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Abstract—In this paper, we study the design of the user
selection, the time allocation to uplink and downlink, and
the transceiver processing matrix for uplink and downlink
multicarrier transmission employing a shared user equipment
(UE)-side distributed antenna system (SUDAS). The proposed
SUDAS simultaneously utilizes licensed frequency bands and
unlicensed frequency bands with large available bandwidths (e.g.
the millimeter wave bands) to enable a spatial multiplexing gain
for single-antenna UEs to improve the energy efficiency and
throughput of 5-th generation (5G) outdoor-to-indoor communi-
cation. The resource allocation algorithm design is formulated
as a non-convex optimization problem for the maximization
of the end-to-end system energy efficiency (bits/Joule). The
non-convex matrix optimization problem is converted to an
equivalent non-convex scalar optimization problem for multiple
parallel channels, which is solved by an asymptotically globally
optimal iterative algorithm. Besides, we propose a suboptimal
algorithm which finds a locally optimal solution of the non-
convex optimization problem. Simulation results illustrate that
the proposed resource allocation algorithms for SUDAS achieve a
significant performance gain in terms of system energy efficiency
and spectral efficiency compared to conventional baseline systems
by offering multiple parallel data streams for single-antenna UEs.

Index Terms—5G outdoor-to-indoor communication, OFDMA
resource allocation, non-convex optimization.

I. INTRODUCTION

IGH data rate, high energy efficiency, and ubiquity

are basic requirements for 5-th generation (5G) wire-
less communication systems. A relevant technique for im-
proving the system throughput for given quality-of-service
(QoS) requirements is the combination of massive multiple-
input multiple-output (MIMO) [1]-[3] and millimeter wave
(mmW) communications [4], [5]. In particular, extra degrees
of freedom offered by massive MIMO and the large unlicensed
bandwidth in the mmW frequency bands facilitate efficient
resource allocation. However, state-of-the-art user equipment
(UEs) are typically equipped with a small number of receive
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antennas which limits the spatial multiplexing gain offered by
MIMO to individual UEs. Besides, the high penetration loss
of building walls limits the suitability of mmW for outdoor-to-
indoor communication scenarios [6], [7]. Nevertheless, most
mobile data traffic is consumed indoors [8] and, hence, an
effective system architecture for outdoor-to-indoor communi-
cation is needed.

Distributed antenna systems (DAS) are a system architecture
on the network side and a special form of MIMO. DAS are
able to cover the dead spots in wireless networks, extend
service coverage, improve spectral efficiency, and mitigate
interference [9], [10]. It is expected that DAS will play an
important role in 5G communication systems [11]. Specif-
ically, DAS can realize the potential performance gains of
MIMO systems by sharing antennas across the different ter-
minals of a communication system to form a virtual MIMO
system [12]. Recently, there has been a growing interest
in combining orthogonal frequency division multiple access
(OFDMA) and DAS to pave the way for the transition of
existing communication systems to 5G [13]-[15]. In [13], the
authors studied suboptimal resource allocation algorithms for
multiuser MIMO-OFDMA systems. In [14], a utility-based
low complexity scheduling scheme was proposed for multiuser
MIMO-OFDMA systems to strike a balance between system
throughput and computational complexity. Optimal subcarrier
allocation, power allocation, and bit loading for OFDMA-DAS
was investigated in [15]. However, similar to massive MIMO,
DAS cannot significantly improve the data rate of individual
UEs when the UEs are single-antenna devices. Besides, since
[13]-[15] consider either the downlink or the uplink, the
obtained results may no longer be applicable when joint opti-
mization of downlink and uplink resource usage is considered.
Furthermore, the total system throughput in [13]-[15] is not
only limited by the number of antennas equipped at individual
UEs but is also constrained by the system bandwidth which
is a very scarce resource in licensed frequency bands. In fact,
licensed spectrum is usually located at sub-6 GHz frequencies
which are suitable for long distance communication. On the
contrary, the unlicensed frequency spectrum around 60 GHz
offers a large bandwidth of 7 GHz for wireless communica-
tions but is only suitable for short distance communication.
This suggests that it may be beneficial to simultaneously
utilize both licensed and unlicensed frequency bands for high
rate communication which constitutes a paradigm shift in
system and resource allocation algorithm design due to the
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related new challenges and opportunities. Yet, the potential
system throughput gains of such hybrid systems have not been
thoroughly investigated in the literature. Thus, in this work, we
study the resource allocation design for hybrid communication
systems simultaneously utilizing licensed and unlicensed fre-
quency bands to improve the system performance.

An important requirement for 5G systems is energy efficien-
cy. Over the past decades, the development of wireless com-
munication networks worldwide has triggered an exponential
growth in the number of wireless communication devices for
real time video teleconferencing, online high definition video
streaming, environmental monitoring, and safety management.
It is expected that by 2020, the number of interconnected de-
vices on the planet may reach up to 50 billion [16]. The related
tremendous increase in the number of wireless transmitters and
receivers has not only led to a huge demand for licensed band-
width but also for energy. In particular, the escalating energy
consumption of electronic circuitries for communication and
radio frequency (RF) transmission increases the operation cost
of service providers and raises serious environmental concerns
due to the produced green house gases. As a result, energy
efficiency has become as important as spectral efficiency for
the evaluation of the performance of the resource utilization
in communication networks. As a consequence, a tremendous
number of green resource allocation algorithm designs have
been proposed in the literature for maximization of the energy
efficiency of wireless communication systems [3], [17]-[19].
In [3], joint power allocation and subcarrier allocation was
considered for energy-efficient massive MIMO systems. In
[17], the energy efficiency of a three-node multiuser MIMO
system was studied for the two-hop compress-and-forward
relaying protocol. The trade-off between energy efficiency and
spectral efficiency in DAS for fair resource allocation in flat
fading channels was studied in [18]. Power allocation for
energy-efficient DAS was investigated in [19] for frequency-
selective channels. However, in [3], [17]-[19], it was assumed
that the transmit antennas were deployed by service providers
and were connected to a central unit by high cost optical
fiber or cable links for facilitating simultaneous transmission
which may not be feasible in practice. To avoid this problem,
unlicensed and licensed frequency bands may be used simulta-
neously to create a wireless data pipeline for DAS to provide
high rate communication services. Nevertheless, the resource
allocation algorithm design for such a system architecture has
not been investigated in the literature, yet.

In this paper, we address the above issues and the contri-
butions of the paper are summarized as follows:

o We propose a shared UE-side distributed antenna system
(SUDAS) to assist the outdoor-to-indoor communication
in 5G wireless communication systems. In particular,
SUDAS simultaneously utilizes licensed and unlicensed
frequency bands to facilitate a spatial multiplexing gain
for single-antenna transceivers.

o We formulate the resource allocation algorithm design
for SUDAS assisted OFDMA downlink/uplink transmis-
sion systems as a non-convex optimization problem.
By exploiting the structure of the optimal precoding
and post-processing matrices adopted at the BS and the
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Fig. 1. The upper half of the figure illustrates the downlink and uplink
communication between a base station (BS) and K = 3 user equipments
(UEs) assisted by M = 3 SUDACs. The proposed system utilizes a licensed
frequency band and an unlicensed frequency band such as the mmW band
(e.g. ~ 60 GHz). The lower half of the figure depicts the time division duplex
(TDD) approach adopted for downlink and uplink communication within a
coherence time slot.

SUDAS, the considered matrix optimization problem is
transformed into an equivalent optimization problem with
scalar optimization variables.

o An iterative algorithm is proposed to achieve the globally
optimal performance of the SUDAS asymptotically for
high signal-to-noise ratios (SNRs) and large numbers of
subcarriers.

o A suboptimal resource allocation algorithm is developed
based on the asymptotically optimal algorithm which
achieves a locally optimal solution for the considered
problem for arbitrary SNRs.

