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Abstract: Digital communication using Multiple-Tnput Multiple-Output (MIMO) has recently emerged, as one
of the most significant technical breakthroughs in modern communications. The concept of MIMO systems
1s used extensively in currently deployed technologies to provide necessary data rates. In the multiuser, MIMO
broadcast channel the benefits are enhanced when the transmitter knows the channel. Exploitation of such
channel information allows for increasing the channel capacity, improving error performance while reducing
hardware complexity. In order to detect the signal at the users terminals without any cooperation between them
precoding techniques is required. This study describes the basics of various precoding techniques, examining
both theoretical foundations and practical 1ssues. Fundamental measures of the MIMO systems are the capacity
and the error exponent, the practical measures are the Pair-wise Error Probability (PEP), Mean Square-Error
(MSE), Symbol Error Rate (SER), Bit Error Rate (BER) and the received SNR. A brief comparison is done between
the performances of the system with and without precoder, various linear and nonlinear precoding techniques
by analyzing the ergodic capacity and BER.
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INTRODUCTION

In recent wireless communication, MIMO have been
used as a most promising techmique which employs
multiple antennas in the transmitter and/or receiver. The
important aspect of the MIMO channel is to achieve
correlation between transmit and receive antenna. It
depends on the Angle-of-Amival (AoA) of each
multi-path component (Cho et «f, 2010). MIMO
techniques, also enhance link reliability and improve
coverage (Vu and Paulraj, 2007). MIMO technology can
provide multiplexing gamn, if multiple mdependent data
streams are sent sumultaneously and m the same
frequency band over multiple transmit antennas and
recovered at the receiver by using appropriate signal
processing techniques. Multt User-MIMO (MU-MIMO)
offers a great degree of freedom than SU-MIMO i the
spatial dimension because multiple users are multiplexed
in the spatial channel. MU-MIMO is aimed at making
unprovements to the cell average spectral efficiency in a
limited feedback enviromment, developing an effective
precoding technique that supports Space Division
Multiple Access (SDMA) and implementing with lower
computational complexity (She and Chen, 2009). When the
receiver knows the communication channels then the
benefits of MIMO are realizable, it can be further
enhanced if the transmitter also knows the channel.

Hence, exploiting transmit chammel side information 1s of
great practical interest in MIMO. In this study,
researchers assume full channel knowledge at the receiver
and study how Chamnel Side Information at the
Transmitter (CSIT) can be used to improve link
performance. Precoding is a processing technique that
exploits CSIT by operating on the signal before
transmission. The CSI can be completely or partially
known on the transmitter side. Sometimes, only statistical
information on the channel state may be available.
Exploitation of such chamnel information allows for
increasing  the channel capacity, improving error
performance while reducing hardware complexity (Vu and
Paulraj, 2007). In the MU-MIMO system, downlink and
uplink channels are referred to as Broadcast Channel
(BC) and Multiple Access Charmel (MAC), respectively
(Cho et al., 2010).

In BC, the Base Station (BS) is equipped with multiple
antennas, simultaneously transmits data to multiple User
Equipments (UEs) each with one or more antennas. The
coordinated signal detection on the receiver side 1s not
straightforward in BC to eradicate this difficulty
interference cancellation at BS is required. The Multi User
Interference (MUIL), also called as Multiple Access
Interference (MAI) can be suppressed by means of
transmit beam forming (Khalid and Speidel, 2010).
Figure 1 represents a multi-user system in which the
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Fig. 1: MU-MIMO communication systems

multiple mobile stations are served by a single base
station. CSIT feedback from each user 1s required for
precoding because the type of precoding design depends
on the type of CSIT. The performance of MIMO system
can be improved in variety of ways with the help of
precoding if full CSIT is available. By using CSI resources,
such as power and data rates are optunally allocated
during transmit and receive processing.

