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ABSTRACT

In this paper, we propose several designs of filter bank based decision feedback equalizers
(DFE) for frequency selective multi-input multi-output (MIMO) systems. Transmission schemes
over frequency selective channels are typically block based, and redundancy in form of guard
intervals must be used to avoid inter-block interference (IBI). This paper will focus on the case
where spectral efficiency demands low levels of redundancy. Then the remaining IBI will be
eliminated by a separate feedback loop. The co-channel interference (CCI) inherited in MIMO
channels will be eliminated by different DFE schemes. In another approach, a multi-tap MIMO
DFE will be designed to deal with both IBI and CCI. The simulation results show that for quasi-
static frequency selective MIMO channels, the multi-tap DFE provides the best performance
while for Raleigh frequency selective MIMO channels, the dual loop DFE is a good solution for
transmission with low redundancy.
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1. INTRODUCTION

Capacity enhancement, link reliability and coverage improvement are the key
advantages of multi-input multi-output (MIMO) systems. These advantages have made
MIMO systems widely adopted in many wireless communications systems [1, 2].
Simultaneously, block transmission techniques such as Orthogonal Frequency Division
Multiplexing (OFDM) or Digital Multi-Tone (DMT) are considered to be very effective
method to deal with inter-symbol interference (ISI) caused by frequency selectivity of
the channels when data rate becomes higher [3]. Thanks to the above advantages, these
techniques are widely applied in modern communication systems. The block
transmission, however, always requires an amount of redundancy in the form of guard
intervals whose length must be equal to or larger than the channel in order to eliminate
inter-block interference (IBI). This makes the block transmission not applicable for
channels with long impulse response since the spectrum efficiency is reduced.

An approach to deal with the long channel impulse response (CIR) is channel
shortening [4-7]. In this approach, time or frequency domain equalizers or transceivers
are designed such that the equalized channel length is shorter than that of the original.
Channel shortening equalizers and/or transceivers can be designed under different
criteria such as minimum mean square error (MMSE) [4, 5], maximum shortening
signal-to-noise ratio (SNR) [6], maximum geometric SNR [7]. The shortened channel
allows for the deployment of a maximum likelihood sequence estimator or multicarrier
modulation scheme, although part of channel energy (and therefore capacity) is lost [4].

The problem of long CIRs has also been approached in [8] where a Wiener filter
Tomlinson-Harashima precoder was proposed and optimized in terms of precoding order
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and latency time. The precoder, however, requires channel state information (CSI) at the
transmitter. In [9] block decision-feedback equalizers (BDFE) for the case of single-
input single output (SISO) frequency selective channels with IBI presented were
proposed. These BDFEs are designed under zero-forcing (ZF) and MMSE criteria and
are shown to be very effective even with small transmit redundancy, however, in [9] they
have only been applied on SISO channels and therefore their applicability for MIMO
channels still needs to be considered.

In this paper, we will focus on designing a decision-feedback equalizer (DFE) for
frequency selective MIMO (FS-MIMO) channels that allows for the use of less
redundancy than the conventional block transmission schemes. For this purpose, we will
consider the expansion of the approaches in [9]. First, we propose a design that uses a
small amount of redundancy in combination with a separate DFE loop to eliminate the
IBI. The FS-MIMO channel will then become flat and another DFE will be applied to
tackle co-channel interference (CCI) in resulted MIMO channel. Second, we still use the
same transmit filter bank as the previous design, but for the receiver, we extend for the
case of FS-MIMO channels the design of MMSE-BDFE that uses multi-tap feedforward
and feedback filter banks in [9]. We will also point out under which conditions these
proposed designs can be applied for dispersive MIMO channels.

The paper is organized as follows, Sec. 2 describes the system model and the
proposed designs of DFEs. Simulation results and discussion are provided in Sec. 3 and
conclusions are drawn in Sec. 4.

In our notation, lower- and uppercase bold face fonts are used for vector and matrix
quantities, respectively. The operator E{} denotes expectation, (-)"the Hermitian

transpose and ()" the transpose operation.

