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Abstract— Next generation mobile comunications systems will BS to a terminal is stronger than the link from the home
most likely employ multi-cell cooperative signal processing BS), and in [11], [12] for the opposite, theeak interference
schemes, often referred to asnetwork MIMO, as these are aqa jnyvolving concepts afirty-paper coding [13]. For the
known to effectively combat inter-cell interference and improve f infinit Hi . bles the |
system fairness and spectral efficiency. A major downside of shc case of infinite cooperaton, ou'r scenario resem es we
schemes is, however, the large extent of backhaul infrastructe  Known broadcast channel, for which the rate region has been
required for the information exchange between cooperating base established in e.g. [14]. It has to be noted, however, that ou
stations. In this paper, we observe a cooperative downlink scenario is different from an interference channel in thg wa

transmission from two base stations to two terminals under hat aach terminal can be served by either of the two BSs.
different extents of available backhaul capacity. We adapt some

well-known concepts from theGaussian interference channel and In this work, we analyze the performance of joint transmis-
observe a variety of possible cooperation schemes. We observeioy ynder arbitrary channel realizations (hence conisiger
that it is beneficial to use an adaptive cooperation concept, . .

both weak and (unilaterally) strong interference cases), a

where the base stations exchange either the data to be jointly ¢ " )
transmitted itself or partially precoded and compressed signals, under different extents of available backhaul. We consider

depending on the instantaneous channel realization. three different schemes of information exchange that cem ta
place between the BSs, including and extending schemes
|. INTRODUCTION observed in [11] or in [15] for a Wyner model. Monte Carlo

Next generation mobile communications systems, aimi@'{nulation results show that a system performing adaptive
at a high spectral efficiency and thus a maximum Spectrd;ﬁoperation based on the channel realization is beneficial.

reuse, will require means of inter-cell interference c#latien. In section Il, we define our system model, and explain our
One promising option is to use multi-cell joint detection Ogonsidered cooperation schemes in section Ill. Detailshen t
joint transmission, initially proposed by e.g. [1], [2],@&iting  achievable rates and performance are provided in sections |
interference rather than treating it as noise. For the daknl gng v/, respectively, and the paper is completed with sirrariat

optimistic capacity bounds for large clusters of coopetati resuits and conclusions in sections VI and VI, respegfivel
cells have been derived in e.g. [3].
Il. SYSTEM MODEL

A main problem connected to multi-cell signal processing In this paper, we consider a downlink transmission from

is, however, the additional backhaul traffic required bemve : . :
cooperating base stations. We have initially investigatesl two base stations (BSs) and 3 .W'th any ”“”_‘ber of trans_m|t
antennasV,, each to two terminala andb with one receive

option of serving only subsets of terminals with joint Signaantenna each, as depicted in figure 1. We assume the transmis-
processing [4], or partitioning a cellular network into dma . ' P 9 '
gin takes place through a frequency-flat channel, for el@amp

subsystems where these schemes can be applied Iocallyg - . .
in both cases already yielding a strong reduction of badkha Ingle sub-carrier of an OFDM system, described through

A A
We now want to explore information-theoretical limits of H= { E‘}g ;le } ) 1)
downlink joint transmission under a constrained backhaul. “ b
We observe a toy scenario where two base stations (B8g)ereh?, for instance, describes the channel coefficients be-
transmit to two terminals. When no cooperation between theeen BSA and terminak, andhz, hi', hZ hZ e C[Voex11,
BSs is possible, our scenario resembles a so-c8kasian We assume that both BSs have perfect knowledgkl pénd
interference channel, which was initially investigated in [6], that all four entities are perfectly synchronized in timel &re-
[7], and where transmission concepts based on superpositipiency, such that the transmission is free of inter-symhdl a
coding were found to extend the rate region in [8], [9]inter-carrier interference. Furthermore, the BSs are eotad
When limited backhaul enables some extent of cooperatidhrough an error-less, but capacity-limited backhaul .livike
the scenario resembles énterference channel with partial consider transmission schemes based on superpositiomgsodi
transmitter cooperation, which was studied in e.g. [10] for thewhere the available transmit power is invested into muétipl
case ofstrong interference (i.e. the link from the interfering message#/,, U, W,, Wy, J,, J,. Each message consists/ef
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denotes thermal noise plus interference from outside tee sy
tem as received by the terminals, assumed to be uncorrelated
Gaussian withe,, {n[" (n[")#} = 521. dI"! € C[2*! denotes
quantization noise wit,, {d["! (")} = diag(o2, 7). The
latter variances and the scaling factese{ A, B}, j€{a,b} :

