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Abstract—Cellular networks operating with a frequency reuse cooperation [5], where only sectors belonging to the same
factor of one are often interference-limited. For that reason, BS site may cooperate, employing inter-site cooperation is
base station (BS) cooperation techniques aiming at mitigating the more involved due to several practical constraints, sudhes

effects of interference caused by simultaneous transmissions on dditi | delay due to the inf i h bet th
the same frequency resources in nearby sectors may considetgb addrtional delay due fo the information exchange between

improve the system performance. However, for that purpose COOperating BSs and the joint processing, the synchraaizat
generally high-capacity backhaul links are required, which are of the UEs to all cooperating BSs as well as the adjustment of

often not available in practice. A crucial factor for realizing the timing advance. One of the main challenges for realizing
such cooperative techniques in the short-term therefore is to inter-site cooperation in practical systems, however,his t

develop efficient ways for reducing the backhaul load without
significantly worsening the achievable performance. In this paper, tremendous amount of data to be exchanged between the

we evaluate the performance of inter-site joint detection with Ccooperating sectors of different BS sites.
reduced backhaul capacity requirements for the uplink of a 3GPP A first system-level analysis of uplink inter-site joint de-

UTRAN Long Term Evolution (LTE) system, where different BSs  tection has been presented in [4]. In this paper, we propose
cooperate with each other in order to jointly detect the signals beyond that two different methods for restricting intéesi

transmitted by various users. By means of extensive system- fi t tain f . der t
level simulations, we show that with the proposed methods still cooperation 1o certain frequency resources in oraer to ease

significant performance gains may be realized over conventional the backhaul capacity requirements without significanty d
systems—especially in terms of the cell-edge throughput—while grading the achievable performance. For this purpose, We on

the backhaul load can be considerably reduced compared to a allow inter-site cooperation either for a fixed subcarriattgrn
system with full-complexity joint detection. or for certain physical resource blocks (PRBs) selecteédas
on a predefined signal-to-noise-plus-interference r&IdR)
threshold. Furthermore, we thoroughly evaluate the system
The main factor limiting the performance of current celtulaperformance of both methods for the LTE uplink and compare
networks, such as the 3GPP UTRAN Long Term Evolutioit to a full-complexity joint detection system as well as to a
(LTE), is other sector interference as the transmissionni@ oconventional system without any cooperation.
sector is perceived as interference by other sectors nearbyrhe remainder of this paper is organized as follows: In
Therefore, techniques for combating other sector interfee Section I, we first of all describe the considered inter-
recently have attracted a lot of research attention, inefud site cooperation scheme in detail. Afterwards, we present
amongst others static and dynamic interference coordimatiour proposed backhaul load reduction methods in Section
[1] as well as coordinated multipoint (CoMP) transmissiod a 1ll, followed by our simulation methodology in Section IV.
reception [2]-[4]. In contrast to static interference aina- Finally, some system-level simulation results are disedisa
tion based on fractional frequency reuse, where the resouBection V and our conclusions are given in Section VI.
allocation of the user equipments (UES) is restricted ttader
parts of the available bandwidth depending on whether theey a
located at the cell-center or at the cell-edge, more sdpaist We consider the uplink of a cellular network as depicted in
and spectrally-efficient techniques will play a crucialerdbr Fig. 1 (b), where different BS sites are interconnected with
next generation cellular networks, because of their p@tenteach other via high-capacity backhaul links, thus fadiigpa
for providing significantly higher spectral efficienciesn®of fast information exchange between them. In case of a 3GPP
these promising techniques is CoMP transmission/reagpti€ TE system as considered here, this data exchange could
where different base stations (BSs) cooperate with eaddr othe realized by means of the X2 interface, for example [6].
via a fast backhaul network in order to virtually establiskience, not only intra-site cooperation according to Figa)l (
a distributed antenna array among all antennas of the ¢pay be performed, i.e., that the sectors of the same BS site
operating BSs. This way, multiple cooperating BSs are ahieay cooperate with each other, but also inter-site coojperat
to jointly transmit to one or multiple UEs in the downlinkacross sectors belonging to different sites. Possiblearatipn
or to jointly detect the received signals in the uplink irclusters for the exemplary UE indicated in Fig. 1 are for both
order to improve the signal detection. In contrast to isite- cases illustrated by means of the shaded areas. The proposed