Precoding can also be used to maximize the diversity
and coding gain. Tn this particular form, the linear
constellation precoding technique does not even require
the knowledge of charmel information state. In this study,
researchers consider various lmear and nonlinear
precoding techniques for MU-MIMO downlink systems.
The 4 different transmission methods are Channel
Tnversion (CT), Block Diagonalization (BD), Dirty Paper
Coding (DPC) and T omlinson-Harashima Precoding (THP)
(Khalid and Speidel, 2010).

Overview of precoding technique: To maximize the signal
power at the receiver output in conventional single stream
beam forming the same signal is emitted from each of the
transmit antennas with appropriate weighting. Single
stream beam forming may not be sufficient to maximize the
signal level if the receiver has multiple antennas. Tt is
necessary to use multi-stream beam forming to maximize
the throughput in multiple receive antenna systems
(Srinivasan, 2012). In precoding technique, the transmitter
will get the information about the channel by using a
feedback filter and sends the coded information to the
receiver depending upon the pre-knowledge of the
channel. The receiver is a simple detector, such as
matched filter and does not have to know the channel side
information. Figure 2 illustrates the block diagram of a
precoder with feedback. For K users, the preprocessed
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transmit symbol is represented as x = [x,, X,, ..., X" and it
will pass through the channel H. The complex valued
elements h, of the channel matrix H, describe the
couplings between the transmission path 1-lg, ie, the
cross talk of the user [ onto the user k. The ideal channel
matrix H without couplings is a diagonal matrix, preferably
an identity matrix. The channel matrix can be estimated by
various known methods with back channel or incase of
duplexing with time division multiplex and gaussian
noise n. The received signal at receiver front-end will be,
y = xH+n and the elements of vector v = [y, v, ..., V" are
the receive symbols at the individual receivers
(Stankovic and Haardt, 2006). The receiver is designed
with known h and n. Similar to equalization precoding is
also a preprocessing technique but the channel
equalization aims to minimize channel errors, precoder
aims to minimize the error in the receiver output. Once
transmit channel information is obtained at the receiver
this information is fed back to the transmit side and
precoding matrix is obtained from transmit channel matrix.
The precoder matrix can be a time varying matrix or it may
be a time-invariant matrix.

Capacity of downlink channel: Tn this study, researchers
discuss an achievable downlink channel capacity of a
system by considering number of base station antennas
(Ng) = 2, number of mobile station antennas (N,;) = 1 and
number of independent users (K) = 2 (Costa, 1983). The
received signal is generally expressed as:

¥ H, 2
3f2 _ I-{z . Z-z (1)
Y H, Z

Where, xzc™ i3 the transmitted signal from BS,
v,ece 18 the received signal from uth user,u=1, 2, .., K
and m ™ 1s the channel gain between the BS and uth
user. Figure 3 shows the downlink (broadcast) channel
model of a MIMO system. The earlier equation 1s
rewritten, as for the given specifications as follows:
HRHEH
= X+
H
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Fig. 3: Downlink model for MU-MIMO

If the chammnel information 13 completely available at
BS, the overall chammel can be decomposed as:

H_Fu O}_|:q1:| (3)
L 1 9q;

Where:

L, = |H|

q = 1/,.H,

1, = q,.(H)"

L, = [Hy-lq

q, = Vl(H-l,q,)

InEq. 3 {q,}?, are the orthonormal row vectors. Based
on the channel information the transmitted signal can be
precoded as:

{Xl}_QH . 1 . (4
X X, -—1,%

Then, the received signal is given as:

YBC_HX-+Z—P|H1” ¢ }{

0 HHz *121(11”

wat

1}+Z )

X,

Assume that the total power P is divided into B P and
(1-p) P for the 1st and 2nd users, respectively that is:

Efix =B {k[}-BP
And:

E{‘x2 2} = E{x2 _12_1X1

22

2}—(1—5)1},56[0,1]

Then, the capacities for the 1st and 2nd user are,
respectively given as:

R, —10g{1+ 5, B_E’J ©
&)

z

R, —log{HHz ~Lqf UB)PJ (7)

2
If I, = 0 then the earlier equation can be rewritten as

follows:
1-P)P
R2:10g2(1+||H22( o ] ®

From Weingarten et al. (2006), the duality of the
uplink and downlink channel capacities was used to
derive the capacity of broadcast channel. Tn Aktas et al.
(2004), it was shown that the sum rate capacity is
proportional to min (Ng, KxN ).

