain Eq. (25) at the top of the next page.

It is observed from (25) that for the computation of the
KL divergence, one key issue remains to be addressed:
the choice of the form of the variational distributions
Q1(8),92(02),93(¢p) and Q4(x4). The key is to choose
a distributional form that makes a good approximation to
the exact joint posterior distribution and meanwhile provides
analytical tractability during the Bayes update. In this paper,
Q1(8) and Qs3(¢) are chosen to be in Gaussian forms. That
is,

Q1(B)=

o’, ¢, xaly) < plylB,

1

mexp{—(ﬁ—mﬁ)}[‘l’ﬁl(ﬁ—mﬁ)}7

(26)

where mg and W5 are the unknown mean vector and covari-
ance matrix for 3, respectively; and

Q3(¢): NTN1 1
(2m) 7z det(¥y)2

(@—my)},

27)
where mg and W4 are the unknown mean vector and covari-
ance matrix for ¢, respectively. In view of the discrete nature
of the data, the variational distribution for x4 is chosen as

Qu(xq) = d(xq — Xa), (28)

where the vector Dirac delta function §(-) has the properties
f&(xd — id)dxd =1 and f&(xd — id)f(xd)dxd = f(f(d)
for any smooth function f(-). Furthermore, the entries of o
are chosen to be distributed according to an inverse-gamma
distribution with the unknown shape parameter a ; and scale
parameter by, j as

ak J g b

Nr—1N—
-
o (29)

Substituting the prior distributions (16)-(19) and the vari-
ational distributions (26)-(29) into (25), it is shown in Ap-
pendix B that after dropping those irrelevant terms, the
KL divergence can be expressed as Eq. (30) in the middle
of the next page, where ¥ (ay ;) = M, Ay =

exp{—%(qb—m(b)TlIl(;l

~ak,]~ 7

))76k,j*1 exp(— bgk(};) )

Oag ;
Nr—1y . j . rdol dn_1,
Bldiag{A22, ..., AXF ™'} with A7, = dlag{ﬁ,..., ﬁ ,
ps = (Inyn + jmg), 7. and p, are the z" eigen-

value and corresponding eigenvector of Wy, ie., ¥y =
ZiVITONflnzuzuz. Accordingly, the goal of minimizing
KL(Q1(8)Q2(0%)Q3(¢)Qu(xa)|lp(B, 0%, ¢, %4ly)) reduces
to seeking the values for the unknown parameters of the vari-
ational distributions mg,\Ilg,ELk,j,lN)k,j, my, Wy, X4. After
we obtain an estimate of all these parameters, and due to
p(xaly) =~ Qa(x4), the data estimate directly equals X,.

B. Iterative Minimization of the KL Divergence

Jointly optimizing all parameters in the KL divergence
is a challenging task, as it is a complicated function with
coupled dependences among unknown variables. Fortunately,
the estimates of the unknown parameters can be obtained
iteratively by minimizing the KL divergence with respect to
one set of the parameters at a time and fixing all the others
to their last estimated values. The update at the ¢*" iteration
follows as:

bqlAq 1\I,q1Aq 1,

1) Updating mg and ¥ g given a,” b X,

Setting the first derivative of I with respect to W5 to zero,
we obtain lIl%, given by Egqg. (31) in the middle of the next

g 1 ~Np—1,q-1. .

page, where Aq = Bldlag{A o ,...,Ac,zR Y with

~jq— ~q— ~<17 o a1

Aag = dlag{bq -, .. b"N {J Py = lnyn + gy,
J

7?1 and Q- ! are the 2" elgenvalue and corresponding

eigenvector of Wi b respectlvely. For Ih%, it can be obtained
by setting the first derivative of IF with respect to mg to zero:

. A - . ~qg—1
mf = WIE ! Bgxd T + EyxlAL . (32)
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KL(Q(8, 0% 6,x4) (8, 0% 6, xaly)) / / / 2 / R

(67 ) ¢7 Xd)

2
B,0%, . xaly) (PO Abdxa.

(22)

*)Q3(¢)Qu(xa)lp(B, o

7¢)Xd|Y))

01(B)92(0?)Q5(¢p)Qu(x4)

2
Ld/ /O-Q/Ql Q2 Q3(¢)Q4(Xd)log (Y|,6,0'2,¢,Xd)p(ﬁ)p(UQ)p(qb)p(xd)dﬁda d¢)dXd

- / 01 (8)l0gQ1 (8)df + / 0, (0*)logQs(0%)dor?
B o?

