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ABSTRACT Wireless transceivers for mass-market applications must be cost effective. We may achieve this
goal by deploying non-ideal low-cost radio frequency (RF) analog components. However, their imperfections
may result in RF impairments, including phase noise (PN), carrier frequency offset (CFO), and in-phase
(I) and quadrature-phase (Q) imbalance. These impairments introduce in-band and out-of-band interference
terms and degrade the performance of wireless systems. In this survey, we present RF-impairment signal
models and discuss their impacts. Moreover, we review RF-impairment estimation and compensation
in single-carrier (SC) and multicarrier systems, especially orthogonal frequency division multiplexing
(OFDM). Furthermore, we discuss the effects of the RF impairments in already-established wireless tech-
nologies, e.g., multiple-input multiple-output (MIMO), massive MIMO, full-duplex, and millimeter-wave
communications and review existing estimation and compensation algorithms. Finally, future research
directions investigate the RF impairments in emerging technologies, including cell-free massive MIMO
communications, non-orthogonal multicarrier systems, non-orthogonal multiple access (NOMA), ambient
backscatter communications, and intelligent reflecting surface (IRS)-assisted communications. Furthermore,
we discuss artificial intelligence (AI) approaches for developing estimation and compensation algorithms for
RF impairments.

INDEX TERMS RF impairments, PN, CFO, IQ imbalance.

I. INTRODUCTION
Dramatic mobile data traffic growth requires deploying
high-data-rate services in fifth-generation (5G) and beyond
wireless communication systems. Fig. 1 illustrates mobile
data traffic forecast for 2022 by Cisco [1]. Moreover,
5G networks must support several applications such as
enhanced mobile broadband (eMBB), massive machine-type
communications (mMTC), ultra-reliable, low-latency com-
munications (URLLC), vehicle-to-everything (eV2X) com-
munications [2], [3]. To meet these massive connectivity
demands, 5G sets critical targets, including the 1000 times
increase in the data rate, below 100 ms latency, 50% net-
work cost reduction, and 95% availability in bad coverage
locations [4]–[6]. To this end, wireless technologies have
emerged to enhance the system throughput and improve spec-
tral efficiency. These include (multiple input multiple output)
MIMO and massive MIMO systems [7], relaying coopera-
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tive communications [8], cognitive radio networks [9], full-
duplexwireless [10], andmillimeter-wave systems [11]–[13].
Transceivers for these systems require a baseband section,
multiple radio frequency front-ends, multiple antennas, and
more. Design criteria are to maximize the diversity and multi-
plexing gain, guarantee the quality service of users, minimize
the out-of-band emission, achieve a predefined maximum
rate, minimize the outage probabilities, and optimize the data
detection performance.

However, the ongoing development of highly flexible radio
transceivers for mass-market applications requires cost effi-
ciency. This factor depends on power consumption and chip
areas, e.g., the cost-efficiency of 5G networks should be
10-100X smaller than 4G networks [14]. Another issue is
operational feasibility. For example, sensors in Internet-of-
Things (IoT) networks [15] require an uninterrupted power
supply for a long lifetime. Frequent charging of sensor bat-
teries may not be feasible. These requirements imply that
the power consumption of their transceivers should be low.
These networks may cover a wide area with high accuracy,
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FIGURE 1. Mobile data traffic forecast for 2022 [1].

requiring many sensors; thus, their circuits should be low cost
and small. Another example is cell densification in future
mobile networks for supporting more users, which requires
low complexity and inexpensive transceivers. These may
use non-ideal low-cost radio frequency (RF) components to
address these requirements with a long operational lifetime.
However, more imperfections can happen with such com-
ponents because of manufacturing errors, aging, and other
reasons, thus introducing RF impairments.

Thus, RF impairments in transceivers impact multiple
specifications, e.g., adjacent channel leakage power ratio
(ACLR), error vector magnitude (EVM), sensitivity power
levels, and in-band and out-of-band blocking, and others. For
example, Table. 1 lists the requirements of a wide-area base
station in different standards and systems, namely, global
system for mobile communications (GSM)/enhanced data
rate for GSM evolution (EDGE), universal mobile telecom-
munications system-frequency-division duplexing (UMTS-
FDD), evolved universal terrestrial radio access (E-UTRA),
narrowband-IoT (NB-IoT), and new radio (NR) for 5G sys-
tems [16]–[18]. To meet the requirements of these and other
standards, it is necessary to mitigate the impact of RF impair-
ments.

In terms of generating RF impairments, one of the most
critical analog components is the oscillator, which generates
a reference signal for frequency and timing synchronization.
However, non-ideal imperfections and time-domain instabil-
ities of the oscillator are the sources of significant impair-
ments, including phase noise (PN), carrier frequency offset
(CFO), and in-phase (I) and quadrature-phase (Q) imbalance-
Fig. 2. These impairments cause in-band and out-of-band
distortions. In-band distortions fall inside the operating band-
width and destroy the system’s performance, e.g., they
destroy the orthogonality of subcarriers in orthogonal fre-
quency divisionmultiplexing (OFDM) systems and introduce
inter-carrier interference (ICI). In contrast, out-of-band dis-
tortions fall outside the operating bandwidth. For instance,

spectrum spreading results in interference to adjacent chan-
nels. Due to these distortions, the system performance sig-
nificantly degrades. This degradation can manifest in several
ways: (1) a decrease in the signal-to-noise ratio (SNR) and
increase the bit error rate (BER), (2) an increase of the EVM
because of phase and amplitude distortions in the signal
constellation, (3) a decrease in achievable rates and increase
in outages, and (4) a reduction in the quality of channel
estimations. Thus, the impacts of RF impairments on wireless
transceivers are substantial.

A. PN
PN occurs when the oscillator cannot generate pure sinu-
soidal waves with the Dirac spectrum. This spectral widen-
ing happens because of rapid, short-term, random fluctua-
tions in the carrier wave phase generated by oscillators in
up-conversion or down-conversion processes of the baseband
signal and radio frequency chain. Fig. 2a illustrates an ideal
oscillator with the Dirac spectrum versus the real oscillator
with PN. Engineers typically specify PN in the frequency
domain over one Hz bandwidth at an offset of 1f from
the carrier. The PN power over this bandwidth is normal-
ized relative to the carrier power – dBc/Hz. For example,
in GSM applications, the oscillator’s PN should fall below
−115 dBc/Hz at 600 kHz offset [19].

PN causes dramatic changes in the frequency spectrum
and timing properties of the oscillator output. Specifically,
PN widens the power spectral density (PSD) to either side
of a signal (Fig. 2a), which may cause adjacent channel
interference (ACI). For example, the spectrum seen at the
receiver is the convolution of the passband received signal
spectrum and the local oscillator spectrum. However, the lat-
ter spreads because of PN, leading to spectral spreading.
In Fig. 3, the resulting spreading can inject the interference
signals into the signal bandwidth, which degrades the sys-
tem’s performance. Moreover, PN is a fundamental challenge
for multicarrier signals such as OFDM because it destroys
the orthogonality among the subcarriers. This results in inter-
channel interference, phase errors on all subcarriers, and
ICI among subcarriers.

Furthermore, a critical effect of PN is the induced time
variation of the channel. That is, the effective channel seen
by the receiver becomes time-varying, and the transmit signal
constellation rotates from symbol to symbol. PN also destroys
the coherency between the channel estimate and the actual
channel gain during the data frame duration. In sum, all these
effects will degrade wireless system performance, i.e., reduc-
ing the effective SNR, limiting the BER, and reducing data
rates. For all these reasons, characterizing PN in practical
applications is essential. PN estimation and compensation are
vital for accurate data detection.

B. CFO
The CFO occurs when the down-converting local oscillator in
the receiver does not perfectly synchronize with the received
signal’s carrier. Two effects cause this frequency mismatch,
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FIGURE 2. RF impairments: PN, CFO and IQ imbalance. (a) Spectral spreading due to PN, (b) CFO between the received signal and the local
oscillator and (c) IQ demodulator with amplitude and phase mismatches.

FIGURE 3. PN injecting interference signals into the signal bandwidth.

namely local oscillator errors and Doppler shifts. First, local
oscillator errors occur because of the local oscillators’ differ-
ent physical properties and errors, such that they can never
oscillate at an identical frequency. Wireless standards specify
the oscillator precision tolerance, e.g., the IEEE 802.11a
OFDM-based wireless local area network (WLAN) requires
an error less than±20 parts per million (PPM), which results
that the CFO should be in the range from −40 PPM to
+40 PPM [20]. For example, if the transmit and the receive
oscillators run at a frequency that is 20 PPM above and
20 PPM below the identical carrier frequency, receptively,
the received baseband signal will have a CFO of 40 PPM.
For a carrier frequency of 5.2 GHz, the CFO is thus up to
±208 kHz. Second, the relative motion between the trans-
mitter and the receiver shifts the carrier frequency seen by
the receiver, which is the Doppler shift. For example, when
a car moves at v = 350 km/h, and wireless carrier operates
at fc =2.4 GHz frequency point, the maximum Doppler fre-
quency offset will be over fd =

vfc
c = 800 Hz, where c is

speed of light. For several practical cases, Table. 2 shows the
normalized CFO and Doppler frequency for three different
commercial systems.

CFO causes a rotation and an attenuation of transmit sym-
bols and thus introduces intersymbol interference (ISI) and
ICI in single-carrier (SC) and multicarrier systems. Since the
CFO shifts the signal in the frequency domain, it breaks the
mutual orthogonality between OFDM subcarriers, and each
subcarrier interferes with the remaining subcarrier signals.
Thus, OFDM systems are especially susceptible to the CFO.
If the receiver does not estimate correctly and compensate the
CFO before data detection, the BER of OFDM systems will
increase. Moreover, [22] shows that in the presence of CFO,
increasing the number of training symbols cannot improve
the mean squared error (MSE) performance of channel esti-
mation, and CFO destroys the functionality of the channel
estimator. Therefore, it is essential to characterize the impacts
of CFO on practical systems, estimate CFO, and compensate
for it.

C. IQ IMBALANCE
The IQ modulator and demodulator are part of the RF
front-end of wireless transceivers to transform the complex
baseband signals to passband centered at the carrier frequency
and vice versa. There are two widely used receiver structures:
superheterodyne and direct-conversion (or zero-intermediate
frequency (IF)) – Fig. 4. The superheterodyne receiver per-
forms two stages to down-convert an RF received signal to a
baseband signal. The first stage transforms the received signal
into a low-frequency IF signal using a low-noise amplifier,
a mixer, and band-pass filters. The resulting IF signal is con-
verted to baseband signal through the IQ demodulator with
an in-phase local oscillator, quadrature-phase local oscillator,
two mixers, and low-pass filters.

In contrast, the direct-conversion receiver translates the RF
signal directly to the baseband signal in one stage through
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TABLE 1. Wide area base station specifications [16]–[18].

TABLE 2. Doppler frequency and normalized CFO [21].

the IQ demodulator. Compared to the superheterodyne struc-
ture, the direct-conversion scheme is more attractive for RF
designs. For example, IEEE 802.11a OFDM-based systems
deploy direct-conversion receivers because they eliminate the
IF stage, avoid the image-rejection filter, and have fewer
off-chip components (e.g., costly IF filters). These factors
enable easier integration with lower cost, area, and power
consumption. However, direct conversion suffers from mis-
matches between the I and Q branches.

Ideal IQmodulators and demodulators provide two orthog-
onal channels for the complex signal’s real and imaginary

parts. However, mismatches between I and Q branches
destroy this orthogonality and lead to IQ imbalance, which
degrades the signal quality. We can attribute the mismatches
to fabrication process variations, including doping concen-
tration, oxide thickness, mobility, and geometrical sizes over
the chip [23]. One can divide the mismatches causing the
IQ imbalance into two groups regarding their influences:
1) frequency-flat IQ imbalance causing imperfect 90 phase
difference and unequal amplitudes of the I and Q local
oscillators, which is constant over the signal bandwidth,
2) frequency-selective IQ imbalance causing the component
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FIGURE 4. (a) Superheterodyne and (b) direct-conversion receivers with
the IQ demodulator.

mismatching in I and Q branches, e.g., imperfect matched
low-pass filters, which has different frequency responses over
the signal bandwidth. Note that the frequency-selective IQ is
severe in wideband systems.

These IQ imbalances result in harmful mirror interference
and degrade the system’s performance, e.g., BER, Signal-
to-interference plus-noise ratio (SINR), capacity, and EVM.
For example, in SC systems, IQ imbalance in transmitter
and receiver causes ISI on neighboring signals. In multi-
carrier systems, like OFDM, IQ imbalance generates ICI
terms on mirror subcarriers (the mirror subcarrier of the k-th
OFDM subcarrier is −k). Moreover, IQ imbalance degrades
the performance of channel estimation techniques by intro-
ducing mirror interference terms. Thus, one must compen-
sate IQ imbalance to meet the requirements of standards,
e.g., the specifications of 3-rd Generation Partnership Project
(3GPP) LTE/LTE-Advanced radio systems limit the mini-
mum attenuation for the in-band image component in the
transmitter to 25 dB or 28 dB [24]. Accordingly, we can cali-
brate IQ imbalance in the analog domain [25]–[27], e.g., [25]
reduces IQ mismatches by increasing the physical size of the
devices. However, these techniques have drawbacks, such as
increasing the compensation power and a long calibration
process and can not meet the required specifications for
systems alone. Hence, IQ imbalance estimation and com-
pensation algorithms in the digital domain based on signal
processing techniques can benefit.

D. CONTRIBUTION AND ORGANIZATION
We comprehensively survey the three primary RF impair-
ments – PN, CFO, and IQ imbalance in wireless transceivers.
So what is the need for this survey? There are several reasons.
First, Table. 3 shows that no previous survey paper com-
prehensively treats all these three together. Second, existing
surveys have also been published a while ago and thus do not

TABLE 3. Previous survey articles.

FIGURE 5. Summary of main contributions.

cover emerging wireless technologies and the impact of RF
impairments on them. Hence, an up-to-date survey is criti-
cally needed. Third, this paper is the first survey paper that
provides a comprehensive overview of all RF impairments to
the best of our knowledge. It discusses modeling and impacts
of the RF impairments and explores their estimation and
compensation techniques for emergingwireless technologies.
Specifically, the main contributions of this survey can be
summarized as follows:

• We describe baseband equivalent models for the
impairments, which characterize their influence on the
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baseband signal. Next, we discuss their impacts on the
performance of the SC and OFDM systems. We mainly
focus on OFDM because (a) current 4G systems widely
use OFDM, and (b) being a multicarrier waveform,
OFDM is especially vulnerable to RF impairments.

• Following that, we review the estimation and compen-
sation of the impairments in SC, single-user OFDM,
and multiuser orthogonal frequency-division multiple
access (OFDMA) systems. Moreover, we explore the
joint estimation and compensation of channels and the
RF impairments. We could classify the existing estima-
tors as pilot-aided and blind techniques (semi-blind esti-
mators are a special case of pilot-aided estimators). The
former relies on periodically transmitted training sym-
bols or a combination of pilot and data symbols at the
expense of bandwidth efficiency. Moreover, they typi-
cally require several iterations for convergence, increas-
ing the computational complexity. In the latter ones,
the principal idea is to exploit signals’ structural and
statistical properties without using prior knowledge at
the receiver. These techniques improve spectral effi-
ciency since they do not transmit many pilots, but they
often require averaging over numerous data symbols
for satisfactory performance. Furthermore, they may
suffer from ill convergence problems, high complexity,
and relatively poor performance in comparison with the
pilot-aided ones [34].

• Next, we review RF impairment effects on the emerg-
ing and/or future technologies, such as MIMO (SC,
MIMO OFDM, and multiuser MIMO OFDMA), mas-
sive MIMO, cognitive radio networks, millimeter-wave
systems, relaying cooperative communication, beam-
forming techniques, and full-duplex communications.
Furthermore, we survey the relevant estimation and
compensation techniques.

• Finally, we mention open issues, challenges, and future
research directions. The necessity of evaluating the
impairments in the state-of-the-art technologies for 5G
networks such as cell-free massive MIMO commu-
nications, non-orthogonal multiple access (NOMA),
ambient backscatter communications, and intelligent
reflecting surface (IRS)-assisted communications is
discussed. In addition, we review the works on
non-orthogonal multicarrier systems such as filter bank
multicarrier (FBMC) [35], [36], which are potential
alternatives for OFDM systems. Moreover, the advan-
tages of using artificial intelligence (AI) algorithms,
including deep learning and reinforcement learning, are
highlighted in the estimation and compensation of the
impairments.

Fig. 5 outlines the summary of this survey’s main con-
tributions. The survey is organized as follows. We discuss
PN, CFO, and IQ imbalance in Section II, Section III, and
Section IV, respectively. Each section presents the impair-
ment, signal models, and impacts. We review the studies

that evaluate the systems’ performance with RF impairments.
We also discuss the estimation and compensation of the
impairment. Finally, we review the impacts of the impair-
ment in the emerging technologies. Section V addresses open
issues, challenges, and future research directions. Section VI
concludes the survey. Table 4 lists the abbreviations.

II. PN
In this section, we first describe the PN signal models and
then discuss their harmful effects. Second, we review the
current works on the performance of SC and OFDM systems
with the PN impairment. Third, we comprehensively survey
the studies related to PN’s estimation and compensation in
SC, single-user OFDM, and multiuser OFDMA systems.
Moreover, we review joint channel and PN estimation and
compensation, discuss PN’s impacts in emerging technolo-
gies, and present a review of existing works.

A. SIGNAL MODEL AND IMPACTS
The output signal of a noisy, complex oscillator can be mod-
eled as

Cosc = ej(2π fct+φ(t)), (1)

where fc is carrier frequency and φ(t) is the PN. The PN
is generally described in the frequency domain through its
PSD in dBc/Hz. In practice, two types of oscillators are
used, 1) free-running oscillator [37], [38], and 2) phase-
locked loop (PLL) synthesizer [39]. Free-running oscillators
operate without a PLL. In these oscillators, the generated
phase is modeled as the accumulation of random frequency
divisions. However, in PLL synthesizers, a close-loop tracks
the phase variations of the carrier signal. In [40], [41], the-
ory and numerical techniques for characterizing the PN in
practical oscillators are proposed. In these works, white-noise
sources (e.g., shot and thermal noise) are considered for
oscillators. However, other types of noise sources that have
colored spectral density (e.g., 1/f and burst noise) are not
considered, which significantly affect practical oscillators’
PN performance. Thus, [42], [43], characterize stochastic PN
in oscillators due to colored noise sources. Furthermore, this
work extends the results to both white and colored noise
sources. The following characteristics of φ(t) are addressed
for the two types of oscillators.

1) FREE-RUNNING OSCILLATORS
Since these have no synchronization input, such as a ref-
erence clock, they are called free-running. Since they run
without a reference, their PN depends on the startup con-
ditions [28]. The free-running oscillator model is simple
and is widely used for simulations and mathematical anal-
yses. PN generated by a free-running oscillator is typically
assumed a Wiener process with white noise sources (follow-
ing Brownian motion). Accordingly, the PN can be modeled
as [44]

φ(t) =
√
νW (t), (2)
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TABLE 4. List of abbreviations.

where ν is a constant, which describes spectral spreading in
a noisy oscillator with white noise sources [42] and W (t)

FIGURE 6. PLL block diagram.

indicates the standard Brownian motion or Wiener process.
TheWiener process is a real-valued continuous-time stochas-
tic process where the difference W (t2) − W (t1) is normally
distributed with mean zero and variance |t2 − t1|; that is,
W (t2)−W (t1) ∼ N (0, |t2 − t1|). Therefore, single parameter
ν completely describes the PN process. The variance of (2)
can be written as [37], [44]

σ 2
φ (t) = νt, (3)

which is linearly increasingwith time. In order to characterize
this PN model, the decay rate of the PSD is commonly
deployed. The single-sided PSD of the free-running oscillator
signalCosc in (1) around the carrier frequency has a Lorenzian
spectrum [37], which is given by

L(f ) = log10

(
ν

(2π f )2 + ( ν2 )
2

)
. (4)

With (4), we see that the 3 dB bandwidth of the PSD
is given by β = ν

4π . This parameter is commonly used
for free-running oscillator characterizations with white noise
sources.

2) PLL SYNTHESIZER
Communication systems widely deploy the PLL as a fre-
quency synthesizer. The basic block diagram of PLL (Fig. 6)
comprises multiple interconnected components in a nega-
tive feedback configuration. The phase detector compares
the voltage control oscillator (VCO) phase and that of the
reference oscillator. The filtered phase difference controls
the VCO’s frequency. The reference oscillator and VCO can
be modeled as free-running oscillators. In [45], the author
proposes a stochastic differential equation for the PLLs with
white noise sources and a Brownian motion phase deviation
in the reference signal. In a locked state, the phase of PLL
can be written as a summation of the phase of the reference
signal as a Brownian motion process and one component of
a multidimensional Ornstein-Uhlenbeck process. However,
the effects of flicker noise (colored noise) are not considered,
e.g., low-quality complementary metal-oxide-semiconductor
(CMOS) PLLs suffer from significant levels of flicker noise
[46], [47]. The effect of flicker noise on the PN performance
is visible above the PLL bandwidth [48]. A linear time-
invariant phase domain PLL model is considered in [49] that
assumes white and flicker noises for free-running VCO and
white noise for free-running reference oscillator. According
to [42], the single-sided PSD of a baseband equivalent free-
running VCO, specified in dBc/Hz, in the presence of white
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FIGURE 7. PN PSD of free-running oscillator and PLL synthesizer.

and flicker noises is derived as

L(f ) = 10log10

(
f 2c (cw + cf Sf (f ))

π2f 4c (cw + cf Sf (f ))2 + f 2

)
, (5)

where the frequency independent cw and cf coefficients are
the constants describingwhite and flicker noise perturbations,
respectively. Furthermore, Sf (f ) is the PSD of flicker noise
which is described as a stationary process in the form of

Sf (f ) =
1
|f |
−

4
2π f

tan−1
(
γc

2π f

)
, (6)

where γc indicates deviation frequency from the flicker PSD
1/f slope. Note that γc, cw and cf coefficients can be obtained
from two single point single-sided PSD measurements of
VCO [42], [49]. In addition, we can derive the single-sided
PSD of a baseband equivalent free-running reference oscil-
lator with (5) without flicker noise, Sf (f ) = 0. Moreover,
the authors in [49] combine the PSD of VCO and refer-
ence oscillator and derive the output PSD of a 3-rd order
charge-pump PLL synthesizer.

Note that the Lorentzian spectrum for the free-running
oscillator in (4) is based on a white noise source without con-
sidering the flicker noise sources. However, (5) is the general
single-sided PSD of a free-running oscillator in the presence
of both white and flicker noise sources. For example, without
considering flicker noise Sf (f ) = 0 and by substituting the
constant ν = 4 cw(π fc)2 in (5), we can derive the Lorentzian
spectrum (4).

To recap, PN of the free-running oscillator can be modeled
as a superposition of three independent processes [51]

φ(t) = φ2(t)+ φ1(t)+ φ0(t), (7)

where φ2(t) indicates PN model with −30 dB/decade slope
caused by flicker noise, φ1(t) shows PN model with

FIGURE 8. SC 16-QAM signal with PN. Horizontal and vertical axis
indicates I and Q components, respectively [50].

−20 dB/decade slope caused by white noise, and φ0(t) mod-
els the flat noise floor originated by thermal noise. The
PSD of independent processes in (7) can be represented as
power-law spectra [52]: Sφ2 = K2/f 3, Sφ1 = K1/f 2, and
Sφ0 = K0, where PN levels K2, K1 and K0 can be find
through measurements. Fig. 7 illustrates the PN PSD of the
free-running oscillator and PLL synthesizer. We assume that
the PN of the reference oscillator is negligible compared
to the PN of free-running VCO, which is proved in [53].
Because of the negative feedback loop, the PLL synthesizer
behaves like a high-pass filter compared to the free-running
oscillator. Below a certain frequency, it approaches a constant
value.

PN can be generated in local oscillators of both transmit-
ter and receiver. It introduces the phase rotation, ISI, and
ICI terms that degrade the system’s performance, e.g., BER,
achievable rate, and EVM. For example, Fig. 8 illustrates the
phase error impact of PN on the constellation of an SC sys-
tem with 16-quadrature amplitude modulation (QAM) [50].
Moreover, PN speeds the spectrum, which results in out-of-
band emission and interchannel interference. Fig. 9 shows the
spectrum spreading for an OFDM system. To gain insight into
the impact of PN, we assume an OFDM system over Additive
white Gaussian noise (AWGN) channel with perfect fre-
quency and timing synchronization. The received N -OFDM
signal in the k-th subcarrier can be expressed as

r[k] = J [0]x[k]+
N−1∑

l=0, l 6=k

Jk−lx[l]+ w[k], (8)

where x[k] is the data symbol transmitted on the k-th sub-
carrier and w[k] indicates the AWGN. Furthermore, J [k]
is the k-th frequency-domain coefficient of {ejφ[p]}, p =
0, 1, . . . ,N − 1, given by

J [k] =
1
N

N−1∑
p=0

ejφ[p]−j2πpk/N , (9)

where φ[p] sampled random variables that represent the PN
at sample instant p. According to (8), PN causes two types
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FIGURE 9. Spectrum spreading for a OFDM due to PN.

FIGURE 10. BER versus SNR for an OFDM system with different values of
PN variance.

of distortions: 1) common phase error, which is the same
constant phase rotation for all subcarriers, denoted by J [0],
and 2) ICI, which refers to the interference of neighboring
subcarriers on each other, represented by the second term in
the right-hand side of (8).

Moreover, in Fig. 10, we plot the BER of an OFDM system
with 128 subcarriers versus SNR for different values of PN
variance σ 2

φ . Furthermore, ITU outdoor multipath channel
model A is considered with power delay profile of 0 dB,
−1 dB, −9 dB, −10 dB, −15 dB and −20 dB for delays
of 0, 3, 7, 11, 17 and 25 samples. We see that the increasing
variance of PN boosts the power of interference terms, and
the BER degrades.

B. PERFORMANCE ANALYSIS
Herein, we first review performance analyses of SC sys-
tems and multi-carrier (e.g., OFDM) systems under PN. The
authors in [54], [55] consider an SC system with a PLL
receiver in the presence of continuous wave interference
over the AWGN channel. They derive the probability density
function (PDF) of phase error regarding the ratio of interfer-

ence to the desired signal power and the loop SNR. They show
that with an interfering signal, the loop phase error variance
will increase. On the other hand, the effects of PN spectral
characteristics on decoding performance, especially BER, in
coherent digital systems, binary phase-shift-keyed (BPSK),
noncoherent digital systems, and M -array frequency-shift-
keyed (FSK), are studied in [56] and [57], respectively. These
works illustrate that PN system performance degradation will
bemore significant in high band carriers. As well, the bit error
probability (BEP) of M-QAM with PN under AWGN and
flat-fading channels is studied in [58]. This work considers a
PLL oscillator and derives the bit error floor (BEF). It shows
that in the high input SNR regime, the impact of PN on error
probability becomes dominant.

On the other hand, PN impacts on multicarrier
code-division multiple access (CDMA) are investigated
in [59]–[61]. Multicarrier CDMA combines multicarrier
(e.g., OFDM) and CDMA, which simultaneously supports
multiple users over the same frequency band. It spreads
data stream over different subcarriers by deploying spreading
code in frequency-domain. References [59], [60] consider the
cellular downlink and a free-running oscillator (2) and derives
the error probability. PN’s effect becomes more pronounced
as the number of tones increases. Additionally, [61] investi-
gates PN’s effect with a PLL oscillator and shows the SNR
performance degradation. The PN effects on multicarrier
CDMA are also studied in [62], [63]. Coherent detection with
BPSK modulation and a practical PLL oscillator is consid-
ered. Upper bound or approximation of the PN variance in a
subcarrier and the ICI are derived.Moreover, PN significantly
degrades the performance of the system, especially BER.

OFDM as a multicarrier waveform exhibits a significant
sensitivity to the PN of oscillators. The BER of an OFDM
system with PN is evaluated in [64], [65], and exact error
probability formulas are derived. A free-running oscillator is
considered, which models PN as a Wiener process. PN sig-
nificantly degrades the BER performance, and the degra-
dation increases with the increasing number of subcarriers.
Furthermore, PN degrades SNR more in OFDM than in SC
systems. The error terms induced by the PN on the OFDM
systems are common phase rotation and the ICI or loss of
orthogonality [66]. Moreover, the study in [67] investigated
the error terms’ statistical behavior and computed each error
term’s variance for a free-running oscillator.

In [68], BER and capacity of an OFDM system affected by
transmitter non-linearities, PN, channel estimation error, and
frequency-selective channels are numerically studied. How-
ever, the capacity is not derived in closed-form and requires a
numerical evaluation. Thus, authors in [69] study PN’s effects
on capacity and SINR of OFDM systems. They derive a
closed-form statistical expression for the distribution of the
ICI. Note that both [68] and [69] consider the free-running
oscillator, and their results are limited to the Wiener PN.

The investigation [70] analyzes the OFDM system’s rate
in the presence of practical PLL oscillators. Moreover, ICI
power distribution is derived as a sum of correlated gamma

111726 VOLUME 9, 2021



A. Mohammadian, C. Tellambura: RF Impairments in Wireless Transceivers

random variables. Furthermore, the optimal subcarrier num-
ber for maximizing the rate for a given cyclic prefix length,
SNR, and bandwidth is calculated. Besides, authors in [71]
analytically study mutual information between the trans-
mitter and the receiver, at one arbitrary OFDM subcarrier,
in the presence of PN, IQ imbalance, and the block-fading
Rayleigh channel. Mutual information quantifies the reduc-
tion in uncertainty about one random variable when the
value of another one is observed and vice versa. This work
expresses the average mutual information as a series rep-
resentation under uncorrelated and fully correlated mirror
subcarriers. The mutual information saturates because of the
impairments, even if the SNR approaches infinity. More-
over, the work in [72] derives the exact signal-to-interference
ratio (SIR) of the OFDM system under the combined
effects of PN, CFO, and time-selective channels where the
coherence time of the channel is lower than the symbol
period. The SIR decreases as the impairments increases.

Finally, in [73], impacts of PN on vector OFDM
(V-OFDM) for single transmit antenna systems are inves-
tigated. OFDM and SC frequency-domain equalization
(SC-FDE) are two special V-OFDM cases that adjust the
number of vector blocks and the length of blocks. Note
that LTE systems deploy OFDM/OFDMA (Orthogonal Fre-
quency Division Multiple Access) in downlink for achieving
high data rates, and SC-FDE/SC-FDMA (SC frequency divi-
sion multiple access) is deployed in the uplink for reducing
the cost. V-OFDM suffers from a typical vector block phase
error and inter vector block carrier interference. Moreover,
the authors derive a closed-form expression for the SINR of
V-OFDM and show that the SINR eventually reaches a floor
for significant PN variances. They illustrate that V-OFDM
with PN outperformsOFDMwithout PN at a certain PN level.

C. ESTIMATION AND COMPENSATION
Harmful impacts of the PN on the wireless performance
strongly motivate the estimation and compensation algo-
rithms for mitigating PN effects. We can classify the existing
estimators as pilot-aided or blind techniques. Pilot-aided PN
estimators use well-designed training symbols or pilot and
data symbols at the expense of bandwidth efficiency. Indeed,
in this approach, prior knowledge in the receiver is deployed
to estimate the PN. In contrast, in the blind methods, prior
knowledge is not available in the receiver. These techniques
improve spectral efficiency since many pilots’ transmission
is not required, while for satisfactory performance, they often
require numerous symbols. PN estimators use a cost function
of the general form of f (φ̃,P, r) and the PN is estimated
by φ̂ = argmin

φ̃
f (φ̃,P, r), where φ̃, P and r indicate trail

value of PN, training (pilot) sequence and received signal,
respectively. Moreover, each type of estimator determines the
cost function in different ways. It can be defined based on
unbiased estimators, e.g., least-squares (LS), or biased esti-
mators, e.g., minimum mean squared error (MMSE). In for-
mer ones, no prior knowledge about the statistics of unknown

FIGURE 11. An OFDM system with PN compensation and
frequency-domain equalizer.

parameters, e.g., channel and phase noise, is required. In con-
trast, in the latter, second-order statistics and noise vari-
ance are required. Furthermore, it can be defined based on
the PN trial value and the received signal, which relies on
structural and statistical properties of signals and exhaustive
search.

Herein, we review PN estimation and compensation tech-
niques for SC, single-user OFDM, and mutiuser OFDMA
systems. Moreover, we highlight the joint estimation and
compensation of channel and PN.

