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Abstract 

The implementation challenges in building compact and low-cost radios for future wireless 
systems are continuously growing. This is partially due to the introduction of multi-antenna 
transmission techniques as well as the use of wideband communication waveforms and high-
order symbol alphabets. In general, implementations of several parallel radios with wide 
bandwidth and high performance are required in single devices. Then, to keep the overall 
implementation costs and size feasible, simplified radio architectures and lower-cost 
electronics are typically used. This in turn implies that various nonidealities in the used 
analog radio frequency (RF) modules, stemming from the unavoidable physical limitations of 
the used electronics, are expected to play a critical role in future multi-antenna radio systems.  

In this thesis, one example of such nonidealities, called in-phase/quadrature (I/Q) 
imbalance related to the amplitude and phase matching of transceiver I/Q branches, is studied 
in a multi-antenna communication system context. Assuming the individual analog front-ends 
are based on the direct-conversion radio architecture, the essence of the thesis concentrates on 
the analysis and digital compensation of the I/Q imbalance effects in multi-antenna 
transmission systems. Both transmitter and receiver sides are taken into account. In most of 
studies carried out in this thesis, the I/Q imbalances are assumed to be frequency-dependent and 
both single-carrier and multi-carrier waveforms are considered. More specifically, analytical 
signal models for depicting the imbalanced analog front-end processing are derived for three 
types of multi-antenna transmission systems, namely the space-time coded (STC) single-
carrier (SC) transmission system, the space-time coded (STC)-orthogonal frequency division 
multiplexing (OFDM) transmission system and the spatial multiplexing (SM)-multiple-input 
multiple-output (MIMO)-OFDM transmission system. The resulting waveform distortion and 
link performance degradation are then analyzed in terms of the achievable signal-to-
interference ratio (SIR) at detector input in the receiver. This analysis offers a valuable 
analytical tool for assessing the I/Q imbalance effects in typical multi-antenna systems, 
without lengthy system simulations. The analysis results also indicate that in general the I/Q 
imbalance effects are fundamentally different and more challenging in the multi-antenna 
context compared to traditional single-antenna systems. Two types of digital compensation 
methods are then also proposed for combating the I/Q imbalance effects on the receiver side. 
The first approach is based on algebraic properties of the derived signal models combined with 
proper pilot data and is applicable in both single-carrier and multi-carrier multi-antenna 
transmission systems. The second one is based on blind signal separation principles and is 
mainly targeted for the single-carrier transmission case. The compensation performance of both 
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methods is verified using extensive computer simulations. The results indicate that the proposed 
techniques can efficiently mitigate the signal distortion and performance degradation due to I/Q 
imbalance. Some practical problems such as the effects of channel estimation errors, residual 
carrier offsets and pilot interpolation are also considered in the thesis. Finally, pilot-based 
compensation techniques for combating the I/Q imbalance effects in individual OFDM 
transmitters and receivers are also developed in the thesis. Generally, this approach offers an 
alternative way to cope with the I/Q imbalance effects in the multi-antenna scenario by 
calibrating the individual radios in an efficient manner on both sides of a wireless link.  
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Chapter 1  

Introduction 

1.1 Motivation and Background 

The growing demands for various multimedia and personal wireless communications 

services call for the development of sophisticated transmission technologies to support high 

data rate and high system capacity over limited spectral resources in future wireless systems. 

The so-called fourth generation (4G) or International Mobile Telecommunications-Advanced 

(IMT-Advanced or IMT-A) mobile phone developments form good examples within the 

emerging cellular networks, where link spectral efficiencies in the order of 10 (bits/s)/Hz are 

commonly stated as a driving working assumption, see, e.g., [23], [66], [90] and the 

references therein. To achieve such a target, in addition to time and frequency, also the spatial 

dimension is deployed by implementing multiple transmit antennas and multiple receive 

antennas in single devices. Such multi-antenna transmission link is depicted at general level in 

Figure 1-1. Thus a multidimensional transmission system “matrix” composed of space, 

frequency and time elements is essentially constructed. Combined with the multipath 

propagation phenomenon of the physical radio channels, a number of different ways to 

efficiently improve system capacity and link quality can then be devised by deploying proper 

multiple-input multiple-output (MIMO) transmission techniques. Some of these techniques 

have already been used and stated as part of e.g. the current 3G Universal Mobile 

Telecommunications System (UMTS) standard [3], [4] as well as the emerging 3G Partnership 

Project (3GPP) Long Term Evolution (LTE) standard [1], [2].  
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Figure 1-1: Conceptual block-diagram of a multi-antenna transmission link with NT transmit antennas 
and NR receive antennas. 

Besides the system capacity and link quality issues, one crucial aspect in the evolution of 

wireless systems is in general the design and implementation of the needed terminal 

equipment, and especially the radio transceivers in them. With multiple transmit and/or 

receive antennas, also multiple radio implementations are needed, and the limited overall 

implementation resources cause big restrictions on the size and cost of individual radios, 

especially on the handheld terminal side. Thus rather simple radio frequency (RF) front-ends, 

such as the direct-conversion and low-intermediate frequency (low-IF) radios [5]–[8], [37], 

[57], [74], [75], are likely to be deployed. The so-called “dirty-RF” paradigm, referring to the 

effects of various unavoidable nonidealities of the used radio transceiver analog RF 

electronics and modules, becomes then one essential ingredient in this context [8], [29], [108]. 

Good examples of such nonidealities are, e.g., oscillator phase noise, power amplifier 

nonlinearities, and I/Q branch amplitude and phase mismatches. As a result, the resulting 

signal distortion and performance degradation have to be carefully taken into account in 

future wireless system design. In general, the nature and role of these RF impairments depend 

strongly on the applied radio architecture as well as on the used communications waveforms. 

Thereon, in the context of multi-antenna transmission systems using high-order modulation 

and spatial signal processing, the role of the RF impairments is likely to be more critical than 

in more traditional existing single-antenna wireless systems. Comprehensive understanding 

and proper mitigation of the impacts of RF impairments become thus crucial from both 

system design and RF circuit development points of view.  
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1.2 Scope of the Thesis: I/Q Modulation, Multi-Antenna 
Communications and Implementation Nonidealities 

Embedded with the simplest frequency translation idea, the direct-conversion topology has 

been considered as one of the most promising radio architectures for developing future 

wireless transceivers. Different from more traditional superheterodyne radio, the direct-

conversion architecture directly down-converts RF signals to baseband (BB) or up-converts 

BB signals to RF without any intermediate frequency stages, and is also referred to as 

homodyne or zero-IF architecture in the literature [5], [37], [57], [74], [75]. Then fewer 

analog components and blocks are needed compared to superheterodyne architecture. This 

inherent simplicity offers the direct-conversion radio important advantages, e.g., used silicon 

area, implementation cost and power consumption, over the heterodyne counterpart [5], [37], 

[57], [74], [75]. In addition, the location of channel selection filters at baseband enables the 

possibility of implementing multiple or adjustable filter bandwidths more easily, without 

consuming extra silicon area [37]. This is considered as one of the key elements towards 

building ever more flexible multi-mode receivers in the future.   

Though simple in theory, the implementation of direct-conversion radios faces a number of 

problems and technical challenges. As shown in Figure 1-2, in-phase/quadrature (I/Q) mixing 

is applied in the down-conversion and up-conversion stages [37], [75]. Ideally, this mixing 

approach builds on two local oscillator (LO) signals with exactly 90º phase difference and 

equal amplitudes, and also contains two independent but identical signal paths in the circuits. 

However in practice, even with state-of-the-art advanced RF integrated circuit (IC) 

technology, the nominal 90º phase shift and the equal amplitudes of the I and Q signal paths 

can only be realized up to finite accuracy. Furthermore, the differences in the frequency-

responses of the I and Q branch low-pass filters (LPFs), data converters and amplifiers also 

contribute to effective overall amplitude and phase mismatches. In general, total effective 

amplitude and phase imbalances in the order of 1%–5% and 1º–5º are typically stated 

feasible. The resulting corruption on the down-converted or up-converted signal waveform 

can easily degrade the system performance and raise, e.g., the symbol error rate (SER) or bit 

error rate (BER) [5], [37], [57], [74], [75] in the detection. This is the I/Q imbalance problem 

which is also the central theme in this thesis.  

In yet more general context of multi-band or low-IF radio transceiver, the above-

mentioned I/Q imbalances cause interference between mirror-frequency bands. This is 

potentially even a bigger problem, compared to plain single-channel zero-IF case, due to 

possibly different dynamics in the signals at different bands. For reference, see, e.g., [10],  
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Figure 1-2: Conceptual radio transmitter (left) and radio receiver (right) block-diagrams using 
quadrature or I/Q mixing.  

[11], [106]. In this thesis, however, we focus on the single-channel direct-conversion or zero-

IF transceiver case. 

For fully evaluating and appreciating the above I/Q imbalance problem in wireless 

systems, the used system transmission scheme, together with the used modulation scheme, 

must be carefully taken into account as well [5], [37], [75]. In this thesis, the I/Q imbalance 

problem is analyzed and discussed in a multi-antenna communication system context using 

high-order symbol alphabets. Both single-carrier modulated waveforms and multi-carrier 

modulated waveforms are considered in the implementation. In general, multi-antenna 

transmission methods have drawn intensive and wide research interest in both communication 

theoretic and signal processing research societies as well as in wireless telecommunication 

industry. A large number of theories and approaches have been developed for analyzing and 

obtaining the benefits of newly involved transmission dimension - space, see, e.g., [9], [13], 

[27], [31], [34], [51], [68], [69], [79], [90], [98]–[102], [114] and the references therein. 

Without consuming additional bandwidth and transmit power, the developed techniques can 

potentially achieve much higher link spectral efficiency or better link quality than their single 

antenna counterparts. However, most existing performance and capacity studies do not take 

the possible radio implementation deficiencies into account in any way. In this thesis, the I/Q 

imbalance problem is addressed in the context of two typical multi-antenna transmission 

schemes, namely the Alamouti transmit diversity scheme [9], [68], [102] and the spatial 

multiplexing (SM) scheme [31], [68], [102], [114], respectively. In both schemes, explicit 

channel knowledge is not required on the transmitter side, so for example link performance 

analysis under imperfect RF components is mathematically tractable. In both Alamouti 

transmit diversity as well as spatial multiplexing multi-antenna schemes, several parallel 

radios need to be implemented in one single device. If the direct-conversion topology is then 

applied in all the used transceivers, each of which having their own imbalance problem, it is 
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expected that the I/Q imbalance problem will play a big role and become much more 

complicated compared to single-antenna systems. Yet the current studies reported in the 

literature on the I/Q imbalance related problems mostly focus on individual radios. Thus 

building proper understanding on the role of I/Q imbalances and the corresponding solutions 

in the multi-antenna transmission context from link-level performance point of view is seen 

very important and crucial.  

In general, the focus in this thesis is mainly on the I/Q imbalance related topics. There are 

other important practical aspects in the direct-conversion radio architecture as well, e.g., the 

so-called direct current (DC)-offset problem as well as nonlinear signal distortion problems 

[5]–[7], [26], [37], [45], [53], [57], [74], [75], [103], [108]. However, these issues are out of 

the scope of this thesis, and are thus not considered in the continuation. Notice also that in 

[28], a so-called RF-MIMO architecture is proposed which has rather different 

implementation characteristics compared to the parallel transceiver architecture assumed in 

this thesis. More specifically, in the RF-MIMO system concept, only single I/Q up-conversion 

branch (on the transmitter side) and single I/Q down-conversion branch (on the receiver side) 

are deployed, and all the essential spatial signal processing is then carried out already at RF. 

Such alternative RF architectures are also outside the main scope of this thesis. 

1.3 Earlier and Related Work on I/Q Imbalance Problem 

While there has been extensive research on the I/Q imbalance related problems in the 

single-input single-output (SISO) system context, see, e.g., [10]–[12], [15], [36], [49], [52], 

[54], [55], [60], [62], [76]–[78], [85], [89], [95], [97], [104]–[110], [112], [113] and the 

references therein, the topic of analysis and compensation of I/Q imbalances in multi-antenna 

transmission systems has only recently started to receive some interest in the research 

community. Intuitively, the transceiver chains in the multi-antenna communications can be 

seen as the composition of several individual transmitters and receivers or several SISO 

transmission chains. This implies that many of the previous research results for both analysis 

and compensation of I/Q imbalances obtained for the SISO case could be reused in the multi-

antenna transmission case. Yet those results, especially from the overall link-level 

performance point of view, are still not necessarily adequate for the purpose of fully 

appreciating the I/Q imbalance effects in the multi-antenna transmission systems which is also 

one of the outputs of this thesis. Indeed, one of the main outcomes of this thesis is that the 

overall multi-antenna link performance under I/Q imbalances can easily be much lower than 

what might have been expected based on the performance of individual radios. Thus it is 
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generally important to understand and cope with the I/Q imbalance problem also at link-level 

where all the transmission chains and components are taken into account and considered as a 

whole. Some publications exist in the literature taking this viewpoint [19], [20], [35], [44], 

[56], [59], [65], [72], [73], [80]–[83], [91]–[94], [96].  

On the compensation side in multi-antenna transmission links, the main focus in the 

existing literature is on the mitigation of frequency-independent I/Q imbalances in SM-

orthogonal frequency division multiplexing (OFDM) systems [44], [56], [72], [73], [80]–[83], 

[91], [92], [96]. Though the space-time coding (STC) element is also briefly touched in [94] 

and [96], the main consideration there is anyway on frequency-independent receiver I/Q 

imbalances. In practice, OFDM modulation is usually applied in cases where the bandwidths 

of transmitted signal waveforms are in the order of several or tens of MHz. Thus the 

assumption of having frequency-independent I/Q imbalances in multi-antenna OFDM 

modulated system is not so realistic from hardware implementation point view. In a fairly 

recent publication [81], a combination of pilot-based estimation and decision-directed 

processing techniques is proposed for processing also frequency-dependent I/Q imbalance. 

But again the space-time coding element is not addressed in [81] and only direct spatial 

multiplexing scheme is assumed. In [92] and [93], compensation procedures for mitigation of 

frequency-dependent I/Q imbalance in both spatial multiplexing and space-time coding 

transmission links are proposed but the actual compensation parameter estimation task is 

totally neglected. Recently in [19] and [48], I/Q imbalance mitigation and analysis aspects in 

STC-OFDM systems are also studied but all the algorithm developments and performance 

analyses are still conducted based on the frequency-independent I/Q imbalance assumptions. 

Very recently in [33] and [61], statistics based blind methods as well as pilot-based 

estimation-compensation schemes have been proposed for mitigation of frequency-selective 

I/Q imbalances in multi-antenna transmission links. In [83], in turn, some link performance 

analysis is carried out in SM-MIMO-OFDM transmission context but the impact of 

transmitter I/Q imbalances and receiver I/Q imbalances on the link performance are 

considered only in a separate manner. 

1.4 Outline and Main Results of the Thesis 

In this thesis, the topic of analysis and mitigation of I/Q imbalance effects in the multi-

antenna transmission systems is thoroughly studied. Both transmitter and receiver sides of the 

link are taken into account, and in most of the studies, frequency-selective I/Q imbalances are 

assumed, as will be shortly reviewed below and in more details in the forthcoming chapters. 
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Altogether compared to the time frame of this thesis work and the thesis publications [P1]–[P8], 

no prior art in comprehensive multi-antenna link-level performance analysis with proper 

frequency-dependent I/Q imbalance models is available in the literature. Similarly on the 

compensation side, only the work reported in [81], carried out independently of this thesis 

work, is addressing the estimation-compensation task of frequency-selective I/Q imbalances 

in multi-antenna transmission links. Thus this thesis work can be seen as pioneering work in 

this research field. 

As a starting point, the basic ideas of multi-antenna transmission are briefly discussed in 

Chapter 2. Two typical transmission schemes, the STC scheme as well as the SM scheme, are 

introduced. For both single-carrier modulated waveforms and multi-carrier modulated 

waveforms, the overall link signal models are then given assuming perfectly matched I and Q 

branches in all radios. Then the signal models for depicting both frequency-independent and 

frequency-dependent I/Q imbalance effects in individual transmitters and receivers are briefly 

formulated in Chapter 3. This generally forms the very basic foundation of all the research 

output and analysis later on.    

Next, in Chapter 4 to Chapter 6, the impact of I/Q imbalances on the above transmission 

schemes is analyzed in closed-form and novel imbalance mitigation algorithms are proposed 

as well. More specifically, in Chapter 4, the frequency-independent I/Q imbalance case is 

examined within the Alamouti transmit diversity scheme. Single-carrier modulated 

waveforms and frequency-flat channels are assumed as the basic system setup. The overall 

link signal model under I/Q imbalances is derived and the resulting signal degradation is 

addressed analytically in terms of the resulting signal-to-interference ratio (SIR). This 

analysis basically forms a solid foundation for fully appreciating the imbalance effects 

without lengthy system simulations in single-carrier STC context. In addition, two 

compensation algorithms based on either training/pilot signals or blind signal processing are 

proposed. The practical aspects of the proposed algorithms such as robustness against channel 

estimation errors and carrier frequency offset (CFO) are also briefly discussed. Similar 

performance analysis on the overall link performance is continued in Chapters 5 and 6, 

targeting for both STC-OFDM and SM-MIMO-OFDM transmission systems, respectively. 

Different from the assumption in Chapter 4, the bandwidths of the used signal waveforms in 

both chapters are assumed to be in the order of 1–20 MHz. Thus the properties of I/Q 

imbalances in transceivers as well as the properties of the radio channels are expected to vary 

as a function of frequency in practice. Therefore, the link signal models and the corresponding 

link performance analysis, in terms of SIR, are derived and carried out in frequency domain in 

a subcarrier-wise manner. Stemming from the developed signal models, effective pilot-based 
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algorithms are then also proposed to mitigate or compensate the dominant frequency-selective 

I/Q imbalance effects in STC-OFDM and SM-MIMO-OFDM systems. Again, several 

practical aspects in the compensation context such as channel estimation and pilot-subcarrier 

interpolation are also addressed, which demonstrates the feasibility of proposed algorithms in 

practical wireless system setups. Here a so-called channel-to-interference-plus-noise ratio 

(CINR) is also defined and applied for analyzing and quantifying the impacts of I/Q 

imbalances and additive channel noise on pilot-based channel estimation quality. In general, 

comprehensive reference simulations are used in Chapter 4 to Chapter 6 to illustrate the 

validity and accuracy of the SIR and CINR analysis and the good compensation performance 

of the proposed mitigation techniques in practical multi-antenna transmission systems.  

In addition to link-oriented imbalance studies, some studies on mitigation and calibration of 

frequency-selective I/Q imbalances in individual OFDM transceivers are also reported in this 

thesis in Chapter 7. By deploying a feedback loop from RF to baseband, together with a 

properly-designed pilot signal structure, the subcarrier-wise transmitter and receiver I/Q 

imbalance values for all the radios in one single terminal can be estimated. Based on the 

obtained imbalance knowledge, the I/Q imbalance effects on the actual transmit waveform and 

receive waveform are then efficiently mitigated by applying baseband predistortion and 

postdistortion on the mirror-subcarrier signals in each radio, respectively. Notice that, compared 

to the statistics based approach, one major benefit of the proposed pilot-based approach is that 

the estimation period is much shorter, indicating much shorter calibration time. Meanwhile as 

the coordination between the transmitting side and the receiving side of the actual communication 

link is not compulsory here, the proposed algorithm can be basically applied to any OFDM 

modulated multi-antenna system. It is independent of the used equalization techniques and 

multi-access schemes (multi-user or single-user) and thus forms an alternative way to efficiently 

compensate the I/Q imbalance effects in OFDM radios.  

The general conclusions of the thesis are drawn in Chapter 8. A short summary of the thesis 

publications [P1]–[P8] is given in Chapter 9 where the author’s contributions to the publications 

are clarified as well.  

In general, the main idea in composing this thesis was to state the new analysis, ideas and 

results originally reported in [P1]–[P8] as a complete yet fluent summary. The link-level 

performance analysis as well as the frequency-selective I/Q imbalance models, and 

compensation methods for all the transmitters and receivers in the link, presented in Chapter 4 

to Chapter 7 clearly form the main contributions as well as novelties of this thesis. In principle, 

in most of the forthcoming material, the signal modeling and performance analysis aspects are 



 CHAPTER 1. INTRODUCTION 9

emphasized for presentation purposes. Much more detailed view concerning the performance of 

the proposed compensation techniques are given in the original papers [P1]–[P8]. 

