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Abstract

In this paper, the downlink performance of multi-cell distributed antenna systems (DAS) with
a single user in each cell is investigated. Assuming the channel state information is available at
the transmitter, four transmission modes are formulated as combinations of remote antenna
units (RAUSs) selection and cooperative transmission, namely, non-cooperative transmission
without RAU selection (NCT), cooperative transmission without RAU selection (CT),
non-cooperative transmission with RAU selection (NCT_RAUS), and cooperative

transmission with RAU selection (CT_RAUS). By using probability theory, the cumulative

distribution function (CDF) of a user’s signal to interference plus noise ratio (SINR) and the
system ergodic capacity under the above four modes are determined, and their closed-form
expressions are obtained. Furthermore, the system energy efficiency (EE) is studied by
introducing a realistic power consumption model of DAS. An expression for determining EE
is formulated, and the closed-form tradeoff relationship between spectral efficiency (SE) and
EE is derived as well. Simulation results demonstrate their consistency with the theoretical
analysis and reveal the factors constraining system EE, which provide a scientific basis for

future design and optimization of DAS.
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1. Introduction

To meet the requirements of high-speed data and multimedia services, wireless

communication systems are evolving toward maximum data rates. Multiple input multiple
output (MIMO) is considered one of the key technologies in next-generation mobile
communication systems. It can improve spectrum efficiency (SE) without additional power

and bandwidth consumption [1]-[3]. Antennas are deployed at the center of a cell in traditional

cellular networks. Compared to traditional cellular networks, the distributed antenna system
(DAS) can reduce transmission power, expand cell coverage, improve system SE, and this

system has been studied widely [4], [5]. The concept of DAS has been written into the standard

of LTE-A [6], and a few practical problems related to the design of DAS have been studied as
well [7], [8].

In DAS, several remote antenna units (RAUS), also called remote radio heads (RRHS) in
Long Term Evolution (LTE), are distributed in a cell and connected with the baseband
processing unit (BPU) through an optical fiber connection. The RAUs are used only to
transmit and receive signals, and the signals are processed in the BPU by using advanced
signal processing techniques. Because there is no need for complex signal processing at the
RAUEs, it is helpful to reduce the size and cost of RAUs. A macroscopic multiple input single
output (MISO) vector channel can be constructed using multiple RAUs [9], [10]. Efforts have
been made to improve the performance of DAS by using geographically separated RAUSs, such
as the design of RAU locations [11]-[13]. Early studies mainly focused on the uplink
performance [14], [15]. The downlink performance of DAS was analyzed from the viewpoint
of information theory in [16], [17].

With the introduction of space diversity, cooperative transmission can increase the system
performance significantly. Therefore, cooperative transmission has attracted considerable
attention in wireless communications. In DAS, when the user is far from the RAU, cooperative
transmission can effectively improve the user’s signal to interference plus noise ratio (SINR),
thus reducing the system outage probability. Multiple RAUs are connected via optical fibers
and do not require additional radio relay resources for cooperative transmission. To maximize
the ergodic sum rate, the cooperative transmission strategy by using pairings of distributed
antenna ports and users in a single-cell downlink system was studied [18]. Although the user’s
SINR and system capacity were considered, the system energy efficiency (EE) was not
considered in [18]. Cooperative transmission and selection diversity were considered to
analyze the downlink capacity of multi-cell DAS [19]. In the cooperative transmission mode,
all RAUs constituted a macro multi-antenna system, and the signal was transmitted through all
RAUSs. In the RAU selection diversity mode, considering the minimization of propagation
path loss as a standard, only one RAU was selected for signal transmission. However,
cooperative transmission and selection diversity were not jointly considered in [19]. The
tradeoff between SE and EE in downlink DAS was studied in [20]-[22], in which all RAUs
transmitted the signals to multiple users, but RAU selection transmission was not considered.
In [23], all RAUs cooperated with each other to serve users, and the users’ channels were
orthogonal to each other. A power allocation scheme for system EE maximization was
proposed, and per-antenna power constraint and proportional data rates for users were
considered. The ergodic capacity and outage performance of DAS with imperfect channel
state information (CSI) were analyzed in [24], and the corresponding accurate closed-form
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expressions were derived. However, it only considered RAU selection. RAU cooperative
transmission and system EE were not considered. A downlink single-cell DAS with a single
user was considered in [25]. A heuristic RAU selection method based on the distance from
RAUS to the user to improve the EE of DAS was proposed, but the theoretical derivation was
not given. A single-cell downlink DAS with multiple RAUs and one user was considered in
[26]. A power allocation problem involving the maximization of EE under the minimum rate
constraint was proposed. The optimal number of active RAUs was determined, and an optimal
power allocation scheme in closed-form was obtained. Downlink power control in massive
MIMO networks with distributed antenna arrays was investigated in [27]. A max-min power
control algorithm to ensure each user gets uniform quality of service was proposed. The EE of
DAS-based simultaneous wireless information and power transfer was studied in [28], where a
power-splitting scheme was applied to Internet of Things devices. In addition, an optimal
closed-form solution based on the Karush-Kuhn-Tucker (KKT) conditions was presented.
However, few studies have investigated the SE and EE of DAS concurrently considering the
combination of RAUs selection and cooperative transmission, which is the motivation
underlying the present work.

