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Performance Analysis of Cloud Radio Access
Networks with Distributed Multiple Antenna
Remote Radio Heads

F. A. Khan, H. HeStudent Member, IEEE. XueMember, IEEEand T. Ratnarajalsenior Member, IEEE

Abstract—In this paper, the performance of cloud radio access  Cloud radio access networks (CRANSs) have been proposed
networks (CRANSs) where spatially distributed remote radio as a low-cost and power-efficient solution to meet the increa
heads (RRHSs) aid the macro base station (MBS) in transmissio o canacity demand. In the existing networks, the baseband
is analysed. In order to reflect a realistic scenario, the MBSnd f . . ; . .
the RRHs are assumed to be equipped with multiple antennas units (BBUS)’ which consumg h'gh_ power, a”q the radio units
and distributed according to a Poisson point process. Both, are situated together. The idea in CRANs is to move the
the MBS and the RRHs, are assumed to employ maximal BBUs to a central location/data centre and connect it to the
ratio transmission (MRT) or transmit antenna selection (TAS). radio units, also called remote radio heads (RRHSs), viacapti
Considering downlink transmission, the outage performane of fibres [4]. Moving the BBUs to a central location results in
three schemes is studied; first is the selection transmissio(ST) . L o
scheme, in which the MBS or the RRH with the best channel |mprovgd power efficiency. In addition, the cost of network
is selected for transmission. In the second scheme, all theRRls  €xpansion is lowered because only low cost RRHs/BSs need
participate (ARP) and transmit the signal to the user, wheras to be deployed for improving the coverage as well as the
in the third scheme, a minimal number of RRHSs, to attain capacity of the network. Furthermore, it has been shown that
a desired data-rate, participate in transmission (MRP). Exact through coordinated multipoint processing (CoMP), theralle
closed-form expression for the outage probability is deried for . L . LD
the ST scheme. For the ARP and MRP schemes, analytical interference can be I|m|ted._ CoMP is very efficient when all
approximations of the outage probability are derived whichare the RRHs are connected with each other and possess the data
tight at high signal-to-noise ratios. In addition, for the MRP information of each other [1], [5]. COMP can easily be addpte

scheme, the minimal number of RRHs required to meet a target jn CRANS, to reduce the interference and improve the network
data rate is also calculated which can be useful in characté&ing capacity
the system complexity. Furthermore, the derived expressits )
are validated through numerical simulation. It is shown tha . .
the average diversity gains of these schemes are independenA' Existing Relevant Work:
of the intensity/number of RRHs and only depend on the  When each of the RRH has a single antenna, the CRAN
number of antennas on the MBS. Furthermore, the ARP scheme model becomes similar to the distributed antenna system
outperforms the ST scheme when the MBS/RRHs transmit with (DAS). There have been several studies to analyse the per-
maximum power. However, in case of a sum power constraint f ) f the DAS 61-[9 d th f herei
and equal power allocation, the ST scheme outperforms the AR Ormance of the see [6]-[9] and the re erenqe.S therein.
scheme. In [7] it was shown that the average spectrum efficiency per
. : . sector and the cell edge spectrum efficiency in the tradition
Index Terms—Cloud radio access networks, maximum ratio ith | d BS TS-CBA) is b h
transmission, MISO, Poisson point process, stochastic geetry, system with co- Qcate antennas (TS- ) is better than
transmit antenna selection. that of a DAS without frequency reuse. However, when the
frequency reuse is considered the DAS outperforms TS-CBA.
In [6], it was shown that DAS reduces inter-cell interferenc
I. INTRODUCTION in a multicell environment and significantly improves capac

Cell densification is one of the key technologies proposed @grticularly in case of the users near the cell boundaries. |
improve the capacity and area spectral efficiency of exjstii8], the cell average ergodic capacity for a DAS in a comjgosit
networks [1]. A major drawback of increasing the cell/bas@ding channel model was analysed. An antenna selection
station (BS) density is that the overall interference in th&rategy to maximize the energy efficiency under a pre-define
network also increases resulting in a limited capacity gajn target rate constraint was proposed in [9]. In [10], it was

[3] In addition’ dep|0y|ng more BSs is neither cost efﬁd:ierﬁhOWn that, for a CRAN with distributed RRHs with multlple
nor power efficient [4]. antennas, the optimal distributed beamforming scheme had a

form of maximum ratio transmission (MRT) at each RRH and
Copyright (c) 2015 IEEE. Personal use of this material isniged. the outage probability and ergodic capacity under Rayleigh
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is difficult to do so and the RRHs are located randomly [12]fixed to 2. However, in this work, the performance is analysed
[17]. When the RRHs are assumed to be randomly placedfat arbitrary value of the path loss coefficient which also
can give a reasonable lower bound on the performance of r@sults in a more involved analysis.

actual system. In [12], the authors proposed a low-comiylexi

power allocation scheme among the distributed transmit an-11€ Performance of this network is studied under the sce-
tennas. In [13], the antennas were distributed according td'110 When the MBS and the RRHs have varying complexity.

binomial point process, the users were distributed acngrdiSPecifically, two levels of complexity are considered. The
S and RRHs with higher complexity consist of multiple

to a Poisson point process (PPP) and a composite fadM ; X X .
channel model was assumed. The authors derived analytf@i© frequency (RF) chains and employ maximum-ratio-

expressions for the outage performance of only selectiorstr ransmission (MRT) whereas the MBS and RRHs with lower
mission, where the antenna with the best channel was sele@@MPlexity consist of a single RF chain and employ transmit

to serve the user, under different scenarios. It was showndptennaselection (TAS). Furthermore, three differemisinais-

[14], that the DAS yields a higher capacity gain compareﬂon schemes are considered; 1) the MBS or the RRH with the

to the TS-CBA, provided the channel state information (CSBESt channel participates in transmission, also calleztseh

is available at the transmitter and the receiver. The ergodf2nsmission (ST), 2) all the RRHs participate (ARP) and aid
capacity of a multi-cell distributed RRH system, where th&'€ MBS in transmission and 3) minimal number of RRHs to
RRH locations were modelled as a spatial PPP was studied®ffin @ desired data-rate participate in transmission RMR
[15], and it was shown that this system provides better ceffMPIoying more RRHs results in a higher cost in terms of
edge performance and can even provide higher capacity imigher power expend|ture_ gnd requires more _control and data
user-centric configuration. In [16], the RRHs were distritsli Processing for synchronizing the transmissions. Theegfor

according to a PPP and a Rayleigh fading channel withMRT can help improve the power efficiency and reduce the

standard path loss model was assumed. Different from tR¢erhead compared to ARP scheme as was also discussed in

work in [12], the outage performance of selection transioiss (9] [16]. From among the three schemes considered, ST has
scheme, in which the macro BS (MBS) or the RRH with thi1® lowest cost and ARP has the highest cost.

best channel is selected for transmission, was comparéeto t 1,4 performance of these schemes is analysed in terms
scheme where all the RRHs employ distributed beamformigg otage probability. Exact closed-form expression fce th
and aid in transmission [16]. In addition, the minimal ”u"”b%utage probability is derived for the ST scheme, whereas, a
of RRHs required to meet alpredefined quality of servipe (Q°§th approximation of the outage probability at high signa
was also studied. In [17], it was shown that the uplink sug_hgise ratio is obtained for the ARP scheme. In the worst
capacity increases as a result of reduction in the intér-cglse scenario, the MRP scheme becomes the same as the ARP
interference of a DAS. scheme and therefore it has the same outage probabiliteas th
B. Our Contribution: ARP scheme. In addition, in order to quantify the complexity
, .of the MRP scheme, we also analyze and obtain expressions

In [12]-[17], the RRHs were assumed to be equipped Wif}; the minimum number of RRHs required to achieve a
a single antenna. However, in the proposed CRAN mod@hain QoS. These expressions are obtained for two cases,
the RRHs will be equipped with multiple antennas. Thereforg,. in which the RRHs have fixed transmit power and the
different from the models in [12]-{17], in this work, & MOr€,her in which the RRHs can adapt power and compensate
general and realistic scenario is considered, and we amalyz, pathloss. Furthermore, the derived expressions aifeeder
the performance of a network where several multiple anteni, gh numerical simulations. Our simulation resultsveho
RRHs are distributed randomly (according to a PPP) OVgfs effective trade-off between number of RRHs and number
a circular region and serve the user along with a multiplgy ontennas at each RRH. For example, considering the ARP
antenna macro base station (MBS). To the authors best knoylpeme with MRT, increasing the number of antennas at
edge, for this network setup, the performance of a CRAR,ch RRHs is more effective than employing more RRHs, as
with multiple antenna RRHs has not been analysed preV"“ﬁh’creasing the number of RRHs results in a lower transmit
Having multiple antennas at the MBS and RRHSs leads 0 a n@W,yer at the MBS/RRHs and a lower coding gain. In addition,
and more involved analysis compared to the one presenteg;iy 41so shown that at high SNR regime, ST, ARP and MRP
[12]-[17] because the distribution of the signal-to-naiago achieve a diversity ordem, wheremy is the number of

(SNR) from the RRHs to the users is no longer an exponentiglianas at the MBS, and this diversity order does not depend
distribution. In addition, in [16] the path loss coefficient WaSn the number/intensity of the RRHs.

