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Abstract

Today, wireless communication systems try to cope with the high demands
of the different applications that require more and more throughput. This
trend result in developing different technologies in order to improve both
the transmitter and the receiver side of the communication link. On the
other hand, in order to reduce the price of the communication handsets,
more cheap analog components with sub-optimal front-ends are used. To
reduce the effects of these hardware impairments, more signal processing is
required.

One of these hardware impairments is the 1Q imbalance which result in
distorting the constellation of the received signal in one or both of the | and
the Q branches. The effect of the 1Q imbalance on degrading the
performance of the system becomes more pronounced when higher order
modulation, for example 64 QAM, is used, where the constellation is more
sensitive to symbol rotation and interference between the | and the Q
branches.

In this thesis work, the performance of two 1Q imbalance compensation
algorithms are studied. One of them is a blind algorithm and the other one
is a pilot-based algorithm. We also examine the performance of these
algorithms under two 1Q imbalance models: the Double Branch 1Q
imbalance Model (DBIQM), and the Single Branch 1Q imbalance Model
(SBIQM).

It was found that the two IQ imbalance models are related via a rotation and
a scaling operations. It was also found that, since both algorithms implicitly
use the SBIQM, their performance degrades significantly if the actual 1Q
imbalance follows the DBIQM. However, a simple modification is
suggested to these algorithms that improves their performance when the 1Q
imbalance follow the DBIQM. In all cases, evaluating the performance is
performed based on the bit-error-rate (BER), and the signal-to-distortion-
ratio (SDR).



Acknowledgement

Thanks Allah, it is all your blessing...

I would like to express my deepest gratitude and appreciation to those who
carried the holiest message in life, to those who paved the way of science
and knowledge for us.

I would like to thank my home university, Soran University, to give me this
great opportunity to study Wireless Communications at Faculty of
Engineering (LTH), Lund University. | would also like to thank the
Wireless Communications classmates of 2011.

I would also like to express the deepest gratitude and sincere respect to my
examiner, Dr. Ove Edfors, for his supervision and professional guidance in
this thesis. 1 am also extremely grateful to my supervisor, Dr. Ghassan
Dahman, for his useful advises suggestions, comments and supervision in
this thesis. | would also like to thank Michal Stala for his help.

Last and most important, I would like to express my love and deepest
appreciation to my parents, my family, for their support and
encouragement. | would like to thank all my dear friends and amazing
people that | have met over the years especially in Lund who prayed for me.

With all my respect
Shireen Al-Majmaie
Lund, Sweden
July, 2014



Table of Contents

ADSITACT ... e 2
ACKNOWIEAGEMENT ... 3
Table Of CONENES .....cviiiiecee e e 4
I 101 (0o [0 Tox o o OSSPSR 5
1.1 PUrpoSe and @M .........ccooveieieiiieniesiese e 5
1.2 TheSiS OULIINE c...ccviiiee e 5
2 Background Information...........cccccccveveiieie i 7
2.1  Basic Operation of the MIXer:.......cccceveiiieieniieseseses e, 8
2.2 1Q IMDAIANCE ... 11
3 1Q Imbalance MOdEelS.........cccoveiiiiiieiecec e 18
3.1  The Double-Branch IQ imbalance Model (DBIQM).................. 18
3.2  The Single-Branch IQ imbalance Model (SBIQM).................... 22
3.3 Relationship between the two models: DBIQM, and SBIQM.... 24
4 1Q Imbalance Estimation and Compensation Algorithms .................. 27
4.1  The Blind AlgOrithm ..., 27
4.2 Pilot Based Algorithm...........ccoooieiiiic e, 30
5  Performance EValuation............ccccovveiiiieiicii e 31
5.1 Performance Evaluation when the 1Q Imbalance is Modeled
based 0N the DBIQM .......ccoviiiiiicce e 32
5.2 Performance Evaluation when the 1Q Imbalance is Modeled
based onthe SBIQM ... 39
6 CONCIUSIONS ....cuiiiiicce et 45
RETEIBNCES ...t 46
APPENAIXL .. 47



CHAPTER 1
1 Introduction

In the following sections, the purpose, aim and the outline of this thesis are
explained

1.1 Purpose and aim

The purpose of this thesis work is twofold: First, to study, and find the
relationship between, two models which are used to model the 1Q
imbalance: the Double-Branch 1Q imbalance Model (DBIQM), and the
Single-Branch 1Q imbalance Model (SBIQM). Second, to evaluate, and
compare the performance of two 1Q imbalance compensation algorithms (a
Blind and a Pilot Based algorithm). The comparison includes: illustrating
the estimation and the compensation methods that are used by these two
algorithms, and studying the effect of these two algorithms in compensating
the imbalance of the received signal. The bit-error-rate (BER), and the
signal-to-distortion-ratio (SDR) are used as measures to perform this
comparison.

1.2 Thesis Outline

This thesis is structured as follows:

e Chapter 2 illustrates the background information about the receiver
structure and the imbalance gain and phase of the local oscillator
device in the receiver side.

e Chapter 3 describes two models of the 1Q imbalance in the
amplitude and phase for the received signal. This chapter also
illustrates the relationship between these two models.



Chapter 4 explains the two algorithms that are used to estimate and
compensate the imbalance in the received signal, a Blind algorithm
and a Pilot Based algorithm.

Chapter 5 covers the comparison between the two algorithms that
are described in chapter 4 and evaluates the performance of both of
them. The comparison is based on the bit-error-rate (BER), and the
signal-to-distortion-ration (SDR) of the compensated signal.
Chapter 6 concludes this thesis work.



CHAPTER 2

2 Background Information

The significant development in the communication systems plays an
important role in fulfilling the requirements of today’s greedy wireless
applications. One of the current challenges is to make the
communication devices as simple and as cheap as possible, which
means to develop transceivers with low cost, low power consumption,
and with processing structures that can compensate for the
impairments of cheap hardware [3].

