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Abstract— In this paper we propose an iterative receiver
for uplink MIMO-OFDMA systems based on the expectation
maximization (EM) algorithm. Iterating between the E-step and
the M-step, the EM-based receiver updates the channel estimates
and, refines data detection by increasing the likelihood function.
Practical implementation issues are also considered: space-time
block-coding (STBC) is incorporated to improve system performance against fading; a reduced-complexity algorithm is proposed, which simplifies the computation whilst not compromising
performance.

I. I NTRODUCTION
Orthogonal frequency division multiple access (OFDMA)
has been proposed as a promising multiple access scheme
for broadband wireless networks, e.g., IEEE 802.16 [1]. In
OFDMA systems, the multiple access is realized by assigning
mutually exclusive subsets of available subcarriers to different
users for simultaneous data transmission. The orthogonality of
subcarriers eliminates intra-cell interference and allows simple
receiver implementation. Furthermore, OFDMA systems offer
high flexibility in radio resource management according to the
quality of service (QoS) demands of different users. By employing multiple antennas at both transmitter and receiver side,
MIMO systems can increase channel capacity and mitigate the
effect of multipath fading [2, 3]. The combination of OFDMA
and MIMO techniques, MIMO-OFDMA, has become a strong
candidate for next-generation wireless networks.
In uplink MIMO-OFDMA systems, coherent signal detection at the base station (BS) requires the channel state information (CSI) of all uplink channels between the BS and mobile
users. To obtain the CSI, channel estimators are designed at
the BS receiver using pilot symbols. Due to the time-varying
nature of multipath fading channels, the CSI has to be updated
continuously and promptly, e.g., [4]. Notwithstanding, pilotbased receivers have the following shortcomings:
1) Considerable data rate is potentially sacrificed for channel
estimation in multipath fading environments.
2) Error floors may be introduced by CSI estimate errors,
especially for fast fading channels.
To deal with the above shortcomings, non pilot-aided, blind
receiver designs have been reported in the literature (see
[5] and references therein). However, blind receiver design
suffers from several disadvantages including long data records
and high complexity. Thus, there has been increasing interest
in iterative receiver design, where joint channel estimation

and data detection are performed iteratively. The expectation
maximization (EM) algorithm [6, 7] has been employed in iterative receivers to perform maximum likelihood (ML) detection
asymptotically with practical complexity. In the literature, EMbased receiver has been considered for single-user MIMO [8]
and MIMO-OFDM systems [9, 10].
In this paper, we consider the design of an EM-based
iterative receiver for uplink MIMO-OFDMA systems. The
proposed receiver design can deal with flexible subcarrier
allocation schemes [11] and approaches the ML receiver performance with limited complexity. For each user with allocated
subcarriers, the proposed algorithm consists of two steps:
E-step and M-step. The E-step performs channel estimation
based upon hard decisions, assuming that the estimated data
are known and correct. In the M-step, data detection is
performed. The task can be split into several subproblems on a
per-tone basis due to the orthogonality between subcarriers. To
reduce the receiver complexity for implementation, we propose
an inner-loop EM algorithm to avoid frequent inversion and
multiplication of large matrices.
II. SYSTEM MODEL
We consider an uplink OFDMA system with one BS and U
mobile users. The BS and each user are equipped with NR and
NT antennas, respectively. We assume that N subcarriers are
shared by all users and Nu subcarriers are assigned exclusively
to the uth user. The subcarriers are allocated dynamically
through an allocation algorithm [11]. The index set of the
subcarriers allocated to the uth user is given by
Iu = {i1 , i2 , · · · , iNu } ,

u = 1, · · · , U.

(1)

At the uth user’s transmitter, the Nu -length
 data symbol
transmitted on the tth antenna S t,u = Skt,u is mapped into
an N -length data symbol X t,u = Xkt,u by
 t,u
k ∈ Iu
Sk ,
Xkt,u =
k = 1, · · · , N. (2)
0,
k∈
/ Iu
Then Xut is processed by an inverse fast Fourier transform
(IFFT) unit. Before transmission, an NG -length cyclic prefix
(CP) is appended to the IFFT output. The time-domain signal
transmitted on the tth antenna is given by
1  t,u j2πkn
Xk e N , −NG ≤ n ≤ N − 1 (3)
xt,u
n = √
N k∈Iu
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We assume that the uplink channels between any pair of
the user’s transmit antenna and the BS receive antenna are
independent and subject to uncorrelated multipath fading.
At the receiver side, if we assume perfect timing and
frequency synchronization, the sampled signal received at the
rth antenna is given by
ynr =

NT 
L
U 


r
hr,t,u
xt,u
l
n−l + wn

(4)

u=1 t=1 l=0

hr,t,u
l

where
is the lth channel tap between the rth BS receive
antenna and the uth user’s tth transmit antenna. L denotes the
maximum channel length. wnr is additive white Gaussian noise
2
. After CP removal, the remaining
(AWGN) with variance σw
samples are processed by a fast Fourier transform (FFT) unit.
The FFT output at the rth antenna is given by
Ykr =

NT
U 


Hkr,t,u Xkt,u + Wkr , k = 1, · · · , N.

