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Abstract 
Orthogonal Frequency Division Multiplexing (OFDM) has become a widely adopted modulat- 
ion technique in modern communications systems due to its multipath resilience and low im- 
plementation complexity. The direct conversion architecture is a popular candidate for low-
cost, low-power, fully integrated transceiver designs. One of the inevitable problems associated 
with analog signal processing in direct conversion involves the mismatches in the gain and pha- 
ses of In-phase (I) and Quadrature-phase (Q) branches. Ideally, the I and Q branches of the qua- 
drature mixer will have perfectly matched gains and are orthogonal in phase. Due to imperfect 
implementation of the electronics, so called I/Q imbalance emerges and creates interference 
between subcarriers which are symmetrically apart from the central subcarrier. With practical 
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systems performance if left uncompensated. 
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1. Introduction

1.1 Background

Growing requirements imposed upon communications transceivers have

led to greater sensitivity to non-idealities in Radio Frequency (RF) front-

end components. The traditional superheterodyne architecture is no longer

the most attractive choice for the RF front-end due to its complicated

structure. Instead, the simplest direct conversion architecture has be-

come a widely adopted solution in low-cost, low-power, fully integrated

transceiver design. One of the fundamental problems associated with

analog signal processing in direct conversion involves the mismatches in

the gain and phases of In-phase (I) and Quadrature-phase (Q) branches.

Ideally, the I and Q branches of the quadrature mixer will have perfectly

matched gains and be orthogonal during the phase. Due to the finite tol-

erance of practical electronics, so-called I/Q imbalance introduces mirror

frequency interference and degrades performance if left uncompensated.

The severity of the I/Q imbalance, then, can be quantified as the power of

the mirror/image with respect to the desired frequency component. With

practical imbalance levels, basic transceivers fail to maintain the suffi-

cient rejection of the image frequency band, which in turn can cause in-

terference with the desired transmission. Therefore, the elimination or

mitigation of I/Q imbalance, while meeting stringent cost requirements,

becomes a challenge in such communications systems. The goal of such

compensation is to provide improved image frequency rejection, which by

its nature depends on the accuracy of the estimation and compensation

approach. Recent research efforts have dealt with the issue of I/Q imbal-

ance, and have come up with different mitigation and compensation tech-

niques in both the analog and digital domains [1, 2, 3]. In addition, fre-
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Introduction

quency response mismatch between the baseband digital-to-analog con-

verters and low-pass filters of the I and Q branches introduces frequency-

dependent I/Q mismatch, and as such compensation techniques have been

studied in quite a number of papers [4, 5, 6, 7]

OFDM is gaining popularity as a modulation technique for current com-

munications systems due to its multipath resilience and practical imple-

mentation complexity. The effect of I/Q imbalance is relatively signifi-

cant in OFDM systems, since the mirror subcarriers which are symmet-

rically apart from the central subcarrier interfere each other. To elim-

inate the mirror carrier interference, various I/Q imbalance mitigation

and compensation algorithms for OFDM have been proposed in the liter-

ature [5, 8, 9, 10].

Some existing I/Q imbalance estimation and compensation techniques

are based on making use of pilot signals [11, 12]. However, the trans-

mission of I/Q-immune pilots costs extra radio resources, and thus blind

compensation methods are of great interest [13, 14, 15, 16, 17].

The combined effect of I/Q imbalance with other major RF impairments,

such as phase noise, carrier frequency offset and non-linear distortion of

power amplifiers, has been extensively studied. The effect of I/Q imbal-

ance and phase noise on OFDM receivers have been investigated in [18,

19]. The estimation of I/Q imbalance parameters is often not reliable, even

at a higher Signal-to-Noise Ratio (SNR) in the presence of power ampli-

fier non-linear distortion. The combined effect of I/Q imbalance and power

amplifier non-linearity has been addressed in [20, 21] and the references

therein.

The I/Q imbalance has a dramatic effect on the performance of multi-

antenna transmission where several parallel RF chains are needed. In-

teresting research studies can be found in [8, 9], where I/Q compensa-

tion techniques for Multiple Input Multiple Output (MIMO)-OFDM sys-

tems have been descried. Space Time Block Coding (STBC) is a well-

known transmission technique that realizes diversity benefits in multi-

antenna environments. I/Q imbalance mitigation in STBC-OFDM has

been widely studied, and several techniques have been suggested in [22,

23]. To achieve spatial diversity in frequency selective fading channels

with OFDM, Space Frequency Block coding (SFBC) can be utilized, where-

by STBCs are used across different antennas in conjunction with sub-

carriers. Several I/Q imbalance compensation algorithms have been dis-

cussed in [24, 9], which suggest novel solutions for multiantenna systems

2



Introduction

as well as for mobility environments. Transmit beamforming with re-

ceiver combining is another simple approach to achieving the full diver-

sity of multiantenna transmissions [25, 26]. In [27], transmit antenna

selection strategies are discussed for OFDM transmissions with trans-

mitter I/Q imbalance, and both transmitter and receiver I/Q imbalance

compensation have been discussed in [10].

Analytical models describing I/Q imbalance in OFDM transmission have

recently been detailed in [28, 20, 29]. Furthermore, Krone and Fettweis-

[30] carried out a capacity analysis for OFDM systems with transceiver

I/Q imbalance. For multiantenna transceivers, analytical models have

been proposed for Signal-to-Interference plus Noise Ratio (SINR), the Sym-

bol Error Rate (SER) and capacity analysis [31, 32, 33]. The authors

in [23] and [24] propose time-frequency domain I/Q imbalance compensa-

tion schemes. The authors in [34, 35] propose an analytical framework for

STBC MIMO-OFDM to obtain the signal-to-interference and error proba-

bility at the output of the receiver.

The effect of I/Q imbalance can be extended to other communications

topologies, such as relays and cognitive radio [36, 37]. An analytical model

for OFDM link performance under various receiver impairments has been

demonstrated in [38].

1.2 Scope of the thesis

It has been demonstrated that I/Q distortion degrades system performance

dramatically, depending on the channel characteristics and the transmis-

sion topology used [5, 28, 38]. The quantitative relationship between

transceiver parameters and system parameters is an essential factor in

the design and implementation of a communications systems [20, 33]. As

a consequence, the need for an analytical framework to evaluate the per-

formance of a system is an important topic. Recently, OFDM has been

extensively used in modern wireless communications as a robust modu-

lation technique. This environment has opened up a research space to

explore various I/Q imbalance mitigation and compensation techniques

for OFDM systems. The analytical modeling and performance analysis

for I/Q-distorted OFDM is thus an important research topic.

The majority of studies on I/Q-imbalance mitigation and compensation

are made in the context of the baseband communications aspect of the

physical layer of the radio link. In realistic cellular communications sys-

3
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tems, I/Q interference interacts with multiple system functions, such as

channel estimation and multiantenna transmission methods, as well as

Medium Access Control (MAC) and Radio Resource Management (RRM)

functionalities, such as Transmit Power Control (TPC), Adaptive Modula-

tion and Coding (AMC) and scheduling. The coexistence of I/Q imbalance

and other imperfections with these higher layer functionalities reduces

the probability of successful transmission. Hence, the goal of this thesis

is to analyze the performance of OFDM/Orthogonal Frequency Division

Multiple Access (OFDMA) systems with possible I/Q imbalance compen-

sation techniques, combined with the functionalities of channel estima-

tion, multiantenna transmission, TPC, AMC and multiuser scheduling,

which are essential in cellular communications systems.

1.3 Contributions and structure of the thesis

The surging interest in OFDM has resulted in research activities to make

OFDM transceivers more reliable and cheaper. The direct conversion ar-

chitecture has become a viable solution for such low-cost, low-power ter-

minals. However, they suffer severely from RF impairments due to im-

perfect implementation of the electronics. I/Q imbalance is one of the un-

avoidable RF impairments which distort a desired transmission. This the-

sis highlights a few important transmission scenarios which boost the ef-

fect of I/Q imbalance at the receiver. The performance analysis discussed

in the context presented is relevant to the selection of system design pa-

rameters. With careful analog design, 25 − 40dB image attenuation can

be achieved [39]. Here, numerical examples are considered with 25dB

image attenuation throughout. The results discussed may be considered

as performance bounds for a given transmission, which then yields re-

quirements for network planning and optimization. The compensation

techniques, and transmission and detection models proposed show im-

provements in the quality of the desired transmission from suppressing

I/Q interference.

The contributions of the thesis lie in extending the detailed analysis of

the performance of an I/Q-disturbed radio link to a receiver with imper-

fect channel estimation, and in designing novel SFBCs and joint precod-

ing techniques for I/Q-distorted multiantenna channels. The thesis also

embeds I/Q mitigation within a wider cellular system perspective. This

is made explicit by detailed studies of I/Q-mediated near-far effects re-
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lated to uplink TPC, as well as by link adaptation methods to mitigate

I/Q interference in multiantenna systems.

This thesis is organized as follows. The introduction, scope of the study

and its contribution are outlined in Chapter 1. Chapter 2 includes a

detailed discussion of I/Q imbalance compensation, modeling and perfor-

mance degradation due to I/Q imbalance. Chapter 3 studies channel esti-

mation strategies and the estimation error model that is most commonly

used. In Chapter 4, a comprehensive discussion of the impact of cod-

ing over I/Q imbalance is included. The MAC layer and RRM strategies

employed in the I/Q imbalance domain are explained in Chapter 5. The

conclusion is included in Chapter 6.

1.4 Summary of publications

This thesis consists of an introductory part and six original publications.

The publications are listed on page vi and are appended at the end of the

manuscript.

Comprehensive error probability analysis has been done in Publication I

for Multiple Quadrature Amplitude Modulation (M-QAM) modulated I/Q-

distorted OFDM transmission with imperfect channel estimation at the

receiver. The proposed analytical framework highlights the non-Gaussian

nature of receiver I/Q imbalance, which is especially visible for higher-

order modulation. Further, it addresses the joint/separate estimation and

equalization in imperfect channel estimation error situations. The closed

form expressions for the symbol and bit error rate performances are de-

rived for non-Gaussian I/Q interference. Here, Binary Phase Shift Key

(BPSK) and Walsh-Hadamard based pilot structures are selected for sep-

arate and joint channel estimations, respectively.

The benefits of SFBC schemes under different fading characteristics are

discussed with suitable compensation techniques in Publication II. Three

SFBC structures are proposed and the post processing SINR is evaluated

for Matched-Filter (MF) and Zero-Forcing (ZF) receivers with and without

joint detection. The Alamouti code distribution across the mirror carriers

offers free compensation of receiver I/Q imbalance in flat fading environ-

ments. When the channel becomes frequency selective, the performance

tends to degrade due to I/Q induced non-orthogonality in the channel ma-

trix.

In precoded OFDM/OFDMA, a precoder on a given subcarrier experi-
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ences uncontrolled I/Q interference if there is a low-rank transmission on

its mirror subcarrier. Hence, the separate selection of precoders on each

subcarrier is no longer optimal; joint selection of precoders becomes essen-

tial. The joint optimization of mirror precoders in an MIMO-OFDMA sys-

tem is discussed in Publication III. Gradient and line search algorithms

are used to optimize precoders which are jointly selected to minimize the

I/Q interference. Furthermore, an interference alignment method is stud-

ied for comparison. The gradient and line search algorithms perform bet-

ter in the high SNR region and the interference alignment optimization

follows a similar trend.

When precoders of the subcarriers are selected separately, mirror car-

rier interference due to a low-rank transmission may completely destroy

the desired signal on the subcarrier of interest, resulting in poor SINR.

Depending on the channel state information available at the transmit-

ter, this may cause mispredictions of the channel quality, and accordingly

losses of transmission. In such transmissions, link adaptation is discussed

in Publication IV. Proper transmission methods can be selected based on

knowledge of the SINR statistics in an I/Q aware link adaptation.

In an uplink cellular system, TPC is essential, and in Long Term Evolu-

tion (LTE), Fractional Power Control (FPC) is used. In [40], an analytical

model for FPC in a cellular system is contributed. TPC causes variations

in the interference level seen on the mirror subcarrier. This becomes an is-

sue if cellular-controlled Device-to-Device (D2D) communications is used.

