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Relay-Assisted Interference Network: Degrees of
Freedom

Ramy Abdallah Tannious and Aria Nosratinkellow, |EEE

Abstract— This paper investigates the degrees of freedom of the as follows [2]:
interference channel in the presence of a dedicated MIMO rely.
The relay is used to manage the interference at the receivers DOF = lim
It is assumed that all nodes including the relay have channel P—oo 1og(U—PQ)
state information only for their own links and that the relay has ) . )
M > K antennas in a K-user network. We pose the question: whereP is the power constraint at each source nQI:?eLS the
What is the benefit of exploiting the direct links from the souce to  noise variance at a destination afigis the network sum-rate
destinations compared to a simpler two-hop strategy. To avger  capacity. For example, the maximum degrees of freedom of

this question, we first establish the degrees of freedom of € 5 to-yser (single-antenna) Gaussian interference chasine
interference channel with a MIMO relay, showing that a K- equal to one [3]

pair network with a MIMO relay has % degrees of freedom. . L . . )
Thus, appropriate signaling in a two-hop scenario captureshe This work investigates the effect of having a dedicated
degrees of freedom without the need for the direct links. We MIMO relay shared by several source-destination pairs en th
then consider more sophisticated encoding strategies inaeh of degrees of freedom of such network. The main issue is whether

other ways to exploit the direct links. Using a number of hybid with simple single-user decoding at the destinations,@tpl
encoding strategies, we obtain non-asymptotic achievablgum- direct links is of a benefit '

rates. We investigate the case where the relay (unlike otherodes) . . .
has access to abundant power, showing that when sources have Recent advances in network information theory have led

power P and the relay is allowed power proportional to O(P?), to the characterization of the degrees of freedom of several

(1)

the full degrees of freedomK are available to the network. networks. It is well known that the MIMO MAC and MIMO
Index Terms— Degrees of freedom, interference channel, relay BC have full degrees of freedom [4], [5]. Thus, the degrees of
channel, wireless networks. freedom in the MIMO MAC and BC channels do not increase

with transmit and receive cooperation, respectively.
Recently, the phenomenon of interference alignment has
|. INTRODUCTION led to new results that characterize the degrees of freedom
In addition to historical significance in network informati in various interference networks. The idea of interference

theory, a better understanding of the interference chaijel alignment is for the transmissipns to coprdinate in su_ch a
is becoming increasingly practically important, since mar{nanner.such t_hat .at thg receivers the mterferen(_:e S|g.nals
current wireless communication systems are interferen@€rlap in certain dimensions and therefore other dimerssio
limited. Examples include ad-hoc networks with peer-terpeare left interference-free. Via interference alignmentaik -
communications that lack infrastructure and hence trapsmySe! time-varying interference netwotk degrees of freedom
sion coordination, interference between adjacent netvark &€ achieved aimost surely [6]. _
wireless LAN systems, as well as cognitive networks, where 11€ first attempt to study the effect of relaying on the
primary and secondary users transmit in the same band. degrees of freedom of the interference network was perfdrme
The capacity of the interference channel in the most geneﬁ%l[3]h and [7]. A rather negf;ag_ve rfslglt k\;vas obta|rr1]ed, show-
case remains unknown, thus a number of partial approaches,:o'ﬂgJ that ccr:op(zratpn over fa mbg r']n S etwe_en the sohurcgs,
investigating the interference channel have been pursdied. etweer:c; N destm?nons_, orf oth, cannot Enpgoveht © he-
of the tools for understanding the behavior of multi-teratin grees of freedom of an |_nter erence network. On t © O_t er
networks is thedegrees of freedom (DOF), also known as the hand, if perfect cooperation betyvegn sources (dest|r5)t|9n
multiplexing gain or the pre-log factor, which characterizes is assumed, the network can mimic a MIMO system with
the scaling behavior of a network throughput at high sigoal- antennas co-located at the transmitting (receiving) sise a

noise ratios (SNR). We formally define the degrees of freedd?ﬁentionEd pr_eviqusly. In [8]’_ the links _between sources or
between destination are considered having phase fading and
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pairs. A similar decoupling can be achieved by fewer relays,
specificallym > K? with the cost of having global CSI at the
relays [10]. The DMT performance of this scheme was further
analyzed in [11]. Finally, a two-hop network with MIMO
relaying decouples into a MIMO-MAC followed by a MIMO-
BC each achieving full degrees of freedom [12], therefoee th
DoF % is achievable with a two-hop transmission.