1) SC SYSTEMS
PN estimation and cancellation problems in SC systems
have been investigated to avoid the deleterious effects of
PN. In [74], authors investigate pilot-aided carrier recov-
ery in the presence of PN for SC systems over AWGN
channels. They assume PN, which is generated by a free-
running oscillator, affects the incoming carrier. Moreover,
an optimal Wiener filter for PN estimation is proposed based
on a sequence of equally spaced pilot symbols. The opti-
mal filter is derived by minimizing the MSE between the
carrier phase and the recovered phase. Furthermore, ref-
erence [75] proposes a PN estimation and compensation
scheme for low-density parity-check coded M-QAM trans-
mission systems over AWGN channels. Similar to [74],
equally-spaced known pilot symbols are deployed. In this
scheme, phase errors at the pilot positions are estimated,
and then a Wiener filter interpolates them over the other
positions.

Besides, the work in [76] addresses a pilot-aided PN esti-
mation algorithm for free-running oscillators with colored
noise sources. An SC system and AWGN channels are con-
sidered, and pilot symbols are used. This work proposes a
maximum a posteriori (MAP)-based PN estimator. A modi-
fied soft-input extended Kalman smoother with a low-order
autoregressive approximation of the colored PN is presented
that performs close to the former estimator to reduce the
complexity. On the other hand, authors in [77] propose a
blind iterative algorithm for joint decoding and PN estima-
tion and compensation in SC-FDMA systems by exploiting
the low-pass nature of the PN process without prior knowl-
edge about the exact PN model. Both the transmitter and
the receiver sides have free-running oscillators. Moreover,
the normalized MSE under CFO and joint transmit-receive
PN are analyzed. The proposed scheme is robust to channel
estimation errors.
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2) SINGLE-USER OFDM SYSTEMS
We divide the related studies into three categories: 1) pilot-
aided estimation and compensation, 2) blind estimation and
compensation, and 3) joint channel and PN estimation and
compensation. Note that two first ones assume knowledge of
the channel is available in the receiver.

a: PILOT-AIDED ESTIMATION AND COMPENSATION
The mitigation of common phase error alone for OFDM
systems over frequency-selective channels is studied in [78],
[79]. These studies deploy an LS algorithm with pilot subcar-
riers and null samples to estimate the common phase error
term, which is then corrected via constellation derotation.
Moreover, [80] compensates for PN with a finite-impulse
response equalizer. The filter coefficients are determined by
the LS method and by using scattered pilots. However, since
the number of pilot tones limits the filter length, ICI from
adjacent subcarriers can not be fully compensated. In [81],
[82], authors deploy a sinusoidal waveform to parametrize
the PN process. And the parameters are estimated by the
LS method. However, a sinusoid may not approximate PN
very well. To improve the results in [81], Karhunen-Loève
representation of the PN process is utilized, and the resulting
covariance matrix is deployed as basis elements in [83]. To be
specific, the authors improve the data-directed choice of basis
elements for LS PN estimation. Finally, the work in [84]
shows that any frequency-domain subcarrier signal can be
written as a sum of all subcarrier signals weighted by a param-
eter vector. Moreover, the maximum likelihood (ML) and
the linear minimummean square error (LMMSE) approaches
are studied for estimating the weighting vector. However,
these techniques require computationally intensive matrix
inversion operations.

The shape of the spectrum of PN (ejφn) contains a low-pass
segment near the oscillation frequency, and the bandwidth of
this segment is smaller than the subcarrier spacing. Therefore,
in most practical cases, low-pass spectral components are
sufficient to approximate PN. Authors in [85], [86] use this
characteristic and propose an ICI suppression method. The
proposed algorithm consists of the following steps: 1) esti-
mate common phase error via an LS estimator and then
do a constellation derotation [78], [79], 2) make a decision
on the transmitted symbols and deploy the hard-decisions
for the MMSE estimation of the low-pass spectral compo-
nents, 3) suppress PN by convolution of the received discrete
symbols and the estimated discrete Fourier transform (DFT)
coefficients of e−jφn. Since this algorithm requires decision-
feedback, error propagation is a problem. Thus, increas-
ing the number of reliable symbols for estimating the PN
improves estimation and suppression quality. The authors
in [44], [87] apply the algorithm mentioned above iteratively
to achieve this. They reconstruct the transmitted symbols after
PN correction and deploy them again for a consecutive PN
estimation and correction. Note that, reference [44] investi-
gates both free-running and PLL oscillators.

However, the authors in [88] show that the PN estimation
technique [44] is not acceptable at the symbol boundaries.
Thus, they present two linear interpolation-based techniques
to improve the estimation of the boundaries. The first inter-
polates the PN estimate over the adjacent OFDM symbols
to improve the pilot-aided common phase error estimation.
The second is deployed to improve the iterative ICI estimation
technique in [44] by decreasing the error in each OFDM sym-
bol’s boundaries. However, these techniques’ complexity is
high because of matrix inversion operations and correlations
between the DFT coefficients of the PN. Therefore, the work
in [89] enhances the method in [88] to improve the detection
error rate under the conditions of long cyclic prefix duration
and large constellation size. Furthermore, the implementation
complexity decreases compared to [88].

On the other hand, [90] presents an iterative algorithm.
It partitions the received OFDM symbol into sub-blocks
in the time domain and estimates the time average of the
PN at each sub-block. The system model of [90] is shown
in Fig. 11. Since basic building blocks are deployed in the
algorithm, the complexity is reduced. Moreover, the authors
derive the SINR after PN compensation and show the SINR
gains. Furthermore, the work in [91] deploys the codebook
representing a set of trajectories to estimate the PN. In this
method, the trajectory is chosen that minimizes the Euclidean
distance between the constellation of the received symbols at
the pilot subcarriers and the known pilot symbols. Although
this method reduced PN estimation complexity, its accuracy
depends on the number of codebooks and the quantization
region’s division.

Authors in [92] propose a decision-feedback PN estima-
tion scheme that deploys the geometry structure associated
with the spectral components of the complex exponential
of the PN process. They express this geometry as a set of
non-convex quadratic equations that involves permutation
matrices. Moreover, they propose a new PN spectral model to
estimate PN more precisely. However, the proposed estima-
tion scheme in [92] has high complexity due to deploying a
decision-feedback loop. Thus, in [93], a scattered pilot-based
PN estimation scheme without a decision-feedback loop is
presented. The authors deploy PN spectral geometry and a
dimensionality reduction model proposed in [92]. By using
the LS approach and scattered pilot subcarriers, desired PN
spectral vector is estimated. They show that the unconstrained
optimization problem resulting from the PN estimation prob-
lem suffers from amplitude and phase estimation errors.
To suppress the amplitude error, the LS estimator is enforced
with a PN geometry constraint. This method improves the
estimation performance and BER.

b: BLIND ESTIMATION AND COMPENSATION
Blind techniques aim to mitigate the fact that deploying pilot
symbols for estimating the PNmay reduce the bandwidth effi-
ciency. Reference [94] proposes a blind common phase error
estimation by deploying an ML estimator for OFDM sys-
tems. However, residual error because of ICI is not negligible
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TABLE 5. Summary of PN estimation and compensation studies for SC systems and single-user OFDM systems with perfect CSI - Oscillator models are
free-running (labeled as FR) and PLL.

and should be suppressed. Thus, based on the probabilistic
approach of variational inference, authors in [95] propose an
iterative conditional mode algorithm for joint data detection
and PN cancellation. Moreover, [96] develops a constrained
MMSE algorithm that achieves better performance than [95].
The authors jointly detect the symbol and cancel PN based
on the MMSE cost function subject to the symbol’s constant
modulus constraint. However, the proposed algorithm in [96]
requires high computational complexity and suffers from
high decision errors. Hence, the investigation in [97] presents
a blind estimation method for PN compensation in OFDM
systems with constant modulus. In this method, after parti-
tioning a single receivedOFDM symbol into sub-blocks, each
sub-block’s PN is approximated as its time average. Then,
reducing the variation of PN mitigates the ICI caused by PN.
Next, the common phase error is estimated and compensated
by a decision-directed approach. However, this method is lim-
ited for signalling alphabets of constant modulus. Although
blind estimators increase the bandwidth efficiency and are
statistically optimal, they are computationally intensive and
may not be suitable for delay-sensitive applications.

Table 5 summarizes PN estimation and compensation stud-
ies for SC systems and single-user OFDM systems (with
perfect channel state information (CSI)).

c: JOINT CHANNEL AND PN ESTIMATION AND
COMPENSATION
All of the compensation schemes mentioned earlier assumes
that perfect CSI is available at the receiver. However, this
assumption is unrealistic because the receiver must estimate
the channel with PN. The channel estimate needs a PN

estimate and vice versa. This conundrum sounds like the
familiar chicken or the egg causality dilemma.

With cyclic prefix symbols, [98] proposes a channel esti-
mation method, and so does [99] for joint channel esti-
mation deploying soft-decision decoding. Reference [100]
addresses joint channel estimation and PN suppression via the
expectation-maximization (EM) algorithm, which exploits
pilot subcarriers. However, the authors model the ICI as the
additive white noise. Thus, in [101], an optimal joint channel,
CFO, and PN estimator through the maximization of the
likelihood function is proposed. They derive aMAP estimator
utilizing prior knowledge of the PN statistics and the training
sequence. However, their estimator requires knowledge of
channel length, which is not available before channel estima-
tion at the receiver. Therefore, [102] solves this problem and
estimates the frequency-domain channel transfer function.
In contrast with time-domain channel impulse response esti-
mation in [101], this frequency-domain method eliminates
the requirement of a priori knowledge of channel length.
However, both [101], [102] are computationally complex
and suffer from performance degradation with higher-order
modulations.

On the other hand, [103] proposes a method for jointly
estimating the channel and common phase error by modeling
the PN process over the OFDM symbol with a power series.
Moreover, [104] proposes offline and online Monte-Carlo
estimators with no prior knowledge of PN and the Gaus-
sian noise power. This work jointly estimates unknown PN,
CFO, channel, and Gaussian noise power and proposes a
stochastic EM algorithm for offline estimation. Although
in [104], the channel is estimated as a Gaussian random
vector in a state-space representation, [105] treats the chan-
nel as a constant parameter. They present a joint channel,
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CFO, PN bandwidth, and channel noise variance estima-
tion algorithm based on the sequential Monte-Carlo and ML
algorithm. However, the proposed methods incur a higher
estimation complexity and inherent error because of the
Monte-Carlo approximation. Moreover, reference [106] pro-
poses a scheme for joint channel and PN estimation, which
contains two stages. The first stage deploys block-type pilot
symbols to jointly estimate channel coefficients and PN in the
time-domain by utilizing interpolation techniques. In the sec-
ond one, a combination of data symbols and pilot symbols is
used to estimate PN components and data symbols.

Additionally, the authors [107] jointly consider PN’s
effect and the channel distortion in an OFDM system over
fast-fading multipath channels. They propose a joint channel
equalization and PN compensation technique, which uses a
decision-feedback approach. They combine the PN and the
fading channel into an equivalent channel matrix. However,
this technique requires intensive matrix inversion operations.
In fact, non-iterative interpolation can estimate the PN in
packet-based OFDM systems by tracking random phase vari-
ations [108]. This paper shows that PN can be estimated by
maximizing a constrained quadratic form without requiring
channel information. The LS estimator exploits the estimated
PN to find the channel. However, for tracking the PN [108],
pilots throughout an OFDM symbol are required, which
penalizes the spectral efficiency. Moreover, the EM method
works for the joint channel, CFO, and PN estimation [109].
This method has two steps, 1) PN tracking over the training
OFDM symbol with the aid of an extended Kalman filter-
based estimator, and 2)channel and CFO estimation by min-
imizing a likelihood function. Moreover, hybrid Cramér-Rao
lower bound (CRLB) for the joint estimation problem is
derived. The proposed algorithm not only outperforms the
approach in [108] but also is computationally efficient and
improves the uncoded and the coded BER performance.

3) MULTIUSER OFDMA SYSTEMS
Amultiuser OFDMA system divides subcarriers into groups,
called subchannels, and allocates them to multiple users for
simultaneous transmission. Although different users’ sig-
nals can overlap in the frequency domain, the orthogonality
among subcarriers eliminates multiuser interference (MUI).
However, just like OFDM, OFDMA systems are sensitive to
PN, which destroys the subcarrier orthogonality and causes
ICI between subcarriers and MUI between users. Hence,
we need PN estimation and compensation in the uplink and
downlink. Each user deals with a single PN in the down-
link that can be estimated and compensated for by exist-
ing single-user OFDM algorithms. However, the OFDMA
uplink is a different story, where each user has its PN, and
the received signal in the base station includes multiple PN
values. Thus, PN estimation and cancellation in the OFDMA
uplink is a challenging problem.

OFDMA systems use three subcarrier assignment
schemes: 1) subband-based: bandwidth is divided into small
continuous subbands, and one or several of them are assigned

to each user, 2) interleaved: allocated subcarriers to each user
are interleaved over the whole bandwidth, and 3) generalized:
each user can select the subcarriers based on the user’s
quality of service and channel conditions. Unlike the subband
case, the interleaved one provides full channel diversity and
increases the capacity in frequency-selective fading channels.
Furthermore, the generalized assignment provides more flex-
ibility and allows dynamic resource allocation compared with
the other ones. The subcarrier assignment schemes affect the
PN mitigation process because of their effects on MUI.

Reference [110] proposes two pilot-aided PN estimation
algorithms for OFDM uplink under both subband and inter-
leaved subcarriers assignment schemes. It presents an ML
estimation algorithm by exploiting the ICI terms’ second-
order statistics. Moreover, it also develops an LS estimator
with lower computational complexity, albeit with perfor-
mance degradation. Both estimators compensate for com-
mon phase error by exploiting a few pilots per user and for
the free-running oscillator model. Moreover, [111] investi-
gates the pilot-aided estimation and mitigation of the spec-
tral spread induced by PN in OFDMA uplinks for the
free-running oscillator model. Each OFDMA user suffers
from the transmitter PN effect and causes interference. This
interference is the spectral spread of each user’s subcarriers
on other users’ subcarriers. The proposed algorithm estimates
the common phase error and the channel effect and then
detects data symbols. The spectral spread is estimated by
using the detected symbols.

Table 6 summarizes PN estimation and compensation stud-
ies for single-user OFDM systems (without perfect CSI) and
multiuser OFDMA systems.

In sum, pilot-aided PN compensators in all the consid-
ered systems are based on biased, e.g., MMSE, and unbi-
ased approaches, e.g., LS. The former ones require no
prior knowledge about the statistics of unknown parame-
ters, e.g., channel and phase noise. However, the latter ones
require second-order statistics and noise variance. Moreover,
the pilot-aided estimators typically require many iterations
for convergence, which increases the computational complex-
ity. Furthermore, some ML and MMSE techniques require
computationally intensivematrix inversion operations. On the
other hand, blind estimators enhance the bandwidth effi-
ciency since they perform estimation without requiring pilot
symbols. However, they often require averaging over numer-
ous data symbols for satisfactory performance. Also, they
suffer from ill convergence problems, high complexity, and
relatively poor performance compared to the pilot-aided ones.

D. PN IN EMERGING/FUTURE TECHNOLOGIES
1) MIMO SYSTEMS
These, to achieve diversity and capacity gains, deploy mul-
tiple antennas in the transmitter and receiver. Suppose the
transmit side has Nt antennas and receive side has Nr .
Thus, each receive antenna receives a linear combination
of the transmit antennas’ signals. Before proceeding, it is
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TABLE 6. Summary of PN estimation and compensation studies for single-user OFDM systems (without perfect CSI) and multiuser OFDMA systems -
Oscillator models are free-running (labeled as FR) and PLL.

worthwhile to mention several special cases. If Nt = N1,
the system is called single input and single output (SISO),
if Nt = 1 and Nr > 1, the system is called single input
and multiple output (SIMO), and if Nt > 1 and Nr = 1,
the system is called multiple input and single output (MISO).

Two distinct oscillator setups exist for transmission and
reception branches in MIMO, 1) a single common oscillator,
where all branches experience the same PN, 2) independent
oscillators, where each branch experiences a PN independent
from the other ones (Fig. 12). PN estimation and compensa-
tion in the latter are more complex than the former because
of multiple PN parameters. In the following, we review SC
MIMO and MIMO OFDM systems in the presence of PN.
We discuss pilot-aided estimation algorithms only.

a: SC MIMO SYSTEMS
Before discussing the MIMO literature, we review some
papers on MISO and SIMO systems under PN impairment.
In [112], capacity for MISO and SIMO PN channels under
separate and common oscillators is studied. The authors
approximate upper and lower bounds on the high-SNR capac-
ity of both the uplink and the downlink channels of a system.
A base station equipped with multiple antennas communi-
cates with a single-antenna user. Moreover, the work in [113]
studies ML detection in training-assisted SIMO systems by
considering both identical and independent PN processes.
This paper considers two channel scenarios, including deter-
ministic and known channels and stochastic and unknown
channels. For both scenarios, it derives an optimal detector
and performs a high-SNR analysis. For an identical PN pro-
cess, the symbol error rate (SER) floors are independent of
the number of antennas for both channel scenarios. However,
with independent PN processes, the SER floors can be made
arbitrarily small by increasing antennas.

High-SNR capacity expansion together with finite-SNR
capacity upper and lower bounds of an SCMIMOmicrowave
backhaul links affected by Wiener PN are presented in [114].
This paper considers a single common oscillator at the
transceiver. Moreover, PN’s effects on the capacity of space
division multiplexing MIMO systems are studied in [115].

FIGURE 12. MIMO system model with independent PN in all transmission
and reception branches.

Imperfect knowledge of PN and channel significantly affects
the capacity of MIMO systems. Moreover, the upper bound
for the ergodic channel capacity is derived. This bound
depends on the distribution of the largest eigenvalue of the
noise covariance matrix.

Authors in [116] analyze the interference caused by
PN and CFO on a MIMO SC-FDMA system with SC
space-frequency block coding. They propose a suppression
algorithm that directly calculates the interferencematrix from
the received pilot block and then suppresses ICI terms using
the inversematrixmethod. The impairments degrade the BER
performance of the system, while the proposed algorithm
yields a three dB reduction.

On the other hand, [117] studies joint estimation of mul-
tiple PN parameters and channel gains in an SC space
division multiplexing MIMO system. This system model
is shown in Fig. 12. The contribution of [117] can be
summarized as 1) a data-aided LS algorithm to estimate
channel gains and PN is addressed, 2) a decision-directed
weighted LS estimator to track the time-varying PN parame-
ters over a frame is proposed, 3) a decision-directed extended
Kalman filter to reduce overhead and delay associated with
the estimation process is presented, and 4) finally, CRLBs
for the multi-parameter estimation problem are derived.
This work shows that a MIMO system’s BER performance
improves with the proposed channel and time-varying PN
estimators. However, the proposed hard-decision-feedback
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algorithm in [117] requires frequent transmission of pilot
symbols. Thus, a soft-symbol-aided estimator using an
extended Kalman Smoother is proposed in [118] to track the
time-varying PN over a frame. This work also derives the
relevant estimation bounds, including data-aided Bayesian
CRLBs and non-data-aided Bayesian CRLBs. Furthermore,
soft-input MAP estimators for online and offline estimation
of PN over the length of a frame are developed. They show
that the proposed soft-input estimator outperforms the MAP
estimator and the algorithm in [117], and also it improves the
BER performance. However, both [117], [118] do not address
the problem of joint PN estimation and data detection.

Hence, authors in [119] present algorithms for joint PN
estimation and data detection for MIMO systems affected by
Wiener PN and quasi-static fading channels. A MAP symbol
detector is proposed that includes the joint estimation of
the posteriori PDF of the PN and data detection. Since the
optimum receiver has high complexity, they address three
low-complexity algorithms based on the sum-product algo-
rithm, the smoother-detector framework, and the variational
Bayesian framework.

b: MIMO OFDM SYSTEMS
The combination of MIMO with OFDM has the potential for
additional interference. Thus, the impact of RF impairments
for MIMO OFDM has been widely investigated. The impact
of transmit and receive independent PNs on the performance
of MIMO OFDM systems is analyzed in [120]. This work
shows that PN causes a common phase error and an ICI
term in MIMO OFDM systems. The common phase error
can be ML estimated and compensated. The ML criterion
amounts to a determinant optimization problem. Moreover,
simulations show that PN degrades the BER and packet error
rate performance, while the proposed common phase error
compensation mitigates the problem.

Moreover, PN’s influence on MIMO OFDM systems is
also investigated. Since the ML estimator for the phase
error [120] has high computational complexity, [121] pro-
poses an LS estimation algorithm with lower complexity,
which has sub-optimal performance. This work shows that
for uncorrelated MIMO channels, LS and ML estimations
perform more or less the same. Similarly, in terms of MSE
of the common phase error estimation, both have similar
performance at low SNR, and the BER of the system is almost
identical.

Reference [122] assumes the common phase error is
ideally removed by the method in [121]. This work thus
investigates the performance degradation caused by the
ICI term. To this end, the ICI term’s power is derived
by a first-order approximation of the PN term for the
zero-forcing (ZF) receiver with ideal channel estimation.
With frequency-flat-fading and per subcarrier independent
Rayleigh fading channels, the influences of transmitter and
receiver PNs are different. For frequency-flat Rayleigh fad-
ing, receiver and transmitter PNs have the same influ-
ence. However, for independent Rayleigh fading, the ratio

FIGURE 13. System model for massive MIMO systems where a base
station with common oscillator communicates with single-antenna users
with independent PN processes.

between the number of transmit and receive branches indi-
cates the influence of received PN. Finally, [123] studies
a decision-directed approach for joint compensation of PN
and fixed but unknown residual frequency offset in MIMO
OFDM systems.

However, the papers mentioned above assumed perfect
channel estimation. Thus, the authors in [124] analyze the
degradation of receiving common PN and channel estimation
in the MIMO OFDM system over doubly-selective Rayleigh
fading channels. They derive the Carrier-to-interference
power ratio and SINRs. Moreover, an MMSE-based scheme
is proposed to mitigate PN’s effect and the time-selective
fading channel. By increasing the three dB PN bandwidth,
the data symbol period, or the number of OFDM subcarriers,
the achievable carrier-to-interference power ratio decreases.
Furthermore, the work in [125] derives SINR degradation
of a MIMO OFDM system considering combined effects of
channel estimation error and the receive common PN, with
partial common phase error compensation. ZF and MMSE
receivers are also investigated.

The proposed algorithms in [124], [125] deploy a common
oscillator for the receiver, so they consider one PN process at
the transmitter and receiver sides. However, in many MIMO
systems, radio frequency chains in transmitter and receiver
are equipped with independent oscillators. Thus, channel and
PN estimation and data detection for such MIMO OFDM
systems have been investigated [126]. This work devel-
ops a MAP channel estimator and derives optimal training
sequences for channel estimation.Moreover,MAP estimators
are deployed for joint transmitter and receiver PN estimation
and data symbol detection, and the CRLB is derived.

2) MASSIVE MIMO SYSTEMS
This technology for future wireless networks provides
unprecedentedmultiplexing gains and energy efficiency [127].
However, PN is a significant challenge that can neutralize
the gains of practical massive MIMO. In [128], PN’s impact
on SC massive MIMO uplink systems with imperfect CSI
is investigated. In this work, a massive MIMO base station
communicates with multiple single-antenna users. Two oper-
ation modes, namely, synchronous and nonsynchronous, are
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evaluated. These modes lead to identical and independent
PN processes for base station antennas, respectively. A linear
time-reversal maximum-ratio combining (MRC) strategy is
proposed, and achievable sum rates are derived for both
modes. This work shows that at low SNR, PN has little impact
on the sum-rate performance.

Moreover, PN causes partial coherency loss; e.g., the actual
channel during the data transmission and training period can
significantly differ. Besides, [129] analyzes the performance
of ZF, regularized ZF, and matched-filter (MF) precodings
given the PN effect in the SC massive MIMO downlink.
Both the number of the base station antennas and the number
of users approach infinity. This work also considers two
oscillator setups, 1) all base station antennas are connected
to a single oscillator, and 2) each base station antenna has
its oscillator. This work shows that PN’s impact on SINR
can be expressed as an effective reduction in the CSI quality
available in the base station, compared with the ideal system
without PN. Moreover, the SINR degrades with the increas-
ing number of oscillators in the base station. Furthermore,
regularized ZF outperforms two other precodings, and ZF
outperformsMF when the CSI is available at the base station.

On the other hand, to suppress PN’s adverse effect, com-
pensation schemes are proposed in [130] and [131] for SC
massive MIMO uplink and downlink systems, respectively.
A low-complexity PN suppression technique based on the
ZF detector for massive MIMO uplink systems is proposed
in [130]. In this work, independent PN processes are assumed
for users, and the common PN caused by a single shared
oscillator is assumed for the base station. Fig. 13 shows the
system model. The proposed scheme provides the PN incre-
ment estimation based on available CSI and the ZF-based
detector by a simple iterative process. Moreover, the CRLB
of PN estimates is derived. This work shows that the uplink
PN suppression scheme can achieve the PN-free performance
when the required SNR is satisfied.

On the other hand, authors in [131] propose a low-
complexity ZF-based precoding PN suppression scheme for
massive MIMO downlink systems. Similar to [130], it is
shown that when the required SNR is satisfied, the output
SNR of the proposed scheme can approach the upper bound.
However, both [130] and [131] consider the flat-fading chan-
nel assumption that there is only one path in the chan-
nel between each user and each base station antenna. This
assumption may limit the application of the schemes in
practice. Thus, the work in [132] investigates the symbol
detection of an SC massive MIMO uplink system under PN
impairments. The system model contains a base station and
a user with multiple antennas and independent PN processes.
An iterative algorithm using approximate Bayesian inference
based on the generalized expectation is proposed to recover
the symbol vector from noisy non-linear measurements. The
proposed algorithm has superior performance in the high-
SNR regime. Furthermore, the investigation in [133] stud-
ies joint channel and location estimation in massive MIMO
uplink systems in the presence of PN. A sparse representation

model for the channel with dynamic-grid parameters is pro-
posed to degrade the location quantization error in this work.
Moreover, the joint channel and location estimation problem
is modeled as a MAP estimation problem, and a majorization
minimization technique is proposed to solve it.

The influence of PN on massive MIMO OFDM downlink
systems with linear precoding schemes, ZF, and maximum-
ratio transmission (MRT) is investigated in [134]. The SINR
and achievable rate are analytically derived. MRT has greater
robustness in comparison with ZF but achieves a lower rate
per user. When the number of base station antennas is large
enough, SINR degradation becomes independent of the num-
ber of antennas. Moreover, authors in [135] study the effects
of receiving independent PNs in massive MIMO OFDM
uplink systems. MRC detector and perfect CSI are consid-
ered, and closed-form achievable rates are derived for two dif-
ferent operations: synchronous and nonsynchronous as [128].
Nonsynchronous operation is found superior because of the
averaging of the interference. In addition, the work in [136]
presents a variational EM-based probabilistic PN compensa-
tion scheme for massive MIMO OFDM uplink systems over
frequency-selective channels. PN’s impacts are considered
for both the users and the base station. The proposed scheme
includes two stages; channel estimation and data detection.
In the first stage, multipath channels of users and the transmit-
ter and receiver PN sequences are estimated by exploiting the
transmitted training symbols and the structural sparsity inher-
ent in MIMO channels. In the second stage, by deploying the
estimated channels, data symbols are detected in the presence
of PN. Finally, in [137], the impacts of PN at both base station
and user sides on downlink compressive channel estimation
in massive MIMO downlink systems are investigated. In this
work, the downlink channel estimation is formulated as a
sparse signal recovery problem given an additive correlated
perturbation on the pilot matrix.

3) RELAYING COOPERATIVE SYSTEMS
Relay systems increase the reliability of data transmission
from the source to the destination. This approach can com-
bat long-distance channel distortion and small-scale fad-
ing. Relaying protocols can be categorized as 1) amplify-
and-forward (AF) and decode-and-forward (DF). The relay
transmits an amplified version of the received signal in the
previous time slot in AF relay systems. The relay decodes
the source message in DF relay systems and transmits the
re-encoded message in the next block. However, PN will
significantly limit the overall system performance.

Reference [138] studies the impacts of PN on an OFDM-
based dual-hop AF relay network. As per Fig. 14, the source
and destination nodes suffer from independent PN processes.
Moreover, the AF relay experiences the PN in the first time
slot, with signal reception from the source, and the sec-
ond time slot, with signal transmission to the destination.
PN induces ICI terms at the relay node, which degrades
the system’s performance compared to direct transmission.
By analytical means, the authors show that the outage
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FIGURE 14. OFDM-based dual-hop AF relay network with PN in all nodes.

probability is larger than the direct transmission. Moreover,
a joint frequency-domain channel and PN estimation scheme
is proposed by using full pilot OFDM symbols. Furthermore,
by modifying the MRC metric, a joint data detection and PN
estimation scheme is derived.

However, [138] assumes perfect CFO estimation and does
not derive the hybrid CRLB for joint impairments estima-
tion. This gap is addressed in [139], which considers the
joint estimation of multipath channels, Wiener PN, and CFO
in OFDM-based AF relay systems. This work proposes an
iterative pilot-aided EM algorithm. The proposed estima-
tor achieves MSE performance close to the derived hybrid
CRLB. However, [139] does not study a detector for sig-
nal reception at the destination node. Therefore, authors
in [140] analyze joint channel, PN, CFO estimation, and
data detection in OFDM-based AF relay systems. They pro-
pose an iterative joint estimator based on the MAP criterion
using the correlation between PN parameters. The estimator’s
MSE performance is close to the derived hybrid CRLB at
medium-SNRs for a small PN variance. Moreover, algo-
rithms for tracking the PN parameters in both the training
and data transmission intervals are proposed because of the
time-varying nature of PN. The work in [141] proposes
an iterative data detection algorithm based on the extended
Kalman filter for tracking the unknown time-varying PN
throughout the OFDM data packet. This work considers a
single source node, multiple DF relay nodes, and a single des-
tination node in the presence of PN. The proposed data detec-
tion algorithm outperforms data detection with pilots [140] in
terms of BER and PN estimation performance. The authors
propose an iterative pilot-aided EM-based algorithm for joint
estimation of channels, PN, and CFO in OFDM-based DF
relaying systems. They derive the hybrid CRLB for the joint
estimation of multiple parameters. Note that this subsection
discusses pilot-aided estimation only.

4) COGNITIVE RADIO SYSTEMS
Empirically, we know that pre-assigned spectrum slots often
go unused at different times and different spatial locations.
The problem is that primary (licensed) users of the spectrum
may not be using it temporarily. Secondary users are other
users who need to access the same spectrum. Cognitive radio
enables secondary users to access the primary users’ spec-
trum provided no degradation to the quality of service of the
primary users. Of course, to enable cognitive radios, we need
several techniques, such as energy detection [142]–[145].

Thus, cognitive radio improves spectral efficiency. The main
challenges for realizing these systems are spectrum sens-
ing and interference management to avoid interference on
primary users. However, by introducing interference terms,
PN will degrade the spectrum sensing accuracy and cause
interference on primary users.

Therefore, the study in [146] investigates the impacts of
PN and CFO impairments on spectrum sensing performance
in cognitive radios. This work considers conventional energy
and MF detectors. The impairments degrade the performance
of both conventional detectors. Thus, three spectrum sensing
techniques robust to the impairments are proposed, namely,
block-coherent detector, second-order MF, and modified
second-order MF. The work illustrates that the last one has
the best detection performance. Moreover, authors in [147]
study the interaction between the PN of the secondary user’s
receiver and the adjacent channel signals. They illustrate
that this interaction results in in-band interference, which
degrades the performance of spectrum sensing.

5) MILLIMETER-WAVE SYSTEMS
With the increasing carrier frequency, the variance of
the PN increases quadratically. Thus, PN’s influence on
millimeter-wave wireless systems such as 60 GHz WLAN
standards, IEEE 802.11 ad, will be more significant than
the low-frequency band under 10 GHz. IEEE 802.11 ad
task group recommends the one-pole/one-zero PN model for
Millimeter-wave system with PSD given as [148], [149]

S(f ) = K0
1+ (f /fz)2

1+ (f /fp)2
, (10)

where K0 is a PN level that is determined by the loop filter
in the low frequency, and fp and fz are pole and zero fre-
quencies, respectively. The default value of parameters are:
K0 = −90 dBc/Hz, fp = 1 MHz, fz = 100 MHz, and
S(∞) = −130dBc/Hz. Furthermore, reference [150] derives
the auto-correlation function of PN as

ρ(τ ) =
K0f 2p
f 2z

δ(τ )+ K0π fp

(
1−

f 2p
f 2z

)
e−2π fp|τ |. (11)

In the 60 GHz millimeter-wave systems, because of
OFDM’s high sensitivity to PN, oscillators’ design and
fabrication are challenging [151]. Authors in [150]
propose a low-complexity iterative receiver employing
decision-directed receive PN compensation for the 60 GHz
millimeter-wave OFDM systems. The proposed receiver
iterates low-complexity decision-directed PN compensa-
tion and decision-directed channel estimation by utilizing
channel decoder output. Decision-directed PN compensation
estimates the PN in each sampling time by a one-tap LS
algorithm and compensates the received signal. A decision-
directed channel estimator then estimates the channel impulse
response using the compensated received signal. This pro-
posed receiver can ease the degradation of the channel
estimates caused by PN. By utilizing the ISI-free part of
the cyclic prefix, reference [148] presents a low-complexity
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ICI suppression method for millimeter-wave OFDM systems
with receive PN. In the proposedmethod, ISI-free samples are
linearly combined with the OFDM symbol’s corresponding
samples to suppress ICI. By minimizing the ICI power,
the optimum combining coefficients are derived, and to
reduce the complexity, a set of near-optimum coefficients is
proposed. This proposed method improves the BER of the
system by 0.5-1.5 dB.

