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ABSTRACT Quadrature spatial modulation (QSM) is a recently proposed multiple-input multiple-output
(MIMO) wireless transmission paradigm that has garnered considerable research interest owing to its
relatively high spectral efficiency. QSM essentially enhances the spatial multiplexing gain while maintaining
all the inherent advantages of spatial modulation (SM). This work studies the effects of in-phase/quadrature-
phase (I/Q) imbalance and improper Gaussian noise (IGN) on the performance of QSM. Considering a
scenario where both receiver and transmitter operate under the effects of I/Q imbalance, we propose a novel
receiver design that optimizes the system bit error rate (BER) when there is IGN at the receiver. Closed
forms of the average pairwise error probability (APEP) and upper bound of the average BER formulas
are derived. These formulas are derived considering the Beckmann fading channel model, where most
well-known fading channel models can be considered special cases. The proposed designs demonstrate
solid performance despite the effects of I/Q imbalance. In fact, these effects can be entirely eliminated if
they exist at the receiver and significantly reduced at the transmitter. All analytical results were verified by
computer simulations.

INDEX TERMS Improper Gaussian noise, I/Q imbalance, imperfect CSI, optimal detection, quadrature
spatial modulation, Beckmann fading channel.

I. INTRODUCTION AND RELATED WORKS
The next-generation of wireless networks is expected to sup-
port a myriad of new demands, including higher data rate,
lower latency, greater system capacity, massive connectivity,
as well as increased power efficiency [1]. A key approach
that can be taken towards the fulfillment of these expec-
tations is the application of multiple-input multiple-output
(MIMO) techniques [2]. Since they can ensure a remarkable
capacity gain and provide high data rates, MIMO techniques
have played a major role in recent standards such as long-
term evolution (LTE), LTE-advanced, and worldwide inter-
operability for microwave access (WiMAX) [3]. The signif-
icant challenges facing next-generation MIMO technology
can be enumerated as follows: 1) designing multi-antenna
transmission schemes with reduced complexity and number

of radio frequency (RF) chains, 2) avoiding inter-antenna
synchronization and inter-channel interference (ICI), 3) im-
proving energy efficiency (EE) [2].

Considering the above, spatial modulation (SM) was in-
troduced as a flexible solution for the main issues with tra-
ditional MIMO communications [4]. SM extends the con-
ventional two-dimensional complex signal plane to a third
dimension (i.e., the spatial dimension). This unique approach
uses the transmitter antenna (TA) index as an supplementary
information source. Since only one TA is activated at each
transmission time instant, i.e., only one RF chain is operated.
SM not only provides high EE but also eliminates the ICI as
well as the requirement for TA synchronization. Moreover, a
high spectral efficiency (SE) is achieved since the transmitted
symbol carries a greater number of information bits using
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the same time duration [4]. Single-RF SM offers high energy
efficiency with one active antenna. Unfortunately, the spectral
efficiency has a slow logarithmic growth when increasing the
number of transmit antennas. Hence, generalized SM (GSM)
exploits more than one active antenna to transmit more than
one symbol simultaneously. The work in [5] proposed a less
complex SM detection algorithm. Particularly, this work uti-
lized the compressive sensing principle to present a detector
for the multiple-access SM channels with a large-scale an-
tenna at the base station, which allows a reduction in the signal
processing load. More information about SM can be found in
the survey papers [6], [7].

Quadrature SM (QSM) was proposed in [8] to further en-
hance the SE of SM. The receiver complexities of SM and
QSM schemes are equal and depend on the considered SE.
On the other hand, in QSM, the spatial constellation symbols
of conventional SM are expanded to include two spatial di-
mensions, each separately transmitting the real and imaginary
parts of a conventional amplitude/phase modulation (APM)
data symbol. Since this transmission procedure is realized in
an orthogonal manner, ICI is avoided in QSM as well. Addi-
tionally, the number of bits conveyed by active TA indices is
twice that of SM [8]. There are many extensions for QSM in
the literature. For instance, Generalized QSM (GQSM) was
proposed to further increase the SE of the QSM by activat-
ing more than one transmit antenna in I or Q domain [9].
Also, generalized precoding-aided quadrature spatial modu-
lation (GPQSM), was proposed as a novel technique that only
requires the channel state information (CSI) at the transmitter
side [10]. The work in [11] proposed a less complex QSM
detection algorithm. Particularly, the proposed detector uti-
lizes the set of most probable active transmit antennas and
the corresponding possible transmission patterns. After that,
Maximum likelihood (ML) based detection is used to deter-
mine the transmitted complex data vector. Also, the adop-
tion of QSM for large-scale MIMO configurations was pre-
sented in [12], where a low-complexity decoder was proposed
and analyzed.

Hardware impairments (HWIs), such as imperfect manu-
facturing of the high-power amplifier, I/Q imbalance at the RF
front-end, and the non-linearity of the low noise amplifier can
dramatically degrade the system performance [13]. I/Q imbal-
ance is one of the most serious sources of analog impairments
in high-speed communication networks, and is due to an in-
sufficient rejection of the image frequency band [14], [15],
[16]. Furthermore, HWIs have a negative impact on system
secrecy [17]. It has also been reported that I/Q imbalance
effects are more severe at higher carrier frequencies such as
millimeter-wave bands [18], which are expected to play a
major role in 5 G and beyond communication systems [19].

Examining the effects of HWIs on system performance
and choosing proper detection designs both require a general
model that can represent the wide range of HWIs. These
HWIs are modeled mostly in the literature as proper Gaussian
terms at the transmitter and receiver [13], [20]–[22]. In several

recent works, however, more general models were used to de-
scribe the HWIs, namely improper Gaussian random variables
(RVs) [23]. In addition, a more generalized model of additive
white Gaussian noise (AWGN) at the receiver was conceived,
where the noise was assumed to be improper Gaussian noise
(IGN) [24], [25].

Maximum likelihood (ML) detector behavior in the pres-
ence of IGN was considered for the first time in [24] and [25].
The work in [24] confirmed that using the ML detector to
exploit the improperness of the Gaussian noise leads to a
decrease in the error probability when detecting the binary
signals. In [25], a general likelihood test was performed to
detect the target patterns in multi-band spectral images. The
results indicated that more computational time is required to
detect the patterns in a system operating under the effects
of IGN. In [26], the optimal ML receiver of the single-input
multiple-output (SIMO) system is used to detect the quadra-
ture amplitude modulation symbols affected by IGN. It was
shown that the ML receiver under the assumption of IGN
outperforms the one under the assumption of proper Gaussian
noise (PGN).

The issue of co-channel interference (CCI) and its negative
impact on the performance of a QSM system was studied
in [27]. The obtained results proved that QSM is superior to
SM in the presence of CCI for the same system setup. The ef-
fect of imperfect CSI on the overall system performance of the
QSM receiver was discussed in [28], and it was emphasized
that not only was the QSM system considerably more resilient
to channel estimation errors than the conventional SM system,
it was also able to achieve higher SE. In addition to this,
the results demonstrated that, in the presence of imperfect
CSI, QSM requires 3-5 decibel (dB) less in signal power than
the conventional SM for the same SE and error performance
without any additional receiver complexity.

Since future wireless standards are expected to be based
on millimeter-wave (mmWave) and large scale MIMO tech-
nologies, the combination of mmWave and QSM schemes was
studied in [29], where significant performance enhancements
were achieved under different system and channel configura-
tions. In [30], the capacity analysis for the QSM scheme over a
three-dimensional mmWave MIMO wireless communication
system was provided.

The work in [31] proposed a low-complexity compensa-
tion scheme to tackle the problem of I/Q imbalance at the
base station in a massive MIMO system. This method was
also used to mitigate I/Q imbalance encountered in wideband
mmWave transmitters. The authors in [32], [33] showed that
I/Q imbalance has a negative impact on the SM error perfor-
mance. Moreover, they proposed a receiver design that can
mitigate the effects of I/Q at an SM receiver. However, they
assumed the presence of PGN at the receiver, meaning that
their design cannot be applied in the case of IGN. In addition,
this design cannot be applied to the more general case of
SM, i.e., the QSM system. Surprisingly, the effects of I/Q
imbalance on QSM transmission have been discussed only
once in the literature. In [34], the performance of a QSM
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FIGURE 1. QSM wireless communication system employing a direct conversation at the transmitter and receiver.

receiver under the effects of I/Q imbalance was examined,
analyzing the performance of the pairwise error probability
(PEP) and the average bit error rate (ABER). However, this
study was realized by utilizing a non-optimal solution under
the assumption of perfect CSI.