An I/Q-mediated near-far effect emerges. In Publication V, this effect is

discussed and analyzed based on the FPC analysis of [40].
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2. I/Q Imbalance

The evolution of wireless communications systems has been driving the

design and implementation of modern radio transceivers. The super-

heterodyne receiver is a widely used reception technique and finds nu-

merous applications from personal communication devices to radio and

TV tuners, and has been studied extensively in quite many papers. The

use of the superheterodyne technique entails several trade-offs. Image

rejection is a prevailing concern in this architecture. The IF must be suf-

ficiently high so that the image channel lies in the stop-band of the RF

pre-selection filter, otherwise the IF filter will pass this channel unattenu-

ated in its own image passband. The fundamental difficulties with single-

chip integration and high power consumption make alternative solutions

appealing in many applications. The direct-conversion architecture has

then become a popular candidate, and the need for the bulky off-chip fil-

ters and high power consumption is consequently removed by making it

simple. However, direct conversion receivers are rather sensitive to RF

impairments caused by the finite tolerance of electronic components. I/Q

imbalance is the most notable impairment related to the direct-conversion

architecture of an RF front-end that exploits analog quadrature mixing.

It has been shown that the I/Q distortion complicates the design and di-

mensioning of communications networks [41, 20, 21, 42, 11],[30]-[32]. In

order to cope with this impairment, different compensation techniques

have been proposed.

OFDM has been widely employed in modern wireless networks as a ro-

bust modulation technique. OFDM is also sensitive to non-idealities in

the RF front-ends, and I/Q imbalance has been identified as a key front-

end effect. The I/Q imbalance results in Inter-Carrier Interference (ICI)

from the mirror carrier of the OFDM symbol. The resulting distortion can

limit the achievable data rate, and hence the performance of the system.

7
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The resulting I/Q imbalance can be split into a frequency-flat and a

frequency-selective part. The gain and phase mismatch occurs between

the local oscillator signals used for up/down-conversion of the I and Q

signals leads to a frequency-flat I/Q imbalance, and are being constant

for all subcarriers in OFDM. The frequency-selective I/Q imbalance is

mainly caused by mismatch between the filters in the I and Q path, and

is dominated by the low-pass filters. For the consistency, we will focus on

frequency-flat I/Q imbalance here after, and the frequency-selective case

is left.

2.1 An I/Q Imbalance Model

The direct-conversion architecture is widely used in low-cost, low-power

transceivers in modern wireless systems. However, the quadrature modu-

lator and demodulator in the direct conversion architecture are sensitive

to non-idealities of the electronic components in the I and Q branches

which cause I/Q imbalance. As a result, there is a leakage of interference

between the I and Q branches which adversely affects the performance of

wireless systems. Both transmitter and receiver I/Q imbalance are per-

tinent to the direct conversion architecture. It has been shown that the

major contribution is made by receiver I/Q imbalance [11].

Let us concentrate on a basic quadrature demodulator of the direct con-

version receiver. Ideally, the gains of the I and Q branches of the demod-

ulator are equal and orthogonal while in phase. However, in practice a

substantial amount of gain and phase mismatch are visible in an imbal-

anced local oscillator, which leads to frequency-flat I/Q imbalance. This

is modeled by effective gain gR and phase φR imbalances at the receiver.

The carrier waveform of the local oscillator can be represented by

xLO(t) = cos(2πfct)− jgR sin(2πfct+ φR) (2.1)

with the corresponding carrier frequency fc. The equivalent complex do-

main signal is thus

xLO(t) = K1,Re
−j2πfct +K2,Re

j2πfct , (2.2)

where K1,R = (1 + gRe
−jφR)/2, K2,R = (1 − gRe

jφR)/2 are the frequency-

flat complex I/Q imbalance coefficients. Let us assume r(t) to be the inter-

ference free baseband equivalent signal. As such, the received signal is

r̃(t) = 2�{r(t)ej2πfct}. The output of the quadrature mixer can be drawn

8
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from y(t) = LPF{r̃(t) · xLO(t)}, where LPF{u(t)} denotes the low-pass fil-

tering process of the signal u(t). Ultimately, the output baseband received

signal becomes

y(t) = K1,Rr(t) +K2,Rr
∗(t) . (2.3)

Hence, in direct conversion receivers, the impact of I/Q mismatch can be

viewed as a self-image problem, where the baseband equivalent signal is

interfered with by its own complex conjugate. Likewise, at the transmit-

ter, the carrier waveform of an imbalanced local oscillator can be repre-

sented as xLO(t) = cos(2πfct) + jgT sin(2πfct + φT ). Therefore, a similar

self-image interpretation can also be established on the transmitter side,

and the output of the transmitter after I/Q corruption is

s(t) = K1,Tx(t) +K∗
2,Tx

∗(t) . (2.4)

The ideal baseband equivalent transmitted signal under perfect matching

is x(t), and the frequency-flat I/Q imbalance coefficients of the transmitter

are given by K1,T = (1 + gT e
jφT )/2 and K2,T = (1− gT e

−jφT )/2.

With perfect matching, g = 1 and φ = 0, and thus K1 = 1 and K2 = 0

for both transmitter and receiver. The severity of the I/Q imbalance can

be characterized by the Image Rejection Ratio(IRR), |K1/K2|2. The Image

Leakage Ratio (ILR), L (the inverse of the IRR), is another parameter

used to measure I/Q imbalance [31]. In the current RF-analog technology,

a gain imbalance g of 1 − 2% and a phase imbalance φ of 1 − 2◦ may be

expected, resulting in 25− 40 dB of image rejection [39].

Considering (2.4), the frequency domain equivalent model for the freque-

ncy-flat I/Q distortion at the receiver would be

y(f) = K1,Rr(f) +K2,Rr
∗(−f) , (2.5)

where r(t) → r(f) and y(t) → y(f) are the Fourier transform pairs. As

a consequence, the effect of I/Q imbalance can be interpreted as an ICI

between mirror frequency components [9, 42, 43].

In OFDM systems, a block of data is transmitted as an OFDM symbol.

Assuming a symbol size equal to N (where N is a power of 2), the transmit-

ted block of data is denoted by z = [z1, .., zk, .., zN ]T where [·]T is the trans-

position operation. The symbols on subcarrier k and its mirror −k before

being distorted by I/Q imbalance are zk and z−k (represented alternatively

by zN−k+2), respectively. Without any change in their indices, the samples

on subcarrier and its mirror are the same for k = 1, N/2 + 1. For all other

subcarriers, their indices become mirrored around the k = N/2 + 1. In or-

der to have a unified formulation for all the subcarriers, these two tones

9
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Figure 2.1. A basic transmission model with transmitter and receiver I/Q imbalance.

are discarded. From the frequency domain translation (2.5), the received

symbol on subcarrier k is given by

yk = K1,Rzk +K2,Rz
∗
−k, k = 1, .., N/2− 1, k �= 1, N/2 + 1 . (2.6)

The effect of fading and channel noise are omitted here. The symbol on

subcarrier k is interfered with by the transmission on its mirror subcar-

rier, and vice versa. The induced ICI can be specifically identified as mir-

ror carrier interference [9, 43]. More precisely, the effect of the transmit-

ter and receiver I/Q imbalance on the mirror subcarrier pair are depicted

in Figure 2.1. The complex channel coefficients on the subcarrier and its

mirror are denoted by hk and h−k, respectively. Similarly, the Additive

White Gaussian Noise (AWGN) samples on the mirror carrier pair are

defined by nk and n−k. The I/Q distortion-free transmitted symbols on

the mirror subcarrier pair are xk and x−k, and the received symbols after

I/Q distortion are represented by yk and y−k. In the presence of channel

fading and noise, the ultimate received signal on subcarrier k with the

transmitter and receiver I/Q distortion is

yk = gkxk + g−kx
∗
−k +K1,Rnk +K2,Rn

∗
−k , (2.7)

where gk and g−k are the I/Q modulated channel frequency responses on

the subcarrier and its mirror (Refer Figure 2.1)

gk = K1,RhkK1,T +K2,Rh
∗
−kK

∗
2,T

g−k = K1,RhkK
∗
2,T +K2,Rh

∗
−kK

∗
1,T

The signal model in (2.7) can be extended to a multiantenna system with

MT transmit antennas and MR receive antennas [5, 44]. The MR × 1

received signal vector on the subcarrier k is thus

yk = Gkxk +G−kx
∗
−k +K1,Rnk +K2,Rn

∗
−k. (2.8)
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The MR ×MT I/Q modulated channel matrix on subcarrier k is defined by

Gk =
(
K1,RHkK1,T +K2,RH

∗
−kK

∗
2,T

)
and the corresponding channel ma-

trix on the mirror carrier is G−k =
(
K1,RHkK

∗
2,T +K2,RH

∗
−kK

∗
1,T

)
. The

MT × 1 vector xk contains transmit symbols on each antenna on the sub-

carrier and the symbol vector x−k on the mirror. The effects of transmitter

and receiver I/Q imbalance are characterized by the MT × MT matrices

K1,T =
(
I+ gT e

jφT
)
/2 and K2,T = I − K∗

1,T , as well as the MR × MR

matrices K1,R =
(
I+ gRe

−jφR
)
/2 and K2,R = I − K1,R. Here, g and φ

are the diagonal matrices with the gain and phase mismatches on each

transmitter/receiver branch.

Within a practical range of IRR values [39], and without loss of general-

ity, we can approximate the I/Q imbalance coefficients by K1,T/R ≈ 1 and

K2,T/R ≈ εT/R, where ε is a small complex quantity. As εRεT << 1, an im-

plicit second-order I/Q interference term in (2.8) can be omitted, resulting

in a signal model Publication III,Publication IV,

y ≈ Hkxk +
(
ERH

∗
−k +HkE

∗
T

)
x∗
−k + nk +ERn

∗
−k , (2.9)

where ET/R is a diagonal matrix which contains the image attenuations

εT/R of each transmission chain. The above MIMO-OFDM model decou-

ples the effect of transmitter and receiver I/Q imbalance, and the mathe-

matical manipulation is thus rather simple. When considering an OFDMA

system where there are multiple users scheduled on different frequency

resources, one can obtain a similar signal model and thus the I/Q interfer-

ence comes from both channels, Hk and H−k, which are allocated for the

users on a subcarrier and its mirror, respectively.

2.2 Performance Degradation

As stated earlier, the low-cost implementation of quadratic conversion suf-

fers from gain and phase imbalance, which causes cross-talk between mir-

ror signals and degrades the system performance of a system [9, 43]. The

IRR or ILR quantifies the suppression of the image signal and usually

lies within the range of 25 − 40dB [39]. The quantitative analysis of per-

formance then becomes a key factor in the design and optimization of such

a communications network. For simplicity, frequency-flat receiver I/Q im-

balance is chosen for the analysis.
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Figure 2.2. Received 16-QAM constellations for different phases of the complex-valued
leakage ratio Lk and a fixed magnitude of |Lk| = −25dB: a) ∠Lk = 0, b)
∠Lk = π/8 and c) ∠Lk = π/4.

2.2.1 Constellation Rotation

In this section, we demonstrate the constellation rotation caused by the

I/Q imbalance. For simplicity of the presentation, the receiver I/Q imbal-

ance effect is considered. From (2.7) by letting K1,T → 1 and K2,T → 0, we

get

yk = K1,Rhkxk +K2,Rh
∗
−kx

∗
−k +K1,Rnk +K2,Rn

∗
−k. (2.10)

The estimated transmit symbol on subcarrier k can then be computed

from

x̂k = xk +
K2,R

K1,R

h∗−k

hk
x∗−k +

K1,Rnk +K2,Rn
∗
−k

K1,Rhk
. (2.11)

The image attenuation with regard to the desired channel is denoted by

lk =
K2,R

K1,R
. The symbol estimate of xk in (2.11) is thus

x̂k = xk + lk
h∗−k

hk
x∗−k +

nk

hk
+ lk

n∗
−k

hk
. (2.12)

Each symbol on the mirror subcarrier is multiplied by lk (ILR, Lk = |lk|2)
so that the mirror constellation is rotated with respect to the original con-

stellation. In order to illustrate this effect, an exemplary 16-QAM con-

stellation is shown in Figure 2.2 for ILR = −25dB with different ∠Lk. It is

clear that taking amplitude distortion into account is not sufficient. The

phase rotation due to I/Q imbalance is also a key factor [28] that needs to

be considered in relation to reception and performance analysis.

2.2.2 Effect of the Channel

From (2.12), the total distortion of a received signal due to I/Q imbalance,

fading and channel noise can be characterized by the displacement vector

Δk = lk
h∗−k

hk
x∗−k +

nk

hk
+ lk

n∗
−k

hk
. (2.13)

The statistics of the displacement vector Δk depend on the channel co-

efficients on the carrier of interest hk, h−k as well as the AWGN noise
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Figure 2.3. PDF of the magnitude of the error displacement vector fΔ(|Δk|).

samples nk, n−k. Note that the noise after I/Q corruption becomes spa-

tially colored. It is important to notice that the channel coefficients may,

in general, be correlated. The correlation between the pair of channel co-

efficients hk and h−k is described by the complex-valued covariance ρk =

E{hkh∗−k}. In practical communications systems, the coherence band-

width is smaller than the system bandwidth, and thus the mirror carrier

pairs can often be assumed to be uncorrelated [28, 31, 34].

