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ABSTRACT In machine-type communication (MTC) networks, each node is equipped with a set of radio-
frequency (RF) transceivers, antennas and power source. Besides, wireless nodes are typically battery-
powered, whose recharging or replacement is often not viable or even impossible. Therefore, in such
systems where energy is at a premium, minimizing power consumption improves energy efficiency and
increases battery lifetime. In this paper, a novel energy-saving approach includes in the communication
system model the use of reconfigurable RF transceivers. More specifically, the components involved in
our power minimization framework are the power amplifier (PA) at the transmitter and the low noise
amplifier (LNA) at the receiver, which are the blocks responsible for RF amplification and are on top of power
consuming blocks in RF transceivers. Our goal is to show that RF circuits based on multimode operation
can significantly improve the energy efficiency. We perform a joint selection of the best operating modes
for PA and LNA circuits in different communication scenarios. Results show that by combining PA and
LNA operating modes, an improvement of more than 75% in energy efficiency is obtained for multiple
antenna communications, when compared to the state-of-the-art literature of non-reconfigurable amplifiers.
Besides, we show that adapting spectral efficiency contributes towards improving energy efficiency. In this
case, we consider different spectral efficiency values, including the effect that the PA operates at different
backed-off power levels. In addition, when comparing single-input single-output (SISO) and multiple-input
multiple-output (MIMO) transmission schemes, antenna selection (AS) outperforms the others schemes in
terms of energy efficiency for short and moderate distances, but singular value decomposition (SVD) allows
for longer communication distances.

INDEX TERMS Energy efficiency, reconfigurable RF transceivers, machine-type communications, multiple
antennas.

I. INTRODUCTION

Low-power, low-size and low-cost implementations are
essential in several applications for sensing, monitoring and
control, of which machine-type communication (MTC) sce-
narios typically consist. MTC networks are one of the most
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important use-cases of 5G communication systems and a
building block of the Industry 4.0 paradigm [1]-[3], where
not only sensors, but also other types of devices communicate
without the need of human interaction. In fact, the number
of connected devices is expected to be substantially large
in wireless networks, 50 billion connected devices by 2020
according to [4]. Such massive collection of devices will have
great challenges in terms of connectivity, reconfigurability

113031


https://orcid.org/0000-0002-6522-6049
https://orcid.org/0000-0001-6006-4274
https://orcid.org/0000-0002-9852-8182
https://orcid.org/0000-0002-7389-6245
https://orcid.org/0000-0002-3890-3171

IEEE Access

E. L. dos Santos et al.: Energy Efficiency in Multiple Antenna MTCs With Reconfigurable RF Transceivers

and energy efficiency. In particular, since wireless nodes will
be mainly powered by batteries, or even by solar cells that
can seldom or never be recharged, one of the most noteworthy
concerns is the efficient use of limited power sources [5].

Another challenge found in MTC networks is the wire-
less environment itself. Due to channel fading, high transmit
power is usually required for reliable communications [6],
which compromises the energy efficiency of MTC networks.
A possible candidate to reduce the power required to transmit
is to employ more antennas [6]. A multiple-input multiple-
output (MIMO) arrangement exploits spatial diversity gains
in order to improve the link reliability, allowing wireless
nodes to transmit with reduced power. It is worth noting
that great advances in the design of antenna arrangements
have been reached in recent years [7], [8], making the use
of multiple antennas on small nodes possible. Nevertheless,
a key element that must be taken into account is the power
consumption of the radio-frequency (RF) transceiver circuits.
Although MIMO can considerably improve the signal-to-
noise ratio (SNR) when compared to the transmission with
a single antenna, multiple antennas also implies in multiple
RF chains, consuming more power at the circuit level [9].

RF transceivers are typically designed considering the
‘worst-case’ scenario in compliance with a standard and,
consequently, present a fixed operating point. However, high
performance is not always required during system operation,
so that electronic circuits are often over-specified. Thereby,
in situations where the communication link is better than
the worst-case assumption, circuits end up consuming more
power than necessary. For this reason, we can change the
circuit operating point, i.e., reduce the performance with-
out prejudice to the target communication, and thus save
energy. In this way, the use of reconfigurable circuits is seen
as a possible solution to acquire greater energy autonomy,
in which the trade-off between higher performance and lower
consumption can be adjusted according to the communication
scenario [10]. Therefore, the design of power-efficient recon-
figurable RF transceivers combined with the spatial diversity
benefit of using multiple antennas has become a key aspect
in extending the lifetime of wireless devices [11].