+ /¢ Qs ()1ogQs()deb + [ Qi (xa)logQu (xa)dx

Xd

- / 0. (8)logp(B)dB — / 0, (0?)logp(0?)do® / Qs ()logp()dp — / Q4 (xa)logp(xa)dxa
B o2 @ X4

- / / / / 01(8)Qs(0)Qs(6) Qu (xa)logp(y|3. o2, b, x4)dBdc>depilx.
xqJp Jo2 JB

(25)

KL(Q:1(8)Q2(0)Q3()Qu(x4)|Ip(8, 0
£ F(mﬁv \Ilﬁv &k,jv 6k,jv me, lIl¢’ id)

, ¢, x4ly))

Nr—1N-1
o —logdet(¥pg) + > > " [(ar,; + 1)¢(ax,;) — logbp,; — ax.;
j=0 k=0
Nr—1N-1
=Y > [(—ak; — D)(loghy,; — (ax,;)) — blw
j=0 k=0
Nr—1N-1 ~
+ [logby,;
j=0 k=0

_ 1 _
— logD(ag, ;)] — Flogdet(¥y) + Tr{R;' (mpgmj + ¥p)}

Nr—1Ng—1

Z Zlog

{ Z 59Cd —fd( ))}

zt(k)ec

~ _ - 1 _ _
— ¢(6Lk,j)} + yHAc,gy— 23%{}’HA0.2:.[p¢, Eg x4 + prp]mg} + 5 (TI'{R¢1‘I/¢} + m£R¢1m¢)

NrN-1
+mf 2 [py, EaXa+Epxp|As2Elpg, Eaka+Epxpmp+ Y n.mfE [n,, EgRa+Epxp| Ay B[, Bakg+E,x,/mg

z=

0

NprN—1
—|—Tr{-— pg, Eaxa+Epx,|Ac2Elpgp, EaXq+Epxp|¥g}+Tr{ Z U= szEdXd+Epo]Aa2E[MzaEdid"'EPXP]\I’ﬁ}'
z=0
(30)
\i’ga = (Ral +E [Pq ' EaXy ' +EPXP]A0'2 -‘[pq ' s EaXg +EPXP]
Nt N-—1 —1 -
+ 3 e T B+ By A BT EAT 4 Byx]) L GD)
z2=0

2) Updating dy, ; and by ; given mg, lIlq ng ! \ili_l,)%g_lz

_ Setting the first derivative of F with respect to ay,; and
br,; to zero and solving them simultaneously, it is shown in
Appendix C that

aj ;= ak;+1, 33)
and 527
A and 7 are defined from the eigen-decomposition W

+1)L=1 {gnrg/n

IO

; given by Eq. (34) at the top of the next page, where

3) Updating my and ¥, given myj, \Il%, al o b%j,ﬁg_l'

Setting the first derivative of IF with respect to ¥ to zero

and using the equivalent expressions between (13) and (15),
we obtain \ifi, given by Eq. (35) at the top of the next page.
On the other hand, setting the first derivative of F with respect
to mgy to zero and using the equivalent expressions between
(13) and (15), we obtain ths’ given by Eq. (36) at the top of
the next page.