1.5 Basic Notations and Assumptions 

Throughout this thesis, the so-called I/Q notation of the form I Qx x jx= +  is deployed 

for any complex-valued quantity x , where Ix  and Qx  denote the corresponding real and 

imaginary parts, i.e.,  Re[ ] Ix x=  and Im[ ] Qx x= . Superscript ()∗⋅  denotes complex 

conjugation. Bold-face lower-case letters, like a , are used for column-vectors, while bold-

face upper-case letters, such as A , for matrices. Superscripts ()T⋅ , ()H⋅  and 1()−⋅  denote 

transposition, conjugate (Hermitian) transposition and matrix inverse, respectively. Unless 

otherwise mentioned explicitly, all the signals throughout this thesis are assumed to be 

complex-valued, wide-sense stationary (WSS) circular random signals with zero mean (for 

explicit definitions, see, e.g, [67] and [84]).  





Chapter 2  

Basic Concepts in Multi-Antenna 
Communications  

One of the important challenges in wireless system design is to meet the fast-rising 

demands on link throughput and network capacity over limited spectral resources. The 

importance of improving link spectral efficiency and quality is thus considerably highlighted 

[23], [66], [90]. Thereon, multi-antenna transmission methods have been proposed [30], [31], 

[34], [68], [102] and are currently widely recognized as one mandatory physical layer element 

in the development of future wireless systems [1]–[4], [23], [66], [90]. In general, the use of 

multiple transmit and receive antennas brings an additional dimension, space, to the wireless 

system design [38], [86], [111]. It enables a wide range of alternative approaches for 

improving the system performance, in terms of capacity, range and link reliability. Yet the 

design and implementation complexity are, in turn, substantially increased. Thus 

understanding the trade-offs between the achievable system performance and needed 

implementation resources are generally seen important.  

2.1 General Ideas and Multiple-Input Multiple-Output Systems 

In a general multi-antenna transmission scenario, by definition, multiple transmit (TX) and 

receive (RX) antennas are deployed. Thus multiple radio channels linking the transmitter and 

receiver are essentially created. Now if the individual antenna elements are spaced sufficiently 

far apart, the fading characteristics of these radio channels are independent of each other.  

Combined with proper transmitter and receiver signal processing, multiple parallel “data 

pipes” can then be created, to improve the overall link data rate and spectral efficiency. 

Another alternative, stemming from different transmitter and receiver signal processing, is to 

use the different fading characteristics to improve the link reliability in terms of diversity.  



12  ANALYSIS AND MITIGATION OF I/Q IMBALANCES IN MULTI-ANTENNA TRANSMISSION SYSTEMS 

In the following sections, principal link-level models for two typical and fairly basic multi-

antenna transmission schemes, the Alamouti transmit diversity scheme [9], [68], [102], and 

the spatial multiplexing transmission scheme [31], [68], [102], [114], are briefly discussed 

with single-carrier as well as multi-carrier waveforms. In general, both schemes have their 

own strengths and weaknesses and may not necessarily form any ultimate solution for future 

multi-antenna wireless transmission systems. Yet they do anyway form the very basic core of 

many currently emerging multi-antenna transmission approaches [30], [31], [34], [51], [71], 

[79], [90], [98], [99], [114], and are also the basis for more advanced waveform 

developments. In addition, the main concern of this research is not in proposing or devising 

new multi-antenna waveform solutions but obtaining clear and thorough insight into the radio 

implementation aspects in multi-antenna transmission context. Thus, even though fairly 

simple in theory, the Alamouti transmit diversity and spatial multiplexing transmission 

schemes are used as the main multi-antenna waveform solutions in this thesis. 

2.2 Ordinary Receive Diversity 

One important benefit of deploying multiple transmit and/or receive antennas is the 

possibility for increased link reliability and the improved received signal quality against 

fading. The philosophy here is that if one antenna is experiencing deep fading, it is unlikely 

that the other ones are experiencing the same fading situation. Thus, a robust link can be 

obtained by properly combining the signals received through different fading realizations.  

Conceptually simplest example is ordinary receive diversity where the transmit signal is 

received through multiple parallel receivers. This is illustrated in Figure 2-1. Assuming the 

bandwidth of transmitted signals is much narrower than the channel coherence bandwidth cB  

[102], defined as max1/cB τ�  where maxτ  denotes the maximum delay spread of the 

channel, the transmission channels can be generally characterized as frequency-flat or one tap 

channels [70], [102]. Denoting now the baseband equivalent complex channel coefficient 

from the transmitter to the receiver i  by ih , {1,2,..., }Ri N∈ , the signal sample in the i -th 

receiver is given by 

 i i ix h s n= +  (2.1) 

where in  denotes noise and s  is the transmit symbol. Then diversity gain over an individual 

transmitter-receiver link can be obtained by combining the samples as 

 2
1,1 1 1

R R RN N N
i i i i ii i i

y h x h s h n∗ ∗
= = =

= = +∑ ∑ ∑ . (2.2) 
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Figure 2-1: Ordinary receive diversity principle. 

This combining scheme is known as the maximum ratio combining (MRC) [14], [18], [42]. 

Compared to individual link fading characteristics, this essentially improves the link quality 

in terms of the detection error probability, by improving the statistics of the instantaneous 

signal-to-noise ratio (SNR). This is called diversity gain [14], [18], [42], [68], [102], and the 

exact diversity order can be quantified in terms of the slope of the detection error rate vs. 

average SNR curve at high SNR regime. The use of coherent combining on the receiver side 

improves also the overall effecitve received SNR (compared to no diversity case), which is 

typically called array gain or power gain [14], [18], [42], [68], [102]. For the above MRC 

scheme, both the diversity order and array gain equal the number of receivers [14], [18], [42], 

[68], [102].  

2.3 Transmit Diversity Using Space-Time Coding 

Compared to above receive diversity, obtaining transmit diversity by simply transmitting 

the same data from multiple parallel transmit antennas is not feasible. This is because the 

overall transmit power or energy is divided equally between the transmitters (assuming no 

channel knowledge is available on the transmitter side), and the resulting distribution of the 

received instantaneous SNR is identical to the corresponding SISO case. 

One interesting extension to above-mentioned plain spatial “processing” is then to take the 

time-axis also into play. One good example of such techniques is the so-called Alamouti 

transmit diversity scheme or Alamouti space-time block code (STBC) [9], [68], [102]. As 

shown in Figure 2-2, this scheme requires the implementation of two transmit antennas and 

can also be combined with additional receive diversity using RN  receive antennas. Now, 

given two consecutive data symbols 1s  and 2s  entering the transmitter, the idea in short is to 

transmit these symbols in parallel during the first signaling interval over the two transmit 

antennas. Then during the second signaling interval, symbols 2s∗−  and 1s∗  are transmitted  
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Figure 2-2: The basic 2 RN×  Alamouti transmit diversity transmission scheme. 

correspondingly. Denoting the baseband equivalent complex channel coefficient from the 

transmitter j  to the receiver i  by ,j ih , {1,2}j ∈ , {1,2,..., }Ri N∈  (frequency-flat channels 

assumed again, as in [9]), the corresponding signal samples in the i -th receiver are given by 

 
1, 1, 1 2, 2 1,

2, 1, 2 2, 1 2, .

i i i i

i i i i

x h s h s n

x h s h s n∗ ∗

= + +

= − + +
 (2.3)

Then diversity gain over the individual transmitter-receiver links can be obtained by 

combining the samples as 

   

2 2
1 1, 1, 2, 2, 1, 2, 1 1, 1, 2, 2,1 1 1

2 2
2 2, 1, 1, 2, 1, 2, 2 2, 1, 1, 2,1 1 1

( ) ( ) ( )

( ) ( ) ( ).

R R R

R R R

N N N
i i i i i i i i i ii i i

N N N
i i i i i i i i i ii i i

y h x h x h h s h n h n

y h x h x h h s h n h n

∗ ∗ ∗ ∗
= = =

∗ ∗ ∗ ∗
= = =

= + = + + +

= − = + + −

∑ ∑ ∑

∑ ∑ ∑
 (2.4) 

Assuming independent channels ,j ih , it is highly unlikely that all the channels are in a bad 

state simultaneously and the quality of the overall link is thus improved. Similarly as in case 

of receive diversity, the increase in the link reliability stems from the improved statistics of 

the instantaneous SNR at the combiner output. The resulting overall diversity order of 2 RN  is 

equivalent to the earlier plain receive diversity with 2 RN  parallel receivers. Yet only RN  

receiver implementations are required here [9]. Thus the STBC scheme is a more efficient 

solution from the receiver implementation point of view (in terms of receiver complexity) 

which is essential, e.g., in mobile terminals. 

2.4 Spatial Multiplexing  

In addition to improving the link quality of wireless transmission through diversity, the 

deployment of multiple antenna elements can also be used to increase the data transmission  
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Figure 2-3: The basic T RN N×  spatial multiplexing transmission scheme. 

rate by simultaneously transmitting parallel data streams through parallel TX antennas. Thus, 

instead of adding redundant information along space and time as in STBC scheme, multiple 

data samples 1 2[ , , ..., ]
T
T

Ns s s=s  are transmitted in parallel using the TN  transmit antennas 

as shown in Figure 2-3. Again, all the transmission channels are assumed to be frequency-flat. 

Then the corresponding parallel outputs of RN  receivers in one signaling interval is given by 

 , , ,1 2[ ... ]
R
T T

Nx x x= = +x H s n  (2.5) 

where ix  and in  denote the received signal sample and noise sample in i -th receiver, 

[ ]1 2,  ,  ...,  
R

T
Nn n n=n , and H  is an T RN N×  matrix and contains the complex channel 

gains with , ,[ ]j i j ih=H  denoting the complex channel gain from transmitter j  to receiver i .  

This spatial multiplexing scheme can at best achieve a data transmission rate of 

min{ , }s T RN N N=  symbols per signaling interval and a maximum diversity order of RN  

[31], [68], [102], [114]. Thus it can potentially increase the link capacity by a factor of Ns 

compared to the corresponding single-antenna system as min{ , }erg T R sC N N N∝ =  where 

ergC  represents the ergodic capacity of the link [31], [34], [43], [68], [101], [102], [114]. 

In the above-type spatial multiplexing systems, the parallel transmitted data streams are 

transmitted from the transmitters to each individual receiver through different radio channels, 

and from an individual receiver point of view, interfere with each other. This is typically 

called multi-stream interference (MSI). Thus, in the detection of the transmitted streams on 

the receiver side, both additive channel noise and MSI should be taken into account. One 

possible solution here is to use spatial maximum likelihood (ML) receiver. Assuming perfect 

channel knowledge and spatially uncorrelated Gaussian noise components, the ML-decision 

on transmitted symbol vector s is given by [64], [68], [102], [114]  

 2ˆ argmin T
ML

∈Ω
= −

ss
s x H s  (2.6) 
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where Ωs  denotes the set of all the possible signal vectors. From the vector detection 

performance point of view, assuming all the possible signal vectors are equally likely, the ML 

detector is the optimum solution for the MSI mitigation [64], [68], [102], [114]. It is generally 

also able to extract the full diversity order of RN . Yet its implementation complexity is 

relatively high, growing exponentially with the number of transmit antennas, and depends 

also on the order of the symbol alphabet. Therefore, some sub-optimal receivers like the zero-

forcing (ZF) receiver of the form 

 ˆ T T
ZF

− −= = +s H x s H n   (2.7) 

can be deployed for MSI mitigation, followed by ordinary component-wise minimum distance 

detector. Other alternatives are, e.g., the corresponding minimum mean-square error (MMSE) 

receiver and the ordered successive cancellation (OSUC) receiver, providing different trade-

offs between receiver performance and implementation complexity [30], [31], [68], [102], 

[114].   

In general, the above multi-antenna waveform principles described in Sections 2.3–2.4 do 

not assume any explicit channel knowledge on the transmitter side. If such channel 

knowledge is available at the transmitter, it can be deployed in terms of precoding (additional 

mapping between the actual data symbols and the transmit variables), in order to, e.g., relieve 

the MSI mitigation task of the receiver. Such techniques are described in details, e.g., in [68], 

[102]. 

2.5 Single-Carrier vs. Multi-Carrier Waveforms 

Another important aspect in increasing the data rates in wireless systems is the use of 

wideband signal waveforms. However, if the signaling bandwidth is clearly wider than the 

channel coherence bandwidth, the frequency-responses of the transmission channels can not 

be considered as frequency-flat or one-tap channels any more. Instead, a multipath channel 

model with frequency-selective frequency-responses becomes a necessity. One typical 

example of such multipath channel models is the so-called wide-sense stationary-uncorrelated 

scattering (WSSUS) channel model [16], [58], [70] in which the different multipath 

components (taps) are statistically uncorrelated. Such WSSUS channels are typically 

characterized by a power delay profile which defines the average power of different multipath 

components as a function of the corresponding delay. In addition, the actual fading 

characteristics due to mobility are characterized by the statistical distribution and the 

correlation characteristics of the individual multipath components over time. For WSSUS 
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channels, the correlation properties are independent of the absolute time, as in case of any 

wide-sense stationary random process. The length of a time window (correlation lag) over 

which the correlation approaches zero is typically termed coherence time while the Fourier 

transform of the correlation function is called Doppler spectrum [70]. Since a time-varying 

multipath (impulse) response maps into a corresponding time-varying frequency response, the 

correlation characteristics of any frequency “bin” over time can also be used for fading 

characterization in terms of coherence time and Doppler spectrum. 

In general, communication over frequency-selective multipath channels calls for the use of 

sophisticated equalizers on the receiver side which can dramatically increase the overall 

system implementation complexity. One efficient way to handle this problem is to use OFDM 

waveforms [23], [63], [90]. More specifically, by converting the overall frequency-selective 

radio channel into a collection of parallel frequency-flat subchannels, the equalization 

problem is simplified, and when combined with proper coding, it is also possible to take 

advantage of the frequency diversity in multipath environments with reasonable 

implementation complexity. Therefore, when targeting for link spectral efficiencies in the 

order of 10 (bits/s)/Hz in the emerging wireless systems [23], [63], [90], the combination of 

multi-antenna techniques and OFDM generally forms a very attractive choice. 

With two transmit antennas and using OFDM waveforms, as shown in Figure 2-4, space-

time coding [9] can be applied separately for each subcarrier data stream and transmitted 

using two parallel OFDM transmitters. Throughout this thesis, the size of the fast Fourier 

transform (FFT) and inverse FFT used on the receiver and transmitter sides, respectively, is 

denoted by FFTN , and the corresponding subcarrier indexes are denoted by 

/2 1 /2FFT FFTk N N= − + … . Then let 1( )s k  and 2( )s k  represent the two consecutive data 

samples to be transmitted over the k -th subcarrier. Assuming further that the guard interval 

(GI) implemented as a cyclic prefix (CP) is longer than the channel delay spread, the 

corresponding samples 1( )y k  and 2( )y k  at the outputs of the receiver FFT and combining 

stages (including appropriate CP removal) are given by 
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Figure 2-4: 2 RN×  multi-antenna OFDM transmission system with subcarrier-wise Alamouti 
transmit diversity coding. (Rem. refers to remove, MOD. and DEMOD. refer to modulation and 
demodulation respectively.) 
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  (2.8) 

where 1, ( )iH k  and 2, ( )iH k  denote the channel frequency-responses (TX(1)→RX(i) and 

TX(2)→RX(i)),  1, ( )ix k  and 2, ( )ix k  are the corresponding received samples after FFT at 

receiver i , and 1, ( )in k  and 2, ( )in k  are noise samples after FFT at receiver i , all at subcarrier 

k . Based on (2.8), similar diversity interpretations as in Sections 2.2 and 2.3 can be 

established. 

Also the spatial multiplexing principle can be applied separately for each subcarrier [68], 

[102]. This is illustrated in Figure 2-5. Reflecting the modeling in earlier sections and above, 

the received spatial signal vector (at subcarrier k ) after discarding the CP and taking FFTs 

can be written as  

 1 2( ) [ ( ), ( ), ..., ( )] ( ) ( ) ( )
R

T T
Nk x k x k x k k k k= = +x H s n   (2.9) 
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Figure 2-5: T RN N×  multi-antenna OFDM transmission system with subcarrier-wise spatial 
multiplexing. (Rem. refers to remove, MOD. and DEMOD. refer to modulation and demodulation 
respectively.) 

where the transmitted sample at j -th transmitter and k -th subcarrier  is denoted by ( )js k , the 

overall transmission vector is 1 2( ) [ ( ), ( ), ..., ( )]
T

T
Nk s k s k s k=s , and ( )ix k  denotes the 

received frequency-domain sample at k -th subcarrier and i -th receiver. The noise vector 

[ ]1 2( ) ( ), ( )... ( )
RNk n k n k n k=n  with ( )in k  modeling additive channel noise (after FFT) at k -

th subcarrier of i -th receiver and the matrix ( )kH  contains the channel responses where  

, ,[ ( )] ( )j i j ik H k=H  denotes the channel frequency-response from transmitter j  to receiver i  

at k -th subcarrier. Now the decision on transmitted signal vector ( )ks  can be made by 

applying, e.g., the earlier ML or ZF principles as 

 2

( )
ˆ ( ) argmin ( ) ( ) ( )T
ML

k
k k k k

∈Ω
= −

Ss
s x H s  (2.10) 

and 

 ˆ ( ) ( ) ( ) ( ) ( ) ( ).T T
ZF k k k k k k− −= = +s H x s H n  (2.11) 

The ZF receiver is then followed by ordinary component-wise minimum distance detector. 

 

 





Chapter 3  

I/Q Imbalances and Signal Models 

In this chapter, we address the I/Q imbalance modeling in individual transmitters and 

receivers. For generality, both frequency-independent and frequency-dependent I/Q 

imbalances are considered to be used with narrowband and wideband waveforms, 

respectively.  

3.1 Frequency-Independent I/Q Imbalance Modeling 

Physically the amplitude and phase mismatches between the transceiver I and Q signal 

branches stem from the relative differences between all the analog components of the I/Q 

front-end [5], [24], [45], [53], [57], [74], [75], [103], [108]. On the transmitter side, this 

includes the actual I/Q up-conversion stage as well as the I and Q branch filters and digital-to-

analog (D/A) converters. On the receiver side, in turn, the I/Q down-conversion as well as the 

I and Q branch filtering, amplification, and sampling stages contribute to the effective I/Q 

imbalances. Here, in the narrowband context, we refer all the mismatches to the I/Q up- and 

down-conversion stages. Conceptual illustrations of such modulators and demodulators are 

given in Figure 3-1. Considering then the implications at waveform level, we first write the 

corresponding complex LO signals as 
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Figure 3-1: Frequency-independent I/Q imbalance in TX (left) and RX (right). 
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ω ω φ
−
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where 2LO LOfω π= , { TXg , TXφ } and { RXg , RXφ } represent the total effective amplitude 

and phase imbalances of the TX and the RX, respectively, and the coefficients 1,TXK , 2,TXK , 

1,RXK , and 2,RXK  are of the form  

 1, 2,

1, 2,

(1 ) / 2, (1 ) / 2

(1 ) / 2, (1 ) / 2.

TX TX

RX RX

j j
TX TX TX TX

j j
RX RX RX RX

K g e K g e

K g e K g e

φ φ

φ φ

−

−

= + = −

= + = −
 (3.3)   

Then from the individual transmitter and receiver point of views, the above I/Q imbalance 

models correspond to the following transformations of the effective baseband equivalent 

signals given by 

 
1, 2,

1, 2,

( ) ( ( ) ( )) ( ( ) ( ))

( ) [ ( ) ( )]

TX TX TX TX TX

TX TX TX

z t K c t z t K c t z t
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 (3.4) 
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K c t z t K c t z t
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∗
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 (3.5) 

where ( )z t  denotes the ideal complex baseband equivalent under perfect I/Q matching and the 

real-valued impulse responses ( )TXc t  and ( )RXc t  denote the common responses of the 

transmitter and receiver I and Q branch filtering. Based on (3.4) and (3.5), the main effect of 

I/Q imbalance at complex baseband signal level is that a conjugated version of the ideal signal 

is showing up. The common responses ( )TXc t  and ( )RXc t  do not contribute to the relative 

strengths of the two signal components ( ( )z t  and ( )z t∗ ), and are typically dropped, yielding 

 1, 2,( ) ( ) ( )TX TX TXz t K z t K z t∗ ∗= +  (3.6) 

 1, 2,( ) ( ) ( ).RX RX RXz t K z t K z t∗= +  (3.7) 

These are the typical models used in the literature, e.g., [10], [11], [36], [47], [76], [77], [87], 

[106]–[110], [112]. In link-level developments, on the other hand, the common responses 

( )TXc t  and ( )RXc t  can also be considered part of the radio channel linking the transmitter and 

receiver. 
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In frequency domain, the distortion due to the conjugate signal term corresponds to mirror-

frequency interference [106]. This can be seen by taking Fourier transforms (FT) of (3.6) and 

(3.7) as 

 1, 2,( ) ( ) ( )TX TX TXZ f K Z f K Z f∗ ∗= + −  (3.8) 

 1, 2,( ) ( ) ( ).RX RX RXZ f K Z f K Z f∗= + −  (3.9) 

The corresponding mirror-frequency attenuations TXL  and RXL  of the individual front-ends 

are then given by 

 
2

1,
2

2,

TX
TX

TX

K
L

K
= ,  

2
1,

2
2,

RX
RX

RX

K
L

K
=  (3.10) 

which typically range in the order of 25–40dB [5], [26], [58], [74], [75], [108].  

