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Abstract— Based on the expectation maximization (EM)
algorithm, a joint channel tracking and maximal a posteri-
ori symbol detection method is proposed for orthogonal fre-
quency division multiple access systems employing multiple
transmit and receive antennas (MIMO). Using the Forney-
style factor graph (FFG), a forward-and-backward signal
processing method is developed to recursively solve the EM
problem for joint estimation and detection (JED) in MIMO
fading channels. By proper message scheduling and passing
over the FFG, simulations show that the proposed algorithm
is effective for joint MIMO channel tracking and symbol de-
tection in fast fading channels.

Keywords— Factor Graph, MIMO, OFDM, OFDMA, EM,
Joint Estimation and Detection.

I. INTRODUCTION

Orthogonal frequency division multiplexing/multiple ac-
cess (OFDM/OFDMA) using multiple input and multiple
output (MIMO) transceiving antennas is considered promis-
ing technology for next-generation broadband mobile wire-
less access (BMWA) due to its flexible architecture for mul-
tiple access and outstanding ability to combat severe signal
degradation in BMWA channels. To fully exploit the ad-
vantage of OFDM for BMWA, joint channel estimation and
detection (JED) is considered an effective method to per-
form blind /semi-blind data detection in fast fading channels.
However, the complexity of JED for all channel coefficients
of a MIMO-OFDM system is very high for fast fading chan-
nels. To reduce the complexity, there has been some research
results available in the literature, among which [1,2], e.g.,
perform JED with hard symbol decision feedbacks while [3,4]
use soft information feedbacks according to the expectation-
maximization (EM) principle. It has been shown in [4, 5],
among others, that the EM-based JED can outperform al-
gorithms using hard decision feedbacks.

Despite the complexity of JED for OFDM, a direct ap-
plication of the JED of OFDM to OFDMA may not be
feasible and will suffer from severe performance degrada-
tion due to the multiple access interference (MAI) present
in the time-domain OFDMA received signals. In addition,
the MAI will aggravate when multiple transmit and receive
antennas are used in the OFDMA system. Exploiting the
signal architecture of OFDMA, in this work, we propose a
hybrid JED scheme that can perform MIMO channel track-
ing for OFDMA without the influence of MAI. Moreover, to
reduced the algorithm complexity, a forward-and-backward
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signal processing procedure is developed to recursively solve
the EM problem for JED, using the max-sum algorithm on
the Forney-style factor graph (FFG). By proper message
scheduling over the FFGs, the proposed algorithm presents
promising results of JED for MIMO-OFDMA in fast fading
channels, using only one out 256 OFDM symbols for pilots.

II. SYSTEM MODEL

We consider a MIMO OFDMA system employing Ny
transmit antennas and N, receive antennas. There are a to-
tal of K users sharing the available subcarriers of the system.
The number of the overall subcarriers is denoted by N. Mod-
ulated symbols of a user are first multiplexed into N; trans-
mission streams, each corresponding to a transmit antenna.
Then, each sub-stream is mapped to the designated sub-
carriers and transformed with the inverse Fourier transfor-
mation (IFFT). The outputs of IFFT are cyclic-prefixed and
transmitted through the corresponding antenna over a time-
varying multiple-path fading channel. The discrete-time
channel response between the i-th receive and j-th transmit
antenna pair is denoted by h; ;(t) = {h}’j(t),..‘?hﬁj(t)}.
The number of channel taps, L, for each user is consid-
ered smaller than or equal to the length of the cyclic-prefix,
Ly, which is a system parameter designed to combat inter-
symbol interference. Throughout this paper, we assume per-
fect synchronization is reached at the receiver and the chan-
nel coefficients remain unchanged within each OFDM block
of length N + L, and fade from block to block according to
the Jake’s model for Rayleigh fading channels. As a result,
there is no inter-carrier interference (ICI) in the system.

