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Abstract

To satisfy the continuously growing demands for higher data rates, modern radio
communication systems employ larger bandwidths and more complex waveforms.
Furthermore, radio devices are expected to support a rich mixture of standards
such as cellular networks, wireless local-area networks, wireless personal area net-
works, positioning and navigation systems, etc. In general, a “smart” device should
be flexible to support all these requirements while being portable, cheap, and en-
ergy efficient. These seemingly conflicting expectations impose stringent radio
frequency (RF) design challenges which, in turn, call for their proper understand-
ing as well as developing cost-effective solutions to address them. The direct-
conversion transceiver architecture is an appealing analog front-end for flexible
and multi-standard radio systems. However, it is sensitive to various circuit im-
pairments, and modern communication systems based on multi-carrier waveforms
such as Orthogonal Frequency Division Multiplexing (OFDM) and Orthogonal
Frequency Division Multiple Access (OFDMA) are particularly vulnerable to RF

front-end non-idealities.

This thesis addresses the modeling and digital mitigation of selected transmit-
ter (TX) RF impairments in radio communication devices. The contributions
can be divided into two areas. First, new modeling and digital mitigation tech-
niques are proposed for two essential front-end impairments in direct-conversion
architecture-based OFDM and OFDMA systems, namely inphase and quadra-
ture phase (I/Q) imbalance and carrier frequency offset (CFO). Both joint and
de-coupled estimation and compensation schemes for frequency-selective TX 1/Q
imbalance and channel distortions are proposed for OFDM systems, to be adopted
on the receiver side. Then, in the context of uplink OFDMA and Single Carrier
FDMA (SC-FDMA), which are the air interface technologies of the 3" Generation
Partnership Project (3GPP) Long Term Evolution (LTE) and LTE-Advanced sys-

tems, joint estimation and equalization techniques of RF impairments and channel
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distortions are proposed. Here, the challenging multi-user uplink scenario with un-
equal received power levels is investigated where 1/Q imbalance causes inter-user
interference. A joint mirror subcarrier processing-based minimum mean-square
error (MMSE) equalizer with an arbitrary number of receiver antennas is for-
mulated to effectively handle the mirror sub-band users of different power levels.
Furthermore, the joint channel and impairments filter responses are efficiently ap-
proximated with polynomial-based basis function models, and the parameters of
basis functions are estimated with the reference signals conforming to the LTE
uplink sub-frame structure. The resulting receiver concept adopting the proposed
techniques enables improved link performance without modifying the design of RF

transceivers.

Second, digital baseband mitigation solutions are developed for the TX leakage
signal-induced self-interference in frequency division duplex (FDD) transceivers.
In FDD transceivers, a duplexer is used to connect the TX and receiver (RX)
chains to a common antenna while also providing isolation to the receiver chain
against the powerful transmit signal. In general, the continuous miniaturization of
hardware and adoption of larger bandwidths through carrier aggregation type non-
contiguous allocations complicates achieving sufficient TX-RX isolation. Here, two
different effects of the transmitter leakage signal are investigated. The first is TX
out-of-band (OOB) emissions and TX spurious emissions at own receiver band, due
to the transmitter nonlinearity, and the second is nonlinearity of down-converter
in the RX that generates second-order intermodulation distortion (IMD2) due
to the TX in-band leakage signal. This work shows that the transmitter leak-
age signal-induced interference depends on an equivalent leakage channel that
models the TX path non-idealities, duplexer filter responses, and the RX path
non-idealities. The work proposes algorithms that operate in the digital base-
band of the transceiver to estimate the TX-RX non-idealities and the duplexer
filter responses, and subsequently regenerating and canceling the self-interference,
thereby potentially relaxing the TX-RX isolation requirements as well as increas-

ing the transceiver flexibility.

Overall, this thesis provides useful signal models to understand the implications
of different RF non-idealities and proposes compensation solutions to cope with
certain RF impairments. This is complemented with extensive computer simula-
tions and practical RF measurements to validate their application in real-world

radio transceivers.
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Chapter 1

Introduction

1.1 Background and Motivation

The wireless communications sector has experienced tremendous growth during
the last few decades, with the transition from voice and short text-based messages
service offered by the Global System for Mobile Communications (GSM) to the
current trend of “always connected”. Considering the accelerating use of multi-
media contents on mobile devices, such as music and video streaming, and the
Internet browsing, the demand for higher data rates continues to grow. Therefore,
the so-called fourth generation (4G) or International Mobile Telecommunications-
Advanced (IMT-Advanced) specified data rates within the range of 100 Mbps to
1 Gbps under various mobility conditions [1]. To realize such high data rates,
advanced techniques including Carrier Aggregation (CA) to enlarge bandwidth,
Multiple Input Multiple Output (MIMO) antenna configuration, Orthogonal Fre-
quency Division Multiplexing (OFDM)-based air interfaces, higher modulation
alphabets, and advanced scheduling techniques are deployed in 4G radio systems
2, 3, 4, 5, 6].

In achieving extremely high data rates, a big challenge is reconfigurability and
flexibility of radio devices to simultaneously support a wide variety of wireless
standards in different frequency bands. This is in line with the principle of soft-
ware defined radio (SDR) which calls for reusability of hardware through software
updates [7]. Recently, a new concept known as cognitive radio (CR) [8] is proposed,

which aims at better spectrum utilization by allowing secondary or non-licensed
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users to access the spectrum opportunistically and operate within the frequency

bands that are not heavily used by the licensed or primary users.

On one hand, wireless devices should be multimode and multiband. On the other
hand, there are big restrictions on their cost, size, and power consumption, partic-
ularly on the user equipment (UE) side. These conflicting expectations pose major
technical constraints in the evolution of wireless devices, which calls for novel ra-
dio architectures with the use of low-cost components. The direct-conversion (also
known as zero-IF or homodyne) radio architecture [9] offers a good balance between
the hardware complexity /size and the performance, and is considered a promising
candidate for multi-standard radio devices. In the direct-conversion architecture-
based radio transmitters (TXs) and receivers (RXs), the desired signal is directly
converted from baseband to radio frequency (RF), and vice versa, without any
intermediate frequency (IF) stage. This offers a high level of integration as bulky
RF image rejection filters and other off-chip components are not needed. However,
the direct-conversion architecture suffers from specific radio frequency (RF) im-
perfections such as inphase and quadrature phase (I/Q) imbalance stemming from
gain, phase, and frequency response mismatch between the signal branches, direct
current (DC) offset, local oscillator (LO) signal leakage, even-order intermodula-
tion distortion (IMD) products, and flicker noise, etc. [10, 11, 12, 13, 14, 15]. In
general, these impairments cannot be fully avoided in a practical implementation
due to inaccuracies in the fabrication process, and their impact becomes more
pronounced as the cost and size of analog components decrease and the operat-
ing bandwidth and frequency increase [16, 17]. Moreover, modern communication
systems employing multicarrier waveforms and higher-order modulation alphabets
are particularly vulnerable to these RF imperfections. Hence, one interesting al-
ternative to reduce the impact of these impairments while keeping the cost and
size of devices at a reasonable level is to increase the cooperation between the
digital baseband and the analog RF. More specifically, sophisticated digital signal
processing (DSP) techniques can be applied to reduce the impact of analog RF
impairments, as suggested by the “Dirty RF” paradigm [16]. This is the general

topic area in this thesis and forms a good motivation for this research work.
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1.2 Scope and Contributions of the Thesis

The goal of this thesis is to model and analyze certain TX RF front-end (FE)
imperfections, and to propose digital mitigation techniques that enable efficient
transceiver operation with flexibility, reconfigurability, and reduced size, power,
and cost. The algorithms proposed in this thesis work can be applied in the
pilot data-aided OFDM and uplink Orthogonal Frequency Division Multiple Ac-
cess (OFDMA)/Single Carrier Frequency Division Multiple Access (SC-FDMA)
systems, as well as in frequency division duplex (FDD) transceivers with finite
isolation duplexer filters and small duplex distance. While it is difficult to cover
all essential RF impairments in radio systems in a single thesis, the scope is thus
limited to selected TX RF impairments as elaborated in more details in the fol-

lowing paragraphs and technical chapters.

The contributions of this thesis can be divided into two areas. The first is
direct-conversion OFDM and uplink OFDMA /SC-FDMA systems, where a hy-
brid time/frequency-domain compensation structure is proposed, and DSP-based
algorithms are developed to combat RF impairments and channel distortions at
the receiver side. For OFDM systems, both joint and de-coupled equalization tech-
niques are proposed to mitigate frequency-selective TX 1/Q imbalance and chan-
nel distortions [P1], [P2]. In the uplink OFDMA /SC-FDMA context, the effect of
small carrier frequency offsets (CFOs) is also taken into account together with the
frequency-selective TX 1/Q imbalances and channel distortions in the challenging
multi-user uplink scenario with multiple UEs multiplexed in frequency. Then, mo-
tivated by the reduced size and power efficiency for mobile terminals, novel joint
estimation and equalization algorithms are developed that operate in the digital
baseband of the base station (BS) RX [P3], [P7]. This is one key contribution of
this thesis, which allows efficient TX RF impairments and channel distortions es-
timation and compensation, and are thus highly desirable for OFDM- and uplink
OFDMA /SC-FDMA-based RXs.

The second part of this thesis deals with the modeling and mitigation of trans-
mitter leakage signals in FDD transceivers, when a significant portion of transmit
signal leaks into the RX chain due to insufficient TX-RX isolation and deteri-
orate the desired received signal detection. Here, two different self-interference
scenarios are considered. The first is TX out-of-band (OOB) emissions and TX
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spurious emissions at the own RX band created by the nonlinear power ampli-
fier (PA) in the transmitter chain [P5], [P6], while the second is the nonlinearity
of the down-converting mixer in RX that generates second-order IMD (IMD2)
due to the transmitter in-band leakage signal [P4]. In both situations, the un-
wanted self-interference corrupts the reception and may lead to own receiver (RX)
desensitization (self-desensitization). We propose algorithms that operate in the
digital baseband of the transceiver to regenerate a replica of the self-interference
and thereafter suppress it. This is another key contribution, which potentially
increases the flexibility of the transceiver by relaxing the TX-RX isolation and

duplex distance requirements as well as reducing the overall transceiver cost.

Altogether, this thesis is based on the works reported in [P1] - [P7] and partly also
on the work reported in [18], carried out at the Department of Electronics and
Communications Engineering, Tampere University of Technology, Finland. The
topics were jointly proposed by the thesis supervisors Prof. Mikko Valkama, Dr.
Lauri Anttila, and the author himself. The author of the thesis is the first au-
thor in all the publications, and was responsible for developing the signal models,
analysis, simulations, measurements, and preparations of the publications while
the thesis supervisors provided useful guidance and contributed to the technical
contents and final appearance of all the publications. The initial idea of developing
an overall link-level model with TX and RX I/Q imbalances, CFO, and channel
distortions in OFDM systems was proposed by Dr. Lauri Anttila who provided
preliminary derivations which the author then formalized and developed compen-
sation solutions in [P1] and [P2] while being advised and aided by the supervisors
and co-author Dr. Yaning Zou, who implemented the CFO estimator in [P2]. The
author proposed the research concept of RF impairments in uplink OFDMA and
SC-FDMA systems inspired by Yoshida et al. work in [19], and performed detailed
signal modeling, analysis, and simulations. Dr. Lauri Anttila proposed the idea
of polynomial approximation for channel estimation, Prof. Mikko Valkama helped
in the derivation of joint minimum mean-square error (MMSE) equalizer and also
in the analysis of multi-antenna RXs, while Dr. Yaning Zou carried out the com-
plexity analysis in [P7]. The study area of transmitter leakage signal problems
in an FDD transceiver was proposed by Prof. Mikko Valkama, and the problem
of unwanted transmitter spectral emissions at the RX band [P5] was identified in
[P4] for which the author then developed digital mitigation techniques with Prof.
Mikko Valkama and Dr. Lauri Anttila guidance. The work on mitigation of trans-

mitter spurious emissions at RX band in CA FDD transceivers [P6] was motivated
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by PA predistortion studies in our research group, and the analysis, simulations,
measurements, and writing were done by the author. Naturally, thesis supervisors
and co-authors M. Sc. Mahmoud Abdelaziz and M. Sc. Vesa Lehtinen provided

valuable insight and comments.

1.3 Outline of the Thesis

The remaining chapters of the thesis are organized as follows. Chapter 2 pro-
vides essential background aspects, including a compact overview of Long Term
Evolution (LTE)-Advanced; I/Q imbalance and CFO problem in direct-conversion
architecture-based OFDM systems; and the transmitter leakage signal problems in
FDD transceivers. Chapter 3 presents analytic signal models of the received signal
as a function of transmitted signals, the TX and RX I/Q imbalances, CFOs, and
channel distortions. Then, digital compensation techniques are discussed for TX
RF impairments in OFDM and uplink OFDMA /SC-FDMA systems. The chapter
ends with the simulation and measurement results. Chapter 4 presents detailed
signal modeling and efficient baseband mitigation techniques for different consid-
ered TX leakage signal scenarios in FDD transceivers. Again, extensive simulation
and measurement results are provided to validate the performance of the proposed

methods. Finally, Chapter 5 summarizes the key findings of the thesis.






Chapter 2

Recent Advances and Challenges

in Mobile Radio Communications

The number of wireless devices has increased rapidly in the last decade and is
expected to reach tens of billions already by 2020 [20]. Along with the increasing
number of devices, the consumer demands for extremely high data rates to enable
broadband multimedia services have also grown significantly, which requires con-
siderably larger transmission bandwidths and improved spectral efficiency. Mean-
while, the available RF spectrum remains as a scarce resource. In this context,
spectrally efficient and flexible transmission schemes such as OFDM have been
adopted by many prevailing wireless standards, such as digital audio broadcasting
(DAB) [21], digital video broadcasting (DVB) [22], 3"¢ Generation Partnership
Project (3GPP) LTE/LTE-Advanced [6, 10, 23|, family of wireless local-area-
networks (WLANSs) building on 802.11 a/g/n/ac standards [24, 25], and WiMAX
standard IEEE 802.16 [26], among others. The OFDM technique is robust against
multipath fading, eliminates Inter Symbol Interference (ISI) by inserting a cyclic
prefix (CP) between successive symbols, allows the use of MIMO techniques to
exploit spatial multiplexing and antenna diversity, and offers high flexibility in
resource allocation [27, 28]. The physical layer implementation of OFDM-based
systems with a direct-conversion radio architecture represents a promising solu-
tion [9], and is currently a prevailing radio architecture in radio transceivers due
to its simplified analog FE. However, the direct-conversion architecture is very
sensitive to various FE mismatches and imperfections, commonly known as RF

impairments [16], stemming from analog hardware inaccuracies that can limit the
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system performance. Furthermore, OFDM-based systems are known to be partic-
ularly vulnerable to RF impairments, see, e.g., 29, 30, 31, 32, 33, 34, 35, 36] and

references therein.

In this chapter, we briefly review the advances in mobile radio communications,
namely 3GPP LTE-Advanced, which is based on the OFDM/OFDMA transmis-
sion scheme, or some of its variants, and is taken as a case study in this thesis.
We also review the most common RF impairments associated with the direct-
conversion architecture-based OFDM/OFDMA systems, such as I/Q imbalance
and carrier frequency offset (CFO). Finally, the problem of transmit signal leak-
age in the frequency-division duplex (FDD) transceiver is addressed, and the role

of transmitter and receiver non-idealities in this context is covered.

2.1 An Overview of 3GPP Long Term Evolution-
Advanced

LTE-Advanced is generally referring to the 3GPP Release 10 and beyond. Here in
this section, we introduce only the general properties of LTE and LTE-Advanced
that are relevant to this thesis. The reader is referred to [6, 37, 38, 39] and 3GPP

36 series technical specification documents for more details.

Motivated by the ever increasing demands of mobile users for multimedia and
other high-speed broadband services, the International Telecommunications Union
(ITU) has defined the requirements for the next-generation mobile telecommunica-
tion system, known as International Mobile Telecommunications-Advanced (IMT-
Advanced). The most notable feature of IMT-Advanced systems is enhanced data
rates: 1 Gbps for low mobility users and 100 Mbps for high mobility users. Re-
sponding to these requirements [1], 3GPP has been and is still developing the LTE-
Advanced standard, which achieves peak data rates by deploying bandwidths up
to 100 MHz [3, 40]. Other key features of LTE-Advanced include improved spec-
tral efficiency, scalable bandwidths, low latency, multi-antenna transmission, and

backward compatibility with legacy LTE systems (Release 8/9).

LTE supports scalable bandwidths, with current specification of 6 different car-
rier bandwidths: 1.4, 3, 5, 10, 15 and 20 MHz [2]. However, higher data rates
require considerably larger bandwidths. Hence, the Carrier Aggregation (CA)
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technique is introduced in LTE-Advanced, which enables bandwidth extension be-
yond 20 MHz by aggregating two or more LTE Release 8 carriers (referred to as
component carriers (CCs) in Release 10 onwards). The CCs can possibly be of
different bandwidths and can belong to the same frequency band (intraband CA)
or to separate frequency bands (interband CA), hence providing increased spec-
trum flexibility. Furthermore, both contiguous and noncontiguous intraband CA
schemes are specified, depending on whether or not the aggregated carriers are

next to each other in frequency-domain.

In addition to transmission bandwidth flexibility, LTE also offers flexibility in du-
plex arrangements and supports both FDD and Time Division Duplexing (TDD)
modes. In TDD mode, uplink and downlink transmissions use the same frequency
but take place in non-overlapping time slots. On the other hand, the FDD mode
implies that uplink and downlink transmissions can occur simultaneously but using

separate frequency bands.

OFDMA-based radio access schemes are adopted in LTE deploying pure OFDMA
in downlink and DFT-spread OFDMA, also known as SC-FDMA, in uplink. Prop-
erties of LTE uplink and downlink are discussed briefly in the following subsections
from the perspective of this thesis work, while the basic physical layer parameters
are summarized in Table 2.1. The spectral efficiency of the radio link is further im-
proved by using higher-order subcarrier modulation schemes, that can be quadra-
ture phase shift keying (QPSK) or quadrature amplitude modulation (QAM) with
constellation size of 16 and 64, together with efficient error correction coding and
MIMO techniques [2, 6, 38].

2.1.1 LTE Downlink: OFDMA

LTE downlink radio access is achieved via OFDMA. OFDMA is a multicarrier
transmission and multiple access scheme where available bandwidth is split into
several narrow bandwidth orthogonal subcarriers, with each subcarrier carrying
data, and different users can be flexibly mapped to different subsets of the overall
pool of subcarriers. These make OFDM/OFDMA robust to channel frequency-
selectivity and also supports flexibility in bandwidth allocation by varying the
number of subcarriers assigned to different users. The orthogonality between sub-

carriers is achieved through careful selection of carrier spacing such that at the
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TABLE 2.1: LTE physical layer parameters

Access scheme Uplink SC-FDMA
Downlink OFDMA
Transmission bandwidths
(MH?7) 14| 3 5 10 15 20
FFT Size 128 | 256 | 512 | 1024 | 1536 2048
No. of RBs 6 | 15 | 25 | 50 75 100
No. of occupied subcarriers 72 | 180 | 300 | 600 | 900 1200
Subcarrier Spacing (kHz) 15
Radio subframe duration (msec) 1
No. of slots in a subframe 2
Normal CP 7
No. of symbols per slot Fxtonded CP G
5.2 usec for first symbol
Normal in a slot,
CP length 4.7 psec for other symbols
in a slot
Extended 16.7 psec
Modulation schemes QPSK, 16—QAM, 64—QAM (only for downlink)

center of a subcarrier all other subcarriers have zero crossings. In LTE, the sub-
carrier spacing between consecutive subcarriers is 15 kHz and the number of active
subcarriers vary from 72 to 1200 depending on the occupied carrier bandwidth. A
group of 12 adjacent subcarriers is called a resource block (RB) and each user may
be assigned one or more RBs thus resulting in a minimum bandwidth allocation of
180 kHz. The transmission is arranged in radio frames, and two frame structures
are defined for LTE: frame structure type 1 for FDD and frame structure type 2
for TDD mode [10]. In frame structure type 1, a frame is 10 msec in duration and
is divided into 10 subframes. A subframe, of duration 1 msec, forms a transmission
time interval (TTI) and is further divided into two slots each of 0.5 msec duration.
A slot then carries six or seven data symbols, depending on normal or extended
cyclic prefix (CP) length. This is illustrated in Fig. 2.1. In LTE OFDMA, the
users are scheduled in the time-frequency grid, where in frequency-domain RBs
are assigned and in time-domain resource allocation is done with minimum TTI
of one subframe [6, 38, 41].

To each OFDM symbol, a CP, which is a copy of the last N, time-domain sam-
ples of an OFDM symbol, is appended to the beginning. When the length of
CP is chosen larger than the channel delay spread, no ISI occurs after remov-

ing it, properly synchronized, in the receiver. The addition of the CP, however,
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Fic. 2.1: LTE frame structure type 1 for FDD.

decreases the spectral efficiency of the OFDM system and is a trade-off between
the robustness to ISI and spectral efficiency. LTE has two different CP config-
urations, namely normal CP and extended CP, to account for the channel delay
spread. For demodulation in LTE downlink, known reference signals are inserted
into the time-frequency grid. The reference signals are used, e.g., for the channel
estimation on the user equipment (UE). With normal CP, the reference symbols
are placed at every sixth subcarrier in frequency-domain, whereas in time-domain,

the first and fifth OFDM symbols in a slot carry reference symbols [10].

A drawback of the multicarrier OFDM/OFDMA transmission scheme is that si-
multaneous transmission of multiple subcarriers leads to large variations in the
instantaneous transmit power, i.e. a high peak-to-average power ratio (PAPR).
High PAPR drives the PA into its nonlinear region and an input power back-off,
which is approximately as large as the PAPR of the transmitted signal, is required
to operate in the linear region [11]. This, however, results in inefficient PA op-
eration and increases the cost. Since PA efficiency and cost are more important
considerations for the mobile terminals, OFDMA is better suited for downlink
transmission. Additionally, OFDM systems are more susceptible to Inter Carrier
Interference (ICI) due to the small frequency separation between the subcarriers,
and thus Doppler frequency or frequency synchronization errors may destroy the

subcarrier orthogonality, resulting in system performance degradation.

2.1.2 LTE Uplink: SC-FDMA

LTE uplink transmission is also based on an OFDMA like access method; how-
ever, due to high PAPR of OFDMA signals, DFT-spread OFDMA, also known as
SC-FDMA, is selected as the uplink multiple access scheme in 3GPP LTE/LTE-
Advanced systems [6, 38, 42]. SC-FDMA is a modified form of OFDMA that



Recent Advances and Challenges in Mobile Radio Communications 12

resembles single carrier transmission by pre-coding or spreading the data symbols
with a discrete Fourier transform (DFT). Unlike OFDM, where each subcarrier
carries a different symbol, in SC-FDMA, the DFT operation spreads the data over
all subcarriers. As a consequence, the transmitted signal is single carrier like and
has lower PAPR than the OFDM signal. This property makes SC-FDMA favor-
able for uplink transmission where UEs can benefit in terms of transmitted power
efficiency. Interestingly, in LTE Release 11, noncontiguous resource allocation
within a single CC, i.e. multi-cluster transmission, is supported where the DFT
outputs are not mapped directly to consecutive subcarriers. This allows more flex-
ible channel-dependent scheduling but also increases the PAPR [43, 44]. Another
benefit of SC-FDMA is frequency diversity. Since the information on an individual
symbol is spread on all data subcarriers, hence if one or more subcarriers are in
a deep fade it does not necessarily lead to losing the information transmitted on
a symbol. However, at the receiver side, IDF'T operation spreads noise over all
subcarriers and noise amplification from deep fades has a greater impact on the
performance [6, 45, 46, 47].

SC-FDMA has also flexibility in transmission bandwidth and supports both lo-
calized and distributed mappings. When a group of successive subcarriers are
allocated to a user, i.e. the DFT output is mapped directly to a subset of con-
secutive subcarriers, it is referred to as localized mapping. Otherwise, it is called
distributed mapping where the DFT outputs are mapped to subcarriers over the
entire bandwidth. The current working assumptions in LTE/LTE-Advanced as-

sume localized subcarrier mapping [10, 48].

Similar to downlink, the uplink transmission is also organized in the radio frames
with 10 msec duration which are further divided into 10 subframes with two slots
of 0.5 msec duration each. Furthermore, an uplink RB has 12 subcarriers on
the frequency axis and in time, seven SC-FDMA symbols per slot with normal CP
configuration and six SC-FDMA symbols when the extended CP is used. There are
two types of reference signals: the demodulation reference signals (DMRS) which
are used for channel estimation in the BS RX, and the sounding reference signals
(SRS) which are used to derive channel quality information for scheduling decisions
[10]. Compared to the downlink where the reference signals are distributed in
frequency and time, UL DMRS reference signals are in the middle of each slot,
i.e., the fourth symbol assuming normal CP configuration, and spans over all

subcarriers allocated for uplink transmission. In addition, compared to the data
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symbols that are pre-coded by DFT, the reference symbols are directly mapped

to the subcarriers in the uplink transmission.

2.1.3 Carrier Aggregation and Multi-Cluster Transmission

In Release 10 of 3GPP specifications, carrier aggregation is introduced that per-
mits aggregating two or more Release 8 CCs, possibly of different bandwidths,
for transmission. Up to five CCs can, in principle, be aggregated, resulting in a
maximum of 100 MHz transmission bandwidth; however, currently there is sup-
port for only two CCs, i.e. a maximum of 40 MHz bandwidth [2, 4, 6, 23, 49, 50].
The number of aggregated CCs can be different in the uplink and downlink, but
the number of uplink CCs is always less than or equal to the number of downlink
CCs. Initially in Release 10, only intraband contiguous CA was introduced, which
was further extended to include downlink intraband noncontiguous and downlink
interband CA in Release 11. The uplink intraband noncontiguous and uplink in-
terband CA are then introduced in Release 12. In addition to the bandwidth
extension through CA, noncontiguous resource allocation within the contiguously
aggregated carriers was proposed in Release 10 and noncontiguous resource allo-
cation within a single CC or the so-called multi-cluster transmission is adopted in
Release 11 to improve the uplink spectral efficiency [5, 6, 51]. With multi-cluster
transmission in uplink, an UE can be allocated 2 nonadjacent clusters within a
CC, where a cluster refers to the integer number of RBs. While the multi-cluster
transmission has higher scheduling capability than the contiguous RB allocation,
the single carrier property is no longer preserved which results in increased PAPR.
The evolution and capabilities of CA in different LTE Releases from an uplink

perspective are illustrated in Fig. 2.2.

2.2 Basics of I/Q Signal Processing
To establish a basis for discussion in the rest of this thesis, we introduce next the
basic concepts of 1/Q signal processing in this section.

Complex-valued or I/Q signals are often employed in modern radio signal process-

ing. A complex-valued signal is a pair of two real-valued signals, consisting of real
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Fia. 2.2: Different types of CA schemes and multi-cluster transmission in LTE-
Advanced uplink from single UE perspective.
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and imaginary components that have 90° phase difference between them. Math-
ematically, a complex-valued signal is written as z(t) = x;(t) + jxg(t), where the
real part of the signal R {z(t)} = x;(t) is known as the inphase, and the imaginary
part S{x(t)} = zg(t) is known as the quadrature signal. Real-valued signals have
spectral symmetry around the zero frequency, meaning that X,.(f) = X% (—f)
where X,..(f) denotes the Fourier transform of a real-valued signal x,.(t), how-

ever, complex-valued signals do not need to obey any spectral symmetry [11, 32]

Complex 1/Q signal processing is utilized in modern radio transceiver architec-
tures, such as the direct-conversion transmitter and receiver depicted in Fig. 2.3,
for up/down-conversion. Here, the frequency translation is performed by multiply-
ing the signal with a complex-valued local oscillator (LO) signal . Conceptually,
on the transmitter side, the complex baseband signal z(t) is first multiplied with
a complex LO signal e/?7/10t which can be represented as a pair of orthogonal
real-valued signals e/2™/0! = cos(27 frot) + jsin(27 fLot) using phasor notation,

and the real-part of the RF signal is transmitted on a real-valued channel. This
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Fia. 2.3: The direct-conversion transmitter (left) and receiver (right) block
diagrams using 1/Q mizing.

can be mathematically expressed as [52, 53]

rrp(t) = 2R {x(t)e’*/rot}
= x(t)ed?mIrot o g* (t)e 92 Lot (2.1)

= 2x(t)cos(2m frot) — 2x¢(t)sin(2m frot)

where the last form in above equation is known as the quadrature carrier form of
the bandpass signal xgpr(t), showing that two real-valued signals, or the real and
imaginary parts of the complex baseband signal, are being transmitted on the same
frequency and over the same bandwidth. The spectrum of above RF signal consti-
tutes both the positive and negative frequency components of the corresponding
complex baseband signal, and it is symmetrical about the zero frequency, though
non-symmetric about the LO frequency. The spectral symmetry is created by the

R operator which introduces the z*(t)e =727/t component in (2.1).

Similarly, on the receiver side, any real-valued RF signal zrp(t) can be down-
converted to baseband by first multiplying it with the complex exponential of the
opposite frequency, and then recovering the desired baseband signal with lowpass
(LP) filtering the frequency translated signal. The equivalent baseband signal can

be written as
x(t) = LP {xpp(t)e 7?m/rot} (2.2)

where LP denotes the lowpass filtering operation.

In general, the above I/Q mixing-based transmitter and receiver concepts can also
be adopted in multichannel type of scenarios as well as in cases where the lowpass
equivalent complex signal z(t) is located not exactly at baseband but, e.g., at
a small intermediate frequency (IF). In such cases, the structure of the lowpass
equivalent signal simply resembles the structure of the overall processed RF signal,

with the zero frequency corresponding to the LO frequency. Good examples of this
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are, e.g., Release 11 multi-cluster UE transmitter where the lowpass equivalent
signal contains the active RBs within one LTE carrier, or more generally, a dual-
carrier CA transmitter where the dual-carrier signal structure is already created
in the lowpass equivalent complex signal such that the individual carriers are
located at the appropriate complex IF frequencies. In this thesis, we use the
direct-conversion transceiver to refer to all these kinds of transmitter and receiver
scenarios while the exact signal structure of the lowpass equivalent signals then
becomes evident from the more detailed context in different considered system

scenarios.

2.3 TX RF Imperfections in Direct-Conversion
OFDM/OFDMA Systems: Influence and Sig-
nal Models

It is well established in the literature that the direct-conversion architecture is
vulnerable to RF impairments of analog FE components [10, 11, 12, 13, 14, 15, 32].
In this thesis, we focus only on certain TX RF impairments in direct-conversion
architecture-based OFDM systems, more specifically 1/Q imbalance and small
uplink CFOs, and deal with the estimation and compensation of these impairments
on the receiver side in the presence of channel distortions. The impact of these

impairments is now shortly reviewed in the following subsections.

2.3.1 1/Q Imbalance

As discussed in Section 2.2, an I/Q modulator/demodulator is often used for
up/down-conversion in the direct-conversion architecture-based TX/RX. The im-
plementation of quadrature up/down-conversion suffers from the mismatch be-
tween the analog I and Q paths, typically due to unavoidable fabrication process
inaccuracies, and is referred to as I/Q imbalance. Generally speaking, the sinu-
soids multiplying the quadrature branches may not have equal gain and exactly 90°
phase difference, resulting in frequency-independent (FI) I/Q imbalance. In addi-
tion, the frequency responses of both signal paths, such as LP filters, amplifiers,
digital-to-analog converter (D/A)/analog-to-digital converter (A/D), may not be

identical, particularly for wideband signals, hence resulting in frequency-selective
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(FS) I/Q imbalance within the signal bandwidth. I/Q imbalance can occur at the
TX, RX, or both.

To model such I/Q imbalance, suppose that grx/rx denotes the relative mismatch,
called gain mismatch, and ¢rx/rx denotes the relative phase difference, called
phase mismatch, stemming from the I/Q LO and mixer stages. Furthermore,
the relative impulse response mismatch between the two quadrature branches is
modeled with hrx/rx(t). Then the complex filters g1 rx(t), g2,rx () modeling
the overall TX I/Q imbalance and ¢; gx (), g2,rx (t) modeling the overall RX I/Q
imbalance are defined as [11, 30, 32, 54]

girx(t) = (5(75) + grxel?TX hTX(t)) /25 Garx(t) = (5(t) — grxel?Tx hTX(t>) /2
gLrx(t) = (0() + grxe 7™ hrx (1)) /2 gorx(t) = (0(t) — grxe’ "> hpx(t)) /2.
(2.3)

To quantify the effect of TX I/Q imbalance, let z(¢) denote the baseband equiv-
alent transmit signal under perfect 1/Q matching. The complex envelope of the
transmitted RF signal with I/Q imbalance effect is then given by [11, 54, 55], [P1]
- [P3], [P7]

Z(t) = grox(t) * x(t) + gorx (t) * 2*(1). (2.4)

The above equation indicates that 1/Q imbalance results in a widely-linear trans-
formation of the ideal complex envelope [11, 55], since the impaired complex en-
velope is a weighted sum of the ideal complex envelope and its conjugate. The
baseband equivalent signal in (2.4) in the frequency-domain, by taking its Fourier

transform, is given by

X(f) = Gurx())X(f) + Garx (/)X (—f) (2.5)

which shows that the undesired image signal Garx(f)X75(—f), generated by
I/Q imbalance, results in the mirror frequency interference (MFI). Depending on
a signal’s spectral location, MFI causes self-interference through own signal image
or mirror channel interference through the image signal of mirror channel signals.
This is illustrated in Fig. 2.4 for single-channel and multi-channel transmission sce-
narios, where in the single-channel case when all subcarriers are allocated to a user,
the signal suffers from self-interference or intercarrier interference (ICI). However,
in the multi-channel case when several users, of possibly different bandwidths and

unequal power levels, are sharing the available bandwidth, the interference can
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V.

F1a. 2.4: Ezample lowpass equivalent spectral illustrations of 1/Q imbalance
effects on single-channel (left) and multi-channel (right) signals with different
bandwidths and power levels.
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Fia. 2.5: Effect of TX I/Q) imbalance on a noiseless 16— QAM OFDM sig-

nal with 15% gain imbalance and 15° phase imbalance. The scatter plot of a

single-channel signal (right) and the scatter plot of the weaker signal in a two-

channel signal with 10 dB power difference (left). The red circles denote the

ideal subcarrier symbols and the blue points denote the imbalanced subcarrier
symbols.

come from one or more mirror channels, resulting in interuser interference (IUI).
A strong mirror channel hence generates a more powerful interference which, in
turn, results in a high detection error rate for the weak channel signals. The ef-
fect of frequency-independent TX 1/Q imbalance on a noiseless 16—QAM OFDM
symbol constellation is illustrated in Fig. 2.5, showing the ICI effect in the left
part of the figure for a single-channel transmission, and the IUI effect in the right
part of the figure where the constellation plot of the weak user in a two-channel
transmission case is plotted. Notice that the IUI has a noise-like behavior whose

level depends on the power difference among the mirror channel users.
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The image rejection ratio (IRR) can be defined for an individual TX FE using
(2.5), expressed in dB, as

Grrx ()]
IRRt = 10logyy | —— |, 2.6
x() 90<|G2,Tx<f>|2> 20

which quantifies the suppression of the image signal located at the mirror-frequency
—f in the lowpass equivalent notation. It is worth mentioning here that for LTE
UE terminals, the minimum I/Q image signal suppression is defined to be only
25 dB in the 3GPP standardization [2, 56]. This may not yield sufficient signal
suppression especially in the uplink as a considerable power level difference may
exist between the uplink users at the BS RX. For example, the in-band dynamic
range for an LTE BS RX can be in the order of 21.5 dB [57]. It is also verified
with simulations in [P7] that IUI in uplink transmission due to TX I/Q imbalances
causes severe performance degradation. This motivates well for the receiver-based
suppression of I/Q mismatch-induced interference, especially with higher-order

subcarrier modulation in the uplink transmission.

In general, IRR only measures the influence of I/Q imbalance and does not account
for other distortion sources such as CFO and channel. Hence, the symbol-error-
rate (SER) of a communication system is used as the primary performance metric

in this thesis, since it is a most important physical layer performance measure.

2.3.2 Carrier Frequency Offset

An OFDM-based communication system modulates the data symbols to closely
spaced orthogonal subcarriers. Such a transmission is very sensitive to frequency
synchronization errors, often called CFO. The CFO arises due to the misalignment
between TX and RX local RF oscillators and/or Doppler shifts caused by the
mobility of users, and destroys subcarrier orthogonality. CFO also results in ICI
or IUI, depending on the subcarrier allocation and multiple access scheme, and

considerably degrades the system performance [58, 59, 60].

To formulate the effect of CFO, consider an OFDM system with M subcarriers.
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Fic. 2.6: Effect of normalized CFO = 0.05 on the noiseless 16— QAM OFDM
signal with subcarrier spacing of 15 kHz. The rotation of constellation points is

due to the CPE and the additional spread around the symbols can be attributed
to the ICI.

The received signal, after CP removal and FFT, in frequency-domain at a subcar-
rier k is then given by [61, 62], [P1], [P2]

Y (k) = X (k)Qk, k,€) + Mz_l XDk, €) (2.7)
1=0,14k

where € denotes the normalized CFO relative to the subcarrier spacing. The chan-
nel multi-path effect and additive noise are ignored here for notational simplicity,

but are naturally included in the actual technical developments in the thesis work.
The CFO leakage coefficient in (2.7) is defined as

=

Ql, k,e) = % 2 (k). (2.8)
q

Il
o

The first term in (2.7) represents the transmitted data scaled by the common phase
error (CPE) which causes signal rotation, and the second term denotes ICI which
is stemming from the lost orthogonality between subcarriers. The effect of CFO
on the subcarrier constellation of a noiseless 16—QAM OFDM system is shown in
Fig. 2.6.

Contrary to OFDM system where CFO causes ICI, in OFDMA, CFO not only
causes [CI among the subcarriers of an individual user but it also introduces IUI
due to frequency difference among different users. To better understand the CFO

effect in this context, consider an OFDMA system with M subcarriers distributed
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between U-users. Then, the frequency-domain received signal of a user-i¢ at sub-
carrier k, after CP removal and FFT, is given by [63, 64], [P3], [P7]

Yi(k) = X' (k)Q(k, k,e)+ > XD E, ) ZZXJ QL k,€) (2.9)

leT 14k J=Llj#ilels

where €’; €/ represent the normalized CFO of user-i and user-j, respectively, and
I denotes the subcarrier index set of user-i. Notice that in (2.9) the second term
corresponds to ICI observed at the k® subcarrier due to subcarriers allocated to

it" user, and the third term represents IUI from subcarriers of all other users.

In addition, the effect of CFO on the downlink transmission is different compared
with the uplink transmission. In the downlink transmission where data is sent
from a single BS TX to all users, there is a unique CFO per UE receiver. There-
fore, a simple CFO compensation scheme based on first estimating the frequency
offset and then counter rotating the time-domain samples can be used. However,
in the uplink transmission, the CFO problem is more challenging because all si-
multaneously multiplexed UEs, through the OFDMA /SC-FDMA principle, have
their own CFOs relative to the BS receiver. In such a scenario, it is difficult
to correct the frequency mismatch in the BS RX as each user may experience a
different CFO, and correcting one user’s CFO in the composite received signal
may result in misalignment of other synchronized users. As a consequence, 3GPP
LTE specifications dictate tight frequency synchronization of mobile UE termi-
nals’ LOs to the BS LO, and the specified maximum TX LO error is at most
+0.1 parts per million (PPM) of the carrier frequency [2, 56]. As an example,
assuming a carrier frequency of 2 GHz, the maximum allowed frequency error is
2 x 10% x 0.1 x 1075 = 200 Hz.

2.4 Transmit Signal Leakage Problems in FDD

Transceivers

As mentioned in Section 2.1, 3GPP LTE/LTE-Advanced supports two duplex
modes: FDD and TDD [38, 41]. LTE/LTE-Advanced FDD enables full duplex
operation as both TX and RX are operating simultaneously but on separate fre-
quency bands. However, FDD operation is more challenging as sufficient isolation

is required between downlink and uplink to prevent the strong TX signal from
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saturating/desensitizing the RX [48, 65, 66]. A duplexer filter is commonly used
to connect the TX and RX to the same antenna while seeking to provide adequate
isolation between them. To cope with high dynamic range between transmit and
receive signals, a duplexer filter is constructed with two bandpass filters. In the
TX path, the transmitter duplexer filter seeks to suppress the unwanted emissions
outside the transmit band, especially the transmitter noise from the PA present at
the receiver operating frequency band. The receiver duplexer filter, on the other
hand, attenuates the strong transmitter in-band signal. The challenging restric-
tions on the size and number of components in UEs complicate achieving sufficient
TX-RX isolation, and a strong transmit signal may leak into the receiver and be
thus present at the receiver input. These aspects are becoming even more demand-
ing when CA, potentially with noncontiguous carriers, is employed and thus the
duplexing distance becomes considerably narrower. This has also been recently
recognized, e.g., in [5, 67, 68, 69, 70, 71], [P6]. The issue of transmit signal leakage
is preliminary addressed in this section, with emphasis on the unwanted transmit-
ter spectral emissions leaking into the RX band and the interaction between the

transmitter in-band leakage signal and the receiver nonlinearity.

2.4.1 TX Spectral Emissions at Own RX Band due to Non-
linear PA

The PA unit in the TX FE amplifies the transmit signal to a targeted RF power
level. A perfect PA has a linear response, i.e. the output signal is simply a scaled
copy of the input signal. However, practical PAs are inherently nonlinear meaning
that they perform linearly only up to a certain input power and then the output
starts to saturate, creating harmonic distortion (HD) and intermodulation distor-
tion (IMD) products that can degrade the transmission quality. The nonlinearities
create new frequency components, and the odd-order IMD products generally ap-
pear in the close proximity of the desired signal band [11, 72|, causing spectral
regrowth of the signal, termed as unwanted spectral emissions in this thesis. The
spectral emissions can in general be divided into three categories: in-band emis-
sions, out-of-band (OOB) emissions, and spurious emissions [2]. In-band emissions
refer, by definition, to emissions within the carrier /channel bandwidth and are out-
side the scope of this thesis. OOB emissions and spurious emissions can, in turn,

appear at the RX band causing interference to the desired receiver signal.
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In general, the PA nonlinearity problem has become increasingly complex in mod-
ern wireless communication systems, such as LTE/LTE-Advanced, where larger
bandwidths and non-constant envelope modulations are deployed to achieve higher
data rates, and also the duplexing distance can be considerably narrow due to CA
deployment. As a result of large variations in the instantaneous power of the
transmit signal the PAPR increases. High PAPR signals are generally challenging
from PA efficiency /linearity trade-off perspective as in order to keep the PA at
a fairly linear region, a substantial back-off needs to be adopted. This, in turn,
results in low PA efficiency. SC-FDMA, the access technique for LTE uplink, has
typically 3 dB lower PAPR compared to OFDMA [6, 23|, giving better efficiency
which greatly benefits battery-powered devices such as mobile phones. However,
efficiency and linearity are two contradictory requirements (the linearity-efficiency
trade-off [73]), therefore, more efficient PA operation inevitably creates more non-
linear distortions. In order to avoid interference to adjacent channel signals cre-
ated by PA nonlinearity, OOB emissions and spurious emissions are generally
controlled by the spectral emission mask and the spurious emission mask, defined
by the standardization bodies such as 3GPP [2]. When emphasizing PA efficiency,
PA-induced unwanted spectral emissions may seriously violate the emission limits
[5, 74] and PAs are usually backed-off (increasing the so-called maximum power
reduction (MPR) in the context of LTE) from their nominal power level to fulfill
the emission limits. The minimum required back-off further increases with non-
contiguous CA. Therefore, techniques such as PAPR reduction, PA linearization
through predistortion and linear transmitter architectures have been and are be-
ing investigated to improve PA efficiency and linearity. The reader is referred to
(11, 72, 75, 76, 77, 78] and references therein for more details on PA linearization

and PAPR mitigation techniques.