4) Updating X4 given rhg,, \I’%, éZ’J, bZ o m‘é, \i’fﬁ:
For minimizing F with respect to X4, the term
Np—1 N 1 5

Yo 4o log{>". (ke §(z%(k)—x%(k))} accounts for

the constellatlon constraint. But a multidimensional exhaus-
tive search over all possible discrete data combinations is a
formidable task. Here, we propose a complexity-reduced linear
data estimate by relaxing X4 to be continuous and setting the
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2

(Q+1)L—1

+ ) Xz’
=0

Bl " Bax +E,x,]7]

Nt N—

k+jN’ Z Z 79- uq‘a

b, :b;w»—i—|y(k+jN)|2—28?{y*(k+jN)[ L Eak 1+prp]rh%](k+jN)}
Nt N-—1
[ [P¢ !  Eaxy +prp]m5} k+jN) ’ + Z ne- !

2
a1 Edﬁgfl + prp]mg] (k+ jN)‘

1(Q+1)L-1
=L E&THE,x, |0 ](k+]N)‘ .

(34)

v = (R;l +2(07 [0, Bax] ! + Bypx, | Ag Qg Eax] ! + Byx,)

(Q+1)L—1

+ Y el
=0

-1
Esx1 " + E,x, AL Qb E&L + prp])> . (35)

mf = 204 (—gnH[m;, EsxS "+ Epxp Ay + 997 [, Eaxd " + Eyx, AL QmG, Bgxd ' + Eyx, )1y, x
(@+1L-1
+ > M Bk + Eyx, | A QDY Bkl 1+prp]1NTN). (36)
r=0
(Q+1)L—1
%} = (Ef ©"[m}, p}|Ag- O, pYJEa + > MEY O[5!, p4]As- 0[5, p}]Ed
r=0
NrN-—1 NrN—-1(Q+1)L—1 1
+ 3 WEF O mYG, alAL.OmS, Al E, + Z Z ANETOH 51 AL, 0 r,uz]Ed)
z=0
(EH@H[mg,p¢]A§zy ~-Ef ®H[m5,ﬁ¢]Aaz®[mg7b¢]EpXP
(Q+1)L—-1 NrN—-1
N ~ ~ N N N ~
—Z MEF O[5, p4]Ag. O[0!, p4IE,x, — Y #IEL 0" [ml, 4l|AL.OmY, AIE,x,
z=0
NrN—1(Q+1)L—-1

N O[5, 1Y) Ag- O[5, A, ).

(37)

first derivative of F (without the term corresponding to the
constellation constraint) with respect to X4 to zero. Using the
equivalent expressions between (10) and (13), the linear data
estimate can be obtained as Eq. (37) in the middle of this page.
Then the constellation constraint is enforced by quantizing X}
as X3 = Qant(x?).

Remark 2: The computational complexity of each iteration
is dominated by (31), (35) and (37). In particular, in (31),
the complexity mainly comes from the (Q + 1)L x (Q + 1)L
matrix inversion. In (35), there are two eigen-decompositions
of matrices with size Ny N x Np N (\i"é and ¥ &)» an eigen-
decomposition of lilg, with size (Q + 1)L x (Q + 1)L and
one NN x NrN matrix inversion. In (37), the complexity
is dominated by the NNy x Ny Ny matrix inversion. For
an M x M matrix, the complexities of inversion and eigen-
decomposition are both O(M?). Therefore, the computational
complexity for each iteration of the proposed VBI-based

algorithm is O(2((Q + 1)L)3 4+ 3(NpN)? + (NrNg)?). Since
@ < N and N; < N, the computational complexity is
dominated by the term (N7 N)3, and the overall computational
complexity depends on the number of iterations.

C. Summary and Initialization

In summary, the proposed algorithm proceeds as follows:
1) The priori distributions of the DSC, PN, data and NBI are
assumed to be known and are given by (16)-(19), respectively.
2) The forms of variational distributions of the unknown
Eirameters are assumed in (26)-(29), with distributional pa-
rameters to be optimized. Conditional independence (i.e.,
mean-field approximation) among variational distributions is

applied when KL divergence is comg)uted in (30).
3) Assuming an initial value for f;s m¢, \Il¢,xd, the un-

known parameters of variational distributions are iteratively
estimated by minimizing the KL divergence as (31)-(37).



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

8 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, ACCEPTED FOR PUBLICATION

4) After convergence, the desired data estimate can be obtained
using (37).

