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Abstract—1In this paper, we study the spectrum efficiency
(SE), energy efficiency (EE), and economic efficiency (ECE) for
a heterogeneous cellular architecture that separates the indoor
and outdoor scenarios for beyond 5G (B5G) wireless communi-
cation systems. For outdoor scenarios, massive multiple-input-
multiple-output (MIMO) technologies and distributed antenna
systems (DASs) at sub-6 GHz frequency bands are used for
long-distance communications. For indoor scenarios, millimeter-
wave (mmWave) and beamforming communication technologies
are deployed at wireless indoor access points (IAPs) to provide
high-speed short-range services to indoor users. Mathematical
expressions for the system capacity, SE, EE, and ECE are derived
using a proposed realistic power consumption model. The results
shed light on the fact that the proposed network architecture is
able to improve SE and EE by more than three times compared to
those conventional network architectures. The analysis of system
performance in terms of SE, EE, ECE, and their trade-off results
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in the observation that the proposed network architecture offers
a promising solution for future BSG communication systems.

Index Terms— B5G, massive-MIMO, mmWave, spectrum effi-
ciency, energy efficiency, economy efficiency.

I. INTRODUCTION

ITH the widespread commercialization of fifth-

generation (5G) wireless communication system,
extensive research into next-generation communication sys-
tems has been conducted [1], [2]. Currently, a variety of
novel technologies have been proposed for beyond 5G (B5G)
systems [3] and it can be validated that these techniques will
improve system performance. In particular, massive multiple-
input multiple-output (MIMO) technology, which employs
tens to hundreds of antennas, has attracted significant research
interest in recent years [4], [5], [6]. Massive MIMO technol-
ogy has shown its capability to increase the system capac-
ity by exploiting the asymptotic orthogonal characteristic of
high-dimensional random channel vectors [7], [8]. Moreover,
millimeter-wave (mmWave) communication can provide a
viable solution that enables Gbps-level wireless data transmis-
sion and potentially mitigate the problem of spectrum shortage
in the crowded sub-6 GHz frequency bands [9], [10].

In addition to novel access technologies, significant changes
in the network architecture will also play a pivotal role in
boosting the system performance, e.g., by adopting distributed
antenna systems (DASs), relay system, or cell-free architecture
[11], [12], [13], [14]. The 5G system adopts the cellular
architecture using next generation Node B (gNB) to serve
both indoor and outdoor users simultaneously. However, with
the surge of application scenarios, the existing architecture is
unable to meet future technical requirements and the system
interference remains a significant challenge for 5G [3]. Differ-
ent from existing network architectures, a heterogeneous cel-
lular architecture separating indoor and outdoor scenarios for
5G and B5G wireless communication systems was proposed
in [15]. In this architecture, the outdoor user equipment (UE)
were served by the base station equipped with a large antenna
array and assisted with DAS, and the indoor UE were served
by indoor access points (IAPs). The macro base station (MBS)
ensures a homogeneous quality of service (QoS) inside the
cell with massive MIMO systems that are further utilized to
boost the system capacity. The IAP can provide a high-speed
network access for the indoor UE by exploiting technologies
such as the femtocell, WiFi, mmWave, terahertz (THz), and
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visible light communications. Its connection with the MBS can
be established by the passive optical network, massive MIMO,
mmWave technology, and even free-space optical technology.
This architecture avoided the penetration loss that results from
the signal passing through building walls that can be over
24 dB for buildings with energy-efficient insulating layers [15].

Due to the shortage of spectrum resource and the increase
in system power consumption, spectral efficiency (SE) and
energy efficiency (EE) are the two most valuable key per-
formance indicators (KPIs). In [16], fundamental trade-offs
between KPIs, including SE and EE trade-off, were proposed.
As a result, in recent years, a great deal of research has been
carried out on SE, EE, and their trade-offs, which considered
the emerging new technologies and network architectures. SE
and EE were studied in [17] and [18] with a focus on downlink
MIMO and massive MIMO relay systems. In [19], the authors
investigated the trade-off between SE and EE for massive
MIMO technology, while a similar study considering cell-free
massive MIMO systems was conducted in [20]. A study on
the trade-off between SE and EE, which aimed at achieving a
multi-objective-optimization, was carried out in [21]. In [22],
the trade-off between SE and EE in a multi-user (MU) massive
MIMO system was investigated, where the interference had the
primary impact on the system performance. In [23], the authors
derived the expression of SE for DAS system and investigated
the effects of main parameters on the system performance.
In relay wireless networks, various SE-EE trade-offs were
addressed in [12], [13], [24], and [25]. In [12] and [13],
SE and EE of relay-aided cellular networks were investigated.
A full-duplex relay system and an amplify-and-forward relay
were considered in [24] and [25], respectively. In [26] and
[27], SE and EE of massive MIMO relay system employing
zero-forcing were analyzed and the impact of transceiver
power consumption on EE was revealed in [26]. As a key
technology for 5G, small cell technology has attracted con-
siderable research interests, and related researches concerning
SE and EE in small cell scenarios can be found in [28] and
[29]. In [28], metrics, methods, and market of EE for small
cell network were summarized. In [29], EE of full-duplex
mmWave relays with precoding was studied. In [30], EE of
B5G ultra dense networks was studied, which considered a
single-cell scenario using massive MIMO and visible light
communication techniques.

As system complexity, operating costs, and user business
volume increase, it is difficult to only utilize SE and EE to
delineate system performance comprehensively. For commu-
nication operators, it is vital to analyze system performance
from an economic perspective by a novel KPI. In [13], a new
performance metric named the economic efficiency (ECE)
was proposed as a complementary performance measure to
SE and EE. In [31], the system performance in terms of
SE, EE, and ECE was studied in spatial modulation based
wireless system. Cost efficiency, which is very similar to
ECE, of mmWave /ultra high frequency (UHF)-based cellular
networks was investigated in [32].

Although the performance analysis of wireless communica-
tion systems has been widely investigated, some gaps remain.

1) Although a novel indoor and outdoor separated archi-

tecture which can reduce interference was proposed in
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[15], the related research on this architecture is limited.
Moreover, the existing research on SE and EE of a
complete communication system, especially for potential
B5G systems, is limited.