In practice, one of the unavoidable problems is the misbalancing
between the 1 component and Q component in the analog front-end
[1]. This misbalancing is one result of the mixer operation when it
mixes the Radio Frequency and the Local Oscillator Frequency to get
Intermediate Frequency (IF) as in Figures 1.1-1.3. As a result of this
misbalancing, the image signal appears on top of the required signal as
an interference signal in the receiver. This image signal can be
eliminated by using a Band Pass Filter before the mixer to eliminate
the image frequency and another Band Pass Filter after the mixer to
eliminate the unrequired frequency [2]. This operation is shown in the
Figure 4, and will be explained in the next section.

However, the imbalance between the I and the Q components remains
in the receiver [1], and in order to get a better performance for the
system and a better image rejection, the 1Q imbalance should be
compensated for. Different algorithms have been proposed to
compensate for this 1Q imbalance. In this thesis we will focus on
comparing the performance of two of them: a blind compensation
algorithm, and a pilot-based compensation algorithm.



2.1 Basic Operation of the Mixer:

The Mixer is a nonlinear electrical device used to shift the signal frequency
to another frequency in the spectrum and maintain the characteristics of the
produced signal, like the amplitude and the phase, the same as the original
signal as possible. It is used in radio frequency and microwave applications.
The mixer has two input ports and one output port. The input signal with
frequency fre and the other input signal with the frequency f o are
multiplied to produce the output signal, which consist of the summation of
these two frequencies as well as the differences between them as in Figure
1.1[2].

IF=RF+ LOUSBE

RF - EF - LO LSB

LO

Figure 1.1: Ideal Mixer "Multiplier’. It multiplies the RF signal with the LO signal
and produces Upper Side Band and Lower Side Band Intermediate signals.

The mixer can do modulation”up conversion” when it is used in the
transmitter side by mixing the two input signals: the baseband signal that
want to be sent and the local oscillator signal producing the radio frequency
signal. Or, it can do modulation “down conversion” when it is used in the
receiver side by mixing the two input signals: the transmit band pass signal
’radio frequency” with frequency fre  and the local oscillator signal with
frequency f o producing output signal with the Intermediate Frequency fir .
When frr >f o, the desired signal is fir = frr -fLo ; however, when the fre <f o
, the desired signal is fir = fio - fre as illustrates in Figures 1.2-1.3,
respectively. The undesired signal is fir = fre +fLo , which is with high
frequency compared to the fir, and it can be removed after the mixer by
using Band Pass Filter (BPF). Before the mixer, there is another BPF which
is used to remove the image frequency at fgr -2fir , because the desired



signal will be distorted if any other signal passes through the mixer that has
same frequency as the image frequency as illustrates in Figure 1.4 [2].



When fpr > fio

far 7ﬂF=an'fLo

Funwanted™ fre + fLo

fLo

" Down — Conversion ™.
/

L n
fir | fir
frequency
N 7
frr-fro far — 2 fir fro far far* fio
fiFdesired fimage fundesired

Figure 1. 1: Mixer operation: The inputs to the mixer are: radio frequency signal with radio
frequency fgrr and the local oscillator signal with frequency f;, and the output signal from the
mixer is the multiplication of these two signals. The output signal from the mixer has Intermediate

frequency fris: frr — fLo and undesired frequency frr + fro , if frr > fLo

When fpr < fio
f fir=fro - frr
RF

funwa:rttedz fHF + fLO

fio
Down — Conversion
- A
fie | fr (g
N Frequency
T ~ rd

fro-far frr fio far —2f; Fae+ fio
f!ngsi‘rgd Jﬂ'mage undesired

Figure 1.3: Mixer operations: The inputs to the mixer are: radio frequency signal with radio frequency
frr and the local oscillator signal with frequency f;, and the output signal from the mixer is the
multiplication of these two signals. The output signal from the mixer has intermediate frequency

firis: fro — frr and undesired frequency frr + fro . if frr < f1L0
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BPF BPF

LD

Figure 1.4: Band Pass Filter ‘BPF’ and Local Oscillator ‘LO’, The BPF before the LO is used to remove the
image frequency and the BPF after the LO used to remove the unwanted output frequency

2.2 1Q imbalance

In the modern designs, wireless devices have three standard parts in the
physical layer: antenna part, digital part of the transceiver and Front-End
(i.e., analog domain) part of the transceiver.

The Front-End part of the transceiver suffers from errors that can take place
in phase and amplitude in the local oscillator, which refers to as the 1Q
imbalance between the two branches. This imbalance is due to the local
oscillator quadrature conversion that can happen in the transmitter side or it
can happen in the receiver side as illustrate in Figure 1.5 and Figure 1.6,
respectively. Or, it can happen in both sides (i.e., the transmitter and the
receiver). The local oscillator quadrature conversion implementation is
affected by the offsets of the gain and the phase causing 1Q imbalance in it
[2]. Only the IQ imbalance in the receiver side will be illustrated here.

In the receiver side the receiver signal has two distinct components in-phase
component (I), and quadrature-phase component (Q). Each of them has a
mixer, low pass filter, and analog to digital converter. Noisy mixers, noisy
oscillator, and unbalances low pass filter unbalanced are the important
sources of the 1Q imbalance. The 1Q imbalance between the low pass filter
and the local oscillator in the I and Q channels can limit the quality of the
signal and degradation it, which results in reducing the performance of the
system.

11



These imbalances can be characterized by: a phase mismatch that can
happen between the | and the Q components of the local oscillator signals,
which becomes not exactly 90 degrees, and an amplitude mismatch due to
the gain difference of the mixers of the 1 and Q branches.