3.2 Frequency-Dependent I/Q Imbalance Modeling 

In wideband system context, the overall effective I/Q imbalances can easily vary as a 

function of frequency within the system band, due to e.g. frequency-response differences 

between the I and Q branch filtering, data conversion and amplification stages. This should 

also be reflected in the imbalance modeling as well as in imbalance compensation [26], [57], 

[75]. Using the frequency-independent I/Q imbalance model in (3.3)–(3.9) as a starting point, 

the frequency-response differences between I and Q branches are modeled here as branch 

mismatch filters ( )TXb t  and ( )RXb t , on the transmitter and receiver sides, respectively, as 

shown in Figure 3-2. Then if ( )z t  denotes again the ideal (perfect I/Q balance) complex 

baseband equivalent signal, the overall baseband equivalent I/Q imbalance models for 

individual transmitters and receivers appear as 
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Here ( )TXc t  and ( )RXc t  denote again the common response filtering and the effective 

impulse responses 1, ( )TXg t , 2, ( )TXg t , 1, ( )RXg t , and 2, ( )RXg t  depend on the actual imbalance 

properties as  
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Figure 3-2: Frequency-dependent I/Q imbalance in TX (left) and RX (right).     
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where ( )tδ  denotes impulse function. Similarly as in Section 3.1, the common response does 

not contribute to the relative strengths of the two signal components, and thus simplified 

models of the form 

 1, 2,( ) ( ) ( ) ( ) ( )TX TX TXz t g t z t g t z t∗= ∗ + ∗  (3.14) 

 1, 2,( ) ( ) ( ) ( ) ( )RX RX RXz t g t z t g t z t∗= ∗ + ∗  (3.15) 

can be used. Notice that the earlier frequency-independent (instantaneous) I/Q imbalance 

models of the form 1, 2,( ) ( ) ( )TX TX TXz t K z t K z t∗ ∗= +  and 1,( ) ( )RX RXz t K z t= 2, ( )RXK z t∗+  

are obtained as special cases of (3.14) and (3.15) when ( ) ( )TXb t tδ=  and ( ) ( )RXb t tδ= .  

Based on the models in (3.14) and (3.15), when viewed in frequency domain, the distortion 

due to frequency-dependent I/Q imbalance corresponds now to mirror-frequency interference 

whose strength varies as a function of frequency. This can be seen by taking FT of (3.14) and 

(3.15), yielding [P2] 

 1, 2,( ) ( ) ( ) ( ) ( )TX TX TXZ f G f Z f G f Z f∗= + −  (3.16) 

 1, 2,( ) ( ) ( ) ( ) ( )RX RX RXZ f G f Z f G f Z f∗= + −  (3.17) 

in which the transfer functions  

     1, 2,

1, 2,

( ) (1 ( ) ) / 2, ( ) (1 ( ) ) / 2

( ) (1 ( ) ) / 2,  ( ) (1 ( ) ) / 2.
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RX RX

j j
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G f B f g e G f B f g e

φ φ

φ φ−

= + = −

= + = −
  (3.18)  

Thus, the corresponding mirror-frequency attenuations or image rejection ratios (IRRs) of the 

individual radio front-ends are now given by 
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With practical analog front-end electronics, these mirror-frequency attenuations are typically 

in the range of 25–40dB [57], [75], and vary as a function of frequency, when bandwidths in 

the order of several MHz are considered. An example is given in Figure 3-3 which shows the 

measured mirror-frequency attenuation characteristics, obtained in comprehensive laboratory 

test measurements, of state-of-the-art wireless receiver RF-IC operating at 2 GHz. Clearly, for 

bandwidths in the order of 1–10 MHz, the mirror-frequency attenuation or IRRs (and thus, the 

effective I/Q imbalances) indeed depend on frequency. Thus the use of frequency-dependent 

I/Q imbalance modeling is necessary. More detailed information on the IRR measurement 

setup is given in Appendix. 

As a final note, it is illustrative to note already at this stage that the parameterization of the 

previous models include symmetry of the form 
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 (3.20) 

This will be used in some of the forthcoming compensation developments. 
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Figure 3-3: Measured mirror-frequency attenuation of state-of-the-art I/Q receiver RF-IC operating 
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Chapter 4  

Frequency-Independent I/Q Imbalances in 
Space-Time Coded Single-Carrier Systems 

In this chapter, the I/Q imbalance problem is studied in the STC single-carrier system 

context, focusing on the Alamouti transmit diversity principle [9]. The basic assumption here 

is that the signal bandwidth is so narrow that both the frequency-responses of transmission 

channels and the I/Q imbalance properties of individual transmitters and receivers are 

independent of frequency. In general, this may not be a valid assumption in the future 

wireless transmission systems where waveform bandwidths in the order of 1–20 MHz are 

normally assumed [1], [2]. Yet it still forms a good initial study item for understanding the 

characteristics and behavior of I/Q imbalance in multi-antenna transmission.     

4.1 I/Q Signals and System Model 

A conceptual block-diagram of the space-time coded single-carrier transmission link used 

in the following studies is shown in Figure 4-1. For reference and notational convenience, we 

redefine the ideal combiner output signals given in (2.4) under perfect I/Q balance and zero 

additive noise as 

 

2 2
1 1, 2, 1 tot 11

2 2
2 1, 2, 2 tot 21

( )

( )

R

R

Nideal
i ii

Nideal
i ii

y h h s h s

y h h s h s

=

=

= + =

= + =

∑

∑
 (4.1) 

where 2 2
tot 1, 2,1

( )RN
i ii

h h h
=

= +∑ . Now in order to explore the I/Q mismatch effects on the 

overall link quality, we apply the I/Q mismatch models of (3.6) and (3.7) to each TX front-

end and RX front-end in Figure 4-1. On the transmitter side, the TX symbols are thus 

effectively distorted according to (3.6). These distorted TX signals propagate then through the 

channels, and the signals arriving in the receivers are further shaped according to (3.7) in the 
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individual RX front-ends. Including then also the diversity combining stage (assuming perfect 

channel knowledge), the overall signal model for the combiner output signals under I/Q 

imbalance can finally be shown to be [P1], [P4] 

 1 1 1 2 2

2 2 2 1 1

y as bs cs ds

y a s b s c s d s

∗ ∗

∗ ∗ ∗ ∗ ∗ ∗

= + + +

= + − −
 (4.2)

where additive noise has again been ignored for simplicity, and the coefficients , , ,a b c d  are 
given by 
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Based on (4.2), the I/Q imbalance effect is thus fundamentally different compared to 

ordinary single-antenna systems. Here the signal is interfered not only by its own complex-

conjugate (as in (3.6) and (3.7)) but also by the other information bearing signal (or signals in  
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Figure 4-1: Conceptual model of space-time coded single-carrier transmission link with 2 transmit 
and NR receive antennas, including transmitter and receiver front-end I/Q impairments. 
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general) in the air during any specific signaling interval. Thus this gives first concrete 

indication that radio front-end related impairments, such as I/Q imbalance considered here, 

are likely to play bigger role in multi-antenna systems than in ordinary single-antenna setups.  

4.2 Performance Analysis  

SIR Analysis 

In the following, we analyze the average total SIR at the receiver diversity combiner output 

due to I/Q imbalance using the signal models of the previous sections. In general, based on 

(4.2), the total interference consists of the self-interference term as well as of the effect of the 

other symbol transmitted simultaneously. In the analysis, the natural interference-free 

reference signals with perfect I/Q balance are tot 1h s  and  tot 2h s  as given in (4.1). 

Now, consider first the combiner output 1y  in (4.2). We assume that the channel 

coefficients 1,ih  and 2,ih  are mutually statistically independent complex circular Gaussian 

random variables with zero mean and equal mean power. We also assume that the data 

symbols 1s  and 2s  are independent of the channel coefficients 1,ih  and 2,ih , equal-variance, 

mutually uncorrelated and circular as well as jointly circular [P1]. In general, these 

assumptions can be seen rather feasible from the practical data structures (modulation, etc.) 

point of view. Then based on (4.1) and (4.2), and the above assumptions on the second-order 

statistics of the data symbols 1s  and 2s , the SIR is defined here as 

 

2
tot

2 2 2 2
tot

.
( )

E h

E a h E b E c E d
χ

⎡ ⎤
⎢ ⎥⎣ ⎦= ⎡ ⎤ ⎡ ⎤ ⎡ ⎤ ⎡ ⎤− + + +⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦ ⎣ ⎦ ⎣ ⎦

 (4.4) 

The idea is that the observation 1 1 1 2 2 tot 1 tot 1( )y as bs cs ds h s a h s∗ ∗= + + + = + −   

1 2 2bs cs ds∗ ∗+ + +  in which all the other terms except 1 tot 1
idealy h s=  are considered 

interference. Based on (4.1) and (4.2), and the earlier assumptions on 1s , 2s  and 1,ih , 2,ih , this 

is then also the SIR for the second combiner output 2y . Now using the expressions in (4.2) for 

the system coefficients a , b , c , and d , combined with the previous assumptions on the 

channel and data statistics, the SIR in (4.4) can finally be written as [P1] 

 
24 2
( )
R R

R

N N
N

χ
ψ
+=  (4.5) 

in which ( )RNψ  is given by 
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   (4.6) 

Notice that the SIR in (4.5)–(4.6) is fully determined by the imbalance coefficients and the 

number of receivers, and can be directly evaluated for any possible imbalance scenario and 

number of receivers without any link simulations.  

Numerical Examples and Simulations 

As a simple numerical example (for 1RN = ), with 5% and –5º receiver imbalances and 

transmitter imbalances of 4% and 4º (TX1) and 3% and 3º (TX2), the average SIR at the 

combiner output is 20.2dB, as can be evaluated using (4.5) and (4.6). Notice that based on 

(3.10), the individual analog front-end image attenuations are roughly 26.0dB (RX), 27.9dB 

(TX1), and 30.4dB (TX2). Thus the SIR figure of 20.2dB is really considerably lower than 

what might have been expected by considering the qualities of the individual analog front-

ends alone. Especially with higher-order spectrally efficient modulation methods, such as 16 

phase shift keying (PSK) or 64 quadrature amplitude modulation (QAM), this results in a 

severe reduction in the system noise margin.  

Closer examination of the previous results in (4.5) and (4.6) indicates some further 

interesting aspects in assessing the role of I/Q imbalance in multi-antenna systems. One 

interesting issue is the role of relative signs between the phase imbalance values (1)TXφ , 

(2)TXφ  and ( )RX iφ , 1,2,..., Ri N= . More specifically, based on (4.5) and (4.6), the resulting 

SIR does not depend only on the absolute values of the imbalances. As a concrete example 

with 2RN = , some resulting numerical SIR values are shown in Table 4-1, obtained here 

with fixed absolute imbalance levels and by just changing the relative signs of (1)TXφ , (2)TXφ , 

(1)RXφ  and (2)RXφ . Notice that the image attenuations of the individual analog front-ends are 

identical in all the three cases. It implies that traditional I/Q imbalance analysis using the 
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image attenuations of the individual front-ends alone is insufficient from the overall link 

quality point of view. More details and illustrations are given in [P1]. 

Next, to get further visual justification for the reported SIR figures, a link simulator is 

implemented, with I/Q impairments included, and the achievable link performance is then 

simulated. The obtained SER as a function of average received SNR at the detector input 

(defined as the ratio of the average useful signal power and average noise power after 

diversity combining) is examined in these three imbalance cases described in Table 4-1. As 

predicted by the SIR values in Table 4-1, the cases with different phase imbalance signs result 

in considerably different error rate performance. Notice also that since the distribution of the 

interference is not exactly Gaussian, the derived SIR cannot necessarily be directly mapped to 

the lowest achievable detection error probability. However, based on the computer simulation 

results reported in Figure 4-2, the SIR values do indeed predict, especially in cases 2 and 3 

with good accuracy, the error rate floors when compared against the perfectly matched 

reference system performance at the corresponding additive white Gaussian noise SNR at 

detector input. Also, when evaluated at the raw (uncoded) SER levels of 110−  and 210− , 

which are of practical interest in most systems before error-control decoding, the degradation 

due to I/Q imbalance is roughly 1dB to 2.5dB at 110−  and already 2dB to almost 15dB at 
210− . It is obvious that this kind of performance losses are unacceptable in any practical 

system, and thus signal enhancement through efficient compensation processing is needed. 

 

TABLE 4-1: EXAMPLE OF THE INFLUENCE OF PHASE IMBALANCE SIGN ON THE TOTAL AVERAGE 

SIR DUE TO I/Q IMBALANCE IN A 2X2 STC SINGLE-CARRIER SYSTEMS. 

Imbalance Values

TX1 TX2 RX1 RX2
SIR [dB]

Case 1 4%, 4
o 3%, 3

o 5%, 5
o 5%, 5

o
26.0

Case 2 4%, 4
o 3%, 3

o 5%, 5
o 5%, �5

o
23.8

Case 3 4%, �4
o 3%, �3

o 5%, 5
o 5%, 5

o
22.4
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Figure 4-2: Simulated detection error rate for 64QAM 2x2 Alamouti STC system with three different 
imbalance values (different phase imbalance signs). Also shown for reference is the corresponding 
perfectly matched system performance. 

4.3 I/Q Imbalance Compensation Techniques 

Compensation Philosophy 

One possible way of approaching the imbalance compensation is to consider the I/Q 

matching of each individual front-end separately. This being the case, any of the earlier 

proposed compensation techniques targeted for single-antenna systems could basically be 

applied  [10]–[12], [15], [36], [52], [54], [55], [76]–[78], [85], [89], [95], [104]–[110], [112], 

[113]. However, even with two transmit and two receive antennas, there are already four radio 

front-ends, thus basically calling for four compensators if treated separately. The 

implementation complexity may thus grow rapidly with the increased number of antennas. 

Here, we take an alternative approach and try to mitigate the interference and distortion due to 

I/Q imbalances of each transmitter and receiver jointly on the receiver side, operating on the 

combiner output signal. As will be shown in the following, this approach has one crucial 

practical benefit of being able to also compensate for the errors and signal distortion due to 

channel estimation errors, at zero extra cost. This is seen very important from any practical 

system point of view, since channel estimation errors are anyway inevitable due to additive 

channel noise already.  
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Pilot-Based Compensation 

Most of the practical communications systems include certain known data structures in 

their transmission frames, called training or pilot signals. These are typically used, e.g., for 

channel estimation and synchronization purposes. Here, we also assume that such a pilot or 

training period is available. More specifically, for imbalance compensation purposes, we 

assume that there are at least two known STC blocks (called slots hereafter), over which we 

set the transmit data according to [P1] 

 (1) (1) (2) (2)
1 2 1 2, , , .P P P Ps s s s s s s s∗= = = =  (4.7) 

Here, ps  refers to the known pilot symbol which is one of the design “parameters” in the 

continuation and superscripts (1) and (2) refer to the two pilot blocks which as a whole form 

one pilot slot. Denoting the resulting four observations by 1,py , 2,py , 3,py , and 4,py , this 

yields a well-behaved 4 4×  set of linear equations of the form p py = S θ  where 

1, 2, 3, 4,[ , , , ]Tp p p p py y y y∗ ∗=y , [ ]Ta b c d=θ , and 

 .

p p p p

p p p p
p

p p p p

p p p p

s s s s

s s s s

s s s s

s s s s

∗ ∗

∗ ∗

∗ ∗

∗ ∗

⎡ ⎤
⎢ ⎥
⎢ ⎥− −⎢ ⎥= ⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥− −⎣ ⎦

S  (4.8) 

This follows directly from (4.2) and (4.7). Thus clearly, since 2 2 2det( ) 2( ( ) )p p ps s∗= −S , the 

“system” matrix pS  in (4.8) is nonsingular and the unknown coefficient vector 

[ ]Ta b c d=θ  can be solved uniquely as 1ˆ
p p
−= S yθ , given that 2 2( )p ps s∗≠ . This, in turn, 

is trivially true given that the training symbol ps  is not purely real or purely imaginary. After 

estimating the model coefficients ˆ ˆ ˆˆ ˆ[ ]Ta b c d=θ , the actual payload (information-bearing) 

data can then be estimated easily based on (4.2). Within one STC block with data symbols 1s  

and 2s , the compensator outputs can formally be solved from cy = sΦ  where 

1 1 2 2[ , , , ]Ty y y y∗ ∗=y , 1 1 2 2[ , , , ]Tc s s s s∗ ∗=s , and 

 

ˆ ˆˆ ˆ
ˆ ˆˆ ˆ

.ˆ ˆˆ ˆ
ˆ ˆˆ ˆ

a b c d

b a d c

c d a b
d c b a

∗ ∗ ∗ ∗

∗ ∗ ∗ ∗

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥= ⎢ ⎥− −⎢ ⎥
⎢ ⎥
⎢ ⎥− −⎣ ⎦

Φ  (4.9) 

In (4.9), â , b̂ , ĉ , and d̂  refer to the estimated coefficients. Here, instead of full inversion of Φ  

( 1
ĉ

−=s yΦ ), cy = sΦ  needs to be solved only for 1 1̂[ ]c s=s  and 3 2̂[ ]c s=s , which together  
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Figure 4-3: Pilot-based compensation structure. 

with the obvious symmetry in (4.9), results in big savings in the computational complexity 

[P1]. The overall compensation idea is further illustrated graphically in Figure 4-3 at a 

conceptual-level. The effects of additive noise together with other practical aspects will be 

further discussed and addressed in Section 4.4. 

Blind Compensation Using Blind Signal Separation (BSS) 

Instead of relying on the availability of the known pilot signals, another interesting 

approach is to address the imbalance compensation using blind signal estimation techniques. 

In general, the so-called blind signal separation (BSS) task deals with recovering some 

interesting signals, based on observing their linear mixtures only. Typically the strong 

assumption of statistical independence of the assumed source signals is used, to form the 

basis for the actual signal estimation algorithms [21], [22], [39]. 

In our context, as shown in (4.2) the observed data 1y  and 2y  appear as linear 

combinations of four formal source signals 1s , 1s∗ , 2s , and 2s∗ . However, this viewpoint does 

not lend itself very well to the general blind signal estimation since the conjugated signal 

pairs are obviously statistically dependent. Notice that the circularity assumption 

( 2[ ( )] 0iE s t = ) actually does imply that is  and is∗  are indeed mutually uncorrelated, but this 

second-order statistics is yet insufficient here alone for blind signal recovery. We can, 

however, view the observed complex signals 1y  and 2y  in (4.2) in terms of their I and Q 

components, resulting in four real-valued observations 1, 1Re[ ]Iy y= , 1, 1Im[ ]Qy y= , 

2, 2Re[ ]Iy y=  and 2, 2Im[ ]Qy y= . Using a similar approach for the formal source signals 1s  

and 2s , results in the following 4 4×  real-valued signal model of the form IQ IQ IQy = H s  

[P1] where 1, 1, 2, 2,[ , , , ]TIQ I Q I Qy y y y=y , 1, 1, 2, 2,[ , , , ]TIQ I Q I Qs s s s=s , and 
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⎢ ⎥− + − − + −⎢ ⎥⎣ ⎦

H  (4.10) 

Now assuming that the I and Q components of the data symbols are all mutually independent, 

the source signals IQs  can be blindly estimated based on observed data IQy . This assumed 

independence of I and Q, in turn, basically holds for any of the standard QAM type symbol 

constellations and also up to a certain degree to PSK type constellations (see the discussions 

in single-input single-output context in [107] and [109]). Notice that since the model 

IQ IQ IQy = H s  holds for any pair of two consecutive data symbols, any BSS algorithms can 

basically be applied [P1]. For example, the well-known equivariant adaptive separation via 

independence (EASI) algorithm [21] can be used in implementing the separation stage. 