2) The power consumption models used in most research
are simple and not sufficiently accurate to evaluate
the EE. In other works, the power consumptions only
focused on base stations (BSs) [33], [34]. Addition-
ally, most power models omit some critical components
and factors. In [35], the RF components power model
ignored the differences between options, while [29]
neglected the impact of PA kinds.

3) The investigation of SE, EE, and ECE in most existing
works only focused on one or two performance metrics.
Specifically, studies on the ECE performance of B5G
wireless systems are very limited.

To address the issues listed above, in this paper we investi-
gate a B5G use case with separate indoor and outdoor cellular
deployment. This system employs massive MIMO assisted
DAS technology for the outdoor UE coverage and the IAP
access link to the MBS, while mmWave based beamforming
is used for the indoor UE access. We also investigate the
SE, EE, ECE, and their related trade-offs for the proposed
network architecture. The main contributions of this paper are
summarized as follows.

1) The SE, EE, ECE, and their associated trade-offs for a
novel B5G use case that separates the indoor and out-
door scenarios are investigated. The simulation results
exemplify that the proposed network architecture could
be an option for future wireless system as it can achieve
better performance in terms of SE, EE, and ECE.

2) The framework for building practical power consump-
tion models of BSG systems is developed. In particular,
we consider baseband operations, RF front-end, and
different types of power amplifiers. As this model can
represent the details of B5G systems, this framework
can be used as a guideline to accurately model, predict,
and evaluate the system performance in terms of power
consumption for future wireless systems.

The remainder of the paper is organized as follows.
In Section II, the system model is presented. In Section III,
mathematical expressions for the system capacity, SE, EE, and
ECE are derived. In Section IV, the mathematical and simu-
lation results are presented and analyzed. Finally, conclusions
are drawn in Section V.

II. SYSTEM MODEL

A typical B5G cellular architecture with the separate indoor
and outdoor coverage is shown in Fig. 1. One MBS is
connected to several large-scale antenna arrays geographically
distributed in the cell, referred to as MBSA in this paper. Each
antenna array serves a particular area where UEs are located,
and also provides wireless data links for buildings in which
indoor UEs are located. We assume all buildings in the cell
have antenna arrays installed on the exterior walls or the roof,
referred as building mounted antenna arrays (BMAA).

Inside each BMAA, IAPs are deployed to provide the wire-
less coverage to indoor UEs, which relay the traffic between
the indoor UE and the MBS outside. Each IAP is connected
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Fig. 1. The system model of a potential BSG wireless network.

to the antenna array with a fiber to avoid the significant
penetration loss caused by the building walls. A BMAA
communicates with a MBSA via conventional sub-6 GHz
bands, and a line-of-sight (LoS) path is ensured between a
BMAA and its serving MBSA. To exploit the LoS path,
beamforming technologies can be utilized to create several
virtual links between each pair of a MBAA and a BMAA.

For the indoor coverage, the IAP employs beamform-
ing mmWave communication technology. By using this
technology, each IAP can serve several active indoor UE
simultaneously with the orthogonal beams in a high-speed
and intercell-interference-free manner. Since the outdoor and
indoor systems occupy different frequency bands, there is no
interference between the outdoor and indoor UEs. In addition,
as a result of the high penetration loss of mmWave signals,
there is no interference among IAPs in different neighboring
buildings.

Specifically, the whole coverage area of the MBS is sepa-
rated into N, sub-areas. Each sub-area is served by a MBSA
connected to this MBS. The MBSA is equipped with Mp
antenna elements, and serves N,y outdoor UE plus N,
buildings within the sub-area. For each BMAA, My antenna
elements are deployed, and there are L ensured beamforming
paths to its serving MBSA. In this paper, we assume one
MBSA is subject to the interference from N; neighboring
MBSASs which could be in the same or the neighboring cells
with the index set denoted by A(i). BMAA is assumed to
suffer from both inter-cell and intra-cell interference. An IAP
is equipped with Mrp, antenna elements and serves [Vj,e
indoor UEs each has Mg, receive antenna elements. For out-
door UEs, they are assumed to have a single receive antenna.
In order to compare the system performance, we consider a
non-separated communication scenario as a contrast. In this
condition, both the indoor and outdoor UE communicate with
the outdoor MBSA directly. While in the separated commu-
nication scenario, the BMAA communicates with the MBS
via the massive MIMO technology at sub-6 GHz frequency
bands as the outdoor link, and the indoor users utilize some
short-range and high-frequency technologies to communicate
with the IAPs, such as mmWave, to make the indoor link.

A. Channel Model

For this system, there are two different communication
environments, one is the outdoor environment which includes
the link between the MBSA and the BMAA, and the other
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is the link between MBSA and outdoor UE. For the indoor
environment, only the links between IAPs and the served
indoor UE are considered.

1) Outdoor Channel: The outdoor massive MIMO beam-
forming channels can be further categorized into two types,
which represent the channel between the MBSA and BMAA,
and the channel between the MBSA and outdoor UE.

o The channel model of the ¢-th beam path between the

i-th MBSA and the j-th BMAA is given by

Grji = \/BijiMrMgay, (deji)ans, (0e) (1)

where 0;;; is the angle of departure (AoD) at the
i-th MBSA, ¢y;; is the angle of arrival (AoA) of the
J-th BMAA, (;; is the path loss, and

ans (9)
[17 . ,e_]ZﬂA(m—l)sin97 e—]27rA(M—l)sin9]T

2)

represents the antenna response, M can be either My or
M. Without loss of generality, the uniform linear array
is adopted as the representative. The system model can
be easily extended to other types of antenna arrays by
changing the antenna response vector. The normalized
antenna separation is represented as A, and we assume
A = 1/2 without loss of generality [36], [37]. The
transmission beam vector at the BMAA is defined as
@}y, (0ej:), and the receiving beam vector at the BMAA
is represented as aﬂR(mﬁ). As 0p;; and ¢gj; can be
adjusted and optimized when deploying the MBSA and
BMAA, the beamforming channel between MBSA and
BMAA can be considered as static and known to both
the transmitter (Tx) and the receiver (Rx) sides.

o For the k-th outdoor user served by the i-th MBSA, the
channel is described by

i = V Bribi 3)

where [, is the large-scale channel gain including path
loss and shadowing, and hyg; is a Mp x 1 small-scale
Rayleigh channel fading vector. Each component hj; of
the vector hy; is an independent and identically dis-
tributed (i.i.d.) complex Gaussian random variable, with
zero mean and unit variance, i.e., hx; ~ N (0, 1).