II. SUDAS ASSISTED OFDMA NETWORK MODEL

A. SUDAS System Model

We consider a SUDAS assisted OFDMA downlink (DL)
and uplink (UL) transmission network which consists of
one N antenna BS, a SUDAS, and K single-antenna UEs,
cf. Figure 1. The BS is half-duplex and equipped with N
antennas for transmitting and receiving signals in a licensed
frequency band. The UEs are single-antenna devices receiving
and transmitting signals in the unlicensed frequency band.
Also, we focus on a wideband multicarrier communication
system with ng orthogonal subcarriers. The SUDAS comprises
M shared UE-side distributed antenna components (SUDACsS).
A SUDAC is a small and cheap device deployed inside a
building! which simultaneously utilizes both a licensed and an
unlicensed frequency band for increasing the DL and UL end-
to-end communication data rate. A basic SUDAC is equipped
with one antenna for use in a licensed band and one antenna for

'We note that the SUDAS is designed for assisting outdoor-to-indoor
communication. The SUDACs could be integrated into electrical devices such
as electrical wall outlets, switches, and light outlets.
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Fig. 2. Illustration of signal forwarding from(/to) a licensed band to(/from)
different unlicensed frequency sub-bands in the SUDAS.

use in an unlicensed band. We note that the considered single-
antenna model for SUDAC can be extended to the case of an-
tenna arrays at the expense of a higher complexity and a more
involved notation. Furthermore, a SUDAC is equipped with a
mixer to perform frequency up-conversion/down-conversion.
For example, for DL communication, the SUDAC receives
the signal from the BS in a licensed frequency band, e.g.
at 800 MHz, processes the received signal, and forwards the
signal to the UEs in an unlicensed frequency band, e.g. the
mmW bands. We note that since the BS-SUDAC link operates
in a sub-6 GHz licensed frequency band, it is expected that
the associated path loss due to blockage by building walls
is much smaller compared to the case where mmW bands
are directly used for outdoor-to-indoor communication. Hence,
the BS-to-SUDAS channel serves as wireless data pipeline for
the SUDAS-to-UE communication channel. Also, since signal
reception and transmission at each SUDAC are separated in
frequency, cf. Figure 2 and [20], simultaneous signal reception
and transmission can be performed in the proposed SUDAS
which is not possible for traditional relaying systems” due to
the limited availability of spectrum in the licensed bands. The
UL transmission via SUDAS can be performed in a similar
manner as the DL transmission and the detailed operation
will be discussed in the next section. In practice, a huge
bandwidth is available in the unlicensed bands. For instance,
there is nearly 7 GHz of unlicensed frequency spectrum
available for information transmission in the 57 — 64 GHz
band (mmW band). In this paper, we study the potential system
performance gains for outdoor-to-indoor transmission achieved
by the proposed SUDAS architecture. In particular, we focus
on the case where the SUDACs are installed in electrical wall
outlets indoor and can cooperate with each other by sharing
channel state information, power, and received signals, e.g.

2Since the BS-to-SUDAS and SUDAS-to-UE links operate in two different
frequency bands, the proposed SUDAS should not be considered a traditional
relaying system [21].

via power line communication links®. In other words, for
the proposed resource allocation algorithm, joint processing
across the SUDACS is assumed to be possible such that the
SUDACSs can fully exploit the degrees of freedom offered
by their antennas. Hence, the joint processing architecture
of the SUDAS in this paper reveals the maximum potential
performance gain of the proposed SUDAS.

Furthermore, we adopt time division duplexing (TDD) to
facilitate UL and DL communication for half-duplex UEs
and BS. To simplify the following presentation, we assume
a normalized unit length time slot whose duration is the
coherence time of the channel, i.e., the communication channel
is time-invariant within a time slot. Each time slot is divided
into two intervals of duration o and 3, which are allocated for
the DL and UL communication, respectively.

Remark 1: We note that a SUDAC can perform amplify-
and-forward (AF) relaying or compress-and-forward (CF) re-
laying to facilitate the transmission or reception of multiple
data streams. In this paper, we focus on the resource allocation
algorithm design for AF SUDACs due to their potentially
lower cost in implementation compared to CF SUDACsS.
We refer to [23] for more details regarding the hardware
implementation of SUDACs:.

B. SUDAS DL Channel Model

In the DL transmission period «, the BS performs spatial
multiplexing in the licensed band. The data symbol vector

dl'M e CNsx1 on subcarrier i € {1,...,np} for UE
ke{l,..., K} is precoded at the BS as
W~ phaly W

where P][Sf] € CN*Ns s the precoding matrix adopted by
the BS on subcarrier 4 and CV*™s denotes the set of all N x
Ng matrices with complex entries. The signals received on
subcarrier ¢ at the M/ SUDACs for UE k are given by

ik % ik ]
iy = HEL x4l @)
i,k i,k i,k i,k
where yifl = [ylh 1]3L1 Lyt ]]DLM]T, ylh 1])L denotes
the received signal at SUDAC m € {1,..., M}, and ()

the transpose operation. Hg _,g is the M x N MIMO channel
matrix between the BS and the M/ SUDACS on subcarrier ¢ and
captures the joint effects of path loss, shadowing, and multi-
path fading. z[?/ is the additive white Gaussian noise (AWGN)
vector impairing the M SUDACs in the licensed band on
subcarrier ¢ and has a circularly symmetric complex Gaussian
(CSCQ) distribution CA/(0, X) on subcarrier 4, where 0 is the
mean vector and X is the M x M covariance matrix which is
a diagonal matrix with each main diagonal element given by
Np.

3In practice, the backhaul communication between SUDACs can be imple-
mented by optical fibers or power line communication. In fact, the proposed
framework can be extended to include the effects of limited backhaul capacity
between the SUDACs by following a similar approach as in [22]. However,
the main focus of this paper is the introduction of the SUDAS concept
and the study of its potential for energy-efficient communication. Thus, the
investigation of the impact of a limited backhaul on SUDAS is left for future
work.
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In the unlicensed band, each SUDAC performs orthogonal
frequency repetition. In particular, the M SUDACs multl{)ly
the received signal vector on subcarrier ¢, y[S kDL, by F :
CMxM and forward the processed signal vector to UE k on
subcarrier ¢ in M different independent frequency sub-bands
in the unlicensed spectrum*, cf. Figure 2. In other words,
different SUDACs forward their received signals in different
sub-bands and thereby avoid multiple access interference in
the unlicensed spectrum.

The signal received at UE k on subcarrier ¢ from the
SUDACS® in the M frequency bands, yi'*} . € CM*1 | can
be expressed as

i,k i,k i,k i i,k] qli,k
y[sJUE = H[SJUE [ ]H%]asp[ ]dEDL]

desired signal

HY " L FR 2l 1nlih), 3)

_|_

amplified noise

The m-th element of vector y[s7_>]UE represents the received

DL signal at UE k£ in the m-th unlicensed frequency sub-
band. Since the SUDACSs forward the DL received signals in
different orthogonal frequency bands, H[S _JUE is a diagonal
matrix with the diagonal elements representing the channel
gains between the SUDACs and UE k on subcarrier ¢ in
unlicensed sub-band m. nl**l € CM*1 is the AWGN vector
at UE k on subcarrier ¢ with distribution CN'(0, X}), where
3 is an M x M diagonal matrix and each main diagonal
element is equal to Nyg, .

We assume that M > Ng and UE k employs a linear
receiver for estimating the DL data vector symbol received in
the M different sub-bands in the unlicensed band. Hence, the
estimated data vector symbol, dl"F € CNs*1, on subcarrier i
at UE k is given by

Ak — (wlikhyryleh @)

where W[Z M e ©MxNs is a post-processing matrix ap-

plied in subcarrier i at UE k, and (-)¥ denotes the Hermi-
tian transpose Without loss of generality, we assume that
gfaliFl @l MyHy = 1y, where Iy, is an Ns x Ns identity
matrix and &{-} denotes statistical expectation. In other words,
for each antenna, the power of the downlink symbols in the
baseband is normalized to one, which is a commonly adopted
normalization in the literature for precoder design [24], [25].
The minimum mean square error (MMSE) matrix for data
transmission on subcarrier ¢ for UE k via the proposed SUDAS
and the optimal MMSE post-processing matrix are given by

i,k i k i,k [,k i,k
Epy = e{(df!! —ai@hy! - alih "y
. -1
i,k i,k]\ — i,k
+ (I‘%L])H(QJ[DL]) II‘%L]} )
i,k i,k i,k i,k) ik
and W][Z)L] = (F][DL}(F][I)L])H + @][Z)L )" 1I‘][3L]7 (6)

In,

4For a signal bandwidth of 20 MHz, there are 350 orthogonal sub-bands
available within 7 GHz of bandwidth in the 60 GHz mmW band [5]. For
simplicity, we assume that each of the M SUDAC:s uses one fixed sub-band
for DL and UL communication.

SWe note that the signal model considered in the paper can be easily
extended such that the indoor UEs can use both the licensed and the unlicensed
bands for communication.

respectively, where (~)_1 denotes the matrix inverse, I‘%f] is

the effective end-to-end channel matrix from the BS to UE &
via the SUDAS on subcarrier ¢, and @%f] is the corresponding
equivalent noise covariance matrix. These matrices are given
by

HH B P ang

ik ik ik iR\ 2
(H[S—JUEFEJL]) (H:[S—JUEF{)L]) + I (D

ik
iy

ik
®£DL] =

C. SUDAS UL Channel Model

In the UL transmission period 3, UE k performs frequency
multiplexing in the unlicensed band. The data symbol vector
d%’f] € CNs*1 on subcarrier i € {1, ..., np} from UE k is
precoded as

ik ik] qlik
xti) = PLldii, (®)
where P[z e ©MxNs is the UL precoding matrix adopted by

UE k on subcarrier 1 over the M different frequency sub-bands
in the unlicensed spectrum. The signals received on subcarrier
1 at the M SUDACSs for UE k are given by

[2,k] [2,k]

ik i
[S—I]JL = Hig,sxur + v, 9
i,k i,k i,k i,k
where y[S ]UL [yé ]ULl y[S []]LM]T [S_%Lm denotes the

received signal at SUDAC m in unlicensed frequency sub-
band m € {1,..., M}, and vl is the AWGN impairing the
M SUDACS on subcarrier ¢ in the unlicensed frequency band.
vl has distribution CA/(0, Zyy,), where Zyy, is an M x M
diagonal matrix and each main diagonal element is equal to
NyrL. H[UELS is a diagonal matrix with the main diagonal
elements representing the channel gains between UE k and the
M SUDAC:S on subcarrier ¢ in unlicensed sub-band m. In fact,
the UEs-to-SUDAS channels serve as a short distance wireless
data pipeline for the SUDAS-to-BS UL communication.