2. SYSTEM MODEL
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Figure 1. System model for MIMO transmission scheme using DFEs.
The system generic model is illustrated in Fig. 1. The MIMO channel with N, inputs

Journal of Military Science and Technology, 91 (2023), 20-27 21



Electronics & Automation

and N, outputs (N, transmit and N receive antennas) is assumed to be frequency
selective with finite impulse response (FIR) of order L and CIR taps [H[O0],..., H[L]]
where H[0],...,H[L] e CN=""r

The symbol blocks X[i], y[i], X[i], X[i] are defines as

x[i1=[X[INT,.., x[iIN + N =2, y[i]=[y[iNaP],..., Y[iN.P+ NP -1]",
s{i1=[S[IN],.., [N + N =1, K[i]=[[iN],..., [iN + N -1]] ,
respectively, and the blocks of noise samples are correspondingly defined as
nfi]=[n[iN],....n[iN + N.P-1]] .

The transmit filter bank F e C"™™" has a simple structure as follows:

I NxN
F= . 1)
|:0(NT P-N)xN :|

This structure allows to add L, = N,;P—N zeroes into each input symbol block x[i],
making it length to be N. P . Since we use low redundancy, L, /N; must be less than L.
The transmit symbol blocks then are de-multiplexed into P vectors, each of length N,

by the parallel-to-serial converter. At the output of FS-MIMO channel, the received
symbol vectors of length N, mixed with noise are stacked up into symbol blocks of

length NP Dby the serial-to-parallel converter. With P > L, the symbol blocks y[i] are
given by [11]

yli]=H Fx[i]+H,Fx[i —1]+n[i] , (2)
where H,, H, e C""™" represent the channel operation and are written as
'H[0O] 0 - 0 0 ] 0 0 H[L] - H[]]
HO] 0 : 0 .0 0
Ho=|H[L] i . " & |,H=|0 « " " HIL|.@)
0 .0 Do D
0 .« H[L] - HO]] 0 - 0 - 0 |

It can be seen from equation (2) that the term H,Fx[i —1] represents the IBI. The transmit
filter in (1) helps to remove the impact of the last L, columns of the matrix H, but since
L, <LN;, due to low redundancy, the product H,F =0 and the IBI still remain. To tackle

the remaining 1Bl and detect transmitted symbols we will consider two approaches as stated
in Sec. 1. The subsections below will present details about those designs.

2.1. Design with dual loop DFE

As stated above, in this design two feedback loops will be used, one for remaining IBI
removal and the other for CCI cancellation and symbol detection. Thus feedback filter bank
G(z) will be setas G(z) = H,F . With the assumption that the detected symbols are correct,
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the remaining IBI will be removed completely and symbol blocks Zz[i] at the input of the
second DFE can be written as

z[i]=H Fx[i]+ H,Fx[i —1] - H,FX[i —1] + n[i] = H,Fx[i]+n[i] . 4)

Thus, the FS-MIMO channel is now rendered into a flat one. In the next step, we will

deal with CCI inherited in MIMO channels. For doing this, we choose to apply the

MMSE-DFE with an optimal order scheme in [10] since it has been shown to provide a
very good bit error ratio (BER). From (3) and figure 1, the error vector can be written as

e =Px[i]—x[i]= (B+I)Px[i]— Wz[i] (5)
where P e R™" is the permutation matrix, W e C"*"=" the feedforward filter bank and
B e C"" the feedback filter bank matrix. With the covariance matrices of the input
signal and the noise defined as R, = E{xx"} and R, =E{nn"}, one can write the
error covariance matrix as

R, = Efee"}=(R:+HIRH, ), (6)
where H. =HF.
From following Cholesky factorization with symmetric permutation
PR, P" =LDL" (7
where L is unit lower triangular matrix and D is diagonal matrix, feedforward and
feedback filter banks that minimize R_ can be expressed as

W=DL"PH{R}, B=L"'-1I. (8)

nn’

