Mateo et al. EURASIP Journal on Wireless Communications and
Networking (2017) 2017:90
DOI 10.1186/s13638-017-0873-8

EURASIP Journal on Wireless
Communications and Networking

RESEARCH Open Access

Efficiency enhancement by reconfigurable

@ CrossMark

matching networks in LINC transmitters

Carlos Mateo”
and Cesar Sanchez-Perez

, Pedro L. Carro, Paloma Garcia-Ducar, Jesus de Mingo, Jose Ramon Perez-Cisneros

Abstract

network (RMN), Power amplifier

This paper proposes the use of a transmitter based on a linear amplification with nonlinear components (LINC)
architecture, in which the reconfigurable matching networks (RMNs) are included. By varying the RMN active cell
number, it is possible to change the load impedance at the power amplifier (PA) output, improving the amplifier drain
efficiency and therefore the efficiency of the whole system. A long-term evolution (LTE) downlink signal with a
bandwidth of 1.4 MHz and a peak-to-average power ratio (PAPR) of 11.48 dB is applied in order to carry out the
experiments. Results show that the use of the RMNs in a LINC architecture improves the efficiency at all tested
frequencies, especially at 927 MHz reaching an enhancement of 36.50%. Regarding the distortion, the adjacent
channel leakage ratio (ACLR) values increase in all cases, with an improvement of 3.5 dB at 958 MHz. Finally, in terms of
error vector magnitude (EVM), the proposed architecture offers a value of 1.96% at 927 MHz.

Keywords: Drain efficiency, Linear amplification with nonlinear components (LINC), Reconfigurable matching

1 Introduction
The efficiency-linearity trade-off is a very challenging
aspect in the design of radiofrequency (RF) front-ends
in modern communication systems [1, 2]. Many tech-
niques have been proposed to improve the efficiency
of the power stages in the wireless RF front-ends, such
as Doherty amplifiers [3], envelope tracking [4], or lin-
ear amplification with nonlinear components (LINC)
[5-7]. The first one uses an active output impedance
load-pulling, increasing the efficiency without compro-
mising the maximum output power. The envelope track-
ing technique may enable the RF power amplifier (PA)
to be operated continuously in the compression region,
obtaining an improvement in the power efficiency. The
LINC technique can achieve linear amplification while
using very nonlinear and power-efficient amplifiers by
means of two-phase modulated signals with a constant
envelope.

Reconfigurable matching networks (RMNs) are used for
improving PA efficiency and frequency reconfigurability
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and changing load impedance. This is the approach of
dynamic load modulation (DLM) [8]. Recently, some
papers have been published using varactor-based match-
ing networks. They offer very promising outcomes in
transmitter efficiency enhancements [9]. In this work, we
propose the use of a transmitter based on a LINC archi-
tecture, in which the RMNs are included to improve the
efficiency. The setup uses two RMNs which are placed
between the PA output and the combiner input so as to
enhance the PA efficiency and, therefore, the efficiency of
the whole system.

This paper is organized as follows. Section 2 presents
the LINC architecture as well as the fundamentals of
RMNs and their integration in the system. Experimental
results are shown in Section 3, and finally, conclusions are
stated in Section 4.

2 RMN-LINC architecture

The classical LINC amplification scheme decomposes a
varying envelope signal s(¢) into two constant envelope
signals.

s@) = r@) - 2P = 51(t) + s2(0). (1)
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These signals s;(¢) and s, (¢) can be obtained according
to the following equation

{sl(t) = 05-s()[1 + j-e®)]
s2() = 0551 — j-e®)]

where e(¢) is given by e(t) = /(r2,./r®? — 1 and
I'max and r(£) represent the maximum and instantaneous
s(¢) magnitude values, respectively.

The efficiency strongly depends on the envelope signal
probability density function (PDF), but LINC waveforms
are constant envelope signals, simplifying considerably
the efficiency analysis (drain efficiency and averaged drain
efficiency agree). The impact of the isolated combiner on
the overall transmitter efficiency has not been taken into
account in this work, but its main effects are summarized
in [10].

The PA drain and combiner efficiencies are defined as

()

(m)
= TRE Pre Peom = PRE
PA T m) — m) comb T (1) (2)’
PDC Ipp - Vbp PRF + PRF

3)

withm = 1,2 the paths, Vpp and Ipp are the voltage and

current consumption by the PA, respectively, and the ng_f)
is the output power. Pgf,,, is the combiner output power,

and Pg} and PI(QZF) are the input power in both branches.
From (3), the efficiency of the whole system is

(1) 2)
Pre + Pre

) N
Ppc + Ppc

NLING = PREu = Ncomb
Y () — ‘eomb”
DC + PDC

(4)

According to [11], there is an optimum load impedance
that maximizes efficiency for each frequency. A wideband
PA, for example, cannot guarantee for each frequency that
the optimum load pull impedance is presented to the tran-
sistor drain, and consequently, some efficiency is lost in
such designs. If the RMN is added to the classical LINC
structure (see Fig. 1), the transistor can be theoretically
accurately loaded, which increases PA efficiency.