This iterative process is guaranteed to converge monoton-
ically to at least a stationary point [28], [29]. From (37) it
can be observed that in the proposed signal detection, the ICIs
caused by DSCs, the interferences result from NBIs as well as
the CPEs and ICIs caused by PNs are all iteratively eliminated.

To provide an initial estimate, recalling (10), (11) and (13),
we have

y = E[o, Eyx, |8 + O[3, ¢|Egxq + w.

By collecting the samples in y corresponding to pilot symbols,
and treating the term containing x4 as interference, the least
squares (LS) estimate of 3 is obtained as

(38)

%0 =H _ s 1 H
B = ( [m¢, prp]:'p[m?ﬁv prp]) =p [m¢, E, xplyp,
(39)
where the elements of y,, and the rows of =, are taken from
y and E, respectively, with corresponding positions of pilot;
and ﬁqg) is taken as the prior mean of ¢, i.e., rhg) = 0N N-
Substituting (39) into (10), the initial signal detection is thus
obtained as

) = Qant((Ef ©'[8" my|0[3",
x Ef o3 my)(y - 03",

1
o/Ea)
my/E,x,) ).
For the initial value \ilg,, we set \i’ to be an Ny N x Nt N all-
zero matrix. Finally, since EH = E{ 2 } where o7 (k) is
k,j
the power of the (k+ jN)t" element in w the initial value of

%(k) with 67 (k) = |w(k+jN)|* =

(40)

a“ can be set as =4 =
k,j bk]

[y — Elmg, Eaxg + B,x,)8](k + jN) %

S0

IV. SIMULATION RESULTS AND DISCUSSIONS

In this section, the performance of the proposed algorithm
for signal detection operating over unknown DSCs in the
presence of multiple NBIs and PNs is demonstrated by Monte
Carlo simulations. There are 4 single-antenna MTs (Nt = 4)
and a BS with 4 receive antennas (Nrp = 4). Each OFDM
symbol has 64 subcarriers (N = 64) and the length of the
CP is N., = 8. The signal bandwidth is 20 MHz and the
sampling interval T is thus 50 ns. The normalized maximal
Doppler shift is set as N f;Ts = 0.15!, where f; represents
the maximum Doppler frequency. The PN is generated by
the true PN model e’?’, and the Wiener PN is adopted with
the PN rate [8] B*NT, = 10~2 for each MT, where 3’ is
the two-side 3-dB linewidth of the Lorentzian-shaped PSD of
the oscillator. The received OFDM-V-MIMO signal at each
receive antenna of the BS is affected by multiple NBIs. The
multiple NBIs add Gaussian disturbances to the received signal
and are randomly positioned in the signal bandwidth, affecting
4 contiguous subcarriers for each receive antenna at the BS.
Notice that the positions of interferences at different receive
antennas are in general different. The signal-to-interference
ratio (SIR) over the jammed subcarriers is 10log(E;/c?) with

I'Similar conclusions can be drawn for other normalized maximal Doppler
shift (e.g., 0.075 and 0.03), and the corresponding results are not presented
here.

0 —_———-—— 7T
—e— SIR=0 dB (SNR=10 dB)
—8— SIR=0 dB (SNR=20 dB)
—#— SIR=0 dB (SNR=30 dB)
—e— SIR=15 dB (SNR=10 dB)
—&— SIR=15 dB (SNR=20 dB)
—=— SIR=15 dB (SNR=30 dB)

SIR=0dB

8
Number of iterations

Fig. 2. Convergence performance of the proposed method (4 NBIs, PN
rate=10~3 and normalized Doppler spread=0.15).

g

m10
—e— Initialization (SIR=0 dB)
—8— After convergence (SIR=0 dB)
—m— Ideal case (SIR=0 dB)
—— Initialization (SIR=15 dB)
—8— After convergence (SIR=15 dB) SIR-15dB
—— [deal case (SIR=15 dB)

Ty N N N N N
5 10 15 20 25 30
SNR (dB)

Fig. 3. Performance of signal detection versus SNR (4 NBIs, PN rate=10—3
and normalized Doppler spread=0.15).

