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ABSTRACT In this paper, we investigate the effects of in-phase/quadrature-phase imbalance (IQI)
on the performance of different modulation schemes under multipath fading channels. In particular, a
comprehensive framework for the analysis of coherent and noncoherent modulation with IQI is proposed.
Specifically, new moment generating function (MGF) expressions for both point-to-point and multiple
antenna systems are derived for the cases of transmitter IQI, receiver IQI, and joint transmitter/receiver IQI.
Based on the derived MGFs, new analytical expressions for the corresponding symbol error rate (SER) are
derived and are subsequently used to provide deep insights into the effects of IQI on the system performance.
It is shown that, while in some cases the SER performance degradation due to IQI is marginal, in other
cases, this impairment is more pronounced. Accordingly, IQI compensation is of paramount importance as
it can guarantee a reliable communication link. This is particularly important in demanding communication
technologies where reduction of latency and complexity are essential.

INDEX TERMS I/Q imbalance, coherent detection, noncoherent detection, RF impairments, symbol error
rate.

l. INTRODUCTION

HE idea of connecting every single device or "thing"
T to the Internet has led to the development of a revolu-
tionary technology, dubbed as the Internet of things (IoT),
that is progressively conquering every aspect of our modern

transceivers, which do not require any external intermediate
frequency/image rejection filters, have attracted considerable
attention.

However, from a practical perspective, these transceiver
architectures unavoidably experience radio-frequency (RF)

lives. Indeed, given the substantial benefits that can be drawn
from this simple, yet mighty, idea, numerous derivatives
have emerged, such as the industrial IoT (IloT), the Internet
of vehicles (IoV), the Internet of healthcare things (IoHT),
etc. Consequently, future radio networks are envisioned to
support heterogeneous devices belonging to different sets of
standards and services, which demands for software recon-
figurable transceivers that can be adaptive enough to support
the associated quality of service requirements. Therefore,
given their suitability for high levels of integration as well
as their low cost and power consumption, direct conversion
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front-end related impairments, such as phase noise, DC off-
set, and in-phase/quadrature-phase imbalances (IQI), which
affect the system performance [1]. Here, IQI denotes the mis-
match of amplitude and phase between the I/Q branches of
direct conversion transceivers, resulting in imperfect image
rejection, and hence, degradation in performance [2], [3].
Detection schemes can be classified into coherent as well
as noncoherent modulation, which depend on the receiver’s
(RX) ability to extract the carrier phase. In the former, a
complete knowledge of the channel state information (CSI)
is required at the receiver, which ultimately constitutes a sig-
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nificant issue in emerging communication technologies that
are characterized by demanding quality of service require-
ments, including particularly low latencies. On the contrary,
noncoherent detection, which does not require information
about the CSI, reduces the receiver complexity by eliminating
the need for channel estimation and tracking [4], [5]]. Thus.
such schemes can be useful in low-power IoT devices [6].
However, this comes at a cost of lower spectral efficiency
and/or higher error rate, thus the choice of the best modu-
lation scheme greatly depends on the targeted application.
For instance, it was shown that, due to the pilot overhead,
noncoherent detection can lead to better spectral efficiency in
massive multi-input multi-output (MIMO) systems [7]]. The
same is the case for low power devices and for ultra low
latency telecommunication applications.

A. RELATED WORK

Direct conversion architectures are widely utilized in mod-
ern communication transceivers which, due to the problem
of mismatch between the I/Q branches, results in residual
interference from the image band. Therefore, to address this
practical concern, numerous works have been proposed to
model, mitigate, or even take advantage of this impairment,
see [|8]] and the references therein.

In [9], the symbol error probability (SEP) of M -ary phase
shift keying (PSK) under IQI was investigated for Gaussian
channels. Assuming differential quadrature phase shift key-
ing (DQPSK) and Rayleigh fading, the bit error rate (BER)
under IQI was derived for single-carrier systems in [10] and
multi-carrier systems in [[I1]. Moreover, in [12]], assuming
single-carrier modulation, the effects of IQI on the SER of
different coherent and noncoherent modulations was investi-
gated. Under the assumption of Weibull fading channels and
IQI at the receiver only, the average symbol error rate (SER)
of M-ary quadrature amplitude modulation (M —QAM) was
derived in [13]]. Similarly, for M-QAM modulation and
Rayleigh fading channels, the error performance of multi-
carrier systems and OFDM systems was investigated in 14
16] and [17], respectively. For the case of INV*Nakagami-m
fading, the authors in [18] quantified the effects of IQI on
the outage probability of both single-carrier and multi-carrier
systems.

Finally, in [19H23], the authors analyzed the effects of
IQI on the outage performance of non-orthogonal multiple
access. IQI has also been studied in half-duplex and full
duplex amplify-and-forward and decode-and-forward coop-
erative systems [24H28]], two-way relay systems and multi-
antenna systems [29-37]], as well as cognitive radio systems
[38]]. Finally, the effects of IQI on uplink transmission have
been analyzed in the context of massive multi-user MIMO in
[39].

B. CONTRIBUTION

To the best of our knowledge, apart from some sporadic re-
sults [[12]], [40]], the effects of IQI on noncoherent modulation
have been overlooked by the scientific community. Addi-

2

tionally, the existing results on coherent detection consider
case-specific scenarios. Thus, they do not provide a holistic
treatment of IQI in single and multi-carrier coherent systems.
Motivated by this fact, in this article, we extend our work
in [12] and investigate the performance of single-carrier and
multi-carrier based coherent and noncoherent systems under
1QI.