Denoting the separator coefficients at discrete-time index n  by ( )IQ nB , the formal output of 

the compensator is simply ˆ ( ) ( ) ( )IQ IQ IQn n n=s B y . One iteration of the coefficient 

adaptation using the EASI algorithm is then given by [21] 

 

( 1) ( )

ˆ ˆ ˆ ˆ ˆ ˆ( ) ( ) g( ( )) ( ) ( )g( ( ))
[ ] ( )

ˆ ˆ ˆ ˆ1 ( ) ( ) 1 ( ) g( ( ))

IQ IQ

T T T
IQ IQ IQ IQ IQ IQ

IQT T
IQ IQ IQ IQ

n n

n n n n n n
n

n n n n
μ

μ μ

+ =

− −
− +

+ +

B B

s s I s s s s
B

s s s s

 

  (4.11) 

where μ  is the adaptation step-size and g( )⋅  is a memoryless nonlinear function which is 

typically selected based on the assumed source statistics. For more details on the algorithm 

and signal separation in general, refer to [21]. The overall compensation idea is further 

illustrated graphically in Figure 4-4 at a conceptual-level. 

In general, the blind signal separation task has two indeterminacies - the order and scaling 

of the output signals [21], [22], [39]. Here, however, the structure of the effective mixing 

matrix in (4.10) is such that the diagonal elements are an order of magnitude larger (in 

absolute values) compared to the off-diagonal elements, and thus in practice, the separator 

always converges towards the correct ordering of the source signals. Using (4.11), see also 

[21], the variance of the output components, in turn, is essentially fixed to unity, and thus 

proper scaling of the estimated I and Q components can be restored simply based on the 

known variance of the used data constellation. Thus it can be concluded that the typical 

permutation and scaling problems related to BSS in general are here avoided, which is seen 

very important for practical applications [P1].  
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Figure 4-4: Blind I/Q signal separation based compensation structure. 

4.4 Practical Aspects and Examples 

Additive Noise 

One important practical aspect in any communication system is the presence of additive 

noise. This aspect is especially critical for the pilot-based approach, where the coefficient 

estimation accuracy is obviously affected. However, using simple averaging over a few 

consecutive training slots can diminish the effects of the noise considerably [P1]. The noise 

obviously has some influence also on the BSS based compensator, but since the whole idea is 

based on directly estimating the data signals instead of any parameters of a parametric model, 

the resulting performance is not expected to be seriously degraded at reasonable noise levels 

[P1]. 

Channel Profile and Estimation Errors 

Another crucial aspect here is the role of the channel coefficients. The basic starting point 

in the whole transmission concept is the assumption that the channel is time-invariant at least 

over two consecutive signaling intervals. In the compensation context, since the model 

coefficients in (4.3) depend on the channel properties, a time-invariant channel needs to be 

assumed over a long block of data. Thus a very rapidly fading channel can be seen as one 

practical limitation of the proposed techniques. In general, this type of “block-fading” 

assumptions are, however, rather typical in most system and algorithm level developments in 

the literature. 

In practice, with or without imbalance, the accuracy of the channel estimates is also critical 

from the system performance point of view. In general, both I/Q imbalance and additive noise 

complicate the channel estimation task, resulting in errors in the estimated channel 

coefficients. The use of incorrect channel coefficients in the diversity combining, in turn, 
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results in a formally identical signal model as in (4.2) but with modified values for the system 

coefficients a , b , c , and d  [P1]. However, since both compensators are essentially 

estimating these coefficients, either explicitly or implicitly, the compensated system 

performance is not expected to be affected by the errors in channel estimation. Thus, by 

design, both proposed compensation techniques are not only robust against channel estimation 

errors but actually also compensate for their effects together with the I/Q impairments [P1]. 

In practice, the channel coefficients  1,ih  and 2,ih  can easily be estimated using the given 

pilot allocation in (4.7). Under the first pilot block, the individual received signal at receiver i 

is given by (noise ignored for notational simplicity) 

 

(1)
1, 2,1, ,

(1)
1, 2,2, ,

i P i Pi p

i P i Pi p

x h s h s

x h s h s

∗

∗

= +

= − +
 (4.12) 

Given that 0Ps ≠ , this set of linear equations can always be solved for 1,ih  and 2,ih , as is 

easy to verify [P1]. This type of channel estimator will be explored in more details (e.g. 

estimation performance under noise and imbalances) in [P1] and in Chapter 5 in multi-carrier 

STC context [P2]. 

Frequency Offset 

One additional practical problem is related to carrier frequency synchronization. This is 

especially important here since the compensator is operating on the combined front-end 

signals. In general, the carrier frequency offset (CFO) is stemming from the frequency 

inaccuracy of the used oscillator(s) and the mobility of the user terminals. As a result, there is 

a frequency difference between the assumed center-frequency of the received signals and the 

used LO frequency in the receiver, which can easily degrade the system performance. Under 

both CFO ωΔ  and I/Q imbalances, the simple CFO compensation procedure widely used in 

the literature (first estimating ωΔ  and then de-rotating the signal with j te ω− Δ ) is coupled 

with the imbalance characteristics. As discussed in [P1], after de-rotating the individual 

receiver signals, the effective system coefficients a , b , c , and d  (describing the combiner 

output under CFO and de-rotation) become time-varying (oscillating). This, of course, 

complicates then also the actual imbalance compensation task. Thus in this sense, it is fair to 

say that using separate I/Q imbalance compensators operating individually on each of the 

transmitters and receivers front-ends would offer more robustness against carrier frequency 

offsets, compared to the joint compensation approach used here. It should be noted, however, 

that with practical imbalance levels, the range of the system coefficients a , b , c , and d   
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Figure 4-5: Receiver structure including (i) CFO estimation and de-rotation,(ii) channel estimation 
and diversity combining, and (iii) I/Q imbalance parameter estimation and compensation, all using 
the designed pilot structure in (4.7).  

within which the time-variations due to CFO de-rotation occur is fairly limited, and thus with 

some averaging in the compensator parameter estimation stage, reliable compensation is still 

obtained [P1]. The overall compensation structure with both CFO compensation and channel 

estimation is finally illustrated in Figure 4-5. Notice also that a simple yet efficient CFO 

estimator for individual receivers is developed in [P1], stemming from the used the pilot 

structure in (4.7). 

Numerical Examples and Simulations 

Here the detection error rate performance of the compensated system under additive noise 

and practical channel estimation is briefly demonstrated using link simulations, including 

both the training based as well as blind compensation methods. The results are shown in 

Figure 4-6 and Figure 4-7. The “intermediate” case of the previously demonstrated imbalance 

values (4% and 4º (TX1), 3% and 3º (TX2), 5% and 5º (RX1), 5% and –5º (RX2)) is used to 

model a typical example case. In the legends, the terms “w/o” and “w/” are abbreviations of 

“without” and “with”, respectively. Different numbers of pilot slots are tested in Figure 4-6 

and the upper-right corner symbol (“7 7j+ ”) from the 64QAM constellation is selected as 

the used pilot symbol. In Figure 4-7, the adaptation step-size μ  of the blind algorithm (BSS-

based compensator) is selected such that convergence is established in 3000–4000 iterations 

when updated using (4.11). At the input of the BSS stage, the average received signal level is 

normalized to unit power. For both simulations, a quasi-static system model is also assumed 

in the sense that the channels are assumed fixed over 10000 consecutive symbol intervals, 

after which new channel coefficients are drawn independently. In general, virtually all the 

signal distortion due to I/Q imbalance can be efficiently removed using either of the proposed 
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techniques, the error rate performance being within 0.2dB of the perfectly matched reference. 

Both algorithms are also rather robust to the channel estimation errors since the perfectly 

matched reference performance is obtained with perfect channel estimation. 

 Additional link simulations are carried out with CFO of roughly 1% of the symbol rate 

included in the receiver front-ends. The obtained results are shown in Figure 4-8 and Figure 

4-9. In the pilot-based compensator, averaging over multiple pilot slots results in compensator 

coefficients corresponding to the average system coefficients. Similar averaging effect is also 

taking place implicitly in the BSS compensator since the dynamics of the EASI algorithm 

with the used step-size is much slower than the time-variation rate of the system coefficients. 

Processing the received data then with these “average” coefficients cannot, of course, yield 

perfect compensation but is clearly seen to work, the performance difference being within 

1dB or so when compared to the previous simulations without carrier offsets.  

Overall, the computer simulation results demonstrate that the proposed principles can 

provide good compensation performance under very realistic signaling assumptions. Also the 

computational complexity of both techniques is feasible for already today’s state-of-the-art 

digital signal processing implementations. Thus, they are generally feasible compensation 

approaches in practical signal environments. 
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Figure 4-6: Average symbol error rate (SER) performance of the pilot-based imbalance compensator 
including practical channel estimation for diversity combining. Perfectly matched reference curve is 
also shown assuming no I/Q imbalances and perfect channel estimation. 
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Figure 4-7: Average symbol error rate (SER) performance of the blind signal separation based 
imbalance compensator including practical channel estimation for diversity combining. Perfectly 
matched reference curve is also shown assuming no I/Q imbalances and perfect channel estimation. 
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Figure 4-8: Average symbol error rate (SER) performance of the pilot-based imbalance compensator 
with ~1% carrier frequency offset in the receivers. Perfectly matched reference curve is also shown 
assuming no I/Q imbalances and perfect synchronization. 
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Figure 4-9: Average symbol error rate (SER) performance of the blind signal separation based 
imbalance compensator with ~1% carrier frequency offset in the receivers. Perfectly matched 
reference curve is also shown assuming no I/Q imbalances and perfect synchronization. 





Chapter 5  

Frequency-Selective I/Q Imbalances in 
Space-Time Coded Multi-Carrier Systems  

The combination of multi-antenna transmission and multi-carrier modulation is generally 

seen as one of the most important physical layer techniques for future wireless systems. 

However with waveform and radio bandwidths in the order of 1–20 MHz and beyond [1], [2], 

not only the frequency-responses of physical radio channels but also the I/Q imbalances of 

radio transceivers are likely to be frequency-selective. Thus, both performance analysis and 

digital compensation of the resulting link performance degradation due to I/Q imbalances 

should reflect this frequency-selectivity as well.  

5.1 I/Q Signals and System Model 

Conceptual-level block-diagram of a space-time coded multi-carrier transmission link 

under study with 2 transmit antennas and RN  receive antennas is depicted in Figure 5-1. The 

OFDM MOD and OFDM DEMOD blocks implement OFDM waveform generation and 

demodulation operations illustrated earlier in Figure 2-4. The overall data transmission at any 

specific subcarrier k  is described by (2.8), assuming ideal radio transmitters and receivers. 

For readability, this is reproduced here as 

 

2 2
1 1, 2, 1 1

1

2 2
2 1, 2, 2 2

1

( ) ( ( ) ( ) ) ( ) ( ) ( )

( ) ( ( ) ( ) ) ( ) ( ) ( )

R

R

N
ideal

i i T
i

N
ideal

i i T
i

y k H k H k s k H k s k

y k H k H k s k H k s k

=

=

= + =

= + =

∑

∑
 (5.1) 

where 1( )s k  and 2( )s k  denote the two consecutive data symbols transmitted over the k -th 

subcarrier, 1, ( )iH k  and 2, ( )iH k  denote the channel frequency-responses (TX(1)→RX(i) and 

TX(2)→RX(i)) at subcarrier k , 
2 2

1, 2,1
( ) ( ( ) ( ) )RN
T i ii
H k H k H k

=
= +∑  and additive channel 
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noise has been ignored for notational simplicity. Incorporating next the general frequency-

selective TX and RX I/Q impairment models in (3.16) and (3.17) into the considered STC-

OFDM system setup, the corresponding observations at the output of the receiver diversity 

combining stage at subcarrier k  can be shown to be of the form [P2] 

 1 1 1 2 2

2 2 2 1 1

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ).

y k a k s k b k s k c k s k d k s k

y k a k s k b k s k c k s k d k s k

∗ ∗

∗ ∗ ∗ ∗ ∗ ∗

= + − + + −
= + − − − −

 (5.2) 

The exact expressions for the imbalanced system coefficients ( )a k , ( )b k , ( )c k  and ( )d k , as 

functions of the individual transmitter and receiver imbalance properties ( 1, ( )( )TX jG k , 

2, ( )( )TX jG k , 1,2j =  and 1, ( )( )RX iG k , 2, ( )( )RX iG k , 1,2,..., Ri N= ) are given in (5.2) below 

by combining (3.16), (3.17) and (2.8) as  
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Figure 5-1: Conceptual model of space-time coded multi-carrier transmission link with 2 transmit and 
NR receive antennas, including transmitter and receiver front-end I/Q impairments. 
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In general, based on (5.2), the observations at any individual subcarrier k  are interfered by 

the conjugate of the data at the corresponding mirror-carrier k−  as well as by the other data 

symbol within the STC block at subcarriers k  and k− . Assuming independent subcarrier data 

streams, the combiner outputs thus appear as weighted linear combinations of 4 independent 

data symbols, while in the corresponding STC single-carrier system addressed in Section 4.1, 

there are only two independent data symbols and their own complex-conjugates. This has 

rather big impact on the distribution of the overall interference, and is thus important when 

carrying out the statistical interference analysis in the following. Another difference lies in the 

structure of the coefficients ( )a k , ( )b k , ( )c k  and ( )d k  which, for any subcarrier k , are 

influenced also by the channel frequency-responses and I/Q imbalance properties at the 

mirror-subcarrier k− . These aspects will be quantified and demonstrated in details by both 

analysis as well as computer simulations in the next sections. 

5.2 Performance Analysis 

SIR Analysis 

In the following, we analyze and quantify the amount of signal distortion due to I/Q 

imbalance in terms of SIR at the receiver diversity combiner output using the signal models of 

the previous section. Again, opposed to traditional imbalance analysis focusing on individual 

radios, this SIR represents a link-level performance measure describing the combined impact 

of individual imperfections to the overall data transmission (from TX symbols to RX detector 

input) in the STC-OFDM context.  

In the analysis, stemming from the WSSUS channel modeling discussed in Section 2.5, L -

tap frequency-selective multipath radio channels are assumed, with the individual taps being 

modeled as independent circular complex Gaussian random variables with zero mean and 

power-delay profile [ (0), (1),..., ( 1)]TP P P L= −P  in which  ( )P l  denotes the average 

power of the l -th tap. Based on this, it is easy to show that the channel frequency-responses 

1, ( )iH k  and 2, ( )iH k  at any subcarrier k  are also complex circular Gaussian random variables 

with zero mean and equal mean power 2
1,[ ( ) ]iE H k =  2

2,[ ( ) ]i HE H k P=  and derive further 

statistical properties (addressed in detail in [P2]) which simplify the following analysis. Now 

consider the first combiner output 1( )y k  in (5.2) consisting of the four signal terms. The ideal 

interference-free reference signal given in (5.1) is 1 1( ) ( ) ( )ideal
Ty k H k s k= . Including then 

amplitude restoration by 1 / ( )TH k  to both 1( )y k  and 1 ( )idealy k , and assuming that the 

symbols 1( )s k , 2( )s k , 1( )s k−  and 2( )s k−  are all equal-variance 

( 2 2 2
1 2[ ( ) ] [ ( ) ] sE s k E s k σ= = ), uncorrelated, circular complex random variables, and 
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independent of the channel coefficients ( 1, ( )iH k  and 2, ( )iH k ), the SIR at subcarrier k  is here 

defined as [P2] 

 
2

1
2 2 2 2 2

1
1

[ ( ) ] 1( ) .
( ) ( ) ( ) ( ) ( )[ ( ) ] [ 1 ] [ ] [ ] [ ]
( ) ( ) ( ) ( ) ( )T T T T T

E s k
k

y k a k b k c k d kE s k E E E E
H k H k H k H k H k

χ = =

− − + + +

 

  (5.4) 

Essentially the SIR in (5.4) represents the power ratio of the transmit symbol 1( )s k  and the 

undesired signal components due to I/Q imbalance at the detector input. Based on (5.2) and 

the above assumptions, the SIR in (5.4) holds also for the second combiner output 2( )y k .  

As shown below in more details, this SIR varies as a function of the subcarrier index k  

and depends on the exact power-delay profile of the radio channels as well as on the overall 

imbalance properties of the transmitters and receivers. Without additional assumptions on the 

frequency-correlation of the radio channels, analytic simplification of the above SIR 

expression is, however, somewhat tedious, due to the intercarrier interference (ICI) between 

the mirror-subcarriers (k  and k− ). Thus to carry out the analysis further and to get some 

general understanding on the role of the radio channel type and TX/RX imbalance 

characteristic on the SIR behavior, we examine next the following two extreme cases:  

(i) frequency-flat (single-tap, 1L = ) fading channels, implying maximum subcarrier 

frequency-response correlation  

(ii) frequency-selective fading channels with independent fading characteristics at each 

subcarrier  

At any subcarrier k , this results in a range of SIR values within which the actual SIR in (5.4) 

is then confined with practical mobile radio channels. After some rather involved yet 

relatively straight-forward manipulations, these SIR bounds corresponding to the previous 

cases can be written as [P2] 

 ( ) ( )( ) (2,1, ),    ( ) ( , , )
R Ri def ii def N Nk k k kχ χ χ χ β β≈ ≈  (5.5) 

where 

 
2

def 1 2
1 2

2 4( , , )
( , , )
R RN Nk
A k

χ α α
α α
+= , (5.6) 
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and 

                                                   

22 ( )( )
,,

( ) 2( )

[ ( ) ]( )
[ ] ( ).

( ) [ ( ) ]
R

iiii
j ij i

N ii iiT T

E H kH k
E
H k E H k

β =  (5.8)                   

Here 
2 2( ) ( ) ( )

1, 2,
1

( ) ( ( ) ( ) )
RN

ii ii ii
T i i

i
H k H k H k

=
= +∑  and ( )

, ( )ii
j iH k  is the frequency-response of the 

radio channel between transmitter j  and receiver i  with channel profile (ii) (independent 

subcarrier fading). Then, it is interesting to notice that the parameter 
RNβ  defined in (5.8) 

depends essentially on only the number of receivers RN  and is practically independent of the 

considered subcarrier k . For practically interesting numbers of receivers, the values of 
RNβ  

are given in Table 5-1.  

TABLE  5-1: VALUES OF THE PARAMETER 
RNβ  WITH DIFFERENT NUMBER OF RECEIVERS RN . 