For comparison, we also extend the MMSE-DFE in [9] for MIMO channels and
propose an alternative design for the second DFE as follows:

W=UR,H! (H.R,HY +R,, ) and B=U-I, 9)
where U is the upper triangular matrix with unit diagonal, derived from Cholesky
factorization

(R +HIRIH, ) =U"AU. (10)
2.2. Design of multi-tap MIMO DFE
In this design, instead of using a separate DFE to eliminate IBI, we will use a DFE with
multi-tap feedforward and feedback filter banks to simultaneously deal with I1BI and CCI.
Thus, we set G(z) =0 and assume that the feedforward filter bank has three taps: W ,,W,,
W, and feedback filter bank has two taps: B, and B,. We can re-write the input signal of the
feedforward filter bank as

z[i]= H Fx[i]+ H,Fx[i —1] +n[i], (112)
and the signal at the input of the decision device as
X[11=W z[i + 1+ W, z[i]+ W,z[i -1] - B X[i]- B,X[i —1] . (12)

Defining following matrices
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HF HF 0 R, O 0
S=| 0 HF HF|, R,=l0 R, 0 (13)
0 0 HF 0 0 R, +HFHF"

and R, = SS" +R_, we can now write the tap weights of the feedforward and feedback
filter banks that minimize the mean square error as [9]
[W—l Wo \Nl] = [O sz st]SH R%
B,=Q,, I (14)
B, = st
where Q,,, Q,,€C™" are submatrices of the matrix Qe C**" derived from the
following Cholesky factorization

I+s" R%S=QHZQ (15)
Qu Q, Qu
Q=| 0 sz Q23 .
0 0 Qg

3. SIMULATION RESULTS AND DISCUSSION

In order to assess the performance of the proposed equalizers, we will perform a simulation
and compare their BER performance. The channel is assumed to be FIR MIMO with the
length of L+1=15, channel coefficients drawn from complex Gaussian distribution with zero
mean and unit variance. Number of transmit and receive antenna N, = N, =4, the length of
transmit symbol block PN, =184 and the length of input symbol block N is chosen to be
either 152 or 164, corresponding to cases where L, /N; =8 and L, /N; =5, respectively.
We use 4-QAM modulation for all designs.

BER
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Figure 2. BER performance of the proposed designs in case of quasi-static channel.
a)L,/N;=8,b) L, /N, =5
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Figure 2 shows the simulated BER performance of proposed designs for the case where the
channel is assumed to be quasi-static. Figure 2.a corresponds to the case of L /N, =8 and

figure 2.b corresponds to the case of L, / N, =5. Note that with a channel length of 15, it can
be considered that L. /N, =8equivalent to half redundancy and L, /N, =5 equivalent to

one-third redundancy. It can be seen from the figure that the multi-tap MIMO DFE works
effectively with quasi-static channels and provides a steady BER performance. Especially,
when L, /N, =5 or the redundancy is low, the multi-tap MIMO DFE design can effectively

deal with both IBI and CCI. The dual loop DFE designs, on the contrary, are not very effective
in eliminating the remaining IBI. The design that uses DFE with optimal order does
outperform the design that uses conventional MMSE-DFE and its BER performance can be
comparable with that of multi-tap DFE design when the redundancy is at the medium level
(Fig. 2.a). However, when the redundancy gets lower, the dual loop DFE design with optimal
order cannot outperform the multi-tap DFE. This design also tends to have an error-floor at
high SNR. In our view the reason is that the error in (5) assumes that the output symbols are
correctly detected. Therefore, when the SNR is high, the error due to the remaining IBI will be
dominated and the second DFE has no knowledge about this interference.

Figure 3 shows the simulated BER performance of dual loop DFEs when the channel
is experienced Rayleigh fading and L, /N; =8. It can be seen from the figure that the
two DFEs perform well under Raleigh fading, although BER performance is higher than

that of the case when the channel is quasi-static. The dual loop DFE with optimal order
still maintains a better performance than that of the conventional DFE.