Since the effective duplex distance becomes considerably narrower with CA, the
spectral emissions of the transmit signal, created by PA nonlinearity, can eas-
ily overlap the own receiver operating band, as illustrated in Fig. 2.7. In the
noncontiguous intraband CA operation with a single PA transmitter architecture
[79], PA nonlinearity also creates spurious IMD products that appear far from
the transmitter band and can thus also easily be in the own receiver operating
band. The relative strength of these spurious IMD products can be very strong,
and they may not be sufficiently suppressed by the duplexer RF filter alone, as in
practice, commercial mobile duplexers can achieve only 50---60 dB attenuation

[5, 67, 80] with reasonable cost, size, and insertion loss. This is illustrated in
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Fia. 2.7: Spectral illustration of unwanted PA OOB emissions (top) and PA
spurious emissions (bottom) at the RX band due to a finite isolation duplexer
filter.

Fig. 2.8 through an actual RF measurement, where a commercial LTE Band 25
mobile PA and mobile duplexer modules are used. The figure shows that with 423
dBm TX power, the spurious third-order IMD is located at 1.965 GHz, which is
within the own RX operating band, and the spurious IMD power after duplexer
filtering is still substantial. In such a scenario, RX desensitization can happen
even when the transmitted signal satisfies the general spurious emission limit, as
we shortly explain with system-level calculations. In summary, the combination of
CA and narrow duplexing gaps together with the finite isolation duplexer suggest
that nonlinear TX-induced spectral emissions cannot be fully suppressed by RF
duplexers alone, and set challenging requirements on the mobile hardware. This
is one of the main motivating factors behind this thesis work, particularly related
to the publications [P5], [P6], and [18].
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port. The input signal to PA is a dual-carrier LTE uplink SC-FDMA signal with

5 MHz CCs and 50 MHz gap. The transmit center frequency is 1.89 GHz and

the transmit power at antenna is 23 dBm. Own RX center operating frequency
18 1.965 GHz.

Next, to shortly demonstrate the impact of TX unwanted spectral emissions at
RX band, we consider LTE uplink Band 25 as a practical example and assume
intraband CA with two CCs located at the edges of the uplink frequency band. In
such carriers configuration, the duplexing distance between 2" TX carrier and RX
carrier is only 15 MHz. Then, in order to avoid performance degradation of the
FDD receiver, the TX unwanted spectral emissions at the own RX band should
essentially be below the effective thermal noise floor, especially when the receiver
is operating close to its sensitivity limit. Assuming that the unwanted spectral
emissions at the PA output, prior to the duplexer, can in general be up to —30
dBm/1MHz [2] (general spurious emission limit), and that the duplexer isolation
towards the receiver at RX band is typically 50---60 dB [67, 80], the unwanted
emissions at RX input can thus be in the order of —80---—90 dBm/1MHz. Com-
pared to the effective thermal noise power with nominal 9dB UE RX noise figure
[81], namely —174 460+ 9 = —105 dBm/1 MHz, this is a substantial interference
and can completely block the desired RX signal. Notice that the general coex-
istence related emission limit of —50 dBm/1MHz [2], applicable also at the own

RX band, is measured at the antenna connector after the duplexer filters, and
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direct-conversion receiver.

is accordingly totally insufficient to protect the own RX. These system calcula-
tions are simply of extreme nature, but demonstrate the particularly challenging
problem of the transmitter unwanted spectral emissions at the own receiver band
due to transmitter nonlinearities and finite duplexer attenuation. Then, instead of
simply backing-off the transmit power, novel digital cancellation solutions to sup-
press these transmitter nonlinearities-induced self-interference in the transceiver

baseband are developed in this thesis work.

2.4.2 Effect of Transmit In-band Signal Leakage on Direct-

Conversion RX Performance

The presence of transmitter in-band (portion of the signal that is in the passband
of TX duplexer filter) leakage signal at the RX input, due to finite RX filter atten-
uation for the transmitter passband frequencies, also imposes stringent linearity
requirements in the recewwer components, and can interact with receiver nonlin-
earities to produce interference in the RX baseband. One specific performance
limiting factor related to direct-conversion receivers is their sensitivity to IMD2,
which produces a spurious baseband signal having twice the bandwidth of the RF
interfering signal and cannot be removed by the channel selection filter [12]. In
the down-conversion mixing stage, the transmit in-band leakage signal can couple
from the mixer input to the LO port, producing IMD?2 that falls directly on top of

the weak received signal, as illustrated in Fig. 2.9. To demonstrate and quantify
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the relative strength of such IMD2, example transceiver system calculations are
again carried out, which indicate that the transmitter in-band leakage signal rep-
resents a dominating interference in the direct-conversion receivers. In general, the
UE transmit signal can be up to 120 dB stronger than the received signal, when
assuming a maximum TX power at the antenna connector of around +23 dBm and
the receiver operating close to the sensitivity level, say —96.5 dBm when assuming
LTE Band 25 with 5 MHz channel bandwidth and QPSK subcarrier modulation
[2]. Then, the value of TX-RX duplexer attenuation for the transmitter passband
is typically assumed to be only around 50 dB with 2 dB insertion loss for each TX
and RX duplexer filters [5, 67, 80|, implying that the transmitter leakage signal
power is +23 — 50 — 2 = —29 dBm at the receiver LNA input. This signal is
next amplified by LNA, having typically a gain of +15dB or so [82], resulting in
—14 dBm leakage signal power (Pr,;) at the mixer input. The relative strength
of IMD2 produced by the down-converter can be characterized by its second or-
der intercept point (IIP2), which indicates its linearity. If the mixer I1IP2 is, e.g.,
+50 dBm [83], then the IMD2 power (Pf2P?) at the mixer output is given by
PIMP2 = pp 1 — (I P2 — Pr,r) = —78 dBm, where it is assumed that the gain of
the mixer is 0 dB for simplicity. If the desired signal itself is assumed to be at the
receiver sensitivity level of —96.5 dBm, after LNA gain and mixer stage, its power
is —81.5 dBm. This shows that, in this example, the transmitter leakage IMD2 is
stronger than the desired signal and can cause own RX desensitization. In general,
an ITP2 in the order of 60---70 dBm is required for LTE receivers, which can be
challenging to achieve [84]. This is again one clear motivating aspect behind this
thesis work, in particular in [P4], where a digital regeneration and cancellation
solution for this kind of transmitter in-band leakage-induced self-interference is

developed.






Chapter 3

Digital Compensation of RF

Impairments in OFDM and
Uplink OFDMA /SC-FDMA

Systems

This chapter presents the digital estimation and compensation methods for cer-
tain TX RF impairments and channel distortions in OFDM and multi-user uplink
OFDMA and SC-FDMA systems. The analysis and proposed algorithms, origi-
nally presented in [P1], [P2], [P3], and [P7], are summarized in this chapter. In
[P1] and [P2], both joint and de-coupled compensation techniques for frequency-
selective TX 1/Q imbalance and channel distortions in OFDM systems are pro-
posed, which are now discussed in Section 3.1. The methods capable of jointly
compensating the frequency-selective TX 1/Q imbalances, small CFOs, and chan-
nel distortions in multi-user uplink OFDMA and SC-FDMA systems were pro-
posed in [P3] and [P7], and are reviewed in Section 3.2. In all these studies, the
estimation and compensation processing is done at the RX side, and the channels
and impairments filter responses are estimated jointly by utilizing the embedded
reference signals within the transmit data. Finally, the performance of the pro-
posed techniques is demonstrated with simulation and measurement examples in
Section 3.3.

29



Digital Compensation of RF Impairments in OFDM and Uplink
OFDMA/SC-FDMA Systems 30

3.1 Compensation of Frequency-Selective TX I/Q
Imbalance and Channel Distortions in OFDM
Systems

Most of the existing and emerging wireless systems rely on OFDM, or some of
its variants, to provide high data rates under severe frequency-selective fading
channels. The direct-conversion architecture represents a promising solution for
such systems; however, OFDM systems employing a low-cost direct-conversion
front-end are extremely vulnerable to hardware non-idealities such as 1/Q im-
balance and CFO. These impairments can, in turn, significantly limit the link
performance. In recent years, there have been extensive studies on the perfor-
mance analysis of OFDM systems under RF impairments. Among notable works,
digital methods for compensating RF impairments include: TX 1/Q imbalance
calibration at TX [55, 85, 86, 87] or at RX [86, 88]; RX I/Q imbalance cali-
bration [13, 32, 89, 90, 91, 92]; joint RX I/Q imbalance and channel compen-
sation [93, 94, 95, 96, 97]; and joint TX and RX I/Q imbalance and channel
compensation[98, 99, 100, 101, 102, 103]. Furthermore, RX I/Q imbalance and
CFO compensation techniques are discussed in [31, 104, 105], while joint esti-
mation and compensation techniques for TX and RX I/Q imbalance, CFO, and
channel are discussed in [30, 106, 107, 108].

In contrast to joint TX and RX I/Q imbalance, CFO, and channel distortions com-
pensation schemes, an alternative approach is de-coupled estimation and compen-
sation, where only fast varying parameters in time, such as the channel impulse re-
sponse or the CFO, are re-estimated and corrected while other parameters remain
the same. A hybrid time-domain and frequency-domain compensation structure is
proposed here for RF impairments and channel distortions compensation, where
state-of-the-art RX I/(Q imbalance and CFO compensation schemes are used in
conjunction with the proposed TX I/Q imbalance and channel estimation and

compensation techniques.

3.1.1 Signal and System Model

Fig. 3.1 shows the general structure of an OFDM system with RF impairments

and channel, and the corresponding estimation and compensation blocks. Let X



Digital Compensation of RF Impairments in OFDM and Uplink
OFDMA/SC-FDMA Systems 31

be the frequency-domain data symbol vector of size M x 1, which is transformed
to time-domain by an M —point inverse FFT. A CP of length N,— samples is then
appended at the beginning of each OFDM symbol. After parallel-to-serial (P/S)
conversion, the time-domain signal z(t) is fed to a direct-conversion transmitter for
transmission, where it is distorted by TX I/Q imbalance. The baseband equivalent
of the distorted TX RF signal is of the similar form as given in (2.4). The signal
then propagates through the multi-path block fading channel and arrives at the
receiver. The CP length is assumed to be sufficiently large that there is no ISI
between consecutive OFDM symbols. At the receiver, we assume that the LO of
TX and RX are not synchronized and a CFO error is present. Also, the RX down-
conversion stage is assumed non-ideal, which induces RX I/Q imbalance. Then,
the frequency-domain received symbol at a subcarrier k, after serial-to-parallel

(S/P) conversion, CP removal, and FET operation, can be written as [P1], [P2]

(

H(k)G1rx (k)X (k)UK Kk, €)+
) =Gty 4 IIGx ()X R K )+
>t Ol;ék H({)Grrx (DX (DQL E, e)+
Zz OZ;Ak H()Gorx (D)X (=0D)Q(, K, €)+
H*(—k)G;}TX(k)X(k)Q*(—k, —k,e)+
H (MG (CRHX R Chbor |y
Zl Ol;ék (_Z>G;,TX(_Z)X(Z)Q*(_Z7_k>€)+
Zl Ol;zék H*(=1)GY px (D) X* (=0 (=1, =k, €)+

;

Ga,rx (k)

(3.1)

where —k denotes the mirror subcarrier, H(k) denotes the channel frequency re-
sponse at subcarrier k, G1 rx.rx(k); Garx.rx (k) denote the corresponding frequency-
domain TX/RX I/Q imbalance filter responses, at subcarrier k, of the time-domain
filters defined in (2.3), Q(k, k, €) is the CFO leakage coefficient defined in (2.8), and
W (k) = G1rx (k)W (k)4 Ga.rx (k)W*(—Fk) represents the additive white Gaussian
noise at the k' subcarrier under RX I/Q imbalance. Based on the above equation,
the data at any individual subcarrier £ is interfered by the conjugate of the data
at mirror subcarrier —k, due to I/Q imbalance, as well as by the data on all other

subcarriers, due to CFO, therefore, causing ICI in OFDM systems.

In the following, we focus on the frequency-domain compensation of frequency-
selective TX 1/Q imbalance and channel distortions. It was discussed and verified
in [P1] and [P2] that the RX I/Q imbalance can be compensated blindly using
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Fiac. 3.1: Block diagram of OFDM system with proposed RF impairments and
channel distortions estimation and compensation blocks in the receiver.

the technique proposed in [89, 90] and the CFO errors can also be estimated with
good accuracy with the techniques proposed in [109], in the presence of TX 1/Q
imbalance and channel distortions. We thus assume these impairments reasonably
well compensated in time-domain as shown in Fig. 3.1. This simplifies (3.1) to the

following form
Y (k) = Gp(k)X (k) + Gum (k)X (—k) + W (k) (3.2)

where Gp(k) £ H(k)Girx(k) and Gy (k) £ H(k)Garx(k) denote the direct
and image signal filters, respectively, representing the joint response of TX 1/Q
imbalance and channel distortion at the & subcarrier, and filtering the data
on mirror subcarriers. Then, with the knowledge of these filter parameters, the
original transmitted data symbols can be recovered by applying, e.g., the ZF or

ML principles. These aspects are elaborated in details in the next section.

3.1.2 Estimation and Compensation of TX I/Q Imbalance

and Channel Distortions

The direct and mirror channel filters in (3.2) can be estimated in time-domain
with embedded pilot data in the OFDM signal, which are then used for frequency-
domain equalization, as shown in Fig. 3.1. Two different pilot patterns are com-
monly used in OFDM systems, namely preamble pilots, where an entirely known
OFDM symbol is inserted at the beginning of the frame (like in IEEE802.11n and
IEEE 802.16d [109]) and is commonly employed for estimating a slowly-varying
channel, and sparse pilots, where the pilot symbols are multiplexed with the data
in the time-frequency grid (like in 3GPP LTE/LTE-Advanced downlink [10]) and

is often used for estimating the fast-varying channels. The time-domain data-aided
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estimation with these pilot structures, and frequency-domain joint and de-coupled
compensation techniques for TX I/Q imbalance and channel distortions are dis-

cussed next in the following subsections.

3.1.2.1 Joint Estimation and Compensation of TX I/Q Imbalance and

Channel Distortions with Preamble Pilot Structure

We have observed that the TX I/Q imbalance causes mirror frequency interfer-
ence, which, in turn, imposes that the impaired signals at mirror frequencies,/-
subcarriers should be processed jointly. We thus propose here a widely-adopted
frequency-domain approach where TX I/Q imbalance and channel impairments
are compensated jointly by processing the pairs of mirror subcarriers. This can be
done by stacking the frequency-domain received signal at the k' subcarrier Y (k)

and the complex conjugate of its mirror subcarrier Y*(—k) in a vector as

Y(k) | _ [ Go(k) GM<k>”X<k> ]+[Wi<k>] (33)
Vi(=k)| - [Gulk) Gh(=R)] [X*(=h)] (W (=h)
iﬁr) f;(;) X‘(;) ﬁ‘&r)

where the total channel matriz é(k) represents the joint effect of TX 1/Q imbal-

ance and channel distortions for the received data symbols on mirror subcarriers.

Assuming first that the coefficients of é(k) are known, the original data symbols

can then be estimated using, e.g., the joint ZF (J-ZF) equalization, such as

Xr(k) — Gor(k)
Xpe(—k)| "

Y(k)

N (3.4)

Y (=k)

However, ZF equalization is known to suffer from the noise enhancement problem,
thus, alternatively; the joint maximum-likelihood (J-ML) detection principle can
be employed for detecting the transmitted symbols, which is based on the principle

of minimizing the following cost function

Xare (k) .
. = arg min

a3
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where X (k) denotes the trial value of the data symbol at the k' subcarrier. The
ML equalizer can exploit the frequency diversity induced by the TX I/Q imbal-
ance [100, 110, 111] and gives better performance than the ZF equalizer, but the
computational complexity associated with ML is very high, which increases with

higher-order subcarrier modulation and large number of subcarriers.

The parameters of the total channel matrix can be estimated in time-domain with
the LS model fitting principle. For that, we switch to vector-matrix notations and
write the time-domain received OFDM symbol corresponding to the preamble pilot
transmission as y,= Uo(0) yo(1) wo(2) -+ yo(M — 1)} T, where p denotes the
preamble pilot OFDM symbol index in a slot. The time-domain direct and mirror
channel filters are modeled to have length N, —taps such that N, << M. The

received OFDM symbol vector during the pilot transmission is then given by

* 18
Y, = X8 T X8, T W, = |:XQ Xg} LD W, (3.6)
xB o5

where x, is the time-domain circular-convolution matriz formed by taking inverse
FFT of the frequency-domain pilot symbol vector X,. The LS estimate of the

direct and mirror channel filters can then be computed as [112]

Ej\i] = (XfHX§> 1 XQBHXQ. (3.7)
The estimation procedure is repeated similarly on all subframes, and the frequency-
domain expressions of the time-domain estimated filters, which are needed for the
equalization/detection in (3.4) and (3.5), are obtained by taking an M —FFT and
linearly interpolating them to all OFDM data symbols in different slots.

3.1.2.2 De-coupled Estimation and Compensation of TX I/Q Imbal-

ance and Channel Distortions with Sparse Pilot Structure

The proposed compensation algorithm for the sparse pilot structure, also operating
in frequency-domain, is based on compensating the channel distortions and TX

[/Q imbalance successively, and is summarized in Table 3.1.
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TABLE 3.1: De-coupled compensation of channel distortions and frequency-
selective TX I/Q imbalance

1. Estimate the direct channel filter Gp(k) and divide (3.2) by Gp(k) to obtain
the equalized subcarriers as

Y (k) = X(k) TG Go(k) X' (=k) GD(/f)W(k) (3.8)
~ X0+ G g

which shows that the channel effect is removed from the original data symbols
and the only impairment present in the signal now is the transmitter 1/Q
imbalance.

2. Hard-decision-based detection of the mirror subcarriers of the equalized sym-
bol, i.e. Y(—k) =D <3v/(—k:)> where D denotes the decision operator.

3. Now at the pilot locations, the received symbol p at the k* subcarrier is
given by } R
Y, (k) = X,(k) + G (R)Y (—k) (3.9)

4. From the above equation, we find the compensation filter at the pilot loca-
tions as

Y, (k) — X, (k)
Y (—Fk)

G (k) = (3.10)

5. Interpolate G (k) to all OFDM symbols as well as to all subcarriers to
obtain G"P(k).

6. The estimated symbol at the k" subcarrier is then X(k) = Y(k) +
G (k)Y (—k).

As for the parameter estimation, it can be noticed from Table 3.1 that one needs
only the estimates of the direct channel filter Gp(k), which, as discussed in the
previous subsection, can be estimated in time-domain as

B H,o\"1_H

g, = (XQ X,) X, ¥, (3.11)
where now x, = Fp, Xr. refers to the time-domain circular convolution matrix of
the pilot data, and y,= F;;ng is the time-domain received signal, respectively,
with the subscript I'? denoting the pilot data indexes in a transmission slot, and
F,; denoting the M x M FFT matrix. The corresponding frequency-domain filter
response, used in (3.8), is then obtained by taking the M —point FFT.
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Next, we derive the interpolation of filter G5”"(k) in (3.10) to all subcarriers in all
OFDM symbols. Assume that the estimates on pilot locations stem from a time-

domain impulse response gzomp of length Ny, then the model for the compensation

filter, defined in (3.10), becomes G5 = Diag (FFQJ;NQgZO’”p). Let us define
the DFT matrix Fy = Fre 1.y, which comprises of the first N, columns and rows
corresponding to the pilot subcarriers of the M x M DFT matrix Fj;, then g‘;"’”p
in the LS sense is given by [P2]

g = (FIF,) ™ F, G, (3.12)
The interpolated frequency-domain coefficients can then be directly obtained as

comp __
G = Fl:M,l:Ngg

Zomp , and linearly interpolated on all OFDM symbols within the
subframe. This is used to detect the original transmit data, as shown in the last
step of Table 3.1. The proposed estimation and compensation process is executed

independently at every subframe.

3.2 Compensation of TX RF Impairments and
Channel Distortions in Multi-User Uplink
OFDMA and SC-FDMA Systems

In this section, the joint channel and TX RF impairments estimation and equal-
ization methods are discussed in the context of multi-user multicarrier uplink
systems. We study an uplink SC-FDMA system which is the uplink physical layer
radio access technique in 3GPP LTE/LTE-Advanced, however, the signal models
and proposed algorithms are equally applicable to uplink OFDMA systems also,
given that time multiplexed reference signals are used for the parameters estima-
tion. The estimation and compensation are carried out at the BS RX, derived
here first for the single antenna receiver and then generalized for a receiver with

an arbitrary number of receiver antennas.

In general, the compensation techniques developed for OFDM systems cannot be
directly applied to uplink OFDMA /SC-FDMA systems. The TX 1/Q imbalance-
induced mirror frequency interference causes classical ICI in OFDM systems,
whereas in multi-user OFDMA /SC-FDMA type systems, 1/Q imbalance induces
both ICI and IUI between mirror sub-band/channel users (see Section 2.3.1). The
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effect of I/Q imbalances in OFDMA and SC-FDMA systems has been investigated
to some extent in recent literature and the notable work, such as [19, 113, 114],
always assume known channel and 1/Q imbalance parameters for equalization. On
the other hand, Mahmoud et al. [115] proposed a joint channel and frequency-
independent TX I/Q imbalance estimation using a group of mirror subcarrier pairs
located symmetrically around the center subcarrier. However, such a technique
has a poor spectral efficiency due to a large number of specific pilots being used for
the estimation. The impact of joint frequency-selective TX and RX I/Q imbalance
on the error vector magnitude (EVM) is investigated in [116], but no estimation
or compensation method is proposed. A circularity-based compensation scheme
for RX I/Q imbalance in SC-FDMA systems is presented in [117]. Finally, a joint
channel and 1/Q imbalance and propagation delay estimation technique for multi-
user asynchronous uplink OFDMA systems is proposed recently in [110], which
assumes distributed subcarrier assignments with mirror subcarriers being always

allocated to the same user.

The major contributions of the techniques proposed in this thesis, compared with

the existing literature, are as follows:

1. The main challenge in joint estimation and compensation of channel and im-
pairments is the insufficient number of independent equations to solve for the
parameters (see equation (3.17)). An efficient approximation of joint channel
and RF impairments filter responses with polynomial-based basis functions
is presented, which solves this problem. Furthermore, the proposed formu-
lation allows estimation with arbitrary time-multiplexed reference symbols
without mirror subcarriers allocated to the same user, and also supports

multiple users on the mirror sub-band of a user.

2. A compensation structure utilizing pairs of mirror subcarriers and two joint
channel and impairments equalization schemes, stemming from the zero-
forcing (ZF) and minimum mean-square error (MMSE) principle, are pro-
posed. The joint mirror subcarrier MMSE equalizer is derived to process

uplink mirror sub-band users with unequal received power levels.

The working assumptions in the development of the proposed estimation and com-
pensation framework are closely related to the 3GPP LTE/LTE-Advanced uplink

standardization, in terms of I/Q image suppression for UEs, uplink CFO errors,
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Fi1G. 3.2: Block diagram of SC-FDMA uplink system with RF impairments and
their corresponding equalization/compensation blocks in the BS RX.

and uplink in-band dynamic range for a 3GPP LTE/LTE-Advanced BS receiver.
Hence, the proposed solutions can be directly applied in the BS receivers without
any modification in the design of the RF transceiver or in the LTE/LTE-Advanced

standardization.
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3.2.1 Multi-User Uplink Signal Models Under RF Impair-

ments and Channel Distortions

The system model of multi-user uplink SC-FDMA radio link with radio impair-
ments, channels, and the corresponding estimation and compensation blocks is
shown in Fig. 3.2. Consider a scenario where U—users are communicating si-
multaneously with a single BS RX with Ngx receiving antennas through their
independent multi-path channels. The N; x 1 data symbol vector of a user-i is
first transformed to frequency-domain by means of an N;— point FFT and then
the output samples are mapped to consecutive OFDMA subcarriers, i.e. localized
subcarrier mapping. The subcarrier mapping is followed by an M —point inverse
FFT operation to convert the data to time-domain, after which the CP is ap-
pended. The complex baseband signal of user-i, denoted by x'(t), is distorted by
TX I/Q imbalance in the up-conversion stage, and the TX signal then propagates
through a multi-path block fading channel whose delay spread is assumed to be
shorter than the CP length. At the BS receiver, the overall received signal is com-
posed of the signals received from U—users and additive noise. We assume that
the LOs in UE TXs are not perfectly synchronized with the BS LO, thus there
exist CFOs. In addition, the RX down-converter is assumed non-ideal such that
it induces RX I/Q imbalance. The frequency-domain baseband signal of user-i at

subcarrier k after CP removal, FFT, and subcarrier demapping is then given by
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where the superscript m refers to the user located on the mirror sub-band of user-
i. Equation (3.13) describes the IUI generated by the image of mirror user-m
as a result of TX and RX I/Q imbalances and CFOs, as well as the ICI from
the user-i’s own data due to RX I/Q imbalance and CFO. Now, by invoking
practical considerations of small uplink CFOs for LTE UEs (i.e. 4+0.1PPM of
carrier frequency [2, 56]) such that it does not induce considerable ICI from the
user’s own neighboring subcarriers as well as negligibly small TUI, and RX 1/Q

imbalance compensation a priori', the signal model in (3.13) then simplifies to

Yi(k) = X' (k)G (k) + X™(—k)*G' (k) + W (k) (3.14)

where Giy(k) 2 Hi(k)Gip(k)Qk, k,e) and Gi (k) = H™(k)GI(k)Q(k, k, ™)

denote the direct and mirror channel responses of user-i, respectively.

To emphasize and model the TUI problem in uplink SC-FDMA/OFDMA due to

TX I/Q imbalance, we switch to vector-matrix notation. Let
T
Y= |Y(0) Y1) Y(2) --- Y(M—1)| denote the M samples of the com-

posite received signal vector after CP removal and FFT. The received signal

!This is a reasonable assumption for BS RX, where the blind technique from [89] can be used
for compensating RX I/Q imbalance.
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vector of user-i, denoted by Y’ and containing the samples of (3.14), is ob-

tained by left multiplying Y with the demapping matrix of user-i, defined as
M — [ONix(Fﬁv(l)*l) Iy, xn, ONix(MfFév(Ni))] This is given by

Y= MY = X'G, + X" @), + Wi = XG + W (3.15)

where X 2 [Xi Xm#] and QZ 2 [(g@'D)T (QZM)T]T, and X’ and X" are the
diagonal matrices of FFT pre-coded transmitted data symbols of dimension N; x N;
and the direct and mirror channel filter vectors G%, and G, are of length N; x 1.
In the multi-user uplink transmission context, the exact structure of the matrix
X" and the vector ng depends on the bandwidth occupancy of direct and mirror
channel users. To model such a scenario that the uplink users bandwidths are not
equal, we denote the number of users located on the mirror sub-band of a user-i
by N,. This results in the following structure of X" and G,

e < ([0 (50) (50 T
c=[(a) (@) o (@)

which implies that for decoding an individual UE’s signal, the mirror channel re-

(3.16)

sponses and transmitter impairment parameters need to be estimated for multiple
mirror UEs. This problem has also been illustrated at a conceptual level in Fig. 2.4

for multi-channel signals.

From the above discussion, it is evident that with current I/Q imaging and CFO
specifications in the 3GPP LTE/LTE-Advanced standardization for UEs, the TX
[/Q imbalances are expected to play a bigger role than the CFOs, and can severely
degrade the system performance, in particular with higher-order subcarrier mod-
ulation and considerable power difference between a given UE and its mirror sub-
band UEs. It is therefore imperative to estimate and thereafter compensate these
impairments. In the following sections, we formulate the joint estimation and
compensation solutions for TX I/Q imbalances, small uplink CFOs, and channel

distortions.
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3.2.2 Joint Equalization of TX I/Q Imbalances, Small CFOs,

and Channel Distortions

We first develop the compensation solutions with known channel and impairment
parameters and then address the parameter estimation with LTE compliant refer-

ence signals.

Again following the same compensation philosophy as in Section 3.1.2.1, that the
TX I/Q imbalance causes interference among the users located on mirror sub-band,
we propose an equalizer that processes the mirror sub-band users and operates
subcarrier-wise. The frequency-domain received signal of a user-i at k" subcarrier

Y(k) and the complex conjugate of its mirror subcarrier Y™ (—k)* can be written

Vit | _ [ Gbk)  Giu(k) ] [ X (k) ]+[ Wik) ] (317
YUk Gk GR(R) ] X (k)] [ (R
(1) Gk (1) Wik

where now the total channel matrix G(k) represents the joint effect of TX I/Q
imbalances, small CFOs, and channel distortions for the received signals at mirror
subcarriers. Having known coefficients of é(k), the transmitted data symbols
can be estimated by employing a linear equalizer such as the joint MMSE (J-
MMSE), which in addition to the total channel matrix parameters, utilizes also
the information of signal-to-noise ratio (SNR) of mirror sub-band users. The J-
MMSE equalizer uses an equalization filter G mmse(k) which filters the received
signal as

Yi(k)

(i (3.18)

; = Guuse(k)
Xituse(—k)"

The filter G y7a752(k) minimizes the mean-square error (MSE) between the DFT-

[ Xirse(k) ] ~

spread transmitted samples and the DFT-spread equalized samples, and is of the

<=_1( | GW*DT
Garnrsn(k) — Cir(—h)

7 « X (—k r
(E_l(k) G (k) Tl‘(w))])

m T (—k
GD(_k)W

following form

(3.19)
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where Yi(k) 2 o7 (k)/o2 and Y™(—k) £ o™ (—k)/o? denote the per subcar-
rier SNR of direct and mirror users at k" and (—k)"™ subcarriers, with o’ (k) =
E {|Xl(k:)|2} and 07 (-k) = E {|Xm(—k;)|2} representing the direct and mirror
channel signal powers at k' and its mirror (—k)" subcarrier, respectively, o2 de-
notes the noise power which is equal on all subcarriers, and the matrix Z(k) is

defined as [P7]

=g = |1 ®) E,uac)]
Zo1(k) Zaa(k)
Ell<k) = ‘GiD(k)‘Q + |G§\4(k)‘2 Tf;nz((]_j) + 'rzl(k)
Euuw::(Ggugaﬁ%—k»4—@%&@0G%Y—kﬁizg%gﬁ (3.20)
Ea1(k) = (GH(R)GT (=) + (G (k)GH(—)) %
2 T(—k) 1

Zn(k) = |G (= k)| + |G (k)] Tik) T Ym(—k)

Alternatively, the joint ZF (J-ZF) equalizer nulls the impairments and channel
distortion effects by applying the inverse of the total channel matrix to the received

signal as

[X%%)]:ém@) (3.21)

Xge(—k)"

Yi(k) _ é_l(k)
Y™ (—k)*

Yi(k)
Y™ (—k)*

but is known, in general, to suffer from noise enhancement problems.

3.2.2.1 Extension to Multi-Antenna Receiver

The above equalizer formulations can be generalized to a BS RX with multiple
receiving antennas, as the one shown in Fig. 3.2. In this case, the signal trans-
mitted by a user from its antenna arrives at the RX antennas through different
channels. We assume that the channels between a user’s TX antenna and each RX
antenna are uncorrelated. With multiple differently faded copies of the same trans-
mitted signal, the RX can then exploit diversity which improves the performance

considerably.
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With Ngx receiving antennas, the received signal at the k'* subcarrier of a user—i
and its mirror user—m in (3.17) can be re-written by stacking the mirror subcarrier

pairs from all Nrx antennas as

Y, (k) G (k) W, (k)
= : X(k) + : (3.22)
Y orro(®) Gerarok) Worarok)

Goa(k)  Gipy(k)
Gy (=F)" Gp(=k)"|  (3.23)

W) = [ wrhy] e {12 N

X

Y, (k) = [Vit) YeRr] s Guk) =

The J-ZF and J-MMSE equalizers are then given directly by

_1~H

[ A ] — (G0 Bsrmo®)  Ceno®smol)  (321)

X(—k)"
and

= GMMSE<k>XSIMO(k> (325)

A

where éijﬁgE(kJ) is given by [P7]

~ SIMO ~H o~ _ Y _
Guuse(k) = <GSIMO(]€)RV\}WG51MO(]€) + R)&(k)) Garo(k)Ryw

(3.26)
with Rxx (k) = E{X(l{:)XH(k)} and Ryw — E{@SIMO(@@ZMO(@} are

diagonal auto-covariance matrices of data and noise, respectively, defined as

Rxx (k) = Diag (0';2(/{), o, (_k)) (3.27)

2 2 2 )

o

— 5Y); 2
Rww = Qlag (O-w,l’ Tw1" " 50w Npx Tw,Npx

where the noise power is assumed equal on all subcarriers of a single antenna.

The above equalizer formulations in (3.18), (3.21), (3.24), and (3.25) assume that
the essential parameters and responses are known, while in practice they need to

be estimated. In the next section, we present a basis function representation of
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the effective channel response vectors, in order to reduce the estimation parameter

space, and then discuss the estimation methods.

3.2.3 Efficient Response Representation with Basis Func-

tions

The effective direct and mirror channel response filters in (3.15) can be efficiently
modeled with basis functions, where each response filter is expressed as a product
of a known basis function matriz and an unknown coefficient vector. The basis
function representation solves the under-determined problem of (3.17) and also

greatly reduces the size of parameter space.

A simple model of (3.15) based on representing the effective channel response

vectors G and G, with the basis functions can be obtained as

Y' = X'BpGj 5 + X" B, Gy s + W

By |\ |Ghis
L By | | |G .
= X'B,GY) 5 + X" BDiag M P LW (3.28)
Bé\}vu g?\%B
= XB'G, + W
where
Bb _ __3)’0 _iD,l _iD,ND] ; B?& = [B?\Z,o Bz\z;f,l B;\Z,N}Q
i ; ; ' g
A=pB— I lD,B,l GZD,B,Q T ZD,B,ND]
) - . . T
Giip = _G]\I;[,B,l Grpe G]\Z,B,N;'M] (3.29)
~1 [ BZD ONL'XN ~i A i T i T T
B = ; M Gy = [(_D,B> (_M,B) }
_ONiXND BM

p€{172>"' aNu}

The matrices B%), BY,, Bi(;l are of size N; X Np; N; X Nyy; N;p x Ni,, respectively,
that collect the Np-th; Nys-th; and Ni,-th order basis function vectors as columns,

and the vectors QBB;_ZMB;Q;’;LB represent the Np x 1; Ny x 1; Ni, x 1 basis
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function coefficient vectors, respectively. It can be seen from (3.28) that the pro-
cedure is to transform the N; x 1-vectors glb, _3\4 into Np x 1 and Ny x 1-vectors
_iD7 B _3\47 p for the estimation purposes, and with Np + Ny, < NN;, the estimation

problem is well-defined.

The basis function coefficient vectors in (3.28) can be expressed as polynomial,
piece-wise polynomial, and spline models. The polynomial basis model approx-
imates the effective response with an N** degree polynomial, and is therefore
sensitive to the choice of the polynomial order [118, 119]. The piece-wise polyno-
mial can be used for fast varying responses where the effective response is sliced
into small pieces, such as one RB , and each slice is modeled with a low degree
polynomial. However, piece-wise polynomials suffers from the discontinuities at
the connecting regions between the slices [60, 119], hence it is not efficient for
estimating longer channel responses. In order to have least possible oscillations in
a way that polynomials in connecting regions join as smoothly as possible while
keeping the size of coefficient vectors reasonably small, spline basis model can be
used, which is also widely used for the identification of frequency-selective and
time-varying channels [120, 121, 122, 123]. In terms of modeling accuracy and
complexity, the spline model-based approximation has better performance than

the polynomial and piece-wise polynomial-based approximations [P7].

The basis function matrices in (3.28) can be pre-calculated in advance, while the
coefficient vectors need to be estimated. The proposed basis function model is now
used in the next subsection for estimating the direct and mirror channel filters of

all simultaneously scheduled UEs.

3.2.4 Least-Squares Parameters Estimation with LTE Up-

link Reference Signals

In LTE, there are two received DMRS in 1 msec T'TI, and the proposed estimator,
operating in the frequency-domain, exploits these embedded reference signals to
estimate the coefficient vectors Gy of all simultaneously scheduled uplink users
within a single LTE subframe. A natural approach for estimating the basis function

coefficient vectors Q; of (3.28) is to use the LS estimator. During the DMRS
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transmission, the received signal vector of user-i in (3.28) becomes

i i i i m# i i i
XDMRS(Q) :XDMRS(Q)BDQD,B—DMRS(Q) + XDMRS(Q)BMQM,B—DMRS(Q) + W

=Xpmrs(e)B Gp_prrse) w
(3.30)

where p denotes the DMRS index within a 1 msec subframe. The LS estimates of

coefficient vectors at the reference signal positions p is then given by [112]

éi - [gD,BDMRS(g)]
S B_DMRS(0) = Gz
~~M,B—DMRS(0) (331)
~iH ~H ~ ~i\ '~ ~H ,
= (B XDMRS(Q)XDMRS(Q)B ) B XDMRS(Q)XDMRS(Q)
which is implemented for all simultaneously scheduled users i = 1,2, --- , U within

a subframe, and independently per each receiver antenna in case of a multi-antenna
receiver. The actual effective direct and mirror channel filters can then be com-
puted by multiplying the basis function coefficient vectors with the basis functions
matrices, as shown in (3.28). Once the estimates of channel filters on both DMRS
symbols are obtained, the effective channel responses over all the data-bearing
SC-FDMA symbols and subcarriers are obtained through linear interpolation and
extrapolation within the subframe. The estimated direct and image channel filter
responses are then substituted in (3.18), (3.21), (3.24), or (3.25) to detect the

actual transmitted data.

3.3 Simulation and Measurement Examples

In this section, the performance of the proposed estimation and compensation
methods under realistic considerations is evaluated in terms of SER. In all simu-
lations, the signal parameters conform to the 3GPP LTE/LTE-Advanced 10 MHz
mode with FFT size of M = 1024 and subcarrier spacing 15 kHz. The basic
sample rate is then 1024 x 15 kHZ = 15.36 MHz. The multi-path block fading
channel, with a block being one subframe length, is modeled with 39 taps with
power delay profile following the Extended Vehicular A model described in [124]

and a maximum delay spread of 2.5 us.
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3.3.1 TXI/Q Imbalance and Channel Distortions in OFDM
Systems

We consider an uncoded 64—QAM OFDM system, where the frequency-independent
TX gain and phase imbalance values are grx = 5% and ¢y = 8°, while the in-
phase and quadrature branch filters are modeled with three taps, and their coeffi-
cients are h; 7y = [0.998,0.07,0]" ,hg 7y = [1,-0.02,0.01]". The I/Q imbalance
values correspond to an average FE IRR of 21 ---24 dB within the signal BW and
represent a challenging yet practical case. To better quantify the performance, the
effect of RX I/Q imbalance with IRR of 21---24 dB within the signal BW, and
CFO error in the range of —15 kHz - - - + 15 kHz is also introduced to the received
signal, both of which are estimated and compensated at the RX in time-domain.
The I/Q imbalance values, CFO error, and channel impulse response are generated
independently in each simulation realization. For an OFDM system with pream-
ble pilot, a known OFDM symbol is inserted at the beginning of the transmission
slot. For sparse pilot-based OFDM systems, we adopt the LTE downlink reference
pilot structure where pilot symbols are inserted at every sixth subcarrier during
the first and fifth OFDM symbol of a transmission slot.

Fig. 3.3 shows the average uncoded SER as a function of the SNR for the preamble
pilot structure-based joint estimation and compensation (top), and the sparse pilot
structure-based de-coupled estimation and compensation schemes (bottom). Both
plots show that the communication system becomes completely unusable in the
presence of all radio impairments, and the SER also remains high in the presence
of TX I/Q imbalance only. For an OFDM system with preamble pilot, the J-ZF
equalizer is able to reduce the SER to the level of the reference system. On the
other hand, the J-ML equalizer outperforms the SER performance of the reference
system which has known channel and impairment estimates. In the low SNR
region, the SER is close to the reference system but as the SNR increases, the
ML equalizer is able to extract the frequency diversity gain induced by TX 1/Q
imbalance. For the case of the OFDM system with sparse pilots, good calibration
properties of the proposed de-coupled channel distortions and TX I/Q imbalance
compensation scheme is evident, where the degradation from the reference system
is less than 2 dB.

To further validate the performance, practical RF measurements with commercial

I/Q modulator and demodulator chips are given next, which are reproduced from
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Fia. 3.3: Average SER performance of 64—QAM OFDM system with differ-

ent pilot structures. TX 1/Q imbalance: 21---24 dB, veh. A channel model

with a mazimum delay spread of 2.5 ps. The curves are obtained by averag-

ing the results of 3000 independent channel and TX I/Q imbalance parameter
realizations.

[P2]. The reader is referred to [P2] for full details on the measurement procedure
and extensive measurement examples. Again an OFDM system with 64-QAM

subcarrier modulation and parameters conforming to the LTE 10 MHz mode is
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Fic. 3.4: Measured average SER vs SNR for 64—QAM OFDM system with

different pilot structures. Veh. A channel model with a mazximum delay spread

of 2.5 us. The curves are obtained by averaging the results of 10 realizations
with a fixed channel response.

used. With a fixed channel impulse response, the measured average SER vs SNR
curves are plotted in Fig. 3.4 for both pilot structures, which indicate that the
proposed estimation and compensation techniques effectively mitigate the effect

of radio impairments.
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In general, it can be concluded from the above simulation and measurement ex-
amples that the proposed RF impairments and channel distortions compensation
structure and the estimation methods provide substantial improvements to achiev-
able SER, giving confidence that they can be effectively deployed in practical

systems.

3.3.2 TX I/Q Imbalances, Small CFOs, and Channel Dis-
tortions in Multi-User SC-FDMA Systems

Here, we consider an uplink multi-user SC-FDMA system, where the TX gain
and phase imbalance values are randomly generated in each simulation realization
in the range of grx = 3% ---13% and ¢rxy = —5%---5° respectively, while the
quadrature branches filter responses are h; 7y = [0.998,0.07, 0]" and horx =
[1,-0.02, 0.01]T. For the wavefrom sample rate of 15.36 MHz, the average FE IRR
is 23 ---27 dB within the system bandwidth. The transmit signals pass through
independent block-fading multipath channels. The carrier frequency is assumed
to be 2 GHz which corresponds to the CFO error in the range of —200---200
Hz [2, 56]. To realistically quantify the performance, we include the effect of RX
[/Q imbalance also but assume that it is well calibrated ideally with an IRR in
the order of 55 dB [89, 90, 117]. Aiming at a feasible complexity, the estimator
order of direct and mirror channels for a user-i with polynomial approximation
is defined as: (N;/NZEZ) + 3. For splines and piece-wise polynomials, each RB is
estimated separately with a cubic polynomial giving (N;/NZ#)+3 and (N;/NEB) x

3 parameters, respectively.

