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Abstract The aim of this paper is to design new multi-user receivers based on the
iterative block decision feedback equalization concept for MC-CDMA systems with
closed-form interference alignment (IA) at the transmitted side. IA is a promising tech-
nique that allows high capacity gains in interfering channels. On the other hand, iterative
frequency-domain detection receivers based on the IB-DFE concept can efficiently exploit
the inherent space-frequency diversity of the MIMO MC-CDMA systems. In IA-precoded
based systems the spatial streams are usually separated by using a standard linear MMSE
equalizer. However, for MC-CDMA based systems, linear equalization is not the most
efficient way of separating spatial streams due to the residual inter-carrier interference
(ICI). Therefore, we design new non-linear iterative receiver structures to efficiently
remove the aligned interference and separate the spatial streams in presence of residual
ICI. Two strategies are considered: in the first one the equalizer matrices are obtained by
minimizing the mean square error (MSE) of each individual data stream at each subcarrier,
while in the second approach the matrices are computed by minimizing the overall MSE of
all data streams at each subcarrier. We also propose an accurate analytical approach for
obtaining the performance of the proposed receivers. Our schemes achieve the maximum
degrees of freedom provided by the IA precoding, while allowing close-to-optimum space-
diversity gain, with performance approaching the matched filter bound.
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1 Introduction

To achieve high bit rates, needed to meet the quality of service requirements of future
multimedia applications, multi-carrier code division multiple access (MC-CDMA) has
been considered as an air-interface candidate, especially for downlink [1, 2]. This scheme
combines efficiently orthogonal frequency division Multiplex (OFDM) and code division
multiple access (CDMA). Therefore, MC-CDMA benefits from OFDM characteristics such
as high spectral efficiency and robustness against multi-path propagation, while CDMA
allows a flexible multiple access with good interference properties for cellular environ-
ments [3-5].

Conventional frequency domain equalization (FDE) schemes usually employ a linear
FDE optimized under the minimum mean square error (MMSE) criterion [6]. However, the
residual interference levels might be too high, leading to performance that is still several
dB from the matched filter bound (MFB) [7, 8]. For this reason, there has been significant
interest in the design of nonlinear FDEs in general and iterative FDEs in particular. IB-
DFE was originally proposed in [9] and was extended for a wide range of scenarios over
the last 10 years, ranging from diversity scenarios, MIMO systems, MC-CDMA and ultra-
wideband (UWB) systems, among many other [10-17].

Recent results on the analysis of interference channels (IC) have shown that capacity of
an interference channel for a given user is one half the rate of its interference-free capacity
in the high transmit power regime, for any number of users [18]. One interesting scheme to
efficiently eliminate the co-channel interference and achieve a linear capacity scaling is
interference alignment (IA) [18, 19]. With this strategy, more interferers can be completely
cancelled than with other interference cancellation methods, thus achieving the maximum
degrees of freedom (DoF) [18]. An explicit formulation of the precoding vectors for
3-users achieving IA for time or frequency selectivity channels was presented in [18, 19].
A closed-form solution for constant channels is still unknown, except for 3 users. Due to
the difficulty in obtain a closed-form solution for constant channels (with more than 3
users), some iterative algorithms were proposed [20-22]. In [20] several iterative algo-
rithms, designed with only local channel state information (CSI) knowledge, at each node,
were presented. A MMSE-based iterative IA scheme was proposed in [21]. Several iter-
ative linear precoding designs using alternating minimization were proposed in [22]. Low
complexity feedback strategies for iterative IA-precoded MIMO-OFDM based system
were proposed in [23]. Most of these iterative algorithms require significant number of
iteration to align the inter-user interference and exchange of information between the
transmitter—receiver pairs at each step [22]. An overview of practical issues including
performance in realistic propagation environments, the role of CSI at transmitter, and the
practicality of IA in large networks was given in [24, 25].