In order to get some insight about how the RMNs
may achieve this impedance, we model the RMNs and
the combiner as linear networks so that the S-parameter
approach can be valid. Additional simplifications stem
from the fact that the combiner is matched to the antenna
to Zp; although if this condition was not fulfilled, the
following analysis would be still valid. Each RMN is mod-
eled by an S-parameter network which can electronically
be tuned depending on the RMN design, namely dis-
crete (with switches for example) or continuous (mainly
with varactors). In this work, we focus on discrete RMNs
because it is easier to control the network by means of
digital platforms based on field programmable gate array
(FPGAs) for example, and control algorithms are out of
the scope of the article.
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Fig. 1 Proposed RMN-LINC architecture and simplified RMN box
model

To compute the input and output reflection coefficients
presented to each PA at certain states k; and k; and fre-
quency, the RMNs in each branch are modeled with the
S-parameter matrices o and p as

o1 (ki) o12 (ki)>

SrmN1 = o (ki) = <021 (ki) o2 (k;)

Srmn = o (kg) = (Z; gg; Z;j EZ% ) ' ©

Although the combiner is a three-port device, it is per-
fectly described by means of two-port matrix once the
third port is properly loaded. If it is symmetrical and
reciprocal

Scomb = (g{ 2): (6)

where o are the reflection coefficients in the ports con-
nected to the RMNs and § models their isolation. In an
isolated matched combiner & ~ 0and § ~ 0.Combining
the two networks using S-parameters S“) and S®,

(A) o(A) o(B) (A) (B)
S(A) + Sty S%«} 5‘31 5125123
GAB _ 1 1-8%511 1-8557 @)
- (A) o(B) (B) ¢(B) ¢(A)
5215213 S1a Sa} Séz + S(B)
17522511 17522511 22

the total scattering matrix corresponding to a RMN with
a fixed state (in the following, the index k is omitted due
to simplicity reasons) and the combiner is

012021 0128
on+ 1—0opo 1—opo
SRMN - coMB = s 52 . (8)
21 B 4 o
1—0pa 1—o02«
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Fig. 2 Eight-cell RMN design schematic
Finally, the S11 of whole cascade is computed which is equivalent to say that both branches are nearly
o125 omd independent. This is important because it allows the RMN
1 1
GTOTAL _ o1 + 012021¢ T—opa T—opa P22 input impedance not only to be calculated neglecting
1 1—opa 1_ < 8202 a) /022' the PA load in the other branch but also to individu-
1=ona ally perform an approximation to the optimum state in
)

If the RMNSs are reciprocal, which is usually fulfilled,
012 = 021, and after some algebraic simplifications,

o
on+-——+F(@),
1 —opo

2

where F(8) is a factor which depends on the combiner
isolation,

STOTAL (10)

0282y
(1 — 0220)? — 2282023 (1 — 09200) + poa(1l — 022)?
(11)

F@) =

At this point, let us notice that 8% is really small, as
8 =~ 0. Therefore, (10) can be safely approximated as

2
o a
SIPTAL ~ oy + (12)
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Fig. 3 Averaged drain efficiency curves for all RMN states, for the PA
with and without the RMN, at frequency of 958 MHz in the path 1

each branch. In terms of matching domain and recovering
the state index k;, the capability of the RMN approach is
summarized in

o2 (k)

1+ S11 (k) L+on (k) + 1—09 (ki)
ZRMN = Zo 1—Su(ky °© o2 (kpa
—Su (k) 1—on (k) — 1%, %5
(13)
Simplifying,
1 k; P(S k;
Zeaun (k) = Zo + o11 (ki) + a P (Spunt (ki) (14)

1— o011 (k) — @Q (Srmn1 (k)

where P(-), Q(-) are functions of the S-parameter matrix
elements. Equation (14) suggests that the matching
domain does not depend simply on the RMN but also
on the combiner. However, this dependence should be a
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Fig. 4 Experimental setup with the RMNs (a) and the details (b)
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Table 1 RMN performance at different frequencies

Freq RMN; RMN; Pdc, Pdc, GTy (min, max) GT;,(min, max) Lo Lo o 1Ly 1Ly
(MHz) (state) (state) (W) (W) (dB) (dB) (dB) (dB) (dB) (dB)
927 163 203 0.95 1.14 [—=12.11, -049] [-9.81, —0.92] 047 0.78 725 5.08
942 35 163 0.76 0.95 [—10.84, —0.46] [—12.24, —0.55] 044 0.53 6.24 7.28
958 167 219 1.14 133 [—12.72,-0.84] [—9.44, —0.73] 0.70 0.67 526 5.10

second-order effect, as the combiner is supposed to be
well matched.

