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1. Introduction

Over the past several decades, we have seen development of multiple-input and multiple-output
(MIMO) in mainstream wireless local area networks (LANs) and mobile networking. MIMO increases
efficiency for systems operating in a multipath-rich environment. It was initially considered in a single user
scenario with one transmitter (tx) and one receiver (rx), each potentially equipped with several antennas.
MIMO has also been an interesting area for next generation wireless communication in a multiuser
scenario which is referred to as a multiuser MIMO system (MU-MIMO) [1].

MU-MIMO techniques are currently being introduced in next-generation wireless LAN.
With the introduction of multiple antennas in the 802.11n standard, it is possible for each user to
communicate multiple streams of data at the same time. In MU-MIMO system, these data streams from
each user encounter spatial interferences from other users’ data streams and among a user’s own data
streams. Therefore, eliminating interference is crucial [2-4]. The schemes analyzed in this paper all focus
on the downlink direction.
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Tomlinson Harashima precoding (TH precoding or simply THP) is a non-linear precoding technique
originally used to combat intersymbol interferences (ISI) for single-input single-output (SISO) channels
[5-6]. This technique was further extended to be used in MIMO system (MIMO THP) in which the
interferences can be eliminated with the help of QR decomposition of the channel matrix [2]. In recent
years, research on MIMO THP has been extended to multiple-user systems. [4, 7-9].

The original THP is slow because it uses a modulo device and a feedback filter to implement its pre-
equalizer. Consequently, it is challenging to implement TH precoders for high-speed applications.
Pipelining Tomlinson Harashima precoding (PIPTHP) has been proposed [10-12] to alleviate such
a scenario. In our previous work, we developed pipelining THP technique for MIMO systems. Our
proposed system was called concatenated PIPTHP (C-PIPTHP). This precoding scheme can yield better
BER performance than MIMO THP [13]. In this paper, we further extend our system to operate in
a multiuser scenario where block diagonalization (BD) is utilized to eliminate interference among several
users.

Block diagonalization uses transmit precoding matrices designed to ensure no interuser interference
among received signals. Every user is restricted to be in the null space of all other users’ channels.
Therefore, if the channel matrices of all users are perfectly known at the transmitting side, each user is
capable of experiencing an interference-free channel. The resulting MU-MIMO effective channel matrix
has a block diagonal form, which allows separate consideration for each user. [14-16]. In this study, we
explore the idea of adding concatenation of two pre-equalizers into a BD multi-user system. We first
analyze our concatenated PIPTHP (C-PIPTHP) [13], which is capable of improving the overall
performance by applying two pre-equalizers. To our knowledge, there has been no analysis with a
pipelining technique in an MU-MIMO system. Here, we exploit BD so that our pipelining system can
support multiple users. Our new scheme, BD C-PIPTHP, is shown to improve system performance, both
in terms of reliability and processing time. Table 1 shows the comparison between THP based schemes
and our proposed systems.

The remainder of the paper is organized as follows. Section 2 reviews the basic concept of
a downlink MU-MIMO system with block diagonalization and Tomlinson Harashima precoding. Section
3 then discusses the proposed scheme, which uses concatenated pipelining TH precoding (C-PIPTHP) in a
downlink MU-MIMO system with block diagonalization. In Section 4, performance of the traditional
system from Section 2 is compared with our proposed system from Section 3. Finally, Section
5 summarizes our study and further provides potential research directions.

2. Downlink MU-MIMO System with Block Diagonalization and Tomlinson
Harashima Precoding

This section reviews the concepts of block diagonalization and Tomlinson Harahsima precoding and
also shows how these two particular techniques operate in downlink multiuser scenarios.

Table 1 Comparison among THP based systems. The scheme numbers are used throughout
the paper to reduce confusion.