(5)

u=1 t=1

wnr .

Wkr

Hkr,t,u

is the FFT transform of
denotes the
where
channel frequency response on the kth subcarrier, i.e.,


L−1
 r,t,u
−j2πkl
r,t,u
(6)
=
hl
exp
Hk
N
l=0

Considering that each subcarrier is assigned exclusively to one
user, the FFT output for the uth user can be written as
Ykr,u =

NT


Hkr,t,u Xkt,u + Wkr,u ,

k ∈ Iu

(7)

t=1

Collecting the received samples on the Nu subcarriers allocated to the uth user, we have
Y r,u = X̄ u H r,u + W r,u = X̄ u F̄ u hr,u + W r,u
where



T

=

Yir,u
, · · · , Yir,u
1
Nu

X̄ u

=

X 1,u , · · · , X NT ,u ∈ CNu ×(NT Nu )

H r,u
H r,t,u

(9)

∈ CNu ×Nu
= diag Xit,u
, · · · , Xit,u
(10)
1
Nu


T
T
T
=
H r,1,u , · · · , H r,NT ,u
∈ CNT Nu ×1
T

= Hir,t,u
, · · · , Hir,t,u
∈ CNu ×1
1
Nu

In (8), W r,u is an Nu × 1 circularly symmetric complex
Gaussian noise vector and F̄ u is a block diagonal matrix with
F̄ u
F u (k, l)

= diag {F u , · · · , F u } ∈ CNT Nu ×NT L


−j2πkl
, l = 0, · · · , L − 1.
= exp
N

We note that F u is a submatrix of the FFT matrix, obtained by
selecting Nu rows according to Iu . hr,u contains all channel
impulse responses between the uth user and rth BS antenna:

T
 T T
hr,1,u , · · · , hr,NT ,u
∈ CNT L×1
hr,u =
hr,t,u

=

hr,t,u
, · · · , hr,t,u
0
L−1

T

,

t = 1, · · · , NT .

Ȳ u = X̄ u F̄ u h̄u + W̄ u

(11)

where
Ȳ u

=

Y 1,u , · · · , Y NR ,u ∈ CNu ×NR

h̄u

=

h1,u , · · · , hNT ,u ∈ CNT L×NR

W̄ u

=

W 1,u , · · · , W NR ,u ∈ CNu ×NR

III. EM- BASED RECEIVER DESIGN FOR UPLINK
MIMO-OFDMA
In this section, we will develop an EM-based receiver for
uplink MIMO-OFDMA systems. We will show that it can
track a time-varying channel and requires far less pilot symbols
than conventional receivers.
A. EM Algorithm
Suppose that we wish to estimate a parameter θ from a set
of observations Y. Then, the ML estimate is given by
θ̂ = arg max f (Y|θ)
θ

(12)

In many practical situations, direct computation of (12) is of
prohibitive complexity. To alleviate the computational burden,
the EM algorithm [6, 7] was introduced to find the ML solution
iteratively. We denote the hidden variables by X . Also, Y
denotes the observed data (incomplete) and Z = (X , Y) is
the complete data. The EM algorithm consists of two step:
E-step and M-step. Starting with an initial estimate θ(0) , the
E-step calculates the expected value of the log-likelihood
function with respect to the hidden variables conditioned on
the observation and latest estimate:
Q(θ | θ(j) ) = E log f (Z | θ) | Y, θ(j) .

