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Abstract— Recent work has shown that multi-cell co-operations  In section I, we will summarize basic aspects about linear
in cellular networks, enabling distributed antenna systems and joint transmission. In sections Il and IV, we will adapt
joint transmission or joint detection across cell boundaries, can our framework from [1] to the downlink and show that the

significantly increase system capacity and user fairness. Most d ootimizati lgorith Iso be similarly &bl
publications in this field assume that an infinite amount of infor- proposed optimization algorithm can also be similarly &p

mation can be exchanged between the CO_Operating base Sta’[ionshere. We will then discuss simulation results in section 4 an

neglecting the main downside of such systems, namely the needconclude the paper in section VI.
for an additional network backhaul. In a recent publication [1],

we have proposed an optimization framework and algorithm Il. BAsics
that applies joint detection to a subset of users for scenarios A Notation

of constrained backhaul. In this paper, we will now observe joint . .
transmission in the downlink, which can be described in a similar 1 h€ notation we use throughout the paper is as follows. In

way, but allows for an additional degree of freedom in the way the general, if X is a matrix, then we refer to thgth column
backhaul infrastructure is used. Different schemes are compad, vectoras x;, and refer to the matrix elements ag;, except
yielding _tfhat Iilne_ar mU'“'Uhserd bealmfl(()rmi“fg to Se'e‘?tfed Illlslers for channel matriced, whereh;, refers to therow vector
can significantly improve the downlink performance of cellular ;
systems under a strongly limited backhaul. Cc.)rrespon.dlrjg t.o usek. The operatore Qenqtes eIe_ment-
wise multiplication, < denotes element-wise inequality, and
|. INTRODUCTION operatorA yields a square matrix with non-zero elements only

. . . .on the diagonal, either extracted from a given square matrix
It is well known that inter-cell interference poses the main g g q

T generated from a vector. The operadr= |X| yieldsy; ; =
capacity limitation in future cellular systems. To OVer@®m. " "1 Ciherwise zero. The expressi Candir.
this problem, multi-user detection or transmission acidbs o ' ) b it (i3]

borders, often observed in the context of so-catledributed gtra]go(t)energat:lecsese\é\gtllﬂelroyvs dzgg{ezogjrzg‘;’ ifclillaesti'zlv |trf:1;ter ir;s
antenna system®AS) has been proposed by various authors. ' P Wi y !

L . ) operatorg-)” and(-)" denote matrix transpose and Hermitian
Optimistic capacity bounds for large clusters of co-opegat transpose, respectively, arig{-} denotes expectation value
cells have been determined for the uplink [2] and downlirk [3 POSE, Tesp Y. P '
[4], and corresponding detection and transmission schenfgsJoint transmission in Distributed Antenna Systems

investigated in e.g. [3], [5], [6]. We observe linear joint transmission schemes, enabling an

The main downside of inter-cell co-operation is the va$@Sy derivation of lower achievable rate bounds which can
amount of backhaul required for information exchange pden be exceeded by non-linear schemes, e.g. Costa prgcodin

tween involved base stations. Recently, we have thus intffOVen to approach channel capacity in [7]. A joint transmis
duced a framework [1] to improve both the sum capaci on fromM base stations with a total &+ transmit antennas

and, more significantly, the fairness of a cellular system 9K users with one receive antenna each can be stated as

applying joint detection only to selected users, while tedi y = HWA(p)%S +n, whereA(WIW) = Ik ()
by a pre-defined backhaul infrastructure. We will now show (K xN7] i .

that the developed framework can be applied analoguously\%(g;rfil EC(C[NTX K}Isi;hetr:gattzz(acr):]% :ﬁi?];err]%;:zt C\?:Crlgf;'
the downlink. Here, we have the additional degree of freedo € RHEXI] g ¢ CIKx. andm € CK*1 are the transmit

to either exchange pre-processed and quantized signedwalﬁ ) . . .
over the backhaul, or the uncoded, binary data of J.Oimgowers, transmitted signals and zero-mean white Gaussian

pre-processed users, which we will observe in detail. F ﬂise at the rece_ivers of the mobile _terminals, respegtivel
simplicity, we generally assume that perfect transmétde e resulting achievable rate of a udefs known to be
channel knowledge is available at the base stations, though

the framework could easily be extended to model performanceci = log, | 1 + =
degradation due to incomplete channel information. hy, (Zi:l,i;ﬁk PiWin{) hif + o7