In the ideal transmitter (transmitter without local oscillator gain and phase
errors), let’s suppose that we have baseband signal x; (t). The real part of
x;, (t) is named x; (t) and the imaginary part of is named x, (t).To
modulate the complex envelope x,, (t) = x; (t) + j xq (t) for the baseband
signal x;, (t) to the bandpass xzr (t) signal, the carrier signal with carrier
factor e/“<t at carrier frequency (f. ) has been used.

xgr (£) = real {x, (t) e/*<t} (1.1)
= real {(x; (t) + j xq (£))(cos (wct) + jsin(wct))} (1.2
= real {x; (t) cos(w.t) + j x; (t) sin(w,t)

+ jxg (t) cos(w, t) — xq (t) sin(w, t)} (1.3)

After taking the real part of (1.3), we get the real signal that will be
transmitted from the transmit antenna as in:

xgr (£) = x; (t) cos(wc t) — xq (t) sin(w,t) 1.4
=Ye{(x; (£) +j xq (£)) €/ F + (2, (£) — j xo ())e ™/ ¥} (1.5)
where,

w. = 2nf,, x; (t) is the in phase component of the x; (¢), and x, (t) is the
quadrature component of thex; (t).

12



cos(w,t)

xp (t)

x (8) ——> H— wr @

Xy (t)

— sin(w, t)

Figure 1.5: Ideal Transmitter

In the ideal receiver (without local oscillator gain and phase errors), the
real signal xzr (t) is mixed with x;, (t) = e /®<t, the local oscillator
signal in order to get converted to the low pass signalx;p (t).

xpp (t) = xgp () x50 (t) (1.6)

= xRF (t) e_jw"t (17)
After substituting the equation of the real signal xzr (t) as in (1.5) into
(1.7), and the value of the local oscillator signal into (1.7), and then,

simplifying the equations as in (1.8) to (1.10), the term corresponding to
the -2f,. frequency, is cancelled:

xp (£) = (2 {0 (0) +J x (£)) €7@

+ (% {0 () —j xq ())e e eI @et (1.8)
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= (x, ®) +j xq (t)) e/@cto=jwct
+ (x, () —j xo (t)) e JWct gmj@ct (1.9

xip () = %o {(3 (8) +J 29 (©) + (1 () = j %0 () €728} (1.10)

Then by substituting the base band signal x; (t) instead of the In-phase
and quadrature component x; (t) + j xq (t) we get:

xpp (0)=% {x;, (£) + x, (D)e /2@ t} (1.11)

We get the the baseband signal:

xpp (8) = x, (O)(1 + e™/20ct) (1.12)
cos(w, t)
e |2 ® > =
xgr (£) —> o X ()
LPF B Xj —> _
— sin(w, t)

Figure 1.6 Ideal Receiver
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In the non-ideal receiver (with local oscillator gain and phase errors), the
real signal xzr (t) is mixed with the local oscillator signal x;, (t) to be
converted into low pass signal x;p (t) from the real band pass signal

xgr (t).
xp (t) = xgp () x10 (1) (1.13)

Instead of having x;, (t) = cos(w,t) — j sin(w, t), and due to the gain of
phase imbalance, it becomes:

X0 () = (1 + € )cos(wct+Apr) —j(1—€g ) sin(w.t — Apg)
(1.14)

The imbalance takes place due to the local oscillator gain errors (1 + €g )
and (1 — eg ) in the | branch and in the Q branch, respectively, and due to
the local oscillator phase errors as well (A@g and -Aeg ) in the | branch and
Q branch, respectively. As illustrate in the Figure 1.7, the 1Q imbalance in
the receiver makes the signal suffer from degradation [2]. By substituting
(1.4) and (1.14) into (1.13), we get:

xp(t) = (x, (t) cos(wct) — xq (t) sin(w, t))
x{(1+eg )cos(w.t +Apgr) — j(1 —€g )sin(w.t —Apg)

(1.15)
After simplified the equations, we get:

x1p (£) = (cos(Bgr) = j er sin(Apg)) (2 (8) +) xq ()

+(eg cos(Bpg) +j sin(Bgg)) (x1 () —jxg (1) (1.16)

The term (cos(A@gr ) — j €r sin(Agg)) will be denoted ay , and the term
(egr cos(Apg) + j sin(Agpg )) will be denoted B . After we substitute both
ar and By inthe (1.16), we get the IQ imbalance equation as in (1.17).

15



In which: e is the Amplitude offsets in the receiver side, and Agy is the
phase offsets in the receiver side.

cos(wet + Apg)

1+ep
s M
xp (t
/I LPF S
xar (£) — xp (t)
\l LPF Farie 1 >
| xq () L2 -~
sl
Lo €R

— sin(wst — Apg)

Figure 1.7: Non- ideal receiver illustrates the 1Q imbalance, Gain and the Phase errors of the
local oscillator in | and Q-branches.

The 1Q imbalance in the receiver side will be modeled by substitute
a, + ja;instead of ap that mean to represent ap as real and imaginary ,
because the real components only can give linear model, not the complex
conjugation. The same is performed for Sz, S, + jB;. By using Sz inthe
equation of the 1Q imbalance after the low pass filter, we get:

xpp (t) = ag x, (£)+ Brx, (£)° (1.17)
=(a, +ja;) (x; () +j xq (£))

+(Br +JBi) (xr (£) = J xq (1)) (1.18)
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= arx; (O+ ] ar xq (O) +ja;x; (8) - a; xq (O Brx; (- [y xq (8)
+ JBi x; (£) + Bixg (0) (1.19)
=(ar + Br)xi (O —(a; — i) xg () +j(a; + B ) x; (D)
—J(=ar + Br)xg (©) (1.20)

Saparating the real part and the imaginary part from the complex signal
from (1.20), results in the following equation:

(xLPI (t)) — ((lr th —at 'Bl) (x,(t)) (1.21)

xLpq (t) a; + B ar — Br xQ(6)

From (1.16) and (1.17) by substitute (cos(A@gr) —j €g sin(Agpg)) that
represents ap and this term ( eg cos(A@g ) + j sin(Apg ) ) that represents
Brin the (1.22) and simplified it we get the IQ imbalance equation in the
receiver side:

(1+eg )cos(Bpr ) (1 + € )sin(Apg )
xLpr ()Y _ X ()
(xLPQ (t)) <(1 — €R )Sin(A<PR ) (1—eg )cos(A<pR )) (xQ(t)) (1.22)

This equation in (1.22) is the general case when the imbalance exists in
both 1 and Q branches, as will be describe in details in chapter 3.