Channel State Information (CSI): In wireless
commurcations, the known chamnel property of a
communication link 1s referred, as Channel State
Information (CSI). CSI describes how a signal propagates
from the transmitter to the receiver and represents the
combined effect of, for example scattering, fading and
power decay with distance. In multi-antenna systems, it is
crucial to achieve reliable commumnication with high data
rates because the CSI adapt transmissions to current
channel conditions. CSI needs to be estimated at the
receiver and usually quantized and fed back to the
transmitter. Therefore, the transmitter and receiver can
have different CSL. The CSI at the transmitter and the CSI
at the receiver are sometimes referred to as CSIT and
CSIR, respectively. Basically, the levels of CSI are named,
as nstantaneous CSI and statistical CSL

By knowing the impulse response of a digital filter the
current channel conditions are known and this process is
referred, as instantaneous CSI (or short-term CSI). This
gives an opportunity to adapt the transmitted signal to
the impulse response and thereby optimize the received
signal for spatial multiplexing or to achieve low bit error
rates. Statistical CSI (or long-term CSI) means that a
statistical characterization of the channel is known. This
description can mclude, for example the type of fading
distribution, the average chammel gain, the line-of-sight
component and the spatial with
instantaneous CSI, this information can be used for

correlation.  As

transmission optimization. Practically, the CST acquisition
is limited by how fast the channel conditions are
changing. Statistical CSI is reasonable in fast fading
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systems where channel conditions vary rapidly under the
transmission of a single information symbol. On the other
hand, instantaneous CSI 18 reasonable in slow fading
systems where CSI can be estimated with reasonable
accuracy and used for transmission adaptation for some
time before being outdated. The available CSI often lies in
between these 2 levels in practical systems mnstantaneous
CSI with some estimation/quantization error is combined
with statistical information.

Bit Error Rate (BER): The Bit Error Rate or Bit Error Ratio
(BER) is defined, as the ratio of the number of error-bits
recelved to the total number of transferred bits during a
studied time interval. BER is a umt less performance
measure, 1t 1s usually expressed as a percentage or
negative power of ten. Tn digital transmission, it can be
defined as the number of received bits of a data stream
over communication charmels that have been altered due
to noise, mterference or bit synchromzation errors. The
BER may be improved by choosing strong signal
strength, a slow and robust modulation scheme or line
coding scheme and by applying channel coding schemes,
such as redundant forward error correction codes. The
transmission BER is the number of detected bits that are
incorrect before error correction, divided by the total
number of transferred bits (including redundant error
codes). BER in a noisy channel, 1s often expressed as a
function of the normalized Signal-to-Noise Ratio (SNR)
measure denoted E,/N , (energy per bit to noise power
spectral density ratio) or E/N, (energy per modulation
symbol to noise spectral density). For example in the case
of QPSK modulation and AWGN channel, the BER as
function of E,/N, 1s given by:

BER = lerfc &
2 N,

The functionality of a digital commumcation
system 1s described by plotting BER vs. SNR
(Proakis and Salehi, 2007).

MATERIALS AND METHODS

Linear precoding: In linear precoding, users are assigned
different precoding matrices at the transmitter. The
precoders are designed based on any number of designs
mcluding Zero-Foreing (ZF) and Mimmum Mean Square
Error (MMSE). From a practical point of view, the relevant
criteria are error probability and sum rate, maximizing
SINR, etc. (Gesbert ef al., 2007).