Non-linear Precoding in downlink MIMO
Schemes Pipeline MIMO Concatenated THP Multiuser
(1) Traditional THP [5, 6] Y Y b ®
(2) PIPTHP [10-12] N X X X
(3) MIMO THP [4] X v X X
(4) Proposed C-THP 4 N N 4
(5) Proposed C-PIPTHP v N N X
(6) BD THP [14] X N X v
(7) Proposed BD C-PIPTHP N N v v
Remark: v = Included
x = Not Included
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Fig. 1a shows a block diagram for a generic downlink MU-MIMO system. For the system under
consideration, we assume that Nt transmitting antennas are located at the base station which serves K
users. Each user has Nr receiving antennas. The data vector @ of length Nr is to be transmitted to the kth
user fork=1,2, ..., K. The components of the data vector ; are M-QAM symbols randomly chosen from
a signal constellation [2, 3-4].

{artjar| ag, aje {£1,£3,... £(VM - 1)}}

The N x N, channel matrix of the k™ user, representing the channel between k™ client to the base
station, is denoted by H,. Flat Rayleigh fading is assumed; that is, the channel coefficients for all pairs of
transmitting antennas and receiving antennas are assumed to be independent zero-mean circularly
symmetric complex Gaussian random variables with unit variance [1].

2.1 Supressing interuser interference using block diagonalization (BD)

BD provides non-iterative selection of downlink transmit vectors using the null space of other
channel matrices [3]. In particular, to suppress inter-user interference (IUI) at each receiver, BD uses a
collection of transmit precoding matrices T, € CV**N" which utilize null space. The precoding matrices
for the k™ user is constructed to satisfy the following condition [3,14-16]:
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Fig. 1. System model of Downlink MU-MIMO systuem (a) the overall system, (b) the effective system
with block diagonalization.
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HT; =0 forall i#j and 1<i, j< K (1)
from which H,. isdefined as:

He=|H], HY, .. HI_\, HE .y, .., HE] )
To do this, we first decompose Hj via SVD to get :

~ ~ [A 0]~ _

Hy, = Uy [ K ] Ve V17 3)
0 0

where [, is a unitary vector matrix, A is a diagonal matrix, and V¢ is constructed from right singular

vectors corresponding to zero singular values. To satisfy condition (1) above, we require that every

column of 7, belong to the null space of Hj.

From the decomposition (3), 7, can be directly constructed from V. Combining the precoding
matrices with the data vectors, we have the transmitted signal X = ¥, T;a; . The received signal at the j"
user (after experiencing the channel fading H, and the additive noise n;), is then given by:

}7}' - H; Z?:l Tidi + ﬁ'} - Hjﬂdj + ﬁj (4)

for j=1, ..., K. Notice that the data vectors from different users are now completely separated. We only
have a; in y;. Hence, the MU-MIMO channel is now reduced to K parallel non-interfering SU-MIMO
channels whose effective channel matrix Hff ") for the kth user is H;T; These properties are applied to
convert the system in Fig. 1a to the one in Fig. 1b.

2.2. Pre-eliminating interstream interference via Tomlinson Harashima
precoding (THP)

To eliminate the interstream (or multi-antenna) interference for each user, we apply Tomlinson
Harashima precoding (THP). The procedure for each user is the same and therefore, in this subsection,
we shall use H to represent H ,Eef " discussed in the previous subsection. We first apply QR decomposition
to H" which gives:

HH = FR = (SFM)H )

where F, R, and S are unitary feedforward matrix, upper triangular matrix, and lower triangular matrix,
respectively [8-9, 16].

Fig. 2 shows the MU-MIMO system in which THP is applied to each user. Here, the strictly lower-
left triangular feedback matrix B-I is set to be GS-I where the scaling matrix G is (diag(S))™' [1, 4, 7-9].
The task of the feedback matrix is to pre-eliminate the interstream interference caused by the S component
of H. The feedforward filter F will then cancel the F* component of H. Because of the triangular nature of
the feedback filter, the signal going into the feedforward filter without the modulo device can be
represented as:
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Fig. 2. System model of downlink MU-MIMO THP.
vi=a; — 2ol binVm,  i= 1,.,K (6)

where b, is the (i,m) entry of the matrix B = GS.