As discussed, IA is a promising technique that allows high capacity gains in interfering
channels. On the other hand, iterative frequency-domain detection receivers based on the
IB-DFE concept can efficiently exploit the inherent space-frequency diversity of the
MIMO MC-CDMA systems. Therefore, in this paper we consider closed form IA pre-
coding at transmitter with IB-DFE at the receiver for MIMO MC-CDMA systems, since
this combination allows us to design a system that is able to achieve maximum DoF
(number of spatial stream per sub-carrier) and efficiently remove the aligned interference
in the presence of ICIL allowing to exploit the high diversity order inherent to these
systems. Two strategies are considered: in the first one the equalizer matrices are obtained
by minimizing the MSE of each individual data stream at each subcarrier, referred as
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iterative successive cancelation (SIC) approach; while in the second one the matrices are
computed by minimizing the overall MSE of all data streams at each subcarrier, referred as
parallel interference cancellation (PIC) approach. We also propose an accurate analytical
approach for obtaining the performance of the proposed receiver structure. Our proposed
scheme achieves the maximum degrees of freedom, while allowing a close-to-optimum
diversity gain, with only a few iterations at the receiver side.

The remainder of the paper is organized as follows: Sect. 2 presents the system model of
the K-user IC MIMO for MC-CDMA systems. In Sect. 3, we briefly start by describing the
considered closed-form IA algorithm and then a detail formulation of the proposed receiver
structures is presented. Section 4 presents the main results (analytical and numerical). The
conclusions will be drawn in Sect. 5.

Notation: Throughout this paper, we will use the following notations. Lowercase letters,
bold face lower case letters and boldface uppercase letters are used for scalars, vectors and
matrices, respectively. (.)”, ()" and (.)* represents the complex conjugate transpose,
transpose, and complex conjugate operators, [E[.] represents the expectation operator, Ly is
the identity matrix of size N x N,CN(.,.) denotes a circular symmetric complex Gaussian
vector, {a} represents a L-length block, tr(A) is the trace of matrix A and e, is an
appropriate row vector with 0 in all positions except the pth position that is 1.

2 System Characterization

We consider a K-user MIMO interference channel with constant coefficients on a per-chip
basis. It comprises K transmitter—receiver pairs sharing the same physical channel, where a
given transmitter only intends to have its signal decoded by a single receiver. Without loss
of generality, we consider a symmetric case where all transmitters and receivers have M
antennas, which is denoted by an (M, M, K) interference channel. Since each transmitter is
allowed to transmit P = M /2 data symbols on each subcarrier, this system has KM /2 DoF
per-subcarrier. Figure 1 shows the proposed kth MC-CDMA based transmitter. As can be
seen, each one of the P L-length data symbols block, {dk‘p‘l; k=1,...K,
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Fig. 1 Proposed MC-CDMA transmitter with interference alignment
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p=1,..,P,1=0,...,L— 1}, where the constellation symbol dj ; selected from the data
according to given mapping rule (we assume E Udk""l ﬂ = afl), is spread into L chips using
orthogonal Walsh-Hadamard codes, leading to the block {sk‘,,‘l; p=1,..,P,
[=0,...,L—1}. Then, a set of P chips (one of each block) is weighted by an IA-
precoding matrix. Note that here the IA-precoding is applied on a chip level instead of data

level as in the conventional IA systems. The signal after the IA precoding at the kth
transmitter and subcarrier / can be written as

Xii = WSk, (1)

where Wy, € CM*" is the linear precoding matrix computed at the kth transmitter on
. . 2 . .
subcarrier /, constrained to ||WkA1H F<Tp, where T}, is the transmit power at the trans-

mitters, with s;; = [Skﬂl‘l...sk7p‘1]T. Finally, the precoding signals are mapped into the
OFDM symbol and a suitable cyclic prefix (CP) is inserted.

The received frequency-domain signal (i.e., after cyclic prefix removal and FFT oper-
ation) for the kth receiver and the /th subcarrier is given by

K
Yoo = HouWessia+ > Hij Wisjs +mgy, (2)

=1

ik
provided that the cyclic prefix is long enough to account for different overall channel
impulse responses between the transmitters and the receivers (i.e., including transmit and
receive filters, multipath propagation effects and differences in the time-of-arrival for

different transmitter-to-receiver links).
The size-M x M matrix H; ;, denotes the overall channel between the transmitter j and

receiver k on subcarrier [ and ny; is the additive white Gaussian noise (AWGN) vector at
receiver k on subcarrier /, i.e., ng; NCN(O, aglM).

3 Receivers Design

In this section we start by briefly reviewing the closed-form IA precoding algorithm for
K <3 and the standard MMSE based equalizer used to separate the spatial streams. Then
the proposed iterative frequency domain equalizers, based on IB-DFE principle, are
derived in detail.