Figure 2 shows the RMN circuit which is used in this
work and whose design details are described in [12]. It
consists of an eight-cell structure composed by inductors
and capacitors. There is a PIN diode in each cell which
is used as a switch element SWi, with i = 1,.,8. A
bias circuit controls every switch avoiding RF signal leak-
age and blocking DC bias. A FPGA supplies =5 V to each
cell depending on the RMN state. Thus, the total RMN
consumption is the sum of every individual active cell con-
sumption. The RMN is a discrete topology, and it is a
possible candidate for the RMN-LINC architecture, but a
continuous RMN based on varactors could also be feasi-
ble. Figure 3 shows the improvement in drain efficiency
that this circuit provides depending on the RMN state.

The RMN-LINC architecture can achieve higher effi-
ciencies either because of a higher RF output power
(keeping power consumption) or a reduction in DC
power with the same RF output power. Both factors
depend on the selected RMN state. However, the RMN
requires its own power to operate (the greater the number
of active switches, the larger the RMN consumption).
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Fig. 5 Averaged drain efficiency measured in both paths with the
RMNs in the setup

Thus, total efficiency (PA + RMN) is a function of
the state (k)

o P o) )
PA + RMN — = )
P 1()W(l:) (km) P J(DWQJA (ki) + P ]()ngRMN (kim)

(15)

withm = 1,2the paths, k;,, € [0,255] the RMN state, and
Ppc pa and Ppc_rpmn the DC consumption of the PA and
the RMN, respectively. Without loss of generality, the &,
coefficient is omitted to simplify equations. The efficiency
of the whole system is

2 (m)
Zm =1 PRF
2 (m) (m)
2m=1Ppc pa + Ppc ran
(16)

NLINC_RMN = MNcomb-

3 Experimental results and discussion

3.1 Proposed setup

The proposed test setup schematic is shown in Fig. 4a.
The signals s; and s, are generated using two arbitrary

+0.

64 128 192 255
RMN state (k)

(©

Fig. 6 Measured Smith chart coverage (blue points) and the best state
(black triangle) with 29 dBm power input. Path 1 (@) and path 2 (b) at

o

Consumption (W)

o

942 MHz. € The RMN consumption
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Table 2 Averaged drain efficiency and EVM measurements at different frequencies with a QPSK LTE signal (input power of 29 dBm)

LINC LINC with RMN
Freq Pout; Pdcy Pout; Pdc; eff EVM ACLR Pout; Pdc, Pout; Pdcy eff EVM ACLR Neff
(MHz) (W) (W) W) W) (%) (%) (dB) (W) W) W) (W) (%) (%) (dB) (%)
927 557 17.82 561 17.98 31.23 233 5457 6.15 1443 6.12 14.36 4263 1.96 56.07 36.50
942 5.65 1835 567 1837 3082 246 5194 579 1496 581 1496 3876 232 5470 2576
958 5.76 1869 575 1872 3081 236 5322 590 1556 590 1567 3782 203 5672  22.75

waveform generators (Agilent E4438C), which are syn-
chronized and adjusted in gain and phase in order to
ensure a free impairment setup. A LTE downlink signal
(OFDM modulation with quadrature phase-shift keying
(QPSK) subcarriers), with a bandwidth of 1.4 MHz and a
PAPR of 11.48 dB is decomposed into the LINC signals
in order to carry out the experiments. Due to the band-
width expansion suffered by the components s; and s in
a LINC architecture [13], these signals have a bandwidth
larger than that of the original signal s(t). The operat-
ing frequencies 927, 942, and 958 MHz are within the
band 8 (downlink) of the long-term evolution (LTE) stan-
dard. Two amplifiers are used as drivers (MiniCircuits
ZHL-2-8). The devices under test (DUT) are two-class
AB amplifiers based on a GaN HEMT transistor (CREE
CGH40006P) with a gain of 15 dB, which feed the RMNs
inputs. The amplified signals are then combined by means
of a 3 dB hybrid isolated combiner (MiniCircuits ZFSC-
2-2500), and the recomposed signals are captured with
an oscilloscope (Infiniium DSO90804A). The RMN and
the DUT consumption are provided by the power supply
(Rohde-Schwarz HMC 8043). Figure 4b shows the DUTs,
the RMN prototypes, and the combiner.

