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Abstract—This paper considers the issue of designing joint
optimum precoder and decoder for single-user multiple-input
multiple-output system. Most of the previous works on joint
precoder and decoder designs are based on the total transmit
power constraint (TTPC) with proper modulation techniques. On
the other hand, in practice, individual transmit power constraint
(ITPC) is more realistic as the power at each antenna at the
transmitter is restricted independently by the linearity of the
power amplifier. In this paper, a minimum total mean squared
error (TMSE) design is formulated as a nonconvex optimization
problem under equal power allocation (EPA) and the power
constraint that jointly meets both EPA and TTPC (i.e ITPC).
The closed-form optimum linear precoder and decoder for single-
user multiple-input multiple-output (SU-MIMO) systems with an
improper modulation are determined by solving this nonconvex
optimization problem. It considers both the perfect and imperfect
channel state information (CSI) is available at both the transmit-
ter and receiver. The simulation results show the performance
improvement of the proposed work over conventional work in
terms of bit error rate (BER).

Keywords—Channel state information (CSI), mean-square er-
ror (MSE), multiple-input multiple-output (MIMO), linear pre-
coding, spatial multiplexing, improper modulations.

I. INTRODUCTION
In the last few years MIMO systems have risen as a standout

amongst the most, guaranteeing methodologies for high data
rate wireless communication systems. They deploy multiple
antennas at both the source (transmitter) and the destination
(receiver). The capacity of the MIMO systems is increased
linearly with the increase in the number of transmit and
receive antennas. The multiplexing gain (data throughput)
and diversity gain and the coding gain (link reliability) of
MIMO systems are essentially higher than that of conventional
single-input single-output (SISO) systems. The performance
improvement in terms of either data throughput and link reli-
ability of the MIMO systems depends on the presumption of
CSI at the transmitter (CSIT) and/or state information available
at the receiver (CSIR). In practice, getting the perfect CSI
is impractical because of the dynamic nature of the channel
and the channel estimation errors. Thusly, it is important
to outline a system sufficiently enough to imperfect CSIT
and/or CSIR. An MIMO systems can be sub-divided into
three fundamental classifications, spatial diversity [1], [2], [3],
spatial multiplexing [4], [5], [6] and beamforming [7], [8], [9].

In single-user multiple-input multiple-output(SU-MIMO)
system, the diversity can be got through the utilization of
space-time codes [10], [11]. To accomplish full diversity, the
transmit beamforming with receive combining was one of the
least difficult methodologies [1], [2], [3] To enable spatial
multiplexing in SU-MIMO systems, the appropriate transmit

precoding design or joint precoder-decoder designs were pro-
posed under a variety of system objectives and different CSI
assumptions in [5], [6]. Another beamforming method utilizing
singular value decomposition (SVD) for closed loop SU-
MIMO systems with a convolution encoder and modulation
techniques, for example, M -quadrature amplitude modulation
(M -QAM) and M -phase shift keying (M -PSK) over the
Rayleigh fading have been proposed in our past works [7].

As far as spectral effectiveness, a SU-MIMO system ought
to be intended to approach the capacity of the channel [12],
[13]. In the light of this perception, a frequency-selective
MIMO channel can be managed by taking a multicarrier
approach, which is a well-known capacity lossless the structure
and permits us to treat every carrier a flat MIMO channel. A
capacity- achieving design manages that the channel matrix at
every carrier must be diagonalized, and afterward, a water-
filling power distribution must be utilized on the spatial
subchannels of all carriers [12], [13]. Note that this obliges
CSI available at both the receiver and transmitter.

As design criteria, different performance measures are con-
sidered, for example, Weighted Minimum MSE [14], [15],
TMSE [16], least BER [17]. From signal processing point of
view, so as to minimize the information estimation error from
the received signal, TMSE is a critical metric for transceiver
design and has been embraced in SU-MIMO systems.A joint
transceiver design for a SU-MIMO frameworks, utilizing an
MSE paradigm is presented in [14]. A novel optimization
method is proposed to solve the probabilistic MSE constrained
multiuser multiple-input single-output (MU-MISO) transceiver
design problem [18].

