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Abstract—In this paper, we survey two essential and practical
characteristics of radio-frequency power amplifier (PA), ramely,
linearity and efficiency Nonlinear amplification yields signifi-
cant distortion of the transmit signals and strong interference

for cochannel users. Imperfect efficiency of the PA causes an
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the PA effects for designing the green wireless commurtinati
systems.

In the paper, we briefly recapitulate two fundamental char-
acteristics of a practical PA, namelinearity and efficiency

overhead of the Systems resu|ting in energy efﬁciency (EE) A tradeoff between the nonlinearity and the eﬁiciency has

degradation. Therefore, the linearity and efficiency of the PA
should be precisely characterized in the system design.

We first survey the linearity and efficiency models of PA, and
then introduce commonly used technologies for improving tk
EE according to three approaches: i) transmitter architecure,
i) signal processing, and iii) network protocols.

We then introduce our recent work on a multiple PA switching
(PAS) architecture, in which one or more PAs are switched on
at any time to maximize the EE while satisfying the required
spectral efficiency (SE). We consider the case where eithédull
or partial channel state information is available at the transmitter
(CSIT). Since the transmitter selects the most efficient PAHat
satisfies a target rate with the least power consumption, EEsi
improved, and a Pareto-optimal SE-EE tradeoff region can be
enlarged as verified in the numerical results with real-lifedevice
parameters. For example, we observe around23% and 50% EE
improvements for a single antenna system with a full CSIT and
for a transmit antenna selection and maximum ration combinhg
system with a partial CSIT, respectively; as a result, we can
surmise that the PAS is one promising technology for green,é.,
energy efficient, wireless communication systems.

I. INTRODUCTION

been observed in [8]. As the PA input signal increases, the PA
become more nonlinear and distorting, while its efficieney i
creases. The nonlinear amplification causes significantaeleg
dation on performance, while the inefficient amplification
causes severe reduction of system EE. We first survey the lin-
earity and efficiency models of PAs, and the existing teotwmol
gies which resolve the issues arisen from the aforemerntione
PA characteristics according to three approaches: i) tnates
architecture, ii) signal processing, and iii) network jils.
Then, we introduce our recent work on PA switching/selectio
(PAS), in which one or multiple PAs are selected to improve
system EE. To do this, a spectral efficiency (SE)/throughput
and EE tradeoff is analyzed under the full/partial channel
state information at the transmitter (CSIT). From numérica
results, we verify that PAS with multiple PAs is one promgsin
technology for green wireless communication systems.

Il. FUNDAMENTAL CHARACTERISTICS OFPA

According to operation class (i.e., amplification method),
different PA has its own characteristics, such as a powggtau

Recently, green technologies that can reduce energy ceapability (or transistor utilization factor), a lineggitand an
sumption and carbon-dioxide emission and reuse/recyele ificiency. For example [9], [10], class-A PA has high lingar

resources have been attracting academia/industry/gozrn

yet the efficiencyn is lower than50% with utilization factor

Especially, green information communication technology = 0.125, and is generally used for millimeter wave (20-
(ICT) has been studied widely to achieve high energy effltO0GHz), whereu is defined as output power per transistor
ciency (EE), and to resolve the conflict between high demanaisrmalized for peak drain voltage and currentldf and 1A,

of quality-of-service (QoS) and energy saving, e.g., [&]-t

respectively; class-B PA has high linearity with< 78.5%

is reported in [1] that the ICT is the fifth largest industry irand v = 0.125 and is generally used for broadband at high

power consumption; ICT infrastructure consun3és of the
world-wide energy consumption; and ICT emits aroud

frequency (HF) and very high frequency (VHF); class-C PA
has moderate linearity with < 85% and is used for high-

of the world-wide carbon-dioxide. To overcome severe fgdirpower vacuum-tube transmitter; class-D has low lineayigy,
and interferences, significant amount of energy is consumesty high efficiency withu = 0.159 and is used forl00 W

in wireless access networks, particularly at the transmittetp 1kW transmitter at HF; class-E has low linearity, yet high
compared to fixed line networks in which the communicatingfficiency at K-band {9 — 26.5 GHz) with « = 0.098; and
nodes are connected through physical wires [3], [4]. Modass-F has low linearity, yet high efficiency at UHF and
specifically, power amplifier (PA) is a major power consumenicrowave.