In this work, the cumulative distribution function (CDF) of users’ SINR, ergodic capacity,
and system EE are studied in a multi-cell downlink DAS scenario. According to the
combinations of RAU selection and cooperative transmission, four transmission modes,
namely, non-cooperative transmission without RAU selection (NCT), cooperative
transmission without RAU selection (CT), non-cooperative transmission with RAU selection
(NCT_RAUS), and cooperative transmission with RAU selection (CT_RAUS), are
formulated. When the selected active RAUs transmit signals to the user, the other RAUSs in the
same cell are assumed to be in the closed state. The main contributions of the present study are
as follows:

(1) By using the CSI from the RAUSs to the user and the probability theory, the CDF of the
users’ SINR and the ergodic capacities of various transmission modes are first derived
theoretically. Then, closed-form expressions are developed. The Monte Carlo simulation
results agree well with the theoretical derivations.

(2) By introducing a detailed power consumption model of DAS, system EE is studied.
Then, the tradeoff relationship between SE and EE is deduced. The specific simulation results
provide a scientific basis for future design and optimization of DAS.

The remainder of this paper is organized as follows. The system model is described in
Section II. A transmission strategy based on RAU selection and cooperation is proposed in
Section I11. In Section 1V, performance analysis of user’s SINR and ergodic rate are performed.
In Section V, a power consumption model of DAS is introduced, and then, the tradeoff
relationship between SE and EE is derived. The simulation results are given in Section VI.
Finally, a few concluding remarks are given in Section VII.

2. System Model

Consider a multi-cell downlink DAS with a seven-cell structure, as shown in Fig. 1, where
each cell is surrounded by one continuous tier of six cells. A single user scenario in each cell is
assumed, and this assumption is reasonable for most practical multi-user systems, such as
orthogonal frequency division multiple access (OFDMA) [29]. The number of RAUs in each
cell is M =7. The user and each RAU are configured with a single antenna. It is assumed that
when active RAUSs in each cell transmit signals to the user over the same frequency band, the
other RAUSs in the cell are closed [30]. Hence, the target user in each cell will face interference
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from active RAUS in the other six surrounding cells. Without loss of generality, we denote the
cell in the center of each seven-cell structure as cell-0 and the other surrounding cells as cell-c.
Thus, the signal received by the target user in cell-0 can be expressed as follows:
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Fig. 1. Network model
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where P (resp. P;) is the transmission power of the I-th RAU in cell-0 (resp. the j-th RAU in
cell-c). It is assumed that all RAUs have the same transmission power, that is, P, = P = P. L
(resp. L) is the number of the active cooperative RAUs in cell-0 (resp. cell-c). S, =d,« (resp.
Sy = dc‘j") denotes the path loss, where o is the path loss exponent value, and d, (resp. dCj ) is

the distance from the I-th RAU in cell-0 (resp. the j-th RAU in cell-c) to the target user. h, (resp.
hg;) denotes the gain of the Rayleigh fading channel, which is modeled using an independent
identically distributed (i.i.d) complex Gaussian random variable with zero mean and unit

variance. x; (resp. X; ) is the transmitting symbol of the I-th RAU in cell-O (resp. the j-th RAU
in cell-c), and the average power is E[| x, ']=1 (resp. E[| X, ['1=1). zis the additive white
Gaussian noise (AWGN) with mean zero and variance o . Therefore, the interference plus