However, the gain of the method in [148] is significant
when the difference of cyclic prefix length and channel delay
spread is a significant fraction of OFDM symbol length.
Comparedwith OFDM, SC-FDE has a lower peak-to-average
power ratio and is more robust to amplifier non-linearity,
which may interest millimeter-wave systems. Thus, authors
in [152] propose an iterative decision-aided receive PN com-
pensation scheme for 60 GHz millimeter-wave SC-FDE sys-
tems following the IEEE 802.11ad standard. Each received
data block is divided into several sub-blocks of equal
length during each iteration in the proposed method. Then,
by deploying the data demodulation obtained from the
last iteration, PN is estimated in each sub-block. Finally,
frequency-domain equalization and data detection for each
received data block is conducted. The proposed algorithm has
low complexity and also improves performance. However,
this work assumes that PN is stationary over each sub-block,
which may not apply to practical cases. Note that this sub-
section discusses pilot-aided estimation and compensation
schemes only.

6) BEAMFORMING TECHNIQUES
These use phase shifting and magnitude weighting with an
array of antennas to enhance or attenuate signals in desired
directions. Beamforming can help the transmitter and/or
receiver achieve spatial selectivity, higher transmission range,
and throughput, and for security improvements [153]. How-
ever, the distorting effects of PN may affect the performance
of beamforming techniques. The authors in [154] analyze
beamforming OFDM systems’ performance with PN and IQ
imbalance. For a MISO system, they derive the exact normal-
ized MSE by considering the free-running oscillator model
and the correlation between the channel coefficients at dif-
ferent OFDM subcarriers. Asymptotically, when the antenna
array size and the SNR become large, PN’s effects decouple
from IQ imbalance. Thus, the asymptotic expressions are
approximately accurate for a moderate beamforming array
size and moderate SNR level.

7) FULL-DUPLEX COMMUNICATIONS
According to the ITU-T definition, full-duplex (aka duplex)
is a type of communication where data can flow in both
directions simultaneously. Full-duplex devices, therefore, can
communicate back and forth simultaneously. We also refer to
this as bidirectional communication. Telephones are typical
examples of full-duplex devices. They allow both people to
hear each other at the same time.

The problem is that all conventional radios cannot trans-
mit and receive simultaneously over the same frequency
band. Thus, to create a full-duplex link, such a radio can
simultaneously transmit and receive over two frequency
bands. Thus, this operation consumes twice as much band-
width as a full-duplex radio because a full-duplex radio can
simultaneously transmit and receive data on the same fre-
quency band. Therefore, full-duplex radios might double the
spectral efficiency compared to conventional radios [155],
[156] and improve security [157]. However, there is no
free lunch. The cost of increased spectral efficiency is the
strong self-interference (SI) signal imposed by the transmitter
on the same node’s receive path. This SI can be 100 dB
more than the noise level. Thus, it limits the full-duplex
transceiver from realizing its potential gains. Therefore, three
classes of SI cancellation schemes exist: 1) the propagation-
domain, 2) analog-circuit-domain, and 3) digital-domain
approaches [10]. However, PN by inducing interference terms
may dwindle the cancellation schemes’ capability and cause
the residual SI.

The authors in [158] study the impact of PN on general full-
duplex transceivers. The PN of transmitter and receiver oscil-
lators significantly limits the SI cancellation capability and is
a significant bottleneck in full-duplex systems. Note that the
results of [158] limit to narrow-band signal scenarios and sep-
arate PN processes in the up-converting and down-converting
circuits. Therefore, the study in [159] addresses PN’s impacts
on full-duplex direct conversion OFDM transceivers. This
work considers the isolation between transmitting and receiv-
ing antennas, analog SI cancellation, and digital SI can-
cellation. Moreover, subcarrier-wise residual SI power at
the receiver path is derived by considering two oscillator
setups for up-conversion and down-conversion, 1) two inde-
pendent oscillators and 2) a single common oscillator. The
latter outperforms the two independent oscillator setup, and
full-duplex radioswill benefit from that.Moreover, the results
show PN has a powerful effect on the digital SI cancellation
performance, even when the PN level is relatively low.

However, [159] treats a free-running oscillator model.
Thus, authors in [160] extend the analysis of [159] to a
generic oscillator case with arbitrary PN spectral shape.
In this work, a closed-form expression for the SI’s power after
the cancellation techniques is derived. Moreover, the impacts
of PLL-type oscillator PN on SI cancellation is studied,
and this work concludes that even with a very high-quality
PLL oscillator, PN degrades the performance in terms of
average SI cancellation. Furthermore, the work in [161]
studies the digital SI cancellation capability in an OFDM-
based full-duplex transceiver under PN and channel esti-
mation errors. The digital cancellation capability is derived
from the power of the common phase error, interference-
to-noise ratio, desired SNR, channel estimation error, and
transmission delay. Moreover, the achievable rate region of
this system given PN is derived. PN degrades digital SI
cancellation capability and also decreases the rate region.
Besides, reference [162] proposes a transceiver design to
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mitigate the PNs in multipath SI components by deploying
one common oscillator. The proposed transceiver utilized
two receive chains whose oscillator signals are generated by
the transmitter’s oscillator but with different delays. In this
design, the PN is compensated by dividing the two received
signals. Moreover, the investigation in [163] explores the
effects of PN and IQ imbalance on OFDM-based full-duplex
transceivers’ performance. A closed-form expression of the
average residual SI power is derived, a function of PN and IQ
imbalance levels. Their effects can be decoupled for small PN
and IQ imbalance levels, and the average residual SI power
is linearly proportional to the parameters.

On the other hand, in [164], pilot-aided PN estimation
and compensation in OFDM-based full-duplex systems under
transmitter and receiver oscillator PN are investigated. Both
free-running and PLL-based oscillators are considered. Two
techniques are proposed: 1) frequency-domain technique
based on LS estimator, and 2) low-complexity time-domain
ICI suppression technique based on the MMSE estimator.
Moreover, at low SNR scenarios, the latter achieves a maxi-
mum of 6 dB more SI cancellation than the former. However,
the PN is estimated in [164] by considering the intended
signal as an additive noise which considerably reduces the
transmission throughput. Thus, authors in [165] incorporate
the intended signal in the estimation process and jointly
estimate the transmitter nonlinearities, PN, and both the
SI and intended channels at the baseband. To handle the
time-varying PN estimation problem, the basis expansion
model is adopted to transform the problem to estimate a
set of time-invariant coefficients. Then, an ML estimator is
developed to estimate the basis expansion model coefficients
by using the known SI signal, known pilot symbols, and
unknown data symbols received from the other transmit-
ter. Moreover, for time-multiplexed pilot transmission, basis
expansionmodel coefficients are estimated based on the com-
bination of the LS and ML criteria. The proposed methods
achieve a superior SI cancellation performance in OFDM-
based full-duplex systems. Besides, the investigation in [166]
studies digital SI cancellation in a single RF chain massive
MIMO-OFDM full-duplex system under PN impairment.
In this work, to minimize the power of residual SI, a weighted
linear SI channel estimator is proposed. The proposed estima-
tor outperforms the conventional LS, specifically in a high
interference-to-noise ratio.

III. CFO
Herein, we first describe the signal model that incorporates
the CFO and then discuss its impacts. Second, we review
the existing works that evaluate SC and OFDM systems’
performance with the CFO impairment. Third, we present
a comprehensive survey of CFO estimation and compen-
sation techniques for SC, single-user OFDM, and mul-
tiuser OFDMA systems. Moreover, we review joint channel
and CFO estimation and compensation. Finally, we discuss
CFO’s impacts on emerging wireless technologies.

A. SIGNAL MODEL AND IMPACTS
The received continuous-time signal r(t) after shifting by a
frequency offset can be modeled as

s(t) = r(t)ej2π1ft , (12)

where 1f indicates the frequency offset between the carrier
frequency of the received signal and receiver local oscillator.
In literature, the normalized CFO is defined as ε = 1f /fs,
where fs indicates subcarrier spacing. The normalized CFO
has two parts ε = εI +εf : 1) integer part εI , which represents
the CFO part with an integer multiple of the subcarrier spac-
ing, and 2) fractional part εf , whose value is less than one
subcarrier spacing (|εf | ≤ 0.5). The former one causes the
cyclic shift in the received signal, while the latter one leads
to phase and amplitude distortion.

To gain insight into the effect of CFO, an OFDM system
with N subcarriers over the AWGN channel is considered.
The received signal in the k-th subcarrier with CFO impair-
ment can be expressed as [167]

r[k] = x[k]I [0]+
N−1∑

m=0,m6=k

x[m]I [m− k]+ w[k], (13)

where x[k] and w[k] are the transmitted symbol and the
complex Gaussian noise sample on the k-th subcarrier,
k = 0, . . . ,N − 1, respectively. The first term in (13)
shows the amplitude distortion and phase rotation on the k-th
subcarrier due to CFO. The impact of frequency shift has been
shown in Fig. 15. Moreover, the second term in (13) indicates
the ICI from other subcarriers on k-th subcarrier. Moreover,
the term I [m− k] is referred as ICI of the m-th subcarrier on
k-th subcarrier, which is given by

I [n] =
sin(π (n+ ε))

N sin(π (n+ ε)/N )
e
jπ (n+ε)(N−1)

N . (14)

Furthermore, Fig. 15 illustrates the ICI from adjacent sub-
carriers due to CFO in OFDM. This figure also shows the
impacts of integer and fractional parts of CFO. The former
results in a cyclic shift and a phase distortion of subcarriers,
leading to detection errors and the BER degradation. How-
ever, the latter causes ICI and destroys orthogonality among
subcarriers, which reduces the SNR. Moreover, Fig. 16 illus-
trate the effect of CFO on the BER performance of an OFDM
system with 128 subcarriers. Similar to Fig. 10, we consider
ITU outdoor multipath channel model A. We observe that
the BER increases because of the increasing power of the
interference terms when the normalized CFO increases.

B. PERFORMANCE ANALYSIS
Herein, we first review performance analyses of SC and
OFDM systems under CFO.

The impacts of CFO on the performance of a direct-
sequence code division multiple access (DS-CDMA) are
investigated in [168], [169]. Different users deploy the same
frequency band in DS-CDMA systems, and each of them is
subject to an independent CFO. Therefore, the receiver has to
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FIGURE 15. Amplitude distortion and phase rotation on the k-th OFDM
subcarrier due to CFO.

FIGURE 16. BER versus SNR for an OFDM system with different values of
normalized CFO.

demodulate the desired signal given multiple access interfer-
encewith different carrier frequencies from that of the desired
signal. Moreover, [168] studies the presence of CFO in the
multiple access interference for asynchronous transmission.
A slight variation of the noise variance could be achieved
when the spreading code and CFOs are greater than the sym-
bol rate. Additionally, reference [169] studies the impacts of
CFO on quasi-synchronous multicarrier DS-CDMA system.
This work analyses multiple access interferences and shows
that the time-frequency cross-correlation function can char-
acterize multiple access interference. Furthermore, the BER
is derived under the Gaussian assumption on the distribution
of the multiple access interference, and also error bounds are
derived to check the accuracy of the resultant BER expres-
sions. Finally, multiple access interference can be minimized
when the chip period’s product and maximum frequency
deviation are less than around 0.01. Besides, authors in [170],
[171] evaluate CFO’s influence on the reception of M-ary

spread-spectrum signals; the carrier is modulated with a set
of orthogonal code sequences. They analyze the performance
of the system and show that the CFO degrades the SER
performance remarkably.

Moreover, the BER degradation of SC systems due to
CFO in AWGN channels and flat Rayleigh fading channels
is investigated in [172], [173]. CFO introduces ISI for a
SC system and causes a loss in the useful signal power.
Furthermore, [174] investigates CFO impacts on the per-
formance of SC block transmission with frequency-domain
MMSE equalization over ultra-wideband channels. This
work derives the SINR of the system and shows that
CFO degrades the system’s performance in terms of
BER and SINR.

The literature extensively investigates the effects of CFO
on OFDM systems. CFO destroys orthogonality between
OFDM subcarriers and introduces ICI [175]. Furthermore,
the investigation in [172], [173] shows that an OFDM system
is more sensitive to CFO than an SC system due to ICI terms.
Moreover, in [64], SNR degradation of an OFDM system
in an AWGN channel due to CFO is approximately derived
by deploying simple algebraic manipulations. CFO rotates
and attenuates the useful signal and also causes interference
between subcarriers. Furthermore, the SNR degradation for
time-invariant multipath channel and a shadowed multipath
channel fading channel are investigated in [176] and [177],
respectively. Authors in [177] show that when CFO is small,
the SNR degradation is proportional to the square of the
CFO and the square of the number of subcarriers. Moreover,
reference [178] approximates the average SNR for general
multipath fading channels. It is shown that the approxi-
mated expression is an upper bound for the average SNR in
flat-fading channels and is an exact expression for the AWGN
channel. Besides, in [179], the performance of the conven-
tional M-QAM OFDM systems, which uses square pulses
is compared with M-Offset QAM, which deploys pulses of
finite duration with minimizes excess bandwidth power. The
authors show that the latter tolerates a larger carrier frequency
deviation than the former.We can conclude that CFO’s effects
on the OFDM system depend on the number of subcarriers,
pulse shaping, and SNR range.

The BER performance of OFDM system in the presence
of CFO over AWGN channels is derived in [180]. Three
common modulation formats, including BPSK, QPSK, and
16-QAM is considered. The BPSK case is solved by deploy-
ing the Beaulieu series, and for the QPSK and 16-QAM
cases, an infinite series expression is utilized for the error
function. The average probability of error is expressed from
the ICI’s two-dimensional characteristic function in the latter
cases. Moreover, authors in [167] analyze the symbol error
probability of M-PSK OFDM systems (M > 4) under CFO
impairment over AWGN channels. To this end, a signal space
decomposition is first proposed to deal with the M-PSK non-
rectangular decision region. Then, symbol error probability
is derived as the sum of an infinite series with the Beaulieu
series. However, studies in [180] and [167] consider the
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AWGN channels and do not study the effects of CFO in
multipath channels.

Hence, [181] approximately derives low-complexity
expressions for SERs by assuming Gaussian distribution for
the interchannel interference over the multipath channel.
Moreover, in [182], BER of M-QAM OFDM systems in the
presence of CFO in frequency-selective Rician (or Rayleigh)
fading channels is derived. The derived BER is expressed
by the sum of a few integrals, whose number depends on
the constellation size. In the case of Rayleigh fading, each
integral is replaced by a series expansion that involves gen-
eralized hypergeometric functions, but in the case of Rician
fading, they are computed by numerical techniques. Addi-
tionally, [183], [184] derive closed-form BER expressions
for BPSK OFDM systems over flat and frequency-selective
Rayleigh fading channels. Note that instead of considering
Gaussian approximation for ICI [182], the ICI PDF is a
mixture of Gaussian densities with properly selected param-
eters. However, all the papers mentioned above assume that
the channel remains static over one OFDM symbol. Thus,
authors in [185] study the BER expression for an OFDM
system with π/4-shifted differentially encoded quadrature
PSK over frequency-selective fast Rayleigh fading channels.
A closed-form BER is derived for a few subcarriers, and the
Monte-Carlo method is exploited for numerous subcarriers.
The performance degrades because of the Doppler spread and
delay spread.

Reference [186] investigates the impacts of both direct
current offset and CFO on the BER of BPSK OFDM systems
in multipath Rayleigh fading channels. Since CFO compen-
sation spreads the direct current offset overall subcarriers,
larger CFO causes more direct current offset energy leaking
to other subcarriers. When the direct current offset magnitude
and CFO increase, the BER degrades, resulting in an error
floor. Furthermore, [187] studies the impacts of random CFO
on BER of BPSK OFDM over AWGN, frequency-flat, and
frequency-selective Rayleigh fading channels. By using an
approximation of CFO-induced ICI coefficients, closed-form
BER expressions are derived. For practical OFDM systems,
the derived BER based on random CFO is more accurate than
considering CFO as a constant.

Furthermore, [188] analyzes SINR of the OFDM system in
the presence of CFO over frequency-selective fading chan-
nels. When the normalized CFO exceeds 0.05, the average
SINR decreases logarithmically with the CFO. Moreover,
the OFDM system’s capacity in the presence of CFO over
frequency-selective Rician fading channel is investigated
in [189]. Average capacity expression is derived with and
without CSI at the transmitter. Moreover, it is illustrated that
the correlations among subcarriers have little effect on the
average capacity.

C. ESTIMATION AND COMPENSATION
Because of the CFO’s harmful impacts on the performance of
the systems, developing estimation and compensation algo-
rithms for mitigating its effects is crucial. We could clas-

sify the existing estimators as pilot-aided and blind tech-
niques. All CFO estimators define a general cost function of
f (̃ε,P, r), and the CFO is estimated by ε̂ = argmin

ε̃
f (̃ε,P, r),

where ε̃, P and r indicate trail value of CFO, training
(pilot) sequence and received signal, respectively. Moreover,
different approaches allow for finding the cost function in
each type of estimators. In the pilot-aided estimators, the CFO
is estimated by utilizing known well-designed training sym-
bols or pilot and data symbols at the expense of bandwidth
efficiency. Indeed, this approach deploys prior knowledge in
the receiver to estimate the CFO. In contrast, in the blind
methods, prior knowledge is not available in the receiver, and
the cost function is defined based on the CFO trial value and
the received signal, which relies on structural and statistical
properties of signals and exhaustive search. These techniques
improve spectral efficiency since many pilots’ transmission
is not required, while for satisfactory performance, they often
require many data symbols.

This subsection reviews the works in estimation and com-
pensation of CFO in SC, single-user OFDM, and mutiuser
OFDMA systems. Moreover, we highlight the studies in joint
estimation and compensation of channel and CFO.

1) SC SYSTEMS
These studies are divided into two categories: 1) pilot-aided
and blind estimation and compensation, 2) joint channel and
CFO estimation and compensation. Note that the first one
needs CSI at the receiver.

a: PILOT-AIDED AND BLIND ESTIMATION AND
COMPENSATION
A digital CFO estimator for burst mode QPSK is devel-
oped [190]. This estimator removes the modulation from
QPSK-modulated symbols by a fourth-power non-linearity
and averages I and Q components over an estimation interval.
Finally, these averages are used to estimate the carrier phase.
Similary, CFO estimation is needed for a digital coherent
burst demodulator for QPSK [191]. This paper thus esti-
mates timing offset and CFO from the error signal resulting
from differential demodulation. However, this CFO estimator
works well the normalized CFO is below 2%. Thus, authors
in [192] propose a low-overhead coherent burst demodulation
technique that performs well with normalized CFOs up to
12.5%. Thus, differential detectors are exploited, and the
differential phase between adjacent symbols yields the CFO
estimate. In [193], joint timing offset and CFO estimation
for a feedforward demodulator is considered for burst-mode
minimum shift keying (MSK). This blind method creates
periodic components related to carrier and clock frequency
by passing the sampled baseband signal through a fourth-
order non-linearity and then smoothed by a digital filter.
The CFO can be estimated by the phase of the smoothed
signal. However, these works consider time division multi-
ple access (TDMA) burst transmission. In addition, authors
in [194] design an ML-based CFO estimator for (1) a TDMA
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radio system with QPSK and (2) a GSM mobile cellular
radio system with Gaussian MSK modulation. This method
is channel-dependent and also has excessive computational
complexity.

The study in [195] explores joint timing offset and CFO
blind estimation for non-coherent orthogonal continuous-
phase M -ary frequency-shift keying (CPFSK). In this
method, a CPFSK signal’s complex envelope is sampled at
the symbol rate to obtain a single tone whose frequency
depends on the CFO. This work estimates timing offset and
CFO by finding the largest spectral peak of several ver-
sions of the received signal sampled with different epochs.
The proposed algorithm can cope with large CFO. More-
over, in [196], [197], authors propose a blind feedforward
non-linear LS CFO estimator for QAM. This estimator uses
a generalization of a low-SNR approximation of the ML
estimator in [198]. In addition to CFO estimation, [199]
investigates data detection in burst transmissions under a
quasi-static flat-fading channel. Pilot placement is researched
to minimize the BER. Optimally, half of the pilot symbols
should be at the beginning of the burst and the rest at the
end of the burst. Furthermore, joint CFO and code timing
estimation are considered for DS-CDMA systems in [200].
An estimator is developed based on the observed signal’s sub-
space structure and analytical tools of polynomial matrices.

In [201], [202], timing offset and CFO are estimated for
a linearly modulated signal transmitted through a frequency-
flat-fading channel. This method uses second-order cyclosta-
tionary statistics by oversampling the receive filter’s output.
The work [203] analyzes this estimator’s asymptotic perfor-
mance and shows that if the symbol constellation is non-
circular, choosing a lower oversampling rate than three not
only reduces computational complexity but also improves the
estimation performance. However, in [201], the CFO estimate
is used for timing offset estimation, which propagates errors
because of CFO estimation error. Thus, [202] revises this
estimator and proposes a cyclostationary estimator so that
timing offset and CFO estimators are independent.

On the other hand, authors in [204], [205] exploit
the unconjugated cyclostationary statistics in the over-
sampled received signal to design a blind CFO estima-
tor for non-circular modulations under frequency-selective
channels. Asymptotic performance is analyzed, and an
oversampling factor not larger than two achieves the optimum
performance. Furthermore, authors in [206] address the CFO
estimation for two linearly precoded non-circular transmis-
sion systems, including DS-CDMA downlink and OFDM,
over frequency-selective channels. The proposed estimator
is relied on maximizing a weighted sum of conjugate cyclo-
correlations at cyclic frequency. Furthermore, the estimator’s
asymptotic behavior is analyzed, and a closed-form expres-
sion for the asymptotic covariance is derived.

Additionally, [207] studies CFO estimation in mobile
digital communications with pilot symbol-assisted modula-
tion over flat-fading channels. The proposed estimator relies
on the received signal correlation function. However, this

method requires the covariancematrix of the phase estimation
errors. Thus, the author in [208] modifies the estimator by
exploiting the difference between the phases of the correla-
tion function. Moreover, the covariance matrix is estimated
before weighted linear regression. However, this method
depends on the assumed form for the correlation of the fading
process. Hence, the study in [209] represents an estimator
independent of the correlation form. This estimator uses the
non-linear LS approach, which assumes an unstructured cor-
relation of the fading process.

Furthermore, a pilot-aided CFO estimator is proposed for
PSK transmissions over frequency-selective channels [210].
Near-independent identically distributed (i.i.d.) sequences are
considered for pilots. The proposed estimator is an extension
of the ML estimator in [194] and performs without requiring
CSI.

b: JOINT CHANNEL AND CFO ESTIMATION AND
COMPENSATION
Reference [211] uses known training sequences for joint
ML estimation of the channel response and CFO for
burst-mode transmissions over frequency-selective fading
channels. There are two types of training sequences: arbitrary
sequences and periodic sequences. The former has higher
complexity, and the latter suffers from a narrower estimation
range. Authors in [212] cope with the joint estimation prob-
lem of CFO, Doppler spread, and delay-power profile of the
multipath channel. They model the channel with a complex
band-pass autoregressive model and develop the estimation
algorithm. Note that unlike estimator in [211], the proposed
estimator has no restrictions on the training signal structure.
However, it suffers from MSE performance degradation at
high-SNR values. Finally, authors in [213] represent an algo-
rithm for joint pilot-aided estimation of Doppler spread, SNR
and CFO in SC block transmission systems over doubly-
selective channels. This algorithm deploys the Fourier trans-
form for deriving the PSD of the time-varying channel, and by
exploiting the energy distribution property of the PSD, a joint
periodogram-based estimator is proposed.

In [214], authors present a blind subspace-based algorithm
for joint channel and CFO estimation in multiuser CDMA
systems. To this end, the authors first convert the multiuser
estimation problem to multiple single-user problems, and
the resulting non-linear multivariate optimization problems
are solved by exploiting the polynomial matrix projection
property. CFO for each user is estimated by a polynomial
rooting or one-dimensional spectrum searching, and then
the channel is estimated by the LS method. However, this
method suffers from computational complexity because of
the inverse polynomial matrix manipulation. Thus, authors
in [215] propose a simpler joint channel and CFO estimator in
terms of complexity for a multicarrier CDMA system. In this
method, the non-linear multidimensional parameter estima-
tion problem is transferred into a linear standard eigenvalue
problem with a small size matrix, which is very sparse.

VOLUME 9, 2021 111739



A. Mohammadian, C. Tellambura: RF Impairments in Wireless Transceivers

Moreover, CFO estimation in the uplink of SC-FDMA
systems is investigated in [216], [217]. Authors in [216]
propose a blind multiple CFOs estimation algorithm that
uses the phase difference between even and odd samples of
the received oversampled signal. Moreover, it is shown that
the MSE of estimated CFO approaches derived CRLB at
high SNR. Besides, reference [217] presents an iterative sub-
space nulling-based algorithm for joint estimation of CFO,
IQ imbalance, and doubly-selective channels in SC-FDMA
systems by using pilot symbols. Furthermore, the complexity
of the proposed algorithm is reduced by using the first-order
Neumann series expansion.

Table 7 shows summary of CFO estimation and compen-
sation studies for SC systems.

2) SINGLE-USER OFDM SYSTEMS
We divide the related studies into four categories: 1) pilot-
aided estimation and compensation, 2) blind estimation and
compensation, 3) ICI self-cancellation, and 4) joint channel
and CFO estimation and compensation. Note that first two
categories assume knowledge of the channel is available in
the receiver. Moreover, the third one reduces the sensitivity of
the OFDM system to the CFO by exploiting signal processing
and/or coding approaches without requiring any estimation
processing.

a: PILOT-AIDED ESTIMATION AND COMPENSATION
Many existing OFDMCFO estimators use periodically trans-
mitted pilots. Pilots reduce bandwidth efficiency, especially
for continuous transmissions (e.g., digital video broadcasting
— terrestrial (DVB-T)). However, these estimators could be
suitable for packet-oriented applications.

Reference [218] proposes an ML CFO estimator in
the frequency-domain by deploying two repetitive OFDM
blocks. When CFO and the channel impulse response are
constant for a period of two symbols, the estimation error
depends only on total symbol energy. However, the acqui-
sition range for CFO is limited to ±0.5 of the subcarrier
spacing. Moreover, this estimator has significant overhead
due to deploying two repetitive OFDM blocks, which is
inappropriate for tracking. The authors in [219] propose a
two-stepMLCFO acquisition and tracking algorithm. For the
acquisition step, known symbol sequences periodically are
inserted in the OFDM frame. The decisions on data symbols
are used for the tracking step (decision-directed tracking).

Moreover, in [220], pilot-assisted algorithms for CFO
acquisition and tracking are proposed by deploying a unique
frame format, where elements of a differentially encoded
pseudo-noise sequence are carriedwith adjacent subchannels.
On the other hand, the work in [221] modifies the proposed
methods in [220] to reduce computation complexity for syn-
chronization and increase the range of CFO acquisition. The
proposed estimator also utilizes two training OFDM symbols,
which are placed at the frame’s start. The first symbol has a
repetition within half a symbol period and is used to measure
the frequency offset with an ambiguity equal to the subcarrier

spacing. The second one, which has a pseudo-noise sequence,
is deployed to resolve the ambiguity. The frequency acquisi-
tion range of this method is ±1 of the subcarrier spacing.

Moreover, reference [222] develops an ML-based estima-
tor by using a training symbol’s repetitive structure. On the
other hand, in [223], two training symbols comprising an
equal number of null subcarriers and pilots are deployed
for estimating the fractional and integer parts of CFO. The
fractional part is less than one subcarrier spacing, and the
integer part is an integer multiple of the subcarrier spacing.
The estimator for the fractional part uses the LS criterion and
is iterative. Moreover, the estimator for the integer part is the
likelihood function based on energy difference. This estima-
tor uses a pseudo-noise binary random sequence for subcar-
rier allocation of null subcarriers and pilots. Moreover, [224]
proposes an ML estimator based on time-domain channel
estimates with successive pilot symbols. The motivation is
that after singular value decomposition-basedOFDMchannel
estimation in [225], CFO information is retained in the form
of phase rotation in the estimated channel used for estimation.
This method has less restrictions on the pilot patterns.

Besides, a CFO estimator for OFDM-based WLANs is
proposed in [226]. This CFO estimator minimizes a proposed
non-linear LS cost function. It uses the packet preamble
structure of the IEEE 802.11 standard. This preamble packet
includes ten identical short OFDM symbols (each containing
16 data samples) and two identical long symbols (each con-
taining 64 data samples). Although it performs well in the
high-SNR range, this estimator does not consider the energy
relationship between different data samples in the OFDM
symbol. Since signal energies are different, SNRs can be
significantly different. Thus, because the non-linear squares
CFO estimator in [226] is based on a sum of all data samples,
these different SNRs can degrade the estimation performance.
Therefore, authors in [227] modify the non-linear squares
estimator by weighting elements of the OFDM symbol in
terms of their energies. As a result, samples with higher
energies contribute more to the CFO estimator. However, this
method increases the computational complexity.

On the other hand, a less complex ML CFO estimator
exploits the IEEE 802.11a preamble [228]. This estimator
first finds the received preamble with an LS method and then
maximizes a likelihood function. The computational load of
exhaustive search over the entire uncertainty range is reduced
by transforming the log-likelihood function into a spectrum
polynomial. However, this estimator requires finding the
roots of the derivative of the likelihood function, introducing
computational complexity. Thus, authors in [229] propose
an ML method to solve the likelihood function directly for
the CFO estimation by exploiting periodic preambles. The
proposed estimator assumes the Gaussian distribution for the
time-domain preamble signal based on the central limit the-
orem. However, the performance of the proposed algorithms
degrades when normalized CFO is close to ±0.5.

All the methods mentioned above require repetitive train-
ing symbols or preambles, which is inefficient and causes
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TABLE 7. Summary of CFO estimation and compensation studies for SC systems.

significant overhead. Therefore, [230] modifies the method
in [221], where one training symbol with L identical parts
is exploited for the CFO estimation. The proposed algorithm
uses a correlation rule applied to the training symbol divided
into more than two identical parts. These parts are created
by transmitting a pseudo-noise sequence on the frequencies
multiple of L/T and keeping zero the remaining ones (T is the
OFDM symbol’s duration). The frequency acquisition range
of this method is ±L/2 of the subcarrier spacing. Moreover,
authors in [231] propose a design for a training symbol in
which transmitted complex data in frequency-domain are
related with an exponential term. Based on the correlation
property, a CFO estimator is developed for the flat-fading
channel. The proposed estimator outperforms the estimator
in [230] in the low-SNR.

Additionally, [232] presents a CFO estimator similar
to [221] with one training symbol without degrading perfor-
mance and increasing the computational complexity. Instead
of using a second training symbol for resolving the CFO’s
ambiguity, authors in [232] exploit a differential coding in the
frequency-domain. Furthermore, the study in [233] deploys
one training symbol for CFO estimation and designs it to have
a sharp timing metric trajectory. The symbol is designed to
have repeated identical parts with possible sign inversions.
The authors show that the timing offset estimation can be
improved by designing the signs of the identical parts to give
the sharpest timing metric trajectory. This method uses the
ML principle, and it suppresses the interference in the CFO
estimation.

However, the training signal in [233] is designed for tim-
ing synchronization. Thus, for frequency synchronization,
the authors in [234] design an optimal training signal for
AWGN channels based on minimizing the CRLB under

constraints on the peak and the total training signal ener-
gies. Moreover, [235] investigates the optimal training sig-
nal design in frequency-selective channels by exploiting a
min-max approach based on an asymptotic CRLB. Since
this paper assumed that the channel gains remain constant
within the training block, the training signal design omits
the channel fading effect. Additionally, the authors of [235]
extend their approach for designing a training signal for
joint CFO and channel impulse response in [236]. However,
they assume that both CFO and channel impulse response
estimation errors are equally weighted, which may not be
equal. Thus, [237] develops an optimal periodic training sig-
nal design by finding the optimal weighting between CFO
and channel impulse response estimation errors.

However, in all the proposed training sequence designs,
the channel is deterministic. Hence, [238] considers a ran-
dom channel impulse response and statistically averaging
the CRLB of the CFO over the channel realizations to
obtain channel-independent design criterion. Nevertheless,
the design in [238] assumes that components of the channel
impulse response are i.i.d., which could be restrictive in
practice. Therefore, [239] proposes a training design for the
joint CFO and channel estimation under the correlated taps.
The designed criteria minimize theMSE on data estimation at
the Wiener-type equalizer output averaged over the channel
statistics.