We first consider a case where two wideband uplink users of equal bandwidths,
each spanning 24 RBs, are communicating with a single antenna BS RX. The
first user is assumed to be a weaker user and is the target user, as being more
sensitive to any additional distortion and interference. The second user at the
image band of the target user is assumed to be stronger with 15 dB higher average
received power than the target user. The subcarrier modulation for both users
is 16—QAM. Fig. 3.5 shows the average uncoded SER performance of the target
users where the x—axis in the figures represent the received SNR of the target user.
For comparison purposes, the solid curve of a reference system with ideal channel

estimates and perfect impairments knowledge is also plotted. It can be observed
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Fic. 3.5: Average SER performance of the target user for a single-antenna RX
after estimation and equalization in an uplink SC-FDMA system with 15 dB
stronger mirror band UE. CFOs € [—200,200] Hz, transmitter 1/Q imbalances:
23---27dB,veh. A channel model with a mazimum delay spread of 2.5usec. The
curves were obtained by averaging the results of 3000 independent channel, CFO,
and 1/Q imbalance parameter realizations.
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from the figures that without impairment mitigation processing, we observe signif-

icant performance degradation of the target user SER due to IUI from the strong

UE located on the image band. On the other hand, the proposed methods are



Digital Compensation of RF Impairments in OFDM and Uplink
OFDMA/SC-FDMA Systems 53

able to greatly reduce the SER degradation. It can also be noticed that the spline
approximation, which requires considerably fewer parameters to approximate the
channel responses than the piece-wise polynomials, also gives better performance
than other approximation techniques. In addition, J-MMSE equalization gives

about 2.5 dB improvement in SNR over the J-ZF equalizer.

Next, we present the performance results for an uplink multi-user SC-FDMA sys-
tem with a dual-antenna BS RX and compare again the performance of the pro-
posed estimation and equalization algorithms with a reference system that has
perfect channel and impairments knowledge. Again, the two uplink users case is
simulated but with a challenging receiver inband dynamic range in the order of
25 dB. The first user, assumed again as target user, is a weaker user, whereas the
mirror band user is stronger and has 16—QAM baseband modulation. The average
uncoded SER performance of the target user with different baseband modulation
is shown in Fig. 3.6. The steep slopes of the ideal and compensated curves indicate
the diversity gain achieved with SIMO. However, in this challenging yet realistic
scenario, the target user SER is practically flat when no impairments compensa-
tion scheme is employed even though SIMO antenna configuration is adopted. The
proposed estimation and equalization technique is again shown to greatly improve

the link performance, being very close to the reference system performance bound.

It can be established from the results of the above two experiments that RF im-
pairments, particularly TUI induced by TX I/Q imbalance, can severely limit the
obtainable uplink link performance, while the proposed methods can essentially
handle the realistic transmission and impairment scenarios. The proposed response
approximation methods are shown to approximate the direct and mirror channel
filters responses with high accuracy. Furthermore, it is shown that the proposed
J-MMSE equalizer gives more than 2 dB performance gain over the J-ZF equal-
ization. Since the channel and impairments are estimated and equalized jointly in
the digital domain, the proposed algorithms can thus be directly used in the BS
RX without any modification in the uplink LTE/LTE-Advanced pilot structure or

in the transceiver’s analog/RF hardware design.
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Fic. 3.6: Average SER performance in dual antenna RX setup of the target user

after estimation and equalization in an uplink SC-FDMA system with 25 dB

stronger mirror band UE. CFOs € [—200,200] Hz, transmitter 1/Q imbalances:

23---27dB, veh. A channel model with a maximum delay spread of 2.5usec. The

curves were obtained by averaging the results of 3000 independent channel, CFO,
and 1/Q imbalance parameter realizations.



Chapter 4

Modeling and Digital Mitigation
of TX Leakage Signals in
Frequency Division Duplex

Transcelvers

In this chapter, we review the contributions to digital mitigation of transmit leak-
age signal problems in FDD transceivers described originally in [P4], [P5], [P6],
and [18]. In [P5], [P6], and [18], the focus is on unwanted transmitter spectral
emissions at the own RX band due to nonlinear PA in the TX chain and insuffi-
cient duplexer filter isolation. The modeling and mitigation of PA OOB emissions
at the RX band is investigated in [P5], which is further extended to spurious emis-
sion in the noncontiguous intraband CA scenario in [P6]. The transmitter in-band
leakage signal in FDD transceivers can also activate certain RX nonlinearities,
and [P4] presents a solution for the mitigation of the transmitter in-band leakage

signal-induced spurious IMD2.

The proposed solutions are based on regenerating a replica of the interference
and canceling it in the digital baseband of the transceiver, such that the level of
interference is reduced, and does not require any additional RF filtering or analog
hardware. The validity of the proposed methods is investigated with simulations
and RF measurements in a practical 3GPP LTE/LTE-Advanced UE context.

%)
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4.1 Digital Mitigation of TX Spectral Emissions
at Own RX Band

TX FE non-idealities are typically dominated by PA nonlinearities which pro-
duce spectral emissions outside the operating bandwidth. In an FDD transceiver
with small duplex distance and finite isolation duplexer filter, OOB emissions or
spurious emissions may appear at the own RX operating band which, in turn,
may lead to self-desensitization of the RX. To prevent this, one can consider to
back-off the transmit power to reduce the level of unwanted spectral emissions,
or to increase the duplexing distance. Reducing the transmit power is, however,
not desirable as it will directly compromise the uplink coverage. Improving the
duplexer stopband attenuation would be, on the other hand, disadvantageous as
it will typically increase the insertion loss in the passband, hence reducing power
efficiency. In addition, developing duplex filters with high stopband attenuation
would significantly increase their complexity and cost. Alternatively, digital can-
cellation techniques can be employed to reduce the detrimental impact of TX
spectral emissions at the own receiver band, see, e.g., [65, 70, 71, 125]. Compared
to similar self-interference cancellation schemes reported in literature for PA non-
linearities cancellation in FDD transceivers, the proposed methods in this thesis

work have the following advantages:

1. Detailed modeling of the transmitter spectral emissions at the receiver band
due to practical nonlinear PA with memory effects and limited isolation du-
plexer filter with frequency-selective response is carried out. This framework
allows efficient estimation of the needed cancellation parameters, including

the unknown duplexer response and unknown nonlinear PA with memory.

2. A computationally efficient interference regeneration and cancellation algo-
rithm is derived for a noncontiguous CA transmission scenario by exploiting

the specific frequency-domain structure of the aggregated carriers.

4.1.1 TX Out-of-Band Emissions at Own RX Band

We begin the analysis with unwanted PA OOB emissions at the own RX band, for

which the discrete-time baseband equivalent model of an FDD transceiver with
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FiG. 4.1: Discrete-time baseband equivalent model and spectral illustrations

of TX mnonlinear PA-induced OOB emissions at own RX band in an FDD

transceiwer. The proposed interference regeneration and suppression unit op-
erating at digital baseband of the transceiver is also shown.

associated signal spectra and the proposed interference regeneration and cancella-
tion unit is shown in Fig. 4.1. For analysis and modeling purposes, the frequency
separation between the active transmitter carrier and the desired receiver carrier
is denoted by Af, such that Af = frx — frx, and the complex baseband signal
to be transmitted is denoted by z[n] = z;[n] + jzg[n]. The baseband transmit
signal is up-converted to transmitter carrier frequency frx with an I/Q modula-
tor, which is assumed perfect here, and the RF signal is then amplified by a PA
for transmissions. The parallel Hammerstein (PH) model with polynomial non-
linearities is used to express the PA nonlinearities with memory effects [126]. The

baseband equivalent PA output can thus be expressed as

zpaln] = Z Joln]  (x[n] [[n] ") (4.1)

p odd

where P denotes the polynomial order and f,[n] denotes the baseband equivalent
filter of p* order PH branch. Since odd-order distortion products appear in the

vicinity of the transmit signal and contribute to spectral regrowth, hence they
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are only considered in (4.1). The amplified TX signal then passes through the
duplexer TX filter to the antenna, however, transmitter emissions may not be
fully attenuated, as illustrated in Fig. 4.1. At the receiver input, the unwanted

TX OOB emissions can be mathematically expressed as

25w [n] = hpln] * (zpa[n]e’™) (4.2)
where Aw = 27Af/fs represents the normalized frequency separation, and f
denotes the sampling frequency. The cumulative duplexer filter response from

TX-RX leakage perspective, denoted by hp[n] in the above equation, is defined as
holn] = RE¥ ] « (K5 ller) (43)

where h5¥[n] and h1tX[n] represent the baseband equivalent lowpass models of the
bandpass TX and RX duplexer filters, respectively. In addition to the transmitter
OOB emissions, the desired received signal, denoted by xp[n|, and the thermal
noise, denoted by w(n|, are naturally also present at the receiver input. The total

received signal, after down-conversion and channel selection filtering, is then given

by
r[n] = xpln] + 2ippn] + wppn] (4.4)

where #%555[n] = hespln] * 255 [n] denotes the transmitter OOB emissions ob-

served at the RX baseband and wgg[n| = hegr[n]*w[n] corresponds to the filtered

RX in-band thermal noise.

In the following, stemming from above modeling, we develop an efficient digital
technique for dynamically regenerating and suppressing the self-interference inside

the FDD transceiver, combined with an appropriate parameter estimation method.

4.1.1.1 Proposed OOB Emissions Regeneration and Cancellation

We now address the regeneration of the transmitter OOB emissions and the cor-
responding self-interference cancellation. In short, the idea is to regenerate an
opposite-phase replica of the interference and then inject it to the receiver base-

band, such that the level of the interference is reduced.
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First, we note that the OOB emissions term at the receiver baseband x's%% . [n] in

(4.4) can be equivalently expressed as

irpp(n] = hosp[n] x hp[n] « pr nlz[n)"7) | et L (45)

P odd

In practice, only selected nonlinearity orders p are needed for modeling and cancel-
lation, depending on how the receiver band is located relative to the transmitter
emissions. This is quantified with (4.6), which defines the minimum order PA

nonlinearities affecting the receiver band as

_ PfTX — frx| — 5 (Brx + BRX)-‘ (4.6)

BTX

where Brx and Brx are TX and RX bandwidths, respectively. With this defini-

tion, an equivalent form of (4.5) can be written as

whpin] = Wl 0]« ¢y[n] (4.7)
pelp

where Ip = {2p+1,2p+3,--- P}, h1*E[n] = hp[n] x (f,[n]e’>“") denotes the p™"
unknown equivalent transmitter leakage channel modeling PA nonlinearities and
duplexer filters responses, and ¥,[n] = hesr[n] * (z[n] |z[n]|” _1) e/2%n denotes the
basis functions formed from the known transmitted baseband signal x[n], filtered
by CSF and, then frequency translated to Aw. With the linear-in-parameters
model in (4.7), the proposed OOB emissions regeneration and cancellation algo-
rithm requires only the coefficient estimates of the equivalent transmitter leakage
channel hgzL [n], as the digital transmit data, CSF response, and duplex distance
are always known inside the transceiver, and can be used to pre-calculate the
filtered basis functions. The principal regeneration and cancellation structure,
stemming from this formulation, is illustrated in Fig. 4.1, while the parameter

estimation of the equivalent transmitter leakage channel is addressed next.

For the parameter estimation of the transmitter leakage channel, we switch to
vector-matrix notations and consider N— samples of the total baseband received
signal of (4.4), with transmitter OOB emissions at RX band included, as

r=xp+ Wh'™" +wp, (4.8)
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TzL r
whereh™ " = h?;(LlT) h?;(LQT) e th;cLT] is a vector of dimension (card(Ip) x Ny)X

1, with card(/p) denoting the cardinality of the set Ip, and N}, denoting the length
of thL. Furthermore, ¥ = |W; ) W/ o) --- \Ilp} is a block matrix collecting
the considered basis function matrices into a single matrix. The p* basis function

matrix of dimension (N + Nj, — 1) x N}, is defined as

Wp[0] 0
Wp(1] pl0]
0 0
\Ilp _ wp[N - 1] : : (4.9>
0 wp[N_l] ¢p[N_Nh]
0 0 o [N =N+ 1]
0 0 %[N —1]

Now, for the parameter estimation purpose, (4.8) can be equivalently written as
r=9h™" 4wy, (4.10)

where Wy = X, +Wpp. From the perspective of parameter estimation, the actual
received signal x;, acts as additional noise and is thus lumped here into the vector
Wy together with the thermal noise for presentation purposes. The equivalent
transmitter leakage channel parameter vector h’*" can now be estimated in the
LS sense directly as [112]

h = (ee) el (4.11)

Finally, the estimated parameters of the equivalent transmitter leakage channel
can then be used in the OOB emissions regeneration and cancellation, as shown
in Fig. 4.1.

4.1.2 TX Spurious Emissions at Own RX Band: Special
Case of Noncontiguous CA Transmission

The above signal formulations and the proposed regeneration and cancellation so-

lution are, in principle, also applicable to CA FDD transceivers. However, from
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Fic. 4.2: Example spectral illustration of spurious IMD hitting own receiver

band with noncontiguous dual carrier transmitter. In this illustration, only third-

order and fifth-order distortions are shown, and the receiver center frequency
frx s located at positive third-order intermodulation band (IM3 ).

a noncontiguous CA transmission perspective where the total frequency span of
the transmit signal can be in the order of 100 MHz or even beyond, the pro-
posed technique is computationally very challenging, as it requires processing the
whole transmission band to estimate the equivalent transmitter leakage channel.
Instead, we now take into account the specific frequency-domain structure of the
aggregated carriers to devise a computationally efficient regeneration and cancel-

lation principle for noncontiguous CA transmission scenarios.

First, we notice that when noncontiguous CCs are deployed in the transmission
the spectral contents of the spurious IMD due to nonlinear PA are localized around
specific frequencies, namely odd-order intermodulation frequencies of the CC cen-
ter frequencies. These frequencies are referred to as IM3 band, IM5 band, and so
forth, as illustrated in Fig. 4.2. In general, a specific IM band contains also higher-
order nonlinear products, e.g., the IM3 band contains, in addition to third-order
nonlinearity, fifth- and seventh-order nonlinearities. Now considering a general
noncontiguous dual-carrier CA FDD transceiver, the baseband transmit signal
x[n] in (4.1) is composed of two CCs, denoted by x1[n] and z5[n] and separated by
Acc = 2wrr, as x[n] = z1[n]e’IF™ + x5[n]e“IF" where wip and —w;p refer to
digital IF frequencies of the individual transmit CCs. In this notation, at compos-
ite baseband equivalent signal level, the IM3, band is then located at three times
the IF frequency, i.e. at +3f;r. For generality and completeness of the model-
ing, we again allow the exact center frequency of the own RX to be some Af off
from this frequency, such that Af = frx — (frx + 3frr). The baseband equiva-
lent model is illustrated in Fig. 4.3 of such a scenario with the associated signal

spectra and the proposed spurious IMD emissions regeneration and cancellation
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unit. Next, when the noncontiguous CA signal enters the PA, spurious IMDs are
created. With the baseband equivalent PA model given in (4.1), and considering
PA nonlinearity orders up to P = 5 at the IM3 band, the baseband equivalent

spurious IMD at the positive and negative IM3 bands can then be shown to read

#?mzﬂmMMM][wwwﬂ1(wmmwmwj>@m

28] = 1M o)« (a3l + S5 ] ¢ CﬂM%M$Wﬂ+>wmm

Here, f; M3+ 1] and fIM *[n] are the corresponding baseband equivalent filter re-
sponses of third- and fifth-order PH branches f;3[n| and f5[n] that model the PA’s
frequency responses for third- and fifth-order nonlinearities at the positive and
negative IM3 bands, respectively, and within the assumed receiver bandwidth.

They are formally defined as

?{M?)i [n] — LP {fB[n]e:Fij]Fn}

IM3+

| (4.14)
5 [n] = LP {f5 [n]ejF]?’”’F"}
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where LP {.} denotes the lowpass filtering operation with bandwidth equal to the
RX bandwidth.

For presentation purposes, we next assume that the positive IM3 band, referred
to as IM3,. hereafter, coincide with the RX band and 254> [n] appears in the RX
operating band. At the receiver input, the TX spurious IMD in (4.12), after pass-
ing through the transmitter and receiver duplexer filters, can be mathematically

expressed as

Tyt 0] = hpln] * (P4 [n]e") (4.15)
where hpln] = hl¥[n] x (R5¥ [n]e IGwrr=A«n)  Similar to (4.4), the composite

baseband received signal at the CSF output is given by

r[n] = xp[n] + 2 hepsn] + wppn] (4.16)
where zho[n] = hegp[n] * xg‘g;’ *In| denotes the spurious IMD leakage observed
at the RX baseband. As discussed earlier and was shown also in Section 2.4.1 with
system level calculations, the TX duplexer filter may not sufficiently attenuate the
TX spurious emissions below the noise floor in FDD transceivers of next generation
wireless systems such as LTE-Advanced. Hence, in the following, we develop
an efficient digital technique for dynamically regenerating and suppressing the
spurious IMD leakage at the RX band inside the FDD transceiver.

4.1.2.1 Proposed Spurious IMD Regeneration and Cancellation

We follow a similar principle for the spurious IMD leakage estimation and can-
cellation as in Section 4.1.1.1 by developing a linear-in-parameters model of the

spurious IMD leakage signal. First, we write 25 g5[n] in (4.16) in its equivalent

form as
Tpnniln] = hespln] * xp[n] = b3 n] x s[n] + b3 (0] x gsln] - (4.17)

where h[Y3+[n],p = {3,5} denote the effective IM3,. channels modeling third- and
fiftth-order PA nonlinearities and duplexer filters responses at IM3, band, defined

as

I3+ A iten (hD [n] % fIM3+ [n])

hIMB+[p) & gifwn (hD ] + f1M5+ [”]) | (4.18)
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while the known component carrier baseband waveforms, duplexing distance, and
CSF filter response are combined together to form the filtered basis functions,

defined below as

psn] 2hegpln) * (42[n

2
3x]

* 2 4.19)
A njxrsn| |xs|n||” + Awn (
Ys[n] :hCSF[n]*( Joia] [ >€JA :
Next, for the parameter estimation, we again switch to vector-matrix notations
and consider N —samples of each CC. By modeling both filters in (4.18) with V-
taps, the effective IM3 channel filter vector is then of dimension 2N, x 1. The
spurious IM3 term in (4.17) then takes the form

M3,
Xpnpy = Ushy"? 4 Wshy o = [\1’3 ‘1’5] [_3 ] (4.20)

_ \I,hIM3+

where W,,p = 3,5, in ¥ is a matrix of dimension (N + Nj, — 1) x N, defined

similarly as in (4.9). The total baseband received signal in (4.16) then becomes
r=9h'" 4w, , (4.21)

where again the desired RX signal and noise are lumped into a single variable

Wy The LS parameter estimate of h'*3+ is then given directly by [112]

M3,

L = () ey, (4.22)
Finally, the estimates of the effective IM3, channel filters are then used together
with the known basis function for regenerating the spurious IMD emissions at the

IM3 band and subsequently canceling it, as shown in Fig. 4.3.

Notice that the modeling of the IM3 band contains, in addition to third-order
nonlinear distortions, also fifth-order distortions, which is essential for accurate
and high-performance cancellation. Similar expressions and canceller develop-
ments taking into account nonlinear PA distortions of seventh-order and beyond
can also be easily formulated but are not presented in this thesis for the sake of

compactness.
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Alternatively to the block LS estimation discussed in this section for the transmit-
ter leakage channel estimation, adaptive estimation techniques such as recursive
LS (RLS) can also be used, which is practically more appealing as no matrix in-
version is needed. The derivation of such adaptive algorithms is straight forward
and is not considered in this thesis. Furthermore, since the statistical properties
of the transmit data and potentially also the desired received signal are known,
linear MMSE (LMMSE) type of estimators can also be developed, which forms an

interesting topic for future studies.

4.1.3 Comparison of Computational Complexity

In this section, we shortly discuss the computational complexity aspects of the
proposed OOB emissions and the proposed spurious emissions regeneration and
cancellation techniques, in terms of the required sample rate and the total num-
ber of estimated filter parameters. An attractive feature of the proposed spurious
IMD emissions regeneration and cancellation technique is that it is able to exploit
the specific nature of noncontiguous carriers and the resulting spurious IMD. To
demonstrate this better, consider a noncontiguous intraband CA scenario with
two 10 MHz CCs and 50 MHz carrier spacing. The minimum sample rate required
for the proposed TX OOB emissions regeneration and cancellation technique to
model the fifth order PA nonlinearity at the IM3 band would be 200 MHz, which
is calculated based on the individual CCs bandwidths and the IM3 band location.
Compared to that, the needed sample rate in the proposed spurious IMD regener-
ation and cancellation method depends only on the frequency separation between
the center of the IM3 band and the desired RX signal center frequency, as well
as receiver bandwidth. Denote with Brx the actual RX signal bandwidth, and
with By, and By the partial IMD bandwidths below and above the RX bandwidth,
respectively. The total spurious IM3, bandwidth is then (By + By + Brx) Hz.
In order to guarantee that the IMD tails do not alias onto each other within the
RX signal band, the minimum sample rate in the regeneration, fI*, can then be

easily quantified with the following equation
f;eg:mal'{BL—FBRx,BU—FBRx}. (423)

For the spurious IMD cancellation technique, this is only 25 MHz if, for simplicity,
the center frequency of the RX signal and the IM3, band are assumed identical.
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Compared to 200 MHz sample rate for the OOB emissions regeneration method,
this is a substantial reduction. The cancellation itself can then be performed at
the receiver sample rate. Furthermore, the spurious IMD emissions regeneration
technique requires less parameters to be estimated as it captures the unknown

leakage channel response only at the selected spurious IM3 band.

4.2 Digital Mitigation of TX In-band Leakage
Signal-Induced Second-Order Intermodula-

tion Distortion

In direct-conversion receivers, the transmitter in-band leakage signal may impose
challenging linearity requirements in receiver components. In particular, the non-
linearity of the down-converting mixer generates an IMD2 distortion, which is
located at the baseband and interferes with the desired RX signal. The relative
strength of such IMD2 may potentially have higher power than the useful received
signal, as was discussed in Section 2.4.2. In this section, based on [P4], we report
the transmitter in-band signal leakage-induced IMD2 regeneration and cancella-
tion solution in the presence of transmitter non-idealities, which enables efficient

dynamic cancellation of such IMD2 in FDD direct-conversion transceivers.

Conventionally, TX in-band leakage signal is suppressed by placing an additional
bandpass filter between the LNA and down-converter [127]; however, such a solu-
tion limits the flexibility of the receiver and is not appealing for frequency-agile
FEs. Other techniques involving cancellation at RF are also proposed, see, e.g.,
[128, 129, 130] and references therein, nevertheless, they add complexity to the
analog front-end. In contrast, digital cancellation techniques for transmitter in-
band leakage signal and spurious IMD?2 are discussed in [66, 131, 132, 133, 134, 135]
assuming an idealized linear transmitter, and in [136] with frequency-flat duplexer
stopband. Contrary to these works, we carry out a detailed modeling of the
transmitter in-band leakage signal-induced IMD2 taking into account also the
effects of nonlinear transmitter chain components. In addition, we develop an
efficient model for estimating the frequency-selective duplexer filter response and
transmitter-receiver chain nonlinearities, and subsequently canceling the spurious
IMD?2 in the digital baseband.
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FiGc. 4.4: Discrete-time baseband equivalent model and spectral illustrations

of transmitter in-band leakage signal-induced IMDZ2 distortion in an FDD

transceiver. The proposed interference regeneration and suppression unit op-
erating at digital baseband is also shown.

4.2.1 Signal Models with Nonlinear TX-RX Components

and Frequency-Selective Duplexer Filter

Fig. 4.4 illustrates the baseband equivalent model of an FDD transceiver, and
the associated signal spectra, with finite isolation duplexer filter and nonlinear
transmitter-receiver components. The complex baseband transmit signal z[n] is
upconverted to the transmitter carrier frequency with an I/Q modulator, where
the mismatch between the I and ) branch of the modulator causes I/Q imbalance
that results in mirror frequency crosstalk. The baseband equivalent of the 1/Q

modulated signal under 1/Q imbalance is given by
z[n] = pxn] + va*[n] (4.24)

where 1 and v model the gain and phase imbalance between the I and QQ branches
of the modulator, defined as pn = [1+ grxe’®7x] /2;v = [1 — grxe/?7X] /2. Here,
we use a frequency-independent 1/Q imbalance model for notational simplicity.
The modulated signal is then amplified by a PA for transmission, whose nonlinear

behavior is modeled with a simple third-order polynomial model. The baseband
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equivalent PA output can then be expressed as [P4]

rpaln] = o “E[n] + af ! |Z[n]* Z[n] (4.25)
= of ifn] + af AP |en] [ afn] |

where the simplified form in the second line of the above equation is obtained
by assuming that the products with multiplier coefficient ol have diminishing
power and will be suppressed below the noise floor by the duplexer filter. The
amplified signal then leaks partly into the receiver chain through finite isolation
duplexer filter, and the transmit in-band leakage signal can be mathematically
expressed similarly as in (4.2). The receiver mixing stage is modeled as having
a finite IIP2 number such that it results in the generation of the spurious IMD2
due to the transmitter in-band leakage signal. The baseband received signal after

CSF, including also the desired received signal and noise, is then given by

r[n] = zp[n] + oy hesrn] x ‘x%ﬁ’;[n]f + wpp(n] (4.26)
where a! represents the mixer RF-to-LO isolation and is generally complex val-
ued. The signal model in (4.26) indicate that the spurious IMD2 of the transmit
in-band leakage signal also appears in the receiver baseband, whose power can be
substantial especially when emphasizing a low-cost duplexer and mixer implemen-
tation. In the following, we focus on dynamically regenerating and suppressing
this spurious IMD2 inside the FDD transceiver.

4.2.2 Parallel Augmented Volterra Model for TX In-band
Leakage-Induced IMD?2

A parallel augmented Volterra-based framework for transmitter in-band leakage-
induced IMD?2 is developed first in this section, which is then used to derive an LS
parameter estimation and cancellation structure, explained next in the following

subsection.

For notational simplicity, assume that the spurious IMD2 signal is contained in

the passband of CSF, such that al/hosr[n] = a$F§[n], then the discrete-time
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transmit in-band leakage signal IMD2 in (4.26) can be written as

xrvp2(n] = Z Z R™MP2In) nglapaln — nylah,[n — no) (4.27)

ni N9
where hIMP2[n, ny| = a§5F hplnihy[ne] is a 2D filter (2" order Volterra kernel),
which defines the total IMD2 filter, representing the filtering effect on the transmit

in-band leakage signal. Evaluating the product xpa[n — ni]z}4[n — no| leads to
the following form of (4.27)

Travp2[n Z Z h'fund n1, 2]V punaln] IM2 Z Z hfcﬁgz ny, ng|Wq[n]|+

ni ng ni n2
212D D hund s malWaln] + B3N D Y R [, ma] s+
ny n2 ny n2
20D P I, ma]Waln]
ny no
(4.28)
where the known basis functions are of the following form
¥ punaln] = 2l — 1] — )
Uy[n] = z[n — nilx[n — nal;
Uyln] = z*[n — ny|z*[n — ny) (4.29)
Wsln] = z[n — ] |z[n — nal|” 2*[n — ny);
] = ol — ] afn — nyJa*[n - ng)
and the unknown parameters are
B2, ma) = KM P2y o] [af [ |l
p2 _ V7
1 %)
i
IMD2 _ YV _ prmD2«
2 T (4.30)
2 *
pIMD2 _ " a4
OC{DA*
2
o2 _ a?{DA IMD2x
4 Y
1

With the linear-in-parameters model in (4.28), the digital cancellation algorithm

requires the estimates of the set of parameters listed in (4.30) to recreate the
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replica of the spurious IMD2. The estimation of these parameters is discussed

next.

4.2.3 Proposed IMD2 Regeneration and Cancellation

We first address the parameter estimation, for which N — samples of the baseband

received signal in (4.26) in a vector-matrix notation can be written as

s R B B

IMD2 IMD2 IMD2 IMD2
3 lIl3hfund +54 ‘Il4hfund +EBB

(4.31)

where the matrices W yq4, W;,7 € {1,2,3,4} can be constructed with the known
transmit data x[n]. From (4.31) following observations can be made: the desired
RX signal is in general weaker than the transmit in-band leakage signal-induced
IMD2 (see Section 2.4.2); the third and fourth term are transformed by I/Q im-
balance and are typically at least 25 dB weaker than the fundamental IMD2 term
v fundhﬁfﬁz [2, 56]; the fourth and fifth terms are spectral regrowth created by
PA nonlinearity and they are typically at least 30 dB weaker than the fundamen-
tal IMD2 term. These facts lead us to derive a two step estimation framework.
In the first step, the fundamental IMD2 filter hfcﬁ? is estimated while assuming
that rest of the terms are noise. The estimated filter is then used to regener-
ate the fundamental IMD2 term, which is then subtracted from (4.31); the result
of which is next used in the second estimation step to estimate the coefficients
pIMDP2. e {123, 4}.

To estimate the fundamental IMD2 filter, we write (4.31) as
s = W pundhfonn + Wy (4.32)
where w; denotes the filtered noise plus weak signal terms, including also the

desired RX signal. The LS solution of h;ﬁgz is given by [112]

~ [MD2 = 1y d
hfund = (\Ilfundlpfund) ‘Ilfundzﬁ\?DQ' (433)

. [M D2
Now, with the estimated IMD2 filter h;,,, and known basis function matrix
W fynd, the fundamental IMD2 term is regenerated and subtracted from the down-

converted received signal such that the effect of the strongest term in (4.31) is
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removed. This is given as

- ~ IM2,LS
r=r-— \Ilfund—fund
M2
1
~ [M2,LS ~ [M2,LS ~ [M2,LS ~ [M2,LS M2
= [\Ijlhfund \Ilzhfund lI’ughfund \Il4hfund :| M2 | (434)
N g 3
@ M2
4
ﬁI]WZ
and finally the LS estimate of the coefficient vector gl M2 i3 then given by
~ IMD?2 _
g = (@"®) " k. (4.35)

The estimates of ﬁ;ﬁﬁl and QIMQ are substituted in (4.28) to regenerate the trans-
mit in-band leakage IMD?2 interference. The predicted interference is then sub-
tracted from the down-converted received signal in the digital baseband to obtain
the desired received signal for detection. A conceptual block diagram of the pro-

posed digital canceller is also shown in Fig. 4.4.

4.3 Simulation and Measurement Examples

In this section, simulation and RF measurement examples are given for the pro-
posed digital regeneration and cancellation algorithms. First, the performance of
digital algorithms for the unwanted TX spectral emissions suppression, discussed
in Section 4.1, is evaluated. The performance of the transmitter in-band leakage
signal-induced IMD2 interference regeneration and cancellation algorithm is then

presented.

4.3.1 Digital Mitigation of Unwanted TX Spectral Emis-
sions at RX Band

We first report the performance results with computer simulations. The baseband
transmit signal is an LTE/LTE-Advanced uplink SC-FDMA signal with parame-
ters conforming to the 10 MHz channel bandwidth and QPSK subcarrier modula-

tion. In the TX chain, the PA with memory is modeled by a Wiener nonlinearity,
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i.e. a linear time-invariant filter (LTTI) filter followed by a static nonlinearity. The
filter transfer function is (1+ 0.3272) /(1 — 0.227') [137], while the memoryless
nonlinearity is a fifth-order polynomial whose coefficients are calculated from PA
gain, [TP3, and 1—dB compression point, which are 20 dB, 17 dBm, and 26 dBm,
respectively. The duplexer filter is modeled to have a frequency-selective stopband
response with an attenuation of 40 --- 60 dB at the RX band [67, 80]. The desired
RX signal is a 10 MHz LTE-A downlink OFDM(A) signal with QPSK subcarrier
modulation. The reference thermal noise power at the RX input is assumed to be
—104 dBm/10 MHz, the RX noise figure (NF) is 9 dB [81], the reference sensitiv-
ity level is —93.5 dBm [2], and the LNA gain is 20 dB. For PA OOB emissions,
the duplex gap is assumed to be only 15 MHz to reflect a challenging scenario,
whereas for evaluating the performance of PA-induced spurious IMD estimation
and cancellation, we deploy a dual-carrier noncontiguous CA signal with each CC
modeled as a 10 MHz LTE-Advanced SC-FDMA signal, and 50 MHz spacing be-
tween them. The frequency offset between the center of the IM3, band and the
desired RX signal band is assumed to be 2 MHz.

Fig 4.5 shows the normalized power spectral density (PSD) curves of PA OOB
emissions (top) and PA spurious emissions (bottom) at the RX band before and
after digital cancellation. A block of 50.000 samples of the filtered baseband re-
ceived signal and the filtered basis functions are used for estimating the parameters
of the canceller. The filter length corresponding to each canceller branch is N;, = 5,
and the received signal and thermal noise are present during the estimation. Notice
that both PA OOB emissions and PA spurious emissions corrupt the desired RX
signal reception heavily when the duplex distance is small. However, the proposed
techniques are able to push the undesired self-interference below the noise floor
within the receiver operating band, especially when a proper set of nonlinearity

orders are used.

We further quantify the performance by plotting the receiver signal-to-interference
plus noise ratio (SINR) against different TX power levels, and also varying the
actual RX signal level. The SINR curves with different RX signal levels for PA
OOB emissions and PA spurious IMD emissions are plotted in Fig. 4.6. Both
figures show that the proposed techniques are able to substantially reduce the

interference and enhance the SINR.

Actual RF measurement examples are next given, where the performance of the
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F1G. 4.5: Transmitter nonlinear PA-induced OOB emissions (top) and spurious

emissions (bottom) at the RX band before and after cancellation with 23 dBm

TX power and 5" order Wiener PA. The RX signal is 10 dB above the reference
sensitivity level. PSD curves are normalized to the RX thermal noise power.

PA spurious emissions canceller is evaluated in the context of noncontiguous in-
traband CA transmission. A state-of-the-art vector signal generator (VSG) and

vector signal analyzer (VSA) together with an LTE Band 25 mobile PA module
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Fic. 4.6: Comparison of average inband SINR wvs.

ter the transmitter nonlinear PA-induced OOB emissions (top) and spurious

TX power before and af-

emissions (bottom) cancellation with different RX signal strengths.

and commercial LTE Band 25 mobile duplexer module are used to setup an ex-
perimental FDD transceiver. The PA input signal is a dual-carrier LTE-Advanced
uplink signal with two 5 MHz CCs and 50 MHz component carriers spacing. The
actual RF frequency is 1.89 GHz, and the spurious positive IM3, band is located

at 1.965 GHz, which is also the own receiver operating band in the measurements.
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and the TX signal is a dual carrier SC-FDMA signal with 5 MHz CCs and 50
MHz CC spacing. The RF frequency is 1.965 GHz.

Fig. 4.7 shows the normalized PSD (top) and the measured SINR vs TX power
curves at RX band (bottom) before and after the digital cancellation, showing

that the unwanted self-interference can be efficiently suppressed close to the noise
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floor with the proposed technique and that more than 18 dB cancellation perfor-
mance can be achieved. The residual interference present even after the digital
cancellation can be attributed to higher than fifth-order nonlinearity terms at
the spurious IM3, band and potential measurement errors, such as the model
mismatch between the PH model assumed in the estimator and canceler develop-
ment, and the actual mobile PA, measurement noise, and/or the non-idealities of

the measurement equipment.

4.3.2 Digital Mitigation of TX In-band Leakage Signal-
Induced IMD2

To evaluate the performance of TX leakage signal-induced IMD2 interference can-
cellation, the transmit and receive signals are again modeled according to 10
MHz LTE/LTE-Advanced mobile station TX/RX mode. The duplexer filter has a
frequency-selective response with 40 ---60 dB attenuation at the RX band, while
the PA gain, PA TIP3, LNA gain, and mixer IIP2 are 24 dB, 15 dBm, 20 dB, and
40 dBm, respectively. The thermal noise power at the LNA input is —104 dBm/10
MHz, the receiver NF is 9 dB, and the desired received signal is 10 dB above the
reference sensitivity level that is —93.5 dBm. Frequency-independent transmitter
gain and phase imbalances are 5% and 5°, respectively, which correspond to an
IRR of 26 dB. With the TX power of +23 dBm, the transmitter leakage IMD2
power at the receiver mixer output is —54 dBm, whereas the desired received sig-
nal is at —63.5 dBm. A block of 50.000 samples of the digital baseband transmit
signal and the received signal are used in estimation and the fundamental IMD2
2D filter is modeled with 25 parameters. The PSD curves before and after digital
cancellation are plotted in Fig. 4.8, showing that the transmitter leakage IMD2 can
be suppressed well below the thermal noise floor with the proposed regeneration
and cancellation technique. Also, in Fig. 4.9, the average receiver in-band SINR is
plotted against different TX powers and for different received signal strengths. The

obtained curves show excellent calibration properties of the proposed technique.
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Chapter 5

Conclusions

This thesis addressed the modeling and digital mitigation of selected RF im-
perfections in radio communication devices. More specifically, TX RF impair-
ments, namely 1/Q imbalance and CFO, and channel distortions were considered
in OFDM and uplink OFDMA /SC-FDMA systems, while transmitter leakage sig-
nal problems due to nonlinear TX and/or RX components and a finite isolation
duplexer filter was investigated for FDD transceivers. Some of the main findings

and contributions of this thesis are summarized below.

Receiver-Based Channel and RF Impairments Estimation and Compen-
sation in OFDM Systems: In the first part of Chapter 3, a hybrid time/frequency-
domain estimation-compensation structure is proposed for RF impairment and
channel distortions mitigation in OFDM systems. Existing efficient algorithms for
time-domain RX I/Q imbalance and CFO estimation and correction are incorpo-
rated with the proposed frequency-domain TX I/Q imbalance and channel distor-
tions compensation. Both joint and de-coupled TX I/Q imbalance and channel
distortions compensation methods are proposed, using preamble pilot or sparse
pilot structures for parameter estimation. In addition to simulations, practical
RF measurements were also carried out to verify the applicability of the proposed

algorithms in OFDM-based receivers.

Uplink OFDMA /SC-FDMA Channel and Impairments Estimation with
TX I/Q Imbalances and Small CFOs: In the uplink OFDMA /SC-FDMA con-
text with a direct-conversion architecture, TX I/Q imbalances and CFO cause 1UI
and ICI. Considering current 3GPP standardization for mobile terminals in terms

of I/Q imaging, carrier frequency synchronization, and in-band dynamic range at
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the LTE/LTE-Advanced BS RX, IUI due to TX I/Q imbalances is more severe
and critical to consider while CFO is relatively small in the uplink, causing very
little ICI or IUI. An estimation-compensation structure is proposed in Chapter 3
for joint mitigation of TX I/Q imbalances, small CFOs, and channel distortions,
that operates in the BS RX baseband. The joint mirror carrier MMSE equalizer
with an arbitrary number of receiver antennas and different power levels of mirror
sub-band signals is one key contribution, while an efficient joint parameter estima-
tion with general time-multiplexed reference symbols is another key contribution.
Excellent mitigation properties were demonstrated with extensive computer sim-
ulations, suggesting that the proposed methods are highly desirable for uplink
OFDMA- and SC-FDMA-based BS RXs.

Mitigation of TX Spectral Emissions at Own RX Band in FDD Transceivers:
In this area of thesis work, we proposed a digital mitigation technique for trans-
mitter spectral emissions at the own receiver band due to a nonlinear PA with
memory effects in an FDD transceiver. With small duplex gaps, practical nonlin-
ear PAs exhibiting memory effects, and practical duplexers with limited isolation,
the transmitter OOB emissions can easily fall in the own RX operating band and
can result in own receiver desensitization. In Section 4.1.1 , we proposed a non-
linear estimation and regeneration procedure to reproduce essential transmitter
OOB emission and subsequently its cancellation in the receiver digital baseband,
enabling an efficient cancellation without additional RF filtering. In CA FDD
transceivers with noncontiguous CCs, the duplex gap further reduces, and the
transmitter spurious emissions created by the nonlinear PA cannot necessarily
be sufficiently suppressed. To this end, we proposed a computationally feasible
method in Section 4.1.2 that estimates the needed unknown parameters only at
the spurious IM3 band, which is assumed to be within the RX operating band, and
regenerates and cancels the interference in the receiver baseband. The proposed
method is evaluated with simulations as well as in an experimental RF measure-
ment setup, using a commercial LTE mobile device PA and duplexer modules. The
obtained results clearly showed the improvement in suppressing unwanted inter-
ference and the improved detection of the desired RX signal. Hence, the proposed
techniques can be used in FDD transceivers to potentially relax the duplexing gap

and the duplexer filtering requirements.

Mitigation of TX In-band Leakage Signal-Induced IMD2: Direct-conversion
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receivers are sensitive to second-order intermodulation distortions, where the non-
linearity of down-converting mixer may generate IMD2 of the leaking transmit
passband signal. In the direct-conversion receiver context, the IMD2 product ap-
pears directly in the receiver baseband and interferes with the desired RX signal.
A two step LS estimation procedure was described in Section 4.2 to regenerate
and cancel the transmitter in-band leakage signal-induced IMD?2 in the presence
of transmitter nonidealities such as I/Q imbalance and PA nonlinearities. The pro-
posed technique was evaluated with computer simulations and the results demon-
strated that the unwanted IMD2 can be efficiently suppressed below the thermal

noise floor.

Overall, in this thesis, we investigated some of the important TX RF impair-
ments in OFDM/OFDMA /SC-FDMA-based systems and FDD transceivers, and
the proposed algorithms are expected to facilitate the implementation of flexible,
reconfigurable, low cost/size and power efficient wireless devices in the future.
Meanwhile, some issues have not been addressed in this thesis and can be po-
tential topics for further research. The studies in this thesis assumed uncoded
OFDM and OFDMA systems and the algorithms are developed either for single
antenna RX configuration or multiple antenna RX configuration, but excluding
multiple transmit antennas. In future studies, it would be interesting to gen-
eralize the signal models and estimation and compensation algorithms to coded
MIMO OFDM/OFDMA type systems with multiple antennas also in all transmit-
ting devices. Furthermore, it would also be interesting to investigate the cost and
energy consumption of RF hardware versus the baseband processing adopting the
proposed digital algorithms. These form good topics for future work beyond this

thesis.
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Abstract—I/Q signal processing based communication systems
suffer from analog front-end (FE) imperfections such as in-phase
and quadrature-phase (I/Q) imbalance and carrier frequency
offset (CFO). These impairments are commonly encountered
in all practical implementations, and severely degrade the
obtainable link performance. Moreover, orthogonal frequency
division multiplexing (OFDM)-based systems are particularly
sensitive to radio frequency (RF) impairments. In this paper,
we analyze the impact of transmitter and receiver I/Q imbalance
together with channel distortion and CFO error on an ideal
transmit signal, and propose low-complexity DSP algorithms and
compensation structure for coping with such imperfections. Based
on our proposed estimation/compensation structure, we are able
to decouple the impairments and process them individually with
rather low-complexity. More specifically, we first apply a blind
algorithm for receiver 1/Q imbalance compensation, followed by
an efficient time domain CFO estimator and compensator. The
transmitter I/Q imbalance and channel are then equalized jointly,
in the frequency domain, with maximum-likelihood (ML) or zero-
forcing (ZF) schemes, respectively. The applied algorithms are
either blind working without aid of any training symbol or use
only one OFDM symbol for impairments estimation, providing
an efficient alternative solution with reduced complexity. The
computer simulation results indicate a close to ideal perfor-
mance of ZF scheme, and suggest that additional performance
improvement due to frequency diversity can be obtained when
ML estimation technique is employed.