RN  1 2 3 4 8 

RNβ  3 1.66 1.40 1.28 1.133 

 

Impact of I/Q Imbalances on Channel Estimation  

The previous SIR analysis operates on the subcarrier data samples after diversity 

combining. This implies that some form of channel estimation is needed prior to the 

combining stage. The previous derivations assumed ideal diversity combining with perfectly 

estimated channels, which is of course unrealistic. Both additive noise as well as I/Q 

imbalance result in erroneous channel estimates in practice.  
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As a concrete practical example, the pilot allocation of the form 

1 2: ( ) , ( )P Pk s k s s k s∗∀ = =  is assumed for channel estimation [P2]. Similar pilot allocation 

is used later on also for imbalance parameter estimation and compensation. Under this pilot 

design, with perfect I/Q balance and no additive noise, the outputs of the i -th receiver FFT 

stage after CP removal are given by  

 
(1)

1, , 1, 2,
(1)

2, , 1, 2,

( ) ( ) ( )

( ) ( ) ( ) .
i p i P i P

i p i P i P

x k H k s H k s

x k H k s H k s

∗

∗

= +
= − +

 (5.9) 

Then, the channel coefficients can be directly estimated as  

 
(1) (1)

1, 1, , 2, ,

(1) (1)
2, 1, , 2, ,

ˆ ( ) ( ( ) ( ))/(2 )

ˆ ( ) ( ( ) ( ))/(2 )

i i p i p P

i i p i p P

H k x k x k s

H k x k x k s∗
= −

= +
 (5.10) 

which follows directly from (5.9). Now incorporating also the transmitter and receiver I/Q 

imbalances, together with additive noise, the resulting channel estimation errors 

1, 1, 1,
ˆ( ) ( ) ( )i i iE k H k H k= −  and 2, 2, 2,

ˆ( ) ( ) ( )i i iE k H k H k= −  at the k -th subcarrier in the i -th 

receiver can be shown to be of the form 
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 (5.11)

where 1, ( )in k and 2, ( )in k  are the noise samples at the FFT output ( k -th bin) of the i -th 

receiver. Then with realistic I/Q imbalance values and similar assumptions on the channel 

statistics described in previous subsection, the impact of noise and I/Q imbalances on the 

quality of the channel estimation can be assessed analytically. The so-called channel-to-

interference-plus-noise ratio (CINR) at the k -th subcarrier of the i -th receiver, defined 

below, can now be shown to be of the form [P2] 
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respectively. Here 2 22 /RX s H nPγ σ σ=  is the average receiver input signal-to-noise ratio 

where 2 2
1, 2,[ ( ) ] [ ( ) ]H i iP E H k E H k= = , 2

nσ  refers to the average noise power, 2
sσ  is the 

average data symbol power, and pσ  is ratio of the used pilot data power to the average data 

symbol power. These expressions clearly indicate that, in addition to traditional additive noise 

effect, the I/Q imbalances in transmitter and receiver radio front-ends are also having a clear 

impact on the channel estimation quality. In effect, with zero additive noise, the CINRs in 

(5.12) are upper-bounded due to I/Q imbalances alone by 
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Numerical Examples and Simulations 

To give some illustrations about the derived SIR and CINR expressions, we consider a 

2 1×  STC-OFDM system ( 1RN = ) with 256 subcarriers. The quadrature mixer I/Q 

imbalance values as well as the branch difference filters are 4% , 4− D , [1, 0.04, 0.03] −  

(TX1), 3% , 3D , [1, 0.04, 0.03] − −  (TX2), and 5% , 5D , [1, 0.05]  (RX). Using (3.19), the 

individual TX and RX front-end image attenuations are then ranging between 23.3dB–49.8dB  
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(TX1), 25dB–43.5dB (TX2), and 22.5dB–32dB (RX), varying rather smoothly as a function 

of frequency from subcarrier to another.  

Then, the resulting SIR due to I/Q imbalances is evaluated using (5.5)–(5.7), assuming 

both frequency-flat (case (i)) and independent subcarrier fading (case (ii)) radio channels. The 

results are shown in Figure 5-2, together with the corresponding simulated SIRs obtained 

using full link simulations with 64QAM as the subcarrier data modulation. Clearly, based on 

Figure 5-2, the link simulation results for the obtainable SIR fully match with the derived 

analytical results, confirming the validity and correctness of the analysis. It also demonstrates 

that the achievable SIR heavily depends on the channel conditions (in terms of channel 

power-delay profile). Stemming from the mild frequency-selectivity in the actual I/Q 

imbalances, as in this example, the subcarrier-wise SIRs are also frequency-selective varying 

from one subcarrier to another. As an example of the impact of the fading characteristics, say 

at subcarriers 1 40k =  and 2 111k = − , the SIR ranges corresponding to frequency-flat and 

independent subcarrier fading cases are 18.9dB–19.7dB ( 1k ) and 20.8dB–22.8dB ( 2k ), 

respectively. Notice also that the overall SIR levels for both cases are again considerably lower 

than what might have been expected considering the qualities (IRRs) of the individual radios 

alone as defined in (3.19). Similar conclusion was also drawn in the STC single-carrier system 

context already in Chapter 4. Thus with higher-order spectrally efficient modulation methods, 

such as 16PSK or 64QAM, the I/Q imbalance is expected to play a big role in multi-antenna 

multi-carrier link performance. 

Further examples and illustrations on upper and lower bounds for the SIRs at each 

subcarrier, together with actual detection error rate simulations, using Extended Vehicular A 

type practical radio channels ( dBP ) described in [88] are given in  Figure 5-3 and Figure 5-4 

respectively. Clearly, as shown in Figure 5-3, the analytical calculations are predicting and 

bounding the actual SIR behavior with realistic radio channels very accurately, whereas these 

calculations themselves do not need any information on the used channel power-delay profile. 

Notice also that, even though the interference due to I/Q imbalance is not exactly Gaussian, 

the derived SIR values do indeed predict the high-SNR behavior of the detection error rates at 

example subcarriers #40 and # –111 very accurately as shown in Figure 5-4. Thus altogether, 

the SIR analysis results can be used for thorough link-level impairment analysis without 

actually running lengthy link simulations. 

Next, with the given numerical example, the resulting CINRs are evaluated using both the 

analytical expression in (5.12) as well as using actual link simulations. In the simulations, the 

used radio channels are again random realizations of the Extended Vehicular A model [88], 

and channel estimation is implemented as given in (5.9). The used pilot data value Ps  is the 
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right upper corner symbol ( 7 7j+ ) of the used 64QAM constellation, corresponding to 

roughly 3.5dB pilot “boost” compared to average symbol power. The obtained results for the 

channel estimation quality are presented in Figure 5-5 and Figure 5-6. Figure 5-5 shows both 

the simulated and analytical CINRs for different subcarriers at a fixed received SNR of 20dB, 

while Figure 5-6 presents the CINR behavior at an example subcarrier #40 as a function of 

additive noise SNR. Altogether these results demonstrate clearly that the CINR figures 

obtained using link simulations match again the analytical analysis very accurately. 

It is also very interesting to notice that in this example, the channel estimation qualities are 

relatively different for the two channels (TX(1)-to-RX and TX(2)-to-RX) due to different I/Q 

imbalances, even though the additive noise SNRs are identical at the receiver input. Thus, in 

general, the above CINR analysis shows that I/Q imbalances can easily become a limiting 

factor also from the channel estimation point of view in future multi-antenna OFDM systems. 

Thus devising techniques that can compensate also for channel estimation inaccuracies are 

seen generally an important and interesting task. 
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Figure 5-2: Obtained SIR as a function of the subcarrier index k  in a 2x1 STC-OFDM system with 
realistic frequency-selective I/Q imbalances at both transmitter and receiver analog front-ends, 
assuming (i) frequency-flat and (ii) frequency-selective (independent subcarrier fading) radio 
channels. Both analytical and simulated SIRs are shown. 
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Figure 5-3: SIR as a function of the subcarrier index k  in a 2x1 STC-OFDM system with realistic 
frequency-selective I/Q imbalances at both transmitter and receiver analog front-ends, Extended 
vehicular A radio channels. The dashed and solid lines show the analytical SIR values corresponding 
to (i) frequency-flat and (ii) arbitrarily frequency selective fading cases, respectively. 
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Figure 5-4: Simulated 64QAM symbol error rates at example subcarriers #40 and #-111. 2x1 STC-
OFDM system with 256 subcarriers and realistic frequency-selective I/Q imbalances at both TX and 
RX analog front-ends. The figure also shows the high-SNR error floors obtained using the SIR 
analysis results in (5.5)–(5.8). Extended vehicular A radio channels. 
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Figure 5-5: Channel estimation error figure of merits, with realistic transmitter and receiver I/Q 
imbalances and received SNR of 20dB, as a function of subcarrier index k  in a 2x1 256-subcarrier 
STC-OFDM system. Extended vehicular A radio channels. 
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Figure 5-6: Channel estimation error figure of merits at subcarrier #40, with realistic transmitter and 
receiver I/Q imbalances, as a function of received SNR in a 2x1 256-subcarrier STC-OFDM system. 
Extended vehicular A radio channels. 
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5.3 I/Q Imbalance Compensation Technique 

Compensation Philosophy 

In this section, the I/Q imbalance effects due to all the OFDM transmitters and receivers 

are jointly compensated on the receiver side. Only frequency-domain based approach is 

deployed here such that the compensation is carried out subcarrier-wise. In general, both 

pilot-based and BSS based compensators could in principle be deployed, as was done in the 

previous chapter. However, with practical numbers of subcarriers, running subcarrier-wise 

blind algorithms is most likely not feasible from the computational complexity point of view, 

thus only pilot-subcarrier based structures are considered here.    

Pilot-Based Compensation 

All practical OFDM and MIMO-OFDM systems include some known pilot data for 

channel estimation purposes. Here we also assume that such pilot signal is available. More 

specifically, we assume that four consecutive OFDM symbol periods (two STC blocks) are 

used for pilot purposes, during which the subcarrier data are allocated as [P2] 

 (1) (1) (2) (2)
1 2 1 2: ( ) , ( ) , ( ) , ( ) .P P P Pk s k s s k s s k s s k s∗∀ = = = =  (5.14) 

Here Ps  denotes again the pilot data value (which can be considered as one of the design 

“parameters”) and superscripts (1) and (2) refer to the two pilot blocks. Again, one pilot slot 

consists of two pilot blocks as specified in (5.14). With the above pilot allocation, the 

resulting subcarrier observations 1, ( )py k , 2, ( )py k , 3, ( )py k , 4, ( )py k  can be shown (see (5.2)) to 

yield a well-behaving 4 4×  set of linear equations [P2]. Writing this in vector-matrix form 

yields 

 ( ) ( )P Pk k=y S θ  (5.15) 

where 1, 2, 3, 4,( ) [ ( ), ( ) , ( ), ( ) ]TP p p p pk y k y k y k y k∗ ∗=y , ( ) [ ( ), ( ), ( ), ( )]Tk a k b k c k d k=θ , and  

 .

P P P P

P P P P
P

P P P P

P P P P

s s s s

s s s s

s s s s

s s s s

∗ ∗

∗ ∗

∗ ∗

∗ ∗

⎡ ⎤
⎢ ⎥
⎢ ⎥− −⎢ ⎥= ⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥− −⎣ ⎦

S  (5.16) 

Then the coefficients ( )a k , ( )b k , ( )c k , and ( )d k  can be easily solved from (5.15) as  

 1ˆ( ) ( )P Pk k−= S yθ  (5.17) 
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given that 2 2 2det( ) 2( ( ) ) 0P P Ps s∗= − ≠S  or 2 2( )P Ps s∗≠ . This, in turn, holds for any purely 

complex-valued training symbol Ps  (i.e., both real and imaginary parts being nonzero). 

Notice also that the obvious symmetric structure of PS  in (5.16) yields great computational 

savings in solving (5.15) for ( )kθ  in (5.17). If the pilot symbol Ps  is “designed” (selected) 

such that its real and imaginary parts are identical (e.g., 3 3j+ ), the inversion in (5.17) 

becomes actually almost trivial. Denoting such pilot symbol as Ps p jp= + , direct 

substitution and manipulations yield 

 1

1 0 1
1 0 11 .

1 1 04
1 1 0

P

j j
j j

j jp
j j

−

⎡ ⎤− +⎢ ⎥
⎢ ⎥−⎢ ⎥= ⎢ ⎥− −⎢ ⎥
⎢ ⎥− − +⎢ ⎥⎣ ⎦

S  (5.18) 

So the parameter estimation in (5.17) is close to trivial in terms of the needed computational 

complexity. Notice that the above estimation steps in (5.14)–(5.18) are structurally similar to 

the I/Q imbalance estimation approach used in (4.7)–(4.8). The difference is, of course, that 

the estimation is carried out here in a subcarrier-wise manner.  

Now having estimated the model coefficients for all the active subcarriers during the pilot 

slots, these estimates are then used during the actual data transmission phase for removing the 

interfering signal terms due to I/Q imbalance. As discussed in Section 5.1, the combiner 

output appears here as a weighted linear combination of two data symbols and their mirror-

frequency counterparts, while in STC single-carrier systems the observation consists of the 

two data symbols and their own complex-conjugates. This in turn imposes that in the multi-

carrier transmission context, the impaired signals at each mirror-frequency pair should indeed 

be processed jointly. During one STC data block, this can be done by collecting the 

observations 1( )y k , 2( )y k , 1( )y k− , and 2( )y k−  into ( )k =y 1 1 2 2[ ( ), ( ), ( ), ( )]Ty k y k y k y k∗ ∗− −  

which, based on (5.2), yields 

 ( ) ( ) ( )ck k k=y sΦ  (5.19) 

where ( )c k =s 1 1 2 2[ ( ), ( ), ( ), ( )]Ts k s k s k s k∗ ∗− −  and 

 

ˆ ˆˆ ˆ( ) ( ) ( ) ( )
ˆ ˆˆ ˆ( ) ( ) ( ) ( )

( ) .ˆ ˆˆ ˆ( ) ( ) ( ) ( )
ˆ ˆˆ ˆ( ) ( ) ( ) ( )

a k b k c k d k

b k a k d k c k
k

c k d k a k b k
d k c k b k a k

∗ ∗ ∗ ∗

∗ ∗ ∗ ∗

⎡ ⎤
⎢ ⎥
⎢ ⎥− − − −⎢ ⎥= ⎢ ⎥− −⎢ ⎥
⎢ ⎥
⎢ ⎥− − − − − −⎣ ⎦

Φ  (5.20) 
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In (5.19)–(5.20), the hat notation ( (̂ )a k , etc.) refers to the estimated coefficients obtained 

during the pilot phase. Since the vector ( )c ks  includes the data symbols (or their conjugates) 

at both mirror-carriers k  and k− , it is obvious that (5.19) needs to be solved only for each 

mirror-carrier pair. Assuming symmetric subcarrier deployment, which is the typical case, the 

overall compensator is given by [P2] 

 1ˆ ( ) ( ) ( ),c k k k k−
+= ∈ Ωs yΦ  (5.21) 

in which +Ω  denotes the set of positive subcarrier indexes. Notice that again, the inherent 

symmetric structure of the matrix ( )kΦ  in (5.20) yields great computational savings in 

practice, opposed to full matrix inversion in (5.21). 

5.4 Practical Aspects and Examples 

Additive Noise 

This issue has been thoroughly discussed in Section 4.4 in single-carrier STC context. 

Here, similar principles still apply, namely a few consecutive training slots can be allocated 

and averaged, yielding compensation performance virtually identical to the perfectly matched 

case. Some examples will be given in the continuation. 

Channel Profile and Estimation Errors 

Again, the same principles discussed in Section 4.4 are still applicable here. With 

imperfect channel knowledge, the derived system model above is structurally identical to the 

one with perfect channel knowledge [P2]. The only difference is in the more detailed and 

complicated structure of the system coefficients ( ( )a k , ( )b k , ( )c k  and ( )d k ). This, in turn, 

shows that the mirror-subcarrier-wise estimation-compensation processing described in 

(5.14)–(5.21) can, by design, simultaneously compensate the effects of both I/Q imbalance 

and channel estimation inaccuracies. This is a very important practical benefit and will be 

illustrated and demonstrated in more details in the following using computer simulations [P2].  

Frequency Offset 

One essential element in the design and implementation of any multi-carrier system is the 

frequency synchronization. Here, since the estimator-compensator is operating after the receiver 

FFTs, it is clear that relatively accurate carrier synchronization is needed, prior to FFT. This can 

be seen as one practical limitation. It should be noticed, however, that accurate carrier 

synchronization is needed in the considered STC-OFDM system context anyway, even with 
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perfect I/Q balance, so in this sense the requirements for carrier synchronization are coming 

mainly from the transmission technique itself, not from the compensation principle as such. 

Pilot Interpolation 

In multi-carrier systems, one practical scheme to reduce the amount of needed pilot data is 

to use interpolation techniques in frequency-domain. This is typically used in pilot-based 

channel estimation in OFDM systems, since the channel response values between neighboring 

subcarriers are typically correlated. Similarly here, in imbalance estimation, the frequency-

selectivity of the imbalances is expected to be relatively smooth in practical circuit 

implementations, and thus also the model coefficients ( )a k , ( )b k , ( )c k , and ( )d k  should vary 

rather mildly from subcarrier to another. Based on this, interpolating across the subcarriers 

should in general be feasible. 

One practical interpolation approach can be devised as follows. Given that the basic pilot 

allocation in (5.14) is implemented at every fJ -th positive and negative mirror-subcarrier 

pair, the previous estimation scheme in (5.15)–(5.17) is still directly applicable at those 

subcarriers [P6]. This yields thus estimates of the model coefficients ( )a k , ( )b k , ( )c k , and 

( )d k  at these pilot subcarriers, and then estimates for the corresponding model coefficients at 

the active data subcarriers are obtained using interpolation. The I/Q imbalance effects in the 

active data subcarriers can then be compensated using the interpolated model coefficients in 

(5.20)–(5.21). The achievable compensation performance is obviously heavily dependent on 

the used interpolating technique (e.g., linear interpolation, cubic spline interpolation, etc. [46]) 

as well as on the selected pilot spacing fJ  and the radio channel coherence bandwidth [P6]. 

The overall compensation structure with both channel estimation and pilot interpolation is 

then illustrated in Figure 5-7. Notice that the pilot patterns defined in the standards of the 

existing or emerging wireless systems, such as 3GPP-LTE [1], [2], do not exactly match with 

the pilot patterns discussed in this thesis. Thus it is fair to say that direct applicability of the 

proposed techniques to existing radio systems is not feasible without some changes in the pilot 

structures (i.e., mirror-frequency nature of the pilots in the frequency domain). The main 

focus in the thesis work is, however, on the future radio systems still under planning phase, 

and through the research results like the one reported in this thesis, better interaction between 

the waveform design and standardization, and the usable radio electronics, is one possible 

direction. 
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Figure 5-7: Overall receiver structure including (i) channel estimation and diversity combining, (ii) 
I/Q imbalance parameter estimation, and (iii) imbalance parameter interpolation and compensation, 
all using the designed pilot structure in (5.14). Imbalance parameter estimation and compensation are 
carried out in mirror-subcarrier wise manner. (Rem. refers to remove)  

Mobility 

Another important issue is the application of the proposed pilot-based approach in 

scenarios with clear mobility. As an example, if one terminal is moving with speed of, e.g.,  

30 km/h, the wireless channel may already vary from one symbol duration to another. Then 

the basic assumptions in the whole Alamouti transmit diversity scheme (channels are time-

invariant during two consecutive OFDM symbols) as well as in the proposed pilot approach 

(channels are time-invariant during four consecutive OFDM symbols) are not valid any more. 

In addition, from imbalance compensation point of view, the system coefficients ( )a k , ( )b k , 

( )c k , and ( )d k  which depend on the channel frequency-responses, will also be time-variant  

accordingly, especially when viewed between consecutive pilot slots as a whole. Thus certain 

performance degradation due to mobility is expected, especially with high mobilities and/or 

high-order subcarrier alphabets.  

One widely applied approach to track time-variant features between pilot instants is to use 

interpolation along the time direction. More specifically, given the pilot slot in (5.14) is 

implemented every tJ -th slot of four consecutive OFDM symbols, then the corresponding 

channel and imbalance coefficients are estimated based on (5.10) and (5.17) respectively. 

Next, a time domain interpolator is applied for obtaining all the channel responses and 

imbalance coefficients at the data transmission slots. With the interpolated channel responses  
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Figure 5-8: Conceptual-level diagram of proposed pilot structure for imbalance estimation and 
interpolation in both time and frequency domains. Jf measures the spacing of mirror-frequency pilot 
subcarrier pairs in frequency domain (measured in subcarriers), while Jt measures the spacing the 
pilot slots of 4 OFDM symbols in time direction (measured in slots). 

and imbalance coefficients, diversity combining and I/Q imbalance compensation are then 

carried out as described in (2.8) and (5.21), respectively. The pilot density tJ  should  

generally be designed according to the assumed coherence time of the radio channels ct  

[102]. Then the conceptual-level description of above-mentioned pilot structure taking both 

time and frequency domain pilot interpolation is briefly illustrated in Figure 5-8.  

Numerical Examples and Simulations 

Here the overall link performance with the proposed imbalance compensation scheme 
under practical considerations is evaluated in terms of the detection error rates. 3GPP-LTE 
type [1], [2] multi-carrier system is assumed with subcarrier spacing of 15 kHz and FFT size 
of 1024. The transmitter and receiver sampling rate is then 1024 x 15 kHz = 15.36 MHz. The 
radio channels linking the transmitters and receivers are random realizations from the Extended 
Vehicular A power-delay profile described in [88]. A quasi-static system model is first assumed 
such that the channel coefficients are assumed fixed over 1000 consecutive OFDM symbol 
intervals after which new channel realizations are drawn. The upper right corner symbol 
“7 7j+ ” of the used 64QAM constellation is used as the pilot data Ps . Figure 5-9 shows the 
system SER performance with different numbers of pilot slots, averaged over all the 
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subcarriers. Here one slot refers to a pair of pilot blocks allocated as given in (5.14). With 
multiple slots, averaging is used over the individual parameter estimates to decrease the 
additive noise effects. Clearly, with just a few pilot slots, SER performance practically 
identical to the reference system can be obtained using the proposed approach [P2]. 