Each SUDAC forwards the signals received in the unli-
censed band in the licensed band to assist the UL communica-
tion. In particular, the M SUDACs multiply the received signal
vector on subcarrier i by F[{Hf] € CM*M and forward the
processed signal vector to the BS on subcarrier ¢ in the licensed
spectrum, cf. Figure 2. As a result, the signal received at the
BS from UE k on subcarrier i via the SUDAS, y["*L, e c¥x1,
can be expressed as

[é,k]

[¢,k]
yS*}B

i,k s
Hy s FU Ho! P

desired signal

+ HY R plok, (10)

amplified noise

Matrix H[Sl]_>B is the UL channel between the M SUDACs
and the BS on subcarrier 7, and ng’k] is the AWGN vector in
subcarrier 7 at the BS with distribution CA/(0, X), where Xp
isan M x M diagonal matrix and each main diagonal element
is equal to Np. At the BS, we assume that N > Ng and the
BS employs a linear receiver for estimating the data vector
symbol received from the SUDAS in the licensed band. The

1536-1276 (c) 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TWC.2016.2517626, IEEE

Transactions on Wireless Communications

estimated data vector symbol, El[Uif] e CNs*1 on subcarrier i

at the BS from UE £ is given by

ik ik ik

di’ = (W) "y, (1)
where ng} € CM>Ns s a post-processing matrix used for
subcarrier ¢ at UE k. Without loss of generality, we assume for
the uplink data vector signal the same normahzatlon as for the
downlink data vector signal, i.e., E{d[l Halt k])H} =1In,. As
a result, the MMSE matrix for data transmission on subcarrier
1 from UE k to the BS via the SUDAS and the optimal MMSE
post-processing matrix are given by

ik ~lisk k)N 5[k ik
B = e{@f - ali @i — afthm
ik kN —1gafik]] T
= [tv + @i @G T L a2
and Wi = (rEH@Eh? el irl, a3

respectively, where I‘%f] is the effective end-to-end channel

matrix from UE £ to the BS via the SUDAS on subcarrier
i, and @%’f} is the corresponding equivalent noise covariance
matrix. These matrices are given by

ik i ik eylisk ik
F[UL] = H[SLBF[UL]H%ELSP%L] and
ik ik ik ik ik 2
G[UL] = (H[[JELSF{JL])<H£JE]—>SF{JL]) + 1. (14)

Remark 2: Since TDD is adopted and DL and UL transmis-
sion occur consecutively within the same coherence time, for
resource allocation algorithm design, it is reasonable to assume
that channel reciprocity holds, i.e., H%g]_)s (H[Sl_k)]UE)H and
H[SZLB = (H[E;LS)H'

Remark 3: We note that existing systems such as LTE-A
enable both in-band and out-of-band relaying which, at first
glace, has a similar architecture as the proposed SUDAS. How-
ever, both types of relaying in LTE-A take place in licensed
bands. Besides, the functionality and application scenarios of
SUDAS are different from those of traditional relaying systems
in the literature which aim at extending service coverage
[26], [27]. Traditional relays are usually deployed by service
providers and installed at fixed locations. In contrast, the
proposed SUDAS is deployed by the end users indoor and
not at a priori fixed locations. On the other hand, licensed
spectrum is usually located at sub-6 GHz frequencies which
are suitable for long distance communication but have limited
bandwidth available. In contrast, the unlicensed frequency
spectrum around 60 GHz offers a large bandwidth of 7 GHz
for wireless communications but is limited to short distance
communication. In fact, the characteristics of the licensed and
the unlicensed bands complement each other. The proposed
SUDAS acts as a bridge to connect two bands to facilitate
the conversion of spatial multiplexing gains and frequency
multiplexing gains such that single-antenna UEs are able
to transmit/receive multiple parallel data streams on each
subcarrier.

III. PROBLEM FORMULATION

In this section, we first introduce the adopted system perfor-
mance measure. Then, the design of resource allocation and
scheduling is formulated as an optimization problem.

A. System Throughput, Power Consumption, and Energy Effi-
ciency
The end-to-end DL and UL achievable data rates on sub-

carrier ¢ between the BS and UE k£ via the SUDAS are given
by [24]

R = —log, ((det[BE)) and
—log, (det[E%’Lk]]),

respectively, where det(-) is the determinant operation. The
DL and UL data rates (bits/s) for UE k can be expressed as

R = (15)

ng

ZsZk]R[qk and pL Z

DRI a6

respectively, where s][g’Lk € {0,a} and séf] € {0,8} are

the discrete subcarrier allocation indicators, respectively. In
particular, a DL and an UL subcarrier can only be utilized for
a and f portions of the coherence time, respectively, or not
be used at all.

The system throughput is given by

ZP L"‘ZP

[bits/s], a7

Whel]‘ce Pk = {P][Sf, Bé],PéLk],F[lk]} and § =
{S%L], SGL], «a, B} are the precoding and subcarrier allocation

policies, respectively.

On the other hand, the power consumption of the considered
SUDAS assisted communication system (Joule/s) consists of
seven terms which can be divided into three groups and
expressed as

Urp(P,S)

:PCB +NPAntB +MPCSUDAC +KPCUE (18a)
System circuit power consumption
K np
30> shitlen e (@) +sliles T (GEL) (180)
k=1i=1

Total DL transmit power consumption

K n
+Zisks{§f]Tr( o) + siiles T (GLHT) (180)

k=11i=1

Total UL transmit power consumption

where
@iy =Py ()" (19)
e =P (P 20)

i,k i,k [ i,k i,k
il =Fi (HE sef HEL o7 + 1 ) (R @D

[4,k]

i,k i,k i,k s i,k
G%L}_F%L](H%ELS(I)[ ! UEme) 1 )(F[ ]) , (22)

and Tr(-) is the trace operator. The three positive constant
terms in (18a), i.e., Pcy, Pcgypac, and Pgy,, represent the
power dissipation of the circuits [22] for the basic operation
of the BS, the SUDAC, and the UE, respectively, and Pantg
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denotes the circuit power consumption per BS antenna. E-
quations (18b) and (18c) denote the total DL and the total
UL transmit power consumptions, respectively. Specifically,
Tr(G][Sf]) and Tr( G%’Lk]) are the DL and UL transmit powers
of the SUDAS needed for facilitating the DL and UL com-
munication of UE k in subcarrier i, respectively. Similarly,
Tr (P[Z MPEHYH) and Tr (P%f] (P%EJ)H) represent the
DL transmit power from the BS to the SUDAS for UE k and
the UL transmit power from UE k to the SUDAS in subcarrier
1, respectively. To capture the power inefficiency of the power
amplifiers, we introduce in (18) linear multiplicative constants
€B,€s, and ¢y, for the power radiated by the BS, the SUDAS,
and UE £k, respectively. For instance, if eg = 4, then for 1
Watt of power radiated in the RF, the BS consumes 4 Watt of
power which leads to a power amplifier efficiency of 25%°.

The energy efficiency of the considered system is defined
as the total number of bits exchanged between the BS and the
K UEs via the SUDAS per Joule consumed energy:

Ur,S)

Uer(P,S) = Unp(P.S)

[bits/Joule]. (23)
B. Optimization Problem Formulation

The optimal recodin matrices, P* =
, p P g
(Plkx okl plikls plbMy “and the optimal subcarrier

allocation policy, §* = ][Sf] , %I’f ,a* B*}, can be

obtained by solving the following optimization problem:
imi ot (P, S
ma}élgnze U (P, S)

ng

s.t. CI: ZZS[Zk

k=11i=1

C2: Zis[z’f ( ”k])SMPmax,

k=11=1

ik ik
r(PEI®GT) < o

C3: Zszf]T\r(P[lk]( [éf]) )Spman,Vk’

G

Cd: Zzs[z’f
k=11=1
Cs: pk] > RPL Wk € Doy, C6: pk] >RUL
C7: Zs C8: ZSUL < B, Vi,
Cl10: s”“] € {0, 8},Vi, k

C9sZk] € {0,a},Vi, k
Cll:a+p<1, Cl2: a,3 > 0.