=8 Dual loop DFE design, conventional
—O— Dual loop DFE design, optimal order

o0

0 2 4 6 8 10 12 14 16 18 20
E,/N, [dB]

Figure 3. BER performance of the dual loop DFE designs
in case of Rayleigh fading channel, L, /N, =8.

The multi-tap MIMO DFE, unfortunately, cannot work under Rayleigh fading. The
structure of matrix S in (13) reflects that this DFE is designed under the assumption that
the channel is unchanged. The implementation of multi-tap DFE that works in the
condition of Rayleigh fading is an interesting research topic and will be mentioned in a
future work.
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Although the usage of permutation matrix or multi-tap filter banks makes the DFEs
proposed in Sec. 2 more complex, but with the gain achieved over conventional DFE this
added complexity can be considered acceptable.

4. CONCLUSIONS

In our paper, several designs of DFE for FS-MIMO channels have been proposed.
The transmit filter bank introduces an amount of redundancy, which is much smaller
than that of conventional block transmission systems. In the dual loop DFE designs, we
use the first feedback loop for remaining IBI elimination, the CCI inherited in MIMO
channels is cancelled by the main DFE which can either be the MMSE-DFE or MMSE-
DFE with optimal detection order. In the multi-tap MIMO DFE design, we use a DFE
with multi-tap feedback and feedforward filter banks which we extended from a design
for single-input single-output channels.

Simulation results show that the proposed designs can work well with low redundancy.
With quasi-static channels, the multi-tap MIMO DFE design provides the lowest BER, the
dual loop DFE with optimal order also has comparable BER with that of multi-tap DFE
but tends to have error floor. As redundancy gets lower, the multi-tap MIMO DFE still
maintains the best BER performance. When the channel experiences Rayleigh fading, the
dual loop DFE with optimal order can provide good BER performance while the proposed
multi-tap MIMO DFE is not suitable for Rayleigh fading.

Future works would concern the implementation of multi-tap DFE that can work with
Rayleigh fading channels, the improvement of dual loop DFE with optimal order so that
it can take remaining IBI into account at high SNRs.

The proposed designs would be suitable for the uplink in wireless communication
systems where, due to their complexity, the DFEs can reside at the base station. These
designs also are applicable for indoor transmission schemes where the channel is stable
and a high data rate are required.
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TOM TAT
Thiét ké cac bd san biang cho cac hé thdng MIMO chon loc theo tan s6
véi do du thap

Trong bai ndy, ching téi dé xudt phuong dn thiét ké cac bg san bang hoi tzep quyel dinh

(DFE) dyra trén cdc bg loc day cho cac hé thong MIMO cd pha dinh chon loc theo tan so. Céc hé
thong truyén dan trén cdc kénh pha dinh chon loc tan sé thong thuong la cdc hé thong truyén
dén theo khoi va phdi ding mét dé di dudi dang cdc khodng bao vé dé tranh nhiéu giita cdc
khoz (IBI). Bai bdo nay sé tdp trung vao truong hop phdi ding mot do duw thap dé dam bdo yéu
cdu vé hiéu qua pho Khi do, phan nhiéu IBI con lai sé duoc logi bo nho vao mot vong hoz tiép
riéng, sau do, nhiéu dong kénh ton tai trong hé thong MIMO sé duoc loai bo bang mét s6 bo san
bang DFE khdc nhau. Mt phwong dn khdc la sir dung bg san bang DFE nhiéu khéu dé vita logi
b6 nhiéu IBI, vira logi bé nhiéu CCI va tach cdc symbol tin hi¢u.

Két qua mé phong cho thdy, véi kénh MIMO chon loc theo tan sé gan tinh, bg san bang DFE

nhiéu khau cho pham chdt tot nhcf{ trong khi voi kénh co pha dinh Rayleigh bg san bang DFE
voi vong hoi tiep kép la gidi phap tot cho truong hop truyén dan voi do du thap.

Tir khoa: MIMO; IBI; Chon loc theo tan sb; Bang rong; B san béng hdi tiép quyét dinh.
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