1The distribution of the large-scale fading gain (LSFG) ahe small- Th f th . ized foll Th
scale fading gain (SSFG) in the case of multiple antennaesystis well e rest of the paper Is organized as tollows. e system

known. Themethodto obtain the distribution of the received SNR using thanodel is explained in section Il. The statistics of the clenn

distributions of the LSFG and the SSFG is also straightfatwand comes sed in the performance analysis of each scheme are derived
from basic probability theory and has been reported in maistieg works eg . Secti . Th Ivtical . for th
see [12], [13], [16], [18] and references therein. Howeterthe authors best 1N Section Ill. The analytical expressions for the outageéqre

knowledge, even with the known fading distributions andahalysis method, mance for the ST and ARP schemes as well as the complexity
the distribution of the received SNR from the multiple am@rRRHs to the analysis of the MRP scheme is presented in Section IV. The
users has not been reported previously. Moreover, it is robedlenging to . . . . .

obtain the performance expressions for the transmissibanses considered NUMerical results are presented in Section V. Finally, tiagm
in this work using the derived distribution of the receiveF§ results are summarized in the concluding Section VI.



overhead compared to the ARP scheme as it does not require
coordination among the RRHs. However, this lower overhead
T e is possible at the cost of some performance loss as will be
discussed later.
RRH Using all RRHs in the ARP scheme provides the optimal
reception reliability but at the price of increasing system
R complexity. However, in some instances, optimal perforoean
\ is not always needed and only a certain data-rate requiremen
is to be satisfied. In such cases, it is possible to achieve
NGPELLL N the pre-defined data-rate using only a subset of the availabl
N RRHs [9]. Using a minimal number of RRHs is beneficial
T P/ Optical Fibre as it yields a practical scheme with reduced complexity and
T et ensuring desired system performance. Thus, in MRP scheme,
the minimal number of RRHs required to meet a pre-defined
Fig. 1. System model data rate are used for transmission. In addition, in casél of a
these schemes, it is assumed that the multiple antenna MBS
and RRHs employ MRT or TAS for transmission of the signal.
Il. SYSTEM MODEL In this sequel we analyse the performance of these trans-

Consider a network shown in Fig 1, where a user is beirﬁ@iSSiO” schemgs in terms qf outage probability. In the next
served by a central intelligence unit (can also be termed $Ction, we derive the required statistics of the channel fo
a macro-cell base station (MBS)), at a distafedrom the analysing the outage probability.
user, and a group oN RRHs distributed randomly over a
circular regionD, of radius R, around the user locatién [1l. FINDING STATISTICS OF THECHANNEL
The MBS is equipped witm antennas whereas each RRHy\ . Statistics of SNR for MRT
has nr antennas. It is assumed that the location of the

. . - When MRT is empl he MB nd the RRHSs, th
RRHs obey a homogeneous Poisson point process (PPP) with © s employed at the S and the S, the

intensity.AB?RH, thefvefore,N, is Poissor; distributed, i.e.,:ﬁgel;\g: ;ligr]]nggtgi—:srl]sgsr?ltg (SNR) from theth RRH to
P{N RRH in DiscD}= & ye” * Wherea = tR°Agry.

The channel vector between theth RRH and the user = 2 <;> lgnll? 2)
U can be written ag, = [g,,L71...g,L7,,LT]T, whereg, ; is the No \1+dy
channel gain between theth antenna ofe-th RRH and the Where P is the transmit power at the MBS and each RRH,
user,(-)" denotes the transpose operator. Assuming Rayleigfo denotes the noise power at the user, téym= (1 +d;,)
fading channelg, , ~ CA (0,1) where CA (z,y) denotes denotes the pathloss, is the path loss coefficient, and||
Comp|ex Gaussian random variable (RV) with mearand denotes the 2'n0m1WhenN RRHs transmit USing MRT, the
variancey and ;. denotes the mean power of the channePverall SNR at the user is given as
Similarly, the channel between the user and the MBS is N p X 1 ,
denoted ag,, whereg, = [go.1...9o.m,] " - The distance of the v= Zl” =Ny Zl (ﬁ) llgnll™- ®3)
n-th RRH from the centre is denoted k. As the locations " "
of the RRHs are randond,, is a RV with distribution

nr antennas

\ User

Central \
Intelligence Unit

Similarly, the SNR of the MBS can be given as [16]

P 1 2
fdn(zF% ;0<z<R. 1) 7(’:Vo(HRﬂ)Hg“H ' )
When the MBS and theV RRHs transmit using MRT, the

Transmission Schemes: L
. . .__overall SNR at the user is given as
For the system under consideration, three transmission

schemes are studied, namely; 1) selection transmissiojy (ST 5 ( ) lgnl? = vo + 4 )
2) all the RRHSs participate (ARP) and 3) minimal number of So\1+dy) "
RRHs participate (MRP). In ST, the MBS or the RRH Withyhere g, = R. In order to analyse the performance of this

the best channel is selected for transmission whereas in A@aqeme, the statistics of5s and~, such as the cumulative
all the RRHs transmit to the usefThe ST scheme has lowergistripution function (CDF) and the probability distrifor

B % P 1
YMBS = P Yn = No

2|n our analysis, we condition on the location of the user. M&S at a function (PDF)’ are reqwred' For denvmg the statistids o

distanceR and the RRHs within a distancg from the user, serve the user. YA Bs and-y, the statistics ofy,, are required. Therefore, the
In this model, if the user is displaced and comes closer tdB8, it implies CDF +,, is given by following Proposition.
that R will reduce. As a result the area of the circular region witicareduce.
The converse is also valid. The distribution of the distaotéhe user from
the RRHs depends oR and thus, it will change whei® changes. s . ) ) )
3In both these schemes, the MBS also participates in tras@nisThe X = Pﬁs, wheres is the transmitted symbol having mean zero and unit
performance expressions derived in this paper are derivedhfs scenario. variance. Therefore, the average transmit powét[}sx||?] = P, whereE[/]
The performance expressions for the scenario in which theSMBes not is the expectation operator. Moreover, in this paper, itssuamed that the
transmit, can easily be obtained by substitutingr = 0 in the derived MBS and the RRHs employ equal power allocation and, thezefmansmit
expressions. with the same poweP.

