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Design of high efficient 3-level LINC
transmitter using a 9-point finite difference

method

JONGGYUN LIM AND HYUNCHUL KU

An efficiency of linear amplification with nonlinear components (LINC) system is degraded due to the low efficiency of a
power combiner for high peak-to-average power ratio signals such as long-term evolution signal. A multi-level LINC
system can be used to improve the performance of the conventional LINC system. In this paper, a novel 9-point finite differ-
ence method to determine the optimal threshold values for 3-level LINC system is suggested. Instead of solving the complicated
differential equation, the proposed method can extract optimal threshold values efficiently by numerical method. The 3-level
LINC system adopting the proposed scheme and dynamic biasing significantly improves the power efficiency and linear per-
formance simultaneously. The proposed system is verified by comparing the performance of the 3-level system with those of the

conventional and 2-level LINC systems.
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. INTRODUCTION

A recent wireless communication system uses a signal with a
high peak-to-average power ratio (PAPR) to achieve high
spectrum efficiency. Using the high PAPR signal requires
high input power back-off (IBO) of radio frequency (RF)
power amplifier (PA) in wireless transmitter system. The
IBO causes the deterioration of the PA efficiency. A linear
amplification with nonlinear components (LINC) scheme is
one of the efficiency enhancement techniques by decreasing
the PAPR of input signal using the outphasing scheme [1].
The PA’s input signal is converted into two constant envelope
signals with AM/PM modulation by the signal component
separator (SCS). However the high PAPR signals lead to
low efficiency of combiner in LINC system.

To overcome this problem, multi-level LINC (MLINC) is
suggested [2-7]. Instead of using the conventional SCS, a
multi-level SCS (MSCS) is used to increase the combiner effi-
ciency. The envelope-adjusting MLINC is suggested in [2, 4].
For wideband code division multiple access (WCDMA) signal,
the system efficiency is increased from 16.5 to 33.4% using
3-level LINC. The gain-adjusting MLINC is suggested in
[3, 4]. The system efficiency is increased from 16.5 to
23.60% for 3-level LINC. The optimal threshold value is cal-
culated based on the suggested differential equation. A
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2-level uneven MLINC system is proposed in [5, 6]. In [7],
a MLINC with signal clipping scheme is proposed. The
system efficiency is increased from 28 to 42% and 10 to
33% under WCDMA signal and long term evolution (LTE)
signal, respectively.

The key design factor of MLINC system is determination of
its threshold values for multi-level. Although a few papers
suggest the partial derivatives only to determine the threshold
values for MLINC system [2-4], there is a limitation in prac-
tical use. It is not easy to determine the threshold values dir-
ectly from the partial derivatives, because the communication
signal is not closed-form, and the partial derivatives could not
be solved analytically.

In this paper, we propose a design scheme for MLINC system
with multi-level drain supplies to achieve high efficiency and
linearity. A 9-point finite difference method (FDM) is suggested
to extract optimal threshold values for 3-level LINC system
[8, 9]. The method can extract optimal threshold values effi-
ciently without solving partial derivatives analytically. In add-
ition, a probability density function (PDF) of the input signal
is used to determine the initial values of the threshold values.
It can reduce the number of iteration and the convergence
time of the method. The extracted optimal threshold values
are used in MLINC system with dynamic biasing of the PAs.

This paper is organized as follows. In Section II, the archi-
tecture of MLINC transmitter is introduced. In Section III, a
9-point FDM is suggested to determine threshold values of
3-level LINC system maximizing the system efficiency. In
Section IV, the proposed method is verified using a fabricated
PA and simulation with multi-tone signals and LTE signal.
The conclusions are drawn in Section V.
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. MLINC TRANSMITTER

A) MLINC system and signals

The conventional SCS of LINC system separates the input signal
into two constant amplitude signals. The amplified constant
signals are combined in a combiner at output stage. The PA
could be operated with its maximum efficiency. However, there
is significant efficiency degradation in the isolated combiner.
By increasing the number of signal levels, we can improve the effi-
ciency of the combiner and the overall system efficiency. A
MLINC system is an extended LINC system that converts the
input signal into two constant signals that have several levels.