The work in [240] explores CFO estimation based on
ML criterion with one training symbol with null subcarriers
and pilot tones within the range of two subcarriers spacing.
All odd subcarriers in the training symbol are null, and all
even subcarriers are pilot tones. The correlation operation
relied on the loss of orthogonality among subcarriers to
estimate the fractional part of the CFO. Then, subcarriers
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at even positions are deployed for estimating the integer
part of the CFO, which causes a shift of the subcarrier
indexes. Specific sequences, e.g., almost-perfect autocorrela-
tion sequences [241] and extendedm-sequences, are allocated
to even null subcarriers.

Moreover, [242] tries to use channel side information to
improve the ML-based CFO estimator’s performance utiliz-
ing pilot tones and null subcarriers. Using the second-order
channel statistics, better CFO estimation is achieved for both
Rayleigh and Rician fading channels. However, CSI is not
always available in the receiver.

Furthermore, authors in [243] presents a frequency-
assignment scheme where null subcarriers are inserted
amongmodulated data subcarriers. Based on this assignment,
the window function is used to broaden the received signal
spectrum, and the effect of residual frequency offset in the
received OFDM signal is reduced. Moreover, a frequency-
domain estimation algorithm is proposed by deploying the
frequency-assignment schemes together with a Hanning win-
dow. However, in this method, the additive noise’s influence
is enhanced, and the efficiency of spectrum utilization is
reduced by using the window. On the other hand, [244]
deploys a mixture of limited scattered pilots, null subcarriers,
and data for tracking the CFO. The channel remains con-
stant during two consecutive OFDM blocks. The algorithm’s
performance accuracy increases by deploying pilots, while
the null subcarriers reduce the chance of CFO outlier (when
residual CFO is greater than a specific threshold is called an
outlier).

Based on a preamble comprising distinctively spaced pilot
tones, an ML CFO estimator is proposed in [245]. More-
over, a sub-optimal CFO estimator is proposed, which has
two phases: 1) the coarse estimation based on the corre-
lation between the received spectrum and the original pat-
tern of the pilot tone, and 2) fine estimation based on the
magnitude attenuation of the frequency bins around those
CFO-shifted pilot tones. According to the pilot tones’ dis-
tinctive spacing, this method is channel independent and
robust against frequency-selective fading channel. However,
since zero-padded fast Fourier transform (FFT) is deployed,
the sub-optimal estimator’s estimation performance depends
on the oversize ratio of zero-padding. Moreover, authors
in [246] address a pilot design that ensures consistency of
the estimator in [245]. Based on the conventional sequences,
the ML estimator pilots are represented in which the estima-
tor has a unique solution for a noiseless channel. However,
this criterion for pilot design is not robust to outliers in
practical noisy channels. Hence, [247] investigates sequence
designs for robust, consistent CFO estimation by using the
average error probability of the ML estimator. The proposed
pilot designs reduce outliers compared with conventional
sequences in [246].

Furthermore, based on pilot subcarriers, a weighted LS
algorithm for joint CFO and timing offset estimation is pro-
posed in [248]. Pilot data are differentially encoded with a
pseudo-noise sequence, which is known at the receiver. The

averaged phase difference in the received pilot subcarrier
signals between two consecutive symbols are deployed for
developing the estimator. Moreover, for both AWGN and
multipath fading channels, the optimal weights are derived.
Furthermore, investigation in [249] presents a carrier syn-
chronization algorithm based on the MMSE criterion by
exploiting pilot subcarriers. The proposed algorithm has a
dual-loop structure. One loop deals with the phase offset in
the time-domain caused by CFO, and the other one copes
with the phase distortions induced by carrier frequency error
and the channel phase variation on each subcarrier in the
frequency-domain. Moreover, a different approach is fol-
lowed in [250], where eigenvalues of the ICI coefficient
matrix are exploited for designing a pilot-aided estimator. The
eigenvalues are the elements of a geometric series distributed
on the unit circle of the complex plane, and by finding the
eigenvalues of a two-dimensional ICI coefficientmatrix, CFO
can be estimated. The authors prove that the proposed estima-
tor is an ML estimator.

References [251], [252] investigate the joint pilot-assisted
estimation of the CFO and sampling frequency offset (SFO)
in OFDM systems. The mismatch between frequencies of
the sampling clocks of the digital-to-analog converter at the
transmitter and the analog-to-digital converter at the receiver
introduces SFO, which causes ICI in OFDM systems. The
authors in [251] propose an ML decoupled estimator for
joint residual CFO and SFO estimation. They assume that a
coarse synchronization is completed at the beginning of the
data frame and residual CFO remains. SFO is first estimated
by a simple mono-dimensional grid search in the proposed
method, and then residual CFO is obtained by exploiting
the estimated SFO. Furthermore, by deploying scattered pilot
symbols in time and frequency-domain, the authors in [252],
[253] propose a joint CFO and SFO estimator based on the
ML approach in [218]. Moreover, for large SFO, the resid-
ual CFO increases, which results in an error floor in BER
performance. However, the proposed method requires an
exhaustive two-dimensional search. Thus, authors in [254]
represent a closed-form solution for the ML estimation of
CFO in [253] by taking advantage of the second-order Taylor
series expansion. Hence, the dimensional of search deployed
for SFO estimation is reduced to one. Finally, reference [255]
proposes a low-complexity sequential pilot-assisted estimator
for SFO and CFO estimation in OFDM systems by deploying
specific subcarriers over two subsequent symbols. This work
assumes that the channel remains approximately the same
over them.

Table 8 shows summary of pilot-aided CFO estimation and
compensation studies for single-user OFDM (with perfect
CSI).

b: BLIND ESTIMATION AND COMPENSATION
In blind estimators, the principal idea is to exploit the struc-
tural and statistical properties of transmitted OFDM signals.
However, for satisfactory performance, these estimators often
require many OFDM symbols.
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TABLE 8. Summary of pilot-aided CFO estimation and compensation studies for single-user OFDM (with perfect CSI).

In [256], a blind ML-based feedback CFO and timing
offset estimator is proposed. However, this estimator suffers
from the fractional subcarrier spacing limitation. In [257],
by exploiting the redundant cyclic prefix in the OFDM sys-
tem, ML estimator for CFO blind estimation in AWGN chan-
nel is proposed. The proposed method’s detection range is
limited to half of the symbol rate, which is not sufficient for
multicarrier systems (where frequency offset is greater than
the symbol rate). Note that knowledge of the distributions
of data symbol and noise is required in this method. Thus,
reference [258] modifies the proposed method in [257] to
cover the entire range of the timing offset. Moreover, ref-
erence [259] studies extension of the method in [257] to
multipath Rayleigh fading channels and also reference [260]
follows the approach in [257] to design a CFO estimator for
OFDM systems exploiting non-circular transmissions.

Moreover, authors in [261] propose a blind ML timing and
frequency offset estimation algorithm over a fast Rayleigh
fading channel. In this method, frame timing instant is esti-
mated without prior knowledge of CFO, and then a method
similar to [257] is used for CFO estimation. The difference
is that a fast Rayleigh fading channel is taken into con-
sideration. However, the proposed method can not be used
over a fast time-varying multipath channel. Thus, the work
in [262] investigates joint CFO and timing offset over fast
time-varying multipath channels. The proposed estimator has
two stages: 1) coarse synchronization based on the LSmethod

for obtaining a rough estimation of CFO and timing offset,
2) fine synchronization based on ML method for deriving
accurate final results by using previous coarse synchroniza-
tion. Note that timing offset estimation is independent of CFO
estimation. However, the blind estimators in [257]–[262] are
based on the redundancy of cyclic prefix depends on the
length of the cyclic prefix and need this length to be larger
than the channel response.

Besides, authors in [263] and [264] propose blind CFO
estimation algorithms by utilizing the known structure of
the subspace of OFDM signaling because of the place-
ment of null subcarriers. The multiple signal classification
searching algorithm in [263] estimates the CFO by mini-
mizing a cost function derived based on inherent orthog-
onality among OFDM subchannels. The motivation is that
the null carriers’ outputs are zero when adjacent channel
interference does not exist. Moreover, the work [265] exam-
ines the proposed blind CFO estimator in [263] in terms
of sensitivity against key system parameters in practical
implementation, and also the study in [266] proposes a
low-cost implementation of [263] without sacrificing the
performance. The investigation in [264] proposes an esti-
mator in closed-form based on the standard estimation of
signal parameters via rotational invariance technique. This
algorithm deploys the shift-invariant structure available in
the signal subspace and estimates the CFO by subspace
decomposition and eigenvalue calculation. Furthermore, by
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exploiting receiver diversity and known OFDM signal sub-
space structure, a weighted non-linear LS CFO estimator
is represented in [267]. The authors claim that the derived
estimator is a generalization of subspace methods in [263]
and [264].

On the other hand, reference [268] shows that the effect of
frequency selectivity on the identifiability and performance
is not addressed by [263] and [264]. The previous methods
are channel-dependent, and the channel zeros on the FFT
grid caused a lack of identifiability of the CFO. To cope with
this problem, reference [268] proposes the other approach for
CFO estimation in which the null subcarriers are placed with
distinct spacings. Moreover, it is proved that the proposed
cost function has the unique minimum (independent from the
channel), and the least-mean-squares (LMS) adaptive gradi-
ent descent method is deployed for finding the minimum.
Furthermore, the authors in [269] propose a blind CFO ML
estimator by taking advantage of both the null subcarriers
and the redundancy of the cyclic prefix. In this method,
the OFDM signal vector is modeled as a circular complex
Gaussian random vector. Additionally, the authors in [270]
investigate the null subcarrier placement optimality for blind
CFO estimation. They illustrate that the SNR of the CFO
estimation is a function of the null subcarrier placement.
Then, by solving the SNR optimization problem, they find the
optimal placement when the number of subcarriers is a multi-
ple of the number of null subcarriers. Note that the derivations
are for small CFO values. Finally, reference [271] presents
a fast CFO estimation algorithm with low complexity by
utilizing null subcarriers. The proposed estimator approxi-
mates the cost function as a cosine function by introducing
concept of gap subcarriers, which are the fraction of the
null subcarriers immediately adjacent to the data subcarrier.
Note that all the proposed algorithms in [263], [264], [267]–
[271] are designed to work with frequency-selective channels
where OFDM systems are not fully loaded. The number of
subcarriers that carry the information is smaller than the size
of the FFT block. Indeed, they require the insertion of null
subcarriers. The other drawback is a requirement of multiple
OFDM symbols for achieving desirable performance that
introduces extra delay at the receiver.

Furthermore, a blind CFO estimator is proposed in [272]
for pulse shaping OFDM/QAM and OFDM/OQAM systems.
OFDM/OQAM systems exploit efficient pulse shaping filters
to obtain sharper time-frequency localization. Note that these
systems do not require the insertion of a guard interval.
The proposed algorithm exploits the cyclostationarity of the
OFDM signal, which is induced by the cyclic prefix. The
acquisition range for CFO in this method is over the entire
bandwidth of the OFDM signal. Moreover, a blind CFO esti-
mator for an OFDM/OQAM system is investigated in [273]
by exploiting the non-circularity of the received signal. The
estimator maximizes a cost function derived by exploiting
the conjugate second-order cyclostationary statistics of the
received signal. Additionally, the investigation in [274] pro-
poses an unconditional ML algorithm for CFO estimation

in an OFDM/OQAM system given a non-dispersive chan-
nel. Given numerous subcarriers, the received signal con-
verges to a complex Gaussian random vector. Next, since
the OFDM/OQAM signal resulted in a non-circular pro-
cess, the generalized PDF of non-circular complex Gaus-
sian random vectors is exploited to develop the estimator.
In addition, authors in [275] propose a blind CFO estimator
for OFDM/OQAM systems by utilizing the header struc-
ture of the transmitted signal and the orthogonality among
subcarriers.

Moreover, authors in [276] propose an estimator by
deploying the time–frequency-domain exchange inherent of
the OFDMmodulation scheme. The method exploits the sim-
ilarity of CFO’s impact on the OFDM signal with the impact
of clock timing offset on the pulse amplitude modulation
signal. Hence, the CFO is estimated from the oversampled
OFDM signal by adopting the time recovery algorithms.
A different approach is followed in [277], where a blind
feedforward CFO estimation algorithm is proposed based on
the ML criteria using null subcarriers. The proposed method
requires approximate statistical knowledge of the communi-
cation channel. The authors show that the proposed estimator
outperforms the estimator algorithm in [276] at the price of a
narrower estimation range and more complexity.

The blind CFO estimator in [278] uses the oversampled
signal model. It exploits the intrinsic phase shift between
neighboring samples due to the CFO.A single OFDM symbol
is used for estimation, which is suitable for systems with
stringent delay requirements. However, this method suffers
from high computational complexity caused by solving high
order polynomial equations. Hence, authors in [279] present
a blind CFO estimator by exploiting the cyclic prefix and
oversampling. In this estimator, the received OFDM symbol
is first separated into two OFDM symbols with a time differ-
ence by using cyclic prefix and two-fold oversampling. Then,
a cost function is defined as a function of the distance between
these two OFDM symbols to estimate the CFO. The proposed
estimator outperforms the estimator in [278] in terms of MSE
performance.

Moreover, authors in [280] utilize minimum output vari-
ance for CFO estimation. In this method, the cost function
is defined by minimizing the output variance after the FFT
demodulation. The motivation is that the mean magnitude
of the output is maximum when the CFO is correctly com-
pensated. However, this method works for only the AWGN
channel. Furthermore, authors in [281] design a blind CFO
estimator via a diagonality criterion. The motivation is that
when CFO is perfectly synchronized, the covariance matrix
for the received signal in the frequency-domain is diagonal.
Hence, the authors define a cost function based on this prop-
erty whichminimizes the total off-diagonal power induced by
ICI in the frequency-domain. However, this method requires
a large number of OFDM blocks. On the other hand, the
investigation in [282] presents a blind iterative carrier track-
ing algorithm by taking advantage of OFDM PSD’s in-band
ripple. Note that the ripple peaks corresponded to the center
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frequency of the individual data subcarriers. In this algorithm,
an estimate of CFO is obtained by tacking the ripple peaks’
location with a comb filter. However, the algorithm suffers
from a convergence penalty.

Besides, in [283], a blind ML CFO estimator for OFDM
systems transmitting constant modulus symbols is proposed.
The cost function is derived based on the constant modulus
property of the symbol constellations. Note that this method
is consistent for fully loaded OFDM systems. Besides, based
on the frequency analysis of the received signal, the CFO esti-
mator is proposed for OFDM systems with constant modulus
signaling in [284]. When CFO is fully compensated, some
specific frequencies of the received signal disappeared. Thus,
based on this fact, the cost function for blind CFO estimation
is defined. Moreover, authors in [285] propose an estimator
for OFDM systems with constant modulus signaling over a
slowly time-varying channel. In this type of channel, sub-
carriers with the same indexes in two consecutive symbols
experienced the same channel effect. Thus, they estimate
the CFO by maximizing a cost function defined based on
products of the signal amplitudes of two subcarriers with the
same index in two successive symbols.

References [286], [287] follow a different approach, where
spectrum-smoothing schemes for CFO estimation in an
OFDM system with constant modulus signaling are devel-
oped. The mentioned scheme assumes that the channel fre-
quency response changes slowly in the frequency-domain.
Following this assumption, a cost function is defined to
minimize the signal power difference between two neighbor-
ing subcarriers. However, this assumption is violated when
the channel frequency selectivity increased. Hence, authors
in [288] present an estimator for the OFDM systems with
constant modulus signaling based on the covariance matrix
calculated by the circular shifts of the OFDM received signal.
The derived covariance matrix has a banded structure with
perfect CFO compensation. Therefore, the CFO estimation’s
cost function forces the out-of-band elements of the matrix
to be zero. Nevertheless, this method suffers from channels
with large delay spreads, which reduces the number of out-
of-band elements of the covariance matrix. Thus, a study
in [289] develops an estimator for OFDM systems using con-
stant modulus constellations over highly frequency-selective
channels with high delay spread. Similar to [285], the authors
deploy the assumption that the channel variation is slow
within two adjacent symbols and estimate CFO by minimiz-
ing the cost function, which uses a covariance fitting criterion
between two nearby symbols.

However, the cited blind estimators assume that the symbol
timing is known at the receiver. Hence, the study in [290]
explores a blind technique for joint timing offset and CFO
estimation based on the LS approach. The proposed esti-
mator considers a fully loaded OFDM system and does not
require the channel impulse response knowledge. Moreover,
by exploiting cyclic prefix redundancy, a joint ML algo-
rithm for joint timing offset and CFO estimation is proposed
in [291]. The authors formulate the likelihood function based

FIGURE 17. Block diagram of an OFDM system with ICI self-cancellation
technique (windowing).

on the cyclic prefix’s distinctive correlation characteristics at
each sampling time over dispersive channels. Note that the
proposed estimator’s performance depends on the channel
length, and it suffers from high computational complexity.

Table 9 shows summary of pilot-aided CFO estimation and
compensation studies for single-user OFDM (with perfect
CSI).

c: ICI SELF-CANCELLATION
CFO is first estimated in previous pilot-aided and blind esti-
mators for OFDM systems and then is accurately removed.
However, another approach called ICI self-cancellation tech-
nique reduces the OFDM system’s sensitivity to the CFO
by exploiting signal processing and/or coding approaches.
Following this, we review the techniques designed for OFDM
systems.

The authors in [292], [293] describe the ICI caused by
CFO in complex weighting coefficients. Using the deriva-
tions, they propose an ICI cancellation method in which
each complex value is modulated on L adjacent subcarriers,
using optimized weights, rather than on to a single subcarrier.
After maximal ratio combining of the repeated symbols at
the receiver, ICI depends on the difference between the adja-
cent weighting coefficients, and since the difference between
them is small, ICI reduces. However, this method is complex
and also degrades the transmission rate by factor L. Thus,
authors in [294] propose an ICI self-cancellation technique
by applying windowing procedure in both transmitter and
receiver. Fig. 17 shows the system model of this work.
By designing the windows, they reduce side lobes of the
spectrum and so suppress the ICI. Furthermore, they prove
that the method in [292], [293] is equivalent to a particular
case of the proposed windowing method. Besides, in [295],
a diversity-based cancellation method is proposed using two
processors in transmitter and receiver. The transmitter’s pro-
cessor extended the time-domain signal to add diversity to the
frequency-domain symbols, and the processor in the receiver
used the diversity to mitigate the ICI.

On the other hand, authors in [296], [297] propose cancel-
lation methods using conjugate transmission. In [296], two-
path conjugate transmission is addressed in which the first
path is formed by the regular OFDM signal and the second
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TABLE 9. Summary of blind CFO estimation and compensation studies for single-user OFDM (with perfect CSI).

one is represented by a conjugate of the first path. The com-
bination of the two paths forms the conjugate ICI scheme.
Moreover, authors in [297] present a phase-rotation-based
scheme for ICI cancellation, which is the general form of
the scheme in [296]. Furthermore, they derive the transmit-
ter’s optimal rotation phase by maximizing the carrier-to-
interference ratio based on the CFO estimate in the training
mode. Although authors in [297] improve the cancellation
performance for high-frequency offset situations compared
with [296], the proposed method requires the information
of the CFO. A different approach is followed in [298],
where transmit and receive processing are deployed for ICI
cancellation design. These processes result in an equivalent
OFDM system with fewer subcarriers than the original one.
Additionally, the transmit and receive processingmatrices are
designed to achieve common average signal to interference
power ratio overall equivalent subchannels in the transformed
OFDM system.

d: JOINT CHANNEL AND CFO ESTIMATION AND
COMPENSATION
All the above mentioned schemes assume the availability
of perfect CSI in the receiver. However, this assumption is
not practical because the receiver must estimate the channel
and CFO together. Thus, a non-linear joint ML algorithm for
joint channel impulse response and CFO estimation over a
multipath fading channel is presented [299]. In this proposed
iterative method, pilot tones enable initial estimates and a

decision-directed technique provides an effective estimate.
Moreover, to reduce the complexity of joint ML estima-
tion, an adaptive approach, e.g., the steepest descent algo-
rithm, is utilized. Sensitivity of channel estimation to the
unknown CFO is less than sensitivity of the CFO estima-
tion to unknown channel. However, [300] illustrates that the
proposed estimator [299] can suffer from quick temporal
variations in channel impulse response and CFO. Hence,
they develop an iterative ML pilot-aided estimator for an
OFDM system over a multipath fading channel and a sim-
plified model of the received signal. If the received signal
model is linearized with respect to the CFO, a closed-form
estimator could be derived. Although this method improves
the estimation performance with rapid channel and CFO
changes, it incurs higher computational complexity. Addi-
tionally, authors in [301] represent an ML algorithm for joint
estimation of channel impulse response and integer part of
CFO by deploying one or more pilot blocks placed at the
beginning of the data frame. They assume that the fractional
part of CFO is already estimated and compensated for.

Using a preamble symbol, the work in [302] proposes
joint estimator via an iterative EM algorithm, which has
the expectation and the maximization steps. The expectation
step estimates the channel under the assumption of a known
CFO; then, the resulting channel estimation is deployed to
update the CFO estimate in the maximization step. However,
the estimator in [302] is developed for quasi-static channels.
Hence, [303] introduces an iterative pilot-aided scheme for
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joint channel and CFO estimation based on the EM algo-
rithm in OFDM systems with very high mobility. This work
approximates the time variation of channel complex gains
by a basis expansion model, and first-order autoregressive
processes are exploited to characterize the variations of the
basis expansionmodel coefficients statistically. The proposed
estimator is robust to uncertainties on the delays and the
Doppler frequency. Moreover, the study in [304] alterna-
tively exploits Newton’s and EM methods to obtain the ML
estimates of channel and CFO. The search range for the
CFO is partitioned into several subranges, and the mentioned
methods are usedwithin each subrange. If theOFDMsignal is
modeled asGaussian randomvariables, a closed-form expres-
sion for EM can be derived. Nevertheless, the performance of
the estimator depends on the number of subranges. Indeed,
a higher number of them results in lower MSE at the cost of
computational complexity.

On the other hand, [305] investigates the joint estimation
of channel impulse response and CFO by taking advantage of
pilot symbols and null subcarriers. The CFO is first estimated
through an approximate ML estimator by exploiting the
receive-signal correlation structure in the proposed algorithm.
The resulted likelihood function is a function of the pilot
and null subcarriers locations, noise variance, and channel
correlation. An LS estimator then finds the channel impulse
response using the estimated CFO. Furthermore, a decision-
directed joint ML estimator is developed to improve the esti-
mates of channel impulse response, CFO and data symbols
iteratively. Furthermore, reference [306] investigates the joint
estimation problem of CFO, sparse channel and the variance
of noise in OFDM systems by deploying sparse Bayesian
learning. An iterative algorithm is proposed, which requires
one OFDM block of training symbols and simultaneously
estimates the unknown parameters.

However, all the cited joint channel and CFO estimators
assume perfect time synchronization, a restrictive assumption
in practice. Thus, [307] addresses the joint estimation of
frequency-selective channel and CFO in the presence of tim-
ing offset based on the ML criterion. In this pilot-aided algo-
rithm, optimal estimates are obtained by a two-dimensional
search since the timing offset and CFO are mutually cou-
pled. However, the channel length is considered a known
parameter in this algorithm. Hence, [308] explores CFO
estimation when the timing offset and channel length are
not precisely known. The authors model the channel as a
mixture of possible models and develop a Bayesian multi-
model-based CFO estimator by utilizing one OFDM training
symbol. Furthermore, [309] studies the joint estimation of
time-varying frequency-selective channel, timing offset and
CFO based on ML criteria. The authors assume that the
correlation-based method in [221] already achieves a rough
estimate of the timing offset.

Besides, authors in [310] study joint estimation of channel
impulse response, CFO and SFO based on a recursive LS
algorithm using the received signal samples and pilot tones
in the frequency-domain. Moreover, a compensation scheme

is proposed for eliminating the ICI induced by CFO and
SFO in the frequency-domain. An ML scheme is derived
from providing a coarse estimation of initial CFO and SFO
values utilized in the recursive LS algorithm to reduce the
convergence time and enhance stability.

3) MULTIUSER OFDMA SYSTEMS
The subcarriers are divided into non-overlapping sets to serve
multiple users, each assigned to an individual user. Thus,
multiple users can transmit their data simultaneously. This
operation is possible because the subcarriers are orthogonal,
and hence ICI does not exist, which avoidsMUI among users.
However, CFO’s destroy this orthogonality, which induces
the ICI between a user’s own set of subcarriers, as well as
MUI from other users’ subcarriers. Hence, CFO estimation
and cancellation techniques in downlink and uplink should
be deployed to prevent performance degradation.

Each user estimates a single CFO between its receiver
and the base station transmitter in the downlink and can-
cels accordingly. Since only a single CFO should be han-
dled, we can consider the OFDMA downlink a group of
point-to-point OFDM links, and the existing algorithms for
single-user OFDM can perform CFO compensation. On the
contrary, in the uplink, each user has its CFO, and the base
station receiver should perform frequency synchronization
by multi-CFOs estimation and compensation. Thus, synchro-
nization in the OFDMA uplink is a multi-variable problem,
and adjusting the receiver oscillator to one CFO can not return
the orthogonality among subcarriers.

We divide the studies for multiuser OFDMA systems into
1) pilot-aided and blind estimation and compensation, 2) joint
channel and CFO estimation and compensation. Note that the
first type assumes knowledge of the channel is available in the
receiver.

a: PILOT-AIDED AND BLIND ESTIMATION AND
COMPENSATION
CFO estimation in OFDMA uplink is related to the type
of subcarrier assignments. As discussed in the PN section,
OFDMA subcarrier assignment schemes are subband-based,
interleaved, and generalized. For the subband-based OFDMA
uplink, signals from different users can be separated with
a bank of digital band-pass filters, each selecting one sub-
band [311], [312]. Then, the CFO of each subband can
be estimated by applying the same method deployed in
the single-user OFDM. Following this filtering procedure,
authors in [311] propose a blind CFO estimation algorithm
based on data correlation by the use of the cyclic prefix
(extendedmethod in [257]). The authors show that the estima-
tor’s performance decreases when the number of subcarriers
in one subband decreases. In [312], a blind CFO estimator
is proposed by exploiting null subcarriers inserted in each
subband. The CFO estimation approachminimizes the energy
of the corresponding null subcarriers.

For the interleaved OFDMA uplink, the authors in [313]
propose a pilot-aided ML CFO estimator by optimizing a
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multidimensional cost function. Each user includes a pilot
OFDM symbol in its preamble to enable CFO estimation.
The key idea is to design a pilot symbol to approximate
the multidimensional optimization problemwith independent
one-dimensional optimization problems. However, the result-
ing estimator is complex and also vulnerable to being
stuck in local minima/maxima. Thus, [314] develops a
pilot-aided CFO estimator based on measuring the phase
shift between pilot tones transmitted over adjacent OFDMA
blocks. Besides, repetitive training sequences are deployed
to minimize the MUI power under a constraint on the over-
all pilot energy. Although this estimator outperforms that
of [313] in terms of MSE performance and complexity,
it requires several OFDMA symbols. Besides, the study
in [315] designs a pilot structure that provides frequency
separation between the subcarriers assigned to any two users.
Then, a CFO estimator is presented based on the companion
matrix derived from the proposed pilot structure. This esti-
mator achieves acceptable performance when the CFO range
increases.

Furthermore, studies in [316]–[318] exploit the sparse dis-
tribution of CFOs in frequency-domain and develop recovery
techniques to estimate CFOs based on sparse prior informa-
tion inherent in the received signal. In [316], the potential fre-
quency offset ranges are discretized into discrete grid points,
and the estimation problem becomes a sparse signal recovery
problem. This problem lends itself to a matrix Bayesian
compressive sensing-based CFO estimator, which has two
stages: 1) coarse estimations of CFOs, which are generated by
reconstructing a hyperparameter vector via a relatively large
grid interval, 2) the refined CFOs, which are obtained one
by one via searching the frequency-domain with a smaller
grid interval. However, the estimation performance degrades
due to interfering with the hyperparameters of the estimated
CFOs with noise power. Hence, to weaken the effect of noise,
the study in [317] mitigates the noise by taking advantage of
the noise covariances matrix in the transformed observation
data and proposes a sparse recovery-assisted CFO estimator.
However, it achieves acceptable performance only for nor-
malized CFO’s less than 0.4. The reason is that in a larger
amount, the derived regularization parameter used for the
proposed sparse estimator is inaccurate. Therefore, in [318],
a blind CFO estimator is designed based on a sparse Bayesian
learning framework to achieve better estimations for large
CFOs. This paper formulates the estimation problem as a
sparse non-negative LS problem, wherein the noise is effi-
ciently suppressed. Then, the problem is solved by the sparse
Bayesian learning framework with a non-negative Laplace
prior algorithm.

On the other hand, authors in [319] address a blind
subspace-based CFO estimator based on the principle of
multiple signal classification by deploying the determinis-
tic structure of the signals. This estimator takes advantage
of the periodic structure of the signals transmitted by each
user. Moreover, the absolute values of all the CFOs are less
than half of subcarrier spacing. However, the computational

complexity of the proposed estimator is high due to grid
search over the uncertainty frequency range. Hence, the study
in [320] presents a blind CFO estimator that relies on the
estimation of signal parameters via the rotational invariance
technique. Although the proposed estimator is closed-form
without a peak searching procedure, which reduces the com-
putational complexity, the solutions are not optimal, and they
do not reach the CRLB. Thus, in [321], a low-complexity
blind estimator based on ML criteria is proposed, and an
optimum solution is derived by solving a polynomial func-
tion. In the ML method, the CFOs in the likelihood function
becomes intractable after the correlation matrix. Therefore,
to find the closed-form solution, the authors express the
correlation matrix with series expansion and then truncate to
derive the expression with a root-finding method. Moreover,
the proposed estimator can approach the CRLB.

In the case of a generalized OFDMA uplink, authors
in [322] investigate the pilot-aided CFO estimation based on
correlation function by exploiting the repetition of a fixed
pilot symbol. However, this method only considers the CFO
of a new user entering the system and assumes all the other
users are perfectly synchronized.Moreover, the study in [323]
presents a pilot-aided iterative CFO estimator based on the
ML principle. Each iteration of the proposed estimator con-
tains two steps, 1) primitive estimation resulting in the exact
residual CFO estimate for all the users and 2) local-search-
based CFO adjustment. Nevertheless, this iterative estimator
suffers from the computation complexity of the second step.
Thus, investigation in [324] proposes an estimation algorithm
based on two consecutive received OFDMA symbols moti-
vated by the line search method. In this approach, the sec-
ond symbol is regenerated as a non-linear function of the
CFOs and the first symbol. Then, first-order Taylor series
expansion is deployed for deriving the linear approximation.
Finally, by minimizing the mean square distance between the
received second symbol and its regenerated signal, CFOs and
data are jointly estimated.

Furthermore, authors in [325] address a solution for
pilot-aided residual CFO tracking in the IEEE 802.16e
uplink. The coarse estimation is derived by using one of
the exciting methods, but residual CFOs are remained due
to estimation errors and/or time-varying Doppler shifts. The
proposed solution relies on the LMS principle and updates
the frequency estimates at each newly received subframe.
In [326], an iterative CFO estimator is designed based on
the tile structure of IEEE 802.16e. This proposed estimator
exploits the pilot symbols in more than two non-consecutive
blocks and is relied on the best linear unbiased estima-
tion principle properly. Note that the estimation range of
this method is more extensive than other methods, almost
half of the subcarrier spacing. On the other hand, in [327],
a subspace-based blind CFO estimator is addressed in which
the base station is equipped with a uniform linear array
of antennas. This estimator separates the CFOs of different
users with their spatial information by taking advantage of
the uniform array and narrowband signal assumption. Then,
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CFOs associated with different are estimated individually.
However, in this method, by increasing the number of users,
the estimation performance decreases due to increasing the
dimensions of signal subspace and decreasing dimensions
of noise subspace. Moreover, the authors in [328] develop
a blind CFO estimator for generalized OFDMA uplink with
constant modulus constellation. Finally, reference [329] pro-
poses a blind algorithm for CFO estimation for generalized
OFDMA uplink systems based on null subcarriers.

b: JOINT CHANNEL AND CFO ESTIMATION AND
COMPENSATION
For the interleaved OFDMA uplink, authors in [330] pro-
pose an iterative algorithm for channel estimation, frequency
synchronization, and data detection. The algorithm uses a
pilot training preamble in each frame. The idea is based
on space-alternating generalized expectation-maximization
(SAGE) for separating the received signal in the base sta-
tion. In other words, SAGE decomposes the maximization
of the multiuser ML cost function into multiple single-user
maximization problems. The EM algorithm is then applied to
each subproblem to update the CFO estimate and get channel
estimation and data detection.