6 L
noise power can be given as o, =Zz PS, +o” . Let the average received signal power to
c=1 j=1

interference plus noise power ratio from the I-th RAU to the target user be 4, =PS, /.
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3. Transmission Strategy Based on RAU Selection and Cooperation

3.1 Transmission Strategy without RAU Selection

In the transmission strategy without RAU selection, it is assumed that the RAUSs transmitting
the desired signals are determined by 4, and they do not change based on the instantaneous
CSI. Therefore, the RAU with the largest /, is selected in the NCT mode, and the two RAUs
with the largest and the second-largest 4, are selected in the CT mode. For simplicity of
analysis, we assume A, and A, are the two largest value, and 1; > 1,.

In the traditional NCT mode, a single fixed RAU transmits signals to the served user,
regardless of the channel conditions. When RAU1 transmits a signal to the user, the
corresponding SINR expression can be written as follows:

Ps, |h |
Vner =—— |zh1 | (2)
O-Iz

When the user is close to RAUL, the user's SINR increases.

According to the CSI available at the transmitter, in the CT mode, RAUs can cooperate in
the opened-loop mode or the closed-loop mode. In the opened-loop mode, space time block
codes (STBC) can be used for cooperative transmission. In the closed-loop mode, equal gain
transmission (EGT) and maximum ratio transmission (MRT) are suitable for cooperative
transmission. In the following statement, it is assumed that the transmitter has known CSlI, and
the MRT mode is used for cooperative transmission [31]. When RAUl and RAU2
cooperatively transmit signals to the target user, the user's SINR can be expressed as follows:

_ PS, [h|* + PS, |n,[

2
O-Iz

Yer 3)

From (2) and (3), in a transmission strategy without RAU selection, the user's SINR with
cooperative transmission is always better than that without cooperative transmission, that is,

Vet 2 Vet

3.2 Transmission Strategy with RAU Selection

As for the transmission with RAU selection, the RAUs transmitting the desired signal to the
target user can be selected according to the instantaneous CSI. Based on the real-time CSI
from RAUSs to the user, a few RAUSs are selected to transmit signals to the user, and the user's
rate can be further improved. When the user is at the coverage edge of the RAUSs, in a certain
time slot, the signals from the RAUSs tend to be transmitted under better channel conditions. N
transmission sources are selected from L candidate transmission sources for cooperative
transmission, and the number of corresponding possible combinations is K, =C},. The RAUs

set in the k-th combination is represented as Dy, k=1, ..., Ky. For the transmitting signals from
the set of RAUSs, the user's SINR can be expressed as follows:

—PS,|h[
}/lEL'N) _ ZleDk '| || (4)

2
Glz
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It is assumed that m is the index and m =argmax{y{""}, k = 1,..., Ky. Therefore, the

maximum SINR received by the user with RAUs selection transmission is expressed as
follows:

(L,N)

Vo) = 7™ (5)

As shown in Fig. 1, for any one user, there are three RAUs surrounding the user, so the typical
value of L is 3 for RAU selection. In the case of the NCT_RAUs mode, the RAU is selected
from L = 3 candidate RAUSs that are near the target user. By contrast, in the CT_RAUs mode,
three options are available for selecting two cooperating RAUs from three RAUs, and the
combination has maximum value of SINR is selected. Thus, in the NCT_RAUS mode, one
RAU is selected from three candidate RAUs to transmit signals to the served user. The user's
maximum received SINR for NCT_RAUS is expressed as follows:

2 2 2
VNCT_RAUS = yr(ni{}() = max{ i |2h1| ' P |th| ' - |2hs| }
N o-Iz O-Iz O-Iz

(6)
The user's rate with the unit bandwidth, that is, spectral efficiency, can be expressed as follows:

RNCT_RAUS = Iog2 (A+y NCT_RAUS) (7)

In the CT_RAUS mode, two RAUSs need to be selected for cooperative transmission from three
RAUSs, and the maximum SINR of the corresponding user is given as follows:

_ ,,(32)
Vet raus = Vimax

P(S, [ +S, ) P(S, [y +S5|n.[") P(S. IR +S,|h[")