(13)

The M-step finds θ(j+1) by maximizing (13) over θ:

∈ CNu ×1

Y r,u

X t,u

(8)

T

where (·) denotes transpose. Incorporating (8), we can write
the received signals over all NR antennas as

θ(j+1) = arg max Q(θ | θ(j) )
θ

(14)

The E-step and M-step are computed alternatively. The EM
algorithm is guaranteed to converge to the local maximum
of the likelihood function. Thus, convergence to the global
maximum depends on the initial estimate [7].
B. Receiver Design Based on the EM Algorithm
In an uplink MIMO-OFDMA system, we consider the
channel impulse response h̄u to be the hidden variables. Thus,
we choose Ȳ u and Ȳ u , h̄u to be the incomplete data and
complete data, respectively.
1) E-step: Given X̂ u(j) , the E-step calculates the expectation of the log-likelihood function with respect to h̄u conditioned on Ȳ u and X̂ u(j) , that is,
Q(X̄ u | X̂ u(j) ) = E log f (Ȳ u , h̄u | X̄ u ) | Ȳ u , X̂ u(j)
(15)
where f (Ȳ u , h̄u | X̄ u ) is the joint conditional probability
density function for Ȳ u and h̄u given X̄ u . Assuming that the
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channel parameters h̄u are independent of data symbols X̄ u ,
it holds that
log f (Ȳ u , h̄u | X̄ u ) = log f (Ȳ u | h̄u , X̄ u ) + log f (h̄u | X̄ u )
where f (h̄u | X̄ u ) = f (h̄u ). Consequently, (15) is equivalent
to finding
Q (X̄ u | X̂ u(j) ) = E log f (Ȳ u | h̄u , X̄ u ) | Ȳ u , X̂ u(j)

obtained by a Cholesky factorization. Note that the data
detector proposed in (23) is an ML MIMO receiver. Clearly,
the complexity of exhaustive search is prohibitive for large NT
(antenna arrays) and/or higher order constellations. The development of sphere decoding techniques promises to reduce the
decoding complexity significantly, see [12] for more details.
IV. R EDUCED -C OMPLEXITY STBC R ECEIVER D ESIGN

In this section, we consider practical issues when implementing the EM-based receiver. Space-time block-code
(STBC) is employed to enhance the system performance by
achieving maximum spatial diversity. A reduced-complexity
(17) STBC receiver is proposed for implementation.

(16)
Following the proof in [10], the expectation in (16) can be
written in the form of
Q (X̄ u | X̂ u(j) )

2
H
H


= − Ȳ u − X̄ u F̄ u ĥu(j)  − Tr X̄ u F̄ u Σ̂u(j) F̄ u X̄ u
with
ĥu(j)

H
H
1
= 2 Σ̂u(j) F̄ u X̂ u(j) Ȳ u
σw

−1

H
H
1
−1
Σ̂u(j) = (Σu ) + 2 F̄ u X̂ u(j) X̂ u(j) F̄ u
σw

(18)
(19)

A. STBC applied to the EM receiver
STBC [13] has been proposed for multiple-antenna systems
to improve performance in a fading environment. Orthogonal
design of STBCs can achieve the maximum diversity gain.
We assume that each mobile user is equipped with NT = 2
transmit antennas and the Alamouti scheme [14] is applied.
Given (9), the OFDM word at sample time n is denoted by

H

where (·) denotes conjugate transpose. Note that ĥu(j) is
essentially the minimum mean-square error (MMSE) estimate
of h̄u given Ȳ u and X̂ u(j) . Σu denotes the covariance matrix
of h̄u . Assuming that the channels between different pairs of
transmit and receive antennas are uncorrelated, Σu is a diagonal matrix known at the receiver. Recalling the orthogonality
between subcarriers, (17) can be rewritten as
Q (X̄ u | X̂ u(j) )

2
 
H
 u

u(j)
u(j)
= −
Ȳk − Ĥk X̄ku  + X̄ku Σ̂k X̄ku (20)
k∈Iu
u(j)

where Ĥk
denotes the estimated channel frequency reu(j)
can be calculated by
sponse on the kth subcarrier. Ĥk
u(j)
u(j)
u(j)
Fourier transform of h̄
, i.e., Ĥ
= F̄ u h̄u(j) . Σ̂k
is
formed by selecting the corresponding entries from the matrix
H
F̄ u Σ̂u(j) F̄ u in (17).
2) M-step: The M-step consists in finding X̂ u(j+1) by
(21)
arg max Q (X̄ u | X̂ u(j) )
X̄ u


2
 
 u
u(j) u 
uH u(j) u
= arg min
Ȳk − Ĥk X̄k  + X̄k Σ̂k X̄k
X̄ u

(22)

We can rewrite (22) as
u(j+1)

X̂k

 
2


= arg min Ȳku − Ak X̄ku 
X̄ku

u(j)H

where Ȳku = A−H
k Ĥk

(23)

Ȳku and
u(j)H

AH
k Ak = Ĥk

u(j)

Ĥk

u(j)

+ Σ̂k

(24)

(26)