To the best of our knowledge, no work in the literature
proposed an ideal receiver design that can mitigate the effects
of I/Q imbalance on QSM systems and accurately treat the
IGN at the receiver. Therefore, in this paper, the traditional
ML detector design is accurately adapted for QSM systems
that suffer from I/Q imbalance at the transmitter and receiver
sides as well as imperfect CSI at the receiver. In addition, the
AWGN at the receiver is assumed to be IGN. An optimum ML
detection method is proposed to address the effects of self-
interference and signal distortion caused by I/Q imbalance.
This method is also used to appropriately treat the impact
of IGN at the receiver. Average PEP and ABER are defined,
and an asymptotic approximation is presented. The simula-
tion results match the analytical derivations, corroborating the
presented analysis. The results demonstrate that the proposed
ML detector design is in fact superior to the traditional ML
detector. Notation: (·)−1 and | | indicate matrix inverse and
determinant respectively. [ . ]T is the vector transpose. (.)I

and (.)Q denote the I and Q components. The magnitude of the
complex number is represented by | · |2. CN(μ, σ 2) represents
the complex Gaussian random variable distribution with mean
μ and variance σ 2. CN(μ,�) represents the complex random
Gaussian vector with mean μ and covariance matrix �. ρi

is the correlation between the real and imaginary parts of a
complex random variable i. P(.) is the probability of the event.
Q(x) = 1√

2π

∫∞
x exp ( −u2

2 )du.
The rest of this paper is organized as follows: Section II

describes the QSM system and channel models. Section III
follows with a discussion on the accumulative noise at the
receiver. Next, Section IV outlines the receiver design. Sec-
tion V discusses the performance analysis for the presented
model. Section VI provides the numerical analysis and Sec-
tion VII concludes this paper.

II. SYSTEM AND CHANNEL MODELS
Consider a QSM wireless communication system employ-
ing a direct down-conversion (DDC), also referred to as
homodyne architecture transceiver in the RF front-end as
given in Fig. 1. First of all, the incoming data stream q is
partitioned into groups, each of which has m = log2 (N2

t M )
bits at the transmitter side (M is the modulation order of
complex constellations and Nt is the number of TAs). These
groups are further divided into three blocks of bits, two of
which are used for spatial mapping and the remaining one for
ordinary signal mapping. Each signal bit block has log2 (M )
bits and modulates a conventional amplitude/phase modula-
tion symbol, e.g., M-QAM.

During the homodyne up-conversion stage, the baseband
digital signal xk , k = [1 , . . ., M], is first converted to an
analog one. Then, xI

k modulates the in-phase (I) part (cosine)

of the carrier while xQ
k modulates the quadrature-phase (Q)

part (sine). After amplifying the I and Q parts of the signal
with power amplifiers (PAs), they are mapped into transmitter
indices by using spatial bits. These act as controllers to enable
or disable the TAs at each specific time instant using a QSM
demultiplexer. The RF signal goes through an Nr × Nt sized
fading channel characterized by H, where Nr is the number
of receiver antennas. The columns of the channel matrix,
hi, represent the complex fading coefficients between the ith

transmitter and all receiver antennas while hl,i represents the
complex fading coefficients between the ith transmitter and lth

receiver antennas.
In this work, we use Beckmann fading channels but make

no assumptions regarding the statistics of the channel am-
plitudes and phases. It is worth keeping in mind that most
well-known fading channel models can be considered special
cases. Allowing the real and imaginary parts of the channel
matrix elements to have different means and variances, or to
be correlated, leads to a more general fading channel model.
More detail concerning Beckmann fading channels can be
found in Appendix B. Based on this, the elements of the
channel matrix H can be modeled as CN(μhl,i

, σ2
hl,i

) where

the mean vector and the covariance matrix of each element
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are given by μhl,i
and σ2

hl,i
, respectively

μhl,i
=
[
μI

hl,i
μQ

hl,i

]
,

σ2
hl,i

=
⎡
⎣ σ 2

hI
l,i

ρhl,iσ
Q
hl,i

σ I
hl,i

ρhl,iσ
Q
hl,i

σ I
hl,i

σ 2
hQ

l,i

⎤
⎦ . (1)

At the receiver side, the received signal is first amplified by
a low-noise amplifier (LNA) and then, quadrature mixing is
applied by local oscillators (LO). Afterwards, the signal on
each branch passes through a low pass filter (LPF) and an
analog to digital converter (ADC) converter. Following these
operations, the QSM detector recovers the whole information
block (activated antenna indices and the transmitted symbol).
The noise vector n = [n1, . . ., nNr ]T at the receiver antennas
has uncorrelated and identical components at each receiver.
Here, being identical means that they have the same mean
vector and covariance matrix. The noise at each receiver is
improper and follows CN(0, σ2

nl
), where the covariance ma-

trix σ2
nl

is given by

σ2
nl

=
[

σ 2
nl

I ρnl σ
I
nl

σ
Q
nl

ρnl σ
I
nl

σ
Q
nl σ 2

nl
Q

]
. (2)

A. IMPERFECT CSI MODEL
In realistic wireless communication conditions, exact CSI is
not available at the receiver, so channel estimators (e.g., least
square or minimum mean square error estimators) can be
used to offer a reasonable approximation. In this case, the Ĥ
estimate can be modeled as

H = Ĥ + He , (3)

where He is the channel estimation error matrix. It must be
noted, however, that, as shown in [35], the fading channel
component hl,i and its estimated versions ĥl,i are jointly er-
godic and stationary. Therefore, the related channel estimation
error el,i can be modeled as CN(0, σ2

el,i
), where the covariance

matrix σ2
el,i

is given by

σ2
el,i

=
⎡
⎣ σ 2

eI
l,i

ρel,iσ
Q
el,iσ

I
el,i

ρel,iσ
Q
el,iσ

I
el,i

σ 2
eQ

l,i

⎤
⎦ . (4)

From (4) and (1), the estimated channel Ĥ is a Beckmann
channel as in (1) with

μ
ĥl,i

=
[
μI

hl,i
μQ

hl,i

]
,

σ 2
ĥI

l,i
= σ 2

hI
l,i

+ σ 2
eI

l,i
,

σ 2
ĥQ

l,i
= σ 2

hQ
l,i

+ σ 2
eQ

l,i
,

ρĥl,i
=

ρhl,iσ
Q
hl,i

σ I
hl,i

+ ρel,iσ
Q
el,iσ

I
el,i√

σ 2
ĥI

l,i
σ 2

ĥQ
l,i

. (5)

B. TRANSMITTER AND RECEIVER I/Q IMBALANCE MODEL
The direct-conversion architecture is widely used for low-
cost, low-power transceivers in modern wireless systems.
However, due to LO, there a few things we must consider: 1)
The I and Q angles at the transmitter or receiver signals might
not be exactly perpendicular. This is the phase imbalance. 2)
Small variations might exist between the I and Q amplitudes
at the transmitter or receiver. This is the amplitude imbalance.
The consequence is that I/Q imbalance can significantly af-
fect the system’s performance by changing the signal at the
transmitter or corrupting it at the receiver.

Three main reasons render the effects of I/Q imbalance
critical for next-generation communication systems. First,
these effects worsen with larger signal constellations since
the probability of incorrect detection increases as the dis-
tances between the constellations decrease. This is not very
compatible with next-generation requirements, where denser
constellations are required to obtain higher data rates. For ex-
ample, IEEE 802.11ax swells constellation density by adding
1024-QAM to support more efficient communications [36].
Second, next generation communication networks require a
massive number of connected devices. This can be supported
by manufacturing low-cost transceivers, however at the cost of
poor quality [37]. Third, new technologies such as mmWave
might not always able to meet the standard requirements for
acceptable levels of I/Q imbalance [38].