All the schemes that are introduced in the above works
is general and addressed a few optimization criteria like
extreme data rate, least BER, and MMSE. The issue of
designing an optimum linear transceiver for a SU-MIMO
channel, possibly with delay spread, utilizing a weighted
MMSE paradigm subject to a transmit power constraint is
composed in [14]. These studies assume that the perfect CSI
was available at the transmitter side. However, in practical
communication systems, the propagation environment may be
more challenging, and the receiver and transmitter can not
have a perfect knowledge of the CSI. The imperfect CSI may
emerge from an assortment of sources, for example, outdated
channel estimates, error in channel estimation, quantization of
the channel estimate in the feedback channel and so forth [19].

To obtain a robust communications system, the MIMO
systems design with imperfect CSI is an important issue to
investigate. The optimal precoding strategies in SU-MIMO
systems were proposed under the assumption that imperfect

Raja Muthalagu

The author is with the Department of EEE, BITS-PILANI 
Dubai Campus, Dubai, UAE.   raja.sanjeeve@gmail.com

INTERNATIONAL JOURNAL OF COMPUTERS AND COMMUNICATIONS Volume 11, 2017

ISSN: 2074-1294 26



CSI is available at the transmitter, and perfect CSI is available
at the transmitter [13]. The robust joint precoder and decoder
design to reduce the TMSE with imperfect CSI at both the
transmitter and receiver of SU-MIMO systems were proposed
in [21], [22], [23].

A novel precoding techniques to enhance the performance of
the downlink in MU-MIMO system was studied with improper
constellation [24]. Precoding designed in [24] is more appro-
priate for a MIMO system with improper signal constellation.
MMSE and modified zero-forcing (ZF) precoder designs are
demonstrated to accomplish an unrivaled performance than
the routine linear and non-linear precoders. Both instances of
imperfect and perfect CSI are considered, where the imperfect
CSI case considers the correlation data and channel mean.

A joint precoder and decoder design under the minimum
TMSE measure produced exceptional BER performance for,
proper constellation techniques, e.g., M -PSK and M -QAM
[25], [26]. Then again, when applying the same outline
to the improper constellation techniques, e.g., M -ASK and
BPSK, the performance corrupts fundamentally. The mini-
mum TMSE design for SU-MIMO system with improper
modulation techniques was proposed in [24] and indicated to
give a predominant performance in terms of BER than the
traditional design in [25]. The optimum joint precoder and
decoder designs for the SU-MIMO frameworks which utilize
improper constellation strategies, either under the imperfect or
perfect CSI was proposed in [27], [28], [29]. In both instances
of imperfect and perfect CSI, a minimum TMSE measure is
created and used to develop an iterative design technique for
the optimum precoding and decoding matrices [27], [28], [29].

In all of these designs only the TMSE measure is con-
sidered. The TMSE measure leads to wide power variations
across the transmit antennas and poses severe constraint on
the power amplifier design. However, to the best of our
knowledge, no attention has been paid to either the ITPC or
EPA based joint SU-MIMO transceiver design which employ
improper modulation techniques, either under the perfect CSI
or imperfect CSI assumption. To fill the gap, this paper shall
address the problem of designing jointly optimum SU-MIMO
transceiver under improper modulation that minimize the sum
of symbol estimation error subject to EPA and ITPC(i.e jointly
optimize the TTPC and EPA). It assumes the perfect and
imperfect CSI with correlation information is available at both
the transmitter and receiver. An iterative design procedure
is developed to find the optimum precoding and decoding
matrices.