< pUL

max?

Vk € Dy,

< a, Vi,

(24)

Constants Pr and M P, in Cl1 and C2 are the maximum
transmit power allowances for the BS and the SUDAS (M
SUDACS) for DL transmission, respectively, where Pp,,x 1S
the average transmit power budget for a SUDAC. Similarly,
constraints C3 and C4 limit the transmit power for UE k and
the SUDAS (M SUDACS) for UL transmission, respectively,

where Py, and PUL  are the maximum transmit power

In this paper, we assume that Class A power amplifiers with linear
characteristic are implemented at the transceivers. The maximum power
efficiency of Class A amplifiers is limited to 25%.

budgets of UE k and the SUDAS, respectively. We note that
in practice the maximum transmit power allowances for the
SUDAS-to-UE link, P.y, and SUDAS-to-BS link, PUL
may be different due to different regulations in licensed and
unlicensed bands. Sets Dpp, and Dyy, in constraints C5 and
C6 denote the sets of delay sensitive UEs for DL and UL
communication, respectively. In particular, the system has to
guarantee a minimum required DL data rate RB{‘nk and UL
data rate REHLM, if UE k requests delay sensitive services in
the DL and UL, respectively. Constraints C7—C10 are imposed
to guarantee that each subcarrier can serve at most one UE
for DL and UL communication for fractions of « and f
of the available time, respectively. Constraints C11 and C12
are the boundary conditions for the durations of DL and UL

transmission.

IV. RESOURCE ALLOCATION ALGORITHM DESIGN

The considered optimization problem has a non-convex
objective function in fractional form. Besides, the precoding
matrices {P%f],P%f]} nd {F[f)f, lk]} are coupled in
(21) and (22) leading to a non-convex feasible solution set
in (24). Also, constraints C9 and C10 are combinatorial
constraints which results in a discontinuity in the solution set.
In general, there is no systematic approach for solving non-
convex optimization problems optimally. In many cases, an
exhaustive search method may be needed to obtain the global
optimal solution. Yet, applying such method to our problem
will lead to prohibitively high computational complexity since
the search space for the optimal solution grows exponentially
with respect to K and np. In order to make the problem
tractable, we first transform the objective function in fractional
form into an equivalent objective function in subtractive form
via fractional programming theory. Subsequently, majorization
theory is exploited to obtain the structure of the optimal
precoding policy to further simplify the problem. Then, we
employ constraint relaxation to handle the binary constraints
C9 and C10 to obtain an asymptotically optimal resource
allocation algorithm in the high SNR regime and for large
numbers of subcarriers.

A. Transformation of the Optimization Problem

For notational simplicity, we define F as the set of feasible
solutions of the optimization problem in (24) spanned by
constraints C1 — C12. Without loss of generality, we assume
that {P,S} € F and the solution set F is non-empty and
compact. Then, the maximum energy efficiency of the SUDAS
assisted communication, denoted as 1, is given by

. uPns) UP,S)
et = Urp (P*,S5%) H{I%X‘Sl'?fl:‘l.%e Urp(P,S)
Now, we introduce the following theorem for handling the
optimization problem in (24).
Theorem 1: By nonlinear fractional programming theory
[28], [29], the resource allocation policy achieves the max-
imum energy efficiency 7’ if and only if it satisfies

maxn}nljzfe U(P,S) — nigUrp(P,S)

{P,s
= U(P",8%) = neg Ure(P*,S8%) =0,

(25)

(26)
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TABLE 1
ITERATIVE RESOURCE ALLOCATION ALGORITHM.

Algorithm 1 Iterative Resource Allocation Algorithm

1: Initialization: Nl?élr‘kelb“h the maximum number of iterations and A —
0 is the maximum tolerance
2: Set negr = 0 and iteration index t = 0
3: repeat {Iteration Process: Main Loop}
4: For a given neg, solve (27) and obtain an intermediate resource
allocation policy {P’, S’}

S: i UCP',S') — nelre (P, S') < Al then
6: Convergence =true, return {P*,S§*} = {P’, S8’} and 0’z =
ur',s"
Urp (P’,S")
7: e ;o
8: Set Ner = % and t =t 4 1, convergence = false
9:  endif ’
10: until Convergence = trueor t = Nf?é‘r‘kelb“h

for U(P,S) > 0 and Urp(P,S) > 0.

Proof: Please refer to [28], [29] for a proof of Theorem 1.
]

Theorem 1 states the necessary and sufficient condition for a
resource allocation policy to be globally optimal. Hence, for an
optimization problem with an objective function in fractional
form, there exists an equivalent optimization problem with
an objective function in subtractive form, e.g. U(P*,S*) —
nig Urp(P*,8*) in this paper, such that the same optimal
resource allocation policy solves both problems. Therefore,
without loss of generality, we can focus on the objective
function in equivalent subtractive form to design a resource
allocation policy which satisfies Theorem 1 in the sequel.

B. Asymptotically Optimal Solution

In this section, we propose an asymptotically optimal it-
erative algorithm based on the Dinkelbach method [28] for
solving (24) with an equivalent objective function such that the
obtained solution satisfies the conditions stated in Theorem 1.
The proposed iterative algorithm is summarized in Table I and
the convergence to the optimal energy efficiency is guaranteed
if the inner problem (27) is solved in each iteration. Please
refer to [28] for a proof of the convergence of the iterative
algorithm.

The iterative algorithm is implemented with a repeated loop.
In each iteration in the main loop, i.e., lines 3 — 10, we solve
the following optimization problem for a given parameter 7qg:

ma%irglize U(P,S) — negUrp(P,S)

s.t. Cl - C12. Q7

Solution of the Main Loop Problem (27): The transformed
objective function is in subtractive form and is parameter-
ized by variable 7.g. Yet, the transformed problem is still
a non-convex optimization problem. We handle the coupled
precoding matrices by studying the structure of the optimal
precoding matrices for (27). In this context, we define the
following matrices to facilitate the subsequent presentation.

Using singular value decomposition (SVD), the DL two-hop

channel matrices Hg] _,g and ng]UE can be written as

Hg]as = U%LSAELS(VE]_)S)H and
i,k i,k i,k i,k]

H[S—>]UE = U[S—>]UEA[S—>]UE(V[S—>UE)H7 (28)
respectively, where Ul (e cMxM yll o ¢
CNxN USI—Ii]UE € CMxM_ and Vsl—>k]UE c CMXJV[
are unitary matrices. AQ _,g and Agf)]UE are M x N
and M x M matrices with main diagonal element
vectors {\/ 7][§L>S 1y ’YB—>S 20/ 7B—>s Rl} and

[¢,k] [i,k] [4,k] |
VSSHUE, 1 WSHUE 2 . ”YSHUE R, respectively,

and all other elements equal to zero. ubscrlpt indices
R; = Rank(H) () and R, = Rank(HI™*) ) denote the
rank of matrices HB] _,g and H[[Sj]UE’ respectively. Variables
’71[3]—>sn and 'yé’_)]UEn represent the equivalent channel-to-
noise ratio (CNR) on spatial channel n in subcarrier ¢ of the
BS-to-SUDAS channel and the SUDAS-to-UE k channel,
respectively. Similarly, we can exploit channel reciprocity and

apply SVD to the UL two-hop channel matrices which yields

—S (A[Eé]ﬁS)H (UE]AS)H and

ik ik ik
Vés]UE (A[[S%]UE)H (U[SJUE)H-

B, = Vi

Hipl s = (29)

We are now ready to introduce the following theorem.

Theorem 2: Assuming that Rank(P lI]f ]

Rank (P! k]) = Rank(FiF)) = Rank(F! B <
mm{Rank( [SZiUE) Rank(H%] ,q)}, the optlmal llnear
precoding matrices used at the BS and the SUDACs for the
maximization problem in (27) jointly diagonalize the DL and
UL channels of the BS-SUDAS-UE link on each subcarrier,
despite the non-convexity of the objective function’. The
optimal precoding matrices have the following structure:

Pit = VI ALY, (30)
Fif = VI AR (ORHO (31)
P[tilf] = ﬁ[SiLUEA%ISLL’ and (32)
Fit = ORMAR (VEN T (33)

respectively, where \7'][;]_,5, A%éﬂ , and ﬁgfjs are the Ng

rightmost columns of VELS, Ve k] E, and U%i]s, respec-

. S—
tively. Matrices A" kL € CNsxNs ALK o

7 (CNSXNS AFDL BuL
CNsxNs - and A%;}L € CNs*Ns are diagonal matrices which

7We note that the diagonal structure 1s also optimal for frequency dlvmon
duplex systems where HE}ELS # (H E)H and HI ]—>B # (HB—>S)
Only the optimal precoding matrices in (30) and (32) w111 change accordingly
to jointly diagonalize the end-to-end channel.
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can be expressed as

Aglﬂ diag (xéfi) AED’? diag (xli:g) (34)
A%é] L, =diag (x%é}m) A[Z k} = diag ( [6,k] ), (35)
Xg;ﬂ = \/ Blj]S 1 \/ gjs n- \/ Blj]S Ns:| (36)

[3,k] [4,k]

i,k i,k
= _\/PSH%JE,I - -\/PSJJE,n' \/ Ps v NS} ;(37)
i,k i,k i,k i,k
X[UELL = \/PL[IELS,l = '\/PI[JELS,n = \/PI[JELS Ns} ,(38)

[i,k] _ _\/PS[,TI]BJ .. \/nggn .. -\/Ps[gk]]&Ns]’

and x 39

Fur

respectively, where diag(xy,--- , Tk
trix with diagonal elements {z1,- -
tion variables P][;j]s "o PS[Z%En PL[}EICLSTL and ng}gn are,
respectively, the equlvalent transmit powers of the BS-to-
SUDAS link, the SUDAS-to-UE link, the UE-to-SUDAS link,
and the SUDAS-to-BS link for UE £ on spatial channel n and

subcarrier 1.

