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In any case you mustn’t confuse a single failure with a final defeat.
- F. Scott Fitzgerald, Tender is the Night

Aye, I suppose I could stay up that late.
- James Clerk Maxwell
(On being told on his arrival at Cambridge University that

there would be a compulsory 6 a.m. church service.)
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Abstract

The rising demand for energy efficiency, namely on the uplink channel, is severely
restricted by the linear input-output power amplification requirements, which is normally
performed by linear high power amplifiers (HPAk). To overcome the necessity of us-
ing these inefficient amplifiers, a linear amplification with nonlinear components (LINC))
technique was developed. This technique separates each input signal in two constant-
envelope branches, to be amplified separately by grossly non linear (NL|) [HPAk, which
are simpler and much more energy efficient than the linear ones. However, the wide
spectrum of the [LINC signal components limits this technique’s potential efficiency, re-
stricting the combiner’s efficiency, raising the necessary oversampling rate and requiring
a larger bandwidth for the to accommodate.

To address this problem, this thesis work developed a new ring-type magnitude mod-
ulation (RMM) method to control the transmitted signal’s envelope excursions. This
look-up table (LUT) based magnitude modulation (MM]) method was specially thought
for offset modulations schemes like offset quadrature phase shift keying (OQPSK)), and
enforces lower and upper amplitude boundaries on the transmitted signal’s envelope.

Results show that combining the proposed RMMI method to the transmitter ef-
fectively reduces the signal components’ bandwidth, and thus successfully reduces
the system’s oversampling requirements and increases the combiner’s energy efficiency.
This method was also shown to be fairly insensitive to small gain and phase imbalances
between the HPAk® gains.

Keywords

RMM, [OQPSK] modulation, Energy efficiency, Signal Processing



Resumo

O crescente interesse por eficiéncia energética, sobretudo no sentido de transmissao
ascendente (uplink), é fortemente limitado pelos requisitos de amplificacdo linear de
poténcia, que normalmente é efectuada por amplificadores de alta poténcia (HPA). Para
superar a necessidade de utilizar estes amplificadores de baixa eficiéncia, foi desenvolvida
uma técnica de amplificacdo linear com componentes ndo lineares (LINC). Esta técnica
separa um dado sinal em dois sinais de envolvente constante, para serem amplificados
recorrendo a nao lineares, que sdo mais simples e muito mais eficientes do ponto
de vista energético do que os lineares. Porém, esta operacdo de separacao do sinal
provoca um alargamento do espectro das duas componentes e acaba por restringir
o potencial desta técnica, ja que limita a eficiéncia do combinador, aumenta a taxa de
sobreamostragem minima e requer a utilizacao de que tenham capacidade de aco-
modar esta maior largura de banda.

Para enfrentar este problema, nesta trabalho de tese foi desenvolvido um novo método
de modulacdo de magnitude em anel (RMM), para controlar as excursdes da envolvente
do sinal transmitido. Este método de baseado em tabelas de consulta (LUT) foi de-
senvolvido considerando os esquemas de modulagdo com desfasamento temporal, como
0 e limita inferior e superiormente a envolvente do sinal transmitido.

Os resultados mostram que da combinag¢dao do método RMM ] proposto com o trans-
missor [LINC| resulta uma redugio efetiva da largura de banda dos sinais que compdem o
e desta forma consegue-se reduzir os requisitos relativos a taxa de sobreamostragem
e aumentar a eficiéncia energética do combinador. Também se verifica que este método
€ razoavelmente insensivel a pequenos desvios de fase e amplitude entre o ganho de
poténcia dos [HPAE.

Palavras Chave

RMM| Modulagéo Eficiéncia energética, Processamento de Sinal
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1. Introduction

The rising demand for spectral and power efficiency in communication systems, namely
on mobile devices, makes the study of low peak-to-average power ratio (PAPR)) signals
worthy of attention, in order to lower requirements of back-off from the high power am-
plifier (HPA) saturation point [I-4]. The is one of the critical components in the
design of wireless transmitters, to which most spectral efficient transmission techniques
impose stringent linearity requirements (i.e., the use of class A or AB power amplifiers
or quasi-linear amplifiers) with a consequent negative impact on power efficiency (e.g.,

class A power amplifiers’ efficiency is below 20%) and [HPAT's cost.

With this in mind, the use of the linear amplification with nonlinear components
(LINC) [5H7] technique becomes attractive, since this structure separates the input sig-
nal in two constant-envelope branches to be amplified separately by two highly efficient
grossly non linear (NL) amplifiers (e.g., class D and E amplifiers, whose efficiencies reach
80%), which are simpler, cheaper and have higher amplification than quasi-linear ampli-
fiers [4.[8]]. A linear amplified replica of the input signal is obtained by combining the two
amplified component signals as long as the amplifiers are perfectly matched (i.e. without
gain and phase imbalances between each other) [5, 6] and have sufficient bandwidth to
accommodate each component signal.

Along with the the [LINCTs combining structure plays a critical role in the trans-
mitter’s overall power efficiency [6,9]. As explained in the next chapter, decreasing the
transmitted signal’s generally also results in an increase on the combiner’s average
power efficiency [9].

Besides distortions due to imperfect combining, the [LINCl scheme may also involve
amplitude clipping due to input power limitations of the component amplifiers, which
would result in additional high frequency distortion (i.e. spectral regrowth) on the trans-
mitted signal [10]]. To avoid the mentioned distortion, the signal should remain below the
amplitude clipping level as often as possible. But this clipping level should not be feared,
since it can provide an important tradeoff between power and spectral efficiency when
used with caution.

Caution brings back the signals’ high problem, but this time for a different
reason. Suppressing the peaks from the transmitted signal would result in fewer signal
amplitude clipping occurrences, which would mitigate the undesirable high frequency
distortion that it adds on the reconstructed signal. In this context, the magnitude mod-
ulation (MM)) techniques [[11513]] are known to be effective methods of controlling the
signal’s envelope excursions without spreading the transmitted signal’s spectrum, and no-
ticeably reducing the transmission performance.

One of the challenges of the transmitter regards its oversampling requirements
[7]. The two branches have a larger spectrum than the input signal (consistent

2



1.1 Objectives

with the wide characteristic of the spectrum of a constant envelope signal [6]), since
each branch’s generation results from performing a phase modulation procedure of the
input signal’s amplitude, to be described in chapter However, a smaller amplitude
range would result in a smaller phase modulation effect, which would narrow the branch’s
spectrum. On such conditions, using an offset type of modulation scheme should provide
good results [6,9]]. Therefore, a new method should be designed to fit these [LINC
transmission requirements.

After this analysis it became clear how relevant it would be to study the resulting ef-
fect of including a peak power control technique in a [LINC transmission system, with
the purpose of exploring its potential benefits, namely regarding spectral and power effi-

ciency.

1.1 Objectives

The core of this thesis work is to study the impact of an [MM] scheme on a single-
carrier (SC)) transmission system. It is proposed a new [MM] method for an offset
quadrature phase shift keying modulation schem specially designed to be
combined with a [LINC transmitter (namely to reduce its oversampling requirements). It
is also explored the possible tradeoffs that result from properly choosing the values for
this system’s set of parameters.

In order to correctly compare the different transmission schemes considered, the anal-

ysis is focused on four criteria:

e the[LINCbranches’ power spectral density (PSDJ)), as a measure of its oversampling

requirements,

e the transmitted signal’s to assess the spectral regrowth of this signal’s band-
width,

e the distribution of the decomposition angle 6 of the branch’s constant en-
velope signal, which provides the necessary information on the system’s overall

power efficiency,
e the system’s bit error rate (BER)), in order to evaluate its performance.

The proposed schemes’ entire simulation set was developed using the Matlab® envi-

ronment [14], namely the Communications System Toolbox.

"More information regarding this digital modulation scheme on appendix




1. Introduction

1.2 Dissertation Outline

This thesis is structured in five chapters. Following the introduction, Chapter [2| will
provide an overview on the [LINC| transmission system, where careful attention is payed to
the benefits and limitations that it imposes on the overall communication system. Chapter
focuses on the principles, and explains a few methods to employ this technique in
transmission systems. It also presents the proposed MMl scheme. Chapter [ analyses the
magnitude modulated scheme, regarding the four criteria aforementioned. Finally,
Chapter [5]discusses the main conclusions drawn from this thesis work, and reflects on the

possible paths for future work on this subject.

1.3 Thesis framework and contributions

This thesis work was carried out under the projects GALNC [15]] (Generalized Linear
Amplification with Nonlinear Components for broadband wireless systems (EXPL/EEI-
TEL/1582/2013), funded by Fundagao para Ciéncia e Tecnologia — FCT) and GLANCES
[16] (Generalized Linear Amplification with Nonlinear Components for Power and Spec-
tral Efficient Broadband Wireless Systems, supported by Instituto de Telecomunicagdes —
IT).

From the early stage of this work has resulted the paper attached to appendix
which was accepted for oral presentation at IEEE 80th Vehicular Technology Conference
2014. The latest developments lead to two provisional applications for patents, regarding
the developed [MM] scheme [[17] and the MM] combined with efficient transmitter
scheme [18]].
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2. LINC systems

In numerous communication systems it is required to have a linear input-output power
relationship. This requirement brings a great restraint on the choice of to include
in such systems, because the linear type have a substantially lower energy effi-
ciency [4,8]. The technique [5-7]] was developed to overcome the linearity im-
posed restraints, managing to achieve linear power amplification while employing highly
efficient and grossly NCJ[HPAK.

On that note, this chapter describes the basic concepts of the technique. The
many challenges that this system faces nowadays are also discussed, in order to provide
the needed background to understand the proposed scheme.

2.1 LINC basic concepts

Using vector decomposition, it is possible to separate any two-dimensional signal in
two constant-envelope signals by mapping the desired information in each of their phases,
as illustrated by figure 2.1 This is the basic idea behind the technique.