2) Indoor mmWave Channel: Inside the building, beam-
forming technology is assumed to be performed at the IAP
and the UE, which gives the high directional feature of the
mmWave channel. The mmWave beamforming channel gain
between the IAP and the ¢-th indoor UE can be given as

Guqg = \/ma}k\/haq (¢u‘Z)a1’1;qu (euq) )

This channel gain matrix is with a dimension of M, X Mg,
where 6,, is the AoD at the IAP, ¢,, is the AoA at the
ug-th indoor user, B4 is the path loss, and aj;, (due) and

ar]{/[Tq (fyq) are the antenna responses similar to expression

in (2). The indoor beamforming channel gain matrix has a sim-
ilar expression to the outdoor channel between the MBSA and
BMAA. However, as their path-loss model and the distribution
of key parameters such as the AoD and AoA are different, their
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propagation features can be significantly distinguished which
can dramatically impact the system performance

B. Received Signal

1) Outdoor Links: For the i-th MBSA, the transmitted
signal vector x; is a linear combination of beamformed signals
to its served BMAA and the linearly precoded signals for its
served outdoor UE, which can be written as

Noue

Z Z bé]zssz + Z WiiSki-

j=1/¢=1

®)

In (5), s¢j; and sp; are iid. complex Gaussian random
variables with zero mean and variance Py;; and Py, respec-
tively, byj; = a*(6¢5;) denotes the ¢-th beamforming vector
to the j-th BMAAs, and wy; is the linear precoding vector
for the k-th outdoor UE. In this paper, the maximum-ratio
transmission (MRT) precoding is applied, resulting in wy; =
h;/v/Mr when perfect channel state information (CSI) is
assumed to be known at the MBSA side [38].

For the j-th BMAA, its received signal over the ¢ beam-
forming channels is given by

Teji
/

Ny
= a{/lﬂ (¢€jl) Gljzwz + Z Z Z G@/ 151 &40

VEN (i) j/=10=1

+n

Noue

=V ﬁé]zMTMRSij + V ﬁf]zMTMR Z a]\IT 9@]1 WgiSki
l; /
+ > Z atr, (beji) Gty +n

PEN (1) j'=14'=1

(6)

where aj; (¢¢ji) is the (-th receiving beam vector of the
j-th BMAA, x; is the interference signal from other MBSA
with Gy as the corresponding beamforming channel
matrix, and n is the receiving Gaussian noise vector. In (6),
the interference consists of two parts. One is from the signal
intended to be received by the outdoor UE and the other is
the interference from the neighboring MBSAs. In this system,
we have assumed that the antennas are installed outside the
building with guaranteed line-of-sight path, as all the buildings
are fixed. Thus, ideal channel estimation can be assumed.
Due to the orthogonality of transmit and receive beamforming
vectors, the Rx will not be subject to the interference from the
uplink signal sent from other buildings. For the k-th outdoor
UE, the received signal can be given by

Thi = Gii + Z i Ty +n
i EN(9)
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Noue
= GiWriski + Z ghiwjisji + Z ngbfﬂsfﬂ
J=1,j7#k j=1¢=1
+ Y ghay+n (7)
i EN(4)
where g,; is the Rayleigh channel vector between the

i’-th interfering MBSA and the k-th UE.

2) Indoor Links: Due to the random position of the indoor
UE, the IAP can only select beam vectors with the closest
AoD for each UE to match its position in the angular domain,

ie., [0m, — 04 < 1/Mz. The transmitted signal of an IAP is
given by
Niye
T = Z b,s, (8)
q=1
where b, = a*(0,,,) is the beam vector for the g-th indoor

UE. Since the indoor scenario is completely separate from
the outdoor scenario, we omit the indices indicating the area
and the building to aid clarity. Due to the high path-loss of
mmWave signals, the indoor user only suffers from interfer-
ence of other indoor users within the same building. The
received signal at the ¢-th UE can be given by

Nie
Tq = a%IRq (¢q) 8gbm, sq + Z aﬂﬂq (0g) 84bim;sj +n
J=1j#q
= \/ByMpqMrqaly,, (05) alsy, (0m,) 5q
Nlue

+ V/ByMprqMrq Z aMT

J=1j#q

a) Ay, (Om,) 55 +n.

)

III. SPECTRUM-ENERGY-ECONOMY
EFFICIENCY ANALYSIS

A. Spectrum Efficiency

The SE can be defined as the ratio of the system capacity
over the link bandwidth, with the expression as

C

B

where B is the bandwidth and C'is the capacity of the system.
As defined by the Shannon equation, the system capacity can
be expressed as

C = E [Blog,(1 + SINR)].

NSE (10)

(1)

For massive MIMO systems, following the approximation
derived in [39], we can assume that E [Blog,(1 + SINR)| ~
Blog, (1 + E[SINR]). So, the SE analysis can be deduced
from the analyses of E[SINR], i.e., the expectation of signal

E {(\/msajiﬂ

E [SINRy;; M 7P ~

[(\/ BejiMr Mg Zlc 21 aMT

2 T 2 9 :
%)wm%) } +E [(Zi'eN(i) apry (%‘)Ge'j’i’xi') } +E[|n|7]

12)

Authorized licensed use limited to: Southeast University. Downloaded on January 22,2024 at 01:45:32 UTC from |IEEE Xplore. Restrictions apply.



9722

to interference plus noise power ratio (SINR). E[SINR] of the
three types of constituent links are analyzed in the following.

The expectation of receiving SINR over the [-th link
between the i-th MBSA and j-th BMAA can be expressed
as in (12), shown at the bottom of the previous page.