The rest of the paper is organized as follows. The system
model, power constraint and problem formulation are pre-
sented in Section II. The proposed optimum joint precoder
and decoder design for SU-MIMO under imperfect CSI is
presented in Section III. The simulation results for the pro-
posed system is presented in Section IV. Finally conclusions
are given in Section V.

Notations: Throughout this paper, (·)T denotes matrix trans-
pose, upper (lower) case boldface letters are for matrices
(vectors), (·)H stands for matrix conjugate transpose, E(·) is
expectation, (·)∗ means matrix conjugate, ∥ · ∥ is Euclidian
norm, IN is an N ×N identity matrix and Tr(·) is the trace

operation.

II. SYSTEM MODEL, POWER CONSTRAINT AND PROBLEM
FORMULATION

A. System Model

A general SU-MIMO system model consist of MT transmit
and MR receive antennas. The input bit streams are modulated
by some improper modulation techniques to generate symbol
streams. The symbol streams to be sent are denoted by a B×1
vector s = [S1, . . . , SB]

T , where B is the number of data
streams (i.e) B = rank(H) ≤ min(MR,MT), where H is
MR×MT channel matrix with its (i, j)th element hi,j denoting
the channel response from the ith transmit antenna and jth
receive antenna. The modulated symbols are passed through
the precoding matrix U of size MT×B to produce a MT×1
precoded vector l = Us. The precoding matrix with the com-
plex components adds redundancy to the modulated symbol to
enhance the MIMO system performance. The precoded vector
is passed through the MIMO channel through NT antennas.
The data symbols are assumed to be uncorrelated and have
zero mean and unit energy, i.e., E[ssH ] = IB . At the receiver
end, received signal at receiving antennas are processed by the
linear decoder matrix Vof size B ×MR.

For a MIMO channel without any delay-spread, the MR×1
received signal vector is defined as

y = Hl+ n (1)

y is fed to the decoder V. Then the resultant vector is:

ŝ = VHUs+Vn (2)

where the MR × 1 vector nrepresents spatially and tem-
porally additive white Gaussian noise (AWGN) of zero mean
and variance σ2

n.

B. Power Constraint

The conventional joint precoder and decoder design are
based on the following TTPC [27]:

E[∥x∥2] = E[∥Us∥2] = Tr(UUH) = P. (3)

where P is the total transmitted power from all the antennas
at the transmitter. Most of the precoding or joint precoding
and decoding design for the MIMO systems is studied with
TTPC across all antennas. Here, we consider the more realistic
ITPC. The p-norm concept is a multitasking algorithm, and
the different power allocation can be obtained by changing
the value of p. In linear algebra theory, the P-norm is given
by [31], [32]

∥x∥p :=

(
B∑
i=1

|xi|p
)1/p

forp ≥ 1 (4)

1) For p = 1, ∥x∥1 :=
∑B
i=1 |xi|1. This is 1-norm and it

is simply the sum of the absolute value of xi. So this
referes to TTPC if xi denotes the power in each antenna.

2) For p = ∞, ∥x∥∞ := max(x1, ..., xM ). In linear
algebra theory, this infinity norm is a special case of
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uniform norm, so this refers to equal power allocation
(EPA).

3) For 1 < p <∞, the p-norm constraint is formulated as
an optimization problem and can satisfy both the TTPC
and EPA with an appropriate value for p, so this refers
to individual transmit power constraint (ITPC).

C. Problem Formulation

The optimum joint precoder and decoder for SU-MIMO
systems which employing a proper modulation techniques
(e.g., M -PSK, M -ASK for which E[ssT ] = 0) is derived
by minimizing the TMSE under the TTPC specified by (3).
The TMSE matrix is calculated as

e = E[∥ŝ− s∥2] = E[∥(VHUs+Vn)− s∥2] (5)

This TMSE criterion expressed in (5) is optimum for the
SU-MIMO systems with proper modulations. In any case,
with improper modulation techniques (for which E[ssT ] ̸= 0)
considered in this work , the TMSE criterion for SU-MIMO
systems design expressed by (5) is not optimum. Since the
traditional methodology expressed by (5) yields a complex-
esteemed filter output. But, only the real part of this output is
relevant for the decision in an MIMO system with improper
constellations [28]. In this work, the MIMO design under
TTPC in [29] is extended to both the EPA and ITPC.