A modulo device is applied to prevent the increase in the transmitted signal’s magnitude resulted
from the recursive operation of the feedback filter.

In particular, the modulo device confines the real and imaginary parts of the transmitted signal to be
within [-/M /M) . Equivalently, its output can be expressed as:

vi=a;+ d,: - E‘i‘!‘t—l bin‘l Vm > i=1,...K (7)

The precoding symbols d , which realize the modulo function, are complex numbers whose real and
imaginary parts are integer multiples of 2v/M:

die{2VM(dg + jd))| dg, di€ Z} ®

Again, d, and d, are selected so that the real and imaginary parts of X, are both within the interva [-VM, VM)
in [2, 4, 17]. At the receiver, another modulo device is used to eliminate the precoding signal so that the
original signal can be recovered.

When the THP discussed here is used with the effective SU-MIMO channels resulted from the BD
reviewed in the previous subsection, we refer to the system as BD THP.

3. Downlink MU-MIMO System with Block Diagonalization and Concatenated
Pipelining THP

This section describes the implementation of concatenated pipelining Tomlinson Harashima
precoding (C-PIPTHP) and then extends the use of the technique to MU-MIMO systems by the
application of BD.

3.1. Concatenated pipelining Tomlinson Harashima precoding (C-PIPTHP)

In this section, we describe the operation of concatenated pipelining Tomlinson Harashima
precoding (C-PIPTHP), which was implemented utilizing low complexity PIPTHP as a main design.
Necessary transfer functions in Z-transform representation for low complexity PIPTHP are expressed as
follows:
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Nz = 1+XNZ™ ©)
Ne(z) = YN N;z~i+1 (10)
Nfz) = ZE Nzt (11)
NAz) = Xilpip Nz~ (12)
D(z) = 1+3XH d;7-Kpive (13)

where LN, LH, and K. denote the pipelining parameters defined in [10-11]. Concatenated PIPTHP
(C-PIPTHP) combines MIMO THP described in Section 2 and low complexity PIPTHP to support MIMO
systems. This nonlinear precoding scheme improves the bit error rate performance because the IR
pipelining filters and the feedback filter are directly connected together.

For the intended input of this scheme, the filters are produced from a digital modulation scheme, and
the pipelining filters are capable of operating only one stream per process. Essential components in
C-PIPTHP are similar to MIMO THP. The channel matrix of C-PIPTHP can be calculated by help of QR
decomposition and after finishing the decomposition technique, the channel matrix is identical with
multiplication between lower triangular matrix and unitary matrix [13]. Equations of lower triangular
matrix and unitary matrix have been explained in Section 2.2

3.2. Implementation of concatenated Tomlinson Harashima precoding and
block diagonalization in MU-MIMO system

Our proposed scheme in this paper is to use the C-PIPTHP reviewed in the previous subsection in
the effective SU-MIMO channels, which resulted from the BD reviewed in Section 2.1. We replace the
THP discussed in Section 2.2 by concatenated pipelining THP discussed in the previous subsection. Again,
the goal is to pre-eliminate interstreams interference between each antenna.

To enable separation of streams for each user in the multiple-user setting, the matrices G, F, and B
discussed in Section 2.2 are now constructed for each user where we use subscripts to denote user index.
Their key properties are:

Efflpp-i_g :_ 14
GH ' FB =1 j=1,..K (14)

The Nt streams are operated in C-PIPTHP block, and this block is capable of manipulating one streams per
process. Transfer functions of filters in the discrete time domain are represented as follows:

N(z):y(n) =XTNmtn+1) (15)
D(z):y(n) = —Zifidit(n - Kpipe) (16)
Ny (2):y(n) = S mt(n—1-1) (17)
No(2):y(n) = Ziamt(n—1-L1-1) (18)
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where #(n) and y(n) are denoted as the input and output of the filters and these equations are transformed
from Z-domain transfer functions. They are considered as an encoder and a decoder for eliminating
interstream interference between each antenna.