4In deriving (2), it is assumed that the transmitted signal vector is
H



np—1 ;

. i—(i+2
Fe=1- S8 Ot W (32) e (4 2 320 ©)

i=0 j=0 J v

Proposition 1. When all the RRHs transmit using MRT, thé&roposition 3. WhenN RRHs transmit using MRT, the CDF
CDF of the SNR of the-th RRH received at the user, denoteaf the overall SNR received at the user, denoted bgan be

by v,., is given in(6). approximated as
P f S A d A. [ ~ %I—N No® Nnp+&ry
roof: See Appendix Fy (@) %j T (Nrr e 7 1) ( Pu) (8)

The CDF in (6) is obtained in closed-form and is given
in terms of in_compl_etg Gamma fun_ction which can be eafoiWhereZI is shorthand notation OEf(:o Zf(:o Zf =0
evaluated using existing mathematical packages. In adyliti ndé :NZN i and e, = 1V :4111 (n fH +1) N
the obtained CDF is valid for arbitrary value of the pathloss ~ >~ 1=1" In (=1 =it AR
exponentw, unlike [16] in which the pathloss exponent was  Proof: See Appendix C. [ ]
assumed fixed i.ev = 2. Therefore, this expression in (6) The approximation given in (8) closely approximates the
is more general and the CDF for the scenario consideredexact CDF at high SNRs. The CDF is in form of a polynomial
[16] can be obtained by substitutingr = 1 andv = 2. By function and can be easily implemented in existing mathe-
substituting,® = 2% — 1 in (6), whereR denotes the data- matical packages. For a CRAN system with participating
rate, the outage probability for theth RRH can be obtained. RRHs, the CDF in (8) can be used to obtain the approximate
Furthermore, the PDF of the SNR can be easily obtained bytage probability. By substitutingp = 2% — 1 in (8), the
taking the derivative of (6) w.r.tb.% approximate outage probability at the user can be obtained

It is not trivial to obtain the statistics of using the CDF whenN RRHs transmit using MRT. The approximate PDF of
derived in (6). Therefore, we derive an approximation of the can be easily obtained by taking the derivative of (8) w.r.t.
CDF of v, using which one can obtain the statisticsyofThe ~ ®.
approximate CDF ofy, is given in following Proposition. Diversity Order: (8) is in form of a polynomial function

- o and at high SNRs, it can be approximated by its lowest order
Proposition 2. When all the RRHs transmit using MRT, thgeym “\which is obtained by taking;, — 0 and (8) can be
CDF of the SNR of the-th RRH received at the user, denme%pproximated as

by ~,,, can be approximated as
Fy () ~ F° ()

_ (EoT (ny + 1))V [ No@\Nrr
~ T(Nnr+1) (P#> ’ )

F @~ 33, . ™)

p=0

Using (9), it can be easily shown that the diversity dain
achieved whenV RRHs transmit using MRT isVnr. When
N is a RV, the diversity gain is different as will be shown in
Section V.

where the infinite series is truncated tadX + 1

terms, K is any positive integer andZ, =
nr—1 i 2(;)(71)1l,+1(Rv)kw+i

Zi=0 Zj:O Zu:l-‘rk=nT+p—’i 'U(k+j+%)F(i+1)F(l+1)F(k+1) .

Proof: See Appendix B. - B. Statistics of SNR for TAS

It can be noted that the CDF in (7) is a polynomial function !N case of TAS, the MBS and the RRHs transmit using the
and has been limited td< + 1 terms. As K — oo, the antenna providing the highest SNR. The SNR from ihth

approximation becomes closer to the exact CDF given fRH can be given as

(6). Furthermore, this approximation in (7) is tight at high Y, — imx{(;> \gntlz} (10)
SNRS$. Our simulation results show that even féf,< 10, the No 1+dy '

simulation results match the analytical results at high SNRvherel < ¢t < ny. When N RRHs transmit using the best
Moreover, the approximate PDF of the SNR can be easiytenna, the overall SNR at the user is given as

obtained by taking the derivative of (7) w.r®. In addition, P .

using (7), the approximate CDF of can be derived and is T= 71{111?"{(@) \gmf}}. (11)

given in following Proposition. o " _
Similarly, the SNR of the MBS can be given as [16]
5Note that using the CDF and PDF expressions derived in thik,vibe Yo = 2 max {( 1 > ™ 1|2} ) (12)
expressions for the moment-generating-function (MGF)hef 8NR as well No ¢ 1+ RY "
as symbol error rate (SER) performance can be obtained dosytstem under : :
consideration. However, it is omitted due to space linotati When the MBS andV RRHs transmit a_fter_selectlng the best
®High SNR implies that: = 592 is very small i.e.z ~ 0. The CDF in antenna, the overall SNR at the user is given as

(7). Py, (®) = Y5 Ep (2)"T TP, is thus, a summation of powers of p X 1 )
When z is very small, eg. in the high SNR regime, it implie8 < z¢ < z Tups = 5= > {mf‘x { (H—dv) [9n.¢] }} =To+ 7T
wherea andb are any positive integers artd> a. Therefore, in this case, n=0 "
the summation result is only influenced by lower powers ardténms with Ny
higher powers have minimal contribution and can be negle&gerefore, the Diversity gain can be obtained a= lim v log(F( P )) where
CDF in (7) approximates the CDF at high SNR accurately. However, at low -0

SNRs, i.e. largez, this approximation might not be accurate. F (-) denotes the CDF.

(13)



wheredy = R. Similar to the case of MRT, in order to analysef T can be easily obtained by taking the derivative of (16)
the performance of this scheme, the statisticsSlafzs and w.r.t. . By substituting® = 2% — 1 in (16), the approximate

T, such as the CDF and PDF, are required. For deriving tbatage probability at the user can be obtained when all the
statistics ofY y;ps and T, the statistics off’,, are required. RRHs transmit using TAS.

Therefore, the CDF df ,, is obtained and is given in following  Diversity Order: Again, in this case, (16) is in form of a
Proposition. polynomial function and at high SNRs it can be approximated

Proposition 4. When all the RRHs transmit using TAS, thgydnsllgwest obrder term,_wh;cz is obtained by takifyg = 0
CDF of the SNR of the-th RRH received at the user, denoted" (16) can be approximated as
by Y,,, is given in(14).

Fr (®) = F (@) = (xol (nr + 1)) <N0<1>>NnT ‘ (17)

. T'(Nnr+1) Pu
Proof: See Appendix D. ]

Similar to the expression in case of MRT, the CDF in (1
is obtained in closed-form and is given in terms of inconmple
Gamma function which can be easily evaluated using existing
mathematical packages. In addition, the obtained CDF id val IV. PERFORMANCEANALYSIS
for arbitrary value of the pathloss exponentBy substituting, A sT Scheme
® = 2R — 1 in (14) the outage probability for the-th RRH

can be obtained. Furthermore, the PDF of the SNR can VD
easily obtained by taking the derivative of (14). is selected for transmission. Therefore, the outage eentre

Again, in this case, it is not trivial to obtain the statistic When the channels of both the MBS and the best RRH are in

of T using the CDF derived in (14). Therefore, we derive afttage. o
approximation of the CDF oF,, using which one can obtain When the MBS andV RRHs transmit using MRT, the
the statistics off. The approximate CDF of,, is given in ©Utage probability can be given as

following Proposition. Parrr.st (BIN) = (Fyg (@) (Fy, (@)Y (18)

Proposition 5. When all the RRHs transmit using TAS, th h
CDF of the SNR of the-th RRH received at the user, denote&/r
by T,,, can be approximated as

4L))sing (17), it can be easily shown that the diversity gain
gchieved whenV RRHs transmit using TAS i&Vnr.

bel” this scheme, the MBS or the RRH with the best channel

ereFy, (y) = o€ (mT,BiM) and f = xoirgey. AS

is a RV, the overall outage probability can be given as

oo

o —a
)w (15) Prrr.sT (®) = NZ: (o () (P @)Y gy ™ (19)

~ - . No(b
Py, (2) = ;Xl ( Pa
. wonr n 2(—1)utt RUk Similarly, when the MBS andV RRHSs transmit using TAS,
where xi = 3270 Y usktizngti ( tT) oL+ D)T(k+1)(k+2)  the outage probability can be given as
and the infinite series is truncated 6 + 1 terms.