Figure 5-10 shows the corresponding SER performance when also the channel frequency-
responses are estimated using (5.9)–(5.10), together with the model coefficients, using the 
given pilot allocation in (5.14). Due to noise and I/Q imbalance, this obviously results in 
errors in the estimated channel coefficients used in the combining stage. However, as shown 
by Figure 5-10, the overall system performance remains practically unchanged in the 
compensated case. This is generally seen a very important practical asset, related to the 
proposed estimation-compensation scheme. 

Next the detection error rate with the proposed imbalance compensation scheme combined 
with pilot-based channel estimation and pilot-interpolation in frequency-domain is evaluated. 
The delay spread of the Extended Vehicular A channel is in the order of 2.5 microseconds, 
corresponding to a coherence bandwidth of around ten subcarriers or so, depending on the 
definition. Then linear interpolation [46] is deployed and the SER performances with different 
pilot-spacings {2,3,...,6}fJ =  are then shown in Figure 5-11. It is very interesting to 
observe that even with such simple interpolation technique, the system can still achieve very 
good performance. Then a more sophisticated interpolation technique, cubic spline 
interpolation [46], is deployed and the resulting SER performance with different values of the 
pilot-spacing fJ  is illustrated in Figure 5-12. The simulation shows that the system 
performance using the proposed algorithm and cubic spline interpolation approaches the ideal 
reference system performance very closely.  

Next, in Figure 5-13, the impact of receiver mobility on the proposed compensation 
approach is briefly demonstrated. As a practical example, we assume a carrier frequency 
range of 2 GHz and receiver mobilities of 10km/h and 30km/h. The exact fading statistics is 
following the widely-applied Jakes’ model described, e.g., in [25] and [102]. Combined with 
subcarrier spacing of 15 kHz, this implies coherence times in the order of one hundred OFDM 
symbols. The pilot-spacings in frequency and time domains are then set to 6fJ =  and 

3tJ = , respectively. As shown in Figure 5-13, the overall link performance is somewhat 
degraded due to mobility, even without any I/Q imbalance, as discussed in Section 5.4. Yet 
the figure also demonstrates that the proposed compensation approach is still able to mitigate 
most signal distortion due to I/Q imbalance also under reasonable mobility. Thus, it generally 
forms a practical and feasible solution for efficient mitigation of frequency-selective I/Q 
imbalances in the STC-OFDM transmission context.  
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Figure 5-9: Simulated 64-QAM symbol error rates, averaged for all the subcarriers, with and without 
the proposed compensation technique, with different amounts of pilot symbols used for imbalance 
parameter estimation in the receiver. Channel estimation is assumed perfect. 
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Figure 5-10: Simulated 64QAM symbol error rates, averaged for all the subcarriers, with and without 
the proposed compensation technique, with different amounts of pilot symbols used for imbalance 
parameter as well as for channel response estimation in the receiver.  
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Figure 5-11: Simulated system performance with 7 pilot slots for channel response and imbalance 
parameter estimation and with different pilot-subcarrier spacings fJ . Linear interpolation is used to 
interpolate channel responses as well as imbalance compensation parameters for active data 
subcarriers. Extended vehicular A radio channels. 
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Figure 5-12: Simulated system performance with 7 pilot slots for channel response and imbalance 
parameter estimation and with different pilot-subcarrier spacings fJ . Cubic spline interpolation is 
used to interpolate channel responses as well as imbalance compensation parameters for active data 
subcarriers. Extended vehicular A radio channels. 
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Figure 5-13: Simulated system performance under different receiver mobilities with pilot slot –based 
estimation of channel response and imbalance parameters. Pilot spacing  6fJ =  and 3tJ = . Cubic 
spline interpolation is used to interpolate channel responses as well as imbalance compensation 
parameters in both time domain and frequency domains. Extended vehicular A radio channels. 
   





Chapter 6  

Frequency-Selective I/Q Imbalances in 
Spatial Multiplexing Multi-Carrier Systems   

In this chapter, we focus on the analysis and compensation of frequency-selective I/Q 

imbalances in spatial multiplexing MIMO-OFDM transmission systems.  

6.1 I/Q Signals and System Model 
 

A conceptual block-diagram of the overall spatial multiplexing MIMO-OFDM link under 

study is depicted in Figure 6-1. Again, OFDM MOD and DEMOD blocks refer to OFDM 

waveform generation and demodulation operations, respectively, shown in Figure 2-5. For 

reference, the ideal link model under perfect I/Q balance in all the radios is reproduced below 

as (c.f. (2.9)) 

 ( ) ( ) ( ) ( ).ideal Tk k k k= +x H s n  (6.1) 

where the transmit vector 1 2( ) [ ( ), ( ), ..., ( )]
T

T
Nk s k s k s k=s , [ ]1 2( ) ( ), ( )... ( )

RNk n k n k n k=n  

denotes the noise vector and the matrix ( )kH  contains the channel responses where  

, ,[ ( )] ( )j i j ik H k=H  denotes the channel frequency-response from transmitter j  to receiver i , 

all at k -th subcarrier. Then similar to the previous developments in Chapter 5, the I/Q 

imbalance properties in individual transceivers are here expected to be varying as a function 

of frequency within the overall waveform bandwidth. Thus, the basic signal models given in 

(3.16) and (3.17) describing the frequency-selective transmitter and receiver I/Q imbalances 

can be directly applied here as well. Combining now (3.16) and (3.17) with the given system 

model in (2.9), the overall link-level model for SM-MIMO-OFDM system under frequency-

selective I/Q imbalances can then be written as 
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 (6.2)

where 

 
TOT,1 1 1 2 2

TOT,2 1 2 2 1

( ) ( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( ) ( )

T H

T H

k k k k k k k

k k k k k k k

∗

∗

= + − −

= + − −

H R H T R H T

H R H T R H T
, (6.3) 

 
, (1) , (2) , ( )

, (1) , (2) , ( )

( ) { ( ),  ( ),  ...,  ( )}

( ) { ( ),  ( ),  ...,  ( )}
R

T

m m RX m RX m RX N

m mTX mTX mTX N

k diag G k G k G k

k diag G k G k G k

=

=

R

T
, 1,2.m =    (6.4) 

in which , ( )( )m RX iG k  and , ( )( )mTX jG k  represent the I/Q imbalance responses at k -th 

subcarrier of i -th receiver and j -th transmitter, respectively. Compared to the individual TX 

and RX models in (3.16) and (3.17) as well as the ideal link model in (2.9), the observed 

signal vector at subcarrier k  is interfered due to I/Q imbalance by the conjugate of the data 

vector at the corresponding mirror carrier k− . Then, similar to the ideal case in (2.10) and 

(2.11), and assuming again perfect channel knowledge, the decision on transmitted symbol 

vector ( )ks  can be made by applying, e.g., the ML or ZF detection principles written below as 

 2

( )
ˆ ( ) argmin ( ) ( ) ( )T
ML

k
k k k k

∈Ω
= −

ss
s x H s  (6.5) 

 ˆ ( ) ( ) ( ).T
ZF k k k−=s H x  (6.6) 

Here it is assumed that the detector has perfect knowledge on the transmission channels but 

has no knowledge on the I/Q imbalances of the radios.  
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Figure 6-1: Conceptual model of spatial multiplexing multi-carrier transmission link with NT transmit 
and NR receive antennas, including transmitter and receiver front-end I/Q impairments. 

6.2 Performance Analysis   

In the following, the target is to again analyze the link-level signal degradation due to I/Q 

imbalances. In general, the performance analysis for evaluating I/Q imbalance effects in SM-

MIMO-OFDM systems is somewhat more challenging compared to the earlier STC-OFDM 

case. This is due to the fact that there is no structural symmetry in the basic signal models 

describing the reception in the SM-MIMO-OFDM case. Also the deployed detector or MSI 

mitigation solution has a clear impact on the nature of the interference at detector input. Here, 

as a performance baseline study, we focus on the ML detector case described in (6.5).  

Signal-to-Interference-plus-Noise Ratio (SINR) Analysis 

Here we analyze and quantify the amount of signal distortion due to I/Q imbalances in 

terms of signal-to-interference-plus-noise ratio (SINR). Compared to the SIR analyses given 

in Chapters 4 and 5, the effect of additive channel noise is also taken into account in the 

analysis here.  Based on (6.1)–(6.3), the ideal desired signal term at the detector input is 

( ) ( )Tk kH s  while the overall interference plus noise term is then 

 
TOT,1 TOT,2 1 2

( ) ( ) ( )

( ( ) ( ) ) ( ) ( ) ( ) ( ) ( ) ( ) ( ).

T

T

k k k

k k k k k k k k k∗ ∗

− =
− + − + + −

x H s
H H s H s R n R n

 (6.7) 

Thus the SINR at the detector input at k -th subcarrier and i -th receiver is formally given by 
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k
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−

∑

∑
   (6.8)    

Further assumptions on the transmission environment are made similar to those in Section 

5.2. We also assume that the transmitted symbols ( )js k  and additive noise variables ( )in k  are 

all mutually uncorrelated, circular complex random variables, with variances 
2 2[ ( ) ]j sE s k σ=  and 2 2[ ( ) ]i nE n k σ= , and independent of the channel coefficients at all 

subcarriers. After straight-forward manipulations, the SINR in (6.8) for i -th receiver at k -th 

subcarrier can now be further written as [P8]   

 ( )
( ) ( ) ( )

T
i

i i i

Nk
A k B k C k

ρ =
+ +

 (6.9) 

where 

 

2 2
1, ( ) 1, ( ) 2, ( ) 2, ( )

1

1, ( ) 1, ( )

2 2
1, ( ) 2, ( ) 2, ( ) 2, ( )

1
2 2

1, ( ) 2, ( )

( ) { ( ) ( ) ( ) ( )

2Re[ ( ) ( )] 1}

( ) [ ( ) ( ) ( ) ( ) ]

( ) ( ( ) ( ) )/

T

T

N

i TX j RX i TX j RX i
j

TX j RX i

N

i TX j RX i TX j RX i
j

i T RX i RX i RX

A k G k G k G k G k

G k G k

B k G k G k G k G k

C k N G k G k γ

=

=

= + −

− +

= − + −

= +

∑

∑
  (6.10)                             

with  

 
2

2
T s H

RX
n

N Pσγ
σ

=  (6.11) 

denoting the average signal-to-noise ratio per receiver antenna where 2
,[ ( ) ]H j iP E H k= . 

Notice that the obtained analytical SINR in (6.9)–(6.11) above is fully determined by the 

imbalance values of the TN  transmitters and RN  receivers and the signal-to-noise ratio at 

receiver input, and thus can be directly evaluated for any possible imbalance scenario and 

SNR value without any system simulations. Furthermore, with bandwidths in the order of 

several MHz, these SINR values are varying as a function of frequency through the assumed 

frequency-selectivity of the I/Q imbalance responses. 
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SIR Analysis 

With zero additive noise, the SINRs in (6.9)–(6.11) are upper-bounded due to I/Q 

imbalances alone by 

 ( )
( ) ( )

Tmax
i

i i

Nk
A k B k

ρ =
+

 (6.12) 

which corresponds to the achievable SIR of the given SM-MIMO-OFDM system due to I/Q 

imbalances. Yet the obtained SIR values in (6.12) can not be directly mapped to the 

achievable detection error rate floor due to I/Q imbalances as was done earlier in the STC-

OFDM system case. More specifically, when viewing the ideal received signal ( ) ( )Tk kH s  as 

the desired signal at subcarrier k , this interference is composed of two parts. The first part 

consists of the term TOT,2( ) ( )k k∗ −H s  which can be seen as the interference due to spatially 

multiplexed transmit symbols at the mirror-subcarrier. With i.i.d. transmit data, this 

interference can be assumed statistically independent of the target signal. Even though this 

interference is not exactly Gaussian distributed with practical symbol alphabets, its impact on 

the achievable SER can still be reliably approximated as being additional channel noise. The 

second part of the overall interference is then kind of self-interference. Based on (6.7), this 

self-interference is formally given by TOT,1[ ( ) ( )] ( )Tk k k−H H s . Due to strong statistical 

dependence on the ideal received signal ( ) ( )Tk kH s , the impact of this self-interference on the 

achievable SER is rather different compared to other error sources (additive channel noise and 

interference due to mirror-carrier). There are some brief discussions on this issue in [82]. Yet 

it is not exactly a trivial issue to analyze analytically, even if the desired signal in [82] has 

much simpler form (a single data symbol) than the desired signal here (a signal vector). Thus, 

a closed-form detection error rate analysis for the impact of self-interference on the overall 

SM-MIMO-OFDM system performance is generally very complicated. It is, however, 

possible to approximate the contribution of the self-interference through an additional, 

modulation-specific parameter α , linking the self-interference contribution to the other error 

sources. As a result, a modified SIR derivation, based on (6.12), is given by [P8] 

 ( )
( ) ( )

Tmax
i

i i

Nk
A k B k

ρ
α +

�  (6.13) 

where ( )iA k  and ( )iB k  are given in (6.10). In general, this parameter α  can be obtained by 

computer simulations. As a practical numerical example, the value of α  in a 2 transmit 2 

receive antenna system with 64QAM symbol alphabet is 0.5α = . Furthermore, as shown in 

[64], [68], [102], with ML detection, the achievable detection error rate of SM transmission 
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systems is generally proportional to RN
RXγ −  at high SNR regime. Thus incorporating this and 

the above derivation in (6.13), an equivalent overall link-level SIR can be given as [P8] 

  
1

( ) ( )
R

R

N
max maxN
all i

i
k kρ ρ

=
= ∏  (6.14) 

This can now be directly mapped to the system detection error rate floor under given I/Q 

imbalance values, similarly as in STC transmit diversity systems in (4.5) and (5.5). Notice 

that the self-interference issue could almost be neglected in the earlier STC transmit diversity 

analysis since the power of self-interference in STC reception is relatively low compared to 

the power of the interference coming from the mirror-subcarriers. Here in spatial multiplexing 

case, however, this is not the case but the powers of the two interference parts are actually 

comparable to each other, and thus the impact of self-interference cannot be neglected. 

Numerical Examples and Simulations 

In this subsection, the previous analysis results are illustrated and verified using extensive 

computer simulations. As a practical example, we consider a 2 2×  spatial multiplexing 

MIMO-OFDM system with the total number of subcarriers being 1024 out of which 600 

central subcarriers are active (excluding the DC-bin). The subcarrier spacing is assumed to be 

15kHz conforming with basic 3GPP LTE specifications [1] and [2]. The quadrature mixer I/Q 

imbalance values as well as the branch difference filters for the two transmitters and two 

receivers are 3% , 3− D , [1, 0.04, 0.03] −  (TX1), 1% , 1D , [1, 0.04, 0.03] − −  (TX2), 2% , 2D , 

[1, 0.05]  (RX1), and 3%− , 3− D , [1, 0.03,0.04]− (RX2), representing practical example values. 

The sample spacing in the I/Q branch difference filter models above is 1024x15kHz = 

15.36MHz. The corresponding individual TX/RX front-end image attenuations evaluated 

using (3.19) are ranging between 25dB–50dB (TX1), 28dB–38dB (TX2), 27dB–46dB (RX1) 

and 26dB–40dB (RX2) varying rather smoothly as a function of frequency from subcarrier to 

another. 64QAM is used as the subcarrier data modulation. The radio channels linking the 

transmitters and receivers follow the Extended Vehicular A power-delay profile described in 

[88], with the delay spread being in the order of 2.5 sμ . Proper CP is always used on the 

transmitter side and discarded in the receiver prior to the FFT as in any OFDM system. 

As a first verification exercise, we evaluate the subcarrier-wise SINR assuming (i) infinite 

received SNR and (ii) received SNR of 20dB. Received signals are generated with 200,000 

independent channel realizations (for each of the 2x2 = 4 radio channels) and are used to 

evaluate the SINR numerically. The obtained SINR behavior is shown in Figure 6-2 (infinite 

received SNR) and in Figure 6-3 (received SNR 20dB), together with the analytical results 
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evaluated using (6.9)–(6.11). As demonstrated by the figures, the proposed analysis results are 

capable of predicting the actual SINR behavior with realistic radio channels very accurately. 

Notice also that the absolute achievable SINR values are again considerably lower than what 

might have been expected considering the qualities (IRRs) of the individual front-ends alone. 

Thus this gives further evidence that the RF impairments like I/Q mismatch will in general 

play a more critical role in the future multi-antenna wireless system than in current single-

antenna systems. 

Next, the detection error performance is examined at example subcarriers #199 and #-249 

where, based on (6.10), (6.13) and (6.14), the corresponding equivalent overall SIRs 

( ( )max
all kρ ) are 23.3dB and 24.9dB, respectively. As shown in Figure 6-4, the analysis predicts 

very accurately the subcarrier-wise high-SNR behavior and the resulting SER floor due to I/Q 

imbalances. 
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Figure 6-2:  SINR as a function of the subcarrier index k  in a 2x2 SM-MIMO-OFDM system with 
realistic frequency-selective I/Q imbalances at both transmitter and receiver analog front-ends, 
Extended vehicular A radio channels, infinite received SNR per antenna.  
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Figure 6-3:  SINR as a function of the subcarrier index k  in a 2x2 SM-MIMO-OFDM system with 
realistic frequency-selective I/Q imbalances at both transmitter and receiver analog front-ends, 
Extended vehicular A radio channels, average received SNR per antenna is 20dB. 
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Figure 6-4: Simulated 64QAM symbol error rates at example subcarriers #199 and #-249 in a 2x2 
SM-MIMO-OFDM system. Extended vehicular A radio channels. The figure also shows the high-SNR 
error floors using the SINR analysis results in (6.10), (6.13) and (6.14). 
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6.3 I/Q Imbalance Compensation Technique 

Compensation Philosophy 

Here we consider compensating the I/Q imbalance effects in all transmitters and receivers 

jointly on the receiver side. In general, like discussed in Chapter 1, there has been some 

related studies in the literature (see, e.g., [33], [44], [61], [72], [73], [80]–[82], [91], [92], 

[96]) addressing the I/Q imbalance compensation in spatial multiplexing MIMO-OFDM. 

Most of the reported work focus on either frequency-independent imbalance case or consider 

receiver imbalances only. Here, assuming the  2 2×  case for simplicity and illustration 

purposes, we propose a pilot-based estimation-compensation method, stemming from similar 

pilot-allocation discussed earlier in Chapter 5. The proposed technique is specifically 

designed to handle the frequency-selective imbalance case. Also, for reducing the 

implementation complexity, both I/Q imbalance compensation and MSI mitigation are carried 

out at the same time. This is done by building a detector which takes both the MSI and 

mirror-carrier interference into account. Notice that no separate channel estimation stage is 

needed in the proposed detector but the combined effects of the radio channels and I/Q 

imbalances of all the radios are essentially estimated jointly. 

 Pilot-Based Compensation 

For simplicity, we focus on the 2 transmit, 2 receive antenna case. First, we rewrite the 

signal reception under I/Q imbalances (assuming zero channel noise to simplify the notations 

again) in (6.2) as 

 
1 2

TOT,1 TOT,2

1 1 1 1 1 2 1 2

2 1 2 1 2 2 2 2

( ) [ ( ),  ( )]

( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )

T

T

k x k x k

k k k k

a k s k b k s k c k s k d k s k

a k s k b k s k c k s k d k s k

∗

∗ ∗

∗ ∗

=

= + −

⎡ + − + + − ⎤
⎢ ⎥= ⎢ ⎥+ − + + −⎢ ⎥⎣ ⎦

x

H s H s  (6.15) 

where  

 1 1 1 1
TOT,1 TOT,2

2 2 2 2

( ) ( ) ( ) ( )
( ) , ( ) .