I. INTRODUCTION

The increased demand for high throughput, low-power,
cheaper, and flexible radios calls for highly integrable radio
transceivers. The so called direct-conversion [1], [2] and
low-IF [1], [3] architectures based on I/Q signal processing
represent a promising solution due to their simplified RF-
FE configuration and the possibility to offer a high degree
of integration for the transceiver implementation. These archi-
tectures are, nevertheless, exposed to several RF imperfections
such as I/Q imbalance, CFO, DC offset, etc. The adoption
of higher order modulation techniques (such as 64—QAM)
and spectrally efficient modulation schemes (like OFDM)
suggests that future wireless systems are highly sensitive
to RF impairments. Therefore digital techniques to enhance
the dynamic range of FE with minimum additional analog
hardware are desirable.

The practical implementation of I/Q up- and down-
conversion suffers from the unavoidable gain and phase mis-
match between the physical I and Q signal paths, and is

The research leading to these results was financially supported by the
Technology Promotion Foundation of Finland (TES), the graduate school
TISE, and the Austrian Center of Competence in Mechatronics (ACCM).

referred to as I/Q imbalance [4]-[6],[9]-[14]. In addition to
gain and phase imbalance, other modem components such
as digital-to-analog converters (DACs) or analog-to-digital
converters (ADCs) and low-pass filters (LPFs) also contribute
in general to imbalance effects, and give rise to frequency se-
lective 1/Q imbalance. I/Q imbalance causes mirror frequency
interference and degrades the dynamic range of a transceiver.
The performance degradation due to I/Q imbalance has been
investigated and compensation schemes have been proposed
either for only transmitter I/Q imbalance (e.g. [14]) or for
receiver 1/Q imbalance (e.g. [4] and [5]). The work in [6],
on the other hand, propose joint transmitter and receiver 1/Q
imbalance compensation algorithms. The algorithms assume
frequency-independent I/Q imbalance case which prohibits
their application to wideband signals and systems.

Another important RF problem is carrier frequency syn-
chronization. This is especially important for OFDM-based
communication systems where subcarriers orthogonality is lost
in the presence of CFO. Recently, digital algorithms for joint
estimation and compensation of transmitter and receiver I/Q
imbalance along with CFO have been proposed. Pilot-based
schemes utilizing the training symbols for frequency offset and
1/Q imbalance joint compensation are derived in [9] - [13]. The
algorithms introduced in [9], [11], and [13] analyze the per-
formance of CFO and I/Q imbalance compensation schemes,
but do not take into account the transmitter I/Q imbalance.
In [12], joint transmitter receiver I/Q imbalance and CFO
compensation techniques are proposed, however frequency-
independent 1/Q imbalance model is assumed. Reference [10]
takes a more realistic approach towards the joint estimation
and compensation of CFO with frequency-selective transmitter
receiver I/Q imbalance, yet the training data require a special
symbol structure.

In this paper, we present a comprehensive treatment of
frequency-selective transmitter and receiver I/Q imbalance
together with CFO error and channel distortion. The novelty
of the work is the combination of both blind and data aided es-
timation, and of time domain and frequency domain compen-
sation, which yields very efficient overall structure in terms of
performance and pilot overhead. We utilize our previous work
in [5] and [7] to blindly estimate the receiver I/Q imbalance
compensation filter. Furthermore, we deploy the sub-space
based approach of [8] for CFO estimation and compensation,
and propose algorithms for joint transmitter I/Q imbalance
and channel estimation and equalization in frequency domain.
While receiver 1/Q imbalance is compensated blindly, both



Widely Linear Channel
TX RX Estimation
=2 | | L&l |+ rewrr | |0 o ______ 2 Joint Tx. I/Q | |
=g X REEE ;T ! el RX. 1/Q CFOEBst. & ||_| & Imb. & .
23 aQ 1 Multipath Channel ¢ Q Imb. Comp. Comp. =] Channel
] Imbalance) : + Noise : Imbalance) ¥ Baeibzicn |
e ! z R
[ ——
Time Domain Processing Freq. Domain
Processing

Fig. 1.

CFO and joint transmitter I/Q imbalance and channel estimator
utilize only a single OFDM pilot symbol, thus reducing pilot
overhead and latency. Finally, we evaluate the performance of
algorithms in terms of symbol error rate (SER) and show that
proposed ML scheme is able to extract the frequency diversity
induced by transmitter I/Q imbalance as discussed in [17], and
achieve even better performance than the case where no RF
impairments except the radio channel and additive noise are
present.

The rest of the paper is organized as follows. In Section II,
we present the general I/Q imbalance model and describe the
impact of 1/Q imbalance, CFO, and channel in OFDM system.
The estimation and compensation schemes are explained in
Section III. Computer simulation results are demonstrated in
Section IV and the conclusion is given in Section V.

The notations used in this paper are as follows: scalar
parameters are represented by lower-case, vectors in bold
lower-case, and matrices in upper-case boldface letters. Su-
perscript (.)7, (.)* and (.)~! denote the transpose, conjugate,
and inverse of a vector, a scalar, or a matrix. The convolution
operation is indicated by .

II. SIGNAL AND SYSTEM MODEL

A. Frequency-selective transmitter and receiver I/Q imbalance
model

We denote the complex baseband signal as z(t) = z7(t) +
Jzq(t) to be transmitted over the channel. The baseband equiv-
alent of noiseless transmitted RF signal with I/Q imbalance
effect is [14]

s(t) = g1,1(t) * 2(t) + g2, 7(t) * 27 (¢). (D
where the complex imbalance filters g1 7(t) and
g2r(t) model the amplitude, phase, and impulse

response mismatch and are expressed in time domain
as gur(t) = [hor(t)+grewp(jor)hor(t)] /2 and
92,7(t) = [hrr(t) — grezp(—jdr)hor(t)] /2. The gain
and phase mismatch are designated by ¢gr and ¢p. The
mismatch filters h; r(t) and hg r(t) represent the I and Q
signal branches response,respectively, and model frequency-
selectivity of the overall I/Q imbalance model [14]. In the
frequency domain, (1) is transformed into

S(f) = Grr(N)Z(f) + Gar(H)Z° (=) @

The undesired image signal produced due to the I/Q imbalance
results in mirror-frequency interference as shown in (2).

A similar analysis can be carried out on the receiver side,
where down-converted baseband equivalent of the received
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OFDM system model with transmitter and receiver I/Q imbalance, channel, and CFO compensator.

signal 7(¢) is of the form [5]
z(t) = g1,r(t) *r(t) + g2,r(t) * r*(t) ©)

here g1,r(t) and g2, r(t) model the receiver demodulator gain,
phase, and impulse response mismatch, and are given in time
domain as g1 r(t) = [hrr(t) + grexp(—jér)hq,r(t)] /2
and go,r(t) = [h1,r(t) — grexp(idr)hq,r(t)] /2. The
Fourier transform of (3) is

X(f) = GuLr([)R(f) + Go.r(f)R* (= ). 4)

Again the mirror-frequency interference due to I/Q imbalance
is evident from (4). The image rejection ratio (IRR) quantifies
the image signal suppression, and is defined as the ratio of
desired signal power to image signal power, and is expressed
in dB as

Grrr(f) iB 5
GQ,T;RW)[ bo

In the ideal case with no I/Q imbalance, gr.p = 1, ¢7;p =
0°, hrm,r = hg,r;r = 1, yielding infinite IRR. With careful
analog design, IRR’s in the order of 25 — 40 dB are stated
feasible [2].

IRRrx rx(f) = 10log10 (

B. OFDM signal model with 1/Q imbalance, frequency-
selective channel, and CFO

We focus here on one symbol block to simplify the
analysis. Referring to Fig. 1, let us denote the complex-
valued m*" OFDM symbol on k*" subcarrier by U,,(k), k =
0,1,---,N — 1. By computing the N —point inverse discrete
Fourier transform (IDFT) of the symbol, we obtain the com-
plex baseband signal that can be written in discrete time as

zm(n) = IDFT{U,,(k)} . (6)

The cyclic prefix (CP) of length Lop is inserted next by
copying the last Lo p samples of z,,(n) to its beginning. We
assume that the length of the cascade of impulse response
of the transmitter 1/Q imbalance filters (g1, 7(t) and g2 7 (%)
in (1)) and the multipath radio channel and the receiver 1/Q
imbalance filters (g1,z(t) and g2 z(t) in (3)) does not exceed
the length of CP. It is shown in [5] and [14] that a 3—tap filter
is able to correctly estimate the I/Q imbalance filters, thus it
is reasonable to estimate the CP length.

First, we assume that an imbalanced quadrature modulator is
used to up-convert the baseband signal z,,(n). The resulting
distorted signal s,,(n) at the transmitter output is given by
(using (1)) [4], [14]

sm(n) = g1.7(n) x zm(n) + g2 7(n) x 2, (n). @)



Then, at the receiver side, including the effect of multipath
channel, receiver CFO and I/Q imbalance, the signal at the
down-conversion stage output appears to be

rm(n) = g1.r(n) * ej%%n(h(n) * $m(n) + wm(n))+

go,1(n) % e 2N (B () x 57, (n) + W] () )
®)

where Af is the frequency offset, 1/NTy is the subcarrier
spacing, w,,(n) is baseband additive white Gaussian noise
(AWGN), and h(n) is the impulse response of the baseband
equivalent RF radio channel. After some mathematical ma-
nipulations, we obtain 7,,(n) in terms of transmitter/receiver
I/Q imbalance, CFO, and channel as given by (9) (next
page). As will be shown in Sec. IV, the presence of all RF
impairments severely degrades the system performance, and
digital compensation is needed.

III. IMPAIRMENTS ESTIMATION AND COMPENSATION
A. Receiver 1/Q imbalance compensation

We continue the analysis in time domain and ignore the
noise term. From (9), a straightforward approach to tackle the
receiver I/Q imbalance is to use a widely linear compensator
of the form y,,,(n) = rp(n) + wr(n) * rk, (n). The optimum
compensator that cancels the mirror frequency interference is
of the form Wg(f) = —Gor(f)/G1.zr(—f), and is derived
in [S]. The basic assumption to obtain the compensation
filter in [5] is to utilize the circular or proper feature of
the received signal, which in the presence of transmitter I/Q
imbalance is inherently lost. However, it is shown in [7]
that either a CFO or a time-varying channel will restore the
circularity of the received signal. Motivated by this, we use
the blind compensation approach for receiver I/Q imbalance
compensation. Applying the optimum compensation filter, (9)
becomes

(1) = g () P2 (1) 5 1.2 w2 () +

h(n) % go.z(n) *z:‘n(n)>.
(10)

Comparing (10) with (9) suggests that the compensator is
able to fully suppress the image signal term generate by a
frequency-selective receiver 1/Q imbalance.

B. CFO estimation and compensation
Assuming perfect CFO estimate of Af, we perform CFO
compensation in time domain by multiplying (10) with the

. oAt . .
complex conjugate of ¢/*"~7=" which results in

Gim(n) = e 7Ny, (n)
= g1,r(n) * h(n) x g1,7(n) * zm(n)+

g1,r(n) * h(n) * g2 7(n) * 2, (n)

an

where §1 r(n) = e‘jQ”NA*Tfs"gLR(n). There are few algo-
rithms for CFO estimation that can be directly applied here
(e.g. [11] and [13]). However, these algorithms assume cer-
tain pilot pattern. In this paper, we use the subspace-based
approach of [8] for CFO estimation, which utilizes only one

OFDM symbol to estimate the CFO. The algorithm does

not account for transmitter I/Q imbalance, but we show with
simulations that the impact of transmitter I/Q imbalance on
CFO estimation and subsequent compensation is trivial.

C. Joint transmitter I/Q imbalance and channel equalization

We define the direct and image signal filters as gp(n) =
g1,r(n)xh(n)*g1,r(n) and gar(n) = g2, 7 (n)*h(n)*gi,r(n)
which transforms (11) to

Ym(n) = gp(n) *x 2m(n) + gnr(n) * zp,(n).  (12)
In the subsequent derivations,—k refers to the physically
opposite (mirror) subcarrier. We now compute the discrete
Fourier transform (DFT) of (12) and write it for k" subcarrier

of m'" received symbol and the complex conjugate of its
mirror subcarrier as

{Yzm((k’)ﬂ)] - [G}g}(}ﬁz)) %]Zgﬁ)k)} [Ui((_k;i)] (13)

Giotal

where Gp(k) and Gy(k) are frequency domain represen-
tation of the direct and image signal filters. Assuming the
coefficients of matrix Gy, are known, we are able to directly
apply the ZF or the ML detection principle on the mirror
subcarrier pair.

With ZF scheme, the estimate of original symbol is obtained
by solving (13) for each subcarrier k£ and its mirror —k as

o) = Guiut [5525)

As will be shown in Sec. IV, the symbol error rate (SER) vs
signal to noise ratio (SNR) analysis show that ZF equalization
scheme gives close to ideal performance.

The ML scheme gives the estimate of original symbol by
minimizing the cost function of (15) (next page). Um(k)
in (15) denotes the trial value of OFDM symbol U,, (k).
The computational complexity of ML estimation is generally
much higher than ZF method, however, is able to exploit the
frequency diversity induced by transmitter I/Q imbalance.

(14)

D. LS identification of gp(n) and gpr(n)

We derive a least-squares (LS) estimation technique for
imbalance filters gp(n) and gps(n). We take a time domain
estimation approach similar to [18], where a time domain ML
channel estimator was proposed for OFDM. This approach
can utilize the frequency domain correlation of the channel
implicitly without making any statistical assumptions about the
channel, through limiting the length of the estimated channel
response estimates as N, << N.

We switch to vector-matrix notation to simplify the anal-
ysis, and denote the received symbol corresponding to pilot
symbol as §,(n) = [Gp(n), Gip(n — 1), -+, Gp(n — L+ 1)
and the observable imbalance filter vector by gp.,, =
[9D:0,1, GDin 25 ,gD;M,Ng}T, where L is the length of
observed data and N, < Lcp is the length of estimated filters.
The received symbol vector during the pilot symbol is then

5y(0) = Zy (i + 240k = (Zal0) Z;(0)] [£7]

(16)



() = gu.r(m) % 2T () % g1.0(0) % 20 (1)) + g1 (m) ¢ €2 () x g () x 25, () +

Af

92,1 (n) % € TR (02 () 5 g1 (0) 5 25, (1)) + g2,0 (1) % € 2RI (17 (1) % g3 () % 2 () )+

(g91.0(0) % €727 50, (n) + go, () % e V27N, () )

{ U (k) ] =arg  min
m, (—=F) U (). U, (—k)

where Z,(n) is the circular-convolution matrix formed from
IDFT of pilot symbol U, (k). The LS estimates of imbalance
filters can be computed as [15]

0] =2 w5, 0

17
g 1n

Here Z;b(n) represents the pseudo-inverse of Z,,(n) and
is given by Z;’b(n) = (Zf’b(n)Zp’b(n)) Zﬁb(n) [15]. Fre-
quency domain expressions of the estimated filters, which
are needed for equalization/detection in (13)-(15), are then
obtained through DFT.

IV. SIMULATION RESULTS

The performance of discussed methods is illustrated in
this section using extensive computer simulations. First, we
evaluate the performance of CFO estimator in the presence
of transmitter I/Q imbalance. In Fig. 2, mean square error
(MSE) curve over different CFO values is plotted: MSE =
E|A f— Af]2. A 16-QAM OFDM system with transmitter
1/Q imbalance parameters corresponding to IRR levels of
20, 30,40, and INF dB is simulated. These IRR levels map to
gain imbalance of 10%, 3%, 1%, 0% and phase imbalance of
10°,4°,1°,0°, respectively. The power delay profile of channel
is described in [16] and the results are averaged over 500
independent channel and CFO realizations. The SNR value is
fixed to 20 dB and a step size of 0.01 is used for CFO search.
The results in Fig. 2 indicate that for small CFO values, we
obtain sufficiently accurate estimate i.e. A f =~ Af, but the
performance of estimator deteriorates for large CFO. Despite
the biased nature of estimator, it is yet attractive due to number
of reasons: 7) the algorithm delivers reliable estimates, using
only a single OFDM symbol. i7) the bias is sufficiently small
that it does not affect the proposed equalization schemes, as
will be shown in following simulations.

Next, we perform the SER simulations and illustrate the
performance by plotting SER curves as a function of SNR.
A typical 16—QAM OFDM system is considered whose
parameters are given in Table I. The I/Q imbalance values
stated in the table correspond to 20 — 33 dB IRR within the
signal bandwidth. For evaluation, we compare the performance
with a system with no FE distortion. A 3-taps compensation
filter is built by utilizing the second order statistics of the
received signal and is used to compensate for receiver 1/Q
imbalance as described earlier.

We plot the SER as a function of normalized CFO Af in
Fig. 3. The SNR value is 20 dB. The results are plotted after
taking ensemble average of 500 independent CFO and channel

TABLE 1

SYSTEM PARAMETERS

©
] -

Total number of subcarriers | N = 1024
Active subcarriers Ng = 600
Cyclic prefix length Lop =52

Subcarrier spacing
Sampling Frequency

1/NT, = 15 KHz
Fs = 30.72 MHz

Frequency offset Af =10 KHz
Channel Type vehicular A
No. of channel taps 39

gain imbalance grir = 5%
phase imbalance o7, = 5°

I-branch filter

h; r.r = [1,0,0)7

Q-branch filter hg,r.r = [0.97,-0.05,0.01]7

tLg % | = IRR = Infinite
ol ‘ | | —A—IRR=204aB |]
—B—IRR =30 dB
107k —6—IRR =40 dB |1
10" E
1079 1 1 L
-1 —0.5 0 0.5 1
Normalized Af
Fig. 2. MSE of CFO estimator vs. true CFO Af for 16—QAM OFDM

system; veh A channel model of length 39; ensemble average of 500
realizations.

realizations, 50 symbols per realization. The excellent cali-
bration property of ML algorithm is evident from the figure.
An important observation to note is that the performance is
consistent over a wide range of CFO values.

The next simulation example considers a multipath channel
with power delay profile of [16] and 39 taps, each having
Rayleigh distribution. Fig. 4 compares the SER versus SNR
performance curves by taking average over 2000 independent
channels and 50 symbols per realization. The channel model
also includes AWGN. As can be observed from the figure
that the communication system becomes completely unusable
when no compensation scheme is in place, and achievable
SER remains high in the presence of transmitter receiver
1/Q imbalance only. The proposed ZF method is able to
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TX/RX FE IRR = 20 — 33 dB. Veh A channel model with 39 taps. SNR = 20
dB. Perfect channel knowledge is assumed for the “No FE distortion”and “Tx-
Rx I/Q imbalance only”cases. Ensemble average (500 channel realizations).

produce results close to the ideal case, while ML estimation
technique provides frequency diversity due to transmitter 1/Q
imbalance at low SNR values. The frequency diversity is not
very pronounced here as compared to [17], most likely due
to residual CFO. However, it is important to note that we are
still able to achieve very good performance with a relatively
low complexity compensation structure.

V. CONCLUSION AND FUTURE WORK

In this paper, we analyzed the performance of OFDM
based communication systems in the presence of transmitter
receiver 1/Q imbalance, CFO and channel distortion. Based
on our signal model, generally applicable digital compensa-
tion algorithms are developed. The proposed compensation
structure is composed of a time domain compensator and
a frequency domain processing compensation part. In the
first phase of compensation, we compensate for receiver 1/Q
imbalance and CFO in an efficient manner in time domain,
and two techniques for joint equalization of transmitter I/Q
imbalance and channel are presented in frequency domain. It is
shown with simulations that the proposed compensator is able
to produce symbol estimates very close or even better than
ideal available estimates with relatively low implementation
complexity. The future work will focus on developing an
alternative and more efficient CFO compensator, performing
elaborate RF measurements to prove the applicability of the
algorithms in real world front-ends, and generalizing the work
to MIMO-OFDM and OFDMA systems.
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Direct-conversion architecture-based orthogonal frequency division multiplexing (OFDM) systems are troubled by impairments
such as in-phase and quadrature-phase (I/Q) imbalance and carrier frequency offset (CFO). These impairments are unavoidable
in any practical implementation and severely degrade the obtainable link performance. In this contribution, we study the joint
impact of frequency-selective I/Q imbalance at both transmitter and receiver together with channel distortions and CFO error.
Two estimation and compensation structures based on different pilot patterns are proposed for coping with such impairments.
The first structure is based on preamble pilot pattern while the second one assumes a sparse pilot pattern. The proposed
estimation/compensation structures are able to separate the individual impairments, which are then compensated in the reverse
order of their appearance at the receiver. We present time-domain estimation and compensation algorithms for receiver I/Q
imbalance and CFO and propose low-complexity algorithms for the compensation of channel distortions and transmitter IQ
imbalance. The performance of the compensation algorithms is investigated with computer simulations as well as with practical
radio frequency (RF) measurements. The performance results indicate that the proposed techniques provide close to the ideal

performance both in simulations and measurements.

1. Introduction

With the ever-increasing demand for high data rates and
high quality of services for end users, bandwidth-efficient
transmission schemes such as orthogonal frequency division
multiplexing (OFDM) are being adopted in emerging wire-
less communication systems (e.g., WLAN 802.11a/g/n [1],
WiMAX IEEE 802.16 [2], DVB-T [3], DVB-H [4], 3GPP
LTE [5]). The physical layer implementation of OFDM-
based systems with direct-conversion (zero-IF or homodyne)
radio architecture represents a promising solution for future
wireless systems. The direct-conversion architecture offers
a simplified analog front end (FE) as it performs the
frequency translation in one step and thus eliminates the
need of bulky image rejection filters [6, 7]. This yields an
easy integration of analog and digital components of the
FE on a single chip and consequently results in lower-
cost and less power consumption. From the perspective of

practical implementation, a trade-off exists between the high
integrability and the performance. The direct-conversion
architecture-based transceivers are extremely vulnerable to
the nonidealities of analog front-end components. The main
impairments that degrade the system performance are in-
phase quadrature-phase (I/Q) imbalance, DC offset, and
carrier frequency offset (CFO) [6, 7]. The adoption of
higher-order modulation alphabets (such as 64-QAM) in
OFDM systems suggests that they are increasingly sensitive
to any impairments in the underlying analog hardware.
Rather than trying to improve the quality of individual
analog modules, it is more cost-efficient to tolerate these RF
impairments to a certain degree in the analog domain and
afterward compensating them in the digital domain.

The frequency up- and downconversion in the direct-
conversion architectures are implemented by I/Q mixing,
which suffers from the amplitude and phase mismatch
between the I- and Q- branches [8-24]. This problem



is mainly inflicted by the modulators/demodulators which
employ the principle of having equal gain and exact 90°
phase difference between the quadrature branches. However,
other analog front-end components such as DACs or ADCs
and LPFs also contribute in general to the imbalance
effects, resulting in frequency-selective 1/Q imbalance [8—
10]. Estimation and compensation schemes dealing with I/Q
imbalance have been proposed in several papers including
[8—12] and references therein.

CFO is another important RF impairment, particularly
associated with OFDM-based communication systems. It is
caused by the instability of local oscillator and also due to the
mobility of users [25, 26]. OFDM systems divide the available
bandwidth into many orthogonal subcarriers with a small
subcarrier spacing. The subcarriers orthogonality is lost in
the presence of CFO, leading to intercarrier interference.
Because the CFO cannot be perfectly estimated in the pres-
ence of I/Q imbalances, most of the recent works (e.g., [18—
24,27]) treat them jointly. The algorithms introduced in [18—
21] analyze the performance degradation and propose com-
pensation scheme coping with CFO and receiver I/Q imbal-
ance, but do not take into account the transmitter I/Q imbal-
ance. Gil et al. [22], Chung and Phoong [23], and Tandur
and Moonen [24] developed the joint estimation algorithm
of the I/Q imbalance, CFO, and channel, however frequency-
independent I/Q imbalance model is assumed. Finally, in
[27], compensation methods for the mitigation of frequency-
selective transmitter and receiver 1/Q imbalance combined
with CFO and channel distortions are proposed by the
authors of this article. But the application of proposed
algorithms is restricted to systems with a preamble pilot, and
also the computational complexity for CFO estimation is
very large.

In this paper, we consider DSP-based compensation of
frequency-selective transmitter and receiver I/Q imbalance
together with frequency-selective channel and CFO in
the OFDM system context. The central theme is to first
systematically formulate the baseband equivalent of the
received signal. Based on this signal model, we propose
new low-complexity decoupled estimation and compen-
sation algorithms. Unlike the joint estimation algorithms
(e.g., [22, 24]) where the compensator parameters have
to be reestimated with channel variations, the decoupled
schemes are advantageous in the sense that only the varying
parameter has to be reestimated, while the other parameters
remain the same. More precisely, at the estimation and
compensation stage, we first compensate the generally time-
invariant receiver I/Q imbalance in time domain with blind
methods proposed in authors’ earlier work [11, 13]. The
subsequent estimation and compensation of nonidealities
including CFO, channel distortions, and transmitter IQ
imbalance is done for pilot symbol-assisted modulation
(PSAM) OFDM systems in each transmission. With practical
considerations, two pilot patterns are taken into account in
this work, namely, the preamble pilot pattern, where one
complete OFDM symbol in a transmission frame is assumed
known, and the sparse pilot pattern, where pilot symbols are
placed over different subcarriers of certain OFDM symbols.
We propose two alternative estimation and compensation
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structures depending on the pilot pattern. The leading
principle in CFO estimation and compensation for both
pilot patterns is to use an already existing technique of [28]
and apply it in time domain. For the preamble pilot-based
estimation, we propose zero-forcing (ZF) and maximum-
likelihood (ML) estimation methods for joint channel
distortions and transmitter I/Q imbalance compensation,
whereas an algorithm for successive compensation of chan-
nel distortions and transmitter I/Q imbalance is proposed for
sparse pilot-based structure. The performance of algorithms
is evaluated with extensive computer simulations as well as
with laboratory measurement setup.
The novelty of this paper is as follows:

(1) We do not make any specific assumption about
the location of pilots for sparse pilot-based esti-
mation and compensation structure. The existing
algorithms, for example [29], allocate the pilots to
mirror frequency pairs which is generally not valid in
practical radio systems like LTE [5].

(2) In this work, instead of proposing comprehensive
and brand new algorithms to cope with multiple
RF impairments at once, we simplify the complex-
ity of the problem by reforming overall receiver
design and decoupling the effects of individual RF
impairments. Then incorporating already existing
efficient algorithms with new proposed methods,
a hybrid time-and-frequency domain compensation
architecture with very reasonable complexity and
good performance is achieved.

(3) Practical RF measurements are used to verify the
applicability of algorithms in real-world receiver
design which, to the best of authors’ knowledge,
has not been addressed so far in the literature. The
performance of individual impairments has been
evaluated though, for example, [9, 11], but RF
performance evaluation in the presence of all the
considered impairments is still new.

(4) Here we use two widely deployed pilot patterns in the
current and upcoming OFDM-based radio systems
(e.g., IEEE 802.11n [1], DVB-H/T [3, 4], and LTE [5]
systems), namely, the preamble-based and sparsely
located pilot structures for parameter estimations.
As a result, the proposed algorithms can be directly
applied in the corresponding receiver design without
any modification.

An attractive feature of receiver I/Q imbalance compen-
sation algorithm is that it is able to track the time-variation of
I/Q imbalance and updates the coefficients of compensation
filter appropriately.

The paper is organized as follows. I/Q imbalance model
and its impact, OFDM signal model under frequency-
selective I/Q imbalances, channel distortions, and CFO are
described in Section 2. Section 3 presents the estimation and
compensation techniques for the mitigation of impairments.
Computer simulation results are shown in Section 4. In
Section 5, the measurement setup and obtained results are
presented. Finally, the conclusions are drawn in Section 6.
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Preliminaries. The notations used in this paper are as
follows. Scalar parameters are represented by lower case
letters a and frequency domain quantities with upper case
letters A. We denote the time domain vectors/matrices
by lower case bold face with over-bar a/A and frequency
domain vectors/matrices by bold face letters a/A. Superscript
()T, ()", and (-)"! denote the transpose, conjugate, and
inverse of a vector, a scalar, or a matrix, respectively. The
(i, j)th quantity of a matrix is defined by A;; and (i,i)th
quantity by A;. The convolution operation is indicated by *.

Ifa = [al,az,...,aN/z,... ,aN]T is an OFDM symbol with
. T .
N subcarriers then a* = [af,a},...,ak,,...,a5] is the

conjugate of mirror subcarriers vector. The discrete Fourier
transform operation is denoted by a matrix F of size N X N
defined as [F],,, = e /&Ny = 0,1,...,N - 1; n =
0,1,...,N - 1.

2. Signal and System Model

2.1. Frequency-Selective I/Q Imbalance Model. The direct-
conversion transmitter architecture is based on the principle
of directly I/Q upconverting the baseband signal to the RF
frequency. The upconversion is performed in the analog
domain by a quadrature mixer, which theoretically provides
infinite image signal attenuation. This eliminates the need
for image rejection filter, relaxing the overall requirement for
RF filtering. A perfectly balanced modulator corresponds to
equal gain and 90° phase difference between the quadrature
branches. However, in practice, this requirement is not fully
satisfied. In addition to that, other modem components such
as DACs and LPFs in the I- and Q- branch are not perfectly
matched [7, 8]. These effects are called I/Q imbalance, and it
results in the limited suppression of the image signal [8, 9].
In the wideband system context, the reconstruction filters in
the modulator exhibit frequency-dependent response, which
causes the I/Q imbalance to vary as a function of frequency.
Consequently, we can characterize the I/Q imbalance with
transmitter gain imbalance and phase imbalance parameter
gr and ¢r, respectively [8, 27]. In addition, the relative
nonideal filter transfer function between in the I- and Q-
branches is modeled with the filter h7 (). A conceptual block
diagram is illustrated in Figure 1. To see the impact of I/Q
imbalance on the transmitted signal, we denote the baseband
equivalent ideal transmit signal as z(t) = z;(t) + jzo(t).
The complex envelope of the transmitted RF signal with I/Q
imbalance effects is [8]

s(t) = gir(t) * z(t) + gr(t) x 2% (t), (1)

where the complex filters g; 7(t) and g r(f) correspond to
imbalance filters and are defined as

gir(t) = 8(t) +gr ex;’(f‘PT)hT(t)’
i (2)
() = 28T exi)(](PT)hT(t).

The baseband equivalent signal in frequency domain is

$(f) = Gur()Z(f) + Gor (f)Z* (= f). (3)

z1n] DAC &

0
cos(27 fiot) ®7

st

T
ol

Ficure 1: Block diagram of Frequency-selective transmitter I/Q
imbalance model.

The above equation indicates that the imbalanced baseband
signal is weighted sum of the desired signal Z(f) and the
undesired image signal Z*(— f). The undesired image signal
term is produced by the I/Q imbalance and results in the
mirror frequency interference.

On the receiver side, the RF signal is downconverted to
baseband using a quadrature demodulator. The downcon-
verted baseband equivalent of the received signal r(t) is of
the form [11]

x(t) = gur(t) * r(t) + gr(t) * r*(¢) (4)

with the receiver I/Q imbalance filters g r(¢) and g r(#) given
as

O(t) + grexp(—jor) hr(t) ,

gir(t) =
X 1 (5)
Qr(t) = O(t) — gr exg(](pR)hR(t).

The Fourier transform of (4) is

X(f) = Gur(f)R(f) + Gor(f)R* (= f). (6)

Again the mirror-frequency interference due to I/Q imbal-
ance is evident from (6).

The image rejection ratio (IRR) quantifies the image
signal suppression and is defined as the ratio of desired signal
power to image signal power, expressed in dB as

|Grra(f) I”
|G (f) |

With careful analog design, IRR’s in the order of 25-40 dB
are stated feasible [6-8].

IRR7z(f) 2 1010g10< ) [dB]. (7)

2.2. OFDM Signal Model with RF Impairments. We consider
an OFDM system with N subcarriers. At the transmitter,
OFDM symbols are generated by computing the N-point
inverse discrete Fourier transform (IDFT) of the data
symbols u. A cyclic prefix (CP) of length Lcp is appended
ahead of each OFDM symbol which is removed at the
receiver after DFT.
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F1GURE 2: OFDM system model with I/Q imbalance and CFO.

Referring to Figure 2, consider the transmission of ith
symbol of size N X 1, the frequency domain transmitted
signal corresponding to ith OFDM symbol is then given by

s' = G ru’ + Gy ru®, (8)

where G;r and Gy 7 are N X N frequency domain diag-
onal matrices whose diagonal elements possess frequency
responses of transmitter I/Q imbalance filters (g1,158,1
in (2)). We consider the transmission over a block
fading channel whose impulse response is denoted by
h = [h(0),h(1),...,h(L — 1)]" with channel length L. The
received frequency domain signal can then be expressed as

r = HG, ru' + HG, ru” +n, 9)

where H is N X N frequency domain matrix that contains
the channel frequency response on its main diagonal and n is
additive white Gaussian noise (AWGN).

Assume now that the local oscillator of transmitter and
receiver are not synchronized and a CFO Af is present. If we
denote the time domain received signal vector as ¥, then the
signal in the presence of CFO can be modeled as ¥ =QF,
where Q' = diag{c’} is the CFO matrix with main diagonal
entries

o = pI2AfTAG-1N*iler) [LejZnAfTs)'”)ejZnAfTS(N_l)]T.
(10)

Here Af is the frequency offset in Hertz and T; is the
sampling rate. The frequency domain N X N CFO matrix

Q' = FQ' is circulant in nature and has ¢(0) on its main
diagonal and ¢/(1) and ¢/(N — 1) on the first sub-and
superdiagonal [30]. Including the CFO effect to (9), we
obtain

r = Q'HG, ruv’ + Q'HG, ru” +n. (11)

Finally taking into account the receiver I/Q imbalance, the
signal at the downconversion stage appears as

x' = G rr’ + Gypr™, (12)
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where again G;r and G,r are N X N frequency domain
diagonal matrices whose diagonal elements are DFT of
receiver I/Q imbalance filters (gi,z; g2,z in (5)). After some
simple mathematical manipulations, the complex baseband
equivalent of the received signal in terms of transmit-
ter/receiver I/Q imbalance, channel, and CFO is given by

Xi = (GLRQiHGLT + Gz)RQi#H#Gg,T>ui (13)
+ (GLRYHG, 1 + GorQHI G 1 )u” +v,

where QF, HY, G}, G;T are the mirrored matrix of
Q' H, Gy, Gyr, respectively. The noise term now becomes
v = G rn+ G, gn*, whose elements are still complex circular
Gaussian, but with correlated mirror subcarriers.In the ideal
case when there is perfect transmitter/receiver modula-
tor/demodulator matching as well as perfect synchronization
between the transmitter/receiver local oscillator, the model in
(13) reduces to x' = Hu' +n which can be equalized with one
complex multiplication for each subcarrier in each OFDM
symbol. As evident from (13), both I/Q imbalances and CFO
introduce ICI and severely degrade the system performance,
thus digital compensation is needed.

In this paper, we assume that the length of the cascade
of impulse responses of the transmitter I/Q imbalance filters
(g1,7(t) and g, 7(t) in (1)), the multipath radio channel, and
the receiver I/Q imbalance filters (g;,z(¢) and g r(t) in (4))
does not exceed the length of CP. It is reasonable to make
such an assumption as the frequency-selective transceiver
I/Q imbalance is rather moderate and can be estimated with
sufficient accuracy with only a few taps [8, 11, 27].

3. Estimation and Compensation of
Nonidealities

The estimation and compensation of radio frequency
impairments in OFDM systems can be performed blindly
and/or with the aid of training (a.k.a. pilot) symbols.
For forming such pilot-symbol-assisted OFDM systems, it
involves inserting the known symbols in the stream of data
symbols. With practical system design, two types of pilot
patterns are widely used—the preamble pilot pattern that
amends an entirely known OFDM symbol at the beginning
of the frame and the sparse pilot pattern where pilot symbols
are sparsely inserted at some subcarriers of specific OFDM
symbols. Figure 3 illustrate these two ways of inserting pilots
among the data symbols.

In the following, we discuss receiver-based estimation
and compensation algorithms for mitigating all the con-
sidered RF impairments. With developed signal model and
given pilot patterns, we are able to isolate them individually
and then process them for estimation and compensation in
the reverse order of their appearance in the transmitter and
receiver front end. We first discuss the receiver I/Q imbalance
estimation and compensation, which is performed in time
domain and is independent of the pilot pattern. Then,
two low-complexity and novel structures are proposed for
CFO, channel, and transmitter I/Q imbalance compensation
with both preamble and sparse pilot structures. The CFO
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F1GURE 3: Pilot structure (a) preamble (b) scattered.

estimation and compensation is also carried out in time
domain, while the channel and transmitter IQ imbalance are
compensated in frequency domain.

3.1. Blind Receiver I/Q Imbalance Compensation. For receiver
I/Q imbalance estimation and compensation, we propose to
utilize the statistical signal processing-based blind I/Q imbal-
ance compensation algorithms, developed in authors’ earlier
work [11, 13, 14]. In general, most complex communication
waveforms based on M-PSK and M-QAM (with M > 2) are
proper or circular [31]. The OFDM signal constructed from
these alphabets is thus also circular. I/Q imbalance destroys
this property and makes the signal noncircular. The strategy
used in [11] is to recover the circularity using second-order
statistics-based approach, under the assumption that the
received signal (without receiver I/Q imbalance) is circular.
The circularity of received signal is inherently lost in the
presence of transmitter I/Q imbalance, potentially hindering
the applicability of the I/Q imbalance compensation algo-
rithms of [11]. However, it is shown in [13] that either
a CFO or a fading channel will restore the circularity of
the received signal (without receiver I/Q imbalance), thus
making it possible to utilize the circularity-based algorithms
of [11]. These blind algorithms are also beneficial from the
point of view that they do not affect the subsequent signal
processing of CFO, channel, and transmitter I/Q imbalance
estimation and compensation.

For notational simplicity, we drop the noise term in (13)
and continue the analysis. Notice that even though the actual
compensation processing is done partly in the time domain
(for receiver I/Q imbalance and CFO), the following analysis
is done completely in the frequency domain. From (12), we
recognize that the signal x' is the linear combination of the
received signal r’ and its mirror conjugate . For such a
system model, the natural compensator is of the form

y = x + Wex", (14)

Substituting the observed signal x' of (12) into the compen-
sator in (14), the output can be written as
Yi = (GI,R + WRGg,R>r" + <G2,R + WRGiR)I'i#. (15)

From (15), it follows that the optimum compensation
filter Wy canceling the mirror-frequency interference is, in
frequency domain N X N diagonal matrix, of the form
Wopt = —GZ,R(G’i",R)f1 and is derived in [11].

Applying the optimum compensation filter to (15)
cancels the mirror conjugate term r and results in the
output signal as

. . -1 . .
v = (GLRQIHGI,T ~ GorGi 4 (Gi) Q’HGI,T)u’

. -1 . .
+ (GLRQ’HGZ,T — GorGip(Gig) Q’HGI,T)u‘#.
(16)

It is well known that |Gy,7 | > |Gyrrl and |Gyl = 1 for
any practical imbalance values; thus the contributions of the
second terms inside the parentheses are relatively very small
compared to the first term and can be omitted, leading to the
following form:

¥ = GLrQH(Gyru + Gy ru). (17)
Comparing (16) with (13) suggests that, given Wopr, the
compensator is able to fully suppress the image signal term
generated by a frequency-selective receiver I/Q imbalance in
the presence of CFO, channel distortions, and transmitter
I/Q imbalance. The estimation of Wgpr is described in
[11, 13] and is not reproduced here. Next, we discuss the
pilot-based estimation and compensation schemes for CFO,
channel distortions, and transmitter I/Q imbalance.

3.2. Estimation and Compensation with Preamble Pilot Struc-
ture. The compensation structure proposed in this section
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utilizes one complete pilot OFDM symbol embedded in the
OFDM frame. The preamble pilot symbol is transmitted at
the beginning of the transmission to estimate the RF impair-
ments. This kind of pilot pattern assumes that the channel
remains static over several OFDM symbols and has the
benefit of efficiently using the available bandwidth. OFDM-
based systems such as IEEE 802.11 n and IEEE 802.16d have a
preamble at the beginning of the frame [25]. Figure 4 shows
the system model with RF impairments estimation and
compensation block in place. In the following, we discuss
the algorithms for the estimation and compensation of RF
impairments.

3.2.1. CFO Estimation and Compensation. There exists an
abundant literature on CFO estimation (see, e.g, [18-25]
and references therein), but most of these algorithms assume
a specific pilot structure which restrict their use in our
problem. The subspace-based CFO estimation approach
proposed in [26] utilizes only one OFDM symbol, and can be
directly used here at the expense of increased computational
complexity. We rather suggest to use the CFO estimation
algorithm of [28] as discussed in [25]. More specifically, the
actual CFO estimation is performed in two stages: first the
fractional part of CFO is estimated and corrected in time
domain by using the CP correlation. The integer part is then
estimated in frequency domain in the second stage. Even
though the presence of transmitter I/Q imbalance is not
taken into account in this method, we show with simulations
that the algorithm is still able to achieve reasonable good
CFO estimation performance.

Assuming perfect CFO estimate is obtained, we perform
CFO compensation in time domain by multiplying the time

domain equivalent of (17) with the complex conjugate of Q0',
which, in time domain, can be written as
¥ = F[Q"y]
~ . . (18)
= G H(Gyru' + Gy ru®),
where (N;l,R é Qi#Gl,R.

3.2.2. Joint Transmitter I/Q Imbalance and Channel Equal-
ization. The joint transmitter I/Q imbalance and channel

equalization are carried out in frequency domain. To simplify
the analysis further, let us define the direct and image signal
filters as Gp A (N%LRHGLT and Gy 4 él,RHGz,T, which
transforms (18) into

?i = GDui + GMlli#. (19)

We now switch to the subcarrier model and write the
CFO compensated symbol for the kth subcarrier and the
complex conjugate of its mirror subcarrier. In the subsequent
derivations, the subcarrier index —k refers to the physically
opposite mirror subcarrier

Vil _[ Gox Gux ][ Ui
Yo Gy« Gp« || US| (20)
S —]
Gtotal,k

The matrix Gk represents the joint transmitter I/Q
imbalance and channel response. Assuming the coefficients
of matrix Giotalk are known, we are able to directly apply the
ZF or the ML detection principle on the mirror subcarrier
pair to estimate the transmitted symbol.

With ZF equalization scheme, the estimate of original
transmit symbols is obtained by solving (20) for each
subcarrier k and its mirror subcarrier —k as

et
7yi :Goalk ik | (21)
BRI

It is well known that ZF equalization suffers from the
noise enhancement problem, yet it gives good calibration
performance as will be shown in Section 4.

