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Abstract— This paper considers the use of the linear ampli-
fication with nonlinear components (LINC) technique for the
power amplification of spectrally compact offset quadrature
phase shift keying (OQPSK) signals allowing the use of
highly efficient, low cost, and strongly nonlinear high power
amplifiers (HPAs). However, the performance of the LINC signal
separation and power combining procedures decreases with the
rise of the signal’s peak-to-average power ratio (PAPR). A new
ring-type magnitude modulation (RMM) method is proposed for
OQPSK signals that limits both its maximum and minimum
complex envelope excursions avoiding zero crossings, without
spreading the transmitted signal’s spectrum. The performance
results show that band-limited OQPSK signals whose envelope
has low fluctuations produce LINC components with a narrower
spectrum, with a considerable impact on the LINC transmit-
ter regardless of the type of combiner chosen: when using a
passive/matched combiner, the transmitter’s power efficiency is
significantly increased without spreading the combined signal’s
spectrum; for the highly efficient non-linear Chireix combiner,
there is a reduction of the amount of spectral leakage produced
by nonlinearly combining the LINC signal components. Finally,
an iterative decoding scheme is also proposed, which employs
estimates of the received symbols’ RMM coefficients to compen-
sate the RMM distortion.

Index Terms— LINC transmitter, magnitude modulation,
OQPSK signals, power efficiency.

I. INTRODUCTION

THE USE of the millimeter wave (mm-wave) bands is
expected to be a key feature of 5G (Fifth Generation)

systems, since the large bands available allow significant
capacity gains [1]–[3]. Moreover, the small wavelengths imply
the use of small antennas that can be packed together with
small separation between each other, allowing the develop-
ment of massive multiple-input and multiple-output (MIMO)
schemes. However, the deployment of mm-wave systems faces
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important challenges regarding the channel propagation con-
straints (this is characterized by high free space path losses,
small diffraction effects, and huge losses due to obstacles)
and implementation difficulties at the hardware level. These
issues combined with the large bit rates means that 5G’s
power requirements are much more severe than with conven-
tional sub-6GHz communications, thus making efficient power
amplification crucial for mm-wave communications.

The power amplification stage is in fact one of the criti-
cal components in the design of wireless transmitters. Most
spectral efficient transmission techniques impose stringent
linearity requirements with a consequent negative impact on
power efficiency and HPA’s cost; class A, AB or quasi-linear
HPAs have to be used. In fact, the high PAPR of high-
order constellation signals (e.g m-ary quadrature amplitude
modulation (QAM)) add an additional efficiency penalty, since
they require a larger back-off from the linear HPA’s saturation
point. These constraints have motivated the development of
envelope controlling and PAPR reduction techniques over
the last decades [4]–[7]. However, most of these techniques
increase the transmitter’s complexity, while not precluding the
need for using linear or quasi linear amplifiers. Therefore, the
strict power efficiency requirements of upcoming 5G systems,
especially those operating at mm-wave frequencies, crave for
a different approach.

The LINC technique [8]–[10] has the potential to fill in that
role, since it allows to perform linear amplification through
the use of strongly nonlinear amplifiers such as class D or
E amplifiers; these amplifiers have a much higher efficiency
and a lower complexity, being much cheaper than linear or
quasi linear HPAs [7], [11]. The LINC method consists in
separating an input signal in two constant-envelope branches
to be amplified separately by two highly efficient strongly
non-linear amplifiers. Then, the two amplified components are
combined in order to produce an output signal corresponding
to the linear amplification of the input. In practice, the LINC
signal components can be recombined using either: a passive
combiner [9] which provides perfect linear signal combination
at the expense of some LINC’s overall power efficiency loss
due to lower efficiency of the combiner; or a nonlinear Chireix
combiner [12], highly efficient, though at the cost of a non-
perfect linear combination of LINC’s signal components.

While the LINC technique has a tremendous upside, its true
potential is limited by the envelope characteristics of the input
signal [9]. When LINC is used the amplitude information of
the bandlimited signal to be amplified is carried in the LINC
signal components’ phase. A highly fluctuating envelope pro-
duces constant envelope LINC signal components with a high
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phase variation, thus having a much broader spectrum than the
signal from which they were derived, resulting in an increase
of the bandwidth that each nonlinear HPA needs to accommo-
date. Furthermore, it is also well known that for a LINC system
employing a passive combiner the power efficiency tends to
decrease as the signal’s PAPR increases [9]. Both these LINC
limitations can be addressed and mitigated by reducing the
amplitude dynamic range of the signal to be amplified.