3.1 Close-form IA precoder for K = 3

For the three user interference channel it is possible to find a closed-form solution to
Wi,k =1,2,3. It is shown in [18] that the solution for subcarrier [ is given by

Wi, = eigvecy ), (H;:,1H3,2,1H|7,;,1H1.3A,1H27A;,1H2,|.1)
Wy, = H§§.1H3,171W1J ' G)
Wi, = HZ;,1H2,1,1W1J

where eigvec,;, are the M/2 eigenvectors of matrix (Hi%Asz,zAsz%.zHlA3,1H27,§,1H2 1,1>'
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Up to now, there are no closed-form solutions for MIMO channels with K > 3, and
some iterative solutions were derived in [20-22]. In this work we consider closed form IA
precoding schemes, since the design of a joint iterative IA precoding with iterative fre-
quency domain equalizers is too complex.

3.2 Standard Linear IA MMSE Equalizer

As discussed above, usually a standard MMSE linear equalizer is employed to mitigate the
aligned user’s interference and separate the spatial streams. Thus, the signal after the
equalization process is given by

K
Yo = G Hi i ;Wi sk + Gy Z Hy; Wi + Grmg g, 4)
=1
J#k
where Gy € CP*M denotes the linear receiving filter. To compute it, we first need to obtain
the matrix

_ -1
Gy, = (Hﬁ[k,lan,l + UiISP> Hffk,z» (5)

where H,;; = [Hk‘l,lwlﬁlHk.’Z,[WZl Hk‘3‘]W3~[:| € CMM . The left pseudo-inverse exist
since H,x; has M column rank due to the IA processing. From (5), the linear filter used at
the kth receiver on Ith sub-carrier is given by

T
T T T
Gy = |:gk’(k72])M+1J gk‘(kle)M_Fz?l e gk’(kle)M+%‘l:| ) (6)
where g; ;, is the jth row vector of Gy
3.3 Iterative Equalizers Design

It is well known that for MC-CDMA based systems, standard linear equalization is not
the best strategy to separate the spatial streams due to the residual inter-carrier inter-
ference. To overcome this problem, we design new non-linear frequency domain
equalizers based on IB-DFE principle, which also takes into account both the inter-user
aligned interference and residual ICI. Two approaches are considered: IB-DFE PIC and
IB-DFE SIC.

3.3.1 IB-DFE PIC Approach

Figure 2 shows the main blocks of the IB-DFE PIC based procedure. For each iteration we
detect all P L-length data block of the kth receiver, in a parallel way, using the most
updated estimated of the transmit data symbols to cancel the residual interference, which it
could not be cancelled in the first equalizer block. Therefore, our receiver can be regarded
as an iterative parallel interference cancellation. However, as with conventional IB-DFE
based receivers, we take into account the reliability of the block data estimates for each
detection procedure.
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Fig. 2 Iterative receiver PIC equalizer based on IB-DFE principle

At the ith iteration, the signal at kth receiver on /th subcarrier, before the despreading
operation is given by

o
o = Five —Bls " (7)

) CPP ;

where F € CPM denoting the feedforward matrix Bk 1 € is the feedback matrix and

s‘,iil D= [s‘l(fl} ) ﬁkl;]l)} , where the block {s‘,(f;, 1=0,....L— 1} is the spreading of the
pth  de-spreading block average values conditioned to the detector output

{3,((2}_,;1: 0,...,L— 1} for each iteration i. It can be shown that §<i_1) ~ ‘l’(H)zs it

‘l’,(:*l)AkJ, where Ay is a zero mean error vector. ‘I’,E) = dlag{ s p} is a diagonal

correlation matrix computed at ith iteration, where the correlation coefﬁ01ent computed for
the pth L-length data block is

il )
¢k,p:7é7 *L"'aLa (8)
E |:’dkp‘,l‘ :|

and represents a measure of the reliability of the estimates of the pth L-length data block
associated to the ith iteration that can be obtained as described in [13] for QPSK modu-
lations and in [16] for larger constellations. Considering QPSK modulations, the hard

decision dA,(fI))l associated to the data symbol d,,, is d()l—szgn(Re(d,((;Z))—l—

jsign (Im (d,((; z) )

