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Abstract—In this paper, we survey two essential and practical
characteristics of radio-frequency power amplifier (PA), namely,
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
overhead of the systems resulting in energy efficiency (EE)
degradation. Therefore, the linearity and efficiency of thePA
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 the
EE according to three approaches: i) transmitter architecture,
ii) 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 eitherfull
or partial channel state information is available at the transmitter
(CSIT). Since the transmitter selects the most efficient PA that
satisfies a target rate with the least power consumption, EE is
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 around323% and 50% EE
improvements for a single antenna system with a full CSIT and
for a transmit antenna selection and maximum ration combining
system with a partial CSIT, respectively; as a result, we can
surmise that the PAS is one promising technology for green, i.e.,
energy efficient, wireless communication systems.

I. I NTRODUCTION

Recently, green technologies that can reduce energy con-
sumption and carbon-dioxide emission and reuse/recycle the
resources have been attracting academia/industry/government.
Especially, green information communication technology
(ICT) has been studied widely to achieve high energy effi-
ciency (EE), and to resolve the conflict between high demands
of quality-of-service (QoS) and energy saving, e.g., [1]–[5]. It
is reported in [1] that the ICT is the fifth largest industry in
power consumption; ICT infrastructure consumes3% of the
world-wide energy consumption; and ICT emits around2%
of the world-wide carbon-dioxide. To overcome severe fading
and interferences, significant amount of energy is consumed
in wireless access networks, particularly at the transmitter,
compared to fixed line networks in which the communicating
nodes are connected through physical wires [3], [4]. More
specifically, power amplifier (PA) is a major power consumer
in the wireless networks. In cellular networks, for example,
energy is consumed mostly at a base station (BS) [4], of
which 50%–80% of power consumption is consumed at the
PAs [6], [7]. Consequently, it is essential to consider precisely

the PA effects for designing the green wireless communication
systems.

In the paper, we briefly recapitulate two fundamental char-
acteristics of a practical PA, namely,linearity and efficiency.
A tradeoff between the nonlinearity and the efficiency has
been observed in [8]. As the PA input signal increases, the PA
become more nonlinear and distorting, while its efficiency in-
creases. The nonlinear amplification causes significant degra-
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 technolo-
gies which resolve the issues arisen from the aforementioned
PA characteristics according to three approaches: i) transmitter
architecture, ii) signal processing, and iii) network protocols.
Then, we introduce our recent work on PA switching/selection
(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 numerical
results, we verify that PAS with multiple PAs is one promising
technology for green wireless communication systems.

II. FUNDAMENTAL CHARACTERISTICS OFPA

According to operation class (i.e., amplification method),
different PA has its own characteristics, such as a power-output
capability (or transistor utilization factor), a linearity, and an
efficiency. For example [9], [10], class-A PA has high linearity,
yet the efficiencyη is lower than50% with utilization factor
u = 0.125, and is generally used for millimeter wave (20-
100GHz), whereu is defined as output power per transistor
normalized for peak drain voltage and current of1V and1A,
respectively; class-B PA has high linearity withη ≤ 78.5%
and u = 0.125 and is generally used for broadband at high
frequency (HF) and very high frequency (VHF); class-C PA
has moderate linearity withη ≤ 85% and is used for high-
power vacuum-tube transmitter; class-D has low linearity,yet
very high efficiency withu = 0.159 and is used for100W
to 1 kW transmitter at HF; class-E has low linearity, yet high
efficiency at K-band (19 − 26.5GHz) with u = 0.098; and
class-F has low linearity, yet high efficiency at UHF and
microwave.

The transmitted signal distorted from the PA nonlinearity
yields a co-channel interference (CCI) and causes a significant
performance degradation of detection at the receiver. The inef-
ficiency of the PA causes a network-level EE degradation. We



introduce the linearity and efficiency models of the practical
PAs.