In this paper, we analyze the energy efficiency in MTC
scenarios. In contrast to much of the available literature,
our energy-saving approach includes reconfigurable RF
transceivers. We consider the circuits of the power ampli-
fier (PA) and the low noise amplifier (LNA), exploiting dif-
ferent operating modes that impact the power consumption,
while the other circuits of the RF chain have only one operat-
ing mode. We employ state-of-the-art circuits, using real data
from the reconfigurable PA proposed by [12] and the recon-
figurable LNA in [13]. Furthermore, for better positioning the
contribution of this paper, we compare the results with those
of two state-of-the-art non-reconfigurable circuits designed
for high performance, the PA proposed by [14] and the LNA
in [15]. We further assume a MIMO design, which allows us
to combine the reconfigurable capability of the transceiver
circuits with spatial diversity transmission schemes.
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In particular, we consider an antenna selection (AS) scheme,
in which a single pair of antennas is used between the
transmitter and receiver to reduce the power consumption,
and a MIMO beamforming scheme based on singular value
decomposition (SVD), which uses all transmit and receive
antennas concurrently to improve reliability. A single-input
single-output (SISO) scheme is also considered for compari-
son. Aiming at maximizing the energy efficiency of the com-
munication system, we perform a joint selection of the best
operating modes for the PA and the LNA, as well as adapting
the spectral efficiency, given a quality of service (QoS)
constraint in the receiver, expressed in terms of a maximal
allowed outage probability.

A. RELATED WORK

At the transmitter, the PA is responsible for amplifying the
signal to be emitted by the antenna and is the block with
the highest power consumption [16]. Therefore, the optimal
tuning of the PA parameters is crucial for achieving high
energy efficiency. In the design of a PA, metrics such as
power gain, output power, stability, linearity and efficiency
are usually the most important parameters. However, it is
not possible to maximize all these metrics at the same time,
and thus most designs focus on a trade-off between some
of these parameters. Aiming at minimizing the PA power
consumption, reducing the power gain or the output power
is usually employed in order to create other operating modes
with lower consumption. For instance, the authors in [17]
provide different current levels by turning off parts of the
circuit, with a difference as high as 50% in terms of power
consumption between low-power and high-power modes.
In addition, by controlling the supply voltage levels of the
transistors, works such as in [18], [19] also create low-power
modes that can reduce up to 650 mA in the direct current
consumption. Yet, the discrete resizing of amplifier struc-
tures is employed in [20] with a similar goal, reducing the
direct current from 590 mA to 105 mA in the low-power
mode.

Besides creating low-power modes, another common prac-
tice to reach reconfigurability is to implement multi-stage
architectures. For example, the PA proposed in [21] consists
of two stages, the first allowing variable power gain and
the second with fixed output power. Such design provides
a range of operating modes between low-gain and high-
gain modes. The work in [21] has been recently extended in
order to consider both stages being reconfigurable [12]. Such
combination is controlled by six digital switches, three at each
stage, yielding 64 possible operating modes with different
gains, power levels, linearity and power consumption. The PA
in [12] admits the power gain to vary from 18 dB to 31 dB,
the output 1 dB compression point varies from 7.5 dBm to
16.9 dBm, whereas the power consumption can be as low
as 153 mW, up to 394 mW in high-power modes. This PA
provides significant reconfigurability for the 2.4 GHz band.

Furthermore, the design of reconfigurable PAs may
improve efficiency under modulated signals, which typically
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have a high peak-to-average power ratio (PAPR) and limit the
average output power of the transmitter device. A graceful
power back-off is demonstrated in [22], where a combination
of source and load modulation is proposed for larger effi-
ciency improvements at low output power over high PAPR
signals. Measurement results show an efficiency of the PA of
up to 44% at 13 dBm with 7.4 dB PAPR.

At the receiver, the LNA, located after the antenna is
responsible for the sensitivity of the receiver through its noise
factor [23]. Its function is to amplify the received signal with
minimal distortion. Thus, although its power consumption
is much lower than the PA, the proper adjustment of the
noise factor may help the PA to operate in lower consumption
modes. Two other important design metrics for the LNA are
the voltage gain and the linearity, which control the noise
factor and, as a consequence, dictate the sensitivity of the
receiver [24]. In the literature, reconfigurable LNA designs
usually exploit current or voltage control, impedance varia-
tion and feedback control in order to adjust their parameters.
For instance, in [25] the proposed LNA has three operat-
ing modes and the circuit design is based on a comple-
mentary current-reuse common source amplifier, combined
with a low-current active feedback. Through reconfiguration,
the overall LNA consumption can be reduced by more than
21% in the low-power mode.

Another LNA designed for ultra low power applications
targeting the 2.4 GHz band has been proposed by [13], [26].
The circuit design consists of a common gate topology
exploiting transistor body biasing while the LNA parame-
ters are reconfigurable via changing the supply voltage. The
resulting integrated circuit allows three operating modes,
named ‘ultra low power mode’, ‘medium mode’ and ‘high
performance mode’. The voltage gain of each mode is
16.8 dB, 18.8 dB and 21.5 dB, whereas the noise figure is
7.3 dB, 6.7 dB and 6.3 dB, respectively. Besides, the mea-
sured power consumption of each mode yields 300 uW,
600 uW and 900 W, respectively, which is an interesting
trade-off between performance and power consumption.

In order to mitigate power consumption at the circuit
level, circuit-aware communication designs can be found.
For example, the works proposed by [27], [28] illustrate
the optimum operating points for the circuit elements of the
transceiver as a function of the communication link distance.
As a result, they present an optimal bit-resolution for the
analog-to-digital converter (ADC), the optimal choice for the
noise factor of the LNA and the optimal operating input back-
off (IBO) of the PA. In particular, these works do not consider
the impact of RF circuits consumption on multiple antenna
systems. Furthermore, the approach in [29] tries to search for
the most optimized setup at the circuit level, aiming to adapt
circuit parameters in real-time in order to reduce the power
consumption. However, only the LNA design is addressed in
the consumption analysis.