17



CHAPTER 3

3 1Q Imbalance Models

In this chapter, two models of 1Q imbalance are described. These two
models vary according to the way of modeling the mismatch between the |
component and the Q component. The first model will be called the
Double-Branch IQ imbalance Model (DBIQM), in which the IQ imbalance
is modeled as amplitude and phase errors that exist in both the | and the Q
branches. The second model will be called the Single-Branch 1Q
imbalance Model (SBIQM), in which the IQ imbalance is modeled as
amplitude and phase errors that exist only in one branch, the Q-branch.
These two models will be described in this chapter and the relationship
between them will be explained.

3.1 The Double-Branch IQ imbalance Model (DBIQM)

In this model the mismatch between the | and Q branches is represented by
errors in both the I and Q branches (worst cases). In the | branch, the
amplitude and phase mismatch are characterized by 1+ eg and Agg
respectively. In the Q branch, the amplitude and phase imbalance are
characterized by 1—eg and —A@g, respectively as in [2]. Where
eg represents the amount of error in the amplitude, i.e., deviation from the
perfectly balanced case due to the IQ imbalance. In case of not having any
IQ imbalance, then the values of both eg , and Ag are zero.

Figure 3.1 dipicts a non- ideal receiver with amplitude and the phase errors

in | and Q-branches using the DBIQM. The 1Q-imbalanced signal using the
DBIQM can be written as follows.

18



(prz (t)) B ((1 + €x )COS(A(pR ) (1+ e )sin(Ach )) (xz (t)) 3.1)
xLpQ (£) (1—e€gr)sin(Apr ) (1 —€g )cos(Agg )) \¥e® '

cos(wet + Apg)

1+ep
™
e | -
*rr (8) —) — xp (t)
] |
7
L €R

— sin(w,t — Apg)

Figure 3. 1: DBIQM.

Figure 3.2 illustrate the effect of the DBIQM on the signal constellation.
We examine several QAM sizes e.g., 4 QAM, 16 QAM, and 64 QAM. In
all cases we consider three levels of 1Q imbalance: low with e = 0.03
and Apr = 2 degrees, medium with e = 0.06 and Apyp = 4 degrees, and
high with e, = 0.1 and A@r = 6 degrees.

From Figure 3.2, we observe the following points:

1. As it is expected, the higher the IQ imbalanced, the higher the
distortion in the QAM constellation.

2. The 1Q imbalance using the DBIQM results in having each point in
the constellation to be shifted from its original position in both the |
and the Q axis.

3. The 1Q imbalance has a more pronounced effect when higher order
QAM constellation is considered.
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Figure 3.2: Constellation diagram for the transmitted symbols (Black Stars) and the corresponding
1Q imbalanced symbols (Red Stars) using the DBIQM for: (a) 4-QAM, low 1Q imb., (b) 4-QAM ,
medium 1Q imb., (c) 4-QAM, high 1Q imb., (d) 16-QAM, low IQ imb., () 16-QAM, medium IQ
imb., (f) 16-QAM, high 1Q imb., (g) 64-QAM , low 1Q imb., (h) 64-QAM , medium 1Q imb., and (i)
64-QAM, high 1Q imb.

20



The Signal-to-Distortion-Ratio (SDR) amount (in dB) due to of the I1Q
imbalance using DBIQM can be found by the following formula [2].

1+eg?+eg?tan?(Agg )) (3 2)
er2+tan?(Apgr) '

SDR =10 log (

Figure 3.3 illustrates the SDR amount calculated as in (3.2), and is plotted
in the amplitude error ez versus phase error Agg plane. In this plot we
considered Agy to vary from 0 to 6 degrees, and e to vary between 0 and
0.1. Within the considered range, the interference amount due to the 1Q
imbalance can roughly go up to 20 dB. The amplitude and the phase
mismatch should be less than 3% and 2° respectively in order to get at least
30 dB for the SDR.

Ad R(degree)

r

0 r r L r r r
0 0.01 0.02 003 0.04 005 0.06 0.07 008 0.09 0.1

r

R

Figure3.3: Contour of SDR due to IQ imbalance in the amplitude error versus phase error plane
(valid for both Tx and Rx 1Q imbalance) [2].
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3.2 The Single-Branch 1Q imbalance Model (SBIQM)

In this model the mismatch between the | and the Q branches exists only in
the Q branch, and there is no error in the | branch. The amplitude gain in
the Q branch is characterized by g and the phase mismatch is characterized
by ¢ [5]. Therefore, for this model, 1 — g represents the amount of error in
the amplitude, i.e., deviation of the amplitude of the Q branch from the
perfectly balanced case due to the 1Q imbalance.

1 0

() = (—g sin(p ) g cos (¢ )) () (33)
cos(w,t)
TRRAL -
xpr (t) —> L xzp (£)

LPF [ oo b
xq (£) L x/ | -

7

g —sin(wet+ @)

Figure 3.4: 1Q imbalance using the SBIQM. The | branch has nor amplitude error nor phase
error. The Q branch has amplitude error of 1 — g, and phase error ¢.

Figure 3.5 illustrates the effect of the single-branch 1Q imbalance on the
signal constellation. We examine several QAM sizes e.g.,, 4 QAM, 16
QAM, and 64 QAM. In all cases we consider three levels of 1Q imbalance:
low with 1 —g = 0.0583 and ¢ = — 4 degrees, medium with 1 —g =
0.1132 and ¢ = —8 degrees, and high with1 — g = 0.1818 and ¢ = —12
degrees. The selection of these specific values will be explained in the next
section.
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From Figure 3.5, we also observe that:

a) The higher the 1Q imbalanced, the higher the distortion in the QAM
constellation.

b) The 1Q imbalance has a more pronounced effect when higher order
QAM constellation is considered.