A. Linearity Models

Though a transistor-level PA model is accurate, it is difficult
to obtain, generalize or analyze. In contrast to a transistor-level
PA model, a system-level PA model includes a few parameters
which are obtained from measurements, and it is tractable
and reasonably accurate; therefore, it has been widely used
to model PAs. The system-level PA model is divided into two
types, either with or without a memory effect.

1) Models with Memory Effect:Due to the capacitance and
inductance in the circuits and the thermal fluctuation of the
PAs, a frequency-domain fluctuation (i.e., an electrical and
thermal memory effects, respectively) arises in the transfer
function of the PA [11]. As reported in [12], the memory
effects are negligible when the system bandwidth is between
1MHz and 5MHz. However, the electrical memory effects
are severe for the systems using wide-band signal higher
than 5MHz and the thermal memory effects are severe for
the systems using narrow-band signal lower than1MHz. A
few commonly used PA models with memory effects are as
follows: i) the Volterra series model that is a multivariate
polynomial series expressed as a function of the PA input
signal, the delay, and the delay time [13]; ii) the Wiener,
Hammerstein, and Wiener-Hammerstein models consist of a
filter part with memory and another with a memoryless PA
part [14]; and iii) the memory polynomial that is a Volterra
series model assuming phase independency [15].

2) Memoryless Models:Memoryless models basically as-
sume that the previous PA output signal does not affect
the current PA output signal. Amplitude-to-amplitude (AM-
AM) distortion and amplitude-to-phase (AM-PM) distortion
are used for the memoryless model. PM-AM and PM-PM
distortions are typically ignored unless they are strong (e.g.,
a quadrature modulator with predistortion). The distortion
components which are close to the carrier frequency are
difficult to be filtered away, hence they are emphasized
by using a passband model. However, to ease simulation
and computation, a baseband PA model that represents the
nonlinearity of complex baseband frequency approximation
is more widely used than the passband model [16]. The
straightforward way to model the baseband PA is to use a
polynomial function, yet to model the nonlinearity its required
order increases significantly. Hence, the following baseband
model is commonly used for representing the nonlinearity,
consisting of an amplitude-dependent gain functionLPA(·) and
a phase shift functionΦPA(·) as

vout = LPA (|vin|) e2πjΦPA(|vin|),

wherevin andvout are PA input and output voltages, respec-
tively. For the amplitude-dependant and phase shift functions,
the following baseband PA models are commonly used.

• Saleh modelfor traveling wave tube amplifier [17]:

LPA (|vin|) ,
a1|vin|

1 + a2|vin|2

ΦPA(|vin|) ,
b1|vin|2

1 + b2|vin|2
.

whereai andbi are the distortion coefficients1.
• Ghorbani modelfor field-effect transistor (FET) amplifier

and for low amplitude nonlinearity [18]:

LPA (|vin|) ,
a1|va2

in |
1 + a3|va2

in |
+ a4|vin|

ΦPA(|vin|) ,
b1|vb2in |

1 + b3|vb2in |
+ b4|vin|

whereai andbi are the distortion coefficients2.
• Rapp modelfor envelope characteristic of solid state

power (especially, class-AB) amplifier with saturation
amplitudevsat and smoothness factorp [19]:

LPA (|vin|) , |vin|
(

1 +

( |vin|
vsat

)2p
)− 1

2p

• Soft limiter modelfor analysis [20]:

LPA (|vin|) ,
{

|vin|, if |vin| < vsat

vsat, otherwise,
(1)

wherevsat is a saturation output amplitude.

B. Efficiency Models

Since the PA is a major power consumer of the wireless
communication systems, its efficiency should be precisely
considered in the network power consumption model. Three
commonly used efficiencies of PA are defined as follows [21]:

1) Drain efficiency:ηD , Pout

PDC

2) Power-added efficiency (PAE):ηPAE , Pout−Pin

PDC

3) Overall efficiency:ηO , Pout

PDC+Pin

where Pout, PDC, and Pin are RF-output power, discrete
current (DC)-input power, and RF-drive power, respectively.
The drain efficiency is typically between20% and 30% as
surveyed in [22], [23]. PAE is a reasonable indicator of PA
when PA gaing is high, while the overall efficiency is usable
in all situation [10]. In wireless network power modeling,
if not specifically mentioned, typicallyηD ≃ ηPAE ≃ ηO
becausePin is relatively small compared toPDC andPout. A
typical PA only achieve its peak efficiency at the peak output
power (PEP). The efficiency drops rapidly as the output power
decreases [24].