For performance analysis, we may consider a distribution of the chan-

nels hk and h−k. Combined with the distribution of the i.i.d AWGN sam-

ples nk and n−k, we may derive the distribution of the displacement vector

in closed form [28]. Figure 2.3 describes the behavior of the magnitude

distribution function fΔ(|Δk|) for different values of the correlation ρk.

The displacement can be modeled as a quotient of two complex Gaussian

Random Variables (RVs), and the variances is σ2 = Lk|x−k|2 + (1 + Lk)
N0

σ2
h

where σ2
h and N0 denote the variance of the channel h and the noise. The

squared magnitude of the correlation between them is |ε|2 =
∣∣∣ ρkσ2

h

∣∣∣2 Lk|x−k|2
σ2

and the channel correlation ρk is hidden inside. The distribution of the

displacement becomes more Gaussian when the channels tend to be un-

correlated and it exhibits a dispersion with the increasing effect of corre-

lation.

Figure 2.4 shows the SER performance when the mirror channels are

completely uncorrelated in a Rayleigh fading environment. Note the sig-

nificant error-floors due to the I/Q imbalance, which can be observed even
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Figure 2.4. SER performance vs SNR of the receiver I/Q imbalance-corrupted system in
a Rayleigh fading environment for different ILR levels.

for ambitious IRR values of 50dB and above. The asymptotic Signal-to-

Interference Ratio (SIR) can be predicted by projecting the asymptotic

error floor onto the ideal receiver’s performance. It is almost equal to the

IRR Publication I. Furthermore, the performance shown in the figure can

be argued as the SER upper bound for a system suffering from receiver

I/Q imbalance.

2.2.3 Capacity

The maximum theoretical data rate that a communications system can

provide for reliable transmission is defined by its capacity [45]. When the

channel is fading, one has to distinguish between ergodic capacity and

outage capacity [46]. OFDM systems appear to be quite sensitive to I/Q

imbalance and system capacity is reduced. From (2.10), the corruption

due receiver I/Q interference can be characterized by the average SINR,

and it can be stated for a given channel realization as in [30],

γ̄k =
E{|K1,Rhkxk|2}

E{|K2,Rh∗−kx
∗
−k +K1,Rnk +K2,Rn∗

−k|2}
. (2.14)

The random variables xk, x−k, nk and n−k can be assumed to be indepen-

dent of each other, and the statistical averages E{·} are computed accord-

ingly. In addition, it is reasonable to assume that xk and nk of the individ-

ual subcarriers are identically distributed with zero means and variances,

σ2
x = E{|xk|2} and N0, respectively. With these assumptions, the average

14



I/Q Imbalance

−10 0 10 20 30 40 50 60
0

2

4

6

8

10

12

14

16

18

20

γ̄k (dB)

C
k (b

ps
/H

z)

 

 

γ̃k/γ̃−k = -3dB

γ̃k/γ̃−k = 0dB

γ̃k/γ̃−k = 3dB

L
k
=−10dB

L
k
=−25dB

L
k
=−50dB

L
k
=−∞dB

Figure 2.5. Impact of receiver I/Q imbalance on the system capacity Ck for different Lk

and fixed channel realizations, γ̄k/γ̄−k.

SINR becomes

γ̄k =
γ̃k

1 + Lk(1 + γ̃−k)
, (2.15)

where γ̃k = |hk|2 σ2
x

N0
is the SNR of the ideal receiver without I/Q distortion.

Similarly, the average SNR of the mirror subcarrier γ̃−k can be defined.

OFDM transforms a frequency selective channel into a set of frequency

flat parallel channels, which in terms of capacity boils down to an AWGN

channel for each subcarrier [46]. Accordingly, the capacity of one subcar-

rier for a fixed channel realization would be

Ck = log2

(
1 +

γ̃k
1 + Lk(1 + γ̃−k)

)
. (2.16)

In Figure 2.5, one can observe how the receiver I/Q imbalance affects the

system capacity for a fixed channel realization. The system capacity Ck

shows a strong correlation with Lk as well as with the SNR ratio γ̃k/γ̃−k.

For a given Lk, the system capacity decreases if γ̃k becomes less than γ̃−k.

The lower and upper asymptotes of Ck that are apparent from Figure 2.5

can be derived analytically by considering the two cases of very high and

vanishing noise variance σ2
n.

Considering the whole set of subcarriers that are available for data

transmission, the overall system capacity is the sum of the capacities of

the individual subcarriers, and for fading channels it is sufficient to con-

centrate on a single subcarrier for the analysis. The channel coefficient

hk can be represented in terms of the polar form, |hk| = ak, where the
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absolute value ak ∈ (0, ∞), the ergodic capacity for the kth subcarrier, is

now given by

C̄k =

∫ ∞

0

∫ ∞

0
log2

⎛
⎝1 +

a2k
σ2
x

N0

1 +Kk

(
1 + a2−k

σ2
x

N0

)
⎞
⎠ f(ak, a−k)dakda−k . (2.17)

For a given joint channel amplitude distribution f(ak, a−k), the capacity

of the system can be derived as in [47]. The joint effect of transmitter

and receiver I/Q imbalance has been addressed in [30]. In parallel, the

ergodic capacity for a Multiple Input Single Output (MISO) system with

both transmitter and receiver I/Q imbalance is discussed in [48], further

extending the result in to MIMO transmission in Publication IV.

2.3 I/Q Imbalance Mitigation

I/Q imbalance degrades the effective SINR and causes performance degra-

dation. The impact of I/Q imbalance is more severe for systems employing

high-order modulations and high coding rates. Therefore, effective I/Q im-

balance compensation is essential in the design of high data-rate systems

employing the direct conversion architecture.

Digital signal processing has been considered to some extent as an ef-

fective I/Q compensation strategy [12, 49, 50]. Generally speaking, the

common approach is to estimate the mismatch parameters using training

data and then use these estimates in a simple digital re-matching net-

work. This approach with time domain processing is considered in [49,

50]. The techniques in [12] use the mismatch estimates in the frequency

domain to cancel the corresponding I/Q-induced ICI.

The Least Mean Square (LMS) algorithm has been implemented in di-

rect conversion receivers for smooth adaptation [12, 11], and applications

on low-IF receivers can be found in [51]. As the LMS algorithm is typically

slow and the steady-state performance exhibits high variance due to the

stochastic nature of the LMS algorithm, this makes it less attractive for

high-speed applications, and thus authors in [52, 53] propose Maximum-

Likelihood (ML) and Least-Squares (LS) estimation [52, 54] based ap-

proaches to compensate for I/Q imbalance. In [33], I/Q imbalance compen-

sation in multiantenna systems were discussed. The ML estimate based

method works well at a low SNR while the LS estimate outperforms it at

a high SNR.

Several adaptive filtering schemes were proposed to eliminate the dis-
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tortion of both frequency-flat and frequency-selective I/Q imbalances for

OFDM systems. The adaptive I/Q canceler in the baseband domain has

been introduced in [55]. An alternate adaptive structure operating on the

frequency-domain samples can be found in [12]. Furthermore, symmet-

ric adaptive decorrelation which for OFDM becomes a two-tap equalizer

in the frequency domain can be used for image rejection [11, 56], which

offers relatively high compensation accuracy. A Kalman filter based I/Q

compensation approach which demonstrates good ability in tracking the

channel time variations with a fast convergence speed has been demon-

strated in [54].

Many compensation techniques rely on known pilot data or else known

signal structures such as known data modulation or constellation. This

type of method has been proposed recently in [18, 11, 57, 58, 59, 60], where

I/Q compensation in OFDM modulation with known pilot data is consid-

ered. Blind compensation approaches work without specifically designed

pilot structures. In [14, 15, 61, 62], blind signal estimation strategies are

used to tackle I/Q imbalance at the receiver. For both transmitter and re-

ceiver I/Q imbalance, compensation in MIMO-OFDM has been suggested

in [8]. Furthermore, I/Q imbalance compensation can be performed for

STBC-MIMO to preserve diversity gains, as discussed in [23, 22].

It has been demonstrated that the circularity of the received complex

signal is generally lost due to I/Q imbalance, and thus the compensation

can be established using the statistical properties of the received signal,

as in [13, 16, 17]. An identical approach can be found in [63] and [61]

for frequency-selective I/Q imbalance as well. In parallel, an adaptive I/Q

decorrelation based compensation scheme has been proposed in [14].

Several methods have recently been proposed for compensating I/Q im-

balance in OFDM transmitters [64, 65, 66, 4]. In [64], a time-domain

approach is presented which compensates for frequency-selective I/Q im-

balance using an online operation. An approach in [66] makes use of a

specialized calibration signal and offline calibration. Keith et al. [65] came

up with a frequency domain online adaptive pre-distortion scheme to over-

come the frequency-dependent I/Q imbalance at the transmitter while re-

ducing computational complexity. A simple frequency-domain compen-

sation structure is derived based on a traditional adaptive interference

canceler in [67, 4]. Further, frequency selective I/Q imbalance can be ef-

ficiently compensated by decomposing the spectrum of the input signal to

frequency-flat cases [15].
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3. I/Q Imbalance with Imperfect Channel
Estimation

3.1 Background

Channel State Information (CSI) is crucial for data detection and chan-

nel equalization. The role of CSI is further accentuated in multiantenna

transmissions, by which significant improvements in capacity can be achi-

eved through the use of transmitter and receiver diversity [68, 69]. How-

ever, the gains of such systems rely upon the knowledge of CSI at the

receiver.

In practical systems, CSI can be achieved basically in two different

ways: one is based on training symbols that are a priori known at the

receiver while the other is blind, i.e., it relies only on the received symbols

and acquires CSI by exploiting statistical information and/or transmit-

ted symbol properties [70, 71]. Compared with training, blind estimation

generally requires a long data record. Hence, it is limited to slowly time-

varying channels and entails high complexity. Therefore, training-based

channel estimation is a commonly used technique in the design and imple-

mentation of communications systems. Typical procedures for identifying

the channel based on training utilize multiple OFDM symbols that com-

pletely consist of pilot symbols. Extending this idea to MIMO-OFDM sys-

tems is not straightforward, since not only the placement of the pilot tones

but also the pilot sequences themselves must be optimized. The location,

number and power of the pilot symbols embedded in multicarrier trans-

missions over fading channels are important design parameters affecting

not only channel estimation performance but also channel capacity. It is

shown that the optimal pilots in terms of sequences minimizing the mean-

square channel estimation error have to be equipowered, equispaced, and

orthogonal while in phase [72, 73, 74].
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In such systems, the CSI is estimated prior to any reception of data.

When the CSI changes significantly, a retraining sequence is transmit-

ted. In a fast time-varying environment, such systems must continuously

retrain in order to re-estimate the CSI. Between retraining sessions, these

systems experience an increased Bit Error Rate (BER) due to their out-

dated channel estimates [73].

The structure of the OFDM signaling allows a channel estimator to use

both time and frequency correlation. Such a two-dimensional estimator

structure is generally too complex for a practical implementation, and

reduced complexity solutions are proposed in [75, 76].

I/Q mitigation techniques can be implemented both in analog and digital

domains [12, 49, 50]. In these, perfect CSI has been assumed. However,

in a practical radio communications system, the actual channel quantities

are I/Q-modulated and the I/Q imbalance and channel equalization are

strongly interdependent. Therefore, the I/Q mismatch should be taken

into account in equalizer design, particularly with high-order symbol al-

phabets [1]. In practical systems, errors in the channel estimation stage

may result in excessive errors at the equalizer output [77, 38]. This prob-

lem has been addressed well in Publication I. The subsequent sections

outline the training-based and blind estimation-based techniques com-

monly used in communications for both the channel and I/Q imbalance

estimations.

3.1.1 Training-based Channel Estimation

The pilots and/or preambles are fundamental building blocks in many

practical OFDM wireless systems. The existence of reference symbols is

essential for the channel estimation as well as synchronization in time

and frequency. The accuracy of the I/Q imbalance parameter estimation

can be significantly increased if the pilot symbols are properly arranged.