in the wireless networks. In cellular networks, for example The transmitted signal distorted from the PA nonlinearity

energy is consumed mostly at a base station (BS) [4],

pields a co-channel interference (CCI) and causes a signtfic

which 50%-80% of power consumption is consumed at th@erformance degradation of detection at the receiver. iéfe i

PAs [6], [7]. Consequently, it is essential to consider faely

ficiency of the PA causes a network-level EE degradation. We



introduce the linearity and efficiency models of the pradtic « Saleh modefor traveling wave tube amplifier [17]:
PAs.
Lpa (Jom]) 2 _aifoi|

" 1+ as|vin|?

b1|vin|2

>
Though a transistor-level PA model is accurate, it is difficu L+ bafvin]

to obtain, generalize or analyze. In contrast to a transiste! wherea,; andb; are the distortion coefficierits

PA model, a system-level PA model includes a few parameters Ghorbani modefor field-effect transistor (FET) amplifier

which are obtained from measurements, and it is tractable and for low amplitude nonlinearity [18]:

A. Linearity Models
4 Ppafonl) 2

and reasonably accurate; therefore, it has been widely used R ai|v®
to model PAs. The system-level PA model is divided into two Lea (Jum]) = W + a4|vin|
types, either with or without a memory effect. b 3b2 m

1) Models with Memory EffectDue to the capacitance and Opa(|vm]) = UGN + by |vin|
i : ircui i 1+ b3|v?|
inductance in the circuits and the thermal fluctuation of the 31Vin

PAs, a frequency-domain fluctuation (i.e., an electrical an  \yhereq, andb; are the distortion coefficierfts

thermal memory effects, respectively) arises in the temsf , Rapp modelfor envelope characteristic of solid state

function of the PA [11]. As reported in [12], the memory  power (especially, class-AB) amplifier with saturation

effects are negligible when the system bandwidth is between amplitudev,,; and smoothness facter[19]:

1 MHz and 5 MHz. However, the electrical memory effects .

are severe for the systems using wide-band signal higher N |via]| 2p\ 2

than 5 MHz and the thermal memory effects are severe for Lea (|[vin]) = |vin[ [ 1+ (—)

the systems using narrow-band signal lower thaviHz. A

few commonly used PA models with memory effects are ase Soft limiter modefor analysis [20]:

follows: i) the Volterra series model that is a multivariate

polynomial series expressed as a function of the PA input Lpa (Jvin]) £ {

signal, the delay, and the delay time [13]; ii) the Wiener,

Hammerstel_n, and Wlener-Hammerste!n models consist of a wherew.,; is a saturation output amplitude.

filter part with memory and another with a memoryless PA

part [14]; and iii) the memory polynomial that is a VolterraB. Efficiency Models

series model assuming phase independency [15]. Since the PA is a major power consumer of the wireless
2) Memoryless ModelsMemoryless models basically as-communication systems, its efficiency should be precisely

sume that the previous PA output signal does not affegensidered in the network power consumption model. Three

the current PA output signal. Amplitude-to-amplitude (AMcommonly used efficiencies of PA are defined as follows [21]:

AM) distortion and amplitude-to-phase (AM-PM) distortion 1) Drain efficiency:np £ IIZOTU(;

are used for the memoryless model. PM-AM and PM-PMpy power-added efficiency (PAE)pax 2 Poy =P

distortions are typically ignored unless they are strong.(e 3) Overall efficiencyyo 2 Lau pe

a gquadrature modulator with predistortion). The distortio PootPin .
q P ) where P,.;,, Ppc, and P, are RF-output power, discrete

components which are close to the carrier frequency are : . .
- ' ._current (DC)-input power, and RF-drive power, respecivel
difficult to be filtered away, hence they are emphasmeﬁée drain efficiency is typically betwee20% and 30% as