The main objective of this paper is to present a compre-
hensive framework for the analysis of coherent and nonco-
herent modulation with different IQI scenarios. To this end,
both single-carrier and multi-carrier systems are considered,
where, based on the MGF approach, the effects of TX IQI,
RX IQI and joint TX/RX IQI on M-PSK, M-DPSK and M-
FSK constellations are quantified. The key contributions in
this paper are summarized as follows:

o Assuming single-carrier systems over Rayleigh fading
channels with TX and/or RX IQI, we derive novel ana-
lytic expression for the probability distribution function
(PDF) of the signal-to-interference-noise ratio (SINR),
based on which the cumulative distribution function
(CDF) and MGF expressions are further derived.

« We extend our analysis to the case of multi-carrier
transmissions with TX and/or RX IQI and derive novel
closed form expressions for the SINR PDF, CDF, and
MGF.

o« We derive MGF expressions for L-branch MRC re-
ceivers and differential Alamouti Space-Time Block
Codes (STBC)-OFDM systems under different 1QI sce-
narios.

o Using the derived MGFs, we derive the corresponding
SER expressions for M-DPSK, M-PSK and M-FSK
constellations.

We quantify the achievable performance of the considered
scenarios and develop useful insights of theoretical and prac-
tical importance which will be useful in highly demanding
emerging technologies. To the best of our knowledge, the
contributions of this work are novel and have not been
reported in the literature.

C. ORGANIZATION AND NOTATIONS

The rest of this paper is organized as follows: Section[II] pro-
vides a brief overview of the considered modulation schemes.
In Sections [[II] and [TV] the SINR PDF, CDF, and MGF are
derived for single-carrier and multi-carrier systems with IQI,
respectively. In addition, Section [V] presents the SER of M-
DPSK, M-PSK, and M-FSK under IQI. The extension to the
multiple antenna case is given in Section|[VI] whereas the cor-
responding numerical results and discussions are elaborated
in Section Finally, closing remarks are given in Section

VI

Notations

In this article, the subscripts ¢/r denote the up/down-
conversion process at the TX/RX, respectively. In addition,
()" stands for conjugation and j = /—1. The operators E [-]
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denotes statistical expectation while |-| symbolizes absolute
value operations. Finally, fx (z) and Fx (z) represent the
PDF and CDF of X, respectively while M x (s) corresponds
to the MGF associated with X

Il. SYSTEM MODEL

Considering a single antenna TX/RX where an information
symbol s is transmitted over a fading channel & and the noise
n is assumed to be additive white Gaussian (AWGN). In
the following, we briefly review the signal model of M-ary
DPSK, PSK, and FSK modulation schemes.

A. COHERENT DETECTION OF M-PSK SYMBOLS
Assuming M-PSK modulation, it is recalled that
2m—-1)~«

Hm:T, m=1,2,...,M (1)

Hence, the complex baseband signal at the transmitter in the
I*" symbol interval is given by

s1 = Acexp (50)) 2)

where 6; € 0,, is the information phase in the I** symbol.

Assuming that the receiver has perfect knowledge of the CSI
as well as carrier phase and frequency, the complex baseband
signal at the receiver is represented as

x; = Acexp (j0;) + ny. 3)

B. NONCOHERENT DETECTION OF M-DPSK SYMBOLS
In DPSK, the information in (I)) is encoded using the phase
difference between two adjacent transmitted phases. Consid-
ering that the channel remains constant over two consecutive
symbols, the information sequences at the receiver are de-
coded without the knowledge of the carrier phase by taking
the difference between two adjacent phases [41]. In this
context, the information phases A#; are first differentially
encoded as:

0, = (6,_1 + A6;) mod 27 4)
where
Ab,, = (2m — 1)w/M, form=1,..., M, (5)

and A#, is the information phase in the [*” symbol interval.
The modulated symbol s; is then obtained by applying a
phase offset to the previous symbol s;_1, namely,

51 = si—1exp (jo) (6)

where s[1] = 1. Finally, the decision variable is extracted
from the phase difference between two consecutive received
symbols as follows

SL=r_ar (7

C. NONCOHERENT DETECTION OF M-FSK SYMBOLS
Assuming M-FSK modulation, the M information frequen-

cies are given by
fm=0Cm—1—M)Af, m=12....,M (8
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and thus the [*” complex baseband symbol at the transmitter
is given by

S1 (t) = Acexp (]fl (t_lTS))' )

where f; € f,, is the frequency of the /! transmitted symbol
and T is the symbol period. The decision variable at the
receiver is then obtained by multiplying the received signal
by the set of complex sinusoids

exp (—j2m frm (t = 1T%)), m =1,2,.... M,

and passing them through M matched filters. For orthogonal
signals, the frequency spacing is chosen as Af = N/Tg,
where [V is an integer.

lll. MGF OF SINGLE-CARRIER SYSTEMS

Single-carrier modulation is receiving increasing attention
due to its resilience against RF impairments compared to
multi-carrier modulation, see [42] and the references therein.
Hence, it is considered more suitable for low complex-
ity and low power applications. Assuming single antenna
transceivers, we derive unified closed form expressions for
the SINR PDF, CDF, and MGF over flat fading Rayleigh
channels and under the influence of IQI at the TX and/or RX.