B. CONTRIBUTION
The main contributions of this paper are listed as follows:

VOLUME 7, 2019

o Unlike most works available in the literature, our anal-
ysis carefully includes real data from circuits that were
previously designed and tested by both simulations and
measurements. Our goal is to model the real multimode
characteristic of these circuits as look-up tables, which
are then handled by our optimization approach. By doing
so0, any other practical PA or LNA design can be easily
integrated into our methodology.

« By exploiting the characteristic of reconfigurable cir-
cuits, we achieved more than 75% of energy efficiency
improvement for short-range communications in mul-
tiple antenna scenarios, compared to the case of non-
reconfigurable PA and LNA designs.

o When comparing the MIMO transmission schemes,
we show that AS is usually more energy efficient for
short and moderate communications, with SVD allow-
ing to communicate at longer distances due to its lower
outage probability. It is also observed that the num-
ber of antennas contributes differently in AS and SVD
schemes. As a result, SVD exhibits an optimal number
of antennas in order to maximize the energy efficiency,
while the AS energy efficiency monotonically increases
with the number of antennas, although a saturation effect
is observed with few antennas (four or five) in most
scenarios.

o We also demonstrate that there is an optimum spectral
efficiency value that maximizes the energy efficiency
of each transmission scheme. In addition, we noticed
that multiple antenna systems benefit from transmis-
sions with higher spectral efficiency. Further, it has been
found that the higher the modulation order, the higher the
power back-off and typically a lower output power mode
of the PA is required during operation, which contributes
towards improving energy efficiency.

« We conclude that the joint reconfiguration of RF ampli-
fiers is fundamental to reduce the energy required to
an end-to-end communication, since the LNA allows to
improve the SNR by adjusting its gain and, therefore,
a lower level of transmit power at the PA output is
required.

The remainder of this paper is organized as follows.
Section II presents the system model, exposing the char-
acteristics of the reconfigurable PA, LNA, as well as the
transmission model. Then, Section III describes the MIMO
communication schemes, giving mathematical expressions
for the outage probability and energy efficiency of SISO,
AS and SVD schemes. Numerical results are given in
Section IV and, finally, Section V concludes the paper.

Il. SYSTEM MODEL

We consider the transceiver analog signal RF chain depicted
by the block diagram in Fig. 1. At the transmitter side, the PA
is a reconfigurable RF block, while the other blocks involve
the digital-to-analog converter (DAC), mixer, filters and the
frequency synthesizer, which have fixed operating points
and power consumptions. At the receiver side, the LNA is
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FIGURE 1. RF transceiver building blocks. The circuits in gray are
multimode designs.

reconfigurable, while the other blocks with fixed operating
points and power consumptions include the mixer, filters, fre-
quency synthesizer, intermediate frequency amplifier (IFA)
and the ADC. We denote the number of antennas at the
transmitter and at the receiver by n; and n;, respectively.
In addition, we assume that each RF chain is assembled with
a single antenna. Thus, considering that 7; < n; RF chains
are active at the transmitter and 7, < n; RF chains are active
at the receiver, the total power consumption can be written as

ProtaL = 7 (Ppa + PrE,ix) + Air (PLNA + PRExx) (1)

where Ppp is the power consumed by the PA and Ppna
is the power consumed by the LNA, which depend on
their respective operating modes, as it will be detailed in
Sections II-A and II-B, respectively. In addition, PrF,x repre-
sents the power consumed by the non-reconfigurable blocks
at the transmitter, and PR i« is the equivalent at the receiver.

A. RECONFIGURABLE PA

Typically, the PA has the stronger impact on the total power
consumption of the transmitter RF chain, and it depends on
the communication distance. The adopted PA follows [12],
which is a two-stage class AB PA employing a cascode
topology using Globalfoundries 130 nm CMOS technology,
operating in the unlicensed 2.4 GHz band.

Fig. 2 illustrates the PA design featuring a power gain
stage, an output power stage and two impedance matching
networks. The first stage is responsible for the gain control,
while the second is a power control stage. In addition, the cir-
cuit topology has three cascode cells (A, B and C) at each
stage that are controlled by six digital switches (EnlA, EnlB,
EnlC, En2A, En2B and En2C). Each switch acts on a cascode
cell that is enabled with VDD = 1.8 V and disabled with
GND. Therefore, for each activated structure, the width of the
effective channel resulting from the transistors increases, and
thus the gain and the power increases as well. The combina-
tion of these cascode structures provides distinct amplifying
characteristics for each cell, yielding 64 possible operating
modes. Nevertheless, only 7 out of the 64 operating modes
have been selected in this work, those that offer the best
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FIGURE 2. Multimode PA circuit design proposed in [12] with gain and
power control (bias circuit is omitted).

performance advantages in terms of power gain, output power
and DC power consumption.

Table 1 summarizes the post-layout results for each of the
selected operating modes. The operating mode 1 indicates
the mode with the lowest power consumption, while mode 7
represents a high-performance mode. As we can observe,
the gain (Gpp) varies from 18 dB to 31 dB, the saturated out-
put power (Prx) varies from 9.6 dBm to 18.4 dBm, whereas
the DC power consumption (Ppa) can be as low as 153 mW,
up to 394 mW in the high-performance mode.