276

In Zero-Forcing (ZF), the Self-Interference (SI) can be
completely elhminated by restoring the orthogonality
between the parallel data streams with an equalization
coefficient G, 1=1, .., L:

%)

Where, H, , 1 =1, ..., L are the diagonal components
August 11, 2014 of H. Based on the received sample
values, a set of coefficients can be determined to force all
but the center tap of the filtered response to 0. Hence for
small amplitudes of H, ;, the equalizer enhances the noise
n, in such a way that the SNR may go to zero on some sub
carriers. In ZF technique 1s the solution to the set of
equations 1s reduced to a sumple matrix inversion, this 1s
the main advantage of this technique. The drawback of ZF
is that the channel response may often exhibit attenuation
at high frequencies, hence it applies high gam to these
upper frequencies which tends to exaggerate noise
(Smalley, 1994).

For Minimum Mean Square Error (MMSE), the
diagonal elements of equalization coefficient G 1s:

®

Hl,l

G (10)

= P 2
‘H“‘ +a

The computation of G requires an estinate of the
actual variance of the noise ¢°. The drawback of MMSE
is due to the estimation of ¢° the complexity is increased.
To overcome this additional complexity, suboptimal
MMSE equalization is introduced (Gesbert et al., 2007). In
suboptimal MMSE equalization, the variance ¢° is set
equal to a threshold A at which the optimal MMSE
equalization guarantees the maximum acceptable BER. The
equalization with suboptimal MMSE
equalization results in new G:

coefficient

*

Hl,l

G1,1 T
‘Hu‘ + A

(11)

and requires only information about H, . The value A has
to be determined during the system design (Kaiser, 2002).

Channel Inversion (CI): It is a linear precoding technique
for MU-MIMO downlnk system where each UE is
equipped with a single receive antenna. Figure 4
represents the structure of MIMO system with channel
wwversion. In Chamel Inversion (CI) techmque, the
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Precoding

inter-user interference cancelation is performed by pre
multiplying the signal ammed at the terminals by a
precoding matrix. The precoding matrix can be
designed, so as to eliminate all the interference among the
users streams. This techmque i1s, also referred to as
Zero-Forcing (ZF) precoding and utilizes the inverse
of the channel matrix as the transmission filter. In
MU-MIMOQO scenario, the process of channel inversion
15 same, as the ZF pre-equalization (Khalid and
Speidel, 2010).

Assuming that the number of receive antenna must
be less than or equal to number of transmit antenna
Nu<Ng. The Ny=1 transmitted signal vector is given by:

x:H+xd:H“(HHH)’1.d (12)

Where:
d = The data vector
H" = The pseudo inverse of the N ;<N channel matrix H

The ith column of the precoding matrix is given by:

1+1

hl
i+]

hl

of (13)

2

Where, n¥ is the ith column of H'. For each user
different SNRs can be obtained by weighting the columns
of H', depending on their given rate requirement
(Spencer et al., 2004a).

For Ny =1 and K = Ng. Let 5 "=+ denote the uth
user signal, H, = C"* denotes the channel matrix between
BS and the uth user, u = 1, 2 ... K. Then, the received
signal y_e ™ of all the users can be expressed as:

¥ H || % 2
Yo  JHa Xl &gk (14)
Y H, || % 7y

Channel inversion (ZF precoding) is a good solution
for low-noise or high-power situations. The power of the
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precoded signal is increased significantly, if the channel
1s 1ll-conditioned which results in a poor Signal-to-Noise
Ratio (SNR) at the receivers. One way to overcome, this
noise 1 to allow for some mterference among the users by
regularizing the channel inverse. MMSE precoding also
known, as Regularized Channel Tnversion (RCT) provides
a better alternative especially at low SNR. In this design,
the precoding matrix following a wiener filter approach in
such a way that the Mean Square-Error (MSE) i1s
minimized. Having a lower MSE, tlus mcreases the
performance in terms of Bit Error Rate (BER) performance.
The transmitted signal vector for RCT is given by:

x=H"(HH" + 01} d (15)

Where, o is the loading factor. For a MU-MIMO
downlink system with total transmit power P and K
simultaneous users, ¢ = K/P; maximizes the SNR at the
receivers (Khalid and Speidel, 2010).