Though the PA power consumptionPPA depends on many
factors including the specific hardware implementation, DC
bias condition, load characteristics, operating frequency and
PA output power, the component that consumes majority of

1E.g.,a1 = 2.1587, a2 = 1.1517, b1 = 4.033, b2 = 9.104 [17].
2E.g.,a1 = 8.1081, a2 = 1.5413, a3 = 6.5202, a4 = −0.0718, b1 =

4.6645, b2 = 2.0965, b3 = 10.88, b4 = −0.003 [18].



the power is given by the DC power fed to the PA, i.e.,PDC

[10]. Using the relation betweenPmax
out andηD in [25], [26],

we can modelPPA as a function ofPin as follows:

Class-A:PPA = 2Pmax
out

Doherty:PPA =
4Pmax

out

ℓπ
×
{√

ξ, 0 < ξ ≤ 1
ℓ2

(ℓ+1)
√
ξ−1, 1

ℓ2
< ξ ≤ 1

(2)

where ξ = Pin

Pmax

in

and ℓ is for ℓ-way Doherty PA, which
includes the special case of the class-B withℓ = 1.

III. T ECHNOLOGIES FORENERGY EFFICIENCY

To compensate the losses from the nonlinearity and inef-
ficiency of the PAs, various technologies have been studied.
In this section, we survey the EE improvement technologies
according to three approaches: i) transmitter architecture, ii)
signal processing, and iii) network protocols.

A. Transmitter Architecture

Since a wideband and dynamic-power signal operation is
desired for modern wireless communications, such as OFDM
and OFDMA systems, high linearity and efficiency are re-
quired over wide frequency band and power level. The most
direct approach to relieve the nonlinearity and inefficiency
issues is to use special architectures for the amplification.
Many architectures to improve linearity and/or efficiency are
introduced in [10], [27] and they are summarized as follows:

1) Linear architecture: Multiple cascade PAs are in a
amplifier chain, in which each amplification stage has around
6-20 dB gain. Class-A and class-B are typically used.

2) Corporate architecture:Multiple parallel PAs and power
combiner are used for reliable amplification [28]. Two isolated
PAs in hybrid combiner compensate each other if the other
fails. Quadrature combiner is used to achieve a constant
input impedance, to reduce the effect of a load impedance,
and to cancel odd harmonics and backward intermodulation
distortion.

3) Stage bypassing and gate switching:To increase trans-
mitter efficiency, switching between multiple PAs whose max-
imum output power levels are different is possible [29].

4) Kahn technique:To achieve high efficiency and linearity
for a wide range of signals and power (backoff) levels, the
phase and envelop of the signal are amplified separately
and then combined, which is thus also called the envelope
elimination and restoration (EER) technique [30]. A highly
efficient nonlinear RF PA, such as class-C, class-D, class-E,
or class-F, amplifies the constant-amplitude phase modulated
signal with allowing nonlinearity, while a highly efficient
envelope amplifier, such as class-S or class-G, amplifies the
envelope of the input signal linearly, resulting in the average
efficiencies three to five times those of linear amplifiers from
HF to L-band.

5) Envelope tracking architecture:Similar to the conven-
tional linear RF PA, the PA input signal contains both am-
plitude and phase information. However, in contrast to the
conventional linear RF PA, the envelope tracking RF PA’s

supply voltage is controlled by the envelope of the RF-driveto
conserve power, resulting in an efficiency between the linear
RF PA and the PAs using the Kahn technique.