Q
Q,
r ).
— ’max
//// \\\\
/ 1 S()°
S gl e’
/ e \
/ S, () \ \
| |
> | |
H I
'\ S2 ([ ) / /4
\ / /
\ /! /
\ /
\ /
N /
\ /
\ /
N /
AN 7/
\\ //
(a) LINC representation using 6. (b) LINC representation using e(r).

Figure 2.1: Signal separation operated by the LINC system, based on vector decomposi-
tion.

A generic communication signal S(¢), both for [SCl and multi-carrier (MC)) commu-
nications, can carry information in both amplitude and phase, and can be generically
represented by

S(t) = r(t)e?) 2.1)
where r(¢) > 0 and ¢(¢) represent respectively the instantaneous signal’s magnitude and

phase, that can be time-varying functions. The mathematical representation of the

6



2.1 LINC basic concepts

concept becomes clear by replacing the signal’s magnitude r(¢) = ryqycos (6(t)) in equa-
tion (2.1)), i.e. by representing r(¢) as a constant amplitude phase modulated signal, where
Fmax 18 its maximum amplitude and 6(7) is the branches’ decomposition angle, as
depicted in Fig.

Using the exponential representation of cos (6(t)), equation (2.1I) can be rewritten as:

S(t) = rn;axem(z) (eje(t) +e—je(t)> _ (2.2)

Finally, equation (2.2) can be further simplified to S(t) = S;(¢) + Sa2(¢), where:

Si(t) = rm_;xéj(¢(z)+9(z)) 7 (2.3)
Sy(t) = Tmax ,j(¢(1)-6(1)) 7 (2.4)

2
proving that any signal S(¢) can be written as a sum of constant amplitude signals.
Representing the [LINCl branches’ using equations (2.3) — (2.4)) is a very powerful way
to evaluate the transmission system’s overall power efficiency, due to the close connection
between this efficiency and the decomposition angle 6(¢) (as it will be discussed later in
this chapter). However, there is an equivalent set of equations to describe the signal

separation, as follows:

Si(t) = %S(t) (1+ je(r)) | 2.5)

Sy(t) = %S(t) (1= je(r)) | 2.6)

/ 2
with e(t) = <’r 'E‘fj‘) — 1, which can be obtained with a simple inspection of fig. [2.1b

A simple analysis confirms that, in both cases, the two branches have equal and constant
amplitude %, making it possible to include two grossly [NI] amplifiers on this transmis-
sion system without distortion. These amplifiers are inexpensive and much more energy-
efficient than the linear ones [4}8]].

Although equations — and - are mathematically equivalenf'} one
set of the equations may outperform the other in a given digital implementation of this
system, depending on how the signal separation process is physically handled [6,19,20]].
However, this analysis is out of the scope of this thesis work.

'The two notations will be used interchangeably, depending on which representation fits each analysis
better.




2. LINC systems

2.2 Digital LINC transmission system

Following this analysis, the basic digital LINCl transmitter is presented in figure[2.2]

——

symbols ~————» DAC+HPA

bits X S,

|

| |

| |

| |

Digital S::'SI‘; 4| unc |
Modulator aping | | separator I
Filter ‘ S |

| |

| I

| I

» DAC+ HPA

Figure 2.2: Basic digital LINC transmission system.

Due to the flexibility offered by digital signal processing, separation is usually
on the digital domain [|6,/19,20], as well as bandwidth limiting by pulse shaping (normally
an filter [21]]), which is performed before the technique.

Although equations (2.1) — (2.6) are straightforward to convert to its discrete-time
equivalent, some care must be taken regarding the required oversampling rate.

In order to keep the constant-envelope characteristic of the signal components
sy1 and s, it is necessary to account for their wide spectrum when designing the DACT's
reconstruction filter, to ensure negligible peak regrowth on those signals. This design can
be made simpler by using a higher oversampling rate, allowing a considerable reduction
in the reconstruction filter’s order, and so lowering its cost [21].

Therefore, a digital domain analysis needs to take in consideration the digital-to-
analog converter (DAC) features (resolution and reconstruction filter characteristics) and
the[HPAK’ saturation effect in the discrete-time representation of 6(¢) and e(¢), which may
require the clipping of the [LINCTs input signal s,,. Accordingly, the digital representation
of 0 and e is given by:

Tn <
0 (i’n) _ {arccos (w) y In>Sm 7 2.7)
07 n > Sm
<m>2 -1, r<s
e(rn) = I =M (2.8)
0, Tn > Sy

where r,, is the magnitude of the original signal at sample n and s, is the mentioned [LINC|
transmission system’s clipping level. This polar clipping operation is usually chosen over
the Cartesian type due to its slightly superior performance [7]]. Assuming ideally balanced
amplifiers and perfect combining, we can determine the transmitted signal s, using the

following equation (where it is assumed an amplifiers’ unit power gain):

8



2.2 Digital LINC transmission system

Sn,s Isn| < sm

Sc = Sul +Sn2 = { (2.9)

Besides sufficient bandwidth to accommodate each signal’s component, this system
requires the mentioned perfectly balanced in order to cancel the complementary
terms of 5,1 and s,» (check equations - for simplicity). Hence, possible ampli-
tude or phase unbalances between the two amplifying branches may result in significant
performance degradation [6}7]]. This question will be addressed in chapter [4]

In the next sections it will be discussed some of this system’s feature regarding the

s separator and combiner structures, respectively.

2.2.1 LINC’s separator structure

One of the main challenges that the transmission system faces has to do with
the signal separation process. The nonlinear operation portrayed by either applying the
equations or (2.8) to obtain s,,; and s, results in an increase of the [LINC| branches’
bandwidth relative to the original signal’s [6]]. This out of band spectral regrowth occurs
because of the added phase modulation depicted in the time-discrete version of equations
23 -2A.

In order to enable perfect recombination, this bandwidth enlargement needs to be
accommodated by the and the [DACs’ reconstruction filter. This can be handled
by working the system at a higher sample rate. With this in mind, figure [2.3] illustrates
the mentioned out of band spectral regrowth effect on both [LINC| branches’ bandwidt‘tﬁ
when the information is mapped in[QPSK]|and [OQPSK]constellations, respectively. While
a high oversampling factor (L > 16) is critical for a feasible transmission system using
this factor is much less restrictive when it is used an digital modulator
(L = 8 results in a simpler reconstruction filter design), due to the lower[HPAk” bandwidth
requirements for the signal components of the signal. This constraints will
be taken into account in the following chapters when choosing the transmission system’s

parameters.

2.2.2 LINC’s combiner structure

As mentioned before, the main advantage of choosing a transmission system
over one with linear [HPAK is its potentially higher energy efficiency, since it can employ

grossly NLIHPAk. However, in order to correctly evaluate the entire transmission system

%It is enough to analyse only one of the branches, since they have similar amplitude response.
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(a) QPSK modulation. (b) OQPSK modulation.

Figure 2.3: LINC branch’s PSD for different oversampling factors L — the RRC filter has
a 25% roll-off factor.

one must consider the combiner structure’s role in it. As [6]] states, the combiner’s energy

efficiency is closely related to the decomposition angle 8, as follows:

Neomp = €08 6 . (2.10)

Since the decomposition angle is likely to change during the transmission time (re-
call equation (2.7)), equation (2.10) alone does not provide a full insight of the problem,
making it necessary to instead estimate the combiner’s average energy efficiency that con-

siders the decomposition angle’s distribution:

/2
Teoms = [ Pilf (6 X c05%(8)d6 @11)
0

To complete this preliminary analysis, figure [2.4] illustrates the average com-
biner’s energy efficiency when it is used [QPSK] and [OQPSK] digital modulator Such
a system would be terribly inefficient, since most of the signal’s decomposition angle is

concentrated between 30° and 70° degrees, while completely wasting the “efficient an-

gles”.

3Neither signal was clipped, to simplify this introductory analysis.
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Figure 2.4: QPSK and OQPSK’s decomposition angle 0 vs LINC combiner’s efficiency.

A simple inspection on equation shows that one of the ways to improve the com-
biner’s average energy efficiency is to lower the [LINC's clipping level sy, but it would
deteriorate the system’s performance, since post-filtering[PAPR|reduction techniques may
cause spectral spreading, thus causing loss of bandwidth efficiency and undesirable ad-
jacent channel interference [[12]]. However, there are more appropriated ways to achieve
the desired effect, like controlling the envelope excursions of the signal fed to the

system, that will be explained in the next chapter.
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3. Magnitude Modulation

Typical transmitters work with linear [HPAk, whose input back-off requirements
greatly reduce the system’s energy efficiency. In this context, magnitude modulation
techniques were developed to control envelope excursions of the transmitted signals by
adjusting each symbol prior to filtering. Such an adjustment takes into account the pulse
shaping filter (typically a impulse response, since it is the main cause for the men-
tioned envelope excursionﬂ One of the benefits of these schemes comes from the fact
that they do not enforce a penalty reduction in the information rate, while effectively in-
crease the transmitter’s energy efficiency [13,22]]. The same reasoning can be applied in
order to find a solution for the constraints described in section

This chapter presents a new technique specially thought to fit the trans-
mission system’s requirements, namely regarding its overall energy efficiency. This new
method employs a polar clipping-rectangular scaling approach [[11,|12]] on sig-
nals, and it makes use of a[LUT] (computed a priori) to provide each symbol’s co-
efficients, according to its neighbors. The needed background for this scheme is
provided in the following sections, where it is studied this technique’s state of the art,
namely regarding implementations of this method on signals.

Initially, the new method’s performance is evaluated in a transmission scheme
alongside the computation of the decomposition angle 8 that would be obtained if the
transmitted signal was included in a LINC transmitter instead without performing ampli-
tude clipping, to allow a fair comparison between the different scenarios. After choosing
the most favorable set of parameters, this evaluation proceeds to chapter 4] where this
technique is included in the transmission scheme seen in figure

3.1 The Magnitude Modulation Principle

Figure [3.1] presents a typical [SC|transmitter, with the basic building blocks to enable a
successful communication. As it was mentioned before, when the transmitted symbols are
mapped in constant-envelope constellations, the main contribution for high [PAPRI on the
transmitted signal comes from the pulse-shaping filter (normally RRC)). Taking this into
account, a symbol readjustment procedure could be employed prior to filtering to reduce
the signal’s envelope excursion. This is the basic concept of the method, similar
to the adaptive peak-suppression algorithm for M-PSK type constellations proposed by
Miller et al. |1]].