Similar to (11), the system model for two consecutive words
can be written as
u

u

u

(27)
Ȳ = X̄ F̄ u h̄u + W̄
T
T
 T
 T
T
T
u
u
u
u
u
, Ȳ = Ȳnu , Ȳn+1
and W̄ =
with X̄ = X̄nu , X̄n+1


T
T
uT
W̄nu , W̄n+1
. We assume that the uplink channels remain
constant during one STBC code word. The EM receiver design
proposed in Section III can be modified to the STBC scenario.
The E-step can be expressed as
u(j)

)
(28)
Q (X̄ | X̂


u u u(j) 2
u u u(j) uH uH
 u
= − Ȳ − X̄ F̄ ĥ
F̄ X̄
 − Tr X̄ F̄ Σ̂
u

with
ĥu(j) =


X̄ku

(25)

The Alamouti scheme gives the OFDM word by


H
H
u
X̄n+1
= −Xn2,u , Xn1,u

k∈Iu

The above equation indicates that the M-step can be performed
on each subcarrier independently. On the kth subcarrier,

2
H


u(j+1)
u(j)
u(j)
X̂k
= arg min Ȳku − Ĥk X̄ku  + X̄ku Σ̂k X̄ku



X̄nu = Xn1,u , Xn2,u

u(j)

Σ̂

u −1

= (Σ )

1 u(j) uH u(j)H u
Ȳ
Σ̂
F̄ X̂
2
σw
H
u(j)H u(j) u
1
X̂
+ 2 F̄ u X̂
F̄
σw

(29)
−1
(30)

The M-step is as in (22).
B. Reduced-complexity design with an EM-based inner loop
In the E-step, see (30), frequent inversion and multiplication
of large matrices are required. We next propose an alternative
design that reduces complexity.
−1
2
(Σu ) , the
Given (29), if we neglect the small term σw
u
MMSE channel estimate of ĥ reduces to
−1

H
H
u(j)H u(j) u
u(j)H u
X̂
Ȳ
(31)
F̄
F̄ u X̂
ĥu(j) = F̄ u X̂
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which turns out to be a least square (LS) channel estimator.
The corresponding optimization problem is given by


u(j) u u 2
 u
F̄ h̄ 
(32)
ĥu(j) = arg min Ȳ − X̄
h̄u

To avoid matrix inversion, we propose a secondary EM-based
algorithm that is built in the E-step (28) as an inner loop to
solve (32) iteratively. This algorithm can also be generalized
to cases where NT > 2. Note that the channel estimation
problem can be separated into NR independent multi-input
single-output (MISO) optimization problems, i.e.,


u(j) u r,u 2
 r,u
Ȳ
−
X̄
h
(33)
F̄
ĥr,u(j) = arg min

 ,
r,u
h

because the uplink channels to the rth BS antenna are independent of the ones to other antennas.
Note that the diversity gain obtained from STBC can also
be used to enhance the performance of channel estimation. We
u
reorganize X̄ in a block-diagonal form as





H
H
u
(34)
X̂ = diag Xn1,u , −Xn2,u , diag Xn2,u , Xn1,u
Then (33) can be written as


u(j) u r,u 2
 r,u
F̂
Ȳ
−
X̂
h
ĥr,u(j) = arg min

 ,
r,u
h

where
u



F̂ =

F̂ u
0

0
F̂ u

(35)


(36)

T

with F̂ u = [F u , F u ] .
r,u
Applying the EM algorithm to solve (35), we regard Ȳ
r,u
to be the incomplete data. Then we separate Ȳ
into NT
components and regard Y t,r,u as the contributions from the
r,u
tth transmit antenna on shaping Ȳ :
NT


Y r,t,u =

t=1

NT

t=1

Z t,r,u +

NT


W r,t,u

(37)

t=1

where Z t,r,u = X̂ t,u F̂ u hr,t,u denotes the signal component
, denotes the
from the tth transmit antenna. W r,t,u = βt W r,u
N
T
noise distributed
over
all
channels,
satisfying
t=1 βt = 1.
 1,r,u

NT ,r,u
We choose Y
to be the complete data.
,··· ,Y
As a consequence, the inner-loop EM algorithm for solving
(35) has the following two steps:
1) Inner-loop E-step: With the estimated X̂ u(j) obtained
in (21), compute
Z t,r,u(j



+1)

= X̂ t,u(j) F̂ u hr,t,u(j



)

(38)

where j  denotes the iteration number in the inner-loop. (38)
updates the signal component from each transmit antenna.
Y t,r,u is updated by


NT




r,u
Y t,r,u(j +1) = Z t,r,u(j +1) + βt Ȳ −
Z t,r,u(j +1)
t=1

(39)