Block diagonalization: The channel inversion and
regularized channel inversion, uses the concept of the
multiple users with a single antenma where the signals
other than target signal x, is considered, as interference
and are canceled from the received signal (y,) using
precoding. The same method can be related to
multiple users, each with multiple antermas. Since, the
inter-antenna interference in its own signal, as well as
other user mterference are mitigated in the channel
inversion processes, noise enhancement becomes more
severe from the perspective of the target user (Cho ef al.,
2010). Block Diagonalization (BD) method is more suitable
in this situation. BD 1s a generalization of channel
inversion method for multi-antenna user equipments. This
method only cancels the interference from other user
signals during the process of precoding. Then by using
various signal detection methods, such as ZF signal
detection or MMSE signal detection, the inter-antenna
interference for each user can be canceled (Spencer ef al.,
2004b).

For BD, the total number of receive anterma (N,,)
must be less than or equal to the number of transmit
antennas (Np), i.e., N, <N, For K simultaneous users each
with Ny, receive antennas for 1 = 1, 2, ..., K, the total
number of receive antennas (Khalid and Speidel, 2010):

K

Ny = ZNM1

i=1

Let, N, , denote the number of antennas for uth user,
u=1,2, ..., K. For the uth user signal (%.) the received
signal (v,) is given as:
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(16)

The chammel matrix between BS and the uth
user with dimension N, <Ny
The precoding matrix of uth user

gty o
P ec™

z, = The noise vector
The interference-free transmission will be warranted,
as long as the effective channel matrix can be

block-diagonalized that is:

H,Pk=0, =N, 7=k a7

Channel matrix that contains the channel gains of all
users except for the uth useris given as:

H, = [HIT ~-HT HT (18)

T
faeHE |
The total numbers of antennas used by all active
users are the same as the number of BS antennas. To
design the precoders that satisfies Eq. 17. The dimension
of the matrix #,eC(Nypy Ny, )xN, is less than min
(N ot = N Nz ). For Ny oy = Np, min Ny s - Nag oy, Ng)
= Ng - Ny . The unitary column vectors for the channel
are obtained by the Singular Value Decomposition (SVD)
of the #i, . Tt can be expressed as:

(19)

¢ 7100 -ZET0
Vu

\"’[zﬁn

u

i,=0,D,[ I
and ¥** correspond to non-zero and
singular values, respectively. The followmng

relationship is obtained by multiplying I, with ¥, :

ZCTO

\7 non -zero®

S e 0

H

i1, —Uu[f)uo]{

\"[zsm

u

When a signal is transmitted in the direction of ¥ all
but the uth user receives no signal at all. Thus, P, = ¥,
can be used for precoding the uth user signal. For Ny = 4,
K=2and N, , = Ny, = 2, the channel vectors are
given as follows:

H = Ulf)l [vlmn-zgm vfm }H = [UIIUIZ

Xn
0

. 1)

A

0 0

0 0 [{61{62{[13{&&

12
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1 T \ rhon-Zero Crzera M TOTT

H,=U,D, |:V2 v, :| = Ulezz}
7 (22)
A, 0 00 (9,7,
0 122 0 0 a1 Y2z vz vz

Then, the precoding matrix P,eC"™ foru =1, 2 is
given as:

b= \”[lzm = [%37\7'14};132 = VZZEW = [\723\?24}

The transmitted signal is then given, as X=R% +P%;
The receiver signal of user 1 and 2 is obtained by using
the fact that B, =#, and H, =%, :

y,=Hx+z =H (Px, +Px, )+ z (23)

=Hv "X +z =H¥ X +z

y;=Hx+z,=H,(Px,+Px,)+z (24)

=H,¥"%, +z, = H¥7%, + z,
Equation 23 and 24 shows that the received signal is
composed by desired signal only (Cho et al., 2010).

Nonlinear precoding: The precoding techniques can be
classified depends upon the amount of the MUI they
allow (as zero or non-zero MUI techniques) and their
linearity (as linear and nonlinear techniques). The
advantage of linear precoding technique is that they
require no overhead to provide the demodulation
information but they are less computationally expensive
and less sensitive to the channel estimation errors at the
transmitter than nonlinear counter parts. Since, linear
precoding techniques typically suffer from more noise
than nonlinear precoding and hence are not used in most
wireless applications. Nonlinear precoding mvolves
additional transmit signal processing to improve error rate
performance. The precoders are designed jointly based on
C3SI of all the users, based on the equalization techniques
such as Decision Feedback Equalization (DFE).