Figure [3.2] illustrates the principle. Despite the different ways to apply this

method, each[MM]|implementation is composed of the following steps:

IThe other contribution comes from the symbol constellation itself. However, this work only deals with
constant envelope constellations, that have a 0 dB [PAPR]contribution to the transmitted signal [22].

14



3.1 The Magnitude Modulation Principle

Discrete Time System
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Figure 3.1: Generic SC transmitter scheme [|12].

e Predicting the response of the pulse shaping filter to a given symbol sequence s[n]

(depending on the filter length).

e Detect the peaks of the predicted response and calculate the corresponding scaling

factor.

e Multiplying the symbol]s, by its coefficient m,.

Magnitude Modulator ' Pulse Shaping
De}ay Scaling m['n]s[n] RRC filter X[n] DAC | t(t)

Magnitude Modulation
Factor Computation

Figure 3.2: Magnitude modulation principle [[12,[22]].

In order to correctly compute each symbol’s[MMIcoefficient it is necessary to consider
the filter’s length, to account for all the symbols that significantly contribute to the
signal’s amplitude (seen in figure[3.2]as the D past and future neighbors of the highlighted
symbol). Therefore, this operation inserts a small time delay DTy, where Ty, is the
symbol’s duration.

In the peak detection step, there are two possible criteria to enforce: polar clip-
ping (PC) and rectangular clipping (RC). When polar clipping is employed, the
coefficient to be applied to s, considers the amplitude of the predicted response sequence
and compares it to a given threshold A, whereas a rectangular clipping type of approach
evaluates the in-phase and quadrature components separately, with threshold levels A; and
Ag, respectively

The scaling operation follows a similar reasoning. A rectangular scaling (RS) ap-
proach scales the in-phase and quadrature symbol components separately (i.e. each sym-

bol needs two MM  coefficients, one for each symbol component), as follows:

25, refers to the particular sample at instant 7, where s[n] regards the discrete time sequence. The same
notation is applied to the MMI coefficients.
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3. Magnitude Modulation

k

x[n] = [zk:ml[k] sI[k]S[n—kL]] xh[n] +

ZmQ[k]sQ[k]S[n—kL]] xhln] . (3.1)

On the other hand, a method using [PSI multiplies each symbol s,, with one coefficient

x[n] = [Zk:m[k]s[k]ﬁ[n—kL]] xhn| . (3.2)

Despite adding some phase modulation, an [RS| approach can provide a finer control
of the envelope excursions over the other method, since it has an additional degree of
freedom.

The following subsections explore the method’s developed by Tomlinson et al. [11]

and [12], and how they applied the aforementioned steps.

3.1.1 Look-Up Table Based Approach

In 2002, Tomlinson et al. [11]] proposed a[MM]scheme where the [MMIcoefficients are
computed a priori and stored in a look-up table as generally depicted in figure
3.3l In order to magnitude modulate a given symbol, it is only necessary to search the
for the shift register’s state, and fetch the corresponding coefficient(s) (depending

on whether [PS] or[RSlis employed), since this table contains all possible states.

Lookup Table m’ RRC
A A ... AA )
' ' ' | S, LO
bit , Shift Register [ }
stream
— Modulator — S,., =** IS, > S,.p Z_}
: [ | T Envelope
] 1 - equalised
! ! LAY ! ! Q 2
\ A/ vYv o
Lookup Table m? RRC 3
my

Figure 3.3: Generic LUT-based Magnitude Modulation transmitter scheme [[11}|12].

The coefficients to be stored in the look-up table are estimated according to the
iterative algorithm [T} where noiseless transmission is emulated. This algorithm is thor-

oughly illustrated in figure including the different clipping and scaling preferenceﬂ

3Figureemploys rectangular scaling. An equivalent[PS]approach would only have one look-up table.
4The algorithm’s analysis is supported by this figure’s notation.
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3.1 The Magnitude Modulation Principle

Algorithm 1 Concise Algorithm for Computation of [MM] Coefficients” LUT [12].

do {
STEP 0. Setup input data.

Signal to be MM < first iteration
Input Data =

MM signal from previous iteration <= other iterations

STEP 1: Filter data using a filter.
STEP 2. Limit the magnitude of the filtered signal to the specified threshold A.
STEP 3: Filter the resulting signal using a match [RRC filter.

STEP 4: Sample the resulting signal to obtain the MM sequence corresponding to
the input data.

} while ( Signal limitation occurs in STEP 2 )

STEP 5: Output the MM coefficients by performing the ratio of MM signal from the
most recent iteration to the input original sequence to be MM.

Initially, each MM I coefficients sequence is an all ones vector, so that the algorithm’s
first iteration does not include MMl After upsampling and filtering the input se-
quence a[n], the resulting signal y[n| is evaluated according to the algorithm’s clipping
method. Then, the clipped signal is fed to a matched filter, and sampling is per-
formed on the received signal to obtain the symbols corresponding to the input data.
Finally, the ratio between each received symbol agy[n] and the original sequence aln] is
calculated and stored in the respective slot of the coefficient stream m|n|, and the algo-
rithm is repeated with this new factors until no further clipping is enforced in step 2.
When the algorithm stops, the coefﬁcienﬂ my is stored in the look-up table at the position
defined by the corresponding state.

There are a few remarks to be made about the [LUT| computation procedure. First of
all, it should be stressed that the neighboring symbols’ coefficients are updated at
the end of each iteration, in order to account for their MMT's distortion contribution to the

signal’s envelope on the final value of my.

In order to speed-up the computation of the look-up table (LUT)), the algorithm should
include an alternative stopping criteria that ensures convergence, since infinite loop situa-
tions may occur. The work developed in [[12] suggests monitoring the peak value of y[n]

and stopping if it is in the close vicinity of the threshold A at some point and it doesn’t

SFor simplicity, the algorithm analysis is made as if it was employed polar scaling and polar clipping.
Whichever commentaries are made regarding myg are equally valid on m{) and mg , if[RS]is used instead of

[PS|
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3. Magnitude Modulation
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Figure 3.4: Diagram of the algorithm that computes the MM coefficients to be stored in

the LUT .
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3.1 The Magnitude Modulation Principle

decrease in the next iterationl

The number of states that a[LUT needs to store depends on two factors. For a constel-
lation with M symbols to be filtered by an filter that reaches for D past and future
symbols, it is needed to build a table with M?P*! states. As it becomes clear, the major
drawback from this fairly simple type of implementation regards the size of the constel-
lation. Although there are some symmetries that can be explore to reduce the size of the
table [[12], it becomes quite impractical to design a [LUTHMM] method for M > 16. Con-
cerning this issue, the work on [12] developed a robust alternative that does not require a
[LUT] to be described in the next subsection.

3.1.2 Multistage Polyphase Magnitude Modulation

The multistage polyphase magnitude modulation (MPMM) is a polar clipping - polar
scaling method that is based on the implementation of the filter in its equivalent
polyphase representation [[12/23]], as it is depicted in figure 3.5}

Magnitude Modulator RRC Pulse Shaping
Scaling

; s[n]

Magnitude Modulation
Factor Computation

h i ; -1
yuan] - z
EL4(2) - @ °

fsymb i fsamp
Symbol Rate | Sampling Rate

Figure 3.5: Generic Magnitude Modulation transmitter scheme, highlighting the RRC’s
equivalent polyphase decomposition [[12}22].

This analysis assumes, without loss of generalization, a type I linear phase [FIRIRRC
filter whose impulse response spreads over 2N + 1 symbols, with the transfer function
H(z):

2NL
H(z)=Y hln]z™" with hin]=h[2NL—n], (3.3)
n=0

and an even oversampling factor Lﬂ This polyphase decomposition enables pulse shaping
filtering at symbol rate, and it is performed using the components E; as follows:

%A rough estimation of the[MMImay also be obtained by simply limiting the number of allowed iterations
to a reasonable value.
7Similar developments for a type II filter [23] or an odd L can easily be inferred.
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3. Magnitude Modulation
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Figure 3.6: Multistage polyphase magnitude modulation scheme for controlling the signal
excursion at the RRC output, followed by the RRC filter block [12,22]].

2N 2N
Ei(z)=Y eln]z"=) hlnL+i+A)z", 0<i<L-1. (3.4)
n=0 n=0

The parameter A € Z is the filter decomposition phase offset and corresponds in prac-
tice to a time-delay (A < 0) or advance (A > 0) of the filter impulse response. In this
implementation A = —%, in order to account for the output samples where each
symbol contributes the mosﬁ

Since filtering can be described/implemented by polyphase decomposition, the
response prediction mentioned in section [3.1| can follow the same principle. With
this in mind, figure [3.5]is upgraded to figure 3.6l All the necessary details are provided
next.

The analysis of figure [3.6] starts with the filters Go;(z) and Gy;(z). The impulse
response is divided into two parts around its center of symmetry, as shown in figure
The polyphase filters E;(z) are consequently separated into filters Go;(z) and Gy;(z), re-
spectively on the left and right, with their impulse responses given by

1 Joeln ,0<n<N
goi[1] _{ 0 , otherwise ’ 3.5

(3.6)

] = eiln+N+1] ,0<n<N-1
s = 0 , otherwise

This enables to separate the desired sequence in symbols that weren’t evaluated and
symbols that are already magnitude modulated (i.e. symbols for which its MM coeffi-
cients are already known). When is used, the output of E;(z) is given by (see figure
3.6)

8The work on [[12]] further elaborates on this topic.
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3.1 The Magnitude Modulation Principle

Type | Linear Phase RRC Filter (@=0.3, N=3, L=4)
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- - -9,
- - -9,
9,,nl
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3 4
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Figure 3.7: MPMM component filters, go;[n] and gy;[n], for polyphase decomposition with
phase-offset [12].