For a given iteration and at each receiver, the iterative non-linear equalizer is charac-

terized by the coefficients F e ) and B() These coefficients are computed to minimize the

average bit error rate (BER) of all P streams and for a QPSK constellation with Gray
mapping the BER of the kth receiver, can be approximately given
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P

BER! ~ 0| | —————
L—-1 i
% 1=0 MSEI(c)l

©)

where Q(x) denotes the well-known Gaussian function and MSE,@ is the overall mean

square error of the spreading samples given by,

2
)]

el (- n) (i -))]

After some straightforward but lengthy mathematical manipulations, it can be shown
that (10) is reduced as,

MSE{) = E U

(10)

MSE(} = uw(FRYEY) + o (BOR{**B{)") + Po? — 2u(Re{RY; ()" })
+ 2tr(Re{ s ”}) - 2tr<Re{B IR g0 })
(11)
The different correlation matrices of (11) are given by,
RZfil =K [y i 1] quk 1RdHquHl If:# HchledHli{§7 +R,
R]({i—l)s’k,sk _ E[gl((i—l)*gfci—l)T} _ ‘l‘;:fl)/R:
R)™ =E [szSk} = RHY) ’ (12)
R[({ifl)s’k,sk _ ]E[g(ifl)*s } _ ‘l’;fqud
Rzgziwgk‘n'l = EH: 7 1} = ‘I’Zil)z RHY

where HZ‘; =H,; W € C™* represents the equivalent channels after the IA procedure.

R, = af,lp and R, = O',%IM, represent the correlation matrices of data symbols and residual
noise, respectively.

From (9), it is clear that to minimize the average BER at each receiver we need to
minimize the overall MSE at each subcarrier. However, only considering the MSE mini-
mization may lead to biased estimates and thus to avoid it we force the overall received

amplitude to a constant, i.e. LZ, 0 tr(F()HZ"Z) = P. Thus constrained optimization

problem can be formulated as,

tr(F{HY) = P. (13)

We use the Karush—Kuhn-Tucker (KKT) conditions to solve the optimization at each
step with all but one variable fixed [26]. The Lagrangian associated with this problem can
be written by
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i) pl i o (1 i) gye
() < wsel) (S e(wimg) o). o
=0
where y; is the Lagrangian multiplier [27]. The KKT conditions are

Vi L (R B ) =0

(i)
K

VB’EfaL(F]Ei%y B]@y ,u](j)) =0

1 L-1 ;
7> u(Fimg) —P =0

=0

After a lengthy but straightforward mathematical manipulation we obtain the feedfor-
ward and feedback matrices with the iterative index dependence, given by

)

-1
K
i ) yyeat! [ e (=17 LregH H 0,
F) = o'H (ka’kﬁl(lp—‘l’k D HZZJRdHZ‘;J—i-Z—ﬁIM) ., (16)

J=1j#k
and
BI(:)I = FIEZ}qukI —Ip, (17)
with
ol = (Ip - ‘v““)z) - ﬁlp. (18)
k k oL

The Lagrangian multiplier is selected, at each iteration i, to ensure that the constraint
L-1 .
I tr(F,((’_;H;qk 1) = P is fulfilled. It should be pointed out that for the first iteration
Pard AT kK,
(i=1), ‘I’,E(» is a null matrix and s_,((? is a null vector and thus this iterative receiver reduces
to the standard linear MMSE discussed in Sect. 3.2).

3.3.2 IB-DFE SIC Approach

Figure 3 shows the main blocks of the IB-DFE SIC based procedure. For each iteration we
detect all P L-length data block of the kth receiver, in a successive way, using the most
updated estimated of the transmit data symbols to cancel the residual interference. Now, at
the ith iteration, the signal at kth receiver on /th subcarrier associated to the pthL-length
data block, before the despreading operation is given by

y . N1

51(3;,1 = fl(cl,;xlyktl - b1<<37ﬁl§§<l,pl) (19)
where f,(c'i,, € C"M and b,((';,, € C"" denoting the feedforward and feedback vectors
coefficients of the pth data block applied on the Ith subcarrier at the kth user, and

4H>_[4i> () i) 41'71)]’.