Furthermore, to improve the estimation performance and
reduce the computational complexity, a modified SAGE
method is proposed in [331] by incorporating MUI can-
cellation in both time and frequency-domain. In this work,
disjoint sets of cyclically equal-spaced, equal energy pilot
tones are assigned to the users. Moreover, the study in [332]
extends the proposed approach [330] by considering the
impact of channel coding. The authors solve the joint prob-
lems of channel estimation, CFO compensation, and chan-
nel decoding via iterative executions of SAGE and EM
algorithms.

Joint estimation of channel responses, timing offsets, and
CFOs based on the ML principle has also been devel-
oped [333]. Arbitrary (random) subcarrier allocation shows
the capability of the proposed estimator to work with all
three subcarrier assignment schemes. However, this estimator
requires each user to transmit a training block at the beginning
of the uplink frame. Moreover, since the exact ML solution
is complex due to search over a multidimensional space,
alternating projection frequency estimation method [334] is
proposed to convert the search problem into a sequence
of one-dimensional searches. Although this algorithm con-
verges fast and reaches the CRLB, it has high computa-
tional complexity. Thus, [335] presents an approximate ML
algorithm for joint channel and CFOs estimation by exploit-
ing distinct correlation properties of the training sequences.
They convert the grid search ML problem into a polynomial
root-finding procedure and derive closed-form estimators for
moderate CFOs. The computational complexity is reduced in
cost of estimation performance compared with [333]. Hence,
the work in [336] proposes an ML-based joint channel and
CFO estimator and develops an importance sampling-based

technique to handle the multidimensional exhaustive search
problem. This technique derives the closed-form solution
for CFO estimation using an optimization theorem. The
importance sampling method removes the difficulty of the
multidimensional integral in the solution. Then, the channel
responses are estimated by using the CFOs estimates. The
proposed method provides globally optimal solutions, and its
computational complexity is lower than the schemes based on
alternative projection in [333].

On the other hand, authors in [337] address pilot-aided
joint estimation of channels and CFO based on the itera-
tive line search algorithm by applying a linearized approxi-
mate signal model. The cost function is defined to minimize
the mean square distance between the received signal and
the reconstructed received signal. The MMSE criterion is
exploited for updating estimates in each iteration. Note that
all the unknown parameters are considered together as a
whole in this work. Additionally, [338] proposes a pilot-aided
joint channel and CFO estimator relied on LS criterion. This
estimator has two steps: 1) the variable projection method
is exploited for solving a separable non-linear LS problem
to estimate the CFO, 2) the channel is estimated by using
the MMSE approach. The proposed estimator has a faster
convergence rate and achieves better estimation performance
compared with [337].

However, all the previous papers do not address the esti-
mation of time-varying channel coefficients. Thus, authors
in [339] investigate the pilot-aided joint estimation of the
doubly-selective channel and CFO in OFDMA uplink system
with high mobility users. An iterative scheme is proposed
based on the SAGE-MAP probability algorithm [340]. More-
over, to reduce the computational load, Bernstein basis poly-
nomials are exploited to characterize rapid time variations
of the channel. However, the proposed estimator requires the
knowledge of channel statistics, which is not practical. Thus,
in [341], the authors propose anML-based estimator that does
not require channel knowledge. They deployed Chebyshev
polynomials of the first kind as the basis set for tracking the
time variation of the channels. Then, the SAGE algorithm is
used for developing ML estimator for joint estimation of the
basis coefficients and CFOs.

Table 10 shows summary of CFO estimation and compen-
sation studies for multiuser OFDMA systems.

In conclusion, pilot-aided CFO compensators in all the
considered systems deploy different approaches for defin-
ing their cost function, including LS, EM, ML, MMSE,
etc. Although blind estimators enhance the bandwidth effi-
ciency, they have relatively poor performance compared to
the pilot-aided ones. Moreover, the proposed estimators typ-
ically require many iterations for convergence, which results
in higher computational complexity. On the other hand,
blind estimators rely on structural and statistical properties
of signals and exhaustive searches. Moreover, they suffer
from high computational complexity since they often require
averaging over numerous data symbols for satisfactory
performance.
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TABLE 10. Summary of CFO estimation and compensation studies for multiuser OFDMA systems.

D. CFO IN EMERGING/FUTURE TECHNOLOGIES
1) MIMO SYSTEMS
These deploy multiple antennas in the transmitter and
receiver to achieve multiplexing or capacity gains. A lin-
ear combination of the signals transmitted by the transmit
antennas is collected at each receive antenna. If indepen-
dent oscillators are considered for transmitter and/or receiver,
the received signal is affected by multiple CFOs. On the
other hand, if a single shared oscillator is deployed in each
transmitter and receiver side, the received signal is affected
by a single CFO. Note that the estimation and compensation
of multiple CFOs will be more challenging than the single
CFO. Following, we review the papers for SC MIMO and
MIMO OFDM systems in the presence of the CFO.

a: SC MIMO SYSTEMS
Authors in [342] investigate the pilot-aided CFO estimation
problem in an SC MIMO system with BPSK modulation and
flat-fading channel. All transmit and receive antenna pairs are
affected by the same CFO. The authors propose anML-based
estimator for CFO estimation by deploying training symbols.
Moreover, they also provide an iterative code-aided EM-
based estimator for the joint channel and CFO estimation.
The study in [343] proposes a closed-form solution for pilot-
aided ML-based CFO estimation in SC MIMO with QPSK
modulation and presents an efficient hardware architecture.
Note that similar to [342] a flat-fading channel is considered,
and this method loses its performance in the presence of
frequency-selective channels.

On the other hand, [344] proposes a pilot-aided phase
estimation and compensation method for the MIMO
SC-FDE systems to suppress the phase distortion gener-
ated by CFOs and reliably detect equalized data. Severely
frequency-selective channel fading and multiple unknown
CFOs are considered. In this work, the average rotating
phase for each data block group is estimated in a decision-
directed method. It compensates for the phase distortions
based on estimated rotating phases before performing the
symbol detection. Additionally, the LS frequency-domain
channel estimation algorithm is proposed for tracking time-
varying channels. Moreover, references [345], [346] address
the training sequence design for joint frequency-selective
channel and CFO estimation in the SC MIMO systems. The
CRLBs are used as a metric for training sequence design, and
the derived sequence facilitates the simple implementation
of the ML CFO and channel estimators. Moreover, [346]
explores channel gains and multiple CFOs estimation prob-
lems over frequency-selective channels by proposing a train-
ing sequence with a subspace-based algorithm. The CFOs
between transmit and receive antenna pairs are not the same.
However, this estimator increases the computational load for
improving the estimation performance.

Furthermore, [347] addresses the joint blind channel and
single CFO estimation in an SC MIMO system based
on orthogonal space-time codes over flat-fading channels.
For constant-modulus constellations, an ML estimator is
designed, ignoring the finite alphabet constraint for simplic-
ity. CFO can be estimated by maximizing the eigenvalue of
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a specific data-dependent matrix and whose eigenvector can
be exploited for channel estimation.

For an SC uplink asynchronous multiuser MIMO sys-
tem, [348] proposes a frequency synchronization and equal-
ization algorithm. Each user has a single transmit antenna,
and one base station with multiple receive antennas is con-
sidered. Based on second-order statistics, a blind method
estimates the shaped channels with ambiguity. Using the esti-
mated channels, the MIMO system over frequency-selective
channels is converted to an MIMO system with flat-fading
channels. Then, pilots are designed to estimate CFOs, based
on the ML criterion and resolving the channel ambigu-
ity. Finally, the transmitted symbols are recovered by the
equalization method based on the MMSE principle. More-
over, [349] proposes another frequency synchronization
scheme for an SC uplink multiuser MIMO system based on
space-time beamforming. This work performs subspace anal-
ysis on the received space-time snapshots, and the beamform-
ing vector is constrained to lie in the corresponding signal
subspace. Then, under this constraint, joint CFO estimation
and space-time beamforming are performed by minimizing a
cost function defined as the difference between the CFO dis-
torted training block and the beamformed space-time signal.

Table 11 shows summary of CFO estimation and compen-
sation studies for SC MIMO systems.

b: MIMO OFDM SYSTEMS
Before we present studies for CFO estimation in MIMO
OFDM systems, some investigations for CFO estimation
in SIMO OFDM system are addressed. Studies in [350],
[351] investigate CFO estimation in SIMO OFDM sys-
tem by exploiting the multi-antenna redundancy at the
receiver. In [350], an ML-based CFO estimator is designed
based on the fact that different receive branches contain
uncorrelated observations about the same information bits.
Moreover, the study in [351] develops a blind CFO estimator
based on trilinear decomposition and LS principle. However,
this method requires a large number of OFDM blocks to
achieve satisfactory performance. Based on theML principle,
blind CFO estimation for OFDMwith multi-antenna receiver
is studied in [352], which is expanded to the MIMO case.
In this method, channels stay constant over more than one
successiveOFDMblock, and the number of the receive anten-
nas is greater than the number of the transmit antennas. The
cost function is defined by restoring the rank one property
of matrices constructed by the received signal after the CFO
cancellation at each subcarrier from each receive antenna.
Although this method’s performance is acceptable, according
to an exhaustive search for finding the optimal value of the
CFO, this method requires high order of computations. Thus,
the closed-form method for blind CFO estimation for OFDM
with a multi-antenna receiver is proposed in [353]. The key
idea for defining a cost function is that the received signal at
each subcarrier from different receive antennas in different
OFDM blocks is spanned by a single common vector of
channel frequency response at the given subcarrier, which

is caused by assuming the channel to be constant during
some OFDM blocks. Moreover, by proving that the defined
cost function is precisely a cosine function, a closed-form
expression for the CFO estimate is proposed. Although this
method supports fully loaded transmissions and can reduce
the computational complexity compared with [352], it is not
an optimal solution and suffers from performance degrada-
tion.

On the other hand, in [354], joint CFO and channel for
OFDM with the multi-antenna receiver are blindly estimated
by exploiting one received OFDM block. By assuming the
channel between the transceivers to be constant within one
OFDM block and computing each subcarrier signal in each
receive antenna after compensating CFO with trial value,
the cost function is derived. To be specific, the cost function
is defined by considering the linear relation between the
received signal and the channel in the frequency-domain at
each subcarrier.

We next review the estimation and compensation studies
for MIMO OFDM systems.

c: PILOT-AIDED ESTIMATION AND COMPENSATION
an EM-based iterative receiver is designed for the MIMO
OFDM system in [355]. The performance of the proposed
algorithm depends on the initial estimation of the transmitted
symbol. Indeed, since iterative receiver requires a pilot slot to
obtain a good initialization, authors utilize this slot for CFO
estimation and provide more accurate initialization for the
EM-based receiver. In this method, CFO is estimated with
ML detection and after CFO cancellation, an LS estimator is
deployed to estimate the fading coefficients during the pilot
slot. In the following data slots, by knowing the estimated
fading coefficients and utilizing the ML algorithm, an initial
estimate of the transmitted symbols is derived. Using this
initial point, the EM algorithm updates the fading coefficients
and detects the transmitted symbols iteratively.

On the other hand, a study in [356] explores a training
sequence assisted CFO estimator based on the ML criteria
for MIMO OFDM systems over frequency-selective fading
channels. Sub-optimal training sequences relied on the Chu
sequence are proposed. This estimator finds the integer part of
CFO by deploying the orthogonality of the training sequences
in the frequency-domain. The fractional part of CFO is esti-
mated by exploiting the uniformly spaced non-zero pilots in
the training sequences. Additionally, geometric mapping is
exploited to simplify the complex polynomial into a real poly-
nomial for estimation of fractional part by finding the roots.
However, implementing the polynomial rooting operation in
this estimator is not straightforward in practical systems.
Thus, authors in [357] address a CFO estimator for MIMO
OFDM systems by exploiting the training sequences gener-
ated from the Chu sequence [358]. The CFO is estimated
by factor decomposition for the derivative of the ML cost
function based on the periodicity property of these sequences.
Although this trick reduces the implementation complexity,
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TABLE 11. Summary of CFO estimation and compensation studies for SC MIMO systems.

FIGURE 18. MIMO OFDM system with single shared oscillator. A single
common CFO appears between the transceivers.

the critical assumption is that channel taps remain constant
during the training period, which may not be realistic.

d: BLIND ESTIMATION AND COMPENSATION
The authors in [359] present an estimator for MIMO OFDM
systems based on a kurtosis type of criterion that measures
the Gaussianity of a random sequence. They assume that the
CFOs for different transmit-receive antenna pairs are approx-
imately the same. The key idea for defining the cost function
is that the distribution of the received signal after CFO can-
cellation with trial value will be more non-Gaussian if CFO is
perfectly estimated. Moreover, a closed-form expression for
the MSE of the estimated CFO is obtained for a frequency-
flat channel. However, this estimator suffers from perfor-
mance degradation in frequency-selective fading channels
and requires many OFDM symbols. Thus, authors in [360]
propose a blind estimator forMIMOOFDMby exploiting the
multi-antenna redundancy at the receiver. The system model
of this work is shown in Fig. 18. The cost function is defined
based on the correlationmatrix constructed by received signal
at different antennas in frequency-domain after CFO com-
pensation with a trial value. The proposed cost function can
be expressed as the superposition of cosine waves, making
it computationally efficient. Note that the difference between
the number of receiving and transmitting antennas should be
at least one in this estimator.

On the other hand, authors in [286] present a blind CFO
estimation approach for orthogonal-space-time-block-coded
MIMO OFDM with constant modulus signaling under the
assumption of equal channel responses for adjacent subcar-
riers. The cost function is defined by minimizing the dif-

ference between the signal power of two neighboring sub-
carriers. Nevertheless, the considered assumption is accurate
when the channel frequency response changes slowly in the
frequency-domain. Thus, the performance of this estimator
degrades in the presence of severe fading conditions. Thus,
investigation in [361] develops a blind CFO estimator for
MIMO OFDM with constant modulus constellations over
the frequency-selective fading channels. The cost function
is defined by minimizing the components of the signal
power spectrum, and computational complexity is reduced by
finding a closed-form CFO estimate. However, this scheme
requires a large number of OFDM symbols to obtain reli-
able CFO estimates. Furthermore, this estimator suffers from
performance error floor under the moderate and high-SNR
regions, which is caused by interference among the signals
from multiple transmit antennas. Thus, the study in [362]
explores blind CFO estimation for MIMO OFDM with con-
stant modulus constellations by utilizing rank reduction cri-
terion. The key idea is based on the rank of the matrix, which
are constructed by signals at each subcarrier in each receive
antennas. Since the rank of the mentioned matrix increases
under non-perfect CFO compensation, by minimizing the
rank of the matrix under the presence of CFO, the cost
function is defined. Thismethod avoids the performance error
floor by increasing SNR, which outperforms the estimator
method in [361] at the cost of a higher order of complexity.
Furthermore, authors in [363] propose a blind estimator for
MIMO OFDM based on the banded structure of covariance
matrices for constant modulus signals. In the absence of the
CFO, the covariance matrices formulated by circular shifts
of received signals have the banded structure. Hence, the cost
function is designed to minimize the out-of-band of the matri-
ces, resulting in a closed-form CFO estimation algorithm.
Since the presented estimator suffers from channels with high
delay spreads, the authors improve it by deploying both the
in-band and out-of-band information of covariance matrices
under the assumption of a constant channel over two consec-
utive symbols.

Besides, authors in [364] investigate the blind CFO esti-
mation problem in multiuser MIMO OFDM uplink systems.
They assume that the base station is equipped with mul-
tiple antennas (with a single shared oscillator), and each
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user has a single antenna. Different transmitter and receiver
pairs have different CFO that means multiple CFOs are
required to be estimated. A subspace-based estimator is pro-
posed, which estimates multiple CFOs from a rank reduction
approach. Besides, the estimates improve with an ML-based
estimator. However, the later estimator suffers from com-
putational complexity, which is reduced by the alternating
projection method.

e: JOINT CHANNEL AND CFO ESTIMATION AND
COMPENSATION
Authors in [365] propose algorithms for sequential esti-
mation in an MIMO OFDM system by using null subcar-
rier and non-zero pilot symbols inserted and hopped from
block to block. In this estimator, CFO is first estimated by
measuring the CFO-induced shift in the null space through
line search. Then, after removing the CFO terms, the chan-
nel is estimated by exploiting LS criteria. However, since
residual CFO estimation could destroy the channel estima-
tion performance, phase estimation is performed to find it
per block by exploiting non-zero training symbols. This
method requires high computational complexity. Further-
more, the study in [366] develops a pilot-aided algorithm
to jointly estimate the multipath Rayleigh channel complex
amplitude and CFO based on extended Kalman filtering
and the equivalent discrete-time channel model. Within one
OFDM symbol, the basis expansion model is exploited for
approximating time-varying the complex amplitudes. Then
the dynamics of basis expansion model coefficients and
CFO parameters are modeled through first-order autore-
gressive processes. Finally, extended Kalman filtering as a
recursive algorithm is addressed for the estimations of the
parameters. However, this method requires that the system
noises be Gaussian with available statistics. Thus, investi-
gation in [367] proposes a pilot-aided joint estimator over
time-varying channels based on the extended H∞ filter. This
estimator does not require knowledge of the noise distri-
butions and less sensitive to the noise variance error than
the estimator in [366]. Moreover, similar to [366], the basis
expansionmodel is exploited to reduce the number of channel
parameters in [368]. Then, CFO and basis expansion model
coefficients are treated as random variables under pilot-aided
Bayesian estimation and are estimated by the MAP tech-
nique. Additionally, to improve the estimation performance,
extrinsic information from the output of the SISO decoder is
deployed to derive additional pilot symbols by generating soft
estimates of data symbols. Since this estimator is iterative,
the computational load may be high.

Moreover, authors in [369] address joint channels and mul-
tiple CFO estimation problems in multiuser MIMO OFDM
uplink systems. In this paper, CFOs are incorporated into the
transmitted symbols and channels. Then, a blind method for
channel estimation in [370] (based on second-order statistics
of the received signal) is exploited to obtain an estimation
for the CFO incorporated channels with an ambiguity matrix.

The CFOs and the ambiguity matrix are resolved by using a
pilot OFDM block for each user.

Besides, authors in [371] propose a pilot-aided ML-based
estimator for joint channel and CFO estimation in multiuser
MIMO OFDM uplink. The optimal training sequences are
designed by minimizing the asymptotic Cramér–Rao bounds
for channel and CFO estimation, given the bounds being
channel independent. The multidimensional ML estimator
is then solved by the proposed Monte-Carlo importance
sampling-based estimator in [372]. Although this estimator
reduces the computational complexity related to ML esti-
mation, it can not yield the optimal solution. Furthermore,
in [373], a pilot-aided joint channel and CFO estimator is
developed for an uplink MIMO OFDM system based on the
Schmidt Rao-Blackwellized particle filters. Authors deploy
the parallel Schmidt Kalman filter to break down the mul-
tiuser estimation problem into subproblems by exploiting a
few training blocks (each subproblem deals with one user).
They then use the Schmidt Rao-Blackwellized particle filter
to solve each subproblem, where the CFO is estimated by
sampling importance-resampling technique, and the channel
is updated through a bank of Kalman filters conditioned on
the generated CFO samples.

However, all the previous papers in multiuser MIMO
OFDM assume that the channel is constant within an
OFDMA symbol. Thus, studies in [374], [375] address
the joint channel and CFO estimation in the presence of
doubly-selective channels by using pilot symbols. Authors
in [374] propose an joint ML-based estimator. They exploit
Bernstein’s basis polynomial to capture the time variations of
the channel. Also, they address an iterative scheme that relied
on the oblique projection that decomposes multidimensional
search into many one-dimensional searches for reducing the
computational complexity. However, they assume that CFO
is constant for all OFDMA symbols, which is not applicable
when we have time-varying Doppler shifts. Thus, the study
in [375] explores the problem of joint time-varying CFO and
doubly-selective channel estimation. Basis expansion mod-
eling is considered for tracking the doubly-selective chan-
nel, and Schmidt Kalman filtering is deployed for decom-
posing the multiuser estimation problem into several more
straightforward problems corresponding to each user. Then,
two approaches are proposed for solving the channel and
time-varying CFO estimation problem of each user. The first
one is based on the Schmidt extendedKalman filtering, which
suffers from a convergence problem. The second one is based
on Gaussian particle filters and Schmidt Kalman filtering by
adopting a marginalized Kalman filtering approach.

Table 12 shows summary of CFO estimation and compen-
sation studies for SIMO OFDM and MIMO OFDM systems.

2) MASSIVE MIMO SYSTEMS
In the multiuser massive MIMO systems, the base station
is equipped with hundreds of antennas to simultaneously
communicate with multiple users in the same time–frequency
resource. These systems increase spectral efficiency by serv-
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TABLE 12. Summary of CFO estimation and compensation studies for SIMO OFDM and MIMO OFDM systems.

FIGURE 19. Multiuser OFDM uplink transmission with a massive MIMO
base station and multiple single-antenna users. εi is the normalized CFO
between the i -th user and the base station.

ing more users under perfect frequency synchronization.
CFOs from different users could destroy the performance
of these systems by introducing ICI and MUI terms. Thus,
CFOs estimation and cancellation techniques are developed
to suppress these effects.

Authors in [376] investigate the impact of residual CFO
(after inadequate CFO estimation/compensation) on the
information rate of ZF and MRC receivers in the SC massive
MIMO uplink systems over a frequency-flat-fading channel.
Both receivers experience the same performance degrada-
tion in the presence of residual CFO. Moreover, when the

number of base station antennas M is sufficiently large,
O(
√
M ) array gain under residual CFO can be achieved,

which is the same as the ideal zero CFO. Moreover, the work
in [377] further studies the impact of frequency selectiv-
ity on the required per-user transmit power in the CFO
impaired SC massive MIMO uplink systems. MRC receiver
and a fixed per-user information rate are considered. The
authors reveal that the gap in the required power between
the residual CFO and the zero CFO scenarios decreases by
increasing frequency-selectivity. Furthermore, in the resid-
ual CFO scenario, O(

√
M ) array gain is achievable in the

presence of frequency-selective channels. In contrast to [376]
and [377], the work in [378] investigates the impacts of CFO
on frequency-flat massive MIMO downlink. For both MF
and ZF precoders, closed-form expressions of achievable rate
are derived in the presence of CFO, quasi-static radiofre-
quency mismatch, and channel estimation error. Moreover,
two-oscillator setups are considered for base station antennas,
single shared oscillator and independent oscillators. The ZF
precoder is asymptotically more desirable for both setups
with CFO compensation.

On the other hand, authors in [379] address a pilot-aided
frequency synchronization technique based on the angle
information of users for multiuser OFDM uplink with a mas-
sive uniform linear array at the base station. In this work,
CFO for each user is estimated individually by restricting
the incident signal at the base station from each user within
a specific angular spread. Hence, a joint spatial-frequency
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alignment procedure, based on an equivalent frequency asyn-
chronous single-user received signal model, is proposed for
each user’s joint CFO and direction of arrival estimation.
Furthermore, investigation in [380] presents a pilot-aided
frequency synchronization technique with the aid of scattered
pilot symbols. The system model of this work is shown
in Fig. 19. The CFO estimation is performed for each user
individually by deploying the spatial dimensions offered by
many base station antennas. Besides, after CFO estimation,
a beamformingmatrix is designed forMUI cancellation. Sim-
ilar to the technique in [379], the computational load of the
proposed technique is high, and by increasing the number of
antennas, it goes up rapidly. Hence, authors in [381] propose
a pilot-based frequency synchronization technique with low
computational complexity. They extract the signal of each
desired user from the received signal’s covariance matrix
by exploiting a training sequence that is orthogonal onto
space spanned by the desired user’s pilot. CFO estimation is
performed for each user by using the Golden section search
algorithm. Moreover, after channel estimation based on ML
criteria, a CFOs compensation scheme is presented, which is
performed after combining the received signals at base station
antennas. After applying the cancellation scheme, the CFO
estimation error generates a constant phase shift, while an
algorithm is addressed for canceling it.

Moreover, a study in [382] investigates angle-domain
adaptive filtering-based frequency synchronization method
for the massive MIMO uplink systems in the presence
of overlapping angle-of-arrival regions among users. The
authors define an angle-constraining matrix for each user,
including a set of selected match-filter beamformers point-
ing to the angle-of-arrival of the interested user. Then,
MUI from non-overlapping users is suppressed through the
angle-constraining matrix, and also, the MUI from adja-
cent overlapping users is mitigated by the angle-domain
adaptive filtering. Finally, CFO estimation and data detec-
tion are performed independently for each user. However,
when angle-of-arrival regions of users are highly overlap-
ping, the proposed frequency synchronization approach can
not eliminate the MUI terms perfectly and results in perfor-
mance degradation. Thus, in [383], a user-coupling angle-
domain adaptive filtering-based frequency synchronization
method is proposed for CFOs estimation for users with
highly overlapping angle-of-arrival regions. To deal with
the severe MUI among these users, they are categorized
into one or several couples and similar to [382], MUI from
non-overlapping users is mitigated by exploiting the angle-
constraining matrix. Finally, joint CFO estimation and data
detection are performed for the coupled users by the pro-
posed user-coupling angle-domain adaptive filtering-based
frequency technique. Moreover, the angle-domain adaptive
filtering in [382] is deployed for each of the rest non-
overlapping users.

In [384], a blind frequency synchronization method for
multiuser uplink transmissions with OFDM modulation and
a massive number of receive antennas is presented. Blind

CFO estimation for each individual user is performed relied
on different null subcarriers assigned to different users. The
cost function is defined based on the covariance matrix
constructed by corresponding null subcarriers of each user.
Bu using estimated CFOs, the MUI cancellation technique
is proposed, which reduces the multiuser OFDM uplink sys-
tem to the OFDM system with a single transmit antenna
and multiple receive antennas. Finally, the blind channel
estimation and data detection are performed for each user.
However, the proposed algorithm relies on an exhaustive
grid search, which is not computationally efficient. Thus,
the study in [385] proposes a computationally efficient blind
CFO estimator for multiuser uplink massive MIMO OFDM
system by exploiting orthogonality between channel matrices
of different users. In this work, null subcarriers are assigned to
each user. MUI cancellation is performed based on subspace
analysis of the space-domain snapshots at those null subcar-
riers of one user. Following the cancellation, the multiuser
system reduces to a set of parallel single-user transmission
models, and the CFO of each of them is estimated by a
single-user conventional estimator in [360].

3) RELAYING COOPERATIVE SYSTEMS
In relay systems, transmit signals from the source and relays
have different CFOs, which degrade the system’s perfor-
mance, e.g., spatial diversity, by introducing interference
terms. For example, consider the standard configuration of
one source node, one destination node, and multiple relay
nodes. The source to destination protocol can be decomposed
into two time-slots. In the first one, a frame of data is trans-
mitted from source to relay nodes. The frame comprises a
synchronization preamble and pilot blocks for channels and
CFOs estimations. Note that each relay nodes experience a
single CFO from the source, which can be removed by single
CFO estimation and cancellation techniques in each relay.
In the second time slot, the relay nodes forward the source
signal to the destination. Hence, the destination experiences
multiple CFOs from the relay nodes, which should be esti-
mated and canceled.

Authors in [386] investigate the timing offset and CFO
estimations in cooperative space-time block coded OFDM
systems with DF-based relays over frequency-selective chan-
nels. By exploiting a single OFDM training block with a
tile structure in the frequency-domain, timing offsets are
estimated based on correlation-type algorithms. A subspace
decomposition-based algorithm estimates the CFO by insert-
ing null subcarriers in the proposed tile structure. Besides,
optimal tile length is derived in terms of synchronization
errors and BER. Moreover, in [387], CRLBs of CFOs esti-
mation are derived for both DF and AF-based space-time
block coded OFDM systems over flat-fading channels. One
source node, one destination node, and multiple relay nodes
are considered. Additionally, this paper proposes two iterative
algorithms for CFOs estimations based on multiple signal
characterization.
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On the other hand, with block-rotated preamble design,
the authors in [388] calculate the CRLBs of CFOs estimation
for two-way AF relay systems over frequency-selective fad-
ing channels. The considered system consists of two sources,
two destinations, and one relay that digitally amplifies the
baseband’s received signal. Note that the block rotation angle
property of the designed preamble introduces an artificial
block-level frequency offset that separates the preambles
from the two sources in the frequency-domain and distin-
guishes the CFOs of the two sources. However, the derived
CRLBs are based on the specific preamble design and do not
apply to general cases. Besides, the study in [389] investigates
the CRLBs of CFOs estimation for OFDM-based cooperative
networks with single AF-based relay over multipath chan-
nels. The CFOs of the source-relay and the relay-destination
links are evaluated separately. Moreover, the first-order Tay-
lor series expansion is exploited to simplify the inverse of
the color noise covariance matrix in the Fisher information
matrix. The source-relay link CFO estimation bound is higher
than the relay-destination link, and the gap increases when the
relay SNR is much smaller than the destination SNR.

Although all the papers mentioned above assume chan-
nel information is available, some papers investigate the
joint channel and CFO estimation problem. In [390], joint
ML-bases channel and CFO estimator is proposed for
time-asynchronous SC cooperative systems with DF relays
over Rayleigh fading channels. To reduce the computational
complexity, an approximation of the estimator is developed
in which the SAGE algorithm is exploited to separate the
superimposed signals received at the destination. Then, these
separated signals are deployed at each iteration to update
the channel and CFO estimates for each relay-destination
link. Moreover, authors in [391] address the joint estimation
of frequency-flat-fading channel gains, timing offsets, and
CFOs in SC space-division multiple-access cooperative net-
works. Note that both DF and AFmulti relays are considered.
An LS estimator is proposed for joint parameters estimations,
and to reduce the complexity, iterative estimators based on
expectation conditional maximization and SAGE are pre-
sented. Moreover, an ML decoder is designed for detect-
ing the signal in the presence of timing offsets and CFOs.
However, this estimator is not applicable for distributed
space-time block coded cooperative systems. Thus, the same
joint estimation of channel gains, timing offsets, and CFOs in
distributed space-time block coded-AF relaying cooperative
networks is addressed in [392]. Similar to [391], the consid-
ered system is SC. LS and differential evolution-based esti-
mators are presented by using training sequences. The latter
one is an iterative method that reduces the computational
load. Finally, a minimum-square error receiver is developed
to decode the received signal by canceling the effect of the
timing offsets and CFOs impairments at the destination.

Furthermore, the work in [393] presents the joint esti-
mation of channel and CFOs for an OFDM-based two-way
relay network with two source terminals and an AF-based
relay over frequency-selective channels. Cyclic prefix-based

FIGURE 20. Block diagram of a two-way relay network given multiple
CFOs with two source nodes, A and B and K number of AF-based relay
nodes. In phase 1, two source nodes transmit OFDM signal to relay nodes
and in phase 2, relay nodes amplify the superimposed signal and
broadcast to the user terminals.

and zero padding-based OFDM protocols are proposed, and
the estimator is designed to rely on nulling-based LS. The
authors illustrate that the estimator is unbiased at high-SNR.
Also, they derive a closed-form expression of MSEs. More-
over, the zero padding-based OFDM outperforms the Cyclic
prefix-based one in terms of the symbol decoding errors.
Furthermore, the study in [394] addresses the joint estimation
of channel gains and CFOs in a two-way relay network
with multiple AF-based relay nodes over the doubly-selective
channel. The system model of this work is shown in Fig. 20.
Two pilot-based estimators based on the SAGE algorithm
and EM approach are proposed. Besides, rapid time varia-
tions of the channel are captured by adopting discrete pro-
late spheroidal and Karhunen–Love basis expansion models.
However, both [393], and [394] considers that the two source
terminals are perfectly time-synchronized. Thus, the study
in [395] investigate joint channel and CFO estimation for AF-
based two-way relay networks with timing offsets between
the two terminals. Two source nodes and one relaying node
are assumed. Also, flat-fading channels are considered, and
the timing offset is treated as a known parameter. ML esti-
mator is developed for joint parameters estimations, and to
reduce the complexity, an approximate EM-based estimator is
presented by exploiting both pilot-carrying and data-carrying
samples. Every iteration of the latter estimator has two steps:
1)the expectation step: the expectation of the log-likelihood
function for the conditional probability mass function of the
hidden data, 2) the maximization step: the result of the first
step is maximized for the desired parameters.

Based on the available channel and CFO estimations,
CFOs cancellation, ICI reduction, and data detection can be
performed. In [396], an Alamouti space-time coded OFDM
scheme is designed for cooperative systems with CFOs to
achieve spatial diversity. A cooperative system with one
source node, one destination node, and two DF-based relay
nodes are considered. The channel between relay nodes and
destination is quasi-static flat-fading. The source symbols are
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ideally detected in the relays, and then they are encoded into
the Alamouti code. The coded symbols are OFDMmodulated
and are sent to the destination. The Alamouti code structure
on each subcarrier does not hold due to ICI terms introduced
by CFOs. To remove these terms, an ICI self-cancellation
scheme is proposed by symmetric data-conjugate mapping in
relay nodes. However, this scheme relies on real-valued chan-
nels, which can be generated by multiplying the normalized
complex conjugate of the channel estimation in relay nodes.