The addition of a MIMO relay to an interference channel
(including direct links) gives rise to a network model that w
denotethe interference MIMO relay channel (IMRC). In this
paper we first establish the degrees of freedom of the Gaussia
IMRC with the source and destination nodes having one
antenna each. Achievability is demonstrated with a two-hop ~ Fig- 1. The Two-User Interference MIMO Relay Channel
scheme, without exploiting the direct links from the sowsrte
the destinations. The upper bound on the degrees of freesiom | .
obtained by specializing the recently developed upper bsuﬁ’v'th help -from th_e relay (nodei). The relay is a_ssumed
in [13]. We establish that the interference MIMO relay cheinn®© be equipped withM/ antennas, whera/ _Z 2 while aI.I
has% degrees of freedom. other n_odes h_ave one _antenna each. A_II links are sub_Jeqt to

We then take the investigation one step further to consiofgft_fad'ng which remains constant during the transmlssu_)n
degrees of freedom beyon@. We devise new combinationspe”(_)d‘ '_I'he channels from the sources to their correspgndin
of coding strategies that are inspired by the coding Schezﬁesst!nat!ons, from the sources to the relay and from thgtela
used in relay channels, as well as MIMO MAC and MIM estinations are denoted by the lettgtsy andh, respectively.

broadcast channels. These coding strategies attempt lnitepr subscriptab is used to index the transmitting and receiving

the direct links but at the same time manage the interfere%%des'a andb, respectively.

at the receivers using the MIMO relay. It is assumed that all | "€ InPut-output relation of a Gaussian IMRC is given by:
podes, ipcluding the relay, hgve only their own chann_ebﬁat Y1 = fuir1 + hjﬂxR + forx0 + 21 )
information. We further consider the effect of the availiépi _f Sl b n 3)
of abundant power at the relay. This is motivated by real- Y2 = Jizdr T AppXR T J2202 7 22
world scenarios where a single relay tower, with easy access YR = 81RT1 + 82RrT2 T+ ZR 4)

to power, is assisting many mobiles. We wish to understamereyl, y» and y are the channel outputs at receivers
whether the deviged coding scheme and the additional powes 4 ‘the relayzr1, z» and xp are the transmitted signals.

f"lt the. relay can |_mprove the DOF of the channel. AIsp, Wehe variablesz1, zo and zgr denote zero-mean, unit-variance
investigate the minimum amount of power needed t0 iMpafljjitive white Gaussian noises at the receivers. We assume
maximum degrees of freedom to the network. We find thatyiiqual block power constraints on the transmitting esd

if the relay hasM > K antennas and power proportional iq5qes] and2 have equal transmit power constraint/f i.e.
O(P?), it can impart the maximunk degrees of freedom to

a K-user network whose users have powW®iP), regardless - 12
- <
of the number of users (c.f. of our definition of DOF 4 (1)). Z; lzx @I < nP
The remainder of this paper is organized as follows. Sec- . ’ ) o
tion [l explains the notations used in the paper and providdderei is the symbol index within a block af symbols. _
the system model. Sectiénllll establishes the DOF ofkhe VW& assume that the relay node has block power constraint
user IMRC. Sectiofi 1V states the main result of the paper ahde» Which may be different fromP and will be specified
presents the detailed coding strategies that exploits ifleetd N €ach instance in the sequel. The relay uses a decode-
links and abundant power at the relay. We corroborate o@fd-forward scheme [14] that includes linear pre-coding i

analytical findings by numerical results in Sectioh V. Fipal Manner to be explained shortly. The channel state infoonati
Sectio V] concludes the paper. (CSI) knowledge assumptions are as follows. Transmitters

and2 each have perfect knowledge about their own transmit-
side CSI while receiver$ and 2 have perfect knowledge of
Il. SYSTEM MODEL their receive-side CSI. The relay is assumed to have kngeled