af, assuring that the power of a signal before quantization
is equal to the power after quantization plus that of the
guantization noise, will be explained later.

IIl. COOPERATIONSCHEMES

In this paper, we consider the following three specific
cooperation schemes between the two base stations:

« Jointly transmitted messagds and.J, are known to both
BSs, either because the network provides these to both
BSs, or because they are exchanged over the backhaul.
In both cases, we count the corresponding additional
network traffic adackhaul, assuming it leads to a similar
increase in cost. Both BSs, knowing the messages and
the channel matrix, can perform joint transmission and
DPC redundantly, free of quantization noise and without
further exchange of information over the backhaul. We
call this scheme, also considered in [1lihquantized
message based cooperatiofMC).

The network provides only one BS with both messagges
and J,. As the other BS receives no information about
these messages, the network traffic so far is the same
as that of a conventional system. The knowledgeable BS
now performs DPC, quantizes and forwards the signals to
be transmitted from the other BS via the backhaul. DPC
can be applied to benefit either termirabr b, but joint
transmission is subject to quantization noise. We refer to
this scheme, similar to the concept of central encoding
in [15], asquantized signal based cooperatiorfQSC).

« Finally, we consider the case where the network provides

Fig. 1. Downlink transmission considered in this paper.

symbols consecutlveI?/ transmitted over the channel, hergce
Uy = {sU ,sU v } and we define that:

o Messaged/, and Ub are transmittedonventionally from
BSs A and B with powers P, and Py, to terminalsa
andb, respectively, forV,s > 1 using local precoding.

o Messages$V, andWW, are also transmittecbnventionally
from BSs A and B with powers Py, and Py,, respec-
tively, but are decoded Hyoth terminals. These are hence
common messages as considered in [8], [9].

o Messages/, and J, are transmittedointly from both
BSs to a and b, respectively, with powersP; and .
P;,, employing dirty-paper coding (DPC) [13]. We write
P;, = P + PP and P;, = P35} + P to distinguish
the transmit power portions of the messages transmitted
from BSsA and B. We will later observe schemes where
the transmission of/, and J, is subject to quantization
noise, wherevK € {A, B},j €{a,b} : ¢& denotes the
number of quantization bits used when transmitting each
symbol connected to message from BS K.

In the sequel, we will use the following notation:

Sar = {Ua,Up, Wa, Wy, Ja, Jo} - all messages either messagéd, or J, to both of the BSs (where the
S. = {Uu, Wy, Wy, J,} : messages decoded by increase in traffic compared to a conventional system is
Sy = {Uy,Wa, Wy, J,} : messages decoded by again counted as backhaul), and the other one to only

one BS. Both BSs perform joint transmission for the

message they both know, whereas for the other message,
the BS knowing both messages performs DPC, quantizes
and forwards the signals connected to the message and to

The transmission of each symbol can be stated as

il = {7 w VP, s + /P, sl be transmitted from the other BS via the backhaul. This
0 wp \/pT]ngJ;j + pr wb introduces quantization noise for one of the two terminals.