E, = E{|z%|*} denotes the symbol energy and o2 is assumed
to be constant over the observation period. The signal-to-
noise ratio (SNR) is defined as 10log(E;/c2). Without loss
of generality, the channel for each MT has three paths with an
exponential power delay profile, namely w? = exp(—+xl)((1—
exp(—k))/(1 — exp(—3k))),l = 0,1,2 with k = 1/3. Each
path coefficient follows a complex Gaussian distribution. The
data symbols are modulated by quadrature phase-shift keying
(QPSK) with unit power. The pilot cluster follows the structure
from [41]. More specifically, seven pilot clusters are used for
each MT. The clusters are equally spaced among subcarriers
and in each cluster one nonzero pilot is guarded by one
zero pilot on each side. The nonzero pilots are generated as
zero-mean complex Gaussian random variables with power
three times that of data symbols. Furthermore, the generalized
complex exponential BEM (GCE-BEM) [34] is adopted and
the statistical information of channel is assumed to be known
such that the prior covariance derived in Appendix A can be
computed.
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—©— Method in [23] (4 NBIs with SIR=0dB)
—8— Proposed method (4 NBIs with SIR=0dB)
—— Method in [23] (no NBI)

——=—— Proposed method (no NBI)

4 NBIs with SIR=0dB

—©— Method in [16] (4 NBIs with SIR=0dB)

—8— Proposed method after 1 iteration (4 NBIs with SIR=0dB)
—— Proposed method after convergence (4 NBIs with SIR=0dB)|
q = Method in [16] (no NBI)

=+ Proposed method after 1 iteration (no NBI)

—#— Proposed method after convergence (no NBI)

4 NBIs with SIR=0dB

BER

0 B 10 15 20 25 30
SNR (dB)

Fig. 4. Performance comparison between the proposed method and method
in [23] (PN rate=10—3 and normalized Doppler spread=0.15).

Figure 2 presents the convergence performance of the pro-
posed iterative algorithm for the 4 NBIs case with SIR=0dB
and 15dB. From Fig. 2, it can be seen that the bit-error-rates
(BERs) improve significantly in the first few iterations and
converge to stable values within 15 iterations. For the rest of
the figures, the proposed iterative algorithm is terminated at
15 iterations.

Figure 3 shows the signal detection performance versus
SNRs for the proposed initialization, and the proposed iterative
algorithm after convergence. The performance of the ideal case
which assumes perfect CSI, no PN, and known positions and
powers of NBIs plus AWGN is also shown for comparison. It
can be seen that the iterative algorithm improves with respect
to the initialization significantly, especially at high SNRs.
After convergence, the performance of the proposed iterative
signal detection algorithm is very close to that of the ideal
case, which requires a lot more information.

Figure 4 compares the performance of the proposed al-
gorithm to that of [23]. Also based on VBI, [23] proposes
an iterative algorithm jointly estimate DSC and detect data
in single-input single-output (SISO) system, assuming the
noise variance is known. For the purpose of comparison,
the method in [23] was extended to MIMO system. It can
be seen from Fig. 4 that in case of no NBI, the proposed
algorithm, which not only jointly estimate channel and detect
data but also deals with PNs, performs better than that of [23].
This shows the importance of PN compensation in OFDM
systems. Furthermore, in case of 4 NBIs with SIR=0dB, the
proposed algorithm also performs better than that of [23],
with performance gap more significant than the case with no
NBI. This shows the importance of NBI mitigation in OFDM
systems.

Figure 5 compares the performance of the proposed algo-
rithm to that of [16], which tackles the PN by estimating and
eliminating the CPE, assuming the CSI is perfectly known. For
fair comparison, CSI is also assumed to be perfectly known
for the proposed algorithm. It can be seen from Fig. 5 that
for both cases of no NBI and 4 NBIs, the proposed algorithm
performs much better than that of [16]. In fact, with only

15
SNR (dB)

Fig. 5. Performance comparison between the proposed method and method
in [16] (PN rate=10~3 and normalized Doppler spread=0.15).