Consequential structures of PIPTHP are shown in Fig. 3 and Fig. 4 The feedback matrix (B-1),
the feedforward filter (F), the scaling matrix (G) and two modulo devices at transmitter and receiver are
the essential components for THP. There are also several significant advantages for our proposed system.
The first one is that our proposed system comprises more pre-equalizers at the transmitter; therefore, the
MU-MIMO THP scheme, which incorporates only a pre-equalizer part, can yield a worse error rate
performance due to more channel distortion and interferences.

Originally, the C-PIPTHP, which was developed by [13], has been successfully implemented in
MIMO only. Consequently, the second advantage is the proposed scheme is capable of operating in an
MU-MIMO system, which is an important benefit to improve the precoding. Nevertheless, for our
proposed design, there are two main disadvantages. The first drawback is there is only a one dimensional
filter of pipelining THP. This means that C-PIPTHP is capable of performing one stream per process only.

The second disadvantage is the cost of the components. Despite adding more FIR at the transmitter
in the communication schemes and not being concerned with the hardware overhead, the cost of the
components will be more expensive than a multiuser MIMO THP scheme.

Input Modulation (QPSK)/
signal Mapper/DeMUX

Data
Streams

Sunnjodig

Transmitted
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Fig. 3. Concatenated PIPTHP ( C-PIPTHP) for Downlink MU-MIMO at Transmitter (Tx).
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Fig. 4. The effective MU-MIMO systems for concatenated PIPTHP (C-PIPTHP).
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4. Simulation Results

There are three new schemes analyzed in this paper, namely C-THP (4), C-PIPTHP (5), and BD C-
PIPTHP (7). In Section 4.1, we compare the BER performance of the traditional MIMO scheme with the
new C-THP (4) and C-PIPTHP (5). In Section 4.2, we show the performance gained from applying the
concept of concatenated pipelining to the multi-user BD THP (6).

We analyze the downlink MIMO communication schemes in MATLAB. In all simulations, QPSK is
used. Additionally, we assume that the channel state information is known perfectly at both the transmitter
and receivers. The signal to noise ratio (Eb/No) is varied by adjusting the standard variation of the noise.

4.1. MIMO C-PIPTHP

For SU-MIMO, one high-rate data stream is generated and then split into multiple data streams.
The BER is found by considering the error occurred at the receiver after the received streams are
combined back to the high-rate stream.

Fig. 5 compares BER performance of the new C-THP (4) and C-PIPTHP (5) systems against a system
with traditional MIMO THP (3). At BER = 0.001, C-THP (4) and C-PIPTHP (5) outperform MIMO THP
(3) by more than 10 dB. Therefore, the new concatenated systems improve the BER performance
significantly. Note that their BER plots are almost the same for low SNR with small differences at high
SNR.

Table 2 compares the processing time of the THP-based precoding scheme for downlink MIMO
analyzed earlier. The new C- PIPTHP (5) is much faster than C-THP (4); the two concatenated pre-
equalizers take a long time to operate without pipelining. Although it takes a bit more time than the
traditional MIMO THP (3), the performance is much better as shown in Fig. 5.

Table 2 Processing time comparison for downlink MIMO THP-based schemes (Nt = 4 and Nr = 4).
Pipelining in C-PIPTHP (5) reduces the processing time of C-THP (4) significantly.

C-PIPTHP (5) 2.53 seconds

C-THP (4) 506.19 seconds

MIMO THP (3) 0.25 seconds
1
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Fig.5. BER performance for downlink MIMO THP-based schemes. The new concatenated systems,
C-THP (4) and C-PIPTHP (5), give better BER than the traditional MIMO THP (3).
In C-PIPTHP (5), although its performance is comparable to C-THP (4), pipelining
also improves the processing time as shown in Table 2.
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4.2. BD C-PIPTHP and BD THP

For the multiple-user setting, we compare the new BD C-PIPTHP (7) against the traditional BD
THP (6). We consider the situation where there are two users, each equipped with two antennas.
The number of transmitting antennas at the base station is four.