There are two ways to supply the DC power for PAs of
MLINC transmitter: a static biasing and a dynamic biasing.
The static biasing scheme in MLINC system requires the
IBO of PA because the separated signals include multi-level.
By using the dynamic biasing scheme, the PA efficiency
could be enhanced without deterioration of combiner effi-
ciency. Dynamic biasing schemes are used in envelope track-
ing, envelope elimination and restoration [10]. The structure
and notations of the signals of the MLINC transmitter
system with dynamic biasing are described in Fig. 1.

The system consists of a MSCS, two up-converters, two RF
PAs, a power combiner, and a DC/DC converter. For the
dynamic biasing scheme, PA supply voltages are changed by
the DC/DC converter depending on the separated signal
levels as shown in Fig. 1.

The input signal X,(t) is a band-limited baseband complex
envelope signal:

Xo(t) = A(t) €90, (1)

where A(t) is amplitude and ¢(t) is phase of the input signal.
The MSCS separates input signal into two signals that have the
same magnitude such as

Xo(t) = X,(t) + X,(b), )
where
%o(t) = c(t) PDED), )

X,(¢) and X,(t) are separated baseband complex signals by
MSCS. The c(t) is the magnitude of the separated signals
that have discrete levels dependent on the magnitude of A(t).
In MLINC system, the signal area is divided into N regions
by threshold levels defined as r; (k =1, 2, ..., N — 1) In add-
ition 7, is defined as the maximum value of |[A(t)|, and ry _ , is
defined as o. Threshold values are between o and the

b=————n

Up-
converter

Fig. 1. Block diagram of MLINC transmitter with dynamic biasing scheme.
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maximum value of |A(f)| and r ;. , < ry. The magnitude of
outphased signals, c(t), is acquired as follows:

Tk
T < JA@®)| <rp — c(t) = cx = >’

(4)
(k=o,1,2,...,N—1).
The «(t) is outphasing angle and described as
_ o fAD
a(t) = cos <—2c(t)>' (5)

An example of 3-level LINC is shown in Fig. 2. There are
three signal regions (region I, II, and II) and two threshold
values (r,, r,). The input signal is converted into the separated
signals that have three discrete levels (c,, c,, and c,).

The up-converted signals x, , () are real pass-band signals
and described as

xl,Z(t) = Re[&l,z(t) eith ]a (6)

where w, is carrier angular frequency. y, ,(t) are amplified
signals of the x, ,(f) by each RF PAs, and described as follows:

Pra() = Re[ga(elp 0t @ ] ()

where g, and g, are complex functions that represents AM/
AM and AM/PM characteristics of RF PAs. Finally, the
output signal y,(t) is described as

Yo(t) = yu(t) + 32 (D). (8)

B) Efficiency of MLINC
The average efficiency of MLINC system %), can be acquired
in similar way of LINC system such as

ﬁsys = TIPA ! ﬁC’ (9)

where 7, is average efficiency of the PAs and 7 is average
efficiency of the combiner. We use the same PAs in MLINC
system, and assume that g, and g, are the same. %, for the
input signal x(t) can be acquired as

max(|x(1))
Mps = j Mpa(IXDPx(Ix]) dx, (10)

o

where nps(|x|) is instantaneous efficiency of PA and Px(|x|) is

DC/DC

| converter

-

Power
combiner
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Fig. 2. MLINC signal separation.

a probability distribution function of the input signal magni-
tude. |x| is N discrete values as described in equation (4) for
MLINC system. In result, the integral in equation (10) can
be expressed as the sum such as

N—1
Mpa = Y, Mpa(cPx(cp). (11)
k=0

Procedures to calculate 7)p, for a 2-level LINC with static
biasing and with dynamic biasing are shown in Figs 3 and 4,
respectively. The input signal is normalized by its maximum
input level. The efficiency curve in Fig. 3 is that of class-B
PA with static biasing voltage. For the dynamic biasing
scheme, the instantaneous efficiency of PA would be maxi-
mized by reducing the biasing voltage for a back-off input
signal as shown in Fig. 4. In this case, the following condition
can be achieved.