Existing pilot designs for OFDM [73, 78] experience non-optimal esti-

mation performance when I/Q imbalance exists. Frequency domain esti-

mation and compensation was proposed in [79, 80, 60], where the receiver

I/Q imbalance present on the channel estimate is canceled out by an asym-

metric pilot allocation. Here, the interference from the opposite sideband

is random and crosstalk can be removed by considering enough averaging

either in time or in frequency. Meanwhile, in [58], the authors proposed

a pilot design criterion in order to minimize the I/Q imbalance estimation

MSE in OFDM transceivers.
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In [11, 81], the authors propose a joint channel and distortion estima-

tion technique requiring a large number of training symbols. The estima-

tor utilizes a special pilot pattern to effectively estimate channel and I/Q

imbalance by inserting null tones in the training symbols. Thus, the re-

ceived training symbols are not affected by mutual interference between

pairs of symmetric subcarriers. Even though the I/Q imbalance is effi-

ciently estimated and compensated for, zero subcarriers should be avoided

from the channel estimation point of view. A complementary subset of pi-

lots described in [81], avoiding the need for null tones, ensures greater

robustness against strongly frequency-selective fading channels.

In [50, 18, 82], the authors estimate I/Q imbalance from differences of

estimated modulated channels at neighboring subcarriers, when the ad-

jacent subcarrier channels are strongly correlated and I/Q imbalance is

low and frequency flat. Standard pilots defined by IEEE 802.11g [83] are

used. Based on the assumption that the I/Q imbalance parameters do not

have sharp transitions and vary smoothly over a given amount of succes-

sive subcarriers, the authors in [7] proposed an iterative algorithm.

Different RF chains of MIMO branches can cause different I/Q imbal-

ance levels, which further complicate channel estimation, since interfer-

ence among multiple antennas needs to be avoided [84]. A pilot design

for MIMO-OFDM systems with transceiver I/Q imbalance was proposed

in [5], where it uses two OFDM symbols as a basic block which is re-

peated according to Walsh-Hadamard sequences for multiple antennas, a

MIMO extension of what was proposed for SISO in [79]. It is overhead

inefficient as a full preamble is used for training. An overhead efficient,

white-noise optimal pilot designs for estimation of the equivalent channel

responses incorporating both frequency flat and selective transceiver I/Q

imbalances has been proposed in [59]. In [9], the authors develop comb-

type pilot structure to jointly mitigate the ICI induced due to both I/Q

imbalance and mobility.

A priori known BPSK symbols are chosen as set of orthogonal pilots to

estimate the gain and phase errors in I/Q corrupted OFDM systems [79,

80, 60]. It uses an even number of OFDM training symbols with non-zero

pilots where the pilots at the positive (negative) subcarrier indexes of the

even symbols are the same as (negatives of) the corresponding pilots at

the odd training symbols. Such pilot allocation can be easily extended to

MIMO using Walsh-Hadamard sequence [5], where it creates orthogonal-

ity between mirror subcarrier pairs and between the different transmitter
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branches.

In [85] constant amplitude, zero auto-correlation and Pseudorandom

number sequences are proposed as training sequences. The pilot design

criterion in [58] is derived in order to minimize the I/Q imbalance estima-

tion MSE. In a practical situation, carefully chosen pilots [58, 86] should

be set in order minimize the PAPR as well.

3.1.2 Non Data-aided (Blind) Estimation

A blind estimation technique has been discussed in [87] based on the as-

sumption of uncorrelated transmitted subcarriers. In order to determine

the I/Q imbalance coefficients, cross-correlation and the power of the sum

of the imbalanced symbols on mirror carrier pairs were evaluated. This

method needs a high number of received data symbols for a good sta-

tistical estimation of the I/Q imbalance. If the number of data symbols

is not sufficient, an error floor occurs even for a high SNR region. Fur-

ther enhancements of the blind estimator can be achieved through the

application of Kalman filtering, including tracking and compensation of

time-varying and frequency-selective I/Q imbalance [88].

A blind signal estimation scheme proposed in [14] for the conjugate sig-

nal model - where the observed signal is a linear combination of the de-

sired signal and its complex conjugate - can be applied to the I/Q distorted

systems - a one practical application where the image signal interference

causes attenuation on the desired signal. Blind signal recovery is feasible

when the second-order statistics of the observed signal. The circularity

of the received signal is generally lost due to I/Q imbalances, and thus

the compensation can be performed by projecting the received signal back

to the "circular domain" [16, 17, 13] in OFDM systems. In [1] similar

approach can be found for both transmitter and receiver I/Q imbalance

compensation. In addition to the computational complexity, this prop-

erty limits the application of this technique for OFDM applications as the

number of subcarriers and the modulation order become larger.

3.2 Least Square Channel Estimation

High spectral efficiency is provided by M-QAM, which is widely employed

in wireless communications applications [89, 90]. Performance analysis

of M-QAM receivers is important in understanding the limitations on
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high spectral efficiency communications and in designing adaptive modu-

lation schemes [91]. In practice, the channel estimates cannot be perfect

in fading channels and the adverse effect of imperfect channel estima-

tion must be considered for accurate performance evaluation. Assuming

perfect CSI, the performance of an OFDM system with a receiver I/Q im-

balance is studied in [28] for different channel scenarios. The error rate

performance for OFDM direct conversion receivers with synchronization

and channel estimation imperfections has been addressed in [38] and an

extension to STBC was proposed in [35].

Here, we consider an OFDM system where the reception is disturbed

by transmitter and receiver I/Q imbalance. The information is M-QAM

modulated to different OFDM data subcarriers and then transformed to a

time domain signal by the Inverse Fast Fourier Transform (IFFT) opera-

tion and prepended by a cyclic prefix, which is chosen to be longer than the

maximal channel impulse response. The I/Q corrupted discrete complex

baseband signal for the kth subcarrier after the receiver FFT processing

is given by (2.7). In broadband communications, it is a realistic assump-

tion that the channel coherence bandwidth is smaller than the typical

frequency separation between a mirror carrier pair. Hence, without loss

of generality, we can assume that there are frequency selective channels

with independently fading mirror carriers.

The estimate of the modulated channel h is denoted by ĥ. For i.i.d. signal

branches, E{|ĥ|2} = σ2
ĥ

is assumed for all k. Let the normalized correla-

tion coefficient between ĥ and h be defined as ρ = E{ĥ∗h}/σhσĥ, where σh

and σĥ are the standard deviations of the channel h and its estimate ĥ,

respectively. The channel estimation error at the kth subcarrier is given

by e = ĥ− h. For Minimum Mean Square Error (MMSE) channel estima-

tion E{e∗ĥ} = 0 holds, i.e., e and ĥ are orthogonal [92], [93]. To account for

the non-orthogonal channel estimation errors for arbitrary linear channel

estimators, we can construct an equivalent channel estimation error term

z which is independent of ĥ. Here, we choose the channel estimation error

model as in [94]

h = aĥ+ z , (3.1)

where a = ρσh
σĥ

is the biasing factor and z is the equivalent estimation

error term with zero mean and variance σ2
z = (1− |ρ|2)σ2

h. We note that a

popular LS channel estimation error model can also be included in (3.1) as

a special case with a zero-mean channel estimation error due to the noise

which is independent of h. For the LS channel estimation model, we find
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that ρ = σh/
√
σ2
h + σ2

e , where σ2
e is the variance of e. Thus, for the case of

LS estimation, our model in (3.1) reduces to

h =
σ2
h

σĥ

√
σ2
h + σ2

e

ĥ+ z , (3.2)

where the biasing factor becomes a = ρ2, and z has zero mean and vari-

ance σ2
eσ

2
h/[σ

2
h + σ2

e ]. If the error e and channel c are correlated to each

other, then the biasing factor becomes a = E{ĥ∗h}/σ2
ĥ

and the same chan-

nel estimation error model can still be valid.

3.2.1 Orthogonal Pilots

Most of the practical communications systems include certain known data

structures in their transmission frames, called "training" or "pilot" sig-

nals. These are typically used for channel estimation and synchroniza-

tion purposes. Accordingly, the pair of I/Q modulated channel coefficients

gk and g−k in (2.7) at each subcarrier index k can be estimated either sep-

arately or jointly, using a known sequence of pilots.

Here, we consider a receiver where there is a simple BPSK pilot struc-

ture to mitigate the effect of the I/Q imbalance on the channel estima-

tion. The transmission channel and the I/Q imbalance are supposed to

be approximately time invariant for the duration of at least two OFDM

symbols, we can write the pilot symbol matrix on a subcarrier for two

consecutive OFDM symbols as

Xp =

⎡
⎣ x1,k x∗1,−k

x2,k x∗2,−k

⎤
⎦ , (3.3)

These are selected so that Xp becomes non-singular for each mirror sub-

carrier pair, i.e., XpX
H
p = αI where α is the normalization factor. A sim-

ple BPSK selection maintaining the orthogonality between subcarriers is

based on a Walsh-Hadamard matrix [79, 80, 60], xj,k = 1, x1,−k = −1

and x2,−k = 1. This argument can be extended for the MIMO case as

in [23, 5]. The orthogonality between the subcarrier k and −k and be-

tween the different transmitter branches is achieved by distributing the

same pilot structure in the space-frequency domain.

3.2.2 Effect of Channel Estimation

Joint estimation and equalization are assumed in the presence of transcei-

ver I/Q imbalance. Both I/Q modulated channel pairs gk/g−k (2.7) on sub-
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carrier and ḡk = gk(hk → h−k)/ḡ−k = g−k(hk → h−k) on its mirror need to

be estimated, and the equalization process can be modeled as

x̂ = x+ Ĥ−1Zx+ Ĥ−1n . (3.4)

Pilots are selected such that det(Ĥ) �= 0, for Ĥ to be non-singular. The

estimated data vector x̂ and transmitted symbol vector x contain symbols

on subcarrier and its mirror. Here, n is the I/Q corrupted noise vector and

the estimated channel matrix Ĥ, estimation error matrix Z are

Ĥ =

⎡
⎣ akĝk a−kĝ−k

akĝ
∗
−k akĝ

∗
k

⎤
⎦ , Z =

⎡
⎣ zk z−k

z̄∗−k z̄∗k

⎤
⎦ . (3.5)

From (3.1), the biasing factors of the wanted and interfering channel

components gk and g−k are denoted by ak and a−k. Consequently, they

can be evaluated as a function of I/Q imbalance parameters and would

be ak =
[
1 + (1+L)

2(|K1,T |2+L|K2,T |2)γp
]−1

and a−k =
[
1 + (1+L)

2(L|K1,T |2+|K2,T |2)γp
]−1

where γp is the SNR of the pilot transmission and L is the ILR at the

receiver. Figure 3.1 shows the behavior of the biasing factors ak and a−k

for the joint channel estimation. Note that the level of I/Q imbalance

on both the transmitter and receiver sides are characterized by the ILR

L = [−25,−55]dB. By considering the magnitudes of the I/Q imbalance

coefficients on the given L values, one can approximate ak ≈
[
1 + 1

2γp

]−1
.

Hence, the effect of L is insignificant and the AWGN term dominates the

performance and the biasing factor for the wanted part of the channel

converges to unity at a high SNR. The biasing factor on the interfering

channel can be written as a−k ≈
[
1 + 1

2L|K1,T |2γp
]−1

. With a finite L, a−k

converges to unity for a sufficiently large SNR - that is when I/Q starts

to dominate over thermal noise. For an ideal receiver with L = 0, I/Q

never dominates over thermal noise, and a−k = 0 always. Furthermore,

the variance of the independent noise error converges to zero while the

biasing factor tends to unity. Hence, at a high SNR where the estimator

does indeed equal the actual channel response, the error starts to disap-

pear. Afterwards, the performance of both the actual and the estimate lie

on top of each other, although they exhibit a performance gap with a low

SNR Publication I.

Figure 3.2 demonstrates how the SER performance degrades with the

imperfect channel estimation of the ZF equalization. The effect of chan-

nel estimation is simulated with Gaussian approximated mirror carrier

interference as well [38]. From Figure 3.1, it is clear that the biasing fac-

tor a does not have any significant impact on system performance. For the
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Figure 3.1. Behavior of the biasing factors ak and a−k for the joint channel estimation
for the ILRs of [−25, −55]dB. Pilots are selected from BPSK alphabet. I/Q
mismatches are chosen as g = [0.9, 1] and φ = [2, 0.2]◦, respectively for
above ILR values.

relatively small L, a → aideal = [1+
σ2
p

σ2
h
]−1, where aideal is the biasing factor

of an ideal receiver, this again emphasizes the above facts. At a higher

SNR, the estimation error term z (σ2
z = (1− a)σ2

h) converges to zero while

the biasing factor tends to unity. Therefore, the imperfect channel esti-

mation follows the equalization with perfect channel knowledge at higher

SNR values. The performance of the Gaussian approximated system ex-

hibits slightly worse error floors with higher order modulations. However,

it is reasonable to assume that the mirror carrier interference is Gaussian

distributed, especially for low-order modulation schemes.
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Figure 3.2. The SER for M-QAM modulations (M = 16, 64, 256) of ZF equalization with
perfect channel knowledge, imperfect channel estimation and with Gaussian
approximated mirror carrier interference at L = −25dB (g = 0.9 and φ = 2◦)
for both transmitter and receiver.
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4. MIMO-OFDM Coding with I/Q
Interference

Wireless environments present a challenging communications problem

because of possible time-, frequency- and spatially-varying degradation

caused by signal fading. These impairments are not necessarily harm-

ful. Under certain conditions, it is possible to take advantage of such

variations in the channel’s responses to improve the received SNR. The

method for achieving reliable transmission over such fading channels is

called diversity.