I. INTRODUCTION

II. INTER-SITEJOINT DETECTION



(a) Intra-site cooperation (b) Inter-site cooperation

-

signaly, = [r{ - rf{]T determined by sectar, with (-)” as
the transpose operator, can be written as

hip -+ his S1 i1 Ny
4 Y1 = + +
_“Bssite hs1 -+ hss S5 is N5
——  N——
H S i
Backhaul link . (2)
BS Clearly, sectorl may then easily detect the transmitted
Sectors signal from the associated UE as well as from the UEs

2 to 5 located within the cooperating sectors by using a
standard MIMO receiver [5], provided that reasonably aatur
channel state information (CSI) from all these UEs is atééla
I—é(aNever, each sector only evaluates the symbol transmitted

mter-snel cooperation scheme is b_ased on a dgcentrah%y its scheduled UE because this way the cooperation delay
cooperation concept, where the particular cooperatiostets is. not further increased by the exchange of the detected

may be different for different UEs and depend—among other

. : . : mbols between different BS sites. Please note that each
things—on the received signal strengths at the various UES, S .
; ; . . sector has to provide its own multi-cell CSI to any of the
as will be outlined in more detail below.

. cooperating sectors, so that each of them is able to determin
In the following, we always assume that all UEs ar b ¢

ioped with inal ¢ | t onl d that e overall channel matrild, which in turn is required for the
;qswp_?e_ Wi da sing ;{Znﬁennate en:en oquag_ﬁ a te odulation of the transmitted signals as well as for thie i

si€ 1S made up o inerent sectors wi teren adaptation. For the latter case, i.e., the selection of aguate
antenna elements per sector. As in conventional systerhs wi

i i tor al ‘ ind dphodulation and coding scheme (MCS) subject to a certain
out any cooperation, EVery Sector always pertorms in SpEn block error rate (BLER) constraint, it is taken into account
scheduling and assigns certain PRBs as well as appropr

. ) . lﬁtgt afterwards joint detection will be performed. In peutar,
transmit power levels to the various UEs. After having sigda the link adaptation is performed based on the estimated SINR
the scheduling grants over the air, each sector may req

support for its currently scheduled UE from the sectorsrh@lout‘?ﬁlett 's obtained by evaluating all signals received by all

ina 1o the T tiv ration cluster in order to Vi cooperating BSs, thus usually resulting in the selection of
ingre(;seethgsrﬁ)t?r%b:r (;?Orre)ie?vg ar?tgrineas tr?useimgrovtiyrl:s1 eS pectrally more efficient MCS than in conventional non-
. . . ' o operative systems. For that purpose, each sector peallydi
signal detection. After the actual uplink transmissiore #th P y purp peliyd

tor of tain BS sit . inal bearri rovides both scheduling information as well as multi-&4l
sector of a certain Bo Site Teceives on a single SUbCarteer ¥ .o sectors within the cooperation cluster. The scheduli
baseband signal; given byt

information is required for selecting the appropriate C&he
. currently scheduled UEs located within the cooperatiostelu

o= Nigsi+ Z higsg +1i+n;, 1€C @ in orderyto determine the SINR expected with jF:)int detection