= max{ 5 5
o-Iz O-Iz O-Iz

¥ ®

The user's spectral efficiency can be expressed as

RCT_RAUS =log,(d+7 CT_RAUS) 9)

4. Performance Analysis for User's SINR and Ergodic Rate

In this section, the CDF and ergodic rate suitable for any statistical wireless channel are
deduced. In addition, for a Rayleigh fading channel, the closed-form expression of CDF for
SINR is given. The SINR received by the user from the I-th RAU follows independent
exponential distribution with mean PS, /o2 , and the probability density function (PDF) of the

user's SINR is given as follows:

2 2

(o2 (o2
f = IZ - IZ ’ 2 0
W () PS, exp( PS, 7y (10)
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4.1 Performance Analysis without RAU Selection

First, consider NCT mode; when RAUL transmits a signal to the served user, according to (10),
the PDF of the user's SINR is

2 2

f =21 eyp(-2125), >0 11
L () PS, p( Ps/) 4 (11)

The CDF of the user's SINR can be obtained as

2

o
Fuon =[; frer_ (9dx=1-exp(-—£7) (12)

1

The user's ergodic rate can be determined as follows [32]:

B[Ry 1= log(+7)f, ()dy —ne p(P'Z ZL)E] (gg k) (13)
where Ei(x):.[j%(_t)dt is the exponential integral function.

In the CT mode, when RAUL and RAU2 cooperate to transmit signals to the user, the CDF
and PDF are derived as follows. In the following formulas, superscript 1 represents /4 # /1j :

and superscript 2 represents 4=4;. When 4 #;, the CDF of the user's SINR is derived as

follows:

1

F () = P(7/1+72 <7)

2 2 02
= J[ o= m exp(—5e=72)d7.d7,
h+h<7 2
S1- 2 exp(- “'Z - 32 exp(-Z ) (14)
Sl - Sz 1 Sz - Sl PSz

The PDF is obtained using the CDF as follows:

1
1 _ d n+r2(y)
n+r(r) —

___ o _ _ 15
I S SORLLE S (15)

The user's ergodic rate can be expressed as follows:
B[R 1=, Iogz(1+y>fw(7)dy

z — H Rbaar at )En("'z ) (16)

ltﬂ
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When 4,=4,, let 4,=1,=4; then, the PDF of the user's SINR can be obtained as follows:

© (72 62
f2 ., (= J._w f (), (y —x)dx = (P_'SZ)Zyexp(—P—'Szy) (17)
In this case, the CDF of the user's SINR is
0_2 0_2
F?2 —1— 1+—%7)ex 18
ey ( oS y)exp(- BS —=<7) (18)

The user's ergodic rate is derived as follows:

2

BRG] = ], Tog, (1+ MICEY rexp(- 22 7)dy

PS ol ol ol 0' ol
— z _1 Iz Iz Mz E Iz 1 19
522 in2l(pg ~DEP(SIEP(-50) 5Bl +1 (19)

4.2 Performance Analysis with RAU Selection

In the NCT_RAUS mode, the RAU with the best channel condition to the user is selected as
the transmitter, and the CDFs of SINR for three RAUs are denoted as F () Fyz( Fh(y).
When 4, = 4, = 4,, the CDF of the user's SINR for NCT_RAUS is as follows:

7)1

2

1 o
Faer raustn = FruonFoon Pt = H[l - eXp(—ﬁy)] (20)
=1 |

The corresponding PDF of the user's SINR can be expressed as follows:

2

fN10T7RAUS(y) :Z&GXP( ﬁ =l Z( z —) exp[- Zu ( z —)7]

1=1 PS| 1=1 t=1t=l S P t=1,t=| S
ol &1 ol &1

+—=(Q )exp[-—=(Q2, )71 21
p (2575 g @y

When 4 =4, = 4,, the CDF of the user's SINR for NCT_RAUS is as follows:

2

Fl\fCT RAUS(y [F (7)] _[1 exp( )] (22)

Inthe CT_RAUS mode, when 4, = 4, = 4,, the CDF of the user's SINR is given as follows:

Fl

CT_RAUS(y) — =F n+r2(r) Fyz%(;/) F71+73(7)

(23)
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When 4 =4, = 4,, the CDF of the user's SINR for CT_RAUS is derived as follows:

2 2

(@2 O
FCzTiRAUS(y) =[1-Q+ P_ISZV) EXp(_P_; 7)]3 (24)

The derivative of CDF yields the corresponding PDF, and the ergodic rate can be obtained
easily thereafter.