) denotes a diagonal ma-
, Tr }. Scalar optimiza-

Proof: Please refer to the Appendix. ]

By adopting the optimal precoding matrices provided in
Theorem 2, the DL and UL end-to-end channel on subcarrier ¢
is converted into Ng parallel spatial channels. More important-
ly, the structure of the optimal precoding matrices simplifies
the resource allocation algorithm design significantly as the
matrix optimization variables can be replaced by equivalent
scalar optimization variables. As a result, the achievable rates
in DL and UL on subcarrier ¢ from the BS to UE k via the
SUDAS in (15) can be simplified as

RIH = Z log, (1+ SINR[ ),

[ plikl plik ik

SINRSE] __ TBosnm BHkS n SHUEkn’ySHUEkn . (40)
1+ [ plA | plR Tk
B—)S n- B—S,n S—UE,n IS—UE,n
RiM = Z log, (1+ SINRE ),
i,k i,k i,k
[e,k] /yéLB nPS[H}B nPI[JELS n’yl[JELS n
SINR{] = > N
L+ 755805580 T PUBSS n YUESS .

where SINR%E] and SINR[l M are the received signal-to-
interference- plus noise-ratios (SINRS) at UE k and the BS in
subcarrier ¢ in spatial subchannel n € {1,..., Ng}, respective-
ly. Although the objective function is now a scalar function
with respect to the optimization variables, it is still non-convex.
To obtain a tractable resource allocation algorithm design, we
propose the following objective function approximation. In
particular, the end-to-end DL and UL SINRs on subcarrier

i for UE k can be approximated, respectively, as

SINRI ~ SINRE!  and  SINRU A SINRy; , where
[ i,k i,k i,k
FE s sykl k] ][BL)S,nPE[BH]S nPS[%]UE nwé—)}UE n
SINRpy, [1] [1,k] [i,k] [i,k] ’
TBosnPBosn T PSS URnYSSUER
o pliH plik L lik
SINR! [i k] _ YS>B.n .1713 n E[l—;]s nVUE—;]s n (42)

(7] [
VsoBnPs B T PUBss n YUBSS A

We note that this approximation is asymptotically tight for
high SNR? [26], [27].

The next step is to tackle the non-convexity due to com-
binatorial constraints C9 and C10 in (24). To this end, we
adopt the time-sharing relaxation approach. In particular, we
relax s[z "l and s%L] in constraints C9 and C10 such that they
are non- negatwe real valued optimization variables bounded
from above by « and S, respectively [30], i.e., 0 < s[z Kl <a
and 0 < 5[z Kl < . It has been shown in [30] that the time-
sharing relaxatlon is asymptotlcally optimal for a sufficiently
large number of subcarriers®. Next, we define a set with
four auxiliary optimization variables P = {P]g_f]s o P([}EkLs,m

S[z_%E n Ps[lfl]&n} and rewrite the transformed objective
function in (27) as:

————[i,k]
K ng NS
SINR
] DL,
Z/{Tr'lnq P S ZZ Z {SDL 10g2 ( T)
k=11i=1n=1 SDL
SINRy;.
i,k
[ ! 1. logy ( i ]gL ) } = TMeff (PCB+MPCSUDAC
SUL

K np Ng

JrI(‘ZD(JU‘J~: + Z Z Z 8Bﬁl[;ﬁ]s,n

k=1 1i=1 n=1

i.k] i k]

+€SﬁS[L>UE,n+€kﬁl[})E%S,n_FgSﬁS[T:]]&n) (43)
——1i,k] [4,k] ~ =[i,k]
where SINRp;, = SINRpp. ‘ﬁ and P = {PUH =

[i.k]  [i.K] plik] _ [.k] (k] plik] _
PB~>S nSDL ’PS—)UE n - PS%UE nSDL » PUEHS,n
I[}EkLS n %11?17 PS[Z—]:}]3 n PS[Z—]:]B,nS%[’?}} We note that the

new auxiliary optimization variables in P represent the actual
transmit energy under the time-sharing condition. As a result,
the combinatorial-constraint relaxed problem can be written

8Tt is expected that the high SNR assumption holds for the considered
system due to the short distance communication between the SUDAS and the

[2,k] [2,k] [2,k] [2,k]
UEs, i.e.. P3” yp n Y5 UEn PUE—S,n YUESS,n > 1

9The duality gap due to the time-sharing relaxation is virtually zero for
practical numbers of subcarriers, e.g. np > 8 [31].
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as:

ma)gimize Z/{Trans (ﬁ7 8)

P.,S
K ng NS
st. CI: ZZZ gj]SnSPm
k=1 i=1n=1
K ng Ns
ik
C2: ZZZ S[—>%JETI _MPmaX7
k=1 i=1n=1
ng
C3: Z UlEk]_>S n § PmaXMVka
i=1n=1
K ngp Nsg
Ck 3D DR < Pik
k=1 i=1n=1
Cc5-c8, €9:0< sl <avik,
cio: 0<si < vik Cl1LCl2.  (44)

Optimization problem (44) is jointly concave with respect to
the auxiliary optimization variables P and S. We note that

by solving optimization problem (44) for P, ][Sz_lf]s Pg_ﬂm o
[i.k] ’

P[[;EkLS n PS[Z_% ns SpL > and SBL]’ we can recover the solu-
tion for P[l_’i]s s PS[l—]:%JE,n’ PI[}’EIC]_}S,R, and Ps[l_]f]]?,n Thus, the
solution of (44) is asymptotically optimal with respect to (24)
for high SNR and sufficiently large numbers of subcarriers.

Now, we propose an algorithm for solving the transformed
problem in (44). Although the transformed problem is
jointly concave with respect to the optimization variables
and can be solved by standard numerical methods such as
interior point methods, this does not reveal the structure of
the optimal solution and the interaction between different
variables. Besides, the proposed asymptotically optimal
resource allocation algorithm structure will serve as a
building block for the design of a suboptimal resource
allocation algorithm in the next section. The proposed
iterative resource allocation algorithm is based on alternating
optimization, standard optimization techniques, and the
Karush-Kuhn-Tucker (KKT) conditions. The algorithm is
summarized in Table II and is implemented by a repeated
loop. In line 2, we first set the iteration index [ to zero
and initialize the resource allocation policy. Variables
PEYL (0, PEN s 0, PO L0, PR (0, s,
%f] (1), a(l), and B(I) denote the resource allocation policy
in the [-th iteration. Then, in each iteration, we solve (44),
which leads to (45)—(59):

+
i,k i,k i,k] i,k
i,k i,k i,k
B%S n ( [7,] ['L k:] P[l7k] _|_ [l] ) ?
TBo8,n YsSUE LSS UER T 7BSS 0
—[i,k] [i,k]

) = + ¥

i B—S,n B—S,

Qs = == <, 7

RV A + NeffEB 111(2)
—[i,k k i i,k i,k
25050 =40+ Wb )5 s 0 (14 98 e P ) (48)

i,k i,k] i,k
WEH = (M PO+ meen) (P )P In(2), (49)

TABLE 11
ITERATIVE RESOURCE ALLOCATION ALGORITHM FOR SUDAS ASSISTED
COMMUNICATION

Algorithm 2 Alternating Optimization

1: Initialize the maximum number of iterations NIAt(l; and a small constant

k—0
2: Set 1terat10n[_ K] index (6.K] ankc} initialize
Z7 T, 2, Z
{PB~>S n( ) PS%UE n(l) DL (l)} {PS%B n(l) UE—S, n(l)7
[lk()}a ,and l=1+1
3: repeat {Loop}
4:  For given PS[HUE »(1—=1) and a(1), solve (44) for Pl[Bla]S », by using
(45) which leads to intermediate power allocation variables P, (e, H]S "
5:  For given P][;'H]S », and a(l), solve (44) for PS[;%E , Via equation
(50) which leads to intermediate power allocation variables Ps[zj{]m "
6: Update the DL subcarrier allocation policy via (55) with PS[L]»C%JE LU=
1), ngls e and a(l) to obtain the intermediate DL subcarrier

allocation policy s%f]/ )
7:  For given Ps[zj}]?, 2 — 1) and (1), solve (44) for plil via