by using a passband model. However, to ease simulati . ) -

and computation, a baseband PA model that represents ?I’Léveys: |n_[22_], k[123r]1 P’?ﬁ 'fha reasol?a?r!e_ '”d'c"?‘tor obeP A
nonlinearity of complex baseband frequency approximatig}l\ en A gaing 1s nigh, whiie the overall efliciency IS usable
is more widely used than the passband model [16]. The all S|tuat_|9n [10]. In.W|reIess _network power modeling,
straightforward way to model the baseband PA is to use'a ©t Specifically mentioned, typicallyp =~ npar =~ 710

polynomial function, yet to model the nonlinearity its réeal ?ec-fgsgino'; re;actrl]\_/slyé S{nalggirgz?giiéﬁ’%? t;;r;d %;lt(' oA tout
order increases significantly. Hence, the following basdba yp! y Ieve Its p iclency P utpu

model is commonly used for representing the nonlineari ower (PEP). The efficiency drops rapidly as the output power

i . . : ecreases [24].
consisting of an amplitude-dependent gain functipn(-) and .
a phase shift functiombpa () as Though the PA power consumptidf, depends on many

factors including the specific hardware implementation, DC
_L 2 jbpa (|vim]) bias condition, load characteristics, operating freqyesrd
Vout = Lpa (|vin]) € ’ PA output power, the component that consumes majority of

Usat

|Uin|7 if |Uin| < Vsat
Usat, Otherwise,

)

v_vherevin andvgyy, are PA input and output voltaggs, respec- IE.g..ay = 2.1587, az = 11517, by = 4.033, by = 9.104 [17].
tively. For the amplitude-dependant and phase shift fonsti 2 o ', — 81081, a4y = 1.5413, a3 = 6.5202, a4 = —0.0718, by =
the following baseband PA models are commonly used.  4.6645, by = 2.0965, bs = 10.88, by = —0.003 [18].



the power is given by the DC power fed to the PA, iByc supply voltage is controlled by the envelope of the RF-dtive
[10]. Using the relation betweeR>** andnp in [25], [26], conserve power, resulting in an efficiency between the linea
we can modelPps as a function ofP, as follows: RF PA and the PAs using the Kahn technique.

Class-A: Ppy = 2P 6) Outphasing: To achieve high linearity of amplitude-

out modulated signal, a linear amplification using nonlineaneo

o AP )V, 0<&<# (2) ponents (LINC) splits the variable-amplitude signal inteot
Doherty: Ppp = X . . : ! .
I (l+1)vE—1, 1,% <£<1 signals with constant-amplitude and time-varying phase th

are amplified separately with nonlinear high efficiency ampl
where § = % and ¢ is for (-way Doherty PA, which fiers and then combined to regenerate the variable amplitude
includes the special case of the class-B with 1. signal [31].

7) Doherty techniqueClass-B (carrier PA or main PA) and
class-C (peaking PA or auxiliary PA) PAs are combined to
To compensate the losses from the nonlinearity and ingfprove efficiency, in which the class-B PA is activated i th
ficiency of the PAs, various technologies have been studiggnal amplitude is half or less than the PEP, while both PAs