Open loop diversity methods enable the receiver to recover a more ro-

bust replica of the transmitted signal by combining a number of indepen-

dently faded copies in a situation where there is no CSI at the transmitter.

Diversity can generally be obtained by transmitting information, either in

different time slots, at different frequencies, with different polarizations

or from different antennas.

Using different time slots which are separated for more than the co-

herence time of the channel leads to so-called "temporal diversity" [95].

Copies of the transmitted signal are sent over these time slots and suit-

able error-correcting codes can be utilized to reduce the amount of redun-

dancy. However, in slow fading, the coherence time of the channel is large

and temporal diversity methods are not practical.

Signal copies transmitted from different carrier frequencies achieve fre-

quency diversity if the carrier frequencies are separated by more than the

coherence bandwidth of the channel.

Spatial diversity uses multiple antennas separated by at least half of

the wavelength to achieve diversity, and thus multiantenna techniques

have become a trend in modern wireless communications systems.

Concurrently with space-time coding, the principles of spatial multiplex-

ing were also formulated [96]. The basic principle behind spatial multi-

plexing is to transmit different symbols from each antenna, and have the
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receiver detect these symbols by taking advantage of the fact that each

transmit antenna has a different spatial signature at the receiver. This

does allow for an increased number of information symbols per MIMO

symbol, but it does not enhance reliability.

In closed loop methods, CSI is available at the transmitter. In Closed

loop MIMO-systems, linear precoding in which the signal is transmitted

on the dominant modes of the channel matrix, can be used to further im-

prove system performance by tailoring the transmission to the instanta-

neous channel conditions [97, 98] while retaining the benefits of all-linear

processing. Since OFDM uses multiple subcarriers, optimal precoding for

MIMO-OFDM can be achieved by deriving precoders for each subcarrier

independently or for a group of adjacent subcarriers with almost identical

channels.

In Time Division Duplex (TDD) systems, CSI may be faithfully esti-

mated at the transmitter using channel reciprocity. When the reciprocity

of wireless channels does not hold, such as in Frequency Division Duplex

(FDD) systems, a feedback link is needed for providing CSI to the trans-

mitter [99, 100].

Transmit beamforming with receiver combining is one of the simplest

approaches to achieve full diversity [101]. Compared with traditional

space-time/frequency codes, beamforming and combining systems provide

diversity as well as array gain at the expense of requiring CSI at the

transmitter in the form of a transmit beamforming vector. To achieve high

rates for users, multistream precoding methods are needed [98]. More-

over, for downlink MU systems, complete processing at the receiver may

not be possible and transmitter precoding techniques necessarily play a

major role.

Recently, the combination of multiantenna techniques and OFDM has

drawn attention in communications and signal processing. The non-ideali-

ties due to I/Q imbalance can cause a considerable decrease in the overall

system performance. In this chapter, mutliantenna coding methods used

in OFDM systems suffering from I/Q imbalance are discussed. Detailed

discussions can be found in Publication II,Publication III
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4.1 Diversity in an I/Q-distorted environment

4.1.1 Space-Time Coding in the I/Q Domain

Multiple antenna transmission and reception has emerged as a key tool

in achieving high levels of spectral and power efficiency in wireless com-

munications. Signaling schemes that exploit both the classical Shannon

degrees of freedom (time-frequency) and the additional spatial degrees of

freedom (antennas) without using CSI at the transmitter are referred to

as Space-Time Codes (STC) [102]. OFDM modulation with a cyclic prefix

can be used to transform frequency selective fading channels into mul-

tiple flat fading channels so that orthogonal space-time transmitter di-

versity can be applied, even for channels with large delay spreads. For

a fixed number of transmit antennas, decoding complexity increases ex-

ponentially with the transmission rate. Alamouti [103] discovered a re-

markable scheme for transmission over two antennas which is much less

complex than the space-time trellis code [102]. The Alamouti scheme pro-

vides full diversity and rate-one transmission for complex constellation

symbols with maximum-ratio receiver combining. The Alamouti code is

an orthogonal Space-Time Block Code (STBC) for two transmit antennas.

Subsequently, it is widely used in wireless communications standards,

such as WCDMA.

The I/Q distortion increases the probability of error in a given trans-

mission significantly and should be efficiently mitigated. A digital sig-

nal processing technique to mitigate the I/Q distortion in an Alamouti

coded STBC-MIMO-OFDM transmission has been investigated in [11] .

In addition to the Alamouti code STBC, quasi-orthogonal and rotated con-

stellation quasi orthogonal cases were considered for different antenna

configurations in [22]. An analytical framework for evaluating receiver

SINR performance was studied for MISO-OFDM in [104] and the ca-

pacity and rate performance were discussed in [35] for the joint effect

of other impairments. Pilot based and blind digital compensation tech-

niques for STC multiantenna systems with flat I/Q imbalance were con-

sidered in [23], while for frequency selective I/Q imbalance, compensation

techniques were studied in [105].
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4.1.2 Space-Frequency Coding in I/Q Domain

As an alternative to space-time coding, Space Frequency Block Coding

(SFBC) is an attractive solution for OFDM systems. In SFBC, the sym-

bols are distributed across the space (antennas) and frequency (OFDM

tones) [106, 107]. In these, existing STBCs were used, replacing the

time domain symbols with frequency domain subcarriers. Compared to

STBC-OFDM, SFBC-OFDM has the advantage that transmissions do not

spread across multiple symbols, and accordingly they are more robust to

Doppler effects. Such SFBC-OFDM is an effective technique for achieving

full transmitter diversity, especially for applications where the normal-

ized Doppler frequency is large. An SFBC based on the Alamouti code is

used in LTE [108].

Meanwhile, it has been proven that the Alamouti scheme across tones

fails to exploit frequency diversity when considering fading effect and

these codes will generally be sub-optimum when employed as space-frequ-

ency codes [109, 110]. The authors in [109, 111] reported that a MIMO-

OFDM with space-frequency system can achieve a maximum diversity

gain in the frequency selective channel as long as the channel correlation

matrix is full rank.

The performance of an SFBC-OFDM system suffers from I/Q imbalance.

A digital pilot based I/Q mitigation scheme is considered for an Alamouti

coded SFBC-OFDM [44]. A properly designed SFBC may compensate for

the I/Q imbalance. In [24], a group linear constellation pre-coded scheme

is suggested. A precoder for mapping symbols on the mirror subcarrier

pairs is used together with an Alamouti SFBC. The resulting code is 4× 4

SFBC. An Alamouti SFBC transmission on two neighboring subcarriers

is coupled by the precoding with an Alamouti transmission on the mirror

carriers.

Furthermore, Alamouti coding over the mirror subcarriers efficiently

cancels ICI caused by the I/Q imbalance without any additional signal

processing Publication II. Three different subcarrier allocations are sug-

gested there and are summarized below in Table 4.1.

A generalized SFBC-MIMO-OFDM signal model with receiver I/Q dis-

tortion can be represented as

y = Hes+ ne , (4.1)

where He, y, s and ne are the effective channel matrix, the received signal

vector, the transmitted symbol vector and the effective noise vector, re-
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Table 4.1. SFBC schemes proposed in Publication II.

Coding across mirror subcarriers.

Transmit Antenna k k + 1 −k − 1 −k

1 s1 s3 −s∗4 −s∗2
2 s2 s4 s∗3 s∗1

Coding across adjacent subcarriers.

Transmit Antenna k k + 1 −k − 1 −k

1 s1 −s∗2 s3 −s∗4
2 s2 s∗1 s4 s∗3

Coding across adjacent subcarriers with a single subcarrier shift.

Transmit Antenna k k + 1 −k − 2 −k − 1

1 s1 −s∗2 s3 −s∗4
2 s2 s∗1 s4 s∗3

spectively. Note that the received signal vector y contains the stack of re-

ceiving signals on both subcarrier and its mirror. These matrices depend

on the type of transmission. The effective channel and noise matrices can

be further decoupled as He = KH and ne = Kn, respectively, where K

is the matrix describing the receiver I/Q imbalance effect. The matrices

H and n, respectively, represent the actual channel matrix and the noise

vector.

Table 4.1 shows three SFBC schemes proposed in Publication II. The

two pairs of complex-valued symbols (s1, s2) and (s3, s4) are mapped across:

i) mirror subcarriers ii) adjacent subcarriers, and iii) adjacent subcarriers

with a single subcarrier shift. It can be seen that a distinguishing feature

of the proposed new scheme i) is that it cancels the receiver I/Q imbalance

automatically without additional signal processing if the pilot symbols

are coded also in the same manner. The SFBC scheme ii) [112, 44] intro-

duces I/Q interference among four symbols, such that each the four sym-

bols coupled by the I/Q imbalance is detected jointly. The previous SFBC

scheme is slightly modified and distributed over the adjacent subcarriers

into the upper and lower halves of the OFDM symbol with a single sub-

carrier shift (for further details, refer to Publication II-Table IV). In the

considered case, the I/Q interference disturbing a coding block comes from

two adjacent coding blocks in the mirror half. With this arrangement, the

interference experienced due to the I/Q imbalance has the same average
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Figure 4.1. SER performance for the proposed SFBC schemes. Left: Flat fading. Right:
Pedestrian A channel with coherence bandwidth = 4.4MHz. ILR, L = −25dB
(g = 0.9 and φ = 2◦) and 64-QAM modulation is considered with 2× 1 OFDM
system with 256 active subcarriers (15kHz subcarrier spacing).

power as the previous scheme but the interference term contains more

components. The joint detection of the coupled subcarriers in this scheme

is much more difficult due to the convoluted nature of the interference.

To understand the real effect of I/Q imbalance under the various re-

ceiver configurations, the self-interference, other symbol interference and

noise covariance matrices need to be known. For performance compari-

son of the above SFBC with different receiver configurations, the channel

and the noise covariance matrices are considered for the frequency flat

channel. The effective channel covariance matrix for a given channel re-

alization of the signal model described in (4.1) for the SFBC scheme i),

can be computed as Rh = HH
e He = aI+B, where

B =

⎡
⎣ α β

β∗ −α

⎤
⎦ (4.2)

with a = |h1|2 + |h2|2, α = 2�{h1h2ε∗} and β = h22ε
∗ − h∗21 ε. Here, hi is

the channel on the ith transmission and ε =
2K2,RK∗

1,R

|K1,R|2+|K2,R|2 . It is clear that

the receiver I/Q imbalance introduces non-orthogonality between chan-

nels and leads to self interference among the symbols.

When the equivalent channel is invertible, as in our case, the noise co-

variance matrix for the ZF receiver, Rn = N0(H
HH)−1, can then be re-

duced to Rn = aI, and the ZF receiver removes the cross interference

between channels - which emphasizes the flat fading characteristics - and

it removes the I/Q effect on the channel noise as well. Similarly, for the

scheme ii) with an MF receiver, the channel covariance matrix would be

Rh =

⎡
⎣ aI B

BH aI

⎤
⎦ . (4.3)
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We can observe a significant effect: the contribution of I/Q imbalance is

limited to the off-diagonal, and the I/Q interference is limited to the mir-

ror carriers. The noise covariance matrix for the ZF receiver is almost

similar to (4.3) and the off-diagonal elements are scaled by a factor of

two. Figure 4.1 shows the SER performance of the above SFBC schemes

over frequency flat and Pedestrian A channels. As the ZF reception re-

moves the effect of receiver I/Q imbalance completely, the performance

exhibits significant improvement independent of the SFBC structure. For

the schemes ii) and iii) with the MF receiver, the performance become

worse and thus the interference leaking from the mirror subcarrier pair

instead dominates the self interference from its own subcarrier pair in

the first scheme. Note that the MF discussed here is based on a white

noise approximation of joint interference, i.e. the algorithm does not take

into account potential variations of the interference powers in different

diversity branches, and combines coherently the samples of the symbols

of interest. In the mildly selective Pedestrian A channel, the ZF receiver

is able to compensate for non-orthogonality, but performance of the MF re-

ceiver is poor. Furthermore, either Alamouti code distributes over two an-

tennas, receiver observes only two independent faded versions of a given

symbol irrespective of the fading scenario. Hence, the expected diversity

order would be two, and MF receiver here, looses diversity benefits due

to non-orthogonality induced by I/Q imbalance when the channel becomes

frequency selective. Publication Publication II provides a comprehensive

study of the performance characteristics in different fading situations.