Now, considering the frequency-independent I/Q imbalance
model [32], [39], the transmitted signal can be given as

x̃k = G1xk + G2xk
∗, (6)

where G1 = 1
2 (1 + ξt e jβt ) and G2 = 1

2 (1 − ξt e jβt ) are I/Q
imbalance parameters at the transmitter. Here, ξt and βt rep-
resent the amplitude and the phase mismatches in the up-
conversion process, respectively. It can be noted that for per-
fect I/Q balance, the amplitude imbalance parameter ξt = 1
and the phase imbalance parameter βt = 0. Consequently, G1

= 1, G2 = 0 and the transmitted signal is xk . Now, designat-
ing Gc = (GQ

1 − GQ
2 ) and Gd = (GI

1 − GI
2), and noting that

GI
1 + GI

2 = 1 and GQ
1 + GQ

2 = 0, x̃I
k and x̃Q

k can be given as

x̃I
k = xI

k − xQ
k Gc, x̃Q

k = xQ
k Gd . (7)

Considering the effects of the I/Q imbalance model at the
receiver side, the received baseband signal at lth receiver an-
tenna is

yl = K1

[√
E (hl,ix̃

I
k + jhl,qx̃Q

k ) + nl

]
+ K2

[√
E (hl,ix̃

I
k + jhl,qx̃Q

k ) + nl

]∗
, (8)

where {i, q} ∈ {1, . . ., Nt } and represent the indices of the
activated QSM TAs, l = {1, . . ., Nr}. Here hl,i and hl,q are the
corresponding complex channel coefficients, E is the trans-
mitted signal energy, K1 = 1

2 (1 + ξre− jβr ) and K2 = 1
2 (1 −

ξre jβr ) are I/Q imbalance coefficients at the receiver. ξr and βr

represent the amplitude and phase mismatches in the down-
conversion process, respectively. Now, denoting Kc = KQ

1 +
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KQ
2 and Kd = KI

1 − KI
2 , and noting that KI

1 + KI
2 = 1 and

KQ
1 − KQ

2 = 0, (8) can be rewritten after some mathematical
operations involving (3) as

yl =
√

E{h̃I
l,i(x

I
k − xQ

k Gc) − h̃Q
l,qxQ

k Gd } + nI
l

+
√

E{eI
l,i(x

I
k − xQ

k Gc) − eQ
l,qxQ

k Gd } + j{nI
l Kc + nQ

l Kd }
+ j

√
E{h̃I

l,i(x
I
k − xQ

k Gc)Kc + h̃Q
l,i(x

I
k − xQ

k Gc)Kd }
+ j

√
E{eI

l,i(x
I
k − xQ

k Gc)Kc + eQ
l,i(x

I
k − xQ

k Gc)Kd }
+ j

√
E{h̃I

l,qxQ
k Gd Kd + eI

l,qxQ
k Gd Kd − eQ

l,qxQ
k Gd Kc}

+ j
√

E{−h̃Q
l,qxQ

k Gd Kc}. (9)

III. ACCUMULATIVE NOISE AT THE RECEIVER
The accumulative noise is affected by the I/Q parameters at
the transmitter and receiver, the channel estimation error, and
the noise at the receiver. If the noise at the receiver is improper
(which is the more general case), then the channel estimation
error is assumed to be improper as well. From (9), the noise
component of yl , which is a zero-mean complex Gaussian
random variable (RV), is given by

ñl = nI
l + j{nI

l Kc + nQ
l Kd } +

√
E{eI

l,i(x
I
k − xQ

k Gc)}+
j
√

E{eI
l,i(x

I
k − xQ

k Gc)Kc + eI
l,qxQ

k Gd Kd − eQ
l,qxQ

k Gd Kc}
−

√
E{eQ

l,qxQ
k Gd } + j

√
E{eQ

l,i(x
I
k − xQ

k Gc)Kd }. (10)

The improper characteristics of a complex RV depends on
the existence at least one of the following conditions [40]:
i) the I and Q parts are correlated and/or ii) the I and Q
parts are not identical (i.e., do not have the same variances).
In order to analyze the improper characteristics of ñl , these
two conditions need to be checked. It can be concluded that
the accumulative noise is improper because we assumed in
our model that the noise ñl is improper. Based on this, the
variances of the real and imaginary parts of nl are calculated
as follows

σ 2
ñI

l
= σ 2

nl
I + E (xI

k − xQ
k Gc)2σ 2

eI
l,i

+ E (xQ
k Gd )2σ 2

eQ
l,q

,

σ 2
ñQ

l
= σ 2

nl
I K

2
c + σ 2

nl
Q K2

d + 2ρnl KcKdσ I
nl

σQ
nl

+E (xI
k − xQ

k Gc)2σ 2
eI

l,i
K2

c + E (xI
k − xQ

k Gc)2σ 2
eQ

l,i
K2

d

+2Eρe
l,iKcKd (xI

k − xQ
k Gc)2σQ

el,i
σ I

el,i

+E (xQ
k Gd )2σ 2

eQ
l,q

K2
c + E (xQ

k Gd )2σ 2
eI

l,q
K2

d

+2Eρe
l,qKcKd (xQ

k Gd )2σQ
el,q

σ I
el,q

. (11)

The correlation coefficient can be calculated using (11) as
(E{ñl

I} = E{ñl
Q} = 0)

�l = E{ñl
I ñl

Q}√
σ 2

ñl
I σ

2
ñl

Q

, (12)

where E{ñl
I ñl

Q} is given by

E{ñl
I ñl

Q} = ρnl σ
I
nl

σQ
nl

Kd + E (xI
k − xQ

k Gc)2σ 2
el,i

I Kc

+E (xQ
k Gd )2σ 2

el,q
Q Kc−E (xQ

k Gd )2ρe
l,iσ

Q
el,i

σ I
el,i

Kd

+E (xI
k−xQ

k Gc)2ρe
l,iσ

Q
el,i

σ I
el,i

Kd+σ 2
nl

I Kc . (13)

Now, noting that the channel estimation errors el,i and el,q are
uncorrelated and identical, (11) and (13) can be rewritten as
(14) and (15) respectively

σ 2
ñI

l
= σ 2

nl
I + E (xI

k − xQ
k Gc)2σ 2

eI + E (xQ
k Gd )2σ 2

eQ ,

σ 2
ñQ

l
= Eσ 2

eI

[
(xI

k − xQ
k Gc)2K2

c + (xQ
k Gd )2K2

d

]
+ σ 2

nl
I K

2
c

+ Eσ 2
eQ

[
(xI

k − xQ
k Gc)2K2

d + (xQ
k Gd )2K2

c

]
+ σ 2

nl
Q K2

d

+ 2EρeKcKd

[
(xI

k − xQ
k Gc)2+(xQ

k Gd )2
]
σ I

e σQ
e ,

(14)

E{ñl
I ñl

Q} = σ 2
nl

I Kc + ρnl σ
I
nl

σQ
nl

Kd

+ EKc

[
σ 2

eI
(xI

k − xQ
k Gc)2 + σ 2

eQ
(xQ

k Gd )2
]

+ Eρeσ
Q
e σ I

e Kd

[
(xI

k − xQ
k Gc)2 − (xQ

k Gd )2
]
.

(15)

To understand the effects of I/Q imbalance on the accumulated
noise at each receiver antenna, it would be useful to consider
a special case where the AWGN is PGN. In this case, σ 2

ñI
l
, σ 2

ñI
l
,

and E{ñl
I ñl

Q} are given by

σ 2
ñI

l
= σ 2

n

2
+ E

σ 2
e

2

[
(xI

k − xQ
k Gc)2 + (xQ

k Gd )2
]
,

σ 2
ñQ

l
= (K2

c + K2
d )

{
σ 2

n

2
+ E

σ 2
e

2

[
(xI

k − xQ
k Gc)2 + (xQ

k Gd )2
]}

,

E{ñl
I ñl

Q} = Kc

{
σ 2

n

2
+E

σ 2
e

2

[
(xI

k−xQ
k Gc)2+(xQ

k Gd )2
]}

. (16)

Remark: As can be noted from the previous equations,
the resulting accumulated noise is improper even though the
AWGN is proper. This implies that the traditional ML de-
tector, which ignores the fact that the accumulated noise is
improper, cannot work efficiently. There is a consequent need
to design an optimal receiver that can address this issue.

On the other hand, the useful signal part of (9) along with
the I/Q imbalance effects and fading characteristics are given
by

η̃p = {h̃I
l,i(x

I
k − xQ

k Gc) − h̃
Q
l,qxQ

k Gd }

+ j{h̃I
l,i(x

I
k − xQ

k Gc)Kc + h̃
Q
l,i(x

I
k − xQ

k Gc)Kd

− h̃
Q
l,qxQ

k Gd Kc + h̃
I
l,qxQ

k Gd Kd }, (17)
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where p ∈ {1, . . ., N2
t M}. Considering the received useful sig-

nal component vector η̃p and the complex IGN vector ñ, (9)
can be rewritten as

y =
√

E η̃p + ñ. (18)

IV. OPTIMAL ML RECEIVER DESIGN
It was shown in the previous section that the accumulative
noise at the receiver is improper. In this section, an optimal
ML detector is proposed for the presented QSM wireless com-
munication system operating under this practical constraint.