Alternatively, the transmitted symbols can be estimated
using ML detection principle which is based on the principle
of minimizing the cost function

~ Ui ?i
Grotalk [Ui%:l - [?,ﬁ }
- “k

where U} in (22) denotes the trial value of OFDM symbol U..
The ML equalizer is able to exploit the frequency diversity
induced by transmitter I/Q imbalance and gives better
performance than ZF, but the computational complexity
associated with ML is very large which increases with higher-
order constellations and large number of subcarriers.

2

7y
Ye | = arg min
U U, UZ
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3.2.3. LS Identification of Giprar,x. We consider the LS estima-
tion of the joint transmitter I/Q imbalance and channel filters
Gp and Gj;. The filters are estimated in time domain similar
to [32], where a time-domain ML channel estimator was
proposed for OFDM. This approach can utilize the frequency
domain correlation of the channel implicitly without making
any statistical assumptions about the channel, through limit-
ing the length of the estimated channel response estimates as
Ny < N.

We switch to matrix-vector algebra and write the
time-domain received symbol corresponding to preamble

pilot as §'(n) £ [52(n),5(n~1),....,5(n - N+1)]"
and the observable imbalance filters as g, =

[gDn,1>8DsM 25 - - - ,§D;M,Ng ] T, where N is the length of
pilot data and Ng < Lcp is the length of estimated filters. The
received symbol vector during the pilot symbol is then

¥ (n) =T (n)g, + T (n)gy,
_ % g
_ [UP(n) o’ (n)][gﬂ (23)

=T 80 |,
8m
where U (n) is the time-domain circular-convolution matrix

formed from IDFT of pilot symbol u,. The LS estimates of
imbalance filters can be computed as [33]

[gD] ~ O ) (). (24)
M

Here ﬁf*(n) represents the pseudoinverse of Ulb) (n) and is

- AT 0 DR N

givenby U, (n) = (U, (n)Uy,(n)) U, (n) [33]. Frequency
domain expressions of the estimated filters Gp and Gy,
which are needed for equalization/detection in (20)—(22), are
then obtained through DFT.

3.3. Estimation and Compensation with Sparse Pilot Structure.
OFDM systems such as LTE and DVB-T/H do not include
a preamble pilot in their frame, rather the pilot tones are
inserted sparsely in the OFDM symbols. DVB-T/H standard
defines both continual and scattered pilots, on the other
hand, LTE includes pilot subcarriers only on specified OFDM
symbols. Figure 5 shows the reference pilot structure for LTE
system with pilot symbols at every sixth subcarrier during the
first and fifth OFDM symbol of each slot.

One big challenge with sparse located pilot structure
is that the pilots are most likely not allocated to mirror-
frequency pairs which is required by most of the pilot-based
algorithms developed in literature, for example, [29]. The
compensation algorithms proposed in this section consist
of estimating the impairments at the pilot frequencies and
then interpolating the estimates over all the subcarriers.
Therefore, no pilot structure modification is needed, and
they can be directly applied for the development of, for
example, LTE receiver. The estimation and compensation
structure is illustrated in Figure 6. Again, notice that the
receiver I/Q imbalance has already been compensated with
the blind method discussed in Section 3.1.

: Slot ! Slot :

Frequency (12 subcarriers)

Time (1 OFDM subframe)

O Pilot
[0 Data

F1GURE 5: LTE reference pilot structure.

3.3.1. CFO Estimation and Compensation. For the CFO esti-
mation, we again apply the two-step time-domain approach
of [25] as discussed in the previous subsection, resulting in
the time domain CFO compensated signal similar to (18) as

?’i = GLRHGl)Tui + G])RHGZ,Tui#

= GDlli + GMui#. (25)

3.3.2. Decoupled Transmitter 1/Q Imbalance and Channel
Equalization. With the sparse pilot structure, we propose
to compensate the channel and transmitter I/Q imbalance
successively. Algorithm 1 summarizes the algorithm for the
estimation of transmitted symbols.

Algorithm 1 (It is for estimation of channel distortions and
transmitter I/Q imbalance).

(1) Estimate widely-linear filter Gp x (see Section 3.3.3).

(2) Switch to subcarrier model and write (25) in fre-
quency domain for subcarrier k as

Yi = GpyUl + Gap U™, (26)

(3) Divide (26) by Gp, to obtain the equalized subcarri-

€rs as
v 1 o~ Gk
e enen (Al e U
D,k D,k
Gok i 27)
= U+ >=U".
Gk

Clearly, the channel effect is removed and the only
impairment present in the signal now is the transmit-
ter I/Q imbalance.

(4) Hard-decision-based detection of the mirror subcar-
riers of equalized symbol, given by

§=D(5,), (28)
where D denotes the decision.

(5) At the pilot subcarriers, we now have

St =uf -wl$,. (29)
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Figure 6: OFDM system model with sparse pilot compensator structure.

(6) From above equation, we find the compensation filter
at the pilot subcarriers as
Ui - 5

P
—k
(7) Interpolate W,ﬁ7 to all subcarriers to obtain Wy (see
Section 3.3.4).

(8) The estimated symbols are then given as

Ui =8 +wiS,. (31)

3.3.3. Estimation of Widely Linear Filter Gp k. The filter Gp x
can also be estimated in the time domain as discussed in
the previous subsection. For the ith received OFDM symbol
after receiver I/Q imbalance and CFO compensation, we
perform the DFT operation and pick the data on pilot

subcarriers. The time domain OFDM symbol corresponding

. . . ~; A
to pilot subcarriers can then be written as yp(n) =

[?P(n))’)\;‘l’(n - 1))7 ;7[)(” - NP + 1)]T
imbalance filter as g, = [gp,1,8p.2>- - - ,§D,Ng]T, where again
N, is the length of sparse pilot symbols and N, < Lcp is the

and the observable

length of estimated filters. The LS estimate of g, is then
— . . —-1_ —
gp = (Um0 () U )y (n), (32)

where U, (n) is the time-domain circular-convolution matrix
formed from by taking the IDFT of pilot symbols u,.

3.3.4. Interpolation of W{. Here, we derive the transfor-
mation for the interpolation of filter W,f in (30). Assume
that the pilot estimates stem from a time domain impulse
response w of length N,,, then the model expressed in (30)
becomes

W? = Fiindp,1:N, 1 W, (33)

where W? is N;, X N, diagonal matrix and indP denotes the
indices of pilot subcarriers. Now, let us define the DFT matrix
Fy comprised of first N,, columns and rows corresponding
to the pilot subcarriers, formally given as

Far = Fiinap, i, ), (34)

then the impulse response vector is estimated based on
minimizing the mean square error

arg min||W? — Fyw||* (35)

which can be found by minimizing the LS scheme, corre-
sponding to left multiplying th pseudo-inverse of Fys to (30)
yielding

-1
wis = (FiiFa)  Fwe, (36)

The interpolated frequency-domain coefficients are then
obtained as

Wis = Finin, ) Wis. (37)

The estimates obtained from the above equation are then
plugged in (31) to obtain transmitted symbols estimate.

In practice, some of the coefficients of Wi might be very
biased due to deep channel fading. These biased estimates
can be improved by using weighted-least-squares (WLS)
solution. There are many possibilities for defining the weight
matrix, for example, giving more weight to the subcarriers
that have strong mirror subcarrier. In this work, we define
the weight matrix as

2
[0
P, = diag —5 (38)
|Gl
which transform the original LS problem into WLS as
-1
WwLs = (FAH4PFM) Fiipwr (39)
or equivalently in frequency domain as
Wwis = Frnin, ; Wwis. (40)

3.4. Compensation Complexity. In Table 1, we summarize the
complexity in terms of number of the complex multiplica-
tions required by each compensation stage.

The overall complexity of the proposed compensation
schemes is (N,, + 1) X (N + Lcp) + 2N,.
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TaBLe 1: Computational complexities per OFDM symbol for
different compensation stages.

Algorithms Complex multiplications
Rx. I/Q imbalance compensation N, X (N + Lcp)
CFO compensation N+ Lep
Channel equalization N,

Tx. I/Q imbalance compensation N,

Conceptually, a conventional channel equalizer in the
absence of CFO and I/Q imbalances operates on a per-
subcarrier basis, requiring 1 complex multiplication per
active subcarrier. However, a joint equalizer for channel,
CFO, and Tx. Rx. imbalances has to take into account the
contribution of all active subcarriers. Therefore, for such an
equalizer with N, active subcarriers, N2 complex multiplica-
tions would be required. Comparing this complexity with the
complexity of proposed decoupled schemes clearly signifies
the benefit of decoupled compensation.

4. Simulation Results

The performance of proposed algorithms is illustrated in
this section with computer simulations. We first evaluate the
performance of CFO estimator in the presence of transmitter
I/Q imbalance and channel distortions and do not take
into account receiver I/Q imbalance, for both preamble and
sparse pilot structures. Then, SER simulations are performed
to evaluate the detection performance of compensation
schemes in the presence of transmitter and receiver I/Q
imbalance, channel distortions, and CFO.

4.1. Performance of CFO Estimator. The parameters consid-
ered for CFO estimator simulations are as follows: OFDM-
based system with 64-QAM subcarrier modulation, total
number of subcarriers N = 1024, of which 600 are active,
50 OFDM symbols, and the subcarrier spacing is 15 KHz. In
the case of preamble pilot, the first complete OFDM symbol
is considered as pilot and used for the CFO estimation. For
sparse pilot example, pilot symbols are inserted at every
sixth subcarrier. The multipath channel is 39 taps long
with maximum delay spread of 2.5ms and power delay
profile as described in [34]. The transmitter I/Q imbalance
filters impulse responses are HI;T = [1,0, O]T; HQ;T =
[0.97, -0.1,0.01]". Frequency-independent gain gr and
phase ¢r are chosen corresponding to IRR levels of 20 dB,
30dB, 40dB, and infinite (INE.). These IRR levels map to
gain imbalance of 10%, 3%, 1%, 0% and phase imbalance of
10°, 4°, 1°, 0°, respectively. The mean received SNR is 20 dB.
The performance results are illustrated by plotting the mean
square error (MSE) over normalized CFO values with 500

independent channel realizations: MSE = E| Af - Af |.2
Figures 7 and 8 show the performance of CFO estima-
tion scheme of [25] for preamble and sparse pilot cases,
respectively. For the sparse pilot example, we assume that
the system under consideration is LTE for which normalized
CFO can be higher than one [25], and we simulate the
algorithm over the normalized CFO range of [-5,5]. As

1076
1077
1078 &4

10—9....5.

MSE

10710

10711

10712

Normalized CFO with respect to subcarrier spacing

—&- JRR =40dB
—4— [RR = INE

—— IRR =20dB
—— IRR = 30dB

Ficure 7: MSE of preamble pilot-based CFO estimator versus
normalized CFO for 64-QAM OFDM syste; 39-tap veh. A channel
model; ensemble average of 500 independent channel realizations.

1073

1074 L

1073

MSE

107¢

Normalized CFO with respect to subcarrier spacing

——IRR = 20dB
——IRR = 30dB

—=— IRR = 40dB
—— JRR = INE

FiGgure 8: MSE of sparse pilot-based CFO estimator versus normal-
ized CFO for 64-QAM OFDM syste; 39-tap veh. A channel model;
ensemble average of 500 independent channel realizations.

evident from the results, the algorithm delivers sufficiently
reliable estimates for small to large imbalance values. The
MSE remains below than 1077 with preamble and in the
order of 107> when pilots are inserted sparsely at SNR =
20dB.

4.2. SER Performance. Now, we perform the SER simulations
and illustrate the results by plotting the mean SER as
a function of received SNR. A typical 64-QAM OFDM
system is considered whose parameters are given in Table 2.
The OFDM signal parameters are similar to 3GPP long-
term evolution (LTE) specifications [35]. The I/Q imbalance
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TaBLE 2: System parameters.
Total number of subcarriers N = 1024
Active subcarriers N, =600
Cyclic prefix length Lep =52
Subcarrier spacing I/NT, =15KHz
Sampling Frequency F;=15.36 MHz
Channel type vehicular A
No. of channel taps 39
Gain imbalance grir = 5%
Phase imbalance ¢rr =5°

I-branch filter
Q-branch filter

hy 7 = [1,0,0]"
horx = [0.97,-0.05,0.01]"

values stated in the table correspond to 23-30 dB front-end
IRR and represent a practical example case.

In the following figures, legend “No FE Distortion” refers
to the case when no transmitter and receiver I/Q imbalance
and CFO is present and known channel estimates are used for
channel equalization, “W/o Compensation” refers to when
all radio impairments are present and only channel is equal-
ized with known estimates, and “W/Tx Rx IQ Imbalance
only” for the case when only transmitter and receiver 1Q
imbalance is present and channel is equalized with known
estimates. “W/ZF Compensation” “W/ML Compensation”
“W/LS Compensation”, and “W/WLS Compensation” leg-
ends exemplify the schemes proposed in Section 3. The
results depicted are averaged over 10° independent channel
realizations.

For preamble pilot-based compensation, we transmit
50 OFDM symbols and use first OFDM symbol as pilot.
In each simulation run, we generate a random CFO in the
range [—1,1] and introduce it to the signal (with transmitter
I/Q imbalance and channel distortions). The receiver I/Q
imbalance is compensated with 3-tap compensation filter,
built by utilizing the second-order statistics of the received
signal. This is followed by CFO estimation and compen-
sation, performed in time domain. ZF and ML estimation
techniques are applied next. It can be seen in Figure 9 that
communication system becomes completely unusable when
no compensation scheme is in place and SER remains very
high when only I/Q imbalance is present at both transmitter
and receiver. The ZF equalizer is able to reduce the SER to
the level of a system with no front-end distortion. On the
other hand, the ML equalizer even outperforms the SER
performance of system with no RF impairments and known
channel estimates. In the low SNR region, the SER is close
to the ideal system but as the SNR increases, the equalizer
is able to extract the frequency diversity gain induced by
transmitter I/Q imbalance. A similar diversity effect is also
reported in [29] where only transmitter I/Q imbalance and
channel distortions are considered.

The OFDM signal model for sparse pilot-based compen-
sation is similar to LTE frame structure shown in Figure 10,
consisting of one frame that is composed of ten subframes;
each subframe is further divided into two slot. A slot
consists of seven OFDM symbols, and pilot symbols are
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FIGURE 9: Preamble pilot-based SER versus SNR performance
curves for 64-QAM OFDM system. Tx/Rx FE IRR = 20-30dB;
veh. A channel model with 39 taps; ensemble average over 1000
independent channel realizations.
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F1GURE 10: Sparse pilot-based SER versus SNR performance curves
for 64-QAM OFDM system. Tx/Rx FE IRR = 20-30dB; veh.
A channel model with 39 taps; ensemble average over 1000
independent channel realizations.

located at every sixth subcarrier of first and fifth OFDM
symbol of each slot. Thus, in total, we transmit 140 OFDM
symbols with pilot tones on 20 symbols. As discussed in
the previous subsection, the normalized frequency offset
is randomly generated in the range [-5,5] during each
channel realization (CFO in LTE is much smaller, in fact
it can be greater than one), and its effect is added to the
signal. At the algorithm compensation level, we again apply
a 3-tap compensation filter for receiver I/Q compensation,
followed by CFO estimation and compensation. The LS
and WLS compensation algorithms are applied in frequency
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FiGURE 11: General structure of the measurement setup consisting of laboratory instruments and I/Q modulator and demodulator.

domain for channel distortions and transmitter I/Q imbal-
ance calibration. Figure 10 illustrates the simulation results
that renders excellent calibration property of proposed
algorithms, with WLS achieving close to SER of a system with
no FE distortions.

5. Experimental RF Measurements Results

In order to further validate the performance of proposed
compensation algorithms, real-world RF measurements have
been performed. We first summarize the overall measure-
ment setup and then describe the measurement procedure
in detail.

5.1. Prototype Implementation. The generic structure of the
measurement setup is identical to the one shown in Figures
4 and 6, and the corresponding block diagram is depicted in
Figure 11. The prototype implementation integrates Rohde
and Schwarz (R&S) AFQ100A baseband I/Q signal generator,
R&S FSG spectrum and signal analyzer, R&S SM] vector
signal generator, HP E4422B RF signal generator, LeCroy
534AL quad-channel oscilloscope, Analog Devices (AD)
AD8349 direct conversion modulator evaluation kit, and
Maxim 2023 demodulator evaluation kit. All the instruments
are connected to a computer via general purpose interface
bus (GPIB) for remote control operation.

5.2. Measurement Setup. A computer with MATLAB is used
for performing digital signal processing-related tasks and
also for instrument control. The baseband OFDM signal with
parameters similar to simulations as in Section 4 is generated
in computer, and its samples are loaded into the memory of
R&S AFQ. The analog I/Q signal output by R&S AFQ is up-
converted to RF frequency by AD8349 modulator. In order
to introduce the channel distortions and noise, we capture
the baseband equivalent of the RF signal using built-in I/Q
subsystem of R&S FSG. The I/Q subsystem first translates
the signal to an intermediate frequency (IF) of 20.4 MHz,
followed by IF filtering. The filtered signal is then digitized
by a built-in ADC at a rate of 81.6 MHz. Finally the sampled
signal is digitally downconverted to complex baseband, low-
pass filtered, and resampled to desired sampling frequency.
The samples are then read out in block of 512,000 each
in ASCII format. The channel distortions and noise are
then added, and the samples of signal (with transmitter
I/Q imbalance, channel distortions, and noise) are loaded
into R&S SMJ] memory, which outputs the RF signal.
The CFO effect is introduced at the transmitter side by
drifting the LO frequency of R&S SMJ relative to the RF
frequency of HP E4422B. The LO frequency is used in the
measurements in 1.5 GHz. On the receiver side, MAX2023
demodulator downconverts the signal from RF to baseband.
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The output of analog frontend of MAX2023 is captured with
a quad channel oscilloscope. The samples recorded by the
oscilloscope are then sent to MATLAB for offline processing.

5.3. Performance Analysis

5.3.1. Front-End IRR without Calibration. We first shortly
address the estimation of front-end IRR of AD8349 and
MAX2023 chips, without any compensation. Although the
exact values of gain and phase imbalance of these chips
are unknown, the IRR analysis is still possible using LS
fitting approach as follows. We denote the reference time
domain signal z to be transmitted. The complex envelope
of RF signal can be written as in (41). Z(n) and Z" (n) are
time domain convolution matrix and conjugate convolution
matrix formed from reference signal Z(n) and its conjugate
z*(n), respectively. Assuming perfect synchronization in
time, frequency, and phase, the LS estimates of the front-end
imbalance filters are then given by (42) [8, 11].

In Figure 12, IRR curves with different I/Q imbalance
filter lengths, utilizing 50,000 samples and ensemble aver-
aged over ten independent simulation runs, are plotted.
The LO frequency is 1.5 GHz, and the signal is a 16-QAM
modulated signal with 18 MHz two-sided bandwidth, six
times oversampling, and root raised cosine pulse shaping.
The results suggest that both chips have frequency selective
image rejection, varying between 27-29dB for AD8349
(transmitter modulator) and 30-33dB for Maxim 2023
(receiver demodulator):

s(n)
stn—1)

s(n) = :

| s(n —‘L+ 1)

g (mz(n) + 81 (M)Z* (n)
gl (mz(n - 1)+ 8L (Wz" (n— 1)

ng)T(n)i(n —L+1) +g2T,T(n)i*(n —L+1)

[ﬂmzﬂmﬂ&ﬂm]:mm{&ﬂm}

gz,T(”) gz,r(”)
(41)

|:g1,T(n):| - ZZ(n)§(Vl)- (*)

8.r(n)

5.3.2. Blind Receiver I/Q Imbalance Compensation. The per-
formance of blind receiver I/Q imbalance compensation
algorithm is evaluated next. Here, R&S SMJ acts as transmit-
ter to produce RF signal (with no transmitter IQ imbalance
and channel distortions) and MAX2023 to demodulate the
signal. The digitized baseband signal (with receiver I/Q
imbalance) is transferred to computer through GPIB, where
we apply blind DSP algorithm for compensation. The data
captured from oscilloscope, however, cannot be used directly
for compensation but rather it is first processed to remove
the RF chain errors. That involves resampling, delay removal,
phase synchronization, offset cancellation, and scaling. After
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these steps, we apply the compensation algorithm. For
illustration purpose, we use a half-loaded OFDM signal with
300 active subcarriers (out of total 1024). The LO frequency
is 1.5GHz. Figure 13 shows the measured spectra before
and after compensation, evidencing a clear improvement
obtained with the compensation algorithm.

5.3.3. Characterization of Pilot-Based Compensation Schemes.
The performance analysis of pilot-based compensation
schemes is carried out by creating an OFDM waveform
with parameters given in Table 2 as per LTE standard. The
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baseband OFDM signal is sampled at 2 x 1024 x 15KHz =
30.72 MHz, oversampled by 2, and output by R&S AFQ.
The I/Q subsystem of R&S FSG implements the down
conversion, filtering, and sampling from 81.6 MHz to 2 X
30.72MHz = 61.44 MHz. Blocks of 512,000 samples are
read from R&S FSG memory and loaded into MATLAB
memory. The samples are processed for delay estimation,
timing synchronization, and LO leakage removal. After the
data conditioning, the channel distortions and noise are
added, before feeding the signal to R&S SMJ. The CFO
effect is also introduced in R&S SM]J by changing the RF
frequency. The RF signal is downconverted and sampled
at 50 M Samples/second. These samples are extracted from
oscilloscope and again processed in MATLAB for resampling
to 30.72 MHz, delay estimation, phase synchronization, and
scaling. After these processing stages, we have the baseband
equivalent model of the signal that has transmitter/receiver
I/Q imbalance, channel distortion, noise, and CFO effects
included.

The example waveform used for preamble pilot-based
compensation algorithms is an OFDM signal with same
parameters as were in simulations. In the measurements,
we transmit 10 OFDM symbols and use one known OFDM
symbol during the estimation and calibration phase. The
CFO is 10 KHz and a 3-tap compensation filter for receiver
I/Q imbalance compensation and also for transmitter I/Q
imbalance estimation. Both ML and ZF equalization schemes
are applied to the signal, after receiver I/Q imbalance and
CFO compensation. With a fixed channel, the obtained
results ensemble averaged over 10 independent measure-
ments are plotted. Figure 14 shows the measurement results
of CFO estimation over different SNR values. The results
indicate that the estimator performance improves with
increasing SNR. Even for small SNR, the MSE remains very
low. In Figure 15, measured SER versus SNR is plotted. The
figure also shows a reference curve (“No FE Distortion,”)
obtained with MATLAB simulation with no I/Q imbal-
ances, perfect CFO, and channel compensation with known

13
0 e
810}
%)
1072 ¢
0 5 10 15 20 25 30
SNR (dB)
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FiGUure 15: Measured SER versus SNR performance curves for 64-
QAM OFDM system with preamble pilot; CFO = 10 KHz; veh. A
channel model with 39 taps; ensemble average over 10 realizations
with a fixed channel.

estimates. As evident from Figure 15, the algorithms give
very consistent performance with SER close to simulated
SER. Also, the ML technique provides better performance
than ZF technique. Notice that for SNR greater than 26,
there is a little performance degradation which is most
likely due to measurement noise. In Figure 16, we also
plot the symbol constellation after compensation with ZF
equalization scheme. The excellent calibration property of
algorithms is also visible here.

In the second measurement example, the signal is an
OFDM signal having 10 symbols and pilots located at
every sixth subcarrier. The signal has altogether 600 active
subcarriers out of 1024 subcarriers, with 15 KHz subcarrier
spacing. Therefore, in total, there are 1000 pilot symbols.
The signal is oversampled by 2. The CFO is now 45 KHz
that is greater than the subcarrier spacing. Again the receiver
I/Q imbalance is compensated with 3-taps, and the LS and
WLS approaches discussed in Section 3 are employed for
transmitter I/Q imbalance and channel equalization. The
CFO estimation in terms of MSE between the estimated
and the true CFO value versus SNR is plotted in Figure 17,
which demonstrates a similar behavior to previous preamble
pilot-based estimation example. The measured SER versus
SNR curve in Figure 18 and symbols after compensation are
plotted in Figure 19. The results suggest that the proposed
methods are able to deliver very accurate estimates. An
important implication of Figure 18 is that with more pilot
data available over different symbols, we are able to reduce
the effect of measurement noise which was very dominant in
the previous measurement example (Figure 15).

In general, it can be concluded from the measurements
results of Figures 15 and 18 that the proposed estimator and
compensator structures provide considerable improvements
to achievable SER, giving confidence to deploy them in
practical systems.
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FIGure 17: Sparse pilot-based measured MSE of CFO versus SNR
performance curve. CFO = 45 KHz.

5.4. Implementation Challenges. In practice, the measure-
ment setup is exposed to variety of errors, which must
be corrected before introducing the channel distortion
and noise as well as before applying the compensation
algorithms. We briefly review these errors now.

The downconversion of RF signal (with transmitter I/Q
imbalance) using R&S I/Q subsystem is subject to unavoid-
able residual errors such as synchronization, LO leakage,
delay between original and measured signal, nonlinearities of
components, and noise of its own. Frequency synchroniza-
tion between the instruments is achieved by connecting the
instruments to same reference clock of R&S FSG, as shown

1071'222ZZ:ZZZZZ:ZZZZZ:ZZZ":""ZZ:ZZZZZ'

SER

10’2-':::':5:

SNR (dB)

—#— W/o compensation
—»— No FE distortion

WV/LS compensation
—<— W/WLS compensation

FIGURE 18: Measured SER versus SNR performance curves for 64-
QAM OFDM system with sparse pilot; CFO = 45KHz; veh. A
channel model with 39 taps; ensemble average over 10 realizations
with a fixed channel.

in Figure 11. Symbol timing synchronization is performed
prior to downsampling the signal to symbol rate with
ML algorithm. LO leakage results due to finite isolation
between the LO and RF ports of the modulator/demodulator.
Consequently, when RF signal is up-/downconverted, LO
leakage causes offset. It can be mitigated by removing the
sample mean of the measured signal. The delay estimation is
performed in two steps: first integer delay is removed with
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FIGURE 19: Measured constellation diagram of 64-QAM OFDM system with RF impairments mitigation. (a) Compensated with LS method
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FFT-based correlator, allowing non-data-aided (NDA) ML
algorithm for fractional delay estimation and compensation.
Detailed review of synchronization algorithms can be found
in [36].

Similar to R&S FSG, the data captured from oscilloscope
must be DSP conditioned before being used in actual esti-
mation and compensation. The data conditioning involves
resampling to original signal sample rate, delay estimation,
and offset removal with already-mentioned algorithms.

6. Conclusion

In this paper, the performance of OFDM-based communica-
tion systems is studied in the presence of frequency-selective
I/Q imbalance, channel distortions and CFO. Based on
our signal model, generally applicable algorithms have been
developed for the compensation of such impairments. The
proposed methods are composed of time domain and fre-
quency domain compensation. It is shown with simulations
that the proposed, estimator and compensator structures
produce symbol error rates close to the ideal ones. A
laboratory measurement setup is also proposed and extensive
measurements are carried out to prove the practical value
of the algorithms. The measurements results show that the
achievable SER is close to the ideal. Hence, the compensation
algorithms provide significant improvement to obtainable
link performance and can be used in real world radio
transceivers. Future work will focus on generalizing the work
to MIMO-OFDM and a real-time prototype implementation
using FPGA’s for the digital parts and integrated RF-ASIC’s
for the analog circuitry.
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Abstract—The single-carrier frequency-division multiple ac-
cess (SC-FDMA), also known as discrete Fourier transform
(DFT)- spread OFDMA, has been adopted as uplink transmission
scheme for the 3GPP Long Term Evolution (LTE). Such OFDM-
based systems are known to be particularly sensitive to radio
frequency (RF) impairments. The major sources of these RF
impairments are in-phase and quadrature-phase imbalance (IQI)
and carrier frequency offset (CFO). In this paper, we investigate
the impact of radio impairments on the LTE uplink by mathemat-
ically formulating the received signal as a function of transmitted
signals, IQI, CFO, and channel distortions. Then, two alternative
joint equalization schemes are proposed for coping with such
impairments, stemming from the minimum mean square error
(MMSE) and the zero forcing (ZF) principles, respectively. LTE
uplink computer simulations are then carried out to assess the
validity and performance of the proposed equalizers. The results
demonstrate that the proposed schemes significantly improve the
uplink performance, the performance of the MMSE solution
being very close to the zero RF impairments scenario.

I. INTRODUCTION

The demand for high data rates to support broadband
multimedia applications pushes the future wireless systems to
utilize more wider bandwidth. In this context, orthogonal fre-
quency division multiplexing (OFDM)-based multiple access
schemes have garnered much attention and are being adopted
in emerging wireless communication systems (e.g. WLAN
802.11a/g/n [1], WiMAX IEEE 802.16 [2], DVB-T [3], DVB-
H [4], 3GPP LTE [5]). The inherent orthogonal subcarriers
nature of OFDM offers different users ability to transmit
their data simultaneously on different subcarriers. This is
usually referred to as OFDMA and is adopted as downlink
transmission technique in LTE. Compared with the OFDMA,
SC-FDMA, also known as DFT-spread OFMA, has low peak-
to-average power ratio (PAPR) which enables high power
efficiency of mobile terminals in the uplink communications.
Therefore, SC-FDMA has been proposed as uplink multiple
access scheme for 3GPP LTE.

The physical layer implementation of SC-FDMA systems
with direct-conversion (zero-IF or homodyne) radio archi-
tecture represents a low-cost solution for mass deployment.
The direct-conversion architecture has the advantage of low
power consumption and decreases the hardware complexity

The research leading to these results was financially supported by the Tam-
pere Doctoral Programme in Information Science and Engineering (TISE),
the Nokia Foundation, the Austrian Center of Competence in Mechatronics
(ACCM), the Academy of Finland (under the project “Digitally-Enhanced
RF for Cognitive Radio Devices”), and the Finnish Funding Agency for
Technology and Innovation (Tekes; under the project “Enabling Methods for
Dynamic Spectrum Access and Cognitive Radio”)

by avoiding bulky image rejection filters [6]. However, hard-
ware inaccuracies stemming from the impairments associated
with the analog components in direct conversion radio lead
to the degradation of signal quality. The most pronounced
radio impairment in direct-conversion based radios is in-phase
and quadrature-phase imbalance (IQI), i.e., amplitude and
phase mismatches between the I- and Q- branch signals [6].
Unmitigated IQI results in the mirror frequency interference
(MFI) between the subcarriers located symmetrically around
the center frequency. In SC-FDMA and OFDMA systems,
the IQI problem is particularly severe as it causes inter-
user interference (IUI) among users that are allocated to
mirror subcarriers blocks. In general, digital techniques can be
employed to efficiently eliminate such RF impairments. There
exists several estimation and compensation approaches for IQI
in OFDM systems (e.g. [7], [12] and references therein) that
deal with the combined effect of transmitter and receiver IQI.
In [10], the IQI problem in the uplink of an OFDMA systems
is investigated and the joint estimation and compensation of
IQI and channel distortion is carried out with the aid of a pilot
pattern. [11] and [12] addressed the problem in SC-FDMA
systems from the aspect of compensation of transmitter and
receiver 1QI, respectively.

In addition to IQI, SC-FDMA systems are also sensitive
to carrier frequency synchronization errors, which is induced
by the instability of local oscillator and/or the mobility of
the users [13]. The effect of CFO on SC-FDMA systems
is different than on the OFDM systems, where in the latter,
CFO causes the inter-carrier interference(ICI) and destroys the
orthogonality among the subcarriers. On the other hand, in the
uplink communication of a SC-FDMA system, CFO not only
introduces ICI among the subcarriers of a same user but it also
causes multi-access interference (MAI) among different users.
Furthermore, it is difficult to correct the frequency mismatch
in the uplink as different users always experience different
CFO, which severely degrade the system performance. There
exists abundant literature on the estimation and compensation
of CFO in multi-carrier radio systems [13] - [17]. CFO
estimation and compensation schemes for OFDMA systems
are summarized in [13] - [15]. These schemes could also
be used in SC-FDMA systems. The compensation schemes
focusing on SC-FDMA systems are proposed in [16] and [17].
In [16], the authors proposed schemes based on MMSE and
MMSE-+parallel interference cancellation (PIC) to correct the
CFO error in the uplink SC-FDMA systems. A suppression
method utilizing block-type pilots is discussed in [17].



In this paper, we investigate the impact of various RF
impairments on the uplink of a SC-FDMA system, and also
propose signal processing methods on the base station side to
mitigate their impact. As discussed in the previous paragraphs,
some work has been reported on the problem of IQI and CFO
compensation in SC-FDMA systems, however, the joint treat-
ment of these problems has still not been addressed. Thus, the
contribution of this work is as follows: 1) we present a detailed
analysis of impairments that are commonly encountered in
practical radio systems, and together with channel distortions,
we derive an analytic expression of the received uplink signal
of a SC-FDMA system, 2) based on our formulation, we
derive two joint equalization schemes based on MMSE and
ZF criterion, and also propose a compensation structure to
efficiently mitigate the effects of radio impairments. The
computer simulation results show the significant performance
degradation brought by the impairments, while the proposed
signal processing schemes are then able to considerably reduce
their effect.

Notations: the scalar parameters are represented by lower
case letters a and frequency domain quantities with upper
case letters A. Vectors are denoted by lowercase boldface
letters a and matrices with uppercase boldface letters A. The
convolution operator is indicated by . Superscript (.)”, (.)
()7', and (.)* denote the transpose, hermitian transpose,
inverse, and conjugate of a scalar, a vector, or a matrix. The
ij“’ element of a matrix A is denoted by a;;.

s

II. SYSTEM MODEL WITH RADIO IMPAIRMENTS

Consider an SC-FDMA system where U-users are commu-
nicating with a single base station (BS) through independent
multi-path channels. We assume that a user-¢ is allocated IV;-
subcarriers out of total available M- subcarriers. The indices
of subcarriers allocated to a user 7 are in the set I';. There
are two choices of mapping subcarriers among users: localized
and distributed. We study the SC-FDMA system with localized
subcarrier assignment as adopted in 3GPP LTE [5].

For a user-i, a block of N; data symbols {z;(n)},0 <
n < N; — 1 drawn from a QAM- constellation are first
fed to an N;— point discrete Fourier transform (DFT) block
for a frequency domain representation. The output at [*"—
subcarrier can be expressed as

N;—1
nl

Xi(1) = )" wi(n)e T,

n=0

0<I<N;,—1. (1)

The outputs are mapped according to localized pattern to I';,
which is followed by an M — point inverse fast Fourier trans-
form (IFFT) to convert the data into a time domain complex
signal. After the guard interval (cyclic prefix) insertion, the
time domain signal for user-i can be written as

si(m) = > X;(1)e? 5,

lel;

—Ng<m<M—1.

@)

The complex signal is then passed to the RF module for up-
conversion, whose output under IQI is given by

5i(m) = si(m) * gir.i(m) + 7 (m) * gori(m) ~ (3)

where the complex imbalance filters gi7,;(m), gor,i(m)
model the gain gp, phase ¢, and impulse responses

hir,or mismatch , and are expressed as gip;(m) =
(hrr,i(m) + griexp(jéri)hqri(m)) /2 and gori(m) =
(hiri(m) — griexp(jor)hqr,i(m)) /2 [9].

The signal is then transmitted over a multi-path channel, and
the received signal is comprised of signals transmitted from
U —users and additive noise, and is of the following form

U
y(m) =" ri(m) +n(m) “
1=0

where 7;(m) is the received signal of i*" user, defined as

ri(m) =Y §i(Dhi(m —1). )
l

Assuming now that the local oscillators of transmitter and
receiver are not perfectly synchronized, there exists CFO
such that y(m) = S0 ri(m)ef2 /M L n(m), where ;
is normalized frequency offset of i® user. Also, the down-
conversion stage is not ideal and induces IQI. The frequency
domain signal of user-i at the k'"—subcarrier after CP re-
moval, FFT, and subcarrier demapping is given by (6) (next
page), where —k denotes the mirror subcarrier, subscript m
refers to mirror user, H;(k), Hy, (k) are the channel responses
of user i and m at k'™ subcarrier, Ghir,i(k), Gar,i(k) are
frequency domain responses of Tx. IQI filters gi7,;, go7,; at
k*" subcarrier, and G1g(k),Gar(k) are frequency domain
responses of Rx. IQI filters, and N (k) represent noise term

[9]. The CFO leakage coefficient is defined as [17]

M—-1

Lk, e;) = % Y etrirlirah), ™
m=0

Equation (6) describes the MFI due to IQI and also the ICI
from the same user data and the MAI from the other users
data.

We assume that the base station receiver IQI has already
been corrected using e.g. the technique of [18]. In general,
CFO between the base station and a mobile user is estimated
in the downlink and there is a small part of CFO present in the
uplink (0.1ppm of LO frequency as per 3GPP specifications)
[19]. Thus, in the presence of small CFO and no receiver 1QI,
(6) simplifies to

H,, (k)Garm (k)X (—k)QUE, k, €m) + N (k). ®

III. JOINT EQUALIZATION OF TRANSMITTER IQI, CFO,
AND CHANNEL

We now develop schemes for joint equalization of trans-
mitter IQI, channel distortions, and carrier frequency offset at
the base station of SC-FDMA system. The proposed receiver
structure is illustrated in Fig. 1, which shows that the equaliza-
tion is carried out in the frequency domain for each user after
subcarrier demapping. As indicated by (8), the IQI causes MFI
leading to the inter-user interference (IUI) between the users
located at the mirror subcarriers. By utilizing the pair of mirror
subcarriers, we develop the joint equalization schemes based
on ZF and MMSE criterion. We assume that the parameters
of channel, IQI, and CFO are already estimated at the base
station.
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Fig. 1. Structure of uplink SC-FDMA system with equalization/compensation blocks of RF impairments in base station receiver.
After M-FFT and subcarrier demapping, the received signal ~which is the solution to
for the it"-user at subcarrier k is given by (8). We stack the 2

received carrier and complex conjugate of the mirror-carrier
in a vector as given by (9).

The ZF equalizer for the i*"-user builds on the inverse of
the total “system” matrix H(k) in (9) and processes the pair
of subcarriers as

{X)%fo((kgc)} —H7E) {Yﬁ%} |

Note that ZF equalizers suffer from the noise enhancement
problem, however, the simulation results indicate that it is
still able to produce satisfactory results. Another important
observation from (10) is that the ZF equalizer fails to com-
pensate the impairments if the matrix H(k) is ill-conditioned.
The simulations show that such a situation is very unlikely
to occur. Alternatively, we can employ the MMSE criterion
where the received signal vector is filtered by the equalization
filter GMMSF (k)

XMMSE(R) | i(k)
{X;LMMSE(—M} = GMHE) {Y,:(—k)} an

(10)

G]VIA[SE(k) _ dI‘ng(lkI)l

m

an] o i)

x(k) y(k)

to obtain the estimates of transmitted symbols. Let us define
£ E[Y!(k)Y(k)] of the

the correlation matrix Ry, (k)

received signal and the cross-correlation vector pfy(k‘) 2
E [x" (k)Y (k)] where
y(k) 0251
Y(k) = . 13
=0 13

Expanding the correlation matrix and the cross-correlation
vector yields

o |W(k) 0y
Ryy(k) - Ux |:02><2 W(k):| (14)
Pl (k) =07 (1 har hia hoo (15)



where h;j;4,j € {1,2} are the elements of matrix H(k) and
W(k) is given by
(A1 |* + |hiz]> + 1/SNR b} hoy 4 Bighas

W(k) = .
( ) _h11h§1 + hlghgz |h21|2 + ‘h22|2 + 1/SNR
(16)

With the given formulation, the MMSE solution of (12) is

[ MMSE k _ hi (k

Bsso| (W |0t

912 (k)| _ 131 (—Fk) (17)

MMSE(k) - B * (k))

pai W) |0

1922 (k) h3o(—k)
where ¢gMMSE() are the coefficients of the matrix
GAHMSE(]C).

IV. SIMULATION RESULTS

To evaluate the performance of proposed schemes, we carry
out extensive computer simulations. We consider an uplink
SC-FDMA systems with M = 1024 subcarriers, and 600 data
subcarriers. The subcarrier spacing is 15kHz and the occupied
bandwidth is 9MHz. The data subcarriers are grouped into
sets of 12 consecutive subcarriers and each user is allocated
randomly a block of 12 subcarriers or multiple of that. We
also assume that all the users transmit in one uplink slot
that consists of seven SC-FDMA symbols. The transmitter
gain and phase imbalance values are between 5 — 17% and
5% — 10°, respectively, while the frequency selective inphase
and quadrature branch impulse responses are hy = [1,0, 0]
and h¢g = [0.97,—0.1,0.01], respectively. All the transmitted
signals pass through a 39 taps block fading channel with
maximum delay spread of 2.5us and power delay profile as
described in [20]. LTE specifications states that mobile station
(MS) frequency should be accurate to within 0.1ppm [19] ,
and with 2GHz LO frequency this maps to CFO of £200Hz
[19]. This is assumed also in the simulations. The simulation
results are plotted by measuring the total symbol error rate
(SER) at the receiver and averaging it over 2000 independent
channel realizations. The channel coefficients, IQI parameters,
and CFO are known at the receiver.

In all the simulations, we first consider the case when
there are no radio impairments introduced in the signal and
the channel is equalized with known estimates. The curve
corresponding to this case in the following figures is labeled
with “No FE distortion”, where FE stands for front-end. The
uplink signals distorted by transmitter IQI, CFO, and the com-
bined effect of both IQI and CFO is labeled with “W/Tx. IQI
(PCE)”, “W/CFO (PCE)”, and “W/o Compensation (PCE)”,
respectively. In these three cases, the channel is equalized
on per carrier basis (PCE) with known estimates and the
CPE term in corrected in the latter two examples. Finally,
we employ the proposed ZF and MMSE equalization methods
to jointly equalize the IQI, CFO, and channel distortions.
The ZF and MMSE equalization utilize mirror-carriers jointly
and are referred as joint mirror-carrier equalization (JMCE).
The legend in the following figures corresponding to these
equalization techniques are “W/ZF (JMCE) Scheme” and
“W/MMSE (JMCE) Scheme”.

In the first simulation scenario, we randomly generate
users with bandwidths of multiple of 12 subcarriers for each
channel realization, with equal average received power and

—e— W/o Compensation (PCE)
—+— W/Tx IQI (PCE)

10 " —«— W/ZF (JMCE) Scheme
—A&— W/MMSE (JMCE) Scheme
—<— W/CFO (PCE)

—— No FE Distortions
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Fig. 2. Simulated average SER vs. SNR of localized SC-FDMA

uplink system with random UE bandwidths of multiple of 12 sub-
carriers. 16—QAM data modulation and equal received power levels.
Block-fading vehicular-A channels with 2.5us delay spread. (2000
channel realizations)

16 — Q AM modulation. In each simulation, we generate users
with random bandwidths as well as the CFO, IQI, and channel
parameters. These impairments are introduced to the signal and
the SER at the receiver is plotted in Fig. 2, illustrating the
effect of the radio impairments. The results show that there
is huge distortion brought by the IQI to the signal, however,
the effect of CFO is very moderate. We have shown in the
analysis that IQI results in the IUI among the uplink users
and it clearly degrades the performance significantly. On the
other hand, the proposed ZF and MMSE equalizers greatly
improve the performance and reduce the SER considerably.
The MMSE equalizer outperforms the ZF equalizer due to its
less susceptibility to noise.