The received time-domain signal at the i-th receive an-
tenna for the m-th OFDM symbol interval is denoted by
Yim = {Yi,(m—1)(N+Lep)+Leps " s Yism(N+Lep)—1), after re-
moving the cyclic prefix. Transforming y; ,, with FFT, the
frequency-domain received signal Y}, at the n-th frequency

tone, n =0,...,N — 1, is given by
Yim = X0 Him + N, (1)

where X7, £ [X7,,,.... X N,.m) is the frequency-domain
transmitted symbol vector, and HY,, = [H" ,H[hom]T
in which H}'; ., is the frequency-domain channel response be-
tween the ith receive antenna and the jth transmit antenna.
In addition, the noise vector N; ., is considered zero-mean
and additive-white complex Gaussian (AWGN) distributed,
denoted by ~ CN(0,02). We note that in this paper a
bold-faced lower-case character x represents a vector in the

time-domain, while an underlined upper-case X stands for
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a vector in the frequency domain. In addition, a bold-faced
X denotes a matrix either in the time or frequency domain.

In an OFDMA system, a single user is unlikely to oc-
cupy the entire bandwidth of the system. Therefore, with-
out loss of generality, we assume the set of frequency bins
allocated to the kth user is defined as {ff,..., f]’f,k}7 where
1 < fff < N and Ny being the number of tones em-
ployed by user k. Collecting the frequency-domain received

signals with respect to (w.r.t.) user k, we have Y* 2

—m

[Yl,m(flk)a---7YNT,m(f{C)7"' 7Y1,m(ka)a-~~7YNT,m(ka)]T7
which, under AWGN, can be modeled as

Yo, = X Hy, + N, )

ith k A f1 f1 f}s’k fkjk T

with H; = [H1m7" Hy Ny ,ﬂl’m,...,ﬂNTwm] ,

k

Xk 2 diag{Iy, @ X1, ... Iy ® x! Nk} ® being the Kro-
necker product, and ﬂ ~ CN(0,021y, N, ). Since we as-
sume no ICI in the system7 users of the system operate in
orthogonal frequency channels. The derivations correspond-
ing to a certain user also apply to other users in the system.
Therefore, for convenience of expression, we drop the user
index, k, in the sequel.

A. Time-Domain Channel Dymanics

To track the time-varying channel coefficients, we model
the time-domain Rayleigh multipath fading coefficients as
a first-order auto-regressive (AR) random process. Let
ht _jm be the £-th path time-domain channel coefficient be-
tween the i-th receive antenna and the j-th transmit an-
tenna at time m. We define for the /-th path of the mul-
tipath MIMO channel a time-domain channel vector hf, £
(WSt DS Ny - A, A b n,m)T- Based on
the AR model the mult1path MIMO channel coefficients,

h,, £ [(h})T, ..., (hEZ)T]T, can be expressed as

h, = Fh, ;+Bv, (3)
where for wide-sense stationary uncorrelated scattering
(WSSUS) channels, we have F = diag{Fi,...,Fr} and
B = diag{Bi,...,Br}, each of which being a block di-
agonal matrix of dimension N,.N;L x N,.N.L. Further-
more, we also assume that the MIMO channel coefficients
are spatially uncorrelated. As a result, Fy = aly, N, and
B, = az(l — )IN Nu = , L, with o = Jo(27 fqTs)
and 02 = E{||h Caml?} The funct10n Jo(+) is the zeroth-
order Bessel function of the first kind. And f;Ts is the
Doppler frequency shift, f;, normalized by the sampling time
Ts. The noise vector, v,, ~ CN(0,Iy, n,r)-

Since our goal is to recover X, in (2), we should es-
tablish the relationship between H,, and h,,. Let W de-
note the FFT matrix of dimension N x N. The frequency-
domain channel of h;j, = [hf;,.,...,h7; |7 is equal to
W(:,1: L)h,; jm. According to the channel allocation made
for user k, the frequency-domain channel vector, H, ; ,,,, cor-
responding to the i-th receive and j-th transmit antenna pair
of user k is given by