The selection of an appropriate cooperation cluster isthase
with G; as the set of UEs associated to th sectorM;; as on so-called reference signal received power (RSRP) measur
the set of cooperating sectors associated with the schiduleents [7], which are normally used for handover decisions
UE [ in the i-th sector,h; ; as the N-dimensional channel in conventional LTE systems. In fact, the UEs rank different
vector from the currently scheduled UE in theth sector sectors according to their signal strength and report this
to the antenna elements of the¢h sector,s; as the symbol information back to their respective serving BSs. Without
transmitted by the currently scheduled UE in thth sector, loss of generality, let us denot&, as the ordered set of
andi; as well am; as the other sector interference and thermalter-site sectors, which can be perceived by the UE with
noise, respectively. By combining the signals received lby @ndex k, where the ordering is done in such a way that the
cooperating sectors, we actually obtain a virtual multipleut  corresponding RSRPs are non-increasing. Theni-thenter-
multiple-output (MIMO) system, what we illustrate in thesite sector is incorporated into the cooperation clustehéf
following for notational convenience for the particularsea maximum number of cooperating sectors is not yet reached
with K = 3, where sectol receives the signal transmitted byand if the following condition is met
UE 1, and where the cooperation cluster for WEonsists of
the sectorg to 5. In this case, the resulting effective received Pseri, — Vi (1) < fori=1,...,|¥y, 3

Fig. 1. Comparison between intra-site cooperation and-gitercooperation.

JEM; 1

in contrast to orthogonal frequency division multiple ascé®@FDMA) with || as thET cardinal number Operat(ﬁSE_rv,k as the RSRP
used for the LTE Release 8 downlink, where a data symbol istgxaapped from the serving BS, ang as the cooperation threshold. As a
ona certain_subcarrie_r, L different daFa_ s_ymbols are spragal lo subcarriers result, the cooperation cluster obviously may be diffefent
in case of single-carrier frequency division multiple ascéSC-FDMA) for . .
the LTE Release 8 uplink. As a resud, in (1) contains contributions of all each UE and the larger the cooperation threshoial (3), the
L data symbols transmitted by the respective UE. more UEs benefit from joint detection.



I1l. BACKHAUL LOAD REDUCTION around technique in order to avoid any border effects. Multi

In the following, we propose two different methods fopath fading is modeled by means of the 3GPP spatial channel
further reducing the backhaul capacity requirements. As &odel (SCM) and we make use of the mutual information
ready mentioned before, the data to be exchanged wittgf{ective SINR mapping (MIESM) for realizing the link-to-

a cooperation cluster generally comprises baseband sigrﬁé{lStem mtgrfgce. Moreover, the link adaptation is modeled
for the relevant subcarriers, scheduling information agl wavith a realistic round-trip delay and apart from convengbn
as instantaneous CSI of each cooperating sector determife} inner-loop link adaptation, we additionally make use o
by multi-cell channel estimation. However, in addition tdh€ same outer loop link adaptation scheme as considered in
that, also knowledge about the sounding reference signBdbin order to really achieve the desired target block erate
and hopping sequences assigned to the various UEs in (BLER) on average. The transmit power of all UEs is adjusted
cooperating sectors is required in order to be able to perfoPased on a simple open-loop scheme as (in dBm)

accurate multi-cell channel estimation. Hence, this imfation g

additionally would have to be exchanged between the coop- Prx = min {Finax. o - 1010ggol -+ PL} )
erating sectors, but since the assigned sounding and fpppMith Pnax as the maximum transmit powef, as a reference
sequences in general do not change during every TTI, tifiewer,M as the number of assigned PRBs anas well as PL
should cause only minor extra backhaul traffic. as a constant path loss compensation factor and the lomg-ter

As the exchange of the baseband signals constitutegtéenuation of the channel between the UE and its serving BS,
significant fraction of the overall backhaul traffic, the isas respectively. Furthermore, the scheduling is always feeqy-
idea of our approaches is to reduce the inter-site cooperatbelective proportional fair according to [9] and retrarssions
either to a preselected subcarrier pattern or to those PRBES processed by means of a synchronous, non-adaptivel hybri
on which high interference might occur. In the latter cas@utomatic repeat request (HARQ) protocol with incremental
every sector only requests additional support from codjgra redundancy. In this regard, we assume that both baseband
inter-site sectors for a certain PRB if the instantaneol$RS| signal exchange and joint signal processing are completed
averaged over the subcarriers belonging to that PRB is esmain time, so that the specified round-trip time for a HARQ
than a predefined SINR threshoid i.e., if protocol process is not exceeded. Otherwise the HARQ timing
Q would have to be adjusted, what however, is not considered
1 <~ 4 in more detail here. Further important system parameters ar

Q = w, diag (]E [iqifl] iE {nqnfl}) wi ’ summarized in Table I. ' .