In the second simulation case, we consider the situation
when there are four users communicating with the base station
and each user has a bandwidth of 2.25 MHz. The first two
users have (QPSK modulated symbols while the latter two
utilize 16 — QAM modulation scheme. Again, the users suffer
from the radio impairments whose parameters are generated
randomly during each channel realization. To make the sim-
ulations more realistic, we allocate different receiver power
levels to each user which are [0,5,10,15] dB respectively.
First, we plot the average received SER of all users in Fig. 3
and compare it with Fig. 2. The results suggest that the
total received SER for fixed users is notably higher than the
case with random users. This is because for the fixed user
case, we have different power levels and modulation schemes
allocated to different users and it increases the SER of weak
users leading to the overall increase in SER. Nevertheless,
the proposed equalization schemes are able to bring the SER
close to the case where there are no FE distortions. Notice
also that MMSE equalizer has better performance than the
ZF equalizer. To get a deeper insight, we also plot the user-
by-user SER performance curves against average received
SNR after MMSE equalization in Fig. 4. From figure we
observe the major performance degradation in user-1 and user-
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uplink system with 4 fixed bandwidth UE’s. Two UE’s use QPSK
and the other two 16—QAM data modulation, while relative received
powers are 0dB, 5dB, 10dB and 15dB. Block-fading vehicular-A
channels with 2.5us delay spread. (2000 channel realizations)
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Fig. 4. Simulated invidual UE SER vs. SNR of localized SC-FDMA
uplink system with 4 fixed bandwidth UE’s. Two UE’s use QPSK
and the other two 16-QAM data modulation, while relative received
powers are 0dB, 5dB, 10dB and 15dB. Block-fading vehicular-A
channels with 2.5us delay spread. (2000 channel realizations)

2 signals. As described already, the transmitter 1QI causes
interference among users located at the mirror subcarriers,
therefore, the weak users 1 & 2 suffer from the IUI due to the
image component of user 4 & 3, respectively. Since the latter
two users have quite higher power than the former two, the
degradation is inevitable.

V. CONCLUSION

In this paper, we investigated the effect of radio impair-
ments on a SC-FDMA system. We mathematically modeled
the received uplink signal as a function of transmitter and
receiver IQI, CFO, and channel. This analysis revealed the
IUI due to IQI and also the ICI and MAI due to CFO. For
the compensation of impairments, we made the assumption

that base station receiver IQI has already been corrected
and CFO is relatively small. With these fairly reasonable
assumptions, we simplified the signal model and proposed a
joint compensation structure with two equalization schemes
that were carried out in the frequency domain. It was shown
with computer simulations that the proposed compensator
was able to produce symbols estimates close to the ideal
ones by employing the joint equalization schemes. The future
work will focus on developing joint estimation techniques of
the radio impairments and generalizing the work to MIMO-
SCFDMA systems.
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Abstract—Frequency division duplex (FDD) transceivers em-
ploying the direct-conversion radio architecture are known to
suffer from transmitter-receiver signal leakage problems. The
presence of such leakage signal can impose stringent linearity
requirements in receiver components that are difficult to ful-
fill in practice. Good example is second-order intermodulation
distortion (IM2) due to transmitter leakage signal, stemming
from finite IIP2 of receiver mixers, falling directly on top of the
weak received signal. This paper carries out detailed modeling
and proposes a dynamic cancellation technique for such TX-
RX leakage, enabling sufficient TX-RX isolation in FDD mode
without any extra analog/RF filtering. The technique is based
on creating a replica of the undesired transmitter leakage signal
and subtracting it from the down-converted signal in the receiver
path, taking also the essential transmitter nonidealities into
account. Simulation results show that the proposed method is
able to effectively push transmitter leakage induced IM2 below
the receiver noise floor.

Keywords—Calibration, direct-conversion receiver, duplexer
isolation, dynamic cancellation, FDD, intermodulation distortion,
second-order distortion, self-healing, transmitter leakage signal.

I. INTRODUCTION

During the last decade, radio transceiver architectures have
received a great deal of attention, fueled by the desire to reduce
cost, size, and power consumption of wireless devices. Among
several radio architectures, the direct-conversion (or zero-IF)
is the most promising approach, which offers a possibility of
frequency agile radio front-ends and high level of component
integration on a single chip. In general, to implement high-
speed electronics, CMOS technology has evolved to 14 nm
and BJT technology has evolved with addition of SiGe HBTs.
However, there are discouraging predictions regarding the yield
of RF circuits in these sub-micron technologies [1]. As a
result, future RF transceivers in these sub-micron technologies
need to be thoroughly tested before reaching to the customers.
Since RF testing is quit costly (around 30% of manufacturing
cost), on-chip testing has been proposed for RF circuits and
systems [2]-[5]. Also, on-chip calibration techniques have been
proposed to increase the yield of RF systems [6]-[9].

On the direct-conversion receiver side, one specific per-
formance limiting factor related to RF circuit implementation
challenges is the sensitivity to second-order intermodulation
distortion (IM2). Such IM2 may be caused by strong out-of-
band blocking signals entering the receiver, or in frequency
division duplex (FDD) based systems, by the transceiver’s

This work was supported by the Academy of Finland (under the project
251138 “Digitally-Enhanced RF for Cognitive Radio Devices”), the Finnish
Funding Agency for Technology and Innovation (Tekes, under the project
“Cross-Layer Modeling and Design of Energy-Aware Cognitive Radio Net-
works (CREAM)”), the Graduate School TISE, and the Austrian Center of
Competence in Mechatronics (ACCM).

own transmit signal leaking into the receiver path. In FDD
transceivers, both the transmitter and receiver are working
simultaneously while operate on different frequency bands.
The concurrent transmission is generally facilitated by a
duplexer filter that connects the transmitter and receiver to
the same antenna and separates their signals, such that the
strong transmit signal cannot saturate the receiver. A duplexer
generally consists of two band-pass filters (BPFs) to protect the
sensitive receiver circuitry from the powerful transmit signals.
The transmit signal may, however, leak to the receiver due
to finite isolation of the duplexer [13] and is thus present at
the receiver input. This leakage signal may potentially have
substantially higher power than the useful received signal and
its IM2 will then directly interfere with the weak received
signal. This imposes stringent linearity requirements for the
receiver. An attractive alternative to this problem is to use
digital signal processing (DSP) based techniques for dynamic
cancellation of the transmitter leakage signal in the receiver
chain. First ideas in that direction have been reported in [12] -
[14]. Another possible source of TX-RX leakage is transmitter
out-of-band emissions which may also be substantial and
desensitize the receiver chain, especially if the duplexing gap
between TX and RX bands is small [11].

For the proper operation of FDD transceivers, leakage
from the TX channel to RX channel should be controlled or
minimized while the RF components like the duplexer and the
power amplifier (PA) work within their specification limits.
Thus, post-manufactured RF circuits need to be tested and
possibly further calibrated. Therefore, in this paper, to min-
imize the testing cost of RF FDD transceivers and to increase
the yield of these sub-systems, a novel dynamic cancellation
technique of TX-RX leakage is developed, specifically tailored
to the IM2 problem. In this technique, a replica of the unde-
sired IM2 induced by the transmitter leakage signal is created
and then subtracted from the down-converted signal in the
receiver path. Since all essential estimation and cancellation
signal processing takes place in the transceiver digital front-end
(DFE), the proposed technique is generally independent of the
underlying IC technology and can also be used for assembled
and on-chip FDD based transceivers.

In the existing literature, digital compensation approaches
for mitigation of transmitter leakage signals are discussed
in [12]-[15], where in [12] a baseband model of transmitter
leakage signal in zero-IF receiver is presented and its impact
on system performance is simulated, but the study is neglecting
the effects of nonlinear transmitter components. The authors
have then described two different approaches for the estimation
of transmitter leakage signal in [13], again assuming an ideal-
ized linear transmitter. The cancellation of IM2 due to trans-
mitter leakage signal is, in turn, proposed in [14], but the study
is simplified in the sense that the frequency-selective nature of
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Fig. 1: Baseband equivalent model of a FDD transceiver with IM distortion, transmitter leakage signal, and I/Q imbalance.

duplexer stopband is neglected. Finally, [15] deals with the
compensation of transmitter out-of-band (OOB) emissions in
the receiver band and no receiver nonlinearities are considered.
Contrary to the previous work, in this paper, we present
a comprehensive treatment on the effect of non-linearities
of both the transmitter and receiver chain components and
develop a complete baseband model of the overall received
signal containing the impacts of transmitter leakage induced
IM2 as well as the transmitter OOB emissions due to power
amplifier (PA) spectral re-growth. We then focus in detail on
the suppression of the IM2 and develop an efficient parametric
nonlinear model for its estimation and cancellation. Compared
to existing literature, the modeling and developed dynamic
cancellation architecture takes into account the frequency-
selective nature of the duplexer stopband response as well as
the nonlinear signal distortion in the transmitter chain which
are missing in the existing literature.

Notations: the scalar parameters are represented by lower
case letters a and vectors/matrices in boldface letters a. We
distinguish the vectors from matrices by a bold face letter
with under-line a. The convolution operator is indicated by
*. Superscript ()7, ()%, ()™", and (.)* denote the transpose,
hermitian transpose, inverse, and conjugate of a scalar, a vector,
or a matrix.

II. FDD TRANSCEIVER SIGNAL MODELING

Fig. 1 illustrates the baseband equivalent model of a
complete FDD transceiver system, and the associated signal
spectra, with finite isolation in the duplexing filters and non-
linear transmitter and receiver components. For analysis and
modeling purposes, the frequency separation between the
transmitter and receiver center-frequencies is denoted by Aw.
In the following, we carry out the essential signal modeling
for the whole chain starting from transmitter baseband up to
power amplifier output, and thereon towards the receiver chain
employing the direct conversion principle.

A. Fundamental Signal Modeling

For signal modeling, we denote the complex baseband
signal to be transmitted as z(t) = z7(t) + jz(t). This signal
is up-converted to the transmitter carrier frequency with an
I/Q modulator. The mismatch between the I and () branch

of the modulator causes I/Q imbalance that results in mirror-
frequency crosstalk. The complex envelope of I/Q modulated
signal under I/Q imbalance is given by [16]

21Q(t) = pe(t) + vz*(t) ()

where 1 and v model the gain and phase imbalance be-
tween the I and (Q branches of the modulator, defined as
p=[1+gei?] /2;v = [1 — ge/?] /2. The modulated signal
is next amplified by a PA for transmission purposes. PA is
inherently a non-linear device and for simplified modeling
purposes, we approximate its nonlinear behavior with a simple
374 order polynomial model. The baseband equivalent model
for PA output with 37 order non-linearity (IM3) can then be
expressed as

wpa(t) = of Ywrg(t) + a3 lrio () z1o(t) ()
where af“,al’4 are the complex polynomial coefficients.
Substituting (1) in (2) yields

wpalt) =af (ua(t) + v2" (1))
Fab M st v (P pzt)  O)
+ab M uz(t) + vz (1) vt (1)

Notice in the above equation that the second and third terms
that are multiplied with the coefficient o 4 are in practice at
least 30dB weaker then the first term. Also the terms with I/Q
imbalance coefficient v are in minimum 25dB weaker then the
fundamental term pz(¢) [10]. This implies that the products of
the form af’4v have diminishing power and the contribution
of terms having such products as multipliers are insignificant.
This simplifies (3) to

wpalt) = ol (uz(t) + v=" () +af A2 12(0) (). @)

The PA output signal then passes through the duplexer
to antenna. A duplexer is constructed with two BPFs. In the
transmitter path, the transmitter duplex filter suppresses the
unwanted emissions outside the transmission band and the
transmitter noise from PA present at the receiver frequency
band, while the receiver duplex filter attenuates the transmitter
signal leaking into the receiver chain. With finite isolation



of duplexing filters, the transmitter signal emissions are not
completely suppressed from the receiver chain. At receiver in-
put, this transmitter leakage signal can now be mathematically
expressed as

sp(t) = hB (1) (h? () *zpa(t)) piAwt s
= (hP(t) xzpa(t)) 2
where
RP(t) = hR (D) * (hR(H)e72+) ©

denotes the total response of duplexer filters from TX-RX
leakage perspective. Thus, the total signal at the input of the re-
ceiver chain consists of the actual weak desired received signal
and the leaking transmitter signals. The baseband equivalent
form for this total receiver input signal is then

r(t) = sp(t) + s(t) + n(t) )

where sp(t) is the desired received signal and n(t) denotes
thermal noise.

The receiver mixer stage is next modeled as having a finite
ITP2 number resulting in the generation of the undesired IM2.
This can be modeled by the square of mixer input signal which
is essentially the squared envelope of the total signal entering
the mixers. The IM2 is present in additive form at the mixer
output, written here as

ra(t) =r(t) + 3" [r(t)]
=sp(t) + s.(t) + n(t) + o |sp(t)]?
+ad |sp () + ad” [n(t)]” + 205" R {sp(t)s7 (£)}
+ 20 R {n(t)sh ()} + 200" R {n(t)s} (1)}

2

(®)
M

where ay” represents the mixer RF-to-LO isolation and is
generally complex valued. The fourth term in (8) is the IM2
of the actual received signal and the seventh term is cross-
product between the received and transmitter leakage signals.
Assuming the actual received signal is weak, both of these
terms are very small and can be neglected. Furthermore, the
sixth, eighth, and ninth term describe the IM2 of noise n(t),
the cross product of the noise with the received signal, and the
transmitter leakage signal. Since 3! is very small, these terms
can be considered much weaker than the down-converted noise
and can be ignored, thus simplifying (8) to

rar(t) = sp(t) + sp(t) + o [sp (O +n(t). ()

In above, the first term is the desired received signal, second
term is the leaking transmit signal at a frequency distance of
Aw from the received signal, and the third term is the IM2
due to leaking transmit signal with twice the bandwidth of
the original transmit signal including the OOB emission. The
filtering process by channel selection filter (CSF), denoted by
h3(t), is given by

TBB(t) = hs(t) *TM(t)
p(t) + 0K (1) s (B2 + K (1) s2(8) + ma(0)
sp(t) + sraz(t) + soope(t) + nn(t)

(10)

where 1y, (t) = h¥(t) x n(t) and
staa(t) = ad B (1) % |hP(8) % wpa(t)]” (11a)
soope(t) =h5 () x (WP (t) xxpa(t)) 2t (11b)

Thus from (10), two different effects of distortion or interfer-
ence can be clearly observed as written in (11a), (11b). These
are discussed further below.

B. IM?2 Distortion at Baseband

The second term sypro(t) in (10), written in (11a), rep-
resents the IM2 due to transmitter leakage signal which
appears directly at baseband and may be partially attenuated
by CSF due to its doubled bandwidth, as shown in Fig. 1.
This transmitter leakage induced IM2 signal can be strong,
depending on the achieved duplexer attenuation and mixer
IIP2, and generally causes severe interference to the received
signal which cannot be mitigated with linear filtering alone.
To demonstrate and quantify the relative strength of such
IM2, example transceiver system calculations are carried out
next. Using LTE FDD mode as an example, the mobile
station (MS) transmit signal can be up to 120dB stronger
than the received signal, assuming maximum TX power at
the antenna connector of around +23dBm (power class 3)
and receiver sensitivity level of —97dBm [10]. The typical
value of TX-RX duplexer attenuation, in turn, assumed e.g.
in standardization [11] is only 50dB. Thus with power class
3 mobile transmitter, the transmitter leakage signal power is
+23 — 50 = —27dBm at the receiver input. This signal is
next amplified by LNA, having typically a gain of +20dB
or so, resulting in —7dBm leakage signal power (Pr,) at
the mixer input. Then, if the mixer IIP2 is e.g. +40dBm,
then the IM2 power (P%%z) at the mixer output is given
by P,Z{QJLQ = PTmL — (IIP2 — PTwL) = —54dBm,Where it
is assumed that the gain of the mixer is 0dB for simplicity.
If then the desired signal itself is assumed to be at receiver
sensitivity level of —97dBm, after LNA gain and mixer stage,
its power is —77dBm. Hence, the transmitter leakage IM2
is in this example 23dB stronger than the desired signal,
thus calling for efficient suppression. The above calculation
certainly represents an extreme worst-case scenario but still
the problem is practical and severe, especially when trying to
keep the duplexer complexity and costs at a reasonable level.

C. Transmitter OOB Emissions at RX Band

As shown in Fig. 1, the spectral re-growth of transmitter
signal due to PA non-linearity can also directly overlap with
the received signal if the duplexing gap between the trans-
mitter and receiver is small. Again, if such OOB emission
is not completely suppressed by transmitter duplex filter, this
interference is directly on the receiver band and can heavily
reduce the receiver sensitivity. In our modeling, the third term
soopg(t) in (10), written out explicitly in (11b), represents
this interference and its dependence on the PA output signal
and associated filtering.

To demonstrate the relative strength of this kind of interfer-
ence, we shortly study LTE uplink band 25 [10] and assume
intra-band carrier aggregation scenario with two carriers. In
this scenario, the duplexing gap between 2nd TX carrier
and RX band is only 15MHz and the transmitter emissions
are controlled by Spurious Emission Limit which limits the
emissions to maximum of —30dBm per 1MHz measurement
bandwidth. Assuming an example figure of —35dBm/1MHz,
being then further suppressed by duplex filter by 50dB’s,
the resulting OOBE is —85dBm/IMHz or —75dBm/10MHz.
Compared to reference sensitivity of —93.5dBm for 10MHz
RX bandwidth, the TX OOB is still significantly higher then
the received signal (~ 18.5dB) and can completely block the
receiver in case it is operating close to sensitivity level.



From above discussions, it can be deduced that both IM2
and OOBE type signal leakage problems can be substantial in
FDD devices, especially when emphasizing low-cost duplexer
implementations. In the following, we focus in detail on the
IM2 problem and develop an efficient digital signal process-
ing based estimation-cancellation architecture for dynamically
regenerating and suppressing the leakage signal inside the
transceiver.

II1.DIGITAL ESTIMATION AND CANCELLATION METHOD
FOR TRANSMITTER LEAKAGE IM?2

With the homodyne receiver topology, the desired received
signal is directly down-converted to the baseband while the
even-order nonlinear distortions also fall to baseband on top
of the received signal. In the following, a parallel augmented
Volterra based framework is first developed for leakage IM2
modeling, which is then used to derive LS parameter estima-
tion and cancellation structure. The subsequent derivations are
carried out in discrete time domain.

A. Parallel Augmented Volterra Model for Transmitter Leak-
age IM2

We define 73 (t) = a3h®(t) and assume that the transmit-
ter leakage IM2 51gnal is contained in the passband of CSF,
such that b5 (t) = ad’a%6(t) = a5 §(t). The resulting discrete
time model of transmitter leakage IM2 from (11a) is then

2
siaeln] = a5 * |hD ] *x xpaln]|
:ZZh“m[ml,mg]mpA[n—ml]x}‘;A[n—mg]
mi1 Mmo

12)

where hIM2[my,my] = a5hP[mi]hP*[my] is a 2D filter
(2"? order Volterra kernel) which defines the total IM2 filter,
representing the filtering effect on the transmitter leakage
signal. The above formulation leads to a model which is linear
in parameters at the expense of increase in dimensionality of
the problem. Evaluating the product = p 4 [n—m1]zp 4[n—m2]
and using the same reasoning as stated before that terms with
multiplier coefficients such as v2, a4y are sufficiently weak

and can be omitted in the analysis, leading to (13), where the

known basis functions are
\Ilfund[ | = z[n — mq]z"[n — ms]
U1ln] = z[n — ma]z[n — my]
Usn] = 2%[n — ma]z"[n — m] (14)
Wsln] = z[n — ma]|z[n — ma]|* 2% [n — my)
Waln] =

while the unknown parameters are

|z[n — ml]\ z[n — mq)z*[n — ma]

2,2
h{“%?d[mlamﬂ hlju2[mlam2] ’afA| |l
M2 V;‘
1 e
124 y
BéMQ _V_ 5{Mz*
(15)
BIMz |/~L\ PA*
3 a{)A*
2
51M2 _ || OZ:I;A _ aIM2x
4 - aPA - M3 .
1

With the model in (13), the digital cancellation algorithm
requires the estimates of the set of parameters listed in (15) to
recreate the replica of undesired transmitter leakage IM2.

B. LS Estimation of Parameters

We switch to vector-matrix notation and write the L
samples of down-converted baseband signal with transmitter
leakage IM2 as

Ipp =S+ 8y + 1y
=5+ W punahong + 51" @b + BN W
M N o,
(16)

where the matrix W ¢,,,4 and vector h;uMnQd are given by (17).

The matrices ¥;,7 € {1,2,3,4} can also be constructed in
a similar way as W f;,q. Recalling the system calculations in
section II-B, we observe following facts from (16):

1) the received signal s is generally weaker then the
transmitter leakage IM2 (e.g. —23dB below if re-
ceived signal is at sensitivity level and transmitter
transmits at maximum power),

sruz[n] = Z Z Wemamy, ma]¥ punaln] + B1 > Z Z Wom[my, ma] 1 n] + B3 Z Z Wi lma, ma] U [n]
mi1 Mo my Mma my1 o ma
(13)
+ BEMEN TN TR Iy, moWaln] + B2 0N T i [ma, ma] Waln]
mi1 Mo mi1 Mm2
‘Ilfund = [‘Ilfund (O) 5 ‘I’fund (1) P ‘I’fund (M - 1)} y with

z[n — ml]z*[n] z[n — m|z*[n — 1] z[n — m)z*[n — M + 1]

z[n—m —1]z*[n — 1] z[n —m — 1]z*[n — 2] z[n —m — 1]z*[n — M]

‘Ilfund(m) = . . :
zZln—m—L+1]z*[n—L+1] z[n—m—L+1]z*[n— L] zZln—m—L+1]z*[n—L— M + 2]

npi = [’ 0

fund
B (m) = [A120m, 0] B2, 1

IM2,T

RIM2(m, M — 1]]T

T
At (M=) wih

me{1,2,-- M

~1}.
(17)
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Fig. 2: Proposed transmitter leakage IM2 cancellation archi-
tecture.

2)  the third and fourth term of (17) are transformed by
I/Q imbalance and they are at least 25dB weaker than
the fundamental IM2 term W fundh§%?d [10],

3) the fourth and fifth terms of (17) are spectral re-
growth created by PA and they are at least 30dB
weaker than the fundamental IM2 term.

These facts lead us to derive a two step estlmatlon framework.
In the first step, the fundamental filter h’ fund is estimated while
assuming that rest of the terms are noise. The estimated filter
is used to regenerate the fundamental IM2 which is subtracted
from (16), the result of which is then used in second estimation
step to estimate the coefficients 3/*2:4 € {1,2,3,4}.

Now, to estimate the fundamental IM?2 filter, we write (17)
as

d
!ngn,u\/m = \I’fundh%{?d +w (18)

where w; denotes the filtered noise plus weak signal terms.
The least-squares (LS) solution of hﬁ\ffd is given by [17]

. IM2,LS

-1
H H
=fund = (\Ilfund‘llfu"d) \IlfundIBB,IM? (19)

LS
Next, with estlmated IM2 filter b fund , we subtract the

L TM2
term W f,,,qh fund from the down-converted baseband signal

rgp to remove the effect of strongest term and use the
LS

M2
estimates of h h;,,q  which gives us

L [M2,LS
t58 =TBB — ¥ fundi fyng

=5 +2, 61 + 8,6, + 2,517 + 2,5, 4 my
i~ (I)gIMZ +w,
(20)
where
@, = ¥ih}Y
&, = W0}
&, = Wshi)?
&, = W,hi @1
>=[2 B, 2; P
I@IM2 —

y T
[B1HW2 521M2 B:’{IM? BiM2]

Wy, =S+,

IM?2

The LS estimator of coefficient vector 3 is then

R —1
[M2ES <<I>H<I>) 3ipp. 22)

TABLE [I: Algorithm for the estimation and cancellation of
transmitter leakage IM2 from the baseband received signal

matrices
transmitter

1)  Construct the basis function
‘I]funda \IJla \II27 \]:137 \114 from the
data z[n] according to (14) and (17).

2)  Estimate the fundamental filter vector hfcuffd in the
least-squares sense as given in (19).

3)  Subtract the fundamental term of s;,,, which is a
~IM2,LS
product \Ilfundhfund from the baseband signal

vector T to obtain rpp as in (20).

~IM2,LS
4)  Use (22) to estimate the coefficient vector 3
IM2,LS ~IM2,LS

5)  Plug in the estimates of h fund together

with basis matrices of step 1 to recreate the interfer-
ence Sy -

6)  Subtract s;,,, from the signal 7z to get the desired
received signal s.

C. Transmitter Leakage IM2 Cancellation

An estimate of transmitter leakage IM2 can be regenerated
using the baseband digital transmitter data z[k] together with
the estimated parameters of (15) obtained using (19) and

M2,LS ~IM2,LS . .

(22). The estimates of h fund are substituted in
(13) to regenerate the transmrtter r leakage IM2 interference.
The predicted interference is then subtracted from the down-
converted signal g g[n] to obtain a cleaned received signal for
detection. A conceptual block diagram of the proposed digital
canceller is shown in Fig. 2, and the proposed estimation and
cancellation principle is summarized in Table I.

D. Practical Aspects and Limitations

There are certain implementation related aspects that may
affect the modeling and cancellation behavior of the proposed
technique. First, a model mismatch between the behavioral
models and the true nonlinear response of the RF compo-
nents may compromise the performance. Possible mismatch
sources include memory effects in PA nonlinearity and 1/Q
mismatch, as well as LNA nonlinearity. In addition to that,
accurate time alignment of the reference and the received
IM2 signal is also crucial for precise estimation. From the
complexity point of view, the proposed algorithm has increased
resource requirements compared to [13] and [14], but as will
be shown in the next section, will also exhibit much better
cancellation performance with higher transmit powers. Such a
complexity-performance tradeoff is typical in nonlinear system
identification problems. All of these issues will be addressed
in detail in future work.

IV.SIMULATION RESULTS

To evaluate the performance of proposed estimation and
cancellation scheme, we setup a FDD simulation chain where
the transmit and receive signals are modeled according to LTE
mobile station 10MHz TX/RX mode. The duplexer filter is
modeled to have an attenuation of 50dB on the transmitter
band, while the PA gain, PA IIP3, LNA gain, and mixer
IIP2 are 24dB, 15dBm, 20dB, and 40dBm, respectively. The
thermal noise power at the LNA input is —104.5dBm and the
received signal power is —90dBm. In LTE 10MHz FDD mode,
the maximum transmit signal power at antenna connector is
+23dBm thus producing a transmitter leakage signal at LNA
input with power of —27dBm. The LNA adds 20dB gain
to the received signal and the transmitter leakage signal. At
the output of mixer, assuming 0dB mixer gain, the received
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signal is at —70dBm compared to the transmitter leakage IM2
power of —54dBm. Blocks of 100k samples of digital baseband
transmit signal and down-converted received signal are used
in estimation and the fundamental IM2 2D filter is modeled
with 25(M = 5) parameters. The estimated interference is
then subtracted from composite received signal comprising of
desired signal, leakage IM2, and thermal noise. We compare
our method with the transmitter leakage IM2 cancellers pro-
posed in [13] and [14], where transmitter nonidealities are not
considered.

In the first simulation, we plot the signal spectrum and
compare the transmitter leakage IM2 suppression before and
after proposed digital cancellation. The results indicate that
the transmitter leakage IM2 signal after suppression using
canceller of [14] is still stronger than the desired received
signal. On the other hand, the LS technique of [13] is able
to significantly reduce the transmitter leakage IM2 effect but
does not remove it completely and a small interference remains
in the cleaned received signal. This is due to the fact that
this technigue effectively estimates only the fundamental IM2
filter h’2 and performs cancellation in one step, while
the residual I/Q imbalance and PA regrowth terms remain
in the signal. Contrary to that, our proposed technique first
estimates the fundamental IM2 term and then utilizes it to
estimate the scalar parameters in a second estimation step,
resulting in the transmitter leakage IM2 suppressed below
the thermal noise floor. We also plot the transmitter leakage
IM2-to-noise power ratio versus the TX power and show the
substantial improvement brought with the proposed estimation
and cancellation technique.

V. CONCLUSION

The paper addressed the issue of transmitter leakage in
FDD transceiver systems, and the impacts of transmitter leak-

age IM2 and transmitter OOB emission on receiver chain
were analyzed. The paper proposed a two step LS estima-
tion procedure to reproduce the transmitter leakage induced
IM2 in the presence of transmitter nonidealities enabling
efficient dynamic cancellation of such IM2 in FDD direct-
conversion transceivers. The proposed technique was evaluated
with computer simulations which demonstrated that the IM2
interference can be efficiently suppressed below the noise floor,
despite the transmitter nonidealities. Future work will focus
on prototype implementations to demonstrate the calibration
capabilities of the proposed algorithm on real RF hardware. It
is also imperative to perform an analysis on the RF hardware
cost, such as linearity of mixers, PA, and modulators, and
duplexer attenuation, versus the baseband processing cost of
DSP based algorithms.
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Digital Suppression of Power Amplifier Spurious
Emissions at Receiver Band in FDD Transceivers

Adnan Kiayani, Student Member, IEEE, Lauri Anttila, Member, IEEE, and Mikko Valkama, Member, IEEE

Abstract—As the duplexing distances in emerging wireless
systems are getting more and more narrow, achieving suffi-
cient isolation between transmit and receive chains using radio
frequency (RF) filtering alone becomes increasingly complex.
Particularly challenging problem in this context is the spectral
regrowth of nonlinear power amplifiers (PAs) in the transmit
chain, and other transmitter out-of-band (OOB) emissions, which
can heavily desensitize the receiver chain. In this letter, we first
carry out detailed modeling of transmitter OOB emissions due to
practical wideband PAs with memory effects. Stemming from this
modeling, and using the known digital transmit data inside the
transceiver as reference, we then propose an efficient nonlinear
digital cancellation technique to suppress the transmitter OOB
emissions in the receiver path. The proposed technique is verified
and analyzed using extensive computer simulations, rendering
excellent suppression properties, hence enabling sufficient TX-
RX isolation in frequency division duplexing (FDD) transceivers
without any extra analog/RF filtering or PA linearization.

Index Terms—Cancellation, duplexer isolation, frequency-
division duplexing, nonlinear distortion, out-of-band emission,
power amplifier, transmitter leakage signal.

I. INTRODUCTION

HE next generation mobile communication systems are
T expected to provide high data rates to support multimedia
and other broadband services. 3GPP Long-Term Evolution
(LTE) and LTE-Advanced (LTE-A) systems are being opti-
mized to support high data rates, low latency, multiantenna
transmission, and flexible bandwidths and RF spectrum use
[1]. LTE-A, Release 10, is introducing carrier aggregation
(CA) which allows efficient use of spectrum and enables
bandwidth expansion beyond 20 MHz by aggregating two
or more component carriers, while maintaining backwards
compatibility to Release 8/9 [2], [3]. While LTE and LTE-A
system specifications support both frequency division duplex-
ing (FDD) and time division duplexing (TDD), we focus in
this article on FDD and associated RF and linearity challenges.

Concurrent transmission and reception in FDD systems is
generally made possible by RF duplexer filters, which connect
the transmitter and receiver to the same antenna such that the
strong transmit signal cannot saturate the receiver. Due to in-
creased pressure for efficient and flexible spectrum utilization,
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future wireless systems such as LTE-A will have narrower
duplexing gaps between the uplink and downlink bands (down
to 15 MHz in some LTE-A bands [4]), therefore making it
more difficult for the duplexer filter to achieve sufficient at-
tenuation for the transmit signal. In such scenarios, the out-of-
band (OOB) emissions induced by transmitter nonlinearities,
such as the power amplifier (PA), may directly overlap the
receiver band. These OOB emissions can potentially be of
similar magnitude, or even higher, than the actual received
signal when operating close to receiver sensitivity level, thus
possibly leading to own receiver desensitization [6].

To demonstrate the desensitization phenomenon, consider
LTE uplink band 25 [4] and assume intra-band CA with
two carriers. In this scenario, the duplexing gap between
274 TX carrier and RX is only 15MHz. The transmitter
emissions are controlled by the Spurious Emission Limit
which limits the emissions to maximum of —30dBm per 1IMHz
measurement bandwidth. Assuming an example figure of, say,
—35dBm/IMHz for the OOB emissions, being then further
suppressed by the duplexer filter whose typical attenuation
assumed in standardization is 50dB [6], the resulting OOB
emissions at own receiver input are thus —85dBm/1MHz, or
equivalently —75dBm/10MHz. Compared to the reference sen-
sitivity level of —93.5dBm for 10MHz RX bandwidth [4], the
TX OOB emission is significantly higher than the minimum
received signal level (by ~ 18.5dB) and can completely block
the received signal if operating close to the sensitivity level.

Classical solution to prevent own receiver desensitization
is to improve the duplexer TX filtering. This is, however,
costly and may not be feasible especially in devices with
very small duplexing gap. An alternative fascinating idea is to
suppress the spurious emissions using digital signal processing
in the receiver path. Recently, a compensation technique for
transmitter OOB emission at receiver band is proposed in
[7] but the study is highly simplified by assuming that the
duplexer filters responses are known and also a memoryless PA
model is assumed, both of which limit the applicability of the
reported algorithms to practical wideband transceiver scenarios
with unknown duplexer responses and nonlinear PAs. In this
article, we first carry out detailed modeling for the transmitter
OOB emission at the receiver band due to practical nonlinear
PAs with memory effects. With sophisticated nonlinear sig-
nal processing stemming from the modeling, and using the
known digital TX data as the reference, a proper replica of
OOB emission at the receiver band is regenerated and then
subtracted from the received signal at digital baseband. The
proposed formulation allows efficient estimation of the needed
cancellation parameters, including the unknown duplexer re-
sponse and unknown nonlinear PA with memory, and can thus
be seen as a strong extension of [7]. Notice that transmitter
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Fig. 1. Discrete-time baseband equivalent model and spectra of transmitter
nonlinear PA induced OOB emission at receiver band in an FDD transceiver.
The proposed OOB emission regeneration and suppression unit operating at
digital baseband is also shown.
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induced receiver interference is also considered in [8], [9], but
focusing on the receiver related nonlinear distortion instead of
transmitter out-of-band emissions at receiver band.
Notations: scalar parameters are represented by lower case let-
ters a and vectors/matrices in boldface letters a. We distinguish
the vectors from matrices by a bold face letter with under-line
a. The convolution operator is indicated by x. Superscripts
()" and (.)” denote the transpose and hermitian transpose,
respectively, while (.)71 denotes matrix inverse.

II. SIGNAL MODELS FOR TX OOB EMISSION AT
RECEIVER BAND IN FDD TRANSCEIVER

Fig. 1 shows the discrete-time baseband equivalent OOB
emission model of an FDD transceiver and the associated
signal spectra, with finite isolation in the duplexing filters
and nonlinear transmitter PA. For analysis and modeling
purposes, the frequency separation between the transmitter and
receiver RF center-frequencies is denoted by Aw. The complex
baseband signal to be transmitted is denoted by z[n] =
xr[n] + jzg[n]. This signal is up-converted to the transmitter
carrier-frequency with an /Q modulator and the modulated
signal is then amplified by a PA for transmission. The PA is
inherently a nonlinear device which exhibits memory effects
for wideband signals. We use the parallel Hammerstein model
with polynomial nonlinearities to express the nonlinearity of
PA with memory effects, as it has been shown in the literature
to have very good modeling capability for practical wideband
PAs [10]. The baseband equivalent output of PA is therefore
expressed as

n) x ¢p(z[n]) (1)

rpaln

pr

P odd

where P denotes the polynomial order and the polyno-
mial basis functions ,(z[n]) are given by ¢,(z[n]) =

z[n]|z[n]["~" . In general, only odd-order distortions products
appear in the vicinity of the desired received signal, thus only
odd polynomial orders are considered in (1).

The PA output signal then passes through the duplexer to
the antenna. A duplexer is constructed with two BPFs. In the
transmitter path, the transmitter duplex filter suppresses the
unwanted emissions outside the transmit band, especially the
transmitter noise from PA present at the receiver frequency
band, while the receiver duplex filter attenuates the transmitter
passband signal leaking into the receiver chain. With finite at-
tenuation of duplexing filters, the transmitter signal emissions
are not completely suppressed from the receiver chain.

At receiver input, this transmitter leakage signal can now
be mathematically expressed as

spn] = (hP[n] x xpaln]) elBwn (2)

where hP[n] = e 72“mhLIn] « hZ[n] denotes the total
response of duplexer filters from TX-RX leakage perspective,
and h&[n] and hE[n] are the baseband lowpass models of the
bandpass TX and RX duplexer filters, respectively. Thus, the
total signal at the input of the receiver chain consists of the
actual weak desired received signal and the leaking transmitter
signal. The baseband equivalent form for this total receiver
input signal is then

r[n] = spln] + spln] + w(n] 3)

where sp[n] is the desired received signal and w[n] denotes
the thermal noise. The signal is then downconverted from RF
to baseband, followed by channel selection filter (CSF) which
is denoted by h°[n]. The baseband signal at the CSF output
is given by

r[n] = K¥[n] x r[n] = sp[n] + soose[n] + w’n]  (4)

where soopEe[n] = h®[n]xs[n] denotes the transmitter OOB
emission interference directly on top of received baseband
signal and w®[n] = h¥[n]  w[n] is the filtered inband noise.
As discussed already earlier, the transmitter duplexer filter
may not have sufficient attenuation to push the OOB emission,
shown above, below the thermal noise floor in the transceivers
of next generation wireless systems such as LTE. Hence, in
the following, we develop an efficient digital technique for
dynamically regenerating and suppressing the RX band OOB
emission signal inside the FDD transceiver.

III. DIGITAL ESTIMATION AND CANCELLATION OF
TRANSMITTER OOB EMISSION

Stemming from previous modeling, we now develop an
appropriate framework for transmitter-induced OOB emission
regeneration and suppression, together with efficient LS pa-
rameter estimation supporting unknown duplex filter responses
and unknown nonlinear PA with memory.

A. Linear-in-Parameters Model for TX OOB Emission

We first write the transmitter OOB emission term soo g g[n]
in (4) in its equivalent form as

ZhD

P odd

SOOBE[ } _ hS ejAwn.

n) % fpln] x ¢p(z(n])

S
In practice, only selected nonlinearity orders p are needed
for the modeling and cancellation, depending on how the RX



band is located relative to the TX emissions. This is quantified
with (6), which defines the minimum order PA intermodulation
distortion affecting the RX band as

B PfTX — frx|— 3 (Brx + BRX)-‘
p_
Brx

(6)

where frx and frx are the RF center-frequencies of the
transmit and receive signals, respectively, and Brx and Brx
are the corresponding bandwidths. With given definition of
p, the first 2p — 1 terms of (5) are outside the desired RX
signal band and thus not necessary to take into account in the
modeling and cancellation. This leads to an alternative form
of (5) written as

soossln] = 3 W] x (WP (n) » fyln) x by efn])) /2"

pElp

(N
where Ip = {2p+1,2p+3,---P}. We next define the
transmitter leakage channel, which refers to the composite
linear responses of duplexer filters and PA, as hl[n] =
(RP[n] * fy[n]) e?“", and the CSF filtered polynomial basis
functions as 5 ([n]) 2 hS[n)ip,(x[n]ei A=), which enable
transforming (7) into

soopg[n] = Y hyn] 5 (x[n]). ®)
p€lp

Now, with the model in (8), the digital OOB emission regener-
ation and cancellation algorithm requires only the coefficient
estimates of hﬁ [n], as digital transmit data and filtered basis
functions are always known inside the device. The principal
regeneration and cancellation structure, stemming from above,
is also illustrated in Fig. 1.

B. LS Estimation of Transmitter Leakage Parameters

For parameter estimation purposes, we switch to vector
matrix notation and write N samples of the total baseband
received signal, with transmitter OOB emission included, as

S _ S
I =Sp+Spope t W

9
=sp + Poh" +w® ®
T
where h* = h}PT(l) h;};T(Q) hp"| Qs a vece-

tor of dimension |Ip| - Ny x 1, with |Ip| denoting
the cardinality of the set Ip, and N denotes the
length of hZE . Furthermore, \Ilf is a matrix of the form

wo= [e0E ¥eE o )

[:1:0 T1 To xN,l}T, and \Ilg(g) is of dimension
(N + Np —1) x Ny, and is defined as

with x =

A 0 0 1

by (1) o (w0) o 0

: 0 0

oS (x) = |5 (zn-1) : : :
» (%) P WS (en_y) - Sﬁ«”N—NL)
0 0 Uy (@N-Np+1)
0 0 San-1) |

In order to estimate the transmitter leakage channel parame-

ters, we re-write (9) now as
rf = wht +w,

(1)

where w; = sp + w®. The LS parameter estimate of h' is
then given directly by

B = (11:57”\1:5) TS,

These leakage channel parameter estimates are then used in
the OOB emission regeneration and cancellation, as shown in
Fig. 1.

12)

IV. SIMULATION RESULTS

To evaluate the performance of the proposed estimation
and cancellation scheme, we setup an FDD transceiver sim-
ulation chain according to Fig. 1 where the transmit and
receive signals are modeled according to LTE mobile station
5MHz TX/RX mode. The transmit signal passes through the
dynamic PA with memory, which is modeled as a Wiener
system with a linear filter, whose impulse response is h =
[1,0.2,0.34,0.068,0.0136,0.0027,0.0005]T, and the memo-
ryless nonlinearity polynomial coefficients are calculated from
PA gain, IIP3, and 1—dB compression point, which are
20dB, 17dBm, and 26dBm, respectively. The signal then goes
through the duplexer filter which is modeled with 5—taps
and has an average attenuation of 50dB at the RX band,
containing also frequency-selectivity following typical com-
mercial duplexer stopband responses. The duplexing spacing
in the device is assumed to be small, only 1.5 times the
channel width, to reflect a challenging scenario. The reference
thermal noise power level at receiver input is assumed to be
—104.5dBm per 5MHz, RX noise figure (NF) is 4.5dB, and the
reference sensitivity level is —95dBm (minimum SNR ~ 5dB).
In the estimation phase, a block of 100k samples of filtered
baseband received signal r and the filtered basis function out-
puts \Ilf (generated from frequency shifted baseband transmit
data) is used for estimating the transmitter leakage channel
parameters, which is modeled in the cancellation processing
with 6—taps per nonlinearity order. The estimated parameters
are then used to regenerate the interference and subtract it
from the composite baseband received signal.

For illustration purposes, we first plot the OOB emission
spectrum before and after the proposed nonlinear digital
cancellation in Fig. 2, together with the actual received signal
and noise floor. It can be observed that without suppression,
the transmitter OOB emission is corrupting the receiver band
substantially. However, the proposed technique is able to push
the interference below the noise floor in the receiver band,
especially when proper set of nonlinearity orders are used.
Notice that there is still residual interference when only 379
order canceller is considered, whereas taking into account also
the 5! order nonlinearity effectively mitigates the interfer-
ence. This is intuitive since the receiver band is containing
both 3" and 5" order intermodulation of the PA. To further
quantify the performance of the proposed technique, the de-
sired received signal-to-interference plus noise ratio (SINR)
is evaluated against different TX power levels. The average
SINR curves with different RX signal levels are depicted in
Fig. 3, which shows that the higher transmission powers cause
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cancellation with different RX signal strengths.

more powerful OOB emissions to the RX band and therefore
degrades the receiver SINR. With practical 23dBm TX power,
the difference between the interference-free SNR and the
SINR with interference is about 26dB, whereas this difference
becomes less than 1dB when the cancellation technique is
employed. It is also noted that the proposed technique is able
to efficiently estimate the transmitter leakage filters even in the
presence of a strong RX signal. The final example simulates
the SINR versus different received signal powers with different
estimator sample lengths. The average SINR curves are plotted
in Fig. 4, which reveal that increasing the RX power level starts
eventually degrading the cancellation performance, but this can
be alleviated by increasing the estimation block size. On the
other hand, for achieving typical SINR between 10 — 20dB, a
block of 10k samples is already enough. Furthermore, note that
without interference cancellation, reliable reception can only
be guaranteed if the desired received signal is at least 30dB
or so above the reference sensitivity level which, in practice,
is very rare. Thus, the effectiveness of proposed cancellation
technique is evident and indisputable.