Considering the general signal model in (18), the joint mul-
tivariate probability density function (PDF) of the real part,
yI , and the imaginary part, yQ, of the received signal can be
derived, such that the I/Q imbalance parameters are known at
the receiver side, as

fY I ,Y Q (yI , yQ|η̃p) =
(

1

2πσñI
l
σ

ñQ
l

√
1 − �2

l

)Nr

× exp

⎛
⎝ −1

2(1 − �2
l )

⎡
⎣‖yI − √

E η̃I
p‖2

σ 2
ñI

l

+‖yQ − √
E η̃

Q
p ‖2

σ 2
ñQ

l

− 2�l (yI − √
E η̃I

p)T (yQ − √
E η̃

Q
p )

σñI
l
σñQ

l

⎤
⎦
⎞
⎠.

(19)

The optimal ML detector is designed by maximizing the fol-
lowing conditional probability for equiprobable symbols

p̂ = arg max
p

{ fyI ,yQ (yI , yQ|η̃p)}. (20)

Using (19) and (20), a decision rule for an optimal ML, which
jointly accounts for the errors in transmitter indices and sym-
bol detection, can be defined by

p̂ = arg min
p

⎧⎨
⎩‖yI − √

E η̃I
p‖2

σ 2
ñI

l

+ ‖yQ − √
E η̃

Q
p ‖2

σ 2
ñQ

l

−2�l (yI − √
E η̃I

p)T (yQ − √
E η̃

Q
p )

σñI
l
σñQ

l

}
. (21)

The traditional (blind) ML detector, which neglects the
improper characteristics of the accumulative noise and ignores
the I/Q imbalance effects under ideal hardware assumptions,
cannot provide an optimal solution for our system model as
we need to consider the amplitude imbalance (ξt and ξr) and
the phase impairment (βt and βr). In the case of traditional
ML detection, a non-optimal detector can be given by assum-
ing that η̃p, which is under the effects of I/Q imbalance, was
sent and G1, G2, K1 and K2 are unknown at the receiver side

[î, q̂, x̂I
k, x̂Q

k ] = arg min
i,q,xk

‖y −
√

E (h̃ix
I
k + jh̃qxQ

k )‖2. (22)

V. PERFORMANCE ANALYSIS
A. AVERAGE PAIRWISE ERROR PROBABILITY
Considering the detection rule in (21), the probability of error
detection can be determined from (23). Keeping in mind that
η̃p is transmitted while η̂p is received, the probability of error
at the receiver is

Pr
(
η̃p → η̂p|H̃

) = Pr

⎛
⎝‖yI − √

E η̃I
p‖2

σ 2
ñI

l

+ ‖yQ − √
E η̃

Q
p ‖2

σ 2
ñQ

l

−2�l (yI − √
E η̃I

p)T (yQ − √
E η̃

Q
p )

σñI
l
σ

ñQ
l

>
‖yI − √

E η̂I
p‖2

σ 2
ñI

l

+ ‖yQ − √
E η̂Q

p ‖2

σ 2
ñQ

l

− 2�l (yI
√

E η̂I
p)T (yQ − √

E η̂Q
p )

σñI
l
σ

ñQ
l

⎞
⎠ .

(23)

Here, η̂p = { ˆ̃h
I

l,i(x̂
I
k−x̂Q

k Gc)− ˆ̃h
Q

l,qx̂Q
k Gd }+ j{ ˆ̃h

I

l,i(x̂
I
k−x̂Q

k Gc)Kc

+ ˆ̃h
Q

l,i(x̂
I
k−x̂Q

k Gc)Kd− ˆ̃h
Q

l,qx̂Q
k Gd Kc+ ˆ̃h

I

l,qx̂Q
k Gd Kd }, where ˆ̃hi

and ˆ̃hq are complex channel coefficients that are related to
detected TAs and that transmit the real and imaginary parts
of the detected signal x̂k . After doing some mathematical
simplifications, it can be determined that

PEP = Pr

(
2�l

√
E{(η̃I

p − η̂I
p)T ñl

Q(η̃Q
p − η̂Q

p )T ñI
l }

σñI
l
σñQ

l

−

2
√

E (η̃I
p − η̂I

p)T ñI
l

σ 2
ñI

l

− 2
√

E (η̃Q
p − η̂Q

p )T ñQ
l

σ 2
ñQ

l

− E‖η̃I
p − η̂I

p‖2

σ 2
ñI

l

−E‖η̃Q
p − η̂Q

p ‖2

σ 2
ñQ

l

+
2�l E

(
η̃I

p − η̂I
p

)T
(η̃Q

p − η̂Q
p )

σñI
l
σñQ

l

> 0

⎞
⎟⎠

= Pr(K > 0), (24)

where K is a Gaussian RV. The mean and variance of K are
obtained respectively as

μK =

E

⎛
⎜⎝‖η̃I

p − η̂I
p‖2

σ 2
ñI

l

+ ‖η̃Q
p − η̂Q

p ‖2

σ 2
ñQ

l

−
2�l

(
η̃I

p − η̂I
p

)T
(η̃Q

p −η̂Q
p )

σñI
l
σñQ

l

⎞
⎟⎠.

(25)

σ 2
K = 4E (1 − �2

l )×⎛
⎜⎝‖η̃I

p − η̂I
p‖2

σ 2
ñI

l

+ ‖η̃Q
p − η̂Q

p ‖2

σ 2
ñQ

l

−
2�l

(
η̃I

p − η̂I
p

)T
(η̃Q

p − η̂Q
p )

σñI
l
σñQ

l

⎞
⎟⎠.

(26)
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FIGURE 2. APEP of QSM system over Beckmann channels conditions with
imperfect CSI, IGN, and I/Q impaired transmitter and receiver.

FIGURE 3. 2 × 2 QSM MIMO system with 4-QAM modulation in the
presence of different levels of amplitude imbalance at the transmitter side
with fixed βt = 5◦.

Now, from (25) and (26), PEP can be given as

PEP = Q

⎛
⎝ μK√

σ 2
K

⎞
⎠ = Q

(√
Esζ
)

, (27)

where ζ = (
‖η̃I

p−η̂I
p‖2

σ 2
ñI
l

+ ‖η̃Q
p −η̂

Q
p ‖2

σ 2

ñQ
l

− 2�l (η̃I
p−η̂I

p)T (η̃Q
p −η̂

Q
p )

σ
ñI
l
σ

ñQ
l

) and

Es = E
4(1−�2

l )
. Based on this expression, it can be said that

PEP mainly depends on the Euclidean distance between the
transmitted and detected signal components, the I/Q imbal-
ance distortions, the energy of the signal, and the variance of
the estimation error.

Now, the average pairwise error probability (APEP) can be
determined by using the expected value of PEP from (27) as

APEP = E
{
Q
(√

Esζ
)}

=
∫ ∞

−∞
Q
(√

Esζ
)

fζ (ζ )dζ . (28)

It is difficult to determine the PDF of ζ (i.e., fζ (ζ )) in this
expression since it uses a Beckmann fading channel model.
This can be solved by noting that ζ can be written in matrix
form as ζ = xT Ax. Here x ∼ N(μx, σ

2
x ) where xT = [x1 x2],

x1 = (η̃I
p − η̂I

p), x2 = (η̃Q
p − η̂Q

p ), and A is the quadratic ma-
trix. Assuming, without loss of generality, that the indices
î 	= q and q̂ 	= i, the parameters of x1 and x2 can be given by

μx1 = kcμ
I
ĥ
(x̃I

k − ˆ̃xI
k ) + kdμ

Q
ĥ

(x̃I
k − ˆ̃xI

k )

− kcμ
Q
ĥ

(x̃Q
k − ˆ̃xQ

k ) + kdμI
ĥ
(x̃Q

k − ˆ̃xQ
k ),

μx2 = μI
ĥ
(x̃I

k − ˆ̃xI
k ) − μ

Q
ĥ

(x̃Q
k − ˆ̃xQ

k ). (29)

σ 2
x1

=
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ĥI [(x̃
I
k )2 + ( ˆ̃xI

k )2] + K2
d σ 2
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ĥ
σ

Q
ĥ
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σ 2
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E{x1x2} =
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I
ĥ
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ĥ
σ

Q
ĥ

[(x̃I
k − ˆ̃xI

k )2 − (x̃Q
k )2 + ( ˆ̃xQ

k )2]
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(32)

ρx = E{x1x2} − μx1μx2

(σx1σx2 )
. (33)

Hence, in a quadratic form, ζ has the PDF of two correlated
noncentral chi-squared RVs. From Appendix A, the moment
generating function (MGF) of ζ can be given by