The system performance evaluations are carried out under
where@ denotes the number of subcarriers per PRB, the the assumption that the different delay spreads of a signal
mean energy per transmit symbwai, the weight vectorh, the transmitted by a certain UE to the cooperating sectors do not
channel vector, the interferencen, the thermal noise angl exceed the cyclic prefix length. In general, the UEs have to
a SINR threshold. Furthermore-,)T indicates the conjugate- transmit their signals slightly in advance to ensure thay th
transpose operator and diay the diagonalization operator, arrive at their respective serving BS at the expected tinestolu
which sets all elements of a matrix except for its main diajonthe propagation delay. Typically, the propagation delaymfa
equal to zero. certain UE to different sectors are varying significantytlsat

Depending on the actual value of the amount of data the transmitted signal arrives at the serving BS at the egdec
to be exchanged consequently can be significantly redudéde after timing advance adjustment, but may arrive to any
by performing inter-site cooperation only for PRBs with lowof the cooperating sectors earlier or later than expectedleWh
SINRs. With our second approach, in contrast, we reduteproper timing advance adjustment certainly would havg on
the required backhaul capacity by exchanging the relevamminor impact on the system performance for small inter-sit
information not for all subcarriers on which a UE is schedule distances and cooperation cluster sizes, a certain peafaren
but only for a subset according to a predefined pattern. degradation is expected in case of large propagation delays
simple example would be that only for every second subaarridowever, by neglecting this issue, we are still able to revea
a cooperation across different BSs takes places while for tthe fundamental potential of our proposed scheme and leave a
remaining ones only the signals received at the respectivere detailed analysis of improper timing advance adjustme
serving BS are evaluated. Clearly, both approaches may aigoour future work.
be readily combined together in practical systems.

E,, wghg hiwi

V. SIMULATION RESULTS

IV. SIMULATION METHODOLOGY Fig. 2 shows the system performance for our proposed joint

We investigate the performance of the proposed intedetection scheme with intra-site and inter-site coopemnati
site joint detection scheme with backhaul capacity reduacti respectively. Both the average spectral efficiency and dfle ¢
by means of extensive system-level simulations for a 3GREge throughput, which is defined as #i& percentile of the
LTE Release 8 system. The considered deployment scendié throughput distribution, are illustrated and we conside
corresponds to a standard hexagonal grid consisting of tt® Macro 1 and Macro 3 cases, respectively. If not stated
BS sites with three sectors per site and we apply the wratherwise, we always assume that at most three inter-site