Throughout the paper, lower-case and upper-case boldf&dts incoming and outgoing links. The relay is assumed to
letters denote vectors and matrices, respectively. Thermét Operate in full-duplex mode, i.e., it can receive and transm
nant of matrixX, it's transpose and Hermitian are denotedt the same time. Throughout this paper, we assume the input
det(X), Xt and X*, respectively. The norm of a vectaris alphabets to be Gaussian. The average probability of esror i
denoted by]x||. log(-) stands for the base-2 logarithm. Alldefined as follows:
rates are expressed in bits/channel use. _ _ Pe('n.) _ Pr[{W1 AW U {W2 ”] WQ}] (6)

The interference MIMO relay channel (IMRC) is depicted R
in Fig.[d. Nodesl and2 attempt to communicate independenivhere,IV denotes an estimate &f. The rate of transmission
messagedV; and W, to their respective receivers, possiblffrom nodek is R = %, where @, is the size of the

Tx 1

Rx 1

Rx 2

Tx 2

k=1,2 (5)



message transmitted by node A rate pair(R;, R2) is said matching achievability and converse results, the DOF of GMR
to be achievable for the interference MIMO relay channé established to b%. O

if there exist a sequence of cod¢g2"?:, 2F2) n) with

average probability of erroPe(”) — 0asn — oco. A K- IV. DEGREES OFFREEDOM BEYOND K//2

user interference network with a single MIMO relay can be |n the previous section, the DOF of the interference channel
defined as a straightforward extension to the above modelwith a MIMO relay was shown to begi, which is also

achievable via a two-hop strategy. Therefore, the direxdtsli

[Il. THE DEGREES OFFREEDOM OFIMRC do not contribute to the DOF of the channel. However, we
The first main result of this paper is as follows: will show that the DOF can be larger thah by exploiting
Theorem 1: The degrees of freedom of the interferencie direct links in addition to a more powerful MIMO relay.
MIMO relay network is . We start by developing a coding strategy that uses the direct

links and investigate, through the derived sum rate of the

Proof: Achievability is established with a simple two-hop;pannel; the reason for the inefficiency of the direct links i

scheme. The first phase where the sources transmit theSigﬂﬂbrOVing the DOF. Then, the effect of abundant power at the
and the MIMO relay decodes is a MIMO MAC channel. 'trelay on the DOF is studied.

is well known that this channel achieves the fall degrees-
of-freedom. The second phase where the relay transmit to the . .
receivers is a MIMO BC and again is know to achieke “~ Coding Srategies and Achievable Rates
DOF. The transmission in two hops entails a penalty of one The idea of the upcoming coding strategies is to use the
half in the DOF. Thus% DOF are achieved for the IMRC. relay in a way that minimizes the interference at the reesive
Now, the converse. A recent work [13] produced an elegahhis task is highly nontrivial because the causality of thiay
approach to find upper bounds on fully connected interfexenerohibits straight-forward interference cancelationefiéfore,
and X networks with relays and feedback. The upper bouf@phisticated coding and power control strategies areetted
on as x R x D fully connected network can be specialized t&0 possibly manage the interference at the receivers.
the network we study in this paper whefe R and D referto ~ Consider a transmission period @ blocks, each ofn
the number of sources, relays and distentions in the netwos¥mbols. It is assumed that is sufficiently large to allow
A fully connected network means that there is a message fréghiable decoding. Without loss of generality, at first a two
every source to every destination. For completeness, we Wiser network is considered. Nodésand 2 send sequences
first state the main result on the upper bound on the degr@sB — 1 messagesW:(b) and Wa(b)), respectively, over
of freedom of theS x R x D network. the channel imB transmissions, wherg denotes the block
Theorem 2:  [13] If D represents the degrees of freedoridex, b = 1,2,..., B — 1. The rate pair(R, 251, Ry Z1)
region of theS x R x D nodeX network, then the total degreesapproachegR;, Ry) as B — oo.
of freedoms can be upper bounded as follows:
S S+R4D B. Encoding at the Sources

max Z Z dij < _5D The source uses the super-position block Markov encoding
[(di,;)]€D YT S+D-1

j=1i=S+R+1 technique devised in [14]. In particular at any bldgk
Note that [13] derives upper bound not only on the degrees

of freedom of theS x R x D but on the whole degrees of Xl(b) =U; +Uj @)
freedomreg|_on. The interested reader is refered to [13] for X2(b) — Uy + U} ®)
further detalils.

