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Abstract—Hierarchical wireless networks have the potential to hard to implement [8]. Alternatively, spectral efficiencgnc
provide the needed capacity to a large number of mobile stations pe enhanced using two-way relaying with half-duplex RNs
(MSs). According to this system architecture, the MSs are senee [8]-[12]. Although such technique is promising, the dendé R

by a dense network of fixed relay nodes (RNs) fed by a small . . L
number of large hub base stations (HBSs). In such deployment, deployment of hierarchical networks results in high coroied

high spectral efficiencies can be achieved if the RNs act as two-interference (CCI) which limits system performance. In the
way relays; however this gives rise to co-channel interference literature the issue of CCIl has been identified for two-way

(CClI) which needs to be mitigated. In order to gain insights on relaying systems [12], [13], however its effects have natrbe
the impact of CCI to this scenario we consider an HBS with j,egtigated for the hierarchical system architecturentefrest.

two highly directional antennas communicating with two MSs In thi . tiqate h ccli t hi hi
via two interfering two-way RNs. We investigate the average I IS paper we investgate how Impacts on hierarchi-

maximum sum-rate of two cooperative strategies. The first is Cal networks and propose cooperative strategies that atetig
based on Decode-and-Forward (DF) and network coding and CCIl. We study the average maximum sum rate (AMSR) per-
acts as a baseline. The second strategy is based on Amplify-formance of a hierarchical network consisting of an HBS with
and-Forward (AF) and Network MIMO processing over both 44 highly directional antennas, two interfering two-wa®
the backhaul and access channels. Furthermore we devise some . L
cooperative protocols that utilize two, three or four time slots. and t_WO _MSS' We propose two general cooperatlvg Strateg'?s'
It is shown that the 2-slot schemes perform generally better and the first is based on Decode-and-Forward (DF) with the aid
that the DF strategy achieves superior performance when CCI of network coding and serves as our baseline. The second is
is low while AF with Network MIMO is superior when CClis  pased on Amplify-and-Forward (AF) combined with Network
high. . . . MIMO processing applied over both the backhaul and the
d elcr;%(z(_ anzigsvgljwc(’bv‘lf)‘?' arféﬁ%l/ljgﬁ d_rcifvr\fgfdh"(:z::),nﬁg':&gi’ access network_sf. Furthermore we devise some communication
MIMO, network coding. protocols requiring two, three or four time slots that are
combined with our proposed strategies. We show that for the
considered system scenario thslot protocols perform best.
The DF-based strategy performs better in the low CCI regime
The use of relay nodes (RNs) has been recognized as a wehjle the AF-based strategy exploits CCI in the uplink and
promising avenue towards future wireless communicatiahs [ greatly outperforms DF when CCI is dominant.
[2]. RN-enabled communications are seen as cost-effectiveThe remainder of this paper is structured as follows. In Sec-
means to improve connectivity, transmission reliabilityda tion Il the signal and system model is presented. In Sectibns
quality-of-service without requiring a large number ofemta and IV the proposed schemes based on DF relaying combined
elements per network node [1]-[3]. RNs can be inexpensiwith network coding and AF relaying coupled with Network
fixed wireless nodes or even user terminals that relay sSgn®IMO are presented and discussed. In Section V simulation
intended for other users [4], [5]. Recently it has been ifiedt results are shown and in Section VI the paper is concluded.
that RN-enabled networks, apart from achieving the aforeme Notations. Vectors and matrices are denoted by boldface
tioned gains, can also greatly increase the achievablecitgpalowercase letters and boldface capital letters respégtive
density of the network, measured in bits/&ea? [6], [7]. A [i, 7] represents thgj-th element of a matrix. The transpose,
A promising hierarchical architecture for future wireless transpose conjugate, the inverse and the pseudo-inverae of
systems entails that mobile stations (MSs) are served ira twnatrix A are denoted bA”, A®, A=! and AT respectively.
hop fashion via a dense grid of fixed RNs deployed at tfighe XOR operation is denoted lay. FurthermoreE [.] denotes
street level. The RNs are fed by a small number of hub basgpectation and’ (x) £ log, (1 + ).
stations (HBSs) deployed above rooftops [6], [7]. The Séct
efficiency of such systems can be improved with the use of
full-duplex RNs, i.e., RNs that can transmit and receive at We consider a hierarchical system consisting of two single-
the same time and frequency. However this type of RNs amtenna MSs (nodelsand2), two half-duplex single-antenna

