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ABSTRACT

This paper addresses the design of MIMO precoding and

decoding techniques for the filter bank multicarrier (FBMC)

modulation. Existing solutions give satisfactory performance

in scenarios with high coherence bandwidth channels. With

the aim of increasing the robustness against the channel fre-

quency selectivity, we have rethought the problem, which

results in a new subband processing. Simulation-based re-

sults show that the proposed solution can achieve similar bit

error rates as the OFDM solution, while the spectral efficiency

is increased. These results are theoretically justified. As a

conclusion, FBMC becomes attractive in frequency selective

channels not only because it relaxes the frame synchroniza-

tion with respect to OFDM, but also because it presents

spatial multiplexing competitive results.

Index Terms— FBMC, OFDM, MIMO precoder/decoder

1. INTRODUCTION

Multiple-input-multiple-output (MIMO) techniques are able

to boost the system performance without the necessity of us-

ing additional bandwidth. The MIMO techniques are usually

combined with multicarrier modulations (MCMs) to lower

the dispersion of the channel. In this sense, the orthogo-

nal frequency division multiplexing (OFDM) is the favourite

MCM since the fading at the subcarrier level is modeled flat,

which facilitates the implementation of the MIMO concept.

However the OFDM performance relies on transmitting re-

dundancy in the form of a cyclic prefix (CP), which has to be

larger than the maximum channel excess delay.

It is worth mentioning that OFDM presents several draw-

backs since the subcarrier signals do not present good fre-

quency localization. In this sense, the filter bank multicarrier

(FBMC) modulation may become a candidate to overcome

some of the OFDM limitations [1, 2]. The conclusion is that

for some system parameters and scenarios, FBMC should be

the first choice. For instance, FBMC is preferred to OFDM
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if the transmitter and the receiver are unlikely to be tightly

synchronized. This highlights that the comparison between

OFDM and FBMC is sometimes difficult, since they might

be designed to meet different goals.

In this paper, we study how to combine MIMO techniques

with the FBMC modulation. To the best of authors’ knowl-

edge the approach followed in [3], which represents one of

the few works that study multi-stream transmission in MIMO-

FBMC systems, is valid for high coherence bandwidth chan-

nels. With the aim of making the FBMC system more robust

against the channel frequency selectivity we propose a novel

solution, which is based on concatenating two precoding ma-

trices. We first design one of the precoders to cancel the in-

terferences induced by the channel. In the second step, the re-

ceive filters and the remaining precoders are jointly designed

so that the sum mean square error (MSE) is minimized. It

must be mentioned that the work in [4] also investigates the

design of MIMO-FBMC systems. The solution devised in [4]

does not make any assumption about the flatness of the chan-

nel, thus it gives satisfactory performance for low coherence

bandwidth channels, but the technique is only able to multi-

plex a single stream per-subband for a fixed power allocation.

The technique presented in this paper represents an improve-

ment since it supports multi-stream transmission while it of-

fers some degree of resilience against the channel frequency

selectivity. In addition, the numerical results confirm that the

proposed solution remains competitive with OFDM in some

cases.

In Section 2 we define the expressions that are involved in

a MIMO-FBMC system. The proposed solution is described

in Section 3. Next we conduct simulations in Section 4 to

evaluate the novel technique. Finally, the conclusions are

drawn in Section 5.

2. MIMO-FBMC SYSTEM MODEL

Consider a multi-stream transmission over a NR×NT MIMO

communication system where the transmitter and the receiver

are equipped with NT and NR antennas, respectively. To

combat the channel frequency selectivity, the band is parti-

tioned into M subchannels by implementing the FBMC mod-

ulation scheme [1]. If the channel state information is avail-

able at the transmitter, the streams to be spatially multiplexed
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Table 1. Intrinsic interferences under ideal propagation conditions

k=-3 k=-2 k=-1 k=0 k=1 k=2 k=3

m=q-1 -j0.0429 -0.1250 j0.2058 0.2393 -j0.2058 -0.1250 j0.0429

m=q -0.0668 0 0.5644 1 0.5644 0 -0.0668

m=q+1 j0.0429 -0.1250 -j0.2058 0.2393 j0.2058 -0.1250 -j0.0429

on subband m can be linearly precoded as follows vm[k] =
Bmxm[k], where vm[k] ∈ C