2N
viln] = Y eilklmiln—k]sln—k], 0<i<L-—1. (3.7)
k=0
As it was mentioned before, when computing m;[ng], coefficients m;[ng — k|, with
k=1,---,N, are already known (past symbols relative to s[np]), but nothing is known
about the[MM]values that will magnitude modulate symbols s[ng — ¢] (withg=—N,--- ,—1,

i.e. future symbols relative to s[ng|). In order to avoid excessive time variation of the aver-

age power of the signal after pulse shaping, the work on [[12] assumes that future symbols
should be as,

mi[no —q| = my[no], for g=-N,---,—1. (3.8)

Thus, to ensure that the envelope excursion of each RRC| polyphase component’s out-
put is limited to the polar threshold A, and also considering equation (3.7]) and condition
(3-8)), the MM factor must satisfy the condition

mi[no) % eilk]s[no+N — k|
=0 <A, (3.9)

+ Y eilklmilno+N —k]s[no+N —k]
k=N+1
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3. Magnitude Modulation

and so, using definitions (3.5]) and (3.6)) it follows that

N
m;no) ¥ goilk]s[no+N — k]
=0 N—1 <A. (3.10)
+ kgo giilklmi[ng —k — 1] s[ng —k — 1]

Let a;[n] and b;[n| denote the complex signals at the output of filters Gy;(z) and G;(z)
as shown in figure [3.6] Examining (3.10) and considering the convolution’s definition, it
is straightforward to conclude that

N
Y goilk] s[no+N — k] = aj[no+N] | (3.11)
k=0
and,
N—1
Y. guilklmilng —k—1]s[no —k — 1] = bi[ng +N] . (3.12)
k=0

As a result, condition (3.10) can be expressed as

|mi[no] ai[no+ N]+ bi[ng+N]| <A . (3.13)

In order to guarantee condition (3.13]), a non-negative f(-) was defined by [12] to

compute m;[ng:

mi[n()]:fMM(Aaai[n0+N]7bi[n0+N]) 5 (314)
where
1 ,la+b| <A
A7 7b = — * k1o — y 3.15
f( a ) Re{ab }+\/Re{‘zz‘72 12— |a|?(|b|2—A2) ,|a+b| SA ( )

for A€ R" and a, b € C. This analysis is further extended in [12]]. Since the output of
all filters E;(z) must satisfy condition (3.13)), the symbol to be magnitude modulated is
multiplied by the most restricted factor, i.e.

mln] = izoll.}.ig_] (mi[n]) . (3.16)

When computing the coefficient with (3.15)), condition (3.8) is assumed to be
true, which may not be the case. Although condition (3.13) is satisfied even when the
coefficient m[ng + 1] is smaller than m|ny], this does not happen when m[ng + 1] > m[no).
A simple procedure that guarantees that the condition (3.13) is only slightly violated on
those occasions was found by using the time variant filter [[12,22]:
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3.1 The Magnitude Modulation Principle

mln+ 1]+ mn]
2
This MPMM] procedure is fairly simple and it is scalable for constellations with M >
16 symbols, with considerable net back-off gairﬂ [12]], surpassing the method as the
state of the art procedure.

mn+1]>mn] = m'[n+1]=

(3.17)

3.1.3 Magnitude Modulation for OQPSK signals

When designing an equivalent scheme for some questions arise. The
signal’s envelope has fewer excursions than an equivalentQPSK]signal | (see fig-
ure [A 4] in appendix [A]), which is a consequence from offsetting its in-phase and quadra-
ture signal components. This results in a necessarily lower PAPR]signal, thus reducing the
potential gain margin that could be obtained by employing instead of

Besides, to deal with the time offset between the two signal components it makes more
sense to use a rectangular scaling approach, making the number of required assumptions
escalate (the assumptions to be made would need to account both component coefficients,
which is not as straightforward as condition in the MPMM ] case).

Alternatively, Tomlinson’s LUT] method could be applied to an [DQPSK]signal to ad-
dress the requirements (namely a high oversampling rate), and the of the
resulting magnitude modulated signals are shown in figure The simulations carried
along this chapter use an RR filter with a 25% roll-off factor (spreading over 7 past and
future symbols) and an oversampling factor L = 8.

—NoMM
T — — MM, A=L.2
— MM, A=1.1
MM, A=1 f

Pr(PAPR >x)

0 0‘.5 i li5 é 2.5 é 3‘.5 4‘1 4‘.5 5
x [dB]
Figure 3.8: Comparison of the PAPR of the magnitude modulated OQPSK signals (using
the LUT method) with the equivalent OQPSK signal without MM.

9This measurement accounts for the back-off gain in the transmitter and the distortion losses at the
receiver for a given level.

10A11 considerations are made regarding [QPSK]and [DQPSK]signal’s with the same average power, for a
fair comparison.
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3. Magnitude Modulation

Although this scheme successfully reduces the of the signal (over
2dB gains at a probability of 10~ for the threshold A = 1), this reduction
is not enough to satisfy the oversampling requirements. As figure [3.9] shows, the
spectrum of the signal components is negligibly reduced, even though stringent
limits were enforced by the MM I thresholds.

OpF——

T T T T T T : :
N\ ——No MM

. . . . . . . . .
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Normalized Frequency

Figure 3.9: PSD of one of the LINC branches s,,1, for different LUT-MM boundaries sets.

This result is related to the transition path diagram of the magnitude modulated sig-
nals, like the one illustrated in figure This figure shows that limiting the envelope
excursions to an upper bound also scales down the inner most samples (as expected),
which results in a broader decomposition angle 6 range (see equation (2.7)), which in

turn broadens the spectrum of the [LINC| components s,,; and s, (see equations (2.3)) and

(2.4).

15 T T T T T 15

Quadrature Amplitude
|
o
Quadrature Amplitude

. . . . .
s -1 —05 o 05 1 15 185 oy 05 o o5 T s
In-phase Amplitude In-phase Amplitude

(a) OQPSK transition path diagram, (b) OQPSK transition path diagram,
without MM. with MM threshold A = 1.

Figure 3.10: Diagram of the transition path between the constellation’s symbols of a
magnitude modulated OQPSK signal, comparing the case where it is used a LUT method
with MM threshold A = 1 with an OQPSK signal where MM was not applied.

Considering the combiner’s concerns regarding the decomposition angle 6 (see
figure [2.4)in subsection [2.2.2) and the oversampling requirements, the next section
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3.2 Ring-type Magnitude Modulation on OQPSK signals

presents a new [MM] approach to fit these constraints.

3.2 Ring-type Magnitude Modulation on OQPSK signals

The existing[MM]procedures only address the signal’s envelope maximum excursions,
since they are usually applied to[SCltransmission schemes that employ linear[HPAK, which
face the previously mentioned PAPRIproblem [4,8]]. However, by making the use of [LINC|
techniques, energy efficiency of the front-end amplification module is mainly limited by
the combiner’s efficiency [6,9]. By observing figure 2.4|one could infer that higher com-
biner’s energy efficiency can be achieved by also reducing the higher phase content of the
decomposition angleE] 0, i.e. by also enforcing a lower bound on the LINC input signal’s
amplitude (see equation (2.10)), regarding instant combiner’s energy efficiency).

Considering this, the modulation scheme, that avoids simultaneous passages
through zero of the in-phase and quadrature signal’s components, seems to fit better the
requirements for higher efficiency, since its envelope has smaller variations than
the equivalent signal (see figures [A.3]and [A.4]in appendix [A)). Nonetheless, band-
width pulse shaping of signals still introduces some envelope variations. The
development of ring-type MM] techniques able to perform simultaneous upper and lower
amplitude limitation would be desirable.

The following subsections further explain the proposed ring-type magnitude modula-

tion (RMM) scheme.

3.2.1 Ring-type Magnitude Modulation Algorithm

In this approach, it is explored the amplitude properties of the modulation
scheme in the development of a new method that fits the [LINC] transmission sys-
tem’s requirements. Considering the obstacles imposed by this type of modulation for a
[MPMM] type of approach, this scheme makes use of a look-up table to store all possible
states, i.e. all the coefficients are computed a priori and stored in the

Since there is a time offset between the in-phase and quadrature signal components
(the implications are discussed in appendix [A)), each component has a different scaling
factor, to provide a finer control of the signal envelope. Besides, this method enforces
upper and lower polar boundaries on the magnitude modulated signal, making this a polar
clipping-rectangular scaling type of method.

Figureillustrates the[MM]coefficients computation process of the proposed schemeF_Zl

"nstead of simply reducing the signal’s
12This explanation is briefer than the one in section [3.1.1} because the same reasoning applies to this
method. As previously, this analysis follows the diagram’s notation.
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3. Magnitude Modulation

Before performing the polar clipping operation, the time offset of the signal components
is taken into account in a similar way to the one depicted in figure [A.2] (see appendix
[A). As previously stated, the signal clipping operation performed in this scheme has two
amplitude thresholds: the lower boundary A; and the upper boundary A,. Therefore, each

iteration evaluates if the following condition is satisfied:

A < lylnl| <Ay (3.18)

properly rescaling the samples that fall outside these limits. Once again, the [MMI co-
efficients are obtained by dividing the received signal components ak [7] and a,% [n] by
the original sequences a’[n] and a€[n], respectively (like in Tomlinson’s RS/ method [11],
and accounting for the time offset between the in-phase and quadrature components on
the sampling process). The discussion about the [LUT] approach in subsection [3.1.1] also
applies for the proposed scheme.