Pras,st (®|N) = (Fr, (®)) (Pr,, (@)~ (20)
Proof: Proof follows similar steps to the proof of Propo- , ®
sition 2 and thus has been omitted due to space limitatioMhereFr, (®) = 1431 (=1)" ("")e 7+'. As N is a RV,
m the overall outage probability can be given as

Similar to MRT scheme, the CDF in (15) is a polynomial oo v a
function and has been limited t& + 1 terms. ASK — oo, Prasst ()= 3 (Fro (®)) (Fro. (@) prgaye™ (21)
the approximation converges to the exact CDF. Furthermore, N -
this approximation in (15) is tight at high SNRs. Again, (19)and (21) give the average probability of outage of the
the approximate PDF of the SNR can be easily obtained ByStem with Poisson distributed RRHs.
taking the derivative of (15) w.r.©o. Furthermore, using (15), Diversity Order: _
the approximate CDF off can be derived and is given in 1) Number of RRHs isV: In the case of MRT at the

following Proposition. MBS/RRHs, at high SNRs, (7) can be approximated as
Proposition 6. WhenN RRHs transmit using TAS, the CDF F2 (@) ~ o (tﬁf)w (22)
of the overall SNR received at the user, denoted’bgan be ,
approximated as and Fy, (9) = rm—5¢ (mT, %) ~ F2 (D) =
" Nnp+e Q™T (14+R)™T ( Ny \™MT
Fr (@)~ oo :Vg 5 (?) IV (16) W (%) " When the MBS andV RRHSs trans-
In TSIy " mit using MRT, at high SNRs the outage probability can be
. , K K K approximated as
where3”, |sthorthand notation oF oS, PP i
and¢ry =0 i andkry = [[2y xi, I (nr 40+ 1). Piinr.sr (PIN) ~ (F5 (@) (F52 (@) ’3
Proof: Proof follows similar steps to the proof of Propo- _emreNnr 1y geynr 2 (&)""TW"T _ (23)
pumTHNYTT (mp) mp P

sition 3 and thus has been omitted due to space limitation.
m Using (23), it can be easily shown that, wh&h RRHs are
Again, in this case, the CDF given in (16) is a polynomigbresent and the MBS/RRHs employ MRT, the diversity gain
function which is tight at high SNRs. The approximate PDEchieved by ST scheme {Nnp + m7).



Py, (®) =1+ % ZT (-1)* (”tT)e’N%ﬁtq’ (R’”Mq>>7’ ¢ (3 M<1>R”> (14)
t=1

Similarly, when the MBS/RRHs employ TAS, at high SNR® k7 arp (P) can be expressed as
the outage probability of the ST scheme can be approximated

as Purr, arp (B|N) = /j Py (@ = 70) f (0) do- (27)
PEas.sr (@IN) ~ (Fg @) (P, (@) SubstitutingF?, () and f., (-), applying the binomial theorem

SmTHNNT (1 4 RUymT N 1 No\ Mot N (24) and solving the resulting integral, yields the outage phdlig

= T AT (?) : expression given in (28), wherg; = x4z and i, =

Using (24), it can be easily shown that, wha&h RRHs are N%“‘ The overall outage probability can be given as
present and the MBS/RRHs employ TAS, the diversity gain
achieved by ST scheme {&Vng + mr).

2) Number of RRHs is randonAt high SNRs, using (23),
(19) can be approximated as

oo N
PumrT,ARP () = NZ:OPMRT,ARP (®|N) ﬁeia» (29)
Similarly, when the MBS an@&v RRHSs transmit using TAS,
the outage probability can be given as

mp

—a

- N,
P nr.sr (8) =G, (0) (f) e (25) Pras,arp (B|N) = ‘/; Fr (® — z) fr, (z) da. (30)

e NO mp+np NO mp Ca . . . .
T 2) (?> ...~ G, (0) (?> € Again, substitutingF~ (-) and fv, (-), and solving the re-
et B sulting integral using [19, eq. (3.381.1)] gives the outage
whereg,, (N) = i fn,Tmi(Tl;lfnT) ;;0 . Using (25), it can be probability expression in (31). The overall outage probigbi
easily shown that, when the number of RRHSs is random aigigiven as
the MBS/RRHs employ MRT, the diversity gain achieved by ~ o
ST scheme isn, 8. Pras,arp (®) = > Pras,arpe (®|N) mefa. (32)
N=0
Similar derivations can be done for ST scheme,

where the MBS/RRHs employ TAS, which will yields Diversity Order: For this scheme, the probability of outage

the expression of outage probability at high SNR Lan be upper bounded by the outage probability of the ST
D ~  Gr(0) (M)mT e where, Gr (N) " 'scheme. This implies that the diversity order achieved byPAR
¢£ff}§£(1+Rv)mT§g P P I scheme is als¢Nnr + mp) when N RRHs serve the user

T TNAT - Again using this expression, it can be&ong with the MBS, and isny when random number of
easily shown that, when the number of RRHSs is random aggkHs serve the user.

the MBS/RRHs employ TAS, the diversity gain achieved by
ST scheme isny.
This shows that the diversity order of the ST scheme:js C. MRP Scheme
which is the number of antennas on the MBS. This indicatesIn this scheme, only a subset of the available RRHs is
that the diversity order can be increased by increasingand €employed to meet a specified data-rate requirement. Using
vice versa. Furthermore, it can be deduced that the paresnetBis scheme, a minimal number of RRHs are used, which
of the RRHSs do not affect the diversity order. For example, iy beneficial as it yields a practical scheme with reduced
varying the intensity\rzg or the number of antennasy, complexity and ensuring desired system performance. The
the diversity order cannot be varied. However, (25) and ti®éitage probability of this scheme will be same as that of the
corresponding expression in the case of TAS involves the teMRT scheme, because the outage event will only occur when
e~ wherea depends o\ gz . This means that the intensitythe overall SNR from the MBS and all the RRHs is in outage.
of the RRHs \rry, does impact the outage probability. Forl herefore, in this section, we derive expression for theaye
example, a largehzry implies a largerr and thus, a lower number of RRHs that are required to meet a pre-defined data
outage probability. rate. This expression is beneficial as it gives informatmthe
network operators about the minimal average number of RRHs

that are needed to be activated to achieve a certain d&a-rat
B. ARP Scheme requirement.

In this scheme, all the RRHs are selected for transmission\We consider the same network of Fig. 1. However, for
Therefore, the outage event will occur if the overall SNRiiro Mathematical tractability, the MBS is not considered irs thi

+9, (1)

the MBS and the RRHSs is in outage. case andV > 2 °. Assuming that the SNR for each RRH
When the MBS andN RRHs transmit using MRT, the iS denoted as; wherei € [1,..., N]. All SNRs are ordered
outage probability can be given as asy) = Yw-1) = --- = Y. The subset of RRHs that

is minimally sufficient to meet a pre-defined data rate should
Purr.are (BIN) = Pr{y+70 <®} = Pr{iy <@ -v}.  (26) correspond to thé largest SNRs. Without loss of generality,

81f the MBS does not participate in transmission, it can benshdhat the 9Note that, whenN = 1, the single RRH must always transmit and it
average diversity gain achievedns-. determines the outage performance.



Hp

Nnp+€ L gNnr+ery —1
» @IN) — Z TZIN <N7LT +£1N) (i)N?LT+EIN ( 1 )*L sry (1P @7 TN (’HLT +1, %) (28)
MRT,ARP < 2 1 Lo L(mr)D (Nnp + &y +1)

_t
mp Nnp+é€ _ 1)t m —Nnp—¢
mr 1 TN Kiy (=1)"e #n t T8Iy t
Pras,arp (BIN)=>"> (—) N (- ¢(Nnr +é&ry +1,-— 31
rASARE e ,,:1( t ) fia T (Nnr+éry +1) \ g TSN i (31)

denotedy,, = > i, Y(N—i+1), the averaged minimal number Proof: Proof follows similar steps to the proof of Propo-
of RRHs to meet a pre-defined data rate is given as [16] sition 7 and thus has been omitted due to space limitation.