2) Inner-loop M-step: Given Y t,r,u(j +1) , (33) can be further simplified to a single-antenna estimation problem:
ĥt,r,u(j



+1)

(40)

2
 t,r,u(j  +1)

= arg min
− X̂ t,u(j) F̂ u hr,t,u 
Y
ht,r,u
−1

H
H

= F̂ uH X̂ t,u(j) X̂ t,u(j) F̂ u
F̂ uH X̂ t,u(j) Y t,r,u(j +1)
−1

H

= F̂ uH F̂ u
(41)
F̂ uH X̂ t,u(j) Y t,r,u(j +1)
−1

H
since X̂ t,u(j) X̂ t,u(j) = INT Nd . Note that F̂ uH F̂ u
can
be predetermined and thus, matrix inversion is avoided. The
inner-loop E-step and M-step are repeated alternatively. The
converged estimate is then used in the outer-loop iterations.
V. S IMULATION R ESULTS
We consider an uplink OFDMA system with N = 256
subcarriers over a 20 MHz bandwidth. The system can support
U = 8 users to communicate with the BS simultaneously. We
focus on the #3 user and Nd = 32 subcarriers are allocated
to this user. The user and the BS are equipped with NT = 2
transmit antennas and NR = 2 receive antennas, respectively.
The Alamouti STBC is used and the modulator adopts a
QPSK constellation. We consider three packet lengths: each
data packet contains PL = 5, 8, 10 STBC words. We assume
that the first word contains pilot symbols for initial channel
estimation while other words in the packet contain only data.
The packets are transmitted through the frequency-selective
Rayleigh fading channels of order L = 3 and with exponential
power decay. Autoregressive (AR) stochastic model [15] is
used for the simulation of the Rayleigh fading channels. The
dynamics of the channel taps can be described as
(42)
h̄ul (t + 1) = βl h̄ul (t) + αl ḡl , l = 0, · · · , L − 1

where βl = J0 (2πfD (t)) and αl = (1 − βl2 )e−l/5 . J0 (·)
and fD (t) denote the zero-order Bessel function of the first
kind and the Doppler frequency respectively; ḡl is a random
matrix whose entries are complex Gaussian variable N(0, 1).
The parameter αl captures the time-varying nature of the
channel. In our simulation, we choose α0 =0.199, 0.312. A
rate 1/2 four-state convolutional code is used.
We first assume that perfect CSI is available at the receiver
side. The performance of the ML detector is used to compare
with that of the proposed EM-based receiver. As shown in
Fig.1, the STBC word error rate (WER) that the proposed
receiver can achieve is very close to that of the optimal ML
receiver. We also compare the performance of the proposed
receiver with 1, 2 and 3 iterations in the EM algorithm, given
different channel dynamics, i.e., α0 = 0.199, 0.312. It can
be observed that WER performance of the cases with 1 and
2 iterations approximates quickly to the 3 iterations case.
We thus conclude that only a small number of iterations are
required in the EM process to achieve near-ML performance.
This suggests that the computational effort is not excessive.
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Fig. 1. WER performance of the proposed EM receiver with different number
of iterations in the EM algorithm.
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iterations in the inner-loop EM process.
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In this paper, we have presented an EM-based iterative
receiver and its reduced-complexity version for uplink MIMOOFDMA systems. The proposed receiver performs joint data
detection and channel estimation iteratively and can achieve
comparable performance with that of a coherent detector with
practical complexity.
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Fig. 2. WER performance of the proposed EM receiver with different number
of STBC words contained in the packets.

We have assumed that only the first word in each data
packet contains pilot symbols. To reduce the bandwidth loss,
one needs to decrease the proportion of pilot symbols as
much as possible. But longer data packets that contain STBC
words may incur performance degradation due to the dynamic
nature of the channels. To investigate this aspect, we simulate
the OFDMA uplink transmission with one packet containing
different number of STBC words. The results are illustrated
in Fig.2, where we compare the WER performance with
packets containing PL = 5, 8, 10 words. It can be seen that
for Rayleigh fading channels (α = 0.199, 0.312), the WER
performance does not degrade much when the packet length
increases. Thus, the proposed receiver can capture the channel
dynamics well with little spectral sacrifice.
In Fig.3, we simulate the performance of the reducedcomplexity receiver proposed in Section IV-B with only 2
iterations in the inner-loop EM. Compared with the original
design, this reduced-complexity receiver can achieve close
WER performance. Thus, the EM-based receiver can be implemented in practice with affordable computational cost.
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