Each MM ] coefficient significantly affects L samples (as stated in subsection [3.1.2)),
and when the upper and lower boundaries become more stringent there are situations
when the envelope of the mentioned sequence crosses both boundaries (see figure [3.12).
However, this challenge is overcome because the coefficients calculation accounts
for a sequence of 2D + 1 symbols (as depicted in figure [3.3)), instead of considering only
the affected symbol, like in the MPMM] method.

After describing the coefficients computation, the next step of this work is to

define the amplitude boundaries A; and A, as presented in the next subsection.

3.2.2 Choosing the RMM parameters

This subsection’s main focus is to define the proposed RMM] method’s boundaries A;
and A,, namely regarding the combiner’s requirements for high energy efficiency.
For clarity, this boundaries are defined assuming that the signal to be magnitude modu-
lated has unitary average poweﬂ Therefore, besides the BERI performances (that assess
the effect of the[MMJadded distortion on signal transmission) and the diagrams of the tran-
sition paths between the constellation’s symbols (that illustrate the procedure), each
boundary set evaluation includes an estimation of the probability density function (PDF)
of the decomposition angle 6 of the magnitude modulated signals (using equation (2.7)),
in order to find the best;MM]configuration to include in the proposed transmission system.

There are two possible ways of obtaining the information necessary to make a rea-
soned choice of the MM] polar boundaries: the cumulative distribution function (CDH) of

Ay

3This analysis is valid for a generic average power 62, with equivalent upper and lower boundaries e

A .
and L, respectively.
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3.2 Ring-type Magnitude Modulation on OQPSK signals
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tracted has unitary average power.

the signal amplitude and the [PDH of the corresponding decomposition angle 6.
Since the signal separator enforces polar clipping, the first option seems to be more

practica

Accordingly, figure [3.13| represents the amplitude of an filtered
signal, with an oversampling factor L = 8 (see subsection [2.2.1). The proposed scheme’s
filter has a 25% roll-off factor, as it is used in typical communication systems [24].
However, since the pulse shaping filter is the main source of envelope variations on the
filtered signal (due to the OdB contribution of the constellation to the [PAPR]
[12,[22]), designing an RMM]| method with a different roll-off factor requires a similar
study of the amplitude of the filtered[OQPSK]signal as the one that is done in this work.

The analysis of figure [3.13] reveals that setting the lower boundary A; to 0.7, 0.8 and
0.9 would imply scaling up at least 10%, 25% and 40% of the signal’s samples, respec-
tively. Likewise, setting the upper boundary A, to 1.3, 1.2 and 1.1 would involve scaling
down, respectively, 10%, 20% and 30% of the signal’s samples. With this in mind, figure
[3.14] shows the transition path diagrams of signals where the proposed RMM]

14The alternative is using equation (2.7) to associate each angle 8 with its corresponding amplitude level,
which makes the notation and the analysis needlessly more obscure.
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Figure 3.13: CDF of an OQPSK RRC filtered signal (without MM).

scheme was applied, using the mentioned boundarie
The rest of this chapter uses these sets of boundaries, either if this procedure
is applied to generic [SC| transmitter schemes that employ linear [HPAK or in the

context (as it is proposed in this work).

3.3 Performance Evaluation of the Ring-type Magnitude
Modulation

This section reports the gains obtained when the proposed method is applied
on two distinct [SC scenarios. The first subsection addresses the case where a linear [HPAI
is employed, while the second subsection evaluates the impact of the method on a
transmitter scheme.

3.3.1 RMM parameters for transmitters employing linear HPAs

Typical methods that control the transmitted signal’s envelope excursions are devel-
oped to be included in transmitter schemes that work with linear (like the one
depicted in figure [3.1]), aiming to reduce the of the band limited transmitted signal
and the required back-off to drive the linear close to saturation [1,/11,/12]]. Accord-
ingly, this subsection briefly reports gains obtained when the proposed method is

used on such transmitter schemes.

SThese transition path diagrams should be compared with the original signal’s, depicted in figure
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Figure 3.14: Magnitude modulated OQPSK signals with different sets of upper and lower
boundaries. These signals had unitary average power before MM was employed, in order
to illustrate the MM boundaries’ effect.

Figure [3.15] depicts the of the magnitude modulated signals represented in fig-
ure [3.14] As it is shown, the amplitude constraints imposed on the signals
result in reduction gains of at least 1dB for probability of 10~ (the reference is a
system without MM]). However, this analysis needs to be complemented with the BER
performance of the transmission system, in order to account for the distortion loss
on the net gain. Those losses are depicted in figure |3.16] where it is evaluated the sys-
tem’s performance over an additive white gaussian noise (AWGN) channel for different

Eb/NO Value In these simulations it is used channel error control coding relying on
an low-density parity-check (LDPC) (1680,840) code [23].

kD /NO represents the energy per bit to noise power spectral density ratio.
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Figure 3.15: Comparison of the PAPR of the RMM OQPSK signals show in figure
with an OQPSK signal that is not magnitude modulated.

The analysis of figures [3.15] and leads to table where it is summarized the

systems’ net back-off gain. This measure is estimated as follows:

Gain = (PAPRNOMM —PAPRMM) — [Eb/NOMM(@BER) — Eb/NONOMM(@BER)] .
(3.19)

Table 3.1: Table with the net back-off gain at BER = 10~* provided by the proposed
RMM scheme.

Set || PAPR@10~* | Ebp/NO@BER = 10~* | Net back-off gain
NoMM | 3.995dB 1.805 dB -

#1 2.779 dB 2.043 dB 0.978 dB

#2 2219 dB 2.657 dB 0.924 dB

#3 2.236 dB 2.526 dB 1.038 dB

#4 1.969 dB 2.931 dB 0.900 dB

The results in table show that using the [MM] boundaries set #3 (A; = 0.8 and
A, = 1.2) provide this method’s best outcome for typical transmitter schemes that
employ linear [HPAK, with 1dB net back-off gain. A transmission system using a magni-
tude modulated signal in such conditions can be a reasonable alternative to the
[QPSKTs MPMM] method, since this constellations avoids all zero-crossings and it has a
fairly low of 2.236dB (see table [3.1).
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Figure 3.16: BER performance of LDPC-coded magnitude modulated signals in figure
[3.14] and the original signal, in a generic SC transmission scheme and over an AWGN
channel.

After this developing regarding a generic [SC] transmitter scheme that employs linear
[HPAK, this work proceeds to the next subsection where the proposed method is
explored to achieve the [LINC| transmission system’s potential efficiency.

3.3.2 RMM Parameters on the LINC context

Since the goal of the proposed RMM]scheme is to be included in a[LINC transmission
system, this subsection starts with a more suited evaluation of this scheme, that attends the
challenges described in subsection Figure [3.17]illustrates how the decomposition
angle 6 spreads over a smaller range on signals where RMM I is employed. All
of these simulations have the same [LINCl amplitude clipping threshold, which was set to
be adequately high so that none of the signals would suffer distortion from it.

Although an empirical evaluation about the [LINClcombiner’s energy efficiency can be
made by observing figure (an intuitive guess associates higher combiner’s efficiency
with a smaller range of possible decomposition angles), it is critical to use equation (2.1 1])
from subsection to make an informed choice between the different sets of bound-
aries. Thus, table @ contains the necessary information to evaluate each set of MM]
boundaries. As it was mentioned, the clipping level sy, is a critical factor in the [LINCT's
combining efficiency. Therefore, each efficiency value was estimated assuming that only
0.01% of the samples were clipped, which is an acceptable approximation of an unclipped

signal (in terms of spectral regrowth outside the transmitted signal’s frequency band).
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Figure 3.17: Distribution of the decomposition angle of the magnitude modulated signals
in figure [3.14] compared with the original signal.

Table 3.2: Table of the LINC combiner’s energy efficiency 1,,,, when a magnitude mod-
ulated OQPSK signal is transmitted.

Set || M., | PAPR @10~ | Eb/NO @BER
No MM |[39.9% | 3.995dB 1.805 dB

# || 527% | 2.779dB 2.043 dB

# || 60.0% | 2219dB 2.657 dB

# || 598% | 2.236dB 2.526 dB

#4 || 635% | 1.969dB 2.931 dB

The results show that by simply including the proposed RMMI scheme with the most
flexible boundaries set tested (A; = 0.7 and A,, = 1.3), the [LINC| combiner’s average ef-
ficiency can be improved by 13% with negligible BER] performance loss. The best out-
come comes from enforcing the boundaries set #4 (A; = 0.8 and A, = 1.1), for which the
combining efficiency rises to 63.5% (a nearly 25% upgrade over the scheme that did not
employ RMM)), reporting only 1.1dB loss for[BER|= 10~

Regarding the [LINCTs oversampling requirements, figure [3.18§] presents the of
one of the branches. As it was expected, the reduced signals obtained by
[MM ] the original signal results in a smaller spectrum spreading, thus effectively
reducing the necessary bandwidth to be accommodated by the [HPAk. Like in the previous
situation, the best outcome is provided by set #4.

In the next chapter it will be studied the implementation of the developed

33



3. Magnitude Modulation

10 ;
——No MM
— MM, 0.7-1.3
0 —MM, 0.9-1.3]
MM, 0.8-1.2
-10+ — MM, 0.8-1.1||
m -20f
S,
?
o —-30F
_40,
_50,
-60 | | | | | |

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Normalized Frequency

Figure 3.18: PSD of one of the LINC branches s, for different RMM boundaries sets.

scheme on a [LINC| transmission scheme using the set of boundaries #4, considering the
different challenges faced by this type of transmitters (as described in chapter [2). Also,
it will be inspected if further efficiency improvements can be achieved on this already
efficient magnitude modulated [LINC] transmitter, by exploring the possible tradeoffs that
allow higher energy efficiency (resulting from additionally performing polar clipping at
the [LINC separator block) at the expense of negligible spectral regrowth outside of the
signal’s frequency banﬂ

17 As it was mentioned before, post-filtering clipping operations may result in spectral spreading, causing
loss of bandwidth efficiency and undesirable adjacent channel interference [|12]].
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4. Magnitude Modulated LINC transmission system

Chapter 2] discussed the close relation between the clipping level sy, and its
combiner’s energy efficiency, stating that lowering the polar threshold would result in en-
hancing energy efficiency at the expense of increase the transmitted signal’s bandwidth,
due to the spectral spreading caused by post-filtering clipping. However, a small amount
of distortion can be endured, and that is why this chapter focuses on evaluating the ef-
fect of the threshold level sy, on the proposed magnitude modulated [LINC] transmission
system.