Conventional linear PAs operate at high efficiency, usually
near the peak output power. However, in modulated com-
munication signals these PAs operate at power back-off and,
consequently, the efficiency drops off quickly at backed-off
power levels. On the other hand, PAs based on multimode
operation are more propitious to improve efficiency at power
back-off. Table 1 also shows the drain efficiency measured
at the 1 dB compression point for the PA under test, denoted
as Ndrain@OCP,4p - IO instance, considering a required output
power of 15 dBm, mode 5 can be used, yielding a drain
efficiency of 11.4% while modes 6 and 7 are still available
when higher transmit power is required. Therefore, this PA
can be used to enhance efficiency at low output power lev-
els. In addition, the linearity characterization of simplified
versions of this PA in the presence of modulated signals for
the IEEE 802.11n, IEEE 802.11ax, IEEE 802.15.4 and LTE
communication standards can be found in [21] and [30].

It is worthwhile to note that in the case of multiple active
RF chains, we assume that the transmit power is uniformilly
distributed, so that all PAs operate in the same mode.

B. RECONFIGURABLE LNA

Following the antenna-filter block, the LNA dictates the
RF chain sensitivity. The employed LNA in [13] was
designed for ultra low power applications and implemented
in Fully-Depleted Silicon-On-Insulator (FDSOI) 28 nm
ST-Microelectronics technology targeting the 2.4 GHz band.
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TABLE 1. Characteristics of the PA for each operating mode at 2.45 GHz.

Operating Drain Efficiency Gain Saturated Output Power | Power Consumption
Mode (Ndrain@ocP, ) [%] | (Gpa) [dB] (Prx) [dBm] (Ppa) [mW]
1 4.3 18.0 9.6 153
2 8.1 22.2 13.6 214
3 8.9 22.9 14.5 236
4 10.2 26.8 14.7 245
5 11.4 25.0 16.5 297
6 12.6 25.9 17.2 324
7 13.6 31.0 18.4 394

INPUT . , [ourput
IN [D—| MATCHING MATCHING |—J OUT
NETWORK NETWORK
VDD
CONTROL

y
Mcgg----
BACK GATE CONTROL
BACK GATE CONTROL oo
M
s Tbias

FIGURE 3. Multimode LNA circuit design proposed in [13] with back gate
control (bias circuit is omitted).

A simplified schematic of the LNA is reported in Fig. 3.
Interestingly input matching is directly achieved by the
Common Gate (Mcg) stage, and controlled by the bias
current (Ipias). Unlike conventionnal LNA topologies, the pro-
posed topology does not embed passive devices, such as
inductors for input/output matching, dramastically reducing
its silicon footprint. This feature reduces the implementation
cost of a MIMO system. The amplifier parameters are recon-
figurable via supply voltage. However, there is a threshold of
VDD = 0.8 V where the parameters are acceptable and there
is no other possibility of decreasing the supply voltage while
maintaining the design requirements. Therefore, by tuning
control through body biasing, the threshold voltage of the
transistors is decreased and the power supply voltage can
thus be reduced to 0.6 V with a back gate voltage of 2.0 V.
This configuration enhances the available gain and enables a
reasonable noise factor under low-power constraints.

The noise factor is used to measure the degradation of
the SNR, which determines the sensitivity of the receiver.
According to the Friis formula [31], the total noise factor at
the receiver depends mainly on the first RF block. Hence,
the overall noise factor can be expressed as

F, subsequent_stages — 1

@

FRX,mode = FLNA,mode +
GLNA,mode

where Fupsequent_stages 1S the noise factor of the subse-

quent blocks at the receiver RF chain, while FiNA mode and

GLNA.mode are the noise factor and the voltage gain of the

LNA, respectively, which depend on the operating mode.

VOLUME 7, 2019

Table 2 summarizes the LNA measured performance for its
three operating modes. As we can observe, since the LNA
gainis high (GLna > 16.8 dB), the noise factor of the receiver
can be well approximated by the noise factor of the LNA,
i.e., FRX, mode ~ FLNA, mode-

Furthermore, the power consumption of the LNA (Ppnp) iS
also obtained from Table 2, with Py na € {0.3, 0.6, 0.9} mW
for each respective operating mode. In addition, the LNA
linearity was evaluated by measuring the third order input
intercept point (IIP3), been constant at —16 dBm for the three
operating modes.

C. COMMUNICATION MODEL
A transmission connecting two nodes can be represented in
the following vector form:

y=+v KPTX,modeHX +w, 3)

where y € C<1 s the received vector, PTX mode 18 the
transmit power depending on the operating mode of the PA,
k is the link budget relationship, H € C >t js the matrix
of quasi-static channel coefficients, whose elements 4; € H,
Vi, j, are independent and identically distributed (i.i.d.) ran-
dom variables with zero-mean and unit-variance Rayleigh
distribution. Furthermore, x € C™*! is the unit energy
transmitted symbol vector and w € Cx1 s the additive
white Gaussian noise (AWGN) vector, with variance Ny /2
per dimension, where Ny is the unilateral thermal noise power
spectral density. The link budget relationship is assumed to be
given by [6]

Ga 22
K= — : “)
(4m)=d* My, FRX,mode
where G, is the total antenna gains, A = 3108 is the wave-

length, f is the carrier frequency, d is the d)icstance between
communicating nodes, « is the path loss exponent, and My,
is the link margin. In addition, the instantaneous SNR at the
receiver is

y =IH|% - 7, )

. . — P K.
where ||| is the Frobenius norm and y = % is the

average SNR per active transmit antenna.