Mζ (t ) =

⎛
⎜⎜⎝

exp

(
a2

1	1t
1−2	1t + a2

2	2t
1−2	2t

)
√

1 − 2(	1 + 	2)t + 4	1	2t2

⎞
⎟⎟⎠

Nr

, (34)

where the eigenvalues 	1 and 	2, and the mean values b1

and b2 are calculated as in Appendix A. In addition, this
Appendix shows how other channel models can be considered
as special cases of the Beckmann fading model. For example,
(34) can be used in the case of Rayleigh fading channels.
Then, μx1 = μx2 = 0, σ 2

x1
= σ 2

x2
, and ρx = 0. Relaxing the

condition μx1 = μx2 = 0 to give the line of sight (LoS) com-
petent μx1 = μx2 gives the Rician fading channels. In light
of this information, an exact expression for the APEP can be
formulated by using (27)-(34) as

APEP = 1

π

∫ π
2

0
Mζ

(
− Es

2 sin2 


)
d
. (35)

B. ASYMPTOTIC ANALYSIS
Even though the exact expression of APEP given in (35)
provides a numerical evaluation of the system performance,
it does not present the effects of key parameters on the sys-
tem’s behavior. Hence, assuming that Es >> 1, an asymptotic

APEP can be introduced by using (34) and (35) as

APEPasy = 1

π

(
exp(− a2

1+a2
2

2 )

(Es/σ
2
ñI

l
)
√

1 − �2
l

)Nr∫ π
2

0
(sin 
)2Nr d
. (36)

In this case, considering that
∫ π

2
0 (sin 
)2Nr d
 =

√
π �(Nr+ 1

2 )
2�(Nr+1) ,

where �(·) is the gamma function, and applying some mathe-
matical operations, APEPasy may be simplified to

APEPasy = (2Nr − 1)!!

2Nr+1Nr!

(exp

(
− a2

1+a2
2

2

)
√

1 − �2
l

)Nr

(Es/σ
2
ñI

l
)−Nr .

(37)

It is clear from (37) that the APEP depends on the number
of receiver antennas, the average value of the received signal,
the energy of the transmitted signal as well as the variance of
the noise. In addition, the diversity gain is equal to the number
of receiver antennas, as in the case of perfect I/Q balance, and
can be found by using

Diversity gain = − lim
SNR→∞

log(APEPasy)

log(SNR)
= Nr . (38)

Finally, the ABER can be upper-bound as [41],

ABERQSM ≤ 1

2m̃

2m̃∑
p=1

2m̃∑
q=1

1

m̃
Pr
(
η̃p → η̂p

)
�p,q, (39)

where m̃ = log2(N2
T M ) is the number of bits transmitted in

active antenna indices and modulated symbols while �p,q is
the number of bits in error related to the relevant pairwise error
event.

VI. NUMERICAL ANALYSIS AND RESULTS
In this section, the effects of I/Q imbalance at the transmit-
ter and receiver, imperfect CSI, IGN, fading channel model,
diversity gain, and modulation order on the performance of
the QSM wireless communication system are studied and
analyzed. Considering the aforementioned QSM receiver de-
sign, Monte Carlo simulations were executed to validate the
theoretical results and evaluate the system performance. Un-
less otherwise specified, the 4-QAM technique is used and
the computer simulations are performed assuming Rayleigh
fading channels. The noise at the receiver is PGN with zero
mean and σ 2

n = 1 variance. Moreover, the energy of the trans-
mitted signal is normalized by (|xiG1 + x∗

i G2|2) to guaran-
tee a fair comparison. All results are compared to a system
with perfect I/Q balance. In addition, all computer simulations
were realized using at least 106 symbols transmitted for each
signal-to-noise ratio (SNR) value. Fig. 2 shows the simulation
and analytical results where the APEP values of the optimal
receiver were calculated using (34) and (35). The simulation
parameters consisted of μhI = .001, μhQ = .05, σ 2

hI = 0.4,
σ 2

hQ = 0.6, ρh = −0.3, σ 2
nI = 0.7, σ 2

nQ = 0.3, ρn = 0.3 σ 2
eI =

0.001, σ 2
eQ = 0.002, ρe = 0.3, ξt,r = −1.5 dB, and βt,r = 5◦.
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FIGURE 4. 2 × 2 QSM MIMO system with 4-QAM modulation in the
presence of different levels of angle mismatches at the transmitter side
with fixed ξt =0.3 dB.

These parameters were chosen using a general fading channel
model (i.e., the Beckmann model) with imperfect CSI, general
Gaussian noise conditions (IGN), and I/Q impaired transmit-
ter and receiver. Four cases were considered that match the
four transmitted and detected channel index possibilities in
(30)-(31). It is clear that the simulation results match the
analytical ones in all cases, therefore validating our analysis.

Figs. 3 and 4 show the performance of a 2 × 2 QSM system
affected by I/Q imbalance at the transmitter side only, with
perfect CSI and PGN at the receiver side. Fig. 3 shows the
results when the phase mismatch 5◦ while changing the am-
plitude imbalance between 0.6, 1.2, and 2 dB. Although I/Q
imbalance has only a minor impact on the optimal receiver,
this impact is very dramatic in the case of the blind one. In
addition, in the higher SNR region, the blind receiver’s per-
formance saturates, leading to an error floor and zero power
gain. In Fig. 4, the ABER is plotted by fixing the ampli-
tude mismatch at 0.3 dB the phase imbalance is incremented
along 5◦, 10◦, and 15◦. It shows that the optimal receiver can
eliminate the effects of phase mismatching at the transmitter
side. In addition, as in the case of amplitude imbalance, the
blind system performance saturates in the high SNR region,
leading also to an error floor and zero power gain. Figs. 5 and
6 show the performance of 2 × 2 QSM system affected by I/Q
imbalance at the receiver side only, assuming perfect CSI and
PGN. Fig. 5 shows the results when the phase mismatch is
fixed at 5◦ at the amplitude imbalance is incremented along
0.6, 1.2, and 2 dB. Fig. 6 illustrates the results of fixing
the amplitude mismatch to 0.3 dB while changing the phase
imbalance between 5◦, 10◦ and 15◦. It can be seen from these
figures that the optimal receiver outperforms the blind one and
can eliminate the amplitude and phase mismatching effects
completely.

Finally, the blind receiver has an very inferior performance
at high values of amplitude or phase mismatching. This can
be noticed in the higher SNR regions of both figures, where

FIGURE 5. 2 × 2 QSM MIMO system with 4-QAM modulation in the
presence of different levels of amplitude imbalance at the receiver side
with fixed βr = 5◦.

FIGURE 6. 2 × 2 QSM MIMO system with 4-QAM modulation in the
presence of different levels of angle mismatches at the receiver side with
fixed ξr=0.3 dB.

the performance saturates, leading to an error floor and zero
power gain. From Figs. 3-6, phase imbalance at the transmitter
and receiver sides have almost the same impact on the QSM
system when using 4-QAM modulation. However, it is the
amplitude imbalance that has more of an effect at the trans-
mitter side.

Figs. 7 and 8 illustrate two QSM configurations. The
first uses a 2 × 2 MIMO system with 16-QAM modulation,
achieving an SE of 6 bps/Hz. A similar SE is also obtained
with a 4 × 2 MIMO system using 4-QAM modulation. The
results in these figures have patterns similar to those of the
previous figures and confirm the superiority of the proposed
receiver. The remarkable finding here is that the effects of I/Q
imbalance are more critical in the case of 2 × 2 even though
the receivers in both figures achieve the same spectral efficien-
cies. This presents as a 1 dB gain difference in the optimal
receiver performance at 10−3 ABER when ξt,r = 1 dB.
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FIGURE 7. 2 × 2 QSM MIMO system with 16-QAM modulation in the
presence of different levels of I/Q imbalance.

FIGURE 8. 4 × 2 QSM MIMO system with 4-QAM modulation in the
presence of different levels of I/Q imbalance.

FIGURE 9. 4 × 1, 4 × 2, and 4 × 4 QSM MIMO systems with 4-QAM
modulation when ξt,r=0.3 dB and βt,r =5◦.

FIGURE 10. ABER performance of 2 × 2 QSM system over Beckmann
channels when ξt,r=0.3 dB and βt,r =5◦.

Fig. 9 illustrates the ABER performance of 4 × 1, 4 × 2,
and 4 × 4 QSM MIMO systems with 4-QAM modulation
in the presence of ξt,r=0.3 dB and βt,r =5◦ I/Q imbalance
parameters. As this figure shows, the diversity order in the
case of the optimal receiver is Nr , and increasing the SNR
enhances the system’s performance. This gain can be seen
where the ABER results at high SNR have gains of 1, 2, and 3
for Nr=1, Nr=2, and Nr=3, respectively. On the other hand,
increasing the SNR has no impact on the ABER in the case
of the blind receiver, ultimately leading to an error floor and a
diversity order of zero.