NT×1 is the vector of precoded

symbols and Bm ∈ C
NT×S is the linear precoder. We as-

sume that S streams are simultaneously transmitted on each

subband. Then the vector of symbols that is transmitted on

the mth subband and kth time instant is given by xm[k] =

θm[k]dm[k] = θm[k]
[

d1m[k]...dSm[k]
]T

. Since the symbols

must be drawn from the offset QAM (OQAM) [1], we can

factorize xm[k] as the product of a vector that contains real

PAM symbols and a phase term, which is defined as

θm[k] =

{

1 m+ k even
j m+ k odd

}

. (1)

The transmission of OQAM symbols enables us to use

pulse shaping techniques [1]. Bearing this in mind, the base-

band signal transmitted by the ith antenna can be expressed

as

si[n] =

∞
∑

k=−∞

M−1
∑

m=0

vim[k]fm

[

n− k
M

2

]

(2)

fm[n] = p[n]ej
2π
M

m(n−L−1

2 ). (3)

Here vim[k] denotes the ith element of vm[k]. The pulse

p[n] is designed according to [5] with a length equal to L =
4M . For the sake of clarity the low-rate signals use the sam-

pling index k while the high-rate signals utilize the index n.

Let hij [n] be the channel that impairs the reception of the

jth receive antenna when the signal comes from the ith trans-

mit antenna. Then it follows that the samples received by the

jth antenna reads as rj [n] =
∑NT

i=1 si[n] ∗ hij [n] + wj [n]. In

addition, the signal is contaminated by additive noise. At this

point, each receiver chain operates on a block-by-block fash-

ion to demodulate the signals. This implies that the samples

are fed into a bank of filters and next the outputs are down-

sampled, yielding zjq [k] =
(

rj [n] ∗ f
∗
q [−n]

)

↓M
2

for 0 ≤ q ≤

M − 1. The expression (.)↓x accounts for a decimation by a

factor of x. The signal zjq [k] can be compactly written as

zjq [k] =

q+1
∑

m=q−1

NT
∑

i=1

vim[k] ∗ gijqm[k] + wj
q[k] (4)

gijqm[k] =
(

fm[n] ∗ hij [n] ∗ f
∗
q [−n]

)

↓M
2

≈ Hi
j(m)αqm[k].

(5)

The filtered noise in the qth subband is expressed as

wj
q[k] =

(

wj [n] ∗ f
∗
q [−n]

)

↓M
2

. Thanks to the good spectral

confinement of the pulses, the inter-carrier interference (ICI)

only comes from the adjacent subbands. The approximation

in (5) is consequence of assuming that the channel frequency

response (CFR) is flat at the subcarrier level. In notation

terms, Hi
j(m) denotes the CFR of hij [n] on the frequency

2π
M m and αqm[k] represents the intrinsic interference term,

which is defined as αqm[k] =
(

fm[n] ∗ f∗
q [−n]

)

↓M
2

. As Ta-

ble 1 indicates, αqm[k] only takes significant values in a small

neighborhood around the position of interest. The values in

Table 1 correspond to the case that q is even. For q odd, the

magnitudes keep unchanged and only differ in the signs.

Arranging the terms as follows zq[k] =
[

z1q [k]...z
NR
q [k]

]T
,

the equalized signals can be expressed as yq[k] = AT
q zq[k],

where Aq ∈ R
NR×S . Constraining the decoding matrix Aq

to be real-valued will simplify the design as next section

highlights. Finally, the symbols are detected by compensat-

ing the phase term and extracting the real component, i.e.