We refer to this asnixed UMC / QSC schemes

A AT A A Az A n ]
\/P Qg Wg \/P % Wb sB] 4al a2 In general, we have to consider these aspects of DPC:
\/PB aBwlb \/ s[}z] ’ o DPC can make a transmission free of interference from

any messages known to the DPC-encoding BS. If, e.g.,

Wherey["] < CP>1 are the signals received at the terminals,
w2 andw/ are the precoding vectors used for the conven-
tlonal transmission of messagés,, U,, W, and W,. wa,

wil, wB, wP are the precoding vectors used for the joint
transmission of messagds and.J,. All precoding vectors in
Eq. (2) fulfill VK € {A,B},j € {a,b} : wi, wl e Cl2¥!]
and (wf)fwl=(wi)"wk=1, and all transmitted symbols
are mutuaIIy uncorrelated Gaussian scalars withe S,,;; :

E {s} =0 and E, {(s7) st} = 1. Termnl"! € c2x1)

BS B performs DPC and transmit, in order to benefit
terminal a, it can remove not only the interference that
message/, poses towards (assumingJ, is known to

B), but also the interference from messdgge

However, a terminal that benefits from DPC cannot
decode any other messages not included in the DPC trans-
mission. Hence, in the example given before, terminal
cannot profit from DPC while simultaneously exploiting

a messagé/, originating from A.
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TABLE |
JOINT TRANSMISSION/ COOPERATION SCHEMES CONSIDERED IN THIS PAPER

Joint transmission / cooperation scheme No. | Quant. par. q | Messages transmitted and causing interference
i at db,af required backhaul
W I UMC: The network provides both BSs 1 00, 00, 00, 0O S§={Ja, Uy, Jp }, SS={Us}, S{={Ju}
1/[*’ a\ with jointly transmitted messages,, J; 2 00, 00, 00, 00 S'={Ua, Ja, Jp}, Sg={ v}, Sy={Ua}
AandB and DPC is performed by, B redundantly. Backhaul:3(q, Ry, ,Ry,) = Ry, + Ry,
@peggfcm Degr. of freedom: DPC encoding order.
37 QSC: The network provides one BS 3 00, 00, qP ,q% S'=80i\Whp, SS={U}, S;={Ua, Wa, Ja }
i{\]b with jointly transmitted messages,, Jp. 4 00, 00, g2 s S'={Ua,Wa, Ja, Ju}, Sg={Jp}, Sg={Wa}
Ape[;g)(r:ms Jad This BS performs DPC, quantizes and relays 5 qZ ,ql;“,oo oo S'={Ja,Up, Wy, Jp }, SS={Ws}, Sg={Ju}
@lf':sc> the signals to be transm. from the other B§ 6 a4, q;, 00,00 8'=841!\Wa, S§={Up, Wpy, Jp}, S5 —{Ua}
via the backhaul. Degrees of freedom: Backh.:3(q, Ry, , Ry,) = min(gi+q;', aZ+qP)
Role of the BSs and DPC encoding order.
; Mixed UMC/QSC: The network provides 7 00, 00,2, 00 S'=Sa1)\Wy, SS={U}, S°={Uq, Wa, Ja }
fJ" \b one BS withone, and the other wittboth 8 q&+, 00, 00, 00 S'={Ja, Up, Wy, Jp }, SS={Wp }, S;={Ja }
ApeDrEc'ms messagey,, J,. Latter BS performs DPC, Backh.:3(q, Ry, , Rj,) = min(qZ',q?) + Ry,
'I:SC> quant. and relays only the signals connectgd
to the messagaot known to the other BS. 9 00, 00, oqqf S§'={Ua,Wa, Ja, Jp}, Sg={Jp}, S{={Wa}
Degrees of freedom: Role of the BSs and || 10 | oo,¢f', 00,00 S'=8,1\Wa, SE={Uy, Wy, Jp }, Sb —{Ua}
message benefitting from DPC. Backh.:8(q, Rj,, Ry,) = Ry, + mln(qb , By

Thus, depending on the cooperation scheme, only a subseereVK c {A, B}, i,j € {a,b} : £ = |(hf)"w/*|2. For
of messagesS’ C S,; may be used, and the extent othe jointly transmitted messagées, J,, we can state
interference cancelled through DPC differs. We write the