Npa(ck) = max (np, (%)), (k=o0,1,2,...,N—1). (12)

100 1

__ 80 0.8

= e ["n] 0

3 60 e () 06

3 Pyi(c,) g

£ 40 0.4

@

<

o ‘IJ .
20 el }<L 0.2
0 0

0 0.2 0.4 0.6 0.8 1
Input power

Fig. 3. Efficiency of PA of 2-level LINC with static biasing scheme.
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An instantaneous efficiency 7)¢ of the isolated combiner for
the separated signals is as follows [2]:

Ne = cos’(a(t)) = <@> .

2e(0) (13)

The average efficiency of the combiner 7 is acquired by
averaging equation (13) such as

max(a(t))
Nec = j Ne(@)Py(a) da, (14)

o

where P,(a) is a probability distribution function of the out-
phased angle. Using equations (9), (11), and (14), Tgys Can be
extracted. For the given input signal, 1, is a function of the
threshold values ri(k =1, 2, ..., N — 1) because ¢, and «(t)
are functions of 7, in equations (4) and (5), respectively.

We define a multi-dimension function that describes 7,
with r. (k=1, 2, ..., N — 1) such as

7’5}/52 ﬁPA.ﬁCZf(rl’ Tay wvnsy rN*l)' (15)

The condition of threshold values to maximize efficiency of
MLINC is as follows:

of(ry, 1, ...

8rk

Pf(ry, 1y, ...,
org

i rN71) _ erl)

)

(16)

For a 2-level LINC system, there is only one threshold value
r, and f(-) has only one variable. For the 2-level LINC system
that has one threshold value, it is possible to calculate an
optimal threshold value analytically even though it is not
easy. Simple simulation can be applied to extract an optimal
threshold for 2-level LINC system. A fabricated class-AB
PA using InGaP HBT transistor with 33.5 dBm P1dB and
an LTE-frequency division duplexing (FDD) down link (DL)
signal with 64 quadrature amplitude modulation (QAM) are
used for the case study. The characteristic of the fabricated
PA is described in Fig. 5. A center frequency and bandwidth
of the LTE signal are 2140 MHz and 10 MHz, respectively.
The PAPR of the signal is 9.28 dB and the PDF of the normal-
ized input signal is shown in Fig. 6. In this case, 7p4, 7, and
Ty Versus r, are calculated and plotted in Fig. 7.
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Fig. 4. Efficiency of PA of 2-level LINC with dynamic biasing scheme.
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However, the 3-level LINC system that has two threshold
values, it is complex to get optimal threshold values analytically
using equation (16). In the next section, we propose new
scheme based on a FDM to find optimal threshold values.

1. AFDM FOR 3-LEVEL LINC
SYSTEM

Using equations (15) and (16), conditions for optimal thresh-
old values for 3-level LINC are described as

af(rlv 1) -0

ark

Pf(ri, 1) -

, . k=1,2).
or? (k=1,2)

(17)

The above partial differential equations can be solved by
numerical method. In this paper, a 9-point FDM is applied.
The operation of the suggested method can be divided into
the following steps:

(1) The first step is to set center point [, ;, 72.m] (M =0, 1, 2,
3,...) for variables r,, 7, (r, , > 7.,,), where m represents
the number of iterations. For the first iteration, the initial
point [r, o, 7,,] must be assigned. There are a number of
methods to assign the initial point. The number of itera-
tions depends on the location of the initial point. To
reduce the number, the distance between the initial
point and the expected optimal point must be small. It is
hard to estimate the expected optimal point at the first iter-
ation because it is determined by the various components
(the input signal statistics, PA efficiency, combiner effi-
ciency, etc). However, the number of iterations is usually
reduced by setting the initial values of 7, ,, r,, at the sto-
chastically evenly distributed points such as

x|
rl,o:[|x| j Px(a)da=§],

x| 1
T20 = |-x| j Px(a) da :g .

In this paper, the initial center point [r,, 7,,] is
assigned based on equation (18). For the case, the

(18)
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Fig. 5. Output power and efficiency of the fabricated class-AB PA.
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Fig. 6. PDF of LTE signal.

number of iterations is usually around 10 for the LTE
and the multi-tone signals used in the next section.
(2) Next, nine grid points around center values are assigned

such as
[rii)m, r;(_];)m] = [r1,m +i-Ar, Tam +] . AT,_], (19)
where i, j = —1, 0, 1. The assigned grid points are shown

in Fig. 8. Ar, and Ar, are differences between grid points
as shown in Fig. 8. In equation (19), it is not necessary to
be Ar, = Ar,. However it is usually easy to implement
MSCS, if Ar, = Ar,. In this paper, we set the same value
on Ar, and Ar,.

