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Abstract—It has recently been shown that multi-cell co- In section 11, we will define certain notations and state the
operations in cellular networks, enabling distributed antenna pasics for linear MMSE detection. In sections 1ll and 1V,
systems and joint transmission or joint detection across cell we will then introduce our framework, state the optimizatio

boundaries, can significantly increase capacity, especially that . .
of users at cell borders. Such concepts, typically implicitly problem and describe our proposed algorithm, respectiédy

assuming unlimited information exchange between base stations, Will then provide and discuss simulation results in section
can also be used to increase the network fairness. In practical and conclude the paper in section VI.
implementations, however, the large amounts of received signals
that need to be quantized and transmitted via an additional [I. BAsICs
backhaul between the involved cells to central processing points, o  Notation
will be a non-negligible issue. In this paper, we thus introduce ) )
an analytical framework to observe the uplink performance of ~ The notation we use throughout the paper is as follows. In
cellular networks in which joint detection is only applied to a general, ifX is a matrix, then we refer to thigh column vector
suzs;at_of sele_cted users, aimin%at achievingI best poss_ibltca}I Ct;’:lpakcit)é_s x;, and refer to the matrix elements ag;. The operator
and fairmess improvements under a strongly constrained back- -, qangtes element-wise multiplication, and the operator
haul between sites. This reveals a multi-dimensional optimization . | . ith I | h
problem, where we propose a simple, heuristic algorithm that Yi€ldS @ square matrix with non-zero elements only on the
strongly narrows down and serializes the problem while still diagonal, either extracted from a square matrix or gendrate
yielding a significant performance improvement. from a vector. The operato¥’ = |X| yields y; ; = 1 if
|. INTRODUCTION z;; > 0, otherwise zero. The expressiofig, ; and 1, j

It I K that t and fut Il ‘ denote matrices with rows andj columns, filled with zeros

. '3 wte nq(\j/\(n r? ;:ugretn art1 l:cure cle utar sysbemsﬁpd ones, respectively. Operatgrg’ and (-)? denote matrix
aimed at providing high data rates for a farge number anspose and Hermitian transpose, respectilgly. denotes

users, are mainly interference limited. Multi-user detect ﬁnN « N identity matrix, and£{-} an expectation value.
or transmission across cell borders, often mentioned in the

context of distributed antenna system@®AS) has proven B. Joint Detection in Distributed Antenna Systems
suitable to combat such interference, offering excellémt | As mentioned, we want to focus on joint linear MMSE

quality and improving cell coverage [1]. Optimistic cafi§iCi detection across cell borders in the uplink. In [2], [6], &sh
bounds that can be achieved by using large clusters of ggsen shown that the maximum achievable rate of eachiuser

operating cells have been determined both for the uplink [golved in such a joint detection can be stated as
and the downlink [3], where the actual joint detection onjoi

transmission algorithms have for example been investigate

=
detall in [4] and [5], respectively. =108

—1
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The main problem connected to distributed antenna systegdguming transmission over a frequency-flat channel given
is the large amount of information that has to be gathered fragy matrix H, where ®,, and ®,,, are transmit and noise
or conveyed to involved receive or transmit antennas, re@li covariance, respectively, assuming white Gaussian, mexan
a large backhaul infrastructure between the cells. In thfep  nojse. In this paper, we will use the teruser capacityfor

we want to constrain ourselves to linear MMSE detection klhe maximum rate a user can achieve under a given ChanneL
the uplink, and extend our previous work in [2] to develogansmit and noise covariance.

a mathematical framework for observing both capacity and

fairness improvements, as well as the required backhaul, if lIl. OPTIMIZATION FRAMEWORK

only a subset of users is selected for joint detection. Based In this section, we will introduce a mathematical framework
the framework, we will then propose a simple algorithm thab describe the user capacity as a function of a clearly define
can significantly increase cellular network performancdeann set of input parameters, in order to structure the optiridnat

a strongly constrained backhaul. problem and later aim at solving sub-problems.