Jo _ A A B A pB
remaining set of interfering messages a termipadees as  Pa Py o+ Pl ag ot P P; O‘AaBg ()
S§?, and summarize all observed cooperation schemes and ; A DB BEAB
J . . b= VP F;
corresponding sets’ andS¢ in Table |. Py 7,0 b+ PR G+ Jopapty” (8)
J A A B ¢B FAB
IV. ACHIEVABLE RATES P = P&+ Phé + 1/ PRPL ooy &, 9)
We now derive the achievable rates for the transmissions ple = PieA +P££fb + ij PPafaB FAB (10)

to the two terminals as a function of power allocatipn=

[(Pu.,, Pu,, Pw,, Pw,, Ps,, P;,] and the number of quantiza- In these termsVK € {4,B}, i,j € {a,b} :
tion bits q = [¢2}, ¢i*, ¢, qF]. We use the notation from [9] |(hf)Tw/|?, and&/}? expresses thieeamforming gamthat a
to state the achievable rate region of all messages as tloé seolnt transm|SS|on from BS4 and B targeted towards terminal
all rate pointsk(p, q) = {(Ru,, Ru,, Rw,, Rw,, Ry, Ry,)} 4 poses on terminal, given as

that fulfill VX €S, : Rx > 0 and Vi, j € {a,b} - B_o. Re{(hj‘)TWf‘(hf)TW?} (11)
VS C 80,8 =8a\S ZRXSI(Y“?&S*)[R‘]] 3) Concerning the quantization nois§ in Eq. (5), we consider
Xes two different quantization schemes. If each BS has one aaten
VS C 8, 8" =8\S: Y Rx<I(V;8|S")[p,al (4 (ie. Ny, = 1) and QSC schemes are applied, we assume
Xes that the DPC-performing BS calculates the overall precoded

This notation incorporates the concepiaift decoding [9], signal (w.r.t..J,, .J;) to be transmitted from the remote BS and
hence the decoding performance of one terminal is indepefuantizes this, such that rate distortion theory [16] yseld

dent of any concrete decoding order used by the other tetmina o2 pao-ita)gA | pBo—(alta))EB  (12)
The transinformation term in Eq. (3) is given &g € {a,b} @ A ST
pX 02 _ Pﬁ2_(q“ +q; )glﬁ) + pJBbz—(qa +q; )55) (13)
Vi SIS )lp.al = log, 14— AndVA € {4 B}, € fa,b) : of =12 0 L. In al
p; toj+o other cases, we assume that the DPC-performing BS quantizes

<O J *
XE((S;NSNUSPINSEUS™) and relays the DPC-encoded signals connected to messages

Ju, Jp separately, but the precoding vectors from Eq. (2) are
applied at the remote BS. We consider this to be both prdctica
and backhaul-efficient, though a more generic quantization
approch as in [17] might yield better performance. We use

®)
wherek # j andVj € {a,b}, X € Sy the termpj-( expresses
the received signal power of messade at terminal j, for
which the dependency op, q is omitted for brevity. For the
conventionally transmitted messages, these terms ara give

2 A A
o, = Pj27 0 +P 2- e 14

= Pl A" = Potl = Pugh : Hln b P2 G (9
= Py,&B, pWe = Py, gam oy = Py, €A, oy = P.]b2 b &g+ Pra=m gy (15)
PV = Py, B, o = Pu,eh (6) andvKec{A,B},jc{a,b}: af:172“1§< in these cases.
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A. Calculation of precoding vectors VI. SIMULATION RESULTS

It is known from e.g. [18] that the calculation of precoding\. Smulation Methodology
vectors for a downlink transmission according to a sum-rate gyen with our simplified calculation of non-optimal precod-
or common rate metric is difficult due to the non-c_onvexity 9"\9 vectors, as discussed in section V, it is difficult to dete
the problem. Most authors thus suggest to use uplink/daknlimine the performance region for a given channel considering
duality, hence to solve an uplink beamforming problem with syfficient number of power allocations and quantization
more amenable mathematical properties, and transform ©§emeg;, particularly as the rate expressions in section IV
result back into the downlink. It is e.g. known that undejre non-convex in the power parameters. We thus perform a
a sum power constraint, any rate point achievable in a dyg{;te-force search over the parameter space at a moderate
uplink problem is also achievable in the downlink with thgesgjution and determine the cooperation schemes and pa-
same precoding vectors, but a different power allocatiopymeter sets that support the convex hull of the performance
Furthermore, it has been shown that a downlink ung®F yegion. For these points, we then perform more detailed loca
base station power constraints can be solved through a d“'g‘barches, determine the supporting points again, suchfteat

uplink problem with an initially unknown noise covariance, few iterations we obtain results where the power allocatio
matrix [19]. As for our transmission model an optimal cateul js gptimized to a granularity of roughly 1%.