The use of modulations producing signals with low envelope
fluctuations, such as OQPSK-type modulations, are there-
fore desirable for LINC; nevertheless, these are not usually
regarded as good candidates to meet the spectral efficiency and
high bit rates requirements of modern communication systems.
Spectrally efficient transmission techniques manage to produce
signals with compact spectrum (e.g., through filtering using
a square-root raised-cosine filter with small roll-off), with
the resulting signals having high envelope fluctuations and
PAPR. The situation is significantly aggravated when large
constellations (e.g., 16-QAM or 64-QAM constellations) are
employed to further improve the system’s spectral efficiency,
and the resulting high PAPR signals may seem to limit the
potential of LINC use. However, any M-ary constellation can
be decomposed as a sum of several polar components [13],
which can be modulated as OQPSK signals (also known as
staggered QPSK [14]) and amplified and transmitted sep-
arately, eventually employing multi-layer massive antenna
structures [15], [16] envisioned for 5G, enabling very efficient
signal transmission provided that an efficient amplification for
OQPSK signals with compact spectrum is employed.

The time offset between in-phase and quadrature
components of OQPSK signals naturally results in lower
envelope fluctuations and zero-crossing avoidance than with
non-offset modulations. Nonetheless, OQPSK bandlimited
signals close to the Nyquist limit still present substantial enve-
lope fluctuations. Regarding this, magnitude modulation (MM)
techniques [17], [18] are known to be effective methods of
controlling the signal’s envelope excursions without spreading
the transmitted signal’s spectrum or noticeably affecting
transmission’s bit error rate (BER) performance. However,
when applied to bandlimited OQPSK signals, conventional
magnitude modulation (MM) techniques only control
the maximum upper envelope excursion, with the resulting
signals still having a high dynamic range (although with lower
PAPR), with frequent zero crossings, not allowing an efficient
LINC transmission. This paper develops the recent proposed
RMM method [19]–[21], especially designed for narrowband
OQPSK signals, to be included in a single-carrier (SC)
transmitter with a LINC power amplification stage (which for
simplicity will be referred to hereafter as a LINC transmitter).
Unlike conventional MM techniques, the RMM technique
leads to OQPSK signals with compact spectrum and whose
envelope has a low dynamic range and very low PAPR,
leveraging an efficient power amplification. The performance
of OQPSK when employing RMM is studied analytically for
the additive white gaussian noise (AWGN) channel, and an
efficient iterative receiver is proposed. Also, an overall study
is made when combining RMM-OQPSK signals with LINC
amplification considering both types of LINC combiners, i.e.

passive and Chireix; different perspectives are considered
and analyzed as a whole, namely, achievable efficiency
gains, bandwidth requirements of nonlinear HPAs, robustness
against HPAs’ phase and gain imbalances and clipping. It is
shown that combining the proposed RMM method with LINC
is beneficial for both the passive and Chireix combiners.

This paper is organized as follows. Section II presents the
LINC power amplification stage, along with the problems
that restrain its implementation. In order to overcome these
limitations, section III introduces the RMM method [19], [20].
After explaining its main features and the algorithm for
computing the RMM coefficients, section IV presents the
proposed transceiver scheme that combines RMM with the
LINC technique, where it is explained the procedure to choose
the RMM amplitude boundaries that address the LINC’s chal-
lenges. In this section it is also presented an iterative decoding
scheme that makes up for the distortion introduced by the
RMM coefficients [21]. Section V explores the possible power
efficiency and bandwidth tradeoffs that result from either using
post-filtering clipping together with passive combiners or by
employing a Chireix combiner instead. Concluding remarks
are provided in section VI.

II. LINC SYSTEMS

The linear input-output power relationship requirement of
various communication systems severely restricts the choice
of the HPAs to be included in these systems, since linear
HPAs have a substantially lower power efficiency than their
nonlinear counterparts [7], [11]. The LINC technique [8]–[10]
was developed to overcome these restraints, managing to
achieve linear power amplification while employing highly
efficient and grossly non-linear HPAs.