TABLE |

SYSTEM LEVEL SIMULATION PARAMETERS T 2 - ! 600
‘8’ [ | Intra—sm? coop.AonIy £920%
i, k% [ Jintra- & inter-site coop. (N = 6dB) M
Parameter Setting T [ Jintra- & inter-site coop. () = o) 500
Deployment scenario 19 BS sites with 3 sectors per site & 1.5~~~ No cooperation +520%
Inter-site distance (ISD) 500m [Macro 1] or 1732 m [Macro 3] 3, +35% [1+57% 400 M
Carrier freq. / bandwidth 2.0GHz / 10MHz > 1220 +41% 7 +26%
Channel model 3GPP SCM & +25% 59
Distance-dependent path loss According to 3GPP TR 25.814 [10] e 1 e 2800 @l
Shadowing standard deviation 8 dB % (. §£;
UE speed 3 kmph (quasi-static) 5 g 3200
Default number of UEs/sector 10 805 £ £ +879% *+120%
Target BLER 10% ° W 100 +47%
UE / BS antennas 1/ 2 per sector g IHH
Traffic model Infinite full buffer g 0
HARQ Synchronous, non-adaptive < Macro 1 Macro 3 Macro 1 Macro 3
Scheduling algorithm Proportional-fair according to [9]
Link-to-system interface MIESM
BS antenna spacing 10 A\, X: wavelength Fig. 2. System performance comparison between various iatchinter-site
Power control Py = —58dBm, a = 0.6 [Macro 1] cooperation schemes for the Macro 1 and Macro 3 case. The g@reentages
Py = —60dBm, a = 0.6 [Macro 3] denote the relative performance gains compared to a conmahtgystem
Prax = 24dBm without cooperation.
BS receiver types MRC (w/o cooperation),
LMMSE (w/ cooperation)
Channel estimation Ideal 1 = 100
Control channel overhead Upper and lower 4 PRBs —n=6d8 | - Il =608
Reference signals overhead | According to 3GPP TS 36.211 [11] & ---n=12dB| . i = [In=12dB
CSI exchange interval 2 TTls S08|--n=w | ! & 80 In=e
2 ! i o
c s i <
%0.6 ';' ! % 60
sectors per UE can cooperate with each other. Hence, & w .
. . . . .. . . S !
cooperation cluster in case of inter-site joint detectionsists g 04 f ! z 40
of the two intra-site sectors plus the additional intee-sihes. ks J E
It can be seen from Fig. 2 that even for a small coope §02 | g 2
ation threshold significant gains can be achieved with ti © ‘f
proposed joint detection scheme, where particularly the ce % 2000 2000 o 1 2 3
edge throughput can be considerably improved. Furtherma Backhaul load per BS [Mbps] No. of coop. inter-site sectors per UE

we note from Fig. 2 that the cell-edge performance gains for
the Macro 3 case with a relatively large inter-site distancgégc't
are even higher than those for the Macro 1 case. This can
be explained by the fact that in the Macro 3 case most of

the other sector interference can be already eliminated WiyEs and sectors participate in the cooperation, the higieer t
the support of at most three additional inter-site secters dpackhaul requirements get. Fig. 4 shows the impact of the
to the larger inter-site distance in that case. Finallyhittdd number of cooperating inter-site sectors per UE on the Byste
be noted that in case of = oo not only cell-edge UEs, but performance for the Macro 1 and Macro 3 case, respectively.
also cell-center ones benefit from joint detection. Theesfo There is no restriction on the number of cooperating inter-
the system performance can be even further improved in thge sectors per UE and the cooperation threshold is set to
case, but this comes at the cost of an increased backhaul lopd: ~, i.e., all UEs are jointly detected by all sectors within
This is also confirmed by Fig. 3, where the required backhagle cooperation cluster. Clearly, the system performare ¢
capacity as well as the number of cooperating inter-sit@os&c be improved with increasing number of cooperating sectors
per UE for various cooperation thresholds are illustratemt. since more and more other sector interference is transtbrme
that purpose, we assume a quantization granularity of 30 hilito useful signals this way. However, in the Macro 3 case
per baseband sample and we measure the required backk@ll performance already saturates for a small number of
load as the sum of the occurring input and output traffigooperating sectors because of the relatively large distan
at a certain BS site, considering baseband signal, CSI m&ween the UEs and the BSs. This reflects that in this case the
well as scheduling information excharfgelearly, the more piggest share of the interference comes from a few surrogndi
sectors only.

2For the calculation of backhaul traffic caused by the exchasfgCSI and Fig. 5 illustrates the impact of the cooperation threshold
scheduling information, we assume a quantization granylafit50 bit per

resource allocation table and 16 bit per channel impulseoressy 16 pilots 7/ on _the SYStem performance for inter-site ]0|.nt deteCt_'on
per PRB and a CSI exchange interval of two TTIs, leading to ekiiaul combined with the two different backhaul capacity reduttio
load requirement per BS for the considered scenario of at2@iMbit/s and  methods outlined before as well as for the conventional . case