Fig. 10 shows the effects of the channel parameters out-
lines in Section B. To guarantee a fair comparison, � = 1 for
all channels. � = μ2

hI + μ2
hQ + σ 2

hI + σ 2
hQ , and indicates the

average power of the fading channel. As the figure shows, the
channel parameters have the same effects on both receivers.
Here, Rician Beckmann-1 fading channels demonstrate poor
performance compared to the Rayleigh channel, and this oc-
curs because they have a minimum variance. Even more, the
QSM system relies heavily on the difference in the channel
conditions when transmitting the spatial bits. Here, the param-
eter K indicates the ratio between the LoS and non-LoS power.
There is about a 5 dB difference at 10−3 ABER in the power
gain between the Rayleigh channel and the Beckmann-2 chan-
nel, where the latter uses the same Rayleigh parameters other
than having correlated I and Q components. On the other hand,
the correlation has less of an effect when there is a strong LoS
channel path. This can be seen when noting the same error
performance in the Beckmann channel-1, which has the same
Rician parameters save for correlated I and Q components.

Fig. 11 illustrates the performance of a 2 × 2 QSM MIMO
system under the effects of different levels of imperfect CSI
for ξt,r = 0.3 dB and βt,r = 5◦. This figure shows that the im-
perfect CSI has a significant impact on both receivers, where
the performance saturates in the high SNR region, leading to
an error floor and zero power gain. Comparing the results
here with the previous one shows that small values of σ 2

e
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FIGURE 11. ABER performance of 2 × 2 QSM with different levels of
improper channel estimation errors when ξt,r=0.3 dB and βt,r =5◦.

FIGURE 12. ABER performance of 2 × 2 QSM with different levels of IGN
assuming that σ2

I + σ2
Q=1.

has a considerable effect on the performance of the optimal
receiver, and its performance worsens to that of the blind one
at higher values of σ 2

e .
Fig. 12 shows the effect of IGN on a 2 × 2 QSM MIMO

system. Here, the I/Q components match perfectly. The results
in this figure can be interpreted from (27), where the term
inside the Q-function approaches ∞ and the error probability
approaches zero in two scenarios: scenario 1, when one of the
variances σ 2

nQ or σ 2
nI goes to zero because then the numerator

goes to ∞. scenario 2, when the correlation factor of the
AWGN goes to one, because then the denominator goes to
zero. This trend is not valid for the blind receiver.

VII. CONCLUSION
The importance of considering the effects of I/Q imbalance,
channel estimation errors, and IGN for future QSM wire-
less communication systems was outlined in this paper. An
optimal ML detector design was proposed to render QSM
systems robust in the face of the detrimental effects of I/Q

imbalance in the presence of IGN and imperfect CSI. The
systems’ performance were evaluated over Beckmann chan-
nels considering different special cases. To obtain fair com-
parisons, we use the same average power (�) for each case.
The obtained results demonstrated that the proposed optimal
receiver successfully mitigates the effects of I/Q imbalance.
In the future, the presented analysis can be extended to ad-
dress the correlated channel models. Moreover, less complex
receivers can be proposed using improper Gaussian signalling
to optimize the system performance in the presence of the I/Q
imbalance.

APPENDIX A
MGF OF QUADRATIC FORM OF NONCENTRAL
CHI-SQUARED DISTRIBUTION
Let A denote an n × n symmetric matrix with real entries and
let x denote an n × 1 column vector. The quadratic expression
of a correlated Gaussian RVs vector x ∼ N(μ,�) is given by

Q(x) = xT A x, (40)

where μ is the mean vector and � is the positive definite co-
variance of x, and matrix A is the quadratic matrix. Assuming

y = �− 1
2 x, Q(x) can be rewritten as

Q(x) = yT �
1
2 A�

1
2 y. (41)

Denoting P to be an orthonormal p × p matrix which

diagonalizes �
1
2 A�

1
2 . This means that PT �

1
2 A�

1
2 P =

Diag(	1, . . ., 	p). As shown in [42], Q(x) can be rewritten
as

Q(x) =
p∑

j=1

	 j (Uj + a j )
2, (42)

where 	1, . . ., 	p represents the eigenvalues of �
1
2 A�

1
2 ,

a1, . . ., bp = (PT �− 1
2 μ)T , and Uj represents independently

distributed standard normal RVs. Based on this, Q(x) is dis-
tributed as a linear combination of independent noncentral
(central if bi = 0) chi-square variables.

The MGF of the quadratic form in (42) can be given in

terms of the eigenvalues of �
1
2 A�

1
2 as in the following equa-

tion [42]–[45]

MQ(t ) =
p∏

j=1

1√
1 − 2t	 j

exp

⎧⎨
⎩t

p∑
j=1

a2
j	 j

1 − 2t	 j

⎫⎬
⎭ . (43)

If μ = 0, then Q(x) is distributed as a linear combination of
independent central chi-square variables. In this case, (43) can
be abbreviated to

MQ(t ) =
p∏

j=1

1√
1 − 2t	 j

. (44)

VOLUME 2, 2021 305



M. ALSMADI ET AL.: EFFECT OF GENERALIZED IGN AND I/Q IMBALANCE ON QSM

TABLE I The Relation Between Beckmann Fading Model and Other Fading Models in the Literature. The Beckmann Fading Parameters are in Bold

APPENDIX B
BECKMANN CHANNELS
The complex fading coefficient h can be expressed in terms of
its real and imaginary components as,

h =
L−1∑
i=0

(hI
i + jhQ

i ) = hI + jhQ. (45)

Thus, hI and hQ, which are the real and imaginary components
of the fading coefficient are derived by assuming a sufficiently
large number of random multipath components hI

i and hQ
i .

This assumption is practical and valid, especially in a rich
urban setting which may have a large number of scattering
surfaces. Central Limit Theorem states that a normalized RV
derived from the sum of a large number of independent identi-
cally distributed random components converges to a Gaussian
RV. By assuming a sufficiently large number of paths and
depending on the Central Limit Theorem [41], the fading
channel can be modeled as a complex Gaussian RV.

This topic was originally addressed by Beckmann [46], [47]
in its more general form by assuming an arbitrary mean and
variance for the real and imaginary parts. h can be modeled as
CN(μh, σ2

h ) where the mean vector and the covariance matrix
of h are given by μh and σ2

h respectively

μh = [μhI μhQ

]
, σ2

h =
[

σ 2
hI ρhσ

Q
h σ I

h

ρhσ
Q
h σ I

h σ 2
hQ

]
. (46)

The joint PDF of the hI and hQ components is given by

fhIhQ (x, y) = 1

2πσhI σhQ

√
1 − ρ2

h

×

exp

{
− 1

2(1 − ρ2)

[(
x − μhI

σhI

)2

+
(

y − μhQ

σhQ

)2

− 2ρh
(x − μhI )(y − μhQ )

σhI σhQ

]}
. (47)

Making no assumptions on the statistics of the amplitudes
and phases of the fading channel (i.e., allowing hI and hQ

to have different means and variances, or being correlated)
leads to a more general fading channel model, where most
of the well-known fading channel models can be considered
as special cases of this general model. For example, when
the quadrature components are Gaussian, uncorrelated, zero
mean, and equal in variance, this results in the Rayleigh PDF.
The Rician PDF is the result when the variances are equal and
either one or both components have non-zero mean, whereas

the Hoyt PDF assumes zero means and non-equal variances. A
form of the Rician distributed envelope also results when the
quadrature components are correlated but both of them have
zero means [48]. Furthermore, Beckmann channel model can
be described by the following parameters

q2 = σ 2
hI

σ 2
hQ

, r2 = μ2
hI

μ2
hQ

, k = μ2
hI + μ2

hQ

σ 2
hI + σ 2

hQ

,

� = μ2
hI + μ2

hQ + σ 2
hI + σ 2

hQ . (48)

As in Rician fading model, the parameter K indicates the ratio
between the LoS and non-LoS power. Moreover, as in Hoyt
(Nakagami-q) fading model q2 measures the power imbalance
between the quadrature non-LoS components. The parameter
r2 indicates the power imbalance between quadrature LoS
components. Finally, the parameter � indicates the average
power of the fading channel. Table. 1 shows the relation be-
tween Beckmann fading model and other fading models in the
literature.