50 ——— SNR (ideal)
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Fig. 4. Average SINR vs. RX power above the reference sensitivity level
with different sample blocks lengths. The TX signal power is 23dBm.

V. CONCLUSION

This article addressed the issue of transmitter spurious emis-
sions at receiver band due to a dynamic PA with memory ef-
fects in an FDD transceiver. Especially with small duplex gaps,
practical PAs and practical duplexers, these emissions can eas-
ily result to own receiver desensitization. The paper proposed a
nonlinear estimation and regeneration procedure to reproduce
the essential transmitter OOB emission signal, at own receiver
digital baseband, enabling its efficient cancellation without
additional RF filtering. The proposed technique can operate
under unknown frequency-selective duplexer responses and
unknown nonlinear PAs with memory, and was evaluated with
computer simulations demonstrating that the OOB emissions
can be efficiently suppressed below the noise floor. Future
work will focus on a prototype implementation to demonstrate
the suppression properties of the proposed algorithms with real
RF duplexers and PAs and also on analyzing the impact of TX
leakage signal induced RX nonlinearities.
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ABSTRACT

In frequency division duplex transceivers employing non-
contiguous carrier aggregation (CA) transmission, achieving
sufficient isolation between transmit and receive chains us-
ing radio frequency filtering alone is increasingly difficult.
Particularly challenging problem in this context is spurious
intermodulation (IM) components due to nonlinear power
amplifier (PA), which may easily overlap the receiver band.
With realistic duplex filters, the residual spurious IM at RX
band can be several dBs stronger than the thermal noise
floor, leading to own receiver desensitization. In this paper,
we carry out detailed signal modeling of spurious emissions
due to wideband PAs at the third-order IM band. Stemming
from this modeling, and using the known transmit data, we
present an efficient nonlinear digital identification and can-
cellation technique to suppress the unwanted IM components
at RX band. The proposed technique is verified with com-
puter simulations, showing excellent calibration properties,
hence relaxing filtering and duplexing distance requirements
in spectrally-agile CA transceivers.

Index Terms— Cancellation, carrier aggregation, du-
plexer isolation, frequency division duplexing, intermodula-
tion, LTE-Advanced, power amplifier, spurious emissions.

1. INTRODUCTION

In order to cope with the ever increasing demands of mobile
users for multimedia and other broadband services, the 37¢
Generation Partnership Project (3GPP) in its Release 10 Long
Term Evolution-Advanced (LTE-A) standard has introduced
Carrier Aggregation (CA) [1], which enables scalable band-
width expansion beyond 20 MHz by aggregating two or more
component carriers (CCs). Besides spectral efficiency and of-
fering data rates of up to 1 Gbps in downlink and 500 Mbps
in uplink, other key features of LTE-A include flexible band-
widths, low latency, multi-antenna transmission, and back-
ward compatibility to Release 8/9 [2]. While CA is supported

This work was supported by the Academy of Finland (under the project
251138 “Digitally-Enhanced RF for Cognitive Radio Devices”), the Finnish
Funding Agency for Technology and Innovation (Tekes, under the project
“Cross-Layer Modeling and Design of Energy-Aware Cognitive Radio Net-
works (CREAM)”), the Linz Center of Mechatronics (LCM) in the frame-
work of the Austrian COMET-K?2 programme, and the TUT graduate school.
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Fig. 1. Illustration of TX induced spurious IM3 emissions at
RX band with non-contiguous TX carriers.

by both Frequency Division Duplex (FDD) and Time Divi-
sion Duplex (TDD) modes of LTE-A, in this article we con-
centrate on the linearity challenges in CA FDD transceivers
and suppression of spurious IM3 emissions at own receiver
band.

In mobile radio transceivers operating in FDD mode, a du-
plexer filter is employed to facilitate simultaneous transmis-
sion and reception with a single antenna, while also providing
isolation between the TX and RX chains. When emphasizing
power efficiency and flexible spectrum use, strong intermodu-
lation distortion (IM) products of the transmit signal, created
by a nonlinear power amplifier (PA), result in spurious emis-
sions that may appear in the RX band. This is illustrated in
Fig. 1, where positive IM3 components lie at own RX band.
Due to finite duplexer filter attenuation [4] and considerably
narrow duplexing gaps in systems such as LTE-A, the remain-
ing spurious emissions at the duplexer output at the RX band
can potentially be of similar magnitude or even higher than
the actual received signal. This can thus lead to own re-
ceiver desensitization. To demonstrate the own receiver de-
sensitization phenomenon, consider LTE uplink band 25 [3]
and assume intra-band CA with two carriers where duplex-
ing gap is only 15 MHz. Assuming that the unwanted emis-
sions at PA output, prior to duplexer, can in general be up
to —30dBm/1MHz [3] (general spurious emission limit), and
that duplexer isolation towards receiver at RX band is typi-
cally 50 — 60 dB [4], the unwanted emission at RX input can
thus be in the order of —80 - - - —90dBm/1MHz. Compared to
the effective thermal noise power with nominal 9dB UE RX
noise figure, namely —174+ 60+ 9 = —105dBm/1MHz, this



is substantial interference and can completely block the re-
ceiver. Notice also that the general coexistence related emis-
sion limit of —50dBm/1MHz [3], applicable also at own RX
band, is measured at antenna connector, and is thus totally
insufficient to protect own RX.

Classical solutions to prevent own receiver desensitiza-
tion in CA FDD transceivers are to either improve the du-
plexer TX filtering or to increase the duplex distance. Im-
proving the duplexer filtering is, however, costly and may
not be feasible for compact mobile transceivers supporting
wider bandwidths and carrier frequencies with small duplex-
ing distance. Alternative solutions using signal processing
techniques to suppress the transmitter emissions in the re-
ceiver path are proposed in [7], [8] for FDD transceivers.
These approaches create a replica of the emitted interference
and then use it to suppress the interfering emissions at digital
baseband. While [7] assumes known duplexer filter responses
and memoryless PA model, the technique presented in [8] es-
timates the so called transmitter leakage channel, which is
the collective response of duplexer filters and PA with mem-
ory. From the CA perspective, and especially non-contiguous
CA transmission, where the total frequency span of the trans-
mit signal can be in the order of 100 MHz or even beyond,
these techniques are computationally challenging as they re-
quire digital processing of the whole transmission band and
do not take the specific frequency-domain structure of the ag-
gregated carriers into account. In contrast to this, we focus
in this paper on lower-complexity solution particularly tai-
lored to generic non-contiguous dual-carrier CA transmission
scenario where unwanted IM3 spurious emissions desensitize
the own receiver. Novel formulation for essential response
identification and spurious emission regeneration and cancel-
lation at digital baseband is developed, supporting unknown
frequency-selective duplexer response and nonlinear PA with
memory. The proposed solution can efficiently prevent own
receiver desensitization, and can be seen as a novel extension
of the authors’ earlier work in [8].

Notations: scalar parameters are represented by lower
case letters a and vectors/matrices in boldface letters a. We
distinguish the vectors from matrices by a bold face letter
with under-line a. The convolution operator is indicated by x.
Superscripts ()" and (.)" denote the transpose and hermitian
transpose, respectively, while (.)_1 denotes matrix inverse.

2. SIGNAL MODELING FOR TX SPURIOUS
EMISSIONS AT RX BAND IN CA FDD
TRANSCEIVERS

In a CA FDD transceiver context with small duplexing dis-
tance and finite isolation duplexer filter, we consider a sce-
nario where the IM3 band of the transmit signal overlaps with,
and therefore creates significant interference, at the RX band.
The relative strength of such interference depends in general
on the duplexing distance, duplexer filter attenuation, trans-
mit signal strength, and PA characteristics, and is elaborated
in more details below.
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Fig. 2. Discrete-time baseband equivalent model and spec-
tra of nonlinear transmit PA induced spurious emission at re-
ceiver band in an CA FDD transceiver. The proposed spurious
IM3 emission regeneration and suppression unit operating at
digital baseband is also shown, with 3rd and Sth order cancel-
lation units.

In this paper, we assume a general non-contiguous dual-
carrier CA FDD transceiver, for which the composite complex
baseband/IF transmit signal, denoted by z[n], is composed of
two CCs that are separated by 2wy . The IM3 distortion com-
ponent, arising primarily due to the nonlinearity of PA and lo-
cated at three times the IF frequency, may then lie at the RX
band. For analysis and modeling purposes, the frequency sep-
aration between the center frequencies of the IM3 component
and the desired RX signal is denoted by Aw. Fig. 2 shows
the discrete-time baseband equivalent model of such scenario
and the associated signal spectra, with finite isolation duplex-
ing filters and nonlinear transmitter PA.

In the TX chain, the composite dual-carrier baseband sig-
nal is up-converted to the transmitter carrier frequency and the
RF signal is then amplified by a PA for transmission. Practical
PAs have inherently a nonlinear response and exhibit memory
effects for wideband signals. Among numerous models that
exist for PAs with memory, we use here the parallel Ham-
merstein model with polynomial nonlinearities to express the
nonlinearity of PA with memory effects, as it has been shown
in literature to have very good modeling capabilities for wide-
band PAs [6]. The baseband equivalent PA input and output
are then expressed as

I[n] = ;pl[n]ejwan + xg[n]efj‘*’”” 1)
P
yln] = Z: fpln] * (g;[n] |x[n]|p_1) )

where 21 [n] and x5 [n] denote the baseband component carrier
waveforms and P denotes the polynomial order. Substituting
(1) in (2), the baseband equivalent positive and negative IM3



components, located at 3w and —3w;F respectively in the
composite signal, read

yIMS+ [n] = 3IMS+ [n] % I%[n]l"; [n] + 3f51M3+ [n] (3)
sl o] [oafnl|” + 24 o] * ad s ] laa o]
yIM3- ] = f?fM?’— [n] % % [n]x2[n] + 3f;M3‘ [n]% @

wilnla3[n] o (0] + 265" [n] x i [nlas{n) [aa(n]
where nonlinearity orders up to P = 5 are considered, and

AM3 ) fIM3% ) are the corresponding baseband equiv-
alent filters modeling the PA’s frequency-responses for 37
and 5" order nonlinearities at positive and negative IM3
bands, respectively, defined as f?{ M3tin] = hpprln] *
(fS[n]quj3w1Fn) §f51M3i [n] _ hLPF[n] * (f5[’n]8q:j3w1Fn).
For simplicity, we assume below that the positive IM3 term
y!M3+[n] appears at the RX operating band and thus focus
on its further modeling and cancellation.

The PA output signal then passes through the duplexer to
the antenna. A duplexer is constructed with two band pass
filters. In the transmitter path, the transmitter duplex filter
tries to attenuate the unwanted emissions outside the transmit
band, especially the transmitter noise from PA present at the
receiver frequency band. The receiver duplex filter then atten-
uates the transmitter passband signal leaking into the receiver
chain. With finite attenuation of duplexing filters, transmitter
spurious emissions are not completely suppressed and thus
cause self-interference at RX band.

At the receiver input, the baseband equivalent positive
IM3 component leaking into the RX band after passing
through the cascade of transmitter and receiver duplexer
filters can be mathematically expressed as

Yiear " [n] = hp[n] x (y3+ [nle/®m) . (5)
The cumulative duplexer filter response from TX-RX leak-
age perspective, denoted by hp[n] in the above equation, is
defined as

hln] = ¥ n] x (B5X [n]e=7CGrr=2) (6

where hE5X[n]; hEX[n] represent the baseband equivalent
lowpass models of the bandpass TX and RX duplexer filters,
respectively. In addition to the transmitter spurious emis-
sions, the desired received signal, denoted by sp[n], and the
thermal noise, denoted by w[n], are also present. Thus, the
baseband equivalent composite received signal at the receiver
input is

rln] = spln] + Y 0] + wln). )
This signal is subsequently down-converted from RF to base-
band by the receiver local oscillator (LO), followed by the
channel selection filtering (CSF), denoted here by heosr(n].
The baseband signal at the CSF output is then given by

rpp[n] = hosrln] xr[n] = spn] + ygz\/[;g[n] +wpp[n]

®)

where y1 s n] 2 hesrln] * yi M3+ 0] denotes the un-

wanted spurious IM3 in the RX baseband and wppln] =
hesr * wln] is the filtered inband noise.

As discussed already earlier, the transmitter duplexer
filter may not have sufficient attenuation to push the trans-
mitter spurious emissions below the thermal noise floor in
the transceivers of next generation wireless systems such as
LTE-A. Hence, in the following, we develop an efficient dig-
ital technique for dynamically regenerating the spurious IM3
component at the RX band and then subsequently suppressing
it inside the FDD transceiver.

3. PROPOSED SPURIOUS IM3 REGENERATION
AND CANCELLATION

Stemming from previous modeling, we now address the re-
generation of positive spurious IM3 emission and its cancel-
lation. The proposed framework appropriately estimates the
effective IM3 channel, a cascade of unknown duplexer filter
responses and the unknown nonlinear PA with memory at
positive IM3 band. The estimated effective IM3 channel fil-
ters together with the known transmit data are used to create
a replica of transmitter spurious emission at IM3 band.

3.1. Linear-in-Parameters Model of Spurious IM3

We first write the spurious IM3 emission term ygjgg[n] in

(8) in its equivalent form as
IM3 IM3
erBE [’I’L] :hCSF [’IL] * Yieak " [n] (9)
=h™?[n] * v3[n] + hg™3[n] x ¢s[n]
where h/M3[n], p = 3,5 denote the effective IM3 channels,

with subscript p representing the 3"¢ and 5! order PA non-
linearity filters, defined as

;2 (o] £ 2 (o] £ )
, _ (10)
") 2 &8 (holi] « £ n]).

and the known component carrier baseband waveforms, du-
plexing distance, and CSF filter response are combined to-
gether to form the modified filtered basis functions, defined
below as

Y3[n] 2heseln] « (230

5 11
Ps|n] éhCSF[n] . ( nlxs[n] |z n]22+> idwn (1)

With the linear-in-parameters model at last row of (9), the pro-
posed IM3 regeneration and cancellation algorithm requires
only estimation of the coefficients of effective IM3 channel
filters h\*3[n], as other parameters such as the duplexing dis-
tance, digital transmit data, and the CSF filter response are
known inside the transceiver. The principal regeneration and
cancellation structure, stemming from above formulation, is
also illustrated in Fig.2. Notice that the sample rate in the



modified filtered basis functions generation is only relative to
bandwidths of the individual component carriers instead of
the total aggregate bandwidth as in [8]. Furthermore, the can-
cellation is performed at the sample rate of the receiver chain.

3.2. LS Estimation of Effective IM3 Channel Filters

For parameter estimation of effective IM3 channels, we
switch to vector-matrix notations and consider /N —samples of
each CC. By modeling both nonlinearity orders with Vj,-taps,
the effective IM3 channel filter vector is then of dimension
2N}, x 1. The spurious IM3 term in (9) then takes the form

Bl M3+

IM3 IM3 n
Yiapp = Pshy 7+ Wshy T = [@y W] [hZsz

— Qh!M3+
(12)

MHz, and subcarrier modulation is QPSK. In the transmitter
chain, PA with memory is modeled as a 5" order Wiener sys-
tem with a linear filter, whose impulse response ish, ;... =

[1 0.2 0.34 0.068 0.0136 0.0027 O.OOOS]T, and
the memoryless nonlinearity coefficients are calculated from
PA gain, IIP3, and 1—dB compression point, which are 20
dB, 17 dBm, and 26 dBm, respectively. The mismatch be-
tween actual and assumed PA model is to mimic a practical
scenario. The duplexer filter is modeled to have an average at-
tenuation of 50 dB at the IM3 band, containing also frequency
selectivity. We assume that the frequency separation between
the center frequencies of positive IM3 component and the
desired RX signal is Af = 2 MHz. The RX signal is an
LTE-A downlink OFDM(A) signal with 50 RBs, QPSK sub-
carrier modulation. The reference thermal noise power level
at receiver input is assumed to be —104 dBm per 10 MHz
bandwidth, RX noise figure (NF) is 4.5 dB, and the reference

where ¥, p = 3,5, in W is a matrix of dimension (N + Nj, — 1) sensitivity level is —93.5 dBm. For the estimation and can-

Ny, defined as

[ pl0] 0 0 |
T/Jp[l] %[0] e 0
: 0 e 0
v, = Pp[N —1] : :
0 %[N— 1] ¢p[N_ Nh}
0 0 Yp[N — Nj, + 1]
L0 0 Gp[N =1] |
(13)
The total baseband received signal then becomes
rpp =sp+ WhiM3 L w, (14)

Now, to estimate the effective IM3 channel parameters, we
re-write (14) as

rpp = Phi"3+ 4w, (15)

where W, = s,,+Wp 5. The LS parameter estimate of h’*3+
is then given directly by [9]

R —1
Finally, the estimates of effective IM3 channel filters are then
used in the spurious IM3 emission regeneration and cancella-
tion, as shown in Fig. 2.

4. SIMULATION RESULTS

In this section, we demonstrate the effectiveness of the pro-
posed estimation and cancellation algorithm in a dual-carrier
CA FDD transceiver. The simulation chain is set up ac-
cording to Fig. 2, where the baseband transmit signal is a
dual-carrier LTE-A uplink SC-FDMA signal. Each CC is
allocated 50 resource blocks (RBs) that are separated by 50

cellation processing, we use sampling frequency fs = 30.72
MHz which is only 2 times the nominal baseband sampling
frequency of the individual TX and RX carriers. A block of
50 k samples of filtered baseband received signal rzz and
the modified filtered basis function W are used for estimating
the effective IM3 channel parameters, which is modeled with
16—taps (N, = 8). The estimated filter parameters are used
to regenerate the interfering IM3 component which is then
subtracted from the composite baseband received signal.

In Fig. 3, we plot the essential power spectra before and
after the proposed digital cancellation. The actual received
signal and noise, both of which are ON during the param-
eter estimation, are also shown in the figure. It can be ob-
served that with small duplexing distance and finite duplexer
isolation, the strong spurious IM3 completely masks the re-
ceived signal and corrupts the reception heavily. However,
the proposed technique is able to push this undesired self-
interference below the thermal noise floor in the receiver band
when a proper set of nonlinear filters is used. It is interesting
to note that considering only the third order PA nonlinear-
ity already gives substantial improvement in performance but
there is still some residual interference left in the RX signal
band. Whereas, taking into account also the fifth order PA
nonlinearity at IM3 band effectively mitigates the total inter-
ference.

To further quantify the performance, the desired received
signal-to-interference plus noise ratio (SINR) is evaluated
against different TX power levels. The SINR curves with
different RX signal levels are depicted in Fig. 4. The results
indicate that for transmit power levels less than 12 dB, the
power of interfering spurious IM3 at the receiver band is
negligibly small and does not deteriorate SINR. However,
higher transmission levels generate more powerful spurious
IM3 component which consequently degrades the receiver
SINR. Nevertheless, the proposed technique is able to reduce
the interference and to enhance SINR. With practical 23 dBm



TX power, the difference between interference free SNR and
SINR with interference is about 30 dB. This difference re-
duces to less than 1 dB when the cancellation technique is
employed. Furthermore, note that for TX powers > 21 dB,
both 37¢ and 5" order PA nonlinearities should be considered
in the estimation and regeneration to effectively remove the
interference. The simulation example further demonstrates
that the proposed technique is able to efficiently estimate the
IM3 leakage filters even in the presence of strong RX signal.
Thus, the effectiveness of proposed solution is evident.

5. CONCLUSION

This paper addressed the problem of spurious IM3 emissions
at receiver band in CA FDD transceivers. More specifically,
the combination of small duplex gaps, practical PAs exhibit-
ing memory effects, and practical duplexers with limited iso-
lation may result in significant spurious emissions falling at
the RX band and can easily lead to own receiver desensiti-
zation. A nonlinear estimation and regeneration procedure
was proposed, where first the unknown duplexer response and
unknown nonlinear PA with memory response at IM3 band
are estimated, and then used to reproduce and suppress the
unwanted spurious IM3 components at own receiver digital
baseband. This enables efficient mitigation of spurious IM3
emissions hence relaxing duplex distance and duplexer filter-
ing requirements and thereby increasing the flexibility of the
transceiver. The proposed technique was evaluated with com-
puter simulations showing that spurious emissions can be ef-
fectively suppressed below the noise floor. Future work will
focus on a prototype implementation and RF measurements
to demonstrate the suppression properties of the proposed al-
gorithms with real RF duplexers and PAs.
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Channel Estimation and Equalization in Multi-User
Uplink OFDMA and SC-FDMA Systems Under
Transmitter RF Impairments
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and Mikko Valkama, Member, IEEE

Abstract—Single-carrier frequency division multiple access
(SC-FDMA), a modified form of orthogonal frequency division
multiple access (OFDMA), has been adopted as the uplink phys-
ical layer radio access technique for the 3GPP Long Term Evo-
lution (LTE) and LTE-Advanced. Radio transceiver implementa-
tions for such OFDM-based systems with the direct-conversion
architecture are desirable to enable small size, low-cost and low
power consumption terminals. However, the associated circuit
impairments stemming from the processing of analog radio
frequency (RF) signals, such as in-phase and quadrature phase
(I/Q) imbalance and carrier frequency offset (CFO) errors, can
severely degrade the obtainable link performance. In this paper,
we analyze the effects of these radio impairments in multi-user
SC-FDMA uplink system , and present digital signal processing
(DSP)-based methods for the joint estimation and equalization
of impairments and channel distortions on the receiver side with
arbitrary number of receiver antennas. For the equalization,
linear equalizers such as the zero-forcing (ZF) and the minimum
mean-square error (MMSE) equalizers that utilize pairs of
mirror subcarriers are formulated, and the MMSE equalizer
is developed to effectively handle mirror sub-band users with
different power levels. Furthermore, for reduced computational
complexity, the joint channel and impairments filter responses are
efficiently approximated with polynomial-based basis function
models. The parameters of the basis functions are then estimated
by exploiting the time multiplexed reference symbols in the LTE
uplink sub-frame structure. The performance of the proposed
estimation and equalization methods is assessed with extensive
multi-user link simulations, with both single-antenna and dual-
antenna base station receivers, and the results show that the
proposed algorithms are able to significantly reduce the impact of
channel distortions and radio impairments. The resulting receiver
implementation with the proposed techniques enables improved
uplink link performance even when the mobile terminals fulfill
their emission requirements, in terms of I/Q images, without any
changes in the LTE standard’s frame and pilot structures.

Index Terms—CFO, channel estimation, direct-conversion
transceivers, I/Q imbalance, intercarrier interference (ICI), inter-
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user interference (IUI), least-squares (LS) estimation, long term
evolution (LTE), minimum mean-square error (MMSE) equaliza-
tion, orthogonal frequency-division multiple access (OFDMA),
single-carrier frequency-division multiple access (SC-FDMA),
SIMO, zero-forcing (ZF) equalization.

I. INTRODUCTION

HE next generation of wireless systems is expected to
Tprovide enhanced data services to users by employing
higher data rates and higher bandwidths. This drives the need
for increased flexibility in RF spectrum use together with
the use of higher order modulation techniques. In recent
years, orthogonal frequency division multiplexing (OFDM)
has received much attention as a physical layer technology for
the future wireless systems, and is being adopted in existing
as well as emerging communication systems, such as WLAN
IEEE 802.11a/g/n/ac [1], WIMAX IEEE 802.16 [2], DVB-
T [3], DVB-H [4], and 3GPP LTE [5]. In the context of
3GPP LTE (Third Generation Partnership Project Long Term
Evolution), the target data rates are 100Mbps in downlink
and 50Mbps in uplink, and other system features include
flexible bandwidths, and moderate power consumption of mo-
bile terminals [5],[6]. While the previous 3GPP generations,
namely 3G UMTS and 3.5G HSPA, rely on code division
multiple access (CDMA), LTE adopts orthogonal frequency
division multiple access (OFDMA) based technologies for its
uplink and downlink [6]-[7]. Due to high peak-to-average
power ratio (PAPR) of OFDMA signals, the single-carrier
frequency division multiple access (SC-FDMA), also known
as DFT-spread OFDMA, has been selected for the uplink
transmission in 3GPP LTE systems. SC-FDMA has similar
throughput performance as OFDMA but with lower PAPR to
increase power efficiency, and is less sensitive to frequency
synchronization errors, which makes it favorable for mobile
terminals [5]-[7].

Meanwhile the implementation of radio devices with low-
cost, small size, and low power consumption transceiver archi-
tectures is desirable for mass production. Among several radio
architectures, the direct-conversion (or zero-IF) architecture
represents the most promising solution, offering the advan-
tages of low power consumption and small size by avoiding
bulky image rejection filters, and consequently decreasing
cost, size, and hardware complexity of the transceiver [13],
[14]. One performance limiting issue of the direct-conversion



architecture is, however, its vulnerability to unavoidable hard-
ware inaccuracies, stemming from the impairments of analog
RF components. The most pronounced radio impairment in
direct-conversion architecture based radios is in-phase and
quadrature-phase (I/Q) imbalance, i.e., amplitude, phase, and
impulse response mismatches between the I- and Q- branch
signals [15]-[21]. Such I/Q imbalances result in mirror fre-
quency interference between the subcarriers located symmetri-
cally around the center frequency, and depending on the user’s
spectral location cause inter-carrier interference (ICI) through
own signal image or inter-user interference (IUI) through
the image signal of users located on the mirror sub-bands.
The minimum uplink I/Q image suppression defined in the
current 3GPP standardization is only 25 dB [9],[10] which,
as also verified with simulations in Section VI, can form a
performance bound in uplink transmission. This is due to the
fact that considerable power level differences may exist among
the uplink users and the powerful users may cause strong
interference to weak users located on mirror band. Therefore,
extra enhancement at the base station (BS) RX side is an
interesting option to improve the link and system performance,
as mobile transmitter vendors anyway only seek to comply
with emission specifications which, as described above, are
fairly loose from the I/Q imaging perspective.

While the direct conversion radios are vulnerable to I/Q im-
balance, OFDM-based systems are also sensitive to frequency
synchronization errors, often called carrier frequency offset
(CFO). The CFO arises due to the misalignment between
TX and RX local RF oscillators and/or mobility of users,
and destroys orthogonality between subcarriers. For an uplink
scenario, each user experiences different CFO which leads to
ICI as well as IUI [25]-[27]. It is worth noting that the 3GPP
LTE standardization dictates fairly tight synchronization of the
mobile terminal’s local oscillators (LOs) to the base station
LO and the specified maximum transmitter LO error is only
+0.1ppm of carrier frequency [9], [10].

The presence of radio impairments also complicates the
fairly simple task of channel estimation, where now the overall
effective channel with TX and RX impairments included must
be estimated and equalized to recover the transmitted data.
In general, there exists abundant literature on the digital
estimation and compensation of RF impairments in OFDM
systems, see e.g. [15] - [17] and references therein for such
joint estimation and compensation techniques. The I/Q imbal-
ance correction approaches proposed in these references are,
however, not applicable to the multi-user uplink OFDMA type
systems, because 1/Q imbalances in uplink induce both ICI and
IUI between mirror sub-band users, as opposed to classical ICI
in OFDM systems. The effect of I/Q imbalances in multi-user
SC-FDMA and OFDMA systems has been considered to some
extent in recent literature, e.g. in [18] - [24], but, as elaborated
below, have limited application in practical systems such as
LTE where flexible bandwidth assignment and fast scheduling
results in (i) possible reallocation of bandwidths and subcarrier
locations of each terminal every 1 msec and (ii) possibility of
having multiple mirror band terminals simultaneously. In [18],
the channel and TX I/Q imbalances are estimated and equal-
ized in OFDMA systems using a group of mirror subcarrier

pairs located symmetrically around the center subcarrier. This
technique has poor spectral efficiency due to large number of
specific pilots being used for the efficient channel estimation,
and also LTE standard does not support such pilot structure.
The effect of IUI due to TX I/Q imbalances in OFDMA
and SC-FDMA systems is discussed in [19] and a widely-
linear minimum-mean square error (WLMMSE) equalizer is
proposed when channel and TX I/Q imbalance parameters
are known at the BS RX. The authors have also proposed
a subcarrier mapping scheme to avoid IUI created by the
TX I/Q imbalances. The subcarrier mapping scheme cannot
be deployed in, for example, uplink 3GPP LTE systems
where localized subcarrier mapping is adopted and multiple
users are sharing the whole bandwidth. Also, with known
TX I/Q imbalance parameters at the receiver, [20] proposed
a turbo equalizer for the multi-user multiple input multiple
output (MU-MIMO) SC-FDMA systems. Additionally, only
frequency independent I/Q imbalance models are considered
in [18] - [20] which limits their applicability in wideband radio
systems. A circularity based compensation scheme for receiver
I/Q imbalance in SC-FDMA systems is presented in [21]. The
impact of joint frequency selective TX and RX I/Q imbal-
ances on the error vector magnitude (EVM) is investigated in
[23], but no estimation or compensation method is proposed.
Recently, a joint channel and I/Q imbalance and propagation
delay estimation technique for multi-user asynchronous uplink
OFDMA systems is proposed in [24] but assumes distributed
subcarrier assignments with mirror subcarriers being always
allocated to the same user.

In this article, in multi-user system context, uplink SC-
FDMA channel and impairment estimation techniques are
proposed when frequency-selective TX I/Q imbalances and
small CFOs are present, being generally different for different
terminals. The estimation and compensation are carried out
at the base station RX by utilizing its computing resources,
therefore having no effect on the cost of the mobile terminals.
The focus is on uplink SC-FDMA systems, nevertheless, the
proposed methods are also equally applicable to OFDMA
systems, as long as the system employs time multiplexed pilots.
We capitalize on the preliminary work in [22] (where a com-
pensator structure for the mitigation of TX I/Q imbalances and
small CFOs was initially presented) and develop joint chan-
nel and impairment estimation techniques. The treatment for
the joint estimation and compensation of channel distortions
and radio impairments presented in this paper is essentially
LTE standard-compliant and has several advantages over the
existing literature. The main contributions are summarized as
follows:

1) An analytic expression for the received signal as a func-
tion of the transmitted uplink signals, the TX-RX I/Q
imbalances, CFOs, and channel distortions is derived.
This mathematical framework provides deep insight into
the detrimental effects of these radio impairments on the
performance of multiuser radio systems, particularly of
TX I/Q imbalances. It is further shown that the signal
model can be simplified, by invoking practical consid-
erations of small uplink CFOs and RX I/Q imbalance



2)

3)

compensation a priori. This simplified model is then
used to derive efficient joint estimation and equalization
algorithms. These working assumptions are strongly
motivated by 3GPP standardization specifications for
mobile transmitters [9],[10], in terms of I/Q imaging
and carrier frequency synchronization.

A compensation structure is presented that utilizes pairs
of mirror subcarriers, and two alternative joint channel
and impairment equalization schemes, stemming from
the zero-forcing (ZF) and minimum mean-square error
(MMSE) principle, are discussed. The joint mirror car-
rier MMSE equalizer is derived to effectively handle
the situations when uplink mirror sub-band users have
different power levels, and is shown to be function
of joint channel and impairments filter parameters and
the mirror channel signal-to-noise ratios (SNRs). The
presence of power level differences among uplink users
is a practical scenario (e.g. the inband dynamic range
for a 3GPP LTE BS RX is 21.5 dB [12]) whereas
the existing equalization methods for multiuser uplink
systems, such as in [18]-[20], assume equal average
received power at the BS RX. The proposed estimation
and equalization schemes are also generalized to multi-
antenna receiver systems, which in practice can provide
significant performance gain over the single-antenna
receiver systems.

The estimation of channel distortions and impairments
under TX I/Q imbalances and small CFOs is carried out
jointly using embedded LTE reference symbols in a sin-
gle uplink signal sub-frame, covering all simultaneously
scheduled terminals. In practice, the joint estimation of
channels with TX I/Q imbalances and small CFOs is
very challenging due to large number of parameters
to be estimated and insufficient number of equations
to solve for the estimation parameters. In the existing
literature, it is often assumed that the joint channel and
impairment responses are known (e.g [19] and [20])
or a large number of specifically designed pilots are
utilized for estimation (such as in [18]). In contrast,
the leading principle for the joint estimation, in this
paper, is to reduce the number of essential parameters
by characterizing the channel and impairment filters with
basis functions models, where the filters are equivalently
expressed as products of known basis function matrices
and unknown small size coefficient vectors. Three dif-
ferent basis function models, namely polynomial, piece-
wise polynomial, and splines, are discussed, and it is
shown that the basis function model yields an efficient
and feasible estimation solution, supporting parameter
estimation with LTE-compliant reference symbol struc-
ture. The base station RX then performs the estimation
of the coefficient vectors for all simultaneously sched-
uled user equipments (UEs) using least-squares (LS)
model fitting principle. The performance of all different
estimation and equalization algorithms is evaluated with
extensive computer simulations. The obtained results
indicate that the proposed algorithms can effectively
reduce the impact of channel distortions and radio

impairments. Furthermore, they can be directly applied

in the base station RXs without any modification in the

design of RF transceiver or in LTE standardization.
Preliminaries: The notations used in this paper are as follows.
Time domain quantities are represented by lower case letters
a and frequency domain quantities with upper case letters A.
We denote time domain vectors/matrices by a/a, while the fre-
quency domain vectors/matrices are represented by A/A. Su-
perscripts ()7, () and (.)* denote the transpose, hermitian
transpose, and conjugate of a vector, a scalar, or a matrix, re-
spectively, while (.)~! denotes matrix inverse. The convolution
operation is indicated by * and the operators IE [.] and |.| denote
the expectation and the absolute value, respectively. Iy and
0y denote the N x N identity and all zeros matrices, respec-
tively. If A = [A(1) A(2) A(N/2) AN)T
is a frequency domain vector with N subcarriers then
A* = [A()" A(N)* A(N/2)* A2)1]" de-
notes the conjugate of the mirror subcarriers vector. Diag (.)
and BDiag(.) denote square diagonal and block diagonal
matrices, respectively.

The rest of the paper is organized as follows. Section II
introduces the essential signal models. In Section III, we
describe the joint mirror subcarrier ZF and MMSE equaliza-
tion schemes for receivers with arbitrary number of receiver
antennas. In Section IV, the basis function approximation of
direct and mirror channel filters is formulated and different
basis function models and their comparison are presented. In
Section V, we first shortly review the LTE frame and reference
symbol structures, and then describe in detail the proposed
estimation methods. The performance analysis and comparison
of proposed estimation and equalization algorithms are given
in Section VI, and finally the conclusions are drawn in Section
VII. Some further details of the MMSE equalization are given
in Appendix.

II. MULTI-USER UPLINK SIGNAL MODELING UNDER RF
IMPAIRMENTS

The system model of multi-user uplink SC-FDMA radio
link with radio impairments, channels, and the corresponding
estimation and compensation blocks is shown in Fig. 1. We
assume that U-users are communicating simultaneously with
a single BS RX with Ngpx receiving antennas through their
independent multi-path channels. For notational simplicity, we
present below the received signal models from an arbitrary
receiver antenna perspective.

A. Principal Signal Models

Assume that each user transmits its data in a single uplink
subframe using one or more resource blocks (RBs), where a
resource block size N2 occupies twelve subcarriers in LTE.
For a user-i, a block of N; = m; NEE m; € {1,2,---} data
symbols s = [s%(0),s'(1),---s*(N; — 1)}T drawn from a
quadrature amplitude modulation (QAM) constellation is first
transformed to the frequency domain by means of an /V;-point
DFT, such that

N;i—1
0<kK<N;—1. (1)
p=0
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base station receiver.

The output sample S°(x) is mapped to the k" OFDMA
subcarrier, denoted here as X*(k) = S%(x) such that k € T';,
where T denotes the N; element set that contains the indices
of subcarriers allocated to it"-user. The subcarrier sets satisfy
Iy T = 0 if i # j. If the elements in 'y, are arranged
consecutively then the subcarrier assignment is referred to as
localized mapping. Otherwise, it is called distributed mapping.
In this work, we study the SC-FDMA system with localized
subcarrier mapping which is the current subcarrier mapping
scheme in 3GPP LTE [6], [7], [11]. The subcarrier mapping is
followed by an M -point inverse fast Fourier transform (IFFT)
to convert the data into a time domain signal. After the cyclic
prefix (CP) insertion of length Ny, the time domain signal for
a user-; can be written as

pi(t) = Y Xi(k)el> i,

kery,

—N, <t<M—1.

2)
The complex baseband signal travels through the RF module
for up-conversion where it is distorted by the TX I/Q imbal-
ance. The baseband equivalent of the impaired TX RF signal
can then be expressed as [15]-[17]

9

#(t) = gip(t) x ' (t) + gor (t) x ' ()" 3)

with the complex imbalance filters gi (), gop(t)
of theA ith-user’s X front-end, defined aAs
gir(t) = [0(t) + gexp(jo7)hp(t)] /2 and gip(t) =

[6(t) - ghreap(jo )R (D] /2 with  6(2), gh, o, hi(2)
denoting the unit impulse function, gain imbalance, phase
imbalance, and relative non-ideal impulse response between
the I- and Q- paths of the modulator, respectively, and
where §(t) denotes an impulse function [17]. The signal then
propagates through a multi-path block fading channel whose
delay spread is assumed to be shorter than the CP length. The
overall received signal is composed of the signals received
from U-users and additive noise, written as

r(t) =Y _r'(t) +n(t) )

i=1

with
Nep—1

> Rt 1)
1=0

where n(t) is the additive white Gaussian noise (AWGN) with
zero mean and variance o2, h(l) denotes the i‘" user channel
impulse response with N, complex taps, and r¢(t) is the
received signal of i*" user.

ri(t) = 5)

Assuming that the local oscillator in the base station is
not perfectly synchronized with the oscillators in the UE,
there exist CFOs. Assume further that the BS I/Q down-
conversion stage is not ideal and also induces 1/Q imbalance.
The composite received signal in (4) can then be re-written as

U j2melt
y(t) :glR(t) * <Z Ti(t)ej M ) +
i=1

v j2mett :
ggR(ﬁ) * (Zri(t)ej M ) + ’ﬁ,(t)

where € is the normalized CFO of i*"-user relative to the sub-
carrier spacing, g1z (t); g2r(t) are RX complex imbalance fil-
ters, defined as g1 () = [0(t) + grexp(—jdr)hgr(t)] /2 and
gar(t) 2 [5(t) — greap(jor)hr(t)] /2 with gr, on. ha(!)
denoting the gain imbalance, phase imbalance, and relative
non-ideal impulse response between the demodulator’s quadra-
ture branches [17], and n(t) = g1g(t) * n(t) + gar(t) * n(t)*
is the noise term under RX I/Q imbalance. The frequency
domain baseband signal of the user-i at the k" subcarrier after
CP removal, FFT, and subcarrier demapping is then given by
(7) [22], where —k = M — k denotes the mirror subcarrier,
superscript m refers to the user located on the mirror sub-
band of user-i, H*(k), H™(k) are the channel responses of
user-i and user-m at the k‘" subcarrier, G% . (k), Gbp (k) are
the frequency domain responses of the TX I/Q imbalance
filters of user-i, G1r(k), Gar(k) are the frequency domain
responses of the RX I/Q imbalance filters, and Ni(k) =
G1r(k)Ni(k) + Gar(k)N™(—k)* represents the noise at k"
subcarrier of ' user under RX I/Q imbalance. The CFO

(6)
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leakage coefficients in (7) are defined as denote the direct and mirror channel responses of user-i,
M1 respectively, and N*(k) represents noise at k' subcarrier of
Ql, k, €' = 1 Z ed2m iy (e’ —k) (8) ith-user, assuming calibrated RX I/Q imbalance.
M 9=0 Sidenote about OFDMA: SC-FDMA is in general a modi-

B. Impact of Radio Impairments and Simplified Signal Model

Equation (7) describes the IUI generated by the image of
mirror user m as a result of TX and RX I/Q imbalances and
CFOs, as well as the ICI generated by the " user itself
as a result of CFOs. In general, the focus in this article is
on the uplink transmission impaired by the transmitter RF
imperfections. The related topic such as RX I/Q imbalance
is out of the scope of this paper and is thus assumed reason-
ably well compensated, using, e.g., the technique presented
in [21], [28] that can blindly compensate for the RX 1/Q
imbalance even in the presence of TX I/Q imbalances and
CFOs. However, to realistically quantify the results, the effect
of a calibrated residual RX I/Q imbalance with an image
rejection ratio (IRR) of 55 dB [21], [28], [29] is included
in the performance simulations later in this paper. Moreover,
following the guidelines of 3GPP LTE specifications for the
uplink carrier frequency synchronization error, we assume that
the CFO is relatively small, i.e., £0.1 ppm of carrier frequency
[9], [10]. Hence, CFO does not induce considerable ICI from
user’s own neighboring subcarriers as well as negligibly small
IUI because most of the interference energy originates from
the neighboring subcarriers which are allocated to the same
user in localized mapping and affects much less the users
located far away [23], [25]. All these assumptions are plausible
for the uplink transmission and simplify equation (7) to

Yi(k) ~H' (k)G (k)X (k)Q(k, k, ')+

™ (R) G ()X (—K) Qb b, ) + N (k)
which can also be written in its equivalent form as
Y'(k) = X'(k)Gp(k) + X" (k)G (k) + N'(k)  (10)
where
G (k) 2 H' (k)G (k) Ok, k. ')
Gy (k) 2 H™ (R)GF (DR, k™)

fied form of OFDMA that employs single carrier transmission
by pre-coding the data symbols with DFT. Due to the close
resemblance between SC-FDMA and OFDMA systems, the
above formulated signal models can be directly used also in
the context of OFDMA with the substitution S%(k) < s*(n).
In addition, since the proposed estimation and equalization
are carried out in the frequency domain after the M —point
FFT calculation at the RX, the subsequent algorithms are also
applicable to uplink OFDMA systems.

Next, we formulate the channel and impairment effects over
the user bandwidth with vector-matrix algebra, and describe
the impact of IUI due to TX I/Q imbalances in multi-user
system context, incorporating also the flexible bandwidth
allocation aspect which in general leads to scenarios where
a single UE may have multiple UEs at its image band.

C. Role of TX I/Q Imbalances

We now switch to vector-matrix notations, and de-
note the M samples of frequency domain composite re-
ceived signal vector after CP removal and FFT by Y =
[Y(0) Y(1) Y(2) Y(M — 1)]T. The received sig-
nal vector of user-i, denoted by Y* and containing the samples
of (10), is obtained by left multiplying the composite received
signal vector Y with the demapping matrix for user-¢, denoted
by M’, which has following form

M = ONix(Fﬁ\,(l)fl) I xn, ONix(]vlngv(Ni))}- (11)

Then, the vector Y' of samples of the signal in (10) is given
by

Y =MY-XG+M (X6 ) +N
=XG' +N

=X'G} + X" G + N

where

X2

1>

(6" @) -

xi x| 6



(a) without I/Q imbalance

(b) with I/Q imbalance

Fig. 2. Example spectral illustration of seven uplink users (different colors) in localized mode with different bandwidths and power levels. The image signal
of a user produced due to TX I/Q imbalance (shown as dashed lines) appears at the mirror sub-band and causes interference to user(s) located at that band.
Note that depending on the bandwidth allocations, an individual user can be subject to IUI from many users.