A similar system model is considered in [397] with
frequency-selective channels. The authors propose a CFOs
mitigation scheme by using the redundancy of cyclic prefix.
The received signal in the destination is formulated in matrix
form based on channels, and OFDM signals with cyclic
prefix and CFO mitigation matrix are derived. Although the
proposed approach is a prepossessing procedure in the desti-
nation and independent from cooperative encoding/decoding
details, it requires a long cyclic prefix to achieve proper
mitigation performance. Note that both approaches in [396],
[397] introduce the redundancies that reduce the data rate
critically. Thus, the study in [398] addresses a data detection
technique for space-time block coded OFDM systems over
frequency-selective channels. In this proposed detector, ICI
is first removed by using received two consecutive OFDM
blocks, and then iterative symbol detection is performed
relied on the ML criterion. Although this detector reduces
the computational complexity and enhances the bandwidth
efficiency, it is designed for CFOs ranges less than half of
subcarrier spacing.

Moreover, authors in [399] present an ICI cancellation
scheme for space-frequency coded OFDM systems with mul-
tiple CFOs over frequency-selective channels. They assume
one source node, one destination node, and many DF-based
relay nodes. In this system, ideally detected symbols in
relays are encoded to a space-frequency codeword matrix
in a distributed fashion and then are OFDM modulated
and sent to the destination. In destination, to mitigate ICI
effects, linear filtering is exploited to maximize the SINR
of each subcarrier based on the MMSE criterion. Then ML
or sphere-decoding methods are deployed for decoding the
space-frequency code. Moreover, a study in [400] investi-
gates data-detection for cooperative space-frequency block
coded OFDM systems over frequency-selective channels
with DF-based relay nodes. The proposed detector is relied on
reduced-dimension ML detection and includes coarse detec-
tion based on successive interference cancellation and good
detection by performing parallel interference reduction. Note
that this detector suffers from performance degradation when
CFOs are prominent.

On the other hand, authors in [401] study the CFOs induced
interference mitigation problem for Alamouti space-time
block coded OFDM with AF-based relay nodes over
frequency-selective channels. In this work, a partial time-
domain compensation scheme is first proposed by decou-
pling the two blocks of one space-time block coded
codeword to reduce the interference, followed by sev-

eral frequency-domain interference suppression techniques,
frequency-domain equalization, and iterative interference
cancellation. Moreover, an iterative joint ML decoder is
designed for combating the interference in the presence of
prominent CFOs.

4) COGNITIVE RADIO SYSTEMS
Cognitive radio systems require spectrum sensing and inter-
ference management, e.g., co-channel interference (CCI),
to avoid interference on primary users. The CFO will reduce
the spectrum sensing accuracy and cause interference on
primary users. In the following, we review spectrum sensing
techniques robust to CFOs.

Reference [402] proposes a spectrum sensing algorithm
robust to the CFO for OFDM-based cognitive radio network.
The covariance matrix of the DFT of the detector’s input
vector is utilized for developing the algorithm. If the input sig-
nal contains the primary user’s signal, the covariance matrix
is not diagonal because of the presence of the CFO. Thus,
this property is exploited to detect the primary user’s signal
by comparing the power of off-diagonal terms with a preset
threshold. Note that this algorithm is bandwidth efficient
since it requires no training symbols or pilot tones. Moreover,
the study in [403] presents a generalized likelihood ratio
test-based spectrum sensing technique for MIMO SC-FDMA
cognitive radio networks. Several impairments are consid-
ered, including timing offset, CFO, and SFO. To evaluate the
asymptotic performance of the proposed algorithm, closed-
form false alarm probabilities are derived.

On the other hand, the work in [404] studies the impacts
of CFO between secondary and primary transceivers in
OFDM-based cognitive radio networks. CFO introduces the
ICI terms in receivers of both users, which should be elim-
inated. Thus, the authors propose linear transceivers for the
secondary system using the MMSE criterion given interfer-
ence constraints at the primary receiver. Primary and sec-
ondary systems are perfectly synchronized between their
transceivers, and just CFO exists between the secondary
transmitter and primary receiver. Note that CFO information
is assumed available. On the other hand, authors in [405]
investigate the CFO estimation problem inOFDM-based cog-
nitive radio systems in the presence of narrowband interfer-
ence with unknown power. The estimator is derived based on
the ML principle assuming the interference is Gaussian dis-
tributed across the signal spectrum and deploying two OFDM
pilot blocks. The first one is constructed by repeated parts and
is used for CFO estimation with residual ambiguity. The sec-
ond one conveys a known pseudo-noise sequence to resolve
the ambiguity. However, this estimator suffers from compu-
tational complexity due to the complete search for finding the
global maximum of the likelihood function. Thus, the study
in [406] considers the same CFO estimation problem and
addresses an estimator that relies on the EM algorithm. The
proposed scheme reduces the computational load by deriv-
ing the CFO estimation in closed-form at the cost of MSE
degradation. Moreover, the authors in [407] present an iter-
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ative synchronization-assisted OFDM signal detection tech-
nique for cognitive radio applications in low-SNR regions.
In the cognitive radio network, the secondary user should
detect the primary user signals to avoid interference, and also,
the signal detection performance depends on synchronization
accuracy. Thus, this work proposes a sub-optimal OFDM sig-
nal detection and synchronization scheme based onCP redun-
dancy by employing log-likelihood ratio functions. Note that
this iterative approach requires high computations to achieve
satisfactory performance.

5) MILLIMETER-WAVE SYSTEMS
These offer large bandwidth to enhance the data rate. They
also facilitate the implementation of the MIMO architecture
with large antenna arrays. In MIMO millimeter-wave sys-
tems, the channel has a high dimension and large bandwidth,
making its estimation challenging. In [408], channel esti-
mator for millimeter-Wave MIMO systems is proposed by
using matrix perturbation theoretic techniques. One of the
channel estimation difficulties is CFO, which impairs the
received signal. Thus, [409]–[411] investigate channel and
CFO estimations in such systems. Reference [409] develops
a pilot-aided algorithm for the joint channel and CFO estima-
tion SC-FDE MIMO millimeter-wave systems with one-bit
analog-to-digital converters. This algorithm exploits the spar-
sity of millimeter-wave channels in the angle-delay domain
and compressibility of the phase error vector. This work also
derives a quantized sparse bilinear formulation of the joint
estimation problem and deploys a message-passing-based
algorithm for solving it. Moreover, [410] investigates channel
and CFO estimation in SC MIMO millimeter-wave systems.
Using training frames, an ML estimator is proposed for joint
estimation of the channel, CFO, and noise variance. The CFO
is time-varying and may change for every training frame.
By utilizing estimates of the unknown parameters, an iterative
method is proposed to derive the sparse channel coefficients
relied on the orthogonal matching pursuit algorithm.

On the other hand, the study in [411] presents a
double-sequence frequency synchronization method for a
downlink MIMO OFDM millimeter-wave system operat-
ing with low-resolution analog-to-digital converters. In this
system, a base station with multiple transmission antennas
forms an analog domain beam to send two training sequences
towards the downlink user, equipped with low-resolution
analog-to-digital converters to detect the signal and per-
form frequency synchronization. Furthermore, the variance
of the CFO estimate is derived, and it highly depends on the
double-sequence design parameters, which are optimized to
minimize the estimation error variance.

6) BEAM FORMING TECHNIQUES
Beamforming techniques can be exploited for suppressing
the interference terms, e.g., canceling CCI. However, CFO
affects of these techniques. For example, the CFO affects
the beamforming weight vector and results in performance
deterioration. In [412], a blind beamforming algorithm for

multiuser SC-FDMA systems is proposed in the presence
of a CFO. The beamforming weight vectors are designed
without assistance from reference signals. This algorithm can
cancel the interference caused by insufficient cyclic exten-
sion and the wideband CCI with CFOs. Moreover, authors
in [413] develop an ML-based algorithm for CFO estimation
in distributed SC MIMO-relay beamforming systems. In this
work, pilot symbols are deployed, and flat Rayleigh fading
channels are considered. The proposed estimator is built
upon an approximation of the channel covariance matrix by
a two-ray propagation model. Since the estimator needs no
matrix inversion, its computational complexity is low.

On the other hand, investigation in [414] proposes a fre-
quency synchronization scheme for OFDMA uplink systems
with a massive uniform linear array at the base station. The
beamforming network is optimized by minimizing the MSE
to cancel MUI terms from the adjacent user in the angle
domain. In other words, the weighted steering vectors of the
beamforming network are designed to point to the directions
of arrival of the target user. Based on the optimized network,
the multiuser model is decomposed into a set of parallel
single-user models, and then CFO estimation is performed
for each user individually.

7) FULL-DUPLEX COMMUNICATIONS
As mentioned before, these are limited by the SI from a
local transmitter on the local receiver. Nevertheless, CFO can
introduce interference terms and affect SI cancellation tech-
niques. Moreover, CFO compensation based on the desired
signal introduces a CFO to the SI signal. Thus, the receiver
should perform CFO estimation and compensation, SI can-
cellation, and desired signal detection.

Thus, in [415], authors proposed an iterative method for
CFO estimation, SI cancellation, and signal detection scheme
in OFDM full-duplex systems. The pilots for the desired
signal and SI signal are designed to enable simultaneous
transmission. A subspace-based blind channel estimator is
deployed to estimate the desired and SI channels with ambi-
guity. The designed pilots are used for extracting the ambi-
guities and CFO through the parametric channel estimation
methods. Moreover, investigation in [416] proposes an algo-
rithm for joint estimation of the doubly-selective SI channels
and CFOs in a full-duplex OFDM-based two-way relay net-
work. The block diagram is shown in Fig. 21. The discrete
prolate spheroidal basis expansion is exploited to capture the
time variations of the channel, which results in a SAGE-
based estimator. It uses received data symbols and received
pilot symbols in the presence of residual SI. The CRLB is
derived, and the MSE of the estimation can follow the bound.
Besides, the accuracy of the estimator improves at the cost of
computational complexity.

IV. IQ IMBALANCE
This section first describes the signal models for IQ imbal-
ance and then discusses its impact on the system. Second,
we review the existing works that evaluate the performance of
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FIGURE 21. A full-duplex OFDM-based two-way relay network under
multiple CFOs. Two source nodes A and B, and also K number of relay
nodes are equipped with two half-duplex antennas.

SC and OFDM systems with the IQ imbalance impairment.
Third, we present a comprehensive survey of IQ imbalance
estimation and compensation in SC, single-user OFDM, and
multiuser OFDMA systems.We also review joint channel and
IQ imbalance estimation and compensation. Finally, we dis-
cuss the impacts of IQ imbalance in emerging technologies
and review existing works.

A. SIGNAL MODEL AND IMPACTS
Fig. 22 shows the mathematical models of the IQ modu-
lator and demodulator in the direct-conversion transmitter
and receiver without other impairments. In the IQ modulator,
the baseband complex signal, x(t) = xI (t)+ jxQ(t), is passed
through the low-pass filters and local oscillators in I and Q
branches, and the corrupted output signal can be represented
as

y(t) =
[
hIT (t) ∗ xI (t)

]
(1− αT ) cos(2π fct − θT )

−
[
hQT (t) ∗ xQ(t)

]
(1+ αT ) sin(2π fct + θT ), (15)

where ∗ denotes convolution, and fc is the carrier fre-
quency. Also, αT and θT indicate the amplitude mismatch
and phase mismatch, respectively. These are constant for dif-
ferent frequency components and are referred to as transmit
frequency-flat IQ imbalance. Moreover, hIT (t) and h

Q
T (t) are

the time-domain response of equivalent RF model of transmit
frequency-selective IQ imbalance impairments, e.g., unbal-
anced low-pass filters, that is different for different frequency
components. Furthermore, the output signal in (15) can be
written as y(t) = Re{xIQ(t)ej2π fc}, where complex baseband
signal xIQ is given by

xIQ(t) = µI (t) ∗ x(t)+ µQ(t) ∗ x∗(t), (16)

where

µI (t) =
(1− αT ) e−jθT hIT (t)+ (1+ αT ) e

jθT hQT (t)
2

µQ(t) =
(1− αT ) e−jθT hIT (t)− (1+ αT ) e

jθT hQT (t)
2

. (17)

when hIT (t) = hQT (t) = hT (t), the frequency-selective IQ
imbalance does not exist and we have µI (t) = (cos(θT ) +
jαT sin(θT ))hT (t) andµQ(t) = −(αT cos(θT )+jsin(θT ))hT (t).
On the other hand, in receiver side, the received RF signal is
r̂(t) = Re{r(t)ej2π fct } passed through the IQ demodulator,
where r(t) = rI (t)+ jrQ(t) is the equivalent baseband signal.
Accordingly, after analog to digital convertering, the cor-
rupted baseband output signal at I and Q branches are given
by

sI (t) = (1− αR)
[ (

rI (t) ∗ hRI (t)
)
cos(θR)

−

(
rQ(t) ∗ hRI (t)

)
sin(θR)

]
(18)

sQ(t) = (1+ αR)
[
−

(
rI (t) ∗ hRQ(t)

)
sin(θR)

+

(
rQ(t) ∗ hRQ(t)

)
cos(θR)

]
, (19)

where αR and θR indicate the amplitude mismatch and phase
mismatch, respectively, which are constant. Moreover, hIR(t)
and hQR (t) are the time-domain response of equivalent RF
model of receive frequency-selective IQ imbalance impair-
ments. According to s(t) = sI (t)+jsQ(t) in (18), the baseband
IQ signal s(t) = sI (t)+ jsQ(t) can be written as

s(t) = κI (t) ∗ r(t)+ κQ(t) ∗ r∗(t), (20)

where

κI (t) =
(1− αR) ejθRhIR(t)+ (1+ αR) e

−jθRhQR (t)
2

κQ(t) =
(1− αR) e−jθRhIR(t)− (1+ αR) e

jθRhQR (t)
2

. (21)

when hIR(t) = hQR (t) = hR(t), the frequency-selective IQ
imbalance does not exist and we have κI (t) = (cos(θR) −
jαRsin(θR))hR(t) and κQ(t) = −(αRcos(θR)+ jsin(θR))hR(t).

The Image Rejection Ratio (IRR) is the most crucial fig-
ure of merit that characterizes the IQ imbalance behavior,
which is the power ratio between the desired and the image
signals. For example, according to (20), the IRR for receive
IQ imbalance is defined as

IRR(f ) =
|κI (f )|2

|κQ(f )|2
, (22)

where κI (f ) and κQ(f ) are frequency response of κI (t) and
κQ(t), respectively. Note that the IRR of transmit IQ imbal-
ance can be similarly derived by using (16), and as a practical
case, the typical IRR of direct-conversion transmitter without
compensation is around 25 to 40 dB [417].

To gain insight into the effect of IQ imbalance, we consider
a free noise SCQAM system over the AWGN channel, r̂(t) =
a1cos(2π fct)+ a2sin(2π fct), a1, a2 = ±1, with only receive
frequency-flat IQ imbalance and perfect low-pass filter. For
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FIGURE 22. The mathematical models of IQ modulator and demodulator
in the direct-conversion transmitter and receiver without other
impairments.

this system, the corrupted baseband signals in (18) and (19)
can be written as

sI (t) = (1− αR)
[
a1cos(θR)− a2sin(θR)

]
sQ(t) = (1+ αR)

[
− a1sin(θR)+ a2cos(θR)

]
. (23)

In Fig. 23, the resulted QAM constellation because of the
IQ imbalance is illustrated for θR = 0 and αR = 0 [19].
The former shows that IQ imbalance scales the quadrature
baseband symbols differently in amplitude.Moreover, the lat-
ter demonstrates that each baseband output is affected by
data symbols in the other output, which causes constellation
displacement. To recap, IQ imbalance scales the signal and
introduces ISI terms.

Furthermore, (16) and (20) illustrate that the IQ imbalance
causes the spectral content of the upper sideband to mix with
the lower sideband and vice versa, which is referred to as
mirror interference. Especially, IQ imbalance in multicar-
rier systems introduces ICI terms on the mirror subcarriers.
For example, consider a free noise OFDM system over the
AWGN channel, r(t) = IFFTN {X [k]}, with only receive IQ
imbalance. X [k] indicates the transmitted complex symbol on
the k-th subcarrier, k = 0, 1, . . . ,N − 1. By taking the FFT
from the baseband IQ signal in (20), the complex symbol in
the k-th subcarrier corrupted by IQ imbalance can be derived
as

X̃ [k] = κI [k]X [k]+ κQ[k]X∗[−k], (24)

where κI [k] and κI [k] are frequency response of κI (t) and
κI (t), respectively. Obviously, the IQ imbalance not only

FIGURE 23. The resulted constellation of the QAM system due to IQ
imbalance for two cases, αR = 0 and θR = 0. Fig. 23a shows that IQ
imbalance scales differently the quadrature baseband symbols in
amplitude and Fig. 23b demonstrates that each baseband output is
affected by data symbols in the other output which causes constellation
displacement [19].

FIGURE 24. BER versus SNR for an OFDM system with different values of
IRR.

imposes complex gain on the subcarrier data X [k] but also
introduces ICI from the mirror subcarrier X [−k].

Moreover, BER performance of an OFDM system with
128 subcarriers in the presence of transmit and receive IQ
imbalances is demonstrated in Fig. 24. Similar to Fig. 10, ITU
outdoor multi-path channel model A is considered. It is illus-
trated by in higher amount of IRR, impacts of IQ imbalance
increase which results in lower BER.

B. PERFORMANCE ANALYSIS
In this subsection, we first review existing works on perfor-
mance analysis of SC systems under IQ imbalance, and then
we discuss OFDM systems.

The study [418] investigates impacts of IQ imbalance in
transmitter and receiver on the SER performance of dif-
ferent coherent and noncoherent modulation schemes under
fading channels. The performance degradation depends on
the system’s parameters, specifically the modulation scheme.
Moreover, increasing the modulation order increases the
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impacts of IQ imbalance. Moreover, the BER performance
of the SC-FDE under transmit and receive frequency-flat
IQ imbalances is studied [419]. The IQ imbalance causes
ISI on neighboring symbols in the time dispersive channel
and degrades the BER performance. Moreover, an SC-FDE
system is more robust to the IQ imbalance than an OFDM
system. Moreover, [420] derives lower bounds on the ergodic
capacity and outage capacity of SC-FDMA systems. Further-
more, in [421], the achievable rate of the SC-FDE system
under the receive frequency-flat IQ imbalance over Rayleigh
fading channels is analyzed. MMSE, ZF and MF are consid-
ered. Under IQ imbalance, the achievable rate approaches a
saturation level at the high-SNR regime.

The IQ imbalance introduces ICI on mirror carrier [422],
which destroys orthogonality between OFDM subcarriers.
Moreover, combined effects of receive frequency-flat IQ
imbalance and timing jitter are investigated. The interaction
between these impairments introduces additional ICI terms.
Furthermore, the impacts of non-linear power amplifier,
transmit frequency-flat IQ imbalance, and sampling jitter
on second-order cyclic statistics of OFDM systems is stud-
ied [423]. Analytical expressions for the cyclic statistics are
derived. These impairments distort the cyclic statistics and
destruct the cyclostationary properties of the signal.

The impact of IQ imbalance on the BER performance
of OFDM systems has been studied [424], [425]. In [424],
BER performance is evaluated for an OFDM system with
QPSK modulation, receive frequency-flat IQ imbalance over
AWGN channel. Simulation results show that with the ampli-
tude imbalance less than one dB and phase imbalance less
than 5 degrees, the BER degradation due to the IQ imbalance
is less than 0.5 dB for BER > 10−6. Moreover, in [425],
a closed-form expression for BER of OFDM systems with
M -QAM modulation over Rayleigh fading channels with
transmit and receive frequency-flat IQ imbalances and imper-
fect CSI is derived. Higher order M -QAM constellations
suffer from a more BER performance degradation. More-
over, the detrimental effects of transmit IQ imbalance is less
than the received one. Unlike the transmit IQ imbalance,
the received one causes an irreducible floor in the BER.
Finally, the correlation between the channel response at the
desired frequency index and the mirror index has a significant
harmful effect on the BER.

The studies in [426], [427] explore the impacts of IQ imbal-
ance on EVM of OFDM systems with QPSK and 16-QAM
modulations, respectively. In [426], EVM is considered as
a random variable, and its statistical distribution is investi-
gated in the presence of PN, non-linear amplifier, and trans-
mit frequency-flat IQ imbalance. The EVM increases due
to mirror interference generated by IQ imbalance. On the
other hand, the impacts of transmit frequency-selective IQ
imbalance plus the other impairments on EVM are studied
in [427]. A closed-form expression for EVM is derived, and
similar to [426], the sensitivity of EVM to IQ imbalance is
shown.

Authors in [428] derive a closed-form expression for SINR
of OFDM systems over multipath channels considering joint
transmit and receive frequency-flat IQ imbalances with equal
levels at the transmitter and the receiver. Both IQ imbalances
reduce the average subcarrier SINR, while at high input
SNR, transmit IQ imbalance is more harmful than receive IQ
imbalance. Moreover, [429] investigates the ergodic capac-
ity of the OFDM systems over Rayleigh fading channels
under transmit and receive frequency-flat IQ imbalances.
IQ imbalances limit the ergodic capacity and the system
capacity with outage upper bounds. This limitation depends
on the interference raised at each subcarrier due to IQ imbal-
ance. Finally, [430] studies the outage probability of SC and
multicarrier systems, e.g., OFDM, over cascaded Nakagami-
m channels given transmit and receive frequency-flat IQ
imbalances. IQ imbalances cause significant effects that lead
to non-negligible outage probability degradation in both
cases.

C. ESTIMATION AND COMPENSATION
Because of the harmful impacts of the IQ imbalance,
estimation and compensation algorithms for mitigating its
effects are crucial. We could classify existing estimators as
pilot-aided and blind techniques. In the IQ imbalance esti-
mators, cost function is defined in general form of f (µ̃,P, r)
and the IQ imbalance is estimated by µ̂ = argmin

µ̃
f (µ̃,P, r),

where µ̃, P and r indicate trail value of IQ imbalance,
training (pilot) sequence and received signal, respectively.
Moreover, different approaches are proposed for finding
the cost function in each type of estimators. In the pilot-
aided estimators, the IQ imbalance is estimated by utiliz-
ing known well-designed training symbols or a combina-
tion of pilot and data symbols at the expense of bandwidth
efficiency. Indeed, in this approach, prior knowledge in the
receiver is deployed to estimate the IQ imbalance. In con-
trast, in the blind methods, prior knowledge is not avail-
able in the receiver. The receiver defines the cost function
based on the IQ imbalance trial value and the received sig-
nal, which relies on structural and statistical properties of
signals and exhaustive search. These techniques improve
spectral efficiency sincemany pilots’ transmission is avoided,
while for satisfactory performance, they often require many
symbols.

This subsection reviews IQ imbalance estimation and com-
pensation for SC, single-user OFDM, and multiuser OFDMA
systems. Moreover, the studies in joint estimation and com-
pensation of channel and IQ imbalance are highlighted.

1) SC SYSTEMS
We divide the studies for SC systems into 1) Pilot-aided and
blind estimation and compensation, 2) Joint channel and IQ
imbalance estimation and compensation. Note that the first
one assumes knowledge of the channel is available in the
receiver.
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FIGURE 25. Transmitter system model in [431] which has a feedback path
from the transmitted RF signal before PA to the baseband unit.

a: PILOT-AIDED AND BLIND ESTIMATION AND
COMPENSATION
By using pilots, the transmitter can estimate and track trans-
mit frequency-selective IQ imbalance and DC offset in trans-
mitter side using a feedback path from the transmitted RF
signal before PA to the baseband unit [431], [432]. The same
feedback path is considered, including a down converter,
low-pass filter, digital IQ demodulator, and parameters esti-
mation and compensation block in Fig. 25. The proposed
algorithms have two phases: 1) initial parameters estimations
by exploiting the dedicated pilot signals signal and the corre-
sponding feedback signal, 2) blind parameter tracking during
normal data signal transmission iteratively. Instead of using
the IQ demodulator in the feedback path, narrow-band and
wide-band diodes are deployed in [433] for initial estimation
and compensation of frequency-selective IQ imbalance along
with DC offset in the transmitter side. The proposed algo-
rithm takes advantage of the energy detector and training sig-
nals. Due to using the diodes, the computational complexity
of this algorithm is lower than [431], [432].

However, the works in [431]–[433] do not consider the
non-linear PA distortions in designing the compensation
algorithms. They use the RF signal before PA as the input
of the feedback path, while the PA distortions can affect
the compensated signal. Hence, in [434], [435], transmit
frequency-selective IQ imbalance compensation with non-
linear distortions of PA is investigated. The method [434] has
a super-heterodyne receiver in the feedback path, which down
converts the transmitted signal to baseband. This algorithm
estimates IQ imbalance parameters in the frequency-domain
using training sequences. Then, based on the estimation
results, a digital FIR compensation filter is derived in the
time-domain. Moreover, the authors propose a method to
separate and subtract PA non-linear distortions. Moreover,
the work in [435] proposes a three-input non-linear model
for joint compensation of frequency-selective IQ imbalance
and PA non-linear distortion based on the real value Volterra
series theory. The IQ imbalance cross terms and the input
signal’s magnitude are considered the model input, and IQ
imbalance and PA parameters aremodeled individually. Since
the presented model is linear in parameters, an LS-based
algorithm is exploited for parameter estimations.

Studies in [436], [437] investigate the blind estimation and
compensation of transmit IQ imbalance in transmitter side
by using a feedback path. Different types of this feedback
circuit exist. In [436], a blind adaptive LMS compensation
scheme is proposed for frequency-flat transmit IQ imbalance
using the squared envelope of the transmitted signal. The
feedback circuit of this work is constructed by an envelope
detector, an estimation block, and a precompensation block.
Similarly, authors in [437] use an envelope detector-based
feedback path. They develop a blind recursive algorithm for
estimating the frequency-selective IQ imbalance based on
the instantaneous power measurement of the transmitted RF
signal. However, the proposed algorithms that rely on the
envelope detector require a substantial bandwidth for the
feedback path, which is not suitable for broadband signals.

Besides, the work in [438] investigates blind compensa-
tion of frequency-selective IQ imbalance and DC offset in
transmitter side using a one-stage down-converter and digital
demodulator in the feedback path. In this study, channel mod-
els are proposed for describing the effects of the impairments
on the transmitted data streams and the baseband feedback
data samples. Then, an LS-based algorithm is developed to
estimate the channel models’ parameters and construct the
IQ imbalance compensation scheme. However, the proposed
algorithm suffers from an ill-conditioned matrix problem and
has a large estimation error. Thus, authors in [439] present
a blind estimation algorithm for frequency-flat IQ imbalance
andDC offset based on the instantaneous powermeasurement
of the transmitted signal before PA by a diode detector in
the feedback path. The cost function is defined by exploiting
the second and fourth moments of the RF transmitted signal.
Note that this blind method has an advantage that estimates
the parameters without knowing the input signal and its statis-
tic. On the contrary, the investigation in [440] uses RF mea-
surements after the PA stage for developing a compensation
scheme for transmit frequency-selective IQ imbalance. The
feedback circuit of this work includes an IQ-free RF down-
converter, a low-pass filter, an ADC, and an IQ estimator and
compensator. The authors model the IQ imbalance problem
by a single complex filter. Then, they estimate its coefficients
by applying a specific test signal, e.g., sine wave-like test
signals, to the uncompensated up-converter.

On the other hand, in [441], a blind algorithm for
compensating the receive frequency-flat IQ imbalance in
time-domain is proposed to rely on LMS adaptive inter-
ference cancellation. The observation signal is subtracted
from the interference estimate formed by an adaptive
filter and a reference signal in this method. Moreover,
authors in [417] investigate blind adaptive compensation
of frequency-selective IQ imbalance in the receiver side.
The compensation algorithm is proposed based on the LMS
principle using the second-order statistical characteristic
of the observed signal, namely, the circular or properness
property. The proposed algorithm is independent of carrier
synchronization and the type of communication channel.
However, [441] and [417] may have slow convergence due
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to filter adaptation, which is not suitable for high-speed
applications. A different approach is considered in [442] for
blind estimation of transmitter and receiver frequency-flat IQ
imbalances by exploiting a Cholesky decomposition of the
received signal’s covariance matrix. In this work, an intended
frequency offset between the oscillator of transmitter and
receiver is used to separate their imbalances in the received
signal. However, the exact value of the frequency offset may
not be known in the receiver, and also, it can be sensitive to
CFO between transmitter and receiver.

b: CHANNEL AND IQ IMBALANCE ESTIMATION AND
COMPENSATION
Investigations in [443]–[445] deal with Joint estimation and
compensation of channel and IQ imbalance for SC-FDE
systems. In [443], the joint pilot-aided estimation of
frequency-selective channel and frequency-flat IQ imbal-
ances in both transmitter and receiver is investigated. This
work first constructs linear models for the channel impulse
response and IQ parameters and then develops a pilot-based
alternating LS-based algorithm to estimate both groups of
parameters iteratively. Moreover, [444] presents a three-stage
scheme to compensate channel and IQ imbalance under
CFO. Frequency-selective IQ imbalance is considered in
both transmitter and receiver sides. Three stages of the
proposed algorithm can be summarized as 1) Receiver IQ
imbalance is estimated and compensated by using a repeti-
tive preamble, 2) transmitter IQ imbalance and channel are
jointly estimated via time-domain correlation using another
preamble, which is designed based on complementary Golay
code, 3) joint compensation of transmitter IQ imbalance
and the time-varying channel is performed via a minimal
MSE algorithm. The study in [445] designs an iterative
decision-feedback receiver to compensate Rayleigh fading
multipath channel and frequency-selective IQ imbalances in
transmitter and receiver sides using training sequences. This
study proposes feedforward and feedback filters for mirror
carrier interference mitigation because of IQ imbalances in
the frequency-domain. Moreover, hard detection and soft
detection-based feedback schemes compensate for channel
and IQ imbalances. Finally, authors in [446] develop a joint
EM algorithm the multipath channel and frequency-flat IQ
imbalance in both transmitter and receiver.

2) SINGLE-USER OFDM SYSTEMS
We divide these studies into three categories: 1) Pilot-aided
estimation and compensation, 2) Blind estimation and com-
pensation, 3) Joint channel and IQ imbalance estimation and
compensation. Note that the first two assume that the receiver
knows the channel.

a: PILOT-AIDED ESTIMATION AND COMPENSATION
Authors in [23] propose two pilot-aided compensation algo-
rithms for OFDM systems with both frequency-flat and
frequency-selective IQ imbalance models in the receiver. The
first one relies on the LMS equalization technique, applied

after the FFT operation at the receiver. However, the second
one is performed before the FFT operation based on the LS
principle by using adaptive channel/distortion estimation and
unique pilot tones. The authors show that while the first algo-
rithm is suitable for the frequency-flat IQ imbalance model,
the second one can be exploited for both frequency-flat and
frequency-selective IQ imbalance models. Besides, in [447],
authors extend the approach in [23] to the case of IQ
imbalances in both transmitter and receiver and present two
pilot-aided compensation schemes. The first one operates in
the receiver after the FFT operation in order to compensate
both the transmitter and receiver distortions based on the LS
principle and adaptive equalization. In the second one, a pre-
distorter is designed using the pilot pattern in [23] to com-
pensate transmitter imbalance at the transmitter. In contrast,
the receiver imbalance is compensated at the receiver. Note
that in [447], only the frequency-flat IQ imbalance model is
considered.

Moreover, a study in [448] addresses the joint estimation
of transmitter and receiver frequency-selective IQ imbalances
by using the properties of Golay complementary sequences
as frequency-domain training sequences. The IQ imbalance
problem is modeled by a widely linear system structure.
The estimator is developed by exploiting Hadamard products
between the received signal and corresponding components
of the sequence. The proposed estimator has a low compu-
tational load and is robust to power amplifier non-linearity
due to Golay’s complementary sequence properties. Fur-
thermore, authors in [449] propose adaptive algorithms for
frequency-flat IQ imbalance compensation on the receiver
side. They deploy frequency-domain observations to update
the filter weights by using a mini-batch gradient descent
algorithm.

On the other hand, several studies investigate receiver IQ
imbalance compensation with CFO in OFDM
systems [450]–[453]. Authors in [450] propose a pilot-aided
algorithm for both CFO and frequency-selective IQ imbal-
ance compensation. This work presents a non-linear LS
CFO estimator robust to the IQ imbalance by modeling
the effects of IQ imbalance on CFO estimation. A finite
impulse response filter implemented in the in-phase branch,
followed by an asymmetric phase compensator, is deployed
for frequency-selective IQ imbalance compensation. This
study uses a specific pilot structure that includes multiple
identical OFDM symbols in which all the even symbols
are rotated with a common phase. Since [450] suffers from
computational complexity, authors in [451] propose an algo-
rithm for simultaneously estimating CFO and IQ imbalance
in closed-form using a generalized periodic pilot. Based
on the periodicity of the pilot structure, the algorithm is
developed based on the linear LS approach, which is robust
to timing errors. The proposed algorithm has low complexity
and outperforms the algorithm in [450] in terms of MSE.