I. INTRODUCTION

Il. SIGNAL AND SYSTEM MODEL



A. 2-slot DF-XOR

In the first time slot the HBS transmits the symbol vector
Xp = [$3,$4]T and the MSs transmit the symbol vecior =
[xl,xg]T. Node5 decodes symbols, z3 treatinghs 2 z2 as
noise and nodé decodesrs, z4 treatinghg 1 1 as noise. In
the second time slot nodésand 6 transmitzs = z; ® z3
andxzg = xo ® x4 respectively. Nodes and3 decoder; and
retrieve the symbats andz; respectively. Similarly, node®
and4 decodexg and retriever, andx, respectively.

We define some rate expressions for the multiple access
(MAC) phase of the first time slot in the following, which

. - = 2
_ : will be used as rate constraints latéhs = %C (‘h‘j;g‘ﬂ )
SLOT 1 i sLor2 1o _lhssl? _ 1 (Ihsal’+lhs sl

r C3s = 35C (Iho 251 ) Cus = 3C o)

i ) ) _ 1 ho.2|? _ 1 7.4 _

Fig. 1. The considered system scenario und@-sot protocol: an HBS Ca O 6|2 ) Cis = 50 (‘h6?|42+1 and Cye =

with two directional antennas (nodés 4), two MSs (nodesdl, 2), and two

RNs (nodess, 6). ( ) ( ) ic % The rate expressions for the broadcast

(BC) phase of the second time slot are deflned@@, =

C (Ihssl*), Cs1 = lC( sl ), Con = 40 (F22457)
RNs (nodes5 and 6), and an HBS with two directional 2 [h16]°+1 2 [h2,5]"+1
antennas which are assumed to create two non-interferiwd Cgq = 1C <|h4 6

channels (designated as nodesnd 4) as shown in Fig. 1.

The MS and RN antennas are assumed to be omni-directiorfal.3-slot DF-XOR

The HBS and the MS nodes want to exchange messages Viaccording to this protocol, in the first time slot nodesnd

the RN nodes; nodé with node3 and node2 with node4. 3 transmit symbolss; andz; respectively and RN decodes
Nodesl and2 receive/cause interference from/to nodesnd them in the absence of CCl. In the second time slot nodes
5 respectively. The wireless links between the HBS antenngissnd 4 transmit symbolsz, and z, respectively and RN

and the RNs are defined as thackhaul network, while the  decodes them also in the absence of CCI. In the third time
links between the RNs and the MSs are defined asthess gt nodes5 and 6 transmitzs = z; @ 23 and xg = o5 @

are assumed to experience flat fading. The channel coetﬁupétr,eve the symbod:3 andz; respectlvely Similarly, nodes

between node# andn is and4 decodexs and retriever, andz, respectively. It should

_ be noted that nodesand?2 treath, ¢ v andhs 5 5 as noise

P =Tl A/ Vkon (1) while decodingz; andz,.
where I';,, denotes the normalized fading coefficient and The rate expressions for the MAC phase of the
1. denotes the average signal-to-noise ratio (SNR) of tisot protocol are the following:Ci; = iC (Ih \
link. Transmission is corrupted by unit variance zero- meadq 1 ( 2) 1 ( 2
= =z h , C = =2C|(|h h

circularly symmetric additive white Gaussian noise (AWGN). [hs.s] M5 [hs |+ [hs 3‘