However, it should be noticed that, when the SBIQM is used to model the
IQ imbalance, each point in the constellation is shifted from its original
position only in the Q axis.

3.3 Relationship between the two models: DBIQM,
and SBIQM

As explained earlier, the two models: the DBIQM, and the SBIQM
represent the 1Q imbalance in two different ways. The DBIQM allows for
amplitude and phase errors to exist in both branches; however, the SBIQM
assumes that the amplitude and phase error exists only in one branch. The
block diagram in Figure 3.6 explains the relationship between the two
models. The DBIQM is equivalent to the SBIQM proceeded by two blocks.
The first block represents a Gain G, and the second block represents a
Rotation matrix R. By using these two blocks in combination of the
SBIQM, the resulting 1Q imbalance will be equivalent to the DBIQM.

In matrix notations, the relationship between the DBIQM and the SBIQM
can be expressed as follows.

DBIQM = (G)(SBMIQ)(R) (3.4)
where,

1 0
SBIQM = (—g sin(p ) g cos(e )> (35
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(1+eg)cos(Apr ) (1+€g)sin(Apy )
> (3.6)

pBleN = ((1 —er)sin(Agy ) (1-ep)cos(Boy )

() )

Figure 3.6: Relationship between the DBIQM and the SBIQM

Where the values of G and R are found from the following relationships:
G=2/(1+9) (3.7)

R = < cos(—@/2) sin(— <p/2)> (3.8)

—sin(=¢@/2) cos(=/2)

To switch between models:

e The parameters of the DBIQM are calculated from the parameters
of the SBIQM as follows:

erg =(1-9)/(1+9) (3.9)
Ap, = — )2 (3.10)

e The parameters of the SBIQM are calculated from the parameters of
the DBIQM as follows:

9=0-€r)/(1+e€r) (3.11)

@ = —2A¢, (3.12)
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Based on the above conversion equation, we should note that the low,
medium, and high 1Q imbalance levels that are assumed in Sections 1.1 and
1.2 for both the DBIQM and the SBIQM, respectively, are equivalent.
These values are restated again in the following table. For more details on
the relationship between the two models, please check Appendix 1.

Table 3.1. Values of the Different Parameters in the DBIQM, and the SBIQM
for the Selected Low, Medium, and High 1Q Imbalance Levels.

o DBIQM SBIQM
imbalance | Amplitude | 12 | amplitude | FNase
level error € error Agg errorl —g error ¢
R | (degrees) (degrees)
Low 0.03 2 0.0583 -4
Medium 0.06 4 0.1132 -8
High 0.10 6 0.1818 -12
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cHAPTER 4

4 1Q Imbalance Estimation and
Compensation Algorithms

This chapter describes two algorithms to estimate and compensate the 1Q
imbalance in the receiver side. These algorithms are based on the work of
[5] and [4]. The first one is a blind algorithm [5], and the second one is a
pilot-based algorithm [4]. The authors in [5] and [4] have derived both of
the studied compensation algorithms based on the SBIQM, where the 1Q
imbalance is assumed to affect only one branch, the Q branch.

4.1 The Blind Algorithm

Today the blind algorithm became so popular because it is so simple, low
complexity algorithm, and it is not required data training for the desired
signal just needs the statistical properties. This algorithm is used for
estimation and compensation of the 1Q imbalance [6]. Figure 4.1 illustrates
the block diagram of the blind algorithm which is introduced in [5]. First,
three estimators are used to estimate the parameters 6,,6,, and 6. Then,
the values of c¢; and ¢, , which represent the coefficient parameters of the
IQ compensator, are calculated.
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Figure 4. 1: 1Q imbalance estimation and compensation implemented according to the
algorithm in [5].

The 6—parameters are estimated from the 1Q imbalanced signal after low
pass filter x;p (t) = xp; (1) + jxLpq (t) by using three estimators [5]:

01 = (—1) * mean(sgn(xpp; (t)) XLpq (V) (4.1)
8, = mean (|x.p; (D) (4.2)
0; = mean (|XLPQ (t)|) (4.3)

Then we get the values of the compensator coefficient c; that is calculated
from the two 6— parameters 6, and 6, :

0
c; = e—: (4.9)

And the other compensator coefficient c, is calculated from the three 6—
parameters 6,,0,, and 05 :
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& = (052 - 8.7)/0,?) @)

Finally, based on the SBIQM, the value of estimated gain is:

0
g=2 (4.6)

And the value of estimated phase in:
.8,
@ = arcsin () 4.7)
3

After calculating the two compensation coefficients c¢; and c,, the
compensation for the 1Q imbalance can be done according to the algorithm
as in Figure 4.1. The compensated signals w;, and w, are calculated as:

wi (D) = ¢ * xppp (D) (4.8)
wq () = ¢1 * xpr () + Xppqg (B (4.9)

The compensated signal for 1Q imbalance w(t) is then divided by c, in
order to get the same original signal.

w(t) = (wi (D) +jwq (D)/c, (4.10)

For more details check Appendix 1.
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4.2 Pilot Based Algorithm

The pilot based algorithm is widely used for estimation the channel
properties for the system. The transmitter sends known data (pilots) in order
to estimate the 1Q imbalance of the channel. The pilot based algorithm used
to compensate the IQ imbalance in order to get less error and high
performance system by using enough training symbol to estimate the 1Q
imbalance and consequently perform the proper compensation.

As proposed in [4], the preamble is used to estimate the amplitude and
phase compensation parameters K, , and P, as follows:

_ ’Zkﬂ xLpq (K)?2
Kest.b - Z]E:]_XLPI (K)z (4'11)
P = Tkt xLp1 (K)-xppq (K)
est — YE_,xLp1 (K)?