[ |
N
= ;1 n-PHE =nlN) 33) " Similar to the case of MRT, (36) gives a tight approximation
of the CDF of the sum of. largest SNRs in the high SNR

where regime and by substituting (36) into (34) and substituting
1= Foy, (o) in=1 Mo the PDF ofS in case of TAS is obtained. Substituting the
PI(S = n|N) = {FeN,,L1 ()= Foy, (6 ;2<n<N-1 (34) resulting PDF ofS into (33) gives the expression for averaged

Fon v (€) jn=N. minimal number of RRHs to meet a pre-defined data rate for

From (33) and (34) it is clear that in order to obtain the ageraTAS based system.

minimal number of RRHs required, the CDF 6f;,, needs  So far we have considered the scenario in which each RRH
to be derived for the MRT and TAS based systems. In thgansmits with power. Now we consider the special case in
following we derive the CDF oby,,, for both the MRT and which the RRHs are able to adapt their transmit power. There
TAS based systems. The CDF 6f ., is also beneficial in exist multiple schemes for power adaptation, however, is th
obtaining the outage performance wheiRRHs with the best work, for a tractable analysis, we consider a scheme in which
channels are selected for transmission. the power is adjusted such that the pathloss is compensated.
1) MRT With Fixed Transmit Power: Therefore, in this case, the transmit power of théh RRH
In case of the MRT scheme, we denote the SNR for eaglill be P, = (1+dY). Note that, the transmit power is
RRH asy,, = U,, the ordered SNRs are expressedygs) > dependent on the distance of the RRH from the user and,
YN-1) = -+ =) andOy, = Z?:l V(N—it1)- therefore, it is different for different RRHs. Moreover, tims

Proposition 7. The approximate CDF of the sum oflargest case, the SNR at the user will only depend on the channel

SNRs in the case of MRT, denoteddy,,, is given in(35), fading gain. For this power allocation scheme, the outage
) ) K performance of ST and ARP schemes has been extensively
where ) ; is shorthand notation ofy>; _... >

~ Jy-n-1=0" studied in literature. However, to the best of the authors
=102 5 = k)Egand&; =3, g

#j = L= dur Fk = (nr Jrn TR SRS =y Ji» knowledge, the CDF of the SNR for the MRP scheme has

>_ is shorthand notation of_, "~ ... 20" T¢ . &m = not been reported before.

Sy i = % >, is shorthand notation

of nEf:o 0T and g = [, (nr 4+ i) S, and & = 3) MRT With Adaptive Transmit Power:
1—1 b
Proof: See Appendix E. m If each RRH possesses the ability to adapt its power, then

Proposition 7 gives a tight approximation of the CDF oihe pathloss can be compensated by varying the transmitrpowe
the sum ofn largest SNRs, in the high SNR regime. B}jnversely to the pathloss. In this scenario, the receive® SN
substituting (35) into (34) and substituting= 222 the PDF only depends on the channel fading gain. In case of the MRT

P . .
of S can be obtained. Substituting the resulting PDFSof Scheme with adaptive power, we denote the SNR forithe

2
into (33) gives the expression for averaged minimal numby RRH as%, = leal, the ordered SNRs are expressed as
of RRHs to meet a pre-defined data rate in case of MRT. () > Yn—-1) = --- > Ya) andOy , = S Y(N—i+1)-
2) TAS With Fixed Transmit Power:
In case of the TAS scheme, we denote the SNR for each RR¥bposition 9. The exact CDF of the sum of

as Y, = H,, thg ordereg SNRs are gxpressedié@) > largest SNRs in the case of MRT with adaptive
Tno1)>...>TayandOn, = >0 Tvoit1)- transmit power, denoted bydy ,, is given in (37),
where m = 1 + nnp — gm + (€7rz + nr + gj)a

Proposition 8. The approximate CDF of the sum oflargest

SNRs in the case of TAS, denoted@y ,,, is given in(36),
K

= 1 + nnpr — &n + (fvrz+nT+§j)’ by =

where ) ; is shorthand notation of _; _,...> " e 1 1 -

_ N—n—1 o k J 07 Jﬁ:zil O 0’171’”"1’1+ (.7+ )71+ (.7+ )771+ (.7+ ) ,
kj =1Lz X ke = (nr +K)Xk, SjK— P T8 Nl n n "
>, is shorthand notation ob 5 _o...2 5. _o Kj = nng—ém (Emtnrtes)

ii;nil Xjis» Kk = (TLT —+ k) Xk andgj = l]izniljl. an = {}, bD = {}, ap = BN + 1 =



2 N1stisem i 22k 225 D((N—n)ng +&m+& +k) (y\NnTHeitéith
» ) A iXtm, i m Yy 35
Forn @) ; ; Z; kgo (N —n — 1)(n)tn(V=nr+em+&;+k) T (Nnp +& + & +k+ 1) (u) (35)
K NlKikm, iKKKj T((N=n)np +&n+& +k) (y\VnTtéitstk
- — K2 m,1 m 7 36
FON,'rL (y) 21:%:2]:7;) (anf1)!(n)!n<<N_n)nT+£m+£j+k) F(NTLT+fj +fi+k+1) (u) ( )
Nen—1 N —n—1y (=1)? Ntn=EmFIn2 DD (60 4 g+ €) K mn [ —4 an, @p
Fon,, W)= %: ; XI:"”( j ) T (nr) (N —n — 1)l(n)! o (e | by, b ) (37
) ) ) power.
1 1 1
192,02+t o GHD o GHDL
—— n n n
nnr—=E&m
el TS i . V. NUMERICAL RESULTS
ZI = Zi1=0 "'Zij=0 , K1 = o—=1 m’
i . —1 —1 . . . . .
& = >0 1o ZI:M = e Y g Em = Dy My In this section, numerical simulation results are shown to
and k., = T T corroborate the derived analytical results. In the sinioifes,

we assume a macro-cell with radius = 1000m, average

Proof: See Appendix F.
PP hannel power = 1 and Ny = 10~°. The parameters are

Unlike the case of MRT with fixed transmit power, (37)18 dunl d Thei . b -
is an exact and accurate expression of the CDF of the sdﬁ? unless stated. The intensity can be expressédas —

of n largest SNRs from the RRHSs. By substituting (37) inter &>’ whereA is any integer, a”‘;' .it implies that the average
(34), one can obtain the PDF & ande — Ny® in case of number of RRHSs in a region of R“ is A. The performance of

MRT. Substituting the resulting PDF &f into (33) gives the two practical power allocation schemes is examined; 1)ether

expression for averaged minimal number of RRHs to melgt @ Mmaximum power constraint on each MBS and RRH in

a pre-defined data rate for MRT based system with adaptﬁ/ network and_2) there is a total power constraint on the
power. MBS and RRHs in the network. In order to analyse the best

4) TAS With Adaptive Transmit Power: performance offered by the first scheme, the MBS and RRHs
Similarly, in case of the TAS scheme with adaptive power, wd€ @ssumed to transmit with same maximum powerin
denote the SNR for the-th RRH asT; = G,, = max; |gi|?, 2S¢ of the second scheme, for demonstration purposes, the
the ordered SNRs are expressediagf) > T(Nq) > > total pow%r,PT, is equally_ distributed among the MBS and
T andOn . — S T _ the RRHS&C. Furthermore, in order to get insights on whether

1) Non i=1 + (N—it1)- collocated antennas are better or distributed anten¥aand
Proposition 10. The exact CDF of the sum eflargest SNRs n; are chosen such that the total number of antennas on the
in the case of TAS with adaptive transmit power, denot@RHs is same.
by On,n, is given in(38), wherem = n +2, p = n+  |n all the figures (except Fig. 8), the blue dashed-dot lines

indicate the results obtained via Monte-Carlo simulatiand

26y = {0, + 8+ 8t ty, ot poan = {}, b0 = {}, the remaining lines/curves are plotted using the exprassio

n derived in this paper and depict the analytical resultsciBpe
B _ ically, the black dashed lines denote the analytical redolt
ap = (La+sr+s+Lu+lte+1,..tn+1> = the ARP scheme, the black solid lines indicate the analytica
- n - results for the ST scheme and the maroon dotted lines denote
bv+1, Y =20 0 ke =TT, (=) ()t the asymptotic results for each scheme. In Fig. 8, the simula
and & = YL ti, > = Y02t ¢ 1 = tionresults are indicated by green squares and the lineg'su
Hf;;”* (-1 (77) g = ZZN:;"* l; and k,, = are .plotted usin_g the expressi_on_s der.ived in th_is pa_per.. _
(—1)m+! (") m. First we consider the scenario in which there is an individua

o power constraint on each MBS and RRH in the network. In this
Proof: Proof follows similar steps to the proof of Propo<ase the MBS and RRHs are assumed to transmit with same
sition 9 and thus has been omitted due to space limitatiQfsximum powerP. Fig. 2 and Fig. 3 show the probability
o ) ) i outage of both the ST and ARP schemes with varying the
Similarly, for the case of TAS with adaptive transmit powet, ;nsmit power,P, when the MBS/RRHs employ MRT and
(38) is an exact and accurate expression of the CDF of the s RS respectively. The simulation results are shown whén
of n largest SNRs from the RRHs and by substituting (38) into
(34) one can obtain the PDF & ande = Ny® in case of
TAS. Substituting the resulting PDF & into (33) gives the 10Note Fhat _other power allocation schemes can also be coadide
. f d minimal number of RRHs to meH wever, in this work, for cqrroboratlon of our resu[ts, w&amnte_d the
expressm_n or average ] performance of these sub-optimal power allocation palicikhe derivation of
a pre-defined data rate for TAS based system with adaptiue optimal power allocation policy will be considered intufe work.
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Fig. 2. Probability of outage for ST and ARP schemes with waryransmit  Fig. 4. Probability of outage for ST and ARP schemes with wayyransmit
power for a fixed number of RRHs with MRT whete= 3 andR = 1. power for N RRHs with MRT whereN is a Poisson RWw = 2 andR = 1.