We observe a cellular network with/ base stations (i.e. on (1), we can now derive the per-user capacityof each
M cells) and a total of’ mobile users distributed within thisuserl < k < K as stated in equation (6), wheug is the kth
network. In current cellular networks, typically 3 basetistas column (i.e. the column corresponding to uggrof matrix
are grouped into one location, leading to a totalSokites KxK T
We assume that each base station hasreceive antennas, U €10, 1}[ = Go (V V)J “)
whereas each mobile has only one transmit antenna, and fhdicating which users are involved in the same joint débect
the usage of cross-polarization antennas at base statiwhs @peration. Vectom = [07, 03, ..., 0%, ]" contains the thermal
large distances between users and between base statidns heése variance plus any noise power from outside the matielle
to uncorrelated signal propagation paths. We further assusystem at each receive antenna, which we assume to be white
that complete receiver-side channel information of the lwhoGaussian with zero mean. Vector= [p1, ps, ..., px]? denotes
network is available at one central point, and that errerlethe mean transmit power of each user, gpdtates the relative
backhaul links (e.g. fixed wire) with limited capacity ar@en quantization noise power (with respect to the average vedei

between certain sites, as specified later in detail. power at each antenna), calculated as
We first introduce the concept gffoups A group is a set 1 1 1 T
: i & € RFIVRX = (5)
of users across cells who are sharing the same resources, i.€k QU1 k=27 QU2 k27" QUNL K —2

the same set of sub-carriers, codes etc., leading to inteide
between these users, but also offering the possibility iotljo _ _ ) o
detecting these users to gain diversity and combat mutualVe will now derive the backhaul required for jointly detect-

interference. User grouping is described through matrix ~ ing selected users. Here, not only the total amount of bagkha
needed in the observed system is interesting, but also the

A. Calculating Backhaul

i i i 8 8 backhaul on each link between two sites, as in a practical
111 system this will usually be strongly constrained. When users

(K x K] _ - 000 assigned to different sites are jointly detected, therstsxhe

G e {0,1} eg.G=| . . . . R I ) . . .
R Lo degree of freedom to determine which of the involved sites
o090 --- 1 1 is the master i.e. the instance that collects and processes the
0 0 0 1 1 received signals, having an impact on backhaul and capacity

B " (2) For this, we introduce the variable = [sq,s9,...,5k],

in this example indicating that the first three and last twersis determining each user’s master site. The backhaul can then
are grouped, respectively. As the grouping of users follo® expressed as a matidx € N(J{[SXS], whereb; ; states the

the law of transcivity and reflexivityG is constrained to a backhaul (inbit/s) required from site to site j, as

subset of cases that fulfilG” = G andVi,j : glg; €

K
{O,giTgi}._ Based on a giv_en user grouping, we can now B :p_z (015 s,—1] Tka O[stfsk]]7 )
state multiple channel matrices between all base statinds a P u, g«
users asH;, € RIMV&xK]l where Ny = M - N, is the

total number of receive antennas. The index< [ < L where matrixM € {071}[SXNR] maps receive antennas to

allows us to observd. different channel coefficients on each'Sites andp is the number (_)f_quantizeo_l values per user, antenna
spatial link, if desired, e.g. representing different saloriers a_nd second. For eac_h_jomt det_ectlon operation, the set of
or channel representations over time. The main optimiraati(?Ites th.at can act as joint detection masters accprdmgeto th
task in distributed antenna systems is to determine thefselugderly'ng backhaul infrastructure can be determined as

receive antennas by which each user is detected (referred tg, e {1 <s5<8:|ds|T | Mvy] = Ljixs) [Mvi] — 1}7

as thejoint detection configuration expressed through matrix (8)
r16 0 16 --- 0 0 ] whereD € NJ[SXS] determines the total backhaul capacity

o 0 0 ... 8 8 available between tuples of sites. Any joint detection @pnfi
o 0 0 --- 8 8 uration (V, s) finally has to fulfill the backhaul constraint

Ve N/ Wkl g g v =

0 e oo SR Vi,j oot bij<dij 9)

0 0 10 --- 0 0 S
0O 0 0 --- 16 16 B. Overall Optimization Problem

(3) We have now derived the analytical framework to calculate
where each entry determines with how many quantization bitse per-user uplink capacity and the required backhaul as a
a certain user is actively detected by which antenna, i.e.fulction of a chosen user grouping, a joint detection con-
zero states no active detection at all. We assume here tigdiration (V, s) and a power allocatiop. The optimization
all users within a group who are involved in a common joirgroblem can now be stated as
detection operation are detected by the same set of antennas
with the same extents of quantization. Hence, for all users (G, V,§,p] = argmax W [c¢(G,V,s,p)]| . (10)

i,7 with gl'g; > 0 it follows thatv!'v; € {0,vI'v;}. Based G,Vsp b



e = B {log, | ||A(pul)* HIA (HAPE —ufDH]) +...