By considering the improper constellations, the error vector
is expressed as follows:

e = ŝ− s (6)

where ŝ = ℜ(VHUs + Vn). Watch that the estimation of
the received signal ŝ is changed from the conventional design
expressed in (5). Thusly, the MSE criterion with respect to
only the real part of the received signal with TTPC will result
in a better design.

With the newly defined error vector, the TMSE can be
computed as follows:

E[∥e∥2] = E[∥ℜ(VHUs+Vn)− s∥2]
= E[∥(VHUs+V∗H∗U∗s∗)/2 + (Vn

+V∗n∗)/2− s∥2] (7)
= Tr {E {[0.5(VHUs+V∗H∗U∗s∗)

+0.5(Vn+V∗n∗)− s][
0.5(sHUHHHVH + sTUTHTVT )

+0.5(nHVH + nTVT )− sH
]}}

(8)

we consider the following assumptions on the statistics
of the data, noise and channel (i.e. E[n] = E[nnT ] =
E[n∗nH ] = 0, E[nnH ] = σ2

nINT and E[ssH ] = E[ssT ] =
IB). By using those assumption and after some manipulation
(8) can be simplified to

E[∥e∥2] =
Tr
{
0.25

(
VHUUHHHVH

+VHUUTHTVT

+V∗H∗U∗UHHHVH
)

+V∗H∗U∗UTHTVT
)

−0.5(VHU+V∗H∗U∗ +UHHHVH

+UTHTVT ) + IB

+0.25σ2
n(VVH +V∗VT )

}
(9)

The goal is to find an optimum U and V which minimize
E[∥e∥2] subject to the TTPC, total transmit power (Tr(UUH)
and the transmit power constraint that jointly optimize the
TTPC and EPA (i.e ITPC). Mathematically, it is defined as

min
U,V

E[∥ℜ(VHUs+Vn)− s∥2]

s.t. (Tr(UUH)p)1/p ≤ PT. (10)

where PT is a constant. If p = 1, then the PT will be
equal to TTPC (β),p = ∞ corresponds to an EPA (α) where
α = β/B. And for p in the interval 1 < p < ∞, PT = ∞,
p-norm condition is sufficient to meet both the EPA and a
TTPC with upper bound β. The α can be chosen between the
interval of [β/B, β]. Here, we form the Lagrangian to find the
optimum solution to optimization problem expressed in (10)

ψ = E[∥ℜ(VHUs+Vn)− s∥2]
+χ
(
(Tr(UUH)p)1/p − PT

)
(11)

where χ is the Lagrange multiplier. The optimum values for
precoder and decoder matrix are found by following the same
procedure as in [29].

III. PROPOSED OPTIMUM JOINT PRECODER AND
DECODER DESIGN FOR SU-MIMO

This section proposes a design of the optimum linear
precoder and decoder for SU-MIMO system employing im-
proper modulations based on the power constraint that jointly
optimize TTPC and EPA. Here we consider the imperfect CSI
along with the transmit and receive correlation is available at
both the end. We use the channel model in our previous work
[29], that is

H = R
1/2
R HwR

1/2
T (12)

where Hw is a spatially white matrix whose entries are
independent and identically distributed (i.i.d.) Nc(0, 1). The
matrices RR and RT represent the normalized receive and
transmit correlations, respectively. Both transmit and receive
correlations are assumed to be full-rank and known to both the
receiver and the transmitter. The orthogonal training method
[27] is performed to estimate the channel error. It can be
described as follows

H = Ĥ+E (13)
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where Ĥ = R
1/2
R ĤwR

1/2
T is the estimated overall chan-

nel matrix,Ĥw is the MMSE estimation of Hw, E =
R

1/2
e,REwR

1/2
T is the channel estimation error matrix, R1/2

e,R =

[IMR + σ2
ceR

−1
R ]−1 is the effect of the receive correlation on

the channel estimation error, σ2
ce is the quality of the channel

estimate and the entries of Ew are i.i.d. Nc(0, σ
2
ce).