4.2 Precoding in I/Q Domain

MIMO-OFDMA plays a remarkable role in modern wireless systems such

as LTE [108]. In order to take full advantage of this scheme, limited avail-

ability of frequency spectrum, availability of total transmit power and

the nature of wireless channels have to be well addressed. A dynamic

resource assignment scheme allocates a dimension adaptively to differ-

ent users according to their current and effective channel gains while a

fixed resource allocation assigns them irrespective of the current chan-

nel condition. In future communication systems greater attention has

been paid to the trade-off between system capacity and fairness among

the users [113, 114].

In MIMO-OFDMA, sets of subcarriers are allocated for users according
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Figure 4.2. An MIMO-OFDMA system model on a mirror subcarrier pair.

to the demand and the instantaneous channel state. Hence, transmis-

sions to users scheduled on mirror subcarriers interfere with each other

due to I/Q imbalance, and precoders selected on a carrier affect the I/Q in-

terference experienced at the mirror carriers. Therefore, at a high SNR, it

becomes essential to study the joint selection of precoders for a subcarrier

and its mirror.

Similar interference situations emerge in coordinated multipoint trans-

mission scenarios [115, 116]. Related to I/Q imbalance, two-cell interfer-

ence alignment [116] or coordinated beamforming is of particular inter-

est. In [27], the authors came across with an expression for the outage

probability of beamforming OFDM systems with transmit and receive I/Q

imbalances. Moreover, the asymptotic behavior and diversity order of the

system is investigated. Instead of coordinated transmission in interfering

two cells, the authors in Publication III,[10] consider coordinating trans-

mission on two interfering carriers.

Let us consider a downlink of a MT ×MR MIMO OFDMA system and po-

tentially multiple users. Both transmitters and receivers experience the

effect of frequency flat I/Q imbalance. Each user is assigned subcarriers

depending on its demand and the precoders acting on them are selected

based on channel information conveyed to the transmitter over an infinite

rate feedback channel. We assume that transmissions on a subcarrier s

and its mirror m are widely separated in frequency, and hence, fading

across these subcarriers is independent. The I/Q-corrupted received sym-

bol on subcarrier s is then described by

ys = HsWx+ (ε∗TH
∗
s + εRHm)W

∗
x∗ + ns + εRn

∗
m , (4.4)

where Hs and Hm are the channel matrices on the subcarrier and its mir-
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ror between the transmitter and the receiver scheduled on the subcarrier

s. Similarly, H̄s and H̄m are the channel matrices on mirror m as illus-

trated in Figure 4.2. The precoding matrices on the subcarrier and its

mirror are denoted by W and W, respectively. The transmitted symbols

for the users scheduled on the subcarrier and its mirror are represented

by x and x. The AWGN noise samples on the mirror carriers are ns and

nm. The transmitter and receiver I/Q imbalances are characterized by the

complex coefficients εT and εR. Note that, as the user scheduled on sub-

carrier s differs from the uses scheduled on m, the precoderW is selected

according to H̄m and not according to Hm .

We assume unitary precoding. With white noise, the optimal receiver

is a matched filter based on eigenbeam combining. If the mirror carrier

transmission is not full rank, an eigenbeam combiner would no longer be

optimum, as the interference would be colored. Here, we however assume

I/Q-blind reception and combine the received signals using a simple MF

receiver. Now, the post processing SINR for MIMO stream k of the sub-

carrier transmission can be written as

γk =
(wH

k Rswk)
2

||wH
k H̃sW

∗||2 + (1 + |εR|2)N0wH
k Rswk

, (4.5)

where Rs and Rm are the covariance matrices of Hs and Hm, respectively.

Here, the channel carrying I/Q interference is H̃s = (εTH
H
s Hs+ε∗RH

H
s H∗

m).

A similar approach can be applied to derive the SINR of the mirror sub-

carrier transmission. For simplicity, let us focus on a 2 × 2 system with

single stream transmissions on both subcarriers.

The selection of the precoders can be done in different ways and four

alternatives are considered Publication III.

• Prioritizing Subcarrier Transmission: The SINR of the subcarrier trans-

mission can be maximized by maximizing the own signal power and

minimizing the I/Q interference induced due to the mirror carrier trans-

mission. Maximum signal power can be achieved by selecting a precoder

on the subcarrier w which exactly matches the strongest eigenvector of

the channel covariance matrix Rs; thus, w = wP = V(1). Accordingly,

the mirror carrier precoderwwould be

wI = arg min
w,||w||=1

(
wHHH

s H̃∗
sw

∗
)

, (4.6)

which induces zero interference with the desired transmission. A simi-

lar argument can be applied for the mirror carriers transmission.
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Figure 4.3. Sum-rate performance comparison for different precoder selection schemes.
Single stream precoded 2 × 2 MIMO transmission on two independently
fading subcarriers to two users, subject to Tx and Rx I/Q imbalance with
L = −25dB (g = 0.9 and φ = 2◦).

• Iterative Line Search: Instead of prioritizing one of the subcarriers in

the mirror carrier pair, the precoders can be obtained using a line search

along the two extremes wP and wI [117].

w = αwP + (1− α)wI , ||w|| = 1 (4.7)

The precoders on a mirror carrier pair can be selected by tuning α to

achieve a maximum sum rate.

• Iterative Gradient Search: The sum rate is a monotonically increas-

ing function of the SINRs, and it is sufficient to maximize
∏
(1 + γk)

to obtain a set of precoders which maximize the sum rate. Note that

the partial derivative can be written as a linear function of individual

partial derivative terms with regard to the precoder w and its complex

conjugates w∗ [118].

• I/Q Interference Alignment: The I/Q interference can be perfectly re-

moved by selecting the precoderw, which is a generalized eigenvector of

HH
s H̃∗

s and H̃H
mH∗

m respectively. The channel H̃H
m is the I/Q interference

bearer.

Figure 4.3 shows the sum rate performance for the above precoder selec-

tion schemes for a 2× 2 MIMO transmission on OFDMA subcarrier pairs

under L = −25dB. Single-stream precoding is applied on both subcarriers.
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The baseline scheme selects precoders separately, where the precoder is

selected as the maximum eigenvalue eigenvector on both carriers. The

precoder selection where ws is selected to maximize the received power

of the subcarrier transmission, and wm is selected to minimize the power

from the mirror subcarrier to the corresponding subcarrier, referred to

as "prioritizing subcarrier transmission". The performance is better than

the baseline reference when the I/Q interference dominates at high SNR

region. In this scheme, I/Q interference is completely removed from one

of the transmissions, whereas the other transmission suffers from ran-

dom I/Q interference. Iterative line and gradient search precoders jointly

maximize the sum rate, while a priori favoring neither of the transmis-

sions. Line and gradient searches show similar performance at low SNR

values. Gradient search slightly outperforms line search at a high SNR.

This indicates that, in this single-stream precoding case, the sum-rate

optimal precoders are not linear combinations of power maximizing and

interference minimizing precoders, but rather are closely approximated

by such. As expected, the joint interference alignment performs poorly at

a low SNR when I/Q interference is irrelevant. At a high SNR, when I/Q

interference is potentially stronger than the channel noise, it achieves the

same performance as iterative line search.
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5. Interaction of I/Q Interference and
Radio Resource Management

Recently, there has been much interest in cross-layer designs, where one

allows the physical layer to interact and share information with higher

layers to achieve significant performance gains [119, 120, 121]. To im-

prove performance measures such as system capacity, data rate, coverage

reliability, and QoS, implementing a system level control of co-channel in-

terference and other radio transmission characteristics in wireless com-

munications systems through Radio Resource Management (RRM) is es-

sential. RRM involves strategies and algorithms for controlling parame-

ters such as transmit power, scheduling, beamforming, data rates, han-

dover criteria, modulation and error coding schemes, and managing in-

terference between different transmissions and cells. The objective is to

utilize the limited radio frequency resources and radio network infras-

tructure as efficiently as possible.

Dynamic RRM schemes adaptively adjust the radio network parame-

ters according to the traffic load, user positions, user mobility and QoS

requirements. Dynamic RRM schemes play a major role in designing

wireless communications systems, in view to minimize expensive manual

cell planning and achieve optimize frequency reuse, resulting in improved

system spectral efficiency.

Link adaptation and power control are widely used RRM tools to guar-

antee reliable operation of a communication system. Initially, link-adapta-

tion in an ideal system with an infinite granularity of modulation and

coding schemes is discussed when there is an uncompensated I/Q inter-

ference exists. Latter part of the section demonstrates the I/Q induced

near-far effect in a situation where cellular and D2D transmissions hap-

pen on orthogonal mirror frequency resources while prioritizing cellular

transmission by applying FPC to the D2D users, effectively mitigating

excessive interference radiating from D2D communication.
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5.1 I/Q Aware Link Adaptation

The basic idea of link adaptation is to adapt the transmission charac-

teristics on a link to the actual channel conditions by varying certain

transmission parameters, essentially transmission power, the data rate,

the constellation size and the coding scheme. With the selection of these

transmission parameters, the system makes the most out of a time vary-

ing channel, instead of fixing the parameters for a worst-case channel.

The trade-off involves minimizing the error probability for robustness

and maximizing the instantaneous throughput for bandwidth efficiency.

When I/Q interference is present in the system, its characteristics may be

taken into account in link adaptation, to enhance its accuracy.

5.1.1 Adaptive Modulation and Coding

In AMC, the transmission rate on a link is adapted according to the link

quality, to counteract fading and enhance the performance of wireless sys-

tems [122, 123]. Within the AMC scheme, a Channel Quality Indicator

(CQI) is usually employed to feedback an index of an appropriate Mod-

ulation and Coding Set (MCS) with which the maximum throughput is

expected. The estimation of which MCS can be supported is based on the

expected SINR at the time of transmission. In CQI generation, channel

variations can greatly impact the performance of adaptive codes, even in

systems with low mobility and small delay between the channel estima-

tion and data transmission [124]. In order to cope with this degradation,

CQI generation based on mean mutual information has been proposed for

OFDM systems with AMC [125, 126]. The autocorrelation of the fading

process dictates the rate of channel variation and how often the transmit-

ter must adapt its transmission.

The implementation of AMC offers several challenges. In constantly

varying mobile channels, delays in reporting reduce the reliability of the

CQI measurements, creating outdated CSI. Further, errors in the channel

estimate can lead the scheduler to select the wrong transmission parame-

ters, wasting system capacity or raising the Block Error Rate (BLER). To

provide protection against such transmission failures, wireless communi-

cations systems require re-transmission protocols and error-control/correc-

tion schemes at the physical layer. Combining AMC with an Automatic

Repeat Request (ARQ) or Hybrid ARQ (HARQ) enhances the system through-

put by allowing the retransmission of erroneous packets and packet com-
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bining while reducing the number of required MCS levels and the sensi-

tivity to measurement error and traffic fluctuations [127].

The presence of unexpected interference leads to measurement errors

and is a possible cause of performance degradation. An OFDM system,

with fast adaptive modulation which tracks small-scale fading in the pres-

ence of interference, was investigated in [128], and a slow, adaptive modu-

lation technique was proposed in a co-channel interference situation [129].

A discrete rate link adaptation scheme is proposed to maximize the av-

erage spectral efficiency of the cognitive radio, while minimum average

spectral efficiency for the primary user is provisioned [130]. The AMC

mode selection and TPC at the cognitive transmitter are optimized based

on the SINR of both links. A similar variable-rate, variable-power scheme

employed under delay Quality of Service (QoS) constraints can be found

in [131].

Uncontrolled variability in interference is caused by beamforming trans-

missions in multicellular systems. In [132], it was argued that the effects

of such interference variability were insignificant, being induced by the

non-idealities of the system. However, the a priori weak interference

caused by I/Q interference may have more damaging effects on MIMO-

OFDMA system performance.