A. Basic Concepts
Generically, the LINC technique can be described by the

following set of equations [8], [9]:

s(t) = r(t)e jφ(t) = s1(t)+ s2(t), (1)

r(t) = rmax cos (θ(t)) , (2)

si (t) = rmax

2
e j

(
φ(t)+(−1)iθ(t)

)
for i ∈ {1, 2}, (3)

where s(t) is the signal to amplify with instantaneous ampli-
tude r(t) ≥ 0 and phase φ(t) (where both r(t) and φ(t)
are time-varying functions), which is decomposed as the sum
of two constant envelope signals s1(t) and s2(t) that are
separately amplified by highly efficient NL HPAs. The LINC’s
components, s1(t) and s2(t), are phase modulated signals with
amplitude rmax/2 (where rmax = max r(t)) and instantaneous
phase φ(t) ± θ(t), where θ(t) is the LINC branches’ decom-
position angle. Alternatively, (3) can be written as:

si (t) = 1

2
s(t)

(
1+ j (−1)i e(t)

)
for i ∈ {1, 2}, (4)

where

e(t) =
√(

rmax

r(t)

)2

−1 (5)

is the scaling factor for the component in quadrature with the
bandlimited signal s(t).
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Fig. 1. Digital LINC power amplification stage, with a Chireix combiner.

Fig. 1 presents the structure of a LINC amplifier. While the
LINC components s1(t) and s2(t) need to be linearly recom-
bined to obtain an amplified replica of the input signal s(t)
(typically using a passive/matched combiner), this combining
method offers low efficiency when dealing with signals with
high envelope fluctuations [9]. Alternatively, combiners that
compromise linearity in order to significantly improve the
transmitter’s power efficiency may be used, such as the Chireix
combiner [12] that is also shown in Fig. 1 as part of the
LINC amplifier. According to [12], the envelope ro(t) of the
recombined signal so(t) can in this case be written as:

ro(t) = Gc rmax cos(θ(t)−λ), (6)

where

Gc = 2zcG cos(λ)

z2
c + 2 cos2(λ)

, (7)

is the combination method’s gain, which is a constant term
that depends on the circuit’s electrical parameters: G is the
amplifiers’ gain, zc = Zc/Zo represents the normalized
characteristic impedance of the combiner’s quarter-wave trans-
mission lines, Zo is the output load’s impedance, B is the
stubs’ susceptance, and λ = arctan(B · Z0) is the stubs’ elec-
trical length. Despite the clear differences between a Chireix
combiner without stubs and a passive combiner ( [9] provides
a detailed study on the subject), equation (6) is also valid for
a passive combiner with Gc = G and λ = 0. Moreover, ro(t)
given by (6) is an amplified and phase-shifted version of (2),
which means that λ�=0 yields a nonlinear amplification gain
for the Chireix combiner.

Due to the flexibility offered by digital signal processing,
LINC separation is usually performed in the discrete time
domain [9], [22], [23], along with, the bandwidth limitation
performed by pulse shaping (typically using a root raised
cosine (RRC) filter [24]) on the modulated signal before the
LINC amplification stage. Converting equations (1)–(6) to the
digital domain is a trivial operation, and from now on any
reference to them will be alluding to their digital equivalent
representation.

Despite the LINC’s technique potential efficiency gains, its
implementation faces challenges that result from the signal
separation and recombination procedures, and from the imbal-
ances between the HPAs, which are examined in the following.

B. Broad Spectra LINC Signal Components

The high power efficiency of the LINC transmitter arises
from employing highly efficient, nonlinear HPAs to amplify
two constant-envelope signals s1 and s2. The signal sepa-
ration performed by the LINC structure, by either comput-
ing (3) or (4), can be regarded as phase modulating the LINC

Fig. 2. LINC component’s PSD for bandlimited QPSK and OQPSK signals,
respectively, where Ts denotes the symbol period. The employed RRC filter
has a 25% roll-off factor.

components with the information stored within the original
signal, as it is more easily perceived from (3). Accordingly,
the LINC components have a much larger bandwidth than the
input bandlimited signal sn , and their spectrum broadens as
the envelope fluctuations increases [9].