(4.12)

where:
L= length of preambles, where 64 is proposed as in [4].

The compensation of the amplitude and the phase is performed as follows:
wi (K) = xppr (K) (4.13)

1

wq (K) = m * X pq (K) — Pest - Xpp1 (K)] (4.14)

For more details check Appendix 1.
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CHAPTER 5
5 Performance Evaluation

In this chapter, we will evaluate the performance of two IQ compensation
algorithms: a blind algorithm, and a pilot-based algorithm, which have
already been described in chapter 4. The comparison will be based on the
performance of the two algorithms regarding these two measures:

1) Improving the Signal to Distortion Ratio (SDR), where the SDR
will be calculated for the received signal before and after the 1Q
compensation is applied.

2) Reducing the Bit Error Rates (BER).

In all cases, the 1Q imbalance will be modeled using the two models that
have already described in chapter 3, i.e, DBIQM, and SBIQM. The values
reported in Table 3.1 will be used in this chapter such that the phase and
amplitude error that are used for the two models are equivalent.

As explained in chapter 3, the DBIQM and the SBIQM are related via
rotation and scaling operations. It was also mentioned in chapter 4 that
the derivation of the algorithms under investigation is based on the
SBIQM. Therefore, when the actual 1Q imbalance is following the
DBIQM instead of the SBIQM, the two algorithms should be modified
such that they take care of the implicit rotation that exists within the
DBIQM. This is done by modifying the two algorithms in a way allowing
them to rotate the symbols back, by using the a rotation angle that both of
the algorithms are estimating.

To study the effect of the considered compensation algorithms on
improving the BER, and the SDR, we simulate the following six cases:

1) The case of having no IQ imbalance, where the cause of the bit
errors is coming only due to the AWGN channel. This case will be
called the “No IQ Imb.” case.

2) The case of having the 1Q imbalance affecting the signals in
addition to the AWGN channel. Here we don’t consider any type of
IQ compensation. This case will be called the “IQ Imb.” case.
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3)

4)

5)

6)

5.1

The case of having the blind algorithm applied to the received signal
in order to compensate for the IQ imbalance. In this case also
AWGN channel will be assumed. This case will be called the “Blind
Alg.” case.

The case of having the pilot-based algorithm applied to the received
signal in order to compensate for the 1Q imbalance. In this case also
AWGN channel will be assumed. This case will be called the “Pilot-
Based Alg.” case.

The case of having the blind algorithm applied to the received signal
combined with re-rotating the signal in order to compensate for the
IQ imbalance. In this case also AWGN channel will be assumed.
This case will be called the “Blind Alg.+R” case.

The case of having the pilot-based algorithm applied to the received
signal combined with re-rotating the signal in order to compensate
for the 1Q imbalance. In this case also AWGN channel will be
assumed. This case will be called the “Pilot-Based Alg. +R” case.

Performance Evaluation when the IQ Imbalance
is Modeled based on the DBIQM

In this section, we assume that the received signal suffers from medium 1Q
imbalance with e, = 0.06, and A, = 4 degrees, where the 1Q imbalance is
modeled according to DBIQM. See Table 3.1. As described earlier,
DBIQM implies that the phase and amplitude error due to the 1Q imbalance
affect both branches. At this medium 1Q imbalance, we consider three
signal constellations: 4 QAM, 16 QAM, and 64 QAM.

Figures 5.1, 5.2, and 5.3 depict the BER for all the six cases at medium 1Q
imbalance for the 4 QAM, 16 QAM, and 64 QAM, respectively. From
these three figures, it is clear that:

1)

The degradation in the BER due to the considered 1Q imbalance is
not noticeable when the 4 QAM (Figure 5.1) is used, especially at
the low SNR region.
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2) As the constellation size increases (for example, 16 QAM and 64
QAM), the effect of the 1Q imbalance on degrading the BER
becomes more pronounced.

3) Both the Blind and the Pilot-Based algorithms improve the BER,;
however, the Blind algorithm results in better performance.

4) When the rotation back is introduces along with the compensation
algorithms, the Pilot-Based algorithm outperform the Blind
algorithm. This performance difference indicates that the Pilot-
Based algorithm has a better estimation for the rotation phase.

Figure 5.4 and 5.5 illustrate the constellation diagram for the transmitted
symbols that have no 1Q imbalance, the received symbol with IQ
imbalance, and these symbols after applying the compensation algorithms.
These figures include the cases of the 4 QAM, 16 QAM, and 64 QAM. It is
clear that the effect of the 1Q imbalance on degrading the constellation, thus
the system performance, becomes more sever with increasing the
constellation order. In the case of the 4 QAM, the effect of the IQ
imbalance on the constellation is minor (subfigures (a) and (b) in Figure
5.4, and 5.5), which result on minimum effect of the 1Q imbalance on the
BER (Figure 5.1). However, in the case of the 64 QAM, the degredation in
both the constellation and the BER due to the 1Q imbalance is more
pronounced (subfigure (e), and (f) in Figures 5.4 and 5.5, as well as Figure
5.3).
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In order to evaluate the performance of the two algorithms in improving the
SDR of the received signal, the steps were performed:

1) The considered range of the amplitude-phase error space (i.e., €g
between 0 and 0.1, and A, between 0 and 6 degrees), was divided

into smaller areas as illustrated in Figure 5.6 - 5.7.

2) In each area (i.e, specific range of ez and Ag, ), the improvement

in SDR achieved by each of the compensation algorithms are
written in different colors.