5. Spectral and Energy Efficiency Tradeoff

SE is the main performance index for designing and optimizing wireless communication
networks. It indicates the efficiency of limited spectrum resources but does not indicate the EE.
Therefore, it is necessary to find suitable indicators to represent the EE of the system. The EE
of a communication network can be measured in units of bit per joule [33]-[35], which denotes
the maximum number of transmitted bits per joule of energy consumed. The actual power
consumption model should include the transmission power, efficiency of the power amplifier
(PA), circuit power consumption, and backhaul overheads, etc. In this section, the power
consumption model of a single DAS cell is first introduced, and then, the closed-form tradeoff
relationship between SE and EE is derived.

— <
Mains Supply _{ Interface ZH,
| 1# : = =
E (REH pA <
Core BB_DSP : : :
Network |  ——— ' _ ’
E|,| [RPHPAl—
DC-DC | Interface E Ef -
L# = 5
-~ <
Base Station

Server Center
Fig. 2. DAS power model

5.1 DAS Power Consumption Model

Consider the power model of a single DAS cell, as shown in Fig. 2, where the number of
RAUSs in the cell is seven. The PA and RF are in the same geographical location as the
corresponding RAU, whereas the baseband (BB) processing unit is in the central unit.
Compared to the transceiver of the general base station, the transceiver of a RAU does not
require a feeder cable, so there is no feedback loss. The total power consumption during
downlink can be expressed as follows [36]:

Py =LT{P+LP, +LB, +KP, (25)

where L is the number of cooperative RAUs, T represents the number of antennas on each
RAU, ¢ €[0,1] is the power amplifier efficiency, and P is the transmission output power of

the power amplifier. Py is the static circuit power consumption of each RAU. Py, denotes the
power consumption of a backhaul link. K is the number of served users, and P, is the power
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required for reception by a user in the downlink. The power consumption model for a single
backhaul link is as follows [37]:

P, =[oP, +[1-w)z /7, )Py1/ Neay +P, (26)

where Py is the maximum power consumption of the central unit when the backhaul
information is processed, and @ €[0,1] is a weighting factor. z, and z,,, represent the actual

traffic load and the total maximum traffic load, respectively. Ngay is the maximum number of
RAUSs that the central unit can afford, Py is the power consumption of each interface.

5. 2 SE-EE Tradeoff Formulation

For the sake of simplicity, in this section, only the CT mode is studied, and the analysis results
can be easily extended to the other transmission modes. When L RAUs in cell-0
simultaneously transmit signals to the user, the system SE can be expressed as follows:

L S h 2
C, =log,(1+ M) (27)

(o}

1z

The transmission output power P of the power amplifier can be obtained as follows:

2(20 1)
Zu I|h|

The system capacity C = BC,, where B is the system bandwidth, and system EE is expressed
as follows:

(28)

C BC,
C,=—-= (29)
> LT{P+wP,, /N, ,+P +P, + 1-w)7 P, L/(zr, Nqu, )+ KP,

By substituting (28) into (29), the tradeoff relationship between SE and EE can be
formulated as follows:

o BC,

LT¢o? (2% -01Y. S || +@-@)PyLi (s

)+ L(wP,, /N, +P, +P.)+KP,

s  CU max RAU

(30)

6. Simulation Results

Consider a multi-cell DAS, as shown in Fig. 1, where RAU1L in cell-0 is located at the center of
the cell, and the remaining six RAUs are distributed uniformly within the cell. The polar

coordinates of RAU1-RAU7 are RAU1 (0, 0), RAU2 (d, 0), RAU3 (d, 72'/3), RAU4 (d,
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2713), RAUS (d, ), RAUG (d, 47/3), and RAU7 (d, 57/3), where d = 500 m [38]. A similar
RAU deployment structure is used in the other cells as well. It is assumed that the cell radius is
750 m, and the path loss exponent « is 3.76. The average transmission power of each active
RAU P = 43 dBm, and the average noise power o2 = —104dBm. It is assumed that both the
transmitter and the receiver know the perfect CSI. The worst case is considered in this paper,

which means that the RAUSs of the six cells surrounding cell-0 are all active, that is, L= 7, VC.
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Fig. 3. CDF of user's SINR when the user is located at the center of RAUL, RAU2, and RAU3