Hy H
prhywiwi hy

)



whereo? = E{nfIn,}. We will from now on use the term codes etc.). These users will observe mutual interferemde,
capacityfor the achievable rate of a user under a given beaman be selected for joint transmission to combat exactly thi
forming matrixW and power allocatiop. Major research has interference. User grouping is described through matrix

been done on the joint choice of these two parameters, e.g. "1 1 1 -~ 0 0]
for maximizing sum capacity [3] or balancing user SINRs [6]. 111 - 0 0
In large systems with many users per cell and selective joint 1 1 1 0 0

transmission, however, power allocation is yet uninveséd. G € {0, 1}[KxK] e.q9.G =
We thus want to decouple the problems and determine the

achievable capacity if for a given power allocatign an 0o 00 -~ 1 1
optimal beamforming matri¥ is chosen. We derive from [6] L0 0 0 1 1 |
and [8] that such vectors are obtained for all userss o . . (6)
. . in this example grouping the first three and last two users ont
A 'hf _ H - the same resources, respectively. Grouping follows theofaw
Wk = h, A, °hH’ Ak = ‘_12:#1%111- hi + 0Ty (3) transcivity and reflexivity, henc&” = G andVi,j : g/ g; €

{0,g7g;}. For a given user grouping, we can state channel
wherec? is the average noise over all users. This corresponaigitricesH; € C5>*N7l where indexl < [ < L allows to

to the transmit Wiener filter solution [9], succeeded by a urdbserveL channel coefficients on each spatial link, if desired,
column power constraint oiW. Within a cellular network, e.g. representing different sub-carriers. We further eefire
however, we have to constrain the transmit power contributgo-calledjoint transmission configuratiomatrix as

by each base statiorAssuming that sets of users chosen for T16 0 16 --- 0 0 ]
joint transmission will usually be close to cell borderd, s. O 0 0 --- 8 8
the average path gain from all transmit antennas to a user is o 0o --- 8 8§

similar, we suggest to let the involved base stations eguall v e NS’[NTXK] eq.V=
share the sum transmit power, hence the additional constrai Loon IR :
1 0 0 10 --- 0 0
MpA (WAP)W) 11y, ) = EPT]-[KXI]]-[MXU (4) Lo 0 0 - 16 16 o
whereMp € {0,1}M*N7] maps transmit antennas to bas#here each entry;,, > 0 determines that transmit antenna
stations. Though downlink beamforming with per-antenrfais involved in the transmission to user the actual value
power constraints [10] could possibly be extendedpty- Stating the quantization bits used if the transmit signegspae-
base-stationconstraints, we propose to simply compute therocessed in a central location and then relayed via the-back

beamforming matrix for all involved users jointly as haul. For all users involved in a common joint transmission
5 operation, the set of transmit antennas and the quantizatio
— _ 1 iy o - ol o .
W=A : (HHA(p)H n 021) YHEA : Ie¥el per antegna must be equal, fulfilling, j : g; g > 0—
By . v, v; € {0,v; v;}. From (2), we can now derive the per-

(5) user capacity as stated in equation (10), where (11) fulfiss
where factorsy, are initially chosen to ensure the constraintonstraints discussed in (5), ang refers to matrix
in (1), and3; are subsequently chosen to fulfill (4). Though KxK| _ T
the resultingW does not fulfill (1), and thus the beamforming Uefl, 1}[ = GO (V V)J (8)
vectors are not optimal w.r.t. (3), our simulations havevaho stating which users are involved in the same joint transiotiss
only a marginal degradation in performance. operation&y, is the relative quantization noise power (w.r.t. the
average transmit power at each antenna), given by

1 1 1 T 9
sz g gz ©)

IIl. OPTIMIZATION FRAMEWORK

We will now adapt the framework from [1] to the downlink, &, € RT[Nrx1] —
allowing us to describe user capacity as a function of a set . _ _
of input parameters. Note that all variabled/( K, Nr, In (10), the expectation value over multiple channel magic
p etc) are now used to describe a large cellular systeM;;1 < | < L is observed, where indekis omitted for
where S refers to the number osites typically grouping notational brevity. Perspectively, we could extend thengua
three base stations into one location. We assume unceuelaation noise term in (10) to incorporate the effect of chgsin
signal propagation paths due to cross-polarization aatean Peamforming vectors under incomplete channel knowledge.
base stations and large distances between antennas @#\erVii Calculating Backhaul

perfect transmitter-side channel information at one entr . . L
. . . . ... We now derive the backhaul required for the selective joint
point, and errorless backhaul links (e.g. fixed wire) with

limited capacity between certain sites, as specified later tra+r[155£ns|]s sion specified through, expressed as a mati
’ "N , Whereb; ; states the required backhaul from site
In [1], we stated the concept @froups i.e. a set of users to site j. We will now discuss the two mentioned scenarios
in different cells sharing the same resources (e.g. sutiecgyr how to use the backhaul infrastructure in the downlink
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with s, as in (13). Regardless of the backhaul scenario, any
choice of(V,s) finally has to fulfill the backhaul constraint