tion would go beyond the scope of the paper, we suggest to use

a non-optimal, but strongly simplified calculation of prdigg  B- An Example Channel

vectors. We assume that both local or joint precoding is Figure 2 shows the performance region of an example
performed such that a maximal coherent overlap of signalannelH=[—1.057740.90777,0.4639+0.08814; —0.4479+
takes place at the terminal the transmission is targeted ®03804:,0.0646 — 1.16274; —0.4463 + 0.39577, —0.6226 +
known asmaximimum ratio transmission. In this case, all 1.4001¢;0.3241—0.14414,0.8570—0.1625¢] with N,s=2 for
interference coefficient§ from the last section depend onlydifferent cooperation schemes, under a sum-power constrai
on the channeH, but not on the chosen power allocation owith P,,., =2 ando?=0.1. In general, we plot the achievable

DPC encoding order etc., and can be stated as rates of terminals: and b on the x- and y-axis, respectively,
9 and the required backhau on the z-axis. The top plots in
- ‘(hf)H hX& Fig. 2 show performance regions for the schemes discussed
VKe{A, B}, i,je {a,b}: & = &5 = e in section Ill. The lower plots show that different schemes
}hz' | are superior in certain areas of the convex performance hull
Re{(h})"h}(hP)Fnf} whereas the right plot shows the achievable sum rate as a func

and{j” =2 (16)

tion of backhaul if the common terminal rate is maximized.
The cut-set bound resembles the theoretical performance if
each bit of backhaul would yield an equal increase in sum rate

I.n [20], we have mtroduceq the concept pérformance We have observed that for UMC schemes, the transmit power
regions that capture both achievable rates and the backh one terminal should either be invested completely into

required to achieve these rates. An achievable performar&%%ventional or into joint transmission, but not be split &

region is defined as the set of all rates and backhaul fug”"rbertain backhaul threshold is required to enable thesenzesie
_ . it is best to operate on a time-share between conventional or
P= U{(RU“+RJ“ 7 Ry + Ry +0,0(a, R, Bap)) joint transmission in regimes of lower backhaul. The same
v +94 < Rw, + Rw, A holds for QSC schemes, which require a certain backhaul
(Ru,, Ru,, Rw,, Rw,,Rj,,Ry,) € R(p,q)} (17) threshold beyond which the beamforming gain dominates the
introduced quantization noise. QSC schemes can outperform
MC schemes especially when one BS has a fairly strong
ink to both terminals, but UMC is obviously always superior
when the available backhaul exceeds the maximum sum rate,
as then the scenario resembles a fully cooperative MIMO
Z Px < Ppaz OF Py, + Py, + pﬁ + pj}) <pPA A broadcast channel. The usage of common messagedv,

max

XESun is not beneficial for the example channel.

Py, + Py, + P7 + PP <Py, (18) C. Monte Carlo Smulations

if we are considering aum power constraint P,,,, € R™ or a Figure 3 shows Monte Carlo results with many channel
per-base-station power constraint’, . PB < R*, respec- realizations drawn from an i.i.d Rayleigh distributionfiilihg
tively, and for all possible choices ef according to Table I. E{(h2)#hZ} = E{(hP)"hP} = N,s and E{(h{)"h;'} =

Eqg. (17) implies that we have the additional degree of freedoE{(h2 )" hZ}=N,./p, wherep is a measure for the isolation
that any portion of the common messagé$, W, can be of the two interfering channels. The assignment of ternsinal
attributed to either of the terminals, as both terminalsodec to BSs was swapped when the interference links were stronger

them anyway. This concept was also considered in [10]. than the other links, yielding weak or (unilaterally) stgon