ďq[k] = ℜ
(

θ∗q [k]yq[k]
)

. Expanding the vector of estimated

symbols we end up with this equation

ďq[k] =

q+1
∑

m=q−1

3
∑

l=−3

AT
q ℜ

(

θ∗q [k]θm[k − l]αqm[l]

×HmBm) dm[k − l] + AT
q ℜ

(

θ∗q [k]wq[k]
)

(6)

Hm =





H1
1 (m) ... HNT

1 (m)
. . .

H1
NR

(m) ... HNT

NR
(m)



 . (7)

It can be inferred from (6) that wT
q [k] =

[

w1
q [k]...w

NR
q [k]

]

.

Note that the matrix AT
q ℜ (HqBq) establishes the input/output

relationship of those symbols transmitted on the qth subband

and the time instant of interest. It can be checked that the

interferers that come from the same subband pass through

an equivalent communication system that is expressed as

|αqq[l]|A
T
q ℑ (HqBq), for l 6= 0. The symbols that give rise to

ICI are multiplied by this matrix |αqm[l]|AT
q ℑ (HmBm).

3. ZF-MSE BASED SUBBAND PROCESSING

In the literature we can find several schemes that enable

spatial multiplexing such as: V-BLAST [6], the regularized

channel inversion [7] and the Tomlinson Harashima pre-

coder [8]. In this work we have discarded these techniques

because our objective is to jointly design the MIMO precod-

ing and decoding matrices to achieve interference-free data
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multiplexing. To this end, we force the product HmBm to

exclusively have in-phase components, which ensures that

most of the interference is removed in (6). Stacking real

and imaginary parts, we can express the zero forcing (ZF)

condition in this form ℑ (HmBm) = Hm,eBm,e = 0, where

Hm,e = [ℑ (Hm)ℜ (Hm)] and Bm,e =
[

ℜ
(

BT
m

)

ℑ
(

BT
m

)]T
.

Thus, the precoders should project the input vectors onto

the null subspace of Hm,e ∈ R
NR×2NT . Under the as-

sumption that 2NT > NR, the singular value decomposi-

tion of the extended channel matrix is given by Hm,e =

Um [Dm0] [Vm,1Vm,0]
T

, where Dm ∈ R
NR×NR is diago-

nal and 0 ∈ R
NR×2NT−NR is zero-valued. As a result, the

columns of Vm,0 ∈ R
2NT×2NT−NR span the null space of

Hm,e. Then, any precoder of the form Bm,e = Vm,0Qm

cancels the interferences in the real field. Note that we have

freedom to design Qm ∈ R
2NT−NR×S . When the ZF condi-

tion is satisfied, (6) can be recasted as

ďq[k] = AT
q H̄qQqdq[k] + AT

q ℜ
(

θ∗q [k]wq[k]
)

(8)

H̄q = [ℜ (Hm) −ℑ (Hm)]Vq,0 = (Hq,eP)Vq,0 (9)

P =

[

0 −1
1 0

]

⊗ INT
, (10)

where ⊗ is the Kronecker product and Ia is the a-

dimensional identity matrix. Assuming that E
{

dq[k]d
H
m[n]

}

=
δq,mδk,nIS , the remaining system is designed to minimize the

sum MSE, which comes down to solve

argmin
{Aq,Qq}

M−1
∑

q=0

E

{

∥

∥ďq[k]− dq[k]
∥

∥

2

2

}

s.t.

M−1
∑

q=0

E

{

∥

∥Vq,0Qqdq[k]
∥

∥

2

2

}

=

M−1
∑

q=0

∥

∥Qq

∥

∥

2

F
≤ PT .

(11)

The similarity of (8) to OFDM allows us to solve (11) as

[9] describes. Then, (8) will present a diagonal structure.