Notice that the operating modes of the PA and the LNA
impact the average SNR at the receiver. Therefore, the joint
adaptation of these modes impacts the energy efficiency.

11 et us remark that the noise factor (F) is linear and the noise figure (NF)
is expressed in decibels (dB).
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TABLE 2. Characteristics of the LNA for each operating mode at 2.4 GHz.

Operating Linearity Gain Noise Figure! Power Consumption
Mode (ITP3pnA) [dBm] | (GLna) [dB] | (NFrna) [dB] (PLna) [mW]
1 —16 16.8 7.3 0.3
2 —16 18.8 6.7 0.6
3 —16 21.5 6.3 0.9

Ill. TRANSMISSION SCHEMES

In this section we present two MIMO transmission schemes:
(i) antenna selection (AS), in which a single pair of antennas
is activated at the transmitter and receiver, requiring a single
RF chain at each side; and (ii) MIMO beamforming scheme
based on singular value decomposition (SVD), which uses all
transmit and receive antennas in order to improve reliability.
In addition, the SISO scheme is also considered for compar-
ison. Finally, we consider as performance metrics the outage
probability and the energy efficiency.

A. SISO
In the SISO scheme, there is a single antenna at each transmit/
receive node (ny = ny = 1), so that we can denote the

single channel coefficient by 4. Then, the mutual information
between TX and RX is given by [6]

Isiso = B log, (1 +y 'h2> , (6)

so that an outage event occurs whenever Isiso falls below the
bitrate R, = £-B, where £ is the spectral efficiency in bps/Hz.
Thus, assuming Rayleigh fading, the outage probability of the
SISO transmission is given by [6]

26 — 1
Osiso = Pr{lsiso < Rp} =1 —exp <— ; ) .

Furthermore, we also express the energy efficiency of the
SISO scheme in terms of bits/J/Hz as
& - (1 — Osiso)

, (8)
PpA + Prr,tx + PLNA + PRF.1x

NISISO =

where the numerator represents the system throughput,
in bps/Hz, while the denominator is the total power consump-
tion of the SISO scheme.

B. ANTENNA SELECTION (AS)

In the case of AS, a single RF chain (n; = 1) out of n; is
selected at the transmitter, while 71, = 1 out of n; antennas is
selected at the receiver. Since the pair of antennas is activated
in order to maximize the instantaneous SNR, the mutual
information of the AS scheme can be written as

Ias = B logy (1 + ¥ - max hi) : )
L

so that the outage probability of AS follows [9]

2}:: _ 1 nihy
Ops = |:1 — exp (— - )j| .
14

(10)
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Finally, the energy efficiency of AS is

& - (1 —0Oas)
Ppa + PRE.tx + PLNA + PRE.1x

where, we remark that although (11) is very similar to (8),
the outage probability of AS is lower than that of SISO, due
to the exponent nn, in (10), while the power consumption is
similar, once a single RF chain is active at each side in both
schemes. Thus, it is expected that AS yields a higher energy
efficiency than SISO.

nAs = (11)

C. SINGULAR VALUE DECOMPOSITION (SVD)
BEAMFORMING

The use of beamforming through the SVD technique allows
to exploit all 7y = n¢ and 72, = n; antennas at once. The mutual
information of the SVD scheme is given by [32]

Isyp = B log, [det (I,, 7 HHT)] ,

:BXn:log2<l+)7-A12),

=1

12)

(13)

where I, is an identity matrix, n = min{n, n;}, T denotes
the conjugate transpose operation, and A; are the eigenvalues
of HH'. In addition, the transformation from (12) to (13)
follows the SVD operation [32]. Using Jensen’s inequality,
the mutual information of SVD can be upper bounded by [32]

1 n - n
~log, (147 -33) <logy (1+ 23753 ) . (19
nl:l nl:l

and since Y] A7 = 2 h%j, then the outage probability of
SVD becomes [9]

ning—1 m
1
osvnzl—exp(—§> 3 %(5) LAy

Y m=0

where p = n-(25/" — 1). Then, the energy efficiency of SVD
can be expressed by

& - (1 —Osvp)
ny (Ppa + PrE,ix) + 1ir (PLNA + PRExx)

Since the mutual information of SVD is higher than that of
AS and SISO [32], it yields the highest throughput compared
to the other schemes. On the other hand, since all RF chains
are active, the power consumption is also higher, which may
present a few trade-offs in terms of energy efficiency com-
pared to SISO and AS. In addition, let us remark that the
energy efficiency in (16) is an optimistic result, since the
outage probability of SVD is lower bounded in our analysis.

nsvD < (16)
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D. OPTIMIZATION PROBLEM