At the receiver side, the bandpass signal received by the RF
front end is passed through processing stages including I/Q
demodulation (i.e., down-conversion). Under the assumption
of ideal RF front end, the baseband equivalent of the received
signal can be written as

Tid = hs +n (10)

where the index [ is dropped for convenience. Moreover,
h ~ CN(0,1) represents the channel fading gain and
n ~ CN (0, Ny) is the additive white noise term. The instan-
taneous signal-to-noise ratio (SNR) per symbol is expressed
as

B, »
ya = == |h 11
d ?‘70| ‘ ( )

where E/; symbolizes the energy per transmitted symbol. The
time-domain baseband representation of the IQI impaired
signal is expressed by [43]]

gi1Q1 = He/rGid + VirGia (12)

where giq is the ideal baseband signal and g;; arises due to
IQI. In addition, the corresponding 1QI coefficients fi;/, and
V4 are written as

1
e = 5(1+€teXP (19¢)), (13)
1
vy = 9 (1 — € €Xp (*j(bt))v (14)
1
My = 5(1+€rexp(_j¢r))7 (15)
and 1
Vpr = 9 (1 — € €Xp (.](b’f)) (16)

3
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where €; /. and ¢/, correspond to the TX/RX amplitude and
phase mismatch levels, respectively. In this work, frequency-
independent IQI is assumed; however, the extension to the
frequency-dependent case is straightforward, following the
approach in [44], [45]. For the ideal case, ¢;/, = 0° and
€t/r = 1, which corresponds to p;/, = 1 and v/, = 0.
In addition, the TX/RX image rejection ratio (IRR), which
quantifies the attenuation of the image band, is given by
ey
IRR,, = 2t

. a7
vy

A. RECEIVED SINR UNDER IQI

This subsection considers three different cases of practical
communication scenarios.
o Joint TX/RX IQI: When the TX and RX are impaired
by IQI, the SINR can be approximated as [18]]

€11]” + [€2o|”

Q1 =~ (18)
|512|2 + |§21\2 + %
where
§11 = fhrflt, (19)
£ = Vrl/f, (20)
§12 = prl, 21
and
§o1 = Vppiy - (22)

e Ideal TX and RX IQI: In the case of ideal TX RF
front-end and RX IQI. We have y; = 1 and 1, = 0,
and therefore the instantaneous SINR per symbol is
expressed as [ 18]

2
||

2 A
|VT| +%

Y1QI = (23)

where A = |u,. |2 + |v, 2.
o Ideal RX and TX IQI: We assume ideal RX RF front-
end, while the TX experiences IQI. In this case p,, = 1
and v,. = 0, thus the instantaneous SINR at the receiver

is given by [18]]
|Mt|2

2 1 °
vl + 54

Y1Q1 = (24)

B. SINR DISTRIBUTION

From (24), (23) and (T8), the SINR of single-carrier systems
under IQI can be expressed as

«

e

Yid

MQ1 = (25)

where the parameters «, /3, and A are given in Table

4

TABLE 1: Single-carrier systems impaired by IQI parameters

a B
Joint TX/RX IQI | [€11]% + [€22]7 | [€12]% + [€21]?
RX IQI [ 2 [vr[?
TX QI [12]2 [ve]?

= >

Hence, the CDF of 7 is obtained as

A
F’YIQI ('T) = F’Yid <a — ﬂ) (26)

where ;4 is the IQI free SNR. Since we assume Rayleigh

fading, ;4 follows an exponential distribution, and therefore,
the corresponding SINR CDF is given by

A
Fyiqr (x) = 1—exp <—W> )

where ¥ = FE,/Ny is the average SNR. Given that
Frior () = d%F.”QI (z), the SINR PDF, under IQ]I, is given
by
___ A
Frior () e < V(g_ﬁ)) (28)
xTr) =
s 7 (= zB)°

which is valid for 0 < z < %

C. MOMENT GENERATING FUNCTION

The MGF is extensively used in the analysis of fading chan-
nels [41]]. In the following subsection, taking into account the
IQI at the TX and/or RX, we derive a generalized closed form
expression of the SINR MGF of single-carrier systems. This
will be then useful in quantifying the corresponding overall
system performance.

Proposition 1. The MGF of the instantaneous SINR of
single-carrier systems under I1QI is given by

A A A
My, (5) = exp (;s + m) r (1, = S';;W) (29)

where T (c,x;b) denotes the extended upper incomplete
Gamma function given by [46]]

I'(a,z;b) = / t* Lexp (—t — i) dt. 30)

Proof. See Appendix [A] O

IV. MGF OF MULTI-CARRIER SYSTEMS

Multi-carrier systems divide the signal bandwidth among
K subcarriers, which provides several advantages including
enhanced robustness against multipath fading. Orthogonal
frequency division multiplexing (OFDM), a multi-carrier
modulation technique, is employed for downlink transmis-
sion in Long-Term Evolution (LTE). In this subsection, we
derive the SINR PDF, CDF, and MGF of multi-carrier sys-
tems over frequency selective channels in the presence of
IQI Let S = {—%, e, =1,1,0 1, %} be the set of signals,
assuming that all the subcarriers are populated with data and
that the channel responses at a given subcarrier and its image
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are uncorrelated [18]]. In single-carrier systems, IQI causes
interference to the signal from its own complex conjugate
while in multi-carrier systems, IQI generates interference
from the image signal, i.e. the subcarrier % is distorted by
the signal at subcarrier —k.