REFERENCES
[1] E. Dahlman, G. Mildh, S. Parkvall, J. Peisa, J. Sachs, and Y. Selén, “5G

radio access,” Ericsson Rev., vol. 6, pp. 2–7, 2014.
[2] E. Basar, M. Wen, R. Mesleh, M. D. Renzo, Y. Xiao, and H. Haas,

“Index modulation techniques for next-generation wireless networks,”
IEEE Access, vol. 5, pp. 16 693–16746, 2017.

[3] Q. Li et al., “MIMO techniques in wimax and lte: A feature overview,”
IEEE Commun. Mag., vol. 48, no. 5, pp. 86–92, May 2010.

[4] R. Mesleh, H. Haas, C. W. Ahn, and S. Yun, “Spatial modulation - a
new low complexity spectral efficiency enhancing technique,” in Proc.
1st Int. Conf. Commun. NetW., China, Oct. 2006, pp. 1–5.

[5] A. Garcia-Rodriguez and C. Masouros, “Low-complexity compressive
sensing detection for spatial modulation in large-scale multiple ac-
cess channels,” IEEE Trans Commun., vol. 63, no. 7, pp. 2565–2579,
Jul. 2015.

[6] P. Yang, M. D. Renzo, Y. Xiao, S. Li, and L. Hanzo, “Design guide-
lines for spatial modulation,” IEEE Commun. Surv. Tut., vol. 17, no. 1,
pp. 6–26, Jan.–Mar. 2015.

[7] M. Wen et al., “A survey on spatial modulation in emerging wireless
systems: Research progresses and applications,” IEEE J. Sel. Areas
Commun., vol. 37, no. 9, pp. 1949–1972, Sep. 2019.

[8] R. Mesleh, S. S. Ikki, and H. M. Aggoune, “Quadrature spatial mod-
ulation,” IEEE Trans. Veh. Technol., vol. 64, no. 6, pp. 2738–2742,
Jun. 2015.

[9] J. Li, S. Dang, Y. Yan, Y. Peng, S. Al-Rubaye, and A. Tsourdos, “Gener-
alized quadrature spatial modulation and its application to vehicular net-
works with NOMA,” IEEE Trans. Intell. Trans. Syst., pp. 1–10, 2020.

[10] J. Li, M. Wen, X. Cheng, Y. Yan, S. Song, and M. H. Lee, “General-
ized precoding-aided quadrature spatial modulation,” IEEE Trans. Veh.
Technol., vol. 66, no. 2, pp. 1881–1886, Feb. 2017.

[11] Z. Yigit and E. Basar, “Low-complexity detection of quadrature spatial
modulation,” Electron. Lett., vol. 52, no. 20, pp. 1729–1731, 2016.

[12] L. Xiao, P. Yang, S. Fan, S. Li, L. Song, and Y. Xiao, “Low-complexity
signal detection for large-scale quadrature spatial modulation systems,”
IEEE Commun. Lett., vol. 20, no. 11, pp. 2173–2176, Nov. 2016.

306 VOLUME 2, 2021



[13] D. K. Nguyen and H. Ochi, “On the impact of transceiver impairments
to cognitive df relay networks,” in Proc. IEEE Asia Pacific Conf. Cir-
cuits Syst., Nov. 2014, pp. 125–128.

[14] O. Semiari, B. Maham, and C. Yuen, “On the effect of I/Q imbalance on
energy detection and a novel four-level hypothesis spectrum sensing,”
IEEE Trans. Veh. Technol., vol. 63, no. 8, pp. 4136–4141, Oct. 2014.

[15] L. Anttila, M. Valkama, and M. Renfors, “Circularity-based I/Q im-
balance compensation in wideband direct-conversion receivers,” IEEE
Trans. Veh. Technol., vol. 57, no. 4, pp. 2099–2113, Jul. 2008.

[16] M. Valkama, M. Renfors, and V. Koivunen, “Advanced methods for
I/Q imbalance compensation in communication receivers,” IEEE Trans.
Signal. Process., vol. 49, no. 10, pp. 2335–2344, Oct. 2001.

[17] J. Zhu, D. W. K. Ng, N. Wang, R. Schober, and V. K. Bhargava, “Anal-
ysis and design of secure massive MIMO systems in the presence of
hardware impairments,” IEEE Trans. Wireless Commun., vol. 16, no. 3,
pp. 2001–2016, Mar. 2017.

[18] B. Selim et al., “Performance analysis of single carrier coherent and
noncoherent modulation under I/Q imbalance,” in Proc. IEEE 87th Veh.
Tech. Conf. (VTC Spring), Jun. 2018, pp. 1–5.

[19] E. Hossain and M. Hasan, “5 G cellular: Key enabling technologies
and research challenges,” IEEE Instrum. Meas. Mag., vol. 18, no. 3,
pp. 11–21, Jun. 2015.

[20] D. K. Nguyen and H. Ochi, “Transceiver impairments in DF/AF dual-
hop cognitive relay networks: Outage performance and throughput anal-
ysis,” in Proc. IEEE 81st Veh. Technol. Conf. (VTC Spring), May 2015,
pp. 1–5.

[21] D. K. Nguyen, D. N. K. Jayakody, and H. Ochi, “Soft information
relaying with transceiver hardware impairments in cognitive networks,”
in Proc. 10th Int. Conf. Inf. Commun. Signal. Process., Dec. 2015,
pp. 1–5.

[22] S. Solanki, P. K. Upadhyay, D. B. da Costa, P. S. Bithas, A. G. Kanatas,
and U. S. Dias, “Joint impact of RF hardware impairments and channel
estimation errors in spectrum sharing multiple-relay networks,” IEEE
Trans. Commun., vol. 66, no. 9, pp. 3809–3824, Sep. 2018.

[23] S. Javed, O. Amin, S. S. Ikki, and M. Alouini, “On the achievable rate
of hardware-impaired transceiver systems,” in Proc. GLOBECOM IEEE
Glob. Commun. Conf., Dec. 2017, pp. 1–6.

[24] G. M. Matalkah, J. M. Sabatier, and M. M. Matalgah, “A generalized
likelihood ratio test for detecting targets in multiple-band spectral im-
ages with improper complex Gaussian noise,” in Proc. 15th IEEE Int.
Conf. Image Process., Oct. 2008, pp. 1856–1859.

[25] A. S. Aghaei, K. N. Plataniotis, and S. Pasupathy, “Maximum likelihood
binary detection in improper complex Gaussian noise,” in Proc. IEEE
Int. Conf. Acoust., Speech Signal Process., Mar. 2008, pp. 3209–3212.

[26] S. Sallem, J. Delmas, and P. Chevalier, “Optimal SIMO MLSE receivers
for the detection of linear modulation corrupted by noncircular inter-
ference,” in Proc. IEEE Stat. Signal Process. Workshop, Aug. 2012,
pp. 840–843.

[27] R. Mesleh, S. S. Ikki, and O. S. Badarneh, “Impact of cochan-
nel interference on the performance of quadrature spatial modulation
MIMO systems,” IEEE Commun. Lett., vol. 20, no. 10, pp. 1927–1930,
Oct. 2016.

[28] R. Mesleh and S. S. Ikki, “On the impact of imperfect channel knowl-
edge on the performance of quadrature spatial modulation,” in Proc.
IEEE Wireless Commun. Netw. Conf., Mar. 2015, pp. 534–538.

[29] R. Mesleh and A. Younis, “LOS millimeter-wave communication with
quadrature spatial modulation,” in Proc. IEEE Int. Symp. Signal Pro-
cess. Inf. Technol., Dec. 2016, pp. 109–113.

[30] A. Younis, N. Abuzgaia, R. Mesleh, and H. Haas, “Quadrature spa-
tial modulation for 5 G outdoor millimeter-wave communications:
Capacity analysis,” IEEE Trans. Wireless Commun., vol. 16, no. 5,
pp. 2882–2890, May 2017.

[31] N. Kolomvakis, M. Matthaiou, and M. Coldrey, “IQ imbalance in mul-
tiuser systems: Channel estimation and compensation,” IEEE Trans.
Commun., vol. 64, no. 7, pp. 3039–3051, Jul. 2016.

[32] A. E. Canbilen, M. M. Alsmadi, E. Basar, S. S. Ikki, S. S. Gultekin,
and I. Develi, “Spatial modulation in the presence of I/Q imbalance:
Optimal detector amp; performance analysis,” IEEE Commun. Lett.,
vol. 22, no. 8, pp. 1572–1575, Aug. 2018.

[33] A. E. Canbilen, S. S. Ikki, E. Basar, S. S. Gultekin, and I. Develi, “Joint
impact of I/Q imbalance and imperfect CSI on SM-MIMO systems
over generalized Beckmann fading channels: Optimal detection and
Cramer-Rao bound,” IEEE Trans. Wireless Commun., vol. 19, no. 5,
pp. 3034–3046, May 2020.