—©— Method in [20] (PN rate=10")
—&— Method in [20] (no PN)
—*— Proposed method (PN rate:IO'})
—— Proposed method (no PN)

Method in [20]

BER

Proposed method

5 10 15 20 25 30
SNR (dB)

Fig. 6. Performance comparison between the proposed method and method
in [20] (4 NBIs with SIR=0dB and normalized Doppler spread=0.15).

a single iteration, the proposed algorithm already outperforms
the method from [16]. The reason is that the proposed scheme
not only compensates the CPEs, but also the ICIs introduced
by the PNs. This shows the importance of estimating and
compensating the whole realization of PNs.

Finally, Fig. 6 compares the performance of the proposed
algorithm to that of [20]. Based on EM, [20] proposes an iter-
ative algorithm jointly estimate NBI and detect data in single-
input single-output (SISO) system, assuming the channel is
static and perfectly known. For fair comparison, the channel
is also assumed to be perfectly known for the proposed
algorithm. For the purpose of comparison, the method in [20]
was extended to MIMO system. It can be seen from Fig. 6
that in case of no PN, the proposed algorithm, which not only
jointly estimate NBI and detect data but also deals with ICI
induced by high mobility, performs better than that of [20]. In
case of PN with PN rate=103, the proposed algorithm also
performs significantly better than that of [20].
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V. CONCLUSION

In this paper, we have addressed the challenging problem
of signal detection for OFDM-V-MIMO systems operating
over DSCs in the presence of multiple unknown NBIs and
PNs. Based on the VBI framework, an iteratively updating
algorithm for joint signal detection, DSC, NBI and PN esti-
mations has been developed. Simulation results showed that
after convergence, the performance of the proposed signal
detection algorithm is very close to that of the ideal case
which assumes perfect CSI, no PN, and known positions and
powers of NBIs plus AWGN. Moreover, simulation results
showed that the performance of the proposed signal detection
algorithm outperforms other existing methods.

APPENDIX A
DERIVATION OF Rg IN (16)

From (7) we have

h=CB+¢, (41)
where h = [(h9)T, ..., (hNR_ll_)T]T with h/ = [(h/9)T ...
(h?Ne=H)TTT and W' = [(b)7, ..., (), _)T]", the NL x

(Q + 1)L matrix C = Bldiag{MO, ...,MNR 11 with M7 &
Bldiag{I o ® B,....,I i~nr-1 ® B}, £ represents the corre-
sponding BEM modeling error, which is to be minimized in
the MSE sense. The optimal BEM coefficient is given by the
LS solution

B = (Ccfc)"'cn. (42)
Using (42), we have
Rp = E{BB"}
= (cfc)tcHE{nn}Cc(CcHC) ! (43)

Since the channel follows Rayleigh fading and the correlation
of different channel paths is given by

E{hjlil(nl,ll)(hj2i2 (nz,lz))*} =@}, 0(j1 — j2)6 (i1 — i2)
X 5(11 — lg)Jo (27de(n1 - n2)T3)7 (44)

where w? denotes the average power of the I*" path; Jo(-)
represents the zero-order Bessel function of the first kind;
fa represents the maximum Doppler frequency and T is the
sample interval. Expressing (44) in the form of E{hh’}, we
obtain

E{hh”} = Bldiag{Ryo.0, ...,
RhNR—l,O, ceey

Rho,NT—l,...,

Rynp-1.8p-1}, 45)
where Ry = diag{w?,...,@w2,, ,;} ® J and the (m,n)"
element of the N x N matrix J is Jy (27rfd(m—n)Ts). Finally,
substituting (45) into (43), the correlation matrix R can be
obtained.