UE—S,n
equatlon (57) which leads to intermediate power allocation variables
(i, k]’
P UE—S,n

8:  For given pli: ELS , and B(1), solve (44) for P, SH]B ,, by using (59)

which leads to intermediate power allocation variables Ps[ljl]g "

9: Update the UL subcarrier allocation policy via (67) with PS[Z_I:]]3 2=
(i, k]’

1), Pyflg »» and B(I) to obtain the intermediate UL subcarrier

allocation policy s%’f], )

10: Update o and [ via standard linear programming methods to obtain
intermediate solutions of o and 3’
k k
L S:%JEn_PS[:l]JEn(l_lﬂgn |PB—>Sn_Pl[3—>]Sn(l_
k k]
)|<n,|s£3L] shr - Dl < k.
K
1P UE—>S n P[[IE]—>S ZU=DI <k, [P S—>B n*Ps[Z—u]a RU=1] <
K E}’“] [““](171)| <k
lo’ —Oél—lV<K,,aHd |B’—,3(l—1)| < k then
12: Convergence = true, return
[i,k] [i,k])’ [i,k]" pli,k]’ [i,k]’ [i,k]’
{PSZ—>UE,n7 PBZ—>S n’ ]:Z)L PU’LE—>S n’ PSZ—>B n’ éL & ’ﬁl}
13: else
14: Convergence = false, PSZ_%E a0 = PS[Z_%E nng—]:]s 20 =
P['L k 1 — ['ka] P[l k] 1 —
B—S,n® DL () = spr > Puis,n (D) =
[4,k]’ k] [i,k] [i,k] _ [ k] _
PUZE—>S n SLB W) = PSl—>B wesun () = spr, L) =
o, Bl)=p1=1+1
15: end 1f

16: until [ = Nﬁg

with Ps[,lj%mn(l — 1) and «(l) from the last iteration, where

[#]T = max{z,0}. Then, the obtained intermediate power

allocation variable P]g’ L is used as an input for solving
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(44) for PS[l—]:%JEn via the following equations:

)
P = [vggs npgfg,nrgﬂwn] 7 0
Tgi]UEn = (S[SH]UE[?H_ VI[BL[SZ :]PI[?H]S n[l_kf) , (51)
1 2880 Vs SUE AT B S8 T VS S URR
o _ Eéff%E,nwgﬁ%E,n’ )
" i nares in(2)
:[sz’“]UE . méLs W)’ <6+neﬁes><P§i£ ° 1n< ), (53)

Egs. (45)—(54) are obtained by standard convex optimization
techniques. A and 0 in (47) and (52) are the Lagrange
multipliers for constraints C1 and C2 in (44), respectively. In
particular, A and § are monotonically decreasing with respect
to ng]s n and PS[:]%E’TL, respectively, and control the transmit
power at the BS and the SUDAS to satisfy constraints C1
and C2, respectively. Besides, w][ﬁ > 0 is the Lagrange
multiplier associated with the minimum required DL data rate
constraint C5 for delay sensitive UE k. The optimal values of
A, 0, and w][ﬁ in each iteration can be found by a standard
gradient algorithm such that constraints C1, C2, and C4 in (44)
are satisfied. Variable n.g > 0 generated by the Dinkelbach
method prevents unnecessary ener y expenditures by reduc-
ing the values of QBHS” and QSHUE” in (47) and (52),
respectively. Besides, the power allocation strategy in (45) and
(50) is analogous to the water-filling solution in traditional
single-hop communication systems. In particular, Q[Slj]UEn
and Q%’ES . act as water levels for controlling the allocated
power. Inteyrestingly, the water level in the power allocation for
the BS-to-SUDAS link depends on the associated channel gain
which is different from the power allocation in non-SUDAS
assisted communication [14], [15]. Furthermore, it can be seen
from (47) and (52) that the water levels of different users can
be different. Specifically, if the end-to-end channel gains of
two users are the same, to satisfy the data rate requirement,
the water level of a delay-sensitive user is generally higher
than that of a non-delay sensitive user.

After obtaining the intermediate DL power allocation policy,
cf. lines 4, 5, we update the DL subcarrier allocation, cf. line
6, as:

a if k=arg max MM
5][35] { te{l,...,.K} DL

0  otherwise

where
MEH (56)
S—
: SINR,,
= (1+wl)) (Zlog (1+SINRp, ) - ——2e ).
— 1+ SINRpy,

Here, SINR][;fl is obtained by substituting the intermediate
k)

solution of P5*L and PUM L i, (45) and (50), into (42)

in the [-th iteration. We note that the optimal value of s[ k}

of the relaxed problem is a discrete value, cf. (55), i.e., the
constraint relaxation is tight.
Similarly, we optimize the UL power allocation variables,

PI[}EkLS , and PS[ a%s n» Sequentially, cf. lines 7, 8, via the
fol]owmg equations:
+
ik i ik ik
PI[JE]—)SJL = éLB,nPS[—)l]B nT[UELS n ’ (57)
i,k i ik
UE—S,n — i i,k ik ik ’
2(Vé]~>B n’yI[JELS nps[ﬁg,n + ’YI[JEL)S,n
Jr
ik ik ik ik
I R
i,k i,k i,k
3, k] . (Q[S—)]B n _W[UEL)S nPI[JE]—>S,n - 2) 60
SoBn T QOH T phH W (60)
V$=B,n YUE=S,nl UESS,n TYSSBn
respectively, where
—[i,k ik
[,k] :%EL}S,n + \II[UELS,n
QUE—>s n= ) 61)
VUi + erer/In(2)
—[i,k i i,k
H%JE]—>S n (’YéLB n) (U’k + neffsk')(PS[—)]]?) n)2 111(2)’ (62)
i,k 7 i,k
— [,k i,k
[i,k] ‘:‘[S%]B,n + \IJ[SH]Bn
QS~>B n_ ’ (64)
V& + Netr€s ln(Z)
—[i,k K\ _[i ik i,k
20 =40 + 0l (1 + s 0 P hs ) (65)
i,k i,k ik
WEH = (g )20+ neres) (Pl ) In(2). (66)

Y and ¢ in (61) and (64) are the Lagrange multipliers
with respect to power consumption constraints C3 and C4 in
(44), respectively. Besides, w{f{ is the Lagrange multiplier
associated with the minimum required UL data rate constraint
C6 for delay sensitive UE k. The optimal values of vy, ¢,
and wl[ﬂ in each iteration can be easily obtained again with a
standard gradient algorithm such that constraints C3, C4, and
C6 in (44) are satisfied.

Then, we update the UL subcarrier allocation policy sy
via

[,]

if £k = ar max M[i’k]
sip)= ’ Sretiony UL (67)
0  otherwise
T it
i SINRy,
o 55 MER—(1 4wl (ZIOgQ (HSINR t]) 7“])
14+SINRy,

Lkl is obtained by substituting the intermediate

where SINRy, |

solutions for P[[}’Ek]_/}&n and Ps[l_% s 1€, (57) and (59), into
(42) in the [-th iteration. Again, the constraint relaxation is
tight.

Subsequently, for a given UL and DL power allocation
policy and given s%f] and s[éf], the optimization problem
is a linear programming with respect to o and 3. Thus, we
can update « and [ via standard linear programming methods

to obtain intermediate solutions for o and 3’ [32]. Then, the
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overall procedure is repeated iteratively until we reach the
maximum number of iterations or convergence is achieved. We
note that for a sufficient number of iterations, the convergence
to the optimal solution of (44) is guaranteed since (44) is
jointly concave with respect to the optimization variables [33].

C. Suboptimal Solution

In the last section, we proposed an asymptotically globally
optimal algorithm based on the high SNR assumption. In this
section, we propose a suboptimal resource allocation algorithm
which achieves a local optimal solution of (24) for arbitrary
SNR values. Similar to the asymptotically optimal solution, we
apply Theorem 1, Theorem 2, and Algorithm 1 to simplify the
power allocation and subcarrier allocation. In particular, the
DL and UL data rates of UE & on subcarrier ¢ are given by (40)
and (41), respectively. It can be observed that (40) and (41) are

[i,k] [i,k] [:K]
concave functions with respect to P]3 s Py SBon Py L UE.ms
and P[[;}’E]—)S,n individually, when the other variables are fixed.
Thus, we can apply alternating optimization to obtain a local
optimal solution [33] of (24). We note that unlike the proposed
asymptotically optimal scheme, the high SNR assumption is
not required to convexify the problem. The suboptimal solution
can be obtained by Algorithm 2 in Table II, but now, we
update the power allocation variables, i.e., lines 4,5,7,8, in
Algorithm 2, by using equations (68)—(71) on the top of next
page, which are obtained by applying standard optimization
techniques [27]. Besides, the subcarrier allocation policies for
DL and UL are still given by (55) and (67), respectively, except
that we replace STNRp; , SINRyy. by SINRIH SINR[H
in (42). The optimization variables are updated repeatedly
until convergence or the maximum number of iterations is
reached. In contrast to the asymptotically optimal algorithm in
Section 1V-B, which may not even achieve a locally optimal
solution for finite SNRs, the suboptimal iterative algorithm is
guaranteed to converge to a local optimum [33] for arbitrary
SNR values.