B=<D (15)

Site setup and minimum path loss [in dB] for simple mode|

4km

Jkm
B. Overall Optimization Problem

We now have the same optimization problem as in the
uplink [1], i.e. we can compute user capacities and backéswl
a function of user groupin@x, joint transmission configuration
(V, s) and power allocatiomp, and have to solve

2km

Tk

[G,V,8,p] = argmaAV [¢(G, Vs, p)] (16)
G,V,s,p D
Tkm 2km 3km 4km
for a given backhaul infrastructud® and power constraint
—1
Fig. 1. Site setup for simulations, containing a co-opegatiister of 7 sites MUA(UI[KXH) Up = Praz - L) 17)

surrounded by a tier of 12 sites additionally introducintgiference .
Y Y ® where My € {0,1}[M*X] maps users onto base stations,

Phq. is the total transmit power per base station, afida
1) Re'aying pre-processed, quantized Signarg)r each function that takes the user CapaCitieS and yleldS an dveral
joint transmission operation, one central site having detep Performance metric. In our casH/ is designed to maximize
channel information could pre-process all transmit signathe average capacity of the 5 percent of weakest users.
guantize and distribute them to all other involved siteserih
]T

IV. AN OPTIMIZATION ALGORITHM

As the dimensionality of the optimization problem and the

(12)  giscreteness of input parametdss V, s prohibits any brute
force search or convex optimization approach, we stated an

where p is the per-user bandwidth, i.e. the number of quardgorithm in [1] that serializes the problem in order to yiel
tized signal values per user, antenna and secid. € 3 good result at low complexity. We will now see that this
{0, 1}15*N*] maps transmit antennas to sites= [si...sx] algorithm can also be applied to the downlink. As a first
states each userfsaster SItEIe the site performing the pre'simp"fication, we Sep to an equa| power per user.
processing, constrained by the backhaul infrastructure to

SL € {1 <s<S: LMSV]CJTLDT +IJS = 1[1><5] \_Mska}
(13)
whereD € Ny is the available backhaul between sites
2) Relaying uncoded, binary user dat&lternatively, un-

K
B— ). Z [Oisxse—1] Msvi Ojsxs_s,]

1« kU

k=1

A. Isolation-based User Grouping

In [1], we have shown that a non-random user grouping
onto resources (i.e. design 6f), can improve both average
capacity and system fairness. Intuitively, it should als b

R . t}eneficial for the downlink if we rank the users in each cell
coded user data could be distributed from a master site 10 . . o
%?Cordlng to theiisolation, i.e. a value close to one for cell-

all involved base stations, where coding and computation nter users, and lower for cell-edge users, defined as
beamforming matrices is performed redundantly, assuming ’ '
distributed channel knowledge. Then, quantization nogse i ) )
avoided, and the required backhaul depends on the actual use 7% = Z E{[hy,s|"} Z E{lhrol"} (18)
throughput, leading to an upper bound for the backhaul as PEPk 1s¢<Ny
K where®;, are the antennas of the home base station of kiser
B=<p- ch [Opsxs 1] [Msvi] O[stfsk]]T (14) We then group the_us_ers_acco_rding to their isolation, i.ehsu
—1 that users with a similar isolation share the same resources

[SxS]



lllustration of the algorithm with binary data exchanged between sites Capacity vs. number of bits for signal quantization
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Fig. 2. [lllustration of the optimization algorithm througitaterations, using Fig. 3. Simulation results for different numbers of quanit@atbits ¢, if

backhaul scenario 2 and isolation-based user grouping backhaul scenario 1 is employed with random user grouping
B. Joint Transmission Optimization 6) Stop when no more improvements are possible within
Now thatp andG are fixed, we propose to determifi, s) the backhaul constraird
through the same algorithm as in [1]: As in the uplink, convergence is guaranteed(®5s) are
1) Choose a number of quantization bitdor all relayed ©NlY updated if metriev lfa” be 'mpLOV‘;d' ‘;ﬂt" ?lll, base S:;'Oh”
signals in backhaul scenario 1 (see section V) antennas transmit to all users or the backhaul limit is redc