The first section describes the proposed combined ring-type magnitude modulation
with [LINC| transmitter scheme, and the experiments that were performed. The simulation
results of this scheme are presented in section regarding the BER] performance, the
spectral spreading of the transmitted signal and the [LINC|requirements (oversampling and
combiner’s efficiency). After choosing an adequate [LINC|clipping level s,y, the third sub-
section evaluates the overall system when there are gain and phase imbalances between
the [HPAK.

4.1 Magnitude Modulated LINC transmitter scheme

Figure [4.T]illustrates the proposed transmitter scheme. The simulations carried along
this chapter use an digital modulator, an filter with a 25% roll-off factor
(spreading over 7 past and future symbols), an oversampling factor L = 8, and [MM ] set
of boundaries {A; = 0.8,4, = 1.1}. Like in the previous chapter, these simulations used
channel error control coding relying on an (1680,840) code [23]).

Transmitted

| \
I | DAC+ HPA ‘
| | Signal
o Digial | _ | Magnitud Pulse " e } ()
igita agnitude . e
N Sh
Modulation @’ aping | | Separator [
Filter S5, |
| 2
| | DAC+HPA ‘
I

symbols

Figure 4.1: Magnitude modulated LINC transmission scheme.

Before explaining the s, selection process, it should be emphasized that the signal fed
to the sp s scaled to ensure that the signal has average unitary power, which means
that the inner and outer bounds A; and A, are scaled versions of the ones set in chapter 3]
It should also be noted that the analysis done in this chapter is equally valid if s, has 62
average power, by replacing the [LINC clipping level s, for an equivalent clipping ratio
su/O.

Figure [4.2] represents the amplitude [CDH of the signal. In order to
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ensure a controlled amount of spectral regrowth on the transmitted signal s., these exper-

iments’ clipping levels sy, ranges between 1 and 1.2.
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Figure 4.2: Amplitude CDF of the Magnitude Modulated OQPSK signal.

4.2 Simulation results

As it was mentioned before, this section reports the results regarding the implemen-
tation of the proposed combined ring-type magnitude modulation with [CINC| transmitter
scheme and the effect of the clipping threshold on the overall performance of the

transmitter.

4.2.1 BER performance

Figure [4.3] presents the BER] performance for RMM] combined with the [LINC] tech-
nique on [OQPSK] signals, employing coding. As it shows, the studied clipping
thresholds s), induced performance losses are negligible when compared to the unclipped

ring-type magnitude modulation case.
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Figure 4.3: BER performance of the magnitude modulated LINC transmitter for different
clipping levels sy,.

4.2.2 LINC oversampling requirements’ analysis

Figure §.4] presents the of one the [LINC| branches s,,; (since both branches have
equal power spectra, as mentioned in subsection [2.2.1)) for different clipping levels sy.
As it was mentioned before, performing on the signal reduces the spec-
tral enlargement of the [LINC] signal components s,; and s,,, which means that the
employed need to accommodate a smaller bandwidth when comparing to the un-
modulated signal. The increased attenuation achieved is related to the reduced
phase modulation on the branches (see subsection [2.2.1)), as a result of keeping the
decomposition angle on a smaller range.

Although each of the illustrated cases have a similar[PSDf's lower frequency band, the
post-filtering clipping procedures (when applicable) induce spectral regrowth beyond the
mentioned frequency band. As expected, this spectral regrowth increases as the clipping
level sy, decreases. Accordingly, the [LINC clipping level to be chosen should not be
smaller than 1.1, below which s,,1’s does not flatten beneath —40dB for f > 0.4.
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Figure 4.4: PSD of one of the LINC branches s,,1.

4.2.3 System’s spectral efficiency

The reconstructed signal s.’s is shown in figure [4.5] where it is once again de-
picted the spectral spreading caused by successively lowering the clipping threshold s,;.
It can be also be noted that the proposed RMM] scheme (like its equivalent procedures)
does not increase the transmitted signal’s bandwidth, since the distortion is performed
before filtering the symbol sequence x;,.

Like in the previous subsection’s analysis, the LINClclipping level to be chosen should
not be smaller than 1.1, since s.’s stopband attenuation significantly decreases below

this level.
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Figure 4.5: PSD of the reconstructed signal s.

4.2.4 LINC combiner’s average energy efficiency

Figure [4.6) shows how the distribution of the decomposition angle 6 varies with the
clipping level sy;. A simple inspection on equations (2.7)) and (2.10)) is enough to
conclude that the clipped samples accumulate on the angle 6 = 0° (hence the impulseﬂ
on the [PDH at that decomposition angle), and are combined with 100% energy efficiency.
This is why the lower clipping threshold transmitters achieve higher combiner’s
energy efficiency, has it is shown in table

Table 4.1: LINC combiner’s efficiency, for the studied scenarios.

sy/o || No Clip. | 1.2 1.18 1.16 1.14 1.12 1.1 1
Neomp | 63.5% | 69.4% | 71.7% | 74.1% | 76.5% | 78.8% | 81.0% | 90.7%

I'These impulses are not to scale, and instead they should be compared by using their respective area.

40



4.3 Amplification Imbalances

0.06 ] ‘
—— MM, no clipping
— MM, SM=1.18
0-05j A=0.481 — MM, SM=l.14 i
IS MM, s =1.1
S 0.04} ——MM, s =1
=
2
‘0
T 0.03} i
©
2 A
%
< 0.02f .
o
a A
0.01f |
0 | | | | |
0 10 20 30 40 50 60 70 80 90

0 (degrees)

Figure 4.6: Distribution of the decomposition angle of the ring-type magnitude modulated
signal fed to the LINC separator block. Each clipped scenario has an impulse on the PDF
at 6 = 0, and the respective area is written in the same color as the corresponding scenario.

4.2.5 Choosing the clipping level s;,

After this section’s analysis and discussion, it is chosen the clipping level s, = 1.14, as
it is a good compromise between the combiner’s energy efficiency and the allowed signal
distortion, namely regarding the [LINC| oversampling requirements and the transmitted
signal’s spectral regrowth. In the next section it will be studied the impact of gain and
phase imbalances between the [LINC's [HPAK.

4.3 Amplification Imbalances

The signal reconstruction procedure performed in the combiner is described in
equation[2.9] which assumes that each[HPAJhas the same amplification gain [5]]. However,
when this is not the case it may lead to a significant performance degradation [6,7]. On
that account, this section studies the impact of the gain and phase imbalances between the
[LINCTs on the performance of the proposed transmission scheme. These impacts
are evaluated separately, i.e. each scenario considers either a gain or a phase imbalance.

This study is critical for the design and implementation of the when a [LINC
technique is used, like the one inserted in the project GLANCES [16]. The proposed
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4. Magnitude Modulated LINC transmission system

to be developed in this context aim to keep the gain imbalances under 0.1dB (i.e.
beneath 2%) and the phase imbalances below 0.5°.

Figure illustrates the spectral spreading of the transmitted signal s. for different
gain imbalances Ag, while figure [4.8] assesses the [BER] performance loss for the same
scenarios. As these figures show, the proposed RMM] combined with system is
fairly insensitive to the studied gain imbalances between the [HPAk.
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Figure 4.7: Impact of gain imbalance (Ag) on the PSD of the LINC’s transmitted signal.
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Figure 4.8: Impact of gain imbalance (Ag) in the BER performance on the AWGN chan-
nel, for LDPC coded RMM transmission.

On the other hand, the transmitters are typically more sensitive to phase imbal-
ances [6,7], as it is expected, since the constant-envelope [LINC] signal components s,
and s;» keep the signal’s information in their phases.

Figure [4.9] illustrates the spectral spreading of the transmitted signal s, for different

phase imbalances ¢, while figure .10] assesses the BERI performance loss for the same

42



4.3 Amplification Imbalances

scenarios. While the BERI performance loss is acceptable for ¢ < 10° (less than 0.5dB for
BER= 10~*, compared to the balanced case), the PSD''s rejection band of the transmitted

signal s. experiences significant spectral regrowth for phase imbalances over 5°.
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Figure 4.9: Impact of phase imbalance (¢) on the PSD of the LINC’s transmitted signal.
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Figure 4.10: Impact of phase imbalance (¢) in the BER performance on the AWGN
channel, for LDPC coded RMM transmission.
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5. Conclusions

Projects GALNC [15]] and GLANCES [16]] focus on the problems associated with the
power amplification of high-order constellations signals, that exhibit high envelope ex-
cursions, and the linear[HPAK’ low energy efficiency. Considering the high-order constel-
lations’ problem, Dinis et al. [26] proved that an M-ary constellation can be decomposed
as a sum of several signals, to be amplified and transmitted separately.

To overcome the linear[HPAk’ problem, it is proposed to use a technique [5H7]],
that achieves high energy efficiency by employing grossly NL[HPAE, that are simpler and
much more energy efficient. However, the technique has stringent requirements
regarding the oversampling rate and the combiner’s efficiency, that needed to be solved.

In these projects’ context, this thesis work addressed the technique’s mentioned
requirement problems. On that account, [MM]techniques were studied to reduce the
of the signal fed to the [LINC| module. However, despite the good results obtained by
combining the MPMM]| method with the technique that were reported in the paper
accepted for oral presentation at VTC Fal 2014 [27]] (namely regarding the spectral re-
growth of the transmitted signal and the challenges this system faces when the amplifiers’
gains are imbalanced), the [(QPSK|modulation scheme was observed to be impractical con-
cerning the mentioned requirements.