According to the received signal over the /-th beamforming
channels at the j-th BMAA, since the mean of sgj;, si; and
54 1s zero, the total average normalized power is equal to the
variance Pyj;, Py; and P, i.., ]E[Seﬂ] = Py, E[s}3,] = P
and E[s2] = P,.

Based on the assumptions,

[ 2
B | [tz |
= ﬂéjiMRMTPiji (13)
2
E [\/ ﬂ[]zMRMT Z aMT eéﬂ wk15k1‘|
ﬂéﬁMR Z Z hkzsk e —j2nA(m— 1)sznﬁg],]
m=1 k=1
(14)
2
T
E Z aAMR [(blji} 00 i+ it
i’ eN[i]
14l /M
_ Bej Bejv My o
Mg
1 _ e—jQTrAMR[Sin ¢Zji_Sin¢Z’j’i]
X Z - - T Sgrirg
1— e*jQ‘ﬂ'A[Sln brj;—sin ¢e’J’7‘,] J
€N (4)
1 _ eijﬂ‘AMR[Sin (ﬁ[j,yfsind)@/j/i]
1— e—jQﬂA[sin¢gji—sin¢e/j/i]
M7 Noue ?
Spire —j2mrA(m—1)sind, 1,
i’ Ski
T m=1 k=1
(15)

The derivations of (14) and (15) are detailed in the
appendix. For all the noise power, E {\nﬂ = 02. Hence, the
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expectation of the receiving SINR over the [-th link between
the :-th MBSA and j-th BMAA can be obtained.

Following a similar method for the indoor connection, the
expectation of receiving SINR over the u-th link between the
IAP and ¢-th indoor users can be expressed in (16), shown at
the bottom of the page.

We find that only other indoor users within the same build-
ing can generate interference to an indoor user. To simplify
the system model, we assume a uniform antenna configuration
for all IAPs. As a result, we have M7, = Mr;.

2
B (VA a4, ] 5] |

- ﬁqMRqPq 1— e—j27rA]\4Tq[sin 04—sin qu] 2 .
- MTq 1— e—j27rA[sin 0q—sin fm,] (17
2
Niue
T *
E | | VBeMprqMrq Z anr, [04] ANy [em]} Sj
J=1j#q
2
ﬂqMRq Nive 1— G—jQTrAJWTq[sin 04—sin 9mj]
7MT,1 A j_%;ﬁq 1— e—jZWA[Sin 0g—sin O ;]
(18)

For links between MBSA and outdoor UE, the normalized
precoding vector is wy; = hy;/+/My. By applying it to (7),
the expectation of received SINR of the k-th outdoor UE is
in (19), shown at the bottom of the page.

B. Energy Efficiency

The EE ngg of one cell is defined as the capacity divided
by the total system power consumption, i.e.,

_ C
WEE—P

cell

(20)

which indicates the efficiency of converting the power into
data traffic. The power consumption should include all devices
deployed inside the cell. In the case of separating indoor
and outdoor scenarios, the power consumed by MBS, MBSA,

e [V T, 0] ai,, [n,] 5] |

E [SINR[; "] ~

J=1j#q

l\/ BqMpqMrq Z aMT [0 ]aywﬂ [0, ] 5

; (16)

+E [|n|2]

E[hi R 2] P
]E[SINR%HU,P]% PrilE| kil *1Px

NOUG
Bri (Z]‘:L#k

E“ha _]L| ]sz' + Zj:l Zz:1 E[‘hzi

a* (01;)”))

+ .
B Tireny (St ElRGihio 21 Pow + 3207 S0y BllbEia(Oy0)*Peyi ) + Eflnf?

19)
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BMAA, and IAP should be taken into account as follows

Ng
Peen = PYPS 4+ (PBYA 4 PIAP). 1)
i=1
A high-level EE evaluation framework (E3F) for mobile
communication systems has been investigated and developed
in [40]. Based on this framework, the general energy consump-
tion model of a base station is given by

Pyys = P + Prr + Ppa + Pon (22)

where Ppp represents the power consumed by digital
baseband processing, Prr and Pps are power consumed
by the RF front-end and the power amplifier (PA), and
Poy represents other system power overhead consumed by
the system including the cooling and alternating current
(AC)-direct current (DC) converters.

The digital baseband processing section also includes the
digital signal processing, system control, and networking
related processes. For the digital signal processing, its opera-
tions include the digital filtering, up/down sampling, (Inverse)
Fast Fourier transform ((I)FFT), MIMO channel estimation,
orthogonal frequency-division multiplexing (OFDM) modu-
lation/demodulation, symbol mapping, and channel encod-
ing/decoding. The operation complexity, denoted by O,
is measured by Giga floating-point operations per second
(GFOfs), depending on the type of the operation, the num-
ber of UE, and the data streams. The power consumption
per Giga floating-point operation is further scaled by a
technology-dependent factor p. Thus, Pgp can be obtained
through dividing GFO/s by p.

The key constituent components of the RF part include car-
rier modulators, frequency synthesis, clock generators, digital
to analogue (DA) /analogue to digital (AD) converters, mixer,
and so on. The power consumption of these components scales
with parameters system bandwidth, number of antennas, and
the traffic load.

The power consumption model of a PA depends on the PA
type, the maximum output power, and the actual output power
that assures the desired SE. In this work, we consider two
types of PAs. One is the class-B PA which is deployed on the
MBSA and BMAA and enables transmissions at a relatively
high output power. The other one is the Doherty PA developed
for high-frequency band communication systems that require
high power efficiency. This type of PA is employed by the
IAP here.

Explicit power models for MBS, BMAA, and IAP are
introduced as follows.

1) Power Consumption Model of MBS: The total consumed
power of MBS is given by

PEI;%BS + Na PtMtBSA
(1 - nc)(]- - nac—dc)(l - ndc—dc)

where PYIBS is the power of the digital baseband process at
the MBS, PMBSA s the power consumed by each MBSA, 7.,
Nac—dc> and Ngc—dc are power efficiency of the cooling system,
AC-DC and DC-DC conversions, respectively.