A. JOINT TX/RX IMPAIRED BY IQI

Here, we consider the general and most realistic scenario of
joint TX/RX IQI. Here, the instantaneous SINR per symbol
can be approximated as [[18]]

€] + |§22\2 2 l;)

@31
|§12\ + |§21|2 W:;‘E(k];) + ’Y%(k)
h
where (k) = B X k)|2 (32)
Yid - NO ’

Therefore, for the case of given 7,4 (—k) and with the aid of
(31), the conditional SINR CDF can be expressed as

o (JenlPy +A) — ey
ol (\511|2 - |§12|2)

F’YIQI ($|y) =1-—exp

(33)

where y = ;4 (—k). Consequently, the unconditional CDF
is derived by integrating (33) over the Rayleigh PDF, yielding

zA
exp( 7({112—7J§12|2)> ‘f11|2
F’YIQI ('T) =1- z|¢ ‘2_‘5 ‘2 ) O S
1+ 21 22 ‘ 12|
(Ie1]?—=l€121?)
(34)

whereas the SINR PDF is obtained as

|£11|2A d(|511|2—1'|§12|2)
Frrar (@) = T B (e el
YIQI -
([§11]* — z(€12]?) (‘5“ E bz (jeanf? - |€12|2)>
e ( —xA >
xp | — ,
¥ (1§11 12 — 2[€12?)
(35)
2, while C and d are
given by
_ €11 36)
€11]% — |€a2/?
and
d = |&11?|€1]? — €212 37

Proposition 2. The MGF of multi-carrier systems impaired
by joint TX/RX IQI is given by

€12?C ( [ A )
=C
M’YIQI (S) + S|§11‘2 eXp ‘512|2 + |§12|27
) ) (38)
. (2 €11 |§11| A)
|§12|27 |€12]
for
|£12‘2 = |§21|27
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= (_1)p sP dP exp (|§12\2 +SI2;|2)

'M I1QI (s) = C+
e pZ:;) (€122 — |€21|2)7 " |€1|2P~2
|€11\2 5112A)
1-— ;S
at ( |§12\2 |S12]*
(39)
for
61121601 ? = € PlEral | _ o
|512|2 - |€21|2
and
_ €112 A o €102t
Mooz (8) = C +exp (s €l + €122y dp+15p+1
2A
) - P ( Lo |§11| : |€11|
(ar* = 622F)" v (P + 20 g
(40)
for
€17 1€21* = [€22* €12 > €2
|€12[ — €1 /? .

In (B8)-@0), ~ (cv, z;b) is the extended lower incomplete
Gamma function given by [46]]

”” b
'y(a,x;b):/ to‘lexp( t) dt.
0

Proof. The readers are referred to Appendix [B] O

(41)

B. RX IMPAIRED BY IQI
Assuming that only the RX is impaired by IQI yields the
following received instantaneous SINR

o |/~LT|2
ML = 2 (=R A (42)
Vel (®) Yia (k)

Hence, substituting /1, = 1 and 14 = 0 in (34) one obtains

e | < T ( |Vr|2))
———————exp|—=(1+ ,
|k ? + vy 2 7 ||

(43)
which is valid for 0 < z < oo. By applying algebraic

manipulations on (33), the respective SINR PDF is deduced

F’YIQI (.%) =1-

)

‘VT|2 W‘Vrlz
VPR ()
Frran (@) =———— exp | ——2 L
V(IuT +1)

(44)

which is valid for 0 < z < oo.
Finally, from (65) and (@4), the corresponding MGF is
obtained as

||

M’YIQI (5) 5

1 v |?
)
+/ 7 Al d
0

2
2

v

(45)
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which with the aid of [47, eq. (3.352.4)] and [47, eq.
(3.353.3)], eq. (@3) can be expressed by the following closed-
form representation

2
oy 1
M'YIQI ( ) =1- S| ||2 exp (’Y +

( 1
XEi|—=—
o1

where Ei (z) denotes the exponential integral function given
by [47]
b —t
B = [ 22

C. TXIMPAIRED BY IQl

Assuming that the TX is subjected to IQI while the RX is
ideal, the received instantaneous SINR is obtained as

lue* Slur|2>
Flve2 o (v f?
|M7'|2 +S|N7'|2>
Flvr|? |vr|?

(46)

(47)

2
|Mt‘

| t| + 'Yl(l )

Hence, by setting i, = 1 and v, = 0 in (34), it follows that

MaQr = (48)

F,,,, () =1—exp IR O<x<M
i ki (‘“;l - |Vt\2) B
(49)
which yields straightforwardly the corresponding SINR PDF,
namely
|/u’t|2 exp < (\Mt\ —|ve]? ))
f’YIQI (1’) = (50)

7 (pael? =l |2)”

which is valid for 0 < z < |u¢|?/|v¢|?. It is noted that is
similar to for a = |us 2 8= 2 and A = 1. Hence,
with the aid of @), the instantaneous SINR MGF of multi-
carrier systems experiencing TX IQI only is given by

‘Mt|2 + 1 r(1 1 _5|Mt|2
2% 2= Y2 i
|Vt |ve|*y Flve? |ve|*y
(51

which is also novel. The different MGF expressions derived
are summarized in Table II. It is noted that with the aid of
the derived MGFs, the SER of various M-ary modulation
schemes under different IQI effects as well as multi-channel
reception schemes can be readily determined.