Now for the K-user interference network, using the folwhere U; and U] are i.i.d Gaussian codebooks encoding
lowing corollary from [13] the exact degrees of freedom ithe messages of the current and the previous blocks with

obtained. powersy(P) and(P), respectively, according to the power
Corollary 1: Consider a fully connected user interfer- constraint
ence network withR relays, where all the channel coefficients x(P)+v¢(P)=P (9)

are time-varying/frequency-selective with values drawn-r
domly from a continuous distribution with support boundefie
below by a non-zero constant. Let all nodes be full-duplex
allowing noisy transmitter/receiver cooperation. Alset the ) )
source and relay nodes receive perfect feedback from &l Decoding and Re-encoding at the Relay

nodes. Then the interference network h%s degrees of A space division multiple-access (SDMA) approach is
freedom. used to communicate between nodes2 and the MIMO
The bounds in the previous theorem and corollary are appielay. Therefore, both sources transmit simultaneousiytha
cable to the MIMO relay in the IMRC, because the proof dflIMO relay attempts decoding both signals. At the end block
the converse assumes full cooperation between the disdbub, given that the relay decoded both messadg$b — 1) and

R relay nodes (see observatignin [13]). Also, feedback Ws(b — 2) correctly, it can decode the messad&s(b) and

and time/frequency selectivity of the channel do not redud®,(b) of both users while achieving 2OF = 2. This can

the degrees of freedom of the channel. Therefore, due to te achieved by a zero-forcing strategy, as long as the relay

Similar definitions hold for the signal components transmit
d by node2, Us andUs.



has no fewer antennas as the number of transmit nodes, andoses decoding delays, however, it simplifies the analysi
is made possible by the independence of the users’ chanr@impared to list decoding or window decoding [19]. Backward
to the relay that is a result of spatial separation. The sat@-r decoding starts from block. The receivers have interference-
constraint for correct decoding at the relay is given by [1%ee channels to decodd” " andu{" . In block B — 1,

Section 10.1]: they pre-subtract the componentsGF ) andu’® " before
Ry + Ry <logdet (I + GK,G") (10) attempting to decodegB_g) and ugB_Q). Therefore, at any

here G — | LK diag(x(P)x(P)) 4L i block b the received signals can be further reduced to:
where G = [g1r g2r], K. = dia , , andI, is
the 2 x 2 identity matrix. SR ) =(f11 + bl t)uf + faruz + 21 (16)

N.ow, to the relay encoding strategies. Ideal!y, it would be yéb) =frouy + (faz + h}&tz)u; T+ 29 (17)
desirable for the relay to cancel the entire interference at )
each receiver. However, due to causality, the relay can only't is clear that channel does not have the typical form of an
cancel the interference arising from signals that it hasaaly nterference channel,
decoded. Thus, even if everything is accomplished peyiectl i = hai + hyiwy + 2 (18)
not all of the interferences will be canceled. The quest®n i
if interferences cannot be fully removed, then how must téhere:, j € {1,2} andi 7 j. Hence, we cannot further reduce
remaining interference be managed so that a good result n¥a§ channel to a known form. Each receiver will attempt sing
be obtained in terms of the degrees of freedom. This isst&er decoding, i.e. treating interference as noise, arsldan
will be addressed in the sequel via power allocation padiciéleécode their respective messads and IV, reliably if:
at the sources and at the relay. o S [ f11]120(P) + ||h3-21||2%