Based on the outdoor distributed antenna architecture,
the digital baseband signal processing at the MBS includes

MBS __
Ptot -

(23)
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mapping/de-mapping of symbols, channel encoding (Oepc),
upper layer network (), and control operations (Oct,1)
for the N, MBSA, respectively. Thus, P%BS can be further
written by

N,
Pg[BBS = Z(Octrl,i + Onw,i + Oenc,i)/p~

i=1
2) Power Consumption Model of MBSA: The power con-
sumption of MBSA can be decomposed as

MBSA _ pMBSA MBSA MBSA
Py 7" =Pgg " + Prp "+ Ppa

(24)

(25)

For each MBSA, the downlink baseband signal processing
includes filtering, up sampling, (DFFT of OFDM symbols,
massive MIMO channel estimation, precoding/beamforming,
symbol mapping, and control plus other network relation
operations. It can be written as

P]I?\)/{BBSA = (Oﬂtr + Osmpl + Oty + Oest + Ot + Opre
+ Omap + Octrl + Onw)/p
(26)

In (26), the complexity of (I)FFT can be scaled by
Ogyae,i = NsNeiyme logo(Neiyme ), where N(jyg is the number
of sub-carriers of one OFDM symbol, and Ny is the total
number of OFDM symbols. The complexity of channel esti-
mation by using the correlation of orthogonal pilot sequences
can be scaled by Ot = MTNEe with Ny presents the
number of UEs. The complexity of the channel precoding
and beamforming operation can be scaled by Oyi/pre =
(Noue + NpL) (1 — Nye/N.) for the uplink channel estimation.
Note that [N, represents the number of channel resource blocks
related to the coherence time and coherence bandwidth. For
the operation complexity of the remaining processes, some
typical values are adopted.

For the RF part of the MBSA, its analog components
include the modulator, mixer, clock generator, and the digital
to analog converter. The power consumption of this part is
given by
P}l;/IFBSA

= Mr(Pood ™ + Paie™™ + Paae ™) + V Mr PR

27

Please note that the power consumptions of the modulator,
mixer, and DAC can be linearly scaled with the number of
antennas [41], [42]. The clock generator can be scaled by the

square root of the number of antennas [43], [44].
For the PA, its power consumption can be calculated as

1
MBSA _
Ppa =

(28)
nB
where np is defined by
2
s T
=—-——2 29
=R o] (29)

as the power efficiency of the class-B PA. In (29), r, and
Tmax represent the amplitude and the maximum amplitude
of the output signal, respectively. We have r, = /P,, and
Tmax = V Pmax With P, and P,y being the output power
and maximum output power, respectively.
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3) Power Consumption Model of BMAA: The power con-
sumption model of BMAA can be written as

PEYDA + MpPRMAA
(1 - 770)(1 - nac—dc)(l - ndc—dc).

In the downlink, each BMAA receives the traffic from the
serving MBSA over L beamformed data links and forwards
it to IAP. Therefore, the baseband data process consists of
filtering, receive beamforming process, down sampling, IFFT
process, symbol demapping, channel decoding, control and
network processes. Its GOP/S can be estimated similarly as
the case of MBSA, i.e.,

P]]33]g/IAA =L (Oﬂtr + Obf + Osmpl + Oifft + Odemap
+ Odec + Octr1 + Onw)/p~
€Y

The analogue components of the downlink RF front end
include mixer, clock, variable gain amplifiers (VGA), ADC,
and the low-noise amplifier (LNA). Therefore, we have

PIE%/IAA = Mpg- (Omix + nga + Oadc + Olna)

+ V MROclc~

(32)

Please note that the power consumption LNA and VGA over
the receiving RF FE are considered as constant, which is unlike
the PA used for signal transmission.

4) Power Consumption Model of IAP: The IAP is similar
to pico or femto base stations, which are much smaller and
simpler compared with conventional base station. It usually
employs a low-power architecture. The power consumption of
the IAP is given as

Pgy” + Mp(Pie” + Pi)
(1 - nc)(l - nacfdc)(l - ndcfdc) ’
For the downlink of the IAP, we consider a constant power
consumption for baseband process, as the number of UE for a
IAP is much fewer than the MBSA, so the baseband process
is not as sophisticated as that of the outdoor base stations. The

RF chain includes the mixer, DAC, filter, phase shifter (PS),
and the clock. Its consumed power can be expressed as

+ PAT) /ML P

(34)

IAP __
Ptot -

(33)

R = My(PIAT + PIAT + P

m dac
The power consumption of the Doherty PA can be computed

directly by
0< P, <0.25PAF

2 /| P, PIAP

Pl;{gp _ max max
Q/POREQE, 0.25PIP < p, < pIAY.
s

(35)

C. Economic Efficiency

The ECE of a cell is defined as the net revenue per second,
i.e., the earnings from effective data throughput minus the
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operational cost. In this paper, we adopt the practical ECE
model proposed by [31], i.e.,

14
Ecell = Z K/’UU(Ua Rv) - (CO + chccll)~ (36)
v=1

On the right-hand side of (36), the first part represents the
earnings, which is dependant on the type of traffic v, the
effective data throughput U(v, R, ), and the revenue per bit
of traffic x,. The second part is the expenditure of network
operation, including the fixed cost of maintenance per second
Cp and the expenses on electricity computed by multiplying
the energy cost per Joule and the power consumed by the
equipment, represented by x. and P, respectively.