In this section, we survey the EE improvement technologigge activated if the signal amplitude is larger than halfref t
according to three approaches: i) transmitter architectily PEP [32]. Due to the high efficiency and linearity over wide
signal processing, and iii) network protocols. frequency band and power level, Doherty technique is widely
used for the modern cellular communications [2], [33]-[35]
along with Kahn-based, envelope tracking, and outphasing
Since a wideband and dynamic-power signal operation dgchitectures.
desired for modern wireless communications, such as OFDM .
and OFDMA systems, high linearity and efficiency are re3. Signal Processing
quired over wide frequency band and power level. The mostThe first approach can improve the PA characteristics, yet it
direct approach to relieve the nonlinearity and inefficiends still limited to the device-level. With further knowledgpf
issues is to use special architectures for the amplificatiahe signal properties, the PA linearity can be further invprh
Many architectures to improve linearity and/or efficiencg a 1) Input backoff (IBO):To avoid the cut-off nonlinearity,
introduced in [10], [27] and they are summarized as follows:e., clipping effect, to conserve power consumption, and
1) Linear architecture: Multiple cascade PAs are in ato mitigate the CCIl using the same frequency band, input
amplifier chain, in which each amplification stage has aroumdckoff (IBO) is implemented by reducing the transmit power
6-20 dB gain. Class-A and class-B are typically used. to sufficiently below its peak output power. Especially, for
2) Corporate architectureMultiple parallel PAs and power broadband signal having a high peak-to-average power ratio
combiner are used for reliable amplification [28]. Two igeth (PAPR), high IBO is needed for the linear amplification. The
PAs in hybrid combiner compensate each other if the otheAPR of an orthogonal frequency division multiplex (OFDM)
fails. Quadrature combiner is used to achieve a constaignal is8 to 13 dB and that of orthogonal frequency division
input impedance, to reduce the effect of a load impedanerultiple access (OFDMA) signal in long-term evolution (QTE
and to cancel odd harmonics and backward intermodulatisystems is arountll dB [36], which is significant, and hence
distortion. a comparable IBO is also needed. Though IBO is a passive
3) Stage bypassing and gate switchinfp increase trans- approach to avoid the clipping, it is effective and can beaglsv
mitter efficiency, switching between multiple PAs whose maxemployed to the communication systems.
imum output power levels are different is possible [29]. 2) PAPR reduction methodsSince high IBO reduces the
4) Kahn techniqueTo achieve high efficiency and linearityPA efficiency, various PAPR reduction methods have been
for a wide range of signals and power (backoff) levels, thactively studied, such as deliberate clipping, codingtialar
phase and envelop of the signal are amplified separatéignsmission sequence and selective mapping, nonlineas co
and then combined, which is thus also called the envelopanding transform, and tone reservation and tone injection
elimination and restoration (EER) technique [30]. A highlyor further details refer to the references in [37].
efficient nonlinear RF PA, such as class-C, class-D, class-E3) Linearization: The IBO and PAPR focus on the avoid-
or class-F, amplifies the constant-amplitude phase maetllaance of significant distortion from the clipping in the high
signal with allowing nonlinearity, while a highly efficientpower regime. There is a nonlinear effect causing system
envelope amplifier, such as class-S or class-G, amplifies ferformance degradation in the low power regime as well. To
envelope of the input signal linearly, resulting in the ager mitigate the nonlinearity of PAs, various linearizationthrads
efficiencies three to five times those of linear amplifiersrfro have also been rigorously studied. Three commonly used
HF to L-band. linearization methods are classified as feedforward, faekib
5) Envelope tracking architectureSimilar to the conven- and predistortion [38], [39].
tional linear RF PA, the PA input signal contains both am- 4) SE improvement method&normous signal processing
plitude and phase information. However, in contrast to thmethods which can improve SE can also improve the system
conventional linear RF PA, the envelope tracking RF PAEE, for example, 3-D multiple-input multiple-output (MIMO

I1l. TECHNOLOGIES FORENERGY EFFICIENCY

A. Transmitter Architecture



systems and active antenna systems. However, the tradeoff T channels ? [ ]
between SE and EE should carefully considered in the system | § § * é
design. - 2 > | Ll PAGS) E > E Loy
C. Network Protocols é ? Lpa() % E

Further processing taking into account the network prdtoco - L] AWGN i L

can be used to increase the EE. Since the PA efficiency

is imperfect, actively reducing the PA activation time is éig- 1. An OFDM system with a non-linear memoryless PA repnésd
y function Lpa (+), an inverse discrete Fourier transform (IDFT), a cyclic

promising approach to ir_1c_rease the system EE. TherefofRsix (CP) insertion, a parallel-to-serial converter (PSdigital-to-analogue
recently, many energy efficient network protocols that oeduconverter (DAC), and an analogue-to-digital converter G\D

the PA activation time or that use a low power PA have been
rigorously studied.