The channel from the relay to both destinations is similar to 21 < log | 1+ (P & 1
a Gaussian MIMO broadcast channel whose capacity region £l (P) +
has been recently determined [16]. To help in canceling the 2a||f11||||hjﬂ||,/¢(P)%
interference, the relay uses a modified zero-forcing beam- + ot Px(P) + 1 > (19)
forming (ZF-BF) strategy [17]. ZF-BF achieves the maximum 2 (p nt (2 Pa
degrees of freedom of the sum-rate capacity of a Gaussiang, < og (1+||f22|| X(P) + [[hpy |5
MIMO BC, although it is in general suboptimal compared to [ frz| [P (P) + 1

the capacity-achieving dlrty-paper codmg_ (DPC) straté'g;e 2a||f22||||h;%2|| /X(P)%
relay constructs and transmits the following signal: TalEo(P) = 1 (20)

where o equalsO0 when the CSI of the direct linksf;; and
wheret; andt, are2 x 1 complex beamforming vectors. For fa2, is not available at the relay. The non-coherent addition
simplicity, we assume the relay divides its pow®s equally of the signals coming from the sources and the relay which
between the two signals components, j|&;||> = ||t2||> = entails a penalty in the achievable rate but does not affect t
P—RP). Proper selection of beamforming vectors (magnitud&OF. We can setv = 1 for perfect in-phase addition of the

21 . . . ) .
and phases) allows partial suppression of interferencéeat signals coming from the sources and the r@lay.

xg) = u)ty + uhte (12)

receivers as will be described later. We proceed to specify power allocation strategies, ranging
from very simple to more sophisticated, and explore the
D. Decoding at the Destinations corresponding achievable degrees of freedom. ¥ @) =

(P) = % and Pr = P. According to this power allocation,
e multi-access part of the channel accordindtd (10) aekie
DOF = 2. However, according t¢ (19) anld (20), the signal and

Given the structure of the signal formed by the relay, wiél
re-write [2) and[(B) as follows:

o =fus + (i + hfy t1)u) + (f21 + b t2)u) interference have the same power order and herdg¢@& = 0
+ forus + 21 (12) Is achieved. Therefore, the degrees of freedom of the nktwor
®) i , i , in this case is zero. Clearly this is not a desirable solution
Yoo =fizur + (frz + hpoti)uy + (fo2 + hpota)uy Now consider an asymmetric power allocation policy char-
+ faouz + 22 (13) acterized byx(P) = VP, ¥(P) = |P — +/P| and Pp =

P. In other words, the cooperative information —also known
as the resolution information— has a higher power than the
information of the current block of transmission. It is alea
that DOF = 1 is achieved on the multi-access side of the
channel. On the other hand, each[of] (19) dnd (20) provides a
pre-log factor of% leading to a sum-ratdOF = 1 for the

yf’) =fiur + (fir +hly 60w} + forus + 21 (14) direct link with relaying. Therefore, an overallOF = 1 is

hieved.
yéb) =frour + (fo2 + hkgtz)u/g + faoua + 22 (15) achieve

Therefore, the beamforming vectors at the relayandt, are
selected such thailh,t; = —fi2 andhl, to = —fo1. The
derivation oft; andt, is discussed in the Appendix. This
will cancel part of the interference seen by each receihes t
the received signals are modified to:

. . , . 1The interested reader can refer to [20] for details on thadipanalysis of
Receiversl and 2 can use Willems's backward deCOdInghe full-duplex (a)synchronous relay channel with fixed aadable channel

to decode their intended signals [18]. Backward decodingins.



setup is considered:
« Two-user channel and the relay has two antennas, i.e.,
K=M=2.
« The noise variance at all node$=1.
« The magnitude of channel coefficients are selected as:
Ji1 = 2, fiz = 0.75, for = 0.75, fa2 = 2, g]lLR =

R [2 0.8], hl, =[1.2 2], h},, = [2 1] andhl, =[1 0.8].
/i/\\\\\\\ e /fi An interference channel, without the MIMO relay, can be
N - e

transformed into a well known form in the literature known

- — <~ \7 as the standard form (seq. [21]). The original interference
~o ANPrs P tad channel has the following standard form channel gains, unde

~77 e the assumption of unity noise variance at all nodes,
N .
// /\/\/\ N . 2
// ~ ~_ \ B f12
perae \\ N aig = e —
~ = A )
== N Ju
> 2
% % fa1
as = (— ; (21)
22