Assuming that w[n] ∼ CN (0, N0), the autocorrelation

matrix of the noise samples ℜ
(

θ∗q [k]wq[k]
)

is given by Rq =
N0

2 INR
[4]. The signal and noise statistics together with the

solution of [9] bring about this signal to noise ratio (SNR)

SNRl
q =

plqλ
l
q

N0/2
, l = 1, ..., S, q = 0, ...,M − 1 (12)

where λl
q is the lth largest eigenvalue of the matrix H̄

T
q H̄q

and plq = max
(

µ−1/2
(

λl
q

)−1/2
−

(

λl
q

)−1
, 0
)

is the power

assigned to the stream dlq[k]. The constant µ is set to ensure

that the constraint is active. In the OFDM case, the SNR is

SNRl
q = 2

p̄lqβ
l
q

N0
, l = 1, ..., S, q = 0, ...,M − 1. (13)

Now the gain depends on
{

βl
q

}

, which are the eigenvalues

of HH
q Hq . As a result, the per-stream powers are formulated

as p̄lq = max
(

µ̄−1/2
(

βl
q

)−1/2
−

(

βl
q

)−1
, 0
)

. Note that the

noise power in (13) is not halved because in OFDM systems

the processing is done over the complex field. The value 2 in

the numerator indicates that
{

dlq[k]
}

correspond to either real

or imaginary parts of QAM symbols.

3.1. Real vs. complex processing

The real processing comes naturally to FBMC due to the non-

circularity feature exhibited by the OQAM symbols. To de-

termine if the proposed solution may remain competitive with

the complex counterpart it is mandatory to know how (12)

and (13) compare, which ultimately depends on the eigenval-

ues. To this end, let
{

λl
q

}

,
{

ul
q

}

be respectively the non-

zero eigenvalues and the corresponding eigenvectors of ma-

trix H̄
T
q H̄q . The eigenvalues are sorted in descending order,

i.e. λ1
q > ... > λNR

q . It is important to remark that we fo-

cus on the case that NT ≥ NR. Furthermore, we assume that

rank(HH
q Hq) = rank(H̄

T
q H̄q) = NR. Regarding the OFDM

counterpart, the non-zero eigenvalues of matrix HH
q Hq are

collected in this set
{

β1
q , ..., β

NR
q

}

. It is worth noticing that

the eigenvalues of Cq = FT
q Fq , where

Fq =

[

ℜ (Hq) −ℑ (Hq)
ℑ (Hq) ℜ (Hq)

]

=

[

Hq,eP

Hq,e

]

, (14)

are also given by
{

βl
q

}

but with multiplicity equal to two.

Hence, the eigenvalue βl
q is associated to the eigenvectors clq

and c̄lq . Another interesting results is that Cq = HT
q,eHq,e +

PT HT
q,eHq,eP, which implies that any column of Cq is a linear

combination of these 2NR column-vectors
[

Vq,1 PT Vq,1

]

.

If rank (Cq) = 2NR, then Cq and
[

Vq,1 PT Vq,1

]

span the

same subsapce. Under this assumption, the null space of Cq

is orthogonal to the space generated by the columns of Vq,1,

(null(Cq)⊥span(Vq,1)). Defining Vq = [Vq,1Vq,0], then

nT s = nT VqVT
q s = nT Vq,0VT

q,0s = 0 (15)

if n ∈ null(Cq) and s ∈ span(Cq). Since VT
q,0CqVq,0 =

H̄
T
q H̄q , the eigenvectors

{

ul
q

}

can be expressed as a lin-

ear combination of
{

VT
q,0c1q,VT

q,0c̄1q, ...,VT
q,0cNR

q ,VT
q,0c̄NR

q

}

.

Knowing that span (Cq) = span
([

c1q, c̄1q, ..., cNR
q , c̄NR

q

])

,

(15) becomes nT Vq,0ul
q = 0 if n ∈ null(Cq). As a re-

sult, the NR unitary vectors given by elq = Vq,0ul
q satisfy:

elq ∈ span(Cq). With the emphasis of the cases l = 1 and

l = NR, we obtain these inequalities

β1
q = max

c∈span(Cq),‖c‖
2
=1

cT Cqc ≥
(

e1q
)T

Cqe1q = λ1
q

βNR
q = min

c∈span(Cq),‖c‖
2
=1

cT Cqc ≤
(

eNR

q

)T
CqeNR

q = λNR

q .