ECE can be considered here as a complement to SE and
EE. We observe that ECE integrates the SE and EE, as the
earnings are associated with the SE and the cost is mainly
related to the power consumption. Therefore, ECE potentially
offers a method to find the right trade-off between SE and
EE. For the earnings part, the traffic is categorized into several
different classes each of which is charged on a different basis,
ensuring the model is representative of the real network. In this
paper, the traffic is categorized into v = 3 classes. Class-1
represents the data traffic generated by voice services, which
is charged linearly. In addition, this class has an upper limit
imposed. This is for two reasons: 1) it has been reported that
voice service is approaching saturation level; 2) the network
cannot dedicate all its resource to serve the traffic of the most
stringent QoS. Therefore, once this limit is exceeded call loss
is permitted. Class-2 traffic are the bundled data services with
limited quota, whose attainable revenue grow in a logarithmic
fashion proportional to the data volume. A logarithmic basis
is adopted to scale the traffic based on the observation that the
price per bit of higher quota bundles should be less than that
of the lower quota service bundles. Class-3 is the traffic of
the service bundle where the user is entitled to an unlimited
quota of data traffic. The contribution of each traffic class to
the total throughput of the cell Ry is given by

min {Rlllm7 alRCCH} , v=1
a2Rcell> v=2
Reen — Ry — Ry, v=3

R, = (37)

where «; and «o are the percentages of the Class-1 and
Class-2 traffic, respectively, and lem is the upper limit for
traffic Class-1. These characteristics of the traffic are further
defined by the utility function U(v, R,) as

R17 v = 1
ref R2
U(v,R,) = Ry logy(1 + W)v v=2 (38)
5
Ry u(Rs), v=3

where R and R:! are the referenced data rates for traffic
Class-2 and Class-3, respectively, and u(.) is the Heaviside
step function. The values of these parameters are summarized
in Table I. Note that (38) maps the real traffic volume onto
chargeable traffic and enables the revenue to be computed.
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TABLE I
ECE RELATED PARAMETERS

Value
1.43 x 10~> pence/bit
7.76 x 10~6 pence/bit
2.93 x 10~7 pence/bit
4.22 x 10~9 pence/J
4.15 x 10~ 7 pence/s

Value Parameter
400 Mbps K1
Riet 240 Mbps K2
Rief 4 Gbps K3

[e%] 1% Kce
g 80% Co

Parameter
Tim
Rj

TABLE II
SYSTEM SIMULATION PARAMETERS

Value Parameter Value
256 Mg 32
Mj’ﬂ 16 L 6

Ny 3 N() 6
Noue 4 Niue 12
10.8 km/h N¢ 196
B. 210 kHz Ns 1.4 x 10%
fe 2.6 GHz 28 GHz

Parameter

fcmm

IV. RESULTS AND DISCUSSIONS
A. Simulation Parameters

For the outdoor coverage, a standard 20 MHz LTE system
is considered as the reference system, the carrier frequency of
which is configured as 2.6 GHz. All the key parameters are
listed in Table II.

The highest mobility speed that the LTE system can support
is 350 km/h, which is the speed of a high-speed train. In
the urban areas, a UE generally does not move very fast, so
the highest speed is set to be 10.8 km/h. With the carrier
frequency of 2.6 GHz, the coherence time of the assumed
channel is around 2.3 ms, which is equivalent to the duration
of 14 OFDM symbols. The length of the cyclic prefix (CP) of
an OFDM symbol is defined to be 5.2 s, which is the maximal
delay spread the system can tolerate. The coherent bandwidth
can be computed to be around 210 kHz, which is equivalent
to the bandwidth of 14 consecutive sub-carriers. Therefore,
the wireless channel in the assumed urban environment can
be considered to be static for every 14 x 14 = 196 channel
resource blocks, i.e., N. = 196.

In a macro cell, each MBSA serves 4 outdoor UE plus
3 buildings, and suffers from interference from 6 neighboring
MBSAs, ie., N (i) = 6. Each BMAA is equipped with
32 antennas. For each of the MBSA and BMAA pair, there
are 6 beamforming links. For each BMAA, as expressed in
(6), it suffers from the interference from the signal intended
to be received by the 4 outdoor UEs in the same cell, and
the interference from the 6 neighboring MBSAs, which are
simulated as (5). Inside each building, there are 12 indoor UE
that require network access, so the interference signals are
simulated as (8). Each IAP is equipped with an antenna array
of 16 elements, and operates in the 28 GHz band with a signal
bandwidth of 500 MHz. Here, the IAP is assumed to operate
in a similar fashion to an 802.11ad-like system, where each
indoor UE is served simultaneously in the downlink over a
dedicated beam allocated by IAP.

For both scenarios, it is assumed that all UE require the
same downlink data rate, so that a homogeneous QoS is
assumed across the cell.
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1) Path Loss Model and Noise Power: The path loss model
of four types of links are summarized in Table III. For the
link between MBSAs and BMAAs, the WINNER II B5a
model [45] is adopted. For the link between MBSA and
outdoor UE, WINNER-II C2 urban macro-cell NLOS model
is adopted. For indoor links, we adopt the model proposed in
[46], where the path loss exponent is set to 2 which is the
average value for indoor mmWave propagation environment.
For the link between the MBSA and indoor UE in the non-
separate scenarios, the same model of the link between outdoor
UE is adopted except that a 20 dB penetration loss is added to
the loss. Equal average distances are assumed for links from
the MBSA to the BMAA and outdoor UE in scenario A, the
links between IAP and indoor UE for scenario B.

The noise power is computed by the

02 =kTB+D (39)

which is the model adopted for LTE link budget estimation
in [47]. In (39), k represents the Boltzmann constant, 7" is
temperature of the surrounding environment in Kelvin, which
is set to be 290 K, i.e. 17 °C, B is the system bandwidth
in Hz, D is the noise figure. The value of D depends on the
types of receiving equipment, which is 2 dB for the MBSA,
BMAA, and IAP, 7 dB for indoor and outdoor UE.

2) Operation Complexity and Power Consumption Param-
eters: The referenced process complexity and power con-
sumption of the components are listed in Table IV and V,
respectively. We refer to [43] for the operation complexity of
processes including filtering, sampling, symbol mapping and
de-mapping, encoding and decoding, network and control.

The power consumption parameters of the analog compo-
nents of MBSA and BMAA are based on the typical valued
proposed in [44] for LTE base stations and the modification for
massive MIMO system [43]. For a mmWave IAP, the typical
parameters proposed in [48] are adopted in this paper. Besides,
the transmitted power of the UE for sending the uplink pilot
symbols is assumed as 20 dBm in this work.