In order to maximize the energy efficiency of the communi-
cation system, we aim at a joint selection of the best operating
modes for the PA and the LNA circuits. The operating mode
of the PA dictates the employed transmit power, while the
operating mode of the LNA modifies the sensitivity of the
receiver. Besides, we also assume that the spectral efficiency
can be proper adjusted by changing modulation and coding
at the transmitter. Thus, our optimization problem becomes

max Nschs (17a)
P1x,mode, FRX, mode-§

S.t. PTX mode € Spa, (17b)

FRX,mode € SLNA,  (17¢)

§>0, (17d)

Ogen < O7, (17e)

where the subscript sch € {SISO, AS, SVD} represents each
of the considered transmit schemes, Spa is the set of transmit
powers provided by the 7 operating modes of the PA, accord-
ing to Table 1, Spna is the set of the noise factors yielded by
the 3 operating modes of the LNA, according to Table 2, and
O™ represents a target outage probability at the receiver.

In addition, due to the optimization of the spectral effi-
ciency, the power back-off effect of the PA must be consid-
ered for higher modulations orders. In order to model the
power loss due to the back-off, we assume the use of an
M-QAM modulation, with spectral efficiency & = log,(M),
where M is the modulation order, so that the PAPR is [33]

V28— 1
PAPR(({) =3 . —, (18)
V2E 41
and the effective transmit power of the PA, in dBm, is
PTX mode = PTX.mode — PAPR(Z). (19)

Algorithm 1 details the employed approach in order to
jointly optimize PTX, mode> FRX,mode and &. Due to the limited
solution space, we resort to an exhaustive search to solve
the optimization problem in (17a), in which St is the set of
available spectral efficiencies. Notice that this set depends
on the particular employed RF transceiver, as it is a functon
of the available choices for modulation and code rates. Fur-
thermore, the variables PTx mode and FRrRX mode also belong
to discrete sets. Therefore, a look-up table (LUT) can be
easily implemented in practice, with the size of the LUT being
|Se| x |Spal x |SLnal, where |.| represents the cardinality of
the set. Therefore, 21 x |Sg| entries for the LUT are required
in our problem, in which we consider a large set for S in our
simulations. However, |Sg¢| may be quite small in practice,
so that the complexity of the proposed solution is small.

Furthermore, we also assume that the adaptation of the PA
and LNA operating modes is done during the transmission of
pilot symbols prior to each frame. Let us remark that the pilot
symbols exchange is already required for channel estimation
due to the MIMO transmission schemes. As a consequence,
only a few aditional bits are required, depending on the
number of available modes.
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Algorithm 1 Maximization of the Energy Efficiency for Each
Transmission Scheme sch € {SISO, AS, SVD}
Input: d, O*

I: i < 15 ngeni—1 < 0

2: for & € S¢ do

3:  for Ptx.mode € Spa do

4: ; compute PTX mode = PTX,mode — PAPR(§)
5: for Frx mode € SLNA dO

6: ; compute Ppa mode and PLNA, mode

7: ; compute « and y using (4)

8: if Osch > O* then

9: Nsch,i < 0
10: else
11: ; compute 7sch,; using (8), (11) or (16)
12: if sch,i < Msch,i—1 then

13: Nsch,i <= MNsch,i—1
14: end if
15: end if
16: end for
17:  end for

18: end for

Output: 7y ;

TABLE 3. System parameters used for the numerical examples.

Parameter Description Value
B bandwidth 10 kHz
M, link margin 30dB
fe carrier frequency 2.4 GHz
Ga total antenna gain 5 dBi
« path loss exponent 2.5
o* target outage probability 10-3
Ny noise power spectral density —174 dBm/Hz
PRrF tx non-reconf. TX power consumption 97.9 mW
PRF rx non-reconf. RX power consumption 92.2 mW

IV. NUMERICAL RESULTS

In this section we present a few numerical examples consid-
ering our proposed optimization approach. The simulation
parameters are defined in Table 3, following [34]. Further-
more, we compare the performance of the reconfigurable PA
and LNA described in Sections II-A and II-B, respectively,
with two state-of-the-art non-reconfigurable designs from the
literature. The chosen PA and LNA used for comparison aim
at high-performance only. In other words, their design focus
on good performance in terms of high output power for the PA
and low noise factor for the LNA, rather than having recon-
figurable capabilities. We employ the PA proposed by [14],
which consumes Ppc = 392.5 mW at 2.4 GHz, yielding a
saturated output power of Prx = 24 dBm, with a peak drain
efficiency of 64%. In addition, the LNA proposed by [15]
consumes Ppc = 1.32 mW, providing a noise figure of 4 dB
at 2.4 GHz.