From Figs. 6 and 7, our system, which is BD C-PIPTHP (7), is capable of achieving better BER and
SER performance than the traditional BD THP (6). For example, at the 0.001 level of BER or SER, BD
C-PIPTHP (7) provides an SNR gain of more than 10 dB over BD THP (6). As in Section 4.1, this
improvement comes from incorporating concatenated PIP-THP (with two pre-equalizers).

o
ﬂl
i -
& :
E s
o'l il -
& &
—&— BD CPIPTHP (7) *
bt —— BD CPIPTHR jusert) (T)
e B0 C-PIPTHP user2) (T 1 T T - .
O BDTHR B .
+ BDTHP jusert) ) &
BOTHP [user2) )
I — — — — i i ol '
1] 20 1] 0 0 Fi] 1] 40

Fig. 6. BER of BD C-PIPTHP (7) and BD- THP (6). BD C-PIPTHP (7) gives better BER performance
than BD THP (6).
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Fig.7. SER of BD C-PIPTHP (7) and BD- THP(6). BD C-PIPTHP (7) gives better SER performance
than BD THP (6).
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In Figs. 8 and 9, the BER and SER plots for each user are added on top of the average BER and SER
plots in Figs. 6 and Fig. 7, respectively. We see similar improvement as in Figs. 6 and 7. In particular, at
the 0.001 level of BER or SER, BD C-PIPTHP (7) has above 10 dB gain in SNR than BD THP (6) for any
user.

Table 3 shows the processing time of precoding schemes for multiuser MIMO systems. The new BD
C-PIPTHP (7) is much faster than BD THP (6) due to the effect of pipelining system. The non-pipelining
MU-MIMO system takes longer time to operate.
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Fig. 8. BD C-PIPTHP (7) gives better BER performance than BD THP (6) for each user.
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Fig.9. Performance comparison for SER of BD C-PIPTHP and BD-THP for one user. BD C-PIPTHP
(7) for user 1 gives the best SER performance of all downlink MU-MIMO THP-based
schemes.

Table 3 Processing time for MU-MIMO downlink precoding schemes 4x[2x2].

BD THP (6)

4.48 seconds

BD C-PIPTHP (7)

1.30seconds
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5. Conclusion

An MU-MIMO system has played an important role in improving spectrum efficiency in mobile
communication systems. We start by analyzing the improved performance of concatenated PIPTHP (C-
PIPTHP) scheme in MIMO systems. Then, C-PIPTHP is extended to multiuser systems. This is achieved
by the application of block diagonalization (BD). We found that our enhanced technique can operate
efficiently in a downlink MU-MIMO system. The proposed system is not only capable of accomplishing
high speed processing, but also improving the overall reliability. These advantages come from the use of
pipelining and two pre-equalizers, respectively.

For our future work, we plan to test the use of generalized triangular decomposition (GTD) due to
its capability of providing flexibility for quality of service constraints. We also plan to analytically derive
the BER performance for our proposed system. Finally, we will attempt to combine IIR filters of low
complexity PIPTHP and the feedback filter as one PIP system in order to reduce the cost of components.

6. Acknowledgment

The authors would like to express our sincere gratitude to the reviewers for their comments. We
have also received valuable comments from Dr. Kamol Kaemarungsi (National Electronics and Computer
Technology Center, Thailand) and Prof. Kazuhiko Fukawa (Mobile Communication Research Group,
Tokyo Institute of Technology). This research is financially supported by Thailand Advanced Institute of
Science and Technology (TAIST), National Science and Technology Development Agency (NSTDA)
Tokyo Institute of Technology, National Research University Project, Thailand Office of Higher
Education Commission, NTC Telecommunication Research lab, and TRIDI Advanced Research Grant.

7. References

[1] F. Khalid and J. Speidel, Advances in MIMO technique for Mobile Communications-A Survey
International Journal communications, Network and System Sciences, pp. 213 - 252, 2010.

[2] H. K. Bizaki and A. Falahati, Tomlinson-Harashima precoding with imperfect Channel state
information, IET Communications, Vol. 1, pp. 151 - 158, 2008.