In order to keep the constant-envelope characteristics
of s1 and s2, the nonlinear HPAs are required to accom-
modate the bandwidth of the LINC components. The same
care should be taken while designing the digital-to-analog
converters (DACs)’ reconstruction filter; however, the order of
these filters can be significantly reduced by using a higher
oversampling rate [24]. Regarding this, Fig. 2 depicts the
spectrum of the LINC components that result from a QPSK
and an OQPSK signal, respectively; s1 and s2 have an identical
power spectrum so, without loss of generalization, only the
spectrum of one of these components is shown. While a
high oversampling factor L, with L ≥ 16, is critical for
a feasible transmission system using the QPSK modulation
scheme [25], this factor is much less restrictive when it is
used an OQPSK digital modulator (e.g., L = 8) [20], due to
the much lower bandwidth requirements for the LINC signal
components computed from the OQPSK signal, as it is easily
perceived from Fig. 2. This is consistent with the idea that an
envelope with lower fluctuations produces LINC components
with a narrower spectrum.

Another problem to take care relates to the gain and phase
imbalances between the nonlinear HPAs that amplify the LINC
components. While theoretically, the signal reconstruction
performed by a LINC linear combiner assumes each the
nonlinear HPAs have the same amplification gain [8], with
the envelope of LINC’s output signal being given by Gcr(t),
this may not be the case in practice, and it may lead to
a significant performance degradation [9], [19]. According
to [25] and [19] the transmitted signal’s spectrum experiences
an increase of out-of-band radiation as the HPAs become
more unbalanced; however the reduction of the dynamic range
of input signal’s envelope increases the system’s robustness
against to imbalances. Additionally, the LINC transmitter is
more sensitive to phase imbalances [9], [10], as it is expected,
since the constant-envelope LINC signal components s1 and s2
keep the signal’s information in their phases.

For LINC transmitters that employ the Chireix combiner,
there is the additional spectral spreading problem associated
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with its nonlinear amplification gain, expressed in signals’
output envelope (6) by a phase-shift λ. Since a reduced
range of the decomposition angle θ yields a combiner’s gain
with a smaller range and a more homogeneous distribution
(see (2) and (6)), it is reasonable to expect that reducing the
envelope fluctuations of sn will mitigate the undesirable out-
of-band radiation levels, as long as this is performed before
the pulse shaping operation.

C. The Power Combiner’s Role on the Transmitter’s Efficiency

The main feature of the LINC technique lies on the use
of highly efficient nonlinear HPAs to amplify the transmitted
signal. However, it is the output signal’s remaining power that
dictates the efficiency of the amplifying process, giving to the
LINC combiner a key role on the transmitter scheme [9].

As in (6), it is possible to use a single expression to
describe the power efficiency of a LINC system employing
either a passive or a Chireix combiner. According to [12], the
combiners’ instantaneous efficiency can be written as

ηcomb = K (λ, zc)cos2(θ−λ), (8)

where, for the Chireix combiner,

K (λ, zc) = 8zc
2cos2(λ)

(zc
2 + 2cos2(λ))

2 (9)

is a constant that depends solely on the circuit’s electrical
parameters, while for the matched combiner, the efficiency is
given by (8) considering K = 1, and λ = 0.

In both cases, the transmitter’s designer wishes to maximize
the combiner’s average efficiency ηcomb = E[ηcomb], which
depends mainly on the probability density function (PDF) of
the LINC’s decomposition angle θ , expressed by pθ (θ), and
with the maximum of ηcomb being given by

max{ηcomb} = max

{∫ π/2

0
K cos2(θ − λ) pθ (θ)dθ

}
. (10)

1) Passive Combiner (PC): Setting K = 1, and λ = 0 on
(8), it results

ηcomb,PC =
∫ π/2

0
cos2(θ) pθ (θ)dθ, (11)

showing that the combiner’s efficiency relies only on θ and
its PDF, pθ (θ). Therefore, to improve the passive combiner’s
power efficiency it is required to adjust pθ (θ) (that is highly
dependent on the envelope excursion of bandlimited signal sn)
to the instantaneous efficiency curve ηcomb = cos2(θ). In fact,
by rewriting (10) using (2) and employing the equivalent
PDF of r(t), the average efficiency for the matched combiner
becomes

ηcomb,PC =
∫ rmax

0

r2

r2
max

pr (r)dr = r2

r2
max
= 1

PAPR
, (12)

which shows that the passive combiner’s efficiency is directly
related to the incoming signal’s PAPR, and thus can be
improved by reducing the envelope fluctuations of sn . As a
consequence, the range of θ is reduced, and thus moved to
lower values, therefore maximizing the efficiency cos2(θ).