6) Outphasing: To achieve high linearity of amplitude-
modulated signal, a linear amplification using nonlinear com-
ponents (LINC) splits the variable-amplitude signal into two
signals with constant-amplitude and time-varying phase that
are amplified separately with nonlinear high efficiency ampli-
fiers and then combined to regenerate the variable amplitude
signal [31].

7) Doherty technique:Class-B (carrier PA or main PA) and
class-C (peaking PA or auxiliary PA) PAs are combined to
improve efficiency, in which the class-B PA is activated if the
signal amplitude is half or less than the PEP, while both PAs
are activated if the signal amplitude is larger than half of the
PEP [32]. Due to the high efficiency and linearity over wide
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
architectures.

B. Signal Processing

The first approach can improve the PA characteristics, yet it
is still limited to the device-level. With further knowledge of
the signal properties, the PA linearity can be further improved.

1) Input backoff (IBO):To avoid the cut-off nonlinearity,
i.e., clipping effect, to conserve power consumption, and
to mitigate the CCI using the same frequency band, input
backoff (IBO) is implemented by reducing the transmit power
to sufficiently below its peak output power. Especially, for
broadband signal having a high peak-to-average power ratio
(PAPR), high IBO is needed for the linear amplification. The
PAPR of an orthogonal frequency division multiplex (OFDM)
signal is8 to 13 dB and that of orthogonal frequency division
multiple access (OFDMA) signal in long-term evolution (LTE)
systems is around11 dB [36], which is significant, and hence
a comparable IBO is also needed. Though IBO is a passive
approach to avoid the clipping, it is effective and can be always
employed to the communication systems.

2) PAPR reduction methods:Since high IBO reduces the
PA efficiency, various PAPR reduction methods have been
actively studied, such as deliberate clipping, coding, partial
transmission sequence and selective mapping, nonlinear com-
panding transform, and tone reservation and tone injection.
For further details refer to the references in [37].

3) Linearization: The IBO and PAPR focus on the avoid-
ance of significant distortion from the clipping in the high
power regime. There is a nonlinear effect causing system
performance degradation in the low power regime as well. To
mitigate the nonlinearity of PAs, various linearization methods
have also been rigorously studied. Three commonly used
linearization methods are classified as feedforward, feedback,
and predistortion [38], [39].

4) SE improvement methods:Enormous signal processing
methods which can improve SE can also improve the system
EE, for example, 3-D multiple-input multiple-output (MIMO)



systems and active antenna systems. However, the tradeoff
between SE and EE should carefully considered in the system
design.

C. Network Protocols

Further processing taking into account the network protocol
can be used to increase the EE. Since the PA efficiency
is imperfect, actively reducing the PA activation time is a
promising approach to increase the system EE. Therefore,
recently, many energy efficient network protocols that reduce
the PA activation time or that use a low power PA have been
rigorously studied.

For example, in cellular networks, a heterogenous network
(HetNet) using small cells can improve EE due to the high
efficiency of small base stations (or any types of access point in
different networks) [40], [41]. Also, various network protocols
to control deactivation of the BSs have been proposed to
reduce the network energy consumption. The user equipments
(UEs) in a cell with the deactivated BS can be supported
in alternative ways to sustain reliable communications in
the networks. In the cell zooming protocol, the BS with a
high loading factor is activated and supports its UEs and the
UEs in the inactivated (sleeping) BSs [42]–[45]. Effectively,
the activated cell coverage is enhanced, thus this protocol
is called cell zooming. In a coordinated multipoint (CoMP)
transmission protocol, the activated BSs cooperate to support
the UEs in the cells with the deactivated BS [46], [47], where
extra signal processing and backhaul traffic can be issues.
LTE networks consider further practical and simple approaches
such as discontinuous transmission (DTX) [48]. The DTX
performs non-transmission to save energy without additional
compensation procedure. Similarly, BS coordinated napping
(CoNap) has been proposed in [49]. Since the performance
degradation is marginal if the traffic load is low, the non-
transmission protocols DTX and CoNap can achieve energy
saving without significant performance degradation.