Fig. 2. Relay forK-user interference network. The above values of the channel coefficients resulisin=
az1 = 0.14. Thus, without the MIMO relay, the interference is

he i fthe ab | I h id considered weak/moderate. This is the case where the tapaci
The impact of the above results are clearer when consi e'@aion of the interference channel is unknown and where a

in the context ofK users. The previous coding strategies cal -, of relaying will be of greater impact on the capacity.[7]
easily be extended to an interference network whi€rasers Figure[3 depicts the sum-rate of five schemes. Cuiie

transmit simultaneously and a MIMO relay havidg > K is the sum-rate with a simple two-hop scheme. Cufwe

}jepicts the best known achievable sum-rate for the intemfar

Hgving a MIMO relay in a nerork withK SOUrce-  channel (IFC), with no relay present, using the Han-Kobhyas
destination pairs can have a large impact on the DOF eit ding scheme. This scheme involves rate splitting, joat d

ghroulgh ?j t,WO'E,Op stra}tegysor thfroulgh thg coding Strf';‘te%}ﬁding at the receivers and moreover it includes a timeistar
e\rf opg In this dsectch)Dn(.)F F(;?Cl .'Chalg DI F_ are r(]aas_| Y random variable that switches between time-division rass
achieved compared to with simple time-sharing gjqn and simultaneous transmission by the source nodes. The

strgte?y ir;)the albggncehofc}he rell_ai. he DO b cardinality of the time-sharing parameter is set to two and
o far, by exploiting the direct links, the DOF are no bettg(, o more the power allocation of the rate-splitting estie

than the simple two-hop strategy. Next, we explore a way 9 optimized. This corresponds to curve of [22]. Curve
actually capture the wholé DOF of the channel. (3) is the computable sum-rate of the interference MIMO
relay channel (IMRC) with the coding strategy discussed in
E. Abundant Power at the Relay Sectior(IV and under the asymmetric power allocation policy
Assumey(P) = ¢(P) = £ at all source nodes while at thecharacterized byy(P) = VP, ¢(P) = |P — VP| and
relay we havePr = P? (or in generalO(P?)). In this case, Pr = P. Curve(4) is the case where no relay is present and
the network will achieve degrees of freedomigf thanks to the two sources have ideal cooperation leading to a MIMO
the pre-coding strategy employed by the relay, which alloiB&C model. The optimal power allocation and hence the sum-
the relay to avoid causing interference at any node. rate capacity are computed accordingMgorithm 2 of [23].
Theorem 3: The K-users Interference MIMO Relay Chan+inally, Curve(5) is the sum rate of the IMRC, however, under
nel (IMRC) achievesK (full) degrees of freedom (per thethe assumption of abundant power at the relay, specifically,
definition given in [(1)), with the source nodes having each @ P) = ¢(P) = g at the source nodes while at the relay we
per block power constraint aP and the MIMO relay having have Pr = P2,
a power constraint o®(P?) and M > K antennas. We emphasize here that for IMRC, we use independent
Note that our definition of the degrees of freedom[ih (IJecoding at the nodes and we do not fully optimize the power
concentrates on the power of information-bearing nodess thallocation strategies at the sources and the relay. Thesfotu
allowing us to study the effect of abundant power at the relalyis paper is on the DOF and thus the throughput optimization
for this special case. and analysis at finite SNR is outside the scope of this paper.
Although the K degrees of freedom are achieved with a The following conclusions can be drawn from the figure:

relay that enjoys power proportional #82, it is noteworthy  , The three lower curves share the same slope as the

that the required relay power isdependent oi.. corresponding schemes hav&F = 1. The upper two
curves also share another slope verifying that the IMRC
V. NUMERICAL RESULTS with Pr = P? achieves the full DOF of the channel.