The MS and HBS nodes are assumed to be transTm|tt|6796 = iC (|h672|2), Cy = 3C <|h6,4|2) and Cyg =
unit variance symbols grouped in vector= [z, x2, x3,24] . 1 2 2 .
. . e =C (|h h . The rate expressions for the BC phase
The RN nodes receive the signal vectoy = [ys,ys]” . It 3 (‘ o2l + ol ) ) P e P
should be noted that the elements of vectoendy, can be are defined asCs3 = :C (|h375| ) Cs1 = 3C (‘,L 2‘"’2‘“),
transmitted and received in different time slots depending Oy = %C ( |h2g|z > ndCey = LC (|h46|2
the employed cooperative protocol. [R5 +1 g

I11. DF WITH NETWORK CODING C. 4-dot DF-XOR

In this section we present a cooperative strategy and somé&he 4-slot protocol frees the system from CCIl and serves
communication protocols based on DF. The RNs decode the a performance benchmark. In the first time slot nddasd
wanted signals treating the received interference as noi8dransmit symbols:; andxs respectively and RN decodes
The decoded symbols are combined with the use of theem. In the second time slot nodetransmitszs = z1 @ x3
bitwise XOR operation and forwarded to the destination sodeand nodesl and 3 decodexs and retrieve symbols:; and
Communication can take place in two, three or four time slotg; respectively. Similarly, in the third time slot nodésand
As the number of time slots grows, the impact of CCIl o#n transmit symbols:; andx, respectively and RN decodes
the attained performance becomes less significant. Howetlgem. In the fourth time slot nodé transmitszs = z2 @ x4
increasing the number of slots incurs a pre-log penalty thatd node® and4 decoderg and retrieve symbols, andz,
limits the achievable capacity. respectively




The rate expressions for the MAC phase of the The MS anthhe HBS antenna;; receive the signal vectors
slot protocol are the following:Cis = 1C (|h571\2 , Yu = [y1,y2]” andyp = [71,92]" respectively, which can

be expressed as
Cs = %C (|h5,3|2>, Cus = ic (|h5,1|2+|h5,3\2 ,
2 2 ~
Oy = 3C (|h6,2| ) Ci = 3C <|h6,4| ) and Cye = Yy = HuHepx+Hyng +ny = Hyx + fig
iC <|hﬁ,2|2 + |h674\2>. The rate expressions for the BC phase Yz =HpHrX+Hpng+ng =Hpx+np
= iC’ (|h3’5‘2), Cs = iC’ (|h1’5‘2>, WheI‘EHU = Hy Hg, FIB = HgHg, iy = Hyng + ng,

()

are defined asCss

Co2 = 1C (|h2,6|2) andCgy = 1C <|h4,6|2). g =Hpng +np and
Let r = [Ry,Rs,Ry,Rs" be the vector con- H, { ashis aghig }
taining the transmit rates of HBS and MS nodes. U7 as has aghog
Let by = [Ci5,Cs5,Cars, Cag, Cag, Cors] s by = ®)
[Cs3, Cs1, Ces, Cez]” be the vectors containing the rate con- He — { as hs s 0 }
straints of the MAC and BC phases respectively. The maxi- B 0 ag hae

mum sum-rate can be expressed as The noise covariances are

4
R = R .
pE mfax; ¥ 2) RflU = diag Zi:l |HU[1vn”2+1vsz=1 |HU[23n”2+1}
st. Ar<b Rip = diag {[Hp [1L1] +1, Hp[2,2)* +1}.
Ir <b, Q)
wherel is the identity matrix and As MS nodes are remote they can only process signals
100 0 individually. Nodel decodes the message of nddland node
01 0 0 2 that of node4. For the2-slot protocol the achievable rates
110 0 for the transmission of nodesand 4 are
A=lo o010 ®) ) .
O O 0 1 R — lC ] |HU[173]|
0 0 11 82 [F1(1,2)]*+ Ao (1,41 +Ray, [1,1] (10)
IV. AF WITH NETWORK MIMO Ry =3C Ll
: 472 [Fiy (2,1 +|Au [2.3] ] +Ray, [2.2]