IV. PA SWITCHING (PAS) STRATEGY

Many theoretical studies have been performed to achieve
high EE or good QoS and the balance between them [41],
[50], [51]. As a fundamental figure of merit of QoS, the SE
is considered which is defined as the amount of bits decoded
reliably per unit time and per unit bandwidth, i.e.,b/s/Hz.
The EE represents a total SE over bandwidth per unit power,
i.e.,b/s/W = b/J. High SE is needed to support the growing
demands of high data traffic, yet it is restricted if the high EE
is desired, i.e., there is a tradeoff between SE and EE. In [40],
[52], the fundamental SE-EE tradeoff has been shown as

SE = log2(1 + Pout/σ
2) b/s/Hz (3a)

EE =
TΩ SE

TPc
=

Ω SE

Pc
b/J (3b)

by using Gaussian signalling [53], which is optimal for the
ideal power amplifier. Here,σ2 is the noise power;Ω is the
total bandwidth used;T is the total time used; andPc is the

x y

ID
F

T
→

ad
d

C
P
→

→
P

/S
→

D
A

C

A
D

C
→

S
/P
→

re
m

ov
e

C
P

D
F

T

PA(s)

LPA(·)

channels

AWGN

Fig. 1. An OFDM system with a non-linear memoryless PA represented
by function LPA(·), an inverse discrete Fourier transform (IDFT), a cyclic
prefix (CP) insertion, a parallel-to-serial converter (P/S), a digital-to-analogue
converter (DAC), and an analogue-to-digital converter (ADC).

total power consumption. From (3), we see that SE-EE tradeoff
region is decreasing-convex.

For the SE and EE analysis with the practical PA impacts,
namely nonlinearity and inefficiency introduced in Section
II, the soft-limiter model in (1) is applicable because it is
simple and yet capture the clipping effect. Note that almost
linear AM-AM characteristics can be expected with the low
power signals by applying linearization techniques introduced
in Section III, yet the clipping effect still exists on the high
power signals.

In the subsequent subsections, we briefly summarize our
recent work on the PAS that is based on thestage bypassing
and gate switchingarchitecture introduced in Subsection III-A.
The proposed PAS is applied to two systems with either full
CSIT [22], [23] or partial CSIT [54].

A. PAS with Full CSIT [22], [23]

We quantify the impact of PA on the degradation of both
SE and EE for asingle antenna OFDM system illustrated in
Fig. 1, under the assumptions offull CSIT and of identical
efficiencies of PAs. The SE is expressed as

SE(ξ) = H(Y )− log2 πeσ
2
z (4)

whereξ is a power loading factor defined asξ , Pin

Pmax

in

, ξ ≥ 0,

which is related to the IBO asIBO , 10 log10(ξ
−1) dB; Y

represents a random variable whose realization is a received
signaly; andσ2

z is an additive white Gaussian noise (AWGN)
at the receiver. In (4), the differential entropy ofY is given
by [53]

H(Y ) = −
∫

y

∑

i=0,1

fY (y, S = i) log2 fY (y)dy,

wherefY (y, S = 0) is a probability density function (pdf) of
y when there is no-clipping andfY (y, S = 1) is a pdf with a
clipping. The joint pdfs have been derived as follows (for the
proofs, refer to [23]):

fY (y, S=0) = N0(y)[1−Q1 (
√
µ,

√
ρmax)]

fY (y, S=1) = N1(y)

[

Pr(S = 1) exp

(−2bmaxyRe

σ2
z

)

I0

(

2bmax|y|
σ2
z

)]

wherebmax ,
√

Pmax
out andPmax

out is a maximum power output
of PA; N0(y) denotes the pdf ofCN

(

0, gPin + σ2
z

)

and g
is a parameter interpreted as the desired linear gain of the
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PA, Q1(·, ·) is the Marcum-Q-function [55] with parameters
ρmax =

2(gPin+σ2

z)
gPin

√
bmax andµ =

8gPin(gPin+σ2

z)
σ4
z

|y|2; N1(y)

is the pdf ofCN
(

bmax, σ
2
z

)

; yRe is the real part ofy; and
I0(·) is the modified Bessel function of the first kind [55].