V. SYMBOL ERROR RATE ANALYSIS

In this section, we analyze various coherent and nonco-
herent M-ary modulation schemes and evaluate their SER
performance for both single-carrier and multi-carrier-based
systems under the effects of IQI.

A. COHERENT M -PSK

The SER of coherently detected M-ary PSK signals in
AWGN channels is given by [41, eq. (8.22)]. Assuming
fading channels, the average SER is evaluated by averaging

6

[41, eq. (8.22)] over the considered channel’s SNR PDEF,
namely

1M g
Prrow = [ M (~55)

where M = (M —1)7/M and g = sin® (7). Therefore,
assuming PSK modulation under IQI, the average SER of the
different impairment scenarios considered for both single-
carrier and multi-carrier systems, can be obtained by substi-
tuting the derived MGFs from Table II in (52), which, for
single-carrier systems, is given by

puran =t [ (gt - )
s =— ex
,PSK T Jo p sin ( )5 57

xr(1,A;— god >d9
78

sin? () 325
B. COHERENT M-QAM

(52)

(53)

For M-QAM modulation, the SER of AWGN channels is
given by [41} eq. (8.13)]. Under fading conditions and IQI,
the average SER is obtained as

4 [2 3
P =—M M ——— | df
@AM ﬂ'*/o et (Q(M — 1)sin29)
3

4 1
—fMQ/ M ———— | db.
T Jo 7I‘:’I<2(M1)sm2é)>
(54)

where M = (VM — 1)/\/M. The average SER of the
different impairment scenarios considered for both single-

carrier and multi-carrier systems, can be obtained by substi-
tuting the derived MGFs from Table IT into (54), which, for

single-carrier systems, reduces to
4 z 3o A
P, =M + —
QAM w*/o P <25 (M —1)sin®0 67)
A A
¥8" 3252 (M —1)sin“ 6
4 i A
_M2/4exp( 3a _ +)
T 0 28 (M —1)sin“ 6 By
3aA

A
ot < 58’ B2 (M - 1)Sm29> -
(55)

C. DIFFERENTIAL M-PSK

The SER of M-ary PSK with differential detection is given by
[41} eq. (8.166)]. Hence, the average SER of M-DPSK under
IQI can be evaluated by substituting the derived MGFs from
Table II, which, for multi-carrier systems with TX IQI only,
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TABLE 2: SINR MGFs

Single-carrier systems Multi-carrier systems
lpee|? 1 slpe|?
X 11 Morgr () = exp (s + s ) T (L e i)
lpr| ‘#7“ S|#r|2
-2 NEIN Margr ()= 1-s 2exp< t I r2)
RXIQU | Mg (5) :exp<‘\“ur‘|; + |UTA\27> F(l e S\‘5r|‘4 ) " ey
wFi(—1 _ lurl? + slur|?
v Awe? [vr|?
€12]2 €11 12 A )
Myrgr ()= C+ s(1€1112—1€2212) xp <s|£12|2 T &7
€112 \§11\21\)
(2 el Sz )
for [€12]2 = [€21]?
2
—5)P dP exp ( 51611l
, _ €11 |2+ €222 A _ & 9 (o1t
JointIQI | My, (s) = exp <‘§12‘2+‘§21‘28 + (\§12\2+\§21\2)W) Moiar (s) = C+p§0 (161212 [€212)P T g1 2P 2
s(1€111% +1€221%)A ( A ) ( _ |€1112 . \511\2/\)
XF( 7(‘512‘2+‘§21‘2) (11212 41€2112) %7 X exp 2?7 ) 7 1 P 8165127 % ey )
2
for 161112 |€211% —|€22|%|€12]? ‘< |§11‘2
[€12]2— (€212
T gy
— §12
Marer ()= OF 2 (e lerap) Pars tartT
A €112 \511\ A)
xexp (s ) 7 (2o felths i)
2 2 2 2
for ‘ [€11] 12;12_}2?}2|§12| ‘ > |€1)2
is given by PSK and M-QAM modulations and the case of differential
1 N | |2 1 STBC.
Hel™g
Ps.ppsk Z*/ exp (- 5 + 2)
)y (Lt peos @) T Il

1 —glpe]? >
D (1, _1)de
( Flwe|?” (14 peos (0)) w47
(56)

where p = /1 — g.

D. NONCOHERENT M -FSK

The SER of noncoherent detection of orthogonal signals, i.e.,
M-FSK is given by [41], eq. (8.158)]. Substituting the derived
MGEF expressions from Table II in [41, eq. (8.158)] yields
the average SER of single-carrier and multi-carrier systems
in the presence of IQI which, for example, for the case of
multi-carrier systems with RX IQI only, is given by

P = 3 U (M -1
s,FSK — 2 o ,
. R s
x |1+ Kl S (sz B (k+|f)|lur|2> ]
k|2 .
P (_ﬂﬁ*‘ - <k+|{>\‘m-\2) (k+1) [vp[?