By modeling the true channel as in (13) under the MMSE
channel estimation, the TMSE function for joint transceiver
design can be evaluated for improper modulation as follows:

E[∥e∥2] = E[∥ŝ− s∥2]
= E[∥ℜ(V(Ĥ+E)Us+Vn)− s∥2]
= E[∥(V(Ĥ+E)Us+V∗(Ĥ+E)∗U∗s∗)/2

+(Vn+V∗n∗)/2− s∥2]
= Tr

{
E
{[

0.5(V(Ĥ+E)Us+V∗(Ĥ+E)∗U∗s∗)+

′ 0.5(Vn+V∗n∗)− s][
0.5(sHUH(Ĥ+E)HVH + sTUT (Ĥ+E)TVT )

+0.5(nHVH + nTVT )− sH
]}}

(14)

Substituting E = R
1/2
e,REwR

1/2
T in (14) and after taking

expectation with respect to s, Ew, and n, (14) becomes1:

E[∥e∥2] =
Tr
{
0.25VĤUUHĤHVH + 0.25VĤUUT ĤTVT

−0.5VĤF+ 0.25VRe,RV
HTr(RTUUH)σ2

ce

+0.25VVHσ2
n + 0.25V∗Ĥ∗U∗UHĤHVH

+0.25V∗Ĥ∗U∗UT ĤTVT − 0.5V∗Ĥ∗U∗

+0.25V∗R∗
e,RV

T {Tr(RTUUH)}∗σ2
ce + 0.25V∗VTσ2

n

−0.5UHĤHVH − 0.5UT ĤTVT + IB

}
(15)

By substituting (15) in (11) and taking the derivatives of ψ
with respect to V and U, it can be shown that the associated
Karush-Kuhn-Tucker (KKT) conditions can be obtained and
given in the following.:

∂ψ

∂V
= 0 (16)

∂ψ

∂U
= 0 (17)

χ((Tr(UUH)p)1/p − PT) = 0 (18)

First, the value of ∂ψ
∂V can be found by using the cyclic

property of the trace function. Setting ∂ψ
∂V = 0 and taking

the complex conjugates of both sides gives

V(ĤUUHĤH +Re,Rσ
2
ceTr(RTUUH))

+V∗Ĥ∗U∗UHĤH + σ2
nV = 2UHĤH (19)

Similarly, setting ∂ψ
∂U = 0. Again, taking the complex

conjugates of both sides has gives

1In performing the expectation, the following results are used:
E[Ew] = E[EH

w ] = 0, E[EwAEH
w ] = σ2

cetr(A)IN and E[EwAET
w] =

0.

(ĤHVHVĤ+RTσ
2
ceTr(Re,RV

HV))U

+ĤHVHV∗Ĥ∗U∗

+2χ(Tr(UUH)p)
1
p−1UH(UUH)p−1

= 2ĤHVH (20)

Next, by post-multiplying both sides of (19) by VH one
obtains

(V(ĤUUHĤH +Re,Rσ
2
ceTr(RTUUH))

+V∗Ĥ∗U∗UHĤH + σ2
nV)VH = 2VHUHĤH (21)

Likewise, pre-multiplying both sides of (20) by UH pro-
duces

((ĤHVHVĤ+RTσ
2
ceTr(Re,RV

HV))U

+ĤHVHV∗Ĥ∗U∗

+2χ(Tr(UUH)p)
1
p−1UH(UUH)p−1UH

= 2ĤHVHUH (22)