For example, in cellular netwqus, a heterogenous netV\{O&hal power consumption. From (3), we see that SE-EE trddeof
(HetNet) using small cells can improve EE due to the hl%gion is decreasing-convex.
efﬁciency of small base stations (or any types of accesg poin  Fur the SE and EE analysis with the practical PA impacts,
different networks) [40], [41]. Also, various network poels namely nonlinearity and inefficiencyintroduced in Section
to control deactivation of the BSs have been proposed {0 the soft-limiter model in (1) is applicable because it is
reduce the network energy consumption. The user equipmegifple and yet capture the clipping effect. Note that almost
(UEs) in a cell with the deactivated BS can be supportgflear AM-AM characteristics can be expected with the low
in alternative ways to sustaln_rehable communlcanons Wower signals by applying linearization techniques introet
the networks. In the cell zooming protocol, the BS with & section |11, yet the clipping effect still exists on theghi
high loading factor is activated and supports its UEs and thger signals.
UEs in the inactivated (sleeping) BSs [42]-[45]. Effeclve  |n the subsequent subsections, we briefly summarize our
the activated cell coverage is enhanced, thus this protogghent work on the PAS that is based on tt@ge bypassing
is called cell zooming. In a coordinated multipoint (COMP}nd gate switchingrchitecture introduced in Subsection IlI-A.

transmission protocol, the activated BSs cooperate to®Upprhe proposed PAS is applied to two systems with either full
the UEs in the cells with the deactivated BS [46], [47], whergsT [22], [23] or partial CSIT [54].

extra signal processing and backhaul traffic can be issues.

LTE networks consider further practical and simple appheac A. PAS with Full CSIT [22], [23]

such as discontinuous transmission (DTX) [48]. The DTX We quantify the impact of PA on the degradation of both
performs non-transmission to save energy without additiorSg and EE for asingle antenna OFDM system illustrated in
compensation procedure. Similarly, BS coordinated nappifig. 1, under the assumptions ffll CSIT and ofidentical

(CoNap) has been proposed in [49]. Since the performansficiencies of PAs. The SE is expressed as
degradation is marginal if the traffic load is low, the non-

transmission protocols DTX and CoNap can achieve energy SE(¢) = H(Y) — logy meo? 4)
saving without significant performance degradation. where¢ is a power loading factor defined a2 Pﬁiix, £€>0,
IV. PA SWITCHING (PAS) STRATEGY which is related to the IBO aBO = 10log;o(¢")dB; ¥

) ) _represents a random variable whose realization is a reteive
Many theoretical studies have been performed to aCh'eé’i%naIy; ando? is an additive white Gaussian noise (AWGN)

high EE or good QoS and the balance between them [43}, ihe receiver. In (4), the differential entropy Bf is given
[50], [51]. As a fundamental figure of merit of QoS, the SI%y (53]

is considered which is defined as the amount of bits decoded

reliably per unit time and per unit bandwidth, i.&./s/Hz. H(Y) = _/ Z fy (y, S =i)log, fy (y)dy,
The EE represents a total SE over bandwidth per unit power, Yi=0.1

i.e.,b/s/W = b/J. High SE is needed to support the growin oy - . .
demands of high data traffic, yet it is restricted if the high E%Vher:ef‘;r(]y’ S . 0) |s|.a probablllty dgnilti/ fpnctlodr} (p_?:]) of
is desired, i.e., there is a tradeoff between SE and EE. [ [48 when there is no-clipping anfly (y, 5= 1) is a pdf with a

[52], the fundamental SE-EE tradeoff has been shown as clipping. The joint pdfs have been derived as follows (fag th
' proofs, refer to [23]):

SE = logy(1 + Pout/0”) b/s/Hz (33) 1y (y,5=0) = No(®)[1 — Qu (v, v/Prmax)]
- TQ SE . Q SE _ _ _ 72bmaxyRe 2bmax|y‘
EE = TP, = P, b/J (Bb)  fy(y,S=1)=Ni(y) {Pr(S =1)exp < o2 )IO( > >:|

by using Gaussian signalling [53], which is optimal for thevhereb,,., = /P22 and P2 is a maximum power output

ideal power amplifier. Hereg? is the noise powers) is the of PA; No(y) denotes the pdf oA (O,an + af) and g
total bandwidth usedT is the total time used; anf. is the is a parameter interpreted as the desired linear gain of the



off — mode
o0 T

channels

Fig. 3. A TAS-MRC system model with the proposed PA switch{R4S),
in which switchS; selects a PA and switchy selects a transmit antenna.