2) Chireix Combiner (CC): In this case, the combiner’s
efficiency is related not only to the envelope of sn (via
the decomposition angle) but also to the circuit’s electrical
parameters, that should be tuned to maximize ηcomb. Given
that in (8), among the circuit parameters, the cosine term
depends only on the stubs’ electrical length λ, the maximum
efficiency can be achieved by finding first the optimal zc as
a function of λ that maximizes (9), i.e. that yields K = 1,
which is easily shown to be [12]

zopt =
√

2 cos(λ). (13)

Moreover, unlike in the passive combiner case, there is
a degree of freedom associated with the stubs’ electrical
length λ, which can be used to shift the instantaneous
efficiency curve towards the more likely values of θ [12].
Having knowledge of pθ (θ), which can easily be estimated
by simulation, the λ value that maximizes (10) (here referred
to as λopt ) can be determined considering K = 1 and
differentiating (10) with respect to λ, followed by finding the
resulting expression’s zero value, as follows:

d

dλ

∫ π
2

0
cos2(θ − λ)pθ (θ)dθ

= 0⇔
∫ π

2

0
sin(2(θ−λ))pθ (θ)dθ = 0. (14)

The value of zopt that assures that K = 1 is then obtained by
computing (13) using λopt .

As in the case of the passive combiner, the efficiency of a
LINC system employing a Chireix combiner greatly benefits
from reducing the envelope and PAPR of the signal to amplify
because this reduces considerably the range of θ , wherefore
minimising the difference θ−λopt , and thus making the term
cos2(θ−λ) approach to 1.

As for the decomposition angle θ , the analysis previously
made regarding the matched combiner, i.e. a reduced θ range
improves the combiner’s efficiency, is still valid when a
Chireix combiner is employed.

III. RING-TYPE MAGNITUDE MODULATION

It is known that OQPSK signals can be used to represent
any M-ary constellation [13], [26], and the transmission of
several OQPSK signals in parallel using multi-layer massive
MIMO transmitter schemes for high-order constellations has
been recently proposed in [15], [16] to meet 5G’s demanding
throughput and spectral efficiency. This combined with the
use of LINC techniques may leverage the development of
transmitters with high power efficiency. However, the use of
Nyquist pulse shaping to limit the bandwidth of the signals
making it close to the minimum Nyquist band, introduces
undesirably excursions on the signals envelope, which even
for OQPSK may produce a signal with an envelope having
a high dynamic range that considerable limits the efficiency
of LINC’s combiner and overall LINC’s efficiency, while
requiring for the use of amplifiers with large bandwidth.

Magnitude modulation techniques [17], [18], [27], can pro-
vide a suitable solution. MM was originally developed to limit
the maximum excursion of bandlimited SC signals of generic
M-ary constellations (thus requiring for linear amplification) in



3306 IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 65, NO. 8, AUGUST 2017

order to reduce input back-off requirements of linear HPAs to
improve SC transmitter’s energy efficiency; moreover, since
MM operates before pulse shaping it does not affect signal
bandwidth. However, just limiting the maximum excursions
is not enough to allow an efficient LINC implementation
because, as seen previously, improving LINC’s efficiency
is mainly dependent on reducing the range of the LINC
decomposition angle, θ , directly related to the excursion range
of the signal’s envelope, which can only be effectively reduced
by controlling both its maximum and minimum values.

In order to enable efficient LINC amplification of OQPSK
signals, in this section we present a new Ring-type Magnitude
Modulation (RMM) technique [20] for bandwidth limited
OQPSK signals which simultaneously controls the envelope’s
minimum and maximum excursions. The new RMM method
uses two different coefficients for the OQPSK symbols’
in-phase and quadrature components that are computed a
priori and stored in look-up tables (LUTs).