probability. For the ARP scheme, with a fixed humber of total
transmitting antennas (i.&Vny + mp = 7), the system with
(N, nr,mr) = (2,3,1) gives lower outage probability com-
pared to the system withV, np, my) = (2,2, 3), implying
that it is better to distribute antennas on the RRHSs rather

% than collocating them on the MBS. Distributing antennas
glo’e on the RRHSs diversifies the path loss and therefore gives
g better performance. The system with, np, mr) = (3,2,1)

g w” gives lower outage probability compared to the system with
. Neo (N,np,mr) = (2,3,1), since increasingN implies an
107 s Sl N\ increase in the overall transmission power as well as it

- - -ARP NN diversifies the path loss resulting in improved performance
07 it ' However, for the ST scheme with MRT, comparing the system
22 24 26 28 30 32 31 36 38 a0 having (N,nr,mr) = (3,2,1) with the system having

Transmit Power P [dB] (N,np,mr) = (2,3,1), the system with largen, gives

lower outage probability which suggests that for ST with MRT
Fig. 3. Probability of outage for ST and ARP schemes with veyyransmit  fewwer RRHs with more antennas gives better performance due
power for a fixed number of RRHs with TAS whete= 3 andR = 1. to a higher coding gain. Whereas, for the ST scheme with

TAS, diversifying the pathloss, i.e. employing more RRHghwi

. . . fewer antennas gives larger coding gain and thus, improved
RRHs are serving the user in the redgibn The performances g 9 99 P

. erformance. It can be observed from Fig. 2 and Fig. 3 that the
of ST _and ARP schemes are compared for dn‘fergr_wt amer‘g\?alytical results for ST match the simulation results dyac
allocations. It can be seen that the outage probability ofi b

h q ith i ina t it dih ereas the analytical results for the ARP scheme and the
schemes decrease with Increasing transmit power and the ymptotic results match well with the simulation results a
scheme has lower outage probability compared to the h SNR42
scheme. It is worth noting that the ARP scheme gives bettelg j

The probability of outage with varying transmit power for
performance but at a cost of higher system complexity. lﬂ P 4 iage with varying SMmit POW

ddit h bability d h b system with randomv andR = 1 BPCU is shown in Fig.
addition, the outage probability decreases as the number,gf, “y1ps/RRHs with MRT. Again in this case, the MBS and
antennas increases, i.e. more antennas or more RRHs pro

. . ) ) s are assumed to transmit with maximum transmit power
more diversity and array gain and thus, result in alowergmtap It can be observed that at low SNRs the ARP scheme

1iNote that, in the network, the number of RRHS, is random, However, 12This match is good at high SNRs, because as was discussedtirote
here for the purpose of analysis, we show the performancéehetwork 3, the approximation used in the derivations is accuratehé tigh SNR
when N RRHs are transmitting to the user. Later, we will show theralve regime. At low SNRs, this approximation is not accurate dratefore, there
average performance of the network when the number of RRignidom.  is mismatch between analytical and simulation results.
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Fig. 5. Probability of outage for ST and ARP schemes with ivayytotal Fig. 7. Probability of outage for ST and ARP schemes with iverytotal
transmit power for a fixed number of RRHs with MRT where= 3 and transmit power forN RRHs with MRT whereN is Poisson RVy = 2 and
R=1. R =1

will be allocated to it. Whereas, for the ARP scheme, when
N RRHs aid the MBS in transmission, the power allocated
to each MBS/RRH isP = £%;. Fig. 5 and Fig. 6 show the
probability of outage of both the ST and ARP schemes with
varying the total transmit powe®r, when the MBS/RRHs
employ MRT and TAS, respectively. Again, the performances
of ST and ARP schemes are compared for different antenna
allocations. The outage probability decreases with irgingp
the total transmit power or the total humber of antennas.
However, due to a total power constraint and equal power
allocation policy, the ST scheme performs better compaved t
the ARP scheme. This was not the case in Fig. 2 and Fig. 3,
‘ ‘ ‘ ‘ ‘ ‘ where ARP outperformed ST scheme because each additional
24 2% 8 32 Pgaerplﬁg] 38 40 42 RRH increased the overall system power. By employing other
power allocation schemes, the performance of ARP can be
_ » o improved. However, deriving the optimal power allocation
Fig. 6. Probability of outage for ST and ARP schemes with ayytotal . . . :
transmit power for a fixed number of RRHs with TAS where= 3 and policy for ARP scheme will be considered in a future work.
R =1 Furthermore, for the ARP scheme with MRT, comparing the
system with(N,np,mp) = (3,2,1) with the system with
(N,np,mr) = (2,3,1), the system with highetV gives
performs better compared to the ST scheme. However, at higgher outage probability, as increasing results in a lower
SNRs both schemes give similar performance, implying theitansmit power at the MBS/RRHs and a lower coding gain.
in actual networks it might be better to adopt the ST scherowever, for the ARP scheme with TAS, increasiNggives
due to its lower complexity. In addition, Fig. 4 also showatth higher coding gain that is sufficient to overcome the lower
whennr is fixed, a larger densit}zry can provide a better transmit power and thus, give better outage performance.
outage performance and increasing the number of antennaMateover, for the ST scheme, the outage performance is the
the MBS, mr, gives significant performance gain and also same as that in Fig. 2 and Fig. 3. It can be observed from
higher diversity gain as was discussed previously. It can b&g. 5 and Fig. 6 that the analytical results for ST match the
observed from Fig. 4 that the analytical results for ST mataimulation results exactly. Whereas the analytical residt
the simulation results exactly. Whereas the analyticalltes the ARP scheme and the asymptotic results match well with
for the ARP scheme and the asymptotic results match w#lle simulation results at high SNRs.
with the simulation results at high SNRs. The probability of outage with varying total transmit power
Next, we consider the scenario in which there is a toté}, for the system with randony andR = 1 BPCU is shown
power constraint on the network and the total power, in Fig. 7 for MBS/RRHs with MRT. Similar to Fig. 4, it can be
is equally distributed among the MBS and the RRHs. labserved in Fig. 7 that at high SNRs both schemes give similar
case of the ST scheme, as only the MBS/RRH with the bgstrformance. Furthermore, the performance can be improved
channel is selected for transmission, all transmissiongoowby increasing the density of the RRHs or increasing the

- o N=3,n.=2,m>=1
o N=2, nT=3, mT=1
o N=2, nT=3, mT=2
L ST
- — —ARP

- Asymptotic
‘‘‘‘‘ Simulation

n n

Outage Probability
5
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outage probability was reduced, but the diversity order was

TAS not impacted.
- = = MRT
Simulation||
VII. APPENDIX

A. Statistics of SNR from-th RRH
The CDF of~, can be obtained as

P @ =prf = (5 ) el <o) —pr{ v <8} (39)
where U,, = <—1+1d,v) lgn|®>. In order to obtain the CDF

of U,, first we need to find the statistics dfg,|’> =
SO |gntl®s gnt is CN (0, ), therefore,|g,:|* is an ex-
ponential RV with meany and ||g,||> = 1% |9’
is thus, Erlang distributed. The PDF dfg,|° is given
as f,,2(W)=zmrimyv"* ' # and the CDF of lgnl?

IS Py 12 )=ty C(nr 2)=(1-X02 " rdpmye ¥ (%)) where
Fig. 8. The averaged minimal numbely to meet a pre-defined data—ratec(.7 -) denotes the lower incomplete Gamma function [19, Eq.
with adapiive transmit power at the RRHS wheve= 5. (8.350.1)] and’(-) is the Gamma function [19, Eq. (8.310.1)].