In the present section it is proposed that AF relaying can be _ .
applied combined with Network MIMO in order to mitigateNote that nodes and2 subtract self-interferencHy [1, 1] z;

the effects of CCI. The proposed strategy can utilize two @nd Hu [2,4] z» respectively. The HBS receives two signals
three time slots. from nodes3 and 4 containing bgthxl and z,, which are

jointly processed. LeH z = [Hp1 Hpa] where

A. 2-dlot AF
In the first slot MS and HBS nodes transmit their symbols, Hpy — { ashzshs1  ashsshsa }
grouped in vectox, and the RNs receive aghaghe1 aghaghe2 an
11
Yr=HgrX+ng 4) Fp, = | @ h3 s hs3 0 .
. . 0 o hag he a
whereng, is a vector of AWGN coefficientsE [ngnf] =1, . _
and ) The sub-matrixH g, represents self-interference for nodes
and4 and therefore its effects can be canceled. In consequence
H. — hs1 hs2 hss O ®) only H g, affects the achievable rate of nodeand2 whose
R= hei he2 0  hea |- signals are jointly decoded by nodg@nd4. We assume that

Note that the zero elements y, reflect the fact that the H 1 is fully known by the HBS. In the case of linear detection

HBS antennas (nodes and 4) are assumed not to interfere & beamforming m.atnx\N = [wi,w], which is a funcﬂonl

In the second time slot both RNs transmit an amplified versic?rﬁ HBl_ representing the global channel' state mformat.lon

of their received signal and the amplification factors taie t(_CSI)' is designed ngghe HBS and applied to.the received

following values for RN nodes and6 signals. Wi, Wy € C _ denote the _beamformmg vectors
corresponding to the signals transmitted by nodeand 2

respectively. The finally extracted signal can be expressed

1/2
vector form as

o5 = [|hs,1|2 + |h5,2|2 + |hs,3\2 + 1} ©)

_ 2 2 2 —1/2 B N ~
o = [|h671| + he2|” + [heal” + 1} : Y =WV¥5 =WHp Xy + Whg (12)




where xy = [21,22]". Let Hpy = [hy,hy] where hy

2

corresponds to node The achievable rate for nodés= 1, 2 Ry =1 _ [Ho[1.3]
. 3 2
is |HU[172]| +Ra, [1,1] (17)
1 |Fiu[2,4] ?
R4 3 -~ 2
o2 [Hu(2,1]]"+Ray, [2,2]
Ry, = 1(] < iWk h| 5 ) (13) The HBS receives in the second time slot a signal from ribde
2 \WE hynzr]” + [|WE | Rag [k K] and in the third time slot a signal from node These signals

are jointly processed in the third time slot with the use of

T 2 T2 . :
where factor§wj h, .| and|[w{||" Rz [k, k] correspond  Network MIMO techniques as above. Therefore achievable
to inter-node interference and noise enhancement regelcti rate for nodes: = 1,2 is

which both have a detrimental effect.

We assume that the HBS obtains perfect global CSI (matrix T2
Hpi) and acts as a Network MIMO central unit [5]. The R, — 1C< ka hi | i > (18)
beamforming matrix can be based on Zero-Forcing (ZF), 3 \|WE hyngn]” + |[WE " Ras [k, K]
where W = Hl,, or the Minimum Mean Square EMOrThe achievable rates can be enhanced with the application of
(MMSE), whereW = Hglﬂm +Rp) Hp,. Detection SIC techniques as described above.
can be improved further if it is performed in a successive V. NUMERICAL RESULTS

fashion, i.e., the detected symbols are subtracted from thq: S - .
o . : . X or simplicity, we assume a symmetric interfering two-way
remaining received signal. This frees the signal from some

interference components and can enhance the achieved CarB%{g)k/hch?nnel, ﬂlle V\griles_,s I|r;ks_ Ofl.thlf access new;;?;k’ the
ity. The composite channél z; = [h,, hy] is ordered so that ackhau netwqr an t glnter €ring finks expenence Hee
[hy|| < ||he]|. The beamforming vectow, corresponding to zi\vereig? SNiR’_"e'ij")_ - 75{;1[1;_72767:_76’27:_“07’ 15,3 =
nodek is the firstlrow of matrixW, = FIITC for ZF andW,, = zyis 746 = 764 = TBH: 752 = 25 = M6 = 61
&I/—|kH Hy +Rp HkH for MMSE, whereH), = [y, hys1]”. Fig. 2 plots the total AMSR versus the average SiRor