[h{[hP|
V. ACHIEVABLE PERFORMANCE

where the required backhaul(-) is stated in Table I, and
J denotes the calculation of the convex hull - implyin
time-sharing along rate and backhaul dimensions - around
performance points based on parametefsilfilling
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Performance region for example channel (all schemes combined) Achievable sum rate if the common rate is maximized
105 T T T T T
101

No benefit of common messages
for this example channel

0.75 bits/channel use
sum-rate improvement 1
through QSC schemes

UMC schemes

= = = QSC schemes

----- Mixed UMC/QSC schemes
All schemes combined
““““ Cut-set bound

i i n n n

2 4 6 8 10 12
Backhaul [bits/channel use]

Sum rate [bits/channel use]
0
ol

Backhaul [bits/channel use]

1,7
Rateuserb 3
[bits/chn. use]

4
5 Rate user a 6.50
[bits/chn. use]

Fig. 2. Performance regions for an example channel and différansmission concepts (dashed line indicates pointsemb@mmon rate is maximized).

interference channels. We plot the average sum rate of bbeiter than UMC if the terminal rates of the MIMO broadcast
terminals over the required backhaul, if the sum rate itself channel are large, hence if the spatial separation enalyled b
the common rate ofi, b is maximized. The top plots werethe channel is good and background noise is low. Hence, it
obtained under a sum power constrai,... =2, the lower can be expected that for optimum beamforming schemes QSC
plots under ger-BS power constraint withP4 =pPB —1.  and mixed schemes become more attractive.

max maxr~

As stated before, UMC is always beneficial in and beyond Our results suggest that for regimes of moderate backhaul,

the regime where the backhaul is equal to the maximugfa‘ptive cooperation schemes appear attractivg,_whilraeq:nm
sum rate, whereas all schemes asymptotically approach g-Ommon messages play_ a minor role. Omitting the latter
fully cooperative broadcast channel performance for itlafiniwouml a!so require the terminals to decode only one message.
backhaul. QSC schemes are superior when one BS dominéﬂagracmal systems, hoyvever, we have to consider that the
the system, which is statistically less probable for a IarggXtent of backhaul required for UMC concepts scales done

number of antennas, explaining the poor average perforena Cith the actual throughput (which will be significantly less
for Ny, = 2 Mixed schemes are very suitable to adapf2" the theoretical rates observed here), whereas thédack

the backhaul usage to asymmetric link conditions, and henrggm_red for QSC W!" remain the same. As quantlzat!on n
perform equal or better on average than pure UMC or Qsc&a_ctlcal systems will also be subject to more quantization

concepts in all observed scenarios. Especially in thosescal°'s¢ than stated through rate distortion theory, one could

where the compared schemes perform similar on averagear ue that the usage of only UMC schemes appears most

combined approach (possibly employing time-sharing benNel’eahsnc for next generation mobile communications gyste

the compared schemes) can yield non-negligible gains. The

usage of common messages is mainly beneficial in regimes VII. CONCLUSIONS

of low backhaul and when optimizing the common rate, as In this work, we have investigated different forms of base
then the rate of one user can be sacrificed to improve thatsthtion cooperation in a joint downlink transmission under
the other. ForV,, = 2, local precoding reduces the effectiveconstrained backhaul. Results have shown that the trddes-of
interference, such that the concept of common messagwsen achievable rates and required backhaul can be ingrove
becomes less beneficial, corresponding to observatiorn [ if the cooperation schemes are combined and adapted to the
In general, QSC and mixed schemes perform comparativelyannel realization. In future work, we plan to do an in-tiept
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analysis of the channel characteristics for which the ohffie
cooperation schemes are beneficial, and determine simple
decision criteria according to which a practical systemld:ou[ll]

switch schemes. Further, we want to investigate decerdihli
and

QSC schemes where both BSs perform local precoding
provide the other side with quantized signals.
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