We corroborate the analysis by the following numerical ex- « It is interesting to see that the fully optimized IFC as
ample of an interference MIMO relay channel. The following  explained above can achieve higher throughput than the
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Fig. 3. Network throughput Vs. transmit SNR/o2 of each source: 2-user example.

simple two-hop scheme; the fully optimized IFC in thiss achieved under modest channel knowledge assumption at
figure has a total power equal to the total power of all thtae network nodes and with the assumption of single user
nodes in the IMRC, including the relay. The simple twodecoding at the destinations.
hop scheme does not involve optimal power allocation at\While we consider the case of full-duplex relay, one can
the source nor joint decoding at the destinations. devise similar signaling strategies for the half-dupleseca

« While the coding strategy devised in this paper to exploowever, the block-Markov coding is not required. A brief
the direct links of the IMRC of Curve3) shares the description of a possible coding scheme is given as follows.
same DOF of IFC, but as it can be seen in the figurghe sources transmit all the time. However, they divide each
this strategy leads to noticeable gains in the sum-rate figlock of their transmission into two halves. Each sourceenod
medium and high SNR values over the IFC. transmits the same message in the two halves using i.i.cs-Gau

« The IMRC scheme with abundant power at the relagian code books. During the second half, the relay transmits
Curve (5), presents a substitute strategy for the caind manages the interference as discussed above in the full-
operative MIMO, Curve(4). Cooperative MIMO is a duplex case. At the destinations, the received signals et th
scheme of interest in the wireless industry to improvirst and second halves form two Gaussian parallel channels,

the throughput for the uplink of cellular networks. the first sees interference while the other is interference-
free. It can be easily shown that the maximum degrees-of-
VI. DISCUSSION freedom of this scheme |§ As we know fromTheorem[d] a

In this work, we characterize the high-SNR sum-rate b&wo-hop strategy suffices to achieveladegrees-of-freedom.
havior of an interference channel with a MIMO relay. FirstHowever, exploiting the direct links provides an increase i
we establish that the degrees of freedom of the interfereribe throughput compared to two-hop communications for all
MIMO relay channel to be onlys. Therefore, in this case Signal-to-noise-ratios.
exploiting the direct links does not provide significaniathgh- Several directions naturally arise for future work. Our
put enhancement at high SNR. Then, we consider a mamealysis concentrates on the high SNR behavior of the n&twor
sophisticated coding scheme that exploits the direct lankd throughput, thus many parameters of the IMRC can be further
the possibility of abundant power at the relay. We show thaptimized for non-asymptotic SNR values. More complex
if the transmit/receive nodes have power proportionalPto coding/decoding techniques can also be employed, for ex-
and the relay has power proportional i, all K degrees ample, a modified Han-Kobayashi scheme (in the presence
of freedom of the channel become available. This resuf the MIMO relay) that combines rate-splitting, time-shgr



(TDM), relaying and joint decoding at the receivers.
Finally, it is worth mentioning that since the time of
submission of this paper for publication there has been )

surge of research activity in the area of interference ne¢svo

In particular, the time/frequencey non-selective interfiee

channel has been studied lately in more depth and a bettlgl'

(7]

understanding of its performance limits has been developed
The interested reader can refer to [24], [25] and the referen [10]
therein.

APPENDIX

(11]

[12]

For simplicity we consider the two user case. Denote by
t1 = [t11 t12] andts = [to1 t20] the beamforming vectors at[i3
the relay.

The following conditions govern the selection of the beanh[l]
forming vectort, ,

D) [Ita]]* =

Pr
2¢p(P)

2) hit = —fi2

3) &1 = ZLfi1 = Zhly ty
where®; is the phase of the (direct) channel between sourgg,
nodel and the intended destination node. Similarly, One can
write the conditions for selectintp.

The first condition is related to power scaling at the rela

[15]

[16]

18]

The second condition is the one responsible to reduce the

interference seen by the destination nodes. The third tiondi

[19]

is optional, it is responsible for coherent combination of

the desired signal component at the intended destination[2D]

requires though global channel knowledge at the relay.
A closed form solution for the three simultaneous condgior,y;

is not feasible.

the channel knowledge requirements.
Solving for to and to, one gets form # n, andm,n €

{1,2},
ihRn,Q\/_.fm2 + ||hRn||2%(Rp) - mehRm,l

tml = [EPIE (22)

and, s ,

m2 Rn,1
tino = — — ~tm 23
2 hrn2  NhEn2 ! (23)
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