A. MM Principle

Let xn denote a sequence of modulated symbols from a
given constellation (e.g. OQPSK, M-ary QAM, etc.) and sn the
corresponding pulse shaped sequence by employing Nyquist
pulse shaping using a filter with impulse response hn . Despite
the differences between existing MM methods, each scheme
inherently applies the following steps:
• For each new generated modulated symbol x̂n , predict the

output response of the pulse shaping filter, by considering
neighbouring symbols of x̂n to some time extent that
depends on the filter length;

• Detect the peaks of the predicted response above a
specified threshold on that interval and calculate the
corresponding scaling factor(s) to apply to x̂n;

• Multiplying the symbol xn by its MM coefficient mn .
By adjusting each symbol before the bandwidth limiting

pulse shaping operation, the typical magnitude modulated
signal sn is described by:

s [n]=
[
∑

k

m[k] x[k] δ[n−kL]

]

∗ h[n] , (15)

where the MM coefficients mn are computed to keep sn’s
envelope below the amplitude threshold A, i.e.:

|s [n]| ≤ A. (16)

While enforcing condition (16), the maximum excursion
of the signal’s envelope is considerably reduced and, conse-
quently, the signal’s PAPR; note that, although a net PAPR
reduction gain is obtained with conventional MM techniques,
these do not directly control the PAPR since the signal’s
average power is also reduced with the MM procedure. This
reduction on the signal’s PAPR is enough to significantly
upgrade a transmitter that employs a linear HPA (in terms of
performance and power efficiency). However, that is not the
case for a LINC transmitter due to the constraints associated to
the signal separation and combination discussed in section II.
To assess these, the LUT-based MM method [17] was applied
to an OQPSK signal with power σ 2, and combined with the

LINC, considering a transmitter scheme similar to the one used
in [25] for the quadrature phase shift keying (QPSK) case.
Although this conventional MM scheme reduces the OQPSK
signal’s PAPR (over 2dB reduction at a probability of 10−4

for the stringent limit A/σ = 1), the bandwidth of the LINC
components is only slightly reduced, occupying nearly three
times the bandwidth of sn .

The undesirable characteristics of the LINC components
when using conventional MM happens because enforcing
only an upper bound on the envelope excursions also results
in scaling down the lower valued samples, which does not
produce neither a smaller envelope range nor a smaller decom-
position angle θ range, as required. Therefore, to guarantee
both a PAPR and envelope dynamic range reduction, while
also avoiding envelope’s zero crossings, it is necessary also
to add a lower amplitude threshold. The new proposed ring-
type magnitude modulation algorithm incorporates this new
restriction looking for a different solution from traditional MM
methods (e.g. [17], [28]).

B. Ring-Type Magnitude Modulation

Considering the LINC requirements discussed so far and
the need for spectral efficient communications systems, the
RMM technique was developed for the OQPSK modulation
scheme [20]. Since the peak values of the OQPSK signals’
in-phase and quadrature components do not occur at the same
time (due to their half symbol-period time offset), it is possible
to further confine its already low fluctuating envelope to an
upper and a lower boundary without severely distorting the
transmitted signal. Accordingly, the proposed RMM method
exploits the referred time offset by using two scaling coeffi-
cients (i.e. one for each symbol component), which provides
a finer control of the envelope excursions at the expense of
adding some phase modulation.

Considering all this, (15) is rewritten as:

s [n] =
[
∑

k

mI [k] xI [k] δ[n−kL]

]

∗ h[n]

+
[
∑

k

mQ [k] xQ[k] δ

[
n−kL− L

2

]]

∗ h[n] , (17)

where mI and mQ refer respectively to the in-phase and
quadrature components’ RMM coefficients. Furthermore, each
RMM signal is designed in order to satisfy the following
condition:

Al ≤ |s[n]| ≤ Au, (18)

where Al and Au represent, respectively, the RMM’s lower
and upper amplitude boundaries.

Unlike other MM methods (e.g. multistage polyphase mag-
nitude modulation (MPMM) [18]), the task of developing a
real-time method is not straightforward due to the number
of RMM parameters (two amplitude boundaries and two
coefficients) aiming at obtaining a magnitude modulated signal
having an envelope with very low dynamic range and with-
out zero crossings, which is why the RMM coefficients are
computed a priori and stored in LUTs, as in classical MM