i
Sepd = |Sk1 o Skp—1,00Skpt v SkP
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Fig. 3 Iterative receiver SIC equalizer based on IB-DFE principle

Contrarily to the PIC approach, to compute these vectors, we need to minimize the
) . 2
MSE,?N =E “5,&’;1 - Skﬁp‘l’ } of the spreading samples associated to the pth L-length data
block on Ith subcarrier. After some mathematical manipulations, it can be shown that
MSE,) , is reduced as,

MSE(),, = £, RI/E0 + b, RIVSb01 4 62— ore{RY ™01}

(i— 1) sy (i) ) R (D)Sk-Yic1 0(i) (20)
+2Re{ R b1 — 2re{b() REHE

The different correlation matrices in (20) are given by,

_ K
Ry = E[sioh] —HIRME + > HYRH 4 R,
J=1J

R]({ifl)s’k,sk _ E{S_]EFU*S_;(FUT] _ \Pl(jfl) R,

Virsk o [ o _ eqH . (21)
R, =E|ygsc| = eRH,

. _ . . 2
R/({t*l)sk,sk _ E[gl(czfl)*sk} _ ep‘lll((zfl) R

i—1)§ i—1)% i—1)?
RI<<,I Do ]E{s‘f{ g yk,l} = lPl(c Y RdHi?/fJ

The optimization problem for this approach can be formulated as

(‘_)mng) MSE Wst—g fkp, fkpl = (22)
fkplbkpl =0

where hi ;€ CM! is the equivalent channel associated to the pth data block. Following

the same procedure as for the PIC approach, the feedforward and feedback vectors can be
obtained
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-1
H¢ H e HC H eqH 3
f pl = Qkp qu,z (Hk?k,l (IP - \Pk ) quz + Z Hk,] lesz‘,z + %IM> ) (23)
J=1j#k a
and
blEI,LJ = fl(cl,l)JJHli?k‘l — &, (24)
with
0 17 _ K
Q,=e (IP -/ ) dz P (25)

The Lagrangian multiplier is selected, at each iteration i, to ensure that the constraint

IL 0' f,((L ,h,‘;qk 1 = Lis fulfilled. It should be pointed out that for the first iteration (i = 1)

and for the first L-length data block to be detected, ‘l‘,(c is a null matrix and §§<,p,l’ p=1lisa

null vector.

4 Performance Results

In this section we present a set of performances results, analytical and numerical, for the
proposed receiver structures. We consider 3 (K = 3) transmitter—receiver pairs, each
equipped with 2, 4 and 6 antennas (M = 2, 4, 6). Thus, each transmitter can transmit
simultaneously 1, 2 and 3 (P = 1, 2, 3) L-length data blocks (with L = 128), respectively.
The FFT size is also set to 128 and a QPSK constellation under Gray mapping rule is
considered.

The channel between each transmitterand receiver pair are uncorrelated and severely
time-dispersive, each one with rich multipath propagation and uncorrelated Rayleigh
fading for different multipath components. Specifically, we assume a L, = 32-path fre-
quency-selective block Rayleigh fading channel with uniform power delay profile (i.e.,
each path with average power of 1/L,). The same conclusions could be drawn for other
multipath fading channels, provided that the number of separable multipath components is
high. We also assume perfect channel state information and synchronization. Our per-
formance results are presented in terms of the average bit error rate (BER) as a function of
E, /Ny, with E}, denoting the average bit energy and Ny denoting the one-sided noise power
spectral density. In all scenarios we present the theoretical and simulated average BER
performance for the proposed receiver structures (IB-DFE PIC and IB-DFE SIC based
approaches). For the sake of comparisons we also include the MFB performance.

Figure 4 shows the performance results for the M = 2. In this case only 1 block is
transmitted simultaneously and thus both the IB-DFE PIC and IB-DFE SIC approaches are
equivalents. We present results for 1, 2 and 4 iterations of the IB-DFE based equalizer.
From this figure, it is clear that the proposed analytical approach is very precise for the first
iteration, where the IB-DFE based equalizer reduces to a standard linear IA MMSE-based

frequency domain equalizer (discussed in section IIL.b), since ‘P,EO) is a null matrix and 51({,01)

is a null vector. Although there is a small difference between theoretical and simulated
results for the subsequent iterations, our analytical approach is still very accurate, with
differences of just a few tenths of dB. The difference is slightly higher for the second
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Fig. 4 Performance evaluation of the proposed receiver scheme for M = 2