It then follows from (21) and (22) that:

(V(ĤUUHĤH +Re,Rσ
2
ceTr(RTUUH))

+V∗Ĥ∗U∗UHĤH + σ2
nV)VH

= ((ĤHVHVĤ+RTσ
2
ceTr(Re,RV

HV))U

+ĤHVHV∗Ĥ∗U∗

+2χ(Tr(UUH)p)
1
p−1UH(UUH)p−1UH

(23)

Then, by taking the traces of both sides of (23) one has:

χ =
σ2
n

2PT
Tr(VVH) (24)

where the partial derivative of (Tr(UUH)p)1/p with respect
to complex values F matrix is obtained using the following
properties [30]

∂Tr(Up)

∂U
= p(UT )(p−1) (25)

∂Tr(AU)

∂U
= AT (26)

As in [29], the optimum solution for precoding and de-
coding matrix are obtained by using the explicit relationship
between (19), (20) and (24). An iterative algorithm is used to
find the solutions. The optimum decoding matrix is

[
VRe VIm

]
=
[
CRe CIm

][
AB AIm +BIm

BIm −AIm AC

]−1

(27)

where AB = ARe + BRe + σ2
nINR ,AC = ARe + BRe −

σ2
nINRV = VRe + jVIm, HUUHHH = ARe + jAIm,

H∗U∗UHHH = BRe + jBIm and 2FHHH = CRe +CIm.
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SNR = PT/σ
2
n (dB)

0 2 4 6 8 10 12 14 16

B
E
R
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10-2

10-1

100

p=inf, Proposed-EPA
p=4.84, Proposed-ITPC
p=2.69, Proposed-ITPC
p=1.7, Proposed-ITPC
p=1, Conventional-TTPC

Fig. 1. Performance comparison of the conventional transceiver and proposed
transceiver for BPSK modulations and perfect CSI. MT = MR = 4, B = 4,
σ2
ce = 0, ρT = ρR = 0.0.

Similarly, the optimum precoding matrix is[
URe

UIm

]
=

[
AD QIm −PIm

PIm +QIm AE

]−1

[
RRe

RIm

]
(28)

where AD = PRe + QRe + 2µINT ,AE = PRe + QRe −
2χINTU = URe + jUIm , HHVHGH = PRe + jPIm,
HHVHV∗H∗ = QRe + jQIm and 2HHVH = RRe +RIm

Based on the above expressions, the optimum precoder and
decoder can be solved by an iteration procedure as outlined
in following algorithm:

1) Initialize U, and U by setting the B × B upper sub-
matrix of U a scaled identity matrix (which satisfies
the power constraint with equality), while all the other
remaining entries of U are zero.

2) Find the value of V using (27).
3) Find the value of χ using (24).
4) Find U using (28).
5) If (Tr(UUH)p)1/p ≤ PT for 1 < p <∞, scale U such

that Tr
{
UUH

}
= PT, else go to the next step.

6) If
(
Tr
((

Ui −Ui−1
) (

Ui −Ui−1
)H)p)1/p

< 10−4,
then terminate, else go to Step 2.

IV. NUMERICAL RESULTS

This section presents the performance of the proposed
transceiver design for SU-MIMO system employing improper
modulation, EPA and ITPC. The Matlab simulation has been
used for modelling the proposed SU-MIMO system and
channel. The performance of the proposed system over the
imperfect CSI is measured in terms of BER. The BPSK, 4-
ASK and QPSK are applied to modulate the data. To illustrate
the performance improvement of the proposed system, the
BER performance of the SU-MIMO system with improper
modulation under TTPC [29] is compared with the proposed
SU-MIMO system with improper modulation under both ITPC

SNR = PT/σ
2
n (dB)

0 2 4 6 8 10 12 14

B
E
R

10-4

10-3

10-2

10-1

100

p=inf, Proposed-EPA
p=4.84, Proposed-ITPC
p=2.69, Proposed-ITPC
p=1.7, Proposed-ITPC
p=1, Conventional-TTPC