The basic idea of the DFE is to cancel the ISI
contributed by the symbols by subtracting past symbol
values with appropriate weighting from the ecualizer
output with the assumption that the values of the
symbols already detected are correct. The feedback filter
is used to reshape the received signal such that the TST at
the output of the feed forward filter is causal and the
current pulse height is as high as possible with respect to
the residual trailing IST which is then subtracted in the
feedback part without noise enhancement. If an incorrect
feedback decision 1s taken, this will cause multiple errors
following the first one. This is considered, as a major
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disadvantage of the system and it 15 named as
propegation error. Figuer 5 shows the structure of
DFE.

Moreover, since the reliable detected decisions are
only available after a delay, channel coding cannot be
combined with DFE m a straightforward manner
(Kuo et al., 2008).

Dirty Paper Coding (DPC): Dirty Paper Coding (DPC) 1s
a promising new transmission techmque that allows a
base station to efficiently transmit data to multiple users
at the same time. DPC allows a transmitter to send
information, so that each user sees no mterference from
other users. It 1s a type of nonlinear precoding technique
where the AWGN channel is modified by adding known
interference at the transmitter side (Cho et af., 2010). In
telecommurmcations, DPC is a techmique for efficient
transmission of digital data through a chammel subjected
to some interference known to the transmitter. By using
dirty paper coding, researchers can increase the channel
capacity without power penalty and without requiring the
recelver to gain knowledge of the interference state. The
technique consists of precoding the data in order to
cancel the effect caused by the interference and it can be
realized by subtracting the potential interferences before
transmission. Tt should be implemented when channel
gains are completely known on the transmitter side. That
is, the interferences due to the first up to (k-1)th user
signals are canceled i the course of precoding the kth
user signal. Dirty paper coding 1s applied to eliminate the
interference from the preceding users and this known
interference (Cho et al., 2010). DPC techniques based on
vector precoding 1s used to increase the sum capacity of
the MU-MIMO downlink channel which 1s defined, as the
maximum system throughput achieved by maximizing the
sum of the information rates of all users. DPC on the
transmitter side 18 very similar to Decision Feedback
Equalization (DFE) on the receiver side (Khalid and
Speidel, 2010).

In DPC vector precoding, the desired signal vector w
1s offset by a vector | of integer values and this operation
15 followed by channel mversion, resuling in the
transmitted signal x, given by Khalid and Speidel (2010).
The DPC technique is shown in Fig. 6:
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Precoding Channel Vi
Fig. 6: Dirty paper coding
x=H"(w+1l) (25)

Where, the vector | 1s chosen to minimize the power
ofx,1.e.,

I:argminHH’l(WJrﬂ') i (26)
Then, the received signal 1s represented as:
Vi =Wy -1, + 7, (27)

Considering Ny =3, K=3and Ny;u=1,u=1,2, 3,
the uth user signal is given by %,=C, then the received
signal is given as (Cho et al., 2010):

Y, , 0o 0 . Z,

v, =1, 1, © s+ 7
vo | Ly 1y L z, (28)

l, © % z,

=0 1, 0[Z%|+]z

Lo 0 1, | X, z,

The mam drawback, of the DPC techmque 1s that it 1s
a highly nonlinear techmque which makes
implementation a very challenging problem which has yet

its

to be mnplemented m practical systems (Jindal and
Goldsmith, 2003). Other nonlinear transmission schemes
try to reach the capacity bound set by DPC by using a
simplified design.