(16)

In view of the results, we can state that the eigenvalues are

less spread out when the proposed solution is applied. Hence,
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Fig. 1. BER vs. Es/N0 over a 2x4 MIMO channel.

the complex design will outperform the real one when S = 1
because β1

q ≥ λ1
q and, therefore, the SINR of (12) will be

always lower than that of (13). By contrast, if S = NR ≤
NT we cannot predict which design will give the best per-

formance because at least in one spatial subchannel the real

design achieves the highest gain, as it is demonstrated in (16).

4. NUMERICAL RESULTS

The simulations conducted in this Section aim at comparing

the proposed MIMO technique with the solution that mini-

mizes the sum MSE [9]. To differentiate when the technique

is implemented in OFDM or FBMC, as [3] proposes, we use

the acronyms MSE (OFDM) and MSE (FBMC), respectively.

The proposed solution is based on the ZF condition, thus we

name it ZF-MSE (FBMC). As we mention in the introduc-

tion, the robustness against synchronization errors is an aspect

that may favour the implementation of FBMC over OFDM. In

any case we evaluate the OFDM modulation scheme since the

comparison is still interesting.

As for the system parameters the 10MHz bandwidth are

divided into M = 1024 carriers, which Ma = 720 are used

to carry symbols. Since the FBMC modulation allows us to

better control the out-of-band radiation, the bands that remain

silent are reduced. This translates to the utilization of Ma =
756 carriers to convey data, [10]. The sampling frequency is

set to 11.2MHz and the symbols are drawn from the 16QAM

scheme, which means that the real symbols multiplexed in

the FBMC case are 4PAM. Finally the propagation conditions

obey the ITU Vehicular A channel model.

The numerical results depicted in Fig. 1 and Fig. 2 show

the BER against the average energy symbol to noise ratio

(Es/N0), which is defined as Es/N0 = M+CP
M

2PT

MN0

. In the

FBMC case CP = 0. Based on the analysis carried out in

Section 3.1 we focus on the configurations where this relation

is satisfied: S = NR ≤ NT . Especially interesting is the case

of Fig. 1 where S = 2 because we have proven that λ1
q ≤ β1

q

and λ2
q ≥ β2

q . In this sense, Fig. 1 confirms that the loss
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Fig. 2. BER vs. Es/N0 over a 4x8 MIMO channel.

in the first subchannel is compensated by the gain of the sec-

ond subchannel. Note also that a short CP is preferable since

less power is wasted. When the solution originally devised

for OFDM is directly implemented in FBMC, the BER ex-

hibits an error floor because the orthogonality is not restored

and at low Es/N0 the residual interferences dominates over

the noise [3]. The relative behaviour between techniques has

not changed when the transmission is done over a 4x8 MIMO

system. Again, the less spread out eigenvalues obtained in the

proposed solution lead to a negligible degradation when com-

pared to OFDM. However we have observed that this is not

true in symmetric configurations where S < NR = NT .

Regarding the spectral efficiency, FBMC achieves S3.3075
bits/s/Hz, while OFDM takes S2.52 bits/s/Hz and S2.8
bits/s/Hz for CP=M/4 and CP=M/8, respectively.

5. CONCLUSIONS

To make progress in the MIMO applicability to FBMC we

have devised a MIMO technique that allows us to spatially

multiplex several streams on each subband. The proposed

solution is able to deal with the channel frequency selectiv-

ity if the channel frequency response is flat at the subcarrier

level. The analysis of the spatial subchannels in which the

MIMO channel matrix is decoupled, reveals that the most in-

teresting configurations satisfy this relation S = NR ≤ NT .

Simulation-based results have confirmed that the asymmetric

configurations, i.e. NT > NR, succeed in providing similar

BER results to OFDM but achieve a better spectral efficiency.
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