If the difference is too small, it yields the more accurate
optimal threshold values, however it needs quite long con-
vergence time. The relationship between the magnitude of
interval and convergence time is analyzed in the next
section.

Calculate the system efficiency for 9-grid points and
define values f,(,,"]) such as

a7

(3

P =00, 10, (20)
100 : r
- == System efficiency
i | = Combiner efficiency

80 7| =*= PA efficiency I
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o
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orn
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Fig. 7. The PA efficiency, combiner efficiency, and system efficiency for 2-level
LINC.
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Fig. 8. 9-grid points to determine the optimal threshold values for 3-level
LINC system.

Calculate the each difference value Af,(,f’j> following as

AfED = 39 — fio9) (21)

(4) Determine the grid point that gives the highest efficiency
values and assign it as the centered value of the next step
such as

[Tomtss Tomir] = {[Tﬁ)m, rQ(.j,)m]

argmax (Af) } .
i
(22)

(5) Ifthe [, 4 © Tom + 1] # [T T2m], @ centered point is
updated with new values and iteration is executed again

DESIGN OF HIGH EFFICIENT 3-LEVEL LINC TRANSMITTER

from step 1. If the [r, 4 » Toum 4 1) = [Fim> Taum)> WE
set the values of the current centered point as optimal
values. For the optimal values, Afn(;’J) <o.

A block diagram of MSCS for 3-level LINC system
including the above steps is described in Fig. 9. It shows
the process of the signal modulation of MLINC system
and the determination of the threshold values. Also the
DC bias levels could be determined by the magnitude of
separated signals.

V. VERIFICATION

To verify the suggested scheme, we simulate the system effi-
ciency using the multi-tone signals and the LTE communica-
tion signal. Characteristics of a fabricated class-AB PA using
an InGaP HBT transistor with 33.5 dBm P1dB is measured
and considered for the simulation.

A) Case for multi-tone signals

The optimal threshold values of the 3-level LINC system are
extracted using the proposed method for various multi-
tone signals. In Fig. 10, the PAPRs of the multi-tone
signals are plotted versus the number of tones. The
system efficiencies of the conventional LINC, 2-level
LING, and 3-level LINC for the various multi-tone signals
are simulated and compared in Fig. 10. The 3-level LINC
system increases the system efficiency significantly. For an
8-tone signal, efficiencies of the conventional LINC,
2-level LINC, and 3-level LINC are 9.5, 27.2, and 36.5%,
respectively.

Two signal paths that form the LINC systems have unavoid-
able path imbalance on their gain and phase difference. Gain
and phase mismatches will cause the significant deterioration
in linearity of the system [11, 12]. We analyze an error vector

MSCS block To dynamic biasing;
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Fig. 9. The architecture of the proposed MSCS.
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Fig. 10. Comparison of system efficiencies (LINC, 2-level, and 3-level LINC)
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magnitude (EVM) of the multi-tone signals considering the
effect of path imbalance (GR, gain ratio between two paths;
PE, phase error between two paths). In Fig. 11, EVMs are simu-
lated and compared for the system with GR = 90%, PE = 5°.
The results show that 3-level LINC system has less EVM for
the same path imbalance comparing with LINC and 2-level
LINC system because 3-level LINC system can reduce the
amount of the out-phased angles compared with other
systems. The advantage of MLINC system for linearity per-
formance is also addressed in [12].

B) Case for LTE signal

For an LTE-FDD DL with 64QAM signal with 2140 MHz
center frequency, the system efficiencies versus r, and r, for
the 3-level LINC are extracted and plotted in Fig. 12. The
extracted optimized threshold r,, r, values using the suggested
scheme are shown in Fig. 12. Using these values, the maxi-
mized system efficiency can be achieved. In addition, by
using the dynamic biasing scheme, the efficiency of PA
could keep as maximum efficiency although the input power
level is changed.