B. Capacity Analysis

The comparison between the conventional, non-separated
(referred to as the one-link), network architecture and the
separated ones (referred to as the two-link) in terms of the
capacity is shown in Fig. 2(a). The comparison clearly indi-
cates excellent agreement between the theoretical derivation
and simulation results, providing confidence in the theo-
retical derivation. As the capacity is the basis for further
investigations such as the EE and SE analysis, this provides
confidence in the rest results. If we further compare the
one-link solution with the two-link results, it is clear that
the indoor-outdoor separated solution can provide a higher
achievable capacity than the conventional direct transmission
as there is no penetration loss. The improvement in system
performance is more obvious when the indoor communication
adopts mmWave and beamforming technology, which reduces
the interference. As we considered the interference in this
work, the capacity will hit a limit when the SNR value is high
due to the interference dominating the system performance.

The speed that the system approaches this limit is an
important benchmark to the evaluation. Here, we use the
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TABLE III
PATH LOSS MODEL
Link type Path loss model fe d
MBSA-BMAA 23.5log,o(d) + 42.5 + 201og, o (fc/5.0) 2.6 GHz | 500 m
MBSA-Outdoor UE | (44.9 — 6.551og;o(hps)) 1g(d) + 34.46 + 5.831og ¢ (hps) + 23log;o(fc/5.0) | 2.6 GHz | 500 m
MBSA-Indoor UE PLMBSA*OutdoorUE —20 - -
IAP-Indoor UE 20logo(4m/c) + 201og;((d) 28 GHz 15 m
TABLE IV
REFERENCED COMPLEXITY OF BASEBAND OPERATIONS
Parameter GOP/s Parameter GOP/s
Oyse Ns Ny loga (N ) x 1077 Osmpl 2.0 My
Oest My Nuer Jg= x 107° O(deymap | 1.3 (Nue + NpL)Nre
Oyt MTNbLNrC(l — NLC) x 1079 Ofir 6.7 Mrp
Oprc ]\4T]Vuc]\7rc(1 - NLC) X 10_9 Odet Nuchc X 10_9
Octrl 2-7(Nue + NbL)Na Onw 8.0 - (Nue + NbL)Na
Oenc/dec 1.3(Nue + Ny L) N, p 160 GOP/W
TABLE V % One-link theoretical result without mmWave I I
O One-link simulation result without mmWave
—+— Two-link theoretical result without mmWave
REFERENCE POWER CONSUMPTION OF ANALOG COMPONENTS B0 | o s
—&— Two-link theoretical with mmWave
MBSA BMAA IAP R 25 % Two-link sil ion with mmWave
Parameter Value Parameter Value Parameter Value é 20l
PMBSA | psmw | PBMAA | @3mw | PIAP | 20 mwW ;i
PMBSA [ 200 mw | PBMAA [ 200 mw | PIAP | 23 mw §"
PMBSA | 25 mw | PBMAA | 100 mW | PIAP | 75 mW 1of
PMBSA 75 mW PEMAA 75 mW PIAP 5W sl S 4
PMBSA W PBEMAA | 125 mW PlAP 50 mW
System overhead factors 0—10 5 0 5 10 15 20 25 30
SNR(dB)
Tlc ‘ 10% ‘ Tac—dc ‘ 5% ‘ Tdc—dc 10%
(a) Comparison of capacities
1
cumulative distribution function (CDF) of the capacity to study ool
this criterion. The CDF of the capacity for the three cases osl
is shown in Fig. 2(b). From the CDF, we can observe that ol
the two-link with mmWave solution has a much larger upper 0'67
bound compared with the other two systems, which indicates L
. . . Qo051
this system may provide a much better performance in terms Ch
of the system throughput. T
From this comparison, we can conclude that for the 5G 08
and B5G wireless networks, both the network architecture and ar e e oyt
the access technologies should both be considered in order to - - Tuorink simuaton resut without mmWave
achieve a global optimization of different system performance ° s o e 2 P

metrics. The interference management is always the key issue Capacity, C(bits/s)

to ensure improved system performance. (b) Comparison for CDF of capacities

Fig. 2. Comparison of capacities for one-link and two-link network
architectures with and without mmWave technology.

C. SE, EE, and ECE Results Analysis

From the simulation results shown in Fig. 3(a), we conclude
that the separate indoor and outdoor scenario can provide

a higher SE than direct transmission with the same SNR.
When mmWave technology is utilized, the SE can be fur-
ther improved due to lower interference. When the SNR is
30 dB, the SE of the two-link architecture with mmWave
can achieve 1.72 bits/s/Hz, while the SE of the traditional

network architecture is 0.49 bits/s/Hz. This gain will be more
evident as the SNR increases.. Similar conclusions can be
drawn from the SE CDF comparison in Fig. 3(b). We note
that the two-link with mmWave solution has a much larger
increasing room in terms of the SE compared with other
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—— One-link simulation result without mmWave
Two-link simulation result without mmWave
—*— Two-link

ion result with mmWave
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Fig. 3. Comparison of SE for one-link and two-link network architectures
with and without mmWave technology.

solutions. For a two-link with mmWave solution, its advantage
in penetration loss elimination and interference management
is the main reason for its superior performance.

The EE of these three cases is compared in Fig. 4(a).
In general, the two-link solution especially with the mmWave
technology is advantageous in terms of EE as indoor users
only need to communicate with the indoor IAPs. It can avoid
the penetration loss and provide a much better interference
management. The EE curves converge when the SNR exceeds
25 dB, and the proposed network architecture provides three
times gain of the EE compared to the one-link architecture.
It is interesting to note that in the case of very low SNR
range, the one-link solution offers a better performance. This
is because for the EE, its consumed power includes both
the standby power and the transmit power. For the two-
link solution, due to more components, its standby power
consumption is much higher. Nevertheless, the increased speed
of system capacity for the two-link solution is much faster
than the one-link system, which can overcome the higher
consumption. We also observe from the comparison for the
EE CDF in Fig. 4(b), that it is clear that the EE of the
one-link system reaches its limit much quicker than the two-
link system, and the utilisation of mmWave technology can
further enhance and improvement of the system performance
in terms of EE due to avoiding the penetration loss and better
interference management.