APPENDIX B
DERIVATION OF (30)

We derive term-by-term in (25). First, using the variational
distributions (26)-(29), the first four terms of (25) can be
computed as

G ERTE
= —(Q + 1)Llogr — logdet(¥g) —
+20{Ea{B" } 5 ma} — Tr{ W5 Ex{B8" }}

mglllflmg

= —logdet(¥3) — (Q + 1)Llogm — (Q + 1)L
(46)
/ Qs (0%)logQs(0?)do?
T Na—1n-1 )
=y ¥ [ak,jlogbk,j + (an, — D)Eq2 (s {logo?(k)}
j=0 k=0

{2 }bfw 10gF(dk,j)}

Np—1N-1 )
= [ ak,j+1)¢(&k,j)—10gbk,j—&k,j—logr(&k,j)},
=0 k=0
(47)
where ¢ (ay, ;) = %231;7(:1’”),
/¢ Q1(¢)10g Qa()dep
= —%log det(Py) — NTN10g27T - l(Tr{W71E¢{¢¢T}}
_m¢\Il 1E¢{¢} ]E¢{(]5}‘I’ m¢+m¢lIl m¢)
= —%log det(Py) — NTNlogZﬁ - NgN;
(48)
/ Q4 (Xd)IOgQ4 (xd)dxd =0. (49)

For the next four terms in (25), they make use of the
variational distributions (26)-(29) and the prior distributions
(16)-(19). Straightforward computations give

/ﬁ 0, (8)logp(8)d

=—Tr{R5'(mpmg +¥g)} —logdet(Rp)— (Q+1)Llogr;
(50)
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/ Qy(0?)logp(o?)do
UNR—l N—1

S>> [ak,jlogbk,j + (—ak,; — DE,2

i=0 k=0

» {loga? (k) }

<k>{ P }b/w logl“(am)}

Ngr—1

>

Jj=

2

[ahjlogbm + (—ak,j — 1)(10gl~)k,j — ¢(C~Lk’j))
0

>
Il

a
- ﬂbk b logF(akJ)};
by, ;

(1)

/ O3 ()logp()dep

= ——Tr{R "Eg{pop"}} — N10g27r— Slog det(Ry)

= -3 (Tr{R;%} + ng;1m¢)

gN log2m — %log det(Re); (52)
/ Q4 (xd)logp(xd)dxd
NdT—l Ng—1 . )
-3 1og{ 3 5(5;;(@—:7;;(@)}—NTNdlogm.
i=0 k=0 T (k)ec
(53)

For the last term of (25), we first compute the likelihood
function. With the observation model defined in (13) and the
Gaussian property of the NBI plus AWGN term, the log-
likelihood function of y can be expressed as

logp(y|B, 02, ¢, %xa)
Nr—1N-1

=— Z Z loga?(k) —

§=0 k=0
+2R{y" R, 'E[¢, x|}
- Tr{&"[¢, xR, Elo. x]86" },

yIRGy

NgrNlogm —

(54)

where R, = Bldiag{R?, ... Rz} with RI, =
diag{c3(0),...,07(N — 1)}. Using (54), we have Eq.
(55) at the top of the next page. Define A, =
Bldiag{AY, ..., ANF~"} with A7, dlag{a(”, o

and using the equivalent expressions between (13) and (15)
we obtain Eq. (56) at the top of the next page, where
Ps = (Inyn + ymg). Since the covariance matrix Wy is
Hermitian, based on eigen-decomposition, we have Wy =
SN, uT with 7, being the z* eigenvalue of ¥,
and p, being the 2" eigenvector, associated with 7,. By
using the equivalent expressions between (13) and (15), the
last term of (56) can be derived as Eq. (57) in the middle of
the next page. Substituting (57) into (56), the last term in the
KL divergence (25) can be obtained. Finally, substituting (46)-
(53) and (56) into (25) and dropping those irrelevant terms
leads to (30).

APPENDIX C
DERIVATION OF (33) AND (34)

Gathering those terms related to ag ; in (30) and computing
the first derivative with respect to ag, ;, we obtain Eq. (58) in

the middle of the next page, where 9 (dy ;) = %}f’j) with
Y(ak,;) = ‘910%1;7@") Gathering those terms related to by, ; in

(30) and computing the first derivative with respect to bk s We
obtain Eq. (59) at the bottom of the next page. Setting both
(58) and (59) to zero and solving them simultaneously, after
some straightforward computations we obtain (33) and (34).
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