The CDF curves of the user's SINR are shown in Fig. 3. The four transmission modes of
NCT, CT, NCT_RAUS, and CT_RAUS are considered, and the user is at the center point A of

RAU1, RAU2, RAU3 in cell-0. In this case, the average power received by the user from the
three RAUS is the same. As can be seen from Fig. 3, regardless of whether RAU selection is
performed, the SINR performance in the CT mode is better than that in the NCT mode, which
fully demonstrates that the CT mode can boost SINR performance. From (2) and (3), we have
Yer > Vner - The simulation results in Fig. 3 verify the correctness of the derivation.

Furthermore, the SINR performances in both the NCT and the CT modes with RAU selection
move to the right because RAU selection can enhance SINR performance. The user's SINR
performance is the best in the CT_RAUS mode because this mode makes full use of the
performance gains due to cooperation and selection. The CDF of SINR by simulation is given
as well, where the simulation values of SINR were obtained through 10,000 Monte Carlo
simulations. Fig. 3 shows that all analytical curves are consistent with the Monte Carlo
simulation results.

Fig. 4 shows the CDF curves of the user's SINR in the NCT, CT, NCT_RAUS, and
CT_RAUS transmission modes, where the user is located within the right-angled triangle
OAD, as shown in Fig. 1. The average received power values of the user from RAU1, RAU2,
and RAU3 are different from each other. The user is always served by RAU1 for NCT, while
the probability that RAU1 services the user in the NCT_RAUS mode decreases. RAU1 and
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RAU2 cooperatively service the user in the CT mode, while RAU1 and RAU2 can serve the
user with greater probability in the CT_RAUS mode. The SNR distribution of the user is
closely related to the user’s location. Similar to Fig. 3, all analytical curves are consistent with
the results of Monte Carlo simulation.
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Fig. 5 shows how the ergodic capacity varies with the user's distance in different
transmission modes. The range of the reference distance is the line segment OA shown in Fig.
1. The normalized distance of point O is 0, and the normalized distance of point A is 1. When
the user moves from O to A, the distance from the user to RAU1 increases, and the ergodic
capacity of the system decreases in all four transmission modes. At the same user location, the
ergodic capacity of the system is better in the CT mode than in the NCT mode. As the distance
increases, the ergodic capacity decreases dramatically in the NCT mode. By contrast, when
CT or RAU selection is used, the ergodic capacity decreases gradually. This is because CT and
RAU selection are effective for improving the ergodic capacity of the system.

[ - - NCT_RAUS
—&— CT_RAUS

Ergodic capacity [bps/Hz]

0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1
Normalized distance

Fig. 6. Ergodic capacity versus normalized distance for different path loss exponents

The relationships between the ergodic capacity and the normalized distance in case of the
NCT_RAUS and the CT_RAUS modes are shown in Fig. 6, when the path loss exponents are
3, 4 and 5. As the path loss exponent increases, the ergodic capacity in the NCT_RAUS and
CT_RAUS modes decreases. This is because as the path loss exponent increases, power
attenuation from the RAU to the user intensifies, and the corresponding SINR decreases. For
the same path loss exponent and location, the ergodic capacity in the CT_RAUS mode is
always larger than that in the NCT_RAUS mode. With increasing normalized distance, the
ergodic capacity gap between the CT_RAUS and the NCT_RAUS modes grows. Similar to
the results in Fig. 5, RAU cooperation and selection can increase system capacity.

The simulation results of SE and EE are as follows. The path loss exponent « = 3.76. The
maximum transmission power per active RAU P is 45 dBm, and the output power at the RF
P [0,P,,.]. The number of antennas T on each RAU is 1. It is assumed that all RAUs have

the same antenna and amplifier, and the power amplifier efficiency ¢ is 2.8. The static power

consumption Py is 59.2 W, and power consumption of the user P, is 0.1 W. The maximum
power consumption of the central unit Pcy is 300 W, and the weighting factor w is 0.5. The
maximum number of RAUS Ngray is 24. The power consumption at each interface Pg is 1 W.
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The backhaul link includes both uplink and downlink, and for simplicity, it is assumed that

r, /., is0.5[36].
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Fig. 7. System SE versus actual transmission power when normalized distance is 0.8