7 Mbit/s in case of CSI and scheduling information exchangspectively. .
Please note that we are not considering any sophisticatattigation methods where the amount of data to be exchanged is not reduced.

and leave a more detailed treatment therefore for our futum.wo As can be seen, with increasing number of subcarriers per

3. Backhaul load per BS as well as the number of coopeyatter-site
ors for various cooperation thresholds in case of Macro
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Fig. 5. Impact of the cooperation threshold on the systemopmdnce for

may cooperate with each other in order to jointly detect
the signals transmitted by the various UEs. Furthermore, we
have proposed two novel methods for efficiently reducing the
amount of data to be exchanged over the underlying backhaul
network and we have shown that with these approaches
the backhaul load may be significantly reduced while still
achieving a rather good performance.
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various cooperation schemes in case of Macro 1

PRB allowed for inter-site cooperation the system perforcea [1]
steadily improves. The upper performance bound, where all
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of the subcarrier pattern method are slightly higher than th

Laboratories) for his helpful suggestions.

REFERENCES

G. Boudreau, J. Panicker, N. Guo, R. Chang, N. Wang, andr&c,
“Interference coordination and cancellation for 4G nesgr IEEE
Commun. Mag., vol. 47, no. 4, pp. 74-81, Apr. 2009.

M. Karakayali, G. Foschini, and R. Valenzuela, “Netwariordination
for spectrally efficient communications in cellular systemdEEE Wre-
less Commun., vol. 13, no. 4, pp. 56 — 61, Aug. 2006.

H. Huang, M. Trivellato, A. Hottinen, M. Shafi, and R. V. Bmith,
“Increasing downlink cellular throughput with limited nesvk MIMO
coordination,”|EEE Trans. Wireless Commun., vol. 8, no. 6, pp. 2983
— 2989, Jun. 2009.

ones of the SINR threshold based method. This is because ti4& C- Hoymann, L. Falconetti, and R. Gupta, “Distributed infl signal

interference cannot be accurately determined in advanee du
to the highly volatile interference situation as from ond 1@ [5]
the other different UEs might be scheduled in nearby sectors
As a result, often PRBs are selected for inter-site coojperat g
where additional support of inter-site sectors does nat tea

a significant performance improvement. Finally, Fig. 6 depi

the required backhaul load per BS for the proposed backha
capacity reduction methods and it can be seen that a sigrtifica

backhaul capacity reduction can be realized with the pregos ]
methods, ranging from 23% to 66 % on average.

(7]

V1. CONCLUSION [10]

We have evaluated the achievable performance of the uplink]
of a 3GPP LTE system with inter-site joint detection, where

processing of cooperating base stations based on 1Q sangilarege,”
in Proc. |IEEE Int. Conf. Commun., Jun. 2009.

A. Miller, P. Frank, and J. Speidel, “Performance of the LTE Wplin
with intra-site joint detection and joint link adaptatiom Proc. |EEE
\eh. Technol. Conf., May 2010.

3GPP TS 36.420 V8.1.0, “Evolved universal terrestriatio access
network (E-UTRAN): X2 general aspects and principles,” D2@08.
3GPP TS 36.214 V8.7.0, “Evolved universal terrestradio access (E-
UTRA): Physical layer — measurements,” Sep. 2009.

h A. Miller and P. Frank, “Cooperative interference prediction én-

hanced link adaptation in the 3GPP LTE uplink,” Rroc. |EEE Veh.
Technol. Conf., May 2010.

F. Calabrese, C. Rosa, M. Anas, P. Michaelsen, K. Pederard
P. Mogensen, “Adaptive transmission bandwidth based packetduling
for LTE uplink,” in Proc. |IEEE Veh. Technol. Conf., Sep. 2008.

3GPP TR 25.814 V7.1.0, “Physcial layer aspects for wesluniversal
terrestrial radio access (UTRA),” Sep. 2006.

3GPP TS 36.211 Vv8.9.0, “Evolved universal terrestralio access (E-
UTRA): Physical channels and modulation,” Dec. 2009.