Remark 4: The problem formulation in (24) focuses on
energy efficiency maximization but is in fact very general.
For example, by setting @ = 0, 8 = 1, and RD%; = 0 in
(24), the proposed optimization problem becomes an uplink
energy efficiency maximization problem for the proposed
SUDAS. Besides, the proposed problem formulation is also
a generalization of network throughput maximization and
total power minimization, respectively. Indeed, the value of
Ne 1n (27) can be interpreted as the penalty to the energy
efficiency due to exceedingly high power consumption. If we
force 0y = O, i.e., there is no penalty in using exceed-
ingly high power, then the transformed optimization prob-
lem maximize U(P,S) — ks Urp(P,S) becomes a network

B

aggregate throughput maximization problem. Besides, it is
known that throughput maximization and power minimization
are dual to each other [34]. In other words, the solution
structure of our energy-efficiency maximization problem can
also be used to solve the throughput maximization and power
minimization problems by making some appropriate modifi-
cations [34].

D. Computational Complexity

In this section, we study the computational complexity of
the proposed asymptotically optimal and suboptimal algo-
rithms. The computational complexity analysis of the proposed
optimal algorithm can be divided into two parts. The first part
concerns the computational complexity of the singular value
decomposition (SVD) which can be upper bounded as [35,
Chapter 4.1]

O(MN? + N*). (72)

For the second part, we assume that quick sort is employed
for the subcarrier allocation in equations (55) and (67) and the
subgradient method is adopted to find the optimal Lagrange
multipliers. Combining these two parts, a computational com-
plexity upper bound for the proposed asymptotically optimal
solution is given by:

O((K + 1) x ngp x (MN? + N?))
SVD
+ Nllgé?kclbach { Nltlt { Nlct}éfd( (2xnp x KlogK)

subcarrier allocation

3K +5
+ 02 xnp x (K +1) x ng) +O((57+>) )}} (73)
power allocation subgradient

where O(-) is the big-O notation. Constants Njinkelbach,
NALt NGrad and § > 0 denote the number of iterations for
the Dinkelbach method, the number of iterations for alternating
optimization, the number of iterations for subgradient method,
and the solution accuracy, respectively. In (73), the factor
3K + 5 is the number of dual variables to be updated by
the subgradient method. On the other hand, the proposed
suboptimal algorithm has the same computational complexity
as the asymptotically optimal algorithm. We note that both of
the proposed algorithms are polynomial time computational
complexity algorithms which are considered to be fast algo-
rithms in the literature [36, Chapter 34] and are desirable for
real-time implementation.

V. RESULTS AND DISCUSSION

In this section, we evaluate the system performance based
on Monte Carlo simulations. We assume an indoor environ-
ment with K = 4 UEs and M SUDACs and an outdoor
BS. The distances between the BS and UEs and between
each SUDAS and each UE are 100 meters and 4 meters,
respectively. For the BS-to-SUDAS links, we adopt the Ur-
ban macro outdoor-to-indoor scenario of the Wireless World
Initiative New Radio (WINNER+) channel model [37]. The
center frequency and the bandwidth of the licensed band are
800 MHz and 20 MHz, respectively. There are np = 1200
subcarriers with 15 kHz subcarrier bandwidth resulting in
18 MHz signal bandwidth for data transmission!?. Hence,
the BS-to-SUDAS link configuration is in accordance with

10The proposed SUDAS can be easily extended to the case when carrier
aggregation is implemented at the BS to create a large signal bandwidth (~
100 MHz) in the licensed band.
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B—S,n [4] [i,k] P[i’k] 1 A\ - - ) (68)
TB—S,n VS»UEnT SSUER 1n(2)A+7eren)
i,k] [4] ik +
P[i,k] . 1 PE[EHS n B—)S n S~>]UE n(]' +w [ ] ) —1) -1 (69)
S—UEnR ™ T[4,k [4] P[Z k] 5 )
S UE.n ’YB%S WPBs  In(2) (0 +netres)
ik % k +
plikl  _ 1 PI[JE]—>S HUE—>S n 4Vé]—>13,n( + w[ ] L) 1 1 0
S=B,n = _[j [i,k] [i.k] I ’ (70)
TS—B,n 7UE—>S nPUE—>s,n In(2)(¢p+nesres)
i,k [4] i,k k +
UE—=S,n ™ T[ik] 2 + [4] [i,k] - - . (71)
UE—S,n Ts—B nPS%B,n ln( )(wk +77€ff€k)

the system parameters adopted in the Long Term Evolution
(LTE) standard [38]. As for the SUDAS-to-UE links, we
adopt the IEEE 802.11ad channel model [39] in the range
of 60 GHz and assume that M orthogonal sub-bands are
available. The maximum transmit power of the SUDACs
and UEs is set to M Py = PUL = Py, = 23 dBm
which is in accordance with the maximum power spectral
density suggested by the Harmonized European Standard for
the mmW frequency band, i.e., 13 dBm-per-MHz, and the
typical maximum transmit power budgets of the UEs. For
simplicity, we assume that Ng = min{N, M} for studying
the system performance. We model the SUDAS-to-BS and
UE-to-SUDAS links as the conjugate transpose of the BS-
to-SUDAS and SUDAS-to-UE links, respectively. Also, the
power amplifier efficiencies of all power amplifiers are set to
25%. The circuit power consumption for the BS and each BS
antenna are given by Pc, = 15 Watt and Pane, = 0.975
Watt, respectively [40], [41]. The circuit power consumptions
per SUDAC and UE are set to Pcgyp,e = 0.1 Watt [42]
and Pc,, = 1 Watt, respectively. We assume that there is

always one delay sensitive UE requiring R, = 20 Mbit/s
and RUL = 20 Mbit/s in DL and UL, respectively. Also, Ng

is chosen as Ng = mm{Rank(H[sl_]i]UE),Rank(Hgés)}. All

results were averaged over 10000 different multipath fading
channel realizations.

A. Convergence of the Proposed Iterative Algorithm

Figure 3 illustrates the convergence of the proposed optimal
and suboptimal algorithms for N = 8 antennas at the BS, M =
8 SUDACS, and different maximum transmit powers at the
BS, Pr. We compare the system performance of the proposed
algorithms with a performance upper bound which is obtained
by computing the optimal objective value in (44) for noise-
free reception at the UEs and the BS. The performance gap
between the asymptotically optimal performance and the upper
bound constitutes an upper bound on the performance loss due
to the high SINR approximation adopted in (42). The number
of iterations is defined as the aggregate number of iterations
required by Algorithms 1 and 2. It can be observed that the
proposed asymptotically optimal algorithm approaches 99%
of the upper bound value after 20 iterations which confirms

351
3 - = = [ ——
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3 25f 1
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] |
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. . T T
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Fig. 3. Average energy efficiency (Mbits/Joule) versus the number of

iterations for different maximum transmit power budgets at the BS.

the practicality of the proposed iterative algorithm. Besides,
the suboptimal resource allocation algorithm achieves 90% of
the upper bound value in the low transmit power regime, i.e.,
Pr =19 dBm, and virtually the same energy efficiency as the
upper bound performance in the high transmit power regime,
i.e., Pr = 46 dBm. In the following case studies, the number
of iterations is set to 30 in order to illustrate the performance
of the proposed algorithms.