Moreover, work in [452] presents an iterative scheme for
joint estimation of CFO and receiver frequency-flat IQ imbal-
ance without channel knowledge requirement. The authors
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derive the ML-based estimator, and to reduce the computa-
tional complexity, they calculate the second-order approxi-
mation of the likelihood function. They propose a scheme to
solve the approximated function based on the EM algorithm
by using a standard-compliant repetitive preamble composed
of two long identical sequences. They show that the CFO
estimation result converges to that of the ML estimator after
a few iterations. At the same time, the accuracy of the IQ
imbalance estimate is reduced at low and high-SNR due to the
incorrect approximation. Besides, authors in [453] address
a frequency-flat IQ imbalance compensation scheme in
receiver given CFO and inter-block interference due to larger
channel delay spread than cyclic prefix over time-invariant
channels. They derive a per-tone equalizer by transferring a
time-domain equalizer to the frequency-domain to channel
and IQ imbalance compensation. However, this equalizer
needs knowledge of all parameters. Thus, a training-based
recursive LS direct initialization scheme is developed to
skip the estimation of channel and IQ imbalance under the
assumption that the CFO is known at the receiver.

Furthermore, works in [454], [455] consider the IQ imbal-
ance in both transmitter and receiver and propose joint
CFO and IQ imbalance compensation schemes. In [454],
an adaptive compensation scheme for the transmitter and
receiver IQ imbalance under CFO impairment is proposed.
This scheme eliminates the distortions and designs a four-tap
adaptive equalizer for each subcarrier. The equalizer coeffi-
cients are updated by a training-based LMS adaptive filtering
algorithm. Although this equalizer has low computational
complexity, it suffers from slow convergence, especially for
OFDM systemswith short training sequences. Hence, authors
in [455] propose a pilot-aided algorithm for the joint esti-
mation of CFO and frequency-selective IQ imbalance by
using a generalized periodic pilot scheme. In this work, two
cosine-based and sine-based CFO estimators are developed
by exploiting the null space of a matrix associated with the
received samples, independent of IQ imbalance parameters.
A linear LS algorithm is then presented for IQ imbalance
estimation and compensation based on simple matrix for-
mulation and deploying the periodicity of the generalized
periodic pilot sequence. Note that this algorithm does not
require CSI and the exact values of the training sequence.
It achieves low computational complexity and acceptable
estimation performance.

In [456]–[459], IQ imbalance compensation in the pres-
ence of CFO and/or DC offset and/or timing offset and/or PN
is studied. Authors in [456] propose an estimator for receiver
frequency-flat IQ imbalance in OFDM systems with CFO
and DC offset. This work develops a differential filter for
removing the DC offset. By using the preamble symbols of
the IEEE 802.11a/g standards, CFO and IQ imbalance are
estimated from the output of the differential filter by exploit-
ing autocorrelation function and first-order approximation
of the Taylor expansion. However, the proposed algorithm
suffers from significant performance degradation with large
DC offset, CFO, and IQ imbalance.

Moreover, the study in [457] presents a calibration scheme
for joint compensation of DC offset and frequency-selective
IQ imbalance in transmitter and receiver. This scheme
exploits a pre-distortion filter and a DC correction term
in the transmitter to calibrate IQ imbalance and dc off-
set. A time-domain calibration filter and a dc correction
term are deployed in the receiver for removing the receiver
mirror-frequency interference and DC offset. The four cal-
ibration parameters are estimated relied on the non-linear
LS technique, and also, the optimal training sequence is
derived. Besides, authors in [458] investigate the estimation
and compensation of CFO and receiver frequency-selective
IQ imbalance under timing offset. In this study, CFO estima-
tion is performed based on the LS principle robust against
timing offset and IQ imbalance. Using the estimated CFO,
IQ imbalance compensation is proposed by minimizing the
difference between the compensated signal and a target sig-
nal. The former one is derived after the compensation scheme
in [450] with a filter and an amplification coefficient, and
the latter one is related to the received signal but without IQ
imbalance. Finally, in [459], a joint compensation scheme for
frequency-flat IQ imbalance and PN in the receiver is pro-
posed by exploiting one OFDM training symbol. In this work,
IQ imbalance is estimated and compensated based on channel
smoothness criterion, which minimizes the MSE between
consecutive sub carriers. Also, the PN is estimated by a
decision-directed approach where the mean phase rotation
between the received equalized symbol, and the transmitted
symbol is calculated.

b: BLIND ESTIMATION AND COMPENSATION
Authors in [460] propose two blind compensation algorithms
for receiver frequency-selective IQ imbalance in the OFDM
system. The transmitted signal is assumed to be a white noise
process. The first algorithm filters the discrete-time down-
converted baseband signal to obtain a scaled and delayed
version of the baseband received signal. The algorithm then
uses a gradient-descent technique to find the compensat-
ing filter. On the other hand, the second algorithm relies
on the second-order statistics of the received signal for
frequency-selective IQ imbalance estimation. Once obtained,
a single-tap matrix filter inversion is exploited for compensa-
tion. However, the proposed algorithms have no closed-form
solution and high computational complexity. Thus, the study
in [461] presents a time-domain blind real-valued filter-based
compensation scheme with low-complexity for frequency-
selective IQ imbalance in the receiver. In this work, this
imbalance is modeled as a finite impulse response filter
referred to as a difference filter. The IQ imbalance estima-
tion is equivalent to the blind identification of a minimum
phase response of the difference filter. Hence, the magni-
tude response of the difference filter is first obtained from
the autocorrelations of the branch signals, and then it is
deployed for determining the corresponding minimum phase
response. Subsequently, cross-correlation of the branch sig-
nals is exploited for estimating the frequency-selective phase
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imbalance. Authors in [462] address the blind compensation
of receiver frequency-selective IQ imbalance based on the
kurtosis criterion. They estimated the IQ compensation coef-
ficient for each subcarrier using the kurtosis of the received
signal on that subcarrier. Then the derived coefficient is to
a one-tap compensation filter. The authors illustrate that the
proposed algorithm outperforms the method in [460] in terms
of SER.

On the other hand, [463], [464] investigate the blind joint
estimation of CFO and receiver IQ imbalance in OFDM
systems. Reference [463] proposes a blind joint compen-
sation scheme for CFO and frequency-flat IQ imbalance
in the receiver with an asymmetric subcarrier allocation
approach. This study develops an ML CFO estimator by
exploiting the proposed subcarrier allocation scheme. Then,
blind IQ imbalance compensation is presentedwith asymmet-
ric subcarrier allocation relied on the compensation structure
in [450]. Note that the CFO estimation is independent of the
IQ imbalance compensation.Moreover, [464] presents a blind
algorithm for joint CFO and frequency-flat IQ imbalance
estimation in OFDM systems exploiting constant modulus
subcarriers. The cost function exploits the fact that the con-
stant modulus of the input constellation is restored when
CFO and IQ imbalance are entirely compensated. Moreover,
the proposed cost function can be expressed as a superposi-
tion of harmonics, reducing the computational complexity by
avoiding an exhaustive grid search procedure.

c: JOINT CHANNEL AND IQ IMBALANCE ESTIMATION AND
COMPENSATION
The above mentioned papers focus on IQ imbalance esti-
mation and compensation only and assume perfect CSI is
available. However, since this assumption may not always
hold in practice, it is necessary to consider joint channel
estimation and IQ imbalance compensation.

Therefore, an iterative, decision-directed algorithm for
joint channel estimation and frequency-flat IQ imbalance
compensation in a decision-directed fashion using two long
training symbols has been proposed [465]. This work esti-
mates IQ imbalance using hard-decisions on the received data
symbols coarsely equalized by the estimated channel. Then,
the IQ imbalance on data symbols is compensated for by
deploying the estimated IQ imbalance. But the long training
symbols decrease the spectral efficiency. Thus, [466] investi-
gates the estimation of channel and frequency-flat IQ imbal-
ances in transmitter and receiver using one OFDM training
block. The authors derive the channel estimation based on IQ
imbalances and prove that when the IQ imbalances are not
compensated, the total energy of some last entries of the chan-
nel estimated vector is much larger. Thus, they estimate the
IQ imbalances without knowing the channel information by
minimizing the cost function called channel residual energy
quantity, which is defined as the total energy of the entries.
Channel estimation is derived by substituting the estimated
IQ imbalances in the derived estimation expression.

Furthermore, [467] presents joint channel and IQ imbal-
ance estimation algorithm for OFDM systems over doubly-
selective channels. Frequency-flat IQ imbalances for both
transmitter and receiver are considered, and scattered sub-
carriers are allocated for pilot transmission. The proposed
algorithm is based on the LS criterion and the system
model, which relies on a generalized, exponential expan-
sion model. Moreover, An EM algorithm performs an iter-
ative IQ imbalance compensation. The proposed compen-
sation algorithm improves the BER performance reaching
the ideal case with perfect CSI and IQ imbalance infor-
mation. Besides, authors in [469] investigate joint channel
estimation and frequency-selective IQ imbalances occurring
at both the transmitter and receiver. In this work, the IQ
imbalance effects are combined with the channel impulse
response into one parameter, which is estimated. A pilot-
aided ML estimation scheme is developed by using the
EM algorithm. This algorithm iteratively deploys the soft
information from the detector for improving the estimation
performance. Finally, in [468], joint estimation of channel
and IQ imbalance OQAM-OFDM is addressed. frequency-
flat IQ imbalances in both transmitter and receiver sides are
considered. The proposed algorithm uses the LS criterion
to estimate the mixed-effects channel and IQ imbalances in
frequency-domain using a preamble, including one loaded
pilot symbol and several successive zero symbols.

Table 13 shows a summary of IQ imbalance estimation and
compensation studies for single-user OFDM systems.

3) MULTI USER OFDMA SYSTEMS
An OFDMA downlink system is essentially a group of
point-to-point OFDM systems, each of which experiences IQ
imbalances in the base station’s transmitter and its own user’s
receiver. Thus, existing IQ imbalance estimation and com-
pensation techniques for single-user OFDM can be exploited
for suppressing IQ imbalance effects in OFDMA downlink.
On the other hand, in the OFDMA uplink, the signal received
in the base station includes all users’ IQ imbalances, which
introduces ICI for each user through its signal image and
causes MUI through the image signal of other users. Thus,
multi IQ imbalances estimation and compensation algorithms
should be developed.

Therefore, authors in [470] propose a widely linear equal-
ization scheme and multi-user detection method based on ZF
and MMSE principles for the interleaved OFDMA uplink
system. Frequency-flat IQ imbalance is considered for each
user, while no IQ imbalance is assumed for the base station
receiver. Moreover, a subcarrier mapping scheme is proposed
to deal with the MUI caused by the IQ imbalances. Perfect
knowledge of the channel and IQ imbalances is assumed.
Thus, authors in [471] present a pilot-aided algorithm for esti-
mating channel and IQ imbalances by taking advantage of the
two-dimensional LS estimation criterion. For the transmit-
ter of each user, frequency-flat IQ imbalance is considered.
Moreover, they propose a ZF equalizer to recover the data
symbols.
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TABLE 13. Summary of IQ imbalance estimation and compensation studies for single-user OFDM systems.

However, both [470] and [471] assume no IQ imbalance
for the base station’s receiver, while in practical systems, both
the transmit and receive IQ imbalances should be addressed.
Hence, a study in [472] investigates joint channel impulse
response and transmitters and receiver frequency-selective
IQ imbalance for asynchronous OFDMA uplink systems.
Distributed subcarrier assignments are assumed, and mirror
subcarriers are allocated to the same user. In this study,
IQ imbalance effects between each user and the base station
are combined with channel impulse response into one param-
eter. Based on the ML criterion, this parameter, along with
propagation delays, is estimated via the SAGE approach.

In sum, in all the discussed systems, pilot-aided IQ imbal-
ance estimators are developed based on biased, e.g., MMSE,
and unbiased approaches, e.g., LS. The pilot-aided estima-
tors require prior knowledge in the receiver to estimate the
IQ imbalance. Most of the proposed estimators are itera-
tive and require many iterations for convergence. Further-
more, some developed estimators are biased estimators, like
MMSE, requiring computationally intensive matrix inversion
operations, resulting in higher computational complexity.
On the other hand, blind estimators enhance the bandwidth
efficiency since many pilots’ transmission is avoided, while
for satisfactory performance, they often require averaging
over numerous data symbols. In addition, they may suffer
from ill convergence problems.

D. IQ IMBALANCE IN EMERGING/FUTURE
TECHNOLOGIES
1) MIMO SYSTEMS
In the following, we review the papers for SC MIMO and
MIMO OFDM systems in the presence of IQ imbalance
impairment.

a: SC MIMO
reference [473] designs an optimal ML detector for spatial
modulation MIMO systems with receive frequency-flat IQ
imbalances. Moreover, an upper bound for average BEP
expression is derived, and the IQ imbalances degrade the
system performance. Moreover, authors in [474] propose an
accurate asymmetric statistical signal model to the aggregate
effect of frequency-flat IQ imbalance, PN, and distortion
noises at both the transmitter and the receiver (Fig. 26).
Using the proposed model, information-theoretic achievable
rates for MIMO, SIMO with a linear combiner, and SIMO
with selection combiner systems are derived. Also, an opti-
mization framework is developed to derive optimal design
for the transmit variance and pseudo-variance to maximize
the end-to-end achievable rate of different systems. Finally,
in [475], the impacts of imperfect CSI and transmit and
receive frequency-flat IQ imbalances in Spatial modulation
MIMO systems are studied. An optimum ML detection is
presented, which suppresses the SI and signal distortion gen-
erated by IQ imbalances. For the proposed detector, upper
bounds of the closed-form pairwise error probability and the
average BER are presented in the presence of generalized
Beckmann fading channels. However, references [473]–[475]
assume the knowledge of the IQ imbalance is available,
and the estimation and compensation approaches are not
considered.

Authors in [476] analyze the impacts of transmit and
receive frequency-flat IQ imbalances in space-time coded
transmit diversity systems with two transmit antennas and
multiple receiver antennas. Closed-form analytical results
for SIR are derived, and the IQ imbalances degrade the
performance. Moreover, two IQ imbalance compensation
schemes are proposed based on the algebraic properties of
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FIGURE 26. RF front-end of an MIMO transceiver in [474] given IQ imbalances and non-linearity distortions.

the derived signal models. The first one is a pilot-aided
algorithm, while the second one relies on blind signal separa-
tion principles and IQ decomposition of the received signal.
On the other hand, the work in [477] investigates the impact
of receive frequency-flat IQ imbalance on MIMO maximal
ratio combining systems. PDF and cumulative distribution
function (CDF) of the output SNR are derived in closed-form
over uncorrelated Rayleigh fading channels. Furthermore,
the upper bound on the symbol error probability, a closed-
form expression for the outage probability, and a lower bound
on the ergodic capacity are presented. Additionally, a pilot-
aided LS-based algorithm is developed for joint estimation
of the coefficients of the channel gain matrix, beamforming
and combining weight vectors, and IQ imbalance parameters.

The joint estimation of channel and IQ imbalance in
MIMO systems has been explored [478], [479]. Refer-
ence [478] proposes a joint estimator of the channels, CFO,
receive frequency-selective IQ imbalances, and DC offset in
MIMO systems using a training sequence. This work uses
FIR filters to cancel self mirror interference caused by IQ
imbalances, the normalized CFO, and DC offset. The LS
algorithm estimates the filter parameters by exploiting trial
values and grid search. However, the complexity of the pro-
posed algorithm is high. Reference [479] studies the joint
estimation of channels and receive frequency-flat IQ imbal-
ance in a multiuser uplink system. A base station equipped
with multiple receive antennas communicates with multiple
single-antenna users. The pilot-aided LMMSE algorithm esti-
mates the channels independent of the IQ imbalance coeffi-
cients. An LS algorithm is developed for estimating the IQ
imbalances. Finally, based on the derived estimations, the IQ
imbalance compensation scheme is presented based only on
the estimation of the IQ imbalance coefficients.

b: MIMO OFDM SYSTEMS
Authors in [480] investigate the impacts of IQ imbalance on
MIMO OFDM systems. The input-output relation of the sys-
tem is formulated as a function of MIMO channels and sep-
arate frequency-flat IQ imbalance for each receive antenna.
The IQ imbalance increases the system’s complexity at the

receiver by four fold and degrades the system’s performance,
e.g., the achievable BER. Moreover, this work also devel-
ops a receiver structure for an Alamout-space-time block
coded OFDM system with an IQ imbalance compensation
scheme. However, the availability of knowledge of channels
and IQ imbalance parameters at the receiver is assumed.
Moreover, the ergodic capacity of a MIMO OFDM system
in the presence of transmit and receive frequency-selective
IQ imbalances along with residual CFO is studied [481].
Note that a separate IQ imbalance is considered for each
transmit or receive antenna. The authors derive the capacity
expression for the case of the transmit IQ imbalance with-
out CFO. They also extract a lower bound on the capacity
for both transmit and receive IQ imbalances with CFO and
imperfect channel estimation. The pilot-data power alloca-
tion problem is considered to maximize the capacity bound,
and the optimal power allocation at a high-SNR regime is
derived. IQ imbalance and CFO degrade the capacity per-
formance, while it is more sensitive to CFO than IQ imbal-
ance. Besides, in [482], transmit antenna selection in the
presence of frequency-flat transmit and receive IQ imbal-
ances is studied, and closed-form solutions are derived. This
work assumes that all of the antennas in both transmitter and
receiver are supported by a single local oscillator, resulting in
the same IQ imbalance for all of them. The MIMO system
with only transmit IQ imbalances has the same capacity
maximizing antenna selection as a system with no IQ imbal-
ances. While, in the case of receive IQ imbalances, capacity
maximizing antenna selection depends on the channels of
the subcarriers and their mirror ones. Note that the works
in [480]–[482] are based on perfect knowledge of IQ imbal-
ance parameters, and they leave the question of the estimation
of the parameters open.

Thus, authors in [483] propose a pilot-aided scheme for
joint compensating frequency-flat transmit and receive IQ
imbalances in differential space-time block coding MISO
OFDM. Their scheme uses the differential encoding prop-
erty and a widely-linear adaptive decision-directed algo-
rithm. A parameter-based generalized algorithm is developed
for IQ imbalance parameters extraction in the system with
high mobility. Also, the authors analytically investigate the
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impacts of IQ imbalances on the system’s performance and
illustrate that they cause BER floor.

In [484], a blind algorithm for joint estimation of CFO
and receive frequency-flat IQ imbalances in SIMO OFDM
systems is proposed by utilizing the multi-antenna redun-
dancy at the receiver. All receive antennas have the same
IQ imbalance parameter. Auxiliary matrices are derived for
designing the cost function, expressed as a superposition of
few harmonically related cosine waves. This method has low
computational complexity because it avoids a grid search pro-
cedure. On the other hand, a study in [485] proposes a scheme
for transmit and receive frequency-selective IQ imbalances
compensation in MIMO OFDM systems with independent
component analysis. Different IQ imbalance parameters are
assumed for different transmit and receive antenna pairs. This
study deploys a higher-order statistics-based blind source
separation technique for joint IQ imbalance compensation
and received signal equalization by exploiting the statistical
characteristics and the algebraic structure of the received
signal. However, this method requires a known reference
signal embedded in the transmitted signal to enable ambi-
guity elimination. Moreover, authors in [486] develop a
pilot-aided algorithm for joint estimation of transmit and
receive frequency-selective IQ imbalance in MIMO OFDM
systems with CFO. The algorithm has low sensitivity to CFO.

Studies in [487]–[489] deal with joint channel and transmit
and receive IQ imbalance estimation problem with the aid
of pilot sequences. The study in [489] presents a method
for joint estimating the channel and frequency-flat IQ imbal-
ance in Alamouti space-time block coded MISO OFDM sys-
tems. In this study, the IQ imbalance effects are combined
with the channel into one parameter: the overall channel.
An ML-based method is then developed for the overall chan-
nel estimation, and an iterative EM algorithm is exploited
to the estimation process by using the resulting soft infor-
mation from the detector. On the other hand, the authors
in [487] investigate pilot design for joint estimation of
MIMO frequency-selective channels and frequency-selective
IQ imbalances. The effects of channel and IQ imbalances are
considered equivalent channels, and pilots are designed to
minimize the MSE of the LS-type channel estimators. The
pilot design criterion satisfies the estimation identifiability,
zero data interference condition, zero cross channel interfer-
ence, and white noise optimality. Moreover, the work in [488]
investigates joint channel and IQ imbalance estimation in
mobile space-frequency block codedMIMOOFDM systems.
The frequency-selective IQ imbalances are considered, and
generalized linear models are derived for them. Furthermore,
orthogonal pilots are designed so that joint channel and IQ
imbalance parameters estimation is performed for each pair
of transmit and receive antennas separately.

Additionally, in [490], joint estimation of channel
response, receive frequency-flat IQ imbalance, and CFO in
a MIMO OFDM system is studied using training sequences.
In this work, IQ imbalances and CFO are jointly estimated
without knowing the channel response by minimizing chan-

nel residual energy, which is defined based onMIMO channel
estimation in the presence of known IQ imbalances and
CFO. The channel is estimated by exploiting the estimated
parameters. Furthermore, the investigation in [491] proposes
an ML-based algorithm for joint estimation of the channel,
IQ imbalance, and PN in MIMO OFDM systems. Receive
frequency-flat IQ imbalances and independent oscillator for
each receive branch are considered. Besides, the transmitted
pilots from different transmit antennas are orthogonal to each
other. The proposed algorithm first estimates the PN param-
eters independent of other parameters. Then, IQ imbalance
parameters are estimated by using the estimated PN without
knowing the channel. Finally, estimation of the channel
is derived based on the IQ imbalance and PN parameters
estimations.

Finally, studies in [492], [493] explore the IQ imbalance
impacts in multiuser OFDM systems where the base station
and users are equipped with multiple antennas. In [492],
the distribution of uncompensated IQ interference and SINR
in a precoded downlink MIMO OFDMA system is studied.
All transmission chains have a similar frequency-flat IQ
imbalance, and also perfect CSI is available in the base sta-
tion’s transmitter and users’ receivers. Moreover, the ergodic
and outage capacities are derived in the presence of IQ inter-
ference. Also, link-adaptation is analyzedwhere the transmis-
sion rate is optimized based on IQ imbalance awareness, e.g.,
the statistics of the IQ imbalance interference. On the other
hand, authors in [493] investigate the impacts of IQ imbalance
on MIMO OFDMA systems where base station’s receiver
and the users’ transmitters experience frequency-selective IQ
imbalances. It is illustrated that IQ imbalances destroy the
signal properties and introduce ICI and inter-user interference
caused by the image subcarrier. Moreover, to mitigate the
IQ imbalance effects, augmented subcarrier processing is
performed, which jointly processes each subcarrier with its
image subcarrier and across all receive antennas. Further-
more, an optimal augmented linear receiver is derived in
terms of minimizing the mean-squared error.

2) MASSIVE MIMO SYSTEMS
IQ imbalances in base stations and users cause the image
signals which degrade the performance by introducing ICI
and MUI terms. Thus, these impairment should be taken
into account in channel estimation, precoding and receivers
designs.

Downlink transmissions: The work in [494] investi-
gates widely linear precoding techniques to mitigate trans-
mit frequency-flat IQ imbalances in narrowband SC mas-
sive MIMO systems. Single base station with massive
transmit antennas and multiple users with multiple receive
antennas are considered. In this work, different precoding
schemes, including widely linear ZF, widely linear MF,
widely linear minimum mean-squared error, and widely
linear block-diagonalization type precoding algorithms, are
developed based on an equivalent real-valued signal model.
The derivations show that widely linear ZF and widely linear
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block-diagonalization achieve the same sum data rates as
ZF and block-diagonalization receivers when IQ imbalances
do not exist. Moreover, they have the same multiplexing
gain when there are IQ imbalances at the transmitter. More-
over, authors in [495] consider both transmit and receive
frequency-flat IQ imbalances and present a regularized ZF
precoder scheme in SC massive MIMO downlink systems.
In contrast with [494], users are equipped with a single
antenna. The proposed scheme is derived based on the opti-
mization problem with the MMSE criterion with multiple
regularization parameters for channel qualities and channel
correlations. The presented precoder is robust to the severe
IQ imbalances and their estimation errors.

On the other hand, the work in [496] investigates joint
channels and transmit frequency-flat IQ imbalances in nar-
rowband SC massive MIMO downlink systems. The joint
estimation problem is modeled as two-timescale non-convex
optimization that relies on the MAP estimate. The IQ imbal-
ance parameter and the sparse channel vector are treated
as the long-term and short-term variables. The presented
two-timescale sparse problem is solved by a batch algorithm
that finds a stationary point of the problem based on all the
previously received signals. Moreover, to reduce the com-
putational complexity, a two-timescale online joint sparse
estimation algorithm is developed, which solves the current
system’s short-term problem and updates the long-term vari-
able in each iteration recursive convex approximation.

In uplink transmissions, a widely-LMMSE receiver
under transmit and receive frequency-flat IQ imbalances
is designed for a narrowband SC massive MIMO systems
in [497]. Multi cells are considered in which each cell
includes one base station equipped with massive antennas
communicating with multiple single-antenna users. More-
over, training sequences are deployed, which are transmitted
by users to their serving base station. Since there are not
enough orthogonal training sequences for all cells in all cells,
pilot contamination is considered. Users with the same index
in different cells use the same training sequence. In this work,
a system model contains effects of multi-cell interference,
CSI imperfection due to pilot contamination, channel estima-
tion errors and IQ imbalances. The proposed receiver jointly
suppressesMUI and IQ imbalances by processing the real and
the imaginary parts of the received signal separately. Finally,
analytical results for the asymptotic sum-rate performance of
the proposed receiver are presented. The authors illustrate
that the IQ imbalance in users is more harmful than the
IQ imbalance in base stations with massive antennas. The
performance of the addressed receiver reaches the LMMSE
receiver in an ideal system without IQ imbalances. However,
all of these achievements are based on known IQ imbalances
in the receiver, which is impossible in practical systems.

Thus, authors in [498], [499] propose an LMMSE algo-
rithm for practical channel estimation under transmit and
receive frequency-flat IQ imbalances in a narrowband SC
massive MIMO uplink systems. In contrast with [497],
single-cell is only considered with a massive MIMO base

station and multiple single-antenna users. In these studies,
the IQ imbalances are considered random variables, and their
effects are combined with channel information states into
effective channels. Moreover, an analysis of the asymptotic
achievable sum rate for the proposed method is presented.
Besides, the study in [500] investigates channel estimation
with pilot reuse for the same massive MIMO uplink systems.
In this work, the real and imaginary parts of the received
signal are processed individually with relative compensation.
An augmented real-valued representation for the received
signal is obtained. An MMSE algorithm with pilot reuse
is developed for estimating the effective channels (similar
to [498], [499]). Furthermore, a lower bound of the effective
channel estimation MSE is derived. Furthermore, authors
in [501] study channel estimation and robust detection in
massiveMIMO uplink systems with frequency-flat IQ imbal-
ance. A combination of the IQ imbalance and the channel is
considered the effective channel, and the MMSE algorithm is
deployed for estimating the effective channel.

Studies in [502], [503] address the joint estimation of
channels and frequency-flat IQ imbalances in SC single-cell
massive MIMO uplink systems with low-resolution ADCs.
The system model includes a base station equipped with
a massive number of antennas and multiple single-antenna
users. In [502], The receive IQ imbalance parameters are esti-
mated in two stages with the aid of a specific transceiver near
the base station, which shares flat-fading channels. In the first
stage, phase-shifted versions of IQ imbalances are estimated
by the gradient descend method and a pre-defined training
sequence emitted by the transceiver. Then, in the second
stage, the phase shifts from the first stage are estimated
by exploiting a typical sequence transmitted by the base
stain antennas to the transceiver. Moreover, two channel esti-
mators and multiuser detectors are developed based on the
spectral projected gradient method and vectorized message
passing de-quantization algorithm. However, the proposed
algorithm requires additional time overhead for IQ imbal-
ances estimations in which training sequences are transmitted
between the specific transceiver and the base station. Besides,
authors in [503] study the channel estimation and transmit
and receive IQ imbalances compensation problems. They
present an independent automatic gain control scheme for
each receive antenna to calibrate the dynamic range of I and Q
branches. Furthermore, channel estimation and IQ imbalance
compensation under the impacts of both quantization and IQ
imbalance are addressed using a bilinear generalized approx-
imate message passing algorithm.

3) RELAYING COOPERATIVE SYSTEMS
IQ imbalance impairments in relay systems can affect the
performance. Therefore, these effects have been investigated,
and IQ imbalance cancellation techniques have been devel-
oped. We next provide a brief overview of such results.

Thus, studies in [504]–[506] explore the impacts of IQ
imbalance on AF dual-hop relaying systems where three
nodes, a source, a relay, and a destination, are considered.
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In [504], the outage performance of the system with MRC
detection over Rayleigh fading channels is analyzed. The
source node has no IQ imbalance, the relay node suffers
from both receive and transmit IQ imbalances, and the des-
tination node has receive IQ imbalance. All of the consid-
ered IQ imbalances are frequency-flat, and all nodes have
a single antenna. Outage performance of the direct trans-
mission (no relay) outperforms AF relay transmission when
the IQ imbalance level exceeds a certain threshold, which is
inversely proportional to the cube of the signal constellation
size. Moreover, a pilot-aided joint channel and IQ imbalance
compensation scheme based on the ZF approach is presented,
and its EVM is analyzed at high-SNR. In [505], analyti-
cal expressions for outage probability and ergodic capacity
of the relay system over independent, non-identically dis-
tributed Nakagami-m fading channels are derived. In this
study, transmit and receive frequency-flat IQ imbalances in
only relay nodes are considered. The derived asymptotic
outage probability and ergodic capacity in the high-SNR
regime illustrate that the relay IQ imbalance results in a
ceiling effect on the SINR that depends on the level of IQ
imbalances. Moreover, authors in [506] study IQ imbalance
compensation in a CSI-assisted AF dual-hop system. The
relay uses instantaneous CSI of the first hop to fix the power
of the re-transmitted signal. Frequency-flat IQ imbalances are
assumed for source and destination nodes, while the relay
transmission is perfect. This work presents an ML detection
algorithm and two algorithms for IQ imbalance compensation
based on weighting the received signal and the ZF approach.

Furthermore, in [507], the outage probability of dual-hop
opportunistic AF relaying is derived with frequency-flat IQ
imbalances in all nodes. The system model includes one
source, multiple relays, and one destination node. In this
system, the source node transmits data to the relay nodes in
the first slot, while one relay with the highest SINR is selected
to retransmit the signal in the second slot. Moreover, authors
in [508] derive the outage probability of dual-hop two-way
AF relaying systems with a frequency-flat IQ imbalance at
the relay node. This study proposes two schemes, namely,
fixed power allocation and instantaneous power allocation,
to mitigate the IQ imbalance effects and improve the system
reliability under a total transmitpower constraint. The former
is effective for asymmetric channel cases, and the latter works
better for the symmetric channel case.

On the other hand, studies in [509]–[511] investigate
the performance of DF-based rallying systems. In [509],
approximate outage probabilities expressions of AF, DF, and
Controlled DF dual-hop relaying systems are derived by
considering frequency-flat IQ imbalances for the relay and
destination nodes. It is shown that the IQ imbalances have
no effects on outage probabilities when their levels are lower
than 1/

√
SNR. In this case, the system achieves a diversity

order of two for AF and Controlled DF relays and one for DF
relay. Moreover, direct link transmission outperforms all the
relays for reasonable SNR ranges and IQ imbalance levels.
Additionally, in [510], the outage probabilities of fixed-gain

AF, variable-gain AF, and DF dual-hop relaying systems
are derived in the presence of frequency-flat IQ imbalance
and additive hardware impairment at all nodes. Fixed-gain
AF outperforms the other relay schemes in terms of out-
age probability and SER. Finally, authors in [511] develop
an ML estimator to estimate channel impulse responses
in alternate-relaying cooperative systems. One source, two
DF relays, and one destination node are deployed, and
frequency-flat IQ imbalances are assumed for all nodes.
In this system, the two relays transmit and receive alternately,
which allows the source to transmit data in every time-slot.
Moreover, to reduce the complexity, the EM algorithm is
developed to approximate the optimal estimate.