The effects of magnitude of the step size (considering
Ar, = Ar, = Ar) on the performance and iteration numbers
are shown in Fig. 13. A trade-off occurs between the system
efficiency and the number of iterations.

25 "Tine
-~ 2-level LINC| ! :
-~&-3devel LINC| i i
20 ... PAPR(dB) 210
8@
=
g
6
&
4
0 T "I T P B g

10 12 14
The number of tones

2 4 6 8

Fig. 11. EVM of LING, 2-level and 3-level LINC with (GR = 90%, PE = 5°).

https://doi.org/10.1017/51759078715000896 Published online by Cambridge University Press

r

i | I@ ISysttlzm eﬂicielnqrr

0.4 0.6 0.8 1
LF)

0 0.2

Fig. 12. Optimization for maximum efficiency of 3-level LINC.

To extract accurate optimal threshold values, the Ar should
be small, but the number of iterations increases. In Fig. 13, if
the Ar is larger than o.12 r,, the number of iterations is 1 and
the system efficiency decreases significantly. Considering the
number of iteration and the system efficiency, Ar = 0.08r, is
a reasonable compromise considering performance and
number of iterations.

To maximize the system efficiency, threshold values are
extracted by setting Ar = 0.01. In this case the number of
iterations is 15 as shown in Fig. 13. The system efficiencies
are increased by 20.82 and 6.83%, respectively, compared
with the conventional LINC system and 2-level LINC
system using the proposed 3-level LINC system with static
biasing for the LTE signal. If the dynamic biasing is
applied, the maximum system efficiency of the proposed
scheme is 36.2%. This is higher than those of the published
MLINC’s pre-works [2-7]. The efficiency of the MLINC
system is summarized in Table 1. In Table 1, the perform-
ance of the proposed method is compared with those of
the MLINC system with other methods. Method-1: one
method is deciding r, at the input level with maximum
PDF and r, at the midpoint r, and maximum input level.
Method-2: another method is deciding r, and r, at the
one-third and two-third of maximum input level,
respectively.

System efficiency (%)

The number of iterations

o e e st o o o o

o N B O ©

22 | i i L i
0 0.05 01 015 0.20 0.25 0.30
Magnitude of Ar,, Ar,

Fig. 13. The number of iterations and system efficiency versus magnitude of
Ar,, Ar,.
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Table 1. Overall system efficiency of the MLINC system for the LTE signal.

Reference Tx architecture Input signals Efficiency (%)
Biasing type The number of levels Threshold extraction scheme
This work Static biasing 1 None LTE(PAPR 9.28 dB) 10.48
2 One parameter sweep 24.47
3 Proposed 9-point FDM 31.30
2 One parameter sweep LTE(PAPR 9.28 dB) 27.21
Dynamic biasing 3 Method-1 32.24
3 Method-2 31.49
3 Proposed 9-point FDM 36.20
[2,4] Dynamic biasing 3 Unknown WCDMA 33.40
[3,4] 3 Unknown WCDMA 23.60
[7] 6 Unknown LTE(PAPR 8.2 dB) 33.00

V. CONCLUSION

In this paper, a MLINC transmitter architecture was proposed
to improve power efficiency of the transmitter. For 3-level sep-
aration, a 9-point different method was suggested to extract
optimal threshold values numerically.

The suggested algorithm was assessed by exciting a 3-level
LINC transmitter with two different signals: one with multi-
tone signals and LTE signal. The proposed scheme showed
accurate extraction of optimal threshold values efficiently.
The transmitter with the proposed MSCS improved power
efficiency of the system significantly. Indeed, the distortion
occurring from the path imbalances was reduced with the pro-
posed architecture. The proposed scheme can be applied to the
design of high efficient wireless transmitter system.

ACKNOWLEDGEMENT

This research was supported by Konkuk University, 2014

REFERENCES

[1] Cox, D.C.: Linear amplification with nonlinear components. IEEE
Trans. Commun., 22 (1974), 1942-1945.

[2] Jheng, K.-Y.; Chen, Y.-J; Wu, A.-Y.: Multilevel LINC system design
for power efficiency enhancement, in IEEE Workshop Signal
Processing Systems, Shanghai, China, 2007.