Interference from other users in group

+ AL HI + Am)AG) +Am) T HA (pul) + I (6)

Quantization noise k,k

Site setup and rinimurm path loss [in dB] for simple model

A. Isolation-based User Grouping

4km

We now propose a simple scheme to group the users of
different cells onto blocks of resources, i.e. to deternmirarix
G. The idea is to rank the users in each cell according to their
isolation, i.e. a value close to one if the user is in the cell
center, and lower if the user is close to a cell border and thus
causing interference towards adjacent cells, defined as

3km

2Zkm

= E{lhesl’y /D E{lhesl’} (13

PEDy 1<¢<Nr

Tk

We then group users with a strong or weak isolation onto

e 2k SR #Rm the same resources, respectively. When determining an alptim
joint detection configuration, we can then focus on (andstve
Fig. 1. Site setup for simulations, containing a co-opegatiuister of 7 sites backhaul m_to_) those g_rOUp.S of users Fhat have a weak !enlatl
surrounded by a tier of 12 sites additionally introducintgiference and where joint detection yields the highest performanaesga

B. Joint detection Optimization

whereW is any kind of function that takes the user capacities after having fixed power allocatiop and user grouping,

and yields an overall performance metric. An operator miglife propose the following algorithm to optimiZa/, s):
for example be interested in maximizing the sum capacity or

the capacity of the weakest user, i.e. he might choose 1) Choose a number of quantization bitsor all signals

that are to be relayed via backhaul (see section V)
W(c)=c"1jxyy or W(c)= min ¢ (11) 2) SetV to a default value, so that each terminal is detected
Isk<K by the N, receive antennas of its home base station
ObViOUSly, this is a high-dimenSional Optimization prOble 3) Calculate Capacities — [Clv ca, ..., Ck]T, according to
appearing not to be solvable through e.g. convex optintrati equation (6), and the performance measure: W (c)
theory, due to the discreteness of paramerd/,s. Also, 4) Calculate the total backhagl = Zi,j b; ; from (7)

the dimenSionality of the parameter space prOhlbltS an;ebru 5) Loop through users, Starting with |ow-capacity users
force approach, even in a moderately sized system. In the a) For a userk, determine set of tupels (¢, s)

next section, we will thus fix certain parameters, seriatiz of additional receive antennas and feasible master

optimization problem and suggest an algorithm that shows sites, based on the underlying infrastructure, i.e.
good performance at a feasible complexity.

IV. AN OPTIMIZATION ALGORITHM U={(¢,8)[1 <Pp<Np,1<5<S05%=0

We suggest to initially narrow down the optimization prob- A Al x(k, @) = Lxsix(k,¢) =1 (14)
lem by using a standard power control policy. Here, each
mobile terminal adjusts its transmit power such that it is
received with a power leveP,, at its assigned base station,
constrained by a maximum transmit powey, ..., €.9.

where x(k,¢) € {0,1}15%1 states the sites in-
volved into the joint detection operation deter-
mined byvy and¢, i.e.

x(k,¢) = [MV (g © (VT (vilvgx = 1))))]

Pr = min _ NPy P (12) (15)
S E{|hgx?} b) For all (¢,s) € W, determine the corre-
PEP sponding system paramete¥s (¢, s, q) ands’(s)
where @, is the set of the indices of the receive antennas and calculate the resulting performance metrics

belonging to the base station assigned to user w(G, V' s, p), and total backhaud?(V’,s’)



lllustration of the optimization algorithm throughout interations (q=8) Performance vs. number of quantization bits q
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Fig. 2.  lllustration of the optimization algorithm througltoiterations, Fig. 3. Simulation results for different numbers of quant@atbits ¢

showing the convergence under different per-link backitanistraintsy

_— of the average performance of all users. We constrain mstrix

c) Choose(¢,s) € W that fulfills the backhaul con- gch thatw,,, € {0,q, 16}, i.e. if a certain receive antenna is
straint (9), fulfills w(G, V'(¢, s,q),s'(s),p) > w,  ysed to actively detect a certain user, the correspondirigxna
and maximizes the improvement gradient entry is set tol6 bits, if the receive antenna is located at the

— (G, V'(¢,5,q),8(s),p) —w chosen master site, or to a value @fif the quantized signal
(¢, s) = argmax—— p ; » has to be relayed to a master site via backhaul.
(¢,8)eV ﬁ(V (¢7 5, q),S (S)) - ﬁ

_ (16) We simulate an OFDMA system with an uplink bandwidth

d) Update(V,s) according to(¢, s) and the initial of 5 MHz, 300 data sub-carriers, FFT size 512, and 14000
choice of the number of quantization bifs OFDMA-symbols per second, taken from [7]. We assume