A. ENERGY EFFICIENCY WITH RECONFIGURABLE RF
CIRCUITS AND FIXED SPECTRAL EFFICIENCY

First, let us consider the case when the optimization problem
in (17a) is solved for a fixed spectral efficiency, i.e., only the

113037



IEEE Access

E. L. dos Santos et al.: Energy Efficiency in Multiple Antenna MTCs With Reconfigurable RF Transceivers

— SISO: Reconfigurable Circuits
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FIGURE 4. Energy efficiency of SISO, AS and SVD, comparing
reconfigurable and non-reconfigurable circuits, when ¢ = 2 bps/Hz and
ny = ny = 2 antennas.

effect of the PA and LNA operating modes are considered.
Fig. 4 plots the energy efficiency of SISO, AS and SVD
as a function of the communication distance when n; =
n, = 2 antennas and & = 2 bps/Hz, which corresponds
to a PAPR = 0 dB. A first important observation can be
drawn comparing the transmission schemes. Notice that the
curves appear to be incomplete, since each scheme can only
transmit up to a given range due to the QoS constraint
(Ogsch < O). Therefore, we observe that AS outperforms the
other schemes in terms of energy efficiency, but SVD allows
longer communication distances, which may be important
to some MTC applications. In addition, a second important
observation from Fig. 4 is the comparison between recon-
figurable and non-reconfigurable designs. For short-range
communications, the energy efficiency obtained using the
reconfigurable circuits is significantly higher compared to
the non-reconfigurable circuits. As we can see, at distances
up to 200 meters, an energy gain above 81% for SVD and
75% for AS is achieved, while for SISO we observe an
improvement in distances of up to 50 meters. As a con-
clusion, to significantly reduce the energy required an end-
to-end communication, the proposed approach shows that
the design and development of reconfigurable RF circuits
is crucial towards improving energy efficiency of modern
applications, which have very distinct communication ranges.
Besides, we also observe that the performance using non-
reconfigurable circuits becomes better at longer distances.
Such behavior occurs since the circuits from [14], [15],
as most of the approaches for the constructions of PAs
and LNAs, are designed for these operating points. Thus,
these circuits can be optimized for long distances, sacrificing
reconfigurability. For instance, the PA from [14] provides a
transmit power of Prx = 24 dBm, while the mode 7 of the
PA from Section II-A yields Ptx = 18.4 dBm. More signif-
icantly, the noise figure of the LNA from [15] is 4 dB, while
the noise figure of the mode 3 of the LNA from Section II-B
is 6.3 dB.
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FIGURE 5. Overall power consumption and best operating mode for the
PA and the LNA, of SISO, AS and SVD schemes, when ¢ = 2 bps/Hz and
ng = ny = 2 antennas.

Fig. 5 complements the analysis, showing the total power
consumption of SISO, AS and SVD schemes, represented by
the black dashed lines and the axis on the left side of the
figure. In addition, the operating mode of the PA and LNA
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circuits are also shown as a function of the communication
distance, represented by the colored bars and the axis on the
right side of the figure. A first observation shows that the
reconfigurable LNA has greater influence over short com-
munication distances, as expected since its consumption is
lower when compared to the PA. Besides, the PA remains
in the lowest-power consumption point (mode 1) as much as
possible, while the LNA switches its operating mode with the
increase of the distance in order to improve the sensitivity at
the receiver. When it is not possible to improve the sensitivity
even further by changing the LNA operating mode, then the
PA operating mode changes to increase the transmit power.
After the PA switches its operating mode, we observe that
the LNA returns to a lower operating mode in order to adjust
the RF signal gain at the receiver. Furthermore, we can also
conclude that the power consumption of AS is similar to that
of SISO, whereas SVD consumes considerably more power
at the circuit level.

30 T T T
Bl siso| 4=40m

20 - | AS 1
Hl svD

N
o
T
I

o

Energy Efficiency [b/J/Hz]

2 4 6 8 10 12 14 16
Spectral Efficiency [bps/Hz]

FIGURE 6. Energy efficiency versus spectral efficiency with reconfigurable
circuits, when ny = ny = 2 antennas.

B. ENERGY EFFICIENCY WITH RECONFIGURABLE RF
CIRCUITS AND OPTIMIZED SPECTRAL EFFICIENCY
In this subsection, we optimize the spectral efficiency
along with the PA and LNA operating modes, in order to
solve (17a). First, Fig. 6 depicts the energy efficiency as
a function of the spectral efficiency for two link distances
between transmitter and receiver. From the figure we observe
that the spectral efficiency contributes to maximize the energy
efficiency. Interestingly, there is an optimum spectral effi-
ciency value that maximizes each transmission scheme. The
optimal & for each scheme is shown in Fig. 7 as a function of
the transmit distance. As we observe, the RF signal is trans-
mitted with high spectral efficiency for short-range commu-
nications, since the communication channel has higher SNR.
However, when the distance increases the spectral efficiency
decreases to meet the target outage probability at the receiver.
Fig. 8 illustrates the energy efficiency of SISO and
MIMO schemes. First, comparing with Fig. 4 we observe
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FIGURE 8. Energy efficiency of SISO, AS and SVD schemes jointly

optimizing the PA and LNA operating modes, as well as the spectral
efficiency, when ny = ny = 2 antennas.

a significant gain in terms of energy efficiency, followed
by an increase in the communication link distance for all
schemes under analysis. We can also note an ‘oscillation’
in the energy efficiency curve that reflects the switching of
the PA and LNA operating modes along with the spectral
efficiency optimization. Further, it is important to note that
SISO and AS are more energy-efficient than SVD for very
short distances. Nevertheless, very high spectral efficiencies
are used by the SVD scheme in this analysis, which in practice
will be limited by the available modes for modulation and
coding at the transceiver.