Fig. 5(a) and Fig. 5(b) illustrate the SE and EE of the three
architectures with 12 outdoor UEs and 4 indoor UEs. Fig. 3(a)
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Fig. 4. Comparison of EE for one-link and two-link network architectures
with and without mmWave technology.

and Fig. 4(a) demonstrate the SE and EE with 4 outdoor
UEs and 12 indoor UEs. Since the total number of UEs is
the same, Fig. 3(a) and Fig. 5(a) are consistent. However,
by comparing Fig. 4(a) and Fig. 5(b), it can be seen that
the different proportions of indoor and outdoor UEs have
impacts on the EEs of the three architectures. The EE are
the same for one-link simulations, while the EE is improved
by 3.6% without mmWave and by 4.3% with mmWave for
two-link simulations. For the one-link network architecture,
the different ratio has no impact on EE. Nevertheless, along
with the decreasing proportion of indoor UEs, the EE of the
two-link architecture shows an obvious decrease, especially
for the proposed architecture. The reason is that the two-link
architecture with mmWave adopts numerous IAPs to support
indoor UEs and the basic power consumption is high. When
the number of indoor UEs decreases, the power consumption
of IAPs will significantly influence the EE. As a result,
Fig. 5(a) and Fig. 5(b) demonstrate that the proposed network
architecture is suitable for urban scenarios, such as a city
central business district.

In Fig. 6, we compared the total power consumption for
different system settings under different data rates. It can be
observed that for both the one-link and two-link scenario,
when we use more Tx antennas in the MBSA, the system
will consume more power, so in the low data rate range, the
simpler system will have a better performance in terms of
energy consumption. However, in the high data rate range,
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Fig. 5. Comparison of SE and EE for one-link and two-link network
architectures with and without mmWave technology considering 12 outdoor
UEs and 4 indoor UEs.
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Fig. 6. Comparison of system power consumption at different data rates
for one-link and two-link network architectures with and without mmWave
technology.

the advantage of more antennas can be observed. A similar
observation can be obtained for the two-link mmWave system.
Compared with the one-link system with the same Tx anten-
nas, the two-link mmWave system has a worse performance
in the low data rate range compared with the one-link solution
due to the overheads consumed by the extra components. But
in the high data range, the increase in data speed can overcome
that extra cost. Based on this observation, we suggest that for
the future wireless network, the low data transmission such as
the control plane data, conventional one link can be used as the
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Fig. 7. EE and SE trade-off for one-link and two-link network architectures
with and without mmWave technology.

most efficient method, while for the high data rate transmission
such as the user plane data, the two-link solution is a better
candidate. For future wireless communication system, more
dynamic and efficient network management schemes should be
designed. Advanced technologies such as the software-defined
radio and software-defined networks can be used to allocate
resource flexibly, and further improve the system efficiency.

D. Trade-Off Analysis

As shown in [16], in the practical system, when considering
the circuit power and others, the SE-EE curve will trun to a
bell shape. Hence, it is not always possible to improve both the
EE and the SE at the same time. For the optimal performance,
the SE versus EE trade-off always need to be considered and
the optimization problem can be expressed as

arg max EE, s.t. SE = constant
P

(40)

where N denotes the number of users.

The SE versus EE trade-off curves of the three scenarios are
shown in Fig. 7. The trends of EE first ascend as SE increases
and then remain steady at a certain SE value. It can be
observed that with the certain SE, the separated solution could
obtain the higher EE, which means that it can achieve a better
trade-off for SE and EE as there is no penetration loss. When
applying mmWave technology, the system performance is fur-
ther improved due to a much better interference management.
Besides the SE and EE, the economic efficiency metric is
also employed to comprehensively evaluate the performance of
the system. According to [13], for optimization, the trade-off
between ECE, SE, and EE is also needed. The simulation
results for the separated and non-separated cases are shown
in Figs. 8(a) and 8(b).

In two figures, the trade-off curves both contain the Parefo-
optimal frontier, representing the efficient operating points.
Regardless of whether the separated indoor/outdoor scenarios
are adopted, the system can achieve better performance as
the number of antennas increases. When the system adopts
mmWave, the increase in the number of antennas will sig-
nificantly enhance the system performance. We observe that
the separated mmWave solution with the largest number of
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Fig. 8. The trade-off between ECE, SE, and EE for one-link and two-link
network architectures with and without mmWave technology.

antenna offers the best trade-off in terms of SE, EE, and ECE.
That is because a much better SE and EE performance can
result in a better revenue efficiency as the unit cost of spectrum
and energy for generating data traffic is lower by using this
solution. These simulation results indicate that the proposed
separated indoor and outdoor solution could potentially be
an attractive candidate for the network service providers by
offering a balanced trade-off between the system performance
and the cost for future wireless communication networks.

V. CONCLUSION

This paper has investigated the SE, EE, ECE, and analyzed
the associated trade-offs for a B5G cellular system with
separate outdoor and indoor network deployments. For the
outdoor scenario, the MBS is assisted by massive MIMO
and DAS technologies at sub-6 GHz frequency bands to
serve outdoor UE, and provides access data links for BMAA
aided IAPs. In particular, the beamforming technology is
applied over the link between the MBSA and the BMAA. For
the indoor scenario, IAPs employ mmWave communication
and beamforming technologies to serve indoor UE with a
high-speed link in a short range. The SE of three types of
links has been studied. The power consumption models of
the MBSA, the BMAA, and the IAP have been developed
considering baseband operations, analog components of the
RF front-end, and PAs. The ECE model has been provided
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with a practical categorization of traffic classes. The basic opti-
mization problem and the simulation results for the trade-offs
among SE, EE, ECE have been analyzed. The trade-off curves
illustrate that compared with the non-separated system and
the separated system without mmWave, the proposed network
architecture could obtain the best performance. From the
investigation of the SE, EE, ECE and their trade-offs, it can be
observed that the proposed cellular architecture is a promising
solution for B5G wireless networks deployment.
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It is reasonable to assume that receivers have the same
number of receiving antennas, i.e., M = Mp. Based on the
assumption, (15) can be obtained.
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