10 Input
—— Outputwo RMN
ot —— Outputyith RMN
= = = LTE-maskq amHz

Normalized PSD (dB)

|
N
o

1
a
o

-60 L )
938 940 942 944 946

Frequency (MHz)

Fig. 7 Normalized power spectral density at 942 MHz at the input
(black), the output without (blue) and with RMN (red), and the LTE
standard mask (pink) for 1.4 MHz bandwidth signal

3.2 Optimization algorithm and measurements results
Mathematically, the optimum of the following cost func-
tion, which is real-time evaluation and comes out from
Eq. (15), is found by brute-force with a total time of about
2 X Ntates X (fon + tproc), being the £,, the time to switch
on one PIN diode and £, the time to process efficiency
and update the maximum, provided gray state coding
is used,
J (ki ko, Piy) = 7S ; ) j
1, K2, Lin IpA + RMN (k1, Pin) + pA + RMN (k2, Pin)
(17)

where P;, is the PA input power. The optimization process
yields to a series of optimum states which fulfill

1
ki = argmaxny) | ea K1 Pin)

) (18)
ky = argmaxnp, . g (K2, Pin)

However, it can be surely improved applying methods
which are already introduced in the literature [14, 15],
where optimization techniques such as genetic algorithms
or simplex methods are applied to RMNs in amplifier or
antenna scenarios. In addition, it can also be possible to
pre-calibrate the system in-house, for different operating
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Fig. 8 Measured constellation diagram at 927 MHz without the RMN
(@) and with the RMN (b)
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conditions or frequency bands, and to save the optimum
states ina LUT.

The comparison between n&) + RMN (k1,P;;) and PA
drain efficiency without the RMN (Fig. 3) allows to obtain
a preliminary glimpse on a suitable input power (29 dBm
in this work) in order to maximize efficiency with the
RMN at a certain frequency. Despite theoretically both
branches should be identical and consequently the RMN
states, the final optimum results (Table 1) are different
mainly because of the practical PA and RMN impairments
(see Fig. 5).

In order to understand why these states maximize the
cost function, coverage, consumption, and losses have
been analyzed. RMN coverage at 942 MHz with the state
which offers the best drain efficiency and the RMN power
consumption are plotted in Fig. 6. The optimum state is
not that which minimizes the RMN consumption because
RF power is not maximized in such a case. Table 1 addi-
tionally presents not only ohmic losses (Lg) but also a set
of transducer gain values which can be achieved for every
path (GT; and GTy) [16]. The final estimated insertion
losses (IL; and ILy) are set by the PA output load, but the
ohmic losses are rather low. Anyway, the optimum state
is a trade-off between losses and load pull, as the power
consumption plays here an important role.

Table 2 presents a comparative overview between the
classical LINC and the proposed RMN-LINC architec-
ture, taking the RMNs consumption into account. As a
figure-of-merit, the improvement in the drain efficiency is
defined as

effyith RMN — effwithout RMN
effwithoutﬁRMN

Aeff(%) = 100 - (19)

Results show that it is possible to reach an enhancement
with the RMNs in all cases, especially at 927 MHz with
an improvement of 36.50%, reaching an averaged drain
efficiency of 42.63%.

The EVM (error vector magnitude) has been measured,
and the adjacent channel leakage ratio (ACLR) has been
estimated according to the standard to ensure the sig-
nal does not suffer distortions. Firstly, Fig. 7 shows the
normalized power spectral density (NPSD) correspond-
ing to the input and output signals, with and without the
RMNs at 942 MHz. The transmitted waveforms meet the
standard requirements, constrained by the 1.4 MHz band-
width LTE standard mask [17]. Finally, the constellation of
the recomposed signals (Fig. 8) without (a) and with the
RMN (b) at 927 MHz shows the EVM has experimented
an improvement (1.96%).

4 Conclusions

In this paper, an enhanced classical LINC architecture
based on RMNs has been presented proving successfully
that their use can increase the transmitter efficiency. A

(2017) 2017:90 Page 6 of 7

novel analysis describes in terms of scattering parameters
the effects of the RMNs in the LINC architecture. The
comparison between both setups (with and without the
RMNs) has been carried out in terms of the averaged drain
efficiency at several frequencies, using a 1.4 MHz QPSK
LTE signal. The RMN-LINC can provide not only better
efficiency but also good linearity, as the ACLR values and
the EVM analysis show.
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