B. Average System Energy Efficiency versus Maximum Trans-
mit Power

Figure 4 illustrates the average system energy efficiency
versus the maximum DL transmit power at the BS for M = 8
SUDAC:S for different systems and N = 8 BS antennas. It can
be observed that the average system energy efficiency of the
two proposed resource allocation algorithms for SUDAS is a
monotonically non-decreasing function of Pr. In particular,
starting from a small value of Pr, the energy efficiency
increases slowly with increasing Pr and then saturates when
Pr > 37 dBm. This is due to the fact that the two proposed
algorithms strike a balance between system energy efficiency
and power consumption. In fact, once the maximum energy
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Fig. 4. Average energy efficiency (Mbits/Joule) versus the maximum transmit
power at the BS (dBm) for different communication systems. The double-sided
arrows indicate the performance gain achieved by the proposed SUDAS.

efficiency of the SUDAS is achieved, even if there is more
power available for transmission, the BS will not consume
extra DL transmit power for improving the data rate, cf. (45).
This is because a further increase in the BS transmit power
would only result in a degradation of the energy efficiency.
Moreover, we compare the energy efficiency of the proposed
SUDAS with a benchmark MIMO system and a baseline
system. We focus on two system design objectives for the
reference systems, namely, system throughput maximization
(TP-Max) and energy efficiency maximization (EE-Max). For
the benchmark MIMO system, we assume that each UE is
equipped with N receive antennas but the SUDAS is not
used and optimal resource allocation is performed!'. The
benchmark system also utilizes simultaneously the licensed
and the unlicensed frequency bands via two carriers. Besides,
we assume that the corresponding circuit power consumption
at the UE does not scale with the number of antennas. In
other words, the average system energy efficiency of the
benchmark system serves as a performance upper bound for
the proposed SUDAS. For the baseline system, we assume
that the BS and the single-antenna UEs perform optimal
resource allocation and utilize the licensed and the unlicensed
frequency band'?, i.e., the SUDAS is not used. As can be
observed from Figure 4, for high BS transmit power budgets,
the SUDAS achieves more than 80% of the performance of
the benchmark MIMO system even though the UEs are only
equipped with single antennas. Also, the SUDAS provides
a huge system performance gain compared to the baseline
system which does not employ SUDAS since the proposed
SUDAS allows the single-antenna UEs to exploit spatial and
frequency multiplexing gains. On the other hand, increasing

"I"The optimal resource allocation for the benchmark system can be obtained
by following a similar method as the one proposed in this paper applying also
fractional programming and majorization theory.

12We note that since the signal in the unlicensed frequency band, i.e., 60
GHz band, is highly attenuated by walls/obstrictals, the use of unlicensed
bands without SUDAS for outdoor-to-indoor communications can offer only
negligible gain.

0.8

o
3
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- B>~ DL, suboptimal
<& UL, benchmark: EE-Max
DL, benchmark: EE-Max

Average time allocation

20 25 30 35 40 45
Maximum BS transmit power (dBm)

Fig. 5. Average DL and UL transmission durations versus the maximum
transmit power at the BS (dBm).

the number of BS antennas dramatically in the baseline system
from N =8 to N = 64, i.e., to a large-scale antenna system,
does not necessarily improve the system energy efficiency. In
fact, in the baseline system, the higher power consumption,
which increases linearly with the number of BS antennas,
outweighs the system throughput gain, which scales only
logarithmically with the additional BS antennas.

Figure 5 depicts the average time allocation for DL and
UL transmission. It can be observed that the optimal time
allocation depends on the transmit power budget of the sys-
tems. In particular, when the power budget of the BS for DL
communication is small compared to the total transmit power
budget for UL communication, e.g. Pr < 28 dBm, the period
of time allocated for DL transmission is shorter than that
allocated for UL transmission. Because of the limited power
budget and the circuit power consumption, it is preferable
for the BS to transmit a sufficiently large power over a
short period of time rather than a small power over a longer
time to maximize the system energy efficiency and to fulfill
the data rate requirement of the DL delay sensitive UEs.
On the contrary, when the power budget of the BS is large
compared to that of the UEs, the system allocates more time
resources to the DL compared to the UL, since the BS can
now transmit a large enough power to compensate the circuit
power consumption for a longer time span to maximize the
system energy efficiency.

C. Average System Throughput versus Maximum Transmit
Power

Figure 6 illustrates the average system throughput versus the
maximum transmit power at the BS for V = 8 BS antennas,
K = 4 UEs, and M = 8. We compare the two proposed al-
gorithms with the two aforementioned reference systems. The
proposed SUDAS performs close to the benchmark scheme
in the low DL transmit power budget regime, e.g. Pr < 31
dBm. This is due to the fact that the proposed SUDAS allows
the single-antenna UEs to transmit or receive multiple parallel
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data streams by utilizing the large bandwidth available in
the unlicensed band. Besides, for all considered systems, the
average system throughput increases monotonically with the
maximum DL transmit power Pr. Yet, for the systems aiming
at maximizing energy efficiency, the corresponding system
throughput saturates in the high transmit power allowance
regime, i.e., Pr > 37 dBm. In fact, the energy-efficient
SUDAS does not further increase the DL transmit power since
the system throughput gain due to a higher transmit power
cannot compensate for the increased transmit power, i.e., the
energy efficiency would decrease. As for the benchmark and
baseline systems aiming at system throughput maximization,
the average system throughput increases with the DL transmit
power without saturation. For system throughput maximiza-
tion, the BS always utilizes the entire available DL power
budget. Yet, the increased system throughput comes at the
expense of a severely degraded system energy efficiency, cf.
Figure 4.
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D. Average System Performance versus Number of SUDACs

Figures 7 and 8 illustrate the average energy efficiency
and throughput versus the number of SUDACs for N = 8§
BS antennas, Pr = 37 dBm, and different systems. It can
be observed that both the system energy efficiency and the
system throughput of the proposed SUDAS grow with the
number of SUDACS, despite the increased power consumption
associated with each additional SUDAC. For N > M, for DL
transmission, additional SUDACSs facilitate a more efficient
conversion of the spatial multiplexing gain in the licensed
band to a frequency multiplexing gain in the unlicensed band
which leads to a significant data rate improvement. Similarly,
for UL transmission, the SUDACs help in converting the
frequency multiplexing gain in the unlicensed band to a spatial
multiplexing gain in the licensed band. For M > N, increasing
the number of SUDACS in the system leads to more spatial
diversity which also improves energy efficiency and system
throughput. Besides, a substantial performance gain can be
achieved by the SUDAS compared to the baseline system for
an increasing number of available SUDACsS.

VI. CONCLUSIONS

In this paper, we studied the resource allocation algorithm
design for SUDAS assisted outdoor-to-indoor communication.
Specifically, the proposed SUDAS simultaneously utilizes li-
censed and unlicensed frequency bands to facilitate spatial and
frequency multiplexing gains for single-antenna UEs in DL
and UL, respectively. The resource allocation algorithm design
was formulated as a non-convex matrix optimization problem.
In order to obtain a tractable solution, we revealed the structure
of the optimal precoding matrices such that the problem could
be transformed into a scalar optimization problem. Based on
this result, we proposed an asymptotically globally optimal
and a suboptimal iterative resource allocation algorithm to
solve the problem by alternating optimization. Our simulation
results showed that the proposed SUDAS assisted transmission
provides substantial energy efficiency and throughput gains
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compared to baseline systems which utilize only the licensed
frequency spectrum for communication.

APPENDIX-PROOF OF THEOREM 2

Due to the page limitation, we provide only a sketch
of the proof which follows a similar approach as in [24],
[25] and uses majorization theory. We show that the optimal
precoding and post-processing matrices jointly diagonalize the
DL and UL end-to-end channel matrices on each subcarrier
for the maximization of the transformed objective function
in subtractive form in (27). First, we consider the objective
function in subtractive form for UE k on a per-subcarrier
basis with respect to the optimization variables. In particular,
the per-subcarrier objective function for UE k consists of two
parts,

£1(P,8) = sl 10g, (det B sl 10g, (det[ELL)),
£oP.5) = slitlen Tr (PU (P ) + sifles v (i)
+S[z k]g Ty (G[z k]) +€k8%L] Tr (P[z K] (P[Z k]) )
(74)

such that the maximization of the per subcarrier objective
function can be expressed as

minimize — f1(P,S) + nest f2(P, S). (75)
Besides, the determinant of the MSE matrix on subcarrier
for UE k can be written as

det ( s k]>

where [X],, extracts the (a,b)-th element of matrix X.
f1(P,S) is a Schur-concave function with respect to the
optimal precoding matrices [24] for a given subcarrier al-
location policy S. Thus, —f;(P,S) is minimized when the
MSE matrix E[ is a diagonal matrix. Furthermore, the
trace operator in fg(P,S) for the computation of the total
power consumption is also a Schur-concave function with
respect to the optimal precoding matrices. Thus, the optimal
precoding matrices for the minimization of function f2(P,S)
should diagonalize the input matrix of the trace function,
cf. [43, Chapter 9.B.1] and [43, Chapter 9.H.1.h]. Similarly,
the power consumption functions on the left hand side of
constraints C1-C4 in (27) are also Schur-concave functions
and are minimized if the input matrices of the trace functions
are diagonal. Besides, the non-negative weighted sum of
Schur-concave functions over the subcarrier and UE indices
preserves Schur-concavity. In other words, the optimal pre-
coding matrices should jointly diagonalize the subtractive form
objective function in (27) and simultaneously diagonalize ma-
trices PUHM (PN A plekpliFya Gk ang GIF. This
observatlon establlshes a necessary condltlon for the structure
of the optimal precoding matrices. Finally, by performing
SVD on the channel matrices and after some mathematical
manipulations, it can be verified that the matrices in (30) and
(32) satisfy the optimality condition.

1 [ei]

j=1 ’
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