H =SIW(:,1: L)h;j,m 2 Wih;jm (4)

where Sy, 2 lepr, -

1,5,
Sepn |, and e,, is a N x 1 vector with a
k

1’ at the n-th entry and all the other entries 0’s. The matrix

‘W, is of dimension Ny x L, downsampled from W. Given
the time-frequency relationship in (4), it can be shown that

H,, = (Wi @1Iy,.n,)h,,. (5)
Substituting this expression back into (2) leads to
Y, X (Wi @ In,n,)h, + N,
XnWih,, + N,,. (6)

> 1l

ITI. JoINT CHANNEL TRACKING AND SYMBOL
DETECTION OVER MIMO FADING CHANNELS

We now present joint channel estimation and symbol de-
tection (JED) for h,, and X, of each user according to the
channel dynamic model (3) and the system model (6).

Under the EM framework in [6], we define for user k the
observation up to time M as Y)Y £ {Y,,---,Y,,} and the
unknown parameter set as h}? £ {h,,---h,;}. The hid-
den state of the system is XM £ {Xx,,---,X,,}, where

k
X, 2 (xIT .. 75{5’“ }. Tt is clear that the complete data

for estimating the parameter set h’ is {Y' ), XM}, In the

absence of XM the log likelihood (LLK) of hi’ is given by
log P(Y1", hy') = log By {P(Y1", 21", 1))}, (7)
where Eyu{-} is the expectation w.r.t. XM

It is in general difficult to estimate hiw directly from the
LLK. To reduce the complexity, we use the EM algorithm
to approximate it iteratively. To this end, we first define a
Kullback-Liebler (K-L) measure of h)’ at iteration £ as

~0—1
Qur(hy'[hy ) £
> log{P(Y} b A P Yy,

{xi1}

By, (8)

~(—1
where h,,,, is the estimate of h at iteration £—1. The EM
procedure is summarized in the following two major tasks:

~b—1
E-step: Compute Q(h) |hy.,,);
N ~-1
M-step: h,. M= = arg maxpu QM(hM|h1 M-

The LLK of hl: a is guaranteed non-decreasing through the
EM procedure [7].

Even if the complexity of JED can be drastically reduced
using the EM algorithm, the computational complexities for
the corresponding E-step and M-step are still high. In the
sequel, we will develop a low-complexity recursive procedure
to process these two tasks based on the max-sum rule of the
factor graph algorithm in [8].

According to the Markovian property presented in (3), the
joint probability P(YM b xM) can be factorized into

P(Y{\/l,hi\/I,XM) P(Ym 1 hm 1 Xm l)
P(Y Xm‘h ) ( m|hm I)P(Ym+17hm+17 m+1‘h ) (9)

~0—1
Given P(X,,|YM h,.,,), m = 1,..., M, the E-step can be

rewritten as
Mgty m—1¢1
QM(hl |h1:M) = QM(hl ‘hl:]VI)
o~i—1
+E&m {Hzm - X’mwkh'mH2/O-72L|Xiu;h1:]\/f}

~0—1
+10gp(hm|h’m—1) + ij(h'r]\r{-!—l‘hl:]\/[) (10)
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Fig. 1. FFG representatlon of the summation of (11) and (14), where
By () = —3lf, ~ 2y — o,
where Ex {- [YM.h,. M} is the expectation w.r.t. X, in

X, using P(X |Y ) x PY, |.?\,’m,h1 M) obtained
in the frequency domam By some manipulations, we have

é 1
E&m{nz ~ X Wl /1Y 1M}

where we have defined the posterior mean

Ko £ (1/07) Bx, (X Y15 By} (12)
and its corresponding transformed correlation matrix
~ ~0—1
Co £ (Vo)W Bx, X0 X[V By} Wi (13)

~0—1
We note that the dimension of Ey {XEX, Y M hy o) <

N, Ni, and the dimension of Wy is NkN N; x LN,.N;. For

Tyl to exist, min{dim(Ey_{X7X, Y2y 0 1), No Ny} >
LN, N;. Therefore, we must at least have Ny > LNN;.