After understanding that an signal is a much more suited candidate to be
amplified using the technique, a new technique was studied and developed
regarding offset modulation schemes. Instead of merely limiting the maximum envelope
excursions of the transmitted signal, this method also imposes a lower amplitude
boundary on the signal, which was shown to reduce significantly the spectral en-
largement suffered by the signal components. This results in lower oversampling
requirements (L = 8 enables a simple DACTs reconstruction filter design) and higher com-
bining efficiency (RMM] alone increases the combiner’s energy efficiency to 63%, but by
performing additional post-filtering clipping on the module it is possible to achieve
a combiner’s efficiency of 76%).

Considering Dinis’ work [26], this power amplification technique will be used as a ba-
sic amplification unit of more complex transmitter scheme, that employs several of these
modules. Therefore, that system will benefit from the proposed scheme’s high energy

efficiency and the M-ary constellations’ high spectral efficiency.

5.1 Future work

The GLANCES project [16] is still on its early stages, and this work will provide the
necessary proof of concept upon which the project is built. Since this work addresses

I'See appendix
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5.1 Future work

only the transmitter’s side of the communication system, the project’s next step will be
to study an implementation of an iterative block decision feedback equalisation (IB-DFE)
receiver [28]], specially designed to take into account the developed RMM)]scheme and the
eventual residual amplifier unbalances.

The hardware implementation of the proposed RMM]combined with[LINC|scheme on
an will also be studied, namely regarding the impact of the features (resolu-
tion and reconstruction filter) and the signal separation performed by the [LINCl technique
to assess which representation — e(¢) or 6 — is more adequate, considering each term’s

computation complexity.
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QPSK and OQPSK Digital Modulators
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A. QPSK and OQPSK Digital Modulators

This section briefly describes the [QPSK]|and [OQPSK]|modulation schemes, pro-
viding only the necessary insight to fully understand the proposed transmission schem

This analysis considers signals with unitary average power, for simplicity. Figure

illustrates a typical symbol mapping by such modulators, when using Gray coding.

1

01 00

X X

3 05)

2

=

IS

<

) 0

5

S

e

IS

>

O -05 11 10
X X

_l i i
-1 -0.5 0 0.5 1

In-phase Amplitude

Figure A.1: QPSK and OQPSK Gray coded constellation, with unitary average power.

A generic [SCl transmission system using an OQPSK modulator is depicted in
Figure [A.2][31]]. This figure shows that although both modulation schemes map a given
bitstream the same way, the corresponding transmitted signal is differentﬂ Equation

gives the sample values of such schemes (with an even oversampling factor L):

s[n] = s'[n] + 52 {n—klﬂ , (A1)

where s’ and s€ represent the in-phase and quadrature signal components, respectively,
while k = 0 and k = 1 distinguishes between [QPSK] and [OQPSK] digital modulation

schemes. By offsetting the timing of the in-phase and quadrature signal components by

half a symbol period, the transmitted signal’s envelope excursions are smaller, since the

components’ peak values occur at different moments.

I'A thorough theoretical BER]l and spectrum analysis is easily found in the literature [29)30].
2 A8 transmission system using a[QPSK|modulator does not delay the signal’s quadrature component

by half a symbol duration % (here represented by %).
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Figure A.2: Generic single-carrier transmitter scheme, performing OQPSK modulation

using a QPSK modulator, a generic pulse shaping filter and even oversampling factor.

Besides removing the undesirable zero-crossings from the [OQPSK[s diagram
of the transition paths between the constellation’s symbols, this timing offset also results
in a maximum phase-shift of 90° for this constellation (instead of the 180° phase-shifts
that can occur with a signal). This can be seen in the following transition path

diagrams:

15 T T T T T 15

05- 05-

Quadrature Amplitude
o
Quadrature Amplitude
o

1t

-15 L L L L L 15 L L L L L
-15 -1 -0.5 0 0.5 1 15 -15 -1 -0.5 0 0.5 1 15

In-phase Amplitude In-phase Amplitude.
(a) QPSK transition path diagram. (b) OQPSK transition path diagram.

Figure A.3: Diagrams of the transition paths between the constellation’s symbols of trans-
mitted signals in typical SC transmitter schemes using QPSK and OQPSK digital mod-
ulators, respectively, using an RRC filter with a 25% roll-off factor and an oversampling

factor L = 8.

Another important assessment comes from figure[A.4] that shows a typical time

variation of the [QPSK] and [OQPSK] signal envelopes®} The signal has a more
controlled envelope excursions that an equivalent[QPSK| modulated signal, as shown:

3The transition path diagram may give the wrong impression about the[OQPSK]samples’ amplitude

values nearby the constellations’ symbol positions.
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A. QPSK and OQPSK Digital Modulators
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(a) QPSK signal. (b) OQPSK signal.

Figure A.4: Time variation of the amplitude of the transmitted signals in typical SC trans-

mitter schemes employing QPSK and OQPSK digital modulation schemes, respectively.

Since there is only a time-shift between the in-phase and quadrature compo-
nents, it is clear that both modulation schemes have the same bandwidth [29,[30], as
illustrated in figure [A.5]
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Figure A.5: PSD of equivalent QPSK and OQPSK signals..
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Magnitude Modulation applied to LINC transmitters: Paving
the Road for Better Efficiency
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Abstract—The linear amplification with nonlinear components
(LINC) amplification concept is very important on the developing
of the modern mobile and satellite communications systems due
to the use of inexpensive high power amplifiers (HPA). This
paper analyses the effectiveness of combining an efficient PAPR
reducing technique based on magnitude modulation (MM) when
applied to a LINC amplification system. The simulation results
show that the inclusion of the MM on the LINC processing chain
is very favourable in terms of spectral regrowth introduced by
signal’s clipping distortion. The system is also more robust to gain
and phase imbalances between amplifiers with only a marginal
bit error rate (BER) loss for an uncoded transmission scenario.

Index Terms—LINC, HPA, PAPR, Magnitude Modulation

I. INTRODUCTION

The rising demand for spectral and power efficiency in
communication systems, namely on mobile devices, makes
the study of low peak-to-average power ratio (PAPR) signals
worthy of attention, due to the lower requirements of back-
off from the high power amplifier (HPA) saturation point
[1]-[4]. The HPA is one of the critical components in the
design of wireless transmitters, to which most spectral efficient
transmission techniques impose stringent linearity require-
ments (i.e., the use of class A or AB power amplifiers or
quasi-linear amplifiers) with a consequent negative impact on
power efficiency (e.g., class A power amplifiers’ efficiency
is below 20%) and HPA’s cost. With this in mind, the use
of a linear amplification with non-linear components (LINC)
[5]-[7] transmission scheme becomes attractive, since this
structure separates the input signal in two constant-envelope
branches to be amplified separately by two highly efficient
grossly nonlinear (NL) amplifiers (e.g., class D and E am-
plifiers, whose efficiencies reach 80%), which are simpler,
cheaper and have higher amplification and output power than
quasi-linear amplifiers [4], [8]. A linear amplified replica of
the input signal is obtained by combining the two amplified
component signals as long as the amplifiers are perfectly
matched (i.e. without gain and phase imbalances between each
other) [5], [6] and have sufficient bandwidth to accommodate
each LINC component signal. Current LINC combiners have
50% power efficiency, which gives the overall system a 40%
power efficiency, largely above the mentioned 20% threshold
obtained with linear power amplifiers. Besides distortions due

This work was supported in part by the Instituto de Telecomunicagdes
and in part by the Fundagdo para a Ciéncia e Tecnologia under projects:
PEst-OE/EEI/LA0008/2013 (P01229 - GLANCES), GALNC (EXPL/EEI-
TEL/1582/2013) and ADIN (PTDC/EEI-TEL/2990/2012).

to imperfect combining, the LINC scheme may also involve
amplitude clipping due to input power limitations of the
component amplifiers, which would result in additional high
frequency distortion (i.e. spectral regrowth) on the transmitted
signal.

To avoid the mentioned distortion, the signal should remain
below the amplitude clipping level as often as possible. But
we should not fear this clipping level, since it can provide
an important tradeoff between power and spectral efficiency
when used with caution.

Caution brought us back to the signals’ high peak power
problem, but this time for a different reason. Suppressing
the peaks from the transmitted signal would result in fewer
signal amplitude clipping occurrences, which would mitigate
the undesirable high frequency distortion that it adds on the
reconstructed signal. In this context, magnitude modulation
(MM) [9]-[11] seems to be a good fit, since a controlled signal
envelope gives extra room to vary the amplitude clipping level
with unnoticeable transmission performance reduction.

On the study of generalised LINC systems for future broad-
band wireless systems efficient in both power and bandwidth
[12], the combining of MM techniques with LINC systems
surges as a natural reasoning. In this paper we present some
initial results on the impact of the polyphase magnitude mod-
ulation [10], [11] scheme on the LINC transmission system.
This real-time peak reduction method is simple to implement,
since it only depends on the system’s pulse shaping filter
impulse response (typically a root-raised cosine (RRC) filter
with finite impulse response [13]), making this an effortless,
as well as robust, mean to improve the transmission spectral
efficiency.

To evaluate the proposed transmission scheme we use
the QPSK constellation. The results show that there is an
optimal amplitude clipping level for the LINC system when
combined with MM techniques where we can make the best
out of the mentioned tradeoff. We also examine the system’s
performance when facing gain and phase imbalances in the
two LINC branches’ power amplifiers [8]. For comparison
purposes, we also evaluate the performance of a LINC trans-
mission scheme without MM.

This paper is organized as follows. Section 2 presents the
proposed system (combination of MM with LINC), where we
will discuss how to make the best of this MM approach. The
performance of each scheme is analysed in section 3. Section
4 evaluates the effect of phase and gain imbalances in both
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schemes. Finally, section 5 summarises the main conclusions.