In the context of precoded MIMO in a multicellular system, the so-called

"flashlight effect" has been discussed [132, 133], varying due to changes

in precoding at an interferer. To properly select a transmission mode in a

situation with SINR variability, it is essential to know its statistics. Op-

timal link adaptation with respect to channel quality misprediction due

to time selective fading has been addressed in [134], and jointly so for

time selective fading, channel estimation errors and the flashlight effect

in [133]. In [134, 133, 132], link adaptation with a finite set of modu-

lation and coding schemes was considered. If one assumes a link adap-

tation scheme with an infinite granularity of ideal modulation and cod-

ing schemes [123, 135, 134], that amounts to knowing the pertinent ca-

pacity of the link subject to fading according to the SINR statistics. In

an AMC/HARQ system with CQI errors, rate adaptation was analyzed

by assuming the awareness of the underlying channel distribution and

BLER [136].
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5.1.2 AMC in I/Q-Distorted Precoded MIMO-OFDMA

When precoding is used in MIMO-OFDM, I/Q imbalance limits the pre-

coding gains [27],[10]. Optimally, to compensate for the I/Q imbalance,

the precoders on a carrier and its mirror should be jointly selected Publi-

cation III,[123]. If precoding is not jointly optimized in precoded MIMO-

OFDM(A), changes in the precoding on a carrier cause non-controlled

variation in the SINR experienced by the interference victim on the mir-

ror carrier due to the I/Q imbalance. This may cause mispredictions of the

channel quality, wrong link adaptation decisions and accordingly losses of

transmissions.

Here, we study AMC in a precoded MIMO-OFDMA system, depicted in

Figure 4.2. For simplicity, we concentrate on analysing downlink OFDMA

transmissions, with results readily generalizable to uplink, and OFDM.

The channels are corrupted by I/Q interference both at the transmitter

and the receiver.

In OFDMA, it is sufficient to concentrate on analysing a subcarrier

s of interest, and its mirror subcarrier m. On the subcarrier of inter-

est, the rank-p precoder W ∈ C
MT×p is used, and on the mirror the

rank-q precoder W ∈ C
MT× q is used. The precoders are normalized as

Tr{WHW} = p, and Tr{WH
W} = q. The transmit symbol vector on sub-

carrier s is x ∈ C
p×1 and the symbol vector on its mirror m is x̄ ∈ C

q×1.

Symbols are drawn from a complex Gaussian symbol constellation with

power constraint, Ex{xxH} = 1
κIκ, κ = p, q. In downlink, the I/Q cor-

rupted NR×1 received signal vector on the subcarrier s of interest is given

by (4.4). Using an eigenbeam combiner at the receiver, the post processing

SINR of the kth eigenbeam is

γk =
pkλk∥∥∥(ε∗T√λk (vk)

H + εR (uk)
H H∗

m

)
W

∗∥∥∥2 + (1+ε2R)
γ0

. (5.1)

Here, λk is the kth eigenvalue of the channel Hs, and uk and vk denote

the kth eigenvector of the left and right unitary matrices, respectively.

The power allocation on eigenbeam k is given by pk which represents the

kth element of the diagonal power allocation matrix. The average SNR is

γ0 and the effect of the transceiver I/Q imbalance is characterized by εT/R

In (5.1), the impact of the mirror precoderWis clearly visible. If the mir-

ror transmission applies a full-rank unitary precoder, the SINR does not

depend on the mirror precoder W. Otherwise, both the a priori unknown

I/Q channels and the precoding affect the interference. This phenomenon
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Figure 5.1. Simulated probability density of SINR [dB] in a 2×2 MIMO-OFDMA system.
First row: rank one interference. Second row: rank two interference . In
both, wanted channel Hs is randomly distributed. Third row: one instance
with fixed Hs, rank one interference. Left: a stronger eigenbeam. Right: a
weaker eigenbeam.

can be defined as an I/Q flashlight effect.

Although eigenbeamforming is performed with perfect CSI at the trans-

mitter, the I/Q interference varies depending on the mirror interference

channel Hm, as well as the user scheduled on the mirror subcarrier and

its precoderW. This causes large fluctuations in the SINR observed at the

receiver, as shown in Figure 5.1 for SNR=IRR=25dB and unitary precod-

ing. For an example fixed channel realization (the third row of Figure 5.1),

we observe a variation of 8dB in the SINR, depending on the mirror pre-

coder and the mirror subcarrier channel. Accordingly, a rank- deficient

precoded transmission on the mirror carrier causes an I/Q flashlight ef-

fect on the subcarrier of interest, analogous to the co-channel flashlight

effect caused by precoding in other cells.

In Publication Publication IV, a link adaptation scheme with an infinite

granularity of ideal modulation and coding schemes [123, 135, 134] in

a system suffering from the I/Q flashlight effect has been investigated.

Three transmission modes are considered:

• Joint Transmission (Tx) and Reception (Rx)

• Joint Tx and Separate Rx

• Separate Tx-Rx are selected.
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Figure 5.2. Throughput performance in a block fading downlink. Left: Expected
throughput for the I/Q aware link adaptation for outage probabilities 1%
(blue), 5% (red) and 10% (green). Right: Throughput for I/Q blind link adap-
tation for Separate Tx-Rx mode.

Ergodic and block fading channels are treated. Based on knowledge of

the statistics of the I/Q interference, methods to choose MCSs providing

reduced outage probabilities, and optimum expected rates are devised.

Figure 5.2 shows the expected rate performance as a function of the

average SNR in 2 × 2 i.i.d. Rayleigh block fading channels. The three

different transmission modes for I/Q aware link adaptation are consid-

ered at an outage probability [1, 5, 10]% with IRR = 25dB at Tx and Rx.

Rates achieved by I/Q blind link adaptation through backoff values for

Separate Tx-Rx mode is illustrated on the right side of the Figure. The

I/Q interference is rank-one precoded and the interference is, accordingly,

spatially colored. Hence, the receiver observes one dimension which does

not see any I/Q interference at all. When the receiver performs joint de-

coding, the information transmitted on this dimension is corrupted only

by noise, whereas the information transmitted on the orthogonal dimen-

sion is corrupted by the I/Q interference. At a high SNR, there is thus one

high-SNR dimension remaining at the receiver. If information is jointly

transmitted over the eigenbeams and jointly decoded, the capacity thus

grows indefinitely. At a high SNR, the capacity does not, however, grow

as a two-stream MIMO capacity but rather as a single-stream capacity.

Separate reception results in relatively poor performance at a high SNR.

Further discussion of this is available in Publication IV. Referring to this

being the basic MIMO transmission method in LTE, one may learn that

significant gains can be achieved with I/Q aware link adaptation.
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5.2 I/Q Near-far Effect in Device-to-Device Communication

5.2.1 Device-to-Device Communication

Device-to-Device (D2D) communications underlying cellular networks is

a promising solution to improve the throughput of cellular networks. The

main idea in D2D-enabled cellular networks is to permit transceiver pairs

to be close to each other to establish direct peer-to-peer connections be-

tween one another. The coexistence of D2D and cellular communications

in the same spectrum poses a set of new technical challenges, including in-

terference management, resource allocation, mode selection and TPC. For

example, in an OFDM system in which D2D communications links may

reuse some of the OFDM time-frequency resources, intra-cell interference

is no longer negligible [137]. These new types of interference situations

are intertwined with the duplexing scheme that the cellular network and

the D2D link employ, and also depend on the resources allocated to D2D

links.

Solution approaches to deal with this problem in particular include TPC-

[138] and various interference management techniques [139] that can

be combined with proper mode selection [140]. Both D2D and cellular

communications can operate in multiple modes: non-orthogonal resource

sharing where D2D communications can reuse the same resources used

by cellular communications, and orthogonal resource sharing where D2D

communications are allocated dedicated resources such that they can over-

lay cellular communications. Owing to the potential of achieving spec-

trum reuse, non-orthogonal resource sharing has received considerable

interest; however, orthogonal sharing allows interference decoupling be-

tween D2D and cellular transmissions [140].

There has been considerable interest in TPC techniques for D2D under-

lying cellular networks when non-orthogonal resource sharing is used [141,

142, 143, 144]. Statistics of an SINR with simple TPC have been ad-

dressed in [141]. Radio resource management principles were designed,

allowing D2Ds to flexibly select their operation bandwidth, thereby avoid-

ing heavily interfering cellular transmissions. In [143], TPC algorithms

working against co-channel cellular-D2D interference were studied.

47



Interaction of I/Q Interference and Radio Resource Management

5.2.2 Open Loop Transmission Power Control in Cellular
systems

D2D communication happens within a cellular system. We concentrate

on situations where uplink resources are used for D2D. In that case, one

has to take into account the cellular power control principle applied by

the cellular uplink users.

TPC, broadly speaking, is the intelligent selection of output power levels

of transmitters with the objective of improving system capacity, coverage

and QoS while reducing power consumption. To achieve these objectives,

TPC mechanisms typically aim at maximizing the received power of the

desired signals while limiting the interference exposed to the neighbors.

In cellular and ad-hoc networks, TPC helps to ensure efficient spectral

reuse and a desirable user experience by coordinating interference. On

the other hand, for nodes operating on a small energy budget, energy

conservation is crucial to the lifetime of the nodes and the network as a

whole, and TPC minimizes the overall energy expenditure.

Usage of an orthogonal transmission scheme eliminates intra-cell inter-

ference between users in the same cell and near-far problem as of typi-

cal CDMA systems. However, since the transmission in the neighboring

cell is not orthogonal, there is inter-cell interference between users in the

neighboring cells that ultimately limits system performance. In order to

maximize spectral efficiency, 3GPP LTE is designed for frequency reuse

1 [145] both for downlink and uplink, thus, both data and control chan-

nels are sensitive to inter-cell interference. The cell edge performance

and the capacity of a cell site can be limited by the inter-cell interference.

Therefore, the role of recent TPC schemes become decisive in providing

the required SINR to maintain an acceptable level of communication be-

tween the base station and the user while simultaneously controlling the

interference affecting neighboring cells. Therefore, 3GPP has recently

proposed the use of FPC [146] to minimize the amount of harm to the

neighboring cell.

This new proposal causes users with a higher path-loss to operate at a

lower SINR requirement so that they will be more likely to generate less

interference in neighboring cells. The recently agreed FPC scheme [146]

for the Physical Uplink Shared Channel (PUSCH) is based on an Open-

Loop Power Control (OLPC) algorithm, the aim of which is to compensate

only for slow channel variations. In order to adapt to changes in the inter-

48



Interaction of I/Q Interference and Radio Resource Management

cell interference situation or to correct the path-loss measurements and

power amplifier errors, aperiodic close-loop adjustments can also be ap-

plied. The user transmit power, expressed in dBm, is set as [146]

P = min{Pmax, P0 + 10 log10M + αPL+Δmcs + f(Δi)} , (5.2)

where Pmax is the maximum transmit power of the user, P0 is the target

received power, M is the number of assigned Physical Resource Blocks

(PRBs) of the user of interest, α is the cell-specific path-loss compensation

factor, PL is the downlink path-loss measured at the user terminal based

on the transmit power of the reference symbols, Δmcs is a user-specific

parameter assigned by upper-layers, and Δi is a user-specific correction

value with a relative or absolute increase depending on the function f().

Furthermore, the transmit power in (5.2) is simplified for a given PRB

as [147]

P = min{Pmax, P0 + αPL} (5.3)

by concentrating the performance of OLPC only. The performance of

the fractional path loss compensation combined with OLPC is discussed

in [147, 148]. FPC for interference management in OFDMA is investi-

gated in [149, 150, 40].

5.2.3 I/Q Near-Far Effect in D2D Communication

Due to impairments in RF circuits, FDMA suffers from adjacent channel

leakage and accordingly from a near-far effect. This effect is not as damag-

ing as in a CDMA system, where the near-far-effect is seen in co-channel

interference [142]. Nevertheless, LTE uplink transmission powers have

to be controlled with a fair accuracy. With RF impairments, managing

intra-cell orthogonality becomes an objective for TPC when using orthog-

onal D2D. Due to the mirror carrier interference caused by I/Q imbalance

a cellular uplink transmission may create interference in the D2D recep-

tion. The severity of the performance degradation of the D2D reception

can be characterized by the location of the cellular user. D2D pairs with

weak SINRs scheduled on a given channel suffer more from I/Q induced

cellular interference on the mirror, and an I/Q near-far effect can be ob-

served.

We consider an uplink cellular infrastructure network based on OFDMA,

or Single Carrier-Frequency Division Multiple Access (SC-FDMA). In ad-

dition to cellular uplink transmissions, there are D2D connections inside
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a cell. For simplicity, D2D and cellular users share resources orthogo-

nally by FDMA. D2D communication requiring orthogonal resources may

be present for two reasons. Some D2D links are not able to avoid co-

channel interference from cellular transmission, due to the position of the

nodes, or due to the long delays in control signaling incurred by inter-

ference avoidance protocols of the kind discussed in [142]. Otherwise, the

system may be designed solely for orthogonal D2D. In both cellular uplink

and D2D transmissions, RF-filters are for the full system bandwidth, and

a part of this bandwidth is used for transmission by an individual device.

There is a cyclic prefix keeping different FDMA resources orthogonal, up

to effects caused by excessive time dispersion, frequency dispersion, and

RF impairments.