On the other hand, based on the channel dynamic model
(3), we have
log P( m|hm 1) [hm _]Fhmfl]H]B_HB_l[h _]Fhm 1]

(14)

Both (11) and (14) are of Gaussian quadratic form. There-
fore, the summation of these two is still a Gaussian quadratic
function of h,, and h,, ;. This can be more conveniently
expressed and evaluated using a forney-style factor graph.

We define for (11) a Gaussian quadratic function of
TIm (h’rrw Em) = _[hm - Em]H(Cm [h'm - Em] (15)
where fi = = C;)WHXHy . By the max-sum rule in [8], the
summation of (11) and (14) is equivalent to the constrained
maximization
Am (B, by, ) =
max max max {5hf (h,,_1)

h¢ Vi he

=m h,

0, (F), y + Bvin) + 0, (15,) }

= -, —p, "5 b, (16)
where 0,(z) = —7||x —2||?, ¥ — oo. The Forney-style fac-
tor (FFQG) representation of the above constrained maxi-
mization is given in Fig. 1. The constraint imposed by
the system, denoted by G in the figure, is given in the
third line. Using the update rules of [8] for each individ-
ual node in G, we obtain %,, = (B~#B~! + C,,)~! and
ﬁm = Em(IBD)?HIB%?1]Fh'mfl + W}?ngm)

- HVmH2 + nm/(hmagm)

m}

m o h, M | h My | hy,
o i
0 1 -1 M-1
— G e ST ma. G 4_7’: ............ 1_H. G S —
ﬁl ﬂm—l I m ﬂM—] I :BM
2 2 2
=l =l Vi
Fig. 2. FFG representation of the forward-and-backward signal

~f—1
processing for arg max, »r Qnr (h{”ml,M), where the functional node
h :
G is defined in Fig. 1.

IV. RECURSIVE MAXIMIZATION OF THE EM
ALGRORITHM

Equations (9), (11) and (16) together imply that the K-L
measure (10) can be expressed as a summation of two recur-
~0—1 ~0—1
sion forms, Qs (7" '|h;.,,) and QM(Q%HmLM), plus the
Guassian quadratic form A, (h,,,, Hm)' More specifically, by
the factorization of
P(Ym 1 hm 1 Xm 1) P(Ym 2 hm 2 Xm 2)
P( m— llh'rn I)P(77n71|hm72)P(&mfl)
in (9), we have a forward recursion form of
el g ~b—1
Qu (b by pp) = Qur( 2y ) + A1 (B, _p by, y)
(18)
according to the results from (10) to (16). Similarly, we have
a backward recursmn of

QM( m+1|h1 M)

(17)

m) T Qu(h m+2|h1 M)
(19)
Successively applying the recursions of (18) and (19) to (10)

yields
Z )\ m 1)
m=1
This completes the E-Step of the EM algorithm. As we can
see from (12) and (13) that the evaluation relies on the com-
putations for the posterior mean of X,,, and its correspond-
ing correlation matrix for all m. According to the system
model (6), the a posteriori probability (APP) of X,,, can be
obtained with
Pl Y23 By00) & PV KB, ) (21)
For pilot symbols where X, is given, there is no need for
the evaluations.

)\m+l (hm+17

Quh (20)

=1 |h1M

A. Forward-and-Backward Recursive Maximization

Equation (20) and (16) suggest that the maximization of
(20) w.r.t. h}’ can be done recursively using the max-sum
rule in [8]. In the sequel, we present the message passing
procedure for arg maxpm Qn (hM \ﬁi: ]\2) The details for the
corresponding message updates can be found in [8].