2) Initialize V, so that each terminal is linked to only the
N, transmit antennas of its home base station ) . .
3) Calculate capacities = [c1, cs, ..., cx]T, according to We observe a co-operating cluster of 7 sites Wlth 3 ba_se
equation (10), and the performance measure W (c) _stat|0ns each, surround_ed _by another tier of sites causing
4) Calculate total backhaul = Y,  b;,; from (12) or (14) interference, as shown in figure 1. We assume 2 transmit

5) Loop through users, starting with low-capacity users antennas per base station, and that each site within theeclus

. is connected to its partners via bi-directional, errorlisks
a) For a uselk, determine set of tupels (¢, s) of )
01; a common capacity. We can then state

additional transmit antennas and feasible mastée

V. SIMULATION RESULTS

sites, based on the underlying infrastructure, i.e. [ T0 6 6 6 6§ 6 6] i
6 06 00 0 ¥
U={(¢8)|1 <Pp<Np,1 <5< Svg,=0 § 6068 00 0
A [ID+ITE (R, ¢) = 1pxsx(k, ¢) _ 60 6 006 0 01 Opxig
18] D 50036040 (19)
where x(k,¢) € {0,1}5%1 states the sites in- § 000 8§ 0 &
volved into the joint transmission operation deter- § 5§ 00 0 6 0
mined byvy and ¢, i.e. I B Op12x7] N Op2x12 |
x(k,¢) = [MsV(gr © (VI (vi[vgr = 1])))] We constrainV to v, € {0,¢,16}, where the same

guantization levey is used throughout the system for backhaul

scenario 1, and basically noise-less 16-bit quantizat®n i

. _assumed within master sites for scenario 1, and in general fo
and cal/cu!ate the resulting perfgrm?ncfe MetNC&enario 2. We observe a fully loaded 5MHz OFDMA system
w(G, V',s, p), and total backhayb(V’, s) where 50 users per cell occufly= 6 maximally spaced sub-

c) Choose(¢, s) € V that fulfills the backhaul con- carriers each, leading to a per-user bandwidth= 84kHz,
straint (15), fulfills w(G, V'(¢,s,4),8'(s).P) = and assume that the coherence bandwidth is so small that
w, and maximizes the improvement gradient  each user’s sub-carriers are fairly uncorrelated. We obgbe

— W(G,V'(¢,s,q),8'(s),p) —w  ergodic behavior of Rayleigh fading channels with an averag
(¢,s) = argmax—— p ; » gain obtained from an Okumura Hata pathloss model as in [2].
@sev BV(¢:5,9),8'(s) - B Only the performance of the central site is plotted.

b) For all (¢,s) € ¥, determine the corre-
sponding system paramete¥s (¢, s, q) ands’(s)

—

d) Update(V,s) according to(¢,s) and the initial  Figure 2 shows the average and 5th percentile user capacity
choice of the number of quantization bifs improvements throughout the iterations of the algorithm fo



Comparison of different schemes
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Fig. 4. User capacity vs. backhaul per link for backhaul aces 1 and 2, Fig. 5.
i.e. exchange of pre-processed signals or uncoded dathdditeen sites

Cumulative distribution of user capacity for a corti@mal and the
novel scheme using backhaul scenario 2 and isolation-bassdguouping

backhaul scenario 2 and isolation-based user grouping. The VI. CONCLUSIONS ANDFUTURE OUTLOOK

5th percentile. capacity achieve.d. by the a!go.rithm is larger |n this paper, we have adapted a framework for optimizing
than that obtained by complete joint transmission to altsisehe yplink of distributed antenna systems to the downlink.

as joint transmission is not always beneficial to all uselgqer having derived user capacity expressions for lineart]
involved, as opposed to joint detection in the uplink. Thugansmission with per-base-station power constraintshawe
even for unlimited backhaul, the complete joint transnoissi ghown that the same algorithmical approach from [1] can be
performance indicated through stars will not be reacheby tseq to achieve major capacity and fairness improvements un
algorithm, if w is defined to optimize fairness. In figure 3, Wejer a constrained backhaul in the downlink. We have compared
can see that for backhaul scenariq 1= 8 is a suitable number  scenarios of how the backhaul can be used, and seen that
of quantization bits for a strongly constrained backhaul. e previously proposed isolation-based user groupindsis a

Figure 4 compares backhaul scenarios 1 and 2. The impBepeficial in the downlink.
of isolation-based user grouping as opposed to random user
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