The CDF ofU,, = (u;d) |g.|I> can be derived using the
number of antennas at the MBS/RRHS. Similarly, the diversitatistics of|g,[|? as
gain of the system can be increased only by increasing the "
number of antennas at the MBS. It can be observed from Fig. Fu, () :/0 Fig,2 (v (1 +27)) fa, (z)do. (40)
7 that the analytical results for ST match the simulationltss . 2 . .
exactly. Whereas the analytical results for the ARP scherde aSUbs’[m.Jtlng the CPF c.)ﬂg” |.| aqd the PDF in (1) into (40)
the asymptotic results match well with the simulation rtssuland doing some simplification yields

I
T

w
o

Average Minimal Number of RRH
N
& w
T

N
T

=
5
T

20

at h|gh SNRs. rrt 87% y\*¢ 2 R _y,v or i
. . Fu, =1- E - =z — 1+ dz.
Next we consider the scenario, where the RRHs transmit W o T(i+1) <u> R2/o ze 17 (1+a") do
with adaptive transmit power and compensates the path loss. (41)

In Fig. 8, the averaged minimal numbers of RRHS, witsing thg binomial theorem, doing some simplification yseld
adaptive power policy, to meet different pre-defined datasra @1d making change of variable= " yields

are plotted against mean channel powemwhere N = 5. It M i eH o fy\i 2 RV —(1-2) %
can be observed from Fig. 8, for a fixed data rate, the minim/di* ¥ =1~ 2= Jz:;) G e (E) W/o : o
number of RRHs required decreases with increase in SNR and (42)

vice versa. When the SNR is fixed, more RRHs are neededwbich can be expressed in terms of lower incomplete gamma
meet a higher data rate. Furthermore, using MRT fewer RRIfgction as

need to be employed to achieve a certain target rate compared nrl i 26 1 y\i—(+2) s 2y
to TAS. This happens because MRT offers higher array gdifi» ) = '~ ; ;0 (j)m (;) (J ok ) :
compared to TAS. It can be observed that the analytical tesul (43)
match the simulation results quite well. Finally the CDF ofy, can be obtained by substituting=

o in (43) to yield (6).
V1. CONCLUSION

In this work, the downlink performance of CRAN withB- APproximation of Statistics of SNR framth RRH
randomly distributed multiple antenna RRHs was investigat The CDF of U, is given as Fy,(@y)=1-
The MBS and the RRHs were assumed to employ MRT or TAS'Z, ' 3!, (;)me’% (,%)7"(”%)4(j+%,,%3v).
for transmission. For this system, the performance of thr&eplacing the lower incomplete Gamma function and
downlink protocols, namely, ST, ARP and MRP were analysdlde exponential function with its series representatiofili,
and the analytical expressions for the outage probabildyew eq. (8.354.1) and eq. (1.211.1)] yields
obtained. Furthermore, for the MRP scheme, the minimal np=l i ) < (L1l g\l
number of RRHs required to meet a pre-defined data ratév. () =1— >_ (j)I‘(i+1)v (Z T+ (;) ) x
was also studied. The derived analytical expressions were R L s (44)
validated through numerical simulations. Our results sahw (Z S 1()—(?” — (%Rv> ) .
that in the case of power constraint per MBS/RRHSs, the ARP =0 v o
scheme outperformed the ST scheme, whereas in case of Aff" rearranging the terms and doing some simplification,
sum power constraint, the ST scheme outperformed the AR can be expressed as
scheme. In addition, at high SNRs, the diversity could only nrl i oo oo 2() (—1)HHRHT (RY)RE (%)’“““
be improved by increasing the number of antennas employ8d () =1+ > 2.3 > ooy Ty Dras DI D’
on the MBS. On increasing the density of the RRHSs, the O omeimoRme : (45)
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In the above series representation, the terms with power oD. Statistics of SNR from-th RRH
less tham7 are zero, thereforéy, (y) can be expressed as  The CDF of Y, can be obtained as

np-1 g NV okt ()T
T e N ) Lo bl ) Fro @) =pe{ = (75 ) mpe {lon?} <0 =pr{ o < 0

i=0 j=0u=l+k>np—i (k+i+2)TGE+)TU+DT(k+1) (55)
(46)

where H, = (ﬁ) max; { [gn¢)° . In order to obtain

the CDF of H,, first we need to find the statistics of

K (%)nTH(... (47) G, = max, {|gn7t|2}. The CDF ofG,, = max; |gn7t|2 can
be obtained as

which can be compactly expressed as

np np+1
Fu, (y) =Eo <2> +E1 <2> + ..+
w Iz

(1]

20— 1 (Jz (71)14,+1(R17)k+7,

np

— np—1 i
Where~p: i:TO Zj:OZu:l#»k:nT#»pfi

(k+i+2)rG+Dra+ DK+ | Fo, () = (F, IWVNVT oS cnt ("Ye kit (56
Limiting to K + 1 terms, and approximation ofy;, (y) is ot ( Jom.e? <M>> > () (58)
obtained as « npin and the PDF of3,, can be obtained as

FUn (y) ~ Z EP (%) . (48) np . ¢ u

»=0 fon )= =3 (1" () e (57)
Again the approximate CDF of,, can be obtained by substi- =t
tuting y = 43 ® in (48) to yield (7). Givend,, the CDF ofH,, = () G is
C. Statistics of overall SNR when 2” RRHs trans}ryit Fuya, (yldn) =1+ ZT (-1)t (”tT)e-%(Hd?:)g (58)
. . . t=1
We need to find statistics of = >, v, = N% ey Un.

Unfortunately, it is not trivial to obtain the statistics gf The CDF ofH,, can be obtained by averaging the CDF over
However, the approximate statisticspftan be derived using the PDF ofd,, as

the approximation of the CDF of,,. First step is to obtain 5 T . Ry,

the statistics off’ = >, U,,. Using the MGF approach to 7 @) =1+ 75> (-1 ( tT)/O we kU5 e (59)
obtain the distribution of". The idea is to obtain the CDF of o Y ” ]

T can be obtained by taking the inverse Laplace transform gfPstitutingz = z* and thenr = ¢= yields

the MGF of T'. The MGF ofU,, can be obtained as ( >%,1
_ > —sx 2 °T ¢ (NT _ My ﬁ-tR” ? .
Moy () =5 [~ e Py, (@) da. (49 ru =14 S ()e / R
Substituting the CDF from (48) into (49) and solving the , _ (60)
resulting integration yields the MGF as The above integral can be gxpressed in terms of lower incom-
B plete Gamma function to yield
_ (IN"TT T (np+i+1)
Muy, (s) = 2| — — (50) nr n . _2
- () e 2 () () e o),
As the channel is assumed to be i.i.d., the MGFIof= = (61)
SN_ U, can be obtained as Finally the CDF ofY,, can be obtained by substituting=
Moo in (61) to yield (14)
K i . N P y .
M (s) = (Z: (%) o W) . (51)
i=0 :

Representing the product of sum in terms of sum of produé‘:rs CDF of O
yields Conditioned on thén + 1)-th largest order statistics, the
© K N L\ T (g i 4 1) largest order statistics are i.i.d [20]. Therefore, cdoditd on
Mr(s) =33 3 =, <;> ——5— (62) the(n + 1)-th largest order statistic, the Laplace transform of
' the n-th largest order statistic is
which can be compactly expressed as

1 oo
My (8) = ———— e % fr, (2) dz. 62
e 1\ NnT+éry, Nngp—t; 7 () 1-F5, (y)/y fn (2) ( )
Mr(s) =D sy <—> s N (53)
In

M

Substituting the approximate PDF f yields

wherey>, is shorthand notation oF/"_ 35 -8 0wt (o) = i (1)w+i (7 +0) ot (44 s)

T N _ N S . v —\u 1—Fs, (y)
and {y = > @ and s, = [[2; I (ng +d + 1). (63)
Finally, the CDF ofT can be obtained by taking invers

®The Laplace transform of the PDF of the sumoflargest
Laplace Transform of2(2) 1o yield P g

order statistics is

iy 1>NnT+§IN Nnp+ér o fyN—n) (¥)
Prp=S— "~ (1 : . (54 g [ e )
T = 2 TNy 6y 7 ) (5 v v B mey 0= [T