Using Fig. 1, we can rewrite

~t—1
argmax Qs (h)’ |h,.,,) = arg max { max max max max
hy ‘ h ht, kY Ve pf

=m-—1

[Vin|I* + Ono. <ann_1 +Bv,,)+

i)} ¥e2)

{a(h"r’;—hﬂfn_l) -

On,, (05,) + (B, i) + 0w, (h),) + B(h
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BER vs. SNR

Fig. 3. BER of joint estimation and detection.

form=1,..., M, where we have the forward recursion of
A
albh,_, @ )= Jaax mex max @ { (ot )

=m-—2

~[Vim-1l? + Ong,_, (Fhy, 5 +Bvi_1)

+on,  (hy_y) + -1 (b, g5 ) (23)
and the backward recursion of
b\ A b b
Bh,,, @)= e e max max {B(hm+1,gm+1)
+5hm+1 (hfmq) + 77m+1(hm+1v Nm_H) + 523,,“ (hm+1)
~VinsalI® + On, (F 05, 1 — Bviga]). (24)

The maximization is essentially performed in 3 steps. First,
pass messages from ¢ = 0 to M — 1 using (23) with an initial
message a(ho,ﬁg) = —[ho — Hg]HZ(’;[hO - E(J;]' Second, pass
messages from t = M to 1 using (24) with ﬁ(hM,H?M) =0.
Finally, combine all messages with (22) resulting in EL M-
The FFG representation for the forward-and-backward sig-
nal processing procedure is shown in Fig. 2.

V. MESSAGE SCHEDULING AND SIMULATION RESULTS

We now present the message passing method and the sim-
ulation results to demonstrate the performance of the pro-
posed JED scheme for spatial multiplexed MIMO-OFDMA
systems. The size of FFT is N = 128. Both the numbers of
transmit and receive antennas are equal to 2. The number
of tones for each user is 24. The cyclic prefix is L, = 8,
and the number of path for each user is also L = 8. The
MIMO channel coeflicients for each user are independently
generated using Jake’s model with the normalized Doppler
frequency shift f47s = 0.01, where T is the OFDM sym-
bol time. The size of each processing block for JED is 256
OFDM symbols with the first OFDM symbol of each block
used as pilots. User data are modulated with DQPSK to
combat the phase ambiguity resulting from JED.

To start JED, first APP(X;) is evaluated with (21) by
setting h;, = 0. Given APP(X;), we calculate X; and C; for
m(hy, f2)) in (15) with (12) and (13), respectively. We next
apply the forward update rule to obtain a(h, u{) in (23) by
setting Hg =0 and E(f) =1 for a(ho,ﬁg). Having done that,
we move to ¢ = 2 and evaluate APP(X3) by setting hy, = u{,
Repeating the aforementioned steps yields 772(h27E2) and

MSE vs. SNR

MSE

15
N,

Fig. 4. MSE for the estimates of channel amplitudes.

a(h,, Hg ). Repeatedly applying these message passing steps
results in n,(h,,, % ) and alh,,,puf ), Ym=1,..., M.
Given nT,L(hm,E:S7 we can sta;tm the backward message
passing for (h,,, an)’ with S(h,y, Hl])\/l) = 0. Finally, comb-
ing a(hm,gfn) and ﬂ(hm,ﬁfn) with (22
Ei ar for the first iteration. The estimate Ei M can be used

to evaluate APP(X,,) again, Vm = 1,..., M, hence start-
ing another iteration of the forward-and-backward message

) for all m results in

passing for ﬁi:M. Fig. 3 presents the bit error rate (BER)
of JED after 5 iterations of message passing, and the mean
squared error (MSE) for the estimates of channel amplitudes
is given in Fig. 4. These results show that the proposed
method is effective for JED in MIMO fading channels.

VI. CONCLUSIONS

We presented a factor graph EM algorithm and the
corresponding message-passing scheme for JED of MIMO-
OFDMA systems. Simulation results show that the pro-
posed scheme is effective for JED in MIMO fading channels.
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