(57)

VI. EXTENSION TO MIMO SYSTEMS

In this section, we provide deep insights into the performance
of multichannel receivers. To this end, we consider the case
of an independent but not identically distributed (z.n.i.d.) L-
branch MRC diversity receiver for coherently detected M-

VOLUME xx, 2019

A. MAXIMUM RATIO COMBINING

The MRC scheme, which requires the knowledge of the
channel fading parameters at the receiver, is the optimal com-
bining scheme at the expense of increased complexity [41],
[48]. Here, the receiver coherently combines all received
signals, resulting in the following MGF

MVMRC <S) =E |:€_s Eﬁ:l ’Yk:| (58)
L

=M (59)
k=1

where 7, is the instantaneous SNR of the k‘" branch.

B. DIFFERENTIAL STBC

Here, we consider the differential Alamouti Space-Time
Block Codes (STBC)-OFDM system with two transmit an-
tennas and a single receive antenna. Assuming that both the
TX and RX are impaired by IQI, the instantaneous SINR at
the k" subcarrier is given by [40], [49]

(1 - erx)” (ia, (k) + 7ia, (k)

_ (60)
4 (mm + \WP)

v1qr (k) ~
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where 7,4, (k) is the ideal instantaneous SNR of subcarrier k
at the i*" antenna and

2 2
erx =25 <1 +cot (1) ) ||:t||2. (61)
t

From (60), the corresponding SINR MGF is obtained as
M’YIQI (S) = M'Yid,l (Sf) M'Yq‘,d,2 (Sf) (62)

where

(63)

1 ‘VTIQ
4 (Wrzw + w?)

and M., ., je{1,2} is the MGF of the IQI free SNR given
by [41]
Y 1
1—sT

Hence, the corresponding SER is obtained by substituting
(62) in the general SER expression for PSK signals in (52). It
is noted that the analysis can be easily extended to more than
two antenna scenarios [40]]. Moreover, the cases of TX IQI
only and RX IQI only can be obtained by setting |,|> =
1Ly |? = 0 and |m|?> = 1, = 0, respectively. To
the best of the authors’ knowledge, the analytic expressions
derived in this section have not been reported in the open
technical literature.

M, (5T) = (64)

VIl. SIMULATION AND NUMERICAL RESULTS

In this section, we study the effect of IQI on the performance
of single-carrier and multi-carrier systems, assuming M-PSK,
M-DPSK, M-QAM, and M-FSK systems over Rayleigh fad-
ing channels. To this end, semi-analytical simulations were
carried out where random samples of the channel are gen-
erated and the corresponding SER is calculated and averaged
over a large sample size, i.e. 5 x 107 iterations. For a fair com-
parison, we normalize the transmitted signal by |¢|? + [14|?,
012 + [y 2, and (Jpel? + []2) (2, + [ ]?) for TXIQI
only, RX IQI only, and joint TX/RX IQI, respectively.

Figs. [TH3] and Figs. [6HHI3| illustrate the SER for single-
carrier systems and multi-carrier systems, respectively. Nu-
merical results are shown with lines, while markers repre-
sent computer simulation results. For both single-carrier and
multi-carrier systems, it is clear that the analytical expres-
sions perfectly match the simulation results for the cases of
TX and RX IQI; while for the case of joint TX/RX IQI, the
approximation adopted in (I8) and (31) and the assumption
of uncorrelated subcarriers do not seem to have significant
impact on the accuracy of the SER analysis. Furthermore, we
notice that, in most cases, the simulation results match the
numerical analysis; however, an error that does not exceed
30% is observed in some cases of joint TX/RX IQI, see Figs.
@ and

A. SINGLE-CARRIER SYSTEMS

Assuming single-carrier transmission over flat Rayleigh fad-
ing channels, it is first noticed that the impact of RX IQI is
more pronounced on the system performance compared to

8

Symbol Error Rate
S
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X 1QI TX and Ideal RX
% IQIRX and Ideal TX
O JOINT TX/RX IQI
_4 n n L
10 0 10 20 30 40

Normalized Eg/N0 (dB)

FIGURE 1: Single-carrier system average SER versus nor-
malized E;/Ny for M-PSK when TRR; = IRR, = 20dB
and ¢ = 3°.

Symbol Error Rate
=
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X IQI TX and Ideal RX
% IQIRX and Ideal TX
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10" ' : '
0 10 20 30 40

Normalized Eg/N0 (dB)

FIGURE 2: Single-carrier system average SER versus nor-
malized E; /Ny for M-DPSK when IRR; = IRR, = 20dB
and ¢ = 3°.

TX IQI. This is due to the fact that RX IQI impairs both the
signal and the noise while TX IQI affects the information sig-
nal only. However, when the modulation order is increased,
as shown in Figs. [T{2] the degradation induced by TX IQI
becomes comparable to that observed for the case of RX IQI.