( ) ( ) ( ) ( )
a k c k b k d k

k k
a k c k b k d k

⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥= =⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦

H H  (6.16) 

The coefficients 1( )a k , 2( )a k , 1( )b k , 2( )b k , 1( )c k , 2( )c k , 1( )d k , 2( )d k  are given below as 



74 ANALYSIS AND MITIGATION OF I/Q IMBALANCES IN MULTI-ANTENNA TRANSMISSION SYSTEMS 

 

1, ( ) 1, (1) 1, 2, ( ) 2, (1) 1,

1, ( ) 2, (1) 1, 2, ( ) 1, (1) 1,

1, ( ) 1, (2) 2, 2, ( ) 2, (2) 2

( ) ( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( )

i RX i TX i RX i TX i

i RX i TX i RX i TX i

i RX i TX i RX i TX

a k G k G k H k G k G k H k

b k G k G k H k G k G k H k

c k G k G k H k G k G k H

∗ ∗

∗ ∗

∗

= + − −

= + − −

= + − ,

1, ( ) 2, (2) 2, 2, ( ) 1, (2) 2,

( )

( ) ( ) ( ) ( ) ( ) ( ) ( )

i

i RX i TX i RX i TX i

k

d k G k G k H k G k G k H k

∗

∗ ∗

−

= + − −

 (6.17) 

{1,2}i ∈ . Now, we assume that four consecutive OFDM symbol periods are used as a pilot 

slot for estimation and synchronization purposes, during which the subcarrier data are 

allocated as 

 
(1) (2) (3) (3)

1 1 1 2

(1) (2) (4) (4)
2 2 2 1

: ( ) ( ) ( ) ( ) ,

      ( ) ( ) ( ) ( )      

P

P

k s k s k s k s k s

s k s k s k s k s∗
∀ = = = =

= − = − = =
 (6.18) 

where Ps  denotes the pilot data value (which can again be considered as one of the design 

“parameters”) and superscripts (1), (2), (3)and (4) refer to the multi-carrier symbol index inside 

the pilot slot. With the above pilot allocation, the resulting subcarrier observations 1, , ( )p ix k , 

2, , ( )p ix k , 3, , ( )p ix k , 4, , ( )p ix k  for i -th receiver ( {1,2}i ∈ ) can be shown see (6.15)) to yield a 

well-behaving 4 4×  set of linear equations. Writing this in vector-matrix form yields 

 , ( ) ( )P i P ik k=x S θ , {1,2}i ∈  (6.19) 

where the subcarrier observation vector , 1, , 2, , 3, , 4, ,( ) [ ( ),  ( ),  ( ),  ( )]TP i p i p i p i p ik x k x k x k x k=x , 

parameter vector ( ) [ ( ), ( ), ( ), ( )]Ti i i i ik a k b k c k d k=θ , and  

 .

P P P P

P P P P
P

P P P P

P P P P

s s s s

s s s s

s s s s

s s s s
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⎡ ⎤
⎢ ⎥
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⎢ ⎥
⎢ ⎥
⎢ ⎥− −⎣ ⎦

S  (6.20) 

Notice that the pilot structure in (6.18) is designed in such a way that the resulting pilot matrix 

PS  in (6.20) is identical to the PS  in (5.16). In general, like discussed earlier, this matrix PS  

is invertible given that the training symbol Ps  is purely complex-valued (i.e., both real and 

imaginary parts are nonzero). Then the coefficients ( )ia k , ( )ib k , ( )ic k , and ( )id k  at k -th 

subcarrier and i -th receiver can be easily solved from (6.15) as 

 1
,

ˆ ( ) ( )i P P ik k−= S xθ , {1,2}.i ∈  (6.21) 

Now having estimated the model coefficients for all the active subcarriers and all receiver 

branches during the pilot slots, these estimates are then used during the actual data 
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transmission for removing the interfering signal terms due to I/Q imbalance. Again, the 

received signals located at a mirror frequency pair should be processed jointly. During one 

multi-carrier symbol interval, this can be done by collecting the observations 1( )x k , 2( )x k , 

1( )x k∗ − , and 2( )x k∗ −  into ( )k =x 1 1 2 2[ ( ), ( ), ( ), ( )]Tx k x k x k x k∗ ∗− −  which, based on (6.15), 

yields (additive noise ignored again) 

 ( ) ( ) ( )k k k=x sΦ  (6.22) 

where ( )k =s 1 1 2 2[ ( ), ( ), ( ), ( )]Ts k s k s k s k∗ ∗− −  and 
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⎢ ⎥− − − −⎢ ⎥= ⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥− − − −⎣ ⎦

Φ  (6.23) 

In (6.22)–(6.23), the hat –notation ( ˆ ( )ia k , etc.) refers to the estimated coefficients obtained 

during the pilot phase. Then the decision on transmitted symbol vector ( )ks  can be made by 

applying the ML principle as 

 2

( )
ˆ ( ) argmin ( ) ( ) ( ) .ML

k
k k k k

∈Ω
= −

ss
s x sΦ  (6.24) 

Another alternative is to do joint MSI and mirror-carrier spatial equalization using the ZF 

principle as 

 1ˆ ( ) ( ) ( )ZF k k k−=s xΦ  (6.25)

after which ordinary element-wise detection is applied.  

6.4 Practical Aspects and Examples 

In general, the pilot grouping and I/Q imbalance estimation principles described in Section 

6.3 are in many sense conceptually similar to the earlier developments in Section 5.3. 

Therefore, we can expect that the discussions on practical aspects raised in Section 5.4 are 

applicable to the proposed imbalance compensation approach in SM-MIMO-OFDM case as 

well. Thus no further discussion regarding the practical aspects will be given here. Instead, as 

a concrete example, the performance of the proposed compensator with ZF detector in (6.25) 

is examined using extensive computer simulations.  
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Numerical Examples and Simulations 

For examining the performance of the proposed I/Q imbalance compensation algorithm, 

the same system setup deployed in Section 6.2 is used here. In general, the radio channels are 

random realizations from the Extended Vehicular A model [88]. A quasi-static system model 

is assumed such that the channel coefficients are assumed fixed over 1000 consecutive 

OFDM symbol intervals after which new channel realizations are drawn. The upper right corner 

symbol “7 7j+ ” of the used 64QAM subcarrier constellation is used as the pilot data Ps . 

Figure 6-6 shows the system SER performance with different numbers of pilot slots, averaged 

over all the active subcarriers. With multiple slots, averaging is used over the individual 

parameter estimates to decrease the additive noise effects. Clearly, with just a few pilot slots, 

the proposed pilot-based estimator-compensator can still achieve SER performance 

practically identical to the reference system.  

Next, the pilot interpolation idea is examined by allocating the data of only every fJ -th 

mirror subcarrier pair as given in (6.18). The overall compensation structure with parameter 

interpolation is then illustrated in Figure 6-5. With cubic spline interpolation [46] and pilot 

spacing of 6fJ = , the resulting SER performance with different number of pilot slots is 

illustrated in Figure 6-7. The results show that with rather low pilot overhead, the proposed 

pilot-based compensation algorithm can still achieve very good SER performance. Again, as 

the error rate performance of the proposed technique is within 0.2dB from the perfectly 

matched reference, no further comparisons against possible other compensation techniques 

(other than the perfectly matched reference system) are carried out.  
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Figure 6-5: Overall receiver structure including (i) I/Q imbalance parameter estimation, (ii) 
imbalance parameter interpolation, and (iii) imbalance compensation and signal detection, all using 
the designed pilot structure in (6.18). Imbalance parameter estimation and compensation are carried 
out in mirror-subcarrier wise manner. (Rem. refers to remove)  
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Figure 6-6: Simulated 64-QAM symbol error rates, averaged for all the active subcarriers, with and 
without the proposed compensation technique, with different amounts of pilot symbols used for 
imbalance parameter estimation in the receiver. Perfectly matched reference curve is also shown 
assuming no I/Q imbalances and perfect channel knowledge. Extended Vehicular A radio channels. 
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Figure 6-7: Simulated 64-QAM symbol error rates, averaged for all the active subcarriers, with and 
without the proposed compensation technique, with different amounts of pilot symbols used for 
imbalance parameter estimation in the receiver. Cubic spline interpolation is used to interpolate 
estimated coefficients in (6.21) for active data subcarriers. Perfectly matched reference curve is also 
shown assuming no I/Q imbalances and perfect channel knowledge. Extended Vehicular A radio 
channels. 





Chapter 7  

Frequency-Selective I/Q Imbalance 
Compensation in Individual Radios 

In this chapter, instead of trying to mitigate the overall link distortion due to I/Q 
imbalances jointly on the receiver side, we address the imbalance mitigation problem from 
another point of view and try to compensate the I/Q imbalance effects within each radio 
transceiver. A pilot-based transmitter imbalance calibration scheme and a pilot-based receiver 
imbalance compensation method are proposed in Sections 7.1 and 7.2, respectively, targeted 
for OFDM radios. As will be shown later in Section 7.3, with proper arrangement, these two 
algorithms can then be used to calibrate the I/Q impairments of all the transmitters and 
receivers in individual multi-radio devices. In addition, different from conventional 
algorithms developed for single-antenna systems in the literature [10]–[12], [15], [36], [52], 
[54], [55], [76]–[78], [85], [89], [95], [104]–[110], [112], [113], the proposed algorithms 
extract the I/Q imbalance properties using a differential approach by essentially comparing 
the effects of impairments on consecutive pilot symbols. Together with the concept of inner 
loop calibration, this approach is shown to be robust against many practical aspects, making 
the proposed digital compensator a feasible solution for practical implementations. 

7.1 Pilot-Based Transmitter Calibration  

In the following, the effects of I/Q imbalance on the transmit waveform (mirror-subcarrier 

interference) in an OFDM transmitter are mitigated using proper baseband predistortion. The 

starting point is the mirror-subcarrier interference model (3.11) and (3.16).  

Transmitter I/Q Imbalance Calibration Through Predistortion 

Assume first that the frequency-selective I/Q imbalance properties in (3.16) over the 

subcarriers (i.e., 1, ( )TXG k  and 2, ( )TXG k ) are known. Then, to remove mirror-subcarrier 

interference, the baseband complex data to be transmitted is predistorted by combining the 

signals at mirror-subcarriers k  and k−  as  
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 , ,( ) ( ) ( ) ( ) ( ).c TX c TX cZ k a k Z k b k Z k∗= + −  (7.1) 

In above, the combination coefficients , ( )TX ca k  and , ( )TX cb k  are selected such that when the 

predistorted signal goes through the actual transmitter analog sections, the generated RF 

waveform is free from I/Q imbalance. In terms of baseband equivalents, this can be stated as 

      

( ), 1, 2,

1, , 2, .

2, . 1, ,
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( )( ( ) ( ) ( ) ( )) ( )

( )( ( ) ( ) ( ) ( )) ( )
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TX TX TX c TX TX c
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Z k C k G k Z k G k Z k

C k G k a k G k b k Z k

C k G k a k G k b k Z k

C k Z k

∗

∗

∗ ∗

= + −

= + −
+ − + −

=

 (7.2) 

where ( )TXC k  denotes the transmitter common response. This, in turn, implies that for perfect 

cancellation of mirror-frequency-interference, the following conditions of the form 

1, , 2, .( ) ( ) ( ) ( ) 1TX TX c TX TX cG k a k G k b k∗+ − =  and 2, . 1, ,( ) ( ) ( ) ( ) 0TX TX c TX TX cG k a k G k b k∗ − + =  

need to be fulfilled. These can be now directly solved for , ( )TX ca k  and , ( )TX cb k  as 
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,

1, 1, 2, 2,

( )
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( ) ( ) ( ) ( )
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( ) .
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G k
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G k G k G k G k

G k
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G k G k G k G k

∗

∗ ∗

∗ ∗

−
=

− − −

−
=

− − −

 (7.3) 

Thus, the predistortion coefficients , ( )TX ca k  and , ( )TX cb k  at k -th subcarrier depend on I/Q 

imbalance properties at subcarriers k  and k− . This is fairly obvious based on (7.1) and (7.2) 

already. 

Pilot-Based Estimation of Predistortion Coefficients 

In practical implementations, the exact I/Q imbalance characteristics ( 1, ( )TXG k  and 

2, ( )TXG k  in (3.16)) are of course unknown and thus need to be estimated somehow. One 

simple but very efficient way to do the estimation is then to use feedback from RF back to 

lower frequencies inside the transmitter. As illustrated in Figure 7-1, real down-conversion 

from RF to a low-IF is used here in the feedback loop implementation (instead of direct I/Q 

down-conversion to baseband) to avoid excess I/Q imbalances due to feedback inaccuracies. 

Similar approach is deployed also, e.g., in [10]. Final I/Q down-conversion from IF to 

baseband in the feedback branch can then be carried out in the digital domain. We further 

assume that a training or calibration period is available during which the transmit signal can  
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Figure 7-1: The overall predistortion based transmitter calibration scheme where I/Q imbalances are 
estimated using a feedback loop. 

be allocated or designed purely for parameter estimation purposes, as will be explained in 

more details below. The overall imbalance estimation scheme is depicted in Figure 7-1.  

We assume that two OFDM pilot symbols, ( )( ), {1,2},m
pZ k m =  are implemented for 

calibration and estimation purposes. Assuming further that proper pre-/post-fixing is used, as 

in any practical OFDM system, intersymbol interference between the pilot symbols is 

avoided. Then, the frequency domain observations (after feedback loop FFT) for the two pilot 

symbols are given by  

 ( ) ( )
, 1, 2,( ) ( ) ( )( ( ) ( ) ( ) ( ))m m
m fb TX FB TX p TX pX k C k H k G k Z k G k Z k∗= + − , (7.4)  

{1,2}m = . Here ( )FBH k  denotes the total effective feedback response due to feedback 

branch filtering and down-converter gain and phase offset [P7]. Normally, the exact 

frequency-responses of the feedforward branch (common response) and the feedback loop are 

not known. Thus the two observations 1, ( )fbX k  and 2, ( )fbX k  cannot be used for estimation 

directly. However, it is very interesting to observe that the ratio of the feedback loop 

subcarrier observations 1, ( )fbX k  and 2, ( )fbX k  is independent of the loop response as well as 

of the common feedforward response, and can be used to extract the imbalance behavior. To 

see this more explicitly, we write this ratio as [P7] 
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 (7.5) 

Now, if the pilot symbols are designed such that (1)( )pZ k ≠ (1)( )pZ k∗ − , 
(1) (2) (1) (2)( )/ ( ) ( )/ ( )p p p pZ k Z k Z k Z k∗ ∗≠ − −  and (2) (2)( ) ( )p pZ k Z k∗≠ − , the I/Q imbalance 

coefficients can be estimated directly as [P7] 

 
(2) (1)

1, (1) (1) (2) (2)
( ) ( ) ( )ˆ ( )

( ( ) ( )) ( )( ( ) ( ))
fb p p

TX
p p fb p p

Y k Z k Z k
G k

Z k Z k Y k Z k Z k

∗ ∗

∗ ∗
− − −

=
− − − − −

 (7.6) 

   
and  

 2, 1,
ˆ ˆ( ) 1 ( ).TX TXG k G k= −  (7.7) 

This can be easily verified by directly substituting the expression in (7.5) into (7.6). After 

estimating 1, ( )TXG k  and 2, ( )TXG k  for all the active subcarriers, the actual predistortion 

coefficients are then obtained as given in (7.3). One easily applicable practical scheme for 

pilot design is to set the subcarrier data according to (1) (1)( ) ( )p pZ k Z k= −  and 
(2)( )pZ k = (2) (1)( ) ( )p pZ k Z k∗− =  where (1)( )pZ k  can basically be an arbitrary complex number 

(from the used symbol constellation).  

7.2 Pilot-Based Compensation in Receivers  

In the following, the digital calibration task continues to the receiver side. Here we assume 

that the transmitter I/Q imbalance has been mitigated such that the signal entering the receiver 

is originally free from mirror-frequency interference. Also, for analysis purposes, any possible 

common responses of transmitter and receiver are assumed to be lumped into the radio 

channel response. Then an efficient pilot-based digital estimation-compensation algorithm, 

being able to deal with frequency-selective I/Q imbalances, is developed and applied at the 

receiver.  

Basic Compensation Principle 

Assuming first that the I/Q imbalance properties 1, ( )RXG k  and  2, ( )RXG k  in (3.17) of the 

used radio receiver are known, digital imbalance compensation can basically be carried out by 
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linearly combining the received data at mirror frequency pairs (subcarriers k  and k− ). More 

formally, we write this as [P3] 

 

, , ,

1, , 2, .

2, , 1, ,
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( ( ) ( ) ( ) ( )) ( )

( ( ) ( ) ( ) ( )) ( )
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                    (7.8) 

with the idea of finding the two combination coefficients , ( )RX ca k  and , ( )RX cb k  such that the 

compensator output equals the received signal with perfect I/Q balance, i.e., 

, ( ) ( )RX cZ k Z k= . Combining then (7.8) and (3.17) with the target setting , ( ) ( )RX cZ k Z k=  

yields directly  
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    (7.9)         

Notice that both , ( )RX ca k and , ( )RX cb k  are only dependent on the I/Q imbalance coefficients 

at subcarriers k  and k− . Again, it implies that proper I/Q imbalance estimation is then the 

key for efficient imbalance compensation.  

12BPilot-Based I/Q Imbalance Estimation 

We assume that a pilot slot composed of two OFDM pilot symbols is transmitted from a 

perfectly matched transmitter. We assume further that the actual radio channel is time-

invariant over a few consecutive symbol intervals. Then, based on the previous signal models, 

and assuming ideal synchronization and proper use of CP, the FFT output samples at 

subcarrier k  ( (1) ( )RXZ k  and (2) ( )RXZ k ) and the corresponding conjugated samples at mirror 

subcarrier k−  ( (1) ( )RXZ k∗ −  and (2) ( )RXZ k∗ − ), measured over the two pilot symbol intervals, can 

be written as [P3]  
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r g

r g

Φ

Φ
 (7.10) 

where 
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and 
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In (7.12), ( )( )m
pS k , 1,2m = , denote the two pilot symbol values at subcarrier k  and ( )H k  

denotes channel frequency-response. Based on above, if the 2×2 matrix ( )kΦ  at k -th 

subcarrier is known and invertible, the I/Q imbalance properties in terms of ( )kg  and ( )kg  
can be obtained by solving the linear equations in (7.10)–(7.12). Thus, at this point, the 

problem of I/Q imbalance estimation can be further translated to the problem of proper pilot 

“design” enabling efficient estimation of the matrix ( )kΦ . 

To emphasize simple implementation, the following pilot construction of the form 

 (2) (1)( ) ( )p pS k jS k=  (7.13)                             

is proposed here. The corresponding “system” matrix ( )kΦ  is then given simply by 
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Φ  (7.14)                  

which is obviously invertible by-design (given that (1)( )pS k , ( )H k  and ( )H k−  are nonzero) 

and depends on both the known transmitted pilot symbols and the presumably unknown 

frequency-response of transmission channel. Now, it is interesting to note that this matrix 

( )kΦ  is still essentially identifiable, despite the possible lack of channel knowledge. More 

specifically, by using the earlier-established feature of the I/Q imbalance parameterization, 

reproduced here as 1, 2,( ) ( ) 1RX RXG k G k∗+ − =  and 2, 1,( ) ( ) 1RX RXG k G k∗+ − = , the sum of 

the received pilot data samples in (7.10) can be written as 
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Φ   (7.15)                      

Thus, the system matrix ( )kΦ  at k -th subcarrier can be obtained directly as  



 

 

CHAPTER 7. FREQUENCY-SELECTIVE I/Q IMBALANCE COMPENSATION IN INDIVIDUAL RADIOS 85

 
1

2x2

1    1 1    1
ˆ( ) diag ( )

  
k k

j j j j

−

Σ

⎛ ⎞⎡ ⎤ ⎡ ⎤ ⎟⎜ ⎟⎢ ⎥ ⎢ ⎥⎜= ⎟⎜ ⎟⎢ ⎥ ⎢ ⎥⎜− − ⎟⎟⎜⎝ ⎠⎣ ⎦ ⎣ ⎦
rΦ  (7.16)                   

where ( ) ( ) ( )RX RXk k k∗
Σ = + −r r r  and 2x2diag (.)  denotes a 2x2 diagonal matrix of the input 

vector. With this estimated system matrix ˆ( )kΦ , the actual I/Q imbalance properties at 

subcarriers k  and k−  can then be obtained as 

 (1) (2)1ˆ(̂ ) ( ) ( ) ( )
T

RX RXk k Z k Z k− ⎡ ⎤= ⎢ ⎥⎣ ⎦g Φ  (7.17)

and  

 (1) (2)1ˆˆ( ) ( ) [ ( ) ( )]TRX RXk k Z k Z k∗ ∗−= − −g Φ  (7.18)

as can easily be verified.  