K np+i . "
The CDF of~y can be obtained by substituting= 2® in (Z (%) e ) Ems’(”T“)F(nT+i,sy>> dy.
(54) to yield (8). =0 (64)
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Expressing the product of sum as the sum of products yields The PDF ofy,, = ||gn|\2 is given as

MéN,n (5) = Z%l (%)WyTW#}ii 87(7LT7L+57;) X
p s W (65)
° . i s F(N—n) (Y '
Ji TIr e i g e
where 3, is shorthand notation ob o
#i = [li=y (nr + @) B, andg; = na
representation of (n + 1,z) =T (n+1)e "> " D)

yields
_ Z%i <£>7LT"L+57 -,LT7L+5 ) (ﬁ nT +1i >
I =1
(sy)™ )

I'(m+1)

n nrtip-1

[T (s

m=0

f’y(N n.) (y)

y‘

'Y'IL

(66)

and
= > 4. Using summation

1 ]
fon (W) = o=y T e

prTT (nr)
and the CDF ofy, is
B 1 l g 3 _anl 1 oy 2 i
Fro () = F(w)c(’“‘”’ u> = (1 2 tarnt (%) )
(74)

Following a similar procedure as before, the Laplace ti@msf
of the order statistic is obtained as

My (8) = <1 — Ft}’n (y)> (s hl ‘%)_WT r <nT, (s+ %) y) . (75)

pu"TT (nr)
The Laplace transform of sum of largest order statistics is

Mi = ()

(73)

Again expressing the product of sum as the sum of products /Ow (s+ %) o (F ('rm (s + i) y))n %dy

yields

1\ nrnté;
= ZZ%M{m,i (*) s~ (nrntei—gm)
I M H (67)
fan—n) (y) s

/oo ney & _
X e y-m way
0 (1= F5, (¥)"

whereY",, is shorthand notation of "7 1 " S tin =t

I, D) e
Em =2y my and s, ; = T Tom)
fs(v—n) (y) yields

N!

A ;ZWW(;
o~ (nTn+éi—€m) /‘”e

0

npnt&;
) x

Mgy, () =

- ) N-n-—1
mevyEm pe ()N T fa () dy.

(68)

Substituting the CDH,, (y) and PDFf5, (y) and simplifying

yields

<l> npn+€; S*(”T”+§i*5m) o

N!%i%m,i
() = XI:%: (N —n—Dln)! \u

=0 K

o K g\ T Nonet g = ynT et
—nay, € = (¥ \
/0 e ySm Z_J( ) ;(nT-i-k) -

(69)

Expressing the product of sum as the sum of products anq/

simplifying yields (71).

Nl Yo, i 31 5 (1 >§i+NW'T+£j+k

Mey , ()= ; > Z Z (N —n—1)i(n)!

s~ (nntgi—gm) / ey (N=mIn Hem+€5Hk—1 g

(70)
where " ; is shorthand notation th o vaﬂ,lzoa
;= lNln 1 :]l, A = (nT + kj) Er andg] — lNIn—ljl

Solving the integral and taking the inverse Laplace Tramsfo and solving the resultlng integral yields (81).

of (71) yields the CDF in (35).

F. CDF offy,,

Conditioned on thén + 1)-th largest order statistics, the
largest order statistics are i.i.d [20]. Therefore, capdiéd on
the (n + 1)-th largest order statistic, the Laplace transform of

the n-th largest order statistic is

Myny () = ﬁ /yoo e " f5, (2) dz. (72)

Substltutlng PDF

(76)
Substituting the PDF of;(y_,) (v) yields

Moy, (9= (unTrl(nT))n N - o DI (+3)

[ O ro o

Substituting the CDH;,, (y) and PDFf;,, (y) and simplifying
yields

(ﬁ)z\ﬂ (

Mo (N—rL—l)‘(n)'

ON,n

(s) =

1\ "nr
+a)
£ (Y,
T'(m+1)

N—n—1
np—1 1 oy y i 1
<1— ; r(i+1_)e H (;) ) 7MHTF(”T)y
(78)
Expressing product of sum as sum of products yields

M (»)—( ) T Chad I
Onm T punT pu"TT (ny) (N —n —1)!(n)! ® I

o (e (1)) ")

/oo I (nr)" ef(sJr ny
0 m:()

NP N—n—1 19 "t Tk y\* ’ np—l,E
g) ( j ) (D) ; TG+ (E) L
(79)

where 32, = 07T 00 Zh &m = YL mi and

Fm = [T Again expressing product of sum as

sum of products yields (80), whe}e, = -1 " ... S0,

k1 = [T | Ty and & = S/ _,i,. Rearranging terms
Representi

Mg (s) in terms of Gamma functions yields (82). The CDF

can be obtained by taking the inverse Laplace transform of

£ M (s) which is given as

us

N—-n—1

- Y

M j=0 I

-1
9N n TL )X
(1) Nin~Em+nm46) D (¢ 4 ng + €5) ki
T (np) (N —n—1)(n)! %
s /'H—%T T[T, T (us + b (k)
q—ir TIh_1 T (us+ap (k))

(83)

eVds
27
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K Nlseise s D (N —n)nye +&m + &5 + k) Nnp+&i+&;+k (N
— i¥Tm,i m — np+§ v+§7y+k)
MeN n \S ;;;; N—n— 1)!(n)!n((N n)nT+§,,L+§J+k) (M) S J (71)
1 \" 1 NI N—n—1 ;
MéN,n (s) = (W‘LT) urTI (np) (N —n — 1)‘(n)‘ Z Z ( Jj ) (=1)7 o x (80)
—nnp+E&m oo y £j _
(S+ —) B / nyZH167 g <—) ! Yy nTT 16 ﬁdy
I
Nt -—n—1 k1 (—=1)? NIT (& + nr + &) K, —(§m+nr+é;)
A m m nnp+&m -
Moy, ()= Z Z Z ( )F(nT)(N—n—1)'(n)'n(£m+”T+§ ) (us + 1)~ (ua+ (rL+J+1)> (81)
N —n =1y (=1)? Ntn~EmFn0+6) D (¢, + np + &) i
MéN,n () :Z £ ZK ( ) I'(np) (N —n—1)I(n)!
=S (82)
F(/J,S+1)nnT7£mF(lJz5+1+TlL(j+1))(§m'+nT+£j)
D(us+14 1) T=6m T (us 41+ L (j+ 1) + 1) (EmTrre;)
where m = 1 + nnr Em (&m +nr +&;), 9] 3. Joung, Y. Chia, and S. Sun, “Energy-efficient, largaks distributed-
_ 1 nn n ), b _ antenna system (L-DAS) for multiple user$EE Journal of Selected
p * T &m (&m0 +&), by Topics in Signal Processingol. 8, no. 5, pp. 954-965, Oct. 2014.
. . . [10] S.-R. Lee, S.-H. Moon, H.-B. Kong, and I. Lee, “Optimadmforming
0.1.1 11 (J+1) 1 (F+1) 1 (F+1) schemes and its capacity behavior for downlink distribugedenna
L1, 11+ 1+ n 7 + n systems,”|[EEE Transactions on Wireless Communicationsl. 12,
- no. 6, pp. 2578-2587, Jun. 2013.
=i (Em+nr+E)) [11] A. Liu and V. Lau, “Joint power and antenna selectionimjation
and ap = bn + 1 = IFrJ] Iarge_cloudI gizdio acscess rie3t\1/\éorll<§l;:’8EEMTranzsoalcjions on Signal
rocessingvol. 62, no. 5, pp. — , Mar. .
. . . [12] H. Zhuang, L. Dai, L. Xiao, and Y. Yao, “Spectral effic@n of
1,2,2,..,2,2 + (J + 1)72 + (J + 1)7._.72 + M distributed antenna system with random antenna laydtigttronics
—— n n n Letters vol. 39, no. 6, pp. 495-496, Mar. 2003.
nnr—&m (Emtrrtts) [13] J. Zhang and J. Andrews, “Distributed antenna systeritis random-
mTNT+E&;

The CDF in (83) can finally be represented in terms of
Meijer-G function as (37). [14]
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