It is clear from Figure 5.6 that the Blind algorithm (Blue No.) outperforms
the Pilot Based algorithm (Red No.) by a minimum of 3 dB. As an example,
when the value of the gain error is between 0.06 and 0.07, and the value of
the phase error is less than 1 degree, the Blind algorithm gives an SDR gain
of 20 dB, compared to 17 dB given by the Pilot Based algorithm. For small
values of the gain errors, the SDR gain achieved by the Pilot Based
algorithm is as small as 0 dB (i.e., no gain is achieved). By increasing the
values of the gain error, the two algorithms ability to compensate the 1Q
imbalance is increased, for example, SDR gains of about 24 dB and 21 dB
are achieved by the Blind and Pilot Based algorithms, respectively, when
the value of phase error =1. And by decreasing the values of the phase
error, the ability of the two algorithms to improve the SDR increases, but
still the Blind algorithm is better than the Pilot Based algorithm.

From Figure 5.7., when the rotation is included with the compensation
algorithms, the performance of both algorithms is improved where the
minimum SDR is 6 DB throughout the considered values of ez and Ag,, .
In all cases, the Pilot Based algorithm outperforms the Blind algorithm in
terms of the SDR gain.
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5.2 Performance Evaluation when the IQ Imbalance
is Modeled based on the SBIQM

In this section, the two algorithms (i.e., the blind and the pilot-based) are
used to estimate and compensate the 1Q imbalance, where the actual 1Q
imbalance is molded using the SBIQM. We also use a medium level of the
IQ imbalance where gain error = 0.1132 and the value of the phase error = -
8 degrees. See Table 3.1 for the equivalency of these values between the
SBIQM and the DBIQM. Figure 5.8 - 5.10 illustrate the BER for 4 QAM,
16 QAM, and 64 QAM for the different considered cases.

Both algorithms are able to eliminate the 1Q imbalance and restore the BER
of an imbalanced-free signal. After applying the rotation back, the
performance of both algorithms degrade, this is logical since the SBIQM
has no rotation component. This result can also be clearly seen by
investigating Figures 5.11 and 5.12, where in Figure 5.11 the constellation
of the received signal after applying the compensation for 1Q imbalance
matches the original signal. However, in Figure 5.12, we find that applying
the rotation results in distorting the constellation.
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The SDR gain resulting from using the two compensating algorithms is
illustrated in Figure 5.13. In all cases, i.e., all the considered values of the
gain and phase errors:

1) The SDR gain of both algorithms is more than 23 dB.

2) By increasing the values of the gain error, the Blind algorithm
ability to compensate the 1Q imbalance is increased, but the Pilot
Based algorithm ability to compensate the 1Q imbalance is
decreased. And by decreasing the values of the phase error, the
ability of the two algorithms to improve the SDR increases, but still
the Pilot Based is better than the Blind algorithm.

3) The pilot-based algorithm outperforms the blind algorithm. These
high SDR gain values come from the fact that both algorithms are
using the SBIQM as part of their assumptions.

When rotation is applied within the two algorithms, the performance of

both algorithms degrades significantly as expected, due to introducing a
none-existing rotation to the signal. See Figure 5.14.
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Figure 5. 13: SDR gain after applying the Blind algorithm (Blue no.) and the Pilot Based (Red no.).
IQ imbalance is modeled based on the SBIQM. No rotation correction is applied within the

algorithms.
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Figure 5. 14: SDR gain after applying the Blind algorithm (Blue no.) and the Pilot Based (Red no.).
1Q imbalance is modeled based on the SBIQM. Rotation correction within the algorithms is

applied.
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CHAPTER 6
6 Conclusions

Two models of 1Q imbalance are described, the Double-Branch 1Q
imbalance Model (DBIQM) and the Single-Branch 1Q imbalance Model
(SBIQM). Even though, these two models vary according to the way of
modeling the mismatch between the | component and the Q component, it
was found that the two models are related to each other via a simple scaling
and rotation operations.

Based on the SBIQM, two algorithms, a blind algorithm and a pilot-based-
algorithm, are developed. In this thesis work, the estimation and the
compensation steps of these two algorithms are described. Then the
performance of these two algorithms is compared under the DBIQM and
the SBIQM.

When the SBIQM was used to model the 1Q imbalance, it was found that
the two algorithms work properly to compensate for the 1Q imbalance. The
achieved BER for the compensated received signal is very close to the
theoretical BER for a signal with no 1Q imbalance. The SDR gain achieved
by the Pilot-Based compensation algorithm outperforms that which can be
achieved by the Blind-algorithm. But the Blind algorithm saves resources,
i.e., no need for pilot signal. Both algorithms work properly even with high
order QAM modulation.

When the DBIQM was used to model the 1Q imbalance, it was found that
two algorithms work properly to compensate the 1Q imbalance only if a
rotation block is implemented within these algorithms. This rotation step is
needed in order to compensate for the rotation component that is included
in the DBIQM. After adding this rotation modification to both algorithms,
the BER of the compensated signal improves significantly, especially for
the pilot-based algorithm. The SDR gain obtained after applying the Pilot
Based algorithm is also outperforms that of the blind algorithm
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Appendix 1

A Blind and Pilot Based Algorithms
This part describes the two algorithms that used in chapter 4 to estimate and
compensate the 1Q imbalance in details for SBIQM for Blind and Pilot
Based algorithms respectively as in [5] and [4].