To provide tractable results, we establish a PA-dependent
nonlinear power consumption model from recent studies on
empirical power measurement and parameters for cellular and
wireless local area networks [34], [35], [41], [56], [57]. We
get aPA-dependant nonlinearpower consumption model as

Pc(ξ) = Pfix + Pmax
out

(

c1 + c2
√

ξ
)

, 0 < ξ ≤ 1, (5)

wherePfix is a PA independent power consumption, and the
parameters(c1, c2) are from (2):

(

π
2 c, 0

)

for class-A PA;(0, c)

for class-B PA;
(

0, c
ℓ

)

if 0 < ξ ≤ 1
ℓ2

or
(

− c
ℓ
, (ℓ+1)c

ℓ

)

if
1
ℓ2

< ξ ≤ 1 for ℓ-way Doherty PA. Here,Pfix and c can be
obtained from empirical results in [34], [41], [57].

Using the SE in (4) and total power consumptionPc(ξ) in
(5), we can rewrite the EE in (3b) as a function ofξ as

EE(ξ) = ΩSE(ξ)P−1
c (ξ).

From Fig. 2 (see details of numerical results in Section.
IV-A1), we observe that the practical SE-EE tradeoff increases
before a turning point and decreases rapidly after the turning
point, i.e., the Pareto-optimal SE-EE tradeoff is narrow. To
achieve a wide Pareto-optimal SE-EE tradeoff region, we
propose a PAS technique. In the PAS transmitter, one or more
PAs are switched on at any time to maximize the EE while
satisfying the required SE. If the transmitter requires higher
transmit power than its maximum output power of single PA
to satisfy the target rate, multiple PAs are simultaneously
activated at their maximum power and the amplified signals
are combined to improve the SE [58]. The PAS technique
may be implemented using the corporate architecture or a
Kahn technique in Section III-A. As a result, the degree of
freedom offered from the multiple PAs yields a high EE over
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Fig. 3. A TAS-MRC system model with the proposed PA switching(PAS),
in which switchS1 selects a PA and switchS2 selects a transmit antenna.

a wide range of SE. We verify the theoretical results through
simulations using real-life device parameters as follows.

1) Numerical Results:We evaluate the PAS with the two
PAs in [23]: a low power PA SM2122-44L (denoted byPAlow)
with Pmax

out = 25W and g = 55 dB and a high power
PA SM1720-50 (denoted byPAhigh) with Pmax

out = 100W
and g = 50 dB. Both PAs operate in the2GHz band and
can be used for LTE base stations. Bandwidth is set to be
10MHz. The channel attenuation is modeled asAdB =
G−128+10 log10(d

−α) [59], whereG includes the transceiver
feeder loss, switch insertion loss, and antenna gains; andd−α

is the path loss whered is the distance in kilometers between
a transmitter and a receiver andα is a path loss exponent.
In our simulation, we setG = 5dB, α = 3.76, d = 0.2 km,
σ2
z = −174 dBm/Hz, c = 4.7, andPfix = 130W [34]. For

simplicity, we assume the time fraction of any PA is switched
on is a continuous value from0 to 1.

Fig. 2 shows the SE-EE tradeoff with and without PAS. We
assume that PA can be switched once every20 frames, which
is reasonable as one LTE frame consumes a time period of
10ms [59], while the PA switching time is much less than
1ms [23]. Each frame length is set to be10ms. The switch
insertion loss assumed by1 dB causes EE and SE degradation,
and the switching time consumption assumed by10µs causes
further degradation. From the results, it is verified that the
PAS can improve significantly the SE-EE tradeoff even with
the switch insertion loss and the switching time. For example,
the EE can be improved by around210% (323%) if we reduce
SE by 12% (15%) from A to B (C). In contrast, if a single
PA PAhigh is used instead, the EE is improved by around41%
with a 12% reduction of SE fromA to D.