Fig. 2. Performance comparison of the conventional transceiver and proposed
transceiver for 4-ASK modulations and perfect CSI. MT = MR = 4, B = 4,
σ2
ce = 0, ρT = ρR = 0.0.

and EPA. The simulation results are averaged over at least
10,000 channel realizations. In all the simulation results re-
ported in this section, the number of parallel date streams are
set as B = 4 and the number of transmit and receiver antennas
are fixed as MT = MR = 4. The transmit correlation matric
is defined as RT(i, j) = ρ

|i−j|
T for i, j = 1, 2, . . . ,MT, where

receive correlation metric is defined as RR(i, j) = ρ
|i−j|
R for

i, j = 1, 2, . . . ,MR.
The SNR for all the simulation results in this paper is

defined as SNR = PT

σ2
n

and the training phase SNR is defined as
SNRtr =

Ptr

σ2
n
= 26.016 dB. The number of iteration required

to converge the optimum value precoder decoder may vary
between 6 to 9 iterations and it is mainly based on the SNR
and channel condition. For the value of p = 1 corresponds
to the conventional TTPC, where the p = ∞ corresponds to
the proposed EPA. For case p between 0 and ∞ corresponds
to the practical solution that satisfies ITPC. For the case of
ITPC, three different values for α and β are considered based
on the p value. Note that, with p = {1.7, 2.69, 4.84}, one has
α = {5.2, 2.8, 1.5} and β = {9.8, 6.7, 4.5}.

First, Fig. 1 shows the performance comparisons of the
conventional TTPC based linear SU-MIMO transceiver design
for improper modulation in [29] with that of the proposed
ITPC and EPA based linear SU-MIMO transceiver design for
improper modulation. The BPSK modulation is applied to
modulate the data, and it assumes the perfect CSI is available
at both the transmitter and receiver. The main purpose of this
simulation to show the performance in terms of BER of the
proposed ITPC and EPA based linear SU-MIMO transceiver
design for improper modulation. As can be seen from the Fig.
1, the proposed EPA based SU-MIMO system system leads to
a SNR performance degradation of about 4 dB for BER 10−3

when compared to the conventional TTPC base SU-MIMO
system. For p=1.7, 2.69 and 4.84 of the proposed ITPC based
SU-MIMO system, 1dB, 2dB and 3 dB SNR degradation is
observed, correspondingly when compared to the conventional
TTPC based linear SU-MIMO system.
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SNR = PT/σ
2
n (dB)
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p=inf, Proposed-EPA
p=4.84, Proposed-ITPC
p=2.69, Proposed-ITPC
p=1.7, Proposed-ITPC
p=1, Conventional-TTPC

Fig. 3. Performance comparison of the conventional transceiver and proposed
transceiver for OQPSK modulations and perfect CSI. MT = MR = 4,
B = 4, σ2

ce = 0, ρT = ρR = 0.0.

SNR = PT/σ
2
n (dB)
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p=inf, Proposed-EPA
p=4.84, Proposed-ITPC
p=2.69, Proposed-ITPC
p=1.7, Proposed-ITPC
p=1, Conventional-TTPC

Fig. 4. Performance comparison of the conventional transceiver and proposed
transceiver for for BPSK and imperfect CSI. MT = MR = 4, B = 3 or
B = 4, σ2

ce = 0.015, ρT = ρR = 0.5.

This comparison shows the conventional TTPC based SU-
MIMO system achieves a little superior performance than
the proposed methods. However, in practice, EPA and ITPC
based SU-MIMO system is more suitable as the power at each
transmit antenna is limited individually by the linearity of the
power amplifier. In that way all the four types of proposed
methods are prepared to design a SU-MIMO transceiver rather
than conventional TTPC based SU-MIMO system. Note also
that, since perfect CSI is available at both the transmitter and
receiver ends, the performance curves improve exponentially
with SNR and there is no error floor in all performance
curves. Fig. 2 and Fig. 3 also shows the similar type of
performance comparisons as in Fig. 1 but for the case of 4-
ASK and OQPSK, correspondingly under perfect CSI. Again,
the performance degradation of our proposed design over the
conventional design is clearly observed from Fig. 2 and Fig.
3.