A.1 SBIQM

The equation of the single branch 1Q imbalance in [5], is illustrated as in:

1 0
X ®) _ x1 (t)

(xLLlfé (t)) - <—g sin(qp ) gcos (¢ )) (xé (t)) (1.1)
xppr (£) = x; (£) (1.2)
xppq (£) = g cos(@) xq (t) — gsin(e) x; (t) (1.3)

cos(w,t)

pE LY (t) -
xpr (t) —> — x1p (t)

g

—sin(w:t + @)

Figure2.1: 1Q imbalance: | branch without errors Q branch with gain and
phase errors
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A.1.1 Estimation of the Blind Algorithm

The estimator parameters are represented by 6—parameters are estimated
from the 1Q imbalanced signal after low pass filter x;p (t) = xpp; (t) +
jXLpq (t) by using three estimators [5]:

01 = (—1) * mean(sgn(xyp; (t)) XLpq (£)) (1.4)
0, = mean (|x.p; (D)) (1.5)
05 = mean (|x.pq (V)]) (1.6)

Then we get the values of the compensator coefficient c¢; and c, as in:

=g (1.7)
C = \/((932 - 912)/922) (1.8)
Or:

¢, = g sin(p) (1.9)
c, = g cos(p) (1.10)

The value of estimated gain is:

0

g = 9—2 (1.12)

And the value of estimated phase in:

@ = arcsin (%) (1.12)
3
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A.1.2 Compensation of the Blind Algorithm

After calculating the two compensation coefficients c¢; andc, as in (1.9) and
(1.10) respectively, the compensation for the 1Q imbalance can be done
according to the algorithm as in:

Where: w(t) represented the compensated signal for 1Q imbalance, wy (t)
and wq (t) represented the real and the imaginary parts of the compensated
signal respectively.

wi (©) = ¢y * xpp (D (1.14)
wi (t) = g cos(¢) *xpp; (1) (1.15)
And:

wq (©) = ¢, * xppr () + Xpg (©) (1.16)

wq () = g sin(@) xppr (D) + g cos(@) xppq (V) — g sin(@) xpp; (V)

(1.17)
wq () = g cos(@) * xppq (D) (1.18)
So, by applying the equations (1.15) and (2.18) in (1.13), we get:
w(t) = gcos(@) xppr (t) +jg cos(@)xppq (D) (1.18)

Then the by dividing the equation (1.19) by g cos(¢ ) in order to get same
signal as sent as in:

w(t) = xpp; () +j xppq (1) (1.20)
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A.2 SBIQM
The equation of the single branch 1Q imbalance in [4], is illustrated as in:

K 0
xepr (K) ) — : x1 (K)

(XLpQ (k)) - <_kQ Sln((P ) kQ CcoS ((perr )) (XQ(k)) (121)
Xppr (k) = Ky Xy (k) (1.22)
Where; k; =1

XLpq (0 = kq €0s (err ) Xq () — ko Sin(@err) X1 () (1.23)

k; cos(w,t)
™~
e L ) @

R  xp (t)

kq

- Sin(wc t— (Perr)

Figure 2.2: 1Q imbalance: | branch with gain error=1, and without phase
error. Q branch with gain and phase errors
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A.2.1 Estimation of the Pilot Based Algorithm

As proposed in [4], the long preamble is used to estimate the amplitude and
phase compensation parameters K, , and P, as follows:

_ ’Zkzl XLpQ (W2
Kest.b - Z}IZ=1XLPI 02 (1-25)

YR_1 XLPI (0XLPQ (K)
P« === 1.26
est Yk XLp1 (02 ( )

Where:
L= long of preambles, where 64 is proposed as in [4].

And:
x1pq (D% = (kg cos(Perr ) xg (k) = kg Sin(@err ) x; (k))?
= ko * (c0S(Perr )? Xq (k)% + Sin(perr )* x; (K)?
—2 oS (Qerr ) SIN(Perr ) X1 (K)xq (k))
where: Yji_ix; (k)* =P, Yi_1xo (k)? =P, and
2cos(QPerr ) SiN(@err ) X1 (K)Xq (1) = 0.
= ko * (c0S(@err )* P+ Si(@ery )* P -0
= ko * P(c05(@err)* + sin(@err)?)
where:

COS((perr )2 + Sin((perr)zzl

o1



= ko °P (1.27)
And:

Yh=1xup1 ()% = Xfoyx, (k)2 = P (1.28)

By applying equations (1.27) and (1.28) in to the equation (1.25), the gain
estimated as in:

ko 2P
Kestn = p

Kestp = kQ (1-29)

By applying equations (1.22), (1.23) as in:

L L

D w1 (03000 (K) = D 31 () kg €05(gerr ) 3 (K) = kg 5in(ers) 2y ()7

=1 k=1
Where:x; kq cos((perr ) xq (k) = 0, then:

L

= Z - kQ Sin(QDerr) Xr (k)z

k=1
= - kQ Sin(‘:oerr) p (130)

By applying equations (1.30) and (1.28) in to the equation (1.26), the phase
estimated as in:

- kQ Sin((perr) p
P
Pest = — kQ sin(@err ) (1.31)

Pest =

Pest = Pest [ Kestn
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Pest = — kQ Sin((perr )/ kQ

Pt = — Sin(goerr) (1-32)

A.2.2 Compensation of the Pilot Based Algorithm

The compensation for the 1Q imbalance can be done according to the
algorithm of the amplitude and the phase is performed as in:

w(k) = wi (k) +j wq (k) (1.33)

wi (k) = xpp (k) (1.34)

1

wq (k) = ————=*Xppq (k) — Pest - Xpp1 (k)] (1.35)
Kest.b A 1_l:’estz *

Where: w(k) represented the compensated signal for 1Q imbalance, w; (t)
and wgq (k) represented the real and the imaginary parts of the
compensated signal respectively.

By applying equation (1.22) in to the equation (2.34), will get:
wy (k) = x; (k) (1.36)

And: by applying equation (1.22), (1.23), (1.25), (1.31), and (1.32) in to the
equation (1.35) as in:

1

WQ (K) - Kest.p 1—(Pest / Kest.b )2 ¥ kQ COS((perr ) xQ (k)

- kQ Sin(q)err) X; —Pest - X; (k)
1

- Kest.b\/m * kQ COS((perr ) XQ (k)
— ko sin(@err) x1 (k) + ko sin(@err ). x; (k)
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Where: /1 — Sin(@err ) = cos(@err )

1

= g ostoar) "o €05(err ) %o (0

= x, (k) (1.37)

Finally by applying equation (1.36) and (1.37) in to the equation (1.33) will
get same signal as sent as in:

w(lk) = x; (k) +j xq (k) (1.38)
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