In addition, reference [512] studies impacts of frequency-
flat receive IQ imbalance on full-duplex AF-based relay
network. Even a low IQ imbalance significantly increases
the residual SI power, degrading the performance. Authors
in [513] investigate pilot optimization and power allocation
for the frequency-domain LS channel estimator in a full-
duplex DF-based OFDM relay network with IQ imbalances.
The DF relay of the network receives the current data frame
from the source, and at the same time, sends the previous data
frame to the destination over the same frequency band. The
optimum pilot product matrix is derived by minimizing the
sum of MSEs and utilizing the Karush-Kuhn-Tucker (KKT)
conditions. They present an optimal power allocation strategy
under the total transmit power of source and relay nodes.
Also, the proposed power allocation outperforms the equal
power allocation in terms of the sum of MSEs performance.

4) COGNITIVE RADIO NETWORKS
These use spectrum sensing to identify temporarily vacant
portions of spectrum (i.e., spectrum holes). However, the IQ
imbalances in both primary and secondary transceivers can
affect the performance of spectrum sensing by introducing
image channel crosstalk, which degrade the performance,
e.g., BER. We next discuss the literature on impacts of IQ
imbalances and spectrum sensing schemes.

Therefore, [514] investigates the combined effect of trans-
mit and receive frequency-flat IQ imbalances and imperfect
CSI in cognitive radio secondary systems. Consequently, the
performance degrades, and the noise behavior changes from
a proper to improper Gaussian distribution. Moreover, to mit-
igate the effects of IQ imbalances, this work designs an ML
receiver and derives the average pairwise error probability
and a tight upper bound of the average BER. Furthermore,
a widely-linear equalization receiver is proposed to reduce
the complexity at the cost of performance degradation.

On the other hand, authors in [515] propose an asyn-
chronous cyclostationary detection method for the spectrum
sensing problem in OFDM-based cognitive radio networks
by exploiting embedded pilots. Different RF impairments
for the secondary user are considered, including IQ imbal-
ance, CFO, PN, and sampling clock frequency offset. The
proposed detector is developed based on the pilot’s corre-
lation matrix and second-order cyclostationarity of OFDM
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FIGURE 27. Down-conversion of multiple RF channels to baseband in the
presence of IQ imbalance. Three channels are occupied with PUs and
three others are vacant [517]. PU1 at channel −1 is interfered by the
image of PU2, and vice versa. Also, the spectral hole at channel −3 is
interfered by the image of PU3.

signals. Moreover, it is shown that the IQ imbalance has
little impact on the presented detector. Simultaneously, CFO
and PN ruin the gains obtained via cyclostationary feature,
and sampling clock frequency offset can strongly degrade
the performance when long sensing periods are required.
Additionally, the study in [516] presents an optimal blind
Neyman-Pearson detector for OFDM signals when there is
both transmitter and receiver frequency-flat IQ imbalance.
The proposed detector is derived by utilizing the correlation
between each subcarrier and its image by assuming known
received signal covariance at the subcarrier level. Besides,
expressions for the probabilities of detection and false alarm
are extracted. It is shown that transmit a secondary user can
blindly deploy IQ imbalance to enhance the detection prob-
ability. Although the works in [515] and [516] illustrate that
the receive IQ imbalance does not affect spectrum sensing
performance, they only consider narrowband single-channel
sensing.

Therefore, studies in [517]–[519] investigate the energy
detection-based wideband multichannel spectrum sensing in
the presence of IQ imbalance impairment. The wideband
sensing allows simultaneous sensing of multiple RF channels
where several primary users are active. In [517], an energy
detector is presented by considering frequency-flat IQ imbal-
ance for the secondary receiver, and detection and false
alarm probabilities are derived in closed-form. The authors
show that despite narrowband sensing, the IQ imbalance has
detrimental impacts under multichannel sensing due to intro-
ducing the image channel crosstalk terms. In other words,
the network’s performance depends on the power level of
the image channel and IQ imbalance values. For example,
in Fig. 27, due to IQ imbalance, the image of primary
user2 (PU2) introduces interference term for PU1 at channel
−1, and vice versa. Hence, to mitigate the effects of the
image channel, an algorithm is developed by subtracting
the image channel signal from the primary channel signal

with proper scaling. Furthermore, the work in [518] pro-
poses a four-level energy detector for secondary user spec-
trum sensing in OFDMA uplink primary networks where
a dedicated number of subcarriers are assigned to multiple
primary users with frequency-flat IQ imbalance. The pro-
posed detector can sense a specific subcarrier and decides
among four possible cases: 1) there is only noise, 2) there
is the interference due to the IQ imbalance, 3) the primary
is present with noise, 4) the primary user is present with
noise and IQ imbalance interference. Note that the addressed
detector is developed based on known a priori information
about potential primary systems in the secondary receiver,
such as theDFT size and the transmission parameters. Finally,
authors in [519] explore the joint effects of RF impairments
in secondary receiver, including IQ imbalance, non-linear
low-noise amplifier, and PN on energy detection-based wide-
band multichannel spectrum sensing. In this work, the joint
effects of the aforementioned RF impairments are modeled
as a complex Gaussian process, and analytical closed-form
expressions for the false alarm and detection probabilities are
derived.

The authors in [520], [521] study blind spectrum sensing
problem in single-channel SIMO cognitive radio systems
under transmit and receive frequency-flat IQ imbalances.
The system model includes one single-antenna primary user
and one secondary user equipped with an array of antennas.
In [520], a composite binary hypothesis testing is formulated,
and an eigenvalue-based detector is developed by exploiting
the likelihood ratio test principle. In this work, a preprocess-
ing stage in the secondary receiver is proposed to mitigate
the effect of receive IQ imbalances. Also, the false alarm
probability of the proposed detector is derived. Unlike [520],
the study in [521] considers joint transmitter and receiver
IQ imbalance uncertainties and deal with a non-calibrated
receiver. The effects of IQ imbalances on the improper-
ness of the transmitted and received signals are addressed.
The spectrum sensing problem is modeled as a compos-
ite binary hypothesis testing that is solved by the like-
lihood ratio test approach. Three spectrum sensing algo-
rithms are presented relied on different assumptions about
the impropriety or propriety of the desired and noise signals.
Finally, this work derives a closed-form analytical expres-
sion for the received SNR in secondary users under IQ
imbalances.

In [522], the combined effects of IQ imbalance and par-
tial SI suppression on the energy detection-based single-
and multichannel spectrum sensing in full-duplex cognitive
radio are studied. The considered cognitive radio system
includes several primary users, and two secondary devices
operate in full-duplex mode. Also, both frequency-flat trans-
mit and receive IQ imbalances are considered for secondary
users. IQ imbalances and partial SI suppression degrade the
system performance with single-channel, while the energy
detection capability can be entirely restricted for multi-
channel cases in terms of the false alarm and detection
probabilities.
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5) MILLIMETER-WAVE SYSTEMS
These have massive bandwidths to support multi-gigabit per-
second data rate transmissions. However, IQ imbalance in
milliliter-wave transceivers induces the mirror interference
terms on top of the desired signal, which have harmful effects
on the system performance,.e.g., BER and EVM. Moreover,
IQ imbalances can destroy the channel estimation perfor-
mance and increase the MSE. Because of these reasons,
the following works discuss the impacts of IQ imbalance
on the millimeter-wave systems and propose estimation and
compensation schemes.

Authors in [523], [524] investigate the estimation and com-
pensation of the IQ imbalance impairment inmillimeter-wave
SC-FDE systems. Reference [523] presents a training-based
approach to obtain separate estimates of IQ imbalance and
channel information. This work considers both frequency-flat
and frequency-selective IQ imbalances in the receiver side.
This approach maximizes a likelihood function that captures
the IQ imbalance and multipath channel iteratively. Finally,
exploiting the estimation results, this work implements IQ
compensation and channel equalization in the frequency
domain.

On the other hand, [524] addresses the compensation of
frequency-selective and frequency-flat IQ imbalances in the
transmitter side. Similar to [523], a training-based compen-
sation scheme is presented, which iteratively maximizes the
likelihood function to obtain a separate estimation of channel
and IQ imbalance. Note that [523] and [524] evaluate the BER
performance based on IEEE802.11ad standard and illustrate
that both transmit and receive IQ imbalances degrade the
BER performance.

The study in [525] develops a model for millimeter-wave
MIMO OFDM systems in the presence of RF impairments,
including CFO, PN, frequency-selective IQ imbalances, sam-
pling time offset, SFO, and in-phase and quadrature timing
mismatch. Moreover, a pilot design is presented for joint
estimation and compensation of transmit and receive in-phase
and quadrature timing mismatches under other RF impair-
ments.

Finally, [526], [527] study the IQ imbalance estimation and
compensation problems in Terahertz Communication Sys-
tems. Reference [526] develops a precompensation scheme
for the effects of non-linear distortions and IQ imbalance
in the transmitter side of low-cost Terahertz QAM systems.
Moreover, a pilot-aided ML estimator is proposed to estimate
the non-linearity and the IQ imbalance parameters, and also a
pilot sequence design is addressed. On the other hand, authors
in [527] discuss the channel estimation and signal detection
in the Terahertz spatial modulation systems. RF impairments,
including PN, IQ imbalance, and non-linear power ampli-
fiers are considered, which are modeled as complex-Gaussian
distortions at both the transmitter and the receiver. A pilot-
aided ML estimator is proposed, which contains two phases
of candidate acquirement and exhaustive search. An LS chan-
nel estimator is then addressed to reduce the complexity by
considering the impairments in an averaging manner.

6) BEAMFORMING TECHNIQUES
IQ imbalance will affect the performance of these systems
by introducing interference terms. Thus, investigating its
impacts and developing compensation techniques are crucial.

Reference [528] derives a closed-form expression for the
outage probability of beamforming MISO OFDM systems.
Frequency-flat IQ imbalances in both transmitter and receiver
and frequency-selective fading channels with independent
Rayleigh distributed coefficients are assumed. Receive IQ
imbalance leads to the outage floor in high-SNR scenarios.
Moreover, the asymptotic behavior and diversity order of
the system are discussed. Full spatial diversity is achievable
when the image leakage ratio of the transmit IQ imbalance
is lower than (2Rk − 1)−1, where Rk is the transmit rate.
Besides, [529] explores the impacts of joint transmit and
receive frequency-selective IQ imbalances on multiple beam-
forming OFDM systems, where transmitter and receiver are
equipped with multiple antennas. The approximate average
subcarrier SINR is derived. The SINR performance with
receive IQ imbalance will not improve by increasing the
transmit beamforming array size at high input SNR, unlike
the case of no IQ imbalance. Additionally, a pilot-aided
scheme for channel and IQ imbalance estimation is proposed
using the standard linear LS estimation algorithm.

7) FULL-DUPLEX COMMUNICATIONS
The performance of SI cancellation techniques in analog and
digital domain can be affected by the mirror interference
introduced by the IQ imbalance. Moreover, these interference
terms can impair desired and SI channels estimation. There-
fore, the literature has treated SI cancellation and channel
estimation with IQ imbalance.

In [24], [530], [531], the impacts of IQ imbalance on digital
SI cancellation are addressed. Authors in [530] explore the
impacts of the non-linear amplifier and the mirror interfer-
ence induced transmit frequency-flat IQ imbalance onOFDM
full-duplex systems. They show that the mentioned impair-
ments limit the precision of digital SI cancellation and heavily
limit the receiver path SINR. Thus, they propose an iterative
cancellation scheme based on the power amplifier’s output
signal, which exploits the detection result of the desired signal
for improving the SI cancellation performance. Moreover,
the study in [24] presents detailed SI signal modeling for
OFDM full-duplex systems in the presence of non-linear
amplifiers and both transmit and receive frequency-selective
IQ imbalances. The image signal caused by IQ imbalances
decreases the maximum achievable SINR. Thus, a widely
linear-digital SI cancellation technique is proposed, which
utilizes both the original transmit data and its complex con-
jugate for cancellation. Moreover, The cancellation param-
eters are estimated in the widely linear LS sense. Finally,
in [531], an augmented non-linear LMS- based SI canceller is
proposed for wideband OFDM full-duplex transceivers given
non-linear power amplifier and frequency-selective IQ imbal-
ances. The proposed technique considers both the non-linear
SI component and its associated mirror interference.

111772 VOLUME 9, 2021



A. Mohammadian, C. Tellambura: RF Impairments in Wireless Transceivers

Furthermore, authors in [532] investigate impacts of PN
and frequency-flat IQ imbalance on full-Duplex spatial mod-
ulation Systems. The impairments degrade SI cancellation
performance, and the system is more sensitive to IQ imbal-
ance at low SNRs. On the other hand, the work in [533]
studies the effects of IQ imbalance on the analog LMS loop
for SI mitigation in full-duplex radios. This loop is deployed
to generate a cancellation signal and subtract it from the
received signal at the receiver. This loop comprises multi-
ple taps, in each of which the delayed transmitted signal is
multiplied with the looped-back signal using an IQ demodu-
lator. Then the cancellation signal is derived by combining
the outputs of all the taps. IQ imbalance reduces the level
of SI cancellation and causes loop gain variation, which is
compensated by adjusting the gain at other stages inside the
loop.

Authors in [534] discuss the channel estimation and
pilot design in the presence of both transmit and receive
frequency-flat IQ imbalances at OFDM full-duplex sys-
tems. In this work, effects of IQ imbalance and channel
impulse response are combined into an equivalent channel.
A frequency-domain LS algorithm is proposed, which esti-
mates both desired and SI equivalent channels. Furthermore,
the optimal training design for the presented estimator is
modeled as a convex optimization problem of minimizing
the sum of variances under the power constraint. Finally,
an ML detector is developed by applying a whitening filer,
eigenvalue decomposition, and singular value decomposition
beamforming. References [535], [536] investigate SI can-
cellation in OFDM full-duplex systems with frequency-flat
IQ imbalance and a non-linear power amplifier. In [535],
a pilot-aided iterative algorithm for estimating the channel,
IQ imbalance, and power amplifier and low-noise amplifier
non-linearities is proposed. Moreover, in [536], a non-linear
algorithm utilizing an auxiliary transmitter is proposed to
cancel SI present in the RF domain. In this work, the local
transceiver channel is estimated via an LS estimator. The
canceling signal is generated based on the estimation results.

V. OPEN ISSUES AND FUTURE RESEARCH DIRECTIONS
This section discusses open issues and research directions
related to RF impairments in the state-of-the-art technologies.

A. CELL-FREE MASSIVE MIMO
In cell-free massive MIMO systems, many geographically
distributed service antennas, namely access points (APs), are
deployed to serve user equipment (UE) [537]. All APs coop-
erate with a fronthaul network and a central processing unit
to provide all UEs in the same time-frequency resource [538].
Fig. 28 shows a cell-free massive MIMO network. To be
specific, these networks eliminate cells or cell boundaries,
and all UEs are served by all APs simultaneously, where APs
are equipped with single or multiple antennas. Since the users
now are close to the APs, coverage probability increases.
Therefore, Cell-Free Massive MIMO can be a potential can-
didate for future indoor and hot-spot coverage scenarios,

FIGURE 28. Cell-free massive MIMO network [542].

e.g., shopping malls and small villages [538]. Moreover,
it significantly increases the energy efficiency and guarantees
uniformly good service for all UEs [539].

In the uplink of these systems, the APs transmit the
received data from the UEs to the central processing unit via
a fronthaul link. In the downlink, the central processing unit
transmits data and power control coefficients to the APS. All
transmissions proceed by time-division multiplexing (TDD)
operation. Note that APs estimate all channels via pilot trans-
missions and by exploiting channel reciprocity. The APs
use the estimated channels for downlink data precoding and
uplink data detection. Rate analysis and the use in cognitive
radios of cell-free massive MIMO are considered in [540],
[541]. The works in [542]–[544] investigate channel estima-
tion problem in cell-free massive MIMO systems. Authors
in [542] explore the uplink channel estimation problem in a
cell-free massive MIMO system over Rician fading channels.
In this work, to consider phase shifts because of mobility
and PN, the line-of-site path phase is regarded as a uniformly
distributed random variable.

Moreover, three-channel estimators are developed, namely,
the phase-aware MMSE, non-aware LMMSE, and LS. Fur-
thermore, authors in [545] exploit the channel estimators
in [542] and study the total downlink power optimiza-
tion problem with the antenna power and rate constraints.
Reference [543] explores downlink channel estimation of
cell-free massive MIMO with the aid of downlink pilots
beamformed to the UEs using conjugate beamforming. How-
ever, both [542], [543] assume that each UE has a single
antenna. Hence, [544] investigates uplink and downlink chan-
nel estimation with multi-antenna UEs over Rayleigh fading
channels.

On the other hand, cell-free massive MIMO systems
require many antennas to achieve good performance, which
leads to increasing the power consumption and the hard-
ware cost. To handle this issue, one needs low-cost, low-
power hardware components, especially for APs associated
with multiple antennas. But hardware defects may introduce
RF impairments. Studies in [546] and [547] investigate the
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performance of cell-free massive MIMO systems with low-
resolution analog-to-digital converter architecture for APs.
Tight approximate expressions for uplink spectral efficiency
and energy efficiency are derived. Deploying low-cost, low
resolution analog-to-digital converters have a great potential
to achieve a better spectral efficiency-energy efficiency trade-
off compared to the perfect ones.

Furthermore, the works in [548], [549] investigate the per-
formance of cell-free massive MIMO systems by leveraging
on the Gaussian RF impairment model, which describes the
interference terms as Gaussian noises. In [548], closed-form
expressions for spectral efficiency and energy efficiency are
derived, and by increasing the number of APs, the detri-
mental effect of hardware impairments at the APS vanishes.
Moreover, [549] derives closed-form channel estimation and
achievable rate expressions given known RF impairments and
low-resolution analog-to-digital converters. The imperfec-
tions cause a non-zero floor on the channel estimation error,
which is not eliminated by infinitely increasing the SNR. Fur-
thermore, the spectral efficiency of cell-free massive MIMO
systems with PN and imperfect CSI is investigated in [550].
The impact of PN on the performance of the system is severe.

The papers mentioned above investigate the impacts of
RF impairments, including PN, CFO, and IQ imbalance on
the performance of cell-free massive MIMO systems. The
works in [548], [549] model all the impairments as Gaus-
sian noise, which may not be accurate. The RF impairments
introduce in-band and out-of-band distortions, degrading the
system’s performance, e.g., spectral efficiency, achievable
rate, and BER. They also affect the performance of channel
estimation and data detection. For example, [549] shows
that RF impairments destroy the channel estimation perfor-
mance. Therefore, joint channel and RF impairment estima-
tion/compensation techniques are needed.

B. NON-ORTHOGONAL MULTICARRIER SYSTEMS
OFDM is widely used in 4G wireless (Long Term Evolu-
tion (LTE) and other standards) because of its robustness
against multipath channels and easy implementation based
on Fast Fourier Transform algorithms. However, OFDMmay
not the requirements of certain future networks. For exam-
ple, machine-to-machine communication and IoT require low
power consumption, while the strict synchronization process
of OFDM to keep the orthogonality between subcarriermakes
it unaffordable [551]. Moreover, OFDM with one CP per
symbol may not answer the low latency demand of vehicle-
to-vehicle applications [552]. Furthermore, due to the CP
insertion, it suffers from low spectral efficiency, which is
also a problem forWireless Regional Area Network (WRAN)
applications [553]. Finally, it has a high peak-to-average
power ratio [554], [555] and out-of-band emissions, which
poses a challenge for opportunistic and dynamic spectrum
access.

Therefore, to address these drawbacks, recent research
proposes novel non-orthogonal multicarrier systems, which
FBMC [551] and generalized frequency division multiplex-

ing (GFDM) [556] are two promising ones. In FBMC,
the data symbols are transmitted over different subchan-
nels after pulse shaping with bandlimited filters, which
overlap in time. Since subcarriers are narrow bandwidth,
the length of the filter impulse response is usually long,
typically, four times the length of the symbols. On the
other hand, in GFDM, data symbols are divided into sub-
carriers and subsymbols, using circular pulse shaping for
each subcarrier. These non-orthogonal designs can enhance
spectral efficiency, reduce latency, reduce peak-to-average
power ratio and out-of-band emission. However, due to
non-orthogonality between subcarriers, they suffer from ICI
and ISI. Moreover, the RF impairments increase these inher-
ent interference levels. Therefore, investigating the impact of
them and proposing compensation algorithms are necessary.

The study in [557] investigates impacts of PN impairment
in circular FBMC-OQAM systems under imperfect channel
estimation. This work proposes a pilot-aided algorithm for
PN compensation based on the LS approach. In addition,
studies [558]–[562] investigate CFO estimation and com-
pensation in FMBC systems. In [558], a pilot-aided feed-
forward ML algorithms for CFO estimation is developed
by considering time-frequency-selective channels. In [559],
low-complexity joint timing and CFO synchronization algo-
rithms are presented using two uncorrelated consecutive real
training symbols. In [560], impacts of CFO on FBMC-QAM
with non-orthogonal prototype filters are investigated, and
pilot-aided ML estimators are developed. In [561], CFO and
channel estimation in MIMO-FBMC/OQAM is investigated
by using MMSE approach. Furthermore, the work in [563]
investigates joint IQ imbalance, PN, and channel estimation
problems in multicarrier systems, including circular FBMC-
OQAM, using the LS approach.

On the other hand, reference [564], [565] study impacts of
PN, CFO and IQ imbalance on GFDM systems. The impair-
ments significantly degrade the SIR and enhance the symbol
error probability of the system. Moreover, authors in [566]
proposes filter designs for GFDM systems in the presence of
a CFO. Besides, impacts of PN, CFO, and IQ imbalance on
the performance of GFDM full-duplex transceivers are inves-
tigated in [567], [568]. The impairments increase the power
of residual SI after analog and digital SI cancellation. To sup-
press their effect, the optimal filter is designed, which max-
imizes the SIR of the system. Furthermore, studies in [569],
[570] investigate impacts of RF impairments including PN,
CFO, IQ imbalance, and non-linear power amplifier on the
performance of cognitive GFDM full-duplex secondary link
and solve the power allocation problem to maximize the sum
rate of the system.

Compensation of RF impairments in GFDM systems is
investigated in [571]–[575]. Pilot-aided algorithms based on
non-linear LS approach for joint channel and PN estimation
and data detection are developed in [571]. CRLBs for channel
and PN estimations are derived, and tMSE of channel estima-
tion meets the CRLB. Furthermore, authors in [572] develop
a CP-based ML blind algorithm for CFO synchronization.
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Moreover, [575] proposes a non-linear LS-based algorithm
for joint transmit and receive IQ imbalance and channel
estimation. Finally, authors in [574] propose a blind adaptive
IQ imbalance compensator for GFDM receivers based on the
normalized LMS adaptive self-image cancellation algorithm
in [576].

All the works mentioned above show the sensitivity
of non-orthogonal multicarrier systems to the RF impair-
ments because they use non-orthogonal subcarriers. However,
impacts of RF impairments of such systems in emerging tech-
nologies, e.g., MIMO, massive MIMO, relaying cooperative
systems, and Millimeter-wave systems, have not been inves-
tigated. Since non-orthogonal alternatives to OFDM may be
used in future networks, we require a complete investigation
of impacts, estimation, and compensation of RF impairments
in such systems.

C. NOMA
Multiple access provides communication service for multi-
ple users by deploying multiplexing techniques. These tech-
niques is broadly categorized into two approaches includ-
ing orthogonal multiple access and NOMA [577]. In for-
mer one, users are assigned to orthogonal communication
resources within either a specific time-slot, frequency band,
or code [578]. The fundamental advantage of this approach
is that it allows the receiver of one user to entirely separate
unwanted signals from its own signal since signals from
different users are orthogonal to each other. Therefore, there
is no mutual interference among users. TDMA and OFDMA
are examples of orthogonal schemes which multiple users are
assigned orthogonal time-slots and subcarriers, respectively.
Subcarrier separation ensures that they are orthogonal to each
other. However, in orthogonal multiple access, number of
supported users is limited by the number of available orthog-
onal resources [579]. Therefore, to support high number of
users, NOMA is proposed which allows multiple users share
the same radio resources in time, frequency and/or code via
power domain multiplexing. Due to relaxing orthogonality
between users in NOMA,MUI is introduced while successive
interference cancellation (SIC) is deployed to eliminate it for
accurate detection [577], [578].

Hence, NOMA supports more users and enhances the spec-
tral efficiency at the cost of increased receiver complexity for
MUI compensation. On the other hand, RF impairments are
able to degrade the performance of NOMA by increasing the
degree of non-orthogonality between users and constraint the
system’s reliability. Reference [580] investigates the impacts
of PN on downlink power-domain NOMA networks and
illustrates that high PN significantly enhances the outage
probability. Furthermore, authors in [581] study the ergodic
sum-rates of uplink and downlink OFDM-NOMA systems
under residual CFO and perfect SIC. It is shown that the
residual CFO results in significant ergodic sum rate loss, e.g.,
normalized residual CFO of 0.45 causes 30% loss. Besides,
in [582], impacts of frequency-flat transmit and receive IQ
imbalance on the outage probability of NOMA-based SC

FIGURE 29. Ambient backscatter architecture [584].

and multi-carrier systems are investigated. In both considered
systems, the IQ imbalance affects the SIC performance and
results in higher outage probability. Finally, outage probabil-
ity and ergodic sum-rate of full-duplex cooperative NOMA
under IQ imbalance and imperfect SIC is studied in [583],
which demonstrates deleterious effects of IQ imbalance in the
moderate and high SNR regions.

The detrimental impacts of RF impairments on the perfor-
mance of NOMA is discussed in the above mentioned works.
However, compensation of RF impairments for improving the
performance including reducing outage probability, enhanc-
ing ergodic sum-rates and achieving accurate detection has
not been investigated before. As an example, designing robust
SIC technique under RF impairments for NOMA is an inter-
esting open problem.

D. AMBIENT BACKSCATTER COMMUNICATIONS
In these systems, backscatter devices exploit surrounding
ambient RF sources, e.g., cellular base stations, to com-
municate with each other – Fig. 29 [584]. To be specific,
backscatter transmitters, such as battery-free tags or sen-
sors, modulate and reflect surrounding ambient signals to the
backscatter receivers by changing their antenna impedance
states. These systems do not require a dedicated frequency
spectrum (e.g., legacy spectrum can be used) and since they
use already-available RF sources, backscatter nodes do not
deploy and maintain dedicated RF sources. For these reasons,
these nodes can operate with ultra-low powers and low cost.
Thus, ambient backscatter communication is a potential can-
didate for future low-energy communication systems, e.g.,
IoT networks [585], [586].

However, ambient backscatter communication faces many
challenges. For example, since the RF ambient signal is
unknown in the backscatter receivers, signal detection is chal-
lenging. Thus, studies in [587]–[591] address some signal
detection schemes. In [587], a differential encoding scheme
is proposed, which works based on signal power difference.
Moreover, authors in [588], [590] investigate signal detection
in ambient backscatter communication systems with multiple
antennas tags – Fig. 30. The proposed detectors in [590]
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FIGURE 30. Ambient backscatter system with multiple antennas
tags [590].

are based on the chi-squared test, F-test, and Bartlett’s
test. Finally, the work in [591] presents an energy detector
for non-coherent backscatter communications over ambient
OFDM signals.

On the other hand, channel estimation in the backscatter
receivers is complicated since backscatter transmitters cannot
send additional training or pilot signals. Authors in [592],
[593] address channel estimation for ambient backscatter
communication systems. In [592], a blind channel estimator
based on the algorithm is presented, and also the modified
Bayesian Cramér–Rao bound is derived. Moreover, the study
in [593] proposes a pilot-aided algorithm based on the LS
approach for joint estimating channel gains and direction
of arrivals in an ambient backscatter communication system
with a massive-antenna reader.

However, none of those above papers consider the impacts
of RF impairments in the ambient RF source and backscatter
receivers. The impairments introduce interference terms and
will affect the detection performance and also degrade the
channel estimation performance. Therefore, their influence
on them should be studied, and estimation and compensation
schemes for surprising their effects should be developed.

E. IRS-ASSISTED COMMUNICATIONS
An IRS, made of electromagnetic material, is a two-
dimensional surface with numerous nearly passive ele-
ments with ultra-low power consummation [594], [595].
This surface can be dynamically reconfigured to electroni-
cally control the propagation of the incident electromagnetic
waves [596]. As shown in Fig. 31, this surface can help the
transmission between base stations and any terminals, e.g.,
mobile users, unmanned aerial vehicle (UAV)s, and smart
vehicles, in order to enhance the channel gain, improve spatial
multiplexing capability and energy efficiency [597], [598].
Since the cost, size, weight, and power consumption of this

FIGURE 31. IRS-assisted Communications between base stations and
mobile users, UAVs, and smart vehicles [597].

surface are small, it is a potential solution for realizing the
emerging concept of intelligent radio environments [599].

However, since additional channels are involved in
IRS-assisted communication systems, they face the chal-
lenge of a more overhead requirement for channel estima-
tion. Moreover, optimizing the reflection pattern of IRS ele-
ments to achieve the best estimation and detection perfor-
mance is another challenge. Hence, authors in [600] present
a transmission protocol to perform channel estimation and
reflection optimization for IRS-enhanced OFDM uplink sys-
tems. Moreover, in [601], a three-phase framework is pro-
posed to estimate a large number of channel coefficients in
the IRS-assisted uplink multiuser communications. Besides,
authors in [602] develop an iterative channel estimation
method based on alternating LS algorithm for IRS-assisted
downlink multiuser communication systems. Furthermore,
reference [603] addresses the joint optimal training sequence
and reflection pattern to minimize the channel estimation
MSE for the IRS-assisted communications. Finally, authors
in [604] investigate the achievable uplink rate of IRS-aided
millimeter-wave systems in the presence of PN at IRS.

However, these papers do not consider RF impairments in
base stations and users. These impairments will destroy the
functionality of proposed channel estimation algorithms and
reflection patterns. Thus, we need to evaluate the impacts of
the impairments on the performance of IRS-assisted com-
munication systems, e.g., sum-rate and BER, and then pro-
pose estimation and compensation schemes to mitigate their
effects.

F. AI-BASED APPROACHES
AI techniques have received high research attention for signal
processing and communication networks [605]. For instance,
deep learning and reinforcement learning are two power-
ful machine learning algorithms, which resemble the per-
ception process in a brain with a deep neural network and
trial and error, respectively [606]. The applications include
designing signals, estimating channels, detecting data, and
developing modulation/demodulation schemes. For example,
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studies in [607]–[611] develop deep learning-based schemes
for channel estimation in OFDM and MIMO systems.

AI-based algorithms may also help estimating and com-
pensating RF impairments. For instance, in [612], a PN com-
pensation method based on neural network optimization for
OFDM ranging systems is proposed. Besides, [613] proposes
a neural network-based coarse CFO estimator for MIMO sys-
tems, and the work in [614] presents a learning method based
on a support vector machine for efficient OFDM demodu-
lation in the presence of CFO. Moreover, authors in [615]
develop a convolutional neural network algorithm for esti-
mating transmitter-induced and frequency-independent IQ
imbalance in SC systems. Reference [616] develops a deep
learning-based channel and CFO equalization algorithm for
OFDM-based unmanned aerial vehicle communication sys-
tems. Finally, in [617], deep learning-based algorithms are
proposed for PN compensation in multicarrier systems.

However, these contributions simply scratch the surface of
vast possible applications. Such algorithms can thus devel-
oped for RF impairments estimation and compensation in
many practical systems, e.g., full-duplex andmillimeter-wave
communications, cell-free massive MIMO systems, and IRS-
assisted communications. Additionally, these algorithms can
be deployed to improve data detection performance with
residual RF impairments.

VI. CONCLUSION
This article presents a literature survey on RF impairments,
including PN, CFO, and IQ imbalance in wireless communi-
cation transceivers. We discuss signal models for the impair-
ments and their impacts. They cause in-band and out-of-band
distortion terms that degrade the systems’ performance, e.g.,
BER, EVM, SINR, and achievable rate. Next, we review
the estimation and compensation techniques for suppressing
their effects in SC systems, single-user OFDM, multiuser
OFDMA, and MIMO systems. Moreover, we explore joint
estimation and compensation of channel and the impair-
ments. These techniques can be pilot-aided or blind, and
the former are based on periodically transmitted training
symbols or combination of pilot and data symbols, and the
latter use structural and statistical properties of signals with-
out using prior knowledge at the receiver. We also review
the impact RF impairments in future technologies such as
MIMO (SC,MIMOOFDM, and multiuser MIMOOFDMA),
massive MIMO, cognitive radio networks, millimeter-wave
systems, relaying cooperative communication, beamform-
ing techniques, and full-duplex communications. We review
proposed estimation and compensation techniques for these
technologies. Finally, we present open research problems and
future research directions on RF impairments in state-of-
the-art technologies such as cell-free massive MIMO com-
munications, non-orthogonal multicarrier systems, NOMA,
ambient backscatter communications, and IRS-assisted com-
munications. We also highlight AI-based approaches for mit-
igating the impacts of the RF impairments.

Finally, this survey article highlights the body of literature
on PN, CFO and IQ imbalance developed over the last three
decades. This body of knowledge is continuing to grow with
many future research directions.
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