It is also observed that the performance degradation due to
IQI greatly depends on the underlying modulation scheme.
For instance, in Fig. [4] it is observed that joint TX/RX IQI
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FIGURE 3: Single-carrier system average SER versus nor-
malized E;/Ny for M-DPSK when TRR; = IRR, = 35dB
and ¢ = 1°.
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FIGURE 4: Single-carrier system average SER versus nor-
malized E;/Ny for 32-PSK, 32-DPSK, 32-FSK and 32-
QAM when IRR; = IRR, = 20dB and ¢ = 3°.

slightly affects the performance of 32-FSK, while the other
three candidate modulation schemes are subject to an error
floor. As shown in Fig. [5] this error floor is manifested
in both single-antenna and multi-antenna receivers. This is
due to the constant tone spacing in FSK, regardless of the
modulation order. Hence, unlike PSK, DPSK, and QAM
modulations, it is apparent that the effect of IQI on FSK
does not depend on the modulation order. However, for larger
M, FSK transmission bandwidth is increased. This is not
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FIGURE 5: Single-carrier system average SER versus nor-
malized E, /Ny for L-branch 32-QAM MRC receiver when
IRR; =IRR, = 20dB and ¢ = 3°.
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FIGURE 6: Multi-carrier system average SER versus nor-
malized F;/Ny for M-PSK when TRR; = IRR, = 20dB
and ¢ = 3°.

the case for the other three modulation schemes where the
distance between constellation points is highly affected by
the modulation order. Consequently, for the considered SNR
range, QI can be considered somehow acceptable i.e., does
not cause an error floor, only for M = 4 for DPSK and
PSK based systems. In fact, for single-carrier systems, for
M = 16, an error floor is noticed around an SNR of 35dB
for PSK modulation with joint TX/RX IQI, while for the
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case of DPSK, the error floor is observed around an SNR
of 30dB for TX and/or RX IQI. It is also worth noting that
for joint TX/RX IQI, the error floor is at a SER of 6 x 102
for PSK versus 2 x 10~ ! for DPSK. Moreover, it is observed
that the level of performance degradation greatly depends on
the modulation scheme and/or order and phase and amplitude
mismatch level. In particular, it is observed that, in some
cases, IQI compensation will only result in added complexity,
since the effects of the impairment are negligible. This is
evident, particularly when the phase and amplitude mismatch
are relatively low, in FSK modulation and low order modu-
lation orders of PSK and DPSK, where the distance between
symbols in the constellation is large enough to tolerate the
error induced by IQI. However, as the mismatch increases,
the effects of this impairment become more noticeable and
could cause error floor in high modulation orders of phase
modulation schemes, which entails compensation in order to
achieve a reliable communication link.

g
<
24
3
g
m
s
s
|
>

O Ideal TX/RX - NI

10°F| O JOINT TX/RX IQI fr

16-PSK 4 by

- ——-16-DPSK

++16-FSK a
-== 16-QAM

0 10 20 30 40
Normalized ES/NO (dB)

FIGURE 7: Multi-carrier system average SER versus nor-
malized F,/Ny for 16-PSK, 16-DPSK, 16-FSK and 16-
QAM when IRR; = IRR, = 20dB and ¢ = 3°.

B. MULTI-CARRIER SYSTEMS

Here, we assume a multipath channel with 8 independent
and identically distributed taps where each tap is a zero-
mean complex Gaussian random variable [50]. Without loss
of generality, we assume that the number of subcarriers is
K = 32 and that the SNR reflects the power per subcarrier.
Even though the effects of 1QI on the different modulation
schemes follow the same trend in multi-carrier systems as
in single-carrier systems, it is observed that the impact of
IQI on the latter is more pronounced. This is because 1QI
in multi-carrier systems causes interference from the image
subcarrier, which could benefit from better fading conditions

10
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FIGURE 8: Multi-carrier system average SER versus nor-
malized E; /Ny for M-DPSK when IRR; = IRR, = 20dB
and ¢ = 3°.
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FIGURE 9: Multi-carrier system average SER versus nor-
malized F;/Ny for M-FSK when IRR; = IRR, = 20dB
and ¢ = 3°.

than the desired signal. An interesting example is the case of
M-FSK constellation, where an error floor is observed in Fig.
E[, regardless of the modulation order, for the cases of RX 1QI
only and joint TX/RX IQI cases. This error floor, which is
due to the interference from the image subcarrier in multi-
carrier systems, is not observed in single-carrier FSK. In the
same context, the error floor for 4-PSK appears at around
25dB. This error floor is observed for FSK, DPSK, and in 2-
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FIGURE 10: Multi-carrier system average SER versus nor-
malized F /Ny for L-branch 32-QAM MRC receiver when
IRR; =IRR, =20dB and ¢ = 3°.
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FIGURE 11: Differential Alamouti STBC OFDM SER ver-
sus normalized E;/Ny for 2-branch receiver when IRR; =
IRR, = 20dB and ¢ = 3°.

branch Differential Alamouti STBC OFDM systems as well.
The latter is particularly sensitive to the impairment where
it is observed, in Fig. [T1] that in case of joint TX/RX IQI,
the SER is almost flat for M = 16. Moreover, we notice
that 4-FSK is the most robust to IQI among the considered
modulations, since the error floor appears at around 30dB.

It is also noted that for IRR; = IRR, = 20dB, in
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FIGURE 12: Multi-carrier system average SER versus I RR
for M-PSK, M-DPSK and M-FSK, with RX IQI only, when
E;/Ny = 25dB and ¢ = 2°.
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FIGURE 13: Multi-carrier system average SER versus I RR
for M-PSK and M-DPSK, with RX IQI only, when E/Ny =
40dB and ¢ = 1°.

multi-carrier systems, the effects of IQI at the RX should
be compensated in order to achieve a reliable communica-
tion link, even in the case of the relatively simple binary
modulation schemes and multi-antenna receivers. For these
scenarios the amount of performance degradation observed
depends on the modulation order, the SNR, the impairment
scenario and the IQI level. Hence, in particular cases, such
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as in low modulation orders of PSK and DPSK modulations,
as well as M-FSK, compensation can be implemented at the
RX front-end only in order to achieve a reliable performance.
On the contrary, in other cases compensation of both TX/RX
IQI is required in order to achieve a reliable communication
link.