Fig. 4, Fig. 5 and Fig. 6 shows performance comparisons
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Fig. 5. Performance comparison of the conventional transceiver and proposed
transceiver for for 4-ASK and imperfect CSI. MT = MR = 4, B = 3 or
B = 4, σ2

ce = 0.015, ρT = ρR = 0.5.
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Fig. 6. Performance comparison of the conventional transceiver and proposed
transceiver for for OQPSK and imperfect CSI. MT = MR = 4, B = 3 or
B = 4, σ2

ce = 0.015, ρT = ρR = 0.5.

of the conventional TTPC based linear SU-MIMO transceiver
design for improper modulation in [29] with that of the
proposed ITPC and EPA based linear SU-MIMO transceiver
design for BPSK, 4-ASK and OQPSK, respectively but for
the case of imperfect CSI. As mentioned before the MIMO
system design takes into account the one-dimensional property
of improper modulations. As can be seen from the figure, the
proposed joint linear transceiver leads to a little performance
degradation, especially for EPA based SU-MIMO system with
BPSK modulation (an SNR degradation of about 3 dB is
observed for BER of 10−3). For the case of imperfect CSI
following values are assumed for correlation ρT = ρR = 0.5.
Note that, with SNRtr =

Ptr

σ2
n
= 26.016 dB and ρT = 0.5, one

has σ2
ce = 0.015.

We also presented the performance comparison for BPSK,
4-ASK and OQPSK for proposed ITPC based SU-MIMO
under both the perfect and imperfect CSI which are illustrated
in Fig. 7. For value of p = 4.84, one has α = 1, 2 and β = 4.5.
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Fig. 8. Effect of transmit and receive correlations on the performance of
the proposed transceiver design with OQPSK. MT = MR = 4, B = 4. The
values of σ2

ce are 0.015, 0.0739 for ρT = 0.5 and ρT = 0.9, respectively.

Results of Fig. 7 show the effect of CSI on proposed design
in terms of the BER. It is observed the fact that the proposed
design for BPSK, 4-ASK and OQPSK has much better BER
performance in perfect CSI, and the channel estimation errors
cause a large performance degradation on the BER.

Fig. 8 examines the effect of channel correlations on the
proposed system BER performance under imperfect CSI. For
this figure, OQPSK modulation is employed with the number
of data streams B = 4. Various sets of transmit/receive correla-
tions considered are {ρT = 0.9, ρR = 0.9}; {ρT = 0.9, ρR =
0.5}; {ρT = 0.5, ρT = 0.9}; and {ρT = 0.5, ρT = 0.5}.
With p = 1.7, one has α = 5.2 and β = 9.8. In general,
Fig. 8 shows that higher values of the transmit and receive
correlations cause bigger performance losses.

V. CONCLUSIONS

This paper addressed the designs of both the joint linear pre-
coder and decoder with improper constellations for SU-MIMO

systems under both the EPA and ITPC. Particularly, it made the
following important extensions to the conventional designs: (i)
developed a EPA based joint linear precoder and decoder for
SU-MIMO systems with improper modulations under both the
perfect and imperfect CSI assumption and, (ii) developed an
ITPC based joint linear precoder and decoder for SU-MIMO
systems with improper modulations under both the perfect and
the imperfect CSI assumption. An iterative algorithm is used
to find the optimum value for precoder and decoder in both
the EPA and ITPC based design. Performance improvement
of the proposed methods over conventional design in terms of
the system’s BER was thoroughly demonstrated by simulation
results.
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