Fig. 7 shows how system SE varies with the actual transmission power when the normalized
distance is 0.8. The system SE in the four transmission modes increases as the transmission
power increases, and there is no crossing point. When seven RAUs fully cooperate for
transmission, that is, CT7, the system SE is the highest. This is because CT7 fully exploits the
total diversity gain. The system SE in the CT mode is better than that in the NCT mode. The
system SE increases from low to high in the following order: NCT, NCT_RAUS, CT2,
CT_RAUS, and CT7. Fig. 7 provides useful insights from the viewpoint of designing a
network with SE as the priority.

A plot of system EE versus actual transmission power is shown in Fig. 8, and the
normalized distance is 0.8. The system EE in each of the transmission modes increases with
increasing transmission power until the maximum EE is reached; thereafter, the system EE
decreases with increasing transmission power. System EE is determined by the system
capacity and the corresponding total power consumption. For a given power level, the
NCT_RAUS mode shows the highest EE value.

The tradeoff relationship between system SE and EE is plotted in Fig. 9, where the user's
normalized distance is 0.8. EE first increases with SE. After reaching a maximum value, EE
begins to decrease. Owing to the influence of interference, as the power level increases, SE
first increases and then shows almost no change. Notably, for different transmission modes,
the maximum EE values are different, and the corresponding SE values are different as well.
In the NCT_RAUS mode, the maximum EE value is about 0.042 bit/joule, and the
corresponding SE value is 3 bps/Hz. In the NCT mode, the maximum EE value is about 0.038
bit/joule, and the corresponding SE value is 2.65 bps/Hz. In network design in the future,
system SE and EE should be considered comprehensively. For different optimization
objectives, we must carefully select a reasonable transmission mode.



5912 Wang et al.: Performance Analysis Based on RAU Selection and Cooperation in Distributed Antenna Systems

0.045 0.8 distance
! T T T T T T T
s e H R .
0.04 |
- seaeaaeSsesateSenag, g
-t S, Sa
0.035 3 5,
0.03
D05t
g ° O{My@ee%ﬁ '596990'0'0'9699900 7
=) ,0©® A BBl BAfA S ©Beg
é "é‘&;\.&& " - S
w
W 002 |
0.015 F
0.01 2
PERTTTTTVY 7 7 v VTR
oous| o SS9
5— NCT —4—CT2 —%— CT7 —*— NCT_RAUS — > — CT_RAUS| v
i i . i i i 4 i i
0 5 10 15 20 2 30 35 40 45

Power [dBm]

Fig. 8. System EE versus actual transmission power when normalized distance is 0.8

0.8 distance
0.045 T T T ! T T
L
0.04 T : —=—NCT
) —&— T2
-l w—CT7
0.035 [ i H— NCT_RAUS 1
O~ CT_RAUS
3
0.03 i
o
P
3 0028 ®
| -
k= pt
w L J
w002 ! l
0.015 + @ B
@
@
0.01 L
Iy
0.005 - d
0 . ) . . '
24 26 28 3 3.2 34 36 38

SE [bps/Hz)

Fig. 9. Tradeoff curves between SE and EE when normalized distance is 0.8



KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 12, NO. 12, December 2018 5913

7. Conclusion

In this work, the performance of DAS is investigated considering RAU selection and
cooperation, including user’s SINR, ergodic capacity, and system SE and EE. When active
RAUSs transmit signals to the user, the other RAUSs in this cell that do not transmit the signals
are in a closed state. Through RAU selection and cooperation, the four transmission modes,
namely, NCT, CT, NCT_RAUS, and CT_RAUS, are formulated. By using the probability
theory, the CDF of SINR and the ergodic capacity are deduced theoretically, and the
corresponding closed-form expressions are developed. With the introduction of a detailed
power consumption model of DAS, the system EE is studied. The expression of EE is
formulated, and the tradeoff relationship between SE and EE is deduced as well. The
simulation results show that the CDF curves of the user’s SINR and the ergodic capacity
obtained by theoretical derivation agree well with the results of Monte Carlo simulation. From
the simulation results, it can be seen that system EE is constrained by system capacity and the
actual power consumption mode. This provides a scientific guideline for optimizing the design
of future networks.
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