Tomlinson-Harashima Precoding (THP): To reduce the
Peak or Average Power (PAP) m the Decision Feedback
Equalizer (DFE) which suffers from error propagation
Tomlinson-Harashima Precoding (THP) was invented.
THP 13 equivalent to the combmation of DPC with
symmetric modulo operation (Cho ef al., 2010). Figure 7
represents the communication channel over AWGN
channel. THP was designed to mitigate the effect of Inter
Symbol Interference (ISI). By means of a feedback filter
the mterference between the streams 1s cancelled m a
sequential fashion in THP. In this approach, a modul
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Fig. 7: Communication over AWGN channel

operation 1s mserted at both the transmitter and the
receiver to reduce the unscaled transmit power. Since, the
complete knowledge of the channel impulse response 1s
only available by a feedback from the receiver for
time-mvariant chanmel. This 1dea 1s used to cancel the
post-cursor IST in the transmitter where the past transmit
symbols are known without possibility of errors. TH
precoding consider the precoding in the one dimensional
case, hence the data symbol x 1s drawn from the M-ary
PAM constellation:

—(A-1),-(A-3),..-3,-L L3, (A-3).(A-1}}

Where, A = ¥M . An expanded symbol ¢ can be
defined by adding 2 Asm to the data symbol x where m 1s
an integer (Cho et al., 2010). Where:

c=xXx+2Aem (29)

The discrete time channel impulse response 15 given
by hl. Let us assume without loss of generality, h, = 1.
The chammel sampled outputs are given by:

L-1
L= Zh1xlfl (30)
1=0
Researchers see that the symbols x, x, . . . X1, will

interfere with each other. If the transmitter knows the
charnel impulse response, the Inter Symbol Interference
(TST) effect can be overcome by a precoder with a transfer
function equal to the mverse of the transfer function of
the channel. When channel transfer function value is
close to zero, the output of this precoder may diverge to
infinity. To overcome this, a nonlinear block with transfer
function T (D) 1s inserted before the h-1 (D) block, as
shown in Fig. 8 (Kuo et al., 2008).

In Eq. 29 m must be chosen to mimimize the magnitude
of the expanded symbol ¢ in the transmitter which will
reduce the pealk or average power. From Cho et al. (2010),
the original data symbol x recovered from the expanded
symbol ¢ by the symmetric modulo operation can be
defined as:

x=mod, (C)AC-2A[ (C+2A)/2A | (31)
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Fig. 8: Block diagram of Tomlinson-Harashima precoder
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Fig. 9: Illustration of symmetric modulo operation (real
part of x)

Where, symmetric modulo operation is defined as:

mod, (x)=x - 2A| x+ A+ jA)/2A | (32)

The symmetric modulo operation is illustrated in
Fig. 9. MMSE THP is an iterative precoding technique
used to elimmate the MUI below the main diagonal of the
equivalent combined chammel matrix by combining MMSE
precoding and TIIP. The users are 1st arranged according
to some optimal ordering criterion and the precoding
matrix P 1s calculated column by column starting from the
last user K. The received signal for K = N = 3 13 given as:

¥ _Hl Z
v, | =| H, QHXTH+ z,
y H z
o - BTH (33)
111 0 0 X Z,
=1, 1, 0| =xF|+|z,
L Ly Ly 7X-3FH 2

Where, = =%, . When the channel state mformation
is available in the transmitter the Tomlinson-Harashima
precoding can be regarded an attractive alternative to the
ZF-DFE, it has the same performance for high SNR values
over any IST channel as ZF-DFE. THP can be viewed, as
a DFE whose feedback section has moved to the
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transmitter. Since, the equalization is performed at the
transmitter, the transmitting signals are perfectly known
and the error propagation phenomenon never occurs,
therefore it does not have the disadvantages of DFE.
Channel coding can be combined easily with TH
precoding because it does not require immediate decision
(Kuo ef al., 2008). The use of THP precoding results in
mnproved diversity and substantial capacity gains,
especially at low SNRs.

RESULTS AND DISCUSSION

In this study, researchers provide some numerical
examples to illustrate the performance of the MIMO
system and precoding techniques discussed in earlier
studies. For the analysis of any system like SISO, MISO
and MIMO the parameters, such as ergodic capacity, BER
and sum-rate throughput are necessary. In this study,
ergodic capacity and BER rate for a MIMO system with
four users with and without precoding is analyzed and
also compared the BER performance of linear and
nonlinear precoding techniques.