Fig. 9 depicts the selected operating modes for the PA and
LNA circuits as a function of the communication distance,
as well as the total power consumption. Compared to Fig. 5,
where the total power consumption is a non-decreasing func-
tion of the transmit distance, here the total power consump-
tion oscillates a bit more since the PA changes its operating
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FIGURE 9. Overall power consumption and best operating mode for the
PA and LNA, of SISO, AS and SVD schemes, when optimizing the spectral
efficiency with ny = nr = 2 antennas.

modes more constantly. Such interesting behavior can be
explained by the reconfiguration of spectral efficiency in
order to maintain an acceptable communication quality given
by the target outage. Therefore, depending on the spectral
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TABLE 4. PA parameters for each transmission scheme, considering
different spectral efficiency values as a function of the transmit distance,
indicating the PA operating mode, PAPR, output power and drain
efficiency at power back-off.

SISO
d PA 13 PAPR(§)  Prx,mode "drain@BO
[m] mode [bps/Hz] [dB] [dBm] [%]
10 2 5 32 10.4 5.1
20 5 4 2.6 14 8.4
30 5 3 1.6 15 10.6
40 7 3 1.6 16.9 12.3
50 5 2 0 16.5 15.2
AS
d PA PAPR(§)  Prx,mode "drain@BO
[m] mode [bps/Hz] [dB] [dBm] [%]
10 1 11 4.6 5 2.1
20 1 9 44 52 22
30 3 9 44 10.1 43
40 2 8 4.2 94 4.1
50 1 6 3.7 5.9 2.6
SVD
d PA PAPR(&) PTX,mode Tldrain@BO
[m] mode [bps/Hz [dB] [dBm] [%]
10 1 16 4.7 49 2
20 1 16 4.7 4.9 2
30 1 15 4.7 4.9 2
40 1 13 4.7 4.9 2
50 2 14 4.7 8.9 3.6
25 T T T T T T T
~ 20 . R 1
S |07 - - AS:d=100m
S ¢ s > iq=
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FIGURE 10. Energy efficiency versus the number of antennas with n; = ny.

efficiency, the reconfigurable amplifiers adapt their operating
modes in order to enhance the energy efficiency.

Table 4 complements the analysis. First, we note that the
lower the communication distance, the higher the modula-
tion order with a lower PA operating mode. According to
Figures 7 and 9, as the distance increases, the modulation
order decreases and the PA used higher operating modes.
Further, it is worth noting that the PAPR is limited to 4.8 dB,
which is obtained when M tends to infinity. As a conse-
quence, the PAPR effect forces the PA to back-off the max-
imum average transmit power and, therefore, decreases the
PA efficiency. For example, with a spectral efficiency of
16 bps/Hz, which reflects in PAPR = 4.7 dB, and consid-
ering the PA in mode 1, we can see that the average output
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power drops to 4.9 dBm with a drain efficiency measured at
power back-off of ngrineBo = 2%, which is lower than the
drain efficiency measured at the 1 dB compression point of
Ndrain@OCP,gz = 4.3% as in Table 1.

Finally, Fig. 10 evaluates the energy efficiency as a func-
tion of the number of antennas, which we consider to be
the same in both transmitter and receiver. Considering the
communication distances under analysis 100 m and 500 m,
we note that when we increase the number of antennas,
AS achieves higher energy efficiency, but this increase in
performance saturates after a certain number of antennas.
In the case of SVD, there is an optimum number of antennas
with the reconfigurable approach that optimizes the energy
efficiency. In our examples, 3 x 3 antennas is optimal for
d = 100 m, while a 6 x 6 arrangement is optimal for
d =500 m.

V. CONCLUSION

Modern MTC networks have an increasing concern towards
higher energy efficiency, since MTC nodes are usually
battery-powered. In this paper, we have analyzed the energy
efficiency of reconfigurable circuit designs, showing that RF
transceivers based on multimode operation can significantly
improve the energy efficiency in MIMO communication sce-
narios. In our framework, we have considered state-of-the-art
reconfigurable PA and LNA designs, which are the blocks
responsible for RF amplification and, thus, are typically
power-hungry. Our results have shown that by reconfiguring
the PA operating modes at the transmitter jointly with the
LNA operating modes at the receiver, more than 75% of
energy efficiency is achieved for short-range communica-
tions when compared to non-reconfigurable circuit designs.
Further, we also considered that the PA operates at different
backed-off power levels under different spectral efficiency
values. Generally, increasing the modulation order provides
spectral efficiency advantage, but this leads to an increase in
PAPR at the price of energy efficiency. However, we showed
that combining spectral efficiency with reconfigurable cir-
cuits, an even more significant gain in energy efficiency can
be achieved for the same scenario under test. In addition, our
results also pointed out that AS is in general more energy
efficient than the other schemes in several communication
scenarios, whereas SVD achieves longer distances of com-
munication. Finally, we also conclude that the number of
antennas for MIMO schemes contribute differently to energy
efficiency. SVD presents an optimal number of antennas,
since the energy efficiency decreases due to the increase of
RF chains. On the other hand, the energy efficiency of the
AS always increases with the number of antennas, although
the increase saturates at a certain point.
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