B. PAS with Partial CSIT [54]

The PAS introduced in [22], [23] is extended to a transmit
antenna selection and maximum ratio combining (TAS-MRC)
systems illustrated in Fig. 3. For practical scenarios withM
PAs, we employ onlypartial CSIT, specifically we only feed
back information for PA selection, and consider apower de-
pendentefficiencyǫ(µm), whereµm determines the maximum
output power of PAm to beµmPmax

out , m ∈ {1, . . . ,M}.
We assume without loss of generality that0 < µ1 < µ2 <

· · · < µM = 1. Instead of a single PA withM power levels
as in conventional power control systems, we propose the use
of M PAs, in which each power level matches the maximum
output power of the multiple PAs. Since each PA operates at
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its own maximum output power compared to the conventional
power control systems, the average efficiency of PAs can be
improved by selecting the most efficient PA that can support
a target rate with the least power consumption.

For TAS-MRC systems, we derive a switching probability
to PA m for given target rateR b/s/Hz as (proof is in [54])

fm = (Υm−1 −Υm) (Υm−1 +Υm − 2) (6)

by using order statistics [60], [61], where

Υm ,
((

2R − 1
)

σ2
m + 1

)

e−(2
R−1)σ2

m

andσ2
m ,

σ2

z

AµmPmax
out

. Using{fm} in (6), we obtain the EE of
the proposed TAS-MRC systems for the givenR as

EE
TAS
MRC =

ΩRΥ1(2−Υ1)
∑M+1

m=1 PTx,m (Υm−1 −Υm) (Υm−1 +Υm − 2)
,

where for consistencyΥ0 = 0 andΥM+1 = 1, andPTx,m is
defined as

PTx,m ,

{

100cµmPmax

out

ǫ(µm) + Pfix, if m = 1, . . . ,M ,

Pfix, if m = M + 1 (off-mode).

The numerator ofEETAS
MRC represents a total throughput overΩ

bandwidth, and the denominator is a total power consumption
when PAm is selected. The following numerical results verify
the potential capability of PAS for EE improvement.

1) Numerical Results:To evaluate the performance of the
proposed PAS, we employ three PAs, i.e.,M = 3. Each PA
operates at its optimal operating point with the highest PAE,
i.e., assuming an8 dB IBO, PA1 [62], PA2 [63], and PA3

[64] are activated at their maximum output power28 dBm,
34 dBm, and 40 dBm, respectively, with efficiencies55%,
43%, and 60%. Insertion loss of switchS1 for the PAS is
negligible since it is performed before the power amplifier;
while the insertion loss of switchS2 is assumed to be1 dB. We
setd = 0.6 km andPfix = 40W. Other simulation parameters

are the same as those in Subsection IV-A. All results are
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.,28 dBm, 34 dBm,
and 40 dBm, and off-mode. Note that the efficiency ofPA3

decreases as the output power decreases:60% at40 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
R is around6 b/s/Hz, because the low power PA, which yields
high EE improvement, turns on with high probability.

V. CONCLUSION

In the paper, we survey linearity and efficiency models
of practical power amplifiers (PAs) and introduce the tech-
nologies to improve the nonlinearity and/or to compensate
the efficiency. For energy efficient wireless communications,
multiple PAs are proposed to be switched with full or partial
channel state information at the transmitter. Numerical results
verify that the proposed PA switching (PAS) method can
improve energy efficiency significantly. Furthermore, various
existing technologies for the high linearity and efficiencyof
PA which are introduced in the paper can be incorporated in
the PAS technology. Hence, the proposed PAS is one promis-
ing technology for energy efficient wireless communication
systems. A few interesting issues and challenges to extend the
PAS are as follows:

• Considering PA memory effects for wideband systems
requiring high linearity and high output power.

• Reducing the manufacturing cost and form factor of the
circuit with the multiple PAs.

• Applying the PAS to multi-band and to MIMO systems.
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