[3] T. Sada, J. Webber, T. Nishimura, T. Ohgane, and Y. Ogawa, A Generalized Approach to Block
Diagonalization for Multiuser MIMO Downlink, Personal Indoor and Mobile Radio
Communications (PIMRC), 2010 IEEE 21 International Symposium”, Istanbul, Turkey,
pp- 504 - 509, 2010.

[4] Q. H. Spencer, C. B. Peel, A. L. Swindle- hurst and M. Haardt, An Introduction to the Multi-User
MIMO Downlink, IEEE Communications Magazine, pp. 60 - 67, 2004.

[5] M.Tomlinson, New Automatic Equaliser Employing Modulo Arithmetic, IEEE Electronics Letters,
Vol. 7,No. 5, pp. 138 - 139, 1971.

[6] H. Harashima and H. Miyakawa, Matched-Transmission Technique for Channels with Intersymbol
Interference, IEEE Transactions on Communications, Vol. 20, pp. 774 - 780, 1972.

[71 R.F. H. Fischer, C. Windpassinger, A. Lampe, and J. B. Huber, MIMO precoding for decentralized
receivers, in Proc. International Symposium Information Theory, Lausanne, Switzerland, pp. 496,
2002.

Thammasat International Journal of Science and Technology, Vol. 17, No. 2, April-June 2012



[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

TIJSAT

C. Windpassinger, R. H. Fischer, T. Vencel, and J. Huber, Precoding in multiantenna and multiuser
communications, IEEE Transactions on Wireless Communication, Vol. 3, No. 4, pp. 1305 - 1316,
2004.

J. Liu and W.A. Krzymien, A Novel Nonlinear Joint Transmitter-Receiver Processing Algorithm for
the downlink of Multiuser MIMO systems, IEEE Transactions on Vehicular Technology,
Vol. 57, No. 4, pp. 2189 - 2204, 2008.

Y. Gu and K. K. Parhi, Pipelining Tomlinson-Harashima precoders, in Proc. IEEE International
Symposium Circuits Systems (ISCAS), Kobe, Japan, pp. 408 - 411, 2005.

Y. Gu and K. K. Parhi, High-speed architecture design of Tomlinson-Harashima precoders, IEEE
Transactions on Circuits Systems I, Fundamental Theory Applications, Vol. 54, No. 10, pp. 1929 -
1937, 2007.

Y. Liang and A. Y. Wu, Generalized Pipelined Tomlisson Harashima Precoder Design Methodology
With Build-In Arbitrary Speed-Up Factors, IEEE Transactions on Signal Processing, Vol. 58, No. 4,
pp- 2375-2382,2010.

T. Bamrungkitjaroen, P. Suksompong C. Charoenlarpnopparut, K. Sripimanwat, and K. Fukawa,
Application of Pipelining Technique in Concatenated Tomlinson Harashima Precoder for Downlink
MIMO Systems, Asia Simulation Conference 2011, Seoul, South Korea, 2011.

D. Sharma and S. N. Kizhakkemadam Cascaded Tomlinson Harashima Precoding and Block
Diagonalization for Multi-User MIMO, National Conference Communications (NCC), Bangalore,
India, pp. 1 - 5,2011.

R. Chen,, R. W. Heath, Jr. , and J. G. Andrews, Transmit Selection Diversity for Unitary Precoded
Multiuser Spatial Multiplexing Systems With Linear Receivers, IEEE Transactions on Signal
Processing, Vol. 55, No. 3, pp. 1159 - 1171, 2007.

V. Stankovic and M. Haardt, Generalized Design of Multi-User MIMO Precoding Matrices, IEEE
Transactions on Wireless Communications, Vol. 7, No. 3, pp. 953 - 961, 2008.

M. Huang, X. Zhang, S. Zhou, J. Wang, Tomlinson Harashima Precoding in Multiuser MIMO
Systems with Imperfect Channel State Information, IEEE GLOBECOM 2007, pp. 2806 - 2810,
2007.

Thammasat International Journal of Science and Technology, Vol. 17, No. 2, April-June 2012