In (12), X and X™" are diagonal matrices of DFT pre-coded
transmitted data symbols of dimension NN; x N; and the direct
and mirror channel filter vectors G}, and G, are of length
Ni x 1.

In the context of multi-user uplink transmission, the exact
structure of the matrix X™" and the vector G, depends on
the bandwidth occupancy of direct and mirror channel users.
In the example case depicted in Fig. 2, the wideband user-3
(dark red) has more than one user on its mirror band, and
thus the overall interference comes from user-4 (black) and
partially from user-5 (green), both of which have generally
different power levels. The narrow band users, in turn, have
the interference coming from the wideband user. In order to
model such a general scenario where the bandwidths of uplink
users are not equal, we denote the number of users located
on the mirror sub-band of user-¢ by N,. This results in the
following structure of X" and G

o <) ) )]
w=lle)” o) )]

This implies that for decoding an individual terminal signal,
the mirror channel responses and transmitter impairment pa-
rameters need to be estimated for multiple mirror UEs.

13)

The above discussion assumes that with current I/Q imaging
and CFO specifications in the 3GPP LTE standardization for
user equipments, the TX I/Q imbalances are expected to play a
bigger role than CFOs. This will also be verified with link level
simulations in Section VI. In general, the presence of channel
distortions and radio impairments causes severe performance
degradation in LTE uplink and it is therefore imperative to
estimate and thereafter compensate them to minimize their
impact. We first formulate the compensation solutions with
known parameters in Section III below, and address then the
challenging multi-transmitter parameter estimation with LTE
compliant reference symbols in detail in Sections IV and V.

III. JOINT EQUALIZATION OF TX I/Q IMBALANCES,
SMALL CFOS, AND CHANNEL DISTORTIONS

The task of the equalizer is to reconstruct the frequency
domain symbol X(k) in (10) from the impaired received
signal Y?(k). As we have observed, the TX I/Q imbalance
causes interference between the users located on mirror sub-
bands, hence we propose to construct a fotal channel matrix
that consists of the channel and impairment responses from the
users on mirror sub-bands, and eliminate the impairments by
processing the mirror channel subcarrier pairs of the received
signals. In order to build such a channel matrix, we stack
the i'"-user received signal at k*" subcarrier Y?(k) and the
complex conjugate of its mirror subcarrier Y (—k)* as

Y(k) = G(k)X(k) + N(k) (14)
where
Y(k) 2 [Yi(h) y™(—k)]"
X(k) 2 [xXi(k) x™(—k)"]"

The total channel matrix (N}(k:) represents the joint effect of TX
I/Q imbalances, small CFOs, and channel distortions for the
received signals at mirror subcarriers. When the coefficients
of G(k) are known, the transmitted data symbols can be
estimated by employing a linear equalizer such as the ZF
equalizer or the MMSE equalizer. In the following subsections,
we shortly formulate the principles of these linear equalizers.

A. Joint Mirror Carrier ZF Equalizer (J-ZF eq.)

The ZF equalizer nulls the impairments and channel effects
by applying the inverse of total effective channel matrix to the
received signal. The J-ZF equalizer builds on the inverse of
the matrix G(k) and processes the mirror subcarrier pair as

o] = P [

=1 Yi(k) ] .

(15)
=G (k) |:Ym(—/€)*



In favorable channel conditions, the J-ZF equalizer efficiently
eliminates the undesired effect of impairments and channel
distortions. However, it is known to suffer from the noise
enhancement problem where the additive noise in the re-
ceived signal is strongly increased and degrades the equalizer
performance heavily. Contrary to OFDM systems, the IDFT
operation in SC-FDMA systems spreads the noise over all the
symbols and noise amplification for deep fades has greater
impact on the performance [8].

B. Joint Mirror Carrier MMSE Equalizer (J-MMSE eq.)

Alternatively, we can employ the MMSE equalizer prin-
ciple which, in addition to the channel matrix, utilizes the
information of signal-to-noise ratio (SNR) of mirror users to
jointly equalize the radio impairments and channel distortions.
MMSE equalizer alleviates the noise enhancement problem
associated with the ZF equalizer. It uses an equalization filter
W mrse (k) which filters the received signal as

XJiWMSE(k) W Yi(k)

N =Wy k , . 16
[XAH/}MSE(k)* mase(k) Ym(—k)* (16)
The filter W mmse(k), derived in the appendix, minimizes the
mean-square error (MSE) between the DFT spread transmitted

samples and the DFT-spread equalized samples, and is of the

following form
(=[S

i X CHNT A7)
(k) Gy (k) TT"((k)k)]>

m T (=k
GB(—k) T

01|

Warnrse(k) = <

where Y% (k); Y™ (—k) denote the per subcarrier SNR of direct
and mirror users at k' and (—k)*" subcarriers, defined in
(A.9), and the matrix E(k) is defined by equation (A.11).

C. Extension to Multi-Antenna Receiver

While the above derivations are formulated for a single,
yet arbitrary, receiver antenna, we now consider explicitly the
case when the BS RX is equipped with multiple receiving
antennas, as shown also in Fig. 1. Thus, the signal transmitted
by a user from its antenna arrives at the RX antennas through
different channels. We assume that the channels between the
user’s TX antenna and each RX antenna are uncorrelated.
With multiple differently faded copies of the same transmit
signal, RX can then exploit diversity and thus improves the
performance considerably.

Assuming now that the RX has Npx antennas, the received
signal at k*" subcarrier of user—i and its mirror user—m in
(14) can be re-written by stacking the mirror subcarrier pairs
from all Nrx antennas as

Y, (k) Gi(k) ] N, (k)
A N - (R (18)
YNRX (k) GNRX (k> NNRX (k)
iSIJVIO(k) aSIMO(k) BSIMO(k)

where
v i m «1 T
Xx(k) = [Yx(k) Yy (=F) ]
P (k) _ { Gb,x(k) G?\/[,X(k) :|
X Gl (=k)" GB (=k) (19)
N 7 m 1T
N, (k) = [Ny (k) Ny'(=k)]
X € {172a 7NRX}'
The ZF and MMSE equalizers are then given directly by
X5 p(k) } ~H =~ -1
ot . =G (k)Gsravo(k) X
|:XZF(_k) ( SIMe ) (20)

~H ~
Gsivo(F)Ysrao(k)
and

Xi k ~ ~
{XA"}AZIA;Z?EI@))*} = Wunse(k)Ysio(k) (21

where WMMSE(]C) is given by equation (A.7). These rep-
resent multi-antenna receiver generalizations of the previous
single-antenna equalizers in (15) and (16).

In general, the representation of the total channel matrix by
merging pairs of mirror subcarriers is a widely adopted ap-
proach, e.g. the works in [15], [17], [18], and [19] use similar
effective channel matrix concept to model and compensate
for certain radio impairments. We emphasize, however, that
while the proposed J-ZF equalizer is essentially similar to the
one reported in [17]-[19], the proposed J-MMSE equalizer is
fundamentally different from the widely linear (WL) MMSE
equalizer of [19]. In [19], the WL MMSE equalizer is derived
under the assumption that uplink users have equal average
received powers. The proposed J-MMSE equalizer, on the
other hand, takes into account the power level differences
among the uplink users. Such unequal received power levels
is, indeed, a practical scenario as reported, e.g., in [12].

Above equalizer formulations in (15) - (17), (20), (21)
assume that the essential responses and parameters are known,
while in practice they need to be estimated in the receiver
simultaneously for all the active terminals. In Section IV, we
present basis function representations of the effective channel
response vectors, in order to reduce the estimation complexity.
The estimation methods are then presented in detail in Section
V.

IV. EFFICIENT RESPONSE REPRESENTATION WITH BASIS
FUNCTIONS

In this section, we describe how the effective direct and
mirror channel response filters for a signal received at an
arbitrary receiver antenna in (12) may be modeled with basis
functions, where each response filter is expressed as a product
of a basis function matrix and a coefficient vector. In the exist-
ing literature, the methods of basis functions are widely used
to estimate frequency selective and time varying channels,
e.g. see references [32], [34], [35], [36], [37]. The motivation
for this representation in the context of joint channel and
impairments responses estimation is twofold. The first is that
equation (12) cannot be even solved in its existing form
as the number of parameters to be estimated is double the



number of available equations. The other motivating factor
comes from the fact that the basis function representations
can be used to greatly reduce the size of the parameter space
and consequently the involved computations, thus enabling
efficient receiver implementation.

A. Basis Function Model for Effective Direct and Mirror
Channel Responses

Fundamentally, the subspace spanned by the basis vectors
is sufficient to approximate the responses, given that a suffi-
ciently large number of basis functions is used. This number
effectively depends on the response characteristics - the longer
the time dispersion is, the lower the correlation between the
adjacent subcarrier responses, thus generally implying a larger
number of basis functions for an accurate approximation.
Since the basis function matrix is generally known and can
be pre-calculated, the estimation problem then reduces to
estimating only the coefficient vector whose length is, in
general, considerably smaller than that of the response vectors.

A simple model of (12) based on representing the effective
channel response vectors G%, and G, with the basis functions
can be obtained as

Y = XiBini:),B + X" 3\4Q§VI,B +N

B}, Gl s
L BY, Gy »
= X'BL,G + X7 BDiag | | N
Bé\J/fvu QE,UB
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The matrices BE,B@W,B;’} are of size N; x Np;N; x
Nar; N;» x N}, respectively, that collect the Np-th; Ny-
th; and Ny, -th order basis function vectors as columns, and
vectors G 53 Gy s Q;‘}’B represent the Np X 1; Nps x
1; N}, x1 basis function coefficient vectors, respectively. It can
be seen from (22) that the procedure is to transform the N; x 1-
vectors G, G into Np x 1 and Ny x 1-vectors G, i, Giy
for the estimation purposes. We also note from (22) that there
are now NN; equations with Np + Nj; unknowns, hence given
that Np + Ny < N; the estimation problem is well-defined.

In the following, we shortly review the polynomial, piece-
wise polynomial, and splines basis models for the basis func-

tion matrices.

B. Polynomials Basis Model

One way to capture or approximate the frequency-selective
behavior of frequency responses is to project them onto a set
of polynomial basis functions for approximation [37], [39].
Using a monomial form for the basis, the matrices B, BY,
are expressed as

11 1 - 1
, 1 2 22 oNp—1
B.(N;,Np) = : (24)
: N
1 N; N? NNl
1 1 1 1
1 2 92 9Ny —1
B?\I;I(NzlpaNIZ\/[):
; N2 i\ Na—1
Lo () ()
(25)

Matrices of this form are called Vandermonde matrix and they
are increasingly ill-conditioned as the degree of polynomial in-
creases. An orthonormal set of basis vectors can be obtained by
taking the QR-decomposition of the basis matrices [38], such
that BY, = leRlb, B;’@ = x[Ré@ and (22) is transformed to

i iy i (i m¥ i @i (i i
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where
L=X'Qh; I =X"Qpr

) ~RoGhp & ~RiGlis @

~i _ ~i T
2w, v @2, (@)
and now the coefficient vectors to be estimated are ®°, and
Qﬁw The polynomial basis model approximates the effective
response with an N*" degree polynomial, and is therefore
sensitive to the choice of polynomial order. For a smoothly
varying response, the polynomial approximation is optimal.
However, if the effective response to be approximated has a
deep fade at any point in the approximation interval then the
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resulting approximation is poor [39].

C. Piece-wise (PW) Polynomial Basis Model

To overcome the limitations of polynomial basis, piece-wise
polynomial model can be used where the effective response
is sliced into small pieces and each slice is modeled with a
low degree polynomial. The piece-wise polynomial modeling
approach can better approximate a highly frequency-selective
response than the polynomial, but the size of associated
coefficient vectors is larger. In this paper, the response over
one resource block N gg , which contains twelve subcarriers
in LTE, is projected onto a small set of polynomial basis
functions such that the basis function matrices of (22) take
the form

B(Np.ar) 0 - 0
; 0 B(Np.av) -+ 0
BD;]M: . . . .
0 0 B(Np.ar)
(28)
where
1 1 12 1
1 2 22 2NDim
B(Np.m) = )
2 Np.
1 N§E (NGE) (V&)

In general, piece-wise polynomials are simpler to implement
than ordinary polynomial, but they suffer from the discon-
tinuities at the connecting region between the slices (i.e.
resource blocks). Hence, the piece-wise polynomial model is
not efficient for estimating a longer channel response.

D. Splines Basis Model

In order to have least possible oscillations in a way that
polynomials in connecting regions join as smoothly as possible
while keeping the size of coefficient vectors reasonably small,
spline basis model is now reviewed. Among its many other
applications such as in computer aided design and in image
processing [33], splines model is also well known and widely
used for the identification of frequency selective and time
varying channels [34] - [36].

Splines are also piece-wise polynomials with continuity
constraints between the connecting pieces. The connecting
points are called knots and the interval between two knots
is called a knot interval (which is equal to NEZ subcar-
riers in this paper). Each segment of a spline of degree
Ng is an Nghfdegree polynomial, and the polynomials in
any connecting interval have the same f'* derivative, f €
{0,1,---, Ng — 1}, at the knot, thus resulting in a continuous

curve. Defining the spline over the user bandwidth of N;
subcarriers for which the basis function matrices are given b

(29), where £, = [1,2,++ Nj|" &, = [1,2,+- . N"|
Ao is the index in a'® knot with total N¥ knots for the direct
channel response vector and N¥, knots for the mirror channel

response vector, and

@—&ﬁ:{@—M) ife >\

0 otherwise. (30)

Another way of defining alternative splines basis functions
is to use B-splines that have better numerical properties than
normal splines. They are also characterized for a given set of
knots with symmetrical bell-shaped functions, which can be
found using the Cox-de Boor recursion formula [39].

E. Basis Models Comparison

In order to quantify the modeling accuracy of above
discussed different basis function approximations, we carry
out MATLAB simulations where basis functions are used to
approximate the frequency responses over different resource
block lengths of a multipath fading channel with maximum
delay spread of 2.5usec and power delay profile following the
Extended Vehicular A model as described in [30]. For fair
comparison, the number of model parameters (i.e. the size of
coefficient vectors) is kept small relative to the number of
RBs. The average normalized mean-squared error (NMSE) of
the approximated channel response over 10 000 independent
channel realizations is calculated at SNR = 30 dB and pre-
sented in Table-I. The resulting NMSE values suggest that the
proposed basis function approximation techniques are able to
accurately estimate the channel responses. The results of this
experiment are also in excellent agreement with the discussion
in previous subsections. For a given length of resource blocks,
spline approximation has the best performance among the
approximation techniques. The piece-wise polynomial approx-
imation performs better than the polynomial for larger RB
lengths but requires considerably higher number of parameters
for efficient approximation. On the other hand, we notice that
the number of estimated parameters is significantly small, e.g.,
a channel response over 50 RBs (= 600 subcarriers) can
be efficiently approximated with splines model that requires
only 53 parameters. Thus, the effectiveness and practical
applicability of proposed techniques is evident, and are taken
in use in the next sections in estimating effective direct and
mirror channels for all simultaneously scheduled UEs.



TABLE I
NMSE BETWEEN TRUE AND APPROXIMATED CHANNEL RESPONSES
(EXTENDED VEHICULAR A MODEL) FOR DIFFERENT NUMBER OF
CONSECUTIVE RBsS

# of || No. of model parameters NMS]Eg
RBs (1 x107°)
Poly. | Spline Pw Poly. | Spline Pw
Poly. Poly.
1 4 4 4 0.3 0.3 0.3
5 8 8 10 0.6 0.6 1.9
10 13 13 20 2.5 1.0 1.5
15 18 18 30 4.6 1.1 1.4
20 23 23 40 5.2 1.1 1.4
25 28 28 50 6.8 1.1 1.3
30 33 33 60 14.8 | 1.1 1.3
35 38 38 70 202 | 1.1 1.3
40 43 43 80 223 | 1.1 1.3
45 48 48 90 24.1 | 1.1 1.3
50 53 53 100 283 | 1.1 1.2

V. JOINT ESTIMATION OF TRANSMITTER I/Q
IMBALANCES, SMALL CFOS, AND CHANNELS USING LTE
UPLINK REFERENCE SIGNALS

In this section, we first shortly review the LTE frame and
uplink reference signal structures that are exploited in the
estimation, and then describe the overall estimation algorithm
in detail.

A. LTE Frame and Uplink Reference Signal Structures

The data transmission in LTE uplink is arranged in radio
frames where each radio frame is 10 msec in duration and is
divided into ten subframes. A subframe is of 1 msec duration
and consists of two slots, each of which is 0.5 msec in duration
[11]. With the normal CP configuration, a slot carries seven
SC-FDMA symbols with six data symbols and one time-
multiplexed reference symbol located in the middle. Compared
to the data symbols which are pre-coded by DFT, the reference
symbols are mapped directly to the subcarriers in the uplink
transmission as shown in Fig. 1.

In the reference signal generation context, LTE physical
layer specifications [11] define two types of reference signals-
the demodulation reference signals (DMRS) and the sounding
reference signals (SRS). The DMRS of a user—i, say ri;%(p),
are used for the i'" user’s channel estimation and are defined
by the cyclic shift o of the base sequence 7, ,(p) as

(),

where v € {0,1,2,---,29} is the group number of the
base sequence, v is the serial number within the group, and
N; = m;NEB m; € {1,2,---} is DMRS length [11], [31].
A physical resource block in LTE is defined for one slot
and consists of NEZ = 12 subcarriers. The base sequences
Ffw (p) are generated from Zadoff-Chu sequences and have the
properties of constant amplitude resulting in efficient power
amplifier (PA) usage with low peak-to-average power ratio

ri(p) = "7, 0<p<N;—1 (3D

(PAPR), zero circular autocorrelation and low cross correlation
between different sequences. In reference [31] exact procedure
of generating LTE reference signals is described based on
3GPP specifications [11], detailing how the base sequences
of different lengths are derived from Zadoff-Chu sequences.

B. Frequency Domain Least Squares Parameter Estimation
with LTE Reference Signals

In LTE, 1 msec subframe forms a transmission time interval
(TTI). By exploiting the two received DMRS symbols in a
TTI, the proposed estimator, operating in frequency domain,
estimates the coefficient vectors of all simultaneously sched-
uled uplink users within a single LTE subframe. A natural
approach for estimating the basis function coefficient vectors
7% of (22) is to use the LS estimator. During the DMRS
transmission, the received signal vector of user-¢ in (22)
becomes

Yo nrste) =Xprmrs(0)BDGD,B-DMES()T

m #

Brrs(oBYGh B pvRs@) TN (32)
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where ¢ € {1,2} denotes the DMRS index within a 1 msec
subframe. The LS estimator [40] of coefficient vectors at the
reference symbol positions o is then given by

A

£ Gp B-DMRS
QBfDMRS’(g) = [Ai ’ (o)

G, B-DMRS(0)
it _H - ~i\ 1 (33)
=B Xpurrs)XpMRs()B X

B Xpurrs(0)YDMRS(0)

which is implemented for all simultaneously scheduled users
1 =1,2,.--,U within a subframe, and independently per each
receiver antenna in case of multi-antenna receiver. The actual
effective direct and mirror channel filters can then be computed
by multiplying the basis function coefficient vectors with the
basis functions matrices, as shown in (22). Once the estimates
of channel filters on both DMRS symbols are obtained, the
effective channel responses over all the data-bearing SC-
FDMA symbols and subcarriers are obtained through linear
interpolation and extrapolation within the subframe. The esti-
mation procedure is executed independently at every subframe.
The estimated direct and mirror channel filter responses are
then substituted in (15), (16), (20), or (21) to detect the actual
transmitted data.

VI. SIMULATION RESULTS AND ANALYSIS
A. System Parameters for Simulations

We consider an uplink multi-user SC-FDMA system whose
parameters are chosen according to 3GPP LTE 10 MHz carrier
bandwidth. There are in total M = 1024 subcarriers, of which
600 are active subcarriers. The total number of resource blocks
is thus 50, and each user may occupy one or more resource
blocks. The subcarrier spacing is fs = 15 kHz and the total
active bandwidth is 9 MHz. The mobile station TX gain



and phase imbalance values are randomly generated in each
simulation realization in the range of g7 = 3%---13% and
¢ = —5°%---5°, respectively, while the inphase and quadra-
ture branch filters are modeled with 3—taps and their coeffi-
cients are h; ;. = [0.998,0.07,0]" ,hg ; = [1,-0.02,0.01]".
The basic sample rate in the waveform processing is 1024 x
15e3 = 15.36 MHz, and the I/Q imbalance values correpond
to an average front-end IRR of 23 - --27dB within the system
BW and represent a challenging yet practical example case.
The BS RX I/Q imbalance is considered calibrated and has
an IRR in the order of 55 dB [21], [28], [29]. The in-
channel selectivity requirements [12] address the reception
of simultaneous users with different power levels at the LTE
BS and the typical inband dynamic range for the BS RX is
in the order of 21.5 dB. To model such dynamic range at
the BS receiver input, the uplink users are scaled properly,
and the relative power levels are randomly chosen in the
range of —25- -0 dB. All the transmitted signals pass through
independent block-fading multipath channels with maximum
delay spread of 2.5us and power delay profile following
the Extended Vehicular A model [30]. Furthermore, channel
responses between a user transmitter and each receiver antenna
are independent and uncorrelated. The carrier frequency is 2
GHz and according to the specified uplink carrier frequency
synchronization requirements for LTE [9], [10] , the CFO is in
the range of —200 - -- 200 Hz. Aiming at feasible complexity
in the parameter estimation, the estimator order of direct and
mirror channels for a user-i with polynomial approximation
is defined as: (N;/NEZ) + 3. For splines and piece-wise
polynomial, each RB is estimated separately with a cubic poly-
nomial giving (N;/NZZ)+3 and (N;/NEB) x 3 parameters,
respectively.

B. Simulation Setup

We assume that all scheduled users transmit their data in
one uplink subframe that consists of two DMRS symbols
and twelve data symbols. For each simulation realization, TX
I/Q imbalances, CFOs, and channel impulse responses are
independently generated for each user and their effects are
introduced to the uplink signals. The received signal is then
a sum of impaired UE signals. As shown in Fig.1, the pro-
posed receiver extracts the DMRS symbols from the received
data after M-point FFT and estimates the joint channel and
impairment responses, as elaborated in Sections IV and V.
The compensator then utilizes the estimated and interpolated
coefficients of direct and mirror channel filters and applies
the joint mirror-carrier ZF or MMSE equalization scheme
of Section III to detect the transmitted data of each user.
In the following figures, “SER” refers to the symbol error
rate of data bearing symbols s° whereas axis labels “Average
RX SNR” and “RX SNR of Target UE” refer simply to the
overall received signal power relative to total receiver noise
power and average received power of target user vs. noise
power calculated over the target UE bandwidth, respectively.
Moreover, we illustrate the results by plotting the uncoded
SER and evaluate the performance at SER = 10~2, which is
of practical interest for uncoded evaluations. We realize and

clearly acknowledge that all practical communication systems
deploy also error control coding, in order to reduce the symbol
and bit error rates. However, as demonstrated in the following
simulation examples, the detrimental effects of mirror UE
interference with inband dynamic range in the order of 20 dB
or so at the BS RX input and with UE transmitters’ inband
I/Q imaging still being within the standardized emissions, the
weaker UE uncoded SER is practically flat, and saturates to
a very high level independently of the thermal noise SNR.
Hence, in such challenging yet realistic scenarios, error control
coding cannot certainly compensate all the degradation, while
more detailed evaluations with coded transmission are left for
future work. To obtain valid statistics, all simulation figures
are plotted by averaging results of 3000 independent channel
and other parameters realizations.

C. Impact of Transmitter 1/Q Imbalances and CFOs

To demonstrate the detrimental effects of TUI due to mobile
transmitter I/Q imbalances, we first report a simulation sce-
nario where classical per-subcarrier linear MMSE equalizer
with known channel estimates is deployed for channel equal-
ization and without any more elaborate processing against
TX impairments. Fig. 3 displays the numerical results for the
average SER as a function of SNR for a two users uplink SC-
FDMA system with single input single output (SISO) and 1 x 2
single input multiple output (SIMO) antenna configurations.
The target user in this example is a weaker user which is on
average 20 dB weaker than the mirror band UE. The subcarrier
modulation for both UEs is 16—QAM. In addition to normal
channel equalization, the common phase error is corrected
when CFO is present. An immediate conclusion that can be
drawn from both plots is the huge signal distortion brought
by the TX I/Q imbalances, when no impairment suppression
is deployed, while the effect of CFO error is negligibly small,
when the system parameters conform to LTE standardization.
This result verifies the assumptions made in Section II that TUI
induced by TX I/Q imbalances heavily affects the performance
whereas the localized subcarrier mapping is fairly immune to
small CFO errors. Also notice that the SER curves become
practically saturated at a very high level when TX I/Q imbal-
ance is present and increasing the SNR does not improve SER.
Furthermore, in case of ideal system, substantial diversity gain
of 1 x 2 SIMO can be observed over SISO, nevertheless,
SER remains high with no impairments compensation. It is
thus obvious that the uplink performance can be heavily
influenced by the TX I/Q imbalances, even though within
LTE specifications, especially when there is considerable
dynamic range at the input of the BS RX. Thus additional
enhancement through efficient and sophisticated estimation
and compensation algorithms can substantially improve the
link performance. This is demonstrated here by the solid blue
J-MMSE curve, where ideal channel response and impairment
knowledge is assumed.

D. Performance of Proposed Estimation and Compensation
Techniques for SISO antenna configuration

The performance of proposed estimation and equalization
algorithms for single antenna receiver is next demonstrated
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Fig. 3. Average SER performance with SISO and 1 X 2 SIMO antenna configurations of the target user without impairment estimation and equalization in
an uplink SC-FDMA system with 20 dB stronger mirror band UE. CFOs € [—200, 200] Hz, transmitter I/Q imbalances: 23 - - - 27dB, Veh. A channel model
with maximum delay spread of 2.5u sec. The curves were obtained by averaging results of 3000 independent channel, CFO, and I/Q imbalance parameter
realizations. Also the performance of joint subcarrier processing based equalization, with ideal parameter knowledge, is shown for reference.

in this sub-section, where an uplink multi-user SC-FDMA
system is again simulated and the performance is compared to
the receiver which has perfectly known total channel matrix
(i.e. channel responses, TX I/Q imbalances, and CFOs are
known). Conceptually, the performance of a system with
known estimates is similar to the one with no front-end
radio impairments and for which perfect channel estimates
are available. Three difference cases, based on different uplink
user settings and baseband modulations, are simulated and are
presented in detail as follows. The fundamental parameters of
these simulation scenarios are also listed in Table-II, and are
referred to figure captions for better readability.

1) Two UEs Experiment with Fixed Dynamic Range:
We first consider a simple scenario where two wideband
uplink users of equal bandwidths, each spanning 24 RBs, are
communicating with a BS RX. The first user is assumed to be
a weaker user and is the target user in this example, as being
more sensitive to any additional distortion and interference.
The second user at the image band of target user is assumed
to be stronger and employs 16-QAM baseband modulation.
The received power level of stronger UE is assumed to be
on average 15 dB higher than that of the target UE. Fig. 4
shows the average uncoded SER performance of the target user
with different baseband modulations. The x-axis in the figures
represents the RX SNR of the target user. For comparison
purposes, the solid blue curve with ideal channel estimates
and perfect impairment knowledge is also plotted. In all plots,
without impairment processing, we observe significant perfor-
mance degradation due to IUI from the strong UE located on
the image band. On the other hand, the proposed methods are
able to greatly reduce SER. Focusing first on the estimation
quality of various channel response approximation methods,
LS estimation with splines is shown to outperform other
channel response approximation methods. We have already
shown in Section IV-E that the spline approximation is efficient

TABLE I
SIMULATION SCENARIOS FOR SINGLE ANTENNA RX CASE

scenario-1 | Two UEs experiment with fixed dynamic
range

o Weaker target UE and stronger mirror
band UE, each with BW: 24 RBs.

o Target UE modulation: 16—QAM &
64—QAM, Mirror band UE modula-
tion: 16—QAM.

o Received power level difference: 15
dB.

scenario-2 | Two UEs experiment with varying dy-
namic range and modulations

o Target UE modulation: 16—QAM,
Mirror band UE modulation: QPSK,
16—QAM, or 64—QAM (varies de-
pending on the power difference be-
tween two UEs).

scenario-3 | Multi UEs experiment with varying band-
widths & dynamic range

e« Total BW: 50 RBs, and each UE
bandwidth: 1 RB - 25 RBs (randomly
chosen in each simulation realiza-
tion).

¢ Modulation of each UE: 16—QAM.

o RX inband dynamic range: 25 dB.

both in terms of approximation accuracy and complexity,
whereas the polynomial approximation is not very efficient for
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Fig. 4. Average SER performance of the target user for single antenna RX after estimation and equalization in an uplink SC-FDMA system with 15 dB
stronger mirror band UE. CFOs € [—200, 200] Hz, transmitter I/Q imbalances: 23 - - - 27dB, veh. A channel model with maximum delay spread of 2.5usec.
The curves were obtained by averaging results of 3000 independent channel,CFO, and 1/Q imbalance parameter realizations (scenario-1).

approximating effective channel responses over larger band-
widths. At uncoded SER of 1072, LS spline approximation
has about 1.2 dB and 0.8 dB degradation for 16—QAM and
2.5 dB and 2 dB for 64—QAM compared with the ideal
reference system when J-ZF and J-MMSE equalization are
used, respectively. Furthermore, J-MMSE equalization gives
about 2.5 —4 dB improvement in SNR over the J-ZF equalizer.

2) Two UEs Experiment with Varying Dynamic Range and
Modulations: To further quantify the performance, the target
user SER is evaluated against the power level difference for
the image band UE. Here, 16—QAM baseband modulation
is used for the target user, whereas the image band UE
modulation is varied depending on the power level difference.
When the target user is actually stronger and the power
level difference is smaller than —5 dB, QPSK modulation
is employed. For the power level difference in the range of

—5---5 dB, implying increased received power for the mirror
band UE, 16—QAM modulation is used, and for more than
5 dB difference, 64—QAM baseband modulation is used. For
the mirror UE, this is reflecting the link adaptation of the
true system which controls the modulation and coding scheme
depending on the received inband SNR. The average uncoded
SER curves of the target user with different SNRs are depicted
in Fig. 5. The results suggest that even a fairly weak image
band UE can cause serious interference to the target user
band. The proposed estimation and equalization methods, on
the other hand, are shown to reduce SER for wide receiver
inband dynamic range. Furthermore, the J-MMSE equalization
is again shown to improve the SER compared to the J-ZF
equalizer.

3) Multi UEs Experiment with Varying Bandwidths and Dy-
namic Range: Finally, we consider a more complex scenario,
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stimation and equalization of uplink SC-FDMA system with different number
The maximum allowed inband dynamic range at BS input is 25 dB. CFOs

€ [—200, 200] Hz, transmitter I/Q imbalances: 23 - - - 27dB, Veh. A channel model with maximum delay spread of 2.5u sec. The curves were obtained by
averaging results of 3000 independent channel, CFO, and I/Q imbalance parameter realizations (scenario-3).

where the total number of uplink users and correspondingly
their bandwidths are different in each channel realization. Each
user is allocated from one RB to a maximum of 25 RBs,
and the baseband symbols are drawn from 16—QAM con-
stellation. Also, we allocate different power levels randomly
generated within the specified receiver inband dynamic range
of —25-..0 dB, together with CFOs and TX I/Q imbalances
whose parameters are also generated randomly in each channel
realization. The interference falling in the band of a single UE
may now originate from one or more users of possibly different
power levels located on the mirror sub-band. Fig. 6 character-
izes the overall average sensitivity of such uplink SC-FDMA

system to radio impairments and the improvement achieved
by the proposed estimation and equalization approaches. As
the results suggest, the uplink transmission is susceptible to
radio impairments and for SNR > 30 dB, the SER curve,
representing the case when no compensation is deployed,
saturates at a considerably high SER in the order of 107!,
Comparing the performance of the proposed algorithms with
the ideal reference system, shown with the blue solid curve
and representing the case of compensation with known ideal
estimates, proves that the proposed techniques significantly
improve the system performance and reduce SER. Considering
first the equalizers performance, the J-MMSE equalization



o 1x2 SIMO, Target UE subcarrier modulation:16-QAM

o 1x2 SIMO, Target UE subcarrier modulation:64-QAM

10 - 10
= =
® sl
) 2
= =
5 e
o ~ ‘
= =
wn n
[ o
g g
= - -3
L 10 TR NN 8010 TR N
< [[—e=MMSE Eq,, w/TX I/Q imb. & CFO ] < f[—e—MMSE Eq., w/TX 1/Q imb. & CFO
.| —==— J-MMSE Eg., Spline model A | —8— J-MMSE Eq., Spline model
| m— J-MMSE Eq, ideal estimates | == J-MMSE Eq, ideal estimates
1074 i i i i i i i 10_4 i i i i i i i
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40

RX SNR of Target UE (dB)

RX SNR of Target UE (dB)

Fig. 7. Average SER performance in dual antenna RX setup of the target user after estimation and equalization in an uplink SC-FDMA system with 25 dB
stronger mirror band UE. CFOs € [—200, 200] Hz, transmitter I/Q imbalances: 23 - - - 27dB, veh. A channel model with maximum delay spread of 2.5usec.
The curves were obtained by averaging results of 3000 independent channel,CFO, and I/Q imbalance parameter realizations.

gives about 2.5 — 3 dB improvement in SNR over the J-ZF
equalizer. When comparing the performance of estimator with
different response approximation methods presented in Section
V, the LS estimator with proposed channel response approx-
imation techniques yields performance close to the reference
system. Thus, it can be concluded that the detrimental effects
of radio impairments can be efficiently suppressed using the
proposed estimation and equalization methods even in the
presence of considerable inband dynamic range and mirror
UE interference stemming simultaneously from multiple UEs.
Notice that x-axis in Fig. 6 represents average received SNR
over all users.

E. Performance of Proposed Estimation and Compensation
Techniques For 1 x 2 SIMO antenna configuration

In this subsection, we present the performance results for
an uplink multi-user SC-FDMA system with a dual antenna
receiver, and compare again the performance of proposed
estimation and equalization algorithms with a reference system
which has perfect channel and impairments knowledge. For
compactness of presentation, we consider only the two users
experiment with challenging receiver inband dynamic range in
the order of 25 dB. The first user, assumed target user, is a
weaker user whereas the mirror band second user is stronger
and employs 16—QAM baseband modulation. The average
uncoded SER performance of the target user with different
baseband modulations is shown in Fig. 7. The first observa-
tion is the steep slope of the ideal and compensated curves
indicating the diversity gain achieved with SIMO. However,
in this challenging yet realistic scenario, the target user SER is
practically flat when no impairments compensation scheme is
employed even though SIMO antenna configuration is adopted.
The proposed estimation and equalization technique is again
shown to greatly improve the link performance being very
close to the ideal system performance bound. Notice that a

residual error noise floor is observed in Fig. 7 at high SNR
region. This is due to the ICI terms that were neglected in
simplifying the basic system equations from (7) to (9), and
is now more clearly visible due to basic diversity gain and
challenging power difference of 25 dB between the UEs.
Nevertheless, substantial improvement through the proposed
techniques is anyway clearly demonstrated also in case of
dual-antenna BS receiver.

F. Summary of Simulation Results

It can be established from the results of these experiments
that RF impairments can severely limit the obtainable link per-
formance, while the proposed methods can essentially handle
realistic transmission and impairment scenarios. The proposed
response approximation methods are shown to approximate
the direct and mirror channel filter responses with high accu-
racy and feasible complexity. The spline approximation not
only approximates the responses more accurately than the
piece-wise polynomial and the polynomial approximation, but
also requires considerably less model parameters than the
piece-wise polynomial approximation. On the other hand, the
computational complexity of all proposed estimation methods
is, in general, feasible for the current state-of-the-art signal
processing implementation platforms. To illustrate this, the
computational complexities of different parameter estimation
cases over one resource block, in terms of elementary floating
point operations (flops), can be easily evaluated and are sum-
marized in Table III. Notice that the basis function matrices are
fixed and can thus be pre-calculated. It is further shown that
J-MMSE equalization gives more than 3 dB performance gain
over the J-ZF equalization. Since the channel and impairments
are estimated and equalized jointly in the digital domain, the
proposed algorithms can thus be directly used in the BS RX
without any modification in uplink LTE pilot structure or
analog/RF hardware design.



TABLE III
PARAMETER ESTIMATION COMPLEXITY PER RESOURCE BLOCK IN
SOLVING (33), USING EITHER NORMAL EQUATIONS APPROACH OR QR
DECOMPOSITION [42].

Poly. | Spline | PW Poly.

(flops) | (flops) | (flops)
Normal Equations || 7595 7595 4320
QR factorization 11691 | 11691 6912

VII. CONCLUSIONS AND FUTURE WORK

This paper addressed selected radio impairment problems in
uplink multi-user SC-FDMA systems. Analytic signal models
of the received signal when the uplink transmissions are
impaired by TX and RX I/Q imbalances, CFOs, and channel
distortions were derived. It was shown that I/Q imbalances and
CFO cause IUI and ICI, where IUI due to TX I/Q imbalances
is more severe and critical to consider when uplink users
have localized mapping and different transmission powers.
Two practical assumptions were then made to simplify the
signal model- (i) CFO is relatively small in the uplink and
(#4) RX I/Q imbalance has already been reasonably well
calibrated at the BS. Based on the simplified signal model,
a compensation structure operating in the digital baseband
of the RX was then proposed for the joint mitigation of
TX 1/Q imbalances, small CFOs, and channel distortions.
The compensation structure operates on the pairs of mirror
subcarriers and employs linear equalizers, most notably the ZF
and the MMSE equalizer. The derivation of the joint mirror
carrier MMSE equalizer with arbitrary number of receiver
antennas and different power levels of mirror sub-band UE
signals is one key contribution of this paper, and shown to
clearly outperform the ZF solution. We also showed that
the joint channel and considered RF impairments responses
can be effectively modeled with appropriate basis functions,
which leads to less complex and more efficient parameter
estimation. The parameter estimation was then formulated
and solved by utilizing DMRS reference symbols in the LTE
uplink sub-frame, enabling response and parameter estimation
of all simultaneously scheduled UEs. The derivation of joint
channel and impairments estimation techniques with 3GPP
LTE compliant reference symbols is another key contribution
of this paper. Excellent compensation properties of the pro-
posed estimation and equalization schemes were demonstrated
through computer simulations under realistic signals, radio
impairments, and channel models. In particular, the Spline-
based estimation solution combined with joint mirror-carrier
MMSE equalization was shown to offer good balance between
the modeling accuracy, receiver performance and complexity.
Future work will focus on generalizing the signal models,
estimation, and compensation techniques, as well as perfor-
mance evaluations, to coded MIMO-SC-FDMA/OFDMA type
systems.

APPENDIX
JOINT MIRROR CARRIER MMSE EQUALIZER FOR
SIGNALS WITH DIFFERENT RECEIVED POWER LEVELS

Here we derive the joint MMSE equalizer that can process
mirror sub-band user signals having different power levels and
incorporating arbitrary number of receiver antennas. The J-
MMSE equalization filter Wyspssg (k) derived here is used
in (16) and (21) for the frequency domain joint equalization
of channels and impairments.

A. J-MMSE Equalizer for Multi Antenna RX

Recall first from (18) that the received signal vector for

mirror subcarrier pairs with Npx receiver antennas is given
by

Ysi0(k) = Gsiaro (k)X (k) + NSIMO(k)

Our task is then to design a filler W(k) that minimizes the
cost function

J= E{Hf((k)

V~VMMSE(I<:) = arg min E{Hf((k)
W(k)

(A.1)

_ W(k)?suuo(k)‘r}

~ - 2
- W Tsno)] ).
(A.2)
for which, the J-MMSE equalization filter is given by [41]
Warnrsi (k) = Ry (k)Ryy (k) (A3)
where
~ ~H ~H
Rxy(k) =E {X(k)XSIMo(k)} = Rxx(k)Gsrar0(k)
~ ~H
Ryy (k) = E{X 51010 () ¥sar0(k) |

= éSIMo(k)Rxx(k)éngo(k) + Ran
(A4)

are the cross-covariance matrix between X(k) and is mo(k),
and the auto-covariance matrix of Yg;,,0(k), respectively.

Furthermore, Rxx(k) = E{X(k)X (k)} and Ry\y =

~ ~H
E {Ns 1vokB)Ngy Mo(k)} are diagonal auto-covariance data
matrix and noise matrix, respectively, defined as

Rxx (k) = Diag (o- ) AS5)
RNN*/'Dlag( n150727 N EI,Nvao'nNRX
where o® (k) = {’X’ } and o™ (—k) =

E {|X m(—k)|2} represent the direct and mirror channel sig-
nal powers at k*" and its mirror (—k)" subcarrier, respec-
tively, and o2 = E {\Nx(k)|2
at receiver , at an individual subcarrier, which is assumed
equal on all subcarriers of a single receiver. The J-MMSE

} represents the noise power
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equalization filter in (A.3) can thus be expressed as
~ ~H
Wirnise(k) =Rxx(k)Ggraro (k)%
-1

((N;SIMO(k)RXX(k)agIMo(k) + RNN) )
(A.6)

which can be further re-expressed using the matrix inversion
lemma as

~ ~H ~ -1
Wirnse(k) = (GSIMO(’C)RMEJGSIMO(/C) + R)&(’“)) X

~H 1
GSI]\JO(k)RNN'
(A7)

B. J-MMSE Equalizer for Single Antenna RX

For single antenna receiver, Ry = U%I and the J-MMSE
equalization filter in (A.7) can be given in an equivalent form
as

~ ~H ~ 4 -1 g
Wanse(k) = (6 (K)G(k) + Askp(k) G (k)

(A.8)
where Agnr(k) = Diag (Ti(k), Y™ (—k)) is a diagonal
matrix with direct and mirror channel per subcarrier SNRs
being the diagonal elements, defined as

a ot (k)
o
A o (k)

2
Ohn

T (k)
(A.9)

A more explicit form of J-MMSE equalization filter in terms
of total channel matrix responses and SNRs can be obtained
through direct evaluation of (A.8), which yields

(=l gil])

~MMSE(k) = i* (/{3) T™(—k) T
—_ M 7
=E7(k) )

GB(—k) Ty

(A.10)

where E(k) is defined in (A.11). Notice also that in case of
multi-antenna receiver with Ngrx antennas, if one assumes
that the noise power is identical in each receiver, it results in
Rany = a’il and thus the general J-MMSE equalizer in (A.7)
can be re-expressed as

~ ~H ~ -1
Wornse(k) = (GszMo(k)GSIMO(/f) + AE}VR(IC)) X

~H
GSI]MO(k)'
(A.12)

This can be manipulated further and finally expressed in a
form similar to (A.10) or (A.11), incorporating the effects of

all effective channels between the UE transmitters and parallel
receiver antennas.
This concludes the proof and derivations.
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