II. COMBINING MM WITH LINC

Figure 1 illustrates the basic building blocks of the com-
bined MM with LINC transmission system. As in [10], [14],
the system takes into account the pulse shaping RRC filter
coefficients along with past and future symbols (in this case,
mapped into a QPSK constellation, with Gray coding) around
each data pulse, and thus the MM block can prevent any
peak occurrences on the LINC input signal beyond a certain
amplitude level A. The signal s,, at the input of the LINC
system can be written as

Sp = ka‘rkhn—k 5 (1)
k

where z,, is the modulated symbols’ sequence, m,, the respec-
tive sequence of multiplying MM factors and h,, the impulse
response of the pulse shaping filter.

Different schemes can be used to compute the MM factors,
with the most common being the MM LUT-based implemen-
tation [9], [14] with MM factors being computed a priori,
and the multistage polyphase magnitude modulation (MPMM)
technique [10], [14] that computes MM coefficients in real
time based on a low complexity polyphase filter system. Both
algorithms compute m,, in order to guarantee that

lsn| < A, 2

It [15] has been shown that MM factors, m,,, for constant

amplitude constellations follow a beta distribution, i.e.

CTa+p8) 4 B-1

with o and 3 being dependent on modulation order and the
RRC filter roll-off, whereby the complementary cumulative
distribution function (CCDF) of the PAPR of (1) can be ob-
tained. Fig. 2 presents the CCDF of the PAPR of a MM QPSK
signal, where potential margin for gain in power efficiency is
clear.

The magnitude modulated pulse shaped signal s,, is fed to
LINC analysis system which performs a signal separation op-
eration on its input signal, in two constant envelope amplitude
signals given by [S]-[7]:

Sp1 = fl (lsnD €xXp (jarg (sn)) P (4)
Sp2 = f2 (|5n|) €xXp (jarg (sn)) ) (5)

Block diagram of combined MM with LINC system.
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with
fl(R):fc(R)+jfe(R) ) (6)
fZ(R):fc(R)_er(R) ) (7

where, f.(R) and f.(R) perform the polar clipping operation
as follows

l]:f R<81\4
c R - 27" B 9 8
fe (R) {%S% R> sy (®)
_ %\/S%\/I—RQ, R <spy
fe (R) ; ©)
0, R > sy

where s is the clipping level of the LINC system. This polar
clipping operation was chosen over the Cartesian type due
to its slightly superior performance, [7]. A simple analysis
confirms that both branches have equal and constant amplitude
=L, allowing us to include two grossly nonlinear amplifiers on
our transmission system without distortion. These amplifiers
are inexpensive and much more energy-efficient than the linear
ones [4], [8].

Assuming ideally balanced amplifiers and perfect com-
bining, we can determine the transmitted signal using the
following equation (where we assume an amplifiers’ unit
power gain):

Sny |Sn| S SM

S¢ = Sp1 + Sp2 = .
m o {sMexp(yarguSnm,

|Sn| > Sy ’

(10)
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Fig. 2. CCDF of the PAPR for bandwidth limited QPSK transmission.



This shows that the combination of the two branches can
perfectly reverse the LINC’s separation nonlinear operation as
long as the entire signal stays below the clipping level, and
the HPAs in each branch are balanced and can accommodate
the resulting signals entire spectrum. But for transmission
systems that do not require perfect reconstruction, the clipping
level can be explored to improve the power efficiency of the
transmission system without adding too much distortion, as
long as the signal is not clipped very often. This is the key
idea behind our MM approach to a LINC transmission system,
as we will be discussing next.

A. Optimum clipping level

We start this subsection by comparing the LINC input signal
with and without the use of MM that we denote by s,, and s,,,
respectively. For comparison’s sake, each system is designed
in such a way that in both cases the signal fed to the LINC
separator has unitary average power. Since there is a clipping
operation inside the LINC separator, the logical first step is to
determine the probability of |s,,| crossing the defined level s/,
to empirically assess their respective performance degradation.

As we have mentioned before, we have been working with
a clipping level s, since the s, complex signal fed to the
LINC separator has unitary average power. However, we can
broaden our analysis by defining instead a clipping ratio %,
where 02 = E[|s,|?].

Fig. 3 illustrates both input signals’ cumulative distribution
functions (CDFs). As long |3,,|’s CDF curve remains above the
CDF of |s,/|, i.e. as long as the magnitude modulated signal
Sp, suffers less clipping than s, there is an opportunity to use
with advantage the combined MM+LINC system. Considering
that to avoid severe clipping distortion on the LINC separation,
the signal must not be clipped very often, there is a favourable
region where the clipping level should be chosen as indicated
in Fig. 3.

ITI. SIMULATION RESULTS
A. The LINC structure’s oversampling requirements

We start this section by analysing one particular limita-
tion of the discrete time LINC system implementation: its
oversampling requirements. As we can see by looking at the
LINC branches’ equations (4)—(9), their constant envelope is
obtained by phase modulation, a nonlinear function of the
input signal’s amplitude |s,,|. This nonlinearity produces spec-
tral regrowth, when comparing the spectrums of components
sp1 and s, with the one of s, consistent with the wide
characteristic of the spectrum of a constant envelope signal
[6]. This demands for a digital LINC system working at a
higher rate. Fig. 4 shows one of the branches power spectrum
density (PSD) for different oversampling ratio L (considering
unitary average power for all cases) of the LINC separator.
This particular simulation did not involve clipping, so we could
correctly make an empirical evaluation of the oversampling’s
effect on the LINC branches.

The same conclusions can be drawn from analysis of
Fig. 5. It depicts the ideal amplitude’s CDF of the analog
signal component s, (that was obtained through simulation
of a reconstruction system with an excessive oversampling
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Fig. 5. CDF of the s,,1 component calculated with an excessive oversampling
ratio (L = 64) and the effect of the DAC’s limited bandwidth reconstruction
filter on the amplitude of the transmitted analog component.
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frequency), and compares it with the amplitude’s CDF for
different band limited signals, due to the reconstruction filter
effect of a digital to analog converter (DAC) operating at a
lower rate.

Results show the necessity of using a high level of over-
sampling in order to ensure that the reconstruction filter of
the DAC conversion of both LINC branches does not destroy
the constant envelope characteristic of s,,1 and s, signals. In
addition, this also shows the requirement for using on LINC
perfectly matched NL amplifiers with sufficient bandwidth to
accommodate each signal’s component. It is important to note
that this bandwidth is much larger than the one an LINC’s
equivalent quasi-linear amplifier.

B. PSD and BER

We focus now on the analysis of the results shown in Fig.s
6 and 7, where we compare combined MM+LINC with basic
LINC for different clipping levels, in terms of the PSD of
the reconstructed LINC output signal s. (see eq. (10)) and
the BER performance of transmitting uncoded s. mapped in
a QPSK constellation (with Gray coding) over an AWGN
channel. In the simulations we considered L = 16, and 1-
stage polyphase MM system [10] designed for a 0.2 roll-off
RRC filter.
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Fig. 8. Impact of gain imbalance (Ag) on the PSD of the LINC’s transmitted
signal.
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Fig. 9. Impact of gain imbalance (Ag) in the BER performance on the
AWGN channel, for an uncoded transmission.

When the clipping level is 1.4, the basic LINC’s input signal
gets clipped (although not very often), but the magnitude
modulated signal is decomposed on LINC without being
clipped (see Fig. 3). In this case, the amount of distortion
caused by clipping the basic LINC’s input signal is limited to
a 4 dB spectral regrowth in the rejection band.

However, when setting the clipping to level 1.25, inside the
favourable region defined in Fig. 3, the difference between
the basic and MM+LINC reconstructed signals’ rejection band
increases to a noteworthy 9dBs. Both signals get clipped in
this case, but the magnitude modulated signal clipping happens
much less frequently than in the other signal (4 — 5% less,
according to the CDF in Fig. 3). This clipping level is near
the optimal solution, where the magnitude modulated signal’s
PSD have significantly less out of band spectral regrowth than
in the other scenario. When comparing BER of both systems,
for an uncoded transmission, the degradation is only about
1dB. However, this loss vanishes since typical systems always
employ channel coding, with MM distortion being absorbed
by the error correcting capabilities of the used channel coding
solution [10], [14].

Thus, when considering a LINC application with bandwidth
scarcity, magnitude modulation is an effortless and viable
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solution, guaranteeing performance while improving spectral
behaviour.

Finally, we observe that setting the clipping level to 1
is too harsh on both signals, since more than half of their
samples suffer amplitude clipping. They experience similar
spectral regrowth, which makes the performance degradation
unacceptable.

IV. IMPACT OF GAIN AND PHASE IMBALANCES IN THE
COMBINED MM wWiITH LINC SCHEME

In this section we analyse the robustness of the combined
MM+LINC system when facing gain or phase imbalances
between its two branches’ power amplifiers. For this analysis
we set the LINC’s amplitude clipping level at 1.24 (which
exhaustive simulation results have shown to be the optimal
value from the range mentioned in section II-A).

Fig. 8 illustrates the transmitted signal PSD in both systems,
comparing the ideal, i.e. balanced case, to a set of gain
imbalances. As we can see, both systems’ PSD experience
spectral regrowth in their rejection bands from these gain
imbalances, meaning that such systems tolerates a maximum
1% gain imbalance. It is however noteworthy that the com-
bined LINC+MM systems still perform much better than the

conventional LINC. When analysing the BER results shown
in Fig. 9 we observe that both systems can handle up to 5%
gain imbalance without noticeable performance loss.

Finally, we conclude in a similar manner from the results
reported in Fig.s 10 and 11 that the system branches’ phase
imbalance can reach up to 10 degrees without adding a
significant amount of distortion to the transmitted signal.

V. CONCLUSIONS

This work explores the introduction of the MM technique
in the processing chain of a LINC system in order to combat
the spectral regrowth of the transmitted signals due to signal
clipping and imbalances of non-ideal amplifiers. The carried
out simulations have shown very interesting results in terms
of the power spectrum and BER. In the near future, this work
will be significantly improved in the context of a wide research
project on generalized LINC systems for future broadband
wireless communications systems.
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