6) Stop when no more improvements are possible withthat 50 users per cell obtain an equal, maximally distributed

the backhaul constrairld share of 6 sub-carriers each (it.= 6 andp = 6 - 14000

As more complex joint detection operations are only addé@mples/antenna/s), and that the coherence bandwidtfals sm
to the system if they yield an improvement, it is clear that tfehough to ensure that each user's sub-carriers are fairly
algorithm will converge to the point where either all usems auncorrelated. We observe Rayleigh fading channels with an
detected by all base station antennas in the system, or ne nRerage gain obtained from an Okumura Hata pathloss model
improvements are possible due to the backhaul constraint.&s described in [2]. We only observe the performance in the

central site, whereas the optimization algorithm is agptie
V. SIMULATION RESULTS all 21 cells of the observed cluster.

Our simulations are based on the site and cell setup ShowrFigure 2 shows how the 5th percentile and average user
in figure 1, where 7 sites form a co-operating cluster Qfypacity are improved during the iterations of the alganith
cells, surrounded by another tier of sites causing interfée. jere, the x-axis indicates the sum backhaul required over al

Within the cluster, we assume that each site is connected;iixs For each execution of the algorithm, here shown with
its adjacent sites through errorless, bi-directionaldinkth a  yitferent backhaul constraints, it is visible that the aigon

common capacity. The infrastructure is thus defined through‘nitially strongly improves the performance of the weakrsse

at a low cost, until a saturation is reached and further bauakh

is invested in improving the average user capacity. We can
see that for a large given backhaul, the algorithm reaches
the solution where all users are detected by all base station
antennas, as in the uplink - given a sufficiently dimensioned
g - adding more receive antennas can only increase capacity.

O7x12] (17)
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0 In figure 3, user capacity is plotted as a function of the
L 0 . 0 maximum backhaul per link for differeng, applying the
[12x7] . isolation-based user grouping. We see that even a strongly
Our optimization metric according to (10) is defined tdimited backhaul between adjacent sites can shift the weak
optimize the average performance of the 5th percentile a$ers’ capacity to the performance obtained when all users
weakest users in the central site, succeeded by an optiarizatre jointly detected. Note that even for zero backhaul,ghsli




Capacity vs. backhaul capacity per link (q=8) Overall performance in central site (q=8)
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Fig. 4.  Simulation results showing the impact of isolatiosdzh user Fig. 5.  Cumulative distribution function of user capacityr fdifferent
grouping vs. random user grouping backhaul constraints and with random or isolation-based gouping (IBG)

improvement compared to a conventional system is achievélfficult to solve analytically due to the discreteness ofsino

as joint detection between cells of the same site can beeappliinput parameters. We have thus suggested a simple optimiza-
Whereas a highey is beneficial in large-backhaul scenariostion algorithm that fixes the power allocation, uses a simple
we have determined = 8 to be optimal fors < 20 Mbit/s.  heuristic, but effective grouping of users onto resourees|

. . . . serializes the remaining optimization problem.
Figure 4 shows the impact of the proposed isolation-based gop P

user grouping. When users are ranked and grouped accordin§imulation results have shown that a strongly limited back-
to their isolation, the average capacity is improved by &bobaul can already significantly increase the average and 5th
0.3 bit/s/Hz as opposed to random user grouping - even if pgrcentile user capacity. Our additionally proposed sehem
joint detection is applied. The capacity of the 5th perderdf Of grouping users with a similar degree of isolation onto the
weak users, however, drops if the users are ranked, if eitis@me resources strongly increases the average user gapacit
no joint detection at all, or a large extent of joint detestioand slightly improves the capacity of the 5th percentile of
is performed. This is expectable, as a few users will bgeak users in scenarios with a limited backhaul.

facing exceptionally strong interference after isolatimased Our research has been based on the assumption that com-

user grouping, Wh'Ch car_mot be completely cancelled t”"°“9|ete receiver-side channel information is available at on
linear MMSE joint detection. For the performance of the wegly ) point in a pre-defined cluster of cells. Our future

users, the proposed user grouping is only beneficial if alsmalgearch will thus focus on how the proposed optimization
extent of per-link backhaul capacity is available, L Mbi/s - 545rithm can be distributed over a large network, reqgirin
< ¢ < 60 Mbit/s, as then this limited backhaul can be focusseéinly local channel knowledge in small sub-systems.
especially on the users with a bad cell isolation.
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