ith successive interference cancellation (SIC), eachenodne considered schemes when backhaul and access networks
expreriences only interference from nodes with higherxndeexperience identical average SNRy = yac = 10dB and
This results in improved performance compared with line&ayleigh fading, i.e.I'x, ~ NC (0,1). As can be seen from
detection. The achievable sum-rate is Fig. 2, in the low CCI regime®; < 0dB) the 2-slot 2S-DF-

XOR approach performs better. When CCl becomes dominant,

4 the 2-slot AF scheme performs better as it effectively exploits
Rarp = Z Ry,. (14) interference through Network MIMO processing over both the
k=1 backhaul and access networks. Amongst the AF schemes, the
B. 3-dot AF ones taking advantage of SIC are superior. Although 3he

According to this protocol, in the first time slot MS an
HBS nodes transmit their symbols and the received signal
the RNs is given by (4). In the second time slot Riansmits

han those based o?rslots as the pre-log penalty cé‘ is
gminant in the considered scenario. The performance of the

with the amplification factorvs and RN6 remains silent. In 4-slot 4S-DF-XOR scheme is not affected by CCl and serves
he third time slot RN5 transmits with the amplification fa{ctoras a bqselme. Fig. 3 plots the AMSR for the downlink (DL)

the . : P .. _.._and uplink (UL) separately, for the-slot and3-slot DF-XOR

ae and RN5 remains silent. The employed RN ampl|f|cat|onanOI the2-slot 2S-AF-LMMSE scheme. UL rate is generally

factors are given by (6).

ggher as the directional HBS antennas eliminate CCI in the

(glot schemes avoid some interference, they perform worse

The rece|ved~5|gnals by the MSs and the .HBS antenn cond time slot. The AMSR deteriorates when CCIl becomes
(vector_syU_ andyp respectlyely), accumulated in the secon tronger for all cases apart from the UL of the AF scheme.
and third time slot, are as in (7)‘. It should be_ noted i, The UL AMSR of AF improves ag; increases because the
Hp are as in (5) and (8) respectively, whedg is as follows HBS jointly processes the received signals by noglesd 4

s hys 0 ] using Network MIMO techniques (CCI turns to an advantage).

HU - 0 (675 h2’6

(15) Fig. 4 plots the total AMSR for the same schemes when the
average SNR of the backhaul networkiisy = 20dB and
The noise covariances are that of the access networkds; iy = 10 dB. This is justified by
the fact that the backhaul network can be planned to havs link
of high quality as the positions of the RNs relative to the HBS
can be selected appropriately. As expected, the perforenanc
of all schemes improves when the quality of backhaul links
increases. Furthermore the AF protocols perform relativel

The achievable rates for the transmission of nadlasd4 are better than the case of Fig. 2.

Ray = diag {Hu [1,1]* + 1,|Ho 2,2 + 1}

(16)
Ris = diag {Hp L1 + 1, [Hp[2,2) +1}.
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VI. CONCLUSIONS

In this paper we proposed ways of mitigating CCI in a
simple dual-hop hierarchical network consisting of an HBS

with two directional antennas, two RNs and two MSs. We
considered two general cooperative strategies, one based o
DF with network coding and another based on AF with
Network MIMO. We devised a number of cooperative pro-
tocols based or2, 3 or 4 time slots and compared their
performance as a function of the interference strengthak w
shown that the2-slot protocols perform generally better than
the 3-slot and 4-slot ones. The DF-XOR scheme achieves
superior performance when CCI is weak while the AF with
Network MIMO performs better in the high CCI as it turns
CCl into an advantage. This is due to the fact that Network
MIMO essentially exploits interference at the cost of reimgj
accurate CSI at the HBS.
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