Figure 10 compares the ergodic capacity of MIMO
system with and without precoding. The ergodic capacity
15 plotted, as a function of the SNR i the independent
rayleigh fading channel is shown in a downlink channel
with 4 transmit and receive antermas. For SNR = 10 dB the
ergadic capacity of a MIMO system without
precoding is about 11 bps Hz ' for a system with
precoding 14 bps Hz™' it shows that the MIMO system
designed with precoder provides more capacity than the
system without precoder.

Figure 11 presents the comparison of BER of a
MIMO system with and without precoding. The BER is
plotted, as a function of the SNR in the independent
rayleigh fading channel with N; and N, = 4. At
SNR = 10 dB, the BER of the MIMO system with precoder
is approximately 0.002 and for the system without
precoder 1s approximately 0.02. This shows that the BER
of the MIMO system with precoder outperforms without
precoding by approximately 10%.

Table 1 will give a brief idea about the overall
performance the linear and nonlinear precoding
techniques. Researchers considered the 4x4 WMIMO
system and the range of SNR 1s from 0-18 dB.

Finally in Fig. 12, researchers have compared all the
linear and neonlinear precoding techmiques, such as
channel inversion, block diagonalization, dirty paper
coding, Tomlinson-Harashima for a system with 4 transmit
and receive antennas in which 4 users with the highest
channel norm values are selected out of K = 20. As an
example, if the SNR = 10 dB the BER for varies types of
precoding techniques are obtained as follows for channel
mversion BER = 0.13, regulanzed chamnel mversion

—¥— Without precoder
—a— With precoder

Ergadic capacity (bps/hz)

0 T T T T T T
0 2 4 6 8 10 12 14 16 18 20
SNR (dB)

Fig. 10: Capacity comparison of MIMO system with and

without precoding
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Fig. 11: Performance comparison of MIMO system with
and without precoder
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Fig. 12: BER performance
precoding techniques

comparison of different
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Table 1: BER performance of precoding techniques

BER
Precoding
techniques/ Channel Regularized Channel Block Dirty Paper Tomlinson-
SNR (dB) Inversion (CT) Inversion (RCT) Diagonalization (BD) Coding (DPC) Harashima (TH)
0 0.353625 0.23425 0.387875 0.255188 0.39475
2 0.319688 0.199 0.356375 0.20475 0.319938
4 0.279125 0.1605 0.3235 0.154188 0.227938
6 0.2335 0.126188 0.283375 0.106188 0.149438
8 0.187375 0.095125 0.2455 0.062563 0.082625
10 0.13975 0.06475 0.199425 0.030938 0.038375
12 01 0.044625 0.15075 0.013125 0.0145
14 0.068 0.028938 0.114125 0.004313 0.0015
16 0.045625 0.017 0.078875 0.0015 0.0015
18 0.030313 0.010125 0.051875 0.00025 0.00025

BER = 0.06, block diagonalization BER = 0.19, dirty paper
coding BER = 0.030, Tomlinson-Harashima BER = 0.038.
From Fig. 12, researchers can understand that the
nonhinear precoding techmques (DPC and TH) outperform
the lmear precoding techmques (RCI, CI and BD).

CONCLUSION

In this study, researchers have provided an overview
of precoding techniques, such as linear and nonlinear
precoding techmques for exploiting CSIT MIMO wireless
systems. It discusses principles and methods for
acquiring the CSIT, related issues and complexity. The
evolution of MIMO system is reviewed along with its
many advantages. Information theory concepts
concermng capacity are presented with derivations for
corresponding capacity of a MIMO system. For the
MU-MIMO downlink, the nonlinear dirty paper coding
techniques are capable of achieving the sum capacity of
Gaussian multiuser channels with single-antenna user.
Transmission schemes based on partial CSI which require
minimal CSI feedback from the users represent the most
suitable choice for practical implementation.
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