13B 

7.3 Application in Multi-Radio Transceivers 

In general, the I/Q imbalance calibration and compensation algorithms formulated in 

Sections 7.1 and 7.2 are basically applicable and valid in any direct-conversion OFDM 

transmitter and receiver, respectively. While the focus in Sections 7.1 and 7.2 was initially 

mostly on a single transmitter and a single receiver, working on two sides of a communication 

link, the previous methods can also be directly applied within a multi-radio transceiver having 

multiple transmitters and receivers in a single device. As a concrete example, a sequential 

estimation and calibration procedure for a multi-transmitter device is illustrated in Figure 7-2. 

Here the pilot-based estimation-calibration flow is applied for one transmitter at a time. After 

all the transmitters have been calibrated, then they can be used to create mirror-frequency 

interference -free pilot reception for the corresponding receiver units of the device as shown 

in Figure 7-3. Thereon, the receiver I/Q imbalance estimation procedure developed in Section 

7.2 is applied sequentially at each receiver. Compared to the notations in Section 7.2, the 

effective “radio” channel contains only the possible common responses of the transmit and 

receive units. 
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Figure 7-2: Sequential transmitter I/Q imbalance estimation-calibration flow in a multi-transmitter 
device. 
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Figure 7-3: Sequential receiver I/Q imbalance estimation-compensation flow in a multi-receiver 
device. 

7.4 Practical Aspects and Examples 

Additive Noise 

One important issue here is the unavoidable noise in the circuits. In both compensator 

derivations, only two OFDM pilot symbols were assumed. In order to get more reliable 

operation, e.g., in the presence of circuit noise, this basic pilot structure can be repeated. Then 

the individual imbalance estimates for each pilot slot can be averaged over time, assuming of 

course that the imbalance properties do not change in time (or at least vary very slowly) 

which should be a reasonable assumption in practice [75]. It should also be noted that the 

initial calibration is intended to be implemented at the start-up phase, while further 

monitoring of possible time-variant features can then also be implemented between the actual 

data slots or bursts in practice [P3], [P7]. 

Timing Synchronization  

Assume that sufficiently long cyclic prefix used in the transmission phase, and this CP can 

cover the essential time-dispersion due to the feedback loop and the receiver itself (which are 
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typically short compared to actual radio channel delay spread). Then any residual timing error 

within the CP duration is only seen as additional phase rotations (complex exponentials) for 

different subcarriers, whose effects will cancel out similarly as those of other phase rotations 

when carrying out the previous estimation-compensation procedure. Based on this, it can be 

concluded that timing synchronization, within the CP duration, does not pose any essential 

limitation in the proposed techniques [P3], [P7]. 

Frequency Synchronization  

In OFDM based transmission systems, correct and precise carrier synchronization is 

crucial. Here, as a single mother oscillator can be used to derive all the needed oscillator 

signals (actual up-converter, down-converter and the feedback loop down-converter), 

obtaining accurate frequency synchronization in both transmitter I/Q imbalance estimation 

and receiver I/Q imbalance estimation stages is then straight-forward. Thus the CFO problem 

can be generally avoided here.  

Implementation Complexity  

In general, with proposed approach, a feedback loop including a bandpass analog-to-digital 

converter (ADC) need to be implemented for the transmitter I/Q imbalance estimation. This in 

turn introduces extra implementation cost compared to the joint compensation approaches 

which were discussed in Chapter 5 and Chapter 6. Yet, on the other hand, the transmitter 

imbalance estimation and feedback signal processing are fully implemented inside the 

transmitter, so the dynamic range of the processed signals are expected to be really modest 

compared to actual received signals. Thus in this sense, the requirements for the ADC quality 

are fairly relaxed in practice.  

Numerical Examples and Simulations 

To give some illustrations about the performance of the proposed compensators, we 

consider an example multi-user multi-antenna transmission scenario below. As shown in 

Figure 7-4 and Figure 7-5, there are two mobile users in the system, each of which has only 

one antenna. During uplink transmission, both of them send signals to the same base-station 

which has 2 receive and 2 transmit antennas. Without any transmit precoding, this uplink 

forms a 2 2×  SM multi-user MIMO-OFDM scenario [102]. On the other hand, during 

downlink transmission, 2 1×  STC-OFDM transmission scheme is deployed for each user and 

time division multiple access (TDMA) is used as the multiple access scheme. The number of 

subcarriers is assumed to be 256. The quadrature mixer I/Q imbalance values as well as the 
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branch difference filters on the base station side are 4% , 4− D , [1, 0.04, 0.03] −  (TX1), 3% , 

3D , [1, 0.04, 0.03] − −  (TX2), and 2% , 2D , [1, 0.05]  (RX1), and 3%− , 3− D , 

[1, 0.03,0.04]− (RX2). The corresponding parameters on the mobile users sides are 3% , 3− D , 

[1, 0.04, 0.03] −  (TX of user #1) 5% , 5D , [1, 0.05]  (RX of user #1), 1% , 1D , 

[1, 0.04, 0.03] − −  (TX of user #2), and 4%− , 5D , [1,0.02, 0.05]−  (RX of user #2). In 

general, the radio channels of both links are random realizations of the Extended Vehicular A 

model [88]. A quasi-static system model is assumed such that the channel coefficients are 

assumed fixed over 1000 consecutive OFDM symbol intervals after which new channel 

realizations are drawn. The previous transceiver I/Q imbalance calibration procedures are 

carried out before the actual data transmission phase, on both mobile transmitters and the two 

base-station receivers in the uplink case and both mobile receivers and the two base-station 

transmitters in the downlink case. During the calibration, the effective SNR due to circuit 

noise inside the transceivers is assumed to be 35dB as an example value. During calibration, 

the pilot interpolation idea is applied with an example pilot spacing of 5fJ =  along the 

frequency axis.  In time-direction, only 3 pilot slots are used here, over which the estimated 

quantities are averaged at each subcarrier. Cubic spline interpolator is used as an example 

interpolation technique and the upper right-corner symbol 7 7j+  of the used 64QAM 

alphabet is used as the pilot symbol at all the pilot subcarriers. After calibration period, in 

order to actually detect the received data during link operation, ideal knowledge of the 

channel frequency-responses is assumed to be available and ZF detector is deployed.  

The resulting detection error performances are then finally evaluated with and without 

compensation. As shown in Figure 7-6 and Figure 7-7, with a fairly small amount of available 

pilot data, in both uplink and downlink transmission, the SER performance for both users 

approach the ideal reference system performance. Thus, taking into account its practical 

advantages, this inner loop calibration approach discussed in this chapter provide a rather 

feasible way to cope with the I/Q imbalance effects in multi-user, multi-antenna scenario.  
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Figure 7-4: An example 2x2 multi-user multi-antenna transmission system uplink. 
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Figure 7-5: An example 2x2 multi-user multi-antenna transmission system downlink. 
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Figure 7-6: Simulated system performance of the example 2-user multi-antenna downlink 
transmission system. 3 pilot slots are used in the transmitter and receiver I/Q imbalance estimation 
stages, respectively. In the actual data detection, perfect channel knowledge is assumed. Perfectly 
matched reference curve is also shown assuming no I/Q imbalances. 



90 ANALYSIS AND MITIGATION OF I/Q IMBALANCES IN MULTI-ANTENNA TRANSMISSION SYSTEMS 

5 10 15 20 25 30 35
10

−2

10
−1

10
0

SNR [dB]

S
E

R

Uplink Transmission, 64QAM, 256 subcarriers

 

 

w/o compensation User#1
w/o compensation User#2
w/compensation User #1
w/compensation User #2
w/o imbalance

 

Figure 7-7: Simulated system performance of the example 2-user multi-antenna uplink transmission 
system. 3 pilot slots are used in the transmitter and receiver I/Q imbalance estimation stages, 
respectively. In the actual data detection, perfect channel knowledge is assumed. Perfectly matched 
reference curve is also shown assuming no I/Q imbalances. 



Chapter 8  

Conclusions 

Current focus in the development of new wireless communication systems is on increasing 

the system capacity, spectral efficiency and coverage as well as improving the flexibility and 

efficiency of the radio spectrum use. Lots of attention and efforts have been paid in the recent 

years by both academy and telecommunications industry to developing enabling technologies 

at waveform and digital signal processing levels. The use of multiple antennas and advanced 

signal processing techniques on the transmitter and receiver sides has drawn most interest and 

is currently seen as the main physical layer technology. However, the actual radio 

implementation aspect, which is of major concern especially on the terminal side has not been 

thoroughly investigated yet in multi-antenna multi-radio context.  

In a multi-antenna radio device, multiple transmitters and receivers need to be 

implemented. This is generally a challenging task calling for a proper compromise and trade-

off between the size, cost and performance of the individual radio equipment. Therefore, to 

minimize the size and cost as well as to emphasize radio re-configurability, rather simple 

radio architectures and RF front-ends, such as the direct-conversion radio topology, are likely 

to be deployed. In such radios, the quality of the remaining analog RF modules is one key 

element from the overall radio performance point of view. More specifically, any 

nonidealities in the used electronics can easily distort the transmitted and received waveforms 

in a considerable manner. With wideband modulated communication waveforms and high-

order symbol alphabets, this problem is even further emphasized and can eventually degrade 

the whole wireless link performance, if not properly understood and combated through proper 

analog or digital signal processing.  

In this thesis, one example of such implementation nonidealities in direct-conversion 

transceivers, namely the I/Q imbalance, was thoroughly studied in a multi-antenna 

communication system context. Different from the traditional approach of evaluating and 

mitigating the I/Q imbalance effects in each individual radio, the overall signal distortion and 

waveform degradation were studied from the overall link performance point of view, taking 
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both transmitter and receiver sides as well as the transmission channels into account. As the 

main contribution, the challenging yet practical case of having frequency-dependent I/Q 

imbalances in all the radios was considered, which is essential in the future system 

developments with bandwidths in the order of tens of MHz. Then the overall signal distortion 

due to the I/Q imbalances was analyzed, in terms of resulting SIR, in STC single-carrier 

transmission systems, STC-OFDM transmission systems and SM-MIMO-OFDM 

transmission systems, respectively. The derived SIR values form an upper bound on the 

achievable overall SINR in the link prior to the data detection. Thus the SIR analysis results 

can be used to assess the role of I/Q imbalances on the link performance in typical multi-

antenna system without lengthy system simulations, and therefore give a valuable tool for the 

system and transceiver designers. In general, based on the analysis results, the resulting link-

level SIR values are considerably lower than the corresponding qualities of the individual 

radios. This thus basically shows that traditional imbalance analysis using the image 

attenuations of the individual radios alone is not sufficient anymore. The proposed link-level 

analysis is thus proven to be necessary in this context for fully understanding and appreciating 

the impact of I/Q imbalance on multi-antenna transmission systems. Altogether I/Q 

imbalances can lead to a severe reduction in the overall link noise margin, especially with 

higher-order spectrally efficient modulation methods, such as 64QAM.  

Next, stemming from the derived overall link signal models, two types of digital 

compensation methods were proposed for jointly mitigating the I/Q imbalance effects due to 

imperfections of the individual radio front-ends on the receiver side. The first method is based 

on a pilot-based estimator-compensator structure and is applicable in both single-carrier and 

multi-carrier multi-antenna transmission systems with minor modifications. The second one 

builds on blind signal separation principles combined with proper I/Q decomposition of the 

received signal, and is mainly targeted for the single-carrier transmission case. Both methods 

were shown to be robust to many practical aspects and to provide compensation performance 

close to or practically at the perfectly matched reference system bound under rather realistic 

signaling assumptions.  

In addition to joint link compensation, we also considered mitigation and calibration of I/Q 

imbalances within individual radio transceiver. More specifically, pilot-based compensators for 

calibrating the transmitter and receiver I/Q imbalances within single transceiver were proposed. 

On the transmitter side, feedback from RF back to the transmitter digital parts was deployed, 

combined with proper pilot data, to estimate and calibrate I/Q imbalances. On the receiver side, 

in turn, the estimation and compensation of effective I/Q imbalances was based on a properly 

designed pilot data structure together with the algebraic properties of the derived received signal 
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models. In a multi-antenna multi-radio terminal, a sequential approach was then also proposed 

to calibrate the overall transceiver. 

In general, both of the above compensation approaches can be efficiently applied for I/Q 

imbalance mitigation. The first one, the joint compensation approach, is conceptually simple 

and has low implementation complexity in the sense that the joint impact of all the radios is 

combated as a whole. Yet it needs precise coordination between both sides of the link in terms 

of time and frequency synchronization. On the other hand, the latter compensation approach of 

individual transceiver compensation is simple and practical in the sense that only transceiver-

internal signal processing is needed. Yet the needed feedback loop may increase the overall 

implementation complexity, which is especially critical on the terminal side.  

In general, with different system setups, implementation resources and practical 

considerations, it is likely that there is no perfect universal solution for arbitrary multi-antenna 

multi-radio impairment mitigation. Thus, regarding the I/Q imbalance compensation issue in the 

multi-antenna transmission context, in addition to proposing different solutions, it is of the same 

importance to devise proper compensation strategies conforming with the given system 

specifications and available signal processing resources. In addition, if other imperfections, e.g., 

CFO, phase noise and nonlinearities, are also considerably affecting the transmitted and/or 

received signal quality, possibly combined with mobility effects, even more sophisticated signal 

processing techniques are most likely needed.   

 

 

 

 

 

 





 

Chapter 9  

Summary of Publications and Author’s 
Contributions 

Here we shortly summarize the contents of the original publications [P1]–[P8] and also 

review the contributions of the thesis author to individual publication contents. 

9.1 Summary of Publications 

The fundamental idea of viewing the effects of I/Q imbalances on multi-antenna 

transmission systems, taking both transmitter and receiver into accounts, is originally 

introduced in [P4]. The system level signal model for the receiver output in the 2 1×  STC 

single-carrier systems is then addressed, together with the performance analysis on the 

resulting SIR assuming frequency-independent I/Q imbalances. In [P1], this analysis is 

extended to a more general case where 2 transmitters and NR receivers are implemented. As 

shown by the analysis, the traditional imbalance analysis using the image attenuations of the 

individual radios alone is not sufficient any more. The proposed system level SIR analysis 

does provide much insight in evaluating the role of I/Q imbalance problem in multi-antenna 

systems. Two types of digital compensation methods, pilot-based and BSS-based, are then 

proposed for combating the I/Q imbalance effects on the receiver side. In addition to single- 

carrier systems, the performance of STC transmission system under I/Q imbalances is also 

studied with OFDM waveforms in [P2] and [P5]. The corresponding spatial multiplexing 

MIMO-OFDM case is, in turn, addressed in [P8]. While [P1], [P4] and [P5] mainly concentrate 

on the frequency-independent signal models, the effects of frequency-selective mismatches on 

wideband multi-antenna transmission are thoroughly addressed in [P2] and [P8]. Based on the 

closed-form frequency-domain link performance analysis in [P2] and [P8], with bandwidths in 

the order of several MHz, the values of SIR are shown to vary as a function of frequency. The 



96 ANALYSIS AND MITIGATION OF I/Q IMBALANCES IN MULTI-ANTENNA TRANSMISSION SYSTEMS 

derived SIR values are subcarrier specific and give an upper bound on the achievable overall 

SINR in the system prior to the data detection. Furthermore, the impact of I/Q imbalances on 

the channel estimation in the STC-OFDM transmission context is also analyzed in [P2]. 

Stemming from the derived signal models, practical pilot-based I/Q imbalance compensation 

schemes are also proposed in [P2], being able to jointly compensate the effects of frequency-

selective I/Q imbalances as well as channel estimation errors. In [P6], this algorithm is further 

modified with the pilot interpolation idea. The performance of this compensator is shown to 

be able to virtually reach the perfectly matched reference system performance with rather low 

pilot overhead. In general, the paper [P2] can be clearly regarded as the core of this thesis. In 

[P8], similar signal modeling and performance studies are carried out in the SM-MIMO-

OFDM context. A closed-form solution for the effective SINR at the input of the receiver 

detection stage due to frequency-selective transmitter and receiver I/Q imbalances is derived. 

Again, the derived SINR can be directly mapped to the achievable detection error rate at high 

SNR regime, yielding a valuable analytical tool for radio transceiver designers to analyze the 

imbalance effects at link-level without any actual system simulations. 

After addressing the analysis and compensation of transmitter and receiver I/Q imbalances 

jointly on the receiver side, the task of estimating and calibrating the I/Q imbalances of single 

OFDM radios is studied in [P7] and [P3]. More specifically, in [P7], a feedback loop from RF 

to baseband is deployed, which together with a properly-designed pilot signal structure, 

enables efficient estimation of transmitter I/Q imbalance properties in a subcarrier-wise 

manner. Then based on the obtained I/Q imbalance knowledge, the imbalance effects on the 

actual transmit waveform are mitigated by baseband predistortion acting on the mirror-subcarrier 

signals. For receiver calibration, the proposed algorithm in [P3] extracts the I/Q imbalance 

properties using a differential pilot method and then co-compensates the received data at 

mirror-subcarrier pairs.  

9.2 Author’s Contributions to the Publications 

The research work for this thesis was carried out at the Department of Communications 

Engineering (DCE), Tampere University of Technology (TUT), Finland. Originally, the 

research topic was proposed by the author. The idea of building an overall link-level signal 

model, taking both transmitter and receiver I/Q imbalances into account, was also originally 

introduced by the author. Then this idea was formalized and extended to the link-level SIR 

analysis by the supervisor, Prof. Valkama, resulting in publication [P4] where the author 

served as the second author. After the initial studies, all the rest I/Q signal processing research 



 

 

CHAPTER 9. SUMMARY OF PUBLICATIONS AND AUTHOR’S CONTRIBUTIONS 97

reported in this thesis was done mainly by the author, naturally supervised and guided by the 

thesis supervisor Prof. Valkama. Thus, the author is the primary author in all the original 

papers [P1], [P2], [P5]–[P8]. It goes without saying that the numerous informal discussions 

between the author and the supervisor have contributed to the reported results, to the 

publication writing as well as to the general research directions considerably.  

In general, the credit for writing the bulk of script for [P1], initially viewing the I/Q 

imbalance problem in the OFDM context in frequency-dependent manner and using 

interpolation techniques to reduce pilot overhead in compensation stage belongs to the thesis 

supervisor Prof. Valkama. As the main contributor to the original papers [P1], [P2], [P5]–

[P8], the author has developed all the signal models, carried out all the performance analyses, 

and performed the computer simulations reported in the publications. In addition, the author 

also wrote the scripts of [P2], [P5]–[P8]. Naturally, the supervisor Prof. Valkama contributed 

to the final appearance of all the papers. 

The publication [P3] is basically a co-publication stemming from the international 

cooperation between TUT, Finland, and DICE, Austria. Dr. Hueber, from DICE, was the first 

author and organizer of this paper. Other contributors from DICE are Dr. Dufrene and Dr. 

Stuhlberger. The author of this thesis contributed all the content and script writing regarding 

the I/Q imbalance issues in [P3] (Section V).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 





Appendix 

RF-IC I/Q Imbalance Laboratory 
Measurements 

In this Appendix, a laboratory measurement setup and procedures for characterizing the 

mirror-frequency attenuation (IRR) of a complete RF-IC are briefly described. The basic 

measurement system is shown in Figure A-1 below. Special RF measurement equipment and 

software, namely Rohde&Schwarz SMIQ and WinIQSim, are used for generating the RF 

signals with the possibility of feeding the modulating baseband or IF signals through a lab PC. 

Then the generated RF signal is fed into the RF-IC which includes tunable RF low-noise 

amplifier (LNA), I/Q demodulator, BB filters and BB amplifiers, converting the incoming RF 

signal into low-frequency I and Q components. Then, following the I and Q outputs of the 

RF-IC, two samplers and ADCs are deployed for transforming the analog I and Q signals into 

digital domain. These digitized I and Q signals are then stored into memory with a link to lab 

PC for further digital processing. The final data processing and mirror-frequency attenuation 

evaluations are then carried out in a laboratory computer. 
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Figure A-1: Principal block-diagram of the laboratory measurement system.  
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Using the measurement system setup shown in Figure A-1 and above-mentioned test 

procedures, the IRR characteristics of the RF-IC shown is then analyzed by using multi-tone 

RF test signals. More specifically, altogether 10 sinusoidal RF carriers are fed into the 

receiver either below or above 2 GHz which is the assumed operating frequency of the used 

RF-IC. The RF input power and gain settings of the amplification stages are set such that 

reasonable dynamics is observed at the ADC inputs. Then the sampled signals are stored into 

memory, loaded into PC and processed and analyzed using Matlab. As a result, the measured 

IRR curve as a function of frequency depicted in Figure 3-3 is finally obtained. 
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