iteration, decreasing as we increase the number of iterations. This behavior is a conse-
quence of the accuracy of the Gaussian approximation that is behind our theoretical results.
In fact, for a severely time-dispersive channel with rich multipath propagation the inter
symbol interference (ISI) is high, which validates the Gaussian approximation of the
residual interference after the first iteration. For the second iteration we reduce signifi-
cantly the ISI, which makes the Gaussian approximation less accurate. However, as we
increase the number of iterations we remove almost entirely the ISI (especially for large
E, /Ny and, consequently, small BER) and we converge to a noise-only scenario where,
once again, the Gaussian approximation is valid. Errors in the computation of the reliability
of the estimates employed in the feedback loop (which are only accurate for the first
iteration (zero reliability) and when we have very low BER (which means that the esti-
mates are accurate, i.e., its reliability is 1)) also contribute to higher differences between
theoretical and simulated results especially at the second iteration. As expected, the BER
performance improves with the iterations and its can be observed that for the 4th iteration
the performance is close the one obtained by the MFB.

Figures 5 and 6 shows the performance results for M = 4 with an IB-DFE PIC and an
SIC, respectively. We also present results for 1, 2 and 4 iterations of the IB-DFE based
equalizer. Clearly, the BER performance improves with the iterations for both IB-DFE SIC
and PIC approaches, and it can be seen that for the 4th iteration the performance is close
the one obtained by the MFB. Note that for this scenario the IB-DFE based equalizers must
deal with inter-block interference, since 2 length-128 blocks are transmitted simultane-
ously by each transmitter, and residual inter-carrier interference. Therefore, the proposed
schemes are quite efficient to separate the spatial streams and achieve the higher diversity
order inherent to this scenario, with only a few iterations. Comparing the IB-DFE SIC and
the IB-DFE PIC approach, it is clear that for the first and second iterations the IB-DFE SIC
approach outperforms the IB-DFE PIC one. This is because the IB-DFE SIC based
structure to detect a given user takes into account the previous detected ones, with the
exception for the first user. It should be emphasized that, contrarily to the IB-DFE PIC
approach, the first iteration of the IB-DFE SIC is not equivalent to the standard IA MMSE
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Fig. 5 Performance evaluation of the proposed IB-DFE PIC scheme for M = 4
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Fig. 6 Performance evaluation of the IB-DFE SIC scheme for M = 4

equalizer. This is because to detect the second data block we took into account the
information of the first detected data block, even for the first iteration.

Figures 7 and 8 shows the performance results for M = 6 with an IB-DFE PIC and an
IB-DFE SIC, respectively. In this scenario 3 L-length data block are transmitted in parallel,
increasing the inter-block interference. However, even in this case the performance of the
proposed IB-DFE PIC and SIC approaches tends to the one achieved by the MFB as the
number of iterations increases. As in the previous scenario, we can see that 4 equalizers
iterations are enough to achieve the MFB performance.
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Fig. 7 Performance evaluation of the proposed IB-DFE PIC schemefor M = 6
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Fig. 8 Performance evaluation of the IB-DFE SIC scheme for M = 6

5 Conclusions

14

In this paper we considered closed form IA precoding at the transmitter with IB-DFE based
processing at the receiver for MIMO MC-CDMA systems. Two strategies were considered:
IB-DFE SIC and PIC approaches. In the first one the equalizer matrices were obtained by
minimizing the MSE of each individual data stream at each subcarrier; while in the second
one the matrices were computed by minimizing the overall MSE of all data streams at each
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subcarrier.We also proposed a simple, yet accurate analytical approach for obtaining the
performance of our receiver structure.

The results have shown that the proposed receiver structures are robust to the residual
inter-user interference (contrarily to the standard linear IA MMSE based equalizer) and
quite efficient to separate the spatial streams, while allowing a close-to-optimum space-
diversity gain, with performance close to the MFB with only a few receiver iterations.
Also, the performance of both IB-DFE PIC and IB-DFE SIC receiver structures is basically
the same after three or four equalizer iterations.To conclude we can clearly state that the
proposed receiver structure are an excellent choice for the IA-precoded MC-CDMA based
systems.
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