As in [143], all transmissions obey the same cellular power control prin-

ciple, to keep the interference levels at the BS under control. Such a

principle solves the two objectives of cellular power control—it keeps the

inter-cell interference on a controlled level, and keep the in-cell FDMA

channels approximately orthogonal at the BS receiver. Note that CSI of

the link between the cellular transmitter and D2D receiver is generically

not known, and does not affect the power control. In fact, to manage the

dual targets of inter-cell interference control and intra-cell orthogonality

at the BS, this CSI is not needed.

We focus on the cases where two transmissions occupy mirror frequency

resources to highlight the effect of I/Q interference. This is a common case

when there is full load in the cell so that all resources are used. The only

situation where a D2D transmission would not suffer from I/Q interfer-

ence of the type discussed here is when an individual D2D link occupies

mirror frequency resources. In a multiuser system, inter-carrier I/Q in-

terference results in significant interference from cellular transmission to

D2D, if the D2D receiver is close to the cellular user. Due to the power

control principle employed here, the impact on cellular transmission from

the corresponding I/Q interference from D2D transmissions is relatively

small—it is of the same size as the interference from an normal uplink

transmission would be. This interference is managed by the cellular TPC

method in use. Thus we focus on the cellular interference experienced by

the D2D receiver.

A communication instance in the studied system is depicted in Fig-

ure. 5.3. There is one cellular user, UEc and two D2D users UEdi, i = 1, 2.

D2D communication happens on a mirror frequency of cellular communi-
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Figure 5.3. Cellular transmission with D2D communication. Desired and interference
channels are shown in solid and dashed lines, respectively.

cation. This simplified scenario would be realized, for example, if orthog-

onal resource allocation is used in the cell, and there is an interference

coupling between two resources, such as one given by I/Q imbalance.

The location of the cellular user is expressed in polar coordinates by

(r, θ). The associated D2D transceiver pair is located at a fixed distance

d away from the BS. The corresponding D2D receiver UEd2 is located at

distance l from its transmitter, at an angle μ from the vector pointing

to the base station. Note that a single cell is considered. To guarantee

normal performance of the cellular system, all transmitters adjust their

transmit powers according to the FPC algorithm detailed below.

Note that the I/Q interference experienced by UEd2 would be the same

even if UEc would be a D2D transmitter to some other D2D receiver. In

that case, this second D2D transmitter might also suffer from interference

from UEd1. This interference would be statistically similar to the interfer-

ence experienced by UEd2 in Figure. 5.3. Thus in a situation where all

FDMA resources in a cell are orthogonally distributed, it is sufficient to

analyze the situation of Figure. 5.3.

Due to the geometry, the distance z that the cellular interference prop-

agates over is variable. This distance is difficult to measure and such a

measurement is not supported by current LTE specifications. Thus we

will assume that information on the link between the cellular transmit-

ter and D2D receiver is not known. This causes an IQ near far effect:
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the interference at the D2D receiver varies in an uncontrolled manner

according to the user scheduled on the mirror carrier. As a result, the

D2D receiver may be in outage, if the cellular transmitter happens to be

close to the D2D receiver. The received SINR of user UEd1 suffering from

cellular interference Ic is

γd =
ηdαλl−λ|hd,m|2

|εRhc,m + ε∗Th∗c,p|2Ic +NT
. (5.4)

If we apply a single-slope path loss model of the form PL = k0r
λ and the

FPC of (5.3), we have η = p0k
α−1
0 . Here, p0 (P0 in dB) is the FPC target

of Equation (5.3) and k0 (K0 in dB) is the path loss at cell edge. The path

loss exponent is denoted by λ. All distances r referred to in the context

are normalized w.r.t the cell radius. The complex Gaussian valued chan-

nel gain of the cellular user on the the D2D receiver on the subcarrier of

interest is hc,p and its mirror is hc,m. Furthermore, hd,m is the channel

gain between the D2D transceiver pair on the mirror subcarrier. The ef-

fects of I/Q imbalance on D2D receiver and the cellular transmitter are

denoted by εR and εT , respectively. FPC is applied to D2D transmissions

as well in effectively mitigating excessive interference from D2D to cellu-

lar users. The contribution of thermal noise at the receiver is NT and the

cellular interference is

Ic = ηrαλ
(
d2 + r2 − 2rd cos(θ − φ)

)−λ/2
, (5.5)

where φ = π + θd − 2μ.

Figure 5.4 illustrates the cumulative distribution of the SINR of D2D

communications in the presence of transceiver I/Q imbalance compared

with an ideal system without I/Q imbalance. The location of the D2D

transceiver pair is fixed and 120◦ sector is considered. The D2D receiver

is selected such that it lies on the center line of the sector. Instanta-

neous SINRs are simulated for two different values of d = [0.4, 0.8] and

l = [0.1, 0.2] for α = 0.8 and IRR = 25dB. The distributions show the ef-

fect of fading on the wanted channel SINR in the ideal system while both

the effects of the wanted channel hd,m and the I/Q interference variability

affects the non-ideal curve. I/Q interference clearly increases the proba-

bility of low SINR, caused by I/Q near-far interference. Such interference

is variable, and outside of the control of the D2D pair. Thus, it may lead

to outage if the D2D transmissions schedule on mirror resources or else

share the resources among both transmissions in a TDD manner. These

results indicate that it is beneficial to take into account I/Q interference
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Figure 5.4. Received SINR distribution of UEd1 with (solid) and without (dashed) I/Q
interference, in a 120◦ sector. D2D coordinates d = [0.4, 0.8] and l = [0.1 0.2].
IRR = 25dB is assumed for both transmitter and receiver I/Q imbalance.
FPC with α = 0.8.

when determining the resources to be used by orthogonal D2D transmis-

sions. Further, inter-carrier I/Q interference from cellular transmission

to D2D is significant, if the D2D receiver is close to the cellular user.
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6. Conclusions

OFDM is the modulation technique of choice in current communications

systems due to its multipath resilience and low implementation complex-

ity. The simplest direct conversion architecture has become a widely adop-

ted solution in designing low-cost, low-power transceiver design. How-

ever, one of the unavoidable problems associated with analog signal pro-

cessing in direct conversion consists of mismatches in the gain and phases

of the I and Q branches. Due to the finite tolerance of practical electronics,

so-called "I/Q imbalance" introduces mirror frequency interference and

degrades performance when it is not compensated. The elimination or

mitigation of I/Q imbalance becomes a challenge in such communications

systems while achieving performance requirements.

This thesis has considered several aspects of I/Q imbalance in systems

with OFDM(A), where I/Q interference is coupling performance on mirror

carrier pairs. Receiver operation, design of coding methods, and Radio

Resource Management have been addressed.

CSI is crucial for data detection, channel equalization, and link adapta-

tion. The performance of communications systems rely upon the knowl-

edge of CSI at the receiver. The pilots and/or preambles are fundamental

building blocks in practical OFDM wireless systems. The existence of

such reference symbols is essential for the channel estimation and syn-

chronization in time and frequency. I/Q imbalance directly affects the

performance of estimation algorithms. Awareness of the I/Q imbalance

parameter can be used to improve receiver performance. The accuracy

of the I/Q imbalance parameter estimation can be significantly increased

if pilot symbols are properly arranged. If a Gaussian approximation is

applied to I/Q interference, good results for receiving lower-order modula-

tion are found. For higher-order modulation, a slightly degraded perfor-

mance is seen when a Gaussian approximation is used. The error floors
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are slightly higher in imperfect CSI situations.

SFBC is an alternative to STBC for exploiting spatial diversity in MIMO-

OFDM. In the presence of I/Q imbalance, space-frequency coding suffers

from additional I/Q interference. The technique demonstrated here ap-

plies coding across mirror subcarriers based on the Alamouti scheme. It

is seen that a distinguishing feature of the space-frequency coding across

mirror subcarriers is that it cancels the I/Q imbalance automatically with-

out additional signal processing, if the pilot symbols are coded also in

the same manner. From the results of Paper Publication II, one learns

that the lowest complexity performance for open loop diversity in chan-

nels with I/Q imbalance is provided by directly space-frequency coding

across mirror subcarriers.

When CSI is available at the transmitter, linear precoding can be used to

further improve system performance by tailoring the transmission to the

instantaneous channel conditions while retaining the benefits of all-linear

processing. Since OFDM uses multiple subcarriers, optimal precoding for

MIMO-OFDM can be achieved by deriving precoders for each subcarrier

independently, or for a group of adjacent subcarriers with almost identical

channels. With I/Q imbalance, the signal models on mirror carrier pairs

become coupled. Optimally, the precoders on a mirror carrier pair should

be jointly selected. When either the subcarrier or the mirror subcarrier

has a low rank transmission, the effect of precoding becomes significant.

At a high SNR, where I/Q interference becomes dominant, it becomes es-

sential to design precoders jointly.

If the transmission on the mirror subcarrier is spatially colored, the

I/Q interference experienced at the subcarrier of interest becomes depen-

dent on the link adaptation and scheduling decisions of the mirror car-

rier. This causes fading due to non-controlled variations in the signal

quality. When the source of the interference and its statistics are known,

an I/Q-aware transmitter may select an optimum transmission method to

achieve performance gains. Block and ergodic fading channel models were

considered. In ergodic fading, link adaptation may be performed based on

statistical knowledge of the channel and the interference. The gains from

I/Q awareness are limited and an I/Q-ignorant transmitter, which slightly

underestimates the rate that the channel may support. In a block fading

channel, link adaptation is based on the statistics of the I/Q interference,

and the instantaneous fixed channel strength of the wanted transmission.

The rate performance of an I/Q-aware transmission was found to outper-
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form an I/Q-ignorant transmission based on an SINR-independent blind

back-off. A codeword-specific SINR-dependent back-off scheme would per-

form almost as well as an I/Q-aware link adaptation. At high SINR and

with pedestrian speeds and short delay spreads, which would be predomi-

nant in small cell networks, I/Q interference may be the dominant source

of CQI errors rather than the errors induced by channel dispersion. Ac-

cordingly, I/Q aware link adaptation has significant potential in OFDMA

systems.

In a hybrid network with cellular and D2D transmissions and which

shared uplink mirror frequency resources, I/Q-induced interference is ex-

perienced across both transmissions. High interference peaks caused by

potential cellular transmissions from the vicinity of the D2D receiver may

cause outage of the D2D communications. The severity of the interference

depends on the cell geometry and the location of the D2D pair in the cell.

To mitigate such outages, D2D transmissions exposed to I/Q near-far ef-

fects may be allocated mirror pair resources. A simple solution to remove

the I/Q-near-far effect would be to allocate cellular and D2D transmis-

sions to different time slots. Such a solution would also automatically

solve potential duplexing problems at D2D transmitters, which may need

to receive control channels from the base station, while transmitting in

D2D mode.

With cellular systems moving towards heterogeneity, embracing small

cells and D2D, the I/Q imbalance becomes more prominent. Cheaper RF

hardware may be used in small base stations, and emerging paradigms

such as D2D and TDD break the strict control of uplink/downlink interfer-

ence possible in cellular FDD systems. Taking I/Q interference effects into

account becomes important not only when designing receiver algorithms,

but also in selecting coding methods, and in radio resource management.

The I/Q aware coding methods, and the I/Q flashlight and near-far effects

have to be taken into account when designing future OFDM-based com-

munication systems with hardware constraints in mind.

It is of profound importance to increase the spectral efficiency in future

networks, to keep up with the increasing demand for wireless services.

However, this is a challenging task and usually comes at the price of hav-

ing stricter hardware and overhead requirements. As opposed to the case

of ideal hardware, these practical impairments create finite ceilings on the

estimation accuracy and capacity. The use of large-scale antenna arrays

can bring substantial improvements in energy and/or spectral efficiency
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to wireless systems due to the greatly improved spatial resolution and

array gain. Despite the obvious advantages of Massive MIMO systems,

one of the main drawbacks of using a great number of antennas concerns

hardware imperfections in the RF links such as IQI.

Relaying-assisted transmission is considered as one of the key technolo-

gies for future wireless networks, which are capable of improving the sys-

tem reliability, extending network coverage and ensuring quality of ser-

vice. For such high-rate systems with low-cost relay nodes are more prone

to IQI, leading to significant performance loss. Although cooperative re-

laying has been widely utilized in wireless communications, it simultane-

ously introduces a new source of security vulnerabilities to the wireless

networks such as denial of service attacks. In order to minimize the po-

tential security risks from relays, reliable relay authentication schemes

become necessitated. I/Q imbalance associated with the receiving and

transmission of the relaying process is considered as a unique device fin-

gerprint for relay authentication.
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