[3] Chen, Y.-J; Jheng, K.-Y; Wu, A.-Y; Tsau, H-W.,; Tzeng, B.:
Multilevel LINC system design for wireless transmitters, in IEEE
Int. Symp. on VLSI Design, Hsinchu, Taiwan, 2007.

[4] Jheng, K.-Y.; Chen, Y.-].; Wu, A.-Y.: Multilevel LINC system designs
for power efficiency enhancement of transmitters. IEEE J. Sel. Top.
Signal Process., 3 (2009), 523-532.

[s] Laskar, J; Lim, K;; Hur, J.; Kim, KW ; Lee, O,; Lee, C.-H.: Emerging
multi-level architectures and unbalanced mismatch calibration tech-
nique for high-efficient and high-linear LINC systems, in IEEE Int.
Symp. on Circuit and Systems, Paris, France, 2010.

[6] Hur, J; Lee, O.; Kim, K; Lim, K; Laskar, J.: Highly efficient uneven
multi-level LINC transmitter. IEE Electron. Lett., 45 (2009), 837-838.

N

Aref, A.F; Askar, A; Nafe, A.A,; Tarar, M.M.; Negra, R.: Efficient
amplification of signals with high PAPR using a novel multilevel
LINC transmitter architecture, in European Microwave Conf,,
Amsterdam, The Netherland, 2012.

https://doi.org/10.1017/51759078715000896 Published online by Cambridge University Press

[8] Borse, G.J.: Numerical Methods with MATLAB - a Resource for
Scientists and Engineers, PWS Publishing, Boston, MA, 1997.

[9] Jo, C.-H.; Shin, C.; Suh, J.H.: An optimal 9-point, finite-difference,
frequency-space, 2-D scalar wave extrapolator. Geophysics, 61
(1996), 529-537.

[10] Kahn, L.R.: Single sideband transmission by envelope elimination
and restoration. IRE, 40 (1952), 803-806.

[11] Lim, J.; Kang, W.; Ku, H.: Compensation of path imbalance in LINC
transmitter using EVM and ACPR look up tables, in Asia Pacific
Microwave Conf., Yokohama, Japan, 2010.

[12] Guan,]; Aref, A.F.; Hone, T.; Negra, R.: Linearity study of path imbal-
ances in multi-level LINC transmitter for wideband LTE application,
in European Microwave Conf., Nuremberg, Germany, 2013.

Jonggyun Lim received the B.S. in Infor-
mation and Electronic engineering from
the Seoil University and National Insti-
tute for Lifelong Education, Seoul,
Korea, in 2009, and received the M.S.
degrees in Electronic engineering,
School of Information and Communica-
tion, Konkuk University, Seoul, Korea,
in 2011. Since March 2011, he is currently
working toward the Ph.D. degree in Electronic engineering,
School of Information and Communication, Konkuk Univer-
sity, Seoul, Korea. His research interests are high efficient RF
PA and transmitter system, behavioral modeling/characteriza-
tion of RF devices, linearization of power amplifier, Optics,
and design of wireless power transfer circuit/system.

Hyunchul Ku received his B.S. and M.S.
degrees in Electrical Engineering from
Seoul National University, Seoul,
Korea, in 1995 and 1997, respectively,
and Ph.D. degree in Electrical and Com-
puter Engineering from Georgia Insti-
tute of Technology, Atlanta, USA, in
2003. He worked as a researcher in
Korea telecom from 1997 to 1999 and
as a senior engineer in Samsung electronics from 2004 to
2005. He is presently a Professor with the department of elec-
tronic engineering, School of Information and Communica-
tion, Konkuk University, Seoul, Korea. His research interests
are behavioral modeling/characterization of RF devices, lin-
earization of power amplifier, design of intelligent RF
system, and design of wireless power transfer circuit/system.

527


https://doi.org/10.1017/S1759078715000896

	Design of high efficient 3-level LINC transmitter using a 9-point finite difference method
	INTRODUCTION
	MLINC TRANSMITTER
	MLINC system and signals
	Efficiency of MLINC

	A FDM FOR 3-&?h 0,14;LEVEL LINC SYSTEM
	VERIFICATION
	Case for multi-&?h 0,14;tone signals
	Case for LTE signal

	CONCLUSION
	ACKNOWLEDGEMENT