[34] R. Mesleh, S. S. Ikki, and F. S. Almehmadi, “Impact of IQ imbalance on
the performance of QSM multiple-input-multiple-output system,” IET
Commun., vol. 10, no. 17, pp. 2391–2395, 2016.

[35] E. Basar, U. Aygolu, E. Panayirci, and H. V. Poor, “Performance of
spatial modulation in the presence of channel estimation errors,” IEEE
Commun. Lett., vol. 16, no. 2, pp. 176–179, Feb. 2012.

[36] CISCO, “IEEE 802.11ax: The sixth generation of Wi-Fi,” 2020.
[Online]. Available: https://www.cisco.com/c/dam/en/us/products/
collateral/wireless/white-paper-c11-740788.pdf

[37] R. Want, B. N. Schilit, and S. Jenson, “Enabling the Internet of Things,”
Computer, vol. 48, no. 1, pp. 28–35, Jan. 2015.

[38] M. Gavell, “Advanced analog MMICs for mm-Wave communication
and remote sensing in 0.15 μm mHEMT technology,” Chalmers Univ.
Technol., 2013.

[39] I. Barhumi and M. Moonen, “Frequency-domain IQ-imbalance and
carrier frequency offset compensation for OFDM over doubly selective
channels,” in Proc. 14th Eur. Signal Process. Conf., Sep. 2006, pp. 1–5.

[40] E. Ollila, “On the circularity of a complex random variable,” IEEE
Signal. Process. Lett., vol. 15, pp. 841–844, 2008.

[41] J. G. Proakis, “Digital communications through fading multipath chan-
nels,” Digit. Commun., pp. 824–825, 2001.

[42] A. A. Mohsenipour, “On the distribution of quadratic expressions in
various types of random vectors,” Electron. Thesis Diss. Repository,
Univ. Western Ontario, vol. 955, pp. 1–164, 2012.

[43] B. Baldessari, “The distribution of a quadratic form of normal random
variables,” Ann. Math. Statist., vol. 38, no. 6, pp. 1700–1704, 1967.

[44] E. Ollila, J. Eriksson, and V. Koivunen, “Complex elliptically symmet-
ric random variables generation, characterization, and circularity tests,”
IEEE Trans. Signnal. Process., vol. 59, no. 1, pp. 58–69, Jan. 2011.

[45] S. Kotz, N. Balakrishnan, and N. L. Johnson , “Continuous multivariate
distributions,” in Volume 1: Models and Applications, John Wiley &
Sons, 2004.

[46] P. Beckmann, “Statistical distribution of the amplitude and phase of
a multiply scattered field,” J. Res. Nat. Bur. Standards, 66D, vol. 3,
pp. 231–240, 1962.

[47] P. Beckmann, “Rayleigh distribution and its generalizations,” Radio Sci.
J. Res. NBS/USNC-URSI, vol. 68, no. 9, pp. 927–932, 1964.

[48] M. Rangaswamy, D. D. Weiner, and A. Ozturk, “Non-gaussian ran-
dom vector identification using spherically invariant random processes,”
IEEE Tran. Aerosp. Electron. Syst., vol. 29, no. 1, pp. 111–124,
Jan. 1993.

MALEK M. ALSMADI received the B.S. degree
from the Department of Electrical and Computer
Engineering, The Hashemite University, Zarqa,
Jordan, in 2003, the M.S. degree from the Depart-
ment of Electrical and Computer Engineering, Uni-
versity of Kebangsaan Malaysia, Kuala Lumpur,
Malaysia, in 2013, and the Ph.D. degree from
the Department of Electrical Engineering, Lake-
head University, Thunder Bay, ON, Canada. He
is currently a Postdoctoral Researcher with Lake-
head University. He was a Professional Computer

Trainer with Technical and Vocational Training Corporation, Sakakah, Saudi
Arabia, from 2004 to 2012, and a Senior Lecturer with Imam Abdulrahman
Bin Faisal University, Dammam, Saudi Arabia, from 2014 to 2016. He also
was a Graduate Assistance and contract Lectures with Lakehead University.
His research interests include MIMO systems, spatial modulation, NOMA
systems, and visible light communication. He is a Reviewer of the IEEE
TRANSACTIONS ON INFORMATION THEORY, IEEE SYSTEMS JOURNAL, IEEE
ACCESS, and IEEE COMMUNICATIONS LETTERS.

VOLUME 2, 2021 307

https://www.cisco.com/c/dam/en/us/products/collateral/wireless/white-paper-c11-740788.pdf


M. ALSMADI ET AL.: EFFECT OF GENERALIZED IGN AND I/Q IMBALANCE ON QSM

AYSE ELIF CANBILEN received the B.S. and
M.S. degrees in electrical and electronics engi-
neering from Selçuk University, Konya, Turkey,
in 2012 and 2015, respectively, and the Ph.D. de-
gree in electrical and electronics engineering from
Konya Technical University, Konya, Turkey, in
2019. From 2017 to 2018, she was with the De-
partment of Electrical Engineering, Lakehead Uni-
versity, Thunder Bay, ON, Canada, as a Visitor
Researcher. She is currently an Assistant Professor
with the Department of Electrical and Electronics

Engineering, Konya Technical University. Her primary research interests in-
clude MIMO systems, spatial modulation techniques, cooperative communi-
cations, cognitive radio systems, and reconfigurable intelligent surfaces. She
is a Reviewer of the IEEE TRANSACTIONS ON COMMUNICATIONS, the IEEE
TRANSACTIONS ON WIRELESS COMMUNICATIONS, the IEEE TRANSACTIONS

ON VEHICULAR TECHNOLOGY, the IEEE COMMUNICATIONS LETTERS, and
IEEE ACCESS.

NAJAH ABU ALI received the B.Sc. and M.Sc.
degrees in electrical engineering from The Univer-
sity of Jordan, Amman, Jordan and the Ph.D. de-
gree from the Department of Electrical and Com-
puter Engineering, Queen’s University, Kingston,
ON, Canada, specializing in resource management
in computer networks. She is currently a Profes-
sor with the College of Information Technology,
United Arab Emirates University, Al Ain, UAE.
Her work has been consistently authored or coau-
thored in key publications venues for journals and

conferences. She has coauthored a Wiley book on 4G and beyond cellular
communication networks. Her general research interests include modeling
wireless communications, resource management in wired and wireless net-
works, and reducing the energy requirements in wireless sensor networks.
More recently, she has strengthened her focus on the Internet of Things,
particularly at the nano-scale communications, in addition, vehicle-to-vehicle
networking. She has also delivered various seminars and tutorials at flag-
ship IEEE Communication Societies. She is an Associate Editor of several
journals. She was a Reviewer for many noted journals, a TPC member and
reviewer in several conferences, and contributed to the organization of several
SIs and workshops. She was also the Publication Co-Chair of IEEE GC’18,
GC’22.

SALAMA S. IKKI received the Ph.D. degree in
electrical engineering from Memorial University,
St. Johns, NL, Canada, in 2009. From February
2009 to February 2010, he was a Postdoctoral Re-
searcher with the University of Waterloo, Water-
loo, ON, Canada. From February 2010 to Decem-
ber 2012, he was a Research Assistant with the
INRS at the University of Quebec, Montreal, QC,
Canada. He is currently an Associate Professor of
wireless communications with Lakehead Univer-
sity, Thunder Bay, ON, Canada. He is the author

of more than 100 journal and conference papers and has more than 4500
citations and an H-index of 32. His research interests include cooperative
networks, multiple-input-multiple-output, spatial modulation, and wireless
sensor networks. He was on the Editorial Board for IEEE COMMUNICATIONS

LETTERS and Institution of Engineering and Technology Communications.
He was a Technical Program Committee Member for various conferences,
including the IEEE International Conference on Communications, the IEEE
Global Communications Conference, the IEEE Wireless Communications
and Networking Conference, the IEEE Spring/Fall Vehicular Technology
Conference, and the IEEE International Symposium on Personal, Indoor, and
Mobile Communications. He was the recipient of the Best Paper Award for
what he published in the EURASIP Journal on Advanced Signal Process-
ing. He was also recipient of the IEEE COMMUNICATIONS LETTERS, IEEE
WIRELESS COMMUNICATIONS LETTERS, IEEE TRANSACTIONS ON VEHICU-
LAR TECHNOLOGY, and IEEE TRANSACTIONS ON COMMUNICATIONS Exem-
plary Reviewer Certificates for 2012, 2012 and 2014, respectively.

308 VOLUME 2, 2021



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