Finally, Fig. [12] and Fig. [I3] demonstrate the effects of
the TRR on the SER of the different considered modula-
tion schemes, when SNR = 25dB and SNR = 40dB,
respectively. It is assumed that both TX and RX are IQI-
impaired and that /RR; = IRR,. The phase imbalance
assumed is 1° in Fig.[T2]and 2° in Fig.[T3] It is also noted that
the continuous lines and dashed lines correspond to the IQI-
impaired and ideal cases, respectively. For moderate SNR
values, one can see that IQI affects the different modulations
schemes in a different manner. For instance, joint TX/ RX
IQI exhibits a constant loss in the SER performance of M-
FSK regardless of the modulation order, which is not the case
when considering phase modulation. Moreover, it is noticed
that for lower SNR values, the effects of IQI vanish when the
IRR is increased; while, for higher SNR values and given
that IQI effects dominate noise effects at high SNR, there is
a noticeable performance degradation even when considering
high I RR values.

Viil. CONCLUSION

We presented a framework for the SER analysis of coherent
and noncoherent modulation schemes under the effects of
IQIL. We studied several interesting scenarios, in which TX
IQI only, RX IQI only, and joint TX/RX IQI were analyzed
and the respective average SER expressions of the underly-
ing schemes were derived for both single-carrier and multi-
carrier transmissions. The derived analytical results were
corroborated with the corresponding computer simulation re-
sults. It was shown that the performance degradation caused
by IQI considerably depends on the system’s parameters
including the modulation scheme. Moreover, it was demon-
strated that increasing the modulation order amplifies the im-
pact of IQI on the system for both coherent and noncoherent
systems, while it does not affect the degradation observed in
frequency modulation. Additionally, it was shown that the ef-
fects of IQI can be quite significant on the SER performance;
hence, the optimal compensation strategy greatly depends on
the system’s parameters. This highlights the importance of
accurate IQI characterization in order to achieve a reliable
communication link with minimal added complexity.

APPENDIX A DERIVATION OF MGF FOR
SINGLE-CARRIER SYSTEMS IMPAIRED BY IQl

By recalling that [41]

Mo, (s) = / exp (52) forgy (1) dz (65)

and substituting (28) into (63) yields

% aAexp (_"A—,B>
M’)’IQI (5) = /0 exp (Sl') 7(01 — ’;(ﬂw)Q ) dx.
(66)

Taking y = o — v and after some mathematical manipula-
tions, one obtains

Fs+A
aAexp (‘”T) o o (sy oA > "
78 0 B By
(67)
Finally, by taking z = g—%, is deduced, which completes
this proof.

M’YIQI (5) =

APPENDIX B DERIVATION OF MGF FOR
MULTI-CARRIER SYSTEMS IMPAIRED BY JOINT TX/RX
1Ql

From and (33), taking u = exp (sy) and dv = f, (7)
and integrating by parts, one obtains

€112

Mg ()= C s [
0

|f11|2 —x|§12\2

Bul® 4 o (16012 — J612[2)
T A
X exp (sx) exp (_’Y <f11|2—$|§12|2>> d
(68)

For the case of |21]? = [£12]? and setting
z= |511|2 - I|§12|2, (69)
equation (68) simplifies to

sC [SE1 A )
Moo, () =Ct —2C T
ez (9) al?len? &P (S|§122 1€12[%7

/|5112 ( s |§11|2A )

X zexp | —z ————|dz

0 |€12]2 7|§12|2Z(70)
is

which considering the change of variable y = E%IQ i

equivalent to . On the contrary, for |£12]? # |£21]2, taking
the change of variable in (69), equation (68) becomes

Ay glenl
5 oxXp (|§12|27 + 8\512|2>
|€12] — [€21]?
2 _lenlPA 2
€™ 2 exp ( [€12]272 5‘512|2)
X d dz
0 EaP-Ten? T 2

M’YIQI (5) =C+

(71)
where d is given in (37). For the case of

€012 [€a1|* — €22 [€12]?

2
< |§11
€12]? — [€a1|? €11
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we expand the involved binomial which yields

M’YIQI (5) =C+ i (

By

k 2
)" sd*exp (e +fef)
]
k=0 (€12]2 — [&21[2)""
l€11]? 27
x/ 2k exp(— |§11|27 — 8 ZQ)dz
0 1€12*72 &1z
(72)
xs/|€12|%, equation is

setting once more y =

deduced. Meanwhile for

‘511‘2‘521‘2 B |£22|2|§12|2

> &1
€al® a2 u

and expanding the binomial in (7)), one obtains the following
analytic expression

M“/IQI (S) =C + Z

A 25 k
> 5 exp (%) (I621]* = [€12%)
dk:Jrl

k=0

€112 2
k41 |€11]"A 2 )
X z exp| ———5— —s dz.
/0 ( |12[*72 |€12]2
(73)

Finally, equation (40} is obtained by taking y = sz/|£12]2.
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