EE(¢) Mb/J

a wide range of SE. We verify the theoretical results through
simulations using real-life device parameters as follows.
1) Numerical ResultsWe evaluate the PAS with the two

8 10 SE(?) b/S/Hzl“ 16 18 PAs in [23]: a low power PA SM2122-44L (denoted B'*¥)
with Pn2* = 25W and ¢ = 55dB and a high power
Fig. 2. A SE-EE tradeoff with switchin®A'°" and PANigh, PA SM1720-50 (denoted bfAMeh) with Pmax = 100 W

and g = 50dB. Both PAs operate in the GHz band and
can be used for LTE base stations. Bandwidth is set to be
PA, Qi(-,-) is the Marcum-Q-function [55] with parametersl0 MHz. The channel attenuation is modeled asiB =
p _ z(ng+a§)\/b— and i — 8gP;,,(g1z;n+of)|y|2_ N; (y) G—128+1010g1_0(d—_"‘) [59],WhereG includes the trgnscelver
e 9Pin N . 7z . feeder loss, switch insertion loss, and antenna gainsyafid
is the pdf of CA” (bmax, 0%); yre s the real part ofy; and ' path loss wheré is the distance in kilometers between

lo(+) is the modified Bessel function of the first kind [55]. a transmitter and a receiver amdis a path loss exponent.
To provide tractable results, we establish a PA-dependgit, . cimulation. we se€ — 5dB. a = 3.76. d — 0.2 km

nonlinear power consumption model from recent studies 08 _ 174 4By, /Hy, ¢ — 4.7, and Pay — 130 W [34]. For

empirical power measurement and parameters for celluir a§7Zmplicity, we assume the time fraction of any PA is switched
wireless local area networks [34], [35], [41], [56], [57].eW on is a continuous value froMito 1.

get aPA-dependant nonlinegrower consumption model as Fig. 2 shows the SE-EE tradeoff with and without PAS. We
_ max assume that PA can be switched once e@rjrames, which
Fe(€) = oo + Pt (Cl * 62\/2) 0<est ) is reasonable as one LTE frame consumes a time period of
where P;, is a PA independent power consumption, and thi) ms [59], while the PA switching time is much less than
parameter$cl, Cg) are from (2):(%07 0) for class-A PA;(O, C) .lms [23] Each frame Iength is set to B® ms. The SWitCh
for class-B PA: (0,%) if 0 < ¢ < z% or (_%7@) if insertion Io_ss a_ssumed hylB causes EE and SE degradation,
L and the switching time consumption assumediby:s causes
7z < & < 1 for {-way Doherty PA. HerePs, andc can be g,her degradation. From the results, it is verified that th
obtalped from empmcal results in [34], [41], [57]', ) PAS can improve significantly the SE-EE tradeoff even with
Using the SE in (4) and total power consumptiB(¢) in the switch insertion loss and the switching time. For exampl
(5), we can rewrite the EE in (3b) as a functionfoas the EE can be improved by aroudi0% (323%) if we reduce
EE(€) = QSE(¢) P71 (€). SE byhil%]% (15%).from AtoB (C). I_n contrast, if a single
PA PAMe" is used instead, the EE is improved by arounl
From Fig. 2 (see details of numerical results in Sectiomwith a 12% reduction of SE fromA to D.
IV-Al), we observe that the practical SE-EE tradeoff inses _ )
before a turning point and decreases rapidly after theigmiB: PAS with Partial CSIT [54]
point, i.e., the Pareto-optimal SE-EE tradeoff is narrom. T The PAS introduced in [22], [23] is extended to a transmit
achieve a wide Pareto-optimal SE-EE tradeoff region, wantenna selection and maximum ratio combining (TAS-MRC)
propose a PAS technique. In the PAS transmitter, one or massstems illustrated in Fig. 3. For practical scenarios with
PAs are switched on at any time to maximize the EE whileAs, we employ onlypartial CSIT, specifically we only feed
satisfying the required SE. If the transmitter requireshkig back information for PA selection, and considepawer de-
transmit power than its maximum output power of single PAendenefficiencye(u.., ), wherep,, determines the maximum
to satisfy the target rate, multiple PAs are simultaneousbutput power of PAm to be ., P%2*, m € {1,..., M}.
activated at their maximum power and the amplified signalsWe assume without loss of generality thak ©1 < pe <
are combined to improve the SE [58]. The PAS technique- < uys = 1. Instead of a single PA wittd/ power levels
may be implemented using the corporate architecture oraain conventional power control systems, we propose the use
Kahn technique in Section IlI-A. As a result, the degree aff M PAs, in which each power level matches the maximum
freedom offered from the multiple PAs yields a high EE ovavutput power of the multiple PAs. Since each PA operates at



1.4 T T T T . .
F Conventional power control TAS-MRC with 3-bit FB are the same as those in Subsection IV-A. All results are

O _ Proposed PAS TAS-MRC with 3-bit FB obtained by varyingR from 0.1 to 15 bits in 0.1-bit steps.

In Fig. 4, the EE of the proposed PAS system is compared
to that of the conventional systems which have a single PA
PA3; with four-level power control, i.e.28dBm, 34 dBm,
and 40 dBm, and off-mode. Note that the efficiency &3
decreases as the output power decred@®gs:at 40 dBm, 32%
at 34 dBm, and9% at 28 dBm. From the results, we see that
the PAS with multiple PAs can improve the EE significantly.
The significant EE improvement is observed especially when
Ris arounds b/s/Hz, because the low power PA, which yields
i high EE improvement, turns on with high probability.

V. CONCLUSION

T In the paper, we survey linearity and efficiency models
of practical power amplifiers (PAs) and introduce the tech-
Fig. 4. EE comparison of TAS-MRC systems, in which 1-bit feeck (FB) nologies to improve the nonlinearity and/or to compensate
is used for the TAS and 2-bit FB is used for power control/PAS. the efficiency. For energy efficient wireless communicatjon
multiple PAs are proposed to be switched with full or partial
channel state information at the transmitter. Numericsiiits
its own maximum output power compared to the conventioneégrify that the proposed PA switching (PAS) method can
power control systems, the average efficiency of PAs can iseprove energy efficiency significantly. Furthermore, vas
improved by selecting the most efficient PA that can suppdgkisting technologies for the high linearity and efficierafy
a target rate with the least power consumption. PA which are introduced in the paper can be incorporated in
For TAS-MRC systems, we derive a switching probabilityhe PAS technology. Hence, the proposed PAS is one promis-
to PA m for given target rateR b/s/Hz as (proof is in [54]) ing technology for energy efficient wireless communication
systems. A few interesting issues and challenges to extend t

6 9
Rb/s/Hz

S = (Tm1 = Tm) (T + Tin = 2) (6) pAS are as follows:
by using order statistics [60], [61], where o Considering PA memory effects for wideband systems
R ) (27-1)o2 requiring high linearity and high output power.
Tm = ((2 )U + 1) « Reducing the manufacturing cost and form factor of the

circuit with the multiple PAs.

andoy, P‘"‘“" Using {fr} in (6), we obtain the EE of « Applying the PAS to multi-band and to MIMO systems.

the proposed "TAS-MRC systems for the givBras
QRYL(2 - T)) ACKNOWLEDGMENT
M+1 — o’ The authors would like to thank Dr. Shi Bo for his valuable
2=t Prxm (T = Ton) Ty +Tm =2) oo niein discussion regarding power amplifiers.
where for consistenco = 0 and Y y;+